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1  Introduction  

Rodentia is the most numerous and most diversified order of mammals, representing 

about 43 % of the total number of mammalian species. They are distributed almost 

worldwide and inhabit a broad range of habitats including forest, desert, agricultural 

land, and urbanized regions (Wilson, Lacher Jr, and Mittermeier 2016). 

The order Eulipotyphla, includes more than 400 species, comprising hedgehogs and 

gymnures (family Erinaceidae), solenodons (family Solenodontidae), the desmans, 

moles, and shrew-like moles (family Talpidae) and true shrews (family Soricidae), of 

which the most feed almost exclusively on insects. Equally to rodents they are 

globally distributed and inhabit all continents, except Antarctica (Wilson and 

Mittermeier 2018). 

Due to their close proximity to humans, rodents and insectivores, i.e. shrews, often 

function as reservoir hosts of numerous zoonotic viruses. They serve as a connection 

between humans, domestic animals, wildlife and e.g. arthropod vectors  (Meerburg, 

Singleton, and Kijlstra 2009). They can spread viruses either between the respective 

reservoir hosts or to accidental dead-end hosts. 

Various molecular methods and workflows have been developed for the identification 

of novel viruses or virus variants, directly without prior agent cultivation or after virus 

isolation. The choice of the optimal method depends on the aim of the study, the 

agents to be detected and their genome organization. Common methods are 

conventional polymerase chain reactions (PCRs) in different formats (e.g. generic or 

nested format), quantitative reverse transcription polymerase chain reaction (RT-

qPCR) and High-Throughput sequencing (HTS), which can be applied separately or 

in combination, e.g. in a sophisticated workflow. 

Even if the implementation of new technologies, like HTS and optimized workflows in 

combination with classical PCR methods resulted in numerous discoveries of novel 

viruses in the recent past (Supplement, Table S1), still only a small portion of the 

whole number of different viruses (so-called ´virome´) in rodents is known (Drewes et 

al. 2017; Wu et al. 2018). In congruence to this, knowledge about pathogens in 

squirrels and shrews is also scarce.  

Therefore, the studies described in this thesis present the characterization of 

reservoir hosts, exemplary in squirrels and shrews. In addition, results from selected 

approaches for the search and detection of novel viruses in these reservoir hosts are 

reported. In conclusion, this work contributes to the expansion of the important 
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knowledge on viruses in rodents and shrews and their function as relevant reservoir 

hosts. 

In the literature review, general knowledge about reservoir hosts, the current 

knowledge on the virus diversity in rodents, workflows used for virus identification, 

and orthoborna-, polyoma-, and herpesviruses will be reviewed in more detail. 
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2  Literature review  

2.1. Rodents and other small mammals and their role as reservoir s 

Rodentia is the most numerous mammalian taxon. Most rodents are small animals 

with compact bodies, short extremities and long tails, and display a great variability in 

their body weight dimensions. While the capybara (Hydrochoerus hydrochaeris) is 

the largest living rodent in the world and can weigh up to 79 kg, the great majority of 

rodents weigh less than 100 g (Wilson, Lacher Jr, and Mittermeier 2016). 

Rodents developed different adaptations and survival strategies through historical 

evolutionary processes, which led to their numerous and pervasive presence. These 

strategies include e.g. physical adaptations concerning their tooth morphology, and 

extremely high reproduction rates. As an example, in case of the house mouse (Mus 

musculus) a single female produces between 5-10 litters annually, of which each 

consist of 5-6 offspring. The latter are in turn able to reproduce at approximately 30 

days of age. This exceptional enormous breeding capabilities enable a high 

adaptivity to changing environmental conditions  (Wilson, Lacher Jr, and Mittermeier 

2016). 

The morphology of most species belonging to the order Eulipotyphla is characterized 

by a rather small body size, pointy noses, sharp teeth and relatively small eyes. 

Shrews are small-bodied mammals that have particularly high metabolic rates that 

cause them to be constantly active throughout day and night and requires continues 

food intake. Moles are insectivores which are specialized for digging and spend the 

majority of their time underground in extensive burrow systems. Hedgehogs and 

gymnures are closely related and belong to the family Erinaceidae. These small to 

moderately sized mammals are native to Africa, Eurasia and South East Asia. Only 

two species of solenodons remain today and these live on the island of Hispaniola 

(Solenodon paradoxus) and in Cuba (Solenodon cubanus). They have ancient 

lineages and are poisonous, nocturnal, burrowing, insectivorous mammals, which 

have larger bodies than moles and shrews. Their body size reaches around 30 cm 

and they weigh between 0.7 and 1.0 kg (Wilson and Mittermeier 2018). 

There exist different and controversially discussed definitions of the term óreservoirô 

but most definitions share the following characteristics, which will also be applied for 

the actual studies: i) reservoir hosts are chronically infested with the agent, ii) they 

harbour and maintain it, iii) they are able to transmit it to other individuals, but iv) they 

do not show any clinical signs (Haydon et al. 2002). Viruses are often highly specific 
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concerning their hosts and target cells within the host that they infect (Reece et al. 

2011). However, in addition to the reservoir hosts some viruses infect also accidental 

(spill-over) hosts. The latter are normally not able to further transmit the virus in the 

context of its natural replication cycle and in the majority of cases the accidental 

hosts develop clinical signs and might even die due to the infection (Blood and 

Studdert 1998). 

Besides bats, which are well studied reservoir hosts for many pathogens, rodents 

and insectivores, i.e. shrews, also play an important role as reservoir hosts for a 

variety of zoonotic and non-zoonotic viruses. Possible routes for virus transmission 

are either direct contacts like biting or scratching or indirect contact through infected 

faeces, urine or saliva (e.g. hantaviruses), or through the alimentary route by 

contaminated water or food products. Common examples for rodents as reservoir 

hosts include e.g. different orthohantaviruses, such as Dobrava-Belgrade virus 

(Klempa et al. 2003), Tula virus (Plyusnin et al. 1994) and Seoul virus (Lee et al. 

1980), and Cowpox virus (Hoffmann, Franke, et al. 2015) (Table 1). 

Of course there are also rodent-associated viruses that are considered to be non-

zoonotic, like e.g. the squirrel adenovirus 1 (SqAdV-1) (Abendroth et al. 2017) and 

different rodent polyomaviruses, such as the bank vole polyomavirus (Nainys et al. 

2015). Rodents and shrews can also be reservoirs for vector-borne pathogens, like 

e.g. the tick-borne encephalitis virus (Gritsun, Lashkevich, and Gould 2003) (Table 

1). In this scenario the animals carry the pathogen and serve as potential virus 

source for arthropods with vector function that feed on them, but they do not play a 

direct role in transmission to humans.  

New technologies contribute to increase the number of known reservoir hosts, e.g. 

Han et al. used machine learning for processing data about biology, ecology, and life 

history traits of selected rodents. These data can be used for the prediction of 

potential novel reservoir hosts of zoonotic diseases (Han et al. 2015). 

Living in close surrounding of humans in general strengthens the idea of small 

mammals as present infection source and therefore potential risk for humans, 

domestic animals and wildlife (Meerburg, Singleton, and Kijlstra 2009).  
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Table 1: Overview about confirmed reservoir species for selected viruses . 

Genome 
organization  

Virus 
family  

Virus species  Reservoir 
species  

Host 
family  

Reference  

dsDNAa                                                    
(linear) 

Poxviridae Cowpox virus Microtus 
arvalis, 
Myodes 
glareolus 

Cricetidae (Hoffmann, Franke, et 
al. 2015; Weber et al. 
2020) 

+ssRNAb 
(non-
segmented) 

Hepe-
viridae 

Rat hepatitis E 
virus 

Rattus 
norvegicus, 
R. rattus 

Muridae (Ryll et al. 2017) 

Flavi-
viridae 

bank vole 
hepacivirus 

Myodes 
glareolus 

Cricetidae (Drexler et al. 2013) 

Tick-borne 
encephalitis 
virus (TBEV) 

Myodes 
glareolus 

Cricetidae (Lopez et al. 1996) 

-ssRNAc                          
(non-
segmented) 

Borna-
viridae 

BoDV-1 Crocidura 
leucodon 

Soricidae (Bourg et al. 2013; 
Hilbe et al. 2006; 
Nobach et al. 2015) 

-ssRNA 
(segmented) 

Hanta-
viridae 

Puumala virus Myodes 
glareolus 

Cricetidae (Brummer-
Korvenkontio et al. 
1980) 

Tula virus Microtus 
arvalis 

Cricetidae (Plyusnin et al. 1994) 

Seoul virus Rattus 
norvegicus 

Muridae (Lee et al. 1980) 

Dobrava-
Belgrade virus, 
genotyp 
Dobrava 

Apodemus 
flavicollis 

Muridae (Avsic-Zupanc et al. 
1992) 

Dobrava-
Belgrade virus, 
genotyp 
Kurkino 

Apodemus 
agrarius 

Muridae (Klempa et al. 2004) 

Dobrava-
Belgrade virus, 
genotyp 
Saaremaa 

Apodemus 
agrarius 

Muridae (Nemirov et al. 1999) 

Dobrava-
Belgrade virus, 
genotyp Sochi 

Apodemus 
ponticus 

Muridae (Klempa et al. 2008) 

Hantaan virus Apodemus 
agrarius 

Muridae (Lee, Lee, and 
Johnson 1978) 

 

a double-stranded deoxyribonucleic acid 

b single-stranded ribonucleic acid of positive polarity 

c single-stranded ribonucleic acid of negative polarity 
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2.2. Current knowledge on the virus diversity in rodents and other small 

mammals  

Virus diversity, concerning the number of viruses and their genetic variability, is 

extremely large (Anthony et al. 2013). Research efforts are therefore ongoing to 

analyse virus diversity in more detail, especially in their natural reservoir hosts, and 

novel virus-reservoir-relationships are discovered by using novel detection 

technologies (Han et al. 2015). 

In this regard, Anthony et al. used the Indian Flying Fox (Pteropus giganteus) to 

estimate the diversity of viruses in this species and predict the possible viral diversity 

in mammals. According to the authorôs speculative results, it is extrapolated that in 

mammalian species a minimum of around 320,000 new viruses is waiting for 

discovery. In addition according to Anthony and colleagues the following limitations 

need to be considered concerning this assumption: it is assumed that all 5,486 

described mammalian species harbour an average of 58 viruses belonging to the 

nine families of interest (as estimated in P. giganteus) (Anthony et al. 2013). 

Furthermore, it is hypothesized that all these viruses exhibit 100 % host specificity 

(Anthony et al. 2013). As these postulations cannot be generalized for all virus 

species, the number of unknown viruses is probably even much higher. 

Modern molecular methods, especially the availability of HTS-instruments and 

sequencing services in the last decade, allowed a rapid increase in the detection rate 

of novel viruses (Supplement, Table S1). This makes not only an important 

contribution to an increased scientific knowledge, but is also important for the 

identification of disease aetiologies and implementation of control measures. 

 

2.3. Workflows for the identification and genetic characterization of viruses  

2.3.1. Initiation  

Initiation for such a workflow can be the occurrence of a disease of unknown 

aetiology, where the aim is to determine the potential aetiology of the disease. 

Furthermore, metagenomic óopen-viewô or pan/generic PCR/reverse transcription 

PCR (RT-PCR) screenings of a large set of samples are used for the search for novel 

pathogens. 

A HTS-based attempt was followed e.g. in case of the detection of a SqAdV-1 in 

Eurasian red squirrels, Sciurus vulgaris, after death of an adult squirrel with enteritis 

in 2013 (Abendroth et al. 2017; Wernike et al. 2018) and a novel respirovirus in a Sri 
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Lankan Giant squirrel (Ratufa macroura). The latter caused most likely the death of a 

squirrel, that showed typical lesions associated with pneumonia (Forth et al. 2018).  

The second approach, testing with óopen viewô methods for the possible presence of 

novel viruses without initial relation to a certain disease, was also applied on Norway 

rats (Rattus norvegicus) and other rodents and shrews before, like reported e.g. by 

Firth et al., Johne et al., Sachsenröder et al., and Wu et al. (Firth et al. 2014; Johne et 

al. 2019; Sachsenröder et al. 2014; Wu et al. 2018) (Supplement, Table S1). 

Furthermore, the generic RT-PCR approach was successfully used for the 

identification of novel hepato-, hepaci-, hepe- and hepadnaviruses in rodents and 

shrews (Drexler et al. 2015; Drexler et al. 2013; Johne et al. 2010; Rasche et al. 

2019; Ryll et al. 2019). 

 

2.3.2. General workflows  

Different workflows can be applied for the detection of novel viruses. Essential steps 

in such workflows are the choice of appropriate samples and the nucleic acid 

preparation, followed by a variety of molecular methods for virus detection and finally 

-if possible- the complete genome determination (Figure 1). 
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Figure 1: Schematic of exemplary workflows for virus detection.  (A): virus 

cultivation prior to virus detection with High-Throughput Sequencing (HTS); (B): 

classical approach including the screening with polymerase chain reactions 

(PCRs/RT-PCRs) in different formats, long distance-PCR (LD-PCR), primer-walking 

and dideoxy-chain termination sequencing; (C): metagenomic HTS approach with 

hybrid-capture enrichment; samples potentially including a novel virus are indicated 

in green; source of pictures: Microsoft Powerpoint Pictogramms, http://phylopic.org, 

Geneious version 2019.2 (Biomatters, available from https://www.geneious.com). 

http://phylopic.org/
https://www.geneious.com/
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2.3.3. Sampling and sample preparation  

The initial and very important step of the workflows for virus detection consists of the 

right choice of samples. Sampling depends on the initiation of the investigation. While 

in case of diseased animals with unknown aetiology the focus lies on organs with 

pathological peculiarities, for metagenomics or broad generic PCR/RT-PCR 

screenings more or less all tissues can be used. Blood, due to viremia, or faeces are 

frequently used for the detection of different viruses. In cases where a virus detection 

approach is done with stool samples it needs to be verified whether the found 

pathogens belong really to the tested host or whether it originates from a ´cargo´-host 

in the intestine. E.g. evidence of a murine virus in faeces of a raptor might be due to 

the fact that the bird has eaten a mouse before. Non-invasive sampling, such as 

collection of swab samples, is a common tool for testing live animals. The outcome of 

the detection of a given virus is markedly determined by the selection of appropriate 

samples, e.g. in case of bornaviruses there is very good evidence that brain material 

is the most suitable sample (Hoffmann, Tappe, et al. 2015; Schlottau, Hoffmann, et 

al. 2017) and in case of hepatitis viruses liver is the sample of choice (Ryll et al. 

2017). 

The workflow continues either after virus isolation or directly without initial agent 

cultivation. Virus cultivation (Figure 1A) is done for virus enrichment and can be 

performed either in vivo by giving the homogenized and filtrated sample into an 

animal, such as a suckling mouse or in vitro by placing the sample onto cell cultures. 

The choosen cell culture of course needs to be susceptible for the virus to be 

detected. Common cell lines used for virus cultivation are BHK-21 cells (baby 

hamster kidney cells), Vero cells (simian kidney cells) or PK-15 cells (pig kidney 

cells) and recently also special reservoir-derived cell lines were established as 

optimized cell culture models for the investigation of these viruses in vitro (Binder et 

al. 2019; Eckerle, Lenk, and Ulrich 2014; Essbauer et al. 2011). 

 

2.3.4. Nucleic acid extraction  

The next important step is nucleic acid extraction. Various methods are available for 

this purpose, including different commercial kits and automatic extraction machines. 

Nucleic acid can also be extracted using a combination of commercial kits and an 

automatic purification system. Following extraction, the obtained ribonucleic acid 

(RNA)/ deoxyribonucleic acid (DNA), RNA alone or DNA alone can be used for a 
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variety of different molecular detection methods. These methods differ in sensitivity, 

specificity and price and therefore for each project the best suitable method has to be 

defined. Common molecular detection assays include conventional PCR, RT-PCR, 

RT-qPCR (Figure 1B) and HTS (Figure 1C) and will be reviewed in the following 

sections. 

 

2.3.5. Molecular methods for initial detection of viruses  

The molecular detection workflow for a virus infection is usually based on a 

pathogen-specific attempt, using pathogen-specific PCR or RT-PCR. Variants of the 

general PCR approach include e.g. nested PCR or quantitative PCR (qPCR) or 

corresponding RT-PCR-formats. For a broad detection of related viruses generic or 

panPCRs can be used (Figure 1B). 

In order to ensure successful nucleic acid extraction and a sufficient sample quality, 

additional internal controls (ICs), such as the enhanced green fluorescent protein 

(eGFP) gene (Hoffmann et al. 2006) and/or primers and probes targeting a house-

keeping gene, e.g. the beta actin gene (Toussaint et al. 2007), are added to the PCR 

mastermix. In addition, in each round of all applied PCRs no template controls 

(NTCs), in form e.g. of H2O, are carried along to identify possible contaminations. 

HTS technologies have revolutionized the possibilities for pathogen identification, 

especially in cases of unknown disease aetiology (Figure 1C). It is an often used 

method for óopen viewô-approaches in virus detection, enables rapid and deep 

sequencing and has the potential to detect not only viruses, but also bacteria, fungi 

and parasites in parallel (Barzon et al. 2013; Lipkin and Anthony 2015).  

 

2.3.6. Determination of a complete viral genome  

In addition to the metagenomic approach of HTS, this methodology is frequently used 

for complete genome determination (´whole-genome sequencing´= WGS). In this 

context HTS can be combined with a microarray (Abendroth et al. 2017) or hybrid-

capture enrichment (Gaudin and Desnues 2018) (Figure 1C). 

Alternatively, LD-PCR allows amplification of up to 30 kilobase pairs (kbp) and 

beyond (Figure 1B). For performing complete genome amplification of the novel 

polyomaviruses (PyVs), LD-PCR in nested format using specific primers that were 

derived from the sequences amplified with the initial generic PCR has been 
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established (Leendertz et al. 2011). The produced amplification products had a size 

of approximately 5 kbp. 

Following the LD-PCR a primer-walking strategy can be applied for sequencing 

complete genomes of the novel PyVs (Figure 1B).  

 

2.4. Orthobornaviruses and their reservoirs  

The genus Orthobornavirus belongs to the order Mononegavirales in the family 

Bornaviridae. One differentiates between the species Mammalian orthobornavirus 1, 

including the classical borna disease virus 1 and 2 (BoDV-1 and 2), the species 

Mammalian orthobornavirus 2, represented by the variegated squirrel bornavirus 1 

(VSBV-1), a snake bornavirus (Elapid 1 orthobornavirus) and different avian 

bornaviruses (e.g. Passeriform 1 and 2 orthobornavirus, Psittaciform 1 and 2 

bornavirus and Waterbird 1 bornavirus) (Afonso et al. 2016; Briese et al. 1994). 

The single-stranded ribonucleic acid genome has a length of about 8.9 kilobases (kb) 

and is of negative polarity (-ssRNA). The non-segmented genome compromises six 

partially overlapping open reading frames (ORFs) which encode the following 

proteins: N = nucleoprotein, X = X protein, P = phosphoprotein, M = matrix protein, G 

= glycoprotein and L = polymerase protein (Briese et al. 1994). The virions are 

spherically structured and have a diameter between 85-125 nm (Danner, Heubeck, 

and Mayr 1978) (Figure 2). 

 

A  

 

 

 

B 

Figure 2: Virion structure and g enome organization of orthobornaviruses. (A): 

Schematic view of a bornavirus virion (available from Viral Zone, Swiss Institute of 
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Bioinformatics), (B): Schematic genome organization of an orthobornavirus; the 

target region of the respective BoDV-1 specific, VSBV-1 specific or panBornavirus- 

RT-qPCRs is located within the X (X protein) and P (phosphoprotein) gene and 

marked in red; the figure was prepared using Geneious version 2019.2 (Biomatters, 

available from https://www.geneious.com); the exemplary used bornavirus genome 

(VSBV-1, complete genome) is available from GenBank under accession number 

LN713680. 

 

Infection with BoDV-1 causes an immune-mediated non-suppurative encephalitis and 

chronic progressive meningoencephalitis with neurological clinical signs such as 

behavioural changes, apathy and movement disorders, e.g. ataxia (Caplazi et al. 

1999; Dürrwald et al. 2016; Richt and Rott 2001; Schmidt 1952). Such neurologic 

disease, caused by BoDV-1, is mainly known in domestic mammals, such as horses, 

sheep, goats and cattle but since recently also in humans (Caplazi and Ehrensperger 

1998; Caplazi et al. 1999; Dürrwald et al. 2016; Korn et al. 2018; Niller et al. 2020; 

Richt and Rott 2001; Schlottau et al. 2018; Schmidt 1952). In addition, rare infections 

of New World camelids are reported (Jacobsen et al. 2010). All these species are 

(accidental) dead-end hosts and do therefore not contribute to spreading of the virus. 

The bicolored white-toothed shrew, Crocidura leucodon, is the only known reservoir 

host of BoDV-1 (Bourg et al. 2013; Hilbe et al. 2006; Nobach et al. 2015) (Figure 3) 

and the majority of reported BoDV-1 cases is located in regions that overlap with the 

natural distribution range of this species (Figure 4A). Furthermore, there is evidence 

for a remarkable relation between the geographical origin of samples and similarities 

of BoDV-1 sequences leading to characteristic cluster designations as illustrated by 

the repeatedly used significant colour code in the map (Figure 4A) and the 

corresponding phylogenetic tree (Figure 4B). This clustering happens regardless of 

the species, but in congruence with the geographical origin of the samples. The virus 

is endemic in shrew populations in parts of Southern and Central Germany, Austria, 

Liechtenstein and Switzerland (Bourg et al. 2013; Dürrwald et al. 2014; Hilbe et al. 

2006; Weissenböck et al. 2017). Assays for detection of orthobornaviruses comprise 

a broadrange orthobornavirus RT-qPCR detecting different known orthobornaviruses 

(Schlottau et al. 2018), a VSBV-1-specific and a BoDV-1-specific RT-qPCR, targeting 

the X and P genes (Hoffmann, Tappe, et al. 2015; Schlottau et al. 2018) (Figure 2B). 

 

https://www.geneious.com/
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Figure 3: Photo of the bicolored white -toothed shrew, Crocidura leucodon . 

Species confirmed with Cytochrom b gene analysis, sample ID: KS19/446; photo 

taken by Vanessa Schulze. 
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A        B 

Figure  4: Geographic distribution of confirmed BoDV -1 infections compared to 

the distribution range of Crocidura leucodon  and corresponding phylogenetic 

tree.  

(A): Confirmed BoDV-1 infections (represented with circles), are shown in 

combination with the distribution range of the bicolored white-toothed shrew, 

Crocidura leucodon (represented in green shading, data available from IUCN Red 

List); the map was designed using ArcGIS Desktop 10.5.1 (ESRI, Redlands, CA, 

USA); (B): phylogenetic analysis of partial BoDV-1 sequences from endemic regions; 

the tree building was performed using Neighbor-Joining algorithm and Jukes-Cantor 

distance model in Geneious version 2019.2 (Biomatters, available from 

https://www.geneious.com); the tree was rooted using sequence BoDV-2 No/98 

(AJ311524); the sequences are denoted by GenBank accession number, Latin 

taxonomic names or common names of their hosts, country and federal state of origin 

of the sample and year of infection; GER = Germany, SUI = Switzerland, LIE = 

Liechtenstein, AUT = Austria; BoDV-1 data were available from Briese et al. 1994, 

https://www.geneious.com/
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Vahlenkamp et al. 2002,  Kolodziejek et al. 2005, Kolodziejek et al. 2006, Dürrwald et 

al. 2006, Hilbe et al. 2006, Dürrwald et al. 2007, Puorger et al. 2010, Dürrwald et al. 

2014, Rubbenstroth et al. 2016, Weissenböck et al. 2017, Korn et al. 2018, Schlottau 

et al. 2018, Niller et al. 2020, and archived GenBank sequences; colours indicate 

regional BoDV-1 sequence clusters; colour code: blue = Cluster 1A, violet = Cluster 

1B, orange = Cluster 2, green = Cluster 3, red = Cluster 4. 

 

In this context, it is important to mention that five years ago, a novel zoonotic 

bornavirus, the variegated squirrel bornavirus 1 (VSBV-1), was discovered. It is 

associated with cases of fatal encephalitis in three German squirrel breeders 

(Hoffmann, Tappe, et al. 2015) and an animal care taker in a German zoo (Tappe et 

al. 2018). Virus sequences with high similarities were found in brain samples from the 

four patients and in organ tissue of their exotic squirrels. Five squirrel species, all 

belonging to the family Sciuridae, were so far identified to harbour VSBV-1 RNA: 

Prevostôs squirrel (Callosciurus prevostii), Finlaysonôs squirrel (Callosciurus 

finlaysonii), Variegated squirrel (Sciurus variegatoides), red-tailed squirrel (Sciurus 

granatensis), and Swinhoeiôs striped squirrel (Tamiops swinhoei). Highest viral 

genome loads were found in the central nervous system. There are no clinical signs 

of infection or relevant pathological alterations in the infected squirrels and 

transmission occurs most probably direct through scratches and bites or indirect by 

excretions like faeces or urine (Schlottau, Hoffmann, et al. 2017; Schlottau, Jenckel, 

et al. 2017). 

The identification of recent fatalities in humans due to BoDV-1 and the re-evaluation 

of old human cases of lethal encephalitides with unexplained aetiology, clearly 

indicate that BoDV-1 is zoonotic (Korn et al. 2018; Niller et al. 2020; Schlottau et al. 

2018). Therefore, both viruses, VSBV-1 as well as BoDV-1, are considered as 

zoonotic. There is report about antiviral efficacy of ribavirin through reducing the virus 

proliferation, e.g. in infected gerbils (Lee et al. 2008), but in the end there is still no 

effective prophylaxis or therapy for orthobornaviruses available (Richt and Rott 

2001). 
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2.5. (Non-zoonotic) polyoma - and herpesviruses  

2.5.1. Polyomaviruses  

Taxonomically, polyomaviruses (PyVs) belong to the family Polyomaviridae. This 

family comprises around 100 members, including 14 human PyVs. PyVs have been 

identified in many hosts, including humans, nonhuman primates, rodents, cattle, bats, 

birds, and fish (Gjoerup and Chang 2010; Moens, Krumbholz, et al. 2017). 

PyVs are non-enveloped viruses with a circular double-stranded deoxyribonucleic 

acid (dsDNA) genome. The viral genome has a size of around 5 to 5.5 kbp and is 

surrounded by an icosahedral capsid (Figure 5A). The genome organization of 

mammalian PyVs is very similar and the genome is divided into three functional 

regions: the early region, the late region and the non-coding control region (NCCR). 

The early transcriptional region encodes regulatory proteins, known as tumor 

antigens, including large T-antigen (LTAg) and small T-antigen (STAg), and is 

predominantly expressed early during the infection cycle. The counter-clockwise 

oriented late transcriptional region comprises the genetic information for the capsid 

proteins viral protein (VP) 1, VP2, and VP3 and is mainly transcribed after the viral 

DNA replication begins. Early and late regions are separated by the NCCR, which 

consists of the origin of replication and the transcription control region (TCR) and 

regulates DNA replication and transcription from the early and late promoters 

(Moens, Krumbholz, et al. 2017) (Figure 5B). 

 

 

 

 

 

 

 

 

A        B 

Figure 5: Virion structure and genome organization of  polyomaviruses. (A): 

Schematic view of a polyomavirus virion (available from Viral Zone, Swiss Institute of 

Bioinformatics), (B): Schematic genome organization of polyomaviruses; the target 

region of the conventional generic PCR is located within the VP1 gene and marked in 

red; the figure was prepared using Geneious version 2019.2 (Biomatters, available 
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from https://www.geneious.com); the exemplary used polyomavirus genome 

(Polyomavirus spp. strain, Rattus norvegicus, complete genome) is available from 

GenBank under accession number MK372231. 

 

LTAg is a multifunctional protein that participates in viral DNA replication and 

transcription. Distinct regions of the protein display different activities required for 

DNA replication, including adenosine-triphosphatase (ATPase), DNA helicase, 

specific DNA binding and recruitment of cellular DNA replication proteins (Gjoerup 

and Chang 2010; Imperiale 2001; Moens, Van Ghelue, and Johannessen 2007). It 

can cause an abnormal stimulation of the cell cycle and is therefore involved in 

oncogenic transformation (Arrington 2001; Gjoerup and Chang 2010; Moens, Van 

Ghelue, and Johannessen 2007). 

STAg is a cysteine-rich protein, that is generated by alternative splicing of the early 

transcript. This protein shares the first approximately 80 amino-terminal residues with 

LTAg and seems to provide a helper function for LTAg by supporting viral replication 

and activation of the viral promoter (Moens 2001; Rundell and Parakati 2001). 

In addition to LTAg and STAg, which are universal and expressed by all known PyVs, 

in genomes of a few PyVs, e.g. the murine PyV (species: Mus musculus 

polyomavirus 1), there is also a middle T-antigen (MTAg) encoded. MTAg is essential 

for viral proliferation and also involved in tumor formation (Freund et al. 1992). 

 

Mammalian PyVs are assigned to four distinct genera within the family 

Polyomaviridae:  

Alpha-, Beta-, Gamma- and Deltapolyomavirus (Calvignac-Spencer et al. 2016; 

Moens, Calvignac-Spencer, et al. 2017): 

 

Alphapolyomavirus . The genus Alphapolyomavirus includes more than 40 species 

with five members that infect humans. Members of other PyV species infect apes, 

monkeys, bats, rodents and other mammals. Alphapolyomaviruses have transforming 

activity in vitro and reveal tumorigenic capacity in laboratory animals. Merkel cell 

polyomavirus (MCPyV) is the only currently known human PyV that is associated with 

a tumor in humans (Feng et al. 2008; Spurgeon and Lambert 2013). The type 

species of this genus is Mus musculus polyomavirus 1 (Calvignac-Spencer et al. 

2016). 

https://www.geneious.com/


2 Literature review 

22 
 

 

Betapolyomavirus . More than 30 already discovered species, infecting mammals, 

belong to the genus Betapolyomavirus. They include in total four human PyVs, 

among these are the intensively studied human BK polyomavirus (BKPyV; species 

Human polyomavirus 1) and JC polyomavirus (JCPyV; species Human polyomavirus 

2)  which are associated with nephropathy and progressive multifocal 

leukoencephalopathy, respectively (Calvignac-Spencer et al. 2016; Gardner et al. 

1971; Padgett et al. 1971). The type species of this genus is Macaca mulatta 

polyomavirus 1 (SV40, simian virus 40) (Arrington 2001; Calvignac-Spencer et al. 

2016; Sweet and Hilleman 1960). 

 

Gammapolyomavirus . This genus comprises nine species, which all infect birds. 

Some of them cause severe illness and even death, but oncogenicity has not been 

observed. The type species of this genus is Aves polyomavirus 1 (previous: 

Budgerigar fledgling polyomavirus) (Calvignac-Spencer et al. 2016).  

 

Deltapolyomavirus . This genus consists of four human polyomaviruses: the species 

Human polyomavirus 6 and 7, that exhibit skin tropism, and Human polyomavirus 10 

and 11 (MW polyomavirus and STL polyomavirus), that are commonly detected in the 

gastrointestinal tract (Calvignac-Spencer et al. 2016; Lim et al. 2013; Schowalter et 

al. 2010; Siebrasse et al. 2012). 

 

2.5.2. Herpesviruses  

Herpesviruses (HVs; family Herpesviridae) are a family of large enveloped dsDNA 

viruses that infect many vertebrates including birds, reptiles, humans, and nonhuman 

primates (Davison et al. 2009). Besides the family Herpesviridae the order 

Herpesvirales also comprises the families Alloherpesviridae, which include four 

genera infecting fish, e.g. salmonids, and frogs, and Malacoherpesviridae with two 

genera infecting molluscs (King et al. 2018). 

Herpesvirus particles consist of a core that contains the linear dsDNA genome 

ranging from 110 - 290 kbp in length. The core constitutes together with its capsid the 

icosahedral nucleocapsid. Between the nucleocapsid and the outer lipid envelope 

there is a tegument layer embedding proteins, mostly glycoproteins, that are required 

for viral entry, replication and egress (Davison et al. 2009; Guo et al. 2010; 
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Mettenleiter, Klupp, and Granzow 2009) (Figure 6A). The glycoprotein spikes on the 

viral surface play an important role for attachment and entry via cell surface receptors 

(Grünewald et al. 2003; Heldwein and Krummenacher 2008). Genomes of members 

of the Herpesviridae comprise between 70 and 200 protein-coding genes (Pellett and 

Roizman 2013) (Figure 6B). 

 

 

 

A 

 

 

B 

Figure 6: Virion structure and genome organization of herpesviruses.  (A): 

Schematic view of a herpesvirus virion (available from Viral Zone, Swiss Institute of 

Bioinformatics), (B): Schematic genome organization of the Herpesviridae; the target 

region of the generic herpesvirus PCR is located within the DNA polymerase (DPOL) 

gene (marked in green) and the target region of the generic panBeta- and 

panGamma-PCRs are located within the glycoprotein B (gB) gene (marked in red); 

the figure was prepared using Geneious version 2019.2 (Biomatters, available from 

https://www.geneious.com); the exemplary used betaherpesvirus genome (Murine 

https://www.geneious.com/
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cytomegalovirus, strain K181, complete genome) is available from GenBank under 

accession number AM886412. 

 

In addition to virion morphology, all HVs share the strategic capacity to establish a 

state of latency within the infected host. During latency viral gene expression is 

restricted and during maintenance of the latent state no production of infectious virus 

takes place. After reactivation, infectious virus is again produced and spreads to 

infect other susceptible individuals. Herpesviruses can cause a variety of medical 

conditions in humans and animals, including cancerous processes. The family 

Herpesviridae contains three distinct subfamilies: Alphaherpesvirinae, 

Betaherpesvirinae and Gammaherpesvirinae. These subfamilies differ in genetic 

structure, sequence and cell type tropism of their members (Davison et al. 2009; 

Pellett and Roizman 2013). 

 

Alphaherpesvirinae.  Members of this subfamily have a relatively short replication 

cycle, a variable host range, and usually cause rapid damage of cultured cells. They 

establish a latency state primarily in neurons of sensory ganglia (Davison et al. 2009; 

Pellett and Roizman 2013). This subfamily comprises four genera: i) Simplexvirus, 

with e.g. human herpes simplex virus 1 (HSV-1; species: Human alphaherpesvirus 1) 

and bovine herpesvirus 2 (BoHV-2; bovine mammillitis virus; species: bovine 

alphaherpesvirus 2); ii) Varicellovirus with the human varicella-zoster virus (HHV-3; 

species: Human alphaherpesvirus 3), bovine herpesviruses 1 and 5 (BoHV-1, 

infectious bovine rhinotracheitis virus; BoHV-5, bovine encephalitis herpesvirus; 

species: Bovine alphaherpesvirus 1 and 5), and equine herpesviruses 1 and 4 (EHV-

1, EHV-4; species: Equid herpesvirus 1 and 4); iii) genus Iltovirus with the infectious 

laryngotracheitis virus (species: Gallid Herpesvirus 1) as typical representative; and 

iv) Mardivirus with Marekôs disease virus (species: Gallid Herpesvirus 2) as type 

member (King et al. 2018). 

 

Betaherpesvirina e. Betaherpesviruses (BHVs) generally include larger genomes 

(>200 kbp) than either the alpha- or the gammaherpesviruses, and are characterised 

by extended replication cycles and strict host specificity (Davison et al. 2009; Pellett 

and Roizman 2013). This subfamily contains the genera Cytomegalovirus (type 

member human cytomegalovirus; species: Human betaherpesvirus 5), 
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Muromegalovirus (type member murine cytomegalovirus; species: Murid 

betaherpesvirus 1), Roseolovirus (type member human herpesvirus 6; species: 

Human betaherpesvirus 6) and Proboscivirus (type member Elephantid Herpesvirus 

1; species: Elephantid betaherpesvirus 1) (King et al. 2018). 

 

Gammaherpesvirinae.  Gammaherpesviruses (GHVs) comprise viruses with 

transforming potential and preferential association to lymphocytes (Davison et al. 

2009; Pellett and Roizman 2013). They are grouped into the genera 

Lymphocryptovirus (type member Epstein-Barr Virus; species Human 

gammaherpesvirus 4), Rhadinovirus (type member Kaposiôs sarcoma herpesvirus; 

species Human gammaherpesvirus 8), Macavirus (type member malignant catarrhal 

fever virus; species Alcelaphine Herpesvirus 1) and Percavirus (type member Equine 

herpesvirus 2; species: Equid gammaherpesvirus 2) (King et al. 2018). 

 

2.6. Virus -host evolution  

In general RNA viruses display a remarkably higher mutation rate than DNA viruses 

(Holmes 2009). One explanation for that is the óproofreading capabilityô of DNA 

polymerases, which enables them to correct errors made during replication, resulting 

in overall reduced mutation rates compared to RNA polymerases (Garcia-Diaz and 

Bebenek 2007). While cross-species transmission is the principle mechanism of viral 

emergence mainly of RNA viruses, DNA viruses carry out longterm virus-host co-

divergence in many cases (Holmes 2009; Woolhouse et al. 2002). These co-

evolutionary processes allow optimal adaptations between host and virus and create 

optimal replication conditions for the virus. Indications for co-evolution of viruses and 

their hosts are e.g. shown for PyVs (Ehlers et al. 2019) and the co-evolution model, 

typical for DNA viruses, also holds true for the majority of HVs (Davison 2002). 

In line with these principles, orthobornaviruses, belonging to the RNA viruses, are 

also present in several hosts, which might be traced back to events of transspecies-

transmission for evolutionary reasons in the past. They show extremely high 

sequence conservation and therefore cluster in line with their geographic origin but 

independent of the host species, where the sequences were isolated from (Figure 

4B). 
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3  Study objectives  

Although a lot of virus screening and reservoir host investigations were performed in 

a variety of small mammal species, including different rodents and shrews, the 

current knowledge on viruses in squirrels and the role of squirrels as virus reservoirs 

is scarce. In addition, the virus occurrence of BoDV-1 in the bicolored white-toothed 

shrew, Crocidura leucodon, as reservoir host and in alpacas as (accidental) dead-

end hosts needs to be characterised in more detail. Therefore, the objectives of this 

study are the following: 

 

3.1.   Searching for squirrels as reserv oir of the VSBV-1 and for  novel polyoma - 

and herpesviruses in squirrels  

Screening squirrel samples for the presence of orthobornaviruses was supposed 

to shed light on the role of squirrels as potential virus reservoir hosts. In addition, 

the search for novel polyoma- and herpesviruses with conventional PCRs 

should expand the knowledge on virus diversity in these neglected species. 

 

3.2.   Characterization of the interactions between reservoir host and 

(accidental) dead -end hosts during a n exemplary  BoDV-1 outbreak  

The discovery of a bornavirus disease outbreak in an alpaca herd in Northwest 

Brandenburg, Germany led to further analyses of pest rodents from this alpaca 

farm. Based on this example possible interactions between the virus reservoir 

host bicolored white-toothed shrew, Crocidura leucodon, and the accidental, but 

obviously highly susceptible, dead-end host alpaca should be characterised in 

more detail.  

 



 

30 
 

 



4 Results 

31 
 

 

 

 

 

 

Chapter 4: Results  

 



 

32 
 

 



4 Results 

33 
 

4  Results  

The reference section of each manuscript/the results are presented in the style of the 

respective journal and are not included at the end of this document. The numeration 

of figures and tables corresponds to the published form of each manuscript.
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