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I. INTRODUCTION  

In 2002, Earth Overshoot Day fell on September 19. As it is steadily and inexorably moving 

towards the beginning of the year, it was August 4 in 2021 and this year it took place on July 

28 [1]. The date is based on calculations by the Global Footprint Network and indicates on 

which day the human population has exhausted all the natural resources that the Earth can 

regenerate in the respective year. This development is not expected to slow down, as the 

population continues to grow [2] and the demand for plant and animal foodstuffs, building 

materials, housing and industrial space continues to rise. This demand can only be met by 

steady expansion into remote areas and, thus, into the habitat of wild animals. The resulting 

contact between wild animals, domesticated animals and humans and the exploitation of 

formerly natural areas, is conducive to the transmission of wildlife and livestock pathogens 

[3–6]. In fact, many of today's most dreaded pathogens originated in wild animals. Among the 

most prominent examples are African swine fever virus [7], influenza A virus [8], Nipah and 

Hendra viruses [3], West Nile virus [8,9], or Ebola virus [10]. 

Together with the effects of climate change, which favor the spread of vector-borne diseases 

in particular [4], and the globalization of trade, we are confronted with a seemingly 

unstoppable increase in infectious diseases [11–13]. 

In the spirit of the One Health concept and with the knowledge that three quarters of all 

emerging diseases affecting humans originate in wildlife [13,14], it is essential to be able to 

perform safe and rapid diagnostics of animal pathogens at any time. The first step in this 

process is the collection and transport of the sample. If samples containing dangerous 

pathogens are shipped untreated, strict safety regulations apply, which make shipping very 

time-consuming and expensive [15].  Furthermore, continuous refrigeration of the samples is 

essential to preserve their integrity. Especially in remote regions, this often cannot be 

guaranteed, which can lead to a loss of sample quality [16,17] and a reduction of its diagnostic 

value [18]. If the sample is inactivated, the possible adverse consequences of the inactivation 

procedure for downstream diagnostic testing must be considered in advance.  

In order to simplify the handling of viral samples without compromising safety or diagnostic 

capability, this work addresses (i) the feasibility of sending unrefrigerated samples on 

biosample collection cards via regular mail, the question of whether (ii) inactivated samples 
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containing single-stranded positive-sense viral RNA pose a safety risk, and (iii) the quality of 

standardized decentralized diagnostics for transboundary diseases such as foot-and-mouth 

disease.  

 

  



 

   

7 

 

CHAPTER II: REVIEW OF LITERATURE 

 

  



 

   

8 

 



Review of Literature 

   

9 

II. REVIEW OF LITERATURE 

1. INACTIVATION VS. STABILIZATION 

A sample containing viral pathogens should be as safe as possible. This requires the 

destruction of the viral structures necessary for infection. However, it is these same structures 

that can be crucial for diagnostics. To evaluate the balancing act between pathogen 

inactivation and stabilization of diagnostic targets, the common inactivation methods and 

their effects on viral structures, as well as the common detection methods and their 

prerequisites will be in focus. 

1.1. INACTIVATION  

The inactivation of viruses is based on the prevention of cell infection by the destruction of 

the viral structures it requires. In order to understand the different inactivation methods, the 

physiological processes of a successful cell infection must first be considered. 

1.1.1. CELL INFECTION BY VIRUSES 

The viral cell infection mainly takes place in three steps: (i) binding of the virus to the host cell, 

(ii) injection of the genome and, depending on the virus, (iii) transcription, translation and 

replication of the viral genome to produce new virus particles [19]. The first two steps involve 

mainly the virus capsid [20,21] or, if present, the viral envelope [22] consisting of a lipid bilayer 

and glycoproteins [23]. In single-stranded positive-sense RNA viruses, the production of viral 

proteins can then proceed without further intermediate steps because the viral genome 

serves as a messenger RNA (mRNA) [23,24]. Viruses with other genome structures first have 

to produce translatable mRNA as part of their replication cycle. As soon as one of these steps 

can no longer be successfully carried out, the virus is inactivated [19,20]. Consequently, the 

main targets of viral inactivation are the capsid, the envelope if present, or the nucleic acid 

[22].  

CHARACTERISTICS OF SINGLE-STRANDED POSITIVE-SENSE RNA   

Viruses with a single-stranded positive-sense RNA genome represent a challenging situation 

for inactivation. The principle that inactivation is complete as soon as one of the infection 

steps cannot be carried out must be considered in more detail here. An RNA genome of 

positive polarity entails the decisive advantage that the production of viral proteins is not 
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dependent on the virus's own enzymes, which would have to be introduced into the cell 

together with the genetic material [25]. Instead, the viral genome itself serves as an mRNA 

[26], allowing direct translation at ribosomes [27,28]. The binding to ribosomes is mediated by 

an internal ribosome entry site (IRES) in the RNA [29]. The viral RNA-dependent RNA 

polymerase produced by this process can then synthesize complementary negative-sense RNA 

[27]. This is used as a template to produce new positive-sense RNA strands, which can then 

be assembled together with viral proteins to form new infectious virions [27,30]. Denaturation 

of the capsid and, if present, of the envelope, cannot achieve complete inactivation of 

positive-strand RNA viruses, since the naked viral genomic RNA is sufficient for infection 

[30,31]. Prerequisites for this are the successful introduction of the viral nucleic acid into a 

cell, as well as a good preservation of the RNA, since strand breaks in protein-coding or 

regulatory elements prevent successful translation [30]. Nevertheless, different research 

groups have successfully infected animals using naked full-length positive-sense viral RNA and 

transfection reagents [32–34]. In one case, this has been successful even without transfection 

reagent but by direct inoculation of the RNA into target organs [35]. Inactivation and 

stabilization of the sample are thus directly at odds here. As long as intact full-length positive-

sense viral RNA is present in a sample, it must be regarded as potentially infectious. Without 

preserving the viral genome, however, a full diagnosis of the pathogen is no longer possible. 

1.1.2. INACTIVATION METHODS 

Viral inactivation in the diagnostic field is achieved by physical, chemical and/or biological 

methods. In the following, only the methods that are most common and most relevant for this 

thesis will be considered in more detail.  

 Method Nucleic acid Capsid Envelope Reference 

P
h

ys
ic

al
 Heat  + + + [20,22] 

Desiccation (+) (+) (+) [36,37] 

UV irradiation + (+) - [20,22,38,39] 

Gamma irradiation + (+) + [40,41] 

C
h

em
ic

al
 Alcohol  - (+) + [38] 

Acid  - + + [42,43] 

Lysis buffer - + + [44] 

Surfactants - - + [45] 

B
io

lo
gi

ca
l Microorganisms + + ? [46,47] 

 
Purified enzymes 

(trypsin, pepsin, etc.)  
 

+ + + [48,49] 
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Table 1: Overview of common inactivation methods in virological diagnostics and their targets. Abbrevations: (+), 

affected under certain conditions; +, affected; -, not affected; ?, unclear 

PHYSICAL INACTIVATION 

HEAT 

Heat is one of the most reliable ways to inactivate microorganisms [50]. Depending on 

temperature and time, proteins are irreversibly denatured beginning at temperatures above 

40°C [51–53]. At higher temperatures, this can destroy the capsids of non-enveloped viruses 

[20,54] and the envelopes of enveloped viruses [22,55]. In addition to altering antigenicity 

[56], heat treatment may lead to the disassembly of virus particles into nucleic-acid-free, or 

at least nucleic-acid-poor virus capsids and free RNA [57]. Antibodies for serological tests 

remain mostly unaffected at the commonly used inactivation temperature of 56°C, but are 

largely destroyed at 70°C [58,59]. 

Damage to nucleic acid has also been reported [22,60] and also increases with temperature. 

This arises in DNA mainly due to a changed secondary structure, since the original hydrogen 

bonds are destroyed by heating [61]. In the case of RNA, hydrolysis and strand breaks can 

result in cleavage of the molecule [61]. Replication of the virus is then impossible [22]. These 

denaturation processes start at a temperature of about 60°C for RNA [62].  

DESICCATION  

Desiccation can lead to several changes within the virus. Destabilization of the native folding 

of capsid subunits [36] is possible, as well as an altered interaction of the capsid with the 

genome [63]. This causes many viruses to release their genome [36]. In addition, enormous 

capillary forces act on the virus particles during drying, which can deform, or even disrupt 

them [36]. But the envelope and the nucleic acid can also be affected and exhibit phase 

changes that may be difficult to revert to the original state [37]. However, there are different 

levels of resistance to desiccation, with enveloped viruses usually being more susceptible than 

non-enveloped viruses [64,65]. The same is observed for RNA viruses compared to DNA 

viruses [66,67]. Thus, enveloped RNA viruses such as morbilliviruses [68], influenza A virus 

[69], henipaviruses [70], human immunodeficiency viruses [71,72] or human coronaviruses 

[73] can be rapidly inactivated by dry conditions. By contrast, African swine fever virus, which 

belongs to the enveloped DNA viruses, is more resistant to dry conditions. This was 

demonstrated by successful virus isolation of positive blood and tissue samples dried on filter 

paper and stored at 37°C for 2 months [74]. Non-enveloped viruses have very different 
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sensitivities to desiccation [71]. While hepatitis C virus was no longer infectious after drying 

and storage at room temperature for only 4 days [75], hepatitis A retained its infectivity in dry 

feces for 30 days [76] and poliovirus or rotavirus for 60 days [77]. In addition to the properties 

of the nucleic acid, environmental factors such as temperature, pH [78] and surface texture 

[79] play a significant role in the resistance of viruses to desiccation. 

UV IRRADIATION  

Especially UV-C irradiation with a wavelength of 200-280 nm [80–82] has very strong antiviral 

properties [80], affecting mainly the viral nucleic acid. The radiation is absorbed by the 

genome and induces the formation of pyrimidine dimers [83,84]. These photoproducts inhibit 

polymerases or cause misreading during translation, transcription or replication [85], and are 

thus considered lethal to the virus [86]. Nucleic acids are radiosensitive, whereas viral proteins 

are comparatively resistant [87]. Nevertheless, structural changes can also take place in the 

capsid, rendering it unable to protect the RNA [19,20,88]. The viral envelope does not seem 

to be affected [22]. The application of UV radiation is relatively uncomplicated, since UV lamps 

are easy to use, inexpensive and widely available [81]. A disadvantage of this method, 

however, is the poor penetration depth of the irradiation due to the extensive absorption in 

liquids and plastic materials [81]. The sample tube should, therefore, be opened [89] and the 

volume should be kept to a minimum [80].  

GAMMA IRRADIATION  

Even higher frequency than UV irradiation is gamma irradiation. When interacting with an 

atom, its entire energy is transferred to an electron [90] resulting in ejection from its orbital 

[41]. This electron deficiency can move very rapidly [41] through an entire molecule (such as 

a protein or nucleic acid [91,92] where it has a structure-altering effect on the bonds [92]. 

Once too many bonds within the molecule are affected, this can lead to disruption of the 

capsid, altered geometry of the viral envelope including breakage, and degradation of the 

nucleic acid [40,41]. However, different proteins show different sensitivity [40] and the effect 

is highly dependent on dose [93] and temperature [41]. For example, serological testing can 

still be performed [94] because antibodies remain largely unharmed [95]. The advantage lies 

in the ease of handling, as the irradiation has an extremely high penetration [96] and thus 

entire packages of goods or samples can be treated unopened [95]. Nevertheless, the 

purchase and maintenance of such a system is expensive [41,97], strictly regulated, and 

requires special protection of employees [90].  
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CHEMICAL INACTIVATION  

ALCOHOLS & KETONES 

Representatives of these groups, such as ethanol, methanol and acetone, dissolve the lipids 

of the viral envelope [22]. Thus, they are effective inactivators for enveloped viruses [38]. Even 

so, due to the additional denaturing and coagulating effect of proteins [98], they can also be 

used against non-enveloped viruses [99]. The nucleic acid remains intact [22]. The efficacy of 

inactivation, however, strongly depends on the concentration and the type of alcohol [100]. 

For example, the benefit of isopropyl alcohol is limited to the inactivation of enveloped viruses 

only [100], while ethyl alcohol can be used very effectively against enveloped and some non-

enveloped viruses [100]. 

ACIDS 

A change in pH can cause charge modifications that affect the folding of proteins [101], 

resulting in denaturation [102]. In enveloped viruses, lowering the pH leads to an altered 

structuring of the glycoproteins in the viral envelope [103] and the nucleocapsid [42,104]. 

During the natural infection of a cell, this mechanism will induce the fusion of the viral 

membrane with the membrane of the endosome after the virus has entered the cell via 

endocytosis [105]. For inactivation, this effect is triggered prematurely, with the result that 

the virus has no longer the capacity of entering a cell. A similar effect is seen with non-

enveloped viruses: here the capsid breaks down into its components [43,106,107] and 

releases the RNA [43,108,109]. An extremely acid-labile representative of this group is foot-

and-mouth disease virus (FMDV), as it already dissociates at a pH slightly below neutrality 

[108,110]. In contrast, other viruses show a much higher resistance to acids down to a pH 

value of 3 [111,112]. 

LYSIS BUFFERS FOR NUCLEIC ACID EXTRACTION 

Two frequently used products are AVL buffer (Qiagen, Valencia, CA, USA) and TRIzol LS 

Reagent (Life Technologies, Grand Island, NY, USA). Both contain chaotropic salts (guanidine 

isothiocyanate) [113]. These interfere with the hydrophobic interactions that support the 

secondary structure of proteins [114]. As a consequence, proteins in the capsid or viral 

envelope are denatured [44,115,116], while the nucleic acid is not affected as its stabilizing 

bonds are not hydrophobic. TRIzol LS Reagent additionally contains phenol [117], which 

belongs to the aromatic alcohols and also causes protein denaturation [118]. These products 

are primarily designed for the extraction of nucleic acid [44], but often also have an 
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inactivating component due to the aforementioned effects [113,119]. However, this effect is 

highly dependent on the sensitivity of the virus to the buffer used [44,120]. Inactivation can 

be improved in these cases by further treatment with heat or alcohol [44,121]. 

SURFACTANTS 

Surfactants lower the surface tension of the medium or the interfacial tension of solutions in 

mixed phases [45]. One representative of this group are soaps. They can inactivate enveloped 

viruses very effectively by affecting the integrity of the lipid-containing envelope through 

micelle formation [45]. Consequently, the function of the receptors in the envelope is 

disturbed which prevents the virus from binding to the host and successfully infecting a cell 

[45]. 

BIOLOGICAL INACTIVATION 

MICROORGANISMS  

It has been shown that various microorganisms [46,122,123] can have antiviral effects. The 

underlying mechanisms are diverse. In addition to bacterial enzymes that attack viral proteins 

[47,124] and metabolites with an inactivating effect [46,47], the use of viral capsid proteins as 

substrates by some microorganisms has also been demonstrated [47]. 

PURIFIED ENZYMES  

A variety of enzymes can be used to adversely affect viral structures. In particular, digestive 

enzymes such as trypsin [49] and pepsin show good inactivating action. During enzymatic 

treatment, hydrolysis of structures necessary for host cell binding [48], altered antigen 

structure [48] or destruction of peptide bonds [125] may occur. 

1.2. STABILIZATION & DIAGNOSTIC METHODS 

For diagnostics to be as informative as possible and yet safe, a balance must be found between 

inactivation on the one hand and stabilization on the other. This chapter discusses various 

diagnostic methods and the degree of stabilization required for each. 

The routine diagnosis of viral pathogens can be divided into virological and serological 

detection methods [126], which are based on the identification of various viral components. 

In the following, only the diagnostic methods relevant for this work will be explained in more 

detail.  
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 Method  Principle Prerequisites Reference 
V

ir
o

lo
gy

 
 

Virus isolation  
- Propagation of viable viruses in a susceptible system  
- Detection by light microscope based on virus-typical cytopathic effect and/or 

specific immunostaining  
Intact, infective virus [127] 

Electron microscopy 
- High-resolution visualization of pathogens after negative staining by electron 

irradiation using a transmission electron microscope 
Intact virus or identifiable 

viral structures 
[128] 

Endpoint polymerase 
chain reaction (PCR) 

- Enzymatic amplification of a target region of viral nucleic acid using specific 
paired primers in repetitive temperature cycles 

- Detection by e.g. agarose gel electrophoresis 

Short genome fragments [129] 

   Reverse transcription     
   PCR (RT-PCR) 

- Enzymatic synthesis of complementary DNA from an RNA template before 
endpoint PCR 

   Real-time quantitative  
   PCR (qPCR or RT-qPCR) 

- Detection of amplified genome segments in real time by fluorescence signal 
from a region-specific probe after cleavage by polymerase 

   Multiplex qPCR - Detection of multiple genome segments in one reaction 

   Nested PCR 
- After amplification of the target region, re-amplification of a smaller region 

within the previously amplified region 

Sequencing  - Determination of the nucleotide sequence in a DNA molecule    

   Sanger sequencing 

- Analysis of nucleic acid sequence of a specific genomic region  
- Carried out by PCR reaction with in addition to untreated nucleotides, 

fluorescently labeled di-deoxy nucleotides which lead to elongation stop 
- Separation of fragment pieces by capillary electrophoresis 
- Detection of color signals specific for nucleotides 

Long genome fragments [129] 

   Next-generation      
   sequencing 

- Amplification of carrier-bound fragmented genome pieces (=libraries)  
- Parallel sequencing of spatially separated, clonally amplified DNA templates 
- Detection by means of fluorescence signals or hydrogen ions released by the 

DNA polymerase during incorporation 

short genome fragments [130] 

Transfection 

- Recovery of viable viruses by introducing viral positive-sense RNA into the 
cytoplasm of cells in culture 

- Detection by light microscope based on virus-typical cytopathic effect and/or 
specific immunostaining 

Intact full genome [131] 

Se
ro

lo
gy

 

Immunoblotting 

- Separation of viral antigens after solubilization by gel electrophoresis  
- Transfer to a membrane and binding of antigens by specific antibody 
- Detection by means of enzyme-labeled secondary antibody which leads to a 

measurable color change due to substrate turnover  

Intact antigens [132] 

15
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Se
ro

lo
gy

 
Enzyme-linked 
immunosorbent assay 
(ELISA) 

- Specific binding of antigen to antibody 
- Non-specific binding is eliminated by washing 
- Detectable change of optical density due to substrate turnover by enzyme-

labeled secondary antibody 

 

[129] 

   Antigen-capture ELISA 
- Binding of viral proteins to carrier-bound virus-specific antibodies 
- Binding of the complex by an enzyme-labeled secondary antibody 

Intact antigens 

   Competitive ELISA 

- Binding of serum antibodies/viral antigens to carrier-bound virus-specific 
antigens/antibodies  

- Competitive effect by addition of enzyme-labeled antibodies/antigens with the 
same paratope/epitope 

- Addition of substrate after washing 
- Color change is inversely proportional to the abundance of the target 

Intact antigens/antibodies  

   Indirect ELISA 

- Binding of serum antibodies to carrier-bound virus-specific antigens 
- Removal of unbound serum antibodies by washing 
- Binding of the complex by an enzyme-labeled secondary antibody specific to 

immunoglobulins 

Intact antibodies 

   Blocking ELISA 

- Binding of serum antibodies to virus-specific antigens during pre-incubation 
- Transfer to ELISA plate 
- Binding of the remaining, non-bound antigens to carrier-bound antibodies 
- Binding of the complex by an enzyme-labeled secondary antibody specific to 

the virus antigen 

Intact antibodies 

Immunofluorescence  - Detection by fluorescence microscope  

[129] 

   Direct - Binding of viral proteins by fluorescence-labeled antibodies Intact antigens 

   Indirect, for antigen 
- Binding of viral proteins by unlabeled antibodies 
- Binding of the complex by immunoglobulin-specific fluorescence-labeled 

secondary antibody 
Intact antigens 

   Indirect, for antibody 
- Binding of serum antibodies to carrier-bound antigens, e.g. in infected cells 
- Binding of the complex by immunoglobulin-specific fluorescence-labeled 

secondary antibody 
Intact antibodies  

Haemagglutination 

inhibition test 

- Specific binding of test virus by serum antibodies blocks hemagglutinin antigens 
- Detection by optical evaluation of hemagglutination after addition of 

erythrocytes   
Intact antibodies [133] 

Neutralisation test 
- Specific binding and neutralization of test virus by serum antibodies  
- Detection by light microscopic evaluation of cytotoxic effect and/or specific 

immunostaining in cell culture  

Intact neutralizing 
antibodies 

[134] 

 

Table 2: Overview of common diagnostic methods for viral pathogens. Listed are the principles and the requirements for successful detection of a sample.

16
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1.2.1. VIROLOGY 

VIRUS ISOLATION 

Virus isolation has long been considered the gold standard for virus detection [135]. 

Propagation of virus from the sample material is carried out in cell culture [17], embryonated 

eggs [136] or laboratory animals [137]. After an incubation at 37°C, a light microscope is used 

to screen cultures for a cytopathic effect (CPE) indicative of virus replication [127]. The 

obtained isolate can then be further characterized [18,126,127,138,139] which can provide 

crucial information, especially for epidemiological surveillance [17]. However, virus isolation 

requires that the sample contains intact, infectious viruses necessitating stringent biosafety 

during transport and subsequent handling of the samples. Improper transport conditions such 

as long storage at high ambient temperatures, can lead to limitations in viral propagation 

[17,136]. Other constraints of virus isolation include the high time requirement [137], the fact 

that an adequate cell system is not available for every virus species [137], and that some 

viruses do not cause CPE or it is poorly visible [140]. 

REAL-TIME PCR 

The development of the polymerase chain reaction (PCR) is considered a milestone in the 

diagnosis of infectious diseases [129]. The ability to detect pathogen-specific nucleic acid 

sequences rapidly, reliably, with high sensitivity and specificity has made it an indispensable 

and widely used diagnostic tool [126,129]. An informative fragment of viral nucleic acid is 

defined using a pair of primers – DNA oligonucleotides that bind the viral genome up- and 

downstream of the region of interest – and amplified during repetitive temperature cycles by 

a thermostable DNA polymerase extending the oligonucleotide primers [141]. The advantage 

of the method is the need to amplify only relatively short regions (ca. 100-150 bp) of the viral 

genome [142], provided they are long enough to be differentiated and visualized by agarose 

gel electrophoresis. Successful detection can therefore be achieved even if only a small 

amount of target is present in the sample [129] and/or if the genome of the pathogen has 

been highly fragmented, e.g. by irradiation  [143]. Another major benefit is the speed of the 

method, which has been further increased by the introduction of real-time PCR [142], where 

the detection is based on specific [129] dual-labeled oligonucleotide probes binding between 

the primers which emit a fluorescence signal after cleavage by the exonuclease activity of the 

DNA polymerase [126,142]. 
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SANGER SEQUENCING 

The sequencing of nucleic acids represents a significant advance in molecular biology. It is now 

possible to characterize pathogens in more detail based on the sequence of the nucleotides 

of their genome, even in routine diagnostics [129]. This allows the collection of important 

epidemiological data such as virus lineage or serotype [144–146], pathogenicity markers [147] 

and possible transmission chains [148], ensuring effective animal disease control [149,150]. 

Sanger sequencing is based on the chain-termination principle. Using an oligonucleotide 

primer a defined segment of a nucleic acid is replicated by DNA polymerase. In addition to 

untreated nucleotides, fluorescently labeled di-deoxynucleotides are added to the reaction. 

When incorporated, these lead to an elongation stop and mark the DNA fragment with a dye 

specific to the di-deoxynucleotide. After the amplification, the fragments are separated 

according to their length by capillary electrophoresis and the fluorescence signal is measured. 

In this way, the nucleotide sequence can be deduced [129,151]. In order to be able to analyze 

as many phylogenetic markers as possible, genome samples that are as little fragmented as 

possible are desirable. With Sanger sequencing, under normal conditions the sequencing of 

fragments up to 850 bp in length is possible [152]. 

TRANSFECTION 

This procedure allows the introduction of foreign DNA or RNA into a eukaryotic cell cytoplasm 

or nucleus [131,153]. In order to overcome the electrostatic repulsion between intact cell 

membranes and nucleic acid [131], different in vitro methods can be applied [131]. In the 

biological, virus-based transfection (also known as transduction), a recombinant virus 

infecting the host cell is used to cross the cell membrane and integrate the foreign genome 

into the cell [154–156]. Physical methods include, for example, direct injection and 

electroporation. In the latter, brief, high-intensity electrical pulses form temporary pores in 

the membrane, which allow nucleic acid to enter the cell [157]. In a lipid-based chemical 

approach, the negatively charged nucleic acid becomes enveloped by positively charged lipid 

aggregates and can thus be introduced into the cell, presumably via endocytosis [131]. In 

addition to its many uses in research [131], transfection can also be a powerful tool in 

diagnostics, as in the case of single-stranded positive-sense RNA viruses. This technique makes 

it possible to start a productive infection with only an intact whole genome without the need 

for an intact virion [31]. Replicative virus can thus be recovered from an inactivated sample.  
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1.2.2. SEROLOGY 

ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA)  

ELISA is the most widely used immunological tool for the diagnosis of animal pathogens due 

to its sensitivity, reliability and versatility, and, at the same time, simplicity and rapidity 

[129,158]. Either antigens of the pathogen or antibodies directed against the pathogen can be 

detected semi-quantitatively [129]. In foot-and-mouth disease control, a competitive ELISA is 

often used for this purpose. Specific antigens (non-structural viral proteins) to which naturally 

infected animals have produced antibodies, but vaccinated animals have not, are bound to a 

solid phase (Paton, 2005). If present, antibodies from the sample compete with enzyme-

conjugated detection antibodies for the binding sites on the immobilized antigen [129,158]. 

Increased binding of the labeled detection antibodies leads to increased color change by 

chromogenic or fluorogenic substrate turnover by the enzyme [159], which can be measured 

in a spectrophotometer. The measured color change is, therefore, inversely proportional to 

the amount of specific serum antibodies [129]. 

2. BIOSAMPLE COLLECTION CARDS  

A simple method that ensures simultaneous inactivation and stabilization of a sample is the 

use of so-called biosample collection cards. The following section will take a closer look at how 

the cards walk this tightrope.  

2.1. HISTORY/DEVELOPMENT 

The idea of using dried samples for disease diagnosis probably originated with Alejandro 

Chediak in 1932, who diagnosed syphilis from a blood sample dried on a glass slide [160,161].  

Zimmermann successfully adapted this method in 1939 by replacing the microscope slide with 

a filter paper [160]. Further applications from blood and faeces dried on filter paper were 

found in the fields of bacteriology and parasitology [162,163]. The most widely known use, 

however, is probably the Guthrie card. Blood from the pricked heel of newborns is applied to 

filter paper and examined for the presence of phenylketonuria-typical metabolites by a 

bacterial inhibition assay [164]. In the years to come, further metabolic screenings for sickle 

cell anemia and other hemoglobinopathies were performed, using dried blood spots [165], 

and the technique was finally adopted in the field of virology [166–169].  
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The advantage of using samples dried on filter paper is primarily simplicity. Only a small 

sample volume is required, the sample does not need to be processed, which means that no 

specific laboratory equipment is required at the collection point, and, once the sample has 

dried, it can be sent unrefrigerated in a sealed envelope via regular mail without any specific 

safety precautions. Thus, large field studies, in particular, can be carried out in remote areas 

with little logistical effort [165,170] and samples can subsequently be stored for the long term 

without complications [169]. 

2.2. EFFECTIVENESS  

In addition to the basic principle of dehydration by the filter paper, the cards used today often 

have additional chemical coatings [171,172] that can lyse cells and denature proteins [173]. 

The released nucleic acid of the pathogen is subsequently immobilized by filter fibers [174] 

and protected from environmentally induced degradation, e.g. by oxidation, nucleases, UV 

irradiation or microbial overgrowth [172,175]. This allows the sample to be handled safely, to 

be sent in an envelope by regular mail without refrigeration, and to still be used for detailed 

diagnostics afterwards [174]. 

2.3. INACTIVATION  

The inactivating effect of biosample collection cards has been confirmed for many different 

viruses. Card material spotted with virus suspension was macerated in liquid and subsequently 

incubated in cell culture or embryonated eggs to determine whether viable virus could be 

recovered. The available literature covers single-stranded positive-sense RNA viruses with 

envelope [176–178] as well as without envelope [179], single-stranded negative-sense RNA 

viruses with envelope [180–186], double-stranded RNA viruses without envelope [187–189] 

and a DNA virus also without envelope [190]. Since recovery was achieved in only one study 

[189], it can be assumed that the pathogens are sufficiently inactivated by the cards in most 

cases. This often required only 1 hour drying at room temperature [176,180–182].  

2.4. STABILIZATION & DIAGNOSTIC POSSIBILITIES 

While the pathogens are inactivated in most cases, their genome remains largely intact and 

allows a variety of diagnostic analyses to be performed [191].  
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2.4.1. VIROLOGY  

VIRUS ISOLATION  

Infectious bursal disease virus was successfully cultivated from card material in embryonated 

chicken eggs, according to Maw et al. [189]. However, Moscoso dealt with the same question 

and was unable to reisolate virus from the card [187].  

REAL-TIME (RT)-PCR 

Depending on the size of the excised piece of filter paper used in the extraction [178] and the 

storage conditions [180,192], pathogen detection by real-time (RT)-PCR can take place with 

only minor loss in sensitivity [188]. DNA could still be amplified after decades if the cards were 

stored at room temperature [74,193] . Even less favorable storage conditions, such as 37 °C 

and 60% humidity for 7 days, did not lead to any adverse effect compared to a reference 

sample stored at -20 °C [168]. RNA is considered to be generally less stable than DNA, also on 

the cards [66]. Here, genome detection was still possible after 8 months of storage at -20 °C 

[187], up to half a year at 4 °C [186] and several months at room temperature [177,179–181]. 

However, even in the case of an elevated temperature of 37 °C, it was still possible to detect 

many RNA viruses for several weeks [188,189], although with increasing degradation of the 

genome in some cases [192]. Detection was successful with a variety of sample matrices 

spotted on the cards, including blood, solid tumors, feather pulp [66], tissue [139] and 

allantoic fluid [194].  

SEQUENCING 

Few data are available about the extent to which the cards fragment the genome of the 

pathogens. However, there are various studies in which the viral genome was successfully 

sequenced [177,180,191,195]. Nevertheless, in some cases, worse results were obtained 

compared to the use of the original virus isolate [191]. Again, the amplifiable fragment length 

depends on the storage conditions. Thus, RNA fragments up to a length of 1200 nt could be 

amplified from cards after storage at 4 °C and up to 800 nt after 6 months [196]. 

TRANSFECTION 

That intact whole genomes are also present on the cards was demonstrated by Biswal. They 

succeeded in the recovery of infectious FMD viruses via chemical transfection after storage of 

the card at 4 °C and RT for up to 7 weeks and at 37 °C for up to 6 weeks [197]. 
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2.4.2. SEROLOGY 

The use of cards in serology allows the direct application of whole blood instead of the 

otherwise necessary preparation of serum as sample material [74]. Furthermore, the sample 

volume is greatly reduced as only a few drops are required. Taken together, this simplifies the 

sample collection procedure, eliminates the need for further preparation and ensures 

uncomplicated transport [198,199]. 

ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA)  

Compared to corresponding serum samples, the detection of specific antibodies from blood 

dried on filter paper showed in many cases only a slight decrease in sensitivity, if at all 

[74,198,200,201]. Detection of measles antibodies was still possible after 6 months of storage 

at 4°C, but not longer than 15-17 months [202]. Even at room temperature, the level of dengue 

antibodies remained stable for at least 28 days [192]. However, results for the samples stored 

at 37°C for the same period of time differed significantly [192]. HIV-1 antibodies could be 

stored for 6 weeks under tropical conditions without false-negative results [203]. Even after 

20 weeks, there was no effect of storage conditions on the high-titre samples. Reliable 

detection of low-titre samples is considered more difficult [74,203]. 

FURTHER METHODS  

Other serological methods such as haemagglutination inhibition [204,205] also allowed the 

use of dried blood samples, in some cases with 100% agreement to the corresponding serum 

sample [206]. Likewise, detection by Western blotting was successful [203]. 

3. DECENTRAL DIAGNOSTICS FOR FOOT-AND-MOUTH DISEASE VIRUS 

Especially for high-impact pathogens and/or for those from which a country is considered free, 

safe and standardized diagnostics must be ensured. Notifiable animal diseases in Germany are 

determined by the Federal Ministry of Food and Agriculture [207] and currently include 54 

diseases, 33 of which are caused by viruses [208]. The Friedrich-Loeffler-Institut (FLI), Federal 

Research Institute for Animal Health, is the national reference laboratory (NRL) for notifiable 

diseases [207]. To the extent that animal disease diagnostics are performed by other 

laboratories in Germany (e.g., state veterinary laboratories), the FLI provides scientific and 

technical advice and conducts periodic proficiency tests.  



Review of Literature 

   

23 

Until 2013, all laboratory diagnosis for FMDV was performed in the high-containment unit of 

the FLI, without participation by the state laboratories. After the catastrophic outbreak of FMD 

in the United Kingdom in 2001 [209], however, it became clear that one laboratory would not 

be able to cope with the enormous volume of samples that need to be tested in a large 

outbreak. At the same time, new diagnostic methods such as RT-qPCR assays and antibody 

ELISAs were developed, which do not require the use of infectious virus and can safely be 

carried out in standard diagnostic laboratories. Involving the state laboratories in the routine 

diagnosis of FMD (i.e., exclusion testing) builds and maintains capacity that will be critical in 

an outbreak response.  

Germany has been free of FMD for over 30 years. Therefore, it is important to maintain and 

increase awareness of the disease among farmers, veterinarians and other stakeholders. FMD 

can be difficult to differentiate clinically from other diseases and conditions [210] and even 

certain nonspecific syndromes require FMDV exclusion [211,212]. Veterinarians need to be 

able to obtain rapid laboratory clarification when FMD is a possible differential diagnosis, but, 

previously, the submission of samples for FMD testing was carried out exclusively via the 

competent authority. It is assumed that, as in the case of other animal pathogens, many 

questionable cases were not sent for investigation [213,214], because farmers and 

veterinarians were afraid of adverse consequences [215]. For this reason, the submission of 

samples has been facilitated and FMDV exclusion testing (by real-time RT-qPCR) can now be 

carried out in the state laboratories without involving the authorities and without any 

restrictions being placed on the farm [207]. To maintain the necessary high diagnostic 

standard, the FLI provides the laboratories with guidance on diagnostic methods and conducts 

regular proficiency tests, wherein all participating state laboratories receive a blinded panel 

of inactivated FMDV samples to be analyzed by real-time RT-PCR and ELISA [207].  

4. USE OF CONCEPT: EXAMPLE OF TRANSBOUNDARY VIRUSES 

To maximize the utility of our study, we have included four highly relevant animal pathogens, 

that are as different as possible in their biochemical properties: RNA and DNA viruses with 

double-stranded and single-stranded genomes with and without a lipid envelope, viruses with 

high and low resistance to environmental influences, and viruses that are transmitted in 

different ways, such as by vectors. All of these viruses are listed in the WOAH Terrestrial 
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Animal Health Code as having a significant impact on the health of humans, domesticated 

and/or wild animals [216]. 

4.1. BLUETONGUE VIRUS  

The causative agent of bluetongue disease belongs to the family Reoviridae and is the type 

species of the genus Orbivirus [217]. Its non-enveloped three-layered capsids contain a 

multisegmented linear dsRNA genome [25]. 

Figure 1. Structure of a bluetongue virus particle. For rights see Chapter X, Supplementary Material, Permission 

for Reproduction.  

The virus is mainly transmitted by Culicoides midges [218] and infects domesticated and wild 

ruminants [219]. Clinically, however, it especially affects sheep [220], in which the disease can 

range from subclinical to fatal [221]. Cattle can act as reservoir hosts [218], but are also 

clinically susceptible to certain virus strains [220]. The clinical picture is defined by nasal 

discharge, increased salivation, erosions and hemorrhages of the nasal and oral mucosa, 

conjunctivitis and fever [218,222]. Originally considered a tropical disease [223] it continues 

to spread northward as a result of warmer temperatures [224], which provide suitable 

conditions for both endemic Culicoides species and species introduced via transport and 

imported goods to transmit the virus [224,225]. Due to the rapid spread [226,227], high losses 

in sheep production [226], and the costs associated with disease control [228], the bluetongue 

virus is considered a significant threat to animal production [226]. 
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4.2. FOOT-AND-MOUTH DISEASE VIRUS 

Foot-and-mouth disease virus is an aphthovirus and belongs to the family of Picornaviridae 

[24]. The icosahedral capsid is not enveloped and contains a linear non-segmented single-

stranded positive-sense RNA genome [229].  

Figure 2. Structure of a foot-and-mouth disease virus particle. For rights see Chapter X, Supplementary Material, 

Permission for Reproduction.  

Due to the very low infectious dose, the short generation time, the large amount of virus 

excreted by infected animals and the multitude of ways of transmission, FMDV is considered 

the most contagious disease of animals [230]. The most relevant mechanism of transmission 

is direct contact with infected animals and their secretions, excretions and exhaled air [229]. 

In addition, indirect transmission through the contaminated environment, fomites or animal 

products is possible, as is transmission via the wind under certain conditions [229]. Both 

domesticated and wild cloven-hoofed animals are affected [231]. Characteristic of the disease 

are lesions in the mouth area, on the feet and teats as well as non-specific signs such as strong 

salivation, lameness and fever [231]. Lethality depends on the age of the animals. In young 

animals, it can be very high since the heart is involved in the infection [231]. Older animals 

often recover, but there can be complications due to secondary bacterial infections [232,233]. 

Reduced weight gain and milk yield can lead to long-term losses in animal production [231].  

Currently, many countries in Africa, the Middle East and Asia are affected and there are small 

remaining pockets of infection in South America [234]. However, due to increasing global 

trade and travel, there is a constant risk of reintroduction to FMDV-free countries [235]. Since 

an outbreak precipitates high costs for control measures and enormous trade restrictions, 

FMD is considered the most important constraint to the international trade in animals and 

animal products [231].  
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4.3. PESTE DES PETITS RUMINANTS  

Peste des petits ruminants is caused by a member of the genus Morbillivirus of the family 

Paramyxoviridae in the order Mononegavirales. The virus has a non-segmented single-

stranded negative-sense RNA genome that is surrounded by a lipid bilayer envelope [236].  

Figure 3. Structure of a peste des petits ruminants virus particle. For permission rights see Chapter X, 

Supplementary Material, Permission for Reproduction.  

Due to the instability of the envelope against heat, UV irradiation, and dehydration [237], 

transmission occurs only in close contact between animals via infected excreta, aerosols [238], 

or through contaminated feed or water [239]. Mainly small ruminants are clinically affected 

[238,240]. Depending on the age and breed of the animals [241], the virus strain [242] and 

other factors [238,243], the lethality varies greatly, but can be up to 100% [244], mainly due 

to impairment of the respiratory and digestive tracts. The characteristic erosions on the eyes, 

nose and mouth area are accompanied by discharge and can occur in combination with 

respiratory problems or diarrhea. Abortions can also occur [238,243]. The disease was mainly 

found in West Africa, the Middle East and the Indian subcontinent [244–247] but is 

increasingly spreading [248–251]. Over 70 countries and 80% of the sheep and goat 

population in the world are now affected, while 50 other countries are considered at risk 

[252]. In endemic countries, the disease is one of the main problems for sheep and goat 

production [244,253,254] which is associated with large financial losses [252]. As it mainly 

affects smallholder farmers in poor rural regions, who obtain their food and income from 

animal husbandry, controlling peste des petits ruminants virus is an important component of 

the fight against poverty in these countries [243,250]. Not least for this reason, the OIE and 

the FAO decided in 2015 on a program for the global elimination of peste des petits ruminants 

virus until 2030 [252]. 
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4.4. LUMPY SKIN DISEASE VIRUS  

Another virus that causes an economically significant transboundary disease [255,256] is 

lumpy skin disease virus. It is a representative of the enveloped, double-stranded DNA viruses 

and belongs to the genus Capripoxvirus within the family of Poxviridae [257–260]. 

Figure 4. Structure of a lumpy skin disease virus particle. For rights see Chapter IX, Supplementary Material, 

Permission for Reproduction.  

The most important route of transmission is via bloodsucking insects and arthropods [261]. 

Mosquitoes [260], stable flies [262] and ticks [263] are considered possible vectors. The 

disease can vary from inapparent to severe [259]. After initial fever and lymphadenopathy 

[259,261,264], characteristic skin nodules form due to the epithelial cell tropism of the virus 

[258] in most cases. They can occur sporadically or generalized on the entire outer skin, 

especially in regions with little hair, such as the head, genitals, perineum and limbs [259,265]. 

In severe cases, they can also be found on mucous membranes, such as the eye [264], 

respiratory tract [265], digestive tract [259] or other organs [256]. After healing, they leave 

permanent scars and lower the value of the hides [266]. Other long-term consequences may 

include lower milk yield and decreased growth [267], abortions [268] and temporary infertility 

of bulls [269]. Morbidity varies between 3-85% [270] and mortality is usually less than 10% 

[270] but has also been reported to be higher [267]. Possible factors influencing this are 

considered to be the virus isolate, the breed and health status of the animals, and the insect 

species that transmitted the virus [258,265]. Initially found only in Africa [271], the virus has 

spread through the Middle East [272] to Russia [273] and Europe [259,263] and thus poses a 

threat to surrounding countries. The main impact of an outbreak is not so much direct 

livestock losses as the months-long drop in production [264], restrictions on global trade, and 

the costs of control and treatment [258,274].
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III. STUDY OBJECTIVES 

In the most remote regions of the world, an unknown multitude of potential pathogens are 

lurking, just waiting to be discovered. The SARS-CoV-2 pandemic shows us all too clearly the 

extent that such a pandemic can reach on a global scale. Sophisticated diagnostic methods for 

animal pathogens are available, but sampling in remote areas is limited by factors such as 

refrigeration and shipping. This work has its focus in improving both diagnostics and sample 

transport by analyzing the performance of an easy to use and safe matrix for sample transport, 

evaluating the risk of contagion associated with positive-sense viral RNA genomes and 

assessing the proficiency of state veterinary laboratories in Germany. 

Objective I: Feasibility study of simplified sample collection and transport without 

compromising diagnostic utility. 

 Publication I 

The use of biosample collection cards in the diagnosis of viral pathogens promises 

simpler sample collection and non-refrigerated transport via standard mail, for a wide 

range of diagnostic options. To what extent the method guarantees a safe inactivation 

in combination with a sufficient stabilization of the pathogens was examined in this 

work. In addition, the aim was to determine the range of diagnostic tests that are 

possible with the dried samples. 

Objective II: Investigation of the infectivity of single-stranded positive-sense RNA and the 

associated risk of infection during sample transport. 

 Publication II 

Viral genomes in the form of single-stranded positive-sense RNA, as in foot-and-mouth 

disease virus, can be infectious on their own. Thus, destruction of the protein capsid 

alone is not sufficient to prevent infection. The subject of analysis in this objective was 

whether inactivated FMDV samples can cause infections in susceptible animals. From 

this, practical conclusions can be drawn for the safe transport of samples containing 

inactivated foot-and-mouth disease virus.  
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Objective III: Verification of proficiency of decentralized foot-and-mouth disease virus 

diagnostics in Germany. 

 Publication III 

It is one of the duties of the NRL for FMD at the Friedrich-Loeffler-Institut to promote 

adequate diagnostic capability at the regional laboratories. With the decentralized 

diagnostic strategy, the state laboratories carry out examinations for the exclusion of 

foot-and-mouth disease. The aim was to verify that the participating laboratories can 

reliably perform the necessary virological and serological tests. 
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IV. RESULTS 

The reference section of each manuscript is presented in the style of the respective journal 

and is not repeated at the end of this document. The numbering of figures and tables 

corresponds to the published form of each manuscript. 
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1. Publication I: COMPARISON OF BIOSAFETY AND DIAGNOSTIC UTILITY 

OF BIOSAMPLE COLLECTION CARDS 
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2. Publication II: FULL-LENGTH GENOMIC RNA OF FOOT-AND-MOUTH 

DISEASE VIRUS IS INFECTIOUS FOR CATTLE BY INJECTION 
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3. Publication III: PROOF OF PROFICIENCY OF DECENTRALIZED FOOT-

AND-MOUTH DISEASE VIRUS DIAGNOSTICS IN GERMANY 
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V. DISCUSSION 

The trade-off between the safest possible sample and the most comprehensive subsequent 

detection of the pathogen is an inevitable part of diagnostics. The further spread of high-

impact pathogens must be prevented, but at the same time it is desirable to perform as wide 

a range of diagnostic tests as possible to gather essential information for disease control. A 

good understanding of the viral structures affected by the various inactivation methods, as 

well as knowledge of which viral components are the targets of which detection methods, is 

a prerequisite for this. Different groups of viruses can often be inactivated effectively by 

simple means. While enveloped viruses are inactivated by just one drop of detergent, a non-

enveloped virus such as FMDV is not affected by this at all. However, it in turn is rapidly 

inactivated by very small amounts of acid. If virus rescue or whole genome sequencing is to 

be performed, other inactivation methods should be considered than for simple molecular 

detection, for which only short fragments of nucleic acid are required. Inactivation by gamma 

irradiation, for example, is very suitable for sera in which antibodies are subsequently to be 

detected. Especially in laboratory medicine, this method is useful since entire packages can be 

irradiated unopened. Nonetheless, this treatment is technologically challenging to implement 

and makes it impossible to carry out whole-genome assays afterwards. Overall, sample 

systems must be simple but effective, while allowing a variety of subsequent diagnostic tests. 

 

Objective I: Feasibility study of simplified sample collection and transport without 

compromising diagnostic utility. → Publication I 

In a comparative study, four different viruses, diverse in their particle structure and genome 

organization, were applied to six different biosample collection cards and two untreated filter 

papers. The cards and filters were then stored at room temperature for up to 30 days and 

analyzed for their inactivating and stabilizing efficacy.  

Most of the cards and filters used achieved a satisfactory reduction of infectivity for almost all 

viruses after just one day.  However, the results strongly depended on the cards or filter types 

as well as on the storage time and the virus. For example, the representative of the enveloped 

DNA viruses, lumpy skin disease virus, showed little or no reduction in some cards even after 

30 days.  
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Due to the fact that the inactivation of the DNA virus was not achieved by all cards and filters 

to the necessary level, and also some cards and filters did not achieve this with RNA viruses, 

it is still advisable to consider the sample material on the card as potentially infectious in the 

first instance [196]. In diagnostics, this may well be used as an advantage for virus isolation 

and closer characterization. But what can be said about biosafety? The risk of disease 

transmission during sample transport is minimized on three levels and can be considered very 

low overall [196,275]. The first level consists of immobilizing the sample by drying into the 

fibers of the cards [185]. Second, the sample fields are secured by a flip-down protective cover. 

The last barrier consists of the sealed envelope in which the cards are shipped which 

additionally prevents it from exposure to the environment [275]. Care must be taken to ensure 

that the specimen is applied exclusively to the designated collection areas on the card, as 

otherwise the chemical additives cannot act on the sample and the protective cover may not 

cover it entirely.  As long as the immobilization of the sample is not reversed by contact with 

liquids, contamination of the environment by the pathogens applied to the cards is very 

unlikely. Accidental contamination due to leaking sample tubes is therefore not possible 

[199,276]. Furthermore, the transmission route of the applied viruses plays an important role 

in the assessment of the risk posed by the cards during transport. Nevertheless, if there is 

clear evidence of the presence of one or more etiologic agents, the packaging and labeling of 

the cards must adhere to dangerous goods regulations [275] or additional inactivation 

procedures should be undertaken [189]. 

Samples spotted on cards or filter paper can be used for a variety of virological and serological 

tests [277]. In our experiments, the amount of nucleic acid that can be recovered from the 

card and detected by real-time RT-PCR, within a virus and a card or filter type, remained 

approximately constant over 30 days. This is true for the RNA viruses as well as for the DNA 

virus. However, compared to the original virus culture supernatant that was applied to the 

card, on average an increase by 6 Cq values (corresponding to a 64-fold reduction of nucleic 

acid or an unrecoverable fraction of around 98%, respectively) was observed. This value varied 

greatly within a range of approximately 3 to 10 Cq values depending on the card and filter used 

as well as the type of viral nucleic acid. There was an average loss of 6.5 Cq values for the RNA 

viruses and 5.6 Cq values for the DNA virus. Another study on the release of nucleic acid from 

biosample collection cards came to a similar conclusion [278]. Here, the average loss for the 

RNA virus was 9-11 Cq values and for the DNA virus approximately 5-7 Cq values [278]. Hence, 
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the effect occurred more pronounced with RNA there as well. One possible explanation for 

this is the more complex secondary and tertiary structure of RNA, which may render it more 

difficult to release from the fiber meshwork of the cards [278]. Furthermore, due to its 

biochemical structure, RNA is considered intrinsically less stable than DNA [67]. Nevertheless, 

the lower resistance to environmental influence is probably mainly due to the activity of 

nucleases [67]. Thus, a different degree of protection of RNA from nucleases by the different 

cards could explain the dependence of the effect on card types in our work. Another 

consideration is the amount of sample used. Depending on the manufacturer and sample 

matrix, approximately 125µl of sample is applied per collection area. In our case, only a 

quarter of the spot was used for further diagnostics. Many other studies use a punch to obtain  

small discs, usually 3 mm in diameter [197,278–280]. Depending on the study, approximately 

one to three discs are used for one subsequent analysis [197,278–280]. In most cases, the 

sample amount is thus much smaller compared to the amount used in a conventional 

extraction from a liquid sample (MN, 2018). Of course, this has advantages in sampling, since 

one needle prick e.g. on the ear is often enough to collect sufficient sample material, which 

can facilitate the performance of large studies by reduced stress for the animals, easier 

handling and cost savings in the materials [199,276]. Furthermore, no laboratory equipment 

such as centrifuges are required for sample preparation [199]. However, the detection from a 

smaller volume requires a more stringent validation of the downstream diagnostics in order 

to avoid compromising sensitivity and specificity [160]. One option is to punch out more discs 

[178] or discs with larger diameters for elution. However, studies have shown that 

conventional PCR is not significantly affected by disc size in the range of 0.3-5mm2 [74]. One 

advantage of the smaller discs is certainly that this allows a larger number of tests from only 

one sample spot. 

Our results are in contrast to many other studies that have reported only small losses in PCR 

sensitivity [281,282]. In this context, the sample material applied to the cards must also be 

taken into account. Using blood, for example, biosample collection cards may even have a 

positive effect on the amplification of nucleic acid, since PCR inhibitors such as proteins, 

hemoglobin, and iron are increasingly less eluted with time, whereas this effect does not apply 

to nucleic acid [283]. Another study came to a similar conclusion, but attributed the improved 

amplification of the nucleic acid to a successful prior removal of the inhibitors by washing the 

discs [284], which, again, has no influence on the immobilized nucleic acid [277]. Our study 
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used the supernatant of virus cultures, which gives optimal results in PCR, but is not a sample 

type commonly encountered in diagnostics.  

Detection by real-time RT-PCR requires only relatively small fragments of the genome, 

whereas longer fragments must be present for sequencing and complete genomes are needed 

for transfection. Depending on the cards and filters used, all three procedures were 

successfully performed for FMDV, which allows a broad characterization of the pathogen in 

the same way as non-inactivated samples. The range of diagnostic possibilities is therefore not 

necessarily reduced by the use of the cards. However, the transfection experiments were all 

performed after only one day of storage at room temperature to test the feasibility per se. It 

would have to be further evaluated to what extent a longer storage at unfavorable 

temperatures could increase the fragmentation of the genome or cause other difficulties for 

downstream diagnostics. These have been reported, for instance, for samples with low 

antibody levels. Prolonged storage had a negative effect on the OD ratio [203], which can 

impair seroconversion studies, for example [203]. 

 

Objective II: Investigation of the infectivity of single-stranded positive-sense RNA and the 

associated risk of infection during sample transport. → Publication II 

Considering that single-stranded positive-sense RNA is infectious in principle, the risk of FMDV 

transmission from inactivated samples needed to be assessed. For this purpose, groups of six 

cattle each were exposed to naked FMDV RNA by different routes in two animal experiments. 

There are many different possible routes of infection of FMDV, both natural and artificial. In 

cattle, needle inoculation of the virus into the epithelium of the tongue is considered the most 

sensitive [285]. Other routes such as intranasal, intratracheal, via the tonsillar sinus, via a 

retropharyngeal spray, intramuscular, intraperitoneal or intravenous injection, and even 

artificial insemination have been used experimentally in cattle and to some extent in sheep 

[285]. In pigs, intradermal inoculation into the coronary band and oral application are also 

mentioned [285]. The choice of injection into the tongue as the mode of application in the 

first trial was intended to demonstrate whether infection is at all possible under the most 

favorable conditions. Since this proved successful, the second experiment was conducted to 

test more realistic transmission paths in practice. For this purpose, the naked genome of 

FMDV was applied to six cattle by dripping it on the tongue and nebulizing it into the nose 
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during inhalation. That no productive infection occurred in any of the cattle supports the 

assumption that the epithelium provides an adequate barrier to the entry of nucleic acids and 

successfully prevents cell infection. 

Thus, epithelial injury is the basis for successful infection with FMDV by injection of naked viral 

nucleic acid into the tongue. In agricultural practice, such tongue injuries can be caused in 

cattle by a variety of other diseases [286] or mechanically by, for example, feeding coarse or 

thorny forage [229,287]. Other common external injuries can occur in pigs from being kept on 

hard ground, in dairy cows from teat injuries caused by milking machines, or in sheep as a 

result of foot rot [229]. Nevertheless, these are probably of little significance for the 

transmission of FMDV via biosample collection cards, since there is no realistic scenario where 

domestic animals on farms are exposed to the cards. Of greater practical importance may be 

the exposure of free-ranging domesticated or wild animals. Due to the urban and peri-urban 

husbandry of ruminants in some regions, foraging can take place in roadside trash piles. It is 

conceivable that the resulting injuries to the oral mucosa could allow infection with FMDV 

from an ingested biosample collection card. Misdelivered cards that end up in the 

environment therefore represent a potential risk of infection. With our experiments, we have 

shown that injury is a prerequisite for infection and that the viral nucleic acid cannot make its 

way into the cell either orally or nasally without it.  Even if the adsorbed sample is mobilized 

by adverse conditions, particularly high humidity, there is no risk of transmission in the 

absence of injury, even if the air contaminated with viral RNA is inhaled. In order to exactly 

reproduce the realistic case, further studies are conceivable in which the cards are mixed with 

moist and coarse feed in whole or in small pieces.  

The risk of infection could also be tested in other animal species, like goats, sheep or pigs. Due 

to its foraging behavior, goats certainly have a greater potential to ingest a card on the side of 

the road than, for example, a cow. Goats are considered to be more selective eaters than 

cattle [288], nevertheless, the diet of free-ranging goats in urban areas also includes scrap 

paper, posters on walls, clothing and market waste [289]. Sheep avoid dry material when 

leaves, stems, and moist feedstuffs are available [288]. Wild boar will seek out and consume 

garbage, which sometimes makes up the main part of their diet in urban environments [290]. 

Pigs are considered less susceptible to airborne FMDV [291] but more susceptible to oral 

infection [285]. In contrast, oral infection of cattle with FMDV is considered difficult [292]. 
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However, the main modes of transmission of FMD virus over long distances certainly are 

different. The major role is played by trade in infected animals, contaminated vehicles and 

other equipment  as well as animal products [233]. 

In addition to the different routes of application and different host species, another 

interesting follow-up experiment would be to determine the minimum infectious dose of viral 

RNA.  In our experiments, a very high initial dose was used to test the possibility of infection 

per se. Now a fine-grained approach with different dilutions could follow. 

These results highlight the dilemma of diagnosing infections with single-stranded positive-

sense RNA viruses. Even if samples have been inactivated, they must be considered potentially 

infectious due to the presence of viral genome. What represents a potentially critical risk in 

sample transport and preparation, brings a wide range of possibilities in subsequent 

diagnostics, as detailed investigations can still be performed in the absence of intact viral 

particles. Overall, however, the risk of FMDV transmission from an inactivated diagnostic 

sample is considered low. To further mitigate the residual risk, it is recommended to send such 

samples in a way that allows tracking and tracing [293]. 

 

Objective III: Verification of proficiency of decentralized foot-and-mouth disease virus 

diagnostics in Germany. → Publication III 

The involvement of the regional veterinary laboratories in FMDV diagnostics requires regular 

evaluation of the sensitivity and specificity of the virological and serological methods used. In 

the proficiency test described here, 23 laboratories participated, which were to analyze 24 

samples by real-time RT-PCR for FMDV-specific nucleic acid and/or 16 samples by ELISA for 

antibodies against non-structural viral proteins. In addition, information was requested from 

participants on the number of virological and serological exclusion tests performed each year 

and other details about their exclusion testing scheme.  

Only diagnostic methods that do not require handling infectious virus can be performed at the 

state laboratories. Genome detection by real-time RT-PCR is considered to be of similar or 

higher sensitivity than virus isolation [294]  and is ideal for the initial detection of FMDV due 

to its speed and sensitivity [295]. For serological testing, the commercially available ID Screen 

FMD NSP Competition ELISA kit was used. The detection of antibodies to non-structural viral 
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proteins is intended to screen vaccinated animals for infection, which is crucial in the case of 

a vaccine-to-live control strategy. When designing the sample panel, importance was attached 

to ensuring that, in addition to strongly and moderately positive samples, very weakly positive 

samples were also present in several replicates. Since there is little doubt that very strongly 

positive samples can be reliably detected with existing methods, the objective of this study 

was to determine whether borderline positive samples can also be detected as such. 

The serological detection of antibodies against FMDV non-structural proteins was successful 

in all participating laboratories.  

For virological detection of FMDV, several assays are available. WOAH and the EU reference 

laboratory recommend primer and probe sets for the detection of the 3D region according to 

Callahan [296] and for the detection of the 5'UTR region according to Reid [297]. In addition 

to the 3D RT-qPCR, several participating laboratories used the IRES1 assay by Oem [298], 

which had in the past been recommended by the NRL. These laboratories have been advised 

that the sensitivity of the IRES1 RT-qPCR for some strains of FMD has now been found to be 

significantly lower than that of the 3D RT-qPCR. Therefore, this method may only be used in 

combination with the 3D assay as a confirmatory test. If only one method can be performed, 

preference must be given to the 3D RT-qPCR.  With the 3D assay, all participants were able to 

successfully detect FMDV RNA. Sporadic difficulties occurred only in the samples with low viral 

RNA concentration. The extent to which very weak positive samples should be part of a 

proficiency test in a country that has FMD-free status, and whether this is considered 

necessary at all, can be debated. 

Such low-level samples can be found either at the very beginning or at the end of an infection 

as well as in old lesions [299]. Usually, a veterinarian is only called in if there are severe clinical 

signs, which generally coincides with high levels of virus excretion. If the presence of FMD is 

to be ruled out by laboratory diagnostics, all clinically conspicuous animals must first be 

sampled. If there are lesions in the mouth area, on the feet or teats, material should be 

obtained from these. 

Based on the suggestions of the European Commission for the Control of FMD (EuFMD) and 

the NRL for FMD, samples should generally be taken from 20 conspicuous animals from the 

affected epidemiological unit in order to clarify clinical signs. If fewer than 20 animals showed 

clinical signs, animals that have or had direct contact with the animals showing the signs 
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should also be sampled. However, sampling more than 20 animals from the same 

epidemiological unit is generally not useful. If the unit concerned comprises fewer than 20 

animals in total, all animals should be sampled [210]. If these recommendations are followed, 

a false-negative result and thus a missed disease outbreak due to samples taken too early or 

too late is unlikely, and the rapid and reliable detection of strong positive samples takes 

priority.  

The situation is different after an outbreak when proof of freedom from FMD is required. 

Here, both sensitivity and specificity play a much more significant role. Furthermore, the 

inclusion of lowly positive samples into the panel allows the identification of possible 

difficulties in the analysis which would not have been detectable in the range of high positive 

samples. By comparing the performance of all participants, laboratories having difficulty 

detecting weakly positive samples can identify problems and take corrective action if 

necessary. In real-time RT-PCR, for example, the choice of extraction methods or PCR kits can 

have a tremendous impact on the performance. The picture of the underperforming kits in 

the proficiency test was very heterogeneous, as many different kits were used for extraction 

and RT-PCR. In many cases, a particular combination of extraction kit and PCR chemistry was 

used by only one laboratory, which is why we did not want to pass judgment about the 

performance of a particular product based on the results of only one or a few participants. To 

obtain more meaningful data, a larger study would need to be conducted, but this is outside 

of the remit of the NRL. 

Validation of test methods involves not only the initial determination of sensitivity and 

specificity, but also the regular verification of these parameters [300]. In this context, the 

validity of the test results must be constantly ensured by internal and external quality control 

[301]. In countries that are considered free of certain diseases, this is often difficult to carry 

out. The ring trial provides a good opportunity to perform this validation, as well as to practice 

the general handling of such critical samples in the participating laboratories. In the event of 

an outbreak, laboratories are faced with masses of samples, making a smooth, well-rehearsed 

diagnostic process crucial.  

Another important aspect is raising and maintaining awareness of FMD. The state laboratories 

represent the first important instance of FMD exclusion testing. More than half of the 

participating laboratories reported that they perform exclusion tests independently of 



Discussion 

   

91 

requests by the client if the case description lists clinical signs suggestive of FMD. Since the 

last FMD outbreak in Germany occurred more than 30 years ago [302] and Germany, as well 

as the EU, are officially considered FMD-free [303], however, awareness of this disease is 

receding further and further into the background.   

At the same time, however, the policy of non-vaccination and the open borders within Europe 

have created a huge naive cattle population, which is always exposed to the risk of 

reintroduction of FMD due to increasing globalization and movement of animals and animal 

products, both legally and illegally [304]. Early detection is therefore essential to allow an 

effective outbreak response. To achieve this, awareness of the typical clinical signs of FMD, 

such as initial high fever of around 40°C, increased salivation and lesions in and around the 

mouth, on the udder and in the interdigital spaces, must be maintained at all levels, from 

farmers to veterinarians to the laboratory staff [232]. One contribution to this is the recurrent 

proficiency test, which draws the attention of the laboratories to the still current relevance of 

the disease and the ever-present risk of a new introduction.  

State laboratories thus play an important role in the control of FMD, as they will be the first 

to receive samples and carry out the exclusion tests. An outbreak has extreme consequences, 

such as trade restrictions and high costs for control and eradication [305]. Only early detection 

can minimize the consequences [301,306]. Therefore, it is important to maintain the capacity 

of laboratories by giving them the opportunity to validate their assays for sensitivity and 

specificity and ensure smooth operations in the event of an outbreak. 

Altogether, the three publications discussed here provided the opportunity to look at different 

aspects of disease control and gain new insights. Safe, unrefrigerated sample transport, 

especially of samples containing single-stranded positive-sense RNA, is of great importance, 

especially in endemic regions. In contrast, the verification of standardized decentralized FMD 

diagnostics is more important in disease-free areas. 
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VI. SUMMARY 

Ongoing globalization in the trade of goods and animals, increased human mobility, global 

warming, and the ever-increasing exploitation of formerly remote areas are leading to an 

increase in animal pathogens that can spread across continents in a very short time. This 

underscores the need for the development of methods that allow safe sample collection and 

transport while providing a broad range of diagnostic methods for rapid and standardized 

detection of viral pathogens with high diagnostic specificity and sensitivity. This cumulative 

thesis focuses on effective disease control, considering various aspects from sample collection 

and transport to sample processing, testing and test evaluation.  

To possibly simplify sample collection and transport, the suitability of various biosample 

collection cards was tested. Their inactivating and stabilizing efficacy on different viruses and 

the impact on downstream diagnostic procedures were investigated. Depending on the virus, 

almost all cards and filters showed complete inactivation within a few days. Based on these 

samples, various diagnostic methods such as real-time (RT)-PCR, sequencing or transfection 

can subsequently be performed.  Despite the fact that complete inactivation was not observed 

for all viruses, the cards are still suitable for sampling and shipping, especially in remote 

regions where refrigeration is not possible, as the overall risk of transmission is low.   

Furthermore, the infectivity of single-stranded positive-sense viral RNA was investigated to 

assess the risk of transmission by an inactivated sample of a virus from this group. In a first 

animal experiment in cattle, it was shown that the full-length genome by itself can initiate a 

productive infection if it is injected into the lingual epithelium. In a second experiment, the 

naked RNA was applied by nebulization into the nose and by dropping onto the tongue, 

without epithelial injury. This did not lead to infection. Inactivated samples of viruses with 

such a genome orientation must therefore in principle be regarded as infectious, but the risk 

of transmission associated with these samples can be considered low. 

Finally, the proficiency of German state veterinary laboratories was evaluated with regard to 

FMD diagnostics. This involved the analysis of 24 samples for FMDV-specific nucleic acid by 

real-time RT-PCR and 16 samples for antibodies against nonstructural proteins of FMDV by 

ELISA. All participants demonstrated adequate proficiency, even though the virological 
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detection of weakly positive samples caused sporadic problems for some laboratories. 

However, in an FMD-free country, this does not pose a threat to effective disease control. 

The purpose of this work is to contribute to simpler yet safer animal disease diagnostics. This 

is especially important in remote areas, where lack of refrigeration is often the limiting factor 

for successful sample submission. The quality of animal disease diagnostics in general is high 

but it faces new challenges due to climate change and increasingly intensive contact with 

wildlife. In this context, research into new methods for sampling and transport, assessment of 

risk associated with inactivated samples of single-stranded positive-sense RNA viruses and 

quality assurance of decentralized diagnostics represent an important contribution. In the 

long run, however, it is even more important to address the underlying causes. In the spirit of 

One Health, increased efforts must be made to rein in climate change and the inexorable 

spread of humans into previously untouched regions. Perhaps it will even be possible to push 

back Earth Overshoot Day towards the end of the year again.     

 

1. ZUSAMMENFASSUNG 

Die stetige Globalisierung im Handel von Waren und Tieren, der immer einfacher werdende 

Tourismus auch über lange Strecken, die Klimaerwärmung und die stetige Neuerschließung 

von entlegenen Gegenden führt zu einem Mehraufkommen von Tierseuchenerregern, welche 

sich innerhalb kürzester Zeit Kontinente übergreifend ausbreiten können. Dies unterstreicht 

die Notwendigkeit der Entwicklung von Methoden, die eine sichere Probenentnahme sowie 

einen sicheren Probentransport ermöglichen und gleichzeitig eine breite Palette von 

Diagnosemethoden für den schnellen und standardisierten Nachweis viraler Erreger mit hoher 

diagnostischer Spezifität und Sensitivität bieten. Diese kumulative Doktorarbeit beschäftigt 

sich mit der effektiven Tierseuchenkontrolle, indem von der Probennahme über den 

Probentransport bis hin zur Probenverarbeitung, Testung und Auswertung verschiedene 

Aspekte betrachtet werden.  

Als mögliche Erleichterung in Bezug auf Probennahme und Transport wurde in einer ersten 

Studie die Tauglichkeit von sog. Biosample Collection Cards getestet. Untersucht wurden 

deren inaktivierende und stabilisierende Wirkung auf verschiedene Viren, sowie die 

anschließend noch durchführbaren diagnostischen Verfahren. Virusabhängig erfolgte bei fast 
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allen Karten und Viren eine vollständige Inaktivierung innerhalb weniger Tage. Auf Basis dieser 

Proben waren anschließend eine Vielzahl an diagnostischen Methoden wie real-time (RT)-PCR, 

Sequenzierung oder Transfektion möglich. Trotz der nicht bei allen Viren vollständigen 

Inaktivierung eignen sich die Karten dennoch vor allem in entlegenen Gebieten sehr gut zur 

Probennahme und -versendung, da eine Kühlung nicht erforderlich ist und das Risiko einer 

Seuchenverschleppung durch die Karten insgesamt als gering eingestuft wird.  

Des Weiteren wurde die Infektiosität von einzelsträngiger viraler RNA positiver Polarität 

untersucht. Hierbei sollte eine Aussage darüber getroffen werden, inwieweit ein 

Übertragungsrisiko von inaktivierten diagnostischen Proben dieser Virusgruppe ausgeht. In 

einem Tierversuch konnte im Rind gezeigt werden, dass das „nackte“ virale Genom alleine in 

der Lage ist, bei Injektion in die Zunge eine produktive Infektion auszulösen. In einem zweiten 

Experiment, in dem die RNA lediglich in die Nase gesprüht bzw. auf die unverletzte Zunge 

aufgetropft wurde, kam es nicht zu einer Infektion. Inaktivierte diagnostische Proben von 

Viren dieser Gruppe müssen also prinzipiell als infektiös angesehen werden. Das Risiko einer 

Seuchenverschleppung durch die inaktivierten Proben kann aber als gering angesehen 

werden.  

Weiterhin wurde die diagnostische Kapazität der veterinärmedizinischen 

Untersuchungseinrichtungen der Bundesländer hinsichtlich der Diagnostik des Maul- und 

Klauenseuche-Virus (MKSV) überprüft. Dazu sollten die teilnehmenden Labore 24 Proben 

mittels real-time RT-PCR auf MKSV-spezifische Nukleinsäure untersuchen, sowie 16 Proben 

mittels ELISA auf Antikörper gegen Nichtstrukturproteine von MKSV. Dies gelang allen 

Teilnehmenden, wobei der virologische Nachweis von niedriglastigen Proben einigen Laboren 

Probleme bereitete. In einem MKS-freien Land stellt dies aber keine für die 

Tierseuchenbekämpfung relevante Einschränkung dar. 

Durch diese Arbeit soll ein Beitrag zur einfacheren und dennoch sicheren 

Tierseuchendiagnostik geleistet werden. Vor allem in abgelegenen Gebieten ist dies von 

großer Bedeutung, da dort die fehlende Kühlkette oft der limitierende Faktor für eine 

erfolgreiche Probensammlung ist. Die Diagnostik von Tierseuchenerregern befindet sich 

insgesamt auf einem hohen qualitativen Niveau, sieht sich aber durch den Klimawandel und 

dem immer intensiver werdenden Kontakt mit Wildtieren vor neue Herausforderungen 

gestellt. In diesem Zusammenhang stellt die Bewertung neuer Methoden zur Probennahme 
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und -transport, die Risikobewertung von inaktivierten diagnostischen Proben von Viren mit 

einzelsträngigen RNA-Genomen positiver Polarität, sowie die Qualitätssicherung bei der 

dezentralen Diagnostik einen wichtigen Betrag dar. Langfristig noch bedeutender ist allerdings 

das Bestreben, intensiver an den auslösenden Faktoren zu arbeiten. Im Sinne von „One 

Health“ sollte ganz allgemein versucht werden, den Klimawandel und die fortschreitende 

Ausbreitung des Menschen in bisher unangetastete Regionen zumindest zu verlangsamen und 

somit den „Earth Overshoot Day“ vielleicht sogar wieder etwas in Richtung Jahresende zu 

verlagern.     
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VIII. APPENDIX 

1. LIST OF FIGURES 

Figure 1:  Structure of a bluetongue virus particle 

Figure 2:  Structure of a foot-and-mouth disease virus particle  

Figure 3:  Structure of a peste des petits ruminants virus particle 

Figure 4:  Structure of a lumpy skin disease virus particle 

 

2. LIST OF TABLES 

Table 1:  Overview of common inactivation methods in virological diagnostics and their 

targets. 

Table 2:  Overview of common diagnostic methods for viral pathogens. Listed are the 

principles and the requirements for successful detection of a sample. 

 

3. LEGAL PERMISSIONS 

Figure 1:  The illustration published in this thesis is taken from ViralZone, SIB Swiss 

Institute of Bioinformatics (https://viralzone.expasy.org/106). It is subject to 

the Creative Commons Attribution CC BY Licence 4.0 

(https://creativecommons.org/licenses/by/4.0/deed.de), which permits the 

duplication and further processing of the material in any medium, provided the 

original authors and copyright owners are named. 

Figure 2:  The illustration published in this thesis is taken from ViralZone, SIB Swiss 

Institute of Bioinformatics (https://viralzone.expasy.org/33). It is subject to the 

the Creative Commons Attribution CC BY Licence 4.0 

(https://creativecommons.org/licenses/by/4.0/deed.de), which permits the 

duplication and further processing of the material in any medium, provided the 

original authors and copyright owners are named. 

https://viralzone.expasy.org/106
https://creativecommons.org/licenses/by/4.0/deed.de
https://creativecommons.org/licenses/by/4.0/deed.de
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Figure 3:  The illustration published in this thesis is taken from ViralZone, SIB Swiss 

Institute of Bioinformatics (https://viralzone.expasy.org/86). It is subject to the 

Creative Commons Attribution CC BY Licence 4.0 

(https://creativecommons.org/licenses/by/4.0/deed.de), which permits the 

duplication and further processing of the material in any medium, provided the 

original authors and copyright owners are named. 
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Publication I:  The publication reproduced in this thesis is currently under revision. It will be 

taken from Multidisciplinary Digital Publishing Institute. It is subject to the 

Creative Commons Attribution CC BY Licence 4.0 

(https://creativecommons.org/licenses/by/4.0/deed.de), which permits the 

duplication and further processing of the material in any medium, provided the 

original authors and copyright owners are named. 

Publication II:  The publication reproduced in this thesis is taken from 

Multidisciplinary Digital Publishing Institute https://www.mdpi.com/1999-

4915/14/9/1924. It is subject to the Creative Commons Attribution CC BY 

Licence 4.0 (https://creativecommons.org/licenses/by/4.0/deed.de ), which 

permits the duplication and further processing of the material in any medium, 

provided the original authors and copyright owners are named. 

Publication III: The publication reproduced in this thesis is taken from Viruses, 

Multidisciplinary Digital Publishing Institute (https://www.mdpi.com/1999-

4915/14/5/1098). It is subject to the Creative Commons Attribution CC BY 

Licence 4.0 (https://creativecommons.org/licenses/by/4.0/deed.de), which 

permits the duplication and further processing of the material in any medium, 

provided the original authors and copyright owners are named.

https://creativecommons.org/licenses/by/4.0/deed.de
https://creativecommons.org/licenses/by/4.0/deed.de
https://creativecommons.org/licenses/by/4.0/deed.de
https://www.mdpi.com/1999-4915/14/9/1924
https://www.mdpi.com/1999-4915/14/9/1924
https://creativecommons.org/licenses/by/4.0/deed.de
https://www.mdpi.com/1999-4915/14/5/1098
https://www.mdpi.com/1999-4915/14/5/1098
https://creativecommons.org/licenses/by/4.0/deed.de


 

   

121 

 

CHAPTER IX: ACKNOWLEDGMENTS 



 

   

122 

  



Acknowledgements 

   

123 

IX. ACKNOWLEDGMENTS 

Vorab gilt mein Dank Herrn Prof. Dr. Dr. h.c. Gerd Sutter, sowie allen beteiligten 

Gutachter:innen für die Beurteilung dieser Arbeit.  

Des Weiteren möchte ich mich für die Gelegenheit, meine Dissertation am Institut für 

Virusdiagnostik des Friedrich-Loeffler-Institutes verfassen zu dürfen, bedanken. Eine sehr 

lehrreiche und spannende Zeit, an die ich mich gerne zurückerinnern werde, liegt hinter mir. 

Vielen Dank an Herrn Prof. Dr. Martin Beer für seinen Rückhalt, sowie seine fachliche 

Unterstützung.   

Insbesondere meinen beiden Betreuern, Dr. Michael Eschbaumer und Dr. Bernd Hoffmann, 

möchte ich für ihre immer vorhandene Zeit, ihre Kompetenz und ihre ständige Betreuung 

danken. Vor allem durch die immerwährende gute Laune, den Optimismus und die enorme 

Hilfsbereitschaft von Dr. Michael Eschbaumer wurde mir das Verfassen dieser Arbeit sehr 

erleichtert.   

Vielen Dank auch an die gesamte Belegschaft des Gebäudes 48, die mir sehr ans Herz 

gewachsen ist. Vor allem Anja Schulz und Anja Landmesser möchte ich ein großes Dankeschön 

aussprechen, da sie mich mit unermüdlicher Geduld in den Laboralltag eingeführt haben und 

nie zögerten, mir bei Problemen mit Rat und Tat zur Seite zu stehen.  

Ein Dankeschön, das nicht groß genug ausfallen kann, gilt den 12 Rindern, die in zwei 

Tierversuchen ihr Leben lassen mussten. Auf, dass die Ergebnisse die Erkrankung vieler 

weiterer Rinder verhindert und ihr Tod somit etwas Gutes mit sich bringt. In diesem Zuge auch 

ein großes Dankeschön an die Tierpfleger, insbesondere Matthias Jahn und Patrice Mary, die 

sich hervorragend um die Tiere gekümmert haben. Des Weiteren ein großer Dank an Christian 

Loth, der die Sektion so respektvoll und ruhig wie möglich durchgeführt hat.  

Mein größter Dank gilt allerdings meiner Familie. Meinen Eltern, die mich immer bestärkt 

haben, meinem Hund, der für die Extraportion Frischluft und Bewegung gesorgt hat, meinem 

Sohn, der in der Vollendung dieser Arbeit glücklicherweise noch viel geschlafen hat und am 

wichtigsten meinem Freund. Durch ihn habe ich die Kraft und die Unterstützung bekommen, 

ohne die ich diese Arbeit niemals hätte vollenden können.  


	Contents
	I. Introduction
	II. Review of Literature
	1. Inactivation vs. Stabilization
	1.1. Inactivation
	1.1.1. Cell Infection by Viruses
	Characteristics of Single-Stranded Positive-Sense RNA

	1.1.2. Inactivation Methods
	Physical Inactivation
	Heat
	Desiccation
	UV Irradiation
	Gamma Irradiation

	Chemical Inactivation
	Alcohols & Ketones
	Acids
	Lysis Buffers for nucleic acid extraction
	Surfactants

	Biological Inactivation
	Microorganisms
	Purified Enzymes



	1.2. Stabilization & Diagnostic Methods
	1.2.1. Virology
	Virus Isolation
	Real-time PCR
	Sanger Sequencing
	Transfection

	1.2.2. Serology
	Enzyme-linked immunosorbent assay (ELISA)



	2. Biosample Collection Cards
	2.1. History/Development
	2.2. Effectiveness
	2.3. Inactivation
	2.4. Stabilization & Diagnostic Possibilities
	2.4.1. Virology
	Virus Isolation
	Real-time (RT)-PCR
	Sequencing
	Transfection

	2.4.2. Serology
	Enzyme-linked immunosorbent assay (ELISA)
	Further Methods



	3. Decentral Diagnostics for Foot-and-Mouth Disease Virus
	4. Use of Concept: Example of Transboundary Viruses
	4.1. Bluetongue Virus
	4.2. Foot-and-Mouth Disease Virus
	4.3. Peste des Petits Ruminants
	4.4. Lumpy skin Disease Virus


	III. Study Objectives
	IV. Results
	1. Publication I: Comparison of Biosafety and Diagnostic Utility of Biosample Collection Cards
	2. Publication II: Full-Length Genomic RNA of Foot-and-Mouth Disease Virus is Infectious for Cattle by Injection
	3. Publication III: Proof of Proficiency of Decentralized Foot-and-Mouth Disease Virus Diagnostics in Germany

	V. Discussion
	VI. Summary
	1. Zusammenfassung

	VII. References
	VIII. Appendix
	1. List of Figures
	2. List of Tables
	3. Legal Permissions

	IX. Acknowledgments

