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1. Introduction 

1.1. The never-ending story of virus outbreaks 

Emerging infections are defined as infections that have newly appeared in a population or have existed 

previously but are rapidly increasing in incidence or geographical range [1]. The majority of these 

diseases are associated with zoonoses; pathogens that originate in animals and are able to break the 

species barrier and jump into the human population [2]. These events are increasing significantly over 

time and the majority of these pathogens originate from wildlife [1-3]. An important group of zoonoses 

are viruses, since they caused many of the severe infectious outbreaks around the world [2]. Viruses 

are relevant and highly successful from a biological point of view for several reasons e.g.: i) the ability 

to replicate in a short period of time and produce high numbers of progeny; ii) a high efficiency in 

terms of energy conservation since they exclusively depend on energy generated by the host; iii) a 

highly streamlined genetic architecture, overlapping reading frames and modularity; iv) adaption via 

natural selection (reviewed in [4]). Furthermore, a high nucleotide substitution rate and poor mutation 

error-correction as described for RNA viruses can favour adaption to new hosts [5-7]. Such a cross-

species transmission can have a devastating impact, with the emergence of a new disease as a worst-

case scenario [8]. 

Prior to the current SARS-CoV-2 pandemic, researchers and public figures around the world already 

forecasted the catastrophic impact of an upcoming outbreak. In 2015, Bill Gates gave his infamous talk 

with the title: “The next outbreak? We’re not ready” on a conference in Vancouver, in which he 

concluded that “if anything kills over 10 million people in the next few decades, it’s likely to be a highly 

infectious virus rather than war” [9]. In 2018, the World Health Organization introduced a so-called 

“Disease X” on their shortlist of blueprint priority diseases, a place holder for a hypothetical and 

unknown pathogen in the future with epidemic or pandemic potential [10]. Not even two years later, 

this place holder was filled: SARS-CoV-2 [11].   

1.2. The importance of virus characterization in an outbreak scenario 

Whenever a new patient cluster cannot be linked to a known pathogen by existing diagnostic tests, 

pathogen identification, detection and characterization are of great importance. Virus characterization 

is pivotal to understand the underlying biology and the virus-host relationship. Identification of the 

virus origin, host-range, viral entry receptors, interaction with cellular host factors and host response 
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as well as genetic diversity are only a few of the relevant hallmarks of a virus that impact the outbreak 

response.  

Therefore, one of the first steps in virus characterization includes the genetic identification and 

characterization by partial or even full-genome sequencing. Based on these sequences, polymerase 

chain reaction (PCR) assays can be developed for specific virus detection [12, 13]. Availability of these 

assays allows further screening for the virus in an affected population and for the identification of 

reservoir species. Moreover, these sequences allow identification of related viruses [14]. These related 

viruses might be one of the first reference points to assess the virus in terms of virulence, mode of 

transmission, host range, virus-host interactions and possible treatment and vaccine options [12]. 

Furthermore, similarity to certain known viruses could facilitate research if cell culture and animal 

models, reverse genetic systems and serological test systems are already established for the related 

virus. 

Based on the sequence information and previous knowledge from related viruses, selected virus 

proteins e.g. structural proteins can be produced, which can be used to develop assays for the 

detection of neutralizing antibodies, e.g. Enzyme-Linked Immunosorbent Assays (ELISA) or Lateral Flow 

Assays (LFA) [13]. With these assays, populations can be screened to estimate the share of people that 

already underwent an infection with the novel virus and thereupon developed specific antibodies. 

Similarly, test systems can also use commercially produced antibodies, if available, to capture and 

detect the virus antigens in a patient sample. However, availability of suitable reference material for 

the validation of test systems and a sufficient knowledge about the viral domains that interact with 

neutralizing antibodies can be a bottleneck, especially at the beginning of an outbreak. 

Animal models play an important role in virus characterization for the identification of potential 

reservoir hosts, to study the virus biology or to test potential treatment and vaccine options [15, 16]. 

Pathogenesis studies can further elucidate if and how the virus is excreted and if the virus has a tropism 

for certain organs. With this knowledge, optimal collecting and handling guidelines for specimens can 

be established.  

Cell culture models are essential for the characterization of new viruses, for the study of host cell-virus 

interactions and for virus propagation [17, 18]. Not all viruses grow in vitro and most viruses are more 

likely to have a certain tissue tropism and grow only on cell lines that originate from the natural host 

or vector species [19]. Since in vitro models can be modified relatively easily nowadays, knock-out and 

knock-in cell lines are useful tools to identify and verify factors that are important for virus-host cell 

interaction [20]. For example, cell surface receptors that are used by the virus to enter the host cell 
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can be identified and subsequently used as a target in the development of a pharmaceutical drug. 

Targeted knock-out or knock-in of genes in cell lines can help to identify factors that are essential for 

virus binding, replication or release. Cell lines that enable virus propagation can be further used in 

assays, e.g. when validated test systems for the detection for neutralizing antibodies are not available. 

In a serum neutralization test, test sera are incubated with the known reference virus and 

subsequently incubated with cells [13]. However, this assay requires working with viable virus and 

further requires reagents for the virus detection (e.g. detection antibodies) or a virus that induces a 

visible cytopathic effect on the cell layer. In case of highly dangerous viruses, so-called pseudoviruses 

can help to circumvent the need for high biosafety level facilities that would otherwise be needed for 

the handling these viruses [21]. 

It has to be pointed out that the process of virus characterization, especially in an outbreak scenario, 

is not a streamlined process but is rather dependent on continuous synergy between different research 

fields with specialized tools, e.g. initial sequencing of the novel pathogen is required to develop 

diagnostic assays and in vitro models can be chosen based on first partial sequences, that in turn can 

enable culturing of the virus. This isolated virus is then needed as a reference for validation of assays 

that allow screening on a population level, that in turn can lead to the isolation of genetically different 

strains of the novel virus that might have different characteristics than the initially sequenced strain. 

Therefore, constant genetic surveillance is important during the later stage of an outbreak, to study 

the genetic variability of the virus and to identify possible recombination events, reassortments or 

genetic drift of the virus, which could impact diagnostic assays, therapeutic targets or vaccine 

development. 

1.3. Factors favoring virus emergence and re-emergence

A continuously growing human population and livestock, paired with the detrimental influence of an 

increasing need for resources, global connectivity and trade are factors that accelerate the spread of 

human and veterinary viruses worldwide [3, 22]. Adequate measures to disrupt transmission from the 

reservoir to the susceptible host or to stop community spread depends greatly on the available 

knowledge regarding the biology of the virus. Important aspects are for example the distribution of 

the virus in reservoir hosts, the route of exposure from these reservoir hosts to the new host and the 

probability of a successful infection (Figure 1). For example by identifying the initial reservoir host, 

stricter surveillance measures can be put into place that allow earlier detection and containment of 

the infection. Characterization of the viral transmission route would allow introduction of regulations 
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(e.g. introduction of hygiene plans or ban of potentially infected products) or vector control plans, e.g. 

the reduction of mosquito breeding grounds.  

Figure 1: Viral spillover from the reservoir host into the human population can occur via different routes of 

exposure and depends on pathogen release by the host, pathogen survival and human exposure to the 

pathogen. Knowledge about the virus host and route of transmission is in particular important for the 

introduction of measures to limit viral spread. Reprinted with permission from Springer Nature, Nature Reviews 

Microbiology, Pathways to zoonotic spillover, Raina K Plowright et al., 2017) 
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The succesful emergence and re-emergence of viruses can be driven by a variety of socio-ecomomic, 

ecological and environmental factors (Figure 2). Awareness of these factors is an important aspect of 

outbreak management, since measures can be put into place to contain further spreading of the virus. 

In the following, some of these factors are highlighted and put into context with actual outbreak 

scenarios. 

One important factor promoting virus emergence is the increased exposure of humans and livestock 

to natural virus hosts. Due to invasion of wildlife habitats by deforestation, forest farming or harvesting 

of resources (e.g. bat guano, tropical wood, mining), viruses can be transmitted from the natural host 

to humans or livestock [23, 24]. 

In Malaysia, the destruction of the natural fruit bat habitat for palm plantations in combination with a 

period of drought led to the encroachment of fruit bats into pig farms, where fruit plantations were 

maintained [23, 25]. This was a major factor for the 1998 - 1999 Nipah virus outbreak, a good example 

of the complexity and multifactorial nature of some of these outbreaks. Anthropogenic changes led to 

the transmission of the virus that spread from the reservoir host (fruit bat, Pteropus species), to the 

Figure 2: Multifactorial impact on the emergence and re-emergence of infectious diseases. A variety and 

often combination of different factors hamper control of infectious disease outbreaks. 
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naïve amplifier host (pig), and finally ended up infecting humans [26]. Pigs were exposed to the virus-

containing bat saliva (by partly eaten fruits) and bat excrements [27]. Due to the dense pig population 

on farms and high production of susceptible piglets, these farms functioned as a virus incubator, before 

it spilled-over into farm- and abattoir workers. Since the outbreak was first wrongly associated with an 

outbreak of Japanese encephalitis, the virus spread further into neighboring Singapore and resulted in 

more than 100 human fatalities [28]. Investigations into the outbreak only intensified after the 

introduced measures against Japanese encephalitis did not slow down the outbreak (e.g. mosquito 

control and vaccination programs) and outbreaks characteristics differed from those of Japanese 

encephalitis (very few young patients; mainly adult men working with pigs) [28]. The intensified 

research efforts led finally to the successful isolation of the “Nipah virus” from a patient sample and 

the subsequent first characterization of the virus as a most likely member of the family  

Paramyxoviridae, using electron microscopy. A PCR for the detection of conserved sequences of 

paramyxoviruses confirmed the findings and subsequent sequencing identified the virus as closely 

related but genetically distinct to the known Hendra virus [28]. Finally, the outbreak was contained 

after introduction of very strict regulations like the control of pig imports and consequent culling of 

more than 1 million pigs [28, 29]. 

In certain instances, it is not the accidental contact with a potential reservoir host but rather the 

intentional engagement with these hosts that poses a risk. In some parts of the world, cultural factors, 

precarious living standards or a lack of awareness result in the consumption of bushmeat and the use 

of exotic animals for medicine. In West and Central African countries, bushmeat can account for up to 

90% of the consumed animal protein [30]. Direct contact to infected animals during hunting, carcass 

transport, butchering or consumption are a potential route for transmission of zoonotic viruses [31]. 

In particular the hunting of nonhuman primates poses a risk due to the phylogenetic proximity to 

humans [24]. In the past, several virus outbreaks were linked to the consumption or contact with 

wildlife prey, like Ebola virus, HIV and monkeypox [32-35]. Similarly, the direct contact to exotic wildlife 

represents a source of pathogens (reviewed in [36]). The exposure to their virome, in the form of (eco-

) tourism, exotic petting zoos or as pets, constitute a potential source for virus transmission. The first 

community-acquired case of monkeypox in humans in the United States arose from contact with 

infected prairie dogs [37]. Similarly, exposure to pet marmosets was linked to several human rabies 

cases in Brazil [38]. Another recent example is the association of fatal encephalitis in squirrel breeders 

from Germany that were tested positive for a novel zoonotic bornavirus after contact with an infected 

variegated squirrel [39]. Three patients underwent treatment in an intensive care unit, suffering from 

central nervous system symptoms. Initially, no causative agent could be identified by microscopic, 
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culture, molecular or serological analysis. Only by using a metagenomics approach based on next-

generation sequencing to screen patient and squirrel samples, the causative agent was determined as 

a novel mammalian bornavirus, the variegated squirrel bornavirus 1 (VSBV-1) [39]. 

Increase in international mobility of people and goods is another factor that can directly or indirectly 

introduce and spread infectious diseases around the globe. As illustrated by the current SARS-CoV-2 

pandemic, international travel is a highly efficient tool to spread a virus within a short period. After 

initial identification of the first patient cluster in China in December 2019, the virus spread to more 

than 50 countries by end of February and to more than 200 countries and territories by the end of 

April 2020 [40, 41]. The virus was initially discovered by using next-generation sequencing methods, 

isolated by using in vitro models and visualized using transmission electron microscopy, after a 

diagnostic panel covering a variety of human pathogens was run on the first patient cluster and tested 

negative [42]. 

Viruses can be further spread by international trade of animal-derived products and animal feed from 

infected areas, as it is the case with pork products and African swine fever virus [43-45]. Furthermore, 

virus spread can be promoted indirectly by transport of goods. For example, the spread of virus vectors 

like Aedes albopictus has been suggested to be linked to the international trade of used tires [46, 47]. 

These tires can provide water reservoirs for mosquito eggs, facilitating long distance transport of the 

potential vector for viruses like Dengue virus, Zika virus or West Nile virus [48, 49].   

Another factor influencing the successful spread of an infectious disease is the immunity status of a 

population. If a virus enters a naïve population, the spread of infection can be devastating. This has 

become apparent during the current SARS-CoV-2 pandemic, as well as during the introduction and 

spread of measles, smallpox and influenza in the Americas during the European expansion and 

outbreaks of contact-related epidemics in indigenous populations in the Greater Amazonia [26, 50].  

If available, vaccines are among the most effective preventive measure to curb infectious diseases by 

acquired immunity. Nevertheless, re-emergence of vaccine-preventable diseases like measles and 

rubella are becoming more common due to vaccine refusal [51, 52]. These gaps in vaccination coverage 

can spark new outbreaks of already contained diseases, like epidemics of rubella virus in Poland 

(38,851 cases in 2013), Romania (11,809 cases in 2012) and Japan (10,102 cases in 2013), all of which 

were linked to low rubella vaccination rates [53]. 

In some instances, a virus outbreak is deliberately initiated to curb the spread of a non-endemic and 

invasive pest species. Examples are the use of myxoma virus in the 1950s and rabbit hemorrhagic 
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disease virus in the 1990s in Australia [54]. In case of the rabbit hemorrhagic disease, the virus was 

first released on Wardang island, offshore from mainland Australia in 1991, to test its ability to control 

the spread of the invasive rabbit population [55]. Despite strict quarantine measures, the virus spread 

unintentionally onto the mainland in 1995 and killed up to 95% of the rabbit population in Australia 

[56]. 

Climate change and rising global temperatures may impact the emergence of infectious diseases due 

to changes in the geographical distribution, population abundance, lifespan and transmission potential 

of the associated arthropod vector [57, 58]. For instance, Zika-, Dengue- and Chikungunya virus are 

important arboviruses that are transmitted by Aedes aegypti and Aedes albopictus mosquitos [48]. 

Risk maps of arbovirus-related diseases indicate that tropical and subtropical regions are suitable for 

extended seasonal or year-round transmission of these viruses, whereas transmission is strongly 

reduced in temperate areas [59]. With rising temperatures due to climate change, these diseases are 

likely to constitute an increasing burden in the future [60]. Similarly, climate change has been identified 

to change the migratory behaviour of birds, therefore influencing the transmission cycle of avian 

influenza [61-63]. Rising temperatures are also linked to an earlier onset of the transmission season 

and geographical expansion of West Nile fever. Established diagnostic systems allowed detection of 

the re-emerging virus since the 1990s in bird, horse and human samples from Europe, including the 

first autochthon infections in Germany in 2018 [64-68].  

Emergence of infectious diseases are potentially fueled by events like war, civil turmoil and natural 

disasters, leading e.g. to displacement, inadequate disease surveillance and destroyed healthcare- and 

infrastructures. Population displacement and subsequently crowding for instance led to a measles 

outbreak in the Philippines that followed the 1991 eruption of Mt. Pinatubo and affected more than 

18,000 individuals [69]. Similarly, unsanitary environments and a lack of rodent surveillance was 

identified as a likely contributor to more than 200,000 Lassa fever cases in the 1980s in West Africa 

[70, 71].  

Identification of transmission routes involved and the proper response to an outbreak is not only 

important due to the actual threat for the health of people and animals involved, but also because of 

the possible implications afterwards (e.g. trade restrictions, lost revenue from tourism, decreased 

foreign investment etc.). The previous examples illustrate the high degree of connectivity between 

virus, host and environment. Due to the multifactorial nature of these spillover events and the need 

for close interaction between veterinary and human research, a “One-Health”-approach (Figure 3) 

aims to study these events not from a singular angle, but rather at the interface of humans, animals 
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and the whole environment [72]. The scope of One-Health covers all biological agents and threats to 

the health of individuals, populations and ecosystems. At the same time, this is only possible if 

multidisciplinary research networks and international collaboration is at the forefront. 

Figure 3: The “One-Health”-approach aims to unite local and global efforts to provide health at the 

interface of humans, animals, and the environment. Such a global viewpoint is in particular important 

in the research of emerging virus diseases due to the multifactorial nature of many of these outbreaks. 

This Figure was created with BioRender.com via an academic subscription. 
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1.4. Preparedness needs collaboration and networks 

Synergy of international collaborations and cross-disciplinary networks are an essential part to ensure 

proper outbreak management, since viral outbreaks are complex events and not confined by country 

borders. As illustrated by the current SARS-CoV-2 pandemic, the medical and scientific community has 

to collaborate to use basic research, as well as diagnostic and medical expertise to manage such an 

unprecedented situation. This includes all areas of research, from pathogen discovery and 

characterization, development of diagnostic test systems, to drug and vaccine development.  At this 

point, the existence of already established research pipelines and international collaborations is 

crucial, to share scientific data, exchange sample material and respond rapidly. 

The European Union-funded Marie Slodowska-Curie innovative training networks HONOURs (host 

switching pathogens, infectious outbreaks and zoonosis) was initiated to introduce and prepare 

doctoral students to the different aspects and challenges of infectious outbreaks. This included topics 

from pathogen identification and isolation to the development of diagnostic test systems and vaccines 

[73]. Within this framework, the present doctoral thesis focusses on the characterization of veterinary 

relevant viruses by developing tools to study the underlying viral biology and interaction with the host. 
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2. Objectives 

Due to a global increase in viral outbreaks in the last couple of years, a training network focusing on 

virus outbreaks and preparedness management was established. Embedded in this program, the aim 

of this thesis was the development of tools for virus characterization and application of these tools to 

gain a deeper understanding of selected, veterinary viruses in terms of their underlying biology and 

virus-host interaction.  

The following objectives were the main focus:  

I) Use of full-genome sequence analysis for the genetic characterization of viruses that 

elucidates the molecular epidemiology of currently circulating strains and furthermore 

allow detection of novel viruses. 

II) Establishment of cell culture models that can be used for in vitro characterization of 

viruses, to study their fundamental biology. In particular, virus entry into the host cells and 

possible viral adaptability to a lack of entry factors should be elucidated.  

III) As an important aspect of virus-host interactions, the persistency of neutralizing 

antibodies against a novel virus should be further characterized. 
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Supplementary Materials 

Figure S1. Overview of the PCR amplicon, including the complement control protein 1 domain (CCP1, depicted 

in grey) with BVDV binding sides E66QIV69 and G82QVLA87 (both in orange), CRISPR RNAs (crRNA-1 and -3, 

depicted in yellow) and PCR primer (CD46_CCP1_F and _R, depicted in green). 

Figure S2. Amino acid sequence alignment of passage 0 and 15 of the BVDV isolates. Differences between 

passages are depicted as a black gap in the alignment. The red box indicates the shared amino acid exchange at 

position 479 in virus passage 15 of NADL (BVDV-1a), D02/11-2 (BVDV-1b) and CS8644 (BVDV-2a). 
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Figure S3. Comparison of passage 0 and passage 15 sequence reads of D02/11-2 (BVDV-1b) at aa position 479 and 

480 compared to consensus sequence passage 0. Two minor variants resulting in either a AAA-AAC or AAC-

AAA codon (aa lysine-asparagine or asparagine-lysine). In comparison, passage 15 reads assemble only AAA-

AAA (aa lysine-lysine) at position 479 and 480. The initial consensus sequence of passage 0 assembles AAC-AAA 

(aa lysine-asparagine).  
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Table S.1 Overview of the variant analysis for passage 0 and 15 of virus isolate D02/11-2 (BVDV-1b). 

The variant of aa 479 and 480 is represented by nucleotide position 1437 and 1440 respectively and 

highlighted in bold. 

Virus 

strain 

Nucleotide 

position 

Genome 

region 

Nucleotide 

Change 

Amino acid 

consensus 

Amino acid 

variant 

Frequency 

Passage 0 867 ERNS C → A Alanine Alanine 40.4% 

 D02/11-2 1,437 ERNS C → A Asparagine Lysine 42.1% 

 (BVDV-1d) 1,440 ERNS A → C Lysine Asparagine 39.9% 

1,802 E1 A → G Glutamate Glycine 11.1% 

2,529 E2 T → A Threonine Threonine 40.1% 

2,663 E2 G → A Arginine Glutamine 38.6% 

2,754 E2 C → T Cysteine Cysteine 13.8% 

2,830 E2 A → G Threonine Alanine 13.5% 

2,837 E2 A → T Tyrosine Phenylalanine 29.9% 

2,887 E2 G → A Aspartate Asparagine 42.9% 

 Passage 15 943 ERNS C → T Leucine Leucine 89.2% 

 D02/11-2 1,224 ERNS C → T Cysteine Cysteine 92.4% 

 (BVDV-1d) 1,437 ERNS C → A Asparagine Lysine 100.0% 

1,633 E1 C → T Histidine Tyrosine 30.9% 

1,892 E1 C → T Alanine Valine 91.6% 

1,962 E1 G → A Threonine Threonine 13.3% 

2,508 E2 T → C Asparagine Asparagine 90.1% 

2,529 E2 T → A Threonine Threonine 10.1% 

2,704 E2 T → C Tyrosine Histidine 34.8% 

2,940 E2 G → A Glycine Glycine 91.1% 

3,073 E2 A → G Threonine Threonine 14.2% 

3,082 E2 C → A Histidine Asparagine 22.6% 

3,082 E2 C → T Histidine Tyrosine 17.0% 
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(III) Full-genome sequencing of German rabbit haemorrhagic disease virus 

isolates uncovers recombination between RHDV (Gl.2) and EBHSV (Gll.1) 
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Virus Evolution 

Currently under revision 
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5. Discussion 

As part of the Marie Slodowska-Curie innovative training network HONOURs, the overall goal of the 

thesis was the development and application of tools for the characterization of emerging and re-

emerging viruses. With the help of these tools, important veterinary viruses were studied and basic 

research questions regarding the virus biology were answered.  The relevance of this kind of research 

caught even the eye of broader public since at least the SARS-CoV-2 pandemic. Despite all efforts, 

history and scientific data suggests that outbreaks involving novel viruses are not declining in the 

coming years [3]. Therefore, versatile tools are needed to study the fundamental questions that come 

up with the emergence of a novel virus, to shorten research and development gaps and accelerate the 

outbreak response.  

In recent years, several emerging and re-emerging viral diseases were recognized to affect the 

wellbeing of humans and animals around the globe [3, 42, 74-76]. When facing a new pathogen, 

detection and characterization are key to a successful outbreak response. This is especially crucial at 

the beginning of a virus outbreak, when the pace and quality of the outbreak response have an 

important, often life-saving impact on the affected population. As reviewed previously (publication I), 

the actions taken after the initial 2019 SARS-CoV-2 outbreak are an unprecedented example of a fast, 

concerted and synergistic response of the scientific community worldwide. However, it became also 

apparent that humanity as a whole was not prepared for such an event and the lack of knowledge of 

the novel virus complicated the outbreak response immensely. This is why the present thesis focusses 

on the development and application of tools, which enable the characterization of emerging and re-

emerging viruses. Once the causative agent has been discovered by metagenomics, tailored genetic 

test systems are needed for the fast and easy detection of the presence of the virus in individuals. In 

addition, serological assays are needed to study the prevalence and persistence of protective 

antibodies developed against the virus. Cell culture models enable virus isolation and provide a model 

to characterize virus-host interactions. These cell culture models have further the potential to reduce 

the need for animal experiments. Finally, an ongoing genetic surveillance of an agent is important, 

whenever there is the possibility that genetic changes can lead to re-emergence of the virus due to a 

changed infectivity, host-range or transmissibility. 

Early on in the outbreak, SARS-CoV-2 could be successfully isolated from patient samples using African 

green monkey-, human liver- and human airway epithelial cells [77, 78]. These in vitro systems are an 
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essential part of virus research. Depending on the virus ability to replicate in cell culture, established 

host- and vector cell lines can be used to isolate virus from field samples and grow virus stocks [79]. 

The availability of these virus stocks is crucial in times of an outbreak, since reference material is 

needed for the validation of new diagnostic test systems. Cell lines provide further a simplified model 

to study a virus in a relatively standardized environment.  

Molecular tools like the CRISPR/Cas9 technology are available for the targeted manipulation of these 

model systems [80]. In the present thesis, a bovine knock-out cell line was generated to study the role 

of the cellular surface receptor CD46 for pestivirus entry into the host cell (publication II). The bovine 

viral diarrhea virus (BVDV) was used as a model organism, since the fundamental biology of the virus 

has been studied and generated results can be compared and put into context of already existing 

literature [81]. Furthermore, BVDV as other members of the genus Pestivirus, like classical swine fever 

virus and border disease virus, are important veterinary viruses [82]. At the same time, a continuously 

growing diversity in the genus makes it a potential source of novel, emerging pathogens that could 

have a devastating impact on animal welfare [83]. Therefore, BVDV was chosen as a model organism 

and in a similar approach, novel emerging pestiviruses could be characterized by using genetically 

modified in vitro models. The role of the cellular receptor CD46 and interactions between the host cell 

and virus were characterized in a stepwise approach by: i) demonstrating that different BVDV isolates 

show a clearly reduced infection rate on the receptor deficient cell line (publication II, figure 2a-c); ii) 

generation of escape mutants that do grow despite the lack of the receptor by passaging of the virus 

on the deficient cell line (publication II, figure 2a,e); iii) testing of alterations in infectivity and growth 

of the escape mutants (publication II, figure 3 and 4);  iv) identification of mutations that could explain 

these alterations (publication II, table 1) and finally v) linking of the mutations with the phenotype.  

In a similar approach, a different host cell target or different viruses could be used to characterize the 

underlying biology. Generation of knock-in or knock-out cell lines allow to study the impact of the 

excess or lack of cellular factors on the virus-host interaction. Knowledge about these factors open up 

treatment options, e.g. by development of monoclonal antibodies that inhibit viral infection by 

blocking the host receptor that is essential for virus entry [84]. Furthermore, cell culture libraries can 

be developed in the course of outbreak preparedness that include a panel of knock-out cell lines, 

lacking a variety of factors that are potentially needed for virus entry and replication [85]. With these 

libraries in place, a novel virus could be screened in vitro to identify important cellular factors are 

needed for successful virus entry or replication in the host. By answering these fundamental questions 
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regarding the virus biology, targets might be identified that can be used in treatment approaches 

against the virus. 

Furthermore, escape mechanism can be studied, to test whether the virus is able to compensate the 

loss of this cellular factor. This is important, considering a virus that escapes existing treatment options 

[86]. If this is the case and escape mutants arise, sequencing of the viral genome identifies the 

mutations needed for the compensatory mechanism. As an example, we identified the same amino 

acid substitution (uncharged to a charged amino acid) at the same position (amino acid 479 in genome 

region ERNS) in all of the BVDV escape mutants that show an increased infectivity in vitro (publication 

II, table 1). Therefore, it is likely that the mutated region is involved in virus-host interactions, affecting 

virus entry into the cell. Similarly, in another BVDV escape mutant, we identified an amino acid 

substitution at position 441 (cysteine to arginine), resulting in the disruption of glycoprotein ERNS

dimerization, that is likely influencing viral cell-to-cell spread (publication II, figure 4 and 5). 

Nevertheless, follow-up experiments using reverse genetics have to verify these assumptions. The 

advantage of these forced adaption studies is that the result is a genotype/phenotype that naturally 

escapes the chosen adaption pressure by compensatory mutations. Therefore, the natural potential 

of the virus can be studied and links between genotype and phenotype can be established [87]. 

So far, it has been highlighted that genetic characterization of viruses by whole-genome sequencing is 

a powerful tool in outbreak management, to detect novel viruses (publication I) and to characterize a 

virus by linking sequences with the underlying molecular processes (publication II). Once a causative 

agent has been identified, surveillance of the genetic diversity and evolution of the causative agent are 

important. During the course of time, mutations, recombination and genetic drift can change virus 

characteristics like infectivity, virulence, transmission rate or host-specificity [88]. Mutations in regions 

determining immunogenicity or characteristics of the virus can lead to the need for novel diagnostic 

test systems or new vaccines to protect against emerging virus variants [89, 90]. In case of the 

calicivirus rabbit hemorrhagic disease virus (RHDV), nothing was known about the genetic profile of 

the circulating strains in Germany.  Along with an observed increase of RHDV cases in Germany in 

rabbits by more than two-fold in 2016 (publication III, table 2), this lead us to elucidate the genetic 

diversity of RHDV strains circulating in Germany over the course of 8 years. Many of the previously 

published studies investigated the genetic variability of RHDV only on the basis of partial sequences, 

mainly the structural genes [91-93]. By analyzing only the structural genes, information about 

recombination events between structural- and non-structural genes of different genotypes are not 

considered, even though they are important for the generation of genetic diversity in caliciviruses [94-
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96]. Therefore, whole-genome sequencing was used in this study (publication III) to analyze RHDV 

strains from Germany. By doing so, five viruses (10%) of the virus strains sequenced were identified as 

recombinants of different genotypes. Therefore, recombination events were identified to be 

important drivers in generating genetic diversity in RHDV. More importantly, the study identified a 

novel recombinant virus strain. Two of the recombinants identified constitute the novel strain GII.1-

Gl.2, a recombinant of RHDV genotype Gl.2 and European brown hare syndrome virus (EBHSV, 

genotype Gll.1), a related and for hare often lethal calicivirus (publication III, figure 2 and 3). This 

finding is of special interest since the virus strain was found in samples that were geographically and 

temporally separated and is therefore likely to still circulate today. Furthermore, these recombinants 

were isolated from hare samples that constitute an overlapping host for both RHDV-2 and EBHSV. The 

novel strain GII.1-Gl.2 consists of the non-structural genes of EBHSV and the structural genes of RHDV-

2 (publication III, figure 4). With standard diagnostic tests, the strain would be only identified as RHDV 

Gl.2, since commercially available detection systems are based on the structural genes of RHDV only 

(e.g.: Ingezim RHDV ELISA, Eurofins Technologies, Budapest, Hungary; ViroReal®Kit RHDV real-time 

PCR, Ingenetix GmbH, Vienna, Austria). Therefore, these recombinant virus strains would remain 

undetected, even though they could potentially emerge with enhanced virulence. This is in particular 

relevant in case of RHDV, considering that the emergence of RHDV genotype Gl.2 in 2010 rapidly 

replaced the previously existing genotype Gl.1 almost entirely within a few years. This has been 

documented in Spain, Australia, France and Portugal [93, 97-99] as well as now in Germany (publication 

III, figure 1). By using a whole-genome sequencing approach, it is possible to generate a comprehensive 

dataset that allows the detection of these novel strains. By identifying this novel recombination 

between structural genes of RHDV-2 and non-structural genes of EBHSV, it seems likely that also the 

inverted recombination event is possible, leading to a recombinant virus with structural genes from 

EBHSV and non-structural genes from RHDV. This on the other hand would dramatically increase the 

potential genetic variability of caliciviruses. Taken together, these findings underline the importance 

of continuous genetic surveillance and characterization of known circulating viruses and the need for 

follow-up studies to detect potential new virus variants, even decades after the initial outbreak.  

The findings have further impact on routine diagnostics, since new detection assays have to be 

developed to facilitate future detection of recombinant RHDV and EBHSV strains. Therefore, whole-

genome sequencing is an important tool for genetic surveillance of circulating viruses. As it is the case 

for influenza virus, the characterization helps to identify genomic variants, recombinants, reassortants, 

and quasispecies that are associated with disease severity or vaccine failure [100]. Furthermore, 
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sequence information on circulating strains is important for the prediction of the vaccine composition 

for the following flu season [101]. 

Besides the need for virus surveillance at the nucleotide- and amino acid sequence level, another 

important surveillance aspect of outbreak management is the development of serological assays. They 

allow the detection of neutralizing antibodies, produced by the host in response to a natural infection 

or vaccine application [102]. At the population level, the antibody prevalence provides information 

about the share of individuals that endured virus infection. This helps to estimate the protective 

immunity level of a population and to detect previous, often undetected subclinical cases. Serological 

assays also enable to study long-term persistence of these protecting antibodies, which has 

implications for vaccine programs and outbreak management [103-105]. In case of the 2011 emerged 

Schmallenberg virus, it could be shown that the majority of naturally infected cattle has a long-term 

protection due to persistence of protective antibodies (publication IV). Therefore, the observed regular 

re-emergence of the virus in Europe is likely not fostered by decreasing antibody-titers over time but 

rather by a decline of herd immunity due to introduction of naïve animals and the loss of the older 

immune cattle. The identification of neutralizing antibodies and surveillance of the antibodies titers 

over time became especially important also during the SARS-CoV-2 pandemic. At the beginning of the 

outbreak, it was not known if people can get re-infected after successfully overcoming the initial 

infection or if the course of infection is even more severe upon second infection with the virus. 

Moreover, it was not known how long protective antibody titers persist or if the introduction of a 

vaccine would induce long lasting protection in vaccinated individuals. Therefore, it was also not clear 

if long-term herd immunity would be possible. Therefore, thorough virus characterization is pivotal to 

answer these questions and to enable the development of diagnostic tools, therapeutics and vaccines 

to successfully manage an outbreak.  
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6. Summary 

Overall, the present thesis provides tools for virus characterization. Importantly, the application of the 

developed tools contributed to the fundamental knowledge of selected, veterinary relevant viruses in 

terms of their underlying biology and virus-host interaction. 

By using in vitro models and full-genome sequencing, important new findings were gained that 

contributed to the deeper understanding of the selected viruses. Results show that in vitro models can 

be successfully modified to enable study of specific host factors that are important for viral entry. By 

genetically modifying a bovine cell line using CRISPR/CAS9 technology , a stable cell culture model was 

established that is now available to the research community, to study the virus-host interaction of 

pestiviruses. The model was further used to elucidate the adaptability of bovine viral diarrhea the virus 

and impact on infectivity and growth. By using deep sequencing, genetic changes that occurred during 

the adaption process of bovine viral diarrhea virus were identified and linked to the phenotype, 

allowing the characterization of genetic regions important for virus binding to the host cell.   

Whole-genome analysis using deep-sequencing was further used to characterize circulating rabbit 

haemorrhagic disease virus (RHDV) strains from Germany. The study provides more than 50 full 

genomes of RHDV strains sampled between 2013 and 2020. Since the virus family is drastically under 

sampled, in particular in central Europe, these sequences represent a very valuable addition to the 

field. The investigation led further to the discovery of a novel recombinant virus strain in hares, that is 

likely still circulating today. This finding is of special interest, since it is the first detection of a 

recombination event between the genogroups RHDV and European brown hare syndrome virus 

(EBHSV) of Lagoviruses. It highlights the importance of full genome virus surveillance and the potential 

risk of virus variants that might evade diagnostic detection. 

Serological assay were used to study the persistency of antibodies developed during a natural infection 

with Schmallenberg virus. It could be shown that these antibodies are long lasting and therefore, re-

emergence of this virus in Europe is likely favoured by introduction of naïve animals into a herd and 

not by decreasing antibody-titers over time. 

Overall, the discoveries described in this thesis underline the importance of adequate tools for virus 

characterization and they give valuable answers to fundamental questions regarding the biology of the 

different viruses. 
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7. Zusammenfassung  

Die vorliegende Arbeit präsentiert besonders wichtige Werkzeuge, die zur Viruscharakterisierung 

genutzt werden können. Deren Anwendung hat im Rahmen dieser Studien zum grundlegenden Wissen 

über ausgewählte, veterinärmedizinisch relevante Viren in Bezug auf ihre Biologie und die Virus-Wirt-

Interaktion beigetragen. 

Durch die Verwendung von in-vitro-Modellen und der Vollgenomsequenzierung wurden wichtige neue 

Erkenntnisse gewonnen, die zum tieferen Verständnis der ausgewählten Viren beitrugen. Die 

Ergebnisse zeigten, dass in vitro Zellsysteme erfolgreich mittels CRISPR/CAS9 Technologie genetisch 

modifiziert werden können, um die Untersuchung spezifischer Wirtsfaktoren zu ermöglichen, die z.B. 

für den Viruseintritt wichtig sind. Durch genetische Modifizierung einer Rinderzelllinie wurde hier ein 

stabiles Zellkulturmodell etabliert, das nun der Forschungsgemeinschaft zur Verfügung steht, um die 

Virus-Wirt-Interaktion von Pestiviren zu untersuchen. Das Modell wurde weiterverwendet, um die 

Anpassungsfähigkeit des Virus der bovinen Virusdiarrhöe und die Auswirkungen auf Infektiosität und 

Wachstum zu klären. Mit Hilfe von Vollgenomanalysen wurden genetische Veränderungen, die 

während des Anpassungsprozesses auftraten, identifiziert und mit dem Phänotyp der neuen 

Virusvarianten in Verbindung gebracht. Dies ermöglichte in der Folge die Charakterisierung 

genetischer Regionen, die für die Bindung des Virus an die Wirtszelle von besonderer Bedeutung sind.   

Vollgenomanalysen mit Hilfe des Next-Generation Sequencing wurden zudem zur Charakterisierung 

zirkulierender Stämme des Rabbit Haemorrhagic Disease Virus (RHDV) aus Deutschland verwendet. 

Die Studie lieferte mehr als 50 vollständige Genome von Virusstämmen, die zwischen 2013 und 2020 

beprobt wurden. Da zur Analyse der RHDV-Infektion insbesondere in Mitteleuropa drastisch zu wenig 

beprobt wird, stellen diese Sequenzen eine sehr wertvolle Ergänzung dar und erlauben erstmals eine 

molekulare Epidemiologie und umfassende genetische Stammanalysen. Die Untersuchungen führten 

weiter zur Entdeckung eines neuartigen rekombinanten Virusstamms bei Hasen, der wahrscheinlich 

noch heute im Umlauf ist. Diese Entdeckung ist von besonderem Interesse, da es sich um den ersten 

Nachweis eines Rekombinationsereignisses zwischen den verschiedenen Genogruppen RHDV und 

European Brown Hare Syndrome Virus (EBHSV) der Lagoviren handelt. Diese Beobachtung 

unterstreicht die Bedeutung von Vollgenomanalysen und das potenzielle Risiko von Virusvarianten, die 

unter Umständen nicht mit den etablierten diagnostischen Methoden nachgewiesen werden können.  
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Serologische Tests wurden zur Untersuchung der Persistenz von Antikörpern verwendet, die während 

einer natürlichen Infektion mit dem Schmallenberg Virus gebildet wurden. Es konnte gezeigt werden, 

dass diese Antikörper langlebig sind, so dass ein Wiederauftreten dieser Viren in Europa 

wahrscheinlich durch die Einführung naiver Tiere in eine Herde begünstigt wird und nicht dadurch, 

dass die Antikörpertiter mit der Zeit abnehmen. 

Insgesamt unterstreichen die beschriebenen Entdeckungen die Wichtigkeit adäquater Werkzeuge zur 

Viruscharakterisierung und geben wertvolle Antworten auf grundlegende Fragen zur Biologie der 

verschiedenen Viren. 
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9.1 Imprimatur 

Figure 1: Pathways to spillover was reprinted with permission from Springer Nature, Nature Reviews 
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