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1. Introduction 
___________________________________________________________________________ 

        In recent years, transboundary animal diseases (TADs) have caused significant epidemics 

in human and animal populations resulting in immense suffering and economic losses. 

Almost all recent pandemics originated from animal reservoirs, and viral zoonoses are the 

most likely cause for the next pandemic [1, 2]. The World Health Organization (WHO) 

publishes a list of priority diseases annually to facilitate rapid research and development and 

shorten the interval between the designation of a public health emergency and availability 

of appropriate diagnostic tests and control tools (e.g., vaccines, antivirals) [World Health 

Organization. A research and development Blueprint for action to prevent epidemics 2018]. 

The following animal viruses are included, based on the lists of the World organisation for 

Animal Health (WOAH, previously OIE) and the Food and Agriculture Organisation of the 

United Nations (FAO): African swine fever virus (ASFV), Influenza A virus (IAV), Lumpy skin 

disease virus (LSDV), Bluetongue virus (BTV), and Peste des petits ruminants virus (PPRV) [3]. 

As a result of globalization and increased travel, these pathogens are TADs and can spread 

rapidly across the globe. The economic repercussions of infectious animal and zoonotic 

diseases can be severe and far-reaching, as evidenced by the global COVID-19 pandemic—a 

zoonotic virus believed to have originated in wildlife [4]. Another example is the current 

outbreaks of ASF in Asia and Europe which cause significant losses in agriculture and trade, 

and impact the day-to-day lives of millions of consumers, livestock producers, and 

stakeholders worldwide [5].  

Effective diagnostic tools for TADs are needed to provide accurate and timely 

measures for case identification, surveillance, rapid elimination or appropriate treatment 

[6]. Identifying the cause of a disease is the first step in initiating disease surveillance and 

control. Accurate and timely detection of infectious animal diseases in the field is a major 

requirement for early detection and management of infected animals (e.g., cure, seclusion, 

or culling), which can avert a future epidemic and also reduce the potential costs. 

Accordingly, the simplification of reliable cost-effective methods would promote the 

application of a wide range of diagnostic tools in a variety of laboratories, especially those 

with limited facilities and resources. Several factors should be optimized to ensure rapid and 
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reliable diagnosis, such as the collection of samples, sample matrix, storage of samples, 

transport from the field to a central laboratory, nucleic acid extraction, and/or the 

amplification process, could affect the successful application of molecular diagnostic 

workflows. Therefore, it is important to consider the different conditions between the 

traditional workflows of laboratory-based methods and the application of molecular 

diagnostics in the field and to optimize the workflow accordingly. For instance, in addition to 

the manual nucleic acid extraction methods, the use of portable or electricity-free extraction 

instruments and methods would be useful in rapid diagnostics. Likewise, the implementation 

of portable real-time PCR kits, assays, and thermocyclers would promote the usability of 

diagnostic methods, and direct qPCR amplification would further accelerate the diagnostic 

processes.  

 

In this dissertation, I addressed several factors, which affect the rapid, sensitive, 

specific and reliable detection of viral nucleic acids including the development and 

application of different DNA/RNA extraction and releasing methods, qPCR techniques, 

choice of appropriate sample matrices, storage conditions and the use of molecular 

applications in the field with transportable diagnostic tools.
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2. Literature review 
___________________________________________________________________________ 

    2.1. Model viruses used for the establishment and validation of molecular diagnostic 

systems 

       The emergence and re-emergence of transboundary animal diseases, such as ASF, highly 

pathogenic avian influenza (HPAI), and foot-and-mouth disease (FMD), necessitates the 

development of powerful and reliable diagnostic procedures. In our study, we investigated 

five important emerging and re-emerging animal diseases as stated by the International 

Committee on Taxonomy of Viruses (ICTV, see Table 1) [7]. 

Table 1 Model viruses and their classification according to the ICTV. 

Virus name Family Genus Main hosts References 

African swine fever 

virus (ASFV) 
Asfaviridae Asfivirus Domestic pigs, wild boar [8, 9] 

Lumpy skin disease 

virus (LSDV) 
Poxviridae Capripoxvirus 

Goats, sheep, cattle, 

domestic buffaloes 
[10] 

Influenza A virus (IAV) 
Orthomyxo-

viridae 

Alphainfluenz

a virus 

Human, pigs, horses, cats, 

dogs, marine mammals, 

birds (wild birds and 

poultry) 

[11-13] 

Peste des petits 

ruminants virus (PPRV) 

Paramyxo-

viridae 
Morbillivirus Goats, sheep [14] 

Bluetongue virus (BTV) Reoviridae Orbivirus 
Domestic and wild 

ruminants 
[15] 
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     2.1.1. African swine fever virus 

In light of recent rapidly spreading outbreaks in Europe, and in particular the first outbreak 

in Germany in 2020, we focused mainly on the ASF virus (ASFV) [16]. ASF is a contagious viral 

haemorrhagic disease that affects domestic pigs and wild boar. The disease is notifiable to 

the World Organization for Animal Health (WOAH) and causes significant death rates and 

economic losses. ASFV is the only member of the genus Asfivirus in the family Asfarviridae 

[7, 17]. The virion has an icosahedral shape [18] and is relatively large with a size of 175–215 

nm. A schematic presentation of the virus structure is illustrated in Figure 1. The linear 

double-stranded DNA genome—170 to 190 kbp in length—contains between 160 and 175 

open reading frames (ORFs) and it encodes six multigene families [19]. Until today, there are 

23 of ASFV distinctive common genotypes based on a partial sequence of the gene encoding 

the p72 protein [20]. It is the only known DNA arthropod-borne virus (ARBO) due to the 

sylvatic transmission cycle in Africa involving soft ticks of the genus Ornithodoros [21].  

 

 

Figure 1: The morphological structure of the ASFV, permission was granted under the terms of the Creative 

Commons Attribution-Non-Commercial-No Derivatives Licence (CC BY NC ND). (Source: Blome et al., 2020 [22].) 

The clinical findings of ASF vary depending on the virulence of the pathogen strain as well as 

on the immunological status of the host. ASFV in Europe (with the exception of Sardinia) and 

Asia belong to genotype II, which are highly interrelated and demonstrate high pathogenicity 
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for both domestic pigs and wild boar under experimental conditions [23-29]. Highly virulent 

strains of ASFV cause acute to peracute illness with up to 100% death rate within 7–10 days 

(d). Clinical signs are usually non-specific and include high fever, anorexia, dyspnoea, 

gastrointestinal disorders, and peracute death. After an incubation period of 2 to 7 d [30], 

infected animals exhibit the usual high fever as well as other nonspecific clinical signs, such 

as lassitude, reddened skin (especially on acral appendages), anorexia, and conjunctivitis. 

ASF was initially reported in East Africa in the early 1900s and was thought to kill almost all 

pigs infected with acute haemorrhagic fever. A sylvatic cycle in ticks was identified as the 

source of infection [31, 32]. Introduction via Georgia into the Caucasus in 2007 led to the 

rapid spread of ASFV to Russia, Ukraine, and Belarus in the following years, with cases 

emerging in the European Union (EU), particularly in the Baltic states and Poland during 

2014. Within a few years, the disease spread to Belgium, Serbia, Romania, Bulgaria, the 

Czech Republic, Hungary, and Germany [16, 33-36] (Figure 2). 
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Figure 2: Epidemiological distribution of African swine fever in Europe 2022. Reproduced with permission from 

the Institute of Epidemiology, Friedrich-Loeffler-Institut, PD. Dr. Carola Sauter-Louis and Stephan Eichenberg. 

(red dots: domestic pigs, blue dots: wild boar.) 

2.1.2. Other emerging and re-emerging viruses 

Four other socio-economically important diseases were considered for the studies, 

specifically HPAI, BT, LSD and PPR.  The disease-causing pathogens represent both DNA and 

RNA viruses (single and double-stranded) and have affected animal production in almost all 

European or bordering countries in the last decade. 

     2.1.2.1 Lumpy skin disease virus (LSDV) 

LSDV is one of the three species of the genus Capripoxvirus in the family Poxviridae [7, 10]. 

LSDV is the most serious poxvirus of cattle livestock industries [37-39], affecting mainly 

cattle, but in a few cases also sheep and goats [10, 40]. LSDV outbreaks can lead to severe 

production losses, including milk production and muscle mass, permanent or temporary 

sterility of bulls, and degradation the tissue and skin. It has a severe influence on the 

economy at both national and global scales [40-44]. Therefore, the WOAH classified this 

virus as a notifiable disease [7]. The morphological structure of LSDV is illustrated in Figure 3. 

Capripox virus-induced diseases are characterized by general clinical manifestations, such as 

fever [37, 39, 40, 45], depression, diarrhoea, emaciation, and coughing [37]. Diseased 

animals mostly develop skin lesions, pustules, and tumours [39, 40, 46].   
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Figure 3: Morphological structure of poxvirus virions. (Source: ViralZone 2014, Swiss Institute of Bioinformatics 

©2008, [47]) 

     2.1.2.2 Influenza A virus (IAV) 

Alphainfluenzavirus (IAV) is a genus of the RNA virus family Orthomyxoviridae [12]. IAV 

possess a single-stranded segmented RNA genome composed of eight gene segments, which 

encode nine structural proteins and up to five non-structural proteins. According to the 

variation of the membrane glycoproteins hemagglutinin (HA) and neuraminidase (NA), IAV 

are currently classified into 18 HA and 11 NA subtypes. Each virus must carry one HA and 

one NA subtype (e.g. H1N1, H5N1, H9N2). IAV is known for its rapid rate of mutation and 

continuous evolution of new viral strains [11]. IAV infects a wide range of mammals 

(including humans) and birds. IAV can be sub-classified based on its host of origin to e.g., 

human IAV, avian influenza virus (AIV) or swine IAV (swIAV) [48, 49]. Since 1918, human IAVs 

have resulted in four pandemics with millions of causalities in humans and annual epidemics 

worldwide. Moreover, IAV caused severe losses in poultry and pig production worldwide [11, 

12, 50-52]. AIV of subtypes H5 and H7 can be further divided into two pathotypes based on 

virus virulence in poultry: Low pathogenicity AIV (LPAIV) and high pathogenicity AIV (HPAIV) 

[53]. Other non-H5/H7 viruses exhibit normally low virulence in poultry. The IAV virion with 

the HA and NA glycoprotein spikes is illustrated in Figure 4. 
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Figure 4: Structure of the IAV virus particle [12]. (Source and permission for reproduction was obtained from 

the Copyright Clearance Center’s RightsLink® service).  

 

     2.1.2.3 Peste des petits ruminants virus (PPRV) 

The Peste des petits ruminants virus (PPRV) (species name: Small Ruminant Morbillivirus 

(SRMV)) is one of the most widespread diseases of small ruminants. It is highly contagious 

and has a high death rate [54, 55]. Goats are more affected than sheep. The PPRV causes 

excessive body temperature accompanied with a lethargy in general condition. The disease 

is distinguished by oculo-nasal discharges, erosive lesions of the nasal and oral mucous 

membranes, and respiratory abnormalities in conjunction with gastrointestinal difficulties 

[54]. PPRV belongs to the genus Morbillivirus that is a member of the Paramyxoviridae 

family [14]. The genome encodes six structural (nucleocapsid (N), phosphoprotein (P), matrix 

(M), fusion (F), hemagglutinin-neuraminidase (HN), large (L)) and two non-structural proteins 

(C and V) are identified [56]. The genomic RNA of PPRV is enveloped by the N protein, which 

is the most predominant viral protein produced among all PPRV genes [57, 58]. P and L 

proteins are the main elements of the viral RNA-dependent RNA polymerase, which is 

responsible for viral replication and transcription [57, 58]. The effective replication of the 

virus genome occurs after the “rule of six”, which signifies that the RNA-dependent RNA 

polymerase will only function properly if the total number of nucleotides states a multiple of 

six nucleotides (6 n + 0) [59]. The schematic virion and genomic structure of PPRV are 

illustrated in Figure 5.  
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Figure 5: Morphological representation of the PPR morbillivirus (courtesy of Djeneba Keita, Source: Albina et al; 

2013 [60]). 

     2.1.2.4 Bluetongue virus (BTV) 

BT is a non-contagious viral disease of domestic and wild ruminants, induced by the BTV 

[15]. Owing to its socioeconomic effect, BT is a WOAH-OIE classified multispecies disease 

[61, 62]. BTV infection results in significant economic losses because of the associated 

morbidity, mortality, abortion, and lethal defects. Indirect expenses are incurred as a result 

of trade limitations placed on natural ruminant circulation and animal product exports, 

diagnostics, immunization, vector control, and treatment of diseased animals [62-64]. BTV is 

a double-stranded RNA virus (dsRNA) of the family Reoviridae and the genus Orbivirus [65]. 

Based on 9 to 12 linear double stranded (ds) RNA segments, the currently 15 genera were 

designed [66]. Overall, 10 segments that are coding for seven structural (VP1-VP2) and six 

non-structural proteins (NS1-NS5, NS3a) [67-69]. The morphology of BTV is depicted in 

Figure 6. 
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Figure 6: Overview of the BTV virus structure (Source: Mertens et al., 2004 [70]). 

 

   2.2. Laboratory molecular diagnostic methods 

       Laboratory diagnostics have been crucial for the rapid control and/or elimination of 

disease. Because of the accompanying socioeconomic and health effects, it is vital to 

respond rapidly and efficiently, not just during but between epidemics (i.e., increased 

preparedness). The usual surveillance strategy for emerging diseases is based on a 

combination of passive (clinical) detection and active sampling. However, conventional 

passive monitoring based on a small number of samples is restricted by diagnostic 

sensitivity, accuracy, visibility, and specificity of clinical symptoms. Active surveillance based 

on sampling is expensive and time demanding [65]. Hence, differential diagnosis based on 

laboratory analysis for a variety of diseases might increase pathogen identification, control, 

and extermination [66]. Well-trained laboratories with appropriate capability and high-

quality analytical tools and resources are crucial for quick disease diagnosis, control, and/or 

elimination [67, 68]. However, also the WOAH observed that rapid diagnosis of novel 

diseases could be enhanced in the underdeveloped countries and even in some 
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industrialized ones due to a lack of infrastructure, laboratory capacity, and veterinary 

expertise [69]. 

      National and international organizations, animal health authorities, scientific institutions, 

diagnostic laboratories, and field personnel are intensively working toward preventing and 

controlling TADs. Early warning systems (with rapid, sensitive and highly specific methods of 

detection) are critical to prevent the spread of disease among animal populations over wide 

regional areas. Therefore, the development of innovative robust diagnostic tests (“fit-for-

purpose”) is an important topic in modern veterinary research and animal healthcare. 

Especially molecular virology provides a variety of innovative approaches to improve the 

detection of viral diseases. Novel tests enable very rapid, sensitive and specific diagnosis 

within hours or even minutes. Virus detection can be conducted directly or indirectly. For 

the direct detection of ASFV, LSDV, IAV, PPRV, and BTV, various molecular techniques can be 

used, including conventional gel-based PCR, qPCR, multiplex PCR, and enhanced in situ 

hybridization in addition to classical methods including virus isolation (VI), and antigen 

detection by enzyme-linked immunosorbent assays (ELISAs). The most common methods for 

indirect detection are approaches for antibody detection, such as ELISA  systems [71] [72] 

[73]. 

 

     2.2.1 Identification of ASFV 

For ASFV identification, there is a variety of laboratory diagnostic methods available [74], 

including VI, ELISA, immunofluorescence-based assays, PCR, qPCR and isothermal assays. VI 

can be performed in primary leukocyte cultures or bone marrow cells. First passage takes 7 

days (in the clearly positive case ~2 d), and the second passage needs another 7 days. Virus 

replication in these cells can be identified by the haemadsorption test (HAD) [74]. Positive 

HAD results are definitive for ASF diagnosis, while negative HAD samples should be tested by 

PCR to avoid false negative results. Antigen detection can be performed using a fluorescent 

antibody test (FAT). A positive FAT result with clinical symptoms, including lesions, provides 

a preliminary ASF diagnosis [75]. Furthermore, ELISA can detect viral antigens but is only 

useful for acute forms of the disease and is not considered to be as sensitive as qPCR [76]. 
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Two indirect sandwich ELISAs have been developed, one using a polyclonal serum and the 

second one combines monoclonal and polyclonal sera. Both techniques identified antigens 

from a variety of field isolates, although the polyclonal antiserum-based assay is marginally 

more sensitive than the monoclonal antibody-based ELISA [77]. The indirect fluorescent 

antibody test (IFAT) can be conducted to verify ASFV diagnosis [78, 79]. Immunoblotting 

tests can be applied as an alternative to the IFA test to corroborate the results with 

individualized sera [80, 81], along with the classical antibody detection ELISA, based on 

different purified or recombinant antigens [82, 83].  qPCR is considered the ‘gold standard’ 

in the direct detection of ASFV, and is established in all laboratories performing ASFV 

diagnostics [84-89]. qPCR provides sensitive, specific, and rapid detection and amplification 

of the ASFV genome and is recommended, especially in a major outbreak of ASF [90]. qPCR 

can also be applied when the material provided is inappropriate for virus isolation and 

antigen detection due to decomposition. Using qPCR, ASFV can be detected in tissues, blood, 

and, to a lesser extent, serum samples from an early stage of infection [91]. Nucleic acid 

purification or isolation is important for the identification of ASFV using qPCR. Depending on 

the infrastructure available at a laboratory, different extraction technologies can be used 

and applied in different platforms. So far, there are two major methods for DNA extraction 

using either silica membrane-based or magnetic bead-based extraction techniques [92] [93].  

     2.2.2 Identification of LSDV 

The LSDV genome can be directly detected by PCR, which is comparatively inexpensive and 

considered the quickest method for detection. Various PCR methods were validated for the 

simultaneous detection of all three capripox virus species [94]. Virus isolation in cell culture 

or embryonated chicken eggs can be complemented with PCR to identify the virus strain [94-

96]. Different antigen capture ELISA kits are suitable for LSDV diagnosis, but with limited 

sensitivity [97, 98]. LSDV can be also identified by electron microscopy [99-101], though 

without differentiating the genus or species. Another useful time-saving method in 

preliminary field investigation is the use of immunofluorescence or immunoperoxidase tests 

[102]. The virus neutralization test (VNT) is the main standard method for antibody 

detection against poxviruses (LSDV) [103, 104]. It is recommended by WOAH and is also 

known as “serum neutralization test” (SNT) (OIE, 2017). ELISA-based assays can be 
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performed with various surface coating antigens [105, 106] and the IFAT [107]. Western 

blotting is another antibody diagnostic test, which is highly sensitive but expensive and more 

difficult to implement [108, 109]. 

     2.2.3 Identification of IAV 

Virus isolation in embryonated chicken eggs or in a variety of cell lines e.g., DF1, MDCK, A549 

is the gold standard for the diagnosis of IAV in poultry, pigs and humans. VI is important to 

obtain viable viruses for further pathotyping and in vitro characterisation. Nevertheless, VI in 

eggs or cell culture is tedious and time consuming. Moreover, isolation of HPAIV requires 

biosafety level 3 (BSL3) facilities which are available in fewer laboratories only. Pathotyping 

of AIV is usually done by intravenous injection of chickens to determine the intravenous 

pathogenicity index (IVPI) during a 10-day-observation period. LPAIV have an IVPI of less 

than 1.2 while HPAIV show an IVPI > 1.2. RT-qPCR is more sensitive and faster than VI. 

Genome detection by RT-qPCR can also distinguish subtypes by using HA- and NA-specific 

primers or by sequence analysis of HA and NA genes [110-112]. Furthermore, RT-qPCR 

assays have been developed to simultaneously detect and differentiate between LPAIV and 

HPAIV within a few hours [113] [114]. There is a monobasic HA0 cleavage site of LPAIV which 

permits cleavage into the subunits HA1 and HA2 by trypsin-like proteases located in the 

respiratory and intestinal tract. On the contrary, HPAIV carry a polybasic HA0 cleavage site 

cleaved by ubiquitously cellular proteases [115]. Thus, the differentiation can be achieved 

depending on the pathogenicity and the HA endoproteolytic cleavage site (HACS) [116]. 

Moreover, Agar gel immunodiffusion (AGID) is a diagnostic test to detect the matrix antigens 

of the influenza A virus in amnioallantoic fluid as well as to detect antibodies [117], which 

could also be detected by ELISA assays [118]. Due to the antigenic similarities between 

Influenza A viruses (nucleoprotein and matrix antigens), AGID tests can be utilized to 

determine antibodies to these antigens [117, 119]. ELISA-based assays have been deployed 

to detect IAV-specific and subtype-specific antibodies to Influenza A virus type-specific 

antigens in either species-dependent or -independent competitive tests [120-124]. 

Haemagglutinin (HA) inhibition tests have been conducted in serological diagnosis, however 

the HA inhibition assay is subtype specific [125-127]. 
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     2.2.4 Identification of PPRV 

PPRV genome detection can be performed by several molecular techniques, such as RT-

qPCR, RT loop-mediated isothermal amplification (RT-LAMP), and RT recombinase 

polymerase amplification (RT-RPA) [128, 129]. However, RT-qPCR is preferred due to its high 

sensitivity and specificity and because it can detect all four lineages of the virus; numerous 

assays have been established for genome detection [130-134]. Indeed, PCR is 1,000 times 

more sensitive than classical virus isolation methods (OIE, 2009). For the indirect detection 

of the PPRV, one can use a VNT, which is sensitive but time-consuming [135, 136], or 

competitive ELISA-based assays, which are based on PPRV-specific monoclonal antibodies 

(MAbs) [137, 138]. 

     2.2.5 Identification of BTV 

For BTV detection, virus isolation can be performed in embryonated chicken eggs and cell 

cultures. For virus isolation in cell cultures, different mammalian and insect derived cell lines 

have been established (OIE, Terrestial Manual. P. Chapter 3.1.3 Bluetongue) [139]. For 

genome detection, TaqMan-based RT-qPCR has become the most popular technique [140]. 

several RT‐qPCR protocols have been validated targeting various BTV genome segments (e.g. 

1, 5, or 10). Partial or whole genome sequencing are widely applied for detecting BTV 

serotype/strain [141]. For the indirect detection of BTV, different ELISA systems (Blocking or 

double Ag ELISA) were developed to detect the BTV antibodies as a standard method. The 

AGID test can be used, which is simple to carry out and the antigen is relatively simple to 

generate, however it lacks specificity for other Orbiviruses, however the Virus Neutralisation 

Test (VNT) is recommended for antibody detection for serotyping purposes [142-144]. 

 

In general, some of the presented diagnostic methods show limitations in terms of 

sensitivity, specificity and/or throughput. Classical virological methods are only conditionally 

suitable for the very simple and rapid detection of specific pathogens in a resource-limited 

laboratory or in the field. Due to the high sensitivity and specificity of molecular detection 

methods on the one hand and the universal application of real-time PCR technology on the 

other hand, the main focus of the presented work was on the simplification and acceleration 
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of nucleic acid extraction and subsequent genome detection by real-time PCR. Of course, the 

simplifications presented here, especially in the rapid extraction of viral nucleic acid, are also 

applicable to alternative molecular procedures such as isothermal amplification or next-

generation sequencing. 

 

2.3 Viral nucleic acid detection using qPCR 

 

           2.3.1 Nucleic acid extraction and release 

To optimize PCR amplification, DNA/RNA extraction is a crucial first step in the diagnostic 

process [92]. Nucleic acid isolation requires a high labour input, technical facilities, and 

trained personnel to perform the extraction and avoid the most common causes of 

contamination, while the procedure delivers limited throughput depending on the particular 

method and shows variability in the efficiency of extraction [145]. DNA can be extracted 

from clinical (e.g., fine-needle aspirates of body secretions and tissue specimens) and 

analytical samples (e.g., dried bloodstains, swabs, fingerprints, soil, and tissues). 

Furthermore, nucleic acids can be extracted from cell cultures, insects, protozoa, bacteria, 

and yeast [146]. Successful nucleic acid purification requires effective distribution of cells 

after its lysis, inactivation of nucleases (DNase for DNA extraction and RNase for RNA 

extraction), removal of inhibitory substances and sterile conditions [147]. The purity and 

sensitivity of the isolated nucleic acids will directly influence the results. There are different 

extraction systems e.g., viral nucleic acid isolation via Trizol buffer [148, 149], however the 

following two different nucleic acid extraction systems have become established as a 

standard in the diagnostic routine. 

          2.3.1.1 Manual extraction methods 

The manual silica membrane column-based extraction methods offer several commercial 

options, including complete kits containing most of the necessary components. It is laborious 

and requires repeated centrifugation followed by removal of the supernatant depending on 

the type of sample and additional mechanical treatment [92]. The column-based method is a 
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simple and safe method, and is readily available in kit form. In this approach, the binding of 

nucleic acids is optimized by specific buffer solutions and relatively regulated pH and salt 

concentrations [150]. Centrifugal force is used to pass the sample lysates through the silica 

membrane, where the RNA attaches to the silica membrane at the correct pH. The surface, 

which contains proteins and salt residues, is then washed to eliminate contaminants and the 

flow-through is removed. RNase-free water is then used to elute the nucleic acids 

(DNA/RNA) [92]. Column-based DNA/RNA extraction is one of the best available methods 

that offers a stable stationary phase for quick and accurate buffer exchange and thus nucleic 

acid isolation. The main drawback of this technique is that it requires a tiny centrifuge. 

Vacuum-based techniques can also be conducted instead of centrifugation to isolate 

impurities [150]. To achieve higher nucleic acid yields in less time, researchers can integrate 

an extraction with the spin column technique. This approach is appropriate for large-scale 

high-throughput processing, including automated systems. Incomplete lysis can also 

contribute to low viral RNA yields [151]. The principle of the silica membrane column-based 

extraction method is illustrated in Figure 7.  

 

 

Figure 7: Overview of the silica membrane column-based extraction method (Source [and permission granted 

by]: Kbdna.com). 

 

 



Literature review 

17 

 

 

 

In our first study, we used a silica membrane-based extraction kit compared to alternative 

methods for DNA isolation of the ASFV genome by manual extraction from cell-free and cell-

containing specimens [89, 152]. 

                2.3.1.2 Automated extraction methods 

Automated tools for medium to large laboratories have become increasingly popular in 

recent years as they provide an alternative to time-consuming manual procedures. These 

technologies allow high sample throughput while limiting cross-contaminations, which 

would maximize nucleic acid yield, purity, repeatability, and scalability as well as assay 

speed, precision, and reliability [92, 153-156]. There are a growing number of automated 

extraction systems on the market, and their use in various pathogen detection tests has 

been described [93, 157-161]. Most of the automated extraction systems are based on the 

magnetic bead-based system. For nucleic acid binding, the beads have a paramagnetic base 

that is typically coated with silica. The sample is homogenized in a buffer containing RNase 

inhibitors before being handled with the magnetic beads, which enable the particles to 

attach to RNA molecules. When the magnetic beads are placed near an external magnetic 

field, they can be quickly collected. The supernatant is gathered, and the beads are rinsed in 

a suitable buffer while the magnetic field is removed. This procedure is simply replicated for 

several washes. The DNA/RNA is eluted from the magnetic beads into solution using 

DNase/RNase-free water, and the supernatant (containing the purified nucleic acid) is then 

transferred separately to (sterile) tubes [150, 162]. The methods for collecting magnetic 

beads are simple and fast. Since no membrane is involved, there is less risk of clogging. This 

approach is well suited for scaling, high throughput separation, and automation. Because of 

the movement of the beads, purification is effective. However, thick samples may restrict 

bead movement, and the final sample may occasionally be contaminated with magnetic 

beads [163]. The procedure of the magnetic bead-based extraction system is detailed in 

Figure 8. 
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Figure 8: Overview of the magnetic bead-based extraction system (Source [and permission granted by]: 

Kbdna.com).  

 

Different magnetic bead-based extraction kits and automated extraction instruments were 

validated for ASFV genome detection in our first study. The availability of ready-to-use or 

prefilled reagents for nucleic acid isolation could facilitate the extraction procedure in the 

diagnostic process, save time, and avoid all possible forms of contamination [152]. A main 

concern in the application of automated instrumentation to isolate nucleic acids for use in 

amplification assays is the potential for cross contamination or malfunctioning robotics. 

Other important practical considerations include volume, throughput, flexibility, and costs.  

For further improvement of the diagnostic method for the field application, a rapid and 

sensitive magnetic bead-based hand extraction method is required that can compete with 

standard automated laboratory-based extraction methods. The so-called “Easy Express 

Extraction system ‘TripleE’” - a rapid, reliable, portable, and cost-effective nucleic acid 

extraction technique, that does not require advanced technical skills or electricity, is such a 

method. This portable device is reliable and can be used in the field as part of rapid 

molecular diagnostics. Because it is easily adaptable to a wide range of downstream 
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molecular targets, it can be used both inside and outside the laboratory. It is a simple device 

for nucleic acid extraction that does not require centrifugation or electricity, which is a 

significant advantage over existing commercial extraction methods [164]. It has the ability to 

isolate manually up to eight sample matrices in one extraction cycle within 10 min. This 

method was validated for the extraction of both viral DNA and RNA from different 

pathogens in our third study [165] and combined with direct qPCR amplification using thee 

different portable systems for the detection of ASFV in our fourth study [166]. 

Direct qPCR amplification without nucleic acid extraction was conducted by the dilution of 

the original ASFV sample (1:40) in RNase-free water and subsequent PCR testing. Several 

qPCR assays have been described for the detection of ASFV [84, 85, 87, 167, 168]. Moreover, 

various studies have validated the application of sensitive, high-speed, and portable real-

time PCR systems, which can be operated in the field for a rapid detection of ASFV [169-

171]. Battery-powered portable PCR instruments can be playing an important role in field 

diagnostics, especially in remote areas where electricity is not available. They can also 

provide well-defined data analysis to various users.  

               2.3.1.3 Release of nucleic acid using different buffers  

Release of nucleic acids via specific buffers could simplify DNA/RNA isolation. Different 

buffers have been used for improving the release of nucleic acids, such as Chelex® Resin 100, 

Tris-EDTA (TE) buffer, and virotype tissue lysis reagent (TLR). These buffers were validated 

for the rapid preparation of various sample types without the necessity for an extraction kit 

or any complicated nucleic acid isolation procedures. Moreover, these buffers can be utilized 

with Flinders Technology Associates (FTA) cards or filter papers [172], which can be used for 

the transport and storage of biological sample materials [173]. These buffers were validated 

for the detection of different infectious diseases, e.g. TE buffer for different diseases (e.g. 

avian Influenza [174], Newcastle disease [175], FMD [176], and rabies virus [177]). Chelex® 

Resin 100 was e.g. used for improving the diagnostics of COVID-19 genome detection [178]. 

In our first and second study, TLR was used and validated for ASFV genome detection [152], 

which followed a successful application of TLR for the release of the viral RNA of bovine viral 

diarrhoea virus (BVDV) [179]. TE, TLR, and Chelex® Resin 100 could be implemented in the 

detection of ASFV and IAV [180]. This validation of releasing buffers has been conducted in 
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combination with direct qPCR amplification, which we propose as a suitable alternative for 

nucleic acid extraction. 

FTA cards are an important technology for field applications. Whatman FTA® filter paper 

cards consist of a chemically treated cellulose membrane that lyses cells, nuclei, and 

organelles from a variety of sources (e.g., blood, saliva, and plant tissue). They are 

commercially available in a variety of configurations to meet application requirements and 

custom specifications. FTA cards are impregnated with chaotropic chemicals that also 

inactivate infectious agents and limit the biological hazard potential of the sample during 

processing. In this way, biological material on the FTA cards can be stored at room 

temperature for long durations. Since no refrigerators or freezers are required, storage costs 

are significantly reduced [181]. Specimens stored on FTA cards could be delivered by regular 

mail without any special handling restrictions, making them a convenient tool for collecting 

and preserving field specimens [173]. FTA cards are used in the veterinary field as an 

alternative method for collection, transport, and temporary storage of specimens for 

molecular diagnostics and have been used for many diseases, including avian influenza [174], 

Newcastle disease [175], porcine reproductive and respiratory syndrome [182], foot-and-

mouth disease [176], rabies [177], and ASFV [183]. The release of DNA and RNA via FTA 

cards using different releasing buffers has allowed direct qPCR amplification without 

extraction procedures, which we also validated in our second study [180].  

 

       2.3.2 Real-time PCR (qPCR)  

qPCR is based on Kary Mullis’ innovative PCR method, which permits researchers to amplify 

specific DNA segments by more than a billion-fold [184, 185]. Quantitative real-time PCR is 

the accurate detection and quantification of the products created during each cycle of PCR, 

which are directly related to the amount of template utilized. The thermostable Thermus 

aquaticus (Taq) DNA polymerase has been exhibited to have 5′–3′ exonuclease activity. 

Splitting of a target probe during PCR by the 5′-nuclease function of Taq polymerase can be 

performed to detect amplification of the target-specific product [186]. PCR-based 

technologies have advanced molecular biology by making it easier for researchers to alter 
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DNA, facilitating both simple processes, such as cloning, and large-scale analyses, such as the 

Human Genome Project [187, 188]. This is in part because of the tremendous sensitivity of 

PCR being paired with the accuracy provided by real-time monitoring of PCR products as 

they are produced [189]. A Roche molecular system was developed to conduct the first real-

time PCR by Higuchi et al. [190, 191]. They were able to observe and record the assembly of 

DNA with a video camera by incorporating the typical fluorescent dye ethidium bromide 

(EtBr) into the PCR and performing the reaction under UV light. Since 1966, EtBr has been 

known to increase its fluorescence when binding nucleic acids [192], but qPCR was not 

developed until the early 1990s by integrating this fluorescent chemistry with PCR and real-

time data. As a result, this technology rapidly developed into a competitive alternative and 

gained both diagnostic and scientific importance [189]. This technique has allowed the 

automation of molecular diagnostics with high throughput and shorter turnaround times 

[193]. Probe-based qPCR assays provide revolutionary methods for rapid detection of viruses 

in diagnostic facilities. Today, several qPCR methods are in use, including TaqMan, Molecular 

Beacons (MB) and dual probe systems, such as LightCycler®, dye-labelled oligonucleotide 

ligation (DOL), and the primer–probe energy transfer system (PriProET). 

The qPCR assay contains an oligonucleotide probe intended to hybridize inside the target 

sequence. This probe is labelled at the 5′ end and is not extendable at the 3′ end to prevent 

it from acting as a primer. During amplification, annealing of the probe to one of the PCR 

product strands produces a target appropriate for exonuclease activity. In addition, the 5′-

to-3′ exonuclease activity of Taq DNA polymerase (when the enzyme extends from an 

upstream primer into the region of the probe) disassembles the probe into smaller pieces 

that could be distinguished from the undegraded probe. The development of double-

labelled fluorogenic oligonucleotide probes has suppressed the need for post-PCR 

processing for probe degradation analysis [194]. A reporter fluorescent dye is bound to the 

5′ end of the probe and a quencher dye is attached to the 3′ end. The close proximity of the 

quencher dye to the probe significantly reduces the fluorescence generated by the reporter 

dye while the probe is intact [195]. Several real-time fluorescent PCR chemistries are 

available, but the most common used are 5´-nuclease (TaqMan®) and SYBR® Green dye-

based assays. 
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The 5´-nuclease assay is termed for the 5´-nuclease activity of the TaqMan DNA polymerase. 

The 5´-nuclease domain can cleave DNA bound to the template after it has been 

synthesized. Fluorescence resonance energy transfer (FRET) is a second essential component 

of the 5´-nuclease assay. The TaqMan® probe has a gene-specific sequence and is intended 

to attach to the target gene between the two PCR primers. Bound to the 5´-end of the 

TaqMan® probe is the ‘reporter’, a fluorescent dye that reports amplification of the target. 

At the 3´ end of the probe is a quencher, which quenches the fluorescence of the reporter in 

intact probes. The principles of real-time PCR using TaqMan assay are illustrated in (Figure 

9).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: The principles of real-time PCR using TaqMan chemistry, (Source: Schaad et al., 2003 [196]). 
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The observed enhancement of fluorescence during qPCR is linearly related to the rise in the 

concentration of the amplifying product and thus relies on the initial amount of the target 

sequence [191]. For quantification, the amplification cycle in which the fluorescent signal 

initially crosses the background signal is referred to as the quantification cycle (Cq) [197]. 

The Cq-value is used to calculate the initial DNA copy number, because the Cq-value is 

related to the starting amount of the target [198]. After analysing a serial dilution of a known 

sample, e.g., a plasmid carrying the sequence of the complete amplicon or a synthetic single-

stranded positive sensor oligonucleotide, a standard curve is generated by analysing the Cq-

value against the logarithm of the original copy number. The copy number of the unknown 

sample of the sequence of interest is determined by linear regression of the standard curves 

[193, 199]. For time-course studies, for example, untreated samples or samples from the 

initial time point are utilized as reference controls. To generate valid results, the 

amplification efficiencies of the housekeeping gene and the target sequences must be 

relatively equivalent [193, 200]. 

Duplex PCR and qPCR have a wide range of applications. Co-amplification of an internal 

control (IC) and pathogen-specific target is a common application of duplex PCR, i.e. 

amplification of two targets. The possibility of amplifying different targets (i.e. multiplex 

qPCR) with modern real-time PCR machines using different fluorophores could be also 

realised. The use of ICs is crucial for verifying effective nucleic acid extraction and ensuring 

the absence of PCR-inhibitors, especially when studying potentially problematic biological 

matrices [201, 202].  

Compared to ‘classical’ single or nested PCR methods, the diagnostic application of qPCR 

assays has several advantages, including: (1) faster and higher throughput; (2) no post-

treatment of PCR products; (3) a non-nested qPCR design provides sensitivity comparable to 

conventional nested PCR; (4) amplified products are detected by fluorescence in the reaction 

tube without the need to open the system, reducing the risk of contamination and allowing a 

higher specificity; (5) qPCR assays provide a quantitative estimate, not only a qualitative 

result; (6) qPCR is more accurate and less labour intensive than alternative quantitative PCR 
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techniques; (7) compared to classical detection in agarose gels followed by EtBr staining, the 

hands-on time is much shorter; (8) qPCR enables automation and can be mechanized by 

using robots for DNA/RNA extraction and pipetting; and (9) qPCR probes can be labelled with 

a variety of fluorophores that serve as separate reporter dyes for different primer sets, 

thereby enabling multiplex PCR analysis (10) and reducing diagnostic costs. The advantages 

of real-time diagnostic PCR assays have been summarized in various reviews [201, 203-208].  

 

    2.4. Point-of-care (POC) testing and field application  

        Accurate and timely detection of infectious diseases remains a challenge in the field, 

especially during epidemics and in developing countries. Long travel distances and unreliable 

logistics for specimen transport (e.g., poorly maintained roads and vehicles, fuel shortages, 

inadequate courier networks, seasonally inaccessible roads), difficulties in maintaining the 

cold chain, inadequately equipped laboratories, lack of qualified personnel, and excessively 

high operating costs all contribute to long turnaround times between specimen collection, 

laboratory diagnosis, and further medical treatment. Point-of-care tests (POCTs) are “a fully 

or partially automated benchtop, portable, or disposable device that can be operated in a 

nonlaboratory setting by nontechnical personnel to provide a clinically relevant diagnostic 

test result on the same day in the field” [209]. POCTs, also referred to as ‘rapid diagnostic 

tests’, ‘point-of-need tests’, ‘near-patient tests’, or “pen-site tests” are available in a variety 

of forms and are used in clinical, veterinary, and botanical industries worldwide. They are 

designed to be portable and user-friendly with a minimal turnaround time from sample to 

result, allowing diagnosis and management decisions to be made during the same visit. 

POCTs could also be efficiently deployed at border crossings, airports, and other border 

entry points where rapid detection of diseased animals or animal products is critical. 

Although centralized clinical laboratories offer sensitive and specific tests, such as blood 

cultures, high-throughput immunoassays, PCR, and mass spectrometry (MS), they are often 

time and labour intensive, expensive, and dependent on sophisticated instrumentation and 

well-trained personnel. POC diagnostics, on the other hand, provide immediate results at 

resource-limited settings, enabling rapid and accurate treatment [210]. According to the 

WHO, POC testing for infectious disease control, especially in developing countries, should 
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meet the following ‘ASSURED’ criteria: (1) affordability, (2) sensitivity, (3) specificity, (4) ease 

of use, (5) speed and robustness, (6) device-free application, and (7) handover to the end 

user [211]. Numerous POCT platforms and formats exist, ranging from paper-based lateral 

flow assays (LFAs) and portable nucleic acid detection systems (e.g., loop-mediated 

isothermal assays, recombinase polymerase assays, portable and/or isothermal PCR devices) 

to portable nanopore sequencers, wearable electronic sensors, and ‘smart’ textiles [212-

216]. Some POCTs detect a single analyte or pathogen, while others allow multiplexing to 

test two or more targets; some are single-use disposable cartridges or cassettes, while 

others provide a portable multipurpose platform. POCTs can be used for a variety of clinical 

applications, including screening, diagnosis, monitoring, prognosis, and surveillance (WHO, 

2019a). Many POCTs use a cellular network, Wi-Fi, and/or Bluetooth to transfer data 

between remote field sites and central databases [213, 217].  

There are several POC assays available for different viral pathogens, including LFAs, 

recombinant polymerase amplification (RPA), and loop-mediated isothermal amplification 

(LAMP). There are various types of isothermal nucleic acid amplification methods, such as 

LAMP of DNA, transcription-mediated amplification (TMA), single-mediated amplification of 

RNA technology (SMART), nucleic acid sequence-based amplification (NASBA), strand 

displacement amplification (SDA), isothermal multiple displacement amplification (IMDA), 

and helicase dependent amplification (HDA). These are the leading methods in detecting and 

analysing a small quantity of nucleic acids [218]. Isothermal technologies are useful in the 

laboratory diagnosis of ASF and complement existing molecular approaches to provide rapid 

differential diagnosis of suspected swine fever. Unlike other molecular formats, such as PCR, 

isothermal experiments can be performed, eliminating the need for expensive thermocycling 

[219]. However, isothermal amplification technologies have some limitations: Some 

methods are inefficient at amplifying long target sequences and other methods, such as 

LAMP, need four to six specific primers, which complicate the experimental procedure and 

require more sensitivity [220]. Therefore, it would be advantageous to use the qPCR 

technology combined with a rapid manual extraction method, which can offer high-speed 

amplification and simultaneous detection of multiple target sequences within a single 

reaction. 
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    2.5 Advantages and disadvantages of different diagnostic systems for field application 

       POC technologies offer many advantages: they are portable, self-contained, and either 

instrument-free or battery-powered. The thermostable and lyophilized reagents do not 

require cold chains or reconstitution. Overall diagnostic process time is reduced compared to 

laboratory-based methods. They require minimal training and only brief protocols for 

preparation or extraction prior to sample testing [221, 222]. However, there are also some 

limitations, such as cost-effectiveness, which could be an important deterrent to adopting 

POC testing in resource-limited or low/middle-income populations. Low demand for POC 

technologies could result in unreasonable market prices, not even considering the additional 

costs of personnel, equipment, storage, and transportation of reagents to the field site 

[223]. Due to the short analysis time, POCT usually have a lower sensitivity but often a high 

specificity. Thus, a positive result can be considered very safe, a negative result should be 

interpreted with caution and may need to be confirmed again by further laboratory testing. 

Therefore, it should be kept in mind that POC testing is rarely intended to completely 

replace standard laboratory testing, as samples usually still require laboratory testing for 

confirmation and genetic characterization of pathogens, especially in outbreaks of notifiable 

diseases.  

 

All diagnostic methods used in this dissertation are illustrated with the dis/advantages in 

Table 2. 

Table 2 An overview about the diagnostic methods used in this work. 

___________________________________________________________________________ 

Nucleic acid 
extraction/release 

Viruses 

Sample 
no./time 
(minutes) 

per run 

Advantages Disadvantages 

Silica membrane column-
based extraction system 
(e.g., QIAamp Viral RNA 

ASFV 12/30 
Reliable and 

suitable method in 
most regional 

Long time in high-
throughputs with 
possible manual 
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Mini Kit) laboratories contamination risks 

Magnetic bead-based 
automated extraction 
system (e.g., IndiMag 
Pathogen Kit on the 

IndiMag 48 instrument) 

ASFV, 
IAV, 

LSDV, 
PPRV and 

BTV 

48/31 

Reliable, sensitive 
method, kit 

availability in 
prefilled form and 

use in high-
throughputs 

Might be expensive 
for some labs with 
limited resources 

Magnetic bead-based 
automated extraction 

system (e.g., 
NucleoMagVet Kit on the 

KingFhisher Flex 
instrument) 

ASFV, 
IAV, 

LSDV, 
PPRV and 

BTV 

96/20 

Reliable, sensitive 
method, kit 

availability in 
prefilled form and 

use in high-
throughput 

Might be expensive 
for some labs with 
limited resources 

POC manual hand 
extraction (e.g., TripleE) 

ASFV, 
LSDV, 

PPRV and 
BTV 

8/10 

Rapid, sensitive, 
electricity-free 

method, 
availability in 

prefilled form and 
application in the 

lab and field 

Sample no. limitation 
and unavailability as 

a commercial kit 

Release via TLR buffer ASFV Up to 16/65 

Reliable, suitable 
method in most 

regional 
laboratories and 

no need for 
extraction kit 

Long incubation time 
with high number of 
samples and samples 

heating is required 
for inactivation 

Release via FTA cards using 
different buffers (e.g., 

Chelex 100, TE) 

ASFV and 
IAV 

4/30-60 

Suitable for 
samples shipped 

from the field, 
transport and 

storage of 
biological 
materials 

Long incubation time 
with high number of 

samples and not 
suitable for high-

throughput analysis 

     

Real-time (qPCR) 
amplification 

    

Lab-based systems     

Standard laboratory-based 
PCR system (e.g., Bio-Rad 

ASFV, 
IAV, 

96/76 Reliable and 
sensitive standard 

Cannot be applied in 
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CFX 96) LSDV, 
PPRV and 

BTV 

PCR system the field 

Direct qPCR amplification 
in the lab 

ASFV and 
IAV 

96/76 
No need for 
nucleic acid 

extraction kit 
Less sensitivity 

POC-based systems     

IndiField ASFV 9/54 

Rapid, sensitive 
PCR system, 
availability in 

lyophilised form 
and application in 

the field 

Might be expensive in 
some remote areas 

Liberty 16 ASFV 16/39 

Rapid, sensitive 
PCR system and 

application in the 
field 

Might be expensive in 
some remote areas 

UF-300 Genechecker ASFV 10/20 

Ultra-rapid, 
sensitive PCR 
system and 

application in the 
field 

Might be expensive in 
some remote areas 

Direct qPCR amplification 
in the field using different 

POC PCR machines 
ASFV 9-16/20-54 

No need for 
nucleic acid 

extraction kit and 
time-saving 

Reduced sensitivity 
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3. Objectives 

___________________________________________________________________________ 

    3.1. Simplifying the molecular diagnostic tools for a sensitive detection of ASFV 

       PCR and qPCR are the standard methods recommended by the WOAH for direct 

detection of ASFV DNA. In this dissertation, we aimed at the development and validation of 

qPCR assays and the evaluation of sample matrices and the feasibility of different nucleic 

acid extraction methods to increase the sensitivity of detection of ASFV. 

    3.2. Optimization of released nucleic acids from FTA cards for the detection of ASFV and 

IAV 

       The Whatman FTA® filter paper cards facilitate the collection, transport, inactivation and 

temporary storage of biological samples. During animal disease outbreaks, safe and reliable 

transportation options are required between the field site and regional laboratory. Here, we 

analysed the efficacy of viral DNA (ASFV in EDTA blood) release versus RNA (IAV in allantoic 

fluid) release from seven manufacturers of FTA cards using seven different techniques and 

release methods.  

   3.3. Development of innovative molecular diagnostics in the lab and field for the detection 

of ASFV and other transboundary animal diseases  

       The complexity of current nucleic acid extraction methods limits their application outside 

modern laboratories. Therefore, a rapid and cost-effective approach (i.e., TripleE) for the 

purification of nucleic acids was developed that does not require a high level of technical 

expertise or effort. Validation data were obtained by testing two DNA (ASFV and LSDV) and 

two RNA viruses (PPRV and BTV). The TripleE system was validated and compared to 

standard extraction by an automated system (IndiMag 48) and subsequently compared to 

direct qPCR amplification as a rapid detection method in the field by the dilution of the 

original ASFV sample (1:40) in RNase-free water. Furthermore, a validation of the high-speed 

real-time PCR system was performed. In this study, four different qPCR systems and three 

portable PCR thermal cyclers were used to optimize the performance and sensitivity of the 

diagnostic tool in the field. 
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4. Results 
___________________________________________________________________________ 

     The manuscripts are presented in the form they were accepted for publication. Each 

manuscript has its own reference section formatted in the style of the respective journal; 

references and abbreviations from the manuscripts are not included at the end of this 

document. Figures and tables are numbered individually within each of the manuscripts. 
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4.1. Swift and reliable “easy lab” methods for the sensitive molecular detection of African 

swine fever virus  

 

Publication I   

Swift and reliable “easy lab” methods for the sensitive molecular detection of African 

swine fever virus 

Ahmed Elnagar, Jutta Pikalo, Martin Beer, Sandra Blome and Bernd Hoffmann 
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4.2. Optimizing release of nucleic acids of African swine fever virus and Influenza A virus 

from FTA cards 

 

Publication II 

Optimizing release of nucleic acids of African swine fever virus and Influenza A virus from 

FTA cards 

 

Ahmed Elnagar, Timm C. Harder, Sandra Blome, Martin Beer and Bernd Hoffmann 
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4.3. Easy Express Extraction (TripleE)-A universal, electricity-free nucleic acid extraction 

system for the lab and the pen 

 

Publication III 

Easy Express Extraction (TripleE)-A universal, electricity-free nucleic acid extraction system 

for the lab and the pen 

 

Christian Korthase, Ahmed Elnagar, Martin Beer and Bernd Hoffmann 
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5. Discussion 
___________________________________________________________________________ 

The prevalence of transboundary animal diseases (TADs) has been on the rise in recent years 

in low-income and developing countries with high animal densities [224], which poses an 

increasingly global challenge. Globalisation, climate changes and mass production of animals 

contributed largely to the global spread and endemicity of several viral diseases in different 

animal production sectors. Some developing countries are affected by contagious animal 

diseases because of inadequate access to animal healthcare and veterinarians. These TADs 

caused tremendous socioeconomic losses worldwide, disturbed the international trade of 

animals and by-products, threatened the global food supply and some were also spread to 

several highly developed countries as a panzootic (e.g. ASFV or HPAIV H5). Monitoring and 

diagnosis of animal diseases are the first line of defence to early detect and prevent further 

spread of the TADS. Nevertheless, many of the current standard laboratory assays are time 

consuming (e.g., due to processing of samples before diagnosis, inactivation, transportation) 

or insensitive (e.g. due to interruption of cold-chain, low yield of nucleic acids, viral 

mutations). This diagnostic gap and resulting underreporting of disease can lead to the 

spread of new or re-emerging TADs with potentially severe impacts. Therefore, rapid 

diagnosis in and out of the laboratory has the potential to dramatically change the existing 

paradigm of animal health surveillance in many countries. 

Outbreaks of ASFV, LSDV, BTV, HPAIV, and PPRV have caused suffering, death, and severe 

economic losses in different animals worldwide [29, 40, 225-229]. The appearance of ASF in 

the European Union has brought a previously exotic animal disease into the spotlight. 

Disease control is complicated by e.g., the lack of an effective vaccine. ASF has evolved from 

an exotic disease from sub-Saharan Africa to a significant threat to the central European 

swine sector. With the reintroduction of the disease into the European Union in 2014, it 

seems to have found an ideal breeding ground in the large wild pig population. However, the 

disease dynamics in north-eastern Europe were different, where long-term endemic cycles 

without the involvement of domestic pigs developed in all affected countries after the virus 

was introduced into the wild pig population. Knowledge of significant elements of disease 

transmission and dynamics is an important step in both risk assessment and developing of 
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control and contingency strategies. Despite the high virulence of viral strains and high 

mortality rates in feral pigs, viral life cycles have been self-sustaining for several years. This 

makes it impossible for competent authorities and veterinary services to make realistic risk 

assessments or to develop and implement appropriate control measures. Diagnostic tests 

are widely used in laboratories to determine the presence or absence of current and/or past 

diseases in various circumstances (i.e., early detection, characterization of disease spread, 

and follow-up to disease eradication). Due to the increasing prevalence of emerging diseases 

(with high zoonotic potential) in wild and domestic animals, establishing efficient laboratory 

services should be a priority before they pose a threat to animal and human health. The EU 

currently requires member states to be capable immediately responding to a few designated 

animal diseases (European Regulation (EU) 2016/429), but it is equally important to be 

prepared for emerging threats in different epidemiological scenarios (European Union, 

2016). Therefore, the availability of rapid, specific and sensitive diagnostic methods is of a 

paramount importance to early detect and control different TADs [230]. 

  5.1. Simplifying the molecular diagnostic tools for the sensitive detection of ASFV 

       In the absence of ASF-specific therapies or effective vaccines, rapid and accurate 

laboratory diagnosis is critical for rapid intervention and control of disease spread. Reliable 

diagnostic methods are based on the isolation of viral nucleic acids and PCR from different 

samples and antibody detection from fluid samples [170]. In EU reference laboratories, 

molecular diagnostic procedures are mostly based on WOAH-recommended methods (i.e. 

conventional [86] and real-time PCR systems [84, 85, 88, 89, 167, 231], as well as several 

commercial ASFV real-time PCR kits). In our study [152], we evaluated and optimized 

different steps of ASFV diagnosis using qPCR including sample types, DNA extraction 

methods and qPCR at early and late stage of infections of experimentally or naturally 

infected pigs. Several DNA isolation techniques (i.e., manual column-based and magnetic 

beads-based automated extraction systems) and qPCR assays (i.e., EU reference laboratory 

assay and other commercial real-time PCR systems) were validated and used to detect ASFV 

genomes. A variety of sample materials (i.e., EDTA blood, serum, oral swabs and chewing 

ropes) were used, derived from numerous strains (i.e., Estonia 2014, Belgium 2018/1 and 

other five ASFV isolates from South Africa) and genotypes (i.e., II, IV, XI, XII, XIII and XIX).  
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Firstly, the suitability of different sample types for detection of ASFV was evaluated. EDTA 

blood is the best option for ASFV genome detection in both early and late stages of infection 

in live animals [85, 89, 232]. Serum samples can also be used for detection at the early 

stages of disease, however with a much lower viral genomic load than EDTA blood. Because 

of an increasing viremia and spread to other organ systems, ASFV could be detected in 

alternative samples, such as oral swabs or chewing ropes, in the late stages of infection. 

Based on the higher genome loads, we found that the spleen is the most suitable material 

for ASFV detection in post-mortem studies, consistent with the findings of previous studies 

[233]. In general, EDTA blood or bloody tissue samples are recommended for ASFV detection 

in experimentally infected animals (Publication I, Figure 1).  

We further evaluated the methods for extraction of ASFV DNA using column-based 

techniques, releasing the ASFV genome via Tissue Lysis Reagent buffer (TLR) without an 

extraction kit, and magnetic bead-based techniques using automated (IndiMag 48 and 

KingFisher Flex System extraction platforms) or manual approaches. All of the silica 

membrane manual or magnetic bead-based extraction systems were found to be efficient 

and sensitive for ASFV-DNA isolation. For the automated magnetic bead-based system, there 

was no difference in the results between different sample volumes, prefilled or non-prefilled 

reagents, or different equipment, consistent with the results of Haines et al. [89]. This 

diagnostic extraction system could therefore be applied to a variety of field sampling 

procedures and benefit various laboratories. Prefilled reagents, on the other hand, could be 

used on two different automated systems and offer the advantage of being applied to 

different ranges of sample materials. In one extraction run based on the availability of 

different forms of plastic cartridges, an isolation procedure could be performed for samples 

from 1 to 24 and, during the high-throughput scenarios, up to 96 samples could be 

processed, allowing flexible usage to suit different users. This promotes the applicability of 

prefilled reagents in high-throughput environments, such as complimentary or free testing 

of swine herds in ASFV restriction zones and for the screening purposes. The virotype TLR-

mediated release of the viral ASFV genome is slightly less sensitive than conventional silica 

membrane and magnetic bead-based methods. However, in case of limited or no availability 

of commercial extraction kits or reagents, the TLR method could be successfully used in a 

range of diagnostic laboratories. For instance, the COVID-19 pandemic led to a scenarios of 
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limited extraction kits, in which case the TLR technique could be a suitable option. It has 

been successfully used for releasing the viral RNA of BVDV from ear notch samples 

(Publication I, Figure 2)[179].  

Furthermore, we compared and validated different generic qPCRs for the detection of ASFV 

DNA using prefilled/lyophilised reagents in different thermocyclers (e.g., Bio-Rad CFX96 PCR 

system and IndiField thermal cycler). All qPCR assays/techniques, performed with different 

PCR thermal cyclers, detected the ASFV genome with comparable sensitivity and efficiency 

(Publication I, Figure 3). The IndiField POC thermal cycler combined with the lyophilized kit 

provided comparable results and showed a higher sensitivity than the standard Bio-Rad 

CFX96 PCR system. The increased analytical sensitivity of the IndiField PCR system can be 

most likely determined by the high template volume as recommended from the 

manufacturer, possibly due to the lyophilized format of the kit. The functionality of the 

IndiField PCR cycler was confirmed in another study for ASFV genome detection [169]. In 

general, the use of prefilled (lyophilized) pathogen-specific PCR kits could complement the 

use of ready-to-use reagents for nucleic acid extraction, further minimizing the risk of 

contamination, and reduce turnover time. The results showed that the simplification of 

standard laboratory assays and procedures is possible without significant loss of sensitivity 

or specificity. During the 2020 ASFV outbreak in Germany, these methods were not only 

suitable for samples from live animals, but could also be effectively used for various sample 

materials from wild boar carcasses. The state-of-the-art equipment and user-friendly 

software, as well as the improved storage and stability provided by lyophilized PCR kits, are 

not only ‘fit for purpose’ but also reduce training requirements and simplify interpretation of 

the results. The result is a highly sensitive and specific alternative to conventional PCR 

methods that is especially valuable for laboratories with limited personnel experience and 

resources. 

  5.2. Optimization of released nucleic acids from FTA cards for the detection of ASFV and IAV 

       FTA cards offer the advantage of inactivating microorganisms and preventing nucleic 

acid deterioration so that samples can be safely transported without affecting the possibility 

for amplification and sequencing of viral genome [234]. Some FTA cards are designed for 

separation and purification of nucleic acids, while others consist of filter sheets designed for 
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collection, transport, and storage of biological material. The practicality of molecular analysis 

of samples collected on FTA cards has already been demonstrated [235]. The high quality of 

the nucleic acids contained on the cards, minimal budget required for storage and handling, 

convenience of transport, and ease of extraction make FTA cards an attractive alternative to 

standard methods of sample storage and transport. In this work, eleven different techniques 

for the release/isolation of DNA/RNA and seven different FTA cards for detection of ASFV 

and IAV viral genomes were used and compared. Our results suggest that direct PCR 

amplification using FTA cards may be useful for ASFV detection, likely due to the stability of 

the viral ASFV DNA genome and robustness of the PCR master mix. Direct PCR is a rapid, 

sensitive, and inexpensive method for detecting ASFV. In contrast, released viral IAV RNA is 

less stable [242] and requires an additional extraction procedure for robust removal of 

inhibitors. Reverse transcriptase, necessary for the transcription of viral RNA into cDNA, is 

much more sensitive to inhibitory substances and these can be eliminated by an RNA 

extraction process. 

We firstly compared the efficiency of different FTA cards from seven suppliers to yield highly 

sensitive DNA/RNA materials/eluates of ASFV and IAV. All FTA cards used can store and 

release the viral genomes of the two viruses. We further compared the variation of different 

FTA cards and found that after elution, extraction, and amplification, all cards showed 

comparable Cq values. Based on the results, the various nucleic acid release techniques and 

commercial FTA cards were successfully used to detect ASFV and IAV. Therefore, FTA cards 

are considered a reliable tool for DNA and RNA virus storage and extraction. This would 

promote their application in various laboratories due to the time and cost savings, while also 

meeting the demands for safe storage and transport for field samples (Publication II, Figure 

1 and 2). The results reported here are based on standardized samples from spiked materials 

or experimentally-infected animals and may not be identical to field samples. Nevertheless, 

it is reasonable to assume that our results should be comparable, even with low sample 

quality. The FTA cards must be used according to the manufacturer’s requirements and must 

not be overloaded. Although all FTA cards and release methods evaluated in this study were 

effective in recovering ASFV DNA and IAV RNA, there were minor differences in the 

analytical sensitivity of the cards and methods used. Surprisingly, direct PCR of the ASFV 

genome resulted in slightly lower Ct values than those extracted separately. Given the lack 
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of improvement by a second step, the more efficient laboratory procedure of direct PCR is 

sufficient for general use, and further steps are not required. In contrast, direct RT-qPCR was 

able to amplify only a small amount of IAV RNA from the FTA card, and higher sensitivity was 

observed after an additional nucleic acid extraction step. Consequently, depending on the 

downstream analysis, a separate extraction step for RNA detection may be necessary. 

Nevertheless, molecular analysis with qPCR of strongly positive samples obtained with FTA 

cards could be useful for diagnostic procedures in remote locations. 

      5.3. Development of innovative molecular diagnostics in the lab and field for the 

detection of ASFV and other transboundary animal diseases 

       One of the most important steps in disease diagnosis is the nucleic acid extraction. In 

recent years, significant progress has been made in simplifying and accelerating the isolation 

of viral nucleic acids from various sample matrices [149, 152, 236, 237]. However, the 

complexity of current nucleic acid isolation procedures limits their use outside the modern 

laboratory environment. As a centrifugation-free and electricity-free tool, the TripleE 

method provides rapid and consistent nucleic acid extraction for a wide range of viruses 

while maintaining sensitivity compared to conventional techniques (Publication III, Figure 1). 

Its speed and simplicity make the TripleE method ideal for the detection of viral nucleic acids 

both inside and outside the laboratory, especially those with limited resources. 

We compared the TripleE system to two well-established methods, a NucleoMagVet kit 

(Macherey-Nagel) on the KingFisher Flex platform and a commercially available IndiMag 

Pathogen Kit on the IndiMag 48 platform. The TripleE method could be conducted in two 

manual extraction systems based on the magnetic bead technology (‘TripleE easy lab’ for use 

in various laboratories and ‘TripleE POC’ for use in the field). These systems have different 

incubation times for lysis and binding as well as a different number of steps for washing and 

collecting of the beads. The ‘easy lab’ solution is recommended for resource-limited 

laboratories that do not have access to a robotic system. The ‘pen-side/POC’ system is 

optimized to increase speed and enable application in the field. Four viral pathogens were 

used for validation: ASFV, LSDV, BTV, and PPRV—representing enveloped and unenveloped 

viruses and a variety of viral nucleic acid types (dsDNA, dsRNA, and ssRNA). For nucleic acid 

isolation, the two automated extraction technologies require robotic platforms and 
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electricity. The pen-side molecular assay requires diagnostic methods that are transportable 

and platforms with integrated batteries for PCR and isothermal amplification. An example of 

such a technology is the Franklin cycler from Biomeme or the Liberty 16 from Ubiquitome. 

Extraction of nucleic acids in a simple transportable battery-assisted manner remains a 

barrier to the advancement of a molecular pen-side assay. Other commercial rapid 

extraction techniques exist, such as the Biomeme M1 cartridge for sample preparation, 

which does not require electricity and has been successfully used as a molecular tool for the 

diagnosis of SARS-CoV-2 and other diseases [238, 239]. The M1 cartridge, on the other hand, 

requires 5–10 min for each sample and showed slightly lower sensitivity for serum and blood 

samples [169]. 

Nevertheless, our TripleE systems enabled the extraction of up to eight liquid samples in 5 to 

10 min, regardless of sample matrix, host, and viral pathogen (DNA and RNA). The 

availability of ready-to-use reagents, which could reduce daily human errors in the 

laboratory, can further optimize nucleic acid extraction and sample throughput. The results 

reported in our study show that the two variants of the TripleE system provide equivalent 

results to conventional automated systems with highly comparable sensitivity (Publication 

III, Figure 4).  

POCT were created to provide more effective disease control and a reliable diagnostic tool in 

the field without the need to transfer biological samples to specialized or central diagnostic 

laboratories. POCT can be very beneficial for diagnosis of viral pathogens in remote areas 

with limited infrastructure and facilities [87]. Various techniques have been developed for 

POCT, however, PCR-based systems appear to be the most reliable solution, especially when 

combined with simple nucleic acid extraction procedures. TripleE was optimised for 

application in the field as a rapid DNA extraction technique for ASFV detection. It was 

evaluated and compared with the performance of direct qPCR amplification and a standard 

extraction technique (IndiMag 48). All nucleic acids extracted using the IndiMag 48 magnetic 

extraction system, TripleE system, and direct qPCR amplification of the diluted original 

samples were first analysed using a Bio-Rad CFX96 system as a standard laboratory-based 

method and then using three portable field methods/PCR systems (IndiField, Liberty 16, and 

UF-300 Genechecker) to determine the accuracy and efficacy of ASFV genome detection. 
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This was demonstrated in the fourth study (under review). The capacity to efficiently extract 

nucleic acids in clinical samples while eliminating possible PCR inhibitors is crucial for 

sensitive detection of viral genome DNA in clinical samples; this has been a major difficulty in 

the field due to a lack of advanced equipment or competent technical staff [240]. Nucleic 

acids were successfully extracted from all sample types using automated and manual 

procedures, and Cq values were comparable between the Bio-Rad CFX96 and three portable 

qPCR systems. Interestingly, direct qPCR amplification produced more or less comparable 

results, allowing this approach to be used as an alternative molecular diagnostic tool 

(Publication IV, Figure 1 and 2). The qualitative results showed that the ASFV genomes could 

be detected with higher sensitivity by direct PCR amplification using the standard CFX96 PCR 

system, when compared to the IndiMag 48 automated extraction system. However, fewer 

positive samples were detected when amplified using a portable Liberty16 PCR instrument. 

In terms of nucleic acid extraction/release procedures, all thermocyclers showed relatively 

similar performance and sensitivity (Publication IV, Table 1). Manual processing of magnetic 

beads bypasses any technological requirements, allowing the extraction procedure to 

include additional washing steps, as we confirmed in the third study [165]. Several studies 

[169, 240-242] have found that on-site sample preparation extraction systems/kits could 

improve diagnostic procedures in the field. This has the advantage of allowing rapid DNA 

extraction, which is useful for pathogen identification and screening in different populations. 

However, the method has certain limitations given that only up to eight samples can be 

processed per extraction run. Compared to the standard system for PCR amplification, the 

portable PCR equipment showed comparable performance. Portable molecular tests for 

rapid on-site detection of ASF have been developed [243-246], and a few have been tested 

[247]. Other studies have shown the value of using pen-side tests in reducing the burden to 

transport samples to central laboratories [168, 169]. The results of the portable field-testing 

systems were comparable to the laboratory-based approaches, as measured by the 

correlation between methods (Publication IV, Figure 3). The study might show an 

improvement in the speed of using different portable molecular assays with a total process 

time that relies on the extraction technique and the employed thermocycler (Publication IV, 

Table 2). The field molecular assays have the benefit of incorporating a highly sensitive and 

specific molecular tool into a commercially accessible portable real-time PCR assay for the 
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quick detection of ASFV. The test sensitivity and specificity were equivalent to those of in-

house laboratory-based procedures, indicating that the TripleE portable test could be 

effectively performed in the field without the requirement for advanced technical skills. 

Furthermore, it seems that direct qPCR amplification could be an appropriate reliable POCT 

under certain circumstances (e.g., in clinically infected animals). The portable PCR 

equipment evaluated here employing ultra-rapid thermal profiles are typically acceptable for 

molecular POCT and provide reliable comparable results to the Bio-Rad standard laboratory-

based PCR system. 
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6. Summary 
___________________________________________________________________________ 

Molecular diagnostics is crucial for effective disease control and surveillance. Based on the 

socioeconomic importance of viral pathogens, especially after the global pandemic of 

COVID-19, efforts in the validation and development of molecular diagnostic methods 

should be more intensive. This is not only important for the detection of viral pathogens, but 

also bacterial, mycotic, and parasitic organisms. Simplification and standardization of 

methodology was the first and main objective of our analyses and validations. Hence, our 

innovative molecular methods have been validated for different emerging viral diseases 

(ASFV, LSDV, IAV, PPRV, and BTV). 

The studies presented aimed to simplify and validate the molecular diagnostic workflow in 

various laboratory and field-based contexts, including the use of point-of-care testing 

systems. Point-of-care systems could be used in practice along with a molecular diagnostic 

tool with acceptable sensitivity and high specificity. Approaches should be user-friendly, with 

basic protocols, and easily interpretable results available in 30–60 min. 

Simple diagnostic tools can be generated by reducing the number of manual steps to avoid 

contamination. Using ready-to-use reagents and prefilled extraction plates can save time 

compared to manual extraction procedures and would enhance high-throughput 

applications. Optimisation of the extraction process was done using an appropriate internal 

control system for nucleic acid extraction and PCR amplification. This has been developed for 

the detection of ASFV. Release of DNA/RNA could be performed using virotype tissue lysis 

reagent (TLR) without an extraction procedure or from FTA cards via different releasing 

buffers and it has been optimised for the detection of both RNA/DNA viruses (ASFV and IAV).  

High-speed qPCR assays, ready-to-use lyophilised reagents, and battery-powered PCR 

systems combined with a validated hand extraction method (TripleE) were successfully 

applied in laboratory and field applications. In addition, a simple software was used for 

control, data analysis, and interpretation. After successful validation of the TripleE method 

for the detection of ASFV, LSDV, BTV and PPRV, it was further used as a point-of-care 

method and validated for the detection of ASFV in combination of different qPCR thermal 
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cyclers and the use of direct qPCR amplification in the field. Briefly, the combination of a 

portable qPCR system and a manual extraction approach resulted in a field-deployable 

diagnostic system for different transboundary animal diseases that is user-friendly, sensitive 

and specific. This might be beneficial in remote areas and may minimize the number of field 

samples that need to be sent to central laboratories. Reliable nucleic acid release methods 

have been verified for a wide range of viral diseases. A variety of diagnostic platforms was 

validated and a better understanding of how disease control could be improved, even in 

various resource-limited contexts, was provided.  In the future, it would be more significant 

and beneficial to expand the use of the innovative molecular diagnostic methods for a wide 

range of different pathogens and more infectious diseases. This would be a powerful tool for 

fighting against emerging and re-emerging transboundary animal diseases.
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7. Zusammenfassung 
___________________________________________________________________________ 

Die Molekulardiagnostik ist für eine wirksame Krankheitsbekämpfung und -überwachung 

von entscheidender Bedeutung. Angesichts der sozioökonomischen Bedeutung viraler 

Krankheitserreger, insbesondere nach der weltweiten COVID-19-Pandemie, sollten die 

Bemühungen um die Validierung und Entwicklung molekularer Diagnosemethoden 

intensiviert werden. Sie sind nicht nur für den Nachweis von viralen Erregern, sondern auch 

von bakteriellen, mykotischen und parasitären Organismen wichtig. Die Vereinfachung und 

Standardisierung der Methodik war das erste und wichtigste Ziel unserer Validierung. Daher 

wurden unsere innovativen molekularen Methoden für verschiedene neu auftretende 

Viruserkrankungen (ASFV, LSDV, IAV, PPRV und BTV) validiert. 

Die vorgestellten Studien zielten darauf ab, die molekulardiagnostischen Arbeitsabläufe in 

verschiedenen labor- und feldbasierten Kontexten zu vereinfachen und zu standardisieren, 

einschließlich der Verwendung von Point-of-Care-Testsystemen. Point-of-Care-Systeme 

könnten in der Praxis zusammen mit einem molekularen Diagnoseinstrument mit 

akzeptabler Empfindlichkeit und hoher Spezifität eingesetzt werden. Die Verfahren sollten 

benutzerfreundlich sein, mit einfachen Protokollen und leicht interpretierbaren Ergebnissen, 

die innerhalb von 30-60 Minuten vorliegen. Einfache Diagnoseinstrumente können durch die 

Verringerung der Anzahl manueller Schritte erstellt werden, um Kontaminationen zu 

vermeiden. Die Verwendung gebrauchsfertiger Reagenzien und vorgefüllter 

Extraktionsplatten kann im Vergleich zu manuellen Extraktionsverfahren Zeit sparen und 

würde Anwendungen mit hohem Durchsatz verbessern. Die Optimierung des 

Extraktionsverfahrens erfolgte unter Verwendung eines geeigneten internen 

Kontrollsystems für die Nukleinsäure Extraktion und die PCR-Amplifikation. Dieses wurde für 

den Nachweis von ASFV entwickelt. Die Freisetzung von DNA/RNA konnte mit dem Virotype 

Tissue Lysis Reagent (TLR) ohne Extraktionsverfahren oder von FTA-Karten über 

verschiedene Freisetzungspuffer erfolgen und wurde für den Nachweis beider RNA/DNA-

Viren (ASFV und IAV) optimiert. 

Hochgeschwindigkeits-qPCR-Assays, gebrauchsfertige lyophilisierte Reagenzien und 

batteriebetriebene PCR-Systeme in Kombination mit einer validierten 
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Handextraktionsmethode (TripleE) konnten erfolgreich im Labor und im Feld eingesetzt 

werden. Darüber hinaus wird eine einfache Software für die Steuerung, Datenanalyse und -

interpretation verwendet. Nach erfolgreicher Validierung der TripleE-Methode für den 

Nachweis von ASFV, LSDV, BTV und PPRV wurde sie als Point-of-Care-Methode 

weiterverwendet und für den Nachweis von ASFV in Kombination mit verschiedenen qPCR-

Thermocyclern und dem Einsatz der direkten qPCR-Amplifikation im Feld validiert.  

Zusammengefasst führte die Kombination aus einem tragbaren qPCR-System und einem 

manuellen Extraktionsansatz zu einem vor Ort einsetzbaren Diagnosesystem, das 

benutzerfreundlich, empfindlich und spezifisch ist. Dies könnte in abgelegenen Gebieten von 

Vorteil sein und die Anzahl der Feldproben, die an zentrale Labors geschickt werden müssen, 

minimieren. Zuverlässige Methoden zur Freisetzung von Nukleinsäuren wurden im Rahmen 

dieser Arbeit für ein breites Spektrum von Viruskrankheiten verifiziert. Es wurden eine 

Vielzahl von Diagnoseplattformen validiert und ein besseres Verständnis dafür geschaffen, 

wie die Krankheitsbekämpfung selbst in verschiedenen ressourcenbeschränkten Kontexten 

verbessert werden kann. In Zukunft wäre es wichtiger und vorteilhafter, die Anwendung 

innovativer molekularer Diagnosemethoden auf ein breites Spektrum verschiedener 

Krankheitserreger und weiterer Infektionskrankheiten auszuweiten. Dies wäre ein wirksames 

Instrument zur Bekämpfung von neu auftretenden und wieder aufkommenden Tierseuchen. 
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9. Abbreviations 
__________________________________________________________________________ 
 

AI                           Avian Influenza 

ARBO                     Arthropod-borne virus 

ASFV                      African swine fever virus 

BTV                        Bluetongue virus 

BVDV                     Bovine viral diarrhoea virus 

CD                          Cluster of differentiation 

CHOP                     CCAAT/enhancer binding protein homologous protein 

COVID-19              Corona virus disease-2019 

Cq                           Quantification cycle 

CSF                         Classical swine fever  

CTLs                       Cytotoxic T cells 

DNA                       Deoxyribonucleic acid 

DOL                        Dye-labelled oligonucleotide ligation 

dpi                          Days post infection 

dsDNA                   Double-stranded deoxyribonucleic acid 

dsRNA                   Double-stranded ribonucleic acid 

EC                          European Commission  

EDTA                     Ethylenediaminetetraacetic acid 

EFSA                     European food safety authority 

ELISA                    Enzyme‐linked immunosorbent assay 

EU                         European Union 
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FAO                       Food and Agriculture Organisation of United Nations 

FAT                      Fluorescent antibody test 

FMD                    Foot-and-mouth disease 

FTA                     Flinders Technology Associates 

GPS                     Global positioning system 

HAD                    Haemadsorption test 

HPAI                   Highly pathogenic avian influenza 

IAV                      Influenza A virus 

IFN                      Interferon 

(K)bp                  (Kilo)base pair 

LAMP                  Loop mediated isothermal amplification 

LFAs                    Lateral flow assays 

LFD                     Lateral flow devices 

LFIA                     Lateral flow immuno-assays 

LSDV                   Lumpy skin disease virus 

MB                       Molecular beacons 

MS                       Mass spectrometry 

NK                        Natural killer 

nm                        Nanometre 

OIE                       World Organisation for Animal Health 

ORFs                    Open reading frames 

PCR                      Polymerase chain reaction 

PERK                    Protein kinase R-like endoplasmic reticulum kinase 



Abbreviations 

121 

 

POCT                   Point-of-care testing 

PPRV                   Peste des petits ruminants virus 

PRRS                   Porcine reproductive and respiratory syndrome 

qPCR                    Quantitative real-time polymerase chain reaction 

RNA                      Ribonucleic acid  

RPA                      Recombinant polymerase amplification 

ssRNA                  Single-stranded ribonucleic acid 

TADs                   Transboundary animal diseases  

TNF-a                   Tumour necrosis factor-alpha 

VI                          Virus isolation 

WHO                   World Health Organization 
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