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1 Introduction

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-
gPCR) 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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1 Introduction

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 dji
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 (SqgAdV-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.qg.
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 Virus Virus species Reservoir Host Reference
organization family species family
dsDNA?2 Poxviridae Cowpox virus Microtus Cricetidae (Hoffmann, Franke, et
(linear) arvalis, al. 2015; Weber et al.
Myodes 2020)
glareolus
+SSRNAP Hepe- Rat hepatitis E Rattus Muridae  (Ryll et al. 2017)
(non- viridae virus norvegicus,
segmented) R. rattus
Flavi- bank vole Myodes Cricetidae (Drexler et al. 2013)
viridae hepacivirus glareolus
Tick-borne Myodes Cricetidae (Lopez et al. 1996)
encephalitis  glareolus
virus (TBEV)
-sSSRNAC Borna- BoDV-1 Crocidura Soricidae (Bourg et al. 2013;
(non- viridae leucodon Hilbe et al. 2006;
segmented) Nobach et al. 2015)
-sSRNA Hanta- Puumala virus Myodes Cricetidae (Brummer-
(segmented) viridae glareolus Korvenkontio et al.
1980)
Tula virus Microtus Cricetidae (Plyusnin et al. 1994)
arvalis
Seoul virus Rattus Muridae (Lee et al. 1980)
norvegicus
Dobrava- Apodemus  Muridae  (Avsic-Zupanc et al.
Belgrade virus, flavicollis 1992)
genotyp
Dobrava
Dobrava- Apodemus  Muridae (Klempa et al. 2004)
Belgrade virus, agrarius
genotyp
Kurkino
Dobrava- Apodemus  Muridae  (Nemirov et al. 1999)
Belgrade virus, agrarius
genotyp
Saaremaa
Dobrava- Apodemus  Muridae (Klempa et al. 2008)
Belgrade virus, ponticus
genotyp Sochi
Hantaan virus Apodemus  Muridae (Lee, Lee, and
agrarius Johnson 1978)

@ double-stranded deoxyribonucleic acid

b single-stranded ribonucleic acid of positive polarity

¢ 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
i n mammal s. A c c o r dspecglative cesultshiteis eatnagolatedrthatsin
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, met a g e n o mivc e & dpnéggeneric 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 SqQAdV-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 O6ope
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., Sachsenrdder et al., and Wu et al. (Firth et al. 2014; Johne et
al. 2019; Sachsenrtder 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).
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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

13
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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-gPCR (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 guantitative PCR (gPCR) 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 H20, 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
met hod f or -apgrgaches invvirus vdétection, 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).

Matrix protein (M)
Glycoprotein (G) Polymerase (L)

A
1500 oo 4,000 4500 5000 5500 6000 6500 7000 7500 5000 8500 79
D B ccn- (S ————————————— N ————————————————————————————’
[F—rr— e Ggepe .~
)
PCRtarget region
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-gPCRs 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; Durrwald 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; Durrwald 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; Durrwald et al. 2014; Hilbe et al.
2006; Weissenbock et al. 2017). Assays for detection of orthobornaviruses comprise
a broadrange orthobornavirus RT-gPCR detecting different known orthobornaviruses
(Schlottau et al. 2018), a VSBV-1-specific and a BoDV-1-specific RT-gPCR, targeting
the X and P genes (Hoffmann, Tappe, et al. 2015; Schlottau et al. 2018) (Figure 2B).
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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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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, SUl = Switzerland, LIE =

Liechtenstein, AUT = Austria; BoDV-1 data were available from Briese et al. 1994,
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Vahlenkamp et al. 2002, Kolodziejek et al. 2005, Kolodziejek et al. 2006, Durrwald et
al. 2006, Hilbe et al. 2006, Durrwald et al. 2007, Puorger et al. 2010, Durrwald et al.
2014, Rubbenstroth et al. 2016, Weissenbdck 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:
Pr e v o squitred (Callosciurus prevostii), Finl ayson d&allosciargsui rr el
finlaysonii), Variegated squirrel (Sciurus variegatoides), red-tailed squirrel (Sciurus
granatensis), a n d Swinhoei 6s  $amropspseidhoeiys Highest rvieal (
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).

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 Alphapolyomavirusi ncl udes mor e
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).
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Betapolyomavirus . Mor e than 30 already discovered sp
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 . Thi s genus comprises nine specie.
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
(Griinewald 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).

Envelope proteins

Outer Tegument Nucleocapsid

Inner Tegument

Portal vertex

T=16
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
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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 lltovirus with the infectious
laryngotracheitis virus (species: Gallid Herpesvirus 1) as typical representative; and
iv) Mardivirus wi t h Mar ek d6s di s e @allie Hewesviruss2) gssypee ci e s :
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. n 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 (t ype member Kaposi 6s
species Human gammabherpesvirus 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 t hat S
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.

3.2.

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.

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.
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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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Abstract

Background: Sqguirrels (family Sciuridas) are globally distributed members of the order Rodentia with wildlife
occurrence in indigenous and non-indigenous regions (as invasive spacies) and frequent presence in zoological
gardens and other holdings. Multiple species introductions, strong inter-species competition as well as the recent
discovery of a novel zoonotic bornavirus resulted in increased research interest on squirrel pathogens. Therfore we
almed to test a variety of sguirrel species for representatives of three virus families.

Methods: Several species of the squirrel subfamilies Sciurinae, Callosciurinae and Xerinae were tested for the
presence of polomaviruses (PyWs; family Polvomawridae) and herpesvinuses (HVs; family Herpesviridae), using generic
nested polymerase chain reaction (PCR) with specificity for the PyWWP1 gene and the HY DNA polymerase (DPOL)
gene, respactively. Selectad animals were tested for the presence of bornaviruses (family Bomaviridae), using both a
broad-range orthobornavirus- and a variegated squirrel bornavirus 1 (WSBV-1)-spedfic reverse transcription-
quantitative PCR (RT-gPCR).

Results: In addition to previously detected bornavirus RNA-positive squirrels no more animals tested positive in this
study, but four novel PyWs, four novel betaherpesviruses (BHVs) and six novel gammaherpesviruses [GHVS) were
identified. For three PyWs, complete genomes could be amplified with long-distance PCR (LD-PCR). Splice sites of
the Py genomes were predicted in silico for large T antigen, small T antigen, and VP2 coding sequences, and
experimentally confirmed in Vero and MIH/3T3 cells. Atternpts to extend the HV DPOL seguences in upstream
direction resulted in contiguous sequences of around 3.3 kilobase pairs for one BHY and two GHVs. Phylogenetic
analysis allocated the novel squirrel PyWs to the genera Alpha- and Betapolyomavinus, the BHVS to the genus
Muromegalovirus, and the GHVs to the genera fhadinovirus and Macavirus.,
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Conclusions: This is the first report on molecular identification and sequence characterization of PyWs and Hs and
the detection of bornavirus coinfedions with PyW's or HVs in two squirrel species. Multiple detection of PyWs and
HVs in certain squirrel species exclusively indicate their potential host association to a single squirrel species. The
nowvel PyWs and HVs might serve for a better understanding of virus evolution In invading host species in the future.

Keywords: Bornavirus, Polyomavirus, Betaherpesvirus, Gammahemesvirus, Large T, Small T, VP2, Splicing, Squirrel

Background

Squirrels (family Sciuridae) are members of the order
Rodentia, and with the exception of Antarctica, distrib-
uted globally on all continents. They occur both in the
0ld and in the New world, and squirrel species diversity
is particularly high in Africa and Asia [1]. Squirrels are
generally distingnished as ground, flyving (gliding) or tree
squirrels. With respect to the latter, the Eurasian red
squirrel (Sciwrus wvulgaris) is the dominant sqguirrel
spedes across the Palaearctic [2, 3]. In contrast to the
MNorth American red or pine squirrel (Tamiasciurus
hrudsonicus) which is a boreal coniferous species [1], the
Eurasian red sguirrel originally occupied all awvailable
forest habitats in the absence of other tree squirrels
across maost of its range.

The Eastern grey squirrel (Sciurus carolinensis) is a
broadleaf specialist and was originally distributed in the
eastern dedduous forests of Northern America [4].
However, the species has been translocated repeatedly
within North America and globally to Europe, South Af-
rica and Australia (eg. see [4, 53]). The multiple intro-
ductions and subsequent translocations had devastating
consequences for local Eurasian red squirrel populations
in deciduous and mixed forest landscapes in Great Brit-
ain, Ireland and Italy leading to large-scale declines as a
result of competition for resources and introduced path-
ogens [6-8]. With regard to pathogens, the replacement
of native Eurasian red squirrels by the Eastern grey
squirrels in the British Isles is highly accelerated by a
squirrelpox virus (e.g. [9]). However, the resulting re-
search interest on pathogens also resulted in the identifi-
cation of other potential disease threats to red squirrels
such as leprosy bacilli [10] and adenowvirus [11-13]
Although squirrel adenovirus has been known for many
vears, it was only recently that the complete genome of
squirrel adenovirus 1 (5gAdV-1) was determined and
found to indicate a close relationship between British and
Continental European red squirrel populations [11, 13].

Prevost's squirrels (Callosciurus prevostii) and Pallas’s
squirrels (Callosciurus erythraeus) belong to the subfam-
ily Callosciurinae. Both species are native to South-East
Asia and Pallas’s squirrels were introduced to Italy,
France, Belgium and the Netherlands. They typically
represent non-native, invasive tree squirrel species that
arrived in Europe via pet trade [14-16]. The variegated
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squirrel (Sciurus variegatoides), a species of dry tropical
forests in Central America, is another tree squirrel that
appears popular among squirrel breeders [17], perhaps
due to its great variability in coat colour [18]. Whilst
there has been some progress in recognition of potential
threats to wildlife and people from introduced species
{eg. [19, 20]), little information is available about viral
and bacterial pathogens and parasites in squirrels and
the role of squirrels in population dynamics, competitive
interactions or as reservoirs for zoonotic diseases.

Recently a novel zoonotic bornavirus, variegated squir-
rel bornavirus 1 (VSEV-1), was detected in five different
squirrel species from private holdings and zoos, includ-
ing Sciurus variegatoides and Callosciurus prevostii and
is associated with cases of fatal encephalitis of their
breeders and care takers [17, 21-23]. Bornaviruses (fam-
ity Bornaviridae) are enveloped spherically structured vi-
ruses with a single-stranded RNA genome of negative
polarity (size around 89 kilobases (kb)). Bornaviruses
have been identified in a wide range of hosts, e.g. mam-
mals, birds and reptiles [24]. Members of the genus
Orthobornavirus infecting mammals are assigned to two
species: Mawonalian 1 orthobornavirus (Borna Disease
Virus 1 and 2; BoDV-1 and BoDV-2) and Marwomalian 2
orthobornavirus (V5BV-1). These viruses have patho-
genic potential for humans and other mammals. BoD'V-
1 is the caunsative agent of Borna disease, an often fatal
neurologic condition of horses, sheep and other domes-
tic mammals. Recently, its zoonotic potential has been
demonstrated by molecular and immunohistochemical
detection of several BoDV-1-induced fatal encephalitis
cases in humans [25-28].

Polyomaviruses (PyVs family Polyomaviridae) and
herpesviruses (HVs; family Herpesviridae) both comprise
a plethora of viruses many of which are pathogenic for
humans and animals. In members of some mammalian
orders (e.g. primates, articdactyls or rodents) many PyVs
and HVs have been identified, some of which are well
studied [29-33]. Despite this knowledge, information on
PyVs and HVs is still scarce for many mammalian fam-
ilies. This holds particularly true for the family Sciuridae.
To our knowledge, there is no report desaribing the
occurrence of PyVs in members of the Sciuridae. From
the 1980s there exist descriptions of HVs in a thirteen-
lined ground squirrel (Ictidomys tridecemlineatus) [34],
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and Citellus spp. (now Spermophilus) [35, 36] but these
reports are based only on electron microscopy and cyto-
pathogenic effects in infected cell cultures, which were
assumed to be typical for HVs, despite the lack of
sequence data.

PyVs are small non-enveloped viruses with an icosahe-
dral capsid and a drcular double-stranded DNA genome
that consists of approximately 5 kilobase pairs (kbp).
The family Polyomaviridae comprises around 100 mem-
bers, including 14 that infect humans. PyVs have been
found in many hosts, including humans, nonhuman pri-
mates, rodents, cattle, bats, birds, and fish [31]. PyVs
cause subclinical infections, as well as acute systemic
diseases, the latter mainly in immune-compromised in-
dividuals. Some PyWs have transforming activity in vitro
and reveal tumorigenic capacity in laboratory animals.
Merkel cell polyomavirus (MCPyV) is the first human
PyV that is associated with a tumor in humans [37, 38].

The genomic organization of mammalian PyVs com-
prises three regions: The early transcriptional region, the
late transcriptional region and the non-coding control
region (NCCR). The early region encodes regulatory
proteins, including large T-antigen (LTAg) and small T-
antigen (STAg). The counter dock-wise oriented late re-
gion encodes the structural proteins VP'1, VP2, and VP3.
Early and late regions are separated by the NCCR, which
controls DNA replication and transcription from the
early and late promoters [39]. LTAg and STAg are in-
volved in viral transcription and replication. LTAg
induces the synthesis phase of cells and can cause an ab-
normal stimulation of the cell oycle and tumor forma-
tion [31, 39, 40]. Mammalian PyVs are assigned to three
distinct genera within the family Polyomaviridae: Alpha-,
Beta-, and Deltapolyomavirus [41].

HVs are a family of large, enveloped viruses with a
double-stranded DNA genome (length: 110-295 kbp)
that infect many vertebrates, including humans and non-
human primates [29]. Mammalian HVs are divided into
three distinct subfamilies within family Herpesviridae:
Alphaherpesvirinae, Betaherpesvirinae (BHVs) and Gawm-
maherpesvirinae (GHVs). All HVs share the capacity to
establish a state of latency resulting in lifelong associ-
ation with the infected host. After reactivation, an infec-
tious virus is produced and spreads to other susceptible
individuals [29, 42]. Herpesviruses cause a variety of dis-
eases in humans and animals, including some cancers.

As bornaviruses have so far only been identified in five
of the = 280 sciurid species, and sdurid PyVs and HVs are
not yet known, we sought to improve our knowledge on
such vimses in the Sduridae family and performed a
molecular survey in squirrels of different species and
subfamilies. Spleen and lung samples of 238 animals from
five countries (Canada, USA, Italy, UK and Germany)
were tested with generic nested PCRs [43-49] for the
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identification of P¥Vs and HV's. Brain samples from 126 of
these animals originating from four countries (Canada,
USA, Italy and UK) were analyzed with broad-range
orthobornavirus RT-gPCR for the generic detection of
orthobornaviruses and a VSBV-1-specific reverse
transcription-quantitative polymerase chain reaction
(RT-gPCR). In case of successtul PyV sequence detec-
tion, we aimed at generating complete genome se-
quences, and in case of HV sequence detection, we
wanted to amplify and sequence a genome segment,
which comprises around 3.4 kbp and extends from the
glycoprotein B (gB) gene to the DNA polymerase
(DPOL) gene. This approach led to the discovery of
four PyVs and 10 HVs (four BHVs and six GHVs).

Methods

Sample collection and nucleic add preparation

Squirrels (n=126) of five species belonging to the
family Sciuridae were collected in four different coun-
tries (Canada, USA, Italy and UK), dissected accord-
ing to standard protocols and brain, lung and spleen
samples of these animals were available for screening
for all three viruses. In addition, lung and spleen samples
from another 112 squirrels belonging to another three
species were available from previous bornavirus studies
[17,21,22]. Thus a total of 361 organ samples (243 spleen
samples and 118 lung samples) were available for Py and
HV analyses (Tables 1, 2 and 3).

RMA extraction was performed using the King-
Fisher™ Flex Purification System (Thermo Fisher) in
combination with the Nucleo Mag Vet Kit (Macherey
MNagel) following the instructions of the manufacturer.
DMNA extraction was performed using EURx GeneMa-
trix Tissue DNA Purification Kit (Roboklon), Qiagen
DMeasy Blood & Tissue-Kit ((Qiagen) and the King-
Fisher™ Flex Purification System (Thermo Fisher) in
combination with the Nucleo Mag Vet Kit (Macherey
Magel). DNA preparations were stored at - 20°C and
RNA preparations at - 80°C. During the nucleic ex-
traction processes negative controls were carried along
to monitor for potential contaminations. Morpho-
logical species identification was confirmed for all
samples by cytochrome b PCR and sequencing accord-
ing to a previously described protocol { [50], data not
shown). Prior to nucleic acid extraction no attempts
concerning virus isolation in cell culture were done.

Bornavirus screening of squirrel brain samples

Brain samples of the newly dissected 126 squirrels
were screened with broad-range and VSBV-1 specific
RT-gPCRs (Additional file 1) as described previously
[17, 28]. The other animals (m=112) have already
been investigated before [17, 21, 22].
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Table 1 Bornavinus reverse transcription - quantitative polymerase chain reaction (RT-gPCR) analysis of squirrels from wildlife and holdings

Hast taxonomic namsa Host aymimon name

n positive total n testad AT-gPCR positivey’ total n

(subfamily, spacies) in this study tested in previous studies
721,239
Sciurinae
Sdurus carohnernsis Extern grey squimel oI a?
Sdiunus variegad lokdes Variegated squirrel o
Seiurug vukgari Eurasian red squirrel o7
Tarrig seiurus Fudsanious Armerican rad sauimsl oh?
Xerinoe
Uracitelius richardsani Richardson’s ground squirral o112
Tedrriicds & bricd bus Exterm chipmunk o
Callosdurinoe
Callosdurus enthraews Pallas’s squirmel /352
Callasciuns prevosti Presvast’s squinnel 1=
total 0126 17/112

“all individuals oniginated from wildiife
"l individuals ariginated fram holdings

Identification of polyomaviruses and herpesviruses with
generic PCR assays

For identification of PyVs and HVs generic nested PCRs
were performed, that broadly detect a partial VP1 coding
sequence (CDS) of PyVs (Additional files 1 and 2) or a
fragment of the DPOL gene of HVs (Open reading
frame 09 (ORF9) of GHV; ORF UL54 of BHV) (Add-
itional file 1 and Additional file 3} in the second PCR
round. Both nested PCRs were performed as carried out
previously [46, 48].

Amplification of gB sequences of betaherpesviruses and
gammaherpesviruses with generic PCR

For amplification of gB sequences of BHVs (ORF
UL55) and GHVs (ORF08), we used subfamily-specific
nested primer sets (Additional file 1) essentially as de-
scribed previously [51, 52]. The scheme of multi-level
PCR analysis used for squirrel BHVs and GHVs is
shown in Additional file 3.

Mested long-distance PCR with virus-specific primers

For all PyVs, specific nested primers (Additional file 1)
were selected tail-to-tail from the sequences amplified
with generic PCR. They were used for the amplification
and sequencing of the remaining parts of the circular ge-
nomes (approximately 5 kbp). For all HVs, for which
both gB and DPOL sequences could be amplified, nested
primers (Additional file 1) were selected that were
spedfic for each virus and used in long-distance PCR
(LD-PCR) for the amplification and sequencing of the
sequence that spans the gap between the partial gB and
DPOL sequences. LD-PCR was performed with the
TaKaRa-Ex PCR system (Takara Bio Inc.), according to
the manufacturer’s instructions. After the first PCR

40

round, a 2pl aliquot of the reaction mix was used as
template in the second-round reaction.

Hemi-nested herpesvirus DPOL PCR
In cases where only the generic HV PCR was successful
land not gB PCR and/or LD-PCR), the short DPOL se-
quence was extended in upstream direction with hemi-
nested PCR, using the outer sense primer (285 DFA) of
the generic HV PCR and two virus-specific antisense
primers for amplification of approximately 480 base pairs
(bp) (Additional file 1). The hemi-nested DPOL PCR was
carried out as described above for generic HV PCR.

Based on these extended sequences we were able to
design again virus-specific primers that were used for re-
screening of all samples of the respective species.

Mested PCR with polyomavirus-specific primers

For all novel PyVs, for which full genomes could be
assembled, nested primer sets (Additional file 1) were
selected. They were used for amplification of sequences
of approximately 800 bp that encompass the short over-
lap between the sequences generated from the generic
PCR fragments and the LD-PCR fragments of the re-
spective PyV genome. PCR was performed in a total vol-
ume of 25pl with 04 pl (2units) Applied Biosystems
AmpliTag Gold DNA Polymerase (Thermo Fisher), 25
pmol of each primer, 200 pM dideoxynucleoside triphos-
phates (dNTPs), 2mM MgCly, 5% dimethyl sulfoxide
(DMS0) and 250 ng of sample DNA as template. A ther-
mocycler from Biometra was used under the following
cycling conditions: activation of the polymerase at 95°C
for 12 min and 45 cycles of denaturation at 95*C for 30
s, annealing at 61 °C for 30 s, and elongation at 72 °C for
5 min, followed by a final extension step at 72°C for 30
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min. For the second PCR round, a 1 pl aliguot of the
first-round reaction mix was used as a template. The
primers were also used for more sensitive re-screening
all samples of the respective host species.

Mested PCR with herpesvirus-specific primers

For all novel HVs, for which extended sequences could
be determined, nested primer sets were selected for re-
saeening all samples of the respective host species
(Additional file 1). They were used as described above
for specific PyV amplification (annealing temperatures
listed in Additional file 1).

RT-PCR and PCR controls

For each round of all nested PCRs and the RT-gPCR of
our screening, no-template controls (PCR-grade HO)
and extraction controls were carried along to detect any
possible contaminations. These analyses were negative
for all PCRs and RT-gPCREs. As positive PCR controls,
DMNA extracts of samples were used that tested positive
for BHVs, GHVs or PyVs in previous studies.

PCR product purification and sequencing

All PCR products were purified with MSB® Spin PCRapace
(Stratec), according to the manufacturer's instruction and
directly sequenced using the BigDwe Terminator v3.1 sys-
tem (Life Technologies) on an Applied Biosystems 350(hL
DX Genetic Analyzer (Thermo Fisher). The LD-PCR
products were sequenced by a classical primer walking
strategy (primers not listed).

Synthesis of polyomavirus early and late region

Early or late region plus flanking sequences (approxi-
mately 3.1 kbp) of Sciwrus carolinensis polyomavirus 1
(ScarPyV1; GenBank accesson number ME&71101) were
commerdally synthesized and delivered as recombinant
plasmids (Biomatik). They were named pScarPyVilearly
and pScarPyVllate and transformed into competent
Escherichia coli DH5 alpha cells (Thermo Fisher). Plasmid
DNA was extracted with Invisorb®* Spin Plasmid Mini
Two (Stratec) according to the manufacturer’s instruction.

Cell lines

Vero cells C1008 (monkey kidney cells; European Collec-
tion of Authenticated Cell Cultures (ECACC) # 85020206)
were cultured in standard high-glucose Dulbecco's min-
imal Eagle medium (DMEM, Thermo Fisher) containing
10% fetal calf serum (FCS) (PAN Biotech) and 1% penicil-
lin/streptomydn (Thermo Fisher). For NIH/3T3 cells
(mouse embryo fibroblast cells; American Tissue Culture
Collection, ATCCY, CRL-1658™) the same medium was
used, except that 5% FCS (PAN Biotech) was added. Both
cell lines were cultivated at 37°C and 5% C(On. DMNA
extracts of cell aliguots were tested with PCR for absence
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of mycoplasma contamination [53]. Primers are listed in
Additional file 1.

Transfection of cells

As described previously [54], cells were transfected with
1 pg DNA of plasmid pScarPyV1early or plasmid pScar-
PyVllate, using X-tremeGENE HP DNA Transfection
Reagent (Roche Applied Biosdences). Before transfec-
tion, Vero cells were seeded in a volume of 500 pl cell
culture medium in tissue culture plates with 24 wells
(Sarstedt). For NIH/3T3 cells, Cell+ plates with 24 wells
and a special Cell+ growth surface for sensitive adherent
cells (Sarstedt) were used. Transfection procedures were
performed 24 h after seeding according to the manufac-
turer’s instructions.

RMNA extraction and cDNA synthesis

Total RNA was isolated on 0, 1, 25, and 6days post
transfection of recombinant plasmid DNA using the
MNucleoSpin® RNA-Kit (Macherey Nagel) according to the
manufacturer’s instructions. DNA was removed by an
additional Turbo DMNA-free DNase treatment | Thermo
Fisher). RNA concentrations were determined with the
MNanoDrop 8000 device (Thermo Fisher) at 260 nm. Syn-
theds of cDNA was carfied out with 500 ng RENA using
SuperScript Il Reverse Transcriptase ( Thermo Fisher) and
oligo(dT116 primers (Roche Applied Bioscience).

PCR for identification of introns

To identify introns in the early and late region of Scar-
PyV1, PCR was performed with ¢cDNA as a template,
using primers specific for SarPyV1 that bind in flanking
regions of predicted introns (Additional file 1). PCR was
performed with 25pl cDNA in a total volume of 25 pl
with 02 pl (1 unit) Applied Biosystems AmpliTag Gold
DMNA Polymerase (Thermo Fisher), 1 pM of each primer,
200pM ANTP PCR Mix (Metabion), 2 mM MgCls and
5% DMSO iMerck). All PCR products were purified with
MS5B* 5pin PCRapace (Stratec), according to the manu-
facturer’s instructions. Sequencing reactions were per-
formed as described above

Bioinformatics and phylogenetic analysis

For the datasets we selected reference viral genomes
representing all currently recognized species in the fam-
ily/subfamily considered as well as additional viruses
whose genomes represented distinct viral lineages dis-
cussed in the literature but still not integrated into the
official taxonomy (sensu International Committee on
Taxonomy of Viruses (ICTV)). For PyVs, this repre-
sented 109 viruses; for BHVs, 21 viruses; and for GHVs,
39 viruses. We extracted the LTAg and VP1 (PvV) or
DPOL and gB (BHV and GHV) coding sequences from
these genomes as well as from the novel viruses we
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identified in squirrels using Geneious v11.15 [55]. For
each coding sequence, sequences were translated into
amino acid sequences and aligned using Muscle [56] as
implemented in Seaview vd [57]. Conserved amino acid
blocks were then selected using Gblocks as implemented
in Seaview, using options for a less stringent selec-
tion: allow smaller final blocks, allow gap positions
within the final blocks and allow less strict flanking
positions [58]. The final amino acid sequence align-
ments comprised 260 (VP1), 517 (LTAg), 628 (DPOL
BHV), 298 (gB BHV), 622 (DPOL GHV) and 282 (gB
GHYV) positions, respectively.

For phyvlogenetic analyses of all datasets we first ran
Madmum-Likelihood (ML) analyses usng PhyML v3 with
smart model selection (PhyML-SMS) using the Bayesian in-
formation criterion and a tree search using subtree pruning
and regmfting [57, 59, &0]. Branch mbustness was esti-
mated using Shimodaira-Hasegawa-like approximate likeli-
hood ratio tests (SH-like alLRT) [61]. The PyV and GHV
ML trees were rooted with TempEst v1.5 by minimizing
the varance of root-to-tip distances [62]; the BHV ML
trees were rooted using roseolovirus outgroups. We then
ran Bayesian Markov chain Monte Cado (BMCMC) runs
using BEAST v1.10.4 [63]. For each alignment, we used the
amino acid substitution model identified by PhyML-SMS,
an unoorrelated relaxed clodk (lognormal) model and a spe-
ciation model (birth-death) as a tree prior. The output of
multiple BMCMC mns was examined for convergence and
appropriate sampling of the posterior using Tracer v1.7.1
[64], before being merged using LogCombiner v1.10.4 (dis-
tributed with BEAST). The maximum clade credibility
(MCC) tree was identified from the posterior set of trees
(PST) and annotated with TreeAnnotator v1.104 (also dis-
tributed with BEAST). Branch robustness was estimated
based on their posterior probability in the PST.

Results

Bornavirus analysis

In previous studies, brain and oral swab samples of 112
squirrels belonging to various species were investigated
with a broad-range orthobornavirus RT-gPCR and VSBV-
1-spedfic RT-gPCR. V5BV-1-RNA was detected in brain
and for oral swab samples of 7/7 individuals from holdings
of variegated squirrels, in samples of 10/17 Prevost's squir-
rels and a few other spedes [17, 21, 22], but not in any
brain samples of the 77 tested Eurasian red squirrels and
in any of the 11 Eastern grey squirrels [17, 21, 22]. Here
we investigated a total of 126 brain samples from wildlife-
derived squirrels from four countries, but did not find any
positive specimens (Table 1).

Identification of novel polyomaviruses and herpesviruses
To identify PyVs and HVs in squirrels, we analyzed 238
squirrels (spleen, n = 208; lung, n = 118) of eight different
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species (Tables 2 and 3). First we screened with generic
nested PCR that targets a short fragment of the major
capsid VP1 CDS of mammalian PyVs (Additional file 1
and Additional file 2) [43, 47-49] and generic nested
PCR with specificity for the highly conserved DPOL
gene of mammalian HVs [(Additional file 1 and Add-
itional file 3) [44-46]. Products of expected length were
sequenced and sequences analyzed using Nuclentide Basic
Local Alignment Search Tool (BLASTn). Thirteen samples
of twelve animals were positive for vet unknown PyVs
(Table 2) and 104 smples of 89 animals were positive for
vet unknown HVs (Table 3) as revealed by BLASTn analysis
idata not shown). In total, four novel PyWs, and 10 novel
HVs (four BHYs and ax GHVs) were identified and tenta-
tively named: Sciuris carolinensis polyomavirus 1 (Scar-
PyV1), Sciuwrus carlinensis betaherpesvirus 1 (ScarBHV1),
Sciwrus carolinensis gammaherpesvirus 1 and 2 (ScarGHWV1
and ScarGHVZ2), Sciurus variegatoides polyomavirus 1
(SvarPvV1), Sciwrus vidgaris betaherpesvirus 1 (SvulBHV1),
Calloscirus  erythraeus  polyomavims 1 (CeryPyV1),
Callosciurus  erythracus betaherpesvirus 1 (CeryBHV1),
Callosciurus erythraeus gammaherpesvirus 1 (CeryGHV1),
Callosciurus prevostii polyomavirus 1 (CprePyV1), Cal-
losciurus prevostii betaherpesvirus 1 (CpreBHV1), Cal-
losciurus prevostii gammaherpesvirus 1 (CpreGHV1),
Urocttellus richardsonii gammaherpesvirus 1 (UricGHWV1)
and Tamias striatus gammaherpesvirus 1 (TstrGHV1).

In PyV detection with generic PCR, one of 118 spleen
samples and one of 88 lung samples from Eastern grey
squirrels (Sciurus carolinensis) were positive for Scar-
PyV1, 1/7 spleen samples of variegated squirrels (Sciurus
varicgatoides) was positive for SvarPyvV1, 8/44 tested
samples (6x spleen and 1x spleen and lung) from 35 Pal-
las's squirrels (Callosciurus erythraeus) originating from
Italy were positive for CeryPyV1, and 3/17 spleen sam-
ples of Prevost’s squirrels (Callosciuwrus prevostii) were
positive for CprePyV1 (Table 2).

In HV tests of 118 spleen and lung samples of Sciurus
carolinensis from the UK, Italy and USA with generic
PCR, we identified 20 animals from the UK as
ScarGHV1 -positive (16x in spleen and 4x in spleen and
lung), three Eastern grey squirrels from the USA as
ScarGHV1-positive in lung and two individuals as
ScarGHV2-positive, one from the UK in spleen and one
from the USA in lung. ScarBHV1 was detected in lung
samples of two animals from Italy. Testing 77 Sciwrus
vielparis revealed 18 SvulBHV1-positive individuals from
Germany (1x in spleen, 12x in lung and 5x in spleen and
lung) and 13 from the UK (1x in spleen, 9x in lung and
3x in spleen and lung). We identified 10 out of 11
Richardson's ground squirrels (Urocitellus richardsomnii)
to be positive for UricGHV-1 in spleen and 2/2 Eastern
chipmunks (Tamias striatus) positive for TstrGHWV1,
one in spleen and one in lung. In wild Callosciurus
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erythracus from Italy as well as Callosciurus prevostii
from a holding in Germany, we discovered both a BHV
and a GHV. Upon testing a total of 35 Callosciurus ery-
thraeus, we identified 16 individuals as CeryBHW1-
positive (12x in spleen, 2x in lung and 2x in spleen and
lung) and two animals as CeryGHV1-positive (1x in
spleen and 1x in lung). Within the 17 Prevost's squirrels,
one spleen each was detected to be positive for
CpreBHV1 or CpreGHV1 (Table 3).

We did not detect any PyVs in 77 Eurasian red squir-
rels, 11 Richardson's ground sgquirrels and two Eastern
chipmunks and no HVs in seven spleen samples of var-
iegated squirrels from German holdings. In one lung
sample of an American red squirrel (Tamiasciurus hud-
sonicus) from the USA, neither PyVs nor HVs were de-
tected (Tables 2 and 3).

Based on extended sequences that we generated for
three PyVs and eight HVs (see below) we selected specific
nested primers (Additional file 1) for more sensitive
sreening and re-tested all samples of the respective spe-
cies. By this approach we observed the following preva-
lences: ScarPyV1 was detected in 35.2% (31/88 squirrels,
27x positive in spleen, 2x lung and 2x in spleen and lung)
of Sciwrus carolinensis, SvarPyV1 in 14.3% (1/7 spleen
samples positive) of Sciurus variegatoides, CeryPyV1 in
42.9% (15/35 squirrels, 12x positive in spleen and 3x in
spleen and lung) of Callosciurus erythraeus and CprePyV
in 23.5% (4/17 squirrels positive in spleen) of Callosciirus
prevostii (Table 2). For the herpesviruses, the ScarGHWV1
prevalence of the Sciwrus carolinensis from the UK was
40.8% (20/49 squirrels, 16x positive in spleen and 4x in
spleen and lung) and for Sciwrus carclinensis from the
USA prevalence was 60.0% (3/5 spleen samples positive).
The second gammaherpesvirus of Sciwrus carolinensis
(ScarGHV2) was detected in 2.0% (1/49 squirrels positive
in spleen) and 20.0% (1/5 lung samples) of the samples
from Britain and the USA, respectively. The average
prevalence of ScarBHV1 amounts 5.7% (5/88 squirrels
positive in spleen) and was only found in Eastern grey
squirrels from [taly. The Sciurus vulgaris from the UK re-
vealed a SvulBHV1-prevalence of 68.4% (13/19 sguirrels,
1x positive in spleen, 9x in lung and 3x in spleen and lung)
and those from Germany, 31.0% (18/58 squirrels, 1x posi-
tive in spleen, 12x in lung and 5x in spleen and lung). In
Callosciwrus erythraeus from Italy, the prevalence of
CervBHV1 was 65.7% (23/35 sguirrels, 1% positive in
spleen, 1x in lung and 3x in spleen and lung) and that of
CeryGHW1 was 14.3% (6/35 squirrels, 5x positive in spleen
and 1x in spleen and lung). Richardson’s ground squirrels
from Canada showed a very high prevalence (90.9%, 10/11
spleen samples positive] of UdcGHV1. The herpesvirus
prevalence in Prevost's squirrels was 5.9%: Two of seven-
teen samples were positive, one for CpreBHV1 and the
other for CpreGHWV1 (Table 3).
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In this study we identified one Sciurus variegatoides
isample #10291) from a holding in Germany with a co-
infection of V53BV-1 and SvarPyV1 and four Callosciurus
prevostii (samples #10295, #10296, #10303 and #10304)
from German holdings that were infected with V5BV-1
and CprePyV1.

Amplification of complete polyomavirus genomes
Complete genomes of ScarPyV1, CeryPyV1, and Cpre-
PvV1 were generated by nested LD-PCR using specific
tail-to-tail primers (Fig. 1, Additional file 1 and Add-
itional file 2). The LD-PCR products of around 52 kbp
were sequenced by classical primer-walking (primers not
listed) and sequences of the (i) initial generic PCR prod-
ucts, (i) LD-PCR products, and (iii) specific PCR frag-
ments mentioned above were assembled to final circular
genome sequences (Fig. 1). Full Py¥V genomes or partial
PvV sequences are listed with countries of origin and
GenBank accession numbers in Table 4.

ORF analysis with Geneious 11.1.5. software revealed
the typical PyV genome organization with CDS for the
viral capsid proteins VP'1, VP2 and VP3, the regulatory
proteins 5STAg and LTAg (but not middle T antigen
(MTag)) on the opposite strand, and the NCCR (Fig. 1).
As the LTAg CDS of all other mammalian PyVs and
some of the STAg CDS are interrupted by an intron, we
searched for such introns in the squirrel PyY genomes
in silico and experimentally, as described in detail below.
In addition, the VP2 ORF of CprePyV1 and ScarPyV1
was found to be interrupted by two (CprePyV1) or three
i ScarPyV1) stop codons (not shown). Therefore, splicing
of the VP2-encoding late mBNA was predicted and
analyzed experimentally in cell culture. In upstream
direction of the VP2 coding sequence ScarPyV1 and
CprelPyV1 display an additional ORF in their genome. In
a few PyVs of the genus Betapolyomavirus, eg. SV40
and BK virus, the so-called agnoprotein is encoded at
this position. Agnoprotein was identified as a regulatory
protein required for etficient virus proliferation. How-
ever, the proteins putatively encoded by ScarPyV1 and
CprePyV1 do not show similarities with the known
agnoproteins, and their function is currently unknown.

Identification of splice sites in early and late regions of
the novel polyomaviruses

Splice donor and acceptor sites with high Human
Splicing Finder (HSF) rating (75-95) and conserved in
sequence and position compared to related PyVs were
identified in LTAg CDS of all three squirrel PyVs. In
addition, splice sites were predicted for STAg mRNA of
CprePyV1, with the splice donor site interrupting the
stop codon. The introns of STAg mENA of ScarPyV1
and CeryPyV1 were found to be located after the stop
codon. Finally, an intron was predicted for the VP2 CDS
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of CprePyV1 and ScarPyV1 explaining the occurrence of
an interrupted CD35 (Fig. 2 and Table 5).

Experimental confirmation of the splice sites predicted
for ScarPyV1 was performed with an approach that was
used previously for splice site analysis of two human
PyVs [54]. First we transfected either the early or late re-
gion with flanking sequences of ScarPyV1 (from sample
#9804} into monkey Vero cells and murine NIH/3T3
cells, isolated mRNA at the day of transfection and at
days 1, 2.5 and & after transfection, and synthesized
cDMA. Thereafter, a nested PCR was performed with
primers that flank the putative introns (Additional file 1).
By sequencing of the PCR products, the splice sites pre-
dicted for both the early (5TAg and LTAg CDS5) and the
late region (VP2 CD5) were confirmed in Vero and NIH/
3T3 cells as described in detail below.

48

With two nested PCRs that respectively span 300 bp
and 500 bp in the early region around the predicted
5TAg intron, a spliced mRENA was detected in Vero and
NIH/3T3 cells that displays an unspliced CDS of 519bp
and encodes the predicted 5TAg of 172 amino acids
(aa). Behind the stop oodon (nucleotide (nt) 517-519), a
short intron of 72 nt was observed (Fig. 2a and Table 5).
With PCR that spans 800 bp in the early region around
the predicted LTAg intron, a spliced mRNA was de-
tected in Vero and NIH/3T3 cells from which a spliced
CDS of 1.935 kbp (exon 1 and 2 in frame +1) was in-
ferred. It enoodes an LTAg of 644 aa (Table 5 and
Fig. 2a). The ScarPyV1-encoded TAgs share the 81 N-
terminal aa.

Finally, we performed a PCR that spans 400 bp in the
late region around the predicted VP2 intron. A spliced
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Table 4 Novel polyoma- and herpesvirus sequences deposited in GenBank
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Virus name Country of Lample ID Sequenae kength (bp) Complete GenBank acoetion numbsar
oigin Qanome
CeryPyWl Italy #10239, #1027, #1027 5112 + MEGTT0E7, MEG 71088, MEEF 1089
CpraPa] Garmarny® #10295, 10296, £10304 S464 + MKBE3S08, MKSEIB09, MKEE3810
SearPwWi UK #IBA, F9E2 210018 5236, 5237, 5237 + ME&TF1101, MEE 710596, MEEF 1097
SvarPwWi Garmary® #10291 213 MEST1090
CeryBHVI Italy #10257, #10259, 310262 478 MESSTT 42 MESSF143, MESS 7144
C praBHWT Garmary® #10298 478 MMO37512
SearBHVT Italy #1097 412 MNO47451
SvulBHV1 LK #9B07, #9808, #3813, PEM 3334, 3335, 3327, 3336 ME&T1091, MESTT092, MEST 1093,
MEST10594
Germany #IBBS 3442 ME&T1095
Cenp3HV1 [taly #10276 472 MES5F139
CpreHyl Germary™ #10305 166 not archivable in GenBank (< 200 bp)
ScarGHW1 UK #9783, #9800, #9802 3334 MEGF1098, MES 71099, MEEF 1100
ScarzHV2 LsA #10179 166 not archivable in GenBank (< 200 bp)
UriczHW1 Canada S10168, #10170, 210171, #1071 73, anz MEGT1102, MEEF1103, MEEF 1104,
210174, #10175 MEGT1105 MESF1106, MEEF 1107
TetrEHY1 LSA #10182, #10183 443 NED5TT 40, MESST141
“animals originate from hol dings
- ™
a
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—_— .
— ., axon - frame 1 c primer (2 round)
11— oxon-frame 3 I termination codon
Fig. 2 Scheme of axperdmentally identified gpliced mRNAz of the eardy (a) and late {b} region of Sciurus caralinensis palyomavine 1.
Expermenially identified 5TAg, LTAg and WP2 exon sequences are depicded as aolored bars, intrors 2 dotted lines, and second-round primers
= sense, as = antisersa) fr intren identification with green amows. Exon sequences ane wiitten in green capitals and intron saquendas in
arange lower cws Their probability pradictad by the Human Splicing Finder 31 is shown in brackets (scara 0-100) The nucleatide positions in
green font shown at intron/exon borders represent the first or bt nucleatide of the exons. The nuckeatide pagitions in red fant represant the last
nuclectide of the termination codon
e J
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Table 5 Splice donor and acceptor sites in the eary and late regions of the novel polyomaviruses

Polyornavirus st Splice donar site EXON[intron® Splice acceptor site
irt | EXON

Sciurnus caralinensis pohomavins 1 LTAg AbGlgtagt (94) atggaactgeag|CA (B}
LTAg GAGJgtgaga (95) cotcttaataag|AT (73)
VP2 CAGatgany (96) attctettgtagfGA (85)

Callosdurus pravostii polyomaninus 1 STAg ATGgtgagt 93) taccit taacag AT E5)
LTAg GAGgtasas (B3) taccit taacag AT E5)
VP2 GAGgtaaga (96) tteattttgtagies (87)

Callosdurus erythraeus polpomavinus 1 LTAg GAGgtacgt (89) tgettetitcagGs (93)

05 coding sequence

sgore (0-100; in brackets) of similarity to the splice consensus site generated by the Human Splicing Finder 3.1

CDS was amplified from cDNA that displays two exons
(Table 5 and Fig. 2b).

The experimental results generated for ScarPyV1 were
completely in line with the theoretical predictions, ie.,
all three predicted introns were detected in both tested
cell lines and at different time points of harvesting. The
splice sites predicted for LTAg, STAg, and VP2 CDS of
CprePyV1 (Table 5) were not studied experimentally be-
cause the CprePyV1 genome is closely related to that of
ScarPW1 (see phylogenetic tree analysis below) and the
splice sites of both PyVs are conserved in position and
sequence. Likewise, splice sites predicted for CeryPyV1
were not studied experimentally as they are conserved in
position and sequence with those of the closely related
Philantomba monticola PyV1, whose sites were experi-
mentally confirmed earlier [65].

Determination of glycoprotein B and extended DNA
polymerase nudeotide sequences of herpesviruses

To extend the DPOL gene sequence information for each
discovered HV in upstream direction into the adjacent gB
CDS, all samples HV-positive in the DPOL PCR were re-
evaluated with generic PCRs that were reported earlier
[44, 51, 52, 66] to target the gB sequences of either BHVs
or GHVYs {Additional file 1 and Additional file 3). These
generic gB PCRs were les sensitive compared to the gen-
eric DPOL PCR, as we amplified a partial gB sequence of
ScarGHV1 from only one lung sample of 20 spleen and
seven lung samples that had been positive in DPOL PCR.
SvulBHV1 gB sequence was amplified from two spleen
and three lung samples of 39 DPOL PCR-positive samples
and UricGHV1 gB sequence was amplified from all 10
DPOL PCR -positive spleen samples. Next, we closed the
sequence gap between the gB and the DPOL seguence
(approximately 3.2 kbp) for each of the three HVs with
LD-PCR and sequenced the gB-to-DPOL product by
classical primer walking. This led to five continuous
SvulBHV1 sequences with a length of 3327-3442 kbp,
three ScarGHV1 sequences of 3.334 kbp, and five
UricGHV1 sequences of 3.212 kbp (Table 4).

50

For ScarBHV1, ScarGHV2, TstrGHWV1, CpreBHW1,
CpreGHV1, CeryBHV1 and CeryGHV1 the generic gB
PCR did not produce the desired gB fragment. Therefore
we extended the short DPOL sequences from around
170bp to > 40 bp by using the outer sense primer of
the generic DPOL PCR (285-5 DFA; Additional file 1) in
combination with two virus-specific antisense primers
(Additional file 1) in hemi-nested PCR format. This ap-
proach was successful for ScarBHV1 (412 bp; from one
sample), CeryBHV1 (478 bp; from three samples), Cer-
vGHV1 (472bp from one sample), CpreBHV1 (478 bp;
from one sample) and TstrGHWV-1 (443 bp from two
samples), and failed for CpreGHV1 and ScarGHVZ2. The
partial HV sequences are listed with countries of origin
and GenBank accession numbers in Table 4.

Phylogenetic analysis of conserved amino acid blocks of
the polyomavirus LTAg and VP1 sequences

For evolutionary conclusions and taxonomical classifi-
cation phylogenetic analyses were done. The ML and
MCC trees based on PyV LTAg aa sequences (Fig. 3
and Additional file 4) are quite similar and allow the
following conclusions: the novel PyVs can be tenta-
tively assigned to different genera within the family
Polyomaviridae, as ScarPyV1 and CprePyV1 nest within
the diversity of genus Befapolyomavirus and CeryPyV1 in
the genus Alphapolyomavirus. Within the betapolyoma-
viruses the three ScarPyV1 (GenBank Accession numbers
ME671096, MEK671097 and MEK6G71101) and the three
CprePyV1 (GenBank Accession numbers MEKSS83808 -
MEKBE3810) cluster together in a well-supported mono-
phyletic group, which also comprises another rodent poly-
omavirus, Glis glis polyomavirus 1 (GgliPvV1, GenBank
Accession number MG701352), and Delphinus delphis
polyomavirus 1 (DdelPyV1, GenBank Accession number
KC594077). The close evolutionary relationship of these
viruses is strengthened by the observation that their VP2
CDS is interrupted by an intron. This splicing event within
the VP2 CDS has been either experimentally verified
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Fig. 3 Maximum-likelihood (ML) tree analysis of polvomavinuses based on corserved aming acid blocks of the polyomavirus LTAG sequences.
Phdogenetic relatiorships of polvomaviruses, including classification of the nowvel vinses, based on conserved amine acid blocks of LTAg
sequence. Polomavinusss are denoted by Latin taxonamic nameas of their hosts, GenBank accession numbser, common namea of the spades and
—incase of the new vinses — sample |0, For Intemational Committee an Taonomy of Virses (CTV-recognized species, virs genara ara
indicated by aslors. Viruses newdy identified in this study anre given in bald iaat Branch suppon wae stected wing Shimodaira-Haagaws like

approximate likelihood ratio tests (SH-like alRT)

(Sciurus carolinensis polyomavirus 1 (this study) and Glis
glis polyomavirus 1 [65]) or predicted in silico for
Delphinus  delphis polyomavirus 1, and Callosciwrus
prevostii polyomavirus 1 as the VP2 CDS of all clade
members comprise highly conserved splice donor and
acceptor motifs with high score (>75) in the Human
Splicing Finder 3.1.

All three representatives of the novel CenyPyV1 cluster
together within the genus Alphapolyomavirus. Although
their exact phylogenetic placement is uncertain, they be-
long to a well-supported clade of polyomavimses infecting
hosts of the orders Artindactyla, Chiroptera, Primates and
Scandentia (Fig. 3 and Additional file 4).

As expected and reported many times, the VP1-based
ML and MCC trees (Additional file 5 and Additional file 6)
support clades that differ from those delineating genera in
the LT Ag-based analyses [41]. In these trees, ScarPyV1 and
CprePyV1 also formed a weakly supported monophyletic
group with GgliPyV1 and DdelPyV1 but this group also in-
cluded Canmis familiaris polyomavirus 1 (GenBank Acces-
sion number KY341899). This vims may also have a
spliced WP2 as it shares conserved VP2 splice sites with the

other four polvomaviruses. The evolutionary position of
SvarPyV1 (from the variegated squirrel) had to be allocated
in the phylogenetic trees based on VP1 (Additional file 5
and Additional file &), because only a partial VP1 sequence
was identified. The single SvarPyV1 sequence clusters
within the genus Alphapolyormavirus and is a sister vims to
a PyV gmoup consisting of an organ-utan and two chim-
panzee PyVs. This phylogenetic allocation and the tentative
host association of SvarPyV1 will need confirmation, once
additional SvarPyV1 sequences from several animals and a
complete SvarPyV1 LT Ag sequence are available.

Phylogenetic analysis of conserved amino acid blocks of
herpesvirus partial DPOL and gB sequences

The ML and MCC trees based on partial DPOL se-
guences of BHVs (Fig. 4 and Additional file 7) are very
similar and show that the four identified squirrel BHVs
form a separate cluster that is associated with moderate
support to a clade comprising rodent HVs of the genus
Muromegalovirus and other cumrently unclassified rodent
HVs. The ML and MCC trees based on partial gB
| Additional file 8 and Additional file 9) are very similar
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to the DPOL-based trees but only the Sciwrus vulgaris
betaherpesvirus 1 sequences are included as for the
other three BHVs gB sequences were not available.

The ML and MCC phylogenetic trees based on partial
DPOL (Fig. 5 and Additional file 10) and partial gB of
GHVs (Additional file 11 and Additional file 12) are also
quite similar and show that the squirrel GHVs form two
separate groups. One group nests within GHVs of the
genus Rhadinovirus and forms a weakly supported clade
with a group of rodent HVs (in all trees) and a rhadino-
virus of the South American tapir (only in DPOL-based
trees). The other squirrel HV group nests within a clade
that comprises ungulate GHVs of the genus Macavirus,
a GHV of African elephant and the human Epstein-Barr
virus (species Human herpes virus 4).

Discussion

The screening of more than 200 squirrels from holdings
and sampled wildlife, either indigenous or introduced spe-
cies, from five countries on two continents resulted in the
discovery of four novel PyVs, four novel BHVs and six
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novel GHVs. Phylogenetic analysis allocated the nowvel
squirrel PyVs to the genera Alphapolyomavirus and
Betapolyomavirus, the novel BHVs to the herpesvirus
genus Muromegalovirus, and the GHVs to the genera
Rhadinovirus and Macavirus. This first description of
PyVs, BHVs and GHVs in sguirrels of different spe-
cies increased our knowledge (eg [51, 65] on the
diversity of PyVs and HVs in rodents. In particular,
some of these viruses represent nowvel highly divergent
lineages or sublineages in the corresponding phylo-
genetic trees.

The results of our PyV and HV investigations further-
maore show that (i) the virus-specific nested PCRs have
a higher sensitivity than the generic PCRs, thereby in-
creasing the number of PyV- and HV-positive samples
and positive individuals and (i) virus detection was
more frequent in spleen, compared to lung samples.
The adapted methods were used here for a first preva-
lence estimation for some of these viruses, allowing an
initial comparison of the prevalences in indigenous and
introduced populations.
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Based on the prevalence of the different viruses and their
detection in exclusively only one respective squirrel spedes,
it is likely that the viruses are all species-specific and were
detected in their respective natural hosts. The fact that the
novel squirrel PyVs and HVs or closely related ones were
not detected previously in other host species may further
strengthen this assumption of host spedfidty. These
investigations thereby improve our knowledge on the host
specificity of PyVs and HVs [29, 41].

Our study indicated a broad geographical distribution
of some of the novel viruses: ScarPyV1 was detected in
the Eastern Grey squirrel from the original range in
MNorth America, but also in introduced populations in
Great Britain and Italy. Similarly, both ScarGHWV1 and
ScarGHV2 were detected in the original North Ameri-
can and the introduced British populations. The detec-
tion of SvulBHV1 in Eurasian red squirrels from
Germany and Scotland might be explained by the long,
interlinked history of Eurasian red squirrels on the
British Isles with other European populations as dis-
cussed previously for the detection of Eurasian red
squirrel-associated Squirrel adenovirus 1 (SgAdV-1)
strains of high sequence similarity in Germany and
Scotland [13].

For three PyVs complete genomes were generated and
splice sites were experimentally determined for one of
these novel viruses. As reported earlier [65], such experi-
mental determination is critically important for annota-
tion of coding PyV sequences. The search for the
reservoir of V5BV-1 within this study resulted in solely
negative findings, although additional squirrel species
were investigated. This confirms results of our previous
study that the Eastern grey squirrel is most likely not the
reservoir of bornaviruses [21] and suggests that the
Pallas's squirrel (Callosciurus erythracus) is also not a
reservoir host for known bornaviruses, at least in the in-
vestigated introduced Italian population. It is still un-
clear and requires further investigation why squirrels
of two different subfamilies in German private and
zoo holdings which were imported from different geo-
graphic origins (Sciurus variegatoides and Callosciurus
prevostii) harbor VSEBV-1 sequences [21] of such high
similarity. Further screening approaches, including
squirrels and other small mammals, will focus on the
identification of other possible reservoir hosts of
orthobornaviruses in the future. Thereby, it should be
evaluated if (i) V5BV-1 was imported with squirrels
from Central America or South East Asia and after-
wards spread in the German squirrel holdings and
holdings in The Netherlands and Croatia, or if (ii) an-
other, yet unknown reservoir host of VEBV-1 exists
in Central Europe. Furthermore, experimental infec-
tion studies will be done to evaluate the VSBV-1 sus-
ceptibility of different squirrel species.
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In this stmdy we identified SvarPyV1 in a Sciurus varie-
gatoides from a German holding that was tested positive
for VEBV-1 in a previous study and CprePyV1 in four
Callosciurus prevostii from German holdings that were
also tested VSBV-1-positive before [17, 21, 22]. These
observations indicate viral coinfections in squirrels, con-
firming results from previous studies in other rodents
[67-69]. Evidence for bi-directional interplay of wviral
andfor bacterial agents, e.g. altering the host's suscepti-
bility, the disease progression, severity of the disease and
the host's immune response in rodents have been re-
ported [70, 71]. However, it is currently unknown if the
agents investigated in the current study affect each
other, and we have no direct evidence if the detected
agents are causing clinical signs or pathologic alterations
in the investigated squirrels.

Conclusions

This is the first report on molecular identification and se-
quence characterization of PyVs and HVs in rodents of
the family Sduridae. These findings will allow further tar-
geted sareenings of squirrels of the investigated spedes to
analyze the role that these novel viruses play on the popu-
lation dynamic and competitive interactions in wildlife
squirrel populations. Furthermore, the origin of these
novel viruses and their spatially and temporally driven
evolution in indigenous and introduced populations of
grey squirrels, Pallas’s squirrels and Prevost’s squirrels and
guestions regarding the interactions of different agents in
squirrels are interesting topics for future investigations.

Supplementary information
Supplementary infommation accompanies this paper at httpsydoiong/ 10
11861 2985-020-01310-4.
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Additional file 1. PR azmays for detection of borma-, polyoma and
herpesviruss and mycoplasma.

Additional file 2. Fow chart of multi-level PCR analyzis for detection of
squirrel polomaviruses. Genenic nested VP POR {second-round product
dizplayed a= magenta-colaured bar) with degenerate primers was oon-
ducted Faor full genome amplifiation, this was foliowed by spedfic
nested long-distance PCR {LD-FCR; second-round product of approxi-
mately 5 kbp shown as red bar) and overlapping standard nested PCR
{z==cond-round product of approximately 800 bp shown as green bar)
with specific primers. Grey bars represant ooding sequences, black bar
the norooding control region.

Additional file 3. Flow chart of multi-level PCR analysis for detection of
squirrel herpesviruses Generic nested DROL POR {produce bar in ma-
genta) with degenemte pimer: was caried out For estended sequence
determination, this was ioliowed by genernic g PCR {bludg with degener-
ate primers and subsequent long-distance PCR (LD-PCR) fred) with spe-
cific primers. Products of the second PCR rounds ae shown. The
sequences of the generic DPOL PCR product and the extended DPOL
PR product build a contiguous ssquence of Q405 kbp (bladk). The =-
quences of the genernic gk and the geneanic DPFOL POR produd build to-
gether with the LD-PR-derved sequence a contiguous sequence of
appraximatehly 3.3 kbp (bladk). On top of the figure, ooding sequences are
displayed by grey bars The armow heads indicate the direction of
Ltlanscript'nn.
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Additional file 4. Maximum clade credibility tree analysis of
polyomaviruses based on conserved amino add blods of the LTAg
squence. Phylogenetic relatiorships of polomaviruses, ind uding
dasification of the nowvel vinses, basad on consenved amino add blocks
of LTAg sequence. Branch support values displayed at the nodes
cormespand to their posterior probakbility. For further detaik see legend of
Rg.1

Additional file 5. Maximum likelihood tree analysis of polvomaviruses
based on conserved amino add blodks of the WP sequences
Phylogenetic relationships of polomavirusss, induding dassification of
the novel viruses, based on conserved amino acid bods of VP
squence Branch support values displayed at the nodes were asmessed
using Shimodaira-Hasagawalike approximate likelihood ratio tests GH-
like aLRT). For further detaiks s== legend of Fig. 3.

Additional file &. Maximum clade cedibility tree anahsis of
polyomaviruses based on conserved amino add blods of the WP
sequences. Phylogenstic relationships of polomaviruses, induding
dassifiation of the novel virusss, basad on consenved amino add blocks
of WPl ssquence. Bmnch support values displayed at the nodes
comespond to their posterior probability. For further detaik s=e legend of
b |
Additional file 7. Maximum clade cedibility tree anakysis of
betaherpesviruses based on consened aming acid blocks of the DPOL
squences. Phvlogenstic relatiorships of betaherpesviruses, induding
dasification of the novel vinsss, basad on conserved amino add blocks
of DPOL ssquence. Branch support wvalues displaved at the nodes
cormespand to their posterior probability. For further explanation see
legend of Fig 4.
Additional file &. Maximum likslihood tree analysis of betahempesviruses
based on consarved amino add blods of the gB sequences.
Phwl ogen etic relationships of betaherpesviruses, including dasification of
the novel viruses, based on conserved aming acid blodks of g ssquence.
Branch supparn valuses displayed at the nodes were asseszed wsing
Zhimodaim-Hazagawa-like approximate likelihood ratio tests GH-ike
alRT). For further explanation se= legend of Fig. 4.

Additional file 9. Maximum clade cedibility tree anaksis of
betaherpesviruses based on corsered aming acid blocks of the gB
squences. Phylogenetic relationships of betaherpesviruses, induding
dassification of the novel vinsss, basad on conserved amino add blocks
of gB sequence. Branch suppart valuss displayed at the nodes
correspand to their posterior probability. For further explanation sse
legend of Fig 4

Additional file 10. Maximum dade cedibility tree analysis of
gammaherpesvirusss based on conservad aming acid blods of the DPOL
squences. Phylogenstic relatiorships of gammaherpesvinuses, induding
dassification of the novel virnusss, bazad on consened amino add blocks
of DPOL ssquence. Branch support values displayed at the nodes
comespond to their posterior probability. For further explanation see
legend of Fig. 5.

Additional file 11. Maximum likelihood tree analysis of
gammaherpesviruses based on conservad aming acid blods of the gB
sequences. Phylogenstic relationships of gammaherpesinses induding
da=mifiation of the nowel viruses, based on conserved amino add blocks
of gB sequence. Branch suppaort values displayed at the nodes were
aszessed using Shimodaira-Hasagawa-like approsd mate likelibood ratio
tests (SH-like alRT) For further explanation see legend of Fig. 5.

Additional file 12. Maximum dade oedibility tree analysis of
gammaherpesvirusss based on conservad amino acid blods of the gB
squence. Phylogenetic relatiorships of gammaherpesvinuses, induding
dasification of the novel vinsss, basad on conserved amino add blocks
of gB sequence. Branch support values displayed at the nodes
cormespand to their posterior probability. For further explanation see
legend of Fig 5.

Abbreviations

aa: Amino add; as: Antizense; BHVE: Betaherpesvinuses; BLASTR: Nucleotide
Bazic Lacal Alignment Search Tool, BMOMC: Bayesian Markow chain Maonte
Carla; BoDV-1: Borma Dissase Vinus 1; BolV-2 Bomma Disease Vine 2 bp: Base
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pairs; CDA: Coding sequence; CenBHV - Callosdiurus enythrosus
betaherpesvirus 1; CennGHWVI: Callossivnus enthroew s gammahenpesvinus 1;
CenyyW: Callosciurus enthmeus polromavinus 1; CpreBHW: Callosciunus
prevostil betaherpesvirus 1; CpreGHW : Callostium s prevastil
gammaherpesvirus 1; CprePyV - Calloscivn s prevostil pohyomawirus 1;
DrdelPy1: Delphinws delphis polyomavirus 1; DMEM: Dulbecoo® minimal
Eagle mediurm DWMS0: Dimethyd suboside; dWNTP: Didecsynudenside
triphosphate; DROL: DMNA polrmerass: BECACC Furopean Caollection of
Authenticated Cell Cuttures; FT5: Fetal calf serum; gB: Ghyoopratsin B;
Gglifyyl: Glis glis polromavirus 1; GHVs: Gammaherpesviruses; H3FE Human
Splidng Finder, Hvs: Herpesviruses; ICTVE International Committes on
Taxonomy of Viruses; ki Kilobases; kbp: Kilobase pairs; LID-PCR: Long-
distance PCR; LTAg: Large T-antiger; MO Maximum dade cedibility;
MOPAE Merkel cell polomavinus; ML Maximum likelihood; MTAg: Middie T-
antiger; NCCR: Morn-ooding control region; nt Mucleotide; OFF: Open
reading frame: PCR: Polymerase chain reaction; PhyML-SMS PhybL w3 with
smart maodel sslection; PST: Posteriar s=t of tees; Pys: Polyomavirusss; RT-
qPCR: Reverse tmnsciption-quantitative polymerase chain reaction; = Senss;
S@arBHV : Sciurus carolinenss bataherpesvinus 1; ScanGHW 2 Soiwnus carolinen sis
gammaherpesvirus 1; S@rcHGE Sciuw s carolinensis gammahenpesvinus
SoarPfW 1z Sovrus camlinensis pobyomavirus 1; SH-like alRT: Shimodaira-
Hazegawa-like approsim ate likelihood ratio test; SgfdV-1: Squirrel adenovinus
1; 5TAg: Small T-antigen; SvarPyWl: Scivnus vanegatoides pohyomavirus 1;
SwvulBHV : Sciurus vulgaris betaberpesvirus 1; TstnGHV - Tamias strigius
gammaherpesvirus 1; LincGHVI: Uraditellus richardsonil gammahenpesvirus 1;
VEEV-1: Variegated squimel bornavirus 1
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Abstract

Borna disease virus 1 (BoDWV-1) is the causative agent of Borna disease, an often fatal
neurologic condition of domestic mammals, including MNew Waorld camelids, in endemic
areas in Central Europe. Recently, BoDWV-1 gained further attention by the confirmation
of fatal zoonotic infections in humans. Although Borna disease and BoDW-1 have been
described already over the past decades, comprehensive reports of Borna disease out-
breaks in domestic animals employing state-of-the-art diagnostic methods are missing.
Here, we report a senes of BoDV-1 infections in a herd of 27 alpacas (Vicugna pacos) in the
federal state of Brandenburg, Germany, which resulted in eleven fatalities (413%) within
ten months. Clinical courses ranged from sudden death without previous chinical signs
to acute or chronic neurologic disease with death occurring after up to six months. All
animals that underwent necropsy exhibited a non-suppurative encephalitis. In addition,
six apparently healthy seropositive individuals were identified within the herd, suggesting
subclinical BoDW-1 infections. In infected animals, BoDV-1 RMA and antigen were mainky
restricted to the central nervous system and the eye, and sporadically detectable in large
peripheral nerves and neuronal structures in other tissues. Pest control measures on the
farm resulted in the collection of a BoDV-1-positive bicoloured white-toothed shrew
(Crocidura leucodon), while all other trapped small mammals were negative. A phylogeo-
graphic analysis of BoDV-1 sequences from the alpacas, the shrew and BoDV-1-positive
equine cases from the same region in Brandenburg revealed a previously unreported
endemic area of BoDW-1 cluster 4 in Morth-Western Brandenburg. In conclusion, alpacas
appear to be highly susceptible to BoDV-1 infection and display a highly vanable clinical
picture ranging from peracute death to subclinical forms. In addition to horses and sheep,

they can serve as sensitive sentinels used for the identification of endemic areas.
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1 | INTRODUCTION

Borna disease virus 1 (BoDV-1, species Mammalian 1 orthobornavirus,
family Bornaviridae, order Mononegawirales) is the causative agent of
Borna disease, an often fatal neurologic condition of horses, sheep
and other domestic mammals (Ddrrwald, Nowotny, Beer, & Kuhn,
2016; Richt & Rott, 2001). Recently, the zoonotic potential of the
virus has been demonstrated by molecular and immunchistochem-
ical detection of several BoDW-1-induced fatal encephalitis cases in
humans (Coras, Korn, Kuerten, Huttner, & Ensser, 2019; Komn et al,
2018; Liesche et al., 201%; Niller et al., 2020; Rubbenstroth, Schlottau,
Schwemmle, Rissland, & Beer, 2019; Schlottau et al, 2018).

The known BoDW-1 reservoir is the bicoloured white-toothed shrew
(Crocidura leucadon). The virus is endemic in shrew populations in parts of
Southern and Eastern Germany, Austria, Liechtenstein and Switzerland
(Bourg et al, 2013; Ddrrwald, Kolodzigjek, Weissenbick, & MNowotny,
2014; Hilbe et al., 2004; Weissenbéck et al, 2017). Incidentally, the virus
can be transmitted to a broad range of other mammals, including humans,
horses, sheep and Mew World camelids (Caplaz et al., 1999; Dirrwald
et al., 2014; Jacobsen et al., 2010; Kom et al, 2018; Schlottau et al,
2018). These species serve as dead-end hosts to the virus, inwhich it is
strictly neurctropic and induces an immune-mediated non-suppurative
encephalitis lzading to neurologic deficits, including behavioural abnor-
malities, apathy, somnolence-like conditions, ataxia and central blindness
(Caplazi et al., 1999 Dirrwald et al., 2014; Richt & Rott, 2001; Schmidt,
1951). BoDV-1 infection and Bomna disease in Mew World camelids, such
as alpacas (Vicugna pocos) and llamas (Lama glama), have been described
sporadically in the past, but comprehensive reports on their susceptibil-
ity and role as BoDW-1 hosts are lacking (Altmann, Kronberger, Schiippel,
Lippmann, & Altmann, 1974; Jacobsen et al, 2010; Kobera, 2014; Kobera
& Pihle, 2004; Schiippel, Kinne, & Reinacher, 1994,

Mew World camelids, which are onginally native to the Andean pla-
teau (Altiplano) in South America, have gained considerable popularity in
private hushandnes worldwide since the 1980 Alpacas are mainhy kept
for their fine quality fibre, but also 25 companion and therapy animals and
tounst attractions (Gauly, Vaughan, & Cebra, 2018). In Germany, the num-
berof alpacas registered inthe ‘Llama & Alpaca Registnies Europe’ (LAREL;
hittps:/fenwne lareworg/), Europe’s largest New World camelid database,
has increased continuoushy from less than 500 animals in 2008 to nearly
7000 individuals in 2012 (Christian Kiesling, personal communication).

Here, we describe a Borna disease outbreak with high mortality on
an alpaca farm in the federal state of Brandenburg. Germany. The re-
port provides comprehensive data on the course of disease, neuropa-
thology. diagnostic measures, viral tissue distribution and epidemiclogy.

2 | MATERIALS AND METHODS

21 | Origin of samples
The samples analysed in this study originated from an alpaca farm in

the north-western part of the federal state of Brandenburg, Germany.
Since 2010, the farm owned an alpaca herd that was housed on two
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different premises sized 1 hectare (ha) and 0.6 ha (premises 1 and 2,
respectively), which are located approsamately 1 km apart. In addi-
tion, the farm harboured five goats (Capra oegagrus hircus), five wal-
labies (Macropus agilis) and approximately 50 chickens (Gallus gallus)
on premise 1 and a cat (Felis silvestris catus) on premise 2. Before
2010, sheep had been kept on the same grasslands.

At the onset of the outbreak in December 2018, the alpaca herd
consisted of 22 amimals (eight adult males, M1 to M8; twelve adult
females, F1 to F12; and two juvenile males, J1 and 12). Two additional
adult stallions (M9 and M10) and one adult mare (F13) were newly
introduced during April to May 2019 and two foals (J3 and J4) were
born in May and August 2019, respectively.

Serum samples were collected from all alpacas on 2 April, 12
June, 11 and September 201%. At these time points, nasal, conjunc-
tival and oral swabs as well a5 faecal samples were collected from
selected diseased and/or seropositive alpacas. Additional sera and/
or cerebrospinal fluid (C5F) samples were available from alpacas M1,
M4, M5 and Mé and from three healthy goats. Furthermore, serum
samples were collected from twao persons, who lived on the farm and
had regular contact to the diseased animals.

Mecropsy was performed on six euthanized or perished animals
(M1 to B&) and tissue samples were collected for histopathological
analysis, detection of viral antigen and RMNA. Furthermaore, archived for-
malin-fixed paraffin-embedded (FFPE) kidney and liver tissue or brain
tissue were available from two additional alpacas from the farm, which
had died in January 2015 (A1) and August 2016 (Ad), respectively.

Frozen brain tissue from two BoDW-1-positive horses (Equus
caballus) originating from the same region in Morth-Western
Brandenburgz in 2014 and 2019 were used for sequencing of BoDV-1
genomes and phylogenetic anabysis.

Mon-fixed tissue and serum samples were stored at -80°C or
-20°C, respectively, for further analysis.

2.2 | Trapping of small mammals

For pest controd measures, small mammals were trapped on the pn-
vate ground of the farm using snap traps during April to August 2019
Approximately 150 traps were baited with a micture of peanut butter
with oat flakes and bacon and distributed over both premises of the al-
paca farm, focussing predominantly on premise 1. Collected carcasses
were stored at -20°C and transported to the laboratory on dry ice.
Dissection followed a standardized protocol and samples were imme-
diately stored at -20°C until further processing and analysis. Species
were identified by analysis of partial cytochrome b gene sequences
according to a previously described method (Schlegel et al., 2012).

2.3 | Detection of BoDV-1 RNA by RT-qPCR

Mucleic acid from fresh-frozen tissue samples, swabs and/or CSF from al-
pacas, horses and trapped small mammals was extracted using the Mucleo
Mag Vet Kit (Macherey & Magel, Diren, Germany) and KingFisher™
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Flex Purnfication System (Thermo Fisher Scientific) according to the
manufacturer’s instructions, with or without a prior extraction step with
Trizol or Trizol LS reagent (Life Technologies). RMA from FFPE tissue was
extracted as described elsewhere (Boos, Nobach, Failing, Eickmann, &
Herden, 2019). A defined copy number of in vitro-transcribed RNA of
the eGFP gene was added to each sample during RMA extraction as an
internal control (Hoffmann, Depner, Schirmmeier, & Beer, 2006).
BoDW-1 RMNA was detected by two RT-qPCR assays (BoDW-1 mix
1 and mix &) detecting the BoDW-1 phosphoprotein (P) and matrix
protein (M) gene, respectively. Samples from small mammals were
additionally analysed by RT-qgPCR panBorna mix 7.2, which is de-
signed to detect a broad spectrum of orthobornaviruses. All tests
were performed as described previously (Schlottau et al., 2018) and
primer sequences are provided in Table 51. Primers and probes tar-
geting the beta actin gene (Toussaint, Sailleau, Breard, Zientara, &
De Clercqg, 2007) and the eGFP RMA (Hoffmann et al, 2008) were
employed to assess the RNA quality and the efficacy of RNA ex-
traction and RT-gPCR, respectively. Results were determined as
cycle of quantification (Cq) values. RNA dilutions from a persistently
BoDW-2-infected cell culture were used as positive controls and for
calibration of Cq values from independent RT-gPCR runs.

24 | Metagenome analysis by high-throughput
sequencing (HTS) analysis

To identify the potential pathogen, nucleic acids extracted from FFPE
tissue from different areas of the central nervous system of animal
M1 and from frozen brain samples of animal M2 were analysed by
high-throughput sequencing (HTS) using a metagenomics approach.
Brefly, extracted RMA was reverse-transcribed using a combination
of SuperScript™ IV First-5trand Synthesiz System (Invitrogen) and
MEBMext® Ultra Il Mon-Directional RMA Second Strand Synthesis
Module (Mew England Biolabs). The cDMA was fragmented to 200 base
pairs (bp) length (FFPE matenial of animal M1) or 550 bp length (frozen
material of animal M2) using an M220 Focused-ultrasonicator (Covaris).
Afterwards, cDMA libranies were prepared as described previously
[Forth et al., 2019; Wylezich, Papa, Beer, & Héper, 2018). During size ex-
clusion, fragments smaller than 400 bp were additionally retained and
purified two times with 1.2x Agencourt Ampure XP Beads (Beckman
Coulter). Quality control and ibrary quantification were performed fol-
lowing previously described protocols (Wlezich et al., 2018) and the
[ibranes (hb03059-3044) sequenced together on an lon 540 Chip using
an lon 55 XL instrument (Thermo Fisher Scientific). The data sets con-
taining 2.7-8.5 million reads were analysed using the metagenomics
software pipeline RIEMS (Scheuch, Haper, & Beer, 2015).

2.5 | Sequencing of complete and partial BoDV-1
genomes and phylogenetic analysis

Complete or partial BoDV-1 genome sequences from FFPE material
of two alpacas (A4, M1) and frozen brain from a BoDW-1-infected
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shrew were generated by HTS following library preparation as de-
scribed above. BoDW-1 reads were mapped to a BoDWV-1 reference
genome (GenBank accession number U04408) using G5 Reference
Mapper (Newbler version 3.0; Roche).

Partial BoDW-1 genomes (positions 20 to 2,291 according to
the complete BoDWV-1 genome; U044608) from fresh-frozen tis-
sues were determined by Sanger sequencing of overlapping RT-
PCR products. Primers used for amplification and sequencing
are shown in Table 51. Sequencing was performed by Eurofins
(Cologne).

BoDW-1 sequences generated during this study are available
from INSDC databases under accession numbers MN937362 to
MM23IF3TT.

A phylogenetic tree of partial BoDWV-1 genomes covering the
complete nucleoprotein (M), X protein and P genes (1,824 nucleo-
tides, representing genome positions 54 to 1,877 of BoDW-1 refer-
ence genome U04408) was built to include all sequences generated
during this study together with GenBank-derived sequences orig-
inating from domestic mammals, humans and shrews from the en-
demic areas in Central Europe. The analysis was performed using
neighbor-joining algorithm and Jukes-Cantor distance model in
Geneious 11.1.5 software (Biomatters).

2.6 | Detection of BoDV-1-reactive antibodies using
an indirect immunofluorescence assay

All sera and C5F samples from alpacas and goats were tested for the
presence of bornavirus-reactive antibodies by indirect immunofluo-
rescence assay (IIFA) using a modification of previously described
protocols (Schlottau et al, 2018; Zimmermann, Rinder, Kaspers,
Stacheli, & Rubbenstroth, 2014). Briefly, confluent overnight cul-
ture of either non-infected Vero cells or non-infected Vero cells
mixed with 30% Vero cells persistently infected with BoDCW-1 isolate
Z&5-1 (Schlottau et al., 2018) were air-dried for 2.5 hr and subse-
quently heat-fived for two hours at 80°C. Twofold dilution series of
samples were prepared in Tris-HCl buffer with Tween 20 (T?03%9;
Sigma-Aldnch) and 50 pl of each dilution was added in parallel to
the BoDW-1-positive and BoDW-1-negative wells. After incubation
for one hour, the plates were washed three times with phosphate-
buffered saline (PES), followed by incubation with goat anti-llama-
lgG DyLight488 (Agrisera) or donkey anti-goat-lgG Alexa Fluor 488
conjugate [Jackson Immunoresearch) for another hour. After a final
washing cycle, the assays were analysed by fluorescence microscopy.
For each serum dilution, BoDW-1-positive and BoDW-1- negative wells
were compared. Wells were considered positive, when the expected
30% BoDV-1-positive cells stained markedly brighter than the back-
ground staiming of uninfected cells in the same well and in the cor-
responding bornavirus-negative contral well. Human serum samples
were analysed using a slightly modified procedure as published by
Tappe et al. (2019). All tests were performed with a minimal dilution
factor of 20. Samples showing no specific signal were assigned a titre
of <20.
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2.7 | Histopathology and BoDV-1 antigen detection
by immunchistochemistry (IHC)

Tissue samples were collected from seven alpacas (A1, A4 and M1
to M6 All tissue samples were immersion-fixed in 4% formaldehyde
for up to 48 hr. Formaldehyde-fixed tissues were embedded in par-
affin, cut at 1-um thickness and subsequently stained with hasma-
toxylin and eosin for histological examination.

For immunohistochemical detection of BoDWV-1 antigen, sec-
tions of FFPE tissue from each animal were dewaxed in xylene,
followed by rehydration in descending concentrations of ethanal.
After blocking of endogenous peroxidase, slides were incubated
with either polyclonal rabbit anti-BoDV-1 P (4,000-fold diluted)
or M serum (8,000-fold diluted) overmight at 4°C (Zimmermann
et al, 2014). Irrelevant, immunopurified normal rabbit immuno-
globulin {lg) (BioGenex) in PES at the same dilution served as
negative control. Sections were incubated with biotinylated goat
anti-rabbit-1gG antibody (200-fold diluted; Vector) for 30 min and
subsequently treated with an avidin-biotin-peroxidase complex
(ABC; Vector) for 30 min at room temperature. Following expo-
sure to 3,3 -diamincbenzidine tetrahydrochloride (DAB) for eight
minutes, slides were counterstained with haematoxylin, dehy-
drated in ascending concentrations of ethanol, cleared in xylene,
and coverslipped.

An alpaca brain without signs of encephalitis originating from a
herd without history of BoDW-1 infection served as negative control
and a brain of a horse with confirmed Borna disease served as pos-
itive control.

3 | RESULTS
31 | Identification of BoDV-1 as the cause of
fatalities on an alpaca farm in Brandenburg, Germany

A series of fatalities was reported in 2 herd of totally 27 alpacas from
Morth-Western Brandenburg. Eleven alpacas died during December
2018 to October 2019 following clinical courses ranging from pera-
cute death to chronic neurologic signs (Figure 1: Table 1). Necropsy
was performed for six of these animals that had died during March
to October 2019,

Due to the lack of a typical clinical presentation reported for
the initial cases, the first two investigated cases (M1 and M2)
were subjected to metagenomic analysis as part of a study aiming
at the identification of unknown viral causes of encephalitis. The
analysis led to the detection of BoDWV-1 RMA in central nervous
system (CMN5) samples of both amimals. In FFPE tissue from ami-
mal M1, the number of reads classified as BoDV-1 ranged from
2,835 to 37933 (representing 0.1%-0.5% of the total data sets),
whereas only up to 324 BoDV-1 reads (0.005% of the data set)
were detected in frozen tissues of amimal M2. Mo other pathogens
patentially causing the abserved clinical signs and microscopic
lesions were identified by metagenomic analysis. The diagnosis
was confirmed by BoDV-1-specific RT-gPCR and by detection
of BoDV-1 N and P antigen by IHC in the brains of both animals
as well as for the subsequently necropsied alpacas M3 to Mé&
(Table 1). Mecropsy was not performed for any of the five remain-
ing alpacas that had died during the outbreak (F1 to F4 and J1)
and, thus, CNS tissue from these animals was not available for
BoDW-1 detection (Table 1).

Five additional alpacas of the farm had died prior to the described
outbreak, between January 2015 and January 2018. Archived FFPE
brain tissue was available from a subadult stallion (A4) that had died
in August 2016 with non-suppurative encephalitis following neuro-
logic disease. Strikingly, detection of BoDV-1 RMA and antigen in this
sample confirmed a BoDV-1 infection (Table 1). Furthermore, FFPE
Iver and kidney tissues were available for stallion Al that had died
in January 2015. IHC staining indicated the presence of bornavirus
M and P antigen in renal nerve fibres of this animal (data not shown)
but RT-gPCR failed to detect viral RNA. Archived brain tissue was
not available for further confirmation of the infection.

3.2 | Course of Borna disease outbreak

The farm possesses two separate grasslands (premises 1 and 2) lo-
cated approximately 1 km apart. Usually, the adult stallions were
kept on premise 1 and the mares and foals on premise 2. However,
from 30 September 2018 on, the two groups had switched prem-
ises fior 3 months. The first fatality of the current outbreak occurred
on premise 1 on 27 December. An adult mare (F1) was euthanized
after showing non-specific clinical signs, such as anorexia and apathy,
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FIGURE 1 Course of disease outbreak on the BoDV-1-affected alpaca farm. Coloured horizontal lines and dots represent duration of
disease and time point of death, respectively, of individual animals. Grey dotted vertical lines represent the ime points of blood sampling of
the complete herd. F = adult female (red), M = adult male (blue) and J = juvenile (green)
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TABLE 1 Overview of all fatalities of alpacas reported on the farm from 2010 to 2019

Beginning of
Animal  Sex  Age disease Death
Al m dy Umkmown & January 2015
AZ w ! Unkmown 17 February 2016
Ad m ! Unknown March 2014
A4 m 1y Umkmowmn 18 August 2016
AT w ! Unkmown 3 January 2018
F1 f 12y 11 December 2018 28 December 2018
F2 f Gy 2 January 2019 23 January 2019
F3 f 4y 29 January 2019 29 January 2019
M1 m 2y ? March 2019 ? March 2019
M2 m Py ? March 2019 14 March 2019
M3 m Ty 9 March 2019 3 April 2017
i m by 9 March 2019 4 April 2017
F4 f 4y. 20 April 2017 20 April 2017
1n m 1y 22 April 2019 22 April 2019
M3 m By ? March 2019 1% June 2019
Mé m Gy 4 April 201% 14 October 2017

Duration

of disease BoDV-1

(days) Clinical course and signs detection ®

! Emaciation, massive endoparasitosis (pos)®

! Unkmown i

! Unknown r

r Cachexia, neurclogic signs pos

! Unkmown )

17 Reduced general condition, inactivity r

21 Ataxia, hoisted lips and nostrils, f
dysphagia, anorexia, weakness

4] Sudden death, dyspnoea !

Sudden death pos

i Depression, recumbency, weakness pos

25 Ataxia, head shaking, hypersensitivity, pos
weakness

26 Apathy, ataxia, tremor of the head, pos
later seizures

V] sudden death r

4] Sudden death !

102 Ataxia, lack of coordination, pos
opisthotonus, torticollis, head
shaking, food material impacted in
the cheek, polydipsia, progressing
apathy

193 Circle movements, depression, head pos
shaking and severe apathy after six
months

Abbreviations: (], information or sample not available; A, archived; F/f, female; ), juvenile; M/m, male; pos, positive, v., year(s)

*Confirmation of BoDW-1 infection by detection of BoDV-1 RNA by RT-gPCR and bomavirus antigen via immunohistochemistry (IHC) from brain

tissue.

bc'l'ﬂ'y' FFPE kidney and liver tissues were available for animal Al. BoDV-1 antigen was detectable by IHC in renal nerve fibres, but detection of viral

RMA by RT-gPCR failed.

for 2 weeks (Figure 1; Table 1). Thereafter, the housing of the two
groups was reversed again on 1 January 2019 and the adult stallions
were transferred back to premise 1. Two further mares (F2 and F3),
now located on premise 2, died on 23 and 29 January, respectively.
Animal F2 had suffered from neurologic disease for three weeks,
whereas F3 died peracutely without showing prior clinical signs
(Figure 1; Table 1).

On 9 March, two days after immunization of all alpacas with anin-
activated clostridia towoid vaccine, an adult stallion (M1) on premise
1 died suddenly without previous signs of disease. On the same day,
four further stallions were reported to exhibit behavioural changes
and neurologic signs (Figure 1; Table 1). These four animals died or
were euthanized on 146 March (M2), 3 April (M3), 4 April (M4) and
19 June (M5). An additional adult stallion (M5) on premise 1 showed
behavioural changes and slight apathy starting on 4 April. After five
months of mild disease, its condition markedly exacerbated during
October, requining euthanasia on 14 October. Furthermore, two
sudden fatalities occurred in an adult mare (F4) and a male foal (J1)

on premise 2 on 20 and 22 April, respectively (Figure 1; Table 1). The
remaining 14 alpacas (M7 to M10, F5 to F13, J2 to J4) as well as all
goats, wallabies, chickens and the cat remained apparently healthy
throughout the observation period.

3.3 | Clinical signs exhibited by diseased alpacas

Diseased animals during this outbreak exhibited a broad spectrum
of clinical signs and varying courses of disease, ranging from sudden
fatalities (ammals F3, F4, M1, J1) to death after several weeks to
months of disease (animals F1, F2, M2 to M&; Table 1).

Animals suffering from sudden fatalities were usually reported
as clinically healthy until few hours before death. Animals with
acute-to-chronic courses of disease exhibited varying degrees of
neurclogic signs and behavioural abnormalities, such as polydipsia,
hoisted lips and nostrls, dysphaga, incoordination, ataxia, circle
movements, opisthotonus, torticollis, tremaor, seizures and paralysis,
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FIGURE 2 BoDV-1 antigen detection
in the nervous system of alpacas. (3) &
moderate to severe, chronic, multifocal,
non-suppurative encephalitis with
lymphocytic perivascular cuffing and

(b) occasionally distinct, eosinophilic,
intranuclear viral inclusions (Joest-Degen
inclusion bodies, armow) was diagnosed
{amimals M2 and M3, respectively: HE
staining). (¢} BoDW-1 phosphoprotein
and (d} BoDWV-1 nucleoprotein were

but also non-specific signs, such as apathy, anorexia and progressive
weight loss. Some animals showed phases of temporary recovery
with subsequent exacerbation of the disease.

Two stallions (M4 and M5) had been hospitalized at the Clinic for
Ruminants and Swine of the Freie Universitat Berlin and were there-
fore clinically examined in more detail. Animal M4 had been submit-
ted to the clinic on  March, when after exhibiting prominent clinical
signs. The animal was weak. showed ataxia and progressively dimin-
ishing feed intake. Within the following 3 weeks, it developed head
tremor and seizures, particularly during handling. Clinical chemistry
did not reveal alterations, but differential blood count revealed a lefi-
shift. May-Griinwald-Giemsa-stained blood smears revealed char-
acteristic haemoplasma-like organisms in the cytoplasm or attached
to the cell wall of erythrocytes. The organisms were identified as
Mycoplasma haemolamaoe by PCR. Antibiotic treatment was inihiated
with procaine penicillin (40,000 1U kg daily) because of initially sus-
pected clostridial enterotoxemia and later changed to owytetracycline
(three applications of 20 mg/kg at three-day intervals) after confir-
mation of M. haemolamae infection, but neither treatment resulted in
clinical improvement. Following a single dexamethasone dose (2 mg/
kgl. the animal became considerably more active for three days but
its condition progressively exacerbated thereafter, requinng eutha-
nasia on 4 Apnil.

Starting on 9 March, stallion M5 showed stereotypic behaviour,
dysphagia and polydipsia for about one week. Thereafter, the be-
havioural changes subsided but the animal progressively lost weight
and became less active. Meurologic signs, including opisthotonus,
torticollis, head tremor and ataxia, considerably exacerbated from
the beginning of June on. Clinical chemistry and haematology did not
reveal marked alterations. The alpaca was admitted to the clinic on
17 June and euthanized two days later.

immunchistochemically detected in
neurons and axons of the cerebrum
(#44). In peripheral organs such as (g)

the nasal mucosa of animal M3 and (f g
the intestine of animal M5. BoDV-1
nucleoprotein was localized in peripheral
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nerve fibrez. Scale bar: 20 pum

3.4 | Microscopic lesions in BoDV-1-
infected alpacas

Mecropsy of the seven confirmed BoDW-1-positive alpacas (A4
and M1 to Mé) revealed no relevant macroscopic lesions, but a
chronic, multifocal, non-suppurative meningoencephalitis with
lymphocytic perivascular cuffing (Figure 2a) and occasional intra-
nuclear Joest-Degen inclusion bodies (Figure 2b) was diagnosed
histologically in all animals. The severity of the inflammation
ranged from mild (A4, M5, Mé) to moderate or severe (M1 to M4).
Mo other significant lesions were identified in any of the examined
tissues.

3.5 | BoDW-1 tissue distribution

The tissue distribution of BoDW-1 RMA was determined by semi-
quantitative RT-qPCR of tissue samples available for animals M1 to
Bé (Figure 3). Highest levels were usually detectable in hippocam-
pus, olfactory bulb and brain stem, followed by cerebellum, spinal
cord, optic nerve and retina. Only in animal Mé&, viral RMNA was not
found widely distributed in the CNS but restricted mainly to olfac-
tory bulb, hippocampus and eye (Figure 3). Low-to-moderate RMNA
levels were sporadically detected in peripheral nerves, nasal mucosa
and/or salivary glands of alpacas M3, M5 and M (Figure 3). Viral
RMA was found widely distributed in the organs of animal M5, in-
cluding lacrimal glands. adrenal gland, gastrointestinal tract and uri-
nary bladder, but it was not detectable in any other peripheral site
tested for M1 to M4 and Mé (Figure 3).

Immunohistochemical analysis confirmed BoDV-1 antigen in the
brains of all investigated animals. Viral antigen was predominantly
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