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2. Introductory summary  
Modern medicine and public health must face many challenges during this century. One of such 

main challenges is antibiotic resistance (AR). Although AR is an ancient evolutionary response 

from bacteria to pressures in their environment that confers them the intrinsic ability to be immune 

to antibiotics, the surge of acquired AR in the last decades has posed a challenge to modern 

medicine (1). The production of Extended-Spectrum Beta-Lactamases (ESBLs) is one of the 

described mechanisms for acquired AR. ESBLs are one type of resistance enzymes that grants 

bacteria the ability to inhibit commonly used antibiotics by breaking the beta-lactam ring in their 

chemical structure (2,3). Therefore, the antibiotic is no longer active in killing the bacteria. Some 

of the antibiotic families against which ESBL-producing bacteria are resistant include penicillins, 

cephalosporins and monobactams (1,2,4). These antibiotics are widely prescribed to treat 

infections caused by many bacteria, including Escherichia coli. This species of bacteria is part of 

the normal gut microflora in humans, and poses a risk for microbial infections either when out of 

its usual physiological environment, i.e. causing urinary tract infections, skin infections, and other 

types of extra-intestinal infections, or when producing enterotoxins that lead to gastrointestinal 

disorders (5). 

Non-pathogenic E. coli can also acquire antibiotic resistance to a wide range of beta-lactams. 

When this happens, and the mechanism of resistance is through the synthesis of ESBLs, it is 

denominated ESBL-producing E. coli (5). Human beings can carry ESBL-producing E. coli in their 

gut microbiota without realizing it. Although there are no immediate adverse health consequences 

to carrying ESBL-producing E. coli in the gut microbiota, this and other types of AR bacteria 

represent a therapeutic challenge to healthcare providers when disease strikes (6). Treatment 

options thus become more limited: last-resort antibiotics might be needed to treat common 

infections, which increases the cost of healthcare, the average length-of-stay during 

hospitalizations, the risk of adverse effects, and the risk of mortality (7–9). The current literature 

reports a dramatic increase in the prevalence of ESBL-producing E. coli in the last decades. In 

2003-2005 the mean global estimate was 2.6% while in 2015-2018 it was 21.1% (10).  

Enteric bacteria such as ESBL-producing E. coli coming from human beings and other sources 

are regularly excreted into the sewage (11). Other sources shedding ESBL-producing E. coli into 

sewage water include farming and husbandry activities as well as hospitals (12). Apart from that, 

antibiotics are also commonly excreted into the sewage system from human consumption and 

excretion, pharmaceutical companies, or veterinary and farming activities (8,13–24). Sewage 

water is then processed in wastewater treatment plants (WWTPs) until the treated water is free 

from pathogens and therefore safe to shed into the water environment, i.e. rivers, lakes, etc. 

Although reduction in the amount of antibiotics and AR bacteria has been reported through the 

wastewater treatment process, inactivating, eliminating, or reducing the amount of AR resistant 

bacteria such as ESBL-producing E. coli is not the main objective of WWTPs (25). Further, 

because sewage water is collected from different sources deriving from all kinds of human 

activities, WWTPs serve as unintentional collection points for antibiotics and AR bacteria and as 

hotspots for the dissemination of clinically relevant resistant bacteria into the water environment 
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(25). AR bacteria has been found in several water reservoirs such as recreational waters (26–32) 

and water for agricultural irrigation (22,33–35), as well as in water within the WWTP process, 

including at WWTP locations such as influent, effluent, aeration tank, and sludge facilities 

(12,24,36–39). 

By defining ingestion of droplets, hand-to-mouth contact, and inhalation of droplets of wastewater 

contaminated with AR bacteria as potential exposure routes (40–43), and considering that ESBL-

producing E. coli has been found up to 150 meters upwind and downwind from animal farms (44), 

water collected and processed at WWTPs as well as aerosols coming from the plants and carrying 

ESBL-producing E. coli could then pose a risk for WWTPs workers or residents living in close 

proximity to WWTPs. The presence of AR bacteria in water (23,40,41,45–48) and air samples 

(42,43,49) has been widely reported. Nevertheless, the AWARE (Antibiotic Resistance in 

Wastewater: Transmission Risks for Employees and Residents around Wastewater Treatment 

Plants) Study is unique in its kind, as it is the first study -within our knowledge- aiming at 

characterizing the transmission risks of AR bacteria to employees working at WWTP as well as 

to people living near a local WWTP.  

Nevertheless, WWTPs are only one of many potential environmental sources of AR bacteria 

exposure in humans (50). Agriculture, animal husbandry and healthcare are also environmental 

sources of AR bacteria, specifically because of the use of antibiotics (6,8,33,51–55). The carriage 

of ESBL-producing E. coli in the human gut microbiota has been associated with a myriad of 

potential personal risks factors including the use of antibiotics (56–58), travels to high-risk areas 

for AR (7,56,57,59–76), consuming food contaminated with AR bacteria (77,78), working at 

animal markets, farms, slaughterhouses, dairy or healthcare facilities (79–94). One of the issues 

with the current state of the literature is that these factors have been widely described and 

characterized in studies focused on specific study populations that are already at a high risk of 

carrying ESBL-producing bacteria such as travellers (57,60,62,66,70,72,75,95), patients and 

healthcare workers (88,93,94,96–98), swimmers (99–101), farmers (81–84,86,87,89,91,92), and 

slaughterhouse workers (80). Another issue is that studies tend to rely on a small convenience 

sample of participants such as students (7,56,68,69). Therefore, the aims of this doctoral 

dissertation were: 

1. To find out if WWTP workers and people living close to a WWTP are at higher risk of 

carrying ESBL-producing E. coli in the gut microbiota, in comparison to the general 

population 

2. To identify risk factors for carrying ESBL-producing E. coli in a sample of individuals 

recruited from the general population in Romania, Germany and the Netherlands. 

Secondary aims include: 

1. To find out what is the current estimated prevalence of ESBL-producing E. coli in the 

three studied countries 

2. To estimate the average prevalence of ESBL-producing E. coli in each of the study 

groups: WWTP workers, nearby residents, and distant residents 
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3. To identify the most important risk factor(s) for ESBL-producing E. coli in a subset of 

participants stemming from the general population in each of the three countries. 

In order to answer these research questions, I carried out my research within the scope of the 

AWARE study. This doctoral dissertation addresses a subset of the main aims of the AWARE 

study. Appendix 1 (102) lists all the relevant research aims of the AWARE study. 

2.1 The AWARE Study 
In order to explore and characterize the transmission risks of antibiotic resistant bacteria and 

bacterial resistance genes from WWTPs to workers within the plants and residents living in close 

proximity to such plants, we designed a cross-sectional study with data collected in three 

European countries: Germany, the Netherlands, and Romania. The AWARE Consortium is made 

up of researchers from these three countries, in addition to Sweden. We adapted our recruitment 

methods to each of the three countries and the full methodology can be found in the Appendix 1 

(102). A summary of the methodology used is described as follows (Fig 1). 

 

Fig 1. Overview of the AWARE Study. Source: AWARE study proposal. The image shows A) the 

four participating countries: The Netherlands, Sweden, Romania and Germany; B) A summary of 

the study sites and population: WWTP workers and residents living nearby (≤ 300 meters) a local 

WWTP potentially at an elevated risk of exposure to antibiotic-resistant bacteria from the WWTP, 

in comparison to an unexposed group of residents living more than 1000 meters away from any 

WWTP; C) An illustration of the epidemiological, microbiological, and metagenomics methods 

used; D) The desired outcomes: an epidemiological evaluation of the prevalence of antibiotic-

resistant bacteria, especially ESBL-producing E. coli in stool samples of participants, and 
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determining if the exposed population has elevated odds for carriage of ESBL-producing E. coli 

in comparison to the unexposed population. 

In the Netherlands, WWTPs are administered by waterboards, which are regional water 

authorities. The recruitment unit in Germany and Romania was the WWTP, while in the 

Netherlands it was the waterboards. Because we had to collect water samples from each plant, 

and in order to adequately preserve them during sample transportation until they arrived at the 

processing laboratories, eligibility criteria for WWTPs included being located within a 4-hour drive 

to the local laboratory, and to have the largest amount possible of both WWTP workers and 

nearby residents so that we could reach the desired sample size as quick as possible. We 

designed a sampling frame of all potential WWTPs and ordered them in increasing order of 

distance to the lab and in decreasing order of the number of WWTP workers and nearby residents. 

We then recruited WWTP following this order. In the Netherlands, all waterboards in the country 

were addressed, independently of distance or number of WWTP workers and residents. In each 

of the countries where data collection was to be carried out, we invited the WWTP operators, 

directors, or competent authority in deciding whether the WWTP was to participate in the study. 

Once the WWTP had been recruited, we proceeded to invite participants. Because WWTP 

workers are of working age, and in order to make our groups comparable, we restricted the age 

of participation to be between 16 and 67 years of age. 

We defined two exposed groups: WWTP workers and residents living closer than 300 meters 

away from WWTPs (from now on called nearby residents). We also defined a comparison group 

of residents living more than 1000 meters away from WWTPs. We invited WWTP workers through 

the WWTP or waterboard where they worked, by presenting the project at their workplace and by 

sending personalized paper invitation letters to the WWTP or electronic ones via email. To identify 

eligible residents living closer to each of the recruited WWTP, we used Google Maps™️ to draw a 

300-meter radius around each WWTP. All households within that range were eligible. We 

identified the streets where these households were located. In Germany, we asked the local civil 

registries to provide us with the name and age of residents registered in these households. Then, 

we sent personalized invitation letters to each eligible participant living in these households. A 

similar approach was used for distant residents, but with households more than 1000 meters 

away from the local WWTP. In Romania, and in German locations where collecting address 

information of each eligible participant was not possible, we employed door-to-door strategies: In 

Romania, the data collection team visited each household, while in Germany the team went door 

to door depositing impersonal invitation letters to all residents of each household that were 

between 16 and 67 years of age. In the Netherlands, only distant residents were recruited.  

Assuming that the background average prevalence of ESBL-producing E. coli in the general 

population across the three countries was of 8%, and aiming at detecting a minimum odds ratio 

(OR) of 1.7 between both WWTP workers and the comparison group as well as between nearby 

residents and the comparison group, at a 5% statistical significance level and with 80% statistical 

power, we arrived at a minimum desired sample size of 150 workers per country (450 workers in 
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total), 800 nearby residents (400 in Germany and 400 in Romania), and 1200 distant residents 

(400 in each of the three countries). 
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Table 1. Summary of the recruitment process in the AWARE Study. 

  Germany The Netherlands Romania 

OVERALL Invited 4743 14544 1147 

Enrolled 631 1287 749 

Excluded 151 461 115 

Final sample 480 826 634 

Response 10% 6% 55% 

WWTP  

WORKERS 

Invited 137 626 247 

Enrolled 58 207 163 

Excluded 28 46 10 

Final sample 30 161 153 

Response 22% 26% 62% 

NEARBY  

RESIDENTS 

Invited 1453 Nearby residents 

were not recruited 

in The 

Netherlands 

620 

Enrolled 156 413 

Excluded 55 83 

Final sample 101 330 

Response 7% 53% 

DISTANT  

RESIDENTS 

Invited 3153 13918 280 

Enrolled 417 1080 173 

Excluded 68 415 22 

Final sample 349 665 151 

Response 11% 5% 54% 

 

Each enrolled participant was asked to fill out an online questionnaire including questions about 

sociodemographics and personal risk factors for AR including job history, contact with animals, 

contact with patients or human tissues at work, travel information, health information (use of 

antibiotics and antacids, history of surgeries and hospitalization, personal history of diarrhea, 

respiratory health, and self-reported health status). We also asked WWTP workers about their 

occupational tasks, the use of personal protective equipment, and the areas of the WWTP where 

they most frequently carried out their tasks. Finally, operators were asked to additionally fill out a 

questionnaire exploring the operational characteristics of the WWTP they were leading. All 

explored personal variables were restricted to the last 12 months. We developed the 

questionnaires using a combination of expert opinion from within the AWARE Consortium and 

previously validated questions whenever possible. The initial language for developing 

questionnaires was English. Afterwards, we translated and back-translated the questionnaires 

into the local languages. Additional recruitment methods in Germany included a recruitment 

campaign on Facebook and articles about the AWARE study published in local newspapers. We 

tried increasing the participation response by sending participants a written reminder one and 

three weeks after the first invitation letter. Finally, we also used incentives: in Germany, all 

participants who completed all steps of data collection were eligible to winning Amazon vouchers 
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in a raffle, and in the Netherlands all participants who successfully completed data collection 

received an amazon voucher of 20 EUR. Despite our attempts, response was low in Germany 

and the Netherlands (Table 1). 

We also collected one stool sample from each participant. Stool samples allowed us to directly 

study the outcome of interest: the presence of ESBL-producing E. coli. Within 24 hours of 

sampling, samples were collected and transported to the laboratory under refrigerated conditions 

(between 2 ºC and 8 ºC). Either Tryptone Bile X-Glucuronide (TBX, used in the Netherlands and 

in Romania) or MacConkey agar (in Germany) were used as positive controls. This means that 

each sample was inoculated into these discs and the sample had to produce a positive culture 

for the desired bacteria. Otherwise, the sample was discarded. To evaluate the presence of 

ESBL-producing E. coli, we inoculated the samples into ChromID® ESBL. All samples were 

incubated at 36 ºC ± 1 ºC for 24-48 hours. If the culture was positive for the bacteria of interest, 

we took two separate isolates and ran a phenotypic confirmation. Last, we used a spectrometry 

technique called MALDI-TOF MS for species identification.  

2.2 Publication 1: Carriage of ESBL-producing 
Enterobacterales in wastewater treatment plant workers 
and surrounding residents - the AWARE Study 

The main aim of the analyses carried out in this publication (103) was to determine whether 

WWTP workers and nearby residents were more likely to be carriers of ESBL-producing E. coli 

and other Enterobacterales in their gut microbiota, in comparison to distant residents. To properly 

characterize the WWTP as the main source of exposure, we excluded participants who worked 

in healthcare, at farms or at slaughterhouses. The total sample size consisted of 1940 

participants: 826 from the Netherlands, 634 from Romania, and 480 from Germany. (Table 2).  

According to our data, the prevalence of ESBL-producing E. coli in the three countries was 13%. 

The prevalence per country was 6% in the Netherlands, 7% in Germany, and 28% in Romania.. 

In stratified logistic regression analyses per country, adjusting for potential confounders, and in 

comparison to distant residents, the adjusted Odds Ratio (OR) and corresponding 95% 

confidence interval (CI) for carriage of ESBL-producing E. coli among workers in the Netherlands 

was 0.95 (0.37–2.44) and in Romania was 2.34 (1.22–4.50). In Germany, the model did not 

converge due to lack of variability (all workers were negative for ESBL-producing E. coli in the 

stool sample), so this parameter could not be estimated. For nearby residents, the adjusted OR 

and corresponding 95% CI in Germany was 0.81 (0.29–2.30) and in Romania was 3.17 (1.80–

5.59). Therefore, we found that both WWTP workers and nearby residents in Romania were more 

likely to carry ESBL-producing E. coli in their gut microbiota than distant residents.
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There were two main challenges in this publication, which I addressed in the statistical analyses 

of these data using diverse methods. First, because of time constraints, we failed to receive many 

stool samples in Germany, which led to a high number of missing values in the studied outcome. 

Since it is very unlikely that participants knew their carriage status when participating in the study, 

I assumed that these missing values were missing at random (MAR). Therefore, I applied multiple 

imputation with chained equations to simulate missing values for this and other variables of 

interest. Second, because participation response was low in both Germany and the Netherlands 

(in comparison to Romania), I decided to apply inverse probability of sampling weights (IPSW) 

defined as the inverse of the participation response per country and per participation group. In 

this study, we found that the odds for carriage of ESBL-producing E. coli was higher for both 

WWTP workers and nearby residents in Romania. Full results of this publication can be found 

within this doctoral dissertation in the published peer-review paper corresponding to Publication 

1. The main strength of this publication is that, as far as we know, this was the first study 

investigating the potential transmission risk of antibiotic-resistant E. coli from a local WWTP as a 

source point to WWTP workers and nearby residents. 

2.3 Publication 2: International travel as a risk factor for 
carriage of extended-spectrum β-lactamase-producing 
(VFKHULFKLD�FROL�in a large sample of European individuals 
- The AWARE Study 

In this publication (104), we aimed to explore a wide variety of risk factors for carrying ESBL-

producing E. coli, as well as to describe and characterize them. Because here we were interested 

in all potential risk factors, we decided not to exclude participants based on their work in 

healthcare, at farms or at slaughterhouses. The investigated risk factors included 

sociodemographic variables, job history, farm and hospital visits, use of medication, health status, 

diarrhea frequency, previous surgeries, and how often participants travelled to different 

geographical continents. All potential risk factors were explored within the last 12 months before 

answering the questionnaire. The total sample size was 1183 participants: 689 in the Netherlands, 

333 in Germany and 161 in Romania. 

In our sample, the prevalence of ESBL-producing E. coli was 8% for all three countries. The 

lowest estimate was in the Netherlands (6%) while the highest was in Romania (13%). In 

Germany, the prevalence of ESBL-producing E. coli was 8%. Logistic regression models showed 

that international travel to Asia and Africa is a risk factor for carriage of ESBL-producing E. coli: 

The adjusted OR and corresponding 95% CI for Asia was 4.08 (1.97–8.43), for Northern Africa 

was 4.03 (1.67–9.68), and for Sub-Saharan Africa was 4.60 (1.60–13.26). According to these 

data, none of the other geographical areas nor of the other considered potential risk factors 

seemed to be associated with the carriage of ESBL-producing E. coli. Full results of this 

publication can be found within this doctoral dissertation in the published peer-review paper 

corresponding to Publication 2.  
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As the common saying goes: “the absence of evidence is not evidence of absence”. Finding 

negative results for other potential confounders such as antibiotics use does not indicate that 

these are not potential risk factors, but rather that these risk factors are better explored in specific 

high-risk populations such as patients, or using very large sample sizes from the general 

population, i.e. to increase the statistical power in order to identify an effect. Rather, our results 

mean that the effect of international travel to Asia and Africa is so determinant to the carriage of 

ESBL-producing E. coli, that it is possible to estimate such parameters even in a sample 

stemming from the general population. We concluded that travelling to Africa and Asia within the 

last year increases the chances of being a carrier of ESBL-producing E. coli in the gut microbiota. 

2.4 Appendix 1: Antibiotic Resistance in Wastewater 
Treatment Plants and Transmission Risks for Employees 
and Residents: The Concept of the AWARE Study 

This publication (102) describes the design and scope of the AWARE study and details the 

methods planned to correctly characterize the potential risk of being exposed to AR bacteria such 

as ESBL-producing E. coli at or around WWTPs. I decided to include it as part of this doctoral 

dissertation because it expands the information about the methodology used for the whole 

AWARE study, complements the methodology of the two main publications, and shows part of 

the work that I did in terms of data collection. For more information about my personal contribution 

to this publication, see 1. Contributions to the Individual Publications. 

2.5 Conclusions 
With the work presented in this doctoral dissertation, I was able to estimate that the prevalence 

of ESBL-producing E. coli in the gut microbiota of study participants was higher in Romania than 

in Germany or the Netherlands. I found out that the carriage of ESBL-producing E. coli in the gut 

microbiota of WWTP workers and people living close to a WWTP in Romania is higher when 

compared to people living more than 1 km away from a local WWTP. By focusing on the subset 

of distant residents, which I considered to approximate the general population in the three 

countries, I was able to show that international travel to Africa and Asia within the past 12 months 

does increase the chance of carrying ESBL-producing E. coli in the gut microbiota. To the best of 

my knowledge, AWARE is the first study investigating the potential transmission risk of antibiotic-

resistant bacteria from WWTPs as point sources to WWTP workers and nearby residents. These 

results represent a unique contribution to the growing body of scientific evidence in the topic of 

antibiotic resistance in occupational and environmental epidemiology. 

  

19



 

References 

1.  Munita JM, Arias CA. Mechanisms of Antibiotic Resistance. Microbiol Spectr. 2016 

Apr;4(2):10.1128/microbiolspec.VMBF-0016–2015.  

2.  Lerminiaux NA, Cameron ADS. Horizontal transfer of antibiotic resistance genes in clinical 

environments. Can J Microbiol. 2019 Jan;65(1):34–44.  

3.  Huemer M, Mairpady Shambat S, Brugger SD, Zinkernagel AS. Antibiotic resistance and 

persistence-Implications for human health and treatment perspectives. EMBO Rep. 2020 Dec 

3;21(12):e51034.  

4.  Woodford N, Ellington MJ. The emergence of antibiotic resistance by mutation. Clinical 

Microbiology and Infection. 2007 Jan 1;13(1):5–18.  

5.  Poirel L, Madec JY, Lupo A, Schink AK, Kieffer N, Nordmann P, et al. Antimicrobial 

Resistance in Escherichia coli. Microbiology Spectrum. 2018 Jul 12;6(4):6.4.14.  

6.  Subramaniam G, Girish M. Antibiotic Resistance — A Cause for Reemergence of 

Infections. Indian J Pediatr. 2020 Nov;87(11):937–44.  

7.  Kamenshchikova A, Wolffs PFG, Hoebe CJPA, Penders J, Park HY, Kambale MS, et al. 

Combining stool and stories: exploring antimicrobial resistance among a longitudinal cohort of 

international health students. BMC Infect Dis. 2021 Sep 27;21(1):1008.  

8.  Polianciuc SI, Gurzău AE, Kiss B, Ştefan MG, Loghin F. Antibiotics in the environment: 

causes and consequences. Med Pharm Rep. 2020 Jul;93(3):231–40.  

9.  Budhram DR, Mac S, Bielecki JM, Patel SN, Sander B. Health outcomes attributable to 

carbapenemase-producing Enterobacteriaceae infections: A systematic review and meta-

analysis. Infect Control Hosp Epidemiol. 2020 Jan;41(1):37–43.  

10.  Bezabih YM, Sabiiti W, Alamneh E, Bezabih A, Peterson GM, Bezabhe WM, et al. The 

global prevalence and trend of human intestinal carriage of ESBL-producing Escherichia coli in 

the community. Journal of Antimicrobial Chemotherapy. 2021 Jan 1;76(1):22–9.  

11.  Hendriksen RS, Munk P, Njage P, van Bunnik B, McNally L, Lukjancenko O, et al. Global 

monitoring of antimicrobial resistance based on metagenomics analyses of urban sewage. Nat 

Commun. 2019 Mar 8;10(1):1124.  

12.  Bueno I, Williams-Nguyen J, Hwang H, Sargeant JM, Nault AJ, Singer RS. Systematic 

Review: Impact of point sources on antibiotic-resistant bacteria in the natural environment. 

Zoonoses Public Health. 2018 Feb;65(1):e162–84.  

20



 

13.  Tahrani L, Mehri I, Reyns T, Anthonissen R, Verschaeve L, Khalifa ABH, et al. UPLC-

MS/MS analysis of antibiotics in pharmaceutical effluent in Tunisia: ecotoxicological impact and 

multi-resistant bacteria dissemination. Arch Microbiol. 2018 May;200(4):553–65.  

14.  Liu X, Lu S, Meng W, Wang W. Occurrence, source, and ecological risk of antibiotics in 

Dongting Lake, China. Environ Sci Pollut Res. 2018 Apr;25(11):11063–73.  

15.  Grenni P, Ancona V, Caracciolo AB. Ecological effects of antibiotics on natural ecosystems: 

A review. Microchemical Journal. 2018 Jan;136(Sp. Iss. SI):25–39.  

16.  Chen H, Jing L, Teng Y, Wang J. Characterization of antibiotics in a large-scale river 

system of China: Occurrence pattern, spatiotemporal distribution and environmental risks. 

Science of the Total Environment. 2018 Mar 15;618:409–18.  

17.  Binh VN, Dang N, Anh NTK, Ky LX, Thai PK. Antibiotics in the aquatic environment of 

Vietnam: Sources, concentrations, risk and control strategy. Chemosphere. 2018 Apr;197:438–

50.  

18.  Azanu D, Styrishave B, Darko G, Weisser JJ, Abaidoo RC. Occurrence and risk 

assessment of antibiotics in water and lettuce in Ghana. Sci Total Environ. 2018 May 

1;622:293–305.  

19.  Wang Z, Du Y, Yang C, Liu X, Zhang J, Li E, et al. Occurrence and ecological hazard 

assessment of selected antibiotics in the surface waters in and around Lake Honghu, China. Sci 

Total Environ. 2017 Dec 31;609:1423–32.  

20.  Hossain A, Nakamichi S, Habibullah-Al-Mamun M, Tani K, Masunaga S, Matsuda H. 

Occurrence, distribution, ecological and resistance risks of antibiotics in surface water of finfish 

and shellfish aquaculture in Bangladesh. Chemosphere. 2017 Dec;188:329–36.  

21.  Faleye AC, Adegoke AA, Ramluckan K, Bux F, Stenstrom TA. Identification of antibiotics in 

wastewater: current state of extraction protocol and future perspectives. J Water Health. 2017 

Dec;15(6):982–1003.  

22.  Dungan RS, Snow DD, Bjorneberg DL. Occurrence of Antibiotics in an Agricultural 

Watershed in South-Central Idaho. J Environ Qual. 2017 Dec;46(6):1455–61.  

23.  Zhang Q, Jia A, Wan Y, Liu H, Wang K, Peng H, et al. Occurrences of three classes of 

antibiotics in a natural river basin: association with antibiotic-resistant Escherichia coli. Environ 

Sci Technol. 2014 Dec 16;48(24):14317–25.  

24.  Pruden A, Larsson DGJ, Amézquita A, Collignon P, Brandt KK, Graham DW, et al. 

Management options for reducing the release of antibiotics and antibiotic resistance genes to 

the environment. Environ Health Perspect. 2013 Aug;121(8):878–85.  

21



 

25.  Rizzo L, Manaia C, Merlin C, Schwartz T, Dagot C, Ploy MC, et al. Urban wastewater 

treatment plants as hotspots for antibiotic resistant bacteria and genes spread into the 

environment: a review. Sci Total Environ. 2013 Mar 1;447:345–60.  

26.  Blaak H, de Kruijf P, Hamidjaja RA, van Hoek AHAM, de Roda Husman AM, Schets FM. 

Prevalence and characteristics of ESBL-producing E. coli in Dutch recreational waters 

influenced by wastewater treatment plants. Vet Microbiol. 2014 Jul 16;171(3–4):448–59.  

27.  Nappier SP, Liguori K, Ichida AM, Stewart JR, Jones KR. Antibiotic Resistance in 

Recreational Waters: State of the Science. Int J Environ Res Public Health. 2020 Oct 

31;17(21):E8034.  

28.  Leonard AF, Morris D, Schmitt H, Gaze WH. Natural recreational waters and the risk that 

exposure to antibiotic resistant bacteria poses to human health. Curr Opin Microbiol. 2022 

Feb;65:40–6.  

29.  Fang T, Wang H, Cui Q, Rogers M, Dong P. Diversity of potential antibiotic-resistant 

bacterial pathogens and the effect of suspended particles on the spread of antibiotic resistance 

in urban recreational water. Water Res. 2018 Nov 15;145:541–51.  

30.  Maloo A, Fulke AB, Mulani N, Sukumaran S, Ram A. Pathogenic multiple antimicrobial 

resistant Escherichia coli serotypes in recreational waters of Mumbai, India: a potential public 

health risk. Environ Sci Pollut Res Int. 2017 Apr;24(12):11504–17.  

31.  Rebello RC de L, Regua-Mangia AH. Potential enterovirulence and antimicrobial resistance 

in Escherichia coli isolates from aquatic environments in Rio de Janeiro, Brazil. Sci Total 

Environ. 2014 Aug 15;490:19–27.  

32.  Turgeon P, Michel P, Levallois P, Chevalier P, Daignault D, Crago B, et al. Antimicrobial-

resistant Escherichia coli in public beach waters in Quebec. Can J Infect Dis Med Microbiol. 

2012;23(2):e20-25.  

33.  Iwu CD, Korsten L, Okoh AI. The incidence of antibiotic resistance within and beyond the 

agricultural ecosystem: A concern for public health. MicrobiologyOpen. 2020;9(9):e1035.  

34.  Jaffrezic A, Jarde E, Soulier A, Carrera L, Marengue E, Cailleau A, et al. Veterinary 

pharmaceutical contamination in mixed land use watersheds: from agricultural headwater to 

water monitoring watershed. Sci Total Environ. 2017 Dec 31;609:992–1000.  

35.  Christou A, Aguera A, Maria Bayona J, Cytryn E, Fotopoulos V, Lambropoulou D, et al. The 

potential implications of reclaimed wastewater reuse for irrigation on the agricultural 

environment: The knowns and unknowns of the fate of antibiotics and antibiotic resistant 

bacteria and resistance genes - A review. Water Research. 2017 Oct 15;123:448–67.  

22



 

36.  Zhang S, Huang J, Zhao Z, Cao Y, Li B. Hospital Wastewater as a Reservoir for Antibiotic 

Resistance Genes: A Meta-Analysis. Front Public Health. 2020;8:574968.  

37.  Lépesová K, Olejníková P, Mackuľak T, Cverenkárová K, Krahulcová M, Bírošová L. 

Hospital Wastewater-Important Source of Multidrug Resistant Coliform Bacteria with ESBL-

Production. Int J Environ Res Public Health. 2020 Oct 26;17(21).  

38.  Leclercq R, Oberlé K, Galopin S, Cattoir V, Budzinski H, Petit F. Changes in enterococcal 

populations and related antibiotic resistance along a medical center-wastewater treatment plant-

river continuum. Appl Environ Microbiol. 2013 Apr;79(7):2428–34.  

39.  Bueno I, Williams-Nguyen J, Hwang H, Sargeant JM, Nault AJ, Singer RS. Impact of point 

sources on antibiotic resistance genes in the natural environment: a systematic review of the 

evidence. Anim Health Res Rev. 2017 Dec;18(2):112–27.  

40.  Bessa LJ, Barbosa-Vasconcelos A, Mendes A, Vaz-Pires P, Martins da Costa P. High 

prevalence of multidrug-resistant Escherichia coli and Enterococcus spp. in river water, 

upstream and downstream of a wastewater treatment plant. J Water Health. 2014 

Sep;12(3):426–35.  

41.  Koczura R, Mokracka J, Jabłońska L, Gozdecka E, Kubek M, Kaznowski A. Antimicrobial 

resistance of integron-harboring Escherichia coli isolates from clinical samples, wastewater 

treatment plant and river water. Sci Total Environ. 2012 Jan 1;414:680–5.  

42.  Korzeniewska E, Korzeniewska A, Harnisz M. Antibiotic resistant Escherichia coli in hospital 

and municipal sewage and their emission to the environment. Ecotoxicol Environ Saf. 2013 

May;91:96–102.  

43.  Korzeniewska E, Harnisz M. Extended-spectrum beta-lactamase (ESBL)-positive 

Enterobacteriaceae in municipal sewage and their emission to the environment. J Environ 

Manage. 2013 Oct 15;128:904–11.  

44.  von Salviati C, Laube H, Guerra B, Roesler U, Friese A. Emission of ESBL/AmpC-producing 

Escherichia coli from pig fattening farms to surrounding areas. Veterinary Microbiology. 2015 

Jan 30;175(1):77–84.  

45.  Bréchet C, Plantin J, Sauget M, Thouverez M, Talon D, Cholley P, et al. Wastewater 

treatment plants release large amounts of extended-spectrum β-lactamase-producing 

Escherichia coli into the environment. Clin Infect Dis. 2014 Jun;58(12):1658–65.  

46.  Brückner I, Kirchner K, Müller Y, Schiwy S, Klaer K, Dolny R, et al. Status quo report on 

wastewater treatment plant, receiving water’s biocoenosis and quality as basis for evaluation of 

large-scale ozonation process. Water Sci Technol. 2018 Jan;77(1–2):337–45.  

23



 

47.  Yamashita N, Katakawa Y, Tanaka H. Occurrence of antimicrobial resistance bacteria in the 

Yodo River basin, Japan and determination of beta-lactamases producing bacteria. Ecotoxicol 

Environ Saf. 2017 Sep;143:38–45.  

48.  Sidrach-Cardona R, Hijosa-Valsero M, Marti E, Balcázar JL, Becares E. Prevalence of 

antibiotic-resistant fecal bacteria in a river impacted by both an antibiotic production plant and 

urban treated discharges. Sci Total Environ. 2014 Aug 1;488–489:220–7.  

49.  Teixeira JV, Cecílio P, Gonçalves D, Vilar VJP, Pinto E, Ferreira HN. Multidrug-resistant 

Enterobacteriaceae from indoor air of an urban wastewater treatment plant. Environ Monit 

Assess. 2016 Jun 3;188(7):388.  

50.  Huijbers PMC, Blaak H, Jong MCM de, Graat EAM, Vandenbroucke-Grauls CMJE, Husman 

AM de R. Role of the Environment in the Transmission of Antimicrobial Resistance to Humans: 

A Review [Internet]. American Chemical Society; 2015. Available from: 

https://pubs.acs.org/doi/pdf/10.1021/acs.est.5b02566 

51.  Bengtsson-Palme J, Larsson DGJ. Concentrations of antibiotics predicted to select for 

resistant bacteria: Proposed limits for environmental regulation. Environ Int. 2016 Jan;86:140–9.  

52.  Finley RL, Collignon P, Larsson DGJ, McEwen SA, Li XZ, Gaze WH, et al. The scourge of 

antibiotic resistance: the important role of the environment. Clin Infect Dis. 2013 Sep;57(5):704–

10.  

53.  Berendonk TU, Manaia CM, Merlin C, Fatta-Kassinos D, Cytryn E, Walsh F, et al. Tackling 

antibiotic resistance: the environmental framework. Nat Rev Microbiol. 2015;13(5):310–7.  

54.  Martinez JL, Fajardo A, Garmendia L, Hernandez A, Linares JF, Martínez-Solano L, et al. A 

global view of antibiotic resistance. FEMS Microbiol Rev. 2009 Jan;33(1):44–65.  

55.  Larsson DGJ, Andremont A, Bengtsson-Palme J, Brandt KK, de Roda Husman AM, 

Fagerstedt P, et al. Critical knowledge gaps and research needs related to the environmental 

dimensions of antibiotic resistance. Environment International. 2018 Aug 1;117:132–8.  

56.  Dao TL, Hoang VT, Magmoun A, Ly TDA, Baron SA, Hadjadj L, et al. Acquisition of 

multidrug-resistant bacteria and colistin resistance genes in French medical students on 

internships abroad. Travel Medicine and Infectious Disease. 2021 Jan 1;39:101940.  

57.  Sridhar S, Turbett SE, Harris JB, LaRocque RC. Antimicrobial-resistant bacteria in 

international travelers. Curr Opin Infect Dis. 2021 Oct;34(5):423–31.  

58.  Bunt G van den, Pelt W van, Hidalgo L, Scharringa J, Greeff SC de, Schürch AC, et al. 

Prevalence, risk factors and genetic characterisation of extended-spectrum beta-lactamase and 

carbapenemase-producing Enterobacteriaceae (ESBL-E and CPE): a community-based cross-

sectional study, the Netherlands, 2014 to 2016. Eurosurveillance. 2019 Oct 10;24(41):1800594.  

24



 

59.  Arcilla MS, van Hattem JM, Bootsma MC, van Genderen PJ, Goorhuis A, Schultsz C, et al. 

The Carriage Of Multiresistant Bacteria After Travel (COMBAT) prospective cohort study: 

methodology and design. BMC Public Health. 2014 Apr 28;14:410.  

60.  Kantele A, Lääveri T, Mero S, Vilkman K, Pakkanen SH, Ollgren J, et al. Antimicrobials 

Increase Travelers’ Risk of Colonization by Extended-Spectrum Betalactamase-Producing 

Enterobacteriaceae. Clin Infect Dis. 2015 Mar 15;60(6):837–46.  

61.  Ruppé E, Armand-Lefèvre L, Estellat C, Consigny PH, El Mniai A, Boussadia Y, et al. High 

Rate of Acquisition but Short Duration of Carriage of Multidrug-Resistant Enterobacteriaceae 

After Travel to the Tropics. Clin Infect Dis. 2015 Aug 15;61(4):593–600.  

62.  van Hattem JM, Arcilla MS, Bootsma MC, van Genderen PJ, Goorhuis A, Grobusch MP, et 

al. Prolonged carriage and potential onward transmission of carbapenemase-producing 

Enterobacteriaceae in Dutch travelers. Future Microbiol. 2016 Jul;11:857–64.  

63.  Arcilla MS, van Hattem JM, Haverkate MR, Bootsma MCJ, van Genderen PJJ, Goorhuis A, 

et al. Import and spread of extended-spectrum β-lactamase-producing Enterobacteriaceae by 

international travellers (COMBAT study): a prospective, multicentre cohort study. Lancet Infect 

Dis. 2017 Jan;17(1):78–85.  

64.  Woerther PL, Andremont A, Kantele A. Travel-acquired ESBL-producing 

Enterobacteriaceae: impact of colonization at individual and community level. J Travel Med. 

2017 Apr 1;24(suppl_1):S29–34.  

65.  Lorme F, Maataoui N, Rondinaud E, Esposito-Farèse M, Clermont O, Ruppe E, et al. 

Acquisition of plasmid-mediated cephalosporinase producing Enterobacteriaceae after a travel 

to the tropics. PLoS One. 2018 Dec 18;13(12):e0206909.  

66.  Vilkman K, Lääveri T, Pakkanen SH, Kantele A. Stand-by antibiotics encourage 

unwarranted use of antibiotics for travelers’ diarrhea: A prospective study. Travel Medicine and 

Infectious Disease. 2019 Jan 1;27:64–71.  

67.  Arcilla MS, Van Hattem JM, Bootsma MCJ, van Genderen PJJ, Goorhuis A, Grobusch MP, 

et al. Prevalence and risk factors for carriage of ESBL-producing Enterobacteriaceae in a 

population of Dutch travellers: A cross-sectional study. Travel Medicine and Infectious Disease. 

2020 Jan 1;33:101547.  

68.  Dao TL, Canard N, Hoang VT, Ly TDA, Drali T, Ninove L, et al. Risk factors for symptoms of 

infection and microbial carriage among French medical students abroad. Int J Infect Dis. 2020 

Nov;100:104–11.  

25



 

69.  Dao TL, Hoang VT, Ly TDA, Magmoun A, Canard N, Drali T, et al. Infectious disease 

symptoms and microbial carriage among French medical students travelling abroad: A 

prospective study. Travel Med Infect Dis. 2020;34:101548.  

70.  Mellon G, Turbett SE, Worby C, Oliver E, Walker AT, Walters M, et al. Acquisition of 

Antibiotic-Resistant Bacteria by U.S. International Travelers. N Engl J Med. 2020 Apr 

2;382(14):1372–4.  

71.  Meurs L, Lempp FS, Lippmann N, Trawinski H, Rodloff AC, Eckardt M, et al. Intestinal 

colonization with extended-spectrum beta-lactamase producing Enterobacterales (ESBL-PE) 

during long distance travel: A cohort study in a German travel clinic (2016–2017). Travel 

Medicine and Infectious Disease. 2020 Jan 1;33:101521.  

72.  Worby CJ, Earl AM, Turbett SE, Becker M, Rao SR, Oliver E, et al. Acquisition and Long-

term Carriage of Multidrug-Resistant Organisms in US International Travelers. Open Forum 

Infect Dis. 2020 Dec 21;7(12):ofaa543.  

73.  Kantele A, Lääveri T. Extended-spectrum beta-lactamase-producing strains among 

diarrhoeagenic Escherichia coli—prospective traveller study with literature review. Journal of 

Travel Medicine [Internet]. 2021 Apr 8 [cited 2021 Nov 17];(taab042). Available from: 

https://doi.org/10.1093/jtm/taab042 

74.  Lääveri T, Antikainen J, Mero S, Pakkanen SH, Kirveskari J, Roivainen M, et al. Bacterial, 

viral and parasitic pathogens analysed by qPCR: Findings from a prospective study of travellers’ 

diarrhoea. Travel Medicine and Infectious Disease. 2021 Mar;40:101957.  

75.  Tufic-Garutti S dos S, Ramalho JVAR, Longo LG de A, de Oliveira GC, Rocha GT, Vilar LC, 

et al. Acquisition of antimicrobial resistance determinants in Enterobacterales by international 

travelers from a large urban setting in Brazil. Travel Medicine and Infectious Disease. 2021 May 

1;41:102028.  

76.  Turunen KA, Kantele A, Professor of Infectious Diseases. Revisiting travellers’ diarrhoea 

justifying antibiotic treatment: prospective study. Journal of Travel Medicine. 2021 Apr 

14;28(3):taaa237.  

77.  Mulder M, Kiefte-de Jong JC, Goessens WHF, de Visser H, Ikram MA, Verbon A, et al. Diet 

as a risk factor for antimicrobial resistance in community-acquired urinary tract infections in a 

middle-aged and elderly population: a case–control study. Clinical Microbiology and Infection. 

2019 May 1;25(5):613–9.  

78.  Mughini-Gras L, Dorado-García A, Duijkeren E van, Bunt G van den, Dierikx CM, Bonten 

MJM, et al. Attributable sources of community-acquired carriage of Escherichia coli containing 

β-lactam antibiotic resistance genes: a population-based modelling study. The Lancet Planetary 

Health. 2019 Aug 1;3(8):e357–69.  

26



 

79.  Sasaki Y, Kakizawa H, Baba Y, Ito T, Haremaki Y, Yonemichi M, et al. Antimicrobial 

Resistance in Salmonella Isolated from Food Workers and Chicken Products in Japan. 

Antibiotics (Basel). 2021 Dec 16;10(12):1541.  

80.  Van Gompel L, Dohmen W, Luiken REC, Bouwknegt M, Heres L, van Heijnsbergen E, et al. 

Occupational Exposure and Carriage of Antimicrobial Resistance Genes (tetW, ermB) in Pig 

Slaughterhouse Workers. Ann Work Expo Health. 2020 Feb 20;64(2):125–37.  

81.  Wang Y, Lyu N, Liu F, Liu WJ, Bi Y, Zhang Z, et al. More diversified antibiotic resistance 

genes in chickens and workers of the live poultry markets. Environ Int. 2021 Aug;153:106534.  

82.  Talukder S, Hasan MM, Mandal AK, Tasmim ST, Parvin MS, Ali MY, et al. Epidemiology 

and antimicrobial resistance profiles of Salmonella in chickens, sewage, and workers of broiler 

farms in selected areas of Bangladesh. J Infect Dev Ctries. 2021 Aug 31;15(8):1155–66.  

83.  Momoh AH, Kwaga JKP, Bello M, Sackey AKB, Larsen AR. Antibiotic resistance and 

molecular characteristics of Staphylococcus aureus isolated from backyard-raised pigs and pig 

workers. Trop Anim Health Prod. 2018 Oct;50(7):1565–71.  

84.  Elhariri M, Elhelw R, Selim S, Ibrahim M, Hamza D, Hamza E. Virulence and Antibiotic 

Resistance Patterns of Extended-Spectrum Beta-Lactamase-Producing Salmonella enterica 

serovar Heidelberg Isolated from Broiler Chickens and Poultry Workers: A Potential Hazard. 

Foodborne Pathog Dis. 2020 Jun;17(6):373–81.  

85.  Zieliński W, Korzeniewska E, Harnisz M, Drzymała J, Felis E, Bajkacz S. Wastewater 

treatment plants as a reservoir of integrase and antibiotic resistance genes - An epidemiological 

threat to workers and environment. Environ Int. 2021 Nov;156:106641.  

86.  Tamta S, Kumar ORV, Singh SV, Pruthvishree BS, Karthikeyan R, Rupner R, et al. 

Antimicrobial resistance pattern of extended-spectrum β-lactamase-producing Escherichia coli 

isolated from fecal samples of piglets and pig farm workers of selected organized farms of India. 

Vet World. 2020 Feb;13(2):360–3.  

87.  Ding D, Zhu J, Gao Y, Yang F, Ma Y, Cheng X, et al. Effect of cattle farm exposure on 

oropharyngeal and gut microbial communities and antibiotic resistance genes in workers. Sci 

Total Environ. 2022 Feb 1;806(Pt 3):150685.  

88.  Ymaña B, Luque N, Ruiz J, Pons MJ. Worrying levels of antimicrobial resistance in Gram-

negative bacteria isolated from cell phones and uniforms of Peruvian intensive care unit 

workers. Trans R Soc Trop Med Hyg [Internet]. 2022 Jan 5; Available from: 

10.1093/trstmh/trab186 

89.  Chanchaithong P, Perreten V, Am-In N, Lugsomya K, Tummaruk P, Prapasarakul N. 

Molecular Characterization and Antimicrobial Resistance of Livestock-Associated Methicillin-

27



 

Resistant Staphylococcus aureus Isolates from Pigs and Swine Workers in Central Thailand. 

Microb Drug Resist. 2019 Nov;25(9):1382–9.  

90.  Xu H, Zhang W, Guo C, Xiong H, Chen X, Jiao X, et al. Prevalence, Serotypes, and 

Antimicrobial Resistance Profiles Among Salmonella Isolated from Food Catering Workers in 

Nantong, China. Foodborne Pathog Dis. 2019 May;16(5):346–51.  

91.  Tahoun ABMB, Abou Elez RMM, Abdelfatah EN, Elsohaby I, El-Gedawy AA, Elmoslemany 

AM. Listeria monocytogenes in raw milk, milking equipment and dairy workers: Molecular 

characterization and antimicrobial resistance patterns. J Glob Antimicrob Resist. 2017 

Sep;10:264–70.  

92.  Sun J, Huang T, Chen C, Cao TT, Cheng K, Liao XP, et al. Comparison of Fecal Microbial 

Composition and Antibiotic Resistance Genes from Swine, Farm Workers and the Surrounding 

Villagers. Sci Rep. 2017 Jul 10;7(1):4965.  

93.  Singh S, Malhotra R, Grover P, Bansal R, Galhotra S, Kaur R, et al. Antimicrobial resistance 

profile of Methicillin-resistant Staphylococcus aureus colonizing the anterior nares of health-care 

workers and outpatients attending the remotely located tertiary care hospital of North India. J 

Lab Physicians. 2017 Dec;9(4):317–21.  

94.  Wang HP, Zhang HJ, Liu J, Dong Q, Duan S, Ge JQ, et al. Antimicrobial resistance of 3 

types of gram-negative bacteria isolated from hospital surfaces and the hands of health care 

workers. Am J Infect Control. 2017 Nov 1;45(11):E143–7.  

95.  Paltansing S, Vlot JA, Kraakman MEM, Mesman R, Bruijning ML, Bernards AT, et al. 

Extended-spectrum β-lactamase-producing enterobacteriaceae among travelers from the 

Netherlands. Emerging Infect Dis. 2013 Aug;19(8):1206–13.  

96.  Moirongo RM, Lorenz E, Ntinginya NE, Dekker D, Fernandes J, Held J, et al. Regional 

Variation of Extended-Spectrum Beta-Lactamase (ESBL)-Producing Enterobacterales, 

Fluoroquinolone-Resistant Salmonella enterica and Methicillin-Resistant Staphylococcus aureus 

Among Febrile Patients in Sub-Saharan Africa. Frontiers in Microbiology [Internet]. 2020 [cited 

2022 Feb 16];11. Available from: https://www.frontiersin.org/article/10.3389/fmicb.2020.567235 

97.  Gashaw M, Berhane M, Bekele S, Kibru G, Teshager L, Yilma Y, et al. Emergence of high 

drug resistant bacterial isolates from patients with health care associated infections at Jimma 

University medical center: a cross sectional study. Antimicrob Resist Infect Control. 2018 

Dec;7(1):1–8.  

98.  Tham J, Odenholt I, Walder M, Andersson L, Melander E. Risk factors for infections with 

extended-spectrum beta-lactamase-producing Escherichia coli in a county of Southern Sweden. 

Infect Drug Resist. 2013;6:93–7.  

28



 

99.  Leonard AFC, Zhang L, Balfour AJ, Garside R, Hawkey PM, Murray AK, et al. Exposure to 

and colonisation by antibiotic-resistant E. coli in UK coastal water users: Environmental 

surveillance, exposure assessment, and epidemiological study (Beach Bum Survey). Environ 

Int. 2018 May;114:326–33.  

100.  Schijven JF, Blaak H, Schets FM, de Roda Husman AM. Fate of Extended-Spectrum β-

Lactamase-Producing Escherichia coli from Faecal Sources in Surface Water and Probability of 

Human Exposure through Swimming. Environ Sci Technol. 2015 Oct 6;49(19):11825–33.  

101.  Dorado-García A, Smid JH, van Pelt W, Bonten MJM, Fluit AC, van den Bunt G, et al. 

Molecular relatedness of ESBL/AmpC-producing Escherichia coli from humans, animals, food 

and the environment: a pooled analysis. J Antimicrob Chemother. 2018 Feb 1;73(2):339–47.  

102.  Wengenroth L, Berglund F, Blaak H, Chifiriuc MC, Flach CF, Pircalabioru GG, et al. 

Antibiotic Resistance in Wastewater Treatment Plants and Transmission Risks for Employees 

and Residents: The Concept of the AWARE Study. Antibiotics. 2021 May;10(5):478.  

103.  Rodríguez-Molina D, Berglund F, Blaak H, Flach CF, Kemper M, Marutescu L, et al. 

Carriage of ESBL-producing Enterobacterales in wastewater treatment plant workers and 

surrounding residents — the AWARE Study. Eur J Clin Microbiol Infect Dis [Internet]. 2021 Dec 

13 [cited 2022 Feb 16]; Available from: https://doi.org/10.1007/s10096-021-04387-z 

104.  Rodríguez-Molina D, Berglund F, Blaak H, Flach CF, Kemper M, Marutescu L, et al. 

International Travel as a Risk Factor for Carriage of Extended-Spectrum β-Lactamase-

Producing Escherichia coli in a Large Sample of European Individuals—The AWARE Study. 

International Journal of Environmental Research and Public Health. 2022 Jan;19(8):4758.  

 

29



 

3. Publication 1 

Rodríguez-Molina D, Berglund F, Blaak H, Flach CF, Kemper M, Marutescu L, Gradisteanu 

GP, Popa M, Spießberger B, Weinmann T, Wengenroth L, Chifiriuc MC, Larsson DGJ, Nowak 

D, Radon K, de Roda Husman AM, Wieser A, Schmitt H. Carriage of ESBL-producing 

Enterobacterales in wastewater treatment plant workers and surrounding residents - the 

AWARE Study. Eur J Clin Microbiol Infect Dis. 2021 Dec 13:1–16. doi: 10.1007/s10096-021-

04387-z. Epub ahead of print.  

European Journal of Clinical Microbiology & Infectious Diseases 

Journal Citations Report 2020 

Impact factor: 3.267  Ranking: 52/93 (Infectious Diseases, Q3) 

  

30



Vol.:(0123456789)1 3

European Journal of Clinical Microbiology & Infectious Diseases 
https://doi.org/10.1007/s10096-021-04387-z

ORIGINAL ARTICLE

Carriage of ESBL-producing Enterobacterales in wastewater treatment 
plant workers and surrounding residents — the AWARE Study

Daloha Rodríguez-Molina1,2,3  · Fanny Berglund4,5  · Hetty Blaak6  · Carl-Fredrik Flach4,5 · Merel Kemper6 · 
Luminita Marutescu7,8  · Gratiela Pircalabioru Gradisteanu7,8  · Marcela Popa7,8  · Beate Spießberger9,10,11 · 
Tobias Weinmann1 · Laura Wengenroth1  · Mariana Carmen Chi"riuc7,8  · D. G. Joakim Larsson4,5  · 
Dennis Nowak1,12  · Katja Radon1  · Ana Maria de Roda Husman6  · Andreas Wieser9,10,11 · Heike Schmitt6 

Received: 22 July 2021 / Accepted: 29 November 2021 
© The Author(s) 2021

Abstract
To investigate whether wastewater treatment plant (WWTP) workers and residents living in close proximity to a WWTP 
have elevated carriage rates of ESBL-producing Enterobacterales, as compared to the general population. From 2018 to 
2020, we carried out a cross-sectional study in Germany, the Netherlands, and Romania among WWTP workers (N = 344), 
nearby residents (living ≤ 300 m away from WWTPs; N = 431) and distant residents (living ≥ 1000 m away = reference 
group; N = 1165). We collected information on potential confounders via questionnaire. Culture of participants’ stool 
samples was performed with ChromID®-ESBL agar plates and species identification with MALDI-TOF–MS. We used 
logistic regression to estimate the odds ratio (OR) for carrying ESBL-producing E. coli (ESBL-EC). Sensitivity analyses 
included stratification by country and interaction models using country as secondary exposure. Prevalence of ESBL-EC 
was 11% (workers), 29% (nearby residents), and 7% (distant residents), and higher in Romania (28%) than in Germany 
(7%) and the Netherlands (6%). Models stratified by country showed that within the Romanian population, WWTP workers 
are about twice as likely (aOR = 2.34, 95% CI: 1.22–4.50) and nearby residents about three times as likely (aOR = 3.17, 
95% CI: 1.80–5.59) to be ESBL-EC carriers, when compared with distant residents. In stratified analyses by country, we 
found an increased risk for carriage of ESBL-EC in Romanian workers and nearby residents. This effect was higher for 
nearby residents than for workers, which suggests that, for nearby residents, factors other than the local WWTP could 
contribute to the increased carriage.

Keywords Antimicrobial resistance · Antibiotic resistance · ESBL-producing E. coli · Wastewater treatment plants · 
Environmental exposure

Introduction

Antibiotic resistance (AR) is currently one of the most 
important threats to public health and clinical medicine. 
In some regions, current AR rates are alarmingly high, 
with 58.4% of Escherichia coli (E. coli) isolates reported 
in 2018 to the European Antimicrobial Resistance Surveil-
lance Network being resistant to at least one antibiotic group 
under surveillance (i.e. aminopenicillins, fluoroquinolones, 
third-generation cephalosporins, aminoglycosides and 

carbapenems) [1]. This is partly due to the use, overuse, 
and misuse of antibiotics by healthcare professionals and 
patients, but also in animal husbandry and agriculture [2–6]. 
Antibiotic resistant bacteria (ARB) can be introduced into 
the environment by different routes [7], including waste-
water from the general human population [8–15]. These 
residual waters arrive and are collected at municipal waste-
water treatment plants (WWTPs). Enteric ARB such as E. 
coli, as well as Klebsiella spp., Enterobacter spp., Serratia 
spp., and Citrobacter spp. (KESC) have been found in water 
[16–22] and air [23–25] samples from WWTPs. Moreover, 
the WWTPs effluents can discharge ARB into nearby water 
bodies because eliminating ARB is not part of the cur-
rent wastewater treatment processes, which focus instead 
on reducing nutrient loads and pathogens to the receiving 
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surface water. While some studies have reported either no 
changes in relative abundances of ARB [26] or a decrease 
in absolute and relative abundance of ARGs [27–29], other 
studies have reported an increased relative prevalence of 
ARB after wastewater treatment processes, in comparison 
to the untreated wastewater entering the plant [16, 17, 22, 
30–38]. These aspects make WWTPs potential transmission 
hubs for the spread of ARB into the environment [39].

It has been proposed that ARB could be transmitted to 
humans by the air or wastewater at the WWTPs through 
different exposure routes including ingestion of droplets, 
hand-to-mouth contact, or inhalation of aerosols [21–24]. 
Further, an increased prevalence of gastrointestinal and res-
piratory diseases [40], as well as high levels of antibodies 
against bacteria, viruses, and parasites in WWTP workers, 
suggests an increased exposure to these pathogens [41–43]. 
Under this scenario, and extending this idea to AR, WWTP 
workers would be at a high risk of exposure to ARB. Fur-
thermore, and considering that extended-spectrum betalac-
tamase (ESBL)-producing E. coli (ESBL-EC) can be found 
up to 150 m both up- and downwind away from animal farms 
[44], nearby residents living in close proximity to WWTPs 
could also be highly exposed to these ARB. However, to our 
knowledge, no large-scale study has yet been carried out in 
humans potentially at risk of carriage of antibiotic resist-
ant Enterobacterales working at or living close to WWTPs. 
Such studies are critical to aid our current understanding of 
the exposure status of humans working at or living around 
WWTPs, and to devise preventive strategies and interven-
tions to reduce this potential exposure.

Therefore, in the present study, we aimed at investigat-
ing whether WWTP workers and residents living in close 
proximity to a WWTP have elevated carriage rates of 
ESBL-producing Enterobacterales, as compared to the gen-
eral population. Our hypothesis is that the risk of carrying 
ESBL-producing Enterobacterales increases with proximity 
to the WWTP.

Materials and methods

Study design and population

The project “Antibiotic Resistance in Wastewater: Transmis-
sion Risks for Employees and Residents around Wastewater 
Treatment Plants (AWARE)” is a cross-sectional study, with 
data collection carried out from September 2018 to March 
2020 in three European countries with different background 
prevalences for AR: Germany, the Netherlands, and Roma-
nia. A thorough description of the study methodology can 
be found elsewhere [45]. Briefly, our target population con-
sisted of two exposed groups working at or living in close 
proximity to wastewater treatment plants (WWTP workers 

and nearby residents) and one unexposed population of dis-
tant residents. Nearby residents were defined as living within 
a 300-m radius from a WWTP, while distant residents were 
defined as living more than 1000 m away from a WWTP. 
Data on nearby residents was only collected in Germany 
and Romania, while data on WWTP workers and distant 
residents was collected in all three countries. The process of 
recruiting participants per country is described as follows.

Germany

We generated a sampling frame of WWTPs and ranked them 
in descending order based on number of employed workers 
and of estimated nearby residents in their vicinity to maxi-
mize the chances of achieving the minimum sample size 
for these two exposed groups. Out of 18 eligible WWTPs 
with the largest number of employed workers and nearby 
residents, eight were interested in participating and were 
thus invited into the study. Of these eight plants, six were 
willing to participate, of which one had too few workers 
and was thus not eligible, one could not participate anymore 
because of the situation regarding COVID-19 in early 2020, 
and one was selected as a pilot phase plant because it had a 
lower number of workers and nearby residents (Fig. 1). The 
remaining three plants were enrolled in full participation.

After a pilot phase examining the feasibility of the study 
methods, a total of 137 workers employed at three WWTPs 
in Southern Germany were invited to participate in our study 
(response 22%). For nearby and distant residents of each of 
these three WWTPs, postal addresses were obtained from 
the local civil registries whenever possible, and all individu-
als living at each household were invited to participate in our 
study via postal service. In study locations where this was 
not possible, we generated a sampling frame of addresses 
within the specified distances to the WWTP for nearby and 
distant residents using Google Maps™, and went door-to-
door delivering invitation letters to mailboxes. In addition to 
the invitation letter, two reminders were sent to non-respond-
ers. In parallel, local newspapers published an article about 
the project on the same week that the participants received 
the invitation letter. We also carried out a recruitment cam-
paign via Facebook, targeting potential participants within 
the desired age range and located at the study sites. All par-
ticipants who successfully completed the study were eligible 
for a raffle of shopping vouchers with a total value of 1500 
EUR. In total, we invited 1453 nearby residents within the 
eligible age range (response 6.95%) and 3153 distant resi-
dents (response 11%).

The Netherlands

In the Netherlands, WWTPs are managed by regional water 
authorities called waterboards. Our unit of recruitment for 
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Fig. 1  Flow diagram of the recruitment process, AWARE Study, 2021
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the Netherlands was therefore the waterboard and not the 
WWTP. Of a total of 21 waterboards across the whole coun-
try, 12 were interested in participating in the study. Over-
all, 626 WWTP workers were invited to participate using a 
combination of WWTP visits for presenting the study plus 
invitations by e-mail in ten out of these twelve WWTPs, and 
using only e-mail invitations in the remaining two plants 
(response 26%). We did not carry out data collection for 
residents living in close proximity to WWTPs in the Nether-
lands. For distant residents, general practitioners (GP) prac-
tices located 2 to 5 km away from the selected WWTPs were 
identified and these GPs were invited to cooperate with us as 
their practices served as a collection and preservation point 
for stool samples. Using ArcGis [46], we then identified all 
postal addresses within a 500-m radius from the cooperating 
GP practices, and then, using the Dutch Personal Records 
Database, we randomly retrieved the contacting information 
of potential participants living in 300–500 addresses sur-
rounding each GP practice. A total number of 13,918 indi-
viduals living at these addresses received an invitation letter 
per postal service, of which 1080 responded to the invita-
tion (recruitment response 7.8%). Of these 13,918 invited 
people, 10,448 individuals were between the age of 16 and 
67 years old and thus eligible by age (response among eligi-
ble individuals 6.4%). All participants completing the study 
received a gift card worth 20 EUR.

Romania

WWTP operators were recruited through a formal letter 
containing information about the project and an invitation 
to join the study. Nine plants were invited, of which two 
were pilot plants, and all of them were ultimately enrolled 
in the study. WWTP workers from participating plants were 
contacted by their respective operators and invited to partici-
pate. A total number of 247 workers were reached (response 
62%). Nearby and distant residents were invited to partici-
pate using the door-to-door approach. Further, potential 
participants in public places like streets, parks, and markets 
in the vicinity of WWTPs were also addressed orally and 
invited to participate, given that they were eligible. In total, 
we contacted 620 nearby and 280 distant residents within the 
eligible age range (response 53% and 54%).

Data collection

Exposure of interest

We consider ingestion of droplets, hand-to-mouth contact, or 
inhalation of aerosols the main exposure routes for WWTP 
workers. Nearby residents would be exposed through 
inhalation of aerosols. Therefore, we used the variable 

participation group (WWTP worker, nearby resident, distant 
resident) as a proxy variable for the exposure. We defined 
WWTP workers as the highest exposed group followed by 
nearby residents as the second most-exposed group, while 
distant residents served as an unexposed comparison group. 
Nearby residents were defined as persons living fewer 
than 300 m away from the WWTP. Distant residents were 
defined as persons living further than 1000 m away from 
any WWTPs.

Outcome of interest

The main outcome of interest was the presence of ESBL-
EC in stool samples, reported binarily (positive/negative). A 
secondary outcome of interest was the presence of bacteria 
from the Klebsiella, Enterobacter, Citrobacter, and Serratia 
(KESC) group in stool samples, also reported binarily (posi-
tive/negative). In Germany and Romania, only participants 
who successfully filled in the study questionnaire were sent 
a stool sample kit. In the Netherlands, enrolled participants 
were required to hand in a stool sample before receiving a 
link to fill in the online questionnaire. Nearby and distant 
residents received a stool sample collection kit by postal 
service, whereas workers received it at their workplace. Each 
participant was asked to record the date and time of stool 
sample collection, maintain the sample refrigerated (tem-
perature ranging from 2 to 8 °C), and bring it to the closest 
collection point (WWTPs or main train station in Germany, 
WWTPs or GP offices in the Netherlands, home visits in 
Romania). Samples were transported to the laboratory in 
cooling boxes within 24 h after sampling, where they were 
stored at 4 °C, and processed within 24–48 h after sampling.

At the local laboratories in Germany, the Netherlands and 
Romania, all the stool samples were inoculated directly onto 
the following culture media: ChromID® ESBL (for ESBL-
EC), TBX (in the Netherlands and Romania) or MacConkey 
(in Germany) (for E. coli), and incubated at 36 °C ± 1 °C 
for 24–48 h. In case of positive results, 2 separate isolates 
belonging to the ESBL-EC phenotype were collected from 
the ChromID® ESBL plate, screened for antibiotic resist-
ance and identified by MALDI-TOF MS (Matrix Assisted 
Laser Desorption Ionization-Time of Flight Mass Spectrom-
etry). Participants with a negative stool culture on TBX/
MacConkey were excluded from further analyses.

Confounding variables

Information on confounding variables was obtained from 
eligible individuals through an online questionnaire explor-
ing sociodemographic characteristics, work history includ-
ing contact with animals during farming or slaughterhouse 
activities, contact with patients or human tissues at work, 
international travels, use of antibiotics, hospital visits, and 
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health condition (personal history of surgery, hospitaliza-
tions, chronic diseases, antibiotic and antacid intake, diar-
rhea, respiratory health, and self-reported health status), all 
in the past 12 months [45].

Educational level was asked using the educational struc-
ture of each country and then dichotomized using the Inter-
national Standard Classification of Education (ISCED) 
[47–49] into low (0–2 ISCED points, i.e. pre-primary edu-
cation to lower secondary education) and high (more than 
2 ISCED points, i.e. upper secondary education to Doctoral 
or equivalent).

Work with patients or human tissues was constructed 
by merging the information of two separate survey ques-
tions: “In your current job, how often have you typically 
had direct interaction or contact with patients within in the 
last 12 months?” and “How often have you worked with 
human tissue, blood, body fluids (urine, feces, vomit, spu-
tum, saliva) or primary cell lines within the last 12 months?” 
Each question could be answered with a frequency scale 
(never, rarely, sometimes, often, always). If the participant 
had answered rarely, sometimes, often or always in either 
of the two questions, a “yes” was assigned. Else, a “no” was 
assigned. Use of antibiotics was assessed with the question 
“Have you taken an antibiotic within the last 12 months?” 
to which possible answers were “Yes,” “No,” and “Do not 
know.” Participants answering “Do not know” were assigned 
into the “No” category.

When asked about international travel, participants were 
asked to provide information about the region where they 
had been in the past year: Europe, Asia, North Africa, Sub-
Saharan Africa, North America, Central America and Mex-
ico, South America, and Australia and Oceania. For each of 
these regions, participants could state the frequency of travel 
within the last year: never, once, 2 to 3 times, more than 3 
times, I don’t know. Additionally, if the participant reported 
travels to Europe, they were asked about travels to specific 
European countries with a high background prevalence of 
ESBL-EC: Italy, Slovenia, Bulgaria, and Greece (yes/no). 
Travels to high-risk areas for ESBL was defined as report-
ing travels to at least one of the following areas or coun-
tries within the past year: Asia, North Africa, Sub-Saharan 
Africa, Central America and Mexico, South America, Italy, 
Slovenia, Bulgaria, and Greece.

Statistical analyses

To present summary statistics for the descriptive character-
istics of the study population, numerical variables (i.e. age) 
were assessed visually for normality using histograms and 
are presented as mean ± standard deviation if normally dis-
tributed or as median ± inter-quartile range if non-normally 
distributed. Categorical variables are presented using abso-
lute and relative frequencies. Either chi-square of Fisher’s 

exact test was used for bivariate hypothesis testing of cat-
egorical variables, depending on cell counts.

We assume that the missing values in the outcome of 
interest are missing at random because it is highly unlikely 
that participants would know their personal status of ESBL-
EC in stools beforehand. We therefore proceeded to simu-
late missing values for this outcome and other variables of 
interest where the missingness mechanism was at random 
or completely at random by using multiple imputation with 
chained equations [50]. With twenty iterations per dataset, 
we generated a total of ten imputed datasets, from which 
we estimated regression models whose estimates were then 
pooled and reported. Because of the differences in partici-
pation response across countries, we weighted our study 
population using inverse probability of sampling weights 
[51]. Weights were defined as the inverse of the participation 
response per country and per participation group.

The direct causal effect of participation group (WWTP 
worker, nearby resident, distant resident) as a proxy for expo-
sure routes (ingestion of droplets, hand-to-mouth contact, 
or inhalation of aerosols) in and around the local WWTP 
on the presence of ESBL-EC in participants’ stool samples 
(no/yes) was estimated using logistic regression models. We 
present unweighted crude and adjusted estimates, weighted 
crude and adjusted estimates, and their corresponding 95% 
confidence intervals in graphical form. Sensitivity analyses 
included models stratified by country, an interaction model 
with country as a secondary exposure, and models stratified 
by participation group.

Variable selection for the models was done using a 
combination of experts’ opinion from within the AWARE 
consortium, evidence in the current literature, and the use 
of Directed Acyclic Graphs (DAGs) [52, 53] (Fig. 2). All 
analyses were done in R version 3.5.0 and up [54] using 
the following R packages: epiR [55], mice [56], mitml [57], 
mitools [58], and survey [59, 60].

Results

Descriptive characteristics of the study population

A total of 1940 participants across the three countries were 
eligible for analyses, with 25% of participants from Ger-
many (n = 480), 43% from the Netherlands (n = 826), and 
33% from Romania (n = 634, Table 1). The majority of the 
population was middle-aged (median age 49 years, IQR 
36–58), female (52%), and highly educated (64%). Across 
the three countries, WWTP workers were mostly men and 
the majority reported contact with human tissues, which we 
attribute to the presence of human feces in wastewater.

In Germany, approximately two-thirds of the WWTP 
workers reported working with human tissues (68%) in 
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contrast to nearby and distant residents, where approxi-
mately a third of each group reported this type of contact 
at work (32% and 35%, p 0.0015). Distant residents from 
Germany were more highly educated than nearby resi-
dents, and these in turn more than WWTP workers (72%, 
47%, and 30%, p < 0.001).

In the Netherlands, fewer WWTP workers reported 
using antibiotics in the past year in comparison to the 
distant residents (11% vs. 20%, p = 0.01) and visiting hos-
pitals as a patient (1.2% vs. 6.0%, p = 0.02). More WWTP 
workers reported visiting farms than distant residents 
(16% vs. 8.2%, p = 0.005).

In Romania, workers were, on average, older (median 
age among workers 49 [41, 53] vs. median age among 
distant residents 40 [33, 50] in distant residents) and bet-
ter educated (97% vs. 91) than distant residents. Also, in 
comparison to distant residents, nearby residents had a 
lower level of education (65% vs. 91%) and traveled less 
to high risk areas for AR (10% vs. 33%).

Carrier status for ESBL-producing Enterobacterales

The overall prevalence of ESBL-EC across the three coun-
tries was 13%, with the highest prevalence observed in the 
Romanian population (28%). The prevalence of ESBL-
producing bacteria of the KESC group across countries 
was 3.8%, with the highest value observed also in Romania 
(10%).

In Germany, ESBL-EC were not detected in stools of any 
of the workers (n = 30), but among 8.4% of distant residents 
and 5.7% of nearby residents. In the Netherlands, carriage 
of ESBL-EC was similar in WWTP workers (4.4%) and dis-
tant residents (6.0%) (p = 0.53). In Romania, the prevalence 
of ESBL-EC was 23% among workers, 36% among nearby 
residents, and 12% among distant residents (p < 0.001).

Because the prevalence for KESC bacteria was rela-
tively low and thus limiting the statistical power of our 
inferential analyses, we decided to focus only on the pri-
mary outcome: ESBL-EC. The effect of participation 

Fig. 2  Directed Acyclic Graph (DAG) for the direct effect of partici-
pation group (wastewater treatment plant–WWTP–worker, nearby 
resident, distant resident) as a proxy for exposure routes (ingestion 

of droplets, hand-to-mouth contact, or inhalation of aerosols) in and 
around the local WWTP on the presence of ESBL-producing E. coli 
in stool samples, AWARE Study, 2021
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group (WWTP worker, nearby or distant resident) on the 
carriage of ESBL-EC varied by country (Online Resource 
Table 1). Overall, the proportion of WWTP workers and 
nearby residents with a positive stool sample for ESBL-
EC was higher than that of distant residents (11% and 29% 
vs. 7.5%, p < 0.001). This result was driven by the Roma-
nian population (23% and 36% vs. 12%, p < 0.001), while 
there were no statistically significant differences between 
participation groups in the proportions of positive ESBL-
EC carriers either in Germany (0.0% and 5.7% vs. 8.4%, 
p = 0.22) or in the Netherlands (4.4% vs. 6.0%, p = 0.53).

Statistical models

Across the three countries, the unweighted crude odds 
ratio for the carriage of ESBL-EC among WWTP workers 
was 1.71 (95% CI: 1.12–2.61). Among nearby residents, it 
was 4.95 (95% confidence interval, CI: 3.63–6.73), com-
pared to the unexposed group (Fig. 3). These unweighted 
estimates changed to 1.17 (95% CI: 0.74–1.86) for WWTP 
workers and 2.24 (95% CI: 1.50–3.37) for nearby residents 
upon adjustment for age, sex, education, country, travels 
to high risk areas for AR, working with human tissues, 
antibiotic use, farm visits, hospital visits as patients, and 
hospital visits as a professional. After applying inverse 
probability of sampling weights for the response in each 
country and in each participation group, crude estimates 
changed to 1.28 (95% CI: 0.82–2.00) among workers and 
to 2.46 (95% CI: 1.65–3.69) among nearby residents, 
while the adjusted estimates changed to 0.76 (95% CI: 
0.44–1.29) and 1.47 (95% CI: 0.83–2.59), respectively.

Although we could not estimate an effect of expo-
sure within the German and the Dutch subpopulations 
(Table  2), models stratified by country showed that, 
within the Romanian population, WWTP workers were 
about twice as likely (adjusted OR, aOR = 2.34, 95% CI: 
1.22–4.50) and nearby residents about three times as likely 
(aOR = 3.17, 95% CI: 1.80–5.59) to be ESBL-EC carriers, 
when compared with distant residents.

Additionally, and according to our weighted and 
adjusted model, participants who reported traveling to high 
risk areas for AR in the past 12 months were almost twice 
as likely to have a positive result for ESBL-EC in stool 
samples, as compared to participants who did not travel to 
these high-risk areas (aOR 2.06, 95% CI: 1.33–3.19). None 
of the other covariates showed a statistically significant 
effect (see Online Resource Table 2 and Online Resource 
Fig. 1). The magnitude and direction of these estimates, 
as well as their confidence intervals, were fairly conserved 
in the stratified models by participation group (see Online 
Resource Fig. 2).

Missing values

The highest proportion of missing values was found in the 
carriage of ESBL-EC (n = 163, 8.4%), driven mostly by the 
German population (n = 114, 24%, Table 1). A comparison 
of crude and adjusted odds ratios (OR) along with 95% CI 
for logistic regression models with complete case analysis 
and with the imputed dataset showed that the direction of 
effect did not change after imputation (Online Resource 
Table 3).

Discussion

Across the three countries, we found no evidence of an 
increased risk for carriage of ESBL-EC neither in WWTP 
workers nor in residents living in close proximity to these 
WWTPs, as compared to the general population. We did 
find, however, evidence of increased odds for carriage of 
ESBL-EC in WWTP workers and in nearby residents in the 
Romanian population. Contrary to what we initially hypoth-
esized, the effect for nearby residents was higher than the 
effect for WWTP workers in Romania.

An increased background prevalence of ESBL-EC in 
Romania, supported by our data, could be a risk factor for 
ESBL-EC carriage that sets the Romanian study population 
apart from the German and the Dutch. Additionally, travel to 
high-risk areas for AR has been identified as a risk factor for 
the carriage of ESBL-producing Enterobacterales because of 
the increased background prevalence of AR in some travel 
destinations [61–65]. Our data show that participants travel 
differently to high-risk areas for AR depending on their orig-
inal country of residence. In Germany, our data collection 
took place in the south of the country where residents tend 
to choose Italy or Slovenia for their vacations because of 
the close geographical proximity, resulting in approximately 
half of the German participants reporting travels to high-risk 
areas for AR (Table 1).

Finding a higher ESBL-EC estimate for nearby residents 
than for WWTP workers in Romania, even after adjustment 
for other potential confounders and sources of exposure, 
suggests that the main source of exposure for nearby resi-
dents might not be the local WWTP. Potential sources of 
exposure for which we did not collect data and that might 
uniquely affect nearby residents in Romania but not WWTP 
workers are mentioned as follows. Risk factors for acquir-
ing community-associated ESBL infection include use of 
corticosteroids [66] and personal history of diabetes mel-
litus [66, 67], which is relevant for our study because, at 
11.6%, Romania is one of the countries with the highest 
prevalence of diabetes mellitus in Europe [68]. Person-to-
person transmission of ESBL-producing Enterobacterales 
within households has been documented in Spain [69], the 
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Fig. 3  Comparison of models estimating the effect of participation 
group (wastewater treatment plant–WWTP–worker, nearby resident, 
distant resident) as a proxy for exposure routes (ingestion of drop-
lets, hand-to-mouth contact, or inhalation of aerosols) in and around 
the local WWTP on the presence of ESBL-producing E. coli in stool 
samples, AWARE Study, 2021. Models adjusted for age, sex, edu-
cation, country, travels to high risk areas, working with human tis-
sues, antibiotic use, farm visits, hospital visits as patient and hospital 
visits as a professional. IPW: Inverse Probability Weighted model. 

ref. = Reference level. Travel to high risk areas for AR in the past 
year includes travels to North Africa, Sub-Saharan Africa, Asia, 
Central and South America, as well as the European countries Italy, 
Greece, Bulgaria, and Slovenia. Crude: Model with only the given 
variable, ignoring potential covariates. Adjusted: Model with the 
given variable, including all potential covariates in the exposure-
outcome relation. Unweighted: Model without applying inverse prob-
ability weights (IPW). Weighted: Model applying inverse probability 
weights (IPW). See text for details
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Netherlands [70], and the USA [71], even showing identi-
cal strains between patients who had community-acquired 
infections with ESBL-producing Enterobacterales and their 
household members [72]. Additionally, ethnicity encodes 
cultural, social, and health behaviors that could result in a 
higher carriage rate for ESBL-EC [73]. From the door-to-
door visits, differences in household size, sociodemographic 
characteristics, and underlying comorbidities were observed 
for nearby residents in Romania, although not systematically 
recorded. Therefore, these risk factors might differ between 
exposure groups in Romania at a greater degree than in the 
other countries.

Within the Romanian population, there is also a striking 
difference in travels to high-risk areas for AR depending on 
their participation group: although the proportion of par-
ticipants among WWTP workers and the distant residents is 
similar regarding travels to high-risk areas for AR (30% and 
33%), the proportion of nearby residents traveling to these 
high-risk areas for AR was, in comparison, low (10%). We 
observed a similar trend regarding educational level, where 
the proportion of highly educated participants in Romania 
was higher for WWTP workers and distant residents (97% 
and 91%) than for nearby residents (65%). In fact, when 
considering country of residence as an interaction term 

Table 2  Unweighted models for the carriage of ESBL-producing E. coli, stratified by country, n = 1940, AWARE Study, 2021

ESBL Extended-Spectrum Beta-Lactamases, AR Antibiotic Resistance
a cOR: crude odds ratio
b aOR: adjusted odds ratio
c Nearby residents live within a 300 m radius from a WWTP
d Data on Nearby residents in the Netherlands was not collected
e Not possible to estimate the OR for WWTP workers because all workers in Germany had a negative stool sample result for ESBL-producing E. 
coli
f Educational level according to the International Standard Classification of Education (ISCED): Low = ISCED 0–2 (Pre-primary education to 
Lower secondary education), High = ISCED ≥ 3 (Upper secondary education to Doctoral or equivalent)
g Travel to high risk areas for AR in the past year: Includes travels to North Africa, Sub-Saharan Africa, Asia, Central and South America, as 
well as the European countries Italy, Greece, Bulgaria and Slovenia
h Work with patients or human tissues in the past year: Includes self-reported contact with patients at work and with human tissues (e.g. blood, 
urine, sputum, feces, vomit, saliva, or primary cell lines)
j Not possible to estimate the OR for farm visits because all participants who stated visiting a farm in the past year had a negative stool sample 
result for ESBL-producing E. coli

Germany, n = 482 The Netherlands, n = 828 Romania, n = 608
cOR (95% CI) a aOR (95% CI) b cOR (95% CI) a aOR (95% CI) b cOR (95% CI) a aOR (95% CI) b

Group: Nearby resident c 0.72 (0.27–1.90) 0.81 (0.29–2.30) d d 3.73
(2.18–6.38)

3.17
(1.80–5.59)

Group: WWTP worker 0.00
(0-Inf)e

0.00
(0-Inf)e

0.71
(0.31–1.62)

0.95
(0.37–2.44)

2.01
(1.08–3.74)

2.34
(1.22–4.50)

Educational level:  Highf 1.72 (0.71–4.17) 1.16 (0.45–2.99) 2.07
(1.10–3.89)

1.85
(0.95–3.59)

0.46
(0.30–0.70)

0.66
(0.41–1.04)

Sex: Male 0.92 (0.42–1.98) 1.01 (0.45–2.24) 0.92
(0.51–1.65)

0.93
(0.48–1.8)

0.95
(0.67–1.36)

1.05
(0.70–1.56)

Age 0.97 (0.95–1.01) 0.98 (0.95–1.01) 1.01
(0.98–1.03)

1.01
(0.99–1.03)

0.98
(0.96–0.99)

0.98
(0.96–0.99)

Travels to high-risk areas:  Yesg 2.41 (0.99–5.90) 2.29 (0.90–5.78) 2.03
(1.11–3.69)

1.92
(1.04–3.52)

0.54
(0.32–0.92)

0.75
(0.43–1.32)

Work with patients or human tissues: 
 Yesh

0.88 (0.38–2.06) 0.99 (0.40–2.43) 0.70
(0.37–1.32)

0.72
(0.37–1.4)

0.54
(0.32–0.93)

0.59
(0.32–1.07)

Hospital visits as a patient: Yes 0.97 (0.34–2.79) 1.00 (0.33–2.99) 0.39
(0.05–2.91)

0.42
(0.05–3.31)

1.18
(0.65–2.16)

1.02
(0.52–2.03)

Hospital visits as a professional: Yes 0.48 (0.06–3.63) 0.44 (0.05–3.50) 1.28
(0.16–10.04)

1.31
(0.15–11.23)

0.59
(0.13–2.62)

1.20
(0.22–6.46)

Use of antibiotics: Yes 1.19 (0.52–2.72) 1.09 (0.46–2.55) 0.80
(0.35–1.82)

0.86
(0.36–2.02)

0.98
(0.64–1.49)

1.28
(0.77–2.12)

Farm visits: Yes 0.86 (0.32–2.34) 0.99 (0.35–2.83) 1.13
(0.43–2.95)

1.34
(0.5–3.56)

0.00
(0-Inf)j

0.00
(0-Inf)j
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for the effect of participation group on carriage of ESBL-
EC (Online Resource Table 4), the effect of Romania as 
country of residence alone disappeared (aOR 1.55, 95% CI: 
0.79–3.05), while the effect of being a nearby resident in 
Romania carried the observed effect (aOR 5.49, 95% CI: 
1.79–16.80). As frequency of travels and educational lev-
els are proxies for socio-economic status (SES), we suspect 
that nearby residents in Romania have a lower SES, which 
would then affect our exposure-outcome relation. Although 
we did not directly collect data about SES, the constructed 
DAG (Fig. 2) confirmed that adjusting for other potential 
confounders is enough to find an unbiased estimate for the 
direct causal effect of proximity to WWTP (defined by par-
ticipation group) on carriage of ESBL-EC. In our study, we 
did not measure the full extent of SES (only partially by 
e.g. education). Thus, SES is an unobserved confounder of 
the causal effect of participation group on carriage of ESBL-
EC. It was therefore not possible to calculate an unbiased 
total effect of the exposure-outcome relation. However, 
adjusting for age, sex, education, country, travels to high 
risk areas for AR, antibiotics use, farm visits, work with 
patients or tissues, hospital visits as patients, and hospital 
visits as a professional made it possible to estimate the direct 
causal effect.

Strengths and limitations

As far as we know, and despite the abundance of studies 
analyzing ARB in water and air samples from WWTPs 
[21–24], this is the first study investigating the carriage of 
ESBL-producing Enterobacterales in humans hypothesized 
to be exposed through ingestion of droplets, hand-to-mouth 
contact, or inhalation of aerosols due to close proximity to a 
WWTP, either from working at a WWTP or from living in 
the surroundings. Several characteristics make the AWARE 
Study unique in its design. Data collection was conducted in 
three European countries with different background preva-
lences for AR. We explored the exposure-outcome relation 
defining two exposed groups and one comparison group, 
we followed a systematic sampling of participants adapted 
to the local regulations and logistical capabilities, we used 
reminders and incentives to increase participation, we devel-
oped our study questionnaire within a multidisciplinary team 
of experts, we used validated questions whenever possible, 
we conducted a pilot study to assess the feasibility of our 
methods, we conducted quality control processes for data 
input and data cleaning processes, we used standardized 
operating procedures (SOPs) in all three locations to guar-
antee laboratory methods to be comparable, and used posi-
tive controls for culture analyses. Additionally, we avoided 
using data-driven methods for variable selection. Instead, we 
conducted a thoughtful identification of potential confound-
ers a priori with the help of a directed acyclic graph, and we 

used methods such as multiple imputation and inverse prob-
ability of sampling weights to analytically reduce the impact 
of missing values and low response. Our results are consist-
ent in sensitivity analyses using alternative analytical meth-
ods to model our exposure-outcome relation: Traditional 
unweighted logistic regression models with complete case 
analysis and imputed analysis (Online Resource Table 3), 
unweighted stratified models by country (Table 2), model 
using country of residence as an interaction term (Online 
Resource Table 4).

Our study is, however, not exempt of limitations. Threats 
to internal validity include the risk of selection bias evi-
denced by the low participation response, especially in 
Germany and the Netherlands, for which we decided to use 
inverse probability of sampling weights. In our study, we 
suspect that the reasons for the observed low response in 
WWTP workers, nearby, and distant residents from Ger-
many (response 22%, 6.95%, and 11%) and in the Nether-
lands (response 26%, and 6.4%) when compared with the 
response in Romania (response 62%, 53%, and 54%), reflect 
our recruitment methods and possibly background potential 
cultural differences among the countries. In Germany and 
in the Netherlands, we invited potential participants using 
invitation letters sent by postal service, whereas in Romania, 
we used a door-to-door approach because, in our experience, 
this method is more effective in Romania than postal letters. 
Also, studies involving stool samples have been reported to 
have a low response because of inherent reasons related to 
the nature of the stool sample [74, 75]. These reasons put our 
study at risk of selection bias. Inverse probability of sam-
pling weights has been described as an analytical method to 
adjust for selection bias where weights are assigned based on 
the factors that generate selection, which in our case is the 
response, and thus serve to reduce the differences between 
the study population and the target population [51, 76].

Additionally, after recruitment and applying exclusion 
criteria for the analysis, we failed to reach the desired sam-
ple size for nearby residents in Germany and in Romania. 
We also failed to reach the desired sample size for workers in 
Germany at the recruitment stage. This has implications for 
the statistical power of our study to detect a desired effect, if 
there is in fact one. A post hoc power test restricted to study 
participants who completed all study phases (including pro-
viding a stool sample) shows that our data provides us with 
63% and 75% statistical power to detect a minimum OR of 
1.7 in workers and in nearby residents, when compared with 
distant residents.

Further, our data showed a proportion of 8% of missing 
values on the ESBL-EC carriage across countries (n = 163). 
Some of these missing values came from samples collected 
in the Netherlands (n = 4) and in Romania (n = 45) but the 
majority of the missing values for stool samples came from 
Germany (n = 114). Our data collection methods in Germany 
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shed some light into this large number of missing values: 
only participants who had already completed the baseline 
questionnaire received a stool sample kit, and then were 
given a short time frame to hand in stool samples in person 
at the previously arranged time and place. These constraints 
were caused by the limited availability of the local micro-
biological laboratory to process samples, by the fact that we 
could not guarantee adequate preservation of samples if sent 
to the laboratory by postal service, and thus having to col-
lect stool samples in person. Consequently, these values are 
missing completely at random or, worst case scenario, miss-
ing at random conditional on the country of residence. We 
are confident that randomness is key in the missing mecha-
nism because participants would not have been able to self-
assess their AR carriage status a priori. Besides fulfilling the 
randomness assumption for applying multiple imputation in 
our data, we performed post hoc imputation diagnostics by 
comparing models with complete cases vs. after imputation 
and did not find major differences in the directionality of 
estimates (Online Resource Table 3).

Finally, we have not included information about the het-
erogeneity of treatment processes in WWTPs across the 
three countries, nor have we included specific working con-
ditions at the WWTP for the workers. Actual contact with 
raw wastewater can be limited to occasional sampling but 
could pose a higher threat of exposure depending on the 
time spent at certain locations within the WWTP, the type 
of activity performed, and the frequency of given activity, 
which are relevant factors for exposure intensity. Upcoming 
analyses from our project will include a formal exposure 
assessment for these study populations based on spatial 
techniques including physical distance of participants to 
the WWTPs, working conditions and preventive behavior 
at work for WWTP workers, and the specific operative char-
acteristics of enrolled WWTPs.

Conclusions

To the best of our knowledge, this is the first study investi-
gating the carriage of ESBL-producing Enterobacterales in 
humans exposed to antibiotic resistant factors due to close 
proximity to a WWTP, either from working at a WWTP 
or from living in the surroundings. Using data collected in 
Germany, the Netherlands, and Romania, we did not find 
evidence of an increased risk of carriage of ESBL-producing 
E. coli in WWTP workers or in nearby residents across the 
three countries, as compared to the general population. We 
did find an increased risk for carriage of ESBL-EC in the 
subset of the Romanian population, both in WWTP work-
ers and in nearby residents, which could be at least partially 
attributed to the local WWTP. However, this effect was 
higher for nearby residents than for workers, which suggests 

that, for nearby residents, unmeasured confounding factors 
could contribute to the increased carriage. Upcoming analy-
ses from this project will perform exposure assessment using 
spatial techniques, including working conditions at WWTPs 
and working behavior from WWTP workers, and consider-
ing the heterogeneity of WWTP characteristics in terms of 
treatment efficacy and its consequences for the environment.
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Abstract: Antibiotic resistance (AR) is currently a major threat to global health, calling for a One Health
approach to be properly understood, monitored, tackled, and managed. Potential risk factors for
AR are often studied in specific high-risk populations, but are still poorly understood in the general
population. Our aim was to explore, describe, and characterize potential risk factors for carriage of
Extended-Spectrum Beta-Lactamase-resistant Escherichia coli (ESBL-EC) in a large sample of European
individuals aged between 16 and 67 years recruited from the general population in Southern Germany,
the Netherlands, and Romania. Questionnaire and stool sample collection for this cross-sectional
study took place from September 2018 to March 2020. Selected cultures of participants’ stool samples
were analyzed for detection of ESBL-EC. A total of 1183 participants were included in the analyses:
333 from Germany, 689 from the Netherlands, and 161 from Romania. Travels to Northern Africa
(adjusted Odds Ratio, aOR 4.03, 95% Confidence Interval, CI 1.67–9.68), Sub-Saharan Africa (aOR 4.60,
95% CI 1.60–13.26), and Asia (aOR 4.08, 95% CI 1.97–8.43) were identified as independent risk factors
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for carriage of ESBL-EC. Therefore, travel to these regions should continue to be routinely asked
about by clinical practitioners as possible risk factors when considering antibiotic therapy.

Keywords: antibiotic resistance; antimicrobial resistance; risk factors; ESBL E. coli; travels

1. Introduction
Extended-spectrum β-lactamases (ESBLs) are plasmid-mediated enzymes that inac-

tivate β-lactam antibiotics, posing a significant therapeutic challenge in the treatment of
both hospital and community-acquired infections [1]. Infections with ESBL-producing
E. coli (ESBL-EC) often require therapy with last-resort antibiotics, increasing both the risk
of resistance and the associated healthcare costs [2,3]. Resistance to last resort antibiotics
further limits treatment options and is associated with prolonged hospital stays and in-
creased mortality [4]. An increase in the prevalence of ESBL-EC, in both community and
healthcare settings, is now observed worldwide: the current global prevalence of healthy
individuals with ESBL-EC from 2003 to 2018 is estimated to be 16.5%; having increased
from 2.6% in 2003–2005 to 21.1% in 2015–2018 [5]. In 2019, we estimated the prevalence of
these bacteria in the general population of three European countries, and we found it to
be 13% in Romania, 8% in Germany, and 6% in the Netherlands [6]. For comparison, the
current prevalence in Europe is 6% [5].

The development and spread of antibiotic resistance (AR) is correlated with the use of
antibiotics in the healthcare sector and in the agriculture and husbandry sectors [1,3,7,8]. An-
tibiotic therapy is also a risk factor for carriage of AR by individuals. Other potential risk fac-
tors include: travels to high-risk areas for AR [2,9–28], consumption of food contaminated
with AR bacteria [29,30], a poorer health status that leads individuals into being treated
with antibiotics or at healthcare facilities increasing their exposure to AR bacteria [23,26],
and occupation where the workplace might potentially increase exposure to antibiotics
or AR bacteria, such as working at animal markets, dairy facilities, farms, slaughter-
houses, wastewater treatment plants, and healthcare facilities [31–46]. However, most
of the studies examining potential risk factors focus on high-risk populations, such as
travelers [10,12,16,20,22,26,27,47], healthcare workers and patients [40,45,46,48–50], swim-
mers [51–53], farmers [33–36,38,39,41,43,44], and slaughterhouse workers [32], and often
use small, convenient samples of, e.g., students [2,18,19,23]. However, risk factors for
AR in the general population have not yet been sufficiently investigated. This is of great
importance for developing preventive measures and antibiotic therapy policies.

As part of the larger AWARE study [6,54], this study aimed to explore, describe, and
characterize potential risk factors for carriage of ESBL-EC in a large sample of European
individuals recruited from the general population in three countries with a different preva-
lence of AR, i.e., Germany, the Netherlands, and Romania.

2. Materials and Methods
2.1. Study Design and Participants

The study population comes from participants enrolled in the large trans-European
cross-sectional AWARE study (Antibiotic Resistance in Wastewater: Transmission Risks
for Employees and Residents around Wastewater Treatment Plants). The full methodol-
ogy of this project has been previously described [6,54]. The subset of the data used in
these analyses corresponds to individuals from the general population living more than
1000 m away from a local WWTP, and, thus, not exposed to potential AR bacteria coming
from such facilities. Data collection took place from September 2018 to March 2020 in
Southern Germany, the Netherlands, and Romania. Having age between 16 and 67 years
was an inclusion criterion.
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In Southern Germany, we recruited participants using households as the unit of
recruitment. We obtained household participant information from local civil registries.
Invitation letters were mailed to all individuals older than 16 years of age within the
household. For locations where we could not obtain participant information through
the civil registries, invitation letters were dropped in household mailboxes by members
of the study team. Aids in recruitment included two reminder letters, articles about
the project in the local newspaper, recruitment campaigns via Facebook, and a raffle of
shopping vouchers worth EUR 1500 in total for participants who completed the study.
In the Netherlands, the offices of general practitioners served as recruitment points. We
used ArcGis™ [55] to identify all postal addresses in a 500-m radius from 22 different
General Practitioners’ (GP) practices and then we randomly retrieved contact information
for 200–500 households per GP practice using the Dutch Personal Records Database. The
invitation to participate was addressed to all members of these households aged over the
age of 16 (conform the conditions for General Data Protection Regulation data use). All
participants who completed the study received a shopping voucher worth EUR 20. In
Romania, we identified participant households and invited participants through door-to-
door visits.

Ethics approval was obtained from the Ethics Committee of the University of Munich
(LMU) (Project-No. 17-734) and the Research Ethics Committee of the University of Bucharest
(Registration-No. 164/05.12.2017). The ethics board in the Netherlands exempted this study
for ethical approval under the Dutch Medical Research Involving Human Subjects Act
(WMO; Committee: Medisch Ethische Toetsingscommissie, number of confirmation: 19-001/C).
All subjects gave their informed consent for inclusion before they participated in the study.
The study was conducted in accordance with the Declaration of Helsinki of 1975, revised
in 2013.

2.2. Variables of Interest
Potential Risk Factors

Participants were asked to complete an online questionnaire [54] containing questions
about socio-demographic characteristics, including date of birth (used to operationalize age
in years), sex (female, male), educational level (according to the national educational sys-
tem), and country of residence (Germany, the Netherlands, or Romania). The questionnaire
also included questions about potential risk factors for carriage of ESBL-EC in the past
year, such as: job history; hospital and farm visits (no, yes); contact with animals (no, yes);
contact with patients or human tissues at work (never, rarely, sometimes, often, always);
use of antibiotics and antacids (no, yes, do not know); self-reported health status (poor, fair,
good, very good, excellent); self-reported frequency of diarrhea (never, rarely, sometimes,
often, always); surgeries (no, yes); and international travel to Europe, Asia, North Africa,
Sub-Saharan Africa, North America, Central America or Mexico, South America, and
Australia or Oceania (never, once, 2–3 times, more than 3 times, do not know). The details
on how these variables were chosen have been previously published [54].

Educational level was explored using national educational system levels and then
dichotomized into low (pre-primary education to lower secondary education) or high
educational level (upper secondary education to Doctoral or equivalent) according to the
Standard Classification of Education (ISCED) [56–58]. Variables using a frequency scale
with five levels were reduced to two levels in the case of frequency of diarrhea (never,
rarely, or sometimes/often or always) and of self-reported health status (good, very good
or excellent/fair or poor), and in the case of patient contact and of work with human tissues
into three levels (never/rarely or sometimes/often or always). In questions including a
“do not know” option (antibiotics and antacid intake, travels to Europe), this option was
coded into the “no” category considering that the proportion of participants choosing this
option was very low (3.1% for antibiotic intake, 2.9% for antacid intake, 0.1% for travels to
Europe). We show descriptive counts for international travel variables as we collected the
questionnaire data, i.e., using the following frequency scale for travel in the past 12 months:
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“never”, “once”, “2–3 times”, “more than 3 times”, “do not know”. For inferential analysis
using regression models, these variables were collapsed into two levels: “never” and “at
least once”. For the regression models, travels to Central and South America were collapsed
into one variable. Additionally, we constructed a travel score considering travel to Asia,
North Africa, Sub-Saharan Africa, Central America or Mexico, South America, and the
European countries Italy, Bulgaria, Greece, and Slovenia as high-risk areas for AR. The
travel score adds one point for travelling once, two points for travelling 2–3 times, and
3 points for travelling more than 3 times to any of these areas in the past year, while “never”
was translated into zero points.

2.3. Outcome of Interest
In the Netherlands, all recruited participants were asked to provide a stool sample

using a stool sample kit. In Germany and Romania, only participants who completed the
online questionnaire were asked to provide a stool sample. After sampling, stool samples
were kept refrigerated, transported in cooling boxes (2 ◦C to 8 ◦C), and processed within
24 h. Samples were inoculated directly into TBX (only in the Netherlands and Romania) or
MacConkey (in Germany) agar plates (for E. coli), and on ChromID® ESBL (for ESBL-EC)
and incubated at 36 ◦C ± 1 ◦C for 24–48 h. In case of positive results for ESBL-EC, 2 separate
isolates per sample were collected from the selective ESBL plate for antibiotic resistance
phenotype confirmation, and identification using MALDI-TOF MS (Matrix Assisted Laser
Desorption Ionization-Time of Flight Mass Spectrometry). ESBL confirmatory tests were
performed using cefotaxime and ceftazidime disks, alone and combined with clavulanate,
following guidelines from the Clinical Laboratory Standards Institute (CLSI) [59]. The
test was considered positive for strains showing a 5 mm increase in zone diameter in the
presence of clavulanate. Stool sample results were coded binarily as positive or negative
and included in the analyses.

2.4. Statistical Analyses
We used a Mann–Whitney test for observing differences in non-normally distributed

numerical variables (age and travel score) and the Fisher’s exact test for differences in
proportions (all the other variables). Variable selection was performed using a combination
of bivariate analysis results (p-value ≤ 0.2) and expert opinion. We regressed carriage of
ESBL-EC on a set of potential risk factors using two logistic regression models. The first
model included sociodemographic variables (age, sex, educational level, and country of
residence), frequency of diarrhea, antibiotics use, and travel score. The second model was
similar to the first one, except that, instead of the travel score, it included each geographical
area as we assessed them in the questionnaire, with “Central America or Mexico” and
“South America” collapsed into one variable. We report both crude and adjusted estimates
for both models. Missing values were handled by multiple imputation where the missing
mechanism was missing at random (MAR) or missing completely at random (MCAR).
MAR means that the probability of the data being missing is not due to unobserved data,
conditional on the data that were collected. MAR is the second-best scenario for multiple
imputation after MCAR, which occurs when the probability of the data being missing
does not depend on the observed or unobserved data, and is, thus, the best scenario
for multiple imputation [60]. Multiple imputation diagnostic tables can be found in the
Supplementary Materials (Supplementary Tables S1 and S2). Inverse probability of sample
weights was used to adjust for non-response by country [61,62]. We present model results
in odds ratios (OR) with the corresponding 95% confidence intervals (CI). All analyses
were performed in R version 4.1.0 [63].

3. Results
3.1. Study Population

In Germany, we invited 3153 residents (response 11%), while in the Netherlands
we contacted 13,918 identified individuals by postal service, of which 10,448 were eligi-
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ble by age (response 6%), and in Romania we invited 280 residents (response 54%). A
total of 1183 participants were included in the analyses: 333 from Germany, 689 from
the Netherlands, and 161 from Romania. The average prevalence of ESBL-EC carriage
across the three countries was 7.5%, which corresponds to 8.4% in Germany, 6.1% in
the Netherlands, and 12.6% in Romania. A total of 109 participants (95 in Germany, 3 in
the Netherlands, and 11 in Romania) did not hand in a stool sample or had non-valid
stool samples (9.2%). The large proportion of missing stool samples in Germany stems
from having a short window for sample collection and transportation in this location, with
which many participants failed to hand in the sample. This, however, did not happen in
the Netherlands or Romania where samples were to be brought to GP practices within a
500-m distance from people’s homes collected by door-to-door visits.

The majority of participants in the overall sample were women (59.4%), middle-aged
(median age 48 years, IQR 35–59), and highly educated (66.5%). Most participants reported
no major risk factors for AR in the past year: no hospital visits neither as patient (92.9%), nor
as professional (96.5%) or visitor (97.9%), no patient contact (73.6%), no use of antibiotics
(76.1%) or antacids (77.2%), no surgeries (95.5%), no or infrequent diarrhea (94.2%), no
work with human tissues (75.4%), no work with animals (96.5%), no work at a farm (99.0%),
no work at a slaughterhouse (99.8%), no work with manure (97.0%), no farm visits (89.3%),
and no animal contact (has no horses: 97.0%, has no dogs: 77.2%, has no cats: 75.7%).
Additionally, most participants reported a health status from good to excellent (86.5%).
Although a little more than two thirds of the study population reported travelling within
Europe at least once in the past year (71.7%), they rarely traveled outside of the European
continent: Australia or Oceania (1.0%), Central America (2.0%), South America (1.9%),
Sub-Saharan Africa (2.4%), North America (3.6%), Northern Africa (4.2%), or Asia (7.2%).
The proportion of population characteristics for individuals with a positive stool sample
for ESBL-EC were similar as for the whole study population (Tables 1 and 2).

3.2. Risk Factors for ESBL-EC Carriage
Descriptive analyses including data from all study centers showed that ESBL-EC

positive participants had higher education and were less likely to have a dog as a pet
(Table 1). Furthermore, they were more likely to have had traveled at least once in the
past year to Sub-Saharan Africa, Northern Africa, Asia, or North America according to
bivariate analyses.

Country-specific analyses showed that travels to Northern Africa were associated with
ESBL-EC carriage in the German sub-population, while an association was identified in the
Dutch sub-population for traveling to Northern Africa, Sub-Saharan Africa, or Asia. In the
Romanian subpopulation, high educational level, not having a dog as a pet, and working
with human tissues were factors associated with ESBL-EC carriage. The travel score for
travel to geographical areas with a known high-risk for AR, was significantly higher in
the overall and Dutch ESBL-EC positive populations (p-value 0.02 and 0.001, respectively),
compared to participants without ESBL-EC carriage (Table 2).

Confirming descriptive and bivariate results, self-reported travel to North Africa,
Sub-Saharan Africa, and Asia at least once in the past year were identified as independent
risk factors for ESBL-EC carriage in our study population, both in crude and adjusted
models (Figure 1). A summary of the adjusted estimates for travel to different geographical
areas can be seen in Figure 2.
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On average, participants were about four times more likely to be carriers of ESBL-EC after
travelling at least once in the past year to Northern Africa (adjusted OR 4.03, 95% CI 1.67–9.68),
Sub-Saharan Africa (adjusted OR 4.60, 95% CI 1.60–13.26), and Asia (adjusted OR 4.08,
95% CI 1.97–8.43, Supplementary Table S4), compared with no travels to these regions.
Although participants were twice as likely to be ESBL-EC carriers after traveling to North
America, we could only identify a statistically significant association in the crude model
(OR crude 2.79, 95% CI 1.17–6.67 vs. OR adjusted 2.40, 95% CI 0.94–6.09). The model
including the travel score confirms these findings (Figure 1, Supplementary Table S3):
Participants were 28% more likely to be ESBL-EC carriers when their travel score increased
by one point, i.e., when they traveled at least once to any of the pre-specified high-risk
areas for AR (adjusted OR 1.28, 95% CI 1.01–1.64, Supplementary Table S3).

4. Discussion
In this study, we found that destination for travels made during the past year is an

important personal risk factor for carriage of ESBL-EC in the general population, especially
North Africa, Sub-Saharan Africa, Asia, and—to some extent—North America. Other studies
in risk populations have found similar results: some of these studies indicate that the preva-
lence of ESBL-EC acquisition is worryingly high in visitors returning from India, China and
Southeast Asia, Middle East, Northern Africa, and Central and South America [64,65]. For
European residents, travel outside of Europe was identified as a major travel risk factor [17].
A 2017 prospective study performed on Dutch travelers (n = 2001) found out that 34.3% of
participants who were ESBL negative before travel, became positive for ESBL-EC during
their travels, with the highest number being among participants travelling to Southern
Asia [13].

We also found some differences in the country-specific travel patterns. By having
collected a large sample size in The Netherlands, we were able to identify that this
sub-population is at higher risk of ESBL-EC carriage when travelling to North Africa,
Sub-Saharan Africa, and Asia within the past year. These results are comparable to those
of a recently published large cross-sectional study of the Dutch general population, which
identified traveling to Africa and Asia as independent risk factors for ESBL-EC carriage [66].
We found similar patterns in our German study population, where participants are at higher
risk of ESBL-EC carriage after travels to Northern Africa and North America within the
past year. Given that the national estimated prevalence of ESBL-EC causing urinary tract
infections in the U.S. is 15.7%, ranging from 10.6% in the West North Central states to as
high as 29.6% in the Mid-Atlantic states [67], our finding that travelers to North America
were also at increased risk is not surprising. Conversely, in Romania, although the preva-
lence is already high, we found that the travel frequency is lower, therefore limiting our
ability to analyze the effect of travel on ESBL-EC carriage in this subpopulation. Most of
the Romanian participants reported not having travelled internationally at all within the
past year. These findings suggest that the role of travel is country or context dependent.

The sewage surveillance data regarding the AR are in line with the estimated global
burden of this threat. Current estimates indicate that the presence of AR genes found in
the sewage is alarmingly at the highest level in Africa followed by Asia [68]. Models from
sewage surveillance data show that the predicted clinical resistance to aminopenicillin, flu-
oroquinolones, and third generation cephalosporins are also at the highest resistance levels
in Africa, followed by Asia [69]. These results from sewage surveillance data are in line with
estimated global burden of disease from AR. The percentage of resistant isolates and the
estimated death rate from AR E. coli have been reported to be at the highest in South Asia,
followed by Sub-Saharan Africa [70]. Even though there have been some efforts in starting
and maintaining clinical and sewage surveillance of AR bacteria in some countries of Africa
and Asia [71], data on AR in these areas are still lacking to a large extent [70]. Some of these
efforts include stewardship and surveillance programs in Ethiopia [72] and Ghana [73],
or more generally in the African [74,75] and Asian regions [76–78]. The World Health
Organization Global Antimicrobial Resistance and Use Surveillance System (WHO-GLASS)
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Report in 2021 states that out of 47 African countries, territories, and areas, only half (23/47,
49%) are enrolled in GLASS and only a third (15/47, 32%) reported information from the
national surveillance system to GLASS [79]. The South East Asia region provides a better
outlook: out of 11 countries, territories, and areas in South East Asia, all of them are enrolled
in GLASS, and nine of them (81%) reported information from the national surveillance
system [79]. However, some of the challenges to these programs include bias in sampling
and data collection in these areas, which leads to gaps in knowledge about the AR situation
at the global level.

Our findings have implications for clinical practice. Asking patients about their travel
history in the past year might help clinicians in their decision-making process for choosing
specific antibiotic protocols as the first-, second-, or third-line of treatment. Further, the
use of a travel score, such as the one we have constructed, might be a straightforward way
of quantifying the degree of risk due to travel. However, our travel score is still far from
ready to be used in clinical practice in its current form. On the one hand, it does not include
other details about the travel experience, such as reason for travel, length of stay, or place
of residence within the visited location. It might be that individuals who travel abroad for
business reasons are exposed to a very different set of environmental factors than those
who travel to visit friends or family, partly because their consumption patterns might be
different. Additionally, closer interactions with locals might increase the risk of direct or
indirect exposure to AR bacteria such as ESBL-EC when sharing toilets with friends or
family members, as opposed to staying at a hotel with private toilet facilities and frequent
cleaning and disinfection.

According to our data, no other risk factor explored besides travels posed an effect
on carriage of ESBL-EC. Antibiotics use is a risk factor for AR commonly mentioned in
the literature [23,26]. We believe that one of the reasons why we were not able to estimate
an effect for antibiotics use in our study is that, although these effects are relatively easy
to identify in high-risk populations such as travelers, farmers, slaughterhouse workers,
healthcare providers, or patients, the sample size needed to detect an effect in the general
population would be considerably higher. Another potential reason is that the effect of
antibiotics use on AR might not be detectable more than 6 months after travel. A recent
study by Bunt et al. [66] in 4177 Dutch participants from the general population (four times
the size of our study) showed a positive effect of antibiotics use for ESBL-EC carriage up
to 6 months before study participation, but not at 6 to 12 months, nor more than a year
before participation.

The main strength of our study is that, to our knowledge, this is the first international
study across several countries that confirms travel risks for AR in the general population.
Whereas many previously published studies have indeed reported travel as a risk factor
for ESBL-EC carriage, our study was performed on a large sample stemming from the
general population. These are generally healthy, working adults that were recruited without
considering any specific high-risk factor for AR. Yet, we have found that travel is a risk
factor for carriage of ESBL-EC, have characterized high-risk geographical areas for travels,
and have estimated the magnitude of the effect of travelling to these areas. Additionally,
although the study population was enrolled as part of the large trans-European cross-
sectional AWARE study, it was assumed that individuals from the general population living
more than 1000 m away from a local WWTP were not exposed to potential AR bacteria
coming from such facilities. Therefore, we have a relatively large sample of participants
drawn from the general population in Southern Germany, the Netherlands, and Romania.
In contrast, other similar studies explored risk factors in large sample sizes from only
one country [66], in specific high-risk populations, such as farmers [33–36,38,39,41,43,44]
and slaughterhouse workers [32], healthcare workers and patients [40,45,46,48–50], or
travelers [8,10,14,18,20,25,26,46], or in convenient samples of students [2,18,19,23]. Further,
when exploring frequency of travel, we considered all areas of the globe, and did not
limit ourselves to low-and-middle income countries or other areas that would have been
otherwise considered a priori as high-risk areas for AR.
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Some of the limitations of our study include a low response, especially in Germany
and in the Netherlands, and a high proportion of missing values, especially in Germany,
which lead to a relatively low statistical power for some potential risk factors and might
limit the representativeness of our sample. We have used analytical tools, such as inverse
probability of sampling weights, based on the response and multiple imputation to address
these issues. Our potential risk factors were assessed by a questionnaire instead of by direct
measurement or by cross-referencing with medical data, which might lead to recall bias and,
thus, misclassification based on the risk factors. If this was the case, we would be erring
on the conservative side by underestimating potential effects. Further, our sample might
not be exempt from selection effects as our population was relatively young and highly
educated. Age and socio-economic status (SES) might also play a role in our estimation of
results from travel variables because we might assume that younger people travel more
often and to different regions of the globe than older people, or because people of a higher
SES might have the financial resources and freedom to travel more often than people of
lower SES. In our study, we have included age and educational level (as a proxy for SES) in
our regression models, thus adjusting for these potential confounders.

5. Conclusions
In our study, we have identified travel to Northern Africa, Sub-Saharan Africa, Asia,

and—to some extent—North America as independent risk factors for ESBL-EC carriage in
a large sample of European individuals residing in Southern Germany, the Netherlands,
and Romania. With our data, we were not able to identify other potential risk factors for
carriage of ESBL-EC frequently mentioned in the literature such as the use of antibiotics
within the past year, probably because the sample size needed to detect such effects in the
general population would have to be at least about four times as large as ours. Further, we
have developed a travel score that, although it needs refining to include information, such
as reason for travel, length of stay, or place of residence, could be developed as a valuable
tool in clinical practice when dealing with patients in need of an empirical treatment
protocol with antibiotics. Questions about travel to Africa and Asia should continue to
be routinely asked in clinical practice, as these travels are risk factors when considering
antibiotic therapy.
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Abstract: Antibiotic resistance has become a serious global health threat. Wastewater treatment
plants may become unintentional collection points for bacteria resistant to antimicrobials. Little is
known about the transmission of antibiotic resistance from wastewater treatment plants to humans,
most importantly to wastewater treatment plant workers and residents living in the vicinity. We
aim to deliver precise information about the methods used in the AWARE (Antibiotic Resistance
in Wastewater: Transmission Risks for Employees and Residents around Wastewater Treatment
Plants) study. Within the AWARE study, we gathered data on the prevalence of two antibiotic
resistance phenotypes, ESBL-producing E. coli and carbapenemase-producing Enterobacteriaceae,
as well as on their corresponding antibiotic resistance genes isolated from air, water, and sewage
samples taken from inside and outside of different wastewater treatment plants in Germany, the
Netherlands, and Romania. Additionally, we analysed stool samples of wastewater treatment plant
workers, nearby residents, and members of a comparison group living ≥1000 m away from the closest
WWTP. To our knowledge, this is the first study investigating the potential spread of ESBL-producing
E. coli, carbapenemase-producing Enterobacteriaceae, and antibiotic resistance genes from WWTPs to
workers, the environment, and nearby residents. Quantifying the contribution of different wastewater
treatment processes to the removal efficiency of ESBL-producing E. coli, carbapenemase-producing
Enterobacteriaceae, and antibiotic resistance genes will provide us with evidence-based support for
possible mitigation strategies.
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1. Introduction
Antibiotic resistance has become a serious global health threat. As bacteria and certain

genetic traits often move between humans, animals, and the environment, a one health
approach that considers these interactions is needed to efficiently address this growing
problem. The role of the environment in the emergence and dissemination of antibiotic
resistance has become more and more acknowledged [1–3]. Still, little is known about
the transmission dynamics of antibiotic-resistance determinants from water, air, and soil
and their risks for humans in direct contact with these matrices [4]. A key to determining
human health impacts lies in the application of epidemiological investigations, in which the
carriage of antibiotic resistant bacteria (ARB) in people exposed to a specific transmission
route is tested in comparison to unexposed or less exposed controls. Such studies have
been carried out in travellers [5] and in agricultural settings [6,7], but other environmental
exposure routes, such as via water, have rarely been studied [8–12].

Wastewaters from agriculture, industry, hospitals, and households are collected to-
gether at wastewater treatment plants (WWTPs), making them unintentional collection
points for antimicrobials and ARB. Wastewater typically harbours a mix of residual antibi-
otics and other agents that are known to co-select for antibiotic resistance [13,14], which
provides opportunities for selection of ARBs and hence risks for evolution and transmission
of resistance. Selection pressures, together with a high density and diversity of pathogens
and environmental bacteria carrying various antibiotic resistance factors, provide a milieu
where new forms of resistance may emerge [15,16]. From mining of metagenomics data, we
know that emergence of new antibiotic resistance genes (ARG) occurs [17,18]. Additionally,
resistant bacteria already present in human faeces can pass WWTPs. For example, ESBL-
producing E. coli (ESBL-EC) have been detected in the influent and effluent of WWTPs
and the receiving surface waters [19]. It is known that human infections with ESBL-EC or
carbapenem-resistant Enterobacteriaceae (CPE) are associated with increased mortality rates,
time to effective therapy, length of hospital stay, and overall healthcare costs [20].

WWTPs are in general not developed to remove either of these (or any) resistant
bacteria. Studies indicate that even though a significant reduction occurs through various
treatment processes [21], significant amounts of antimicrobials, ARB, and ARGs are still
shed into environmental reservoirs, including rivers and recreational water [22]. While the
efficiency of conventional treatment technologies greatly differs between types of WWTPs,
the role of specific treatment technologies in removal of antimicrobials, ARB, and ARGs
remains poorly described [23,24].

Workers at WWTPs are potentially exposed to wastewaters carrying ARB and ARGs
and aerosolised ARB and ARGs through different transmission routes: inhalation, dermal
contact, and ingestion. Airborne bacteria have indeed been detected in WWTPs [25–27],
including Enterobacteriaceae and faecal coliforms [28,29], and an increased prevalence of
gastrointestinal and respiratory diseases was reported in WWTP workers, suspected to
be linked to microbial exposures [30]. Although few studies so far addressed specific
pathogens in WWTP workers, one has found an elevated carriage of Tropheryma whipplei [31].
Additionally, a higher seroprevalence of IgG against Helicobacter pylori was observed among
sewage workers [32]. Hepatitis A virus, hepatitis E virus and positive stool PCR tests for
Leptospira spirochete [33] were also described. However, the carriage of ARB and ARGs in
WWTP workers is yet unknown.

Furthermore, WWTPs are often located in urban settings in close proximity to residents.
As bacteria can be traced back up to 150 m away from animal farms [34], neighbouring
residents might also face a risk of exposure to aerosolized wastewater. WWTPs, their
workers, and nearby residents therefore could represent an ideal—but yet unstudied—test
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case to investigate whether transmission via (waste) water actually impacts ARB and
ARGs carriage.

Within the AWARE study (Antibiotic Resistance in Wastewater: Transmission Risks
for Employees and Residents around Wastewater Treatment Plants), we gather data on two
antibiotic resistance phenotypes, i.e., ESBL-producing E. coli (ESBL-EC) and carbapenem-
resistant Enterobacteriaceae (CPE) and on ARG prevalence from analysis of air, water, sewage,
and stool samples taken from inside and outside of different WWTPs in Germany, the
Netherlands, and Romania. The AWARE study specifically aims:
1. To study carriage rates of ESBL-EC, CPE, and of a range of clinically relevant ARGs

in WWTP workers and nearby residents (living within ≤300 m vicinity of a WWTP)
compared to a comparison group (living 1000 m away from the closest WWTP);

2. To study waterborne and airborne exposure to ESBL-EC, CPE, and of a range of
clinically relevant ARGs in WWTP workers through ingestion and inhalation;

3. To assess the efficiency of different WWTP treatment technologies in diminishing
ESBL-EC, CPE, and a range of clinically relevant ARGs; and

4. To investigate selection and emergence of ESBL-EC, CPE, and a range of clinically
relevant ARGs in WWTPs through studying relative changes in resistance genes and
exploring putative novel resistance genes from metagenomics data.
Our overall aim with this methodological publication is to deliver precise information

about the methods used in the AWARE project, including selection of participants, sample
taking, creation of the questionnaire, and pilot study. This publication is a study protocol
which is purely methodological and does not include results of the study. Further, we will
discuss possible strengths and limitations of our study design.

2. Materials and Methods
2.1. Study Design

The AWARE study is a multicentre, cross-sectional study investigating the prevalence
of ESBL-EC, CPE, and ARGs in WWTP workers, residents living within ≤300 m vicinity of
a WWTP (residents), and a comparison group living >1000 m away from the closest WWTP
(comparison group). The field phase is carried out in Germany (DE), the Netherlands (NL),
and Romania (RO) (Figure 1.).

2.2. Study Population
We aim to include 450 WWTP workers (150 per country). In order to compare carriage

of ESBL-EC, CPE, and ARGs, we aim to include 800 nearby residents (400 in DE, 400 in RO)
living in <300 m vicinity of a WWTP (residents). Further, we aim to include 1200 residents
(400 in DE, 400 in RO, 400 in NL) living >1000 m away from the closest WWTP (comparison
group). Assuming an average ESBL-EC prevalence of 8% in the general population, this
would allow us to detect a minimum odds ratio (OR) of 1.7 with power 80% in workers
and nearby residents on a 5% significance level.

In order to be included in the study, participants have to be within the age range of
16 to 67 years. All participants who have worked at a slaughterhouse or a farm during
12 months prior to study are excluded because contact with farm animals and working at
slaughterhouses can be risk factors for ESBL-EC carriage [35].

2.3. Recruitment Process
The recruitment process for WWTP workers, residents living within ≤300 m of a

WWTP, and the comparison group consisting of residents living >1000 m away from the
closest WWTP is underlying local regulations and thus differs between DE, NL, and RO
(Table 1). However, to control for seasonal variation of ESBL-EC, CPE, and ARGs, we
aim to take all samples (water, air, stool) from the surroundings of each WWTP within
eight weeks.
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Figure 1. Legend Graphical Abstract: Overview of AWARE study, with (A) the participating coun-
tries, (B) the study domain, wastewater treatment plant samples, and workers of and residents
living nearby wastewater treatment plants, (C) the techniques involved (questionnaire, molecular
and cultural analyses of ESBL-EC, CPE, and the resistome, and (D) the outcome: epidemiological
evaluation of differences in prevalence of ESBL-EC, CPE, and the resistome between workers and
residents of wastewater treatment plants and the general population, changes in relative and absolute
resistance along different wastewater chains, and models for airborne and waterborne exposure to
resistant bacteria and resistance genes.

Table 1. Recruitment of participants into the AWARE study.

Germany The Netherlands Romania

Selection of WWTPs

Eligible WWTPs are selected
due to the following criteria:
There are residents living in
<300 m vicinity of WWTP,

WWTP is located close
enough to laboratories for the

analyses of samples

All 21 regional waterboards 3

are included.

WWTPs are chosen to assure a
good representativeness of
different regions across the

country.

Invitation of WWTPs

The operators of the WWTPs
are contacted by the local
study team and asked to

participate.

The waterboards are informed
of the study through the

Dutch Water Authorities and
asked to participate.

The operators of the WWTPs
are contacted by the local
study team and asked to

participate.

Response in WWTPs 8 WWTPs are interested in
participating.

12 waterboards are interested
in participating 4.

9 WWTPs are interested in
participating.
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Table 1. Cont.

Germany The Netherlands Romania

Study presentation and
informing of WWTP workers

The study team visits 6
interested WWTPs and
presents the project to

the workers 1.

The WWTP workers of
10 waterboards are invited to
attend a presentation of the

study by the local study
team 5. The workers of the

remaining 2 waterboards are
recruited internally through

email. By sending the
presentation to all workers via

email, also workers not
attending the meeting

are reached.

The WWTP operators inform
and invite the employees to

participate. Afterwards,
several short information

sessions are organized at the
WWTPs for recruiting

participants.

Informing of nearby residents

The study team researches the
street names of all streets

within ≤300 m vicinity of a
participating WWTP through

Google Maps and asks the
local registration office 2 for

the full address of all persons
aged 16–67 years and having

their main residence in
those streets.

Due to concerns of the
waterboards, residents living
in ≤300 m vicinity of a WWTP

cannot be included.

Invitations to the study are
done using door-to-door

approach. Additionally, in
public places like streets,

parks, and markets, potential
participants are orally

addressed and information
sheets with details about the

study are distributed. The
participants are at least 18

years old.

Informing of
comparison group

The addresses are collected in
the same way as for the

nearby residents, except that
addresses >1000 m away from
the closest WWTP and close to

a train station are chosen to
allow fast transportation of
samples by the study team.

All addresses within a 500 m
radius of GPs, who are willing
to cooperate, are identified 6.
Then, 300–500 addresses per
GP are randomly selected to

extract personal data from the
Dutch Personal Records

Database (BRP). Information
on the study is sent to all

residents living at the selected
addresses over 16 years of age.

Same procedure as for
nearby residents

Incentives for participants 7

Participants participate in a
raffle with 10 shopping

vouchers with a total value of
1500 Euros.

Every participant receives a
gift card worth 20 Euro.

Every participant is granted
5 Euro.

Timing of sample taking To control for seasonal variation of ESBL-EC, CPE, and ARGs all samples (water, air, stool) from
the surroundings of one WWTP are aimed to be taken within eight weeks.

1 Two WWTPs stepped back from participation because they feared that residents and media might complain about WWTPs in case
ESBL-EC, CPE, or ARGs would be found in their WWTP. 2 If addresses cannot be retrieved from the local registration offices, members of
the study team go from door to door to recruit participants. In case of no reply, up to two reminders are sent (7 and 21 days after initial
invitation). Further methods will be performed to increase the response: newspaper articles describing the AWARE project published by
local newspapers, online advertisement on the study’s Facebook page and in groups like notice boards and job advertisements, flyers
about the AWARE study in doctors’ offices of local physicians, invitations via e-mail to workers from different work fields (industry and
public sector). 3 Waterboards are regional government bodies supervising, e.g., sewage treatment in their respective regions. 4 Nine
waterboards did not want to participate out of fear for causing commotion among nearby residents or workers, or lack of interest to invest
time and/or manpower to help organize recruitment. 5 WWTP workers generally work at multiple WWTPs, making it impossible to study
workers of specific WWTPs. Therefore, all workers of waterboards were invited to participate, but only a selection of WWTPs (1–3 per
waterboard) are selected for environmental sampling. 6 General practitioners (GP) within a 2–5 km distance from selected WWTPs are
approached for cooperation, to function as a collection and preservation point of stool samples. Addresses of within a 500 m radius of GPs
are identified using Geographical Information System (GIS) software (version ArcGis 10.6.1). 7 Participants who hand in a stool sample and
a completed questionnaire.
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2.4. Pilot Study
We test the study methods in a pilot phase which includes recruitment of study

participants, the study questionnaire, and sample taking (water, air, stool). The study
questionnaire is tested by 33 participants. Fifteen participants hand in stool samples for the
pilot study. Additionally, all six water and sludge samples are taken from two WWTPs.

2.5. Study Instruments
2.5.1. Study Questionnaires

WWTP workers, residents, and members of the comparison group willing to partici-
pate receive access to an online questionnaire. However, we offer paper questionnaires at
the preference of the participants. For quality control, we do double data entry with error
check. The questionnaire assesses socio-demographics (age, gender, education) as well
as potential risk factors for ESBL-EC, CPE, or ARGs carriage (work history, travel abroad,
contact with farm animals, hospital visits, antibiotic intake, self-evaluation of general health
condition). Additionally, WWTP workers also answer questions considering their specific
work tasks at the WWTP, the use of personal protective equipment, and hygienic behaviour.
WWTP operators answer questions about the capacity of their WWTP, origin of treated
wastewaters, and wastewater treatment methods.

Whenever possible, we retrieve questions from validated questionnaires [36–45].
Only if we cannot find validated questions, we take items from existing, but not validated,
questionnaires after checking for their face validity. If we cannot find any suitable questions
from previous studies, we create expert validated new items. We translate the original
questionnaires from English (Supplementary S1–S3) to German, Dutch, and Romanian. At
least two experts on the topic who are also native speakers of the target language check
the translation and provide feedback. This pre-pilot phase of the study is an iterative
process to translate, back-translate, ask for feedback, and improve the current version of
the questionnaires. We then test the translated questionnaires in a two-phase procedure: in
the first phase, we recruit a small number of participants (n = 3) to read and provide verbal
feedback on their understanding of each question. As we offer the questionnaire online,
we create an online survey using LimeSurvey [46]. In the second phase, three persons
of the target group go through the process of filling out the questionnaires online. They
also provide feedback on the understanding of each question, and the online survey’s
functionality. Once the questionnaire is refined and tested for clarity and understandability,
it is tested in the pilot study. During the pilot study, seven WWTP operators (one from
DE, six from RO) and twelve WWTP workers (three from DE, nine from RO), two nearby
residents, and twelve members of the comparison group fill in the questionnaire and
provide feedback. Based on the results, we refine the questionnaire.

2.5.2. Stool Samples
In DE and RO, participants receive a stool sample kit by postal service (residents

and members of the comparison group) or at work (WWTP workers) after handing in an
informed consent and completing the questionnaire. In NL, participants first hand in their
stool samples and then fill in the questionnaire. We provide all necessary material to the
participants in order to take the stool sample. This includes a paper faeces collection device,
a sterile stool sampling tube, and written and drawn instructions. In DE, participants are
asked to bring the stool sample directly to the next WWTP, where it is cooled or stored
temporarily in a refrigerator until the next morning, when it is collected by a member of
the study team. In NL, we ask participants working at a WWTP to bring their stool sample
to the WWTP, where it is cooled, while residents are asked to bring it to a specified general
practitioner (GP). GPs within a 2–5 km distance from selected WWTPs are approached for
cooperation, to function as a collection and preservation point of stool samples. Addresses
of within a 500 m radius of GPs are identified using Geographical Information System
(GIS) software (version ArcGis 10.6.1). Participants who are unable to bring their sample to
the GP at the indicated time/day are given the opportunity to send the samples per mail
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without cooling (although samples shipped per mail will be excluded from metagenomic
sequencing). In RO, we ask participants to cool the stool samples at 1–10 ◦C directly after
samples were taken and to bring them to the WWTP the next day. The same day, the
stool samples are transported to the laboratory and processed within 72 h. We tested this
procedure in the pilot study with fifteen participants (one WWTP operator, three WWTP
workers, and eleven members of the comparison group).

At the local laboratories in DE, NL, and RO, all stool samples are inoculated directly
onto the following agars: TBX or MacConkey, ChromID ESBL, ChromID OXA-48, and
ChromID CARBA and incubated at 36 ± 2 ◦C for 24–48 h. In case of positive results, a
total of two isolates belonging to the ESBL-EC phenotype and 5 isolates belonging to CPE
phenotype are collected, screened for antibiotic resistance and identified by MALDI-TOF
MS (Matrix Assisted Laser Desorption Ionization-Time of Flight Mass Spectrometry). We
then process stool samples for DNA isolation after intermediate storage at −80 ◦C, which
we then will use for subsequent metagenomics and qPCR analyses.

2.5.3. Water Samples
We collect water samples from WWTPs at four different treatment stages: wastewater

influent (WI), effluent (WE), liquid sludge from the main biological reactor (e.g., aeriation
tank) (AT), and dewatered sewage sludge after thickening (S). We also take water samples
from the receiving surface water 200 m upstream (WU) and 200 m downstream (WD) of
the WWTP. The following Figure 2 provides an overview of the collection points of water
sample, as well as stool and air samples taken. We tested this procedure in the pilot study
at one WWTP in DE and two in RO.
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Figure 2. Collection points of water, air, and stool samples.

We collect upstream (WU) and downstream (WD) water samples as close as possible to
the WWTP to minimize the influence of other sources, but at enough distance to minimize
the chance of diffusion to upstream locations and to ensure sufficient mixing with effluent
for downstream locations. If accessible, we choose locations at 200 m upstream and 200 m
downstream for waters with a width <20 m, according to the rule of thumb that complete
mixing occurs at a distance of at least 10× the width of the surface water. Additionally, we
choose the upstream and downstream locations in a way that no additional side streams
enter the river between these locations and the effluent discharge point. Therefore, we
choose locations closer to the WWTP when side streams are present within the optimal
distance. We take subsurface samples according to international guidelines (ISO 19458:2007:
Water quality—Sampling for microbiological analysis).
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The sampling points for wastewater influent (WI) and effluent (WE) are determined
by the location of the flow-proportional auto samplers at the individual WWTPs, when
present. Influent samplers are usually located directly after mechanical treatment and
effluent samplers after completion of treatment, prior to discharge. Using auto samplers,
experienced WWTP or laboratory staffs collect 24-h flow proportional samples, of which
1 L is transferred to a sterile bottle at the end of the usual time interval applied in the
WWTP (e.g., 9:00 in the morning). If no automatic samplers are available, we take grab
samples from wastewater influent and effluent, at approximately 40 to 60 percent of the
water depth, at a site with maximal turbulence to ensure good mixing and the possibility
of solids settling is minimized. The most desirable sampling locations for grab samples
of influent include: (a) the upflow siphon following a comminutor (in absence of grit
chamber); (b) the upflow distribution box following pumping from main plant wet well;
(c) aerated grit chamber; (d) flume throat; (e) pump wet well when the pump is operating;
or (f) downstream of preliminary screening.

When possible, we take influent samples upstream from side stream returns. We
collect grab samples of effluent at the site specified in the sampling plan, or if no site is
specified, we select the most representative site downstream from all entering wastewater
streams prior to discharge into the receiving waters.

We take the liquid sludge sample (AT) from the main biological reactor (e.g., aeration
tank). The selection of the sampling points depends on (a) the practicality of interrupting
safely a stream of moving liquid sludge or cake when manually sampling; and (b) the
nature of the chamber or tank design with respect to stratification of liquid sludges.

We take the sample of dewatered sewage sludge after thickening (S). Prior to the
proposed sampling date, we assess sludge processing (dewatering and treatment) to ensure
that sludge is in the appropriate form (liquid versus dewatered, untreated cake versus
treated biosolids) and is available for sampling at the proposed date, time, and sampling
point. If needed, we will adjust the selection points.

After all water and sludge samples are collected, they are kept at 1–10 ◦C at the
WWTP and transported at 1–10 ◦C to the laboratory in NL (samples from DE and NL)
and RO (samples from RO). At the laboratories in NL and RO, we process all samples
within 48–72 h after sampling, e.g., homogenization (for sludge) and membrane filtration
(for sludge and water). We then process water filters for DNA isolation, which we use for
subsequent metagenomics and qPCR analyses.

2.5.4. Air Samples
We intend to ask a subset of 50 workers from 10 WWTPs per participating country

to collect air samples to analyse personal exposure. Sampling is based on GSP inhalable
sampling heads equipped with Teflon filters on Gilair pumps (3.5 L/min), sampling the
total inhalable air of workers whose job position included activities at different treatment
stages.

The pumps are programmed and fixed at the worker’s belt or pocket by a member of
the study team. A study team member checks the correct functioning of the pumps at the
beginning, after three hours, and after six hours of sampling. After six hours, the study
team member turns off the pumps. We wrap the heads of the pumps in aluminium foil and
transport them directly to the laboratory where the pumps are opened on a sterile work
bench. The laboratory assistants remove the Teflon filters with a pair of sterile tweezers
and freeze them at −20 ◦C (DE) or −80 ◦C, respectively (NL, RO). We ship all filters to NL
for analysis. Feasibility of the procedures is checked during the pilot study.

2.6. Metagenomic Analysis
The Swedish and Romanian team conduct culture-independent analyses. They will

employ shotgun metagenomics sequencing [47–49] by the Illumina NovaSeq technology.
This enables simultaneous quantification of any known antibiotic-resistance gene if present
at sufficiently high levels to allow detection. In addition, shotgun metagenomics allows
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for the analysis of mobile genetic elements such as integrons and transposons and of
the taxonomic composition of the microbial communities [49]. Although costs for DNA
sequencing have dropped dramatically, it still involves substantial costs if relatively rare
resistance genes are targeted in complex community samples [48,50]. Therefore, we will
select a subset of air, sewage, water, and faecal samples for sequencing, while we plan
to choose 24 genes for qPCR investigations in all human, water, and air samples. The
selection will be based on an initial screen using qPCR arrays with considerably more genes
for a subset of samples. Antibiotic residues and their metabolites are usually detected
in the environment at trace levels but may still be present at concentrations that have
the potential to select for microbial resistance [49,51] and possibly also induce horizontal
gene transfer [52]. Therefore, residues are monitored by high-performance liquid chro-
matography interfaced with tandem mass spectrometry (HPLC–MS/MS) in selected plants,
including the WWTPs in which metagenomics data are also determined. We perform
sample selection for metagenomic analyses by using propensity score matching of the
exposed and unexposed groups to achieve proportional and non-statistically significant
balance of the groups at a 5% statistical level.

2.7. Data Management
We store the personal contact data of participants and the history of contacts via

letters, e-mails, and phone calls in a password protected Access database separated from
questionnaire and sample data. We pseudonymize all assessed data. The laboratories
document results of stool, air, and water samples in Excel. We primarily do data cleaning
and analysis in R. Additional software will be used depending on the specific analyses. All
personal data are stored password protected with access only to the members of the study
team. We ensure that data management is bound to FAIR principles [53], e.g., including
storage of research data obtained in publicly accessible and findable repositories.

2.8. Statistical Analysis
For descriptive analyses we assess the distribution of numerical variables visually

for normality using histograms and present the mean ± standard deviation if normally
distributed or the median ± inter-quartile range if non-normally distributed. We present
categorical variables using absolute and relative frequencies. We handle missing values by
multiple imputation in case of missing at random or missing completely at random. We do
data cleaning, as well as multiple imputation, propensity score matching, data presentation,
and outcome models using the statistical software R version 3.5 and up [54]. Additional
software will be used and documented depending on the specific analyses.

We perform bivariate hypothesis testing choosing an appropriate statistical test de-
pending on the type of variables involved, their distribution, and the number of counts per
cell (for categorical variables). We perform logistic crude and adjusted regression models
for the main outcomes such as carriage of ESBL-EC, CPE, and ARGs. Main exposure vari-
ables will include whether a participant belongs to the group of WWTP workers, nearby
residents, or the comparison group. We consider linear regression models for secondary
outcomes if these are numerical. We present results from regression models with the point
estimate and its corresponding 95% confidence interval. We do variable selection for the
models using a combination of experts’ opinion from within the AWARE consortium,
evidence in the current literature, and the use of Directed Acyclic Graphs (DAGs).

3. Discussion
To our knowledge, this is the first study investigating the potential spreading of ESBL-

EC, CPE, and ARGs from WWTP to workers, the environment, and nearby residents. By
involving different European countries, covering a variety of different types of WWTPs, our
results will be relevant for a large number of situations. The methodological combination
of epidemiology, molecular biology, and metagenomics will allow us to draw multilevel
conclusions. We demonstrated feasibility of the AWARE project in the pilot study.
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Our study is carried out cross-sectionally at each WWTP. Thus, the study does not
provide information how the numbers of ESBL-EC, CPE, and ARGs vary with time/seasons.
It is possible that bias arises for some samples due to different laboratories analysing them.
In order to minimize such biases, we develop all SOPs jointly and centralize sample
preparation and analyses whenever possible. WWTP workers are organized in different
ways depending on the country: In NL, WWTP workers do not work at one specific WWTP,
hampering the comparison between ESBL-EC, CPE, and ARGs at the selected WWTP and
in stool from workers.

Our assessment of transmission of antibiotic-resistant bacteria from WWTPs to the
surrounding environment will enable us to formulate recommendations, such as adapted
sewage treatment, or recommendations for a minimal distance between WWTPs and
residential buildings in order to reduce transmission of antibiotic resistant bacteria.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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