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SUMMARY

Summary

More than half of the infectious diseases in humans are caused by zoonotic pathogens or
pathogens of animal origin that were transmitted to humans a long time ago. Two important
rodent-associated zoonotic pathogens are hantaviruses and human-pathogenic Leptospira spp.
Both pathogens induce lifelong infection in the rodent hosts that shed the pathogen. Infection
with these zoonotic pathogens in humans can cause clinical symptoms. Since some rodents,
like the common vole (Microtus arvalis) and the bank vole (Clethrionomys glareolus syn.
Myodes glareolus), have cyclic mass reproduction, this can result in years of population
outbreaks in an increased number of disease cases in humans. This was found to be the case
with the leptospirosis outbreaks in Germany and tularemia outbreaks in Spain, which were
traced back to increased common vole density, as well as with the hantavirus disease outbreaks

in several European countries, which were associated with bank vole population outbreaks.

The aim of this work was to define the distribution and prevalence of different hantaviruses and
leptospires as well as their coinfection in different European rodents, with a focus on voles from
the genus Microtus and the identification of factors that affect the pathogen prevalence in rodent
hosts. Therefore, common voles, bank voles, striped field mice (Apodemus agrarius) and other
rodents were screened by molecular methods for the presence and prevalence of Leptospira
spp. and different hantaviruses. Additionally, in selected studies, the presence of anti-hantavirus
antibodies was screened by enzyme-linked immunosorbent assay (ELISA) using recombinant
hantavirus-nucleocapsid proteins. The prevalence of hantavirus, Leptospira spp. and double-
infections with both pathogens was analyzed using individual and population-based factors.
Small mammals from four different European countries, Spain in the West, Germany and

Austria in Central and Lithuania in Northeastern Europe, were included in the studies.

With the molecular screenings, two new hantavirus strains were detected in continental Europe
and were named Traemmersee hantavirus (TRAV) and Rusne hantavirus (RUSV) after the
trapping locations in Germany and Lithuania, respectively. TRAV was detected in a field vole
(Microtus agrestis) from the federal state of Brandenburg, Germany, while RUSV was detected
in root voles (Microtus oeconomus) from Lithuania. Phylogenetic analysis of both hantaviruses
indicates their close relation to Tatenale hantavirus and Kielder hantavirus, which were
discovered in field voles in Great Britain. A pairwise evolutionary distance (PED) analysis
showed that all four hantaviruses belong to the same hantavirus species, for which the putative

name “Tatenale orthohantavirus” was proposed. Additionally, a recombinant RUSV antigen
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was generated and used successfully in ELISA for the detection of RUSV-specific antibodies

and for the analysis of the cross-reactivity of monoclonal and polyclonal antibodies.

In Germany, Tula orthohantavirus (TULV) was foremost detected in common voles in
Thuringia and Brandenburg but was also detected in field voles in Brandenburg. Puumala
orthohantavirus (PUUV) was detected in Thuringia at the virus distribution border, but
sequences differed strongly from known sequences from another neighboring trapping location.
While in Austria Dobrava-Belgrade orthohantavirus (DOBYV), genotype Kurkino, was detected
for the first time in striped field mice, no hantavirus RNA was detected in common voles from
Spain. The cause of this absence in the Iberian common vole population might be its long-term
isolation from the common vole populations more to the east. The TULV prevalence in
Germany in this study was dependent on the season and on the prior growth of the reservoir
population. An individual factor that affected the hantavirus prevalence, was the increasing age

of the common vole.

Leptospira spp.-DNA was detected in common voles from Spain and Germany, as well as in
one striped field mouse from Austria. Except for the two detections of L. borgpetersenii in
Spain, which were probably the result of spillover infections, only the genomospecies L.
kirschneri was detected in common voles from Spain and Germany. The high prevalence of
Leptospira spp., as well as the detection of only one genomospecies, confirm that L. kirschneri
is the genomospecies for which the common vole is the main reservoir. Important factors for
the Leptospira spp. prevalence were found to be, in addition to temperature and rainfall, the
season and the preceding common vole density. Like the case with hantavirus, the age of the

vole was found to be an influencing factor.

In Germany, coinfections of TULV and Leptospira spp. were detected. These were associated
with high common vole density and increased with the age of the common vole. Furthermore,
the incidence of coinfections seems to be impacted more by the Leptospira spp. than by the

hantavirus prevalence.

As part of this thesis, TULV and PUUV were detected in previously untested regions in
Germany, DOBV was detected for the first time in Austria and the distribution range of the
putative species “Tatenale orthohantavirus” was extended to continental Europe for the first
time with detection in two countries. Screenings in Spain indicate that certain common vole
populations can be free from TULV infection. Furthermore, leptospires were detected in

rodents from Spain, Germany and Austria. It was verified that certain Leptospira

v
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genomospecies are host-specific. Factors that influence the prevalence of infection or

coinfection by hantaviruses and leptospires were determined.

The origin and hosts associated with the Tatenale orthohantavirus should be clarified in further
studies including the field vole and the root vole as well as other members of the genus Microtus
in Europe and Asia. The development of a RUSV-antigen-based ELISA will enable future
screening in humans and therefore might provide information about the human pathogenicity
of this pathogen. For final confirmation of the zoonotic potential, isolation of the virus and
development of a focus reduction neutralization test are necessary. The expansion of the striped
field mouse to Austria and the detectable carryover of DOBYV associated with this implies that
further screening studies to more precisely characterize the distribution of DOBV (and other
pathogens) are needed. The studies of DOBV spread in Austria as well as PUUV spread in
Germany could help to better understand the emergence of zoonotic pathogens in new regions.
The here described hantavirus-Leptospira spp. and Neoehrlichia mikurensis-Bartonella spp.
coinfections should be further analyzed to characterize the interactions of the pathogens in the
context of a microbiome and their influence on epidemiological aspects of the involved
pathogens. The here identified individual and population-based impact factors for the TULV
and Leptospira spp. prevalence should support the development and optimization of prediction

models.
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Zusammenfassung

Mehr als die Halfte der Infektionskrankheiten des Menschen wird durch zoonotische Erreger,
die vom Tier auf den Menschen tbertragen werden oder vor langer Zeit vom Tier auf den
Menschen (bergegangen sind, hervorgerufen. Zwei bedeutende Nagetier-assoziierte
Zoonoseerreger sind Hantaviren und humanpathogene Leptospiren. Beide Erregergruppen
fihren im Nagetierwirt zu einer lebenslangen Infektion und Ausscheidung des Erregers und
konnen im Fehlwirt Mensch eine Erkrankung hervorrufen. Da einige Nagetiere, wie die
Feldmaus (Microtus arvalis) und die Roételmaus (Clethrionomys glareolus syn. Myodes
glareolus), zyklische Massenvermehrungen zeigen, kann es in den Jahren der
Massenvermehrung zur Zunahme der Erkrankungsfalle beim Menschen kommen. So wurden
Leptospiroseausbriiche in Deutschland und Tulardmieausbriiche in Spanien auf erhohte
Feldmausdichten und Hantavirus-Erkrankungsausbriiche auf Rotelmausmassenvermehrungen

in verschiedenen westeuropdischen Landern zurlickgefuhrt.

Das Ziel dieser Arbeit war die Aufklarung des Vorkommens und der Haufigkeit des Auftretens
von verschiedenen Hantaviren und Leptospiren sowie deren Koinfektionen in unterschiedlichen
europdischen Nagetieren mit besonderem Fokus auf Wiihimé&use der Gattung Microtus, und die
Identifikation von Einflussfaktoren auf die Erregerprévalenz in den Nagetierwirten. Hierzu
wurden Feldméause, Rételmause, Brandméuse (Apodemus agrarius) und andere Nagetiere
mittels molekularer Verfahren auf das Vorkommen und die Pravalenz von Leptospira spp. und
verschiedener Hantaviren untersucht. Fur Hantaviren erfolgte zusatzlich bei ausgewdhlten
Studien eine Antikorpertestung mittels Enzyme-linked Immunosorbent Assay (ELISA) unter
Verwendung rekombinanter Hantavirus-Nukleokapsidproteine. In die Untersuchungen wurden
Kleinsduger aus vier verschiedenen europaischen Landern einbezogen: von Spanien im Westen,

iiber Deutschland und Osterreich in Mitteleuropa, bis hin zu Litauen im Nordosten.

Im Rahmen der molekularen Untersuchungen wurden in Kontinentaleuropa zwei neue
Hantavirusstimme entdeckt, die nach ihren Fangorten in Deutschland und Litauen als
Traemmersee-Hantavirus (TRAV) und Rusne-Hantavirus (RUSV) bezeichnet werden. TRAV
wurde in einer Erdmaus (Microtus agrestis) aus Brandenburg, Deutschland, entdeckt, wéhrend
RUSV in der nordischen Wihlmaus (Microtus oeconomus) in Litauen detektiert wurde.
Phylogenetische Analysen der beiden Viren zeigten deren nahe Verwandtschaft mit den in
GroRbritannien in Erdméusen gefundenen Tatenale-Hantavirus und Kielder-Hantavirus. Eine

Pairwise Evolutionary Distance (PED)-Analyse zeigte, dass diese Viren zu einer

Vil
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Hantavirusspezies gehoren, fir die der putative Name ,,Tatenale-Orthohantavirus®
vorgeschlagen wird. Vom RUSV wurde ein rekombinantes Antigen hergestellt und im ELISA
erfolgreich fur den Nachweis von Virus-spezifischen Antikérpern und die Analyse der

Kreuzreaktivitat von monoklonalen und polyklonalen Antikdrpern eingesetzt.

In Deutschland erfolgte der Nachweis von Tula-Orthohantavirus (TULV) vorwiegend in
Feldmé&usen (in Thiringen und Brandenburg), aber in Brandenburg auch in Erdm&usen. Das
Puumala-Orthohantavirus (PUUV) wurde in Rotelmdusen an der Virusverbreitungsgrenze
dieses Virus in Thiringen detektiert, wobei sich die PUUV-Sequenzen stark von bereits vorher
nachgewiesenen Sequenzen in Rotelmausen von einem benachbarten Fangort unterschieden.
Wiahrend in Osterreich erstmals Dobrava-Belgrad-Orthohantavirus (DOBV), Genotyp
Kurkino, in Brandm&usen nachgewiesen werden konnte, wurde in Feldmdusen aus Spanien
keine Hantavirus-RNA detektiert. Fir den fehlenden Nachweis von Hantavirus-RNA in der
iberischen Feldmauspopulation kénnte deren langanhaltende Isolation von Feldméusen weiter
oOstlich liegender Populationen die Ursache sein. Die TULV-Préavalenz war in dieser Studie in
Deutschland von der Jahreszeit und, zeitlich versetzt, von der vorhergehenden Zunahme der
Reservoirpopulation abhangig. Auf der Ebene des Individuums nahm die Hantavirus-Prévalenz

mit dem Alter der Feldmaus zu.

Leptospira spp.-DNA wurde in Feldmdusen in Spanien und Deutschland, sowie in einer
Brandmaus in Osterreich nachgewiesen. Bis auf zwei vermutlich durch Spillover-Infektion
bedingte Leptospira borgpetersenii-Nachweise in Feldméusen aus Spanien, wurde in
Feldm&usen aus Spanien und Deutschland ausschlielich die Genomospezies Leptospira
kirschneri detektiert. Die beobachtete hohe Pravalenz von Leptospira spp., sowie der
ausschlieBliche Nachweis einer Genomospezies, bestatigten die Feldmaus als malRgeblichen
Reservoirwirt fir L. kirschneri. Als wichtige Einflussfaktoren fir die Leptospira spp.-Pravalenz
wurden neben Temperatur und Niederschlag auch Jahreszeit und vorhergehende
Feldmausdichte ermittelt. Auf der individuellen Ebene wurde hier ebenfalls das Alter der

Feldmause als Einflussfaktor ermittelt.

In Deutschland wurden Koinfektionen von TULV und Leptospira spp. nachgewiesen. Diese
sind bedingt durch erhohte Feldmausdichte, sowie zunehmend mit dem Alter der Feldmaus.
Daruber hinaus scheint die Leptospira spp.-Prévalenz fur das Auftreten von Koinfektionen

bedeutender als die TULV-Pravalenz.

Vil



ZUSAMMENFASSUNG

Im Rahmen dieser Arbeit konnten TULV und PUUV in bisher nicht untersuchten Gebieten in
Deutschland, sowie DOBV erstmalig in Osterreich nachgewiesen werden und das
Verbreitungsgebiet der putativen Art ,,Tatenale-Orthohantavirus* erstmals auf Festlandeuropa
mit Nachweisen in zwei verschiedenen Landern erweitert werden. Untersuchungen in Spanien
deuten an, dass bestimmte Feldmauspopulationen auch frei von TULV-Infektionen sein
kénnen. Zudem wurden Leptospiren in Nagetieren aus Spanien, Deutschland und Osterreich
nachgewiesen und die Wirtsspezifitat bestimmter Leptospirengenomospezies bestétigt. Fur
Hantaviren, Leptospiren und deren Koinfektionen wurden zudem Einflussfaktoren fiir deren

Infektionshaufigkeit bestimmt.

In weiterflihrenden Untersuchungen unter Einbeziehung von Erdmaus und der nordischen
Wuhlmaus sowie anderer Arten der Gattung Microtus in Europa und Asien sollte die Herkunft
und Wirtsassoziation des Tatenale-Orthohantavirus aufgeklart werden. Die Entwicklung eines
RUSV-Antigen-basierten ELISAs wird im Rahmen zukinftiger Untersuchungen beim
Menschen zur Aufklarung der Humanpathogenitat dieses Erregers beitragen. Fir eine finale
Bewertung des Zoonosepotenzials dieses Virus ist jedoch die Virusisolierung und darauf
basierende Entwicklung eines Fokusreduktionsneutralisationstests erforderlich. Die
Einwanderung der Brandmaus in Osterreich und die damit scheinbar verbundene
Einschleppung des DOBV erfordert weitere gezielte Monitoringuntersuchungen, um die
Ausbreitung des DOBV (und weiterer Erreger) genauer zu charakterisieren. Die
Untersuchungen zur Ausbreitung von DOBV in Osterreich und von PUUV in Deutschland
kénnten wichtige Hinweise liefern, um das Erstauftreten (Emergence) von Zoonoseerregern in
neuen Gebieten besser zu verstehen. Die hier beschriebenen Hantavirus-Leptospiren- und
Neoehrlichia mikurensis-Bartonella spp.-Koinfektionen sollten zukinftig genauer analysiert
werden, um maogliche Interaktionen der Erreger unter Einbeziehung des Mikrobioms und deren
Auswirkungen auf die Epidemiologie der beteiligten Erreger zu charakterisieren. Die hier
identifizierten individuellen und Populations-basierten Einflussfaktoren fir die TULV- und
Leptospiren-Pravalenz sollten fiir die zukinftige Weiterentwicklung von Vorhersagemodellen

und deren Optimierung herangezogen werden.






CONTENT

Content
I TS Ao B T 10 2P UTRRTRPPRSN X111
LiST OF TaDIES. ...ttt X1
LiSt OF @DDreVIations...........coooiiiiiii s XV
R 011 oo 18 o1 { o] o SRRSO 1
| B4 010 [0 T TP PPRTOPPRTOPPRRPPI 1
1.1.1  IMPACE OF ZOONOSES ....eeueeneiieieiteiie sttt bbb 1
1.1.2  Reservoirs of Zoonotic PathOgeNS ........cccveiiviieiieii e 1
1.2 Rodents as reservoirs of zoonotic pathOgeNS ...........ccccveviiieieeie s 2
1.2 1 AN OVEIVIBW ...ttt sttt be st et e be e st e aneesteeneenneesneeneeaneenrens 2
1.2.2  MICE AN FALS...cveiiieieciie sttt ettt e et esreente et esreesneeneeeneenreas 3
1,23 VOIBS ettt 4
1.3 Leptospira spp. — a bacterial zoonotic PathOgeN...........cccvevriiiereiene e 6
1.3.1  Classification Of IEPTOSPITES ........cciiiiiiieieieiie e 6
1.3.2  LeptospiroSiS — THE GISEASE ........eiuiiiiirieieiie sttt 7
1.3.3  The reservoirs of LeptOSPIra SPP. .ovecveieeiieeieieesie ettt eneas 8
L4 HABNTAVITUSES ...ttt sttt ettt sttt se et e st e bt beebeeneeneeneeneas 9
1.4.1  Classification, structure and genome organiZation .............ccccoverereneresesieeseenns 9
1.4.2  HUMEN INTECHION......ciiiiieeie et sre e enes 11
143 EVOIULION ..ottt ettt 12
I S I 4 T T ] PSPPSR 13
1.45  Hantaviruses in BUIOPE ..ot 14
1451  Tula orthONanNtaVIIUS ........ccoeieiieiieie e 14
1.4.5.2  Puumala orthON@ntavirus ...........cccceveiierieeie e 16
1.45.3 Dobrava-Belgrade orthohantavirus...........ccccevveiieeiiiiiie i 17
N O ] o 1101 ()t PR ORPPPTSRN 19
K B U] [ ToF £ o] LSS 21
Bl PAPEE | e 21
3.2 PAPEE bbb 57
3.3 PAPEE T bbb ae e 87
3.4 PAPEI IV e 105
3.5 PAPEI Ve 123



CONTENT

4 RESUITS aNd DISCUSSION .......cciuiiiiieiieeiiee st stee e sttt sae e ae e st e e baesae e b e sbeesreeennee e 145
4.1  Distribution of novel and known rodent-borne hantaviruses in Europe................... 145

4.1.1  First detection of strains of putative Tatenale orthohantavirus in continental

EUTOPE e 145

4.1.2  Tula orthohantavirus in EUIOPE ........ccoiiiiiiiiiiiiieeeee e 148
4.1.3  Puumala orthohantavirus in TRUMNGIA........ccocvrerrieiiiie e 153
4.1.4  Dobrava-Belgrade orthohantavirus and the striped field mouse....................... 154

4.2 Prevalence and host specificity of Leptospira spp. in EUIOPe .........ccccovvvvvveiennne 155
4.2.1  Leptospira spp. prevalence in small mammals............ccccooeiiiiniiniiinicee, 155
4.2.2  Rodent-specificity of Leptospira spp. SEQUENCE tYPE .....covevverververerieriineeieeen, 159
4.2.3  Factors that affect Leptospira spp. prevalence ..........cccccoevevevvieieeiecveseesnene 160

4.3  Detection of other, vector-borne pathogens..........cccovvviiniiieiene s 162
4.4  Coinfections of Leptospira spp., hantavirus and other pathogens..............cccccveeenee. 164

ST © 1011 [0 ] S OSTOPSPRRS 168
RETEIEINCES ...ttt b bbb b st e s et et nbe et e b e r e neene e 170
N ] 01T o [ SRS SR 204
Appendix 1:  Supplementary tables ..o 204
Appendix 2:  Own contribution to PUBHICATIONS..........ccviiiiiiiiic e 208
SCIBNTITIC AITICIES ... ettt bbb e 216
DT a] ST Vo U] o OSSR 221

Xl



LIST OF FIGURES

List of Figures
Figure 1:  Photo of rodent (left) and distribution map (right) of yellow-necked mouse

(A), wood mouse (B) and striped field mouse (C). .....cccoovveevinienieeneiese e 4
Figure 2:  Photo of vole (left) and distribution map (right) of Lusitanian pine vole (A),

European pine vole (B), common vole (C), field vole (D), root vole (E) and

DANK VOIE (F). oot 5
List of Tables
Table 1:  Genome organization of different hantaviruses. ..........cccooeveieienieniniceee, 11
Table 2:  Countries and rodent species in which Tula orthohantavirus was detected by

R = O o ST RSRSOR 15
Table 3:  Tula orthohantavirus prevalence in common vole (M. arvalis), Altai vole (M.

obscurus) and field vole (M. agrestis) based on reverse transcription-PCR

(=20 151
Table 4:  Leptospira spp. prevalence, genomospecies and sequence types (ST) in

different rodent species from EUOPE. .......cccccvevieiieiieii e 156
Table 5:  Molecular detection of Bartonella spp. in the striped field mouse (Apodemus

o To | L1V TSRO P PP PR URUROPRPP 162
Table 6:  Prevalence of Borrelia spp. in striped field mouse (Apodemus agrarius). ......... 163
Table 7:  Leptospira spp.-hantavirus coinfections in rodents. ...........cccccceevveveeveieeineenene 166

X1






LIST OF ABBREVIATIONS

List of abbreviations

Abbreviations

aa

bp

BP
DNA
ELISA
HCPS
HFRS
kb
LGM
MLST
NCR
PED
PCR
RdRP
RNA
RT-PCR
ST

amino acid(s)

base pair(s)

before present

deoxyribonucleic acid

enzyme-linked immunosorbent assay
hantavirus cardiopulmonary syndrome
hemorrhagic fever with renal syndrome
kilobase(s)

Last Glacial Maximum

multiple-locus sequence typing
non-coding region

pairwise evolutionary distance
polymerase chain reaction
RNA-dependent RNA polymerase
ribonucleic acid

reverse transcription-PCR

sequence type

Virus species abbreviations

ADNV
DOBV
HTNV
PUUV
RUSV
SNV

TATV
TRAV
TULV

Andes orthohantavirus
Dobrava-Belgrade orthohantavirus
Hantaan orthohantavirus

Puumala orthohantavirus

Rusne hantavirus

Sin Nombre orthohantavirus
Tatenale hantavirus

Traemmersee hantavirus

Tula orthohantavirus

XV






1 INTRODUCTION

1 Introduction

1.1 Zoonoses

1.1.1 Impact of zoonoses

“Zoonoses” are defined as diseases in humans caused through direct or indirect contact with
infected animals (World Health Organization 2020). Of the known pathogens, including
bacteria, viruses, fungi, prions and parasites, 61% are zoonotic. Furthermore, 75% of pathogens
associated with emerging diseases in humans are zoonotic pathogens that can be transmitted
from animals to humans (Taylor et al. 2001). The biggest contributor to emerging infectious
diseases are bacteria with 54 %, followed by viruses and prions that contribute to 25 % (Jones
et al. 2008). Annually, these zoonotic pathogens affect more than one billion people and result
in over 500,000 deaths (Webster et al. 2016), as well as massive financial damage (Smith et al.
2019).

An increasing risk factor for human health are zoonotic pathogens of wildlife origin, especially
viruses. It is assumed that over 500,000 zoonotic viruses are still undiscovered (Carroll et al.
2018; Jones et al. 2008). Zoonotic viruses, which are associated with characteristics such as
aerosol transmission route and low death rate, have been the cause of almost all recent
pandemics, including reportedly the current severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) pandemic (Geoghegan et al. 2016; Jones et al. 2008; Ren et al. 2020). Some
pathogens originating from wildlife have adapted to humans, such as human immunodeficiency
virus 1 and 2 (HIV-1, HIV-2), SARS-CoV-2 or smallpox virus (Ren et al. 2020; Sharp and
Hahn 2011; Shchelkunov 2009). More zoonotic RNA than DNA viruses are currently known
(Olival et al. 2017). The reason for this is that RNA viruses feature high mutation rates that can
make adaption to new hosts easier (Jones et al. 2008). In addition to pathogens that result in
pandemics, some cause sporadic outbreaks or local clusters, like those previously seen for
hantaviruses and Leptospira spp., caused by environmental factors and/or changes in the

abundance of the reservoir species (Cann et al. 2013; Desai et al. 2009; Reil et al. 2015).

1.1.2 Reservoirs of zoonotic pathogens

According to the World Health Organization, zoonoses are maintained by a vertebrate, non-
human reservoir (World Health Organization 2020). A reservoir host can be defined with the
following characteristics (Hallmaier-Wacker et al. 2017; Haydon et al. 2002; Power and
Mitchell 2004):



1 INTRODUCTION

I) The reservoir has an essential part in maintaining the pathogen.

I1) This is proven by multiple detections over a period of time and high genetic as well as
functional similarity of the detected pathogen.

I11) The reservoir host shows no or only limited clinical symptoms due to infection by the
zoonotic pathogen.

IV) A transmission route from reservoir to non-reservoir hosts exist, which results in an

infection and clinical symptoms of the latter (“spillover infection”).

Biodiversity can decrease the prevalence of species-specific pathogens like hantaviruses, as an
example through reduction of contacts between the reservoir hosts. This effect is called a
“dilution effect”. In contrast, the “amplification effect” increases the prevalence of generalist
pathogens, such as tick-borne encephalitis virus, when the biodiversity is high, because many

different species can act as a reservoir (Johnson et al. 2015).

Anthropogenic factors, such as human urbanization and land use in particular, negatively affect
biodiversity (Wilcove et al. 2013). This may also impact species that can act as reservoir hosts
for zoonotic pathogens. While some species (like small mammals) disappear and therefore
result in loss of biodiversity, other species change habits or habitats or multiply more and are
therefore in closer contact to humans and their surroundings. Opposite of the dilution effect,
loss of biodiversity can result in an increase in the prevalence of species-specific pathogens in
species that are unaffected or profit from anthropogenic influence, e.g. the common vole,
resulting in increased risk of infection by zoonotic agents to humans and possibly outbreaks or

even pandemics (Hassell et al. 2017; Morand et al. 2019).

1.2 Rodents as reservoirs of zoonotic pathogens

1.2.1 An overview

Rodents represent around 40% of all mammal species and can be found in various habitats
worldwide except for Antarctica (Wilson et al. 2016). They function as the most common
mammal carrier of zoonotic pathogens with over 60 different known zoonotic pathogens,
including hantaviruses and Leptospira spp. (Han et al. 2015; Léhmus et al. 2013; Luis et al.
2013; Meerburg et al. 2009; Plourde et al. 2017). Many rodent species carry more than one
zoonotic pathogen and coinfections have been detected before (e.g. Borrelia spp., hantaviruses,
Leptospira spp. and Rickettsia spp.), increasing the risk of human infection and potentially also
even further coinfection (Han et al. 2015; Herbreteau et al. 2012; Kurucz et al. 2018; Schmidt
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et al. 2014; Sunil-Chandra et al. 2015; Tadin et al. 2012). The importance of rodents as
reservoirs of zoonotic pathogens is highlighted further by their fast life cycle, leading to rapid
reproduction of some rodent species, like common voles (Microtus arvalis) and bank voles
(Clethrionomys glareolus syn. Myodes glareolus), that allow them to acquire, sustain and
transmit various pathogens. Additionally, several rodent species are tolerant of anthropogenic
impact on habitats, enabling them to live close to humans and/or livestock, e.g. rats (Rattus
rattus and Rattus norvegicus), the house mouse (Mus musculus) and agricultural pests such as
the common vole (Plourde et al. 2017). Especially the family Cricetidae and its genus Microtus
contain many species that can act as hyper-reservoir species (Han et al. 2015). Hotspots for
rodent-borne disease outbreaks can be found in North America, Asia and Europe (Han et al.
2015).

1.2.2 Mice and rats

Important rodent species of the family Muridae in Europe include, in addition to the rats and

the house mouse, members of the genus Apodemus:

I) The yellow-necked mouse (Apodemus flavicollis) (Fig. 1A) is widely distributed in
European forests, especially in forest edges.

I1) The wood mouse (Apodemus sylvaticus) (Fig. 1B) also lives in forests, but also in
shrubland and grassland.

I11) The striped field mouse (Apodemus agrarius) (Fig. 1C) lives in forest edges and
woodland. This rodent is distributed in two separate populations: in Central and Eastern
Europe up to Russia and in China as well as parts of Southeast Asia (Pardifias et al.
2017).
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Figure 1:  Photo of rodent (left) and distribution map (right) of yellow-necked mouse (A), wood
mouse (B) and striped field mouse (C). Photos by Ulrike M. Rosenfeld and © Manu Cernadas
https://www.inaturalist.org/observations/48699601. Distribution maps from IUCN Red List (Amori
2016 ; Kaneko 2016; Schlitter 2016).

1.2.3 Voles

Besides the family Muridae, the family Cricetidae with the subfamily Arvicolinae is of
importance, as it carries a large number of zoonotic agents (for examples of pathogens detected
in the common vole, see Appendix, Tables S1 - S4). The genus Microtus consists of around 60
species, almost 20 species of which can be found in Europe. Some vole species are limited to
small geographic areas such as the Lusitanian Pine vole (Microtus lusitanicus) (Fig. 2A) in
Portugal and Northwestern Spain and the European pine vole (Microtus subterraneus) in
Central Europe (Fig. 2B).
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Figure 2:  Photo of vole (left) and distribution map (right) of Lusitanian pine vole (A), European pine
vole (B), common vole (C), field vole (D), root vole (E) and bank vole (F). Photos by ©
franciscodocampo https://www.inaturalist.org/observations/45525040, Ulrike M. Rosenfeld, Jean-
Pierre Quere, © lukesarti https://www.inaturalist.org/observations/40586763, and © Eva Kundtova
Klocova https://www.inaturalist.org/observations/45584234. Distribution maps IUCN Red List (Amori
2016; Aulagnier 2016; Hutterer et al. 2016; Krystufek 2016; Linzey 2016; Yigit 2016).
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Other species like the common vole (Fig. 2C) and the field vole (Microtus agrestis) (Fig. 2D)
inhabit greater geographical areas such as Europe and parts of Asia. Especially the root vole
(also called tundra vole) (Microtus oeconomus) can be detected in parts of three continents
(Asia, Europe and North America) (Fig. 2E) (Pardifias et al. 2017). In Europe, the bank vole
(Fig. 2F) is found in most parts of Europe up to western parts of Russia, lives in mixed and
coniferous forests, shrublands and hedges and prefers vegetation that offers ground cover
(Pardifas et al. 2017).

Common vole population cycles peak every two to five years, with outbreaks of up to more
than 2,000 individuals per hectare (Bryja et al. 2005). This does not only lead to massive
agricultural damage (Leukers and Jacob 2013), but also to increased risk of pathogen
transmission and possible disease outbreaks of rodent-borne pathogens in humans, as reported
for the past tularemia outbreaks in Spain (Lugue-Larena et al. 2015; Rodriguez-Pastor et al.
2018; Rodriguez-Pastor et al. 2017) and leptospirosis outbreaks in Germany, which were

associated with common voles (Dreesman et al. 2016; Hermannsen 1954; Popp 1960).

1.3 Leptospira spp. — a bacterial zoonotic pathogen

1.3.1 Classification of leptospires

Leptospires are aerobic spirochetes belonging to order Spirochaetales, family Leptospiraceae,
genus Leptospira, and they measure 0.1 pum in diameter and 6-20 um in length (Faine et al.
1999). They are hooked at both ends and have a corkscrew-like appearance (Adler and de la
Pena Moctezuma 2010). Leptospires were initially classified as saprophytic or pathogenic
species by serological tests (Levett 2001). Currently 35 Leptospira spp. are known, which can
be divided genetically and pathogenetically into (Thibeaux et al. 2018b):

I) asaprophytic, non-pathogenic group of environmental bacteria that do not need a host
and are rapidly cleared in animal models,

I1) anintermediate group that does not cause disease in the classical animal model but were
detected in humans and animals and

I11) a pathogenic group (including species detected in rodents like Leptospira interrogans,

Leptospira borgpetersenii and Leptospira kirschneri) that can infect every mammal.

The last group is believed to have evolved from the saprophytic species, leading to the
establishing of over 400 conserved genes only found in pathogenic leptospires such as the lipl32
gene encoding the LipL32 subsurface protein. The lipl32 gene is used for the screening of
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pathogenic Leptospira spp. by a specific PCR (Lehmann et al. 2014; Mayer-Scholl et al. 2011).
The gain of several new genes allowed the different pathogenic Leptospira spp. to adapt to a
wide variety of hosts (Lehmann et al. 2014). Besides genetic differentiation, the parallel
serological differentiation into groups called serovars can be used to classify Leptospira spp.

(e.g. serovar grippotyphosa) and is still used in diagnostics (Adler 2015).

1.3.2 Leptospirosis — The disease

Leptospirosis is a zoonotic disease caused by pathogenic Leptospira spp. and is of global
importance, with 1 million severe cases reported every year and 60,000 deaths annually, not
counting the many leptospirosis cases that were misdiagnosed as other diseases (Cosson et al.
2014; Costa et al. 2015; Gouveia et al. 2008). The greatest disease concentration has been
shown to be in tropical regions, rural areas and slums (Costa et al. 2015; Reis et al. 2008;
Spichler et al. 2008). Disease outbreaks can be triggered by extreme weather events such as
flooding, but it can also occur under temperate conditions, for example as smaller disease
clusters in Europe (Cann et al. 2013; Dreesman et al. 2016; Morgan et al. 2002; Wynwood et
al. 2014). Infection with pathogenic Leptospira spp. due to contact with contaminated water or
soil is asymptomatic in most cases. In some cases, it can proceed to severe disease forms like
Weil’s disease, which can result in organ necrosis (fatality rate 10%) or severe pulmonary
hemorrhagic syndrome with death by hypoxia (fatality rate 50%) (Adler and de la Pena
Moctezuma 2010; Bharti et al. 2003; Ko et al. 2009). The severe symptoms are caused by
inflammatory immune responses against leptospires in the infected tissue, thus resulting in
different forms of disease, ranging from meningoencephalitis to nephritis, and making initial
diagnosis problematic (Ko et al. 2009; Rajapakse et al. 2015). Leptospires are extracellular
pathogens, but survival and replication in macrophages has also been observed for L.
interrogans (Li et al. 2010). Treatment in animals and humans can be achieved by use of
penicillin and doxycycline, with the latter also being used as a preventive medicine in case of
events that promote infection and leptospirosis outbreaks such as flooding (Marquez et al.
2017). Vaccines are mainly available for veterinary application in livestock and companion
animals. Though human vaccines exist, they are accompanied with several problems such as
short-term immunity, serious side effects and little to no cross-protection against infection with

other serovars.
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1.3.3 The reservoirs of Leptospira spp.

The different Leptospira spp. are adapted to a wide variety of hosts, which has made
leptospirosis one of the most common bacterial zoonoses detected in mammals and also in
birds, reptiles and fish (Adler and de la Pena Moctezuma 2010; Fornazari 2017; Jobbins and
Alexander 2015; Mgode et al. 2014; Xu et al. 2016). Leptospira spp. are adapted to a specific
reservoir, which is usually chronically infected with leptospires in the proximal kidney tubule.
This results in lifelong shedding of the bacteria with the urine of the host and can cause acute

disease in non-reservoir hosts such as humans (Adler and de la Pena Moctezuma 2010).

Outside the reservoir, leptospires can survive in water or moist soil for weeks up to months,
depending on the conditions, before infecting a new host. Warm and humid conditions like in
the tropics can especially prolong survival (Andre-Fontaine et al. 2015; Casanovas-Massana et
al. 2018; Khairani-Bejo et al. 2004; Smith and Self 1955). Survival outside the host in the
environment is believed to be meditated through the creation of a biofilm with other microbes
(Kumar et al. 2015; Ristow et al. 2008; Trueba et al. 2004).

In the reservoir, the infection is believed to be asymptomatic, but internal injuries in kidney
tissue have also been observed (Monahan et al. 2009; Torres-Castro et al. 2016). Reservoirs can
harbor one or more Leptospira species but can be accidental hosts for other species, leading to
acute leptospirosis and shedding of fewer leptospires by the accidental host (Andersen-Ranberg
et al. 2016; Birnbaum et al. 1998; Miller et al. 2007; Rojas et al. 2010). Important reservoirs for
leptospires are rodents. They are present in most parts of the world, live in close contact to
humans and livestock and can reach infection rates of 50% or more, depending on season, area
and rodent species (Adler and de la Pena Moctezuma 2010; Calderon et al. 2014; Cosson et al.
2014; Diaz 2015; Fischer et al. 2018a; Jobbins and Alexander 2015; Krgjgaard et al. 2009;
Vanasco et al. 2003). Beside rodents, other small mammals, such as shrews and bats, can also
harbor Leptospira spp. (Dietrich et al. 2015; Fischer et al. 2018a; Hurd et al. 2017).

In European countries such as Spain, Austria and Germany, L. interrogans, L. borgpetersenii,
and L. kirschneri have previously been detected in rodents (Fischer et al. 2018a; Heuser et al.
2017; Mayer-Scholl et al. 2014; Millan et al. 2018; Obiegala et al. 2016; Schmidt et al. 2014).
The detected Leptospira genomospecies can vary depending on reservoir. For example, only L.
kirschneri is detected in common voles and field voles, whereas forest dwelling rodents can
harbor L. kirschneri, L. borgpetersenii and L. interrogans and rats can be infected with L.

interrogans (Fischer et al. 2018a; Heuser et al. 2017; Mayer-Scholl et al. 2014; Obiegala et al.
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2016). Further analysis of the sequence type (ST) by using multiple-locus sequence typing
(MLST) allows additional insights into the distribution and host specificity of leptospires in

small mammal reservoirs (Fischer et al. 2018a).

1.4 Hantaviruses

1.4.1 Classification, structure and genome organization

Hantaviruses are broadly distributed pathogens in Asia, Africa and Europe, as well as North-
and South America. Some of the hantavirus species were found to be zoonotic, with 150,000
human cases annually worldwide, and can lead to death, while the potential of other
hantaviruses such as Tula orthohantavirus (TULV) and newly detected Tatenale hantavirus
(TATV) are still unknown or being discussed (Jonsson et al. 2010; Kruger et al. 2015a; Pounder
etal. 2013; Reynes et al. 2015). Hantaviruses are named after the river Hantaan in South Korea,
where the striped field mouse was captured from which the first known “hantavirus”, named
Hantaan virus (under current classification Hantaan orthohantavirus, HTNV), was isolated (Lee
et al. 1978). Though the “actual first” hantavirus detection was that of Thottapalayam
thottimvirus from a shrew in India in 1964, it was initially classified as an arbovirus (arthropod-
borne virus) instead (Carey et al. 1971). More and more hantaviruses were detected over time,
not only in rodents (families: Muridae and Cricetidae), but also in insectivores, such as shrews
and moles, as well as bats, fish and reptiles (Lee et al. 1978; Plyusnin et al. 1994; Schlegel et
al. 2014; Shi et al. 2018).

Hantaviruses are classified by the International Committee on Taxonomy of Viruses (ICTV)
as: Realm: Riboviria, Kingdom: Orthornavirinae, Phylum: Negarnaviricota, Subphylum:
Polyploviricotina, Class: Ellioviricetes, Order: Bunyavirales, Family: Hantaviridae. This
includes four subfamilies: Actantavirinae (three fish-associated hantavirus species),
Agantavirinae (one Agnatha (jawless fish)-associated hantavirus species), Repantavirinae with
one hantavirus species detected in a gecko and Mammantavirinae with hantaviruses detected in
small mammals. The latter is further divided into genus Loanvirus (two bat-associated
hantavirus species), genus Mobatvirus (two bat- and one mole-associated hantavirus species),
genus Thottimvirus (two shrew-associated hantavirus species) and genus Orthohantavirus (36
species associated with shrews, moles and rodents) (International Committee on Taxonomy of
Viruses 2020; Laenen et al. 2019a).
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Previously, the hantavirus species definition included detection of the virus in a defined
reservoir species, a four-fold difference in a two-way neutralization test and amino acid
sequence difference of greater than 7% in nucleocapsid protein and glycoprotein precursor.
Recently, the ICTV changed the definition to an only amino acid sequence-based species
definition. Currently, a hantavirus needs to have, in a concatenated multiple alignment of
nucleocapsid protein (S segment) and glycoprotein (M segment), a pairwise evolutionary
distance (PED) value of greater than 0.1 to other known hantavirus species in order to be
acknowledged as a new hantavirus species (International Committee on Taxonomy of Viruses
2016; Laenen et al. 2019a). This resulted in several of the old hantavirus species being either
abandoned due to missing segment sequences (like Isla Vista virus) or reintroduced under a
known species, as happened for Muju and Hokkaido virus, which now belong to the Puumala
orthohantavirus (PUUV), and for Saaremaa virus, which was assimilated as a Dobrava-
Belgrade orthohantavirus (DOBV) species (International Committee on Taxonomy of Viruses
2016; Maes et al. 2018).

Hantavirus virions are spherical, with a diameter of 80-120 nm (Vaheri et al. 2013b). The

negative-orientated and single-stranded RNA genome consists of three segments (see Table 1):

I) asmall (S) segment of 1.6-2 kilobases (kb) coding for the nucleocapsid protein and a
non-structural protein (only in Arvicolinae-, Neotominae-, and Sigmodontinae-
associated hantaviruses),

I1) a medium (M) segment of 3.5-3.6 kb encoding for a glycoprotein precursor which is
processed to Gc and Gn glycoproteins and

I1l) a large (L) segment of 6.5 kb coding for an RNA-dependent RNA polymerase
(Jaaskelainen et al. 2007; Muyangwa et al. 2015; Plyusnin 2002; Schmaljohn 1996).

10
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Table 1:  Genome organization of different hantaviruses.
Reservoir Hantavirus Genome (length in nt: 5'-NCR, CDS, 3'-NCR)
Protein (size in aa)

Family Scientific S M L
name N/NS GPC RARP

Cricetidae Clethrionomys | Puumala 42,1302, 527 | 40, 3447, 195 36, 6471, 43
glareolus orthohantavirus 433/90 1148 2156
Microtus Tula 42,1293, 499 | 55, 3426, 213 36, 6462, 43
arvalis orthohantavirus 430/90 1141 2153
Microtus Tatenale n.a., 1302, n.a. | n.a., 3447, n.a. | n.a., 6465, n.a
agrestis hantavirus* 433/90 1148 2154
Microtus Yuanjiang 42,1302, n.a. | n.a., 3438,197 | 36,6471, n.a.
fortis orthohantavirus 433/95 1145 2156
Microtus Khabarovsk 42,1302,501 | 49, 3435, 222 36, 6465, 78
maximowiczii |orthohantavirus 433/95 1144 2154

Muridae Apodemus Dobrava- 35,1290, 34 | 40,3408, 187 | 37, 6456, 39
agrarius, A. | Belgrade 429/n.c. 1135 2151
flavicollis, A. | orthohantavirus
ponticus

Rhinolophidae | Rhinolophus | Longquan 54,1272, 238 | 20, 3402, 197 n.a.
sinicus loanvirus 423/n.c. 1133

Talpidae Talpa Nova 52,1287,486 | 20, 3384, 186 33,6474, 56
europaea mobatvirus 428/n.c. 1127 2157

Soricidae Suncus Thottapalayam 67,1308, 155 | 39, 3366, 216 | 62, 6453, 117
murinus thottimvirus 435/n.c. 1121 2150

n.a. not available; n.c., not coded; *currently not listed as a virus species; CDS, coding sequence; NCR,
non-coding region; N, nucleocapsid protein; NS, non-structural protein; GPC, glycoprotein precursor;
RdRP, RNA-dependent RNA polymerase.

Puumala orthohantavirus (AJ223376, NC_005223, HE801635), Tula orthohantavirus (NC_005227,
NC_005228, AJ005637), Tatenale hantavirus* (MK883757, MK883759, MK883761), Yuanjiang

orthohantavirus (FJ170792, KJ857333, KJ857316),

Khabarovsk orthohantavirus (NC_034527,

NC_034518, KJ857315), Dobrava-Belgrade orthohantavirus (NC_005233, NC_005234, NC_005235),
Longquan loanvirus (NC 043126, NC_043127), Nova mobatvirus (NC_034464, NC_034470,
NC_034465), Thottopalayam thottimvirus (NC_010704, NC_010708, NC_010707).

1.4.2 Human infection

Inhalation of aerosols of rodent feces containing hantaviruses or biting by infected rodents can

lead to human infection (Krtiger et al. 2001). Human-to-human transmission is only reported

for Andes orthohantavirus (ANDV) (Padula et al. 1998). To date, human disease is only known

11
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for Murinae-associated orthohantaviruses, specifically Seoul orthohantavirus (SEQOV),
Dobrava-Belgrade orthohantavirus (DOBV) and HTNV, as well as for the Sigmondontinae-
associated orthohantavirus ANDV, Neotominae-associated orthohantavirus Sin Nombre
orthohantavirus (SNV) and one Arvicolinae-associated hantavirus, i.e. PUUV (Kruger et al.
2001). For other hantaviruses such as TULV and newly detected ones such as TATV,

pathogenicity is either under discussion or unknown (Pounder et al. 2013; Reynes et al. 2015).

Disease outcome varies among hantaviruses. ANDV and SNV can cause hantavirus
cardiopulmonary syndrome (HCPS), resulting in case fatality rates ranging from 25% to 35%.
SEQV, HTNV, DOBYV and PUUV can cause hemorrhagic fever with renal syndrome (HFRS)
and result in case fatality rates of 0.1% (PUUV), up to 1% (SEQV), 0.5 — 10% (DOBV,
depending on the virus, see 1.4.5.3.) or up to 10% (HTNV) (Kriger et al. 2011). The greatest
incidences of HFRS are detected in Fennoscandia and amount to 10,000 cases in Europe every

year, resulting in the most disease cases in Europe (Heyman et al. 2009; Vaheri et al. 2013a).

Infection with an HFRS-inducing hantavirus can also induce HCPS-like symptoms (Vollmar et
al. 2016). A reason for the different clinical symptoms, depending on the hantavirus species,
might be found in the binding to different human cellular integrin-receptors by pathogenic and
nonpathogenic hantaviruses (Gavrilovskaya et al. 1999; Gavrilovskaya et al. 1998; Geimonen
et al. 2002). Other factors might include co-receptors, cell tropism, apoptosis and interaction
with the immune system (Ermonval et al. 2016). Increased capillary permeability is the main
factor for disease symptoms in the later stages and is caused by a combination of the immune
system damaging the barrier function of the capillaries and the virus inducing increased
permeability of blood vessels (Jiang et al. 2016; Vaheri et al. 2013b).

ETAR, ribavirin and favipiravir are currently used antihantavirus medications that target the
RdRP (Liu et al. 2019). A hantavirus vaccine (Hantavax®) is currently only available in Korea
and China. Other vaccines and treatment methods are still under development and/or testing
(Brocato and Hooper 2019; Kriiger et al. 2011).

1.4.3 Evolution

Hantavirus evolution is associated with the evolution and lineage splitting of their reservoir
hosts. As an example, the geographic localization of TULV and PUUV lineages is caused by
the geographic distribution of their respective host, common vole and bank vole, respectively,

lineages (Castel et al. 2019; Saxenhofer et al. 2019). Hantaviruses which are closely related to

12
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each other are usually harbored by reservoirs which themselves are closely related and coevolve
with them, therefore the evolutionary history resembles that of the reservoir (Hjelle and Yates
2001; Shi et al. 2018). Infection of non-reservoir species, so called “spillover events”, usually
lead either to fast clearance of the virus with no or unspecific symptoms like fever or to the
“classical” disease. Alternatively, it is thought that a hantavirus is able to adapt to the new host,
replicate and infect a new putative host. This event is called host switching and can happen in
species that share the same habitat and therefore increase the chance of infection. It is
hypothesized that also closely related species that share important receptors for the virus or
have similar immune systems can have an increased chance for this event. It has been discussed
whether host switching events occurred during hantavirus evolution (Kang et al. 2009; Ling et
al. 2014). Examples are the putative host switch of ancestral DOBV from the yellow-necked
mouse to the striped field mouse (Nemirov et al. 2002) and the assumed host switch of an
ancestral PUUV from Clethrionomys spp. to Lemmus spp. and Microtus spp. resulting in the
evolution of Khabarvosk orthohantavirus and the respective strain Topografov (Vapalahti et al.
1999). Some authors have suggested that host switching dependent on geographical proximity
of the reservoir species might be more significant than previously considered for the emergence
of new viruses (Rivera et al. 2015). It is believed that the origin of hantaviruses harbored by
Murinae and Arvicolinae hosts was in Asia and that spread of the viruses to the other continents
was mediated by their respective hosts (Souza et al. 2014). With the finding of hantaviruses in
reptiles and fish, it might be assumed that hantaviruses have existed for a longer time period

than previously believed (Shi et al. 2018).

1.4.4 The host

The spread of the virus is mediated by the urine, feces and saliva of lifelong-infected reservoirs
(Bernshtein et al. 1999; Voutilainen et al. 2015). In addition to wounding and biting, saliva
aerosols, which were reported with ANDV transmission, might be an additional transmission
route between reservoirs hosts, as saliva was detected with high viral loads (Escutenaire et al.
2002; Padula et al. 2004). Hantavirus infection in the reservoir is believed to be asymptomatic,
but negative effects such as decreased survival of PUUV-infected bank voles in winter have
been observed (Kallio et al. 2007). In the environment, the virus can persist up to several weeks,
depending on the outside conditions such as temperature and UV intensity (Hardestam et al.
2008; Kallio et al. 2006a).
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1.4.5 Hantaviruses in Europe

In Europe, at least four hantaviruses exist in rodents: Seoul orthohantavirus in rat, PUUV in
bank vole, TULV in common vole and related species, and DOBV in yellow-necked mouse,
striped field mouse and Black Sea field mouse (Apodemus ponticus) populations (Klempa et al.
2013a; Klempa et al. 2013b). TULV, PUUV and DOBYV are discussed in the following sections.
A fifth hantavirus circulating in field voles, called TATV, was recently detected in England
(Pounder et al. 2013; Thomason et al. 2017). Beside rodent-borne hantaviruses, other
hantaviruses such as Brno loanvirus in common noctule (Nyctalus noctula) (Strakova et al.
2017), Seewis orthohantavirus in common shrew (Sorex araneus) (Song J.W. et al. 2007),
Asikkala orthohantavirus in Eurasian pygmy shrew (Sorex minutus) (Radosa et al. 2013), and
Bruges orthohantavirus and Nova mobatvirus in the European mole (Talpa europaea) were
detected (Gu et al. 2014; Laenen et al. 2018).

1.4.5.1 Tula orthohantavirus

TULYV was first detected in Tula, 200 km from Moscow, Russia, in two Microtus species, i.e.
common voles and East European voles (Microtus levis previously known as M.
rossiaemeridionalis), trapped in 1987 (Plyusnin et al. 1994). Except for other hantaviruses that
are detected in a single host, TULV was most often detected in common voles, and it was also
detected in other Microtus spp. and in Arvicola spp. in different countries over time (see Table
2). The geographic clustering of TULV sequences is related with the common vole lineages in
Central Europe, as seen for the hybrid zone between Central South and Eastern South TULV
lineages at the Bavarian/Czech Republic border (Saxenhofer et al. 2019). Additionally, higher
infection rates in common voles compared to other Microtus spp. were reported in Central
Europe, highlighting that in most cases sympatrically occurring voles might be affected by
spillover infections (Schmidt et al. 2016). In regions where common voles are absent, other
Microtus spp. might act as reservoirs instead (Guo et al. 2019; Polat et al. 2018a;
Scharninghausen et al. 2002; Schmidt-Chanasit et al. 2010; Tkachenko et al. 2015). This can
result, as in the case of Adler virus in Major's pine vole (Microtus majori), in a unique genetic
variant of TULV (Tkachenko et al. 2015).
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Table 2:  Countries and rodent species in which Tula orthohantavirus was detected by RT-PCR

Country Rodent species Reference
Austria Common vole (Bowen et al. 1997)
(Schmidt et al. 2014)
Belgium Common vole (Heyman et al. 2002)
China Altai vole (Chen et al. 2019; Guo et al. 2019)
(Microtus obscurus)
Croatia Common vole (Scharninghausen et al. 2002; Tadin et al. 2016)
Field vole (Scharninghausen et al. 2002)
Czech Republic ~ Common vole (Saxenhofer et al. 2019)
France Common vole (Schmidt et al. 2016)
Germany Arvicola spp. (Schlegel et al. 2012; Schmidt et al. 2016)
Common vole (Klempa et al. 2003a; Mertens et al. 2011a)
(Schmidt-Chanasit et al. 2010; Schmidt et al. 2016)
Field vole (Schmidt-Chanasit et al. 2010; Schmidt et al. 2016)
Hungary Bank vole (Kurucz et al. 2018)
Common vole (Kurucz et al. 2018)
Kazakhstan Altai vole (Plyusnina et al. 2008a)
Luxembourg Common vole (Schmidt et al. 2016)
Netherlands Common vole (Maas et al. 2017; Reusken et al. 2008)
Poland Common vole (Michalski et al. 2014; Song et al. 2004)
Russia Common vole (Plyusnin et al. 1994; Tkachenko et al. 2015)
Major's pine vole (Tkachenko et al. 2015)
(Microtus majori)
East European voles (Plyusnin et al. 1994)
(Microtus levis)
Serbia Common vole (Stanojevic et al. 2015)
European pine vole (Song et al. 2002)
Slovenia Common vole (Korva et al. 2009; Korva et al. 2013)
European pine vole (Korva et al. 2009; Korva et al. 2013)
Field vole (Korva et al. 2009; Korva et al. 2013)
Slovakia Common vole (Sibold et al. 1999a)
Switzerland Eurasian water vole (Schlegel et al. 2012)
Turkey Altai vole (Polat et al. 2018a)
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In contrast to the broad European distribution of common voles and TULV, the number of
reported human cases is low. Antibodies against TULV have been detected in tested forest
workers in East Germany before (Mertens et al. 2011b). Human disease through TULV
infection was observed in only three cases in the Czech Republic, Germany and France,
respectively, including the detection of TULV-specific RNA in two of these cases (Klempa et
al. 2003a; Reynes et al. 2015; Zelena et al. 2013). Due to the limited number of cases, notably
an immunocompromised patient and a child, the zoonotic status of TULV is currently being

discussed and TULV is mainly described as nonpathogenic (Kriger et al. 2011).

1.4.5.2 Puumala orthohantavirus

PUUV was first detected by an indirect immunofluorescence test for the detection of antibodies
against the causative agent of HFRS (also called nephropathia epidemica). This test used
material from bank voles trapped in an HFRS-endemic region, and a positive reaction was
found for human serum samples from Puumala, Finland, 1979 (Brummer-Korvenkontio et al.
1980). The hantavirus was later isolated from a bank vole collected in Sweden (Yanagihara et
al. 1984). The bank vole is the main reservoir and can be found in most parts of Europe, ranging
from northeastern Spain up to Russia (Hutterer et al. 2016). PUUV can be detected in most
bank vole-infested continental European countries as well (Olsson et al. 2010). An exception
are areas in northeastern Germany. There, mainly Eastern and Carpathian bank vole lineages
are present, which do not seem to carry PUUV in northeastern Germany (Drewes et al. 2017a;
Drewes et al. 2017b).

Muju virus is carried by the royal vole (Myodes regulus) in Korea (Song K.J. et al. 2007), and
Hokkaido virus is carried by grey-red backed vole (Myodes rufocanus) and Northern red-
backed vole (Myodes rutilus) in Japan, Buryatia and Siberia (Kariwa et al. 1995; Plyusnina et
al. 2008b; Yashina et al. 2015). Both viruses belong, due to the new classification system of the

ICTV, to the species Puumala orthohantavirus (see 1.4.1).

Currently, eight distinct genetic PUUV lineages are described that differ in their geographic
distribution: 1) the Alpe-Adrian (in Austria, Croatia, Hungary and Slovenia), 2) the Central
European (in Belgium, France, Germany, The Netherlands and Slovakia), 3) the Danish (on the
island of Fyn in Denmark), 4) the Finnish (in Finland, Russian Karelia and western Siberia), 5)
North Scandinavian (in northwestern Finland to northern Sweden), 6) the Latvian (in Latvia,
Lithuania and northern Poland), 7) the Russian (in Estonia, Latvia, pre-Ural Russia and southern

Poland) and 8) the South Scandinavian (in Norway to Sweden) (Ali et al. 2014; Razzauti et al.
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2012; Rosenfeld et al. 2017; Sironen et al. 2001). The strong phylogeographic clustering of
PUUV sequences is explained by the coevolution with its host, the bank vole (Castel et al.
2015). PUUV probably originated in Asia in a bank vole ancestor. In an expansion wave, bank
voles migrated to Europe, where the strong geographical clustering of both virus and host was
shaped by the refugium taken by the host during the last glacial period and subsequent spread

of the reservoir population (Castel et al. 2019).

PUUV disease outbreaks in humans are strongly correlated with bank vole population density,
as they peak in association with beech masts in the year before, which is linked to increased
bank vole population growth (Reil et al. 2015; Reil et al. 2017).

1.45.3 Dobrava-Belgrade orthohantavirus

DOBYV was initially detected in two areas, i.e. in Dobrava, Slovenia from a yellow-necked
mouse and in Belgrade, Serbia from a human patient, and was therefore named after both
locations (Avsic-Zupanc et al. 1992; Gligic et al. 1992). The species Dobrava-Belgrade
orthohantavirus is currently divided into four genotypes: Kurkino, Saaremaa, Dobrava and
Sochi. They might have evolved from an ancestral virus carried by either the striped field mouse

(Klempa et al. 2013a) or the yellow-necked mouse (Nemirov et al. 2002).

Genotype Dobrava is named after the first detection of DOBV sequences (Avsic-Zupanc et al.
1992; Gligic et al. 1992). The natural reservoir is the yellow-necked mouse, and the genotype
Dobrava has been detected in Albania, Bulgaria, Croatia, Czech Republic, Greece, Italy,
Montenegro, Slovakia, Slovenia, Serbia and Turkey (Antoniadis et al. 1996; Avsic-Zupanc et
al. 2000; Avsic-Zupanc et al. 1995; Markotic et al. 2002b; Nemirov et al. 2003; Oktem et al.
2014; Papa et al. 2006; Papa and Christova 2011; Plyusnina et al. 2009; Polat et al. 2018b;
Rizzoli et al. 2015; Sibold et al. 2001; Taller et al. 1993; Weidmann et al. 2005).

Kurkino, first detected in the Kurkino region of Russia, can be found in the striped field mouse
of Denmark, Germany, Hungary, Slovakia, Slovenia and Russia (Kurucz et al. 2018; Nemirov
et al. 2004; Plyusnin et al. 1999; Schlegel et al. 2009; Sibold et al. 1999b; Sibold et al. 2001).

Both genotypes, Dobrava and Kurkino, were detected in the same country (Croatia, Hungary,
Slovakia and Slovenia) in sympatrically occurring respective hosts without reassortment
(Avsic-Zupanc et al. 2000; Jakab et al. 2007a; Jakab et al. 2007b; Klempa et al. 2003b;
Plyusnina et al. 2009; Plyusnina et al. 2011; Scharninghausen et al. 1999; Sibold et al. 2001).

Spillover infections to other rodents were observed for Dobrava, which was transferred to one
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rat species (R. rattus), Ural field mouse (Apodemus uralensis), edible dormouse (Glis glis),
wood mouse and house mouse (Oktem et al. 2014; Stanojevic et al. 2015; Weidmann et al.
2005). Spillover infections of Kurkino were detected in yellow-necked mice (Schlegel et al.
2009).

Saaremaa, likewise to Kurkino, was detected in striped field mouse, but up to now exclusively
on the islands of Estonia (Saaremaa and Vormsi) (Plyusnin et al. 1997). Saaremaa virus was
recognized as an independent virus by the ICTV in the past, but this was abolished and it now
belongs to DOBV (Laenen et al. 2019a). Due to unusual clustering of Saaremaa M segment
sequences, it is believed that a reassortment event with an older ancestor of Dobrava and

Kurkino had taken place (Klempa et al. 2013a).

The fourth genotype, Sochi, was found in the Black Sea field mouse in European Russia
(Tkachenko et al. 2005).

Human disease cases with DOBV, though rarer than infections with PUUV, range from severe
disease with genotype Dobrava (10-12% fatality rate), moderate disease with Sochi (6% fatality
rate) and milder infections with Kurkino (0.3-0.6% death rate) (Dzagurova et al. 2012; Klempa
et al. 2013a; Klempa et al. 2008; Kruger et al. 2015b). For Saaremaa virus infection, the danger
to humans is currently being discussed, as up to now only antibodies have been detected in
human cases and no RNA as definitive proof (Golovljova et al. 2007; Klempa et al. 2013a;
Klempa et al. 2013b).
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2  Objectives

The knowledge of the occurrence, prevalence and sequence types of hantaviruses and
Leptospira spp. in Spain, Austria, Lithuania and parts of Germany, i.e. Thuringia, is scarce. In
addition, individual and population-related factors driving the prevalence of those two

pathogens are largely unknown.

Therefore, the objectives of this study were:

to study the occurrence of hantaviruses in voles in Lithuania

to prove the occurrence of single and double infections of hantaviruses and Leptospira

in voles and other rodents in Spain, Austria and Germany

- to identify the reservoir specificity of the pathogens and study their geographic
distribution

- to identify factors that affect pathogen prevalence and coinfections such as individual,

population dynamics, and environmental factors.

For this purpose, rodents were trapped in Spain, Germany, Austria and Lithuania and dissected.
For hantavirus screening, RNA was extracted from lung samples and screened by hantavirus-
specific RT-PCRs. For hantavirus identification, the RT-PCR products were sequenced. In
some cases, primer walking and next generation sequencing were performed to generate
complete coding sequences. The sequences were then analyzed in phylogenetic trees. In some
studies, hantavirus antibodies were additionally detected by ELISA. For pathogenic Leptospira
spp. screening, kidney DNA was extracted and screened by lipl32-PCR. Positive samples were
further genotyped by secY-PCR and MLST. Biometrical data from trapped rodents, population
dynamics and environmental data were used for statistical analysis of hantavirus, Leptospira

spp. and their coinfection.
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Abstract

Vole-associated hantaviruses occur in the Old and New World. Tula orthohantavirus (TULV) is widely distributed throughout
the European continent in its reservoir, the common vole (Microtus arvalis), but the virus was also frequently detected in
field voles (Microtus agrestis) and other vole species. TULV and common voles are absent from Great Britain. However,
field voles there harbor Tatenale and Kielder hantaviruses. Here we screened 126 field voles and 13 common voles from
Brandenburg, Germany, for hantavirus infections. One common vole and four field voles were anti-TULV antibody and/or
TULV RNA positive. In one additional, seropositive field vole a novel hantavirus sequence was detected. The partial S and
L segment nucleotide sequences were only 61.1% and 75.6% identical to sympatrically occurring TULV sequences, but
showed highest similarity of approximately 80% to British Tatenale and Kielder hantaviruses. Subsequent determination of
the entire nucleocapsid (N), glycoprotein (GPC), and RNA-dependent RNA polymerase encoding sequences and determina-
tion of the pairwise evolutionary distance (PED) value for the concatenated N and GPC amino acid sequences confirmed a
novel orthohantavirus species, tentatively named Traemmersee orthohantavirus. The identification of this novel hantavirus
in a field vole from eastern Germany underlines the necessity of a large-scale, broad geographical hantavirus screening of
voles to understand evolutionary processes of virus—host associations and host switches.
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Introduction

Hantaviruses (order Bunyavirales, family Hantaviridae)
have been identified in various small mammal reservoirs,
including murine and cricetid rodents, shrews, moles,
and bats [1]. Rodent-borne hantaviruses are distributed
worldwide and can cause hemorrhagic fever with renal
syndrome (HFRS) in humans in the Old World [2, 3]. The
hantavirus genome is divided into three segments. The
large (L) segment encodes the viral RNA-dependent RNA
polymerase (RARP). The medium (M) segment encodes
the glycoprotein precursor (GPC) that is co-translationally
cleaved into the amino terminal Gn and the carboxy-termi-
nal Gc parts. The small (S) segment encodes the structural
nucleocapsid (N) protein [4]. The S segment of Cricetidae-
associated hantaviruses encodes in an overlapping open
reading frame (ORF) a short putative nonstructural protein
(NSs) that functions as an interferon antagonist [5].

There is a high diversity of vole-borne hantaviruses
in the Old and New World. Sin Nombre orthohantavirus
(SNV) strain Convict Creek, El Moro Canyon orthohanta-
virus (EMCYV), Isla Vista hantavirus (ISLAV), and Pros-
pect Hill orthohantavirus (PHV) have been associated with
the California vole (Microtus californicus), montane vole
(Microtus montanus), prairie vole (Microtus ochrogaster),
and meadow vole (Microtus pennsylvanicus) reservoirs in
the New World [6-11]. Several vole-borne hantaviruses
are distributed in Asia and mainland Europe including
Khabarovsk orthohantavirus (KHAV) in reed vole (Micro-
tus fortis), Maximowicz’s vole (Microtus maximowiczii),
and tundra vole (Microtus oeconomus), KHAV strain
Topografov in reed vole, Fusong orthohantavirus (FUSV)
in reed vole, and Yakeshi orthohantavirus in Maximow-
icz’s vole [11-13].

Tula orthohantavirus (TULV) has a broad geographical
distribution that ranges from France in the west to Russia
in the northeast and Turkey in the south [14-20]. In depth
analyses of TULV and its rodent hosts in Europe have
recently led to the identification of independently evolv-
ing TULV clades associated with the evolutionary line-
ages Central (CEN) or Eastern (EST) in the common vole
(Microtus arvalis) [19]. Within each of these host lineages,
two deeply divergent TULV clades occur named after their
nonoverlapping geographical ranges TULV Central North
(CEN.N) and Central South (CEN.S) or Eastern North
(EST.N) and Eastern South (EST.S) [18, 20]. TULV has
also been detected in other vole species, i.e., field vole
(Microtus agrestis), narrow-headed vole (Microtus grega-
lis), East-European vole (Microtus levis formerly Micro-
tus rossiaemeridionalis), Altai vole (Microtus obscurus),
European pine vole (Microtus subterraneus), Major’s pine
vole (Microtus majori), and water vole (Arvicola spp.)

[12-15, 17, 21, 22]. However, the long-term evolution of
TULV appears to be associated with the common vole as
suggested by the isolation-by-distance (IBD) relationship
between virus strains across Europe that is driven by the
genetic diversity of TULV found in this reservoir species
[20].

Currently, little is known about the role of the field
vole as hantavirus reservoir. TULV RNA detection in field
voles is discussed as a result of spillover infection from
sympatric common vole reservoir [17, 18]. Field voles
from the British Isles were found to be a reservoir for Tat-
enale hantavirus, a virus only distantly related to TULV
[23]. A related sequence was detected more recently in
field voles from Kielder Forest in England, 230 km from
the area where Tatenale hantavirus was initially detected
[24]. To test for the potential role of field voles as reservoir
of TULV and its host specificity in sympatry, we collected
field voles and common voles in Brandenburg, eastern
Germany, including regions where TULV was previously
almost exclusively detected in field voles [17].

A total of 126 field voles and 13 common voles were
collected in 2006, 2007, 2008, and 2018 at four trapping
sites in Brandenburg (Fig. 1a) and dissected according to
the standard protocol [25]. Enzyme-linked immunosorb-
ent assay (ELISA) screening of chest cavity fluids (CCF)
was performed in parallel with Saccharomyces cerevisiae-
produced N proteins of two TULV strains, strain Thuringia
[26], and strain Moravia [19, 22, 27]. Here, four of 126
field voles and one of 13 common voles from two trap-
ping sites were detected in both ELISAs as seropositive
(Table 1).

Screening of lung tissue-derived RNA by conventional
reverse transcription-polymerase chain reaction (RT-PCR)
assays targeting the S segment [22], M segment [28], and
L segment [29] resulted in specific amplification products
in three of 126 field voles and one of 13 common voles
(Table 1). The common vole and one field vole were anti-
TULYV antibody and TULV RNA positive. Two field voles
were exclusively anti-TULV positive, but RT-PCR negative,
whereas an additional field vole was only TULV RNA posi-
tive (Table S1).

For phylogenetic analysis, additional 12 S, 31 M, and
32 L segment TULV sequences were generated for TULV
strains that were identified in a previous study (Ref. [18];
Table S2). Direct sequencing of the S and M segment RT-
PCR products of three voles of the current study resulted
in the identification of sequences from the TULV-CEN.N
clade in two field voles collected at Stadtsee and in one
common vole from Traemmersee (Fig. S1A and B). The
novel partial L segment sequences also clustered within the
TULV-CEN.N clade (data not shown). Cytochrome b (cytb)
analysis revealed that the TULV RNA-positive common vole
belongs to the evolutionary lineage Central in this species
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Fig.1 Map of vole trapping sites and phylogenetic trees of partial S
and L segment sequences of hantaviruses including the new Traem-
mersee orthohantavirus and the British Tatenale and Kielder hanta-
viruses. a Map of the trapping sites of field voles (Microtus agres-
tis) and common voles (Microtus arvalis) in Brandenburg, eastern
Germany. Trapping sites of hantavirus-RNA-positive field voles and
common voles are indicated by filled circles. b Consensus phyloge-
netic tree of the partial S segment sequences (alignment length 393
nucleotides (nt), positions 622-1003, counting according to Tula
orthohantavirus (TULV) S segment, accession number NC_005227).
¢ Consensus phylogenetic tree of partial L segment sequences (align-
ment length 333 nt, positions 2983-3309, counting according to
TULV L segment, accession number NC_005226). Phylogenetic
trees for partial S and L segment sequences were constructed because
for Tatenale and Kielder hantaviruses only partial sequences are

which is consistent with large-scale phylogeographic pat-
terns (Refs. [19, 30]; Table S1, Fig. S2A).

Interestingly, S and L segment sequences from a single
seropositive field vole from Traemmersee were highly diver-
gent to TULYV, but similar to the British field vole-associated
Tatenale and Kielder hantaviruses (Fig. 1b, ¢, Table S3). In
addition, RT-PCR amplified partial GPC-encoding sequence
was also highly divergent from TULV M segment sequences
(identity of 75-80%; Fig. S1B); M segment sequences from
Tatenale and Kielder hantaviruses are not available so far.

The complete coding sequences of S, M, and L segments
were generated by a primer-walking approach (for primers
used see Table S4). The encoded N protein, GPC, and RdRP
are 433, 1148, and 2154 amino acids in length, respectively.
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available. The consensus trees are based on Bayesian analyses with
15,000,000 generations and a burn-in phase of 25%, and maximum-
likelihood analyses, with 1000 bootstraps and 50% cutoff using the
general time reversible (GTR) substitution model with invariant sites
and a gamma distributed shape parameter for both algorithms. Poste-
rior probabilities in percent from Bayesian analyses are given before
the slash and bootstrap values are given after the slash for major
nodes when they exceeded 70. The tree reconstructions were done via
CIPRES [37]. Alignments were constructed under Bioedit (V7.2.3.)
[38] using the Clustal W Multiple Alignment algorithm implemented
in the program. Names in bold indicate newly generated sequences
(MK542662 and MK542664) and field vole viruses clustering with
Traemmersee virus are highlighted by a gray box. Triangles indicate
compressed branches. Additional accession numbers are listed in
Table S6

A moderate similarity to TULV and a higher similarity to
the sequences of other vole-borne hantaviruses were identi-
fied by pairwise comparison of the nucleotide and amino
acid sequences as well as in the phylogenetic trees (Table S5
and Fig. S3A-F). A 270 nucleotide-long NSs ORF overlap-
ping the N ORF was identified; the amino terminal region
of the putative NSs protein is similar to that of the majority
of vole-borne hantaviruses, but differs to the amino-termi-
nally extended NSs proteins of KHAV and FUSV (data not
shown).

The pairwise evolutionary distance (PED) values of the
concatenated N protein and GPC of Traemmersee virus and
KHAYV, FUSV, Puumala orthohantavirus (PUUV), PHV, and
TULV vary between 0.14 and 0.66 (Table S5). These values
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Table 1 Results of the serological and RT-PCR investigations of field voles (Microtus agrestis) and common voles (Microtus arvalis) from four

trapping sites in eastern Germany

Trapping site  Trapping year Species Total number

Results (number positive/total number tested)

Virus (lineage)

(see Fig. 1a) of voles
trapped 1gG ELISA TQLV IgG ELISA TULY- S segment
EST.S (Moravia) N CEN.N (Thuringia®) RT-PCR
protein N protein
Marzehns 2006 M. agrestis 9 0/9 0/9 0/9
2007 M. agrestis 33 0/33 0/33 0/33
M. arvalis 7 0/7 0/7 0/7
Schwenow 2006 M. agrestis 5 0/5 0/5 0/5
2008 M. agrestis 3 0/3 0/3 0/3
M. arvalis 1 0/1 0/1 0/1
Stadtsee 2006 M. agrestis 12 0/12 0/12 0/12
2007 M. agrestis 14 0/14 0/14 0/14
2008 M. agrestis 39 3/39 3/39 2/39 TULV (CEN.N,
Central North)
Traemmersee 2008 M. agrestis 8 1/8 1/8 1/8 Traemmersee virus
M. arvalis 5 1/5 1/5 1/5 TULV (CEN.N,
Central North)
2018 M. agrestis 3 0/3 0/3 0/3
Total M. agrestis 126 4/126 4/126 3/126
M. arvalis 13 1/13 1/13 1/13
all Microtus 139 5/139 5/139 4/139

#Amino-terminally his-tagged nucleocapsid (N) protein of Tula orthohantavirus (TULV) strain from Thuringia was produced in yeast Saccharo-
myces cerevisiae and purified by nickel-chelate affinity chromatography under denaturing conditions as described previously [27]

were higher than the cutoff value (0.1) that was defined
by the International Committee on Taxonomy of Viruses
(ICTV) for a hantavirus species using DivETsity pArtitioning
by hieRarchical Clustering (DEmARC) [31]. According to
the criteria of the ICTV [31], this suggests a novel virus spe-
cies that was tentatively named according to the trapping site
of the field vole “Traemmersee orthohantavirus” (TRAV).
The definition of a novel virus species is also supported by
the lack of evidence for recombination of the entire S, M,
and L segment nucleotide sequences of TRAV and corre-
sponding reference sequences in SimPlot and RDP4 analyses
(Refs. [32, 33]; data not shown). Comparison of the partial N
protein sequence of Tatenale hantavirus (131 aa) and TRAV
revealed a PED value of 0.0395, which may indicate that
Tatenale hantavirus and TRAV represent a single orthohan-
tavirus species.

The paucity of available data on British Tatenale and
Kielder hantaviruses and TRAV from other locations pre-
vents at present conclusive analyses of their evolutionary
history. However, field voles colonized the British Isles only
after the last glaciation less than 15,000 years ago [34-36]
which suggests a continental origin of the ancestor of these
British hantaviruses. At present, we can only speculate that
the evolutionary history of these hantaviruses might be asso-
ciated with the history of the Western cyzb lineage in the
field vole because the British Isles were colonized by this

lineage [36] and the field vole population at the sampling
location of TRAV harbors both the Central and Western
lineages.

In conclusion, we identified a novel orthohantavirus spe-
cies in Germany which is most similar to British hantavi-
ruses detected in the same vole host species. More hanta-
virus data based on large-scale geographical screening will
be necessary to understand the evolutionary history of this
system better. However, detailed analyses of TULV clades
and evolutionary lineages in the common vole have recently
demonstrated that speciation processes in hantaviruses can
be triggered by evolutionary divergence in their hosts and
may even outrun host evolution [19]. It seems thus appro-
priate to explicitly consider not only the presumed reservoir
host but also related species as potential hosts for a bet-
ter understanding of the role of host association and host
switches in the evolution of hantaviruses.
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Table S3: Pairwise comparison of partial nucleotide and amino acid sequences of the S segment,
N protein, L segment and RNA-dependent RNA polymerase. Pairwise comparison of partial
nucleotide (nt) and amino acid (aa) sequences of the S segment (nucleotides 622-1015, numbering
according to Khabarovsk orthohantavirus, GenBank accession number NC_034527) and the
nucleocapsid (N) protein (amino acid residues 194-324) of the novel field vole-associated
Traemmersee virus to the most related reference sequences identified by Basic Local Alignment
Search Tool (BLAST) and of partial nt and aa sequences of the L segment (nucleotides 2962- 3324,
numbering according to Khabarovsk orthohantavirus, GenBank accession number NC_034519) and
the RNA-dependent RNA polymerase (RARP; amino acid residues 976-1096). All sequences that have

at least in either partial S or partial L segment nt sequence identities greater 75% are shown.

S segment / N protein

Reference sequence nt

Tatenale_JX316009; JX316008 0.798

Kielder KY751731 n.a.
Kielder_KY751732 n.a.
KHAYV strain 0.789

Topografov_AJ011646
KHAV_NC_034527, NC034519 0.771

Fusong_FJ170792, KJ857316 0.766

Fusong_FJ170796 0.766
Fusong_NC_038446 0.766
Puumala_Muju_JX028273, 0.743
JX046485

Puumala_Hokkaido_AB675474, 0.746

AB712372

aa

0.947

n.a.

n.a.

0.85

0.843

0.835

0.813

0.82

0.768

0.791

L segment / RARP
nt aa
0.813 0.927
0.807 0.936
0.804 0.927
n.a. n.a.
0.765 0.918
0.765 0.9
n.a. n.a.
n.a. n.a.
0.777 0.891
0.774 0.855
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36

Table S3 (continued)

Reference sequence
PUUV_Ussuri_Khekhtsir AB677476
PUUV _like_Fusong_ EF211820
Fugong_ KT899701, KT899703
Bayou_DQ256126, FJ858378
Prospect_Hill_NC_038938,
EF646763

Puumala_NC_005224, NC_005225

Tula_NC_005227, 005226

n.a., not available

S segment / N protein

nt

0.746

0.756

0.606

0.559

0.686

0.738

0.611

aa

0.783

0.791

0.597

0.537

0.716

0.765

0.651

L segment / RARP
nt aa

n.a. n.a.

n.a. n.a.
0.768 0.81
0.753 0.837
0.753 0.882
0.76 0.873
0.756 0.864
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Table S5: Pairwise comparison of complete coding nucleotide (nt) sequences and amino acid (aa)
sequences of the entire nucleocapsid (N) protein, glycoprotein precursor (GPC) protein, and
RNA-dependent RNA polymerase (RARP) of the novel field vole-associated Traemmersee virus
to the most related reference sequences and pairwise evolutionary distance (PED) values.

S/Nprotein  M/GPC L /RdRP PED
Reference sequence* nt aa nt aa nt aa
Fugong_ KT899701, 0.747 0.761 0.696 0.716 n.a. n.a. 0.33118
EU072488
Fusong_NC_038446, 0.8 0.882 0.75 0.85 0.778 0.911 0.15486
NC_038447, KJ857316
Puumala_NC_005224, 0.764 0.865 0.748 0.821 0.821 0.884 0.18071

NC_005223, NC_005225
Khabarovsk NC_034527, 0.791 0.884 0748 0.861 0.778 0.904 0.14312

NC_034518, NC_034519

Yakeshi NC_038704, 0.629 0.623 0.758 0.857 n.a. n.a. 0.66441
EU072489
Tula_NC_005227, 0.735 0.803 0.739 0.817 0.761 0.87  0.21063

NC_005228, NC_005226

n.a., not available; *, Reference sequences that reached a nucleotide sequence identity of at least 75%
in one of the three segments were selected.
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Supplementary material

Fig. S1:Phylogenetic trees of Tula orthohantavirus (TULV) partial S and M segment
sequences. The trees are based on Maximum-Likelihood analysis with 1,000 bootstraps and 50%
cut-off using the General Time Reversible (GTR) substitution model with invariant sites and a
gamma distributed shape parameter of partial Ssegment (A) and partial M segment (B). Length
of the S segment alignment is 639 nucleotides (nt), positions 379-1002, counting according
TULV S segment, accession number NC_005227) (A) andlength of the M segment alignment is
348 nt, positions 2535-2884, counting according TULV M segment, accession number
NC_005228) (B).Bootstrap support values greater than 70 are given at the supported nodes.
Puumalaorthohantavirusreference sequences (NC 005224 and NC 005223) and
Traemmerseevirus sequences (MK542662 and MK542663) were used as outgroup. Alignments
were constructed under Bioedit (VV7.2.3.) [38] using the Clustal W Multiple Alignment algorithm
implemented in the program.The tree reconstructions were done via CIPRES [37]. The clade
names TULV Central North (TULV-CEN.N), Eastern North (TULV-EST.N), Central South
(TULV-CEN.S) and Eastern South (TULV-EST.S) follow previous classification [19]. Names in
bold indicate new sequences and grey boxes indicate sequences from voles that were trapped in
this study. Additional S and M segment sequences were generated for TULV strains belonging to
the clades CEN.N and EST.N (for details see Table S2) using lineage specific primers (Table

S4). ldentical sequences were excluded from the analysis (see Table S2).

Fig. S2: Phylogenetic trees of partial cytochrome b gene sequences of common voles
(Microtus arvalis) and field voles (Microtus agrestis). The phylogenetic analyses are based on
Maximume-Likelihood analysis with 1,000 bootstraps and 50% cut-off using the General Time
Reversible (GTR) substitution model with invariant sites and a gamma distributed shape
parameter.The length of the alignment for common voles (Microtus arvalis) was 873 nt; nt
positions 136-1008, counting according to Microtus arvalis isolate MA324 cytochrome b,
accession number GU190526, nomenclature after [1-3](A). The length of the alignment for field
voles (Microtus agrestis) was 895 nt; nt positions 114-1008, counting according to Microtus
agrestis voucher D29 cytochrome b, accession number GU563294,nomenclature after [34](B).

Bootstrap support values greater than 70 are given at the supported nodes.Alignments were
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constructed under Bioedit (VV7.2.3.) [38] using the Clustal W Multiple Alignment algorithm
implemented in the program.The tree computations were done via CIPRES [37] and new
sequences are written in bold. MK535091 is identical with MK535087. TULV-RNA and anti-
TULYV antibody (Ab) positive common voles (A) and field voles (B) are given in bold letters.
TRAV positive field vole is underlined.

Fig. S3:Consensus phylogenetic trees of Traemmersee virus and other hantaviruses for S,
M and L segment nucleotide sequences and corresponding amino acid sequences. The
phylogenetic analyses for complete coding region of S (A), L (C) and M (E) are based on
Bayesian analyses with 10,000,000 generations and a burn-in of 25%, and Maximum-Likelihood
analysis with 1,000 bootstraps and 50% cut-off using the General Time Reversible (GTR)
substitution model with invariant sites and a gamma distributed shape parameter segment (length
of alignments: S:1359 nt, M: 3513 nt, L: 6516 nt). Posterior probabilities in percent from
Bayesian analyses are given before the slash and bootstrap values are given after the slash for
major nodes when they exceeded 70. Phylogenetic trees of amino acid sequences based on the
Jones-Taylor-Thornton substitution model (JTT) with 20 numbers of rate categories per site
(CAT) analysis with 1,000 bootstraps and 50% cut-off for nucleocapsid protein (N) (B), RNA-
dependent RNA polymerase (RARP) (D), and glycoprotein precursor protein (GPC) (F). The
lengths of the alignments were 453 aa (N), 2172 aa (RdRP) and 1171aa(GPC). Bootstrap support
values greater than 70 are given at the supported nodes.Alignments were constructed under
Bioedit (V7.2.3.) [38] using the Clustal W Multiple Alignment algorithm implemented in the
program.All tree reconstructions were done via CIPRES [37]. Bold written sequences indicate
the new Traemmerseeorthohantavirus sequence. Triangles indicate condensed branches.
Additional GenBank accession numbers are given in Table S6.
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ARTICLE INFO ABSTRACT

Keywords: Hantaviruses are zoonotic pathogens that can cause subclinical to lethal infections in humans. In Europe, five
Microtus oeconomus orthohantaviruses are present in rodents: Myodes-associated Puumala orthohantavirus (PUUV), Microtus-asso-
Lithuania

ciated Tula orthohantavirus, Traemmersee hantavirus (TRAV)/ Tatenale hantavirus (TATV)/ Kielder hantavirus,
rat-borne Seoul orthohantavirus, and Apodemus-associated Dobrava-Belgrade orthohantavirus (DOBV). Human
Traemmersee hantavirus PUUV and DOBV infections were detected previously in Lithuania, but the presence of Microtus-associated
Rusne hantavirus hantaviruses is not known. For this study we screened 234 Microtus voles, including root voles (Microtus oeco-
Hybrid sequence capture nomus), field voles (Microtus agrestis) and common voles (Microtus arvalis) from Lithuania for hantavirus in-
Genome sequence fections. This initial screening was based on reverse transcription-polymerase chain reaction (RT-PCR) targeting
the S segment and serological analysis. A novel hantavirus was detected in eight of 79 root voles tentatively
named “Rusne virus” according to the capture location and complete genome sequences were determined. In the
coding regions of all three genome segments, Rusne virus showed high sequence similarity to TRAV and TATV
and clustered with Kielder hantavirus in phylogenetic analyses of partial S and L segment sequences. Pairwise
evolutionary distance analysis confirmed Rusne virus as a strain of the species TRAV/TATV. Moreover, we
synthesized the entire nucleocapsid (N) protein of Rusne virus in Saccharomyces cerevisiae. We observed cross-
reactivity of antibodies raised against other hantaviruses, including PUUV, with this new N protein. ELISA
investigation of all 234 voles detected Rusne virus-reactive antibodies exclusively in four of 79 root voles, all
being also RNA positive, but not in any other vole species. In conclusion, the detection of Rusne virus RNA in
multiple root voles at the same trapping site during three years and its absence in sympatric field voles suggests
root voles as the reservoir host of this novel virus. Future investigations should evaluate host association of
TRAV, TATV, Kielder virus and the novel Rusne virus and their evolutionary relationships.

Reservoir host
Tatenale hantavirus

1. Introduction (Schmaljohn and Dalrymple, 1983; ICTV, 2020). These segmented,
negative strand RNA viruses are believed to have coevolved with their

The genus Orthohantavirus belongs to the family Hantaviridae within respective hosts and are strongly associated with one species or in some
the order Bunyavirales and currently contains 36 virus species cases, such as Tula orthohantavirus (TULV), with several related species
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(Schmidt-Chanasit et al., 2010; Guterres et al., 2015; Milholland et al.,
2018). However, cross-species transmission (host switch) is another
important factor in hantavirus evolution (Ramsden et al., 2009; Guo
et al., 2013; Bennett et al., 2014). Transmission to humans is usually
mediated by inhalation of virus-contaminated aerosols such as feces and
urine of infected hosts. Infections in humans can result in a subclinical
course to severe illness, including hemorrhagic fever with renal syn-
drome (HFRS) with case fatality rate reaching 12% or hantavirus car-
diopulmonary syndrome (HCPS) with case fatality rate up to 40%
(Avsi¢-Zupanc et al., 2019).

The three genome segments are flanked by non-coding regions (NCR)
that form panhandle-like structures (Spiropoulou, 2011). The S segment
of 1530 to 2078 nucleotides (nt) encodes the nucleocapsid (N) protein of
428 to 433 amino acid (aa) residues (Plyusnin et al., 1994a). A non-
structural protein (NSs) is encoded in an overlapping open reading
frame (ORF) in the S segment of orthohantaviruses carried by rodents of
the family Cricetidae and might be important as an interferon inhibitor
(Jaaskelainen et al., 2007). The M segment is 3543-3801 nt long and
encodes the glycoprotein precursor (GPC) that is cotranslationally
cleaved into the amino-terminal Gn protein of 503-528 aa residues and
the carboxy-terminal Gec protein of 479-486 aa residues (Sironen and
Plyusnin, 2011). The L segment of 6529-6578 nt has the coding infor-
mation for a 2147-2155 aa-residue long RNA-dependent RNA poly-
merase (RARP) (Schmaljohn, 1990; Schlegel et al., 2014).

Voles of different Myodes and Microtus species represent hantavirus
reservoirs. Whereas no hantavirus was detected in Myodes spp. in the
New World so far (Milholland et al., 2018), several Microtus associated
hantaviruses were found there. The reservoir of Prospect Hill ortho-
hantavirus (PHV) has been identified as the meadow vole (Microtus
pennsylvanicus) (Lee et al., 1985), but the virus has been also detected in
montane vole (Microtus montanus) and prairie vole (Microtus ochrogaster)
(Rowe et al., 1995). The montane vole was identified as the reservoir of
El Moro Canyon orthohantavirus (Rowe et al., 1995). The California
vole (Microtus californicus) represents the reservoir of Isla Vista virus, but
was also found to be affected by spillover infection with Sin Nombre
orthohantavirus, with the deer mouse (Peromyscus maniculatus) being
the reservoir (Song et al., 1995; Turell et al., 1995).

In the Old World, Myodes spp. such as bank vole (Myodes glareolus),
royal vole (also called Korean red-backed vole, Myodes regulus) and grey
red-backed vole (Myodes rufocanus) transmit Puumala orthohantavirus
(PUUV), which causes the majority of human hantavirus disease cases
(Kariwa et al., 1995; Lundkvist et al., 1998; Song et al., 2007). TULV is
one of the best studied and most broadly distributed orthohantaviruses.
It is associated with the common vole (Microtus arvalis) and is geneti-
cally highly divergent with more than six phylogenetic clades, including
the Eastern South (EST.S) clade with the Moravia prototype strain in the
Czech Republic and the Central North (CEN.N) clade in the Northern
part of Germany (Schmidt et al., 2016; Saxenhofer et al., 2019). TULV
has been detected also in field voles (Microtus agrestis), narrow-headed
voles (Microtus gregalis), East-European voles (Microtus levis), Altai
voles (Microtus obscurus), European pine voles (Microtus subterraneus),
and water voles (Arvicola amphibius) (Plyusnin et al., 1994b; Song et al.,
2002; Scharninghausen et al., 2002; Plyusnina et al., 2008; Schmidt-
Chanasit et al., 2010; Schlegel et al., 2012a; Polat et al., 2018). The field
vole was recently identified as a reservoir of three closely-related han-
taviruses: Traemmersee hantavirus (TRAV) in Germany (Jeske et al.,
2019), Tatenale hantavirus (TATV) and Kielder hantavirus in Great
Britain (Pounder et al., 2013; Thomason et al., 2017; Chappell et al.,
2020). Additional hantaviruses, namely Khabarovsk orthohantavirus
(KHAV), Fusong orthohantavirus, and Yuanjiang virus were found in
Asia and are associated with Maximowicz’s vole (Microtus maximowiczii)
(Zou et al., 2008), reed vole (Microtus fortis) (Kariwa et al., 1995; Horling
et al., 1996; Zou et al., 2008) and root or tundra vole (Microtus oeco-
nomus) (Plyusnina et al., 2008).

From the Baltic states in Europe, including Lithuania, Latvia and
Estonia, only Dobrava-Belgrade orthohantavirus (DOBV) and PUUV

Genetics and Evolution 90 (2021) 104520

have been reported so far. Human infections with these viruses have
been detected by serological methods (Lundkvist et al., 2002; Sandmann
et al., 2005; Golovljova et al., 2007). Molecular evidence for the pres-
ence of these hantaviruses originated from the screening of bank voles in
Lithuania and striped field mice (Apodemus agrarius) on the Estonian
island Saaremaa (Nemirov et al., 1999; Strakova et al., 2017). To date,
nothing is known about the presence of hantaviruses in Microtus voles in
this part of Europe. In this study, common voles, field voles, and root
voles from multiple sites in Lithuania were screened by reverse
transcription-polymerase chain reaction (RT-PCR) and immunoglobulin
G (IgG) enzyme-linked immunosorbent assay (ELISA) for the presence of
TULV and related hantaviruses.

2. Material and methods
2.1. Collection of voles and dissection

Voles were trapped at 17 sites in Lithuania (Fig. 1; Table 1) during
September, October and beginning of November 2015 to 2018,
following methods described before (Balciauskas, 2004). Morphological
species identification was based on a dichotomous key previously
described (Prusaite et al., 1988; Pucek, 1984). For selected animals,
species identification was confirmed by dideoxy chain termination
sequencing of cytochrome b PCR products and sequence comparison to
GenBank entries as described elsewhere (Schlegel et al., 2012b). Weight,
gender, and age class were determined for each carcass. Several tissue
samples (lung, liver and kidney) were collected and stored at —20 °C.
For detection of hantavirus-reactive antibodies tissue fluids were
collected by thawing of previously frozen liver and lung tissue.

2.2. RNA isolation, RT-PCR, RNA ligation, conventional and high-
throughput sequencing

RNA was extracted from lung tissue to screen for hantavirus infection
using S segment specific RT-PCR as previously described (Schmidt et al.,
2016). To determine complete genome sequences, total RNA of samples
LT15/299, LT15/301, LT15/341 and LT15/351 was analyzed using
hybrid sequence capture enrichment with subsequent high-throughput
sequencing following Hiltbrunner and Heckel (2020). Consensus se-
quences of virus genomes were determined based on de novo assemblies
of sequence reads called at a minimum base quality of Qphred = 33 and
90% identity. Additional reference-based mapping of not assembled
sequence reads was used to close short regions with low read coverage in
some samples (see results; Saxenhofer et al., 2019; Hiltbrunner and
Heckel, 2020). Furthermore, the complete coding sequences (CDS) of
sample LT15/301 were determined by primer-walking (for primers see
Table S1). Additionally, partial S, M and L segment sequences were
generated for several RT-PCR positive samples by dideoxy chain
termination sequencing of RT-PCR products including primer walking
for selected samples (see Table S2). Sequences of the 5’ and 3’ NCRs of
strain LT15/301 were determined by RT-PCR analysis of RNA molecules
generated by RNA ligation using T4 RNA Ligase (Thermo Fisher, Wal-
tham, MA, USA) following a published protocol (Klempa et al., 2006).

2.3. Phylogenetic analyses

Sequences were aligned using the Clustal W algorithm in Bioedit
version 7.2.5. (Hall, 1999) (see Table S3). For nt sequences, the best-
fitting substitution model was determined with jModelTest2 version
2.1.6, whereas on aa sequences ModelTest-NG version 0.1.5 was applied
(Darriba et al., 2012; Darriba et al., 2020). The General Time Reversible
(GTR) substitution model with invariant sites and a gamma distributed
shape parameter was used in phylogenetic analyses with MrBayes
version 3.2.7a with 1 to 3.5 x 107 generations and 25% burn-in and
Maximum-Likelihood analyses with FastTreeMP version 2.1.10 with
1000 bootstraps. At the aa level, analyses with MrBayes used 8 x 10°
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Fig. 1. Trapping sites of Microtus voles in Lithuania, Eastern Europe. Numbers correspond to trapping areas (see Table 1). Negative tested trapping sites are marked

with white circles, and site Rusné (9) with detection of Rusne virus is marked with

generations, the retrovirus-specific (rtREV) and Whelan Goldman
(WAG) substitution models and a burn-in phase of 25%. Maximum-
Likelihood analyses were performed with FastTreeMP using the Jones-
Taylor-Thornton (JTT) and the categories (CAT) model and 1000
bootstrap replicates. Consensus phylogenetic trees were drawn with
50% cut-off and posterior probability values greater than 95% and
bootstrap values greater than 75 were reported at the nodes. All
phylogenetic reconstructions were performed on CIPRES (Miller et al.,
2010).

2.4. Pairwise evolutionary distance analysis

To test if the new Rusne virus and TRAV as well as TATV belong to
the same virus species, pairwise evolutionary distance (PED) values
were determined (Laenen et al., 2019). Available entire S and M segment
CDS of hantaviruses were concatenated and translated to amino acid
sequences. PED values were calculated using a maximum-likelihood
approach with the WAG substitution model in Tree-Puzzle. Thottapa-
layam thottimvirus was used as an outgroup. A PED cut-off value of 0.1
was used for species demarcation within the family Hantaviridae.

2.5. Generation of recombinant N proteins and serological analysis

The complete N protein encoding sequence of strain LT17/R6 was
amplified using primers RuUNRES_FOR and RuNRES_REV (see Table S1)

60

a black circle.

and inserted into the Xbal-linearized pFX7-His plasmid (Razanskiene
et al., 2004). Saccharomyces cerevisiae strain Gen2 was transformed with
this plasmid, the synthesis of recombinant N protein of Rusne virus was
initiated by adding galactose solution into YEPD medium. Recombinant
N protein was purified by nickel chelate affinity chromatography as
described before (Razanskiene et al., 2004). The generation and purifi-
cation of N proteins of TULV clade CEN.N, strain Thuringia, TULV clade
EST.S, strain Moravia, and PUUV strains Vranica/Hallnas and Bavaria
have been described previously (Razanskiene et al., 2004; Mertens et al.,
2011; Jeske et al., 2019). Characterization of the Rusne virus antigen
was done by ELISA and Western blot analysis using monoclonal anti-
bodies (mAbs) produced against recombinant N proteins of PUUV, strain
Vranica/Héllnds and Sin  Nombre/Andes  orthohantaviruses
(Kuéinskaité-Kodzeé et al., 2011; Zvirbliené et al., 2006).

ELISA investigations of vole-derived chest cavity lavage (CCL) and
tissue fluid samples with recombinant N proteins of Rusne virus, TULV
strain Thuringia and PUUV strain Bavaria followed a standard protocol
established for TULV (Schlegel et al., 2012a). Briefly, 0.2 pg/well of the
recombinant protein were coated on 96-well polysorb Nunc-Immuno
plates (VWR International GmbH, Hannover, Germany) and incubated
for 1 h with tissue fluid or CCL diluted 1:10. After washing, a goat anti-
mouse IgG (H + L) labeled with horse-radish peroxidase (BioRad,
Munich, Germany) was used to detect antibodies against the specific
hantavirus antigen. Finally, 100 pl of tetramethylbenzidine (TMB)
peroxidase EIA substrate (BioRad, Munich, Germany) was added and
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Table 1
Results of RT-PCR and IgG ELISA hantavirus screening of voles collected in
Lithuania during 2015-2018.

Site (number in Fig. 1) Year Species Results (number of
positive/total number
of investigated voles)
RT-PCR 1gG ELISA

Aukstikalniai (1) 2018 Microtus arvalis 0/1 0/1

Azuozeriai (2) 2018 Microtus arvalis 0/30 0/30

Microtus oeconomus 0/4 0/4

Barciai (3) 2018 Microtus arvalis 0/11 0/11

Gaure (4) 2018 Microtus arvalis 0/4 0/4

Microtus oeconomus 0/2 0/2
Juodkranteé (5) 2015 Microtus agrestis 0/1 0/1
Microtus oeconomus 0/2 0/2

Kalpokai (6) 2018  Microtus arvalis 0/7 0/7

Kvédarna (7) 2018 Microtus agrestis 0/1 0/1

Luksnénai (8) 2018  Microtus arvalis 0/6 0/6

Microtus oeconomus 0/3 0/3

Rusné (9) 2015 Microtus agrestis 0/12 0/12

Microtus oeconomus  6/42 4/42
2016  Microtus agrestis 0/7 0/7
Microtus oeconomus  1/7 0/7
2017  Microtus agrestis 0/4 0/4
Microtus arvalis 0/1 0/1
Microtus oeconomus  1/8 0/8
2018  Microtus agrestis 0/10 0/10
Microtus oeconomus 0/3 0/3
Taujénai (10) 2018 Microtus arvalis 0/9 0/9
Microtus oeconomus 0/1 0/1

Tauragiré (11) 2017 Microtus oeconomus 0/1 0/1

Trakai (12) 2016 Microtus arvalis 0/11 0/11

Tytuvénai (13) 2018 Microtus agrestis 0/1 0/1

Microtus arvalis 0/1 0/1
Microtus oeconomus 0/1 0/1

Uzpaliai (14) 2018  Microtus arvalis 0/9 0/9

Uzubaliai (15) 2018 Microtus arvalis 0/4 0/4

Vabalninkas (16) 2017 Microtus arvalis 0/15 0/15

Microtus oeconomus 0/1 0/1

Zalgiriai (17) 2017 Microtus agrestis 0/10 0/10

Microtus oeconomus 0/4 0/4
Total Microtus agrestis 0/46 0/46

Microtus arvalis 0/109 0/109

Microtus oeconomus  8/79 4/79

Rusne hantavirus RNA and/or anti-Rusne hantavirus antibody positive root
voles are given in bold.

incubated for 10 min in the dark. The reaction was stopped by addition
of 100 pl 1 M sulfuric acid. Subsequently, optical density was measured
with Plate reader Infinite 200 PRO (Tecan, Mannedorf, Switzerland) at
450 nm (reference at 620 nm). The mAb 5E11 (Kucinskaite-Kodze et al.,
2011) was used as positive control. Bank vole (PUUV) and common vole
(TULV) CCL samples from previous studies (Drewes et al., 2017; Jeske
et al., submitted) or root vole tissue fluid tested negative by the
respective hantavirus-IgG ELISA and RT-PCR were applied as negative
controls. Lower and upper cut-off values were determined according to a
previous study (Mertens et al., 2011). For the cross-reactivity study three
anti-PUUV-positive bank vole and three anti-TULV-positive common
vole CCL samples were used originating from previous investigations
(Drewes et al., 2017; Jeske et al., submitted).

3. Results
3.1. RT-PCR screening of voles

A total of 234 voles including 79 root voles, 46 field voles and 109
common voles were collected during small mammal trapping sessions at
17 sites in Lithuania during 2015-2018 (Fig. 1). Hantavirus RT-PCR
screening resulted in the identification of eight positive samples
(Table 1). All positive samples were root voles collected in 2015, 2016
and 2017 at Rusné site. The eight hantavirus RNA positive samples

Genetics and Evolution 90 (2021) 104520

originated from five adult and one juvenile male, and one adult and one
subadult female (Table S2). Sympatrically occurring field voles (N = 33)
and a single common vole from this site were hantavirus RNA negative.
None of the voles from any of the other trapping sites were found to be
hantavirus RNA positive.

RT-PCR-mediated generation of partial S and L segment sequences
indicated a novel hantavirus strain in the root voles, designated ac-
cording to the trapping site “Rusne virus”. The strain LT15/301 has the
highest nucleotide and amino acid sequence similarity to the other
Rusne virus strains (0.987-1.0/1.0) and then to the recently discovered
Traemmersee hantavirus (TRAV; 0.809-0.837/0.963-0.977) and Tate-
nale hantavirus (TATV; 0.796-0.834/0.954-0.99) (see Fig. S2,
Table S4). The L segment/RdRP sequences of British Kielder hantavirus
strains showed similarities of 0.816-0.819/0.981-0.99 to the Rusne
virus strains (Fig. S2, Table S4).

3.2. Complete genome sequence determination and phylogenetic analysis

To generate a complete genome sequence of this novel hantavirus, a
hybrid sequence capture approach was followed for samples LT15/299,
LT15/301, LT15/341 and LT15/351. This allowed us to obtain genome
sequences of the Rusne virus with mean sequence read depths of the
assemblies of 422x (LT15/299), 51x (LT15/301), 30x (LT15/341) and
61x (LT15/351). For three samples, the gapless assemblies covered the
complete coding sequences (CDS) of S segment, M segment and L
segment, and at least parts of the 5" and 3' NCRs (Tables S2 and S6). The
NGS-derived L segment sequence of LT15/341 lacked 199 nt and 4% of
the nt were called at a read depth less than 5x compared to 0%, 0.3% and
0.1% in the other assemblies. However, the determined parts of L
segment and the entire CDS of S and M segments were identical to those
of LT15/351. In parallel, a primer walking based approach resulted in
the generation of complete CDS of S, M and L segments of strain LT15/
301 (Table S2). The NGS-derived and primer-walking approach-based
sequences of LT15/301 were identical except for one nucleotide differ-
ence over the whole L CDS and one different nucleotide in the M CDS.
Sequence read coverage of the NGS assembly was at least 30x at these
positions and there were no sequence reads with the nucleotide deter-
mined in the primer-walking-based sequence.

The S segment had a total length of 2059 nt and encodes a N protein
of 433 aa residues (Table S6). The putative NSs protein of Rusne virus
strains LT15/301 and LT17/R6 had an amino-terminal extension of four
residues, similar to the extension of five residues in the corresponding
putative protein of KHAV, but different from that of TRAV and TATV
and other vole-borne hantaviruses. The S segment 5 and 3’ NCR se-
quences of strain LT15/301 were identified to be of 42 nt and 715 nt,
respectively (Table S6). The 5’ NCR sequences were highly conserved in
length before the start codon and for the first 30 nt in particular (Fig. 2),
whereas the 3’ NCR sequence showed a higher sequence variability with
two 26-53 nt long insertions/deletions, but a more conserved sequence
at the terminal 100 nt (data not shown).

The M segment was predicted to encode a GPC of 1148 aa residues
and contained the conserved WAASA cleavage motif between Gn and Ge
at aa residues 654-658; the NGS allowed the determination of 28 and
214 nt of the NCR sequences (Tables S2 and S6). The L segment had a
coding sequence of 6465 nt and codes for the RARP of 2155 aa residues.
Again, only partial sequences at both NCR ends were determined by NGS
(Tables S2 and S6).

The S, M and L segment CDS as well as the N, GPC and RARP amino
acid sequences showed the highest similarity to TRAV and TATV se-
quences, with overall pairwise CDS nt and aa sequence similarity
ranging between 0.802 and 0.847 and 0.939-0.976, respectively
(Table S5). The nt and aa sequences of the three viruses formed a
monophyletic group in all phylogenetic analyses (Fig. 3A-F).

Comparison of concatenated N and GPC aa sequences of Rusne virus
resulted in PED values below 0.1 to TRAV and TATV (Table S5). This
indicates that the novel Rusne virus discovered in M. oeconomus and
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Fig. 2. Comparison of S segment 5 NCR sequences of the novel Rusne virus, strain LT15/301 with sequences of reference strains. Identical nucleotides displayed as
dots. The start codon of the N protein of the different hantaviruses is framed in red.

Table 2
Reactivity of recombinant nucleocapsid (N) proteins of orthohantaviruses with
monoclonal antibodies (mAbs) in ELISA and Western blot test.

Reactivity of mAbs in ELISA/Western blot test

4H3 7G2 2C6 5C5 5E11 7A5

Recombinant N Rusne —/= +/+ -/= +/+ +/+ +/+
proteins virus

TULV- -/- ++ /= H/+ H/+ +)/+
Moravia
PUUV- —/= +/+ /= +/+
Bawa
PUUV- nd/ +/n.  +/+ 4/ +/n +/n.
Vra n.d. d. d. d. d.
SNV + +/+ /= A+ A+

n.d., not determined; +, positive; (+), weakly positive; —, negative.
TULV-Moravia, Tula virus, strain Moravia; PUUV-Bawa, Puumala virus, strain
Bavaria; PUUV-Vra, Puumala virus, strain Vranica/Héllnas; SNV, Sin Nombre
virus.

TRAV and TATV detected in M. agrestis belong to the same tentative
orthohantavirus species.

3.3. Cross-reactivity of recombinant N protein of Rusne virus and
serological screening of voles

The entire N protein of Rusne virus was produced in S. cerevisiae
yeast and purified by affinity chromatography. The N protein of Rusne
virus was tested in parallel with N antigens of TULV strain Moravia,
PUUV strains Bavaria and Vranica/Hallnas, and SNV for cross-reactivity.
A high cross-reactivity was documented by ELISA and Western blot
analyses using PUUV-specific mAbs 5C5, 5E11 and 7A5 and SNV/ANDV-
specific mAb 7G2 (Table 2). In addition, three of three anti-TULV-
positive common vole CCL samples and two of three anti-PUUV-
positive bank vole CCL samples reacted in the ELISA with Rusne virus
antigen (data not shown).

ELISA screening of tissue fluids of all 234 voles resulted in the
detection of four seropositive root voles (Table 1 and Table S2). All four
ELISA-positive samples originated from Rusne virus-RNA positive voles;
four additional RNA-positive samples were negative in this novel ELISA
(Table S2). The IgG ELISA positive samples consisted of two males and
two females, from which one female was subadult and the other three
voles were adult individuals.
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4. Discussion

We detected a Microtus-associated hantavirus in Lithuania, Eastern
Europe. The multiple detection of this novel virus in root voles at one
site over time suggests this vole species as the reservoir of this novel
hantavirus. This conclusion was further strengthened by the absence of
Rusne virus RNA in the field voles collected at the same trapping site.

We conclude that the new Rusne virus is a strain of TRAV recently
detected in Germany and TATV discovered in Great Britain, due to their
sequence similarity with a PED value below the definition level of a new
species as stated by the International Committee on Taxonomy of Vi-
ruses (ICTV) (Pounder et al., 2013; Thomason et al., 2017; Jeske et al.,
2019; Chappell et al., 2020; ICTV, 2020). On the basis of partial L
segment sequences Rusne virus, TRAV and TATV are also very similar to
British Kielder hantavirus. It appears that they all belong to one tenta-
tive orthohantavirus species, given high levels of genetic divergence also
within other European orthohantavirus species and the importance of
geographic isolation for evolutionary processes in hantaviruses (Weber
de Melo et al., 2015; Saxenhofer et al., 2017; Saxenhofer et al., 2019;
Hiltbrunner and Heckel, 2020).

Interestingly, TRAV in Germany as well as Tatenale and Kielder
hantaviruses in Great Britain were only detected in field voles (Pounder
et al., 2013; Thomason et al., 2017; Jeske et al., 2019). In this study,
Rusne virus was exclusively detected in root voles, but not in sympatric
field voles. The root vole is the only member of the genus Microtus with a
holarctic distribution from the German-Polish border through Asia,
Alaska and Canada, including isolated populations in some regions of
Europe, e.g. in the Netherlands (von Tast, 1982; Brunhoff et al., 2003;
Fink et al., 2010). The root vole invaded Lithuania relatively recently,
with first findings in 1964 from the south and south-western parts and
subsequently colonized most of Lithuania (Ivanauskas et al., 1964;
Balciauskas et al., 2010). In the Nemunas River Delta with the Rusné
trapping site, the root vole joins the striped field mouse (Apodemus
agrarius) as dominant small mammals, and is found in higher pro-
portions than in other regions of Lithuania (Balciauskas et al., 2012).
Interestingly, one root vole was previously found to harbor Fusong
orthohantavirus (FUSV), strain Vladivostok, in Russia (Plyusnina et al.,
2008). However, the reservoir host of FUSV is the reed vole and the
detection of FUSV in the single root vole might represent a spillover
infection (Kariwa et al., 1999; Plyusnina et al., 2008; Zou et al., 2008).

At present, it is unclear if the detection of Rusne virus in root voles in
Lithuania, TRAV in a field vole in Germany and TATV and Kielder
hantavirus in field voles in Britain might be the result of a host switch of
an ancestral virus in the past. Both vole species are present in Eastern
Germany, as well as Eastern Europe in general with similar habitats, but
root voles are absent from the British Isles (Krystufek et al., 2007; Linzey
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Fig. 3. Consensus phylogenetic trees of complete coding sequences (CDS) of S segment (A), M segment (C) and L segment CDS (E) and amino acid sequences of
complete nucleocapsid protein (B), glycoprotein precursor protein (D), and RNA-dependent RNA polymerase (F). Alignments were constructed using the Clustal W
Multiple Alignment algorithm implemented in Bioedit V7.2.3. (Hall, 1999). The consensus nt sequence trees are based on Bayesian analyses with up to 3.5 x 107
generations and a burn-in phase of 25%, and Maximum-Likelihood analyses with 1000 bootstraps and 50% cut-off using the General Time Reversible (GTR) sub-
stitution model with invariant sites and a gamma distributed shape parameter for both algorithms. Phylogenetic consensus trees of the complete amino acid se-
quences of the nucleocapsid (B), complete glycoprotein precursor protein (D), and the complete RNA-dependent RNA polymerase (F) were constructed with Bayesian
algorithms with 8 x 10° generations using the retrovirus-specific (rtREV) and Whelan Goldman (WAG) substitution models and with Maximum Likelihood algo-
rithms, the Jones-Taylor-Thornton (JTT) and CAT substitution models and 1000 bootstrap replicates. Bootstrap values were only transferred to the Bayesian trees, if
branches were consistent. Posterior probability values >95%/bootstrap values >70 are given at the supported nodes. The tree reconstructions were done on CIPRES
(Miller et al., 2010). Names in bold indicate newly generated sequences (GenBank accession numbers MT441731 — MT441741). Triangles indicate condensed

branches; for all hantavirus sequences included see Table S3.

et al., 2016). To determine if host switch has taken place and what was
the original host of Rusne virus, TRAV and TATV further studies in field
voles, root voles and other Microtus voles in Eurasia are needed.

Rusne virus RNA was more frequently detected than Rusne virus-
reactive antibodies. As we used here the new Rusne virus N protein - a
homologous antigen - in the ELISA, this discrepancy cannot be explained
by the use of a heterologous antigen. One explanation might be the use
of highly diluted tissue fluids. Alternatively, this discrepancy might be
caused by seronegative root voles being in the acute phase of the
infection. Therefore, a screening of voles for hantavirus infection may

profit from a molecular approach instead of a serologic assay (Weber de
Melo et al., 2015), in particular for selection of samples for virus isola-
tion (Binder et al., 2020).

The high aa sequence similarity between N proteins of Rusne virus,
PUUV and TULV was reflected in a strong cross-reactivity of these an-
tigens as evidenced by ELISA and Western blot investigations exploiting
mAbs and polyclonal sera. Therefore, the detection of PUUV- or TULV-
reactive antibodies in human serum samples, as e.g. in Lithuania
(Sandmann et al., 2005; Dargevicius et al., 2007), might be mis-
interpreted in regions where TRAV/Rusne virus/TATV/Kielder virus
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Fig. 3. (continued).

circulates. For a definite proof of potential human infections with this
virus species, a virus isolate for focus reduction neutralization test use is
urgently needed (Kriiger et al., 2001).

5. Conclusions

In this study we detected the first root vole-associated hantavirus in
Europe, Rusne virus, that forms a putative hantavirus species together
with TRAV and TATV. The multiple detection of similar sequences of
this novel virus in a root vole population during three years suggests this
vole species as the reservoir host. We further developed a Rusne virus
antigen that might be used in serological screenings of human serum
samples. A Eurasian wide screening of root voles, field voles and other
Microtus voles is needed to evaluate the geographic range and possible
host association of Rusne virus, TRAV and TATV strains. In the future,
isolation of strains of these viruses is needed for the development of
additional serological detection tests of human infections including
neutralization assays.
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Table S1 Primers used for RT-PCR screening and primer walking for Rusne virus
genome sequence determination and generation of the entire N protein sequence for

68

expression.
Name Sequence 5'>3' Genome Reference
segment
NCRS TAGTAGTAGACTCCTTGAA S Alietal., 2015
RUS1REV ATTCCTAACCTGTATTTGTG S This study
Pu342F TATGGTAATGTCCTTGATGT S Essbauer et al.,
2006
Pull02R GCCATDATDGTRTTYCTCAT S Essbauer et al.,
2006
RuS3FwW TAGATAAAAACCATATTCCTGAT S This study
RUS3REV ATTCCTATTACATGACCTAAC S This study
RuS4FW TATCACTTAATATAGCCATTAG S This study
RuS4FW _b TATATATGTTATTCAGGTCATC S This study
RuSLIGFW GCAGCTTTCCCAGCAATATGT S This study
RuSLIGREV GCCAGTTTATCCTCCAGTGCT S This study
RuM1FwW TAGTAGTAGACTCCGCA M Ali etal., 2015;
modified
RUuM1REV TATCCATATCATGATCTTCC M This study
RuM2Fw GACTATAGATCTTCAGAGATTTT M This study
RuUuM2REV AGTAACTTGAACTTTGAATCT M This study
RuM3FwW AGAAAGTTATCCTTACAAAG M This study
RUuM3REV GTATTTTCTCTTGTTCATTGG M This study
RuM4FW AAAAGTGACTTAGAGCTAGA M This study
RuM4REV AGTATACGATCCTACCATCC M This study
RuMSFW ATGGATAGTTGGAATTTTAAG M This study
Han Uni M1  TAGTAGTAKRCWCCGCA M Ali et al., 2015
Han LF1 ATGTAYGTBAGTGCWGATGC L Klempa et al., 2006
Han LR1 AACCADTCWGTYCCRTCATC L Klempa et al., 2006
RuL1FW TAGTAGTAGACTCCGAGAGAGAG L This study
AA
RuL1REV TCTCTCACTCCTCTAGCCAC L This study
RuL2FW TCCCAGGAGAGACATCCGC L This study
RuL2REV GCAGTGGTGTCTCTGGGTAAT L This study
RuL3FW CATACCTGATTATCGCCCACAAGT L This study
RuL3REV CAGCAACTTCTAATGATTTRGAK L This study
GG
RuL4FW AAAACTGCTGCATGGCATCTC L This study
RuL4REV CTGATGCCCATCTCAATGCC L This study
RuL5FW TGTCAGGATCATTGCAGGAAGA L This study
RuL5REV GCAGCACCGAACAATGAAGA L This study
RuL6FW GTATGGACCAATTTATTCCCTGAG L This study
RUuL6REV CACCCCCTAAAGGGATTGGG L This study
RuL7FW GCTGTGCTGTCTCAATACCCT L This study
RUuL7REV GGATGTTGCTCAGTCCAAGC L This study
RuL8FW TGGCAACAGCAGGTATTGGT L This study
RuL8REV TGTCCTGGCAATCTTCGGTC L This study
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Table S1 (continued)

Name Sequence 5'>3'

RuL9FW CCGCCATGACAATGCAATCA

RuL9REV TGATCGTTAGCCTTGCACCA

RuL10FW TGGCAACAGCAGGTATTGGT

RuL10REV ACGCAGACCTGTCCGTAGA

RuL11FW GGGGGTACTACCAGTTGATCC

RuL1l1REV CTTTCTGCTGGGCCTCTTGAT

RuL12FW TTGGCATTGACTGTGCGAGA

RuL12REV CCTCAGACCATTGTGTACTAGA

RuL13FW TTACCTGCTGCAATCCCTCC

RuL13REV CCCTGTTATCTTGTAATTATCAGG
TG

RuLLIGFW CCAGCAGAAAGTTATGGAGGAAA
AAA

RULLIGREV  CCCTGTTATCTTGTAATTATCAGG
TG

RUNRES FOR AAATCTAGAAGCAACCTCAAAGA
AATACAAGAG

RUNRES REV TTTTCTAGATTATATCTTAAGTGG
TTCCTGGTT

FW, forward primer; REV, reverse primer; LIGFW and LIGREV, RNA ligation primer forward
and reverse, RUNRES_FOR and RUNRES_REV, primers for amplification of nucleocapsid
protein coding sequence with Xbal restriction sites (underlined) used for insertion into yeast

expression plasmid

Segment

rrrrrrrrrrr

—

Reference
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study
This study
This study

This study
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Table S4 Pairwise comparison of partial nucleotide sequences of the S and L segment,
and amino acid sequences of the nucleocapsid (N) protein and RNA-dependent RNA
polymerase (RARP) of Rusne virus strain LT15/301, other Rusne virus strains and
reference sequences. Pairwise comparison of partial nucleotide (nt) and amino acid (aa)
sequences of the S segment (nt 622-1015, numbering according Khabarovsk orthohantavirus,
GenBank accession number NC_034527) and the N protein (aa residues 194-324) of the novel
root vole-associated Rusne virus strain LT15/301 to other Rusne virus strains and the most
related reference sequences identified by Basic Local Alignment Search Tool (BLAST) and
of partial nt and aa sequences of the L segment (nt 2962-3324, according to Khabarovsk
orthohantavirus, GenBank accession number NC_034519) and the RARP (aa residues 976-
1096). All sequences are shown that have at least a nt sequence identity of 0.75 in either

partial S or partial L segments.

S segment / N protein L segment / RARP
Reference sequence nt aa nt aa
Rusne virus LT15/299 1 1 1 1
MT441731, MT441739
Rusne virus LT15/351 1 1 0.996 1
MT441732, MT441741
Rusne virus LT15/399 MT441734 0.997 1 n.a. n.a.
Rusne virus LT17/R6 MT441735 0.987 1 n.a. n.a.
Traemmersee virus K542662, 0.809 0.977 0.837 0.963
MK542664
Tatenale virus 2016 MN267822, 0.796 0.954 0.831 0.99
MN267824
Tatenale virus JX316009; 0.798 0.954 0.834 0.981
JX316008
Tatenale virus strain Norton 0.801 0.954 0.822 0.981
Juxta MK883757, MK883761
Tatenale virus strain Upton 0.796 0.961 0.825 0.99
Heath MK883756, MK883760
Kielder virus KY751731 n.a. n.a. 0.819 0.99
Kielder virus KY751732 n.a. n.a. 0.816 0.981
Khabrovsk strain Topografov 0.773 0.854 n.a. n.a.
virus AJ011646
Khabarovsk virus NC_034527, 0.743 0.847 0.804 0.918
KJ857311

77



3 PUBLICATIONS

Table S4 (continued)

S segment / N protein L segment / RARP
Reference sequence nt aa nt aa
Fusong strain Yuanjiang virus 0.773 0.824 0.759 0.882
FJ170792, KJ857316
Fusong strain Shenyang virus 0.745 0.801 n.a. n.a.
FJ170796
Fusong virus EU072480 0.748 0.809 n.a. n.a.
Puumala virus strain Muju 0.763 0.778 0.768 0.882
JX028273, JX046485
Puumala virus strain Hokkaido 0.732 0.786 0.771 0.864
AB675474, AB712372
Puumala virus strain Ussuri 0.745 0.778 n.a. n.a.
Khekhtsir AB677476
Puumala like Fusong virus 0.727 0.77 n.a. n.a.
EF211820
Fugong virus KT899701, KT899703  0.558 0.573 0.762 0.837
Catacamas virus FJ858378 n.a. n.a. 0.75 0.855
Prospect Hill virus M34011, 0.674 0.709 0.762 0.891
EF646763
Puumala virus AF367066, EF405801 | 0.74 0.763 0.78 0.864
Tula virus NC_005227, AJ005637 0.656 0.648 0.744 0.882

n.a., sequence not available
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ABSTRACT:  The common vole (Microtus arvalis) is a major agricultural pest in Europe and is a reservoir
for several zoonotic agents, such as Leptospira spp. and Tula orthohantavirus (TULV). However, little is
known about the occurrence of those pathogens in voles from Spain, where the species has largely
expanded its distribution range in the past decades, causing agricultural pests and zoonotic diseases. For
a molecular survey, 580 common voles and six Lusitanian pine voles (Microtus lusitanicus) were
collected in 26 localities from four provinces of northwestern Spain. We assessed the presence of
Leptospira spp. DNA in kidney tissue by PCR targeting the lipL32 gene, detecting a prevalence of 7.9%
(95% confidence interval, 5.9-10.4) for common voles and of 33.3% (95% confidence interval, 4.3-77.7)
for Lusitanian pine voles. We identified Leptospira kirschneri in 24 animals and Leptospira
borgpetersenii in two animals, using secY gene-specific PCR. We analyzed environmental and
demographic factors (such as age class, weight, and sex) and population dynamics data for their
potential effect on the Leptospira spp. prevalence in those voles. The Leptospira spp. DNA detection
rate in common voles increased significantly with maximum air temperature, vole weight, and amount
of accumulated rainfall during the 90 d before capture and within the peak phase of the population
cycle. We assessed the presence of TULV in lung tissue of 389 voles by reverse-transcription PCR, with
no positive results. The absence of TULV might be explained by the evolutionary isolation of the
common vole in Spain. The detection of two Leptospira genomospecies underlines the necessity for
further typing efforts to understand the epidemiology of leptospiral infection in the common vole and
the potential risk for human health in Spain.
Key words: age, common vole, hantavirus, Leptospira spp., Spain, weight, zoonoses.

INTRODUCTION caused by pathogenic species of gram-nega-

) .. . tive bacteria of the genus Leptospira, such as
The common vole (Microtus arvalis) is

broadly distributed in major parts of Europe
and features massive population explosions in
certain regions of central and western
Europe (Jacob and Tkadlec 2010). These
population booms can be associated with
human leptospirosis and tularemia disease

Leptospira kirschneri, Leptospira borgpeter-
senii, and Leptospira interrogans. The main
means of spread within one host species, be it
rodent or livestock, is by direct transmission
within their nests or territories (Faine et al.
1999). Zoonotic infection with these patho-

clusters (Desai et al. 2009; Luque-Larena et
al. 2015). Leptospirosis, considered a (re)-
emerging zoonotic disease in humans, is

genic Leptospira spp. results from direct or
indirect exposure to carrier animals that shed
the bacteria in their urine. The spectrum of
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human disease is variable and can range from
subclinical infections to fatal multiorgan
dysfunction (Karpagam and Ganesh 2020).
Rodents have recently been linked, directly
or through epidemiological studies, to lepto-
spirosis outbreaks in livestock (Favero et al.
2017; Marquez et al. 2019). The transmission
depends on several factors, including climatic
conditions, agricultural and livestock system
factors, and the natural range of movement
of the animals (Mwachui et al. 2015).

Additionally, the common vole is the main
reservoir of Tula orthohantavirus (TULV),
which is broadly distributed in various parts
of Europe, with low to moderate prevalence
(Schmidt al. 2016; Maas et al. 2017). Only a
few cases of human disease have been
reported so far, with high fever, diffuse pain,
headache (Reynes et al. 2015), renal syn-
drome, and pneumonia (Klempa et al. 2003),
as well as dyspnea in an immunocompromised
patient (Zelend et al. 2013). Hantaviruses,
including TULV, are enveloped, with a
segmented, negative-stranded RNA genome
(Elliott 1990, Kukkonen et al. 1998). The
small (S) segment and the large (L) segment
encode the nucleocapsid protein and the
RNA-dependent RNA polymerase, respec-
tively, and are frequently used for molecular
diagnostics and phylogenetic investigations
(Sibold et al. 1999; Nikolic et al. 2014).
Phylogenetic analysis of TULV sequences
indicated a strong genetic structuring that is
partially explained by their association to
different evolutionary lineages of the common
vole (Saxenhofer et al. 2017, 2019; Hiltbrun-
ner and Heckel 2020).

There is no previous information about the
infection with Leptospira and TULV in voles
from Spain. However, pathogenic leptospires
have been detected in other rodents in Spain
(Arent et al. 2017; Millan et al. 2018), and
hantavirus-reactive antibodies have been de-
tected in humans and red foxes (Vulpes
vulpes; Sanfeliu et al. 2011; Lledé et al.
2020). Therefore, our molecular survey aimed
to evaluate the presence of Leptospira spp.
and hantaviruses in voles from northwestern
Spain, where the common vole has enlarged
its distribution range in the past decades

(Garcia et al 2020), and to identify potential
factors related to the presence of these
pathogens.

MATERIALS AND METHODS

Between 2011 and 2014, voles were trapped at
26 sampling sites in four provinces of northwest-
ern Spain within the western part of the Duero
River basin (Fig. 1 and Supplementary Material
Table S1). For each animal, trapping data and
site, including phase of the population cycle and
distance to the nearest water point (in meters),
species, weight, age class (determined by the
classification scheme of Morris [1972]), sex, and
various biometric measurements were recorded;
further details of trapping, phases of the popula-
tion cycle, necropsy and sample collection, and
storage and shipment are provided in the
Supplementary Material). All handling proce-
dures were approved by the UCLM Ethics
Committee (reference no. CEEA: PR20170201)
and are in accordance with the Spanish and
European policy for animal protection and
experimentation.

For detection of pathogenic Leptospira spp.,
DNA was extracted from kidney samples using
the QIAamp DNA Mini Kit (QIAGEN, Hilden,
Germany). Samples of DNA were initially ana-
lyzed by conventional lipL.32 PCR (Mayer-Scholl
et al. 2011). All PCR-positive samples were then
subjected to secY sequence typing (Victoria et al.
2008) followed by multilocus sequence typing
(MLST) of selected secY PCR-positive samples
(Boonsilp et al. 2013). We used a mitochondrial
cytochrome b gene-specific PCR (Schlegel et al.
2012a) to identify or confirm vole species and as a
control for the quality of the nucleic acid
preparation.

For hantavirus detection, RNA was extracted
from lung samples with QIAzol reagent (Schmidt
et al. 2016) and validated by B-actin reverse
transcription (RT)-PCR (Wakeley et al. 2005).
The RNA samples were screened by conventional
S segment—specific RT-PCR (Schmidt et al. 2016)
and SYBR green-based L segment RT real-time
PCR (RT-rtPCR; Schlegel et al. 2012b) using the
QuantiTect SYBR Green RT-PCR Kit (QIA-
GEN).

We used univariate and multivariable general-
ized linear mixed-effects models (GLMMs) to
investigate the influence of several factors,
including climatic, common vole individual fac-
tors, and population cycle-phase information (see
Supplementary Material Table S2) on individual
test status for lipL32 PCR-positive or -negative
common voles (binomial response variable).

120z 3snbny 9}, uo awinog eiqaq Aq Jpd 60100-02-P-PM 685 01/9597282/60100-02-Q-AMI/685. 0L /10p/spd-sjoiie/pml/wod ssaldua)je: uelpLiawy/:djy woy papeojumoq

89



3 PUBLICATIONS

90

JESKE ET AL—LEPTOSPIRA AND HANTAVIRUS SCREENING IN VOLES, SPAIN 3

ia] an
San Emiliano®

JUBEN

i
EN\
f? e

%o

tet Vill

Zamor

Milles de la Polvorosa
Bretoes

Legend

O Leptospira spp. negative

® [eptospira spp. positive

A L. kirschneri

% L. kirschneri and L. borgpetersenii

Ficure 1.

Arbejal .\/illa ueva de la Torre
Cervegrade Pisuerga

Villorquite del Pgramo
© Vill ade lave

Map of northwestern Spain with the trapping sites for common voles (Microtus arvalis) and

Lusitanian pine voles (Microtus lusitanicus) in provinces Leon, Palencia, Zamora, and Valladolid, with inserts of
the localization of the trapping region in Spain and Europe. Black dots mark locations where voles tested positive
for Leptospira spp. DNA; white dots indicate locations without Leptospira DNA detection in voles. Detection of
L. kirschneri and of both L. kirschneri and L. borgpetersenii is indicated at the vole trapping sites by triangles
and stars, respectively. Leptospira spp. DNA was detected by PCR targeting the lipL.32 gene; genomospecies
identification used secY PCR and sequence determination. The map was generated using ArcMap 10.5.1 (ESRI

2011).

The trapping location (site) was included as a
random factor, accounting for the spatial design of
the study. To account for missing values in the
explanatory variables, we removed all rows with at
least one missing value from the dataset (prun-
ing). The loss of information was high (33%, 195
of 599 rows); thus, models were fitted also with
datasets in which only the respective rows with
missing values in the explanatory variable consid-
ered were excluded (not pruning). The results of
both approaches were qualitatively similar (data
not shown). Here, we only present the results of
the analyses performed with the dataset without
pruning. Because some explanatory variable
values were not available, we did not perform
Akaike information criterion (AIC)-based model
selection because comparison across different
models is only meaningful when fitted with the
same dataset. Therefore, stepwise-backward and -
forward model selection was used to determine
the final regression models and to obtain a single
minimum adequate model in which all variables

were P<0.10 (Crawley 2007). All analyses were
performed in R software (version 3.6.1; R
Development Core Team 2019) using the package
Ime4 (Bates et al. 2014).

RESULTS

Screening of 580 common voles and six
Lusitanian pine voles (Microtus lusitanicus)
with lipL32 PCR allowed us to detect
pathogenic Leptospira spp. in 46 common
voles (7.9%; 95% confidence interval [CI],
5.9-10.4) and two Lusitanian pine voles
(33.3%; 95% CI, 4.3-77.7; Supplementary
Material Table S1). Infected voles were
detected at 13 of 26 sites, in all four provinces
(Fig. 1). In general, the DNA detection rate
varied between the years (lowest in 2012 with
4.2%; 95% CI, 2.3-7.0; highest in 2014 with
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TaBLE 1.

Results of univariate binomial generalized linear mixed-effects models for the individual infection of

common voles (Microtus arvalis) with Leptospira spp. collected in the provinces of Leon, Palencia, Zamora, and

Valladolid, northwestern Spain, 2011 to 2014.

Explanatory variables

Variables tested in univariable models Estimate SE 7 value P value®
Rainfall 0.014026 0.005855 2.396 0.0166
Weight 0.05496 0.01365 4.026 0.000057
Maximum temperature 0.06247 0.03762 1.660 0.0968
Relative air humidity —0.02311 0.01775 —1.302 0.193
Phase population cycle (reference level: peak phase) —0.9742 0.4766 —2.044 0.0409
Sex, male (reference level: female) 0.5347 0.3145 1.700 0.0891
Distance to water point log (water point meter) 0.0807 0.1220 0.662 0.508
Age class (reference level: adult)

Juvenile —1.5978 0.7571 —2.110 0.0348

Subadult —1.1088 0.6275 —1.767 0.0772
Year (reference level: 2011)

2012 —1.0183 1.3423 —0.759 0.4481

2013 0.2543 1.7659 0.144 0.8855

2014 0.2267 14111 0.161 0.8724

* Significant values are highlighted in bold (P<<0.05).

13.1%; 95% CI, 9.2-18.3) and province
(highest in Leén: 23.8%; 95% CI, 8.2-47.2;
lowest in Valladolid: 5.1%; 95% CI, 0.6-17.3;
Supplementary Material Table S1). The high-
est DNA detection rate at sites with at least 10
voles sampled was found in Palencia, Boada
de Campos, and the average for the entire
observation period was 16.4% (95% CI, 10.5-
24.0) and, in 2014, was 20% (95% CI, 12.7—
29.2). Typing by secY PCR revealed two
Leptospira species in the common vole:
Leptospira kirschneri (n=24) and L. borgpe-
tersenii (n=2). All L. kirschneri samples
selected were identified as ST 110 strains by
MLST (Supplementary Material Table SI);
MLST for L. borgpetersenii failed.

Results of the univariate analyses showed
that the prevalence of Leptospira spp. was
significantly associated with common vole
weight, age class, rainfall, and phase of the
population cycle (Table 1). Weight and age
class had significant effects on Leptospira spp.
prevalence when they were included separately
in univariate GLMMs: adults had significantly
higher prevalence than juveniles had (P=0.03)
but not significantly higher prevalence than
subadults had (P=0.07); weight effect was also
significant (P=0.000057; see Table 1). Howev-

er, when both variables were included together
into models, only weight was significant
(P=0.000981; other P>0.05). The variable
“phase of the population cycle” was significant
in the model when included alone (P=0.04),
but when it was included with other variables,
the model did not converge. The best mini-
mum adequate model showed positive effects
of vole weight and rainfall (P<<0.05; Table 2).
The P value of maximum temperature (P=0.08)
was slightly above the chosen significance
(Table 2). Results of this model showed that,
for each one-unit increase in weight, we expect
about 6% increase in the probability of the
common vole being infected (i.e., P=lipL.32—
PCR positive; Fig. 2). The model predicts that,
maintaining a constant maximum air tempera-
ture at its mean value (27 C), the probability of
infection of common voles with Leptospira spp.
was very high (0.70-0.90) for weights >40 g
and high amount of accumulated rainfall (250
mm) during the 90 d before capture (Fig. 2).
We tested two- and three-way interactions of
all the variables that were statistically signifi-
cant in univariate GLMMs (see Table 1). In
addition, interactions between each of these
significant variables with the rest of the

120z 3snbny 9}, uo awinog eiqaq Aq Jpd 60100-02-P-PM 685 01/9597282/60100-02-Q-AMI/685. 0L /10p/spd-sjoiie/pml/wod ssaldua)je: uelpLiawy/:djy woy papeojumoq

91



3 PUBLICATIONS

92

JESKE ET AL—LEPTOSPIRA AND HANTAVIRUS SCREENING IN VOLES, SPAIN 5

TaBLE 2. The minimum adequate generalized linear mixed-effects model for the probability of individual
infection of common voles (Microtus arvalis) with Leptospira spp. collected in northwestern Spain during 2011
to 2014. The vole trapping site was used as a random factor.

Explanatory variables

Variables tested in multivariable model Estimate SE 7 value P value®
Intercept 7.250217 1.395408 5.196 2.04¢ 0THxx
Weight 0.059013 0.013359 4.417 9.99¢ 00w
Maximum temperature 0.069124 0.039647 1.744 0.0812
Rainfall 0.015472 0.006141 2.520 0.0117*

* Significant values are highlighted in bold (P<<0.05).

nonsignificant variables were tested and were
found to be nonsignificant (data not shown).
For 384 common vole and four Lusitanian
pine vole samples, the B-actin RT-PCR
(internal control) was positive. However, the
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Ficure 2. Probability of common vole (Microtus
arvalis) being lipL32-PCR—positive (i.e., probability of
vole being infected) as a function of vole weight and
different amounts of accumulated rainfall during the
90 d before capture, for voles captured 2011-2014 in
provinces Leon, Palencia, Zamora, and Valladolid,
northwestern Spain. Points are observed values. Lines
are predictions of the best multivariable generalized
linear mixed-effects model (GLMM) for the probabil-
ity of common vole being lipL.32-PCR—positive at
specific amounts of rainfall (mean=58 mm;
maximum=250 mm), which was calculated as follows:

__exp(Bo + Bux1 +- - + Brxi)
L+ exp(By + Byt + -+ + Br)

For the predictions, T),,x was held constant at its mean
value (27 C).

parallel hantavirus S- and L-segment RT-PCR
assays had negative results for all samples
(Supplementary Material Table S1).

DISCUSSION

Our molecular survey of voles from Spain
for Leptospira spp. and TULV detected
pathogenic Leptospira DNA in 46 of 580
(7.9%) common voles and in two of six (33%)
Lusitanian pine voles. In previous studies in
Spain, Leptospira DNA has been detected in
various murine species, such as the wood
mouse (Apodemus sylvaticus), the black rat
(Rattus rattus), the house mouse (Mus mus-
culus), and shrew species with a rate of 8% to
13% (Arent et al. 2017; Millan et al. 2018).
Investigations in other European countries
indicated DNA detection rates of 6.6% to 30%
in common voles (Mayer-Scholl et al. 2014;
Schmidt et al. 2014; Fischer et al. 2018;
Kurucz et al. 2018; Blagojevic et al. 2019).
Differences in the DNA detection rates might
be due to different environmental conditions
in Spain compared with those in central and
southeastern European countries, which may
influence survival of Leptospira spp. in the
environment, transmission within the reser-
voir vole populations, and dynamics of vole
populations and, thereby, the probability of
pathogen transmission.

Our almost-exclusive detection of L. kirsch-
neri and ST110 in common voles in Spain is in
line with surveys in Germany (Mayer-Scholl et
al. 2014; Fischer et al. 2018) and Austria
(Jeske et al. 2021). The additional detection of
L. borgpetersenii in our study may imply a
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spillover from another rodent or insectivore
species, as reported previously (Mayer-Scholl
et al. 2014). Wood mice were reported as a
carrier of L. borgpetersenii in Spain (Millan et
al. 2018) and were also trapped in the same
areas in which the L. borgpetersenii—positive
common voles were detected in our study
(data not shown). Field voles (Microtus
agrestis) were found in Germany to be
exclusively infected by L. kirschneri ST110,
whereas bank voles (Myodes glareolus) and
yellow-necked mice (Apodemus flavicollis)
were found to be infected not only by L.
kirschneri ST110 but also by L. borgpetersenii
and L. interrogans, suggesting potential spill-
over infections among rodent species in
grassland, agricultural, and forest habitats
(Fischer et al. 2018).

The discrepancies between the number of
lipL32-positive and secY/MLST-positive ani-
mals are due to the lower sensitivity of the
secY-PCR in comparison to the [lipL32
screening PCR and the lower sensitivity of
the MLST (based on seven individual PCRs).
Because both the secY-PCR-based genomo-
species identification and MLST analysis rely
on sequencing, which needs larger amounts of
amplified DNA, the sensitivity of the methods
is lower than that of the lipL.32 PCR. This has
been observed previously (Obiegala et al.
2016; Fischer et al. 2018).

Weight was strongly and positively corre-
lated to Leptospira DNA detection rate in
common voles, in line with previous studies
(Cortez et al. 2018; Fischer et al. 2018). This is
also seen in our study in the significantly lower
infection rates in juvenile voles compared with
adult voles. This relationship has also been
observed in other rodent species, such as rats
(Krgjgaard et al. 2009; Costa et al. 2014;
Heuser et al. 2017), and explained as a
consequence of a persistent infection (Be-
nacer et al. 2016; Heuser et al. 2017; Minter et
al. 2017).

Sex has been controversially discussed as a
further demographic factor that influences the
Leptospira prevalence (Benacer et al. 2016;
Cortez et al. 2018). This potential influence in
males might be explained by the immunosup-
pressive effect of androgens or by behaviors

(aggressiveness, dispersal, foraging) that in-
crease exposure to pathogens. However,
neither our study nor previous studies found
a significant sex effect on Leptospira preva-
lence (Benacer et al. 2016, Cortez et al. 2018).

We found a significant, positive correlation
for abundance or phase of population cycle of
common voles and Leptospira prevalence in
the univariate GLMM (P=0.049; Table 1).
During the peak phase of the population cycle
with high population density of voles, spread
of Leptospira by direct transmission among
reservoir hosts (Faine et al. 1999) is enhanced.
Indirect transmission may also have an
important role in vole reservoirs because
climatic factors, such as rainfall and temper-
ature, were significant in the GLMM. Once
the bacteria are excreted into the environ-
ment, factors such as temperature, pH-value,
ultraviolet (UV) light, and moisture affect
survival of the organism and, thus, transmis-
sion. The highest Leptospira incidences are
reported in regions with a mean annual
temperature of 20 C (Jensen and Magnussen
2016) because these bacteria require warm
conditions for survival outside the host
(Thibeaux et al. 2018). The mean annual
temperature in the investigated region in
Spain is lower (Climate-Data.org 2021), sug-
gesting low Leptospira survival, except for the
summer, in which the maximum temperature
observed in our study area in Spain is close to
the temperature of 30 C, which is reported to
be optimal for Leptospira survival outside the
host (Andre-Fontaine et al. 2015).

Soil humidity is also an important factor for
the survival of Leptospira spp. outside the
host (Schneider et al. 2018; Thibeaux et al.
2018) and, therefore, for its prevalence in
rodents (Morand et al. 2019). This can be
mediated either by rainfall, which was posi-
tively correlated to Leptospira prevalence in
our study, or by close water bodies, such as
rivers and irrigation ditches (Ganoza et al.
2006; Morand et al. 2019), for which, we
found no indication. In addition, we measured
relative air humidity as a proxy, which was,
however, not a significant factor in this study
(Table 1; P=0.193). Heavy rainfall and flood-
ing have been reported in several studies to
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have a positive effect on Leptospira spp.
prevalence in rodents (Perez et al. 2011;
Ivanova et al. 2012; Mason et al. 2016; Cortez
et al. 2018).

In our study, no TULV or related hantavi-
rus RNA was detected in any of the voles
investigated, although both a highly sensitive
conventional and a broad-spectrum RT-rtPCR
were used. This is in strong contrast to the
TULYV RNA detection rates of 11.8% to 40.8%
reported for different regions in Europe
(Scharninghausen et al. 2002; Schmidt et al.
2014, 2016; Maas et al. 2017; Kurucz et al.
2018; Saxenhofer et al. 2019). A possible
reason for these negative results might be the
long-term isolation of common voles on the
Iberian Peninsula (Heckel et al. 2005; Fischer
et al. 2014; Saxenhofer et al. 2017; Garcia et
al. 2020).

In conclusion, Leptospira spp. are impor-
tant common vole-associated zoonotic patho-
gens in Spain. The role of Lusitanian pine
voles as a potential reservoir of leptospires
needs further attention because the number
of such voles we sampled was very low.
Additionally, the role of interspecies trans-
mission of Leptospira spp. from the main
rodent reservoir to other rodents needs
further evaluation. The molecular typing
approach requires further improvements be-
cause the sensitivity of the secY PCR and
MLST seems to be only moderate. The risk of
Leptospira infection for humans may increase
after rainfall during population explosions of
common voles. For evaluation of human
infection risk, harmonized approaches are
needed in a pan-European rodent-monitoring
approach (Sonnenburg et al. 2017). These
investigations should incorporate analysis of
environmental conditions, such as rainfall and
temperature, and soil features, including
moisture. Finally, additional efforts are need-
ed to clarify whether leptospirosis is an
underreported disease. The lack of TULV in
voles from Spain might be explained by the
evolutionary history of the isolated common
vole population. Future investigations should
also investigate whether the common vole in
Spain acts as reservoir of additional (potential)
zoonotic pathogens, such as cowpox virus

(Prkno et al. 2017), hepevirus (Ryll et al.
2019), tick-borne encephalitis virus (Achazi et
al. 2011), Coxiella burnetii (Literak 1995),
Bartonella spp. (Rodriguez-Pastor et al. 2018),
and Francisella tularensis (Rodriguez-Pastor
et al. 2017).
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Rainer G. Ulrich. Frequent Leptospira spp. detection but absence of Tula

orthohantavirus in Microtus spp. voles, northwestern Spain.

MATERIAL AND METHODS

Between 2011 and 2014, voles were trapped at 26 sampling sites within the western part
of the Duero river basin, northwestern Spain (Fig. 1 and Table S1). These sites were selected
as they cover a significant part of the area newly colonized by common voles (Microtus arvalis)
during the last 50 years (Garcia et al. 2020). The region was traditionally dominated by
extensive cultivation of cereal crops (mainly wheat and barley), but the recent introduction of
different irrigation crops (mainly alfalfa, corn and some winter cereals) has created a landscape
composed of discrete irrigated and non-irrigated areas in which different farming methods are
mixed. Since our main objective was to maximize the collection of samples to guarantee a
sufficient number of captures at each site, we used different trapping protocols in this study:
some sites were sampled by eight 7 x 7 trapping grids (392 traps/site), others by 3-10 trap lines,
consisting of 12 traps with 5 m between traps in each line, and some other sites by distributing
traps in 15-80 capture points per study site, with 10 traps per point (150—800 traps per study
site). In all cases, we used LFATDG Sherman Live Traps (7.62 cm x 8.89 cm x 22.86 cm, H.
B. Sherman Traps, Inc., Tallahassee, Florida, USA) without or with bait (carrot or apple slices).
We tried to ensure that trap locations encompassed the diversity of habitats at each site (e.g.,
crop fields, fallows, field margins, boundaries of roads and rural tracks, ditches). To maximize
trapping effectiveness, we placed traps on active burrow systems whenever present, on inactive

ones or randomly within the fields and margins when no burrows were found at all. Traps were
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open for 24 h, or until captures reached a minimum of at least 10 individuals per site, which
usually took no more than 48 h. We georeferenced all the capture points in the field with a GPS
device. Captures were made in different months throughout the study period, covering all
seasons of the year. Individuals were captured and sedated with an intramuscular injection of a
solution containing ketamine (10 mg/kg; Imalgene; Boehringer Ingelheim, Barcelona, Spain)
and medetomidine (1 mg/kg; Medetor; CP-Pharma Handelsges., Burgdorf, Germany) and

thereafter humanely euthanised by cervical dislocation.

Carcasses of trapped animals were transported refrigerated to our labs where they were
weighed and age class (juvenile (less than 14.5 g), subadult (14.5 up to 19.5 g), adult (more
than 19.5 g; Morris 1972), sex and different biometric measurements were recorded. A detailed
necropsy was performed under biosafety 2 containment in cabinets, and tissue samples were
collected and preserved frozen at -20 C. For each animal, trapping date and site, and species
were recorded. Additionally, the phase of the population cycle, as well as the distance to the
nearest water point (in m) were recorded (see Table S2). Weather data were obtained during
the 90 d prior to rodent capture (Agencia Estatal de Meteorologia 2020, InfoRiego 2020; see

Table S2).
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Abstract

European orthohantaviruses (Puumala orthohantavirus (PUUV); Dobrava-Belgrade orthohanta-
virus (DOBV), genotype Kurkino; Tula orthohantavirus (TULV)), and Leptospira spp. are small
mammal-associated zoonotic pathogens that cause diseases with potentially similar symptoms in
humans. We investigated the frequency of Leptospira spp. and hantavirus single and double infec-
tions in small mammals from 22 sites in Thuringia, central Germany, during 2017. TULV infec-
tions were detected at 18 of 22 sites (mean prevalence 13.8%, 93/674). PUUV infections were
detected at four of 22 sites (mean prevalence 1.5%, 7/471), and respective PUUV sequences
formed a novel phylogenetic clade, but DOBV infections were not detected at all. Leptospira
infections were detected at 21 of 22 sites with the highest overall prevalence in field voles
(Microtus agrestis) with 54.5% (6/11) and common voles (Microtus arvalis) with 30.3% (205/
676). Leptospira-hantavirus coinfections were found in 6.6% (44/671) of common voles but
only in two of 395 bank voles. TULV and Leptospira coinfection probability in common voles
was driven by individual (age) and population-level factors. Coinfections seemed to be particu-
larly associated with sites where Leptospira spp. prevalence exceeded 35%. Future investigations
should evaluate public health consequences of this strong spatial clustering of coinfections.

Introduction

Coinfections of multiple pathogens can influence epidemiology and disease severity [1]. An
understanding of ecological drivers of coinfections is important to improve a targeted public
health response. Human infections by zoonotic orthohantaviruses and Leptospira spp. are (re-)
emerging zoonoses that are almost indistinguishable in their clinical presentation [2] and can
often be mistaken for each other.

Leptospira spp. are gram-negative bacteria of the class Spirochaetes, order Leptospirales,
family Leptospiraceae and are 6-20 pum in size and 0.1 um in diameter [3]. They can be divided
into saprophytic, intermediate and pathogenic groups (including L. kirschneri, L. borgpeterse-
nii and L. interrogans) [4]. Human infections can occur after contact with infected animals or
indirectly through contact with contaminated water or soil. The disease course is in most cases
asymptomatic or mild, but can progress in some cases after a febrile phase to multiple organ
dysfunction [5]. Human incidences vary globally, with amplifying factors (tropical climate,
standing water and low sanitation level) being notably absent at higher latitudes [6].
Rodents and shrews are considered as reservoir hosts for zoonotic Leptospira spp. with preva-
lences reaching 50% depending on species and season [4].

Hantaviruses, order Bunyavirales, family Hantaviridae, are enveloped viruses with a three
segmented RNA genome of negative polarity [7]. Depending on the species, orthohantaviruses
can cause haemorrhagic fever with renal syndrome (HFRS) or hantavirus cardiopulmonary
syndrome. There is an estimated 150 000 cases of HFRS each year, with more than half occur-
ring in China [8]. In Central Europe, Puumala orthohantavirus (PUUV) is the most important
hantavirus as reflected by the large number of human cases, in particular during outbreak
years. In Germany, the mean incidence is 0.87 per 100000 inhabitants [9], but it reached
60 per 100000 inhabitants in the outbreak year 2012 in the districts Goppingen and
Heidenheim in Baden-Wuerttemberg [10]. Although the reservoir of PUUYV, the bank vole
(Clethrionomys glareolus), is distributed throughout Germany, PUUV is present only in the
southern and western parts of the country [11]. The occurrence of Dobrava-Belgrade ortho-
hantavirus (DOBV), genotype Kurkino, in Germany follows the geographical distribution of
its reservoir, the striped field mouse (Apodemus agrarius) and is limited to north-eastern
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and eastern Germany [9, 12]. Finally, Tula orthohantavirus
(TULV) is a broadly distributed orthohantavirus with the com-
mon vole (Microtus arvalis) as reservoir, but was also detected
in other closely related species such as the field vole (Microtus
agrestis), East European vole (Microtus levis) and water vole
(Arvicola amphibius) [13]. TULV is generally considered to be
of no (or low) pathogenicity, with only sporadic evidence of
human infections [13, 14].

Coinfection with both pathogens has been confirmed in
humans and rodents [15, 16] and in this study, we screened
rodents and shrews from central Germany over the course of a
year for pathogenic Leptospira spp., TULV, DOBV and PUUV
and evaluated the frequency of dual hantavirus-Leptospira
infections.

Material and methods
Trapping and dissection

Small mammals were trapped in spring, summer and fall 2017 at
22 sites in Thuringia, central Germany (Fig. 1). In central
Germany, the distributional ranges of all abovementioned patho-
gens and their hosts probably overlap [4, 13, 17]. Each site con-
sisted of perennial grassland as well as the adjacent
grassland-forest ecotone. In each of these habitats small mammals
were trapped with 36 snap traps (metal snap traps, Deufa,
Neuburg, Germany) set in four rows with 10 m trap spacing. In
the ecotone, two rows were set in the grassland section and two
rows in the transition to the prevailing forest habitat. The trapping
at site UH6 was discontinued after spring season due to logistic
reasons. All procedures involving animals were conducted accord-
ing to relevant legislation and by permission of the Thuringia
state office of Consumer Protection (permit 22-2684-04-15-105/
16). Small mammal carcasses were frozen at —20 °C until dissec-
tion. During dissection, small mammals were measured, weighed
and sex was determined. To avoid contamination, sterile instru-
ments for each individual were used. Lung and kidney tissue
were collected and stored at —20°C. If necessary, species and
sex were determined by corresponding polymerase chain reaction
(PCR) assays using kidney tissue-derived DNA as previously
described [4, 18].

Leptospira spp. DNA screening

A pin-head-sized piece of kidney tissue was used for DNA extrac-
tion by Tissue DNA Kit according to the manual of the manufac-
turer (Roboklon, Berlin, Germany). DNA concentration was
determined with Nanodrop ND-1000 (peqlab Biotechnologie
GmbH, Erlangen, Germany). DNA samples were tested in the
conventional lipL32 PCR for the presence of pathogenic leptos-
pires [4, 18]. Genomospecies identification of positive samples
was done by secY PCR, dideoxy chain termination sequencing of
PCR products with BigDye Terminator v1.1 Cycle Sequencing Kit
(Applied Biosystems™, Waltham, MA, USA) and sequence com-
parison to GenBank entries by nucleotide Basic Local Alignment
Search Tool (BLASTn) (https:/blast.ncbi.nlm.nih.gov/Blast.cgi)
[4].

Hantavirus screening by RT-PCR

RNA was extracted from a lentil-sized piece of lung tissue with
QIAZOL reagent (QIAGEN, Hilden, Germany) and eluted in
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100l DNase/RNase free water (Thermo Fisher Scientific,
Schwerte, Germany) [13]. RNA concentration was measured
with Nanodrop ND-1000. Reverse transcription-PCR (RT-PCR)
was performed using SuperScript™ III One-Step RT-PCR with
Platinum Taqg-Kit (Invitrogen, Darmstadt, Germany). TULV/
PUUV S segment RT-PCR screening used the primer pair
PUUV342F and PUUV1102R [19]. DOBV RNA screening was
based on RT-PCR using the S segment primer pair D113M and
D955CM [20]. RT-PCR products of the expected size were dir-

ectly sequenced wusing BigDye Terminator vl1.1 Cycle
Sequencing Kit (Applied Biosystems™).

Phylogenetic analysis

ClustalW  multiple alignments of obtained nucleotide

(nt)-sequences were constructed using BioEdit v7.2.5 [21]. The
best fitting substitution model was determined by jModelTest
v2.1.6 [22]. Phylogenetic trees were reconstructed according to
maximum likelihood and Bayesian algorithms via FasttreeMP
v2.1.10 and MrBayes v3.2.6 on CIPRES Science Gateway [23-
25]. Subsequently, a consensus tree was established as bootstrap
values >75 of the maximum likelihood tree were transferred to
the Bayesian tree only if branches of both trees were consistent.
Probabilities of node support of the Bayesian tree are given
when the value was >95%.

Statistical analysis

To estimate key drivers of coinfections, a generalised linear mixed
model was generated for Microtus spp. in grassland, where the
individual coinfection status (binomial variable; TULV RNA posi-
tive and Leptospira spp. DNA positive) was the dependent vari-
able. Individual demographic variables (sex, weight as a proxy
for age) [26] as well as population level variables (TULV preva-
lence, Leptospira spp. prevalence, abundance (trap success as indi-
viduals per 100 trap nights), abundance in the previous season
and season itself) were fixed factors. Site was incorporated as a
random factor. The most appropriate model was determined
using a multimodel inference approach. Using the dredge function
from the MuMIn-package all possible combinations of fixed fac-
tors were ranked by their conditional Akaike information criter-
ion (AIC). The best fitting models were defined as being within
a AAIC of <2 of the best model (lowest AIC). Model coefficients
were averaged using the model.avg function. We present the rela-
tive importance for each factor as the sum of Akaike weights in
the best fitting models where the respective factor occurs as well
as the 95% confidence interval (CI) for each factor. Here, a factor
can be considered significant if the ClIs do not include zero.

As trap success of Microtus spp. in the grassland/forest ecotone
precluded a full model, a chi-square test was used to compare the
overall prevalence in both habitats. CIs for prevalences were cal-
culated using the exactci-function from the PropCls-package.
All analyses were performed using R [27].

Results
Small mammal trapping

During 2017, 1758 small mammals were trapped, including 90
striped field mice, 351 yellow-necked mice (A. flavicollis), 61
wood mice (A. sylvaticus), 11 field voles, 718 common voles,
three European pine voles (M. subterraneus), 490 bank voles
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Fig. 1. Map of 22 trap sites around Miihlhausen (black circle) in Thuringia, Germany (see small overview map). Additionally, the sites Diedorf (diamond) and Gotha
(square) are shown where previously Puumala orthohantavirus (PUUV) and Tula orthohantavirus (TULV) were detected, respectively.

and 34 shrews including three bicoloured white-toothed shrews
(Crocidura leucodon), 26 common shrews (Sorex araneus), two
crowned shrews (S. coronatus) and three Eurasian pygmy shrews
(S. minutus) (Table 1).

Leptospira spp. screening

For 1689 of the 1758 trapped small mammals kidney tissue was
available. Overall, 350 of 1689 (20.7%) small mammals tested
positive in the lipL32 PCR (Table 1). In rodents, the overall preva-
lence varied between species: field voles (54.5%; 6/11, CI 23.4-
83.3%), common voles (30.3%; 205/676, CI 26.9-33.9%), striped
field mice (22.1%; 19/86, CI 13.9-32.3%), yellow-necked mice
(15.9%; 55/345, CI 12.2-20.2%), wood mice (13.3%; 8/60, CI
5.9-24.6%) and bank voles (11.4%; 54/474, CI 8.7-14.6%). Two
of 26 common shrews (7.7%; CI 0.9-25.1%) were tested positive
and one of three bicoloured white-toothed shrews was also posi-
tive. None of the European pine voles, crowned shrews and
Eurasian pygmy shrews tested positive.

The overall prevalence increased from spring (2.2%, 6/278, CI
0.8-4.7%) to summer (22%, 149/678, CI 18.9-25.2%) and fall
(26.6%, 195/733, CI 23.4-30.0%). Leptospira spp. were detected
at 21 of 22 sites with an average site-specific prevalence ranging
from 2.4% (2/84, CI 0.3-8.4%) at site UH3 to up to 41.5% (22/
53, CI 28.1-55.9%) at site W1. The highest prevalence was mea-
sured at site E4 with 76.5% (13/17, CI 50-93.2%) in fall just for
common voles. The most abundant genomospecies was L.
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kirschneri (n=108; 93.1%); L. borgpetersenii was found only in
a few individuals (n = 8, 6.9%); no other genomospecies was iden-
tified. Common voles only harboured L. kirschneri (n=92;
100%). Similarly, in striped-field mice (n=2), wood mice (n=
2), field voles (n =1) and common shrews (n =1) also exclusively
L. kirschneri was identified. Yellow-necked mice carried L. kirsch-
neri (62.5%; 6/9) or L. borgpetersenii (37.5%, 3/9), and bank voles
also carried L. kirschneri (45%, 4/9) or L. borgpetersenii (55.5%, 5/9).
L. kirschneri and L. borgpetersenii circulated in the same bank
vole population at one site (KYF1) during the same trapping
season. Otherwise only a single Leptospira genomospecies was
detected per site depending on trapping location and species.

Hantavirus screening

TULV-RNA was detected in 13.8% (93/674, CI 11.3-16.6%) of
common voles, in none of the 11 field voles and none of the
three European pine voles (Table 1). Overall prevalence in com-
mon voles was highest in spring with 20.2% (16/79, CI 12.0-
30.1%), followed by fall with 16.2% (51/315, CI 12.3-20.7%)
and summer with 9.3% (26/280, CI 6.2-13.3%). No
TULV-RNA was found at three sites (E3, UH3, UH9; combined
0/24, CI 0.0-14.2%), while prevalences of up to 33.8% (KYF6;
23/68, CI 17.8-37.4%) were detected among sites where at least
10 common voles were tested. The highest prevalence from sites
with 10 or more tested common voles was measured in spring
at site UH17 with 58.3% (7/12, CI 27.7-84.8%). TULV RNA posi-
tive voles originated from 18 of 21 sites where common voles were
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Fig. 2. Consensus phylogenetic tree of the partial S segment sequences of Tula
orthohantavirus (TULV) (alignment length 549 nucleotides (nt), positions 406-951,
counting according to TULV S segment, accession number NC_005227). TULV is
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trapped. TULV was present at only four sites in spring, despite
common vole presence at 15 sites. The overall prevalence at
these four sites was 50% (16/32, CI 38.9-68.1%). In summer,
TULV was present at 14 sites and at 15 sites in fall. The four
sites with high prevalences in spring did not differ significantly
from the rest in summer (¥ =0.031, P=1) or in autumn (¢ =
0.474, P =0.57). Phylogenetic analysis showed that the sequences
clustered with TULV sequences from geographically close Gotha,
Thuringia, Germany (Fig. 1, square), in the TULV Central North
(CEN. N) clade (Fig. 2).

In 1.5% (7/471, CI 0.6-3.0%) of tested bank voles PUUV-RNA
was detected. Positive voles were trapped at neighbouring sites
UH2, UH3, UH9 and UH6 (Fig. 1). Phylogenetic analysis revealed
that the novel PUUV strains belong to the PUUV Central
European (CE) clade. The novel sequences clustered closest to
sequences from western and northwestern parts of Germany
such as Gilserberg (Hesse), Goettingen and Sennickerode (both
in Lower Saxony) (Fig. 3). Interestingly, PUUV sequences from
Diedorf (Thuringia, Fig. 1, diamond), a site only 50 km away
from the trapping locations in this study (Fig. 1), clustered differ-
entially, i.e. with sequences from southern Germany, like Swabian
Jura and Bavarian forest.

DOBV infection was not detected in any of the 86 tested
striped field mice (Table 1).

Coinfections

In 6.6% (44/671, CI 4.8-8.7%) of common voles, we detected a
coinfection of Leptospira spp. with TULV. There was no statistical
difference between coinfection prevalence detected in forest eco-
tone (7.7%; 3/39, CI 1.6-20.9%) and in grassland (6.5%; 41/632,
CI 4.7-8.7%) (y*>=0.0114, P=0.91). Seasonal differences became
apparent. While the prevalence of common voles infected with
both pathogens differed significantly (y* = 6.563, P = 0.01) between
summer 4.3% (CI 2.2-7.4%, 12/280) and fall 10.2% (CI 7.1-14.1%,
32/313), no coinfections were detected in spring (0/78).

The initial global generalised linear mixed model had a
R,Znargmal of 0.52 and no overdispersion, but the factor season
was associated with increased multicollinearity (variance inflation
factor >4) and was subsequently omitted from the model. Table 2
shows the comparison of candidate models as well as their
respective AIC and model weights. The first three models were
included in the AIC cut-off value of A2 and subject to model aver-
aging. Averaged parameter estimates and respective relative
importance are presented in Table 3. Individual coinfection prob-
ability with TULV and Leptospira spp. was driven by both, indi-
vidual and population-level factors. Individual age and
population-level TULV and Leptospira spp. prevalences are sig-

sorted in the clades Central North (CEN.N), Central South (CEN.S), Eastern North
(EST.N) and Eastern South (EST.S). The consensus tree is based on Bayesian analyses
with 10 generations and a burn-in phase of 25%, and maximum-likelihood analyses,
with 1000 bootstraps and 50% cut-off using the general time reversible (GTR) substi-
tution model with invariant sites and a gamma distributed shape parameter for both
algorithms. Posterior probabilities exceeding 95% from Bayesian analyses are given
behind and bootstrap values are given before the slash for major nodes if exceeding
75%. The tree reconstructions were done via CIPRES [23]. Alignments were con-
structed with Bioedit V7.2.3. [21] using the Clustal W Multiple Alignment algorithm
implemented in the program. Names in bold indicate newly generated sequences
(see Supplementary Table S1). Triangles indicate compressed branches (see
Supplementary Table S2 for used sequences). Clade designation followed previous
publications for TULV [28].
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Fig. 3. Consensus phylogenetic tree of partial S segment sequences for Puumala orthohantavirus (PUUV) (alignment length 711 nt, positions 355-1065, counting
according to PUUV S segment, accession number NC_005224). PUUV is sorted in the clades Alpe-Adrian (ALAD), Central European (CE) clade including Belgium (BE),
France (FR), Germany (DE), Slovakia (SK), Danish (DAN), Finnish (FIN), Latvian (LAT), Northern-Scandinavian (N-SCA), Russian (RUS), Southern-Scandinavian (S-SCA)
as well as the PUUV strains Hokkaido, Muju and Fusong. The consensus tree is based on Bayesian analyses with 1.5 x 10" generations and a burn-in phase of 25%,
and maximum-likelihood analyses, with 1000 bootstraps and 50% cut-off using the general time reversible (GTR) substitution model with invariant sites and a
gamma distributed shape parameter for both algorithms. Posterior probabilities exceeding 95% from Bayesian analyses are given behind and bootstrap values
are given before the slash for major nodes if exceeding 75%. The tree reconstructions were done via CIPRES [23]. Alignments were constructed with Bioedit
V7.2.3. [21] using the Clustal W Multiple Alignment algorithm implemented in the program. Names in bold indicate newly generated sequences (see
Supplementary Table S1). Triangles indicate compressed branches (see Supplementary Table S2 for used sequences). Clade designation followed previous pub-

lications for PUUV [11, 29].

nificant factors, in determining coinfections. Both abundance
measures (delayed and direct) were selected in the averaging pro-
cess, but only the abundance in the previous season seemed to
influence subsequent coinfection dynamics (delayed density
dependence). Parameter effect sizes (mean and 95% CI) are
shown in Figure 4a. Individual weight had the most dominant

effect, while the CIs of the delayed abundance marginally incor-
porated zero. Model predictions for each factor are shown in
Figure 4 (b, c), where for each factor all other factors were kept
constant at their respective mean value. Predictions show that
older individuals have a higher probability of being coinfected
and that a higher abundance of common voles in the previous
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Table 2. Binomial generalised linear models explaining the probability of the occurrence of coinfections between Leptospira spp. and TULV. Estimates of continuous
variables and presence of categorical (indicated by+) population-level and individual variables are presented. Models with A AIC >2 were excluded. DF = degrees of

freedom, logLik = log-likelihood value

Epidemiological Ecological
Population Individual
Prevalence Delayed Model

Prevalence TULV Leptospira spp. Abundance abundance Sex Weight df logLik AlCc AAICc weight
0.062 0.047 0.033 0.173 6 —93.424 199.1 0 0.343
0.069 0.051 0.151 5 —95.104 200.4 1.3 0.179
0.067 0.046 —0.008 0.033 0.173 7 —93.321 200.9 1.87 0.135
0.062 0.047 0.033 + 0.173 7 —93.392 201.1 2.01 0.126
0.072 0.050 —0.004 0.151 6 —95.068 202.3 3.29 0.066
0.070 0.051 + 0.151 6 —95.085 202.4 3.32 0.065
0.068 0.046 —0.008 0.033 & 0.173 8 —93.291 202.9 3.89 0.049
0.073 0.050 —0.004 i 0.151 7 —95.052 204.4 533 0.024

0.063 0.039 0.161 5 —99.073 208.3 9.24 0.003

0.066 0.021 0.036 0.163 6 —98.118 208.4 9.39 0.003
0.095 0.049 0.159 5 —99.844 209.8 10.78 0.002

0.063 0.039 i 0.162 6 —99.071 210.4 11.29 0.001

0.066 0.021 0.036 + 0.163 7 —98.117 210.5 11.46 0.001
0.102 —0.016 0.046 0.160 6 —99.618 2114 12.39 0.001
0.095 0.049 ki 0.160 6 —99.689 211.6 12.53 0.001

0.075 0.025 0.139 5 —100.857 2119 12.81 0.001

0.070 0.137 4 —102.131 212.4 133 0

Table 3. Model averaged estimates for the probability of the occurrence of coinfections between Leptospira and TULV. Relative importance as the sum of Akaike
weights of all best fitting model where the specific variable is included. Significant factors are highlighted in bold. S.E.=Standard Error

Variable Estimate S.E. z-value P-value Relative importance
Intercept —10.126 1.425 7.086 <0.001

Prevalence TULV 0.065 0.020 3.264 0.001 1.00
Prevalence Leptospira spp. 0.048 0.014 3.484 <0.001 1.00

Weight 0.167 0.032 5.143 <0.001 1.00
Delayed abundance 0.033 0.018 1.864 0.062 0.73
Abundance —0.008 0.018 0.448 0.654 0.21

season increased the probability of subsequent individual coinfec-
tions. For both pathogens an increasing prevalence (while keeping
the other pathogen constant) increased the probability of coinfec-
tions. As both pathogens differ in their range of detected preva-
lences, this effect is more prominent in Leptospira spp.
compared to TULV. However, the relationship between the
increase in prevalences of single pathogens and coinfections is sig-
nificantly better explained by an exponential increase (Leptospira
spp.. R*=0.99; TULV: R*=0.99) compared to a linear one
(Leptospira spp.: R*=0.86; TULV: R*=0.90) (comparison
Leptospira spp.. F=334.88; P<0.001, TULV: F=451.06; P<
0.001). This indicates that prevalences near the upper end of
the potential range result in disproportionally more coinfections
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compared to lower prevalences. Two of 469 bank voles (0.4%)
tested positive for PUUV and Leptospira spp. These originated
both from site UH2 in fall.

Discussion

We detected Leptospira spp. in several small mammal species in
central Germany. Compared to a previous study in the same
region (Fig. 1, square) [4], overall prevalence was higher in this
study. However, the tendency that Microtus spp. had, on average,
higher prevalence compared to most other species is mirrored
here. In a European context, studies that screened at least 10 indi-
viduals of one species, generally reported similar prevalence for
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single pathogen infections and the prevalence of coinfections.

striped field mice (12.0-19.6%) [4, 16, 31], common voles (14.0-
30.0%) [4, 16, 31-33] and field voles (12.0-30.1%) [4, 31]. For the
yellow-necked mouse only a study in Serbia detected a higher
average prevalence with 34.3% [33], for the wood mouse studies
detected similar average prevalence with 15.4% and 18.0% [31,
34] and for bank voles our study is in line with a previously pub-
lished prevalence [4, 31].

In general, prevalence increased from spring to fall, likely
reflecting more favourable conditions for survival outside the
host at high temperature and in moist soil [3]. Interestingly, the
strong variance of Leptospira spp. prevalence was not only
dependent on season but also on site. In fall, the season with
the highest overall prevalence, there was high spatial variability
in Leptospira spp. prevalence. While there was no Leptospira
spp. at some sites, three sites exhibited >65% prevalence for the
common vole in fall (E4, KYF6, W2). A comparable Leptospira
spp. prevalence is often reported only in Norway rats (Rattus nor-
vegicus) collected in sewage systems [35].

High prevalence of Leptospira spp. in certain sites arise from
local environmental conditions such as soil composition (e.g.
mineral and salt composition), soil humidity [36] and the pres-
ence of water bodies. Irrigation can be a significant factor for
Leptospira prevalence in rodents [37] and human outdoor activ-
ity, mainly watersports, is related to localised outbreaks of lepto-
spirosis in humans [38, 39]. The effect of livestock on human or
even rodent infection risk is still unclear [40] and requires further
investigation. On a larger scale, weather effects like intense rainfall
with subsequent flooding have been shown to cause more wide-
spread outbreaks of leptospirosis [39]. Further studies should
incorporate these risk factors to estimate the spatial persistence
of Leptospira in their natural reservoirs.

In grassland, prevalence was especially high in common
and field voles, which were exclusively infected with L. kirschneri
[4, 31, 41]. Forest rodents were found to carry either L. kirschneri

or L. borgpetersenii; L. interrogans was not detected here. We
detected L. kirschneri in wood mice and either L. kirschneri or
L. borgpetersenii in bank voles and yellow-necked mice. Other
studies reported lower prevalence for L. borgpetersenii but high
prevalence for L. interrogans in forest rodents [4, 31, 41]. All
these studies are consistent with our finding that L. kirschneri is
the most frequently found Leptospira genomospecies in small
mammals in Germany [4, 31, 41].

The detection of TULV-RNA at 18 of 21 sites in this study
where common voles were trapped is in line with the
German-wide distribution of this pathogen [13]. The overall preva-
lence of 13.9% in common voles is comparable to previously pub-
lished values of 6.2-23.4% in Europe including Austria, Czech
Republic, France, Germany and Hungary [13, 16, 28, 32]. Field
voles and European pine voles were not infected with TULV,
even though TULV-positive common voles were present in the
sites. This finding confirms the common vole to be the main res-
ervoir for TULV and other Microtus spp. to be rather accidental
hosts [13] even though it is based on a small number of individuals
from these two species that were available for analyses. As expected,
the sequences clustered in the CEN.N clade of TULV together with
sequences from geographically close origin (see [28]).

The very low prevalence of PUUV in this study was most likely a
result of the study location at the distributional edge of this hanta-
virus in Germany. High PUUV prevalence was detected earlier in
bank voles during the hantavirus outbreak year 2010 in the western
part of Thuringia. Those published PUUV sequences (site Diedorf,
see Fig. 1) formed a separate clade ‘Rhon Mountains’ [11, 30].
Thuringia is situated at the eastern distribution border of PUUV
in Germany [11] and features zones with previously reported dis-
ease clusters in humans and infected bank voles only in the western
part of the state [9, 11, 30], while the exact extent of the distribu-
tional range is largely unknown. The presented phylogeny provides
further information on the dynamics of PUUV in bank voles along
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its distribution border, as sequences from this study did not cluster
with sequences from the abovementioned site Diedorf in Thuringia,
but instead with sequences from Lower Saxony and Hesse. This
observation may suggest two immigration routes of
PUUV-infected bank voles into Thuringia over time, which presents
an interesting opportunity to study the short- and long-term
dynamics of zoonotic pathogens along the edges of their distribu-
tional range in the future.

In this study, we did not detect DOBV infections in 86 striped field
mice. DOBV infections have been detected only in striped field mice
from more eastern and northern located sites, including the eastern
part of Thuringia [12, 42]. Likewise, human infections were detected
exclusively in eastern and north-eastern Germany [9, 43].

Coinfection with both, Leptospira and TULV in common voles
were observed before in Hungary with a prevalence of 3.7% [16].
We identified both, individual and population-level factors asso-
ciated with coinfection of Leptospira and hantavirus in common
voles. Individual-level drivers seemed to be mostly associated
with age. For each pathogen this has been previously described
[4, 35, 44]. The possibility of infection increases over each indivi-
dual’s lifetime and common voles are probably persistently
infected with both pathogens, although we have to acknowledge
that weight might be an imperfect proxy for age, especially
when chronically infected, coinfected individuals could poten-
tially suffer from malnourishment.

Overall, coinfections of Leptospira spp. and TULV did depend
on host density. Rather than coinfections increasing with imme-
diate density, there was a time-lagged response, where individual
coinfections were positively correlated to the density 3 months
ago. For other pathogens, this time delay has been shown to be
an integral part of the transmission process where an increase
in density enhances the availability of susceptible hosts that
later can become infected [45]. In coinfections, this aspect
might even be amplified, as the transmission process for two
pathogens has to be completed. The route of transmission can
potentially add to the delayed effect. Rodriguez-Pastor et al.
[46] detected delayed density dependence in Bartonella rochali-
mae and attributed it to the flea life-cycle as a potential cause
for the delayed response. In our context, Leptospira spp. can sur-
vive outside of their host up to 9 weeks in soil [47] and up to 20
months in freshwater [48, 49]. Long periods of environmental
survival might preclude any association with immediate host
abundance and rather favour delayed responses.

Unsurprisingly, both pathogens are positively associated with
increased coinfections, representing the underlying mathematical
probability of coinfections to occur when prevalences of both
pathogens increase. However, this relationship is best charac-
terised by an exponential regression rather than a linear one
(Fig. 4d), indicating that high prevalences are associated with dis-
proportionally more coinfections. This could be interpreted as
increased availability of individuals susceptible to coinfections
in high prevalence scenarios for both pathogens. Telfer et al.
[50] highlighted the importance of pathogen community inter-
action in determining the overall individual susceptibility to sub-
sequent infections. This would imply that an infection with one of
the two pathogens would compromise immunocompetency of the
infected individual facilitating a ‘more efficient’ infection with the
other pathogen. Our methodology is, however, not suitable to
track individual changes within a population across time and
might therefore miss subtle individual effects.

Consequently, frequent coinfections were observed in areas
where a particularly high prevalence of Leptospira spp. was
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detected. We conclude that, at least for TULV in grassland, high
levels of coinfections with Leptospira spp. are rather driven by
the spatial assemblage of high Leptospira spp. prevalences than
by TULV prevalence. Despite the low zoonotic potential of
TULV [51], coinfections are of general concern. At sites with a
high prevalence of Leptospira spp. in rodents and an associated
increase in human leptospirosis cases, our results suggest that
there is also an increased risk of hantavirus coinfections, that
might go undetected in humans when coinfections exhibit similar
clinical presentations. The spatial assemblage of high Leptospira
spp. prevalence is therefore of concern as it might also present hot-
spots for coinfections with other pathogens. The environmental
and epidemiological drivers associated with the patchy occurrence
of those hot-spots should be the topic of future research.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/5S0950268821000443.
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Supplementary Table S1 List of all hantavirus sequences generated during this study.

Sample ID | Species Date Area | Hantavirus | Accession Sequence identical to
captured number
KS17/1137 | M. arvalis 10.08.2017 | E1 TULV MT276704
KS17/2036 | M. arvalis 23.10.2017 | E4 TULV MT276740 MT276742
KS17/2039 | M. arvalis 24.10.2017 | E4 TULV MT276741
KS17/2043 | M. arvalis 25.10.2017 | E4 TULV MT276742 MT276740
KS17/1711 | M. arvalis 17.08.2017 | KYF1 | TULV MT276718 MT276739
KS17/1963 | M. arvalis 24.10.2017 | KYF1 | TULV MT276739 MT276718
KS17/1714 | M. arvalis 17.08.2017 | KYF2 | TULV MT276719 MT276720
KS17/1716 | M. arvalis 17.08.2017 | KYF2 | TULV MT276720 MT276719
KS17/1413 | M. arvalis 16.08.2017 | KYF6 | TULV MT276705 MT276708
KS17/1414 | M. arvalis 16.08.2017 | KYF6 | TULV MT276706 MT276724, MT276731,
MT276725, MT276729,
MT276730, MT276731,
MT276732, MT276737,
MT276738, MT276762
KS17/1416 | M. arvalis 16.08.2017 | KYF6 | TULV MT276707 MT276709, MT276763,
MT276763
KS17/1417 | M. arvalis 16.08.2017 | KYF6 | TULV MT276708 MT276705
KS17/1420 | M. arvalis 16.08.2017 | KYF6 | TULV MT276709 MT276707, MT276763,
MT276763
KS17/1867 | M. arvalis 26.10.2017 | KYF6 | TULV MT276723 MT276726
KS17/1874 | M. arvalis 24.10.2017 | KYF6 | TULV MT276725 MT276706, MT276724,
MT276731, MT276725,
MT276729, MT276730,
MT276731, MT276732,
MT276737, MT276738,
MT276762
KS17/1878 | M. arvalis 24.10.2017 | KYF6 | TULV MT276726 MT276723
KS17/1879 | M. arvalis 24.10.2017 | KYF6 | TULV MT276727
KS17/1880 | M. arvalis 24.10.2017 | KYF6 | TULV MT276728
KS17/1881 | M. arvalis 24.10.2017 | KYF6 | TULV MT276729 MT276706, MT276724,
MT276731, MT276725,
MT276730, MT276731,
MT276732, MT276737,
MT276738, MT276762
KS17/1882 | M. arvalis 24.10.2017 | KYF6 | TULV MT276730 MT276706, MT276724,
MT276731, MT276725,
MT276729, MT276731,
MT276732, MT276737,
MT276738, MT276762
KS17/1886 | M. arvalis 25.10.2017 | KYF6 | TULV MT276724 MT276706, MT276731,
MT276725, MT276729,
MT276730, MT276731,
MT276732, MT276737,
MT276738, MT276762
KS17/1888 | M. arvalis 25.10.2017 | KYF6 | TULV MT276731 MT276706, MT276724,
MT276725, MT276729,
MT276730, MT276731,
MT276732, MT276737,
MT276738, MT276762
KS17/1889 | M. arvalis 25.10.2017 | KYF6 | TULV MT276732 MT276706, MT276724,
MT276731, MT276725,
MT276729, MT276730,
MT276731, MT276737,
MT276738, MT276762
KS17/1901 | M. arvalis 26.10.2017 | KYF6 | TULV MT276733
KS17/1903 | M. arvalis 26.10.2017 | KYF6 | TULV MT276734 MT276735
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Supplementary Table S1 (continued)

Sample ID | Species Date Area | Hantavirus | Accession Sequence identical to
captured number

KS17/1904 | M. arvalis 26.10.2017 | KYF6 | TULV MT276735 | MT276734

KS17/1905 | M. arvalis 26.10.2017 | KYF6 | TULV MT276736

KS17/1911 | M. arvalis 26.10.2017 | KYF6 | TULV MT276737 | MT276706, MT276724,
MT276731, MT276725,
MT276729, MT276730,
MT276731, MT276732,
MT276737, MT276738,
MT276762

KS17/1912 | M. arvalis 26.10.2017 | KYF6 | TULV MT276738 | MT276706, MT276724,
MT276731, MT276725,
MT276729, MT276730,
MT276731, MT276732,
MT276737, MT276738,
MT276762

KS17/2182 | M. arvalis 27.10.2017 | UH1 | TULV MT276747 | MT276748, MT276749

KS17/2184 | M. arvalis 28.10.2017 | UH1 | TULV MT276748 | MT276747, MT276749

KS17/2185 | M. arvalis 28.10.2017 | UH1 | TULV MT276749 | MT276747, MT276748

KS17/2190 | M. arvalis 29.10.2017 | UH1 | TULV MT276750

KS17/2195 | M. arvalis 29.10.2017 | UH1 | TULV MT276751

KS17/744 | M. arvalis 13.05.2017 | UH2 | TULV MT276692

KS17/1559 | M. arvalis 13.08.2017 | UH2 | TULV MT276715 | MT276760

KS17/1591 | M. arvalis 11.08.2017 | UH2 | TULV MT276716

KS17/2278 | M. arvalis 28.10.2017 | UH2 | TULV MT276754 | MT276755, MT276757,
MT276759

KS17/2280 | M. arvalis 28.10.2017 | UH2 | TULV MT276755 | MT276754, MT276757,
MT276759

KS17/2281 | M. arvalis 28.10.2017 | UH2 | TULV MT276756 | MT276758

KS17/2282 | M. arvalis 28.10.2017 | UH2 | TULV MT276757 | MT276754, MT276755,
MT276759

KS17/2284 | M. arvalis 29.10.2017 | UH2 | TULV MT276758 | MT276756

KS17/2287 | M. arvalis 29.10.2017 | UH2 | TULV MT276759 | MT276754, MT276755,
MT276757

KS17/2292 | M. arvalis 29.10.2017 | UH2 TULV MT276760 KS17/1559

KS17/1506 | M. arvalis 12.08.2017 | UH4 TULV MT276714

KS17/2532 | M. arvalis 18.10.2017 | UH4 TULV MT276763 MT276707, MT276709,
MT276764

KS17/2539 | M. arvalis 19.10.2017 | UH4 | TULV MT276764 | MT276707, MT276709,
MT276763

KS17/2544 | M. arvalis 20.10.2017 | UH4 | TULV MT276765 | MT276766

KS17/2545 | M. arvalis 20.10.2017 | UH4 | TULV MT276766 | MT276765

KS17/2573 | M. arvalis 20.10.2017 | UH4 | TULV MT276767

KS17/788 | M. arvalis 09.05.2017 | UH5 | TULV MT276693 | MT276694, MT276695

KS17/789 | M. arvalis 09.05.2017 | UH5 | TULV MT276694 | MT276693, MT276695

KS17/792 | M. arvalis 10.05.2017 | UH5 | TULV MT276695 | MT276693, MT276694

KS17/793 | M. arvalis 10.05.2017 | UH5 | TULV MT276696 | MT276697, MT276717

KS17/794 | M. arvalis 10.05.2017 | UH5 | TULV MT276697 | MT276696, MT276717

KS17/1622 | M. arvalis 11.08.2017 | UH5 | TULV MT276717 | MT276696, MT276697

KS17/781 | M. arvalis 10.05.2017 | UH7 | TULV MT276691

KS17/1431 | M. arvalis 15.08.2017 | UH12 | TULV MT276710

KS17/1433 | M. arvalis 15.08.2017 | UH12 | TULV MT276711 | MT276712

KS17/1457 | M. arvalis 13.08.2017 | UH12 | TULV MT276712 | MT276711

KS17/1459 | M. arvalis 13.08.2017 | UH12 | TULV MT276713

KS17/2587 | M. arvalis 22.10.2017 | UH13 | TULV MT276768

KS17/2410 | M. arvalis 18.10.2017 | UH14 | TULV MT276761
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Supplementary Table S1 (continued)

Sample ID | Species Date Area | Hantavirus | Accession Sequence identical to
captured number

KS17/2418 | M. arvalis 20.10.2017 | UH14 | TULV MT276762 | MT276706, MT276724,
MT276731, MT276725,
MT276729, MT276730,
MT276731, MT276732,
MT276737, MT276738

KS17/2102 | M. arvalis 26.10.2017 | UH16 | TULV MT276743

KS17/2107 | M. arvalis 26.10.2017 | UH16 | TULV MT276744 | MT276745

KS817/2131 | M. arvalis 28.10.2017 | UH16 | TULV MT276745 | MT276744

KS17/2132 | M. arvalis 26.10.2017 | UH16 | TULV MT276746

KS17/875 | M. arvalis 11.05.2017 | UH17 | TULV MT276698 | MT276701, MT276702

KS17/878 | M. arvalis 12.05.2017 | UH17 | TULV MT276699 | MT276700, MT276703,
MT276721

KS17/879 | M. arvalis 12.05.2017 | UH17 | TULV MT276700 | MT276699, MT276703,
MT276721

KS17/880 | M. arvalis 12.05.2017 | UH17 | TULV MT276701 | MT276698, MT276702

KS17/881 | M. arvalis 12.05.2017 | UH17 | TULV MT276702 | MT276698, MT276701

KS17/882 | M. arvalis 12.05.2017 | UH17 | TULV MT276703 | MT276699, MT276700,
MT276721

KS17/1729 | M. arvalis 17.08.2017 | UH17 | TULV MT276721 | MT276699, MT276700,
MT276703

KS17/1818 | M. arvalis 17.08.2017 | UH18 | TULV MT276722

KS17/2214 | M. arvalis 29.10.2017 | W1 TULV MT276752

KS17/2246 | M. arvalis 28.10.2017 | W2 TULV MT276753

KS17/783 | C. glareolus | 09.05.2017 | UH6 | PUUV MT580909

KS17/1590 | C. glareolus | 11.08.2017 | UH2 | PUUV MT276769

KS17/2303 | C. glareolus | 29.10.2017 | UH2 | PUUV MT276771

KS17/1647 | C. glareolus | 11.08.2017 | UH3 | PUUV MT276770

KS17/2514 | C. glareolus | 24.10.2017 | UH9 | PUUV MT276772

KS17/2518 | C. glareolus | 27.10.2017 | UH2 | PUUV MT276773

KS17/2520 | C. glareolus | 28.10.2017 | UH2 | PUUV MT276774
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Supplementary Table S2 List of all sequences used in condensed clades in Fig. 2 and Fig. 3.
Lineage nomenclature after [1,2].

Hantavirus

Clade/strain

Accession number

Tula orthohantavirus

Central South
(CEN.S)

MK386133
MK?386134
MK386135
MK?386138
MK386139

Eastern North
(EST.N)

AF063892

KU139555
KU139563
MK535078
MK535083

Eastern South
(EST.S)

MK386130
MK386131
MK?386132
MK?386136
MK386137
MK386140
2769991

Puumala orthohantavirus

Alpe-Adrian
(ALAD)

AJ314600
AJ314601
AJ888751
AJ888752
FN37782a
FN377822
KC676609
KC676613

CE (Central
European)

Ardennes:

AJ277031 - AJ277076, AJ277030,
KT247593

Bavarian Forest:

AY954722, DQ016432, EU439968,
EU439969, EU439972, IN696374 -
JN696376

Lower Rhine Valley:

DQ408268, DQ408271 - DQ408275,
KU670633

Miinsterland:

JN696362, 36943

Osnabriick:

JN696355, IN696358, KU670635,
KUG670640, KJ994776

Spessart Forest:

EU246962, IN696356, IN696359, IN696367,
JN696371 - IN696373

Swabian Jura/ Gau Plateaus
DQ094844, EU085558, EU085563,
EU085565, IN696361, KU670631
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Supplementary Table S2 (continued)

Hantavirus

Clade/strain

Accession number

Puumala ortohantavirus

Danish
(DAN)

AJ238791
AJ238792
AJ238793

Finnish
(FIN)

AF367064
AF367065
AF367066
AF367068
AF367069
AF367070
AF367071
AJ238788
AJ238789
AJ238790
AJ314597
HES01633
JQ319171
JQ319163
JQ319166
JQ319167
JQ319168
JQ319161
JQ319164
Q319170
JQ319162
IN831950
730702
730704
746942
769985

Fusong

EF442087
EF442091

Hokkaido

AB010730
AB010731
ABG675465

Latvian
(LAT)

JN657228
KX757839
KX757840

Muju

DQ138128
DQ138133
DQ138140
DQ138142
1X028273
1X046484
IX046487
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Supplementary Table S2 (continued)

Hantavirus

Clade/strain

Accession number

Puumala orthohantavirus

Northern-
Scandinavian
(N-SCA)

AJ223371
AM746297
AM746298
AM746311
AM746315
AM746316
AM746317
AM746318
AM746319
AM746320
AM746321
AM746325
AM746329
AM746330
AM746331
AM746332
AM746333
AY526219
GQ339473
GQ339474
GQ339476
GQ339477
GQ339478
GQ339479
GQ339480
GQ339481
GQ339482
1223380
U14137
748586

Russian
(RUS)

AB433845
AJ314598
AJ314599
AF442613
JN657230
JN657231
L08804
M32750
721497
Z30706
Z30707
Z30708
784204
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Supplementary Table S2 (continued)

Hantavirus Clade/strain Accession number

Puumala orthohantavirus | Southern- GQ339483
Scandinavian GQ339484
(S-SCA) GQ339485
GQ339486
GQ339487
AJ223368
AJ223369
AJ223376
Tula orthohantavirus Outgroup AF017659
sequences AF063892
AF164093
AJ223600
AM945877
Y13979
269991

Literature

1. Saxenhofer M, Schmidt S, Ulrich RG, Heckel G (2019) Secondary contact between
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Plyusnin A, Marianneau P, Tordo N (2015) Complete Genome and Phylogeny of Puumala
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Abstract

The striped field mouse (Apodemus agrarius) is known to carry several zoonotic patho-
gens, including Leptospira spp. and Dobrava-Belgrade orthohantavirus (DOBV). Since
its first detection in 1996 in south-east Austria, the striped field mouse has further
expanded its range in Austria. Here, we screened 35 striped field mice collected in
an Austrian region near the Hungarian border for DOBV, Leptospira spp. and seven
vector-borne pathogens. Hantavirus RT-PCR screening and DOBV IgG ELISA analysis
led to the detection of two DOBV-positive striped field mice. The complete coding
sequences of all three genome segments of both strains were determined by a combi-
nation of target enrichment and next-generation sequencing. Both complete coding S
segment sequences clustered within the DOBV genotype Kurkino clade with the high-
est similarity to a sequence from Hungary. In one of 35 striped field mice, Leptospira
borgpetersenii sequence type (ST) 146 was detected. Bartonella spp., Borrelia miyamotoi
and Neoehrlichia mikurensis DNA was detected in four, one and two of 32 mice, re-
spectively. Babesia, Anaplasma, Ehrlichia and Rickettsia specific DNA was not detected.
Future investigations will have to determine the prevalence and invasion of these path-

ogens with the ongoing range expansion of the striped field mouse in Austria.

KEYWORDS
Apodemus agrarius, Bartonella, Borrelia, Dobrava-Belgrade orthohantavirus, Leptospira spp.,
Neoehrlichia mikurensis, Rickettsia

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. Transboundary and Emerging Diseases published by Wiley-VCH GmbH.
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Rodent- and vector-borne diseases are emerging zoonoses.
Hantavirus disease and leptospirosis are important, worldwide
occurring rodent-borne zoonotic diseases which are hard to dif-
ferentiate clinically from each other (Kaya et al., 2019; Meerburg
et al., 2009). Leptospirosis with a case fatality rate of up to 15% is
caused by pathogenic Leptospira spp. that are transmitted directly
through urine of infected rodents or indirectly via contaminated
water bodies (Fischer et al., 2018). Hantavirus disease in Europe,
that is haemorrhagic fever with renal syndrome (HFRS), can be
caused by different orthohantaviruses (Vaheri et al., 2013). Usually,
each orthohantavirus is associated with a distinct rodent species
and is transmitted via virus contaminated aerosols or bites. In
Europe, most disease cases are caused by Puumala orthohantavirus
(PUUV), harboured by the bank vole (Clethrionomys glareolus syn.
Myodes glareolus), and Dobrava-Belgrade orthohantavirus (DOBV)
(Vaheri et al., 2013). DOBV is divided into four genotypes that are
associated with different Apodemus species, and cause different dis-
ease courses and case fatality rates (Klempa et al., 2013). Genotype
Kurkino is associated with the striped field mouse (Apodemus agrar-
jus), whereas genotype Dobrava is carried by the yellow-necked
mouse (Apodemus flavicollis) (Klempa et al., 2013).

Rodents play also an important role in the life cycle of vector-
borne pathogens (Tomassone et al., 2017). Lyme borreliosis is
caused by members of the Borrelia burgdorferi sensu lato group, es-
pecially B. afzelii in Europe, which is carried by Ixodes ricinus ticks
and their rodent hosts (Richter et al., 2004). Furthermore, the re-
lapsing fever agent Borrelia miyamotoi is also carried by . ricinus
(Sinski et al., 2016). Bartonella spp. are gram-negative facultative
intracellular bacteria, infecting mammalian erythrocytes and en-
dothelial cells (Breitschwerdt, 2014). From these, some can cause
human disease, while most Bartonella spp. have an unknown zoo-
notic potential (Gutiérrez et al., 2015). Rickettsia spp. are obligate
intracellular bacteria and several of them can cause disease in
humans with different arthropods described as vectors (Blanco &
Oteo, 2006). Several members of the Ehrlichia spp. and Anaplasma
spp. can cause febrile disease in humans, called ehrlichiosis and an-
aplasmosis, respectively (Ismail et al., 2010), whereas Neoehrlichia
mikurensis can cause inflammatory infection mainly in immunocom-
promised patients and is asymptomatic in immunocompetent pa-
tients (Portillo et al., 2018). Infection with the protozoan Babesia
microti can lead to babesiosis with possible persistent infection and
malaria-like symptoms. A case fatality rate of up to 20% is observed
in immunocompromised patients (Bloch et al., 2019).

In Austria, human infections with hantaviruses and Leptospira
interrogans are notifiable and up to 90 and 69 cases were reported
per vyear, respectively (Bundesministerium fiir Arbeit Soziales
Gesundheit und Konsumentenschutz, 2019). Human PUUV and
leptospirosis cases have been reported in different parts of Austria
(Aberle, 2019; Hoenigl et al., 2014). Recently, first autochthonous
DOBYV infections have been documented in Austria (Aberle, 2019).
Reservoir investigations confirmed PUUV in bank voles and Tula

orthohantavirus (TULV) in common voles (Microtus arvalis) (Bowen
etal., 1997; Schmidt et al., 2014). Leptospira DNA was detected pre-
viously in bank vole, common vole, yellow-necked mouse and wood
mouse but without genomospecies identification and sequence
type (ST) determination (Schmidt et al., 2014). Borrelia miyamotoi
and N. mikurensis were reported in Austrian patients before (Glatz
et al.,, 2014; Tobudic et al.,, 2020). In addition, Rickettsia, Borrelia
and Bartonella DNA was detected in voles and mice from Austria
(Schmidt et al., 2014).

The striped field mouse was first reported from Bad Radkersburg
in south-eastern Styria in 1996. In 2003, it was detected at Lake
Neusied|, the Hansag area in northern Burgenland at the border to
Slovenia and Hungary (Sackl et al., 2007; Spitzenberger, 1997). By
2013, the striped field mouse had colonized an area of about 140 km
in length and 56 km in width along the Slovakian, Hungarian and
Slovenian border (Spitzenberger & Engelberger, 2014). The ongo-
ing range expansion of the striped field mouse in Austria raised the
question whether this species represents a reservoir for zoonotic
pathogens in the newly colonized area. Therefore, the objective
of this study was a retrospective screening of striped field mice
from Austria for the presence of DOBYV, Leptospira spp. and several
vector-borne pathogens and their sequence determination and/or
sequence typing.

2 | MATERIALS AND METHODS

Thirty-five striped field mice were trapped at 13 sites in Austria in
2011 and 2017 (Figure 1a). Dissection of mice, RNA and DNA ex-
traction and RT-PCR and PCR followed standard procedures (for
methodological details, see Appendix S1). For 35 mice, kidney and
chest cavity fluid samples were obtained, whereas for 32 animals,
also spleen and liver tissue could be obtained. For 34 mice, lung tis-
sue was available for hantavirus screening; for the remaining mouse,
liver tissue was used.

The complete coding sequences (CDS) of all three genome
segments of DOBV strains were determined by a combination of
target enrichment and high-throughput sequencing. Sequencing
libraries were constructed using the NEBNext Ultra Il RNA Library
Prep Kit for lllumina (New England Biolabs). DOBV-derived librar-
ies were captured by in solution hybridization with a custom-made
target enrichment myBaits array (Arbor Biosciences). The cap-
tured libraries were then analysed by high-throughput sequenc-
ing on an lllumina MiSeq platform, and DOBV sequences were
determined by mapping the DOBV reads to the closest available
reference genome using Geneious Prime suite (https://www.genei
ous.com). Additionally, a primer-walking approach was used to de-
termine the complete S and M segment CDS of strain KS18/1812
(see Appendix S1).

The serological detection of DOBV-reactive antibodies in
chest cavity fluid samples of mice used an established 1gG ELISA
with a recombinant DOBV nucleocapsid protein as antigen (see
Appendix S1).
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FIGURE 1 Trapping sites in Austria with two inserts showing the location in Europe and the magnified area with numbered sites (a)
and consensus phylogenetic tree of Dobrava-Belgrade orthohantavirus (DOBV) based on partial nucleocapsid protein-coding S segment
sequences (b). Trapping sites where previously other rodents were collected (Schmidt et al., 2014) and investigated for Leptospira
genomospecies and sequence types determined here are marked with empty rhombs (a). The 13 trapping sites were classified into three
regions: A: sites 4, 6,9, 10 and 12, B: sites 2, 3 and 5 and C: sites 1, 7, 8, 11 and 13; see Table S1. (b) Classification of DOBV genotypes is
given as previously suggested (Klempa et al., 2013). General time reversible (GTR) substitution model with invariant sites and a gamma
distributed shape parameter was used for tree reconstruction. The consensus tree is based on Bayesian analyses with 10,000,000
generations and a burn-in phase of 25%. Bootstrap values and posterior probabilities are only given if branches are supported with values
above 75 and 0.95 and if branches of both trees were consistent. Sangassou (JQ082303, JQ082300), Hantaan (AF288646, EU02220,
FJ753396, GU329991, JQ665905, KC844227), Thailand (AM397664) and Seoul orthohantavirus strains (AY006465, GU361893, GU592938,
GU592943) were used as outgroup for (b). Aa, Apodemus agrarius; Af, Apodemus flavicollis; Ap, Apodemus ponticus; AT, Austria; CZ, Czech
Republic; DE, Germany; HR, Croatia; Hu, human; HU, Hungary; RS, Serbia; S, Slovenia; SK, Slovakia

3 | RESULTS

Screening of lung (or liver) derived RNA with RT-PCR assays target-
ing the S segment of DOBV resulted in the detection of two positive
samples of 35 mice investigated (Table S1). Both partial S segment
sequences clustered within the DOBV genotype Kurkino clade
with the highest similarity to a sequence from Sarmellek, Hungary
(Figure 1b). DOBV IgG ELISA analysis of chest cavity fluid samples of
all striped field mice detected only the two RT-PCR-positive animals
as seropositive (Table S1).

Target enrichment-based high-throughput sequencing resulted
in the determination of the complete CDS of all three genome
segments of both DOBV strains. The obtained sequences did not
differ from sequences obtained by parallel primer-walking-based
approach. The S segment CDS of both samples confirmed the af-
filiation with genotype Kurkino and the high similarity to the
sequences from Hungary, and the sequence from Sarmellek in par-
ticular (Figure S1A). Currently, no M and L segment sequences of
Hungarian DOBV strains are available in GenBank. However, as ex-
pected, the obtained complete CDS of M and L segments showed
the highest similarity to sequences of DOBV Kurkino from western
Slovakia, which is geographically adjacent to the investigated region
(Figure S1B,C).
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Screening of kidney tissue for Leptospira DNA by conventional
lipl32-PCR resulted in the detection of one positive animal from trap-
ping site 5 (Figure 1a; Table S1). The more specific secY-PCR-based
genomospecies determination and multilocus sequence typing
(MLST) showed that the affected mouse was infected with L. borg-
petersenii, sequence type (ST) 146. The analysis of previously de-
tected Leptospira DNA-positive small mammals from Lower Austria
(Schmidt et al., 2014) resulted in the identification of L. kirschneri ST
110 in one common vole and one bank vole, as well as a new ST of
L. interrogans (ST 297) in a yellow-necked mouse.

PCR screening of 32 striped field mice resulted in the detection
of Bartonella, Borrelia, and N. mikurensis-specific DNA. On the other
hand, PCR screening did not confirm presence of Babesia, Anaplasma,
Ehrlichia or Rickettsia DNA in the analysed samples (Table S1). The
sequencing of obtained PCR products showed that striped field mice
were infected with Bartonella taylorii, an unclassified Bartonella spe-
cies, and B. miyamotoi.

4 | DISCUSSION

The detection of DOBV RNA in striped field mice at two sites in
Austria and the sequence similarity of these sequences to those
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from Hungary and Slovakia are in line with results from previous
studies in striped field mice from Croatia, Czech Republic, Denmark,
Germany, Hungary, Slovakia and Slovenia detecting the human path-
ogenic DOBV genotype Kurkino (Klempa et al., 2013).

Our study identified the occurrence of multiple Leptospira genom-
ospecies and STs in rodents in Austria. The detection of Leptospira
DNA in a striped field mouse from Austria in this study is in line with
detection of Leptospira DNA in this species in previous studies in
Germany and Hungary (Fischer et al., 2018; Kurucz et al., 2018). The
detection of L. borgpetersenii ST 146 in a striped field mouse from
Austria was a novel finding for this rodent species. L. borgpetersenii,
ST 146, was previously found in Europe in shrews and bank voles,
but not in striped field mice (Fischer et al., 2018). The identification
of L. kirschneri, ST 110, in bank and common voles in Austria con-
firmed the association of this Leptospira ST with these vole species,
previously reported from Germany (Fischer et al., 2018). Common
vole-transmitted L. kirschneri, ST 110, serovar Grippotyphosa, was
the causative agent for a disease cluster in strawberry harvesters in
Germany in the year 2007 (Desai et al., 2009).

The detection of B. taylorii and Bartonella spp. is in line with a pre-
vious study in Austria detecting Bartonella DNA in other Apodemus
spp. (Schmidt et al., 2014), but these bacteria were not reported from
striped field mice in this country before. B. taylorii was also detected
in a human patient from Austria (Tobudic et al., 2020), indicating
the importance of its detection in rodent reservoirs. N. mikurensis
was detected in Austrian ticks (Glatz et al., 2014), but thus far not in
Austrian rodents except for this work. The detection of B. miyamo-
toi in striped field mouse here accompanies the previous detection
of B. afzelii in Altenburg and Laa an der Thaya (Schmidt et al., 2014)
and indicates that rodents are important reservoirs of these vector-
borne pathogens.

In conclusion, the detection of pathogenic DOBV genotype
Kurkino, L. borgpetersenii, Bartonella spp. and N. mikurensis in striped
field mice underlines the necessity to increase the awareness of phy-
sicians in Austria for patients with symptoms of HFRS and leptospiro-
sis as well as vector-borne diseases that suffer from underreporting.
The ongoing range expansion of the striped field mouse needs fu-
ture monitoring studies in a One Health frame by joint efforts of
field biologists, veterinarians, clinicians and human virologists.
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MATERIAL AND METHODS
Collection of rodents and dissection

Striped field mice were collected during 9" to 12" September 2011 and during 4" to 6%
September 2017 by snap trapping in several areas close to Lake Neusiedl (Figure 1A).
Permission for trapping was given by the Amt der Burgenlandischen Landesregierung in
Eisenstadt, Burgenland, Austria (5-N-A1007/444-2011; A4/N.N.AB-10075-5-2017). The
carcasses were frozen after trapping, stored at -20°C and transported in dry ice. After thawing
at 4°C, the dissection was performed following a standard protocol as described previously
(Fischer et al., 2018). In brief, heart, lung, chest cavity fluid (CCF), liver, spleen, and kidney
were taken and stored at -20°C until further use. Additional rodents from Lower Austria already
tested in a previous study, were used to screen for Leptospira DNA enabling characterization

on sequence type level (Schmidt et al., 2014) (Figure 1A).

Hantavirus screening and nucleotide sequence determination

RNA from a lentil-sized piece of lung tissue (or liver in case of sample KS12/1827) was
extracted with QIAZOL (QIAGEN, Hilden, Germany) and eluted in 100 pl distilled
DNase/RNase free water (Thermo Fisher Scientific, Schwerte, Germany) (Schmidtet al., 2014).
Reverse transcription-polymerase chain reaction (RT-PCR) was performed using
SuperScript™ IIT One-Step RT-PCR with Platinum Tag-Kit (Invitrogen, Darmstadt, Germany).
Dobrava-Belgrade orthohantavirus (DOBV) S segment RT-PCR screening used primer pairs

D357M and D1162CM, as well as D113M and D955CM (Table S2). In addition, L segment
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D357M and D1162CM, as well as D113M and D955CM (Table S2). In addition, L segment
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sequences from screening-positive animals were generated by one-step L segment RT-PCR
using the outer primers Han-LF1 and Han-LR1 (Klempa et al., 2006). For the screening RT-
PCR positive sample KS18/1812, the complete S and M segment coding sequences were
determined by a primer walking approach (for primers used see Table S2). Dideoxy chain
termination sequencing according to Sanger was performed with BigDye Terminator v1.1

Cycle Seq. Kit (Applied Biosystems™, Waltham, MA, USA).

Target enrichment and next generation sequencing of DOBV sequences

Design of target enrichment probes

The DOBV-derived cDNA sequencing libraries were selectively captured with a custom-made
target enrichment myBaits array (Arbor Biosciences, Ann Arbor, MI, USA). The array was
designed to capture sequences of orthohantaviruses of the Murinae- and Arvicolinae-associated
clades from Europe and Asia. The oligonucleotide capture probes were designed based on the
available 5,717 nucleotide (nt) sequences of DOBV, Thailand, Seoul, Hantaan, Dabieshan,
Puumala and Tula orthohantaviruses deposited in the NCBI GenBank database (January 2020).
To collapse the sequence space, the available sequences were clustered based on 95% sequence
identity using USEARCH (Edgar, 2010), retaining the longest, representative sequence from
each cluster. Simple repeats and low-complexity regions in the sequences were masked with
the RepeatMasker (Smit, Hubley, & Green, 2013-2015) and the remaining sequences were used

to design 28,579 overlapping 80-nt baits with 3 x tiling density.

Construction of sequencing libraries

Sequencing libraries were constructed using the NEBNext Ultra Il RNA Library Prep Kit for
Illumina (New England Biolabs, Ipswich, MA, USA). The input was 100 ng total RNA isolated

from lung tissue. RNA was fragmented for 8 minutes and the final cDNA libraries were

2
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amplified by 8 PCR cycles to complete adapter ligation and produce sufficient material for

subsequent target enrichment.

Target sequence enrichment by hybridization in solution

The enrichment of target DOBV-derived sequences was done by hybridization in solution with
pools of biotinylated RNA oligonucleotides. The hybridization-based sequence enrichment
(chemistry v3) was performed according to the manufacturer’s instructions (Arbor Biosciences,
Ann Arbor, M1, USA) allowing 20 hours of bait/target hybridization at 65°C in a single step of
enrichment. The enriched cDNA sequencing libraries were amplified with 14 PCR cycles to
produce enough DNA material for next-generation sequencing. The enriched cDNA libraries
were quantified with the NEBNext Library Quantification Kit (New England Biolabs, Ipswich,
MA, USA), pooled to equimolar amounts, and sequenced with a MiSeq Reagent Kit v3
(Ilumina, San Diego, CA, USA) using paired-end sequencing (2 x 300 cycles) on a MiSeq

sequencer (Illumina, San Diego, CA, USA).

Sequence analysis

The obtained reads were trimmed and assembled against the known complete genome of the
DOBYV strains GRW/Aa (GenBank JQ026204, JQ026205, JQ026206) and SK/Aa (GenBank
GU904039, AY961615, AY961616) using Geneious Prime 2019.2.3

(https://www.geneious.com) with medium sensitivity and allowing 5 iterations.

Hantavirus phylogenetic analysis

ClustalW multiple alignments were constructed using BioEdit v7.2.5 (Hall, 1999). The best
fitting substitution model was determined by jModelTest v2.1.6 (Posada, 2008). Phylogenetic

trees were constructed according to Maximum Likelihood and Markov chain Monte Carlo
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algorithms via FasttreeMP v2.1.10 and MrBayes v3.2.6 on CIPRES Science Gateway (Miller
et al., 2010, Price et al., 2010, Ronquist et al., 2012). Subsequently a consensus tree was
established as bootstrap values were transferred to the Bayesian tree only if branches of both

trees were consistent.

Hantavirus serological investigation

DOBV specific IgG-ELISA was performed according a previously published protocol using
yeast-expressed DOBV nucleocapsid protein as antigen (Razanskiene et al., 2004, Schlegel et
al., 2009). Briefly, 0.2 pg/well of the recombinant protein was coated on 96-well polysorb
Nunc-Immuno plates (VWR International GmbH, Hannover, Germany) and incubated for 1
hour with CCF diluted 1:10. After washing, a horse radish peroxidase labelled goat anti-mouse
IgG (H+L) (BioRad, Hercules, CA, USA) was used to detect antibodies against the DOBV
antigen. Finally, 100 ul of Tetramethylbenzidine (TMB) Peroxidase EIA Substrate Kit
(BioRad, Hercules, CA, USA) was added and incubated for 10 min in darkness. The staining
was stopped by addition of 100 pl 1M sulfuric acid. Subsequently, optical density was measured
with Plate reader Infinite 200 PRO (Tecan, Mannedorf, Switzerland) at 450 nm (reference at
620 nm). The monoclonal antibody 5E11 (Kucinskaite-Kodze et al., 2011) was used as positive
control; an Apodemus spp. CCF tested negative by DOBV-1gG ELISA and DOBV-RT-PCR
was applied as negative control. Lower and upper cut-off values were determined according to

a previous study (Mertens et al., 2009).

Leptospira spp. screening

For Leptospira detection a pin-head sized kidney sample was used and DNA extracted with
QlAamp DNA Mini Kit (QIAGEN) according to manufacturer’s protocol. Pathogenic

Leptospira spp. screening followed a lipl32-PCR standard protocol (Mayer-Scholl et al., 2011).

4
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Genomospecies identification was done by secY-PCR and sequence type (ST) was determined
by multiple locus sequence typing (MLST) as described before (Boonsilp et al., 2013, Victoria

et al., 2008).

DNA extraction for screening of vector-borne pathogens

For detection of vector-borne pathogens, rodent liver and spleen samples were initially
homogenized in 2 ml tubes containing one 4 mm sterile metal bead and 200 pl of phosphate
buffered solution using a tissue lyser (TissueLyser II; Qiagen, Hilden, Germany) at 30 Hz for
1 min. DNA was extracted using QlAamp DNA Mini kit (Qiagen, Hilden, Germany) according

to manufacturer’s instructions, eluted in 100 pl of elution buffer, and stored at -20°C.

PCR for Babesia spp., Anaplasma/Ehrlichia spp. and Bartonella spp.

DNA extracted from spleen samples was surveyed by PCR for the detection of Babesia spp.,
targeting a fragment of 422-440 base pairs (bp) of 18S rRNA gene (Hilpertshauser, Deplazes,
Schnyder, Gern, & Mathis, 2006), Anaplasma/Ehrlichia spp. using specific primers for a 345
bp fragment of 16S rRNA gene (Parola et al., 2000) and Bartonella spp. by amplifying a
fragment of 420-780 bp of 16S-23S rRNA (Schorn, Pfister, Reulen, Mahling, & Silaghi, 2011).
The reactions were performed using GoTaq® Flexi DNA Polymerase kit (Promega, Walldorf,
Germany). The reaction mix included 3 pl MgClz solution (25mM), 0.5 pul dNTPs (10mM),
0.125 pl GoTag® Flexi DNA polymerase (5 u/ul), 1ul of each primer (10 uM), 9.375 pl
molecular grade water and 5 pl of the tested DNA. Cycling conditions were as follows: initial
denaturation for 2 min at 95°C was followed by 35 cycles of denaturation for 30 sec at 95°C,
annealing for 30 sec at 61°C for Babesia spp., 53°C for Anaplasma/Ehrlichia spp. and 66°C for
Bartonella spp., elongation (60 sec for Bartonella spp. and 30 sec for Anaplasma/Ehrlichia spp.
and Babesia spp.) at 72°C, and a final extension at 72°C for 5 min. Each reaction included a

negative control (water) and positive controls (DNA from ticks for Anaplasma/Ehrlichia spp.
5
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and Babesia spp., DNA from fleas for Bartonella spp.). Primers used for the PCR assays

described here are given in Table S3.

Nested PCR for Borrelia spp.

For the detection of Borrelia species in spleen samples, nested PCR was done using specific
primers for the 16S-23S intergenic spacer (16S-23S IGS; see Table S3) as previously described
(Bunikis et al., 2004). The reaction was done using GoTag® Flexi DNA Polymerase kit
(Promega, Walldorf, Germany) targeting in the first PCR a fragment of approximately 1007 bp
(size varies with the Borrelia species) and a fragment of 388-685 bp in the second PCR.

Negative (water) and positive controls (DNA from ticks) were used with each run.

Real time PCR for the detection of Anaplasma phagocytophilum and Neoehrlichia
mikurensis

Real time PCR (gPCR) was performed using specific primers and probes (see Table S3) in order
to identify a 77 bp fragment of A. phagocytophilum msp2 gene (Courtney, Kostelnik, Zeidner,
& Massung, 2004), and a 99 bp fragment of N. mikurensis groEL gene (Jahfari et al., 2012,
Silaghi, Woll, Mahling, Pfister, & Pfeffer, 2012), respectively. Tagman gqPCR reactions were
performed in a final volume of 25 pl using the iTaq Universal Probes Supermix (Bio-Rad
Laboratories, Feldkirchen, Germany). The gPCR program included an initial denaturation step
at 95°C for 10 min followed by 45 cycles of amplification at 95°C for 45 sec and 60°C for 60
sec and final cooling. The reactions included a negative control (water) and positive controls

(DNA from ticks).

Molecular detection of Rickettsia spp. in liver samples
For the identification of Rickettsia species in liver samples of rodents, a PCR reaction was

performed to amplify a 381 bp fragment of gltA gene using specific forward and reverse primers
6
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(Regnery, Spruill, & Plikaytis, 1991; see Table S3). The amplification was done using GoTag®
Flexi DNA Polymerase kit (Promega, Walldorf, Germany) and the conditions were identical as
the ones used in the PCRs for spleen samples with the exception of the annealing temperature
that was set at 56°C for 30 sec. Each reaction contained a negative (water) and positive (DNA

from field ticks) control.

Sequencing of PCR products

The products from the PCR and nested PCR reactions were separated on a 1.5% agarose gel
stained with Roti®-GelStain Red (Carl Roth GmbH, Karlsruhe, Germany) and visualised with
ChemiDoc™ MMP Imaging system (Bio-Rad Laboratories, Feldkirchen, Germany). The
positive amplicons were purified using the NucleoSEQ® kit (Macherey Nagel, Diiren,
Germany) according to the manufacturer’s instructions. The sequencing PCR reactions were
performed in a total volume of 10 pl: 1 pl of 5x Sequence buffer, 2 ul Big Dye Ready Reaction
Mix (Thermo Fischer, Darmstadt, Germanyy), 1 ul of reverse primer (10 uM), 5 pl of molecular
grade water and 1 pl of the purified PCR product. The thermal profile included a denaturation
step at 96°C for 1 min, followed by 25 cycles of denaturation at 96°C for 10 sec, annealing at
the specific annealing temperature for each primer for 5 sec, elongation at 60°C (duration
varying with the length of DNA fragments). Further, the PCR products were purified using the
NucleoSEQ kit (Macherey-Nagel, Duren, Germany). Fifteen microliters of each purified
product were mixed with 15 pl of highly deionized (Hi-Di) formamide in a 1.5 ml tube and
sequenced on an ABI PRISM® 3130 sequencer. Following sequencing, the obtained sequences
were viewed and edited using Geneious 11.1.5 (https://www.geneious.com) and then compared

with data available in the GenBank database using BLASTN.
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Statistics

The 95% confidence interval for prevalences was determined using the exact binomial two-

sided test for 95% confidence interval with software R (version 3.6.1).
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Table S2. Primers used for Dobrava-Belgrade orthohantavirus screening and additional

primers used for primer-walking-based determination of complete coding sequences of S and

M segments.

Primer Sequence 5" >3 Reference

D357M GACATTGATGAACCAACAGG Klempa, 2004, modified
D1162CM AGYTGRATHCCCATRGAYTGT Klempa, 2004, modified
D113M GATGCAGARAARCARTATGARAA Klempa, 2004, modified
D955CM ACCCARATTGATGAYGGTGA Klempa, 2004, modified
HanLF1 ATGTAYGTBAGTGCWGATGC Klempa et al., 2006
HanLR1 AACCADTCWGTYCCRTCATC Klempa et al., 2006
DS3F GTAGTAGRCTCCCTAAARAGCAC this study

DS720R CKTTCTGTCCAGTTCTTWGCAAG this study

DS970F ACCTGATAGRTGCCCCCCYA this study

DS1455R ACCCGTCCCCTAGTGCAAAT this study

DM3F GTAGTAGRCTCCGCAAGAAATAG this study

DM956R AGTRAATRVCATATTTGCTGCATTTKC this study

DM644F GAYATWGCAAGTGTVAGYATTGTYTG this study

DM1280R TCTGCAGCCCTGAAYCKRTT this study

DMB803F CRGTRGTTGAGGGTGCATARAC this study

DM1451F GCAATTGAAYTRTGTGTRCCHGG this study

DM2010R CRACACCATGGTGCATTRTCATTCC this study

DM1970F TGGGCTGHAGTGCATCAGA this study

DM3200R AGCACTTGCTTGAAGCCCTTG this study

DM2621F GAYTGGTGYACAACAACRTGYC this study

DM3615R GTAKGCTCCGCAAGATATAGAAAYAC this study

10
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FIGURE S1

Consensus phylogenetic trees of Dobrava-Belgrade orthohantavirus (DOBV) based on
complete nucleocapsid protein coding S segment sequences (A), complete glycoprotein
precursor coding M segment sequences (B), and complete RNA-dependent RNA polymerase
coding L segment sequences (C). Classification of DOBV genotypes is given as previously
suggested (Klempa et al., 2013). General Time Reversible (GTR) substitution model with
invariant sites and a gamma distributed shape parameter was used for tree calculation. The
consensus tree is based on Bayesian analyses with 1,000,000 generations and a burn-in phase
of 25%. The condensed DOBYV clade of genotype Dobrava comprise the following sequences
(S: AJ009775, AJ410615, AJ410619, AY168576, EU188452, GU904029, KC6765809,
KC676590, KC676591, KC676595, KC676597, KC676599, KC676602, KC848494-
KC848498, L41916; M: AJ410616, AY168577, GU904035, L33685;, L: AJ410617,
GU904042, KT885041), whereas the condensed DOBYV clade of genotype Sochi consist of (S:
EU188449, EU188450, JF920151, JF920152, KP878311- KP878313, MH251334; M:
EU188450, JF920149, MH251335; L: JF920148; MH251336). Sangassou (JQ082303,
JQ082300), Hantaan (AF288646, EU02220, FJ753396, GU329991, JQ665905, KC844227),
Thailand (AM397664, KC490915, KC490916), and Seoul orthohantavirus strains (GU592951,
JX879769, KC626089) were used as outgroup for (A). Sangassou (NC_034516), Hantaan
(DQ371905, KJ857334, KP970561), Thailand (L08756, KC490919, KC490921), and Seoul
orthohantavirus strains (JX879768, KM948593, S47716) were used as outgroup for (B).
Sangassou (NC_034517), Hantaan (DQ371906, KJ857317, KP896308), Thailand (KC490922-
KC490924), and Seoul orthohantavirus (JX879770, KM948594, X56492) were used as

outgroup for (C).
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4 Results and Discussion

4.1 Distribution of novel and known rodent-borne hantaviruses in

Europe

4.1.1 First detection of strains of putative Tatenale orthohantavirus in continental

Europe

In Germany, Traemmersee hantavirus (TRAV) was reported in one field vole (PAPER I). A
related hantavirus, Rusne hantavirus (RUSV), was detected in root voles from Lithuania
(PAPER I1). These viruses seem to be related to Tatenale hantavirus (TATV) in England based
initially on the available short sequence fragments of S and L. Later on, when complete coding
sequences of TATV were available, pairwise evolutionary distance (PED) analysis (see 1.4.1.)
proved that TATV, TRAV and RUSV belong to the same putative orthohantavirus species
(PAPER I, Table S5, Chappell et al. 2020).

TATV is a new hantavirus that was discovered a few years ago in field voles in England
(Pounder et al. 2013; Thomason et al. 2017), the only Microtus species on the British island
(Pardifas et al. 2017). TATV was reported at different years and locations, for example TATV
from Tattenhall, close to Chester in Northwestern England, and TATV strain Kielder from
Kielder forest in Northern England (Pounder et al. 2013; Thomason et al. 2017). Geographic
clustering of TATV sequences from both trapping locations into phylogenetic trees (PAPER I,
Figure 1 and PAPER 11, Figure S2, Thomason et al. 2017, Chappell et al., 2020) may be due to
geographic distance or due to adaption of the virus to the different field vole lineages. The field
voles from Tattenhall belong to the Western lineage, while those from Kielder belong to the
Northern Britain lineage (Herman et al. 2014; Pounder et al. 2013; Thomason et al. 2017). This
observation might be explained by a coevolution scenario that was previously reported for
TULV, where different virus lineages were reported to be strictly specific to common vole

lineages (Saxenhofer et al. 2019).

In Germany and Lithuania (PAPER I, Table 1 and PAPER II, Table 1), in contrast to England
(Pounder et al. 2013; Thomason et al. 2017), the respective hantavirus was only detected at one
of several sites. Of note regarding RUSV, the root vole seems to be a relatively new species to
Lithuania. First mentioned in 1964 (lvanauskas et al. 1964), this vole species increased its
distribution range from southwestern Lithuania (including the Nemunas River Delta with

Rusné), where root voles are present with the highest density in the present, to northeastern
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Lithuania, based on findings from 2008 and recent trapping results (PAPER II; Bal¢iauskas et
al. 2010; Balciauskas et al. 2012). High density of the reservoir population is essential for
maintaining hantaviruses in the population, as reported for PUUV (Laenen et al. 2019b).
Perhaps the root vole density in most parts of Lithuania, except for the Nemunas River Delta
with Rusné, is insufficient to maintain RUSV, explaining its limited geographic range (PAPER
I1). The reason for the limited detection of TRAV is unknown (PAPER 1). In combination with
other studies testing field voles and other Microtus spp. in Germany, it is surprising that TRAV
was never detected before (Schmidt-Chanasit et al. 2010; Schmidt et al. 2016).

In Germany, TRAV was detected in 2008 at the trapping site Trdammersee with a prevalence of
12.5% and in general with a prevalence of 0.8% in field voles (PAPER 1). In contrast to the low
detection rate of TRAV, RUSV was detected in Rusné with a prevalence ranging from 12.5%
up to 14.3% in the years of 2015 to 2017, except for 2018 (PAPER I1). The detected prevalence
for TATV in field voles in England was higher than for TRAV and comparable to RUSV. It
ranged depending on area from 8.3% up to 25% (Chappell et al. 2020; Pounder et al. 2013;
Thomason et al. 2017), except for areas with a low number of captured field voles (Thomason
etal. 2017).

For a certain species to be recognized as a reservoir of a pathogen, criteria such as multiple
detection of the pathogen over time need to be fulfilled (see 1.1.2). Field voles in England may
act as a reservoir species for TATV, as TATV was detected in field voles at several locations
in different years (Pounder et al. 2013; Thomason et al. 2017). TRAV had a single detection in
a field vole from Germany (PAPER I). While TATV and TRAV were both detected in field
voles, RUSV was only detected in root voles, though field voles were present at the positive
sampling site and other sites in Lithuania along with common voles (PAPER I1). Likewise to
TRAV, RUSV was only detected in one location, but unlike TRAV, it was detected in several
years, making it likely that root voles act as a reservoir of RUSV in the Nemunas River Delta
in Lithuania (PAPER | and PAPER I1). Another explanation might be based on the existence
of an ancestral hantavirus. Based on the detection of TATV and TRAV only in field voles, it
seems likely that the new hantavirus was already present in the Balkan refugium of the field
voles. From there, the field vole re-colonialized Central Europe after the Last Glacial Maximum
(LGM) (Fletcher et al. 2019), spread north to Germany, Eastern Europe and France, where the
field vole split over time into the different field vole lineages (Jaarola and Searle 2002).
England, in which TATV was detected, was colonized by the Western field vole lineage after

the LGM 14,700 years before present (BP) and before the land bridge connecting England with
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continental Europe disappeared 8,400 years BP with the rise of the sea level. Afterwards, the
Western field vole lineage split further with the colonization of the north into a Northern Britain
lineage (Herman and Searle 2011).

However, if the root vole population was only recently established in Lithuania and had
probably migrated from the southwest (Bal¢iauskas et al. 2010), where did the RUSV detected
only in root voles (PAPER II) originated from? Poland, lying between Germany and Lithuania,
is inhabited by both root voles and field voles (see 1.2.3.). Eastern Poland possesses optimal
root vole habitats, resulting in a high-density population, and the Central root vole lineage,
which is present in Lithuania, can be detected there (Dabrowski et al. 2013). In Biatowieza
forest in Eastern Poland, root voles have even been abundantly present since the postglacial
period (Dabrowski et al., 2013). This might indicate that root vole populations in Poland could
sustain RUSV or a related hantavirus. In fact, a Fusong-related virus has been described in
Eastern Poland in one field vole, but the sequence was not uploaded (Wjcik-Fatla et al. 2013).
The findings of a sequence similar to Fusong orthohantavirus (as was observed using the
nucleotide Basic Local Alignment Search Tool (nBLAST) to determine the hantavirus species
of the first TRAV sequences and TRAV clustered close to Fusong orthohantavirus in
phylogenetic trees (PAPER I, Fig. S3 A-F)) in a field vole, highlight the possibility that TRAV
and/or RUSV are present in Poland. However, it is unclear in which species this hantavirus
might be maintained in Poland, as the study monitored only 60 small mammals and subjects
were found dead at two sites. The samples included one negative-tested common vole and one

positive-tested field vole but did not include any root voles (Wojcik-Fatla et al. 2013).

Arviolinae-associated hantaviruses are believed to originate in Asia (Souza et al., 2014).
Therefore, it seems likely that TATV split from a precursor virus within a precursor Arvicolinae
species, which was probably a Microtus species and split according to the radiation and
evolution of this genus. The evolution and radiation of the genus Microtus was proposed to be
in Central Asia, with the root vole splitting earlier from the common ancestor and common
voles and later from the field voles (Barbosa et al. 2018). The root vole also later colonized
Europe as well as North America. If the TATV or a related ancestral virus was present in root
voles and not field voles during that time, a similar virus should be detectable in specimens
from Asia and/or North America, given that the virus is not extinct. The only detection of a
hantavirus before the one root vole in Russia, which possibly was a spillover event, was that of
the Fusong strain of Vladivostok orthohantavirus that is usually harbored by the reed vole

(Microtus fortis) (Plyusnina et al. 2008b). A host switch event could have later occurred in a
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contact zone between field voles and root voles. The frequency of Microtus vole-associated
viruses to switch hosts or cause spillovers (see 4.1.2., Plyusnina et al. 2008b), suggest that close
similarity of the respective hantavirus target receptors and/or similar immune response upon
infection, caused by relatively fast species radiation, might be the reason (Barbosa et al. 2018).
A certain difference of RUSV from the field vole-associated viruses seems likely to have been
the determining factor for the recent host switch event. In RUSV only, there is an insertion in
the open-reading frame of the S segment encoding for the non-structural protein that has
remained stable over the years. A similar but different insertion was only found in KHAV
(PAPER 1), which was detected in reed vole (Plyusnina et al. 2008b). The reed vole belongs
to the same genus Alexandromys as the root vole (Barbosa et al. 2018), which perhaps indicates
an evolutionary adaption. This protein is only expressed in Arvicolinae-, Neotominae-, and
Sigmodontinae-associated hantaviruses and was assumed to act as an interferon antagonist
(Jaaskelainen et al. 2007; Jaaskeldinen et al. 2008). Whether this insertion is an adaption to the
innate immunity in root voles lacking in field voles cannot be answered at this time, but it

remains a question for further research.

It is currently unknown whether TATV is zoonotic. Tests with the new antigen resulted in
detection of antibodies against TATV strain Rusne in four of eight RT-PCR positive-tested root
voles. In Western blot and ELISA, a high cross-reactivity to PUUV and ANDV/SNV was
observed (PAPER II, Table 2).

4.1.2 Tula orthohantavirus in Europe

TULYV is known as a widespread hantavirus in Eurasia, with genetic detection in countries in
the West, from France (Schmidt et al. 2016), to the East, in China (Guo et al. 2019). The
detection of TULV in Germany (PAPER | and PAPER 1V) is in line with several earlier studies
in which this hantavirus was detected (Klempa et al. 2003a; Mertens et al. 2011a; Saxenhofer
et al. 2019; Schlegel et al. 2012; Schmidt-Chanasit et al. 2010; Schmidt et al. 2016).
Surprisingly, no TULV was detected in common voles from Spain (Paper I1). If TULV was
indeed present in common voles in this country, it is unlikely that it would have gone unnoticed
with the two RT-PCRs used, targeting the S and the L segment, respectively. The S segment
RT-PCR is not only able to detect TULV from different lineages (PAPER | and PAPER 1V,
Schmidt et al. 2016), but also other Arvicolinae-associated hantaviruses such as PUUV
(PAPER 1V, Drewes et al. 2017a; Essbauer et al. 2006), TRAV and RUSV (PAPER | and
PAPER II). The L segment RT-PCR targeting a highly conserved region on the RNA-dependent
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RNA polymerase is even able to detect several hantavirus species, ranging from the genus
Orthohantavirus, such as TULV and Muridae-associated hantaviruses (Sangassou
orthohantavirus), to the genus Loanvirus with Brno loanvirus (Guo et al. 2019; Klempa et al.
2006; Strakova et al. 2017). The sampled common voles and Lusitanian pine voles were
captured in different years from different sites in Spain. During the capturing period, a common
vole outbreak occurred. This resulted in high prevalence of even the pathogen Francisella
tularensis, which is usually detected in lower prevalence (Jeske et al. 2019a; Kaysser et al.
2008; Luque-Larenaet al. 2015). Therefore, it is highly unlikely, due to the sample size, number
of different trapping years and areas and the two RT-PCRs used, that TULV would fail to be
detected in common voles in Spain. It is more likely that TULV can be assumed to be absent

from the common vole population on the Iberian Peninsula.

The Western lineage of the common vole is present in Spain (Heckel et al. 2005). Some authors
specify this lineage further as Iberian clade, or Western-South lineage (Garcia et al. 2020). The
Western common vole lineage in France was found to be associated with the Central South
TULYV lineage, but only in a region close to the Central common vole lineage, which is the
main reservoir of this TULV lineage (Saxenhofer et al. 2019; Schmidt et al. 2016). The Iberian
Peninsula was colonized between 23,000 and 21,000 years ago by the Western common vole
lineage (Garcia et al. 2020). It is assumed that the common vole survived during the LGM
23,000 to 18,000 years BP by inhabiting refugia such as the Mediterranean and the Balkan
refugium, which, in combination with the cold-persistence of this species, enabled subsequent
survival of this vole in suitable ice-free habitats even outside the refugia (Heckel et al. 2005).
The Western lineage of the common vole was split during the LGM by the Pyrenean glaciers.
It is likely that common voles survived the LGM on the Iberian Peninsula (south from the
Pyrenees in a refugium) and north from the Pyrenees in a refugium and re-colonized
respectively Spain and France (Garcia et al. 2020; Heckel et al. 2005). Nonetheless, the
common vole on the Iberian Peninsula was thereafter geographically isolated from the rest of
the European common vole population by the Pyrenees and/or the Ebro River (Garcia et al.
2020). TULV may have only gone extinct in the isolated Iberian population. It is currently
unknown if TULV is also extinct in the rest of the Western common vole population, excluding

the contact zone to the Central common vole lineages in France mentioned above.

Consistent with other publications (Saxenhofer et al. 2019; Schmidt et al. 2016), the Central
North TULV clade was detected in Germany in Thuringia and Brandenburg (PAPER 1 and
PAPER IV). The detected TULV prevalence of 13.8% in common voles, which ranged between
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0% and 33.8% among trapping sites, in Germany (PAPER IIl) is consistent with the general
detection rate in Germany and other countries (Table 3), in contrast to the low prevalence of
7.7% in common voles in Brandenburg (PAPER 1).

A difference in TULV-prevalence in common voles between different studies, even in the same
country, has been observed (PAPER I, PAPER I, PAPER 1V, and Table 3). The reason for
this is that the TULV prevalence can be impacted by several factors that were also described
for other hantaviruses and their rodent hosts. Whereas knowledge about the common vole-
TULV relationship, except for simple screening studies, is rare, the bank vole-PUUV
relationship is the best studied host-hantavirus system in Europe. To a certain point, discovered
features of this relationship can be presumed for the relationship between common voles and
TULYV, as the hantaviruses are closely related and the hosts share a geographic distribution and
are at least members of the subfamily Arvicolinae. TULV was detected with the highest
prevalence in spring, followed by fall (PAPER IV). Common voles trapped during the summer
months showed a lower prevalence (PAPER | and PAPER IV). This can be explained by
European hantaviruses showing a strong seasonality, with the highest prevalence being detected
in spring, followed by fall, and the lowest prevalence in summer (PAPER Il1; Deter et al. 2008;
Khalil et al. 2016; Niklasson et al. 1995), although a single study reported lower prevalence in
spring (Kurucz et al. 2018). The observed seasonality is an effect of already infected individuals
surviving the winter, resulting in high prevalence in spring, which decreases in summer due to
the birth of offspring that can be protected by maternal antibodies up to two months if they are
the offspring of infected mothers (Kallio et al. 2010; Kallio et al. 2006b). With an increase of
the common vole population, seen by higher number of trapped common voles (PAPER 1V),
and the decline of maternal antibodies in previously protected individuals, the number of
susceptible common voles increase over the summer into fall, resulting in higher infection
levels in fall compared to summer (PAPER 1V). The susceptible reservoir density is one of the
strongest drivers of hantavirus prevalence (Voutilainen et al. 2012). It is assumed that the
density of the vole population in fall/winter can positively affect the spring density and that
increased infection risk over winter can result in higher hantavirus prevalence in spring (Khalil
et al. 2019; Voutilainen et al. 2016).
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Table 3:  Tula orthohantavirus prevalence in common vole (M. arvalis), Altai vole (M. obscurus) and
field vole (M. agrestis) based on reverse transcription-PCR results.

Country Species Prevalence Reference*
Austria M. arvalis 13.3% (2/15) (Schmidt et al. 2014)
China M. obsurus 15.7% (31/198) (Guo et al. 2019)
Croatia M. agrestis 27.6% (8/29) (Scharninghausen et al.
M. arvalis 11.8% (12/102) 2002)
Czech Republic M. arvalis n.d. (Saxenhofer et al. 2019)
France M. arvalis 23% (6/26) (Schmidt et al. 2016)
Germany M. arvalis 16.7% (3/18) (Klempa et al. 2003a)
9.1% (1/11) (Mertens et al. 2011a)
7.7% (1/13) PAPER |
13.8% (93/674) PAPER IV
n.d. (Saxenhofer et al. 2019)
15.8% (99/626) (Schmidt et al. 2016)
M. agrestis 2.4% (3/126) PAPER |
5.3 % (13/246) (Schmidt et al. 2016)
Hungary M. arvalis 37% (17/46) (Jakab et al. 2008)
6.2% (16/107) (Kurucz et al. 2018)
Kazakhstan M. obscurus 3.1% (4/128) (Plyusnina et al. 2008a)
Netherland M. arvalis 40.8% (20/49) (Maas et al. 2017)
Slovenia M. arvalis 33.3% (5/15) (Korva et al. 2009)
33.3% (5/15) (Korva et al. 2013)
Slovakia M. arvalis 5.6% (6/108) (Sibold et al. 1999a)

n.d., not determined; *only studies with at least 10 sampled individuals were included

For TULYV prevalence, strong geographic and local site discrepancies during the same season
can be observed (PAPER I, Table 1 and PAPER IV, Schmidt et al., 2016). TULV is a reservoir-
specific pathogen. This means that TULV prevalence can be affected by the dilution effect.

Different habitats can result in varying biodiversity, with high biodiversity negatively affecting

the TULV prevalence due to an increase of non-reservoir species abundance. In areas in the

grassland habitat where species other than the common vole were captured, such as shrews,

TULV was either not detected or its prevalence was very low (PAPER IV; Jeske et al.,

unpublished data). The dilution effect has been observed before with regard to European
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hantaviruses in the bank vole-PUUV relationship (Khalil et al. 2016). In contrast to the effect
observed in the areas within the grassland habitat, no dilution effect was detected between
common voles captured at the forest edge, with higher biodiversity, and at the grassland habitat,
with lower biodiversity. A reason for this might be found in the small number of trapped
common voles at the forest edge (less than 10%) or in the study setting, where the distance
between the corresponding trapping sites in grassland and forest edge habitat were not far
enough from each other to detect an effect (PAPER V).

The habitat represents another important factor to be studied in terms of pathogen prevalence.
Habitats with abundant food resources for the reservoir can increase the reservoir abundance,
which is positively correlated with the hantavirus prevalence (Augot et al. 2008). Vegetation
providing coverage for common voles against predators can increase the vole dispersal and,
with that, the chance to encounter the virus. In contrast, insufficient coverage, higher prevalence
of predators or high vole abundance might be associated with higher stress levels. However,
higher stress levels were surprisingly observed to be combined with higher level of immune
defense against pathogens in voles (Jackson et al. 2011; Guivier et al. 2014). In addition,
environmental conditions may affect the survival of the virus outside the host, influencing the
probability of infection. Such factors can include UV light, soil, temperature and humidity
(Monchatre-Leroy et al. 2017; Sauvage et al. 2002; Thoma et al. 2014).

Individual factors that influence hantavirus prevalence in voles include increase with age, for
which weight is often used as a proxy (PAPER 1V, Khalil et al. 2019; Khalil et al. 2016).
Juvenile voles can be protected for a certain time by maternal antibodies if their mother was
TULV-infected. It was reported for PUUV and the bank vole that this protection can last for up
to two months (Kallio et al. 2010; Kallio et al. 2006b). No information is available yet on the
duration of protection in common voles. Older voles become susceptible to TULV infection
after a certain time, when they lose the maternal antibodies, and the probability of acquiring a
TULV infection increases over time. No sex differences in susceptibility to TULV infection
were observed (PAPER 1V; Jeske et al., unpublished data). However, other studies have
reported that males are more often infected with hantavirus than females, though this correlation
is not always significant (Deter et al. 2008; Schmidt et al. 2016). The sex differentiation can
probably be explained via the immunosuppressive effect of androgens and/or the relationships
of steroid hormones with behaviors (aggressiveness, dispersal, foraging) that increase exposure
to pathogens. As an example, tumor necrosis factor alpha (Tnf-a) expression is higher in female

than in male bank voles and associated with lower PUUV loads (Guivier et al. 2014).
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Another question is if only one species is the reservoir of TULV or if the virus can be hosted
and spread by several reservoirs. TULV RNA has been detected in several Arvicolinae-species,
especially Microtus voles, before (see Table 2 and Table 3, PAPER I). Several observations
indicate that the common vole is the main reservoir of TULV in Central Europe. Even though
other Microtus spp. are present in many areas where TULV was reported, detection of TULV
RNA in other Microtus spp. is rare, compared to the high prevalence levels in common voles
(PAPER 1V, Jakab et al. 2008; Korva et al. 2009; Mertens et al. 2011a), and often combined in
other Microtus spp. with higher prevalence in serological screening compared to common
voles, indicating clearance of the virus instead of persistent infection (PAPER 1, Korva et al.
2009; Korvaetal. 2013; Schmidt et al. 2016). TULV sequences cluster, not species-specifically,
but rather geographically (Schmidt et al. 2016) and are, at least for Central Europe, strongly
associated with common vole lineages (Saxenhofer et al. 2019, Schmidt et al., 2016). The only
exception is the Adler virus, a TULV-related hantavirus in the Major's pine vole that is
genetically very different from TULV and clusters more basal in phylogenetic trees than any
other TULV sequence (Tkachenko et al. 2015). Host spillover infection with TULV might
occur due to sharing of the same habitat with common voles. Though it was proposed that field
voles can act as a second reservoir species in the absence of common voles in some cases
(PAPER I, Scharninghausen et al. 2002; Schmidt-Chanasit et al. 2010), this might be an effect
of the fast radiation of the genus Microtus. It is likely that specific components of the immune
system and receptors used by TULV might be very similar in closely related Microtus spp.,
therefore enhancing possible infection if contact with TULV occurs. Currently, no studies exist
that compare TULV infection parameters such as virus shedding and duration of infection
between common voles and other Microtus spp. In conclusion, the main reservoir of TULV is
the common vole and, in regions where the common vole is absent, the sibling species Altai
vole (M. obscurus) (Chen etal. 2019; Guo et al. 2019; Plyusnina et al. 2008a; Polat et al. 2018a).

4.1.3 Puumala orthohantavirus in Thuringia

PUUV was detected in Thuringia, Germany, (PAPER IV) in accordance with previous studies
(Faber et al. 2019; Faber et al. 2013). This hantavirus is distributed in Europe in most areas
where the bank vole is found, from France in the West (Castel et al. 2015) up to Russia in the
East (Kariwa et al. 2009). The detection of the Central European PUUV lineage in Thuringia
(PAPER 1V) is in line with the detection of this lineage in other parts of Germany (Castel et al.
2019; Castel et al. 2015). The detected prevalence of 1.5% in Thuringia was very low (PAPER
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IV), especially considering that PUUV prevalence in bank voles can reach high levels of up to
100% (Essbauer et al. 2007; Weber de Melo et al. 2015).

The PUUV prevalence in bank voles is affected by many factors such as the above-mentioned
lineage, environmental factors, host abundance and season (see 4.1.2). The PUUV prevalence
in Thuringia in 2017 increased from spring to fall (PAPER IV, Table 1), which is different from
several studies in different years reporting highest prevalence in spring, followed by fall, and
lowest prevalence in summer (Khalil et al. 2019; Voutilainen et al. 2016). The low prevalence
detected in spring (PAPER 1V) may indicate that the bank vole population density in fall of the
previous year was low, as the density of the population in fall/winter for bank voles may affect
the prevalence in spring (Khalil et al. 2019; Voutilainen et al. 2016). The abundance of bank
voles should also not be a concern, as bank voles were the second most trapped rodent species,
and 471 bank voles were sampled. They were present at most sites and seemed to be, based on
trapping results, the dominant rodent species at some forest sites (PAPER IV, Table 1). A reason
for the low prevalence might be the trapping location. Thuringia represents the eastern border
of the PUUV range (Drewes et al. 2017a).

A study in Western Thuringia detected PUUV in bank vole populations, but the closer the sites
were located to Central Thuringia, the more the prevalence decreased, until neither virus nor
antibodies were detected (Faber et al. 2013). This might indicate that Central Thuringia is
situated at the eastern border of the PUUV distribution range. Further studies are needed to
show whether PUUV is still present in these areas and whether the distribution range is shifting.
Furthermore, all positive-tested bank voles originated from four areas set at or close to the
Hainich, a forest hill chain covering approximately 160 kmz, but PUUV sequences from there
do not cluster with the geographically closest known PUUV sequences from Diedorf,
Thuringia, but instead with sequences from bank voles that originated from the West and North
of Germany (PAPER IV, Figure 2B). This might indicate that this area of the current federal
state had been in-migrated by two different bank vole populations, one from the Northwest
(resulting in the Hainich sequence type) and another from the South (resulting in the Diedorf

seguence type).

4.1.4 Dobrava-Belgrade orthohantavirus and the striped field mouse

The striped field mouse population in Eurasia can carry DOBV genotype Kurkino. Though the
reservoir is widely distributed from Central to Eastern Europe (see 1.2.1.), the virus was only

previously reported for a handful of countries. These include Denmark, Germany, Hungary,
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Slovakia, Slovenia and Russia (Kurucz et al. 2018; Nemirov et al. 2004; Plyusnin et al. 1999;
Schlegel et al. 2009; Sibold et al. 1999b; Sibold et al. 2001). While no DOBYV was detected in
striped field mouse in Thuringia (PAPER IV), DOBV Kurkino was detected for the first time
in Austria in the striped field mouse (PAPER V). The detection in Austria might be associated
with the ongoing colonization of this reservoir host (Sackl et al. 2007; Spitzenberger 1997;
Spitzenberger and Engelberger 2014). This finding is highlighted by the close similarity of the
detected DOBYV sequences to those from Sarmellek, Hungary (PAPER V, Figure 1B).

The DOBYV prevalence in Austria (PAPER V) was lower than the reported prevalences from
Croatia and Hungary of 3.8% up to 6.8%, respectively (Kurucz et al. 2018; Nemeth et al. 2011,
Tadin et al. 2016). The reason for this might be the recent expansion of the striped field mouse.
During the process of a range expansion, host-specific pathogens lag behind the expansion due

low reservoir abundance as well as founder effects (Phillips et al. 2010; White et al. 2013).

While many countries such as Germany harbored the striped field mouse in the past, the
expansion of the deciduous forest after the LGM expansion resulted in regression of the
distribution range of this rodent. Later, human agricultural development resulted in occurrence
of the preferred striped field mouse habitats and with these its re-colonization of Denmark,
Germany and ltaly, as well as more recently Czech Republic, Hungary, Slovenia and Austria
(Spitzenberger and Engelberger 2014).

Surprisingly, DOBV was not detected in any of the 87 tested striped field mice from western
Thuringia (PAPER IV). This hantavirus has been detected before in North and Eastern Germany
in humans and striped field mice (Faber et al. 2019; Hofmann et al. 2014), and serological and
molecular detection of DOBV in striped field mice in East Thuringia at the border to Saxony
has occurred before (Rasche et al. 2015). The lack of reported human cases in Thuringia might
indicate a very low prevalence of this pathogen. Otherwise, human cases would have been
reported from Thuringia before. One reason might be that the distribution border of striped field
mouse in Thuringia has been regressing (Spitzenberger and Engelberger 2014), possibly

resulting in small, fragmented populations in which DOBV might have faded out.

4.2 Prevalence and host specificity of Leptospira spp. in Europe

4.2.1 Leptospira spp. prevalence in small mammals

Leptospira spp.-DNA was detected in Spain (PAPER I111), Germany (PAPER IV) and Austria
(PAPER V). Leptospires have been detected in several rodent species from different countries
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in Europe before (Table 4). The prevalence varies with species, season, country and region as
well as between sites within the same region (PAPER I1l, Table 1; PAPER IV, Table 1; PAPER
V and Table 4). Some species, such as common vole and field vole, showed generally high
prevalence of up to 54.5%, while most studies detected lower prevalence in comparison for
mainly forest-dwelling rodents such as bank voles (Table 4). In contrast, one study in Croatia

reported Apodemus spp. as more significant reservoirs than Microtus spp. (Tadin et al. 2016).

Table 4:  Leptospira spp. prevalence, genomospecies and sequence types (ST) in different rodent
species from Europe.
Family Scientific Country Detection rate Genomospecies and sequence  Reference
name (Prevalence) type (ST)
(common
name)
Muridae Apodemus Austria 1/35 (2.9%) L. borgpetersenii PAPER V
agrarius (n=1; ST 146, n=1)
(striped field
mouse) Croatia 12/53 (22.6%) n.d. (Tadin et al. 2016)
10/29 (34.5%) n.d. (Stritof Majetic et al.
2014)
Germany  27/296 (9.1%) L. kirschneri (Fischer et al. 2018a)
6/44 (136%)* (n:2; ST 127, n:2)
317 (42.9%) L. kirschneri (n=2) (Obiegala et al. 2016)
23/190 (12.1%) L. kirschneri (n=19) (Mayer-Scholl et al.
2014)
19/86 (22.1%) L. kirschneri (n=2) PAPER IV
Hungary 29/148 (19.6%) n.d. (Kurucz et al. 2018)
Serbia 7/7 (100%) n.d. (Blagojevic et al. 2019)
Apodemus Austria 3/29 (10.3%) L. interrogans (PAPER V, Schmidt et
flavicollis (n=1; ST 297, n=1) al. 2014)
(yellow-
necked Croatia 37/131 (28.2%) n.d. (Tadin et al. 2016)
mouse . o
) 5/20 (25%) n.d. (Stritof Majetic et al.
2014)
Germany  122/925 (13.2%) L. kirschneri (n=19; ST 110, (Fischer et al. 2018a)

n=5), L. borgpetersenii (n=5; ST
197, n=2), L. interrogans (n=35;
ST 24, n=15)

n.d., not determined; n, number of samples of the respective genomospecies or ST
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Table 4 (continued)

Family Scientific name Country Detection rate Genomospecies and Reference
(common name) (Prevalence) sequence type (ST)
Muridae Apodemus Germany  27/296 (9.1%)* [L. kirschneri (n=6; ST (Fischer et al. 2018a)
flavicollis (yellow- 110, n=4), L.
necked mouse) borgpetersenii (n=4; ST
197, n=2), L. interrogans
(n=2; St 24, n=1)1*
15/247 (6.1%) L. kirschneri (n=11) (Obiegala et al. 2016)
L. borgpetersenii (n=51)
L. interrogans (n=36)
2/4 (50%) n.d. (Obiegala et al. 2017a)
55/345 L. kirschneri (n=6) PAPER IV
(15.9%) L. borgpetersenii (n=3)
Hungary 4/53 (7.5%) n.d. (Kurucz et al. 2018)
Serbia 12/35 (34.3%) n.d. (Blagojevic et al. 2019)
Sweden 1/5 (20) n.d. (Backhans et al. 2013)
Apodemus Austria 2126 (7.7%) n.d. (Schmidt et al. 2014),
sylvaticus (wood PAPER V**
mouse) Croatia 3/9 (33.3%) n.d. (Stritof Majetic et al.
2014)
Germany  9/105 (8.6%) L. interrogans (n=4; ST 24, (Fischer et al. 2018a)
1/16 (6.3%)* n=3)
27/154 (17.5%) L. kirschneri (n=6) (Mayer-Scholl et al.
L. interrogans (n=13) 2014)
8/60 (13.3%) L. kirschneri (n=2) PAPER IV
Hungary 1/29 (3.4%) n.d. (Kurucz et al. 2018)
Italy 2/13 (15.4%) n.d. (Vitale et al. 2018)
Spain 20/266 (11.3%) L. kirschneri (n=5) (Millan et al. 2018)
L. borgpetersenii (n=12)
L. interrogans (n=13)
Cricetidae  Microtus agrestis ~ Germany  62/209 (29.7%) L. kirschneri (n=43; ST (Fischer et al. 2018a)
(field vole) 1 110, n=32)
58/178 (32.1%)* L. kirschneri (n=41)*
64/517 (12.4%) L. kirschneri (n=38) (Mayer-Scholl et al.
L. borgpetersenii (n=6) 2014)
L. interrogans (n=1)
6/11 (54.5%) L. kirschneri (n=1) PAPER IV
Microtus arvalis Austria 1/15 (6.7%) L. kirschneri (n=1; ST 110, (Schmidt et al. 2014),
(common vole) n=1) PAPER V**
Croatia 1/4 (25%) n.d. (Tadin et al. 2016)
1/4 (25%) n.d. (Tadin et al. 2016)
1/1 (100%) n.d. (Stritof Majetic et al.
2014)
Germany  113/377 (30.0%) L. kirschneri (n=84; ST (Fischer et al. 2018a)

28/121 (23.1%)*

110, n=25)
L. kirschneri (n=21)*

n.d., not determined; n, number of samples of the respective genomospecies or ST; *previous results

from Gotha, Thuringia, Germany; ** Leptospira spp. screening in Schmidt et al., 2014 and typing in

PAPER V
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Table 4 (continued)

Family Scientific name Country Detection rate Genomospecies and Reference
(common name) (Prevalence) sequence type (ST)
Cricetidae  Microtus arvalis Germany  24/174 (13.8%) L. kirschneri (n=19) (Mayer-Scholl et al.
(common vole) 2014)
3/7 (42.9%) L. kirschneri (n=2) (Obiegala et al. 2016)
205/676 (30.3%) L. kirschneri (n=92) PAPER IV
Hungary 27/107 (25.2%) n.d. (Kurucz et al. 2018)
Serbia 5/21 (23.8%) n.d. (Blagojevic et al. 2019)
Spain 46/580 (7.9%) L. kirschneri (n=24) PAPER Il
L. borgpetersenii (n=2)
Microtus Spain 2/6 (33.3%) n.d. PAPER IlI
lusitanicus
(Lusitanian pine
vole)
Microtus Serbia 1/7 (14.3%) n.d. (Blagojevic et al. 2019)
subterraneus
(European pine
vole)
Clethrionomys Austria 3/39 (7.7%) L. kirschneri (n=1; ST 110, (Schmidt et al. 2014),
glareolus (bank n=1) PAPER V**
vole - ;
) Croatia 1/43 (2.3%) n.d. (Tadin et al. 2016)
1/1 (100%) n.d. (Stritof Majetic et al.
2014)
Germany  13/1578 (7.8%) L. kirschneri (n=11; ST (Fischer et al. 2018a)
110, n=6), L.

borgpetersenii (n=7; ST
146, n=3, ST 197; n=1)
L. interrogans (n=40, ST
24; n=27)

28/486 (5.8%)* [L. kirschneri (n=6, ST
110; n=5), L.
borgpetersenii (n=1), L.
interrogans (n=2, ST 24;

n=1)]*
66/1016 (6.5%) L. kirschneri (n=38) (Mayer-Scholl et al.
L. interrogans (n=18) 2014)
39/737 (5.3%) L. kirschneri (n=34) (Obiegala et al. 2016)
L. interrogans (n=2)
27/660 (4.1%) n.d. (Obiegala et al. 2017a)
54/474 (11.4%) L. kirschneri (n=4) PAPER IV
L. borgpetersenii (n=5)
Hungary 1/1 (100%) n.d. (Kurucz et al. 2018)
Serbia 9/17 (52.9%) n.d. (Blagojevic et al. 2019)

n.d., not determined; n, number of samples of the respective genomospecies or ST; *previous results
from Gotha, Thuringia, Germany; ** Leptospira spp. screening in Schmidt et al., 2014 and typing in
PAPER V
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4.2.2 Rodent-specificity of Leptospira spp. sequence type

Studies in the past often screened only for the presence of pathogenic Leptospira spp. by usage
of lipl32-PCR. Recent studies additionally type the Leptospira spp. using secY-PCR as well as
MLST. This resulted in the detection of the genomospecies L. kirschneri, L. borgpetersenii and
L. interrogans as well as further ST in European screening studies that are associated with
different rodent species (Fischer et al. 2018a; Mayer-Scholl et al. 2014; Millan et al. 2018;
Obiegala et al. 2016; Stritof Majetic et al. 2014). Field-inhabiting rodents, especially the
common vole, but also the field vole and striped field mouse, are usually reported to be infected
with L. kirschneri, while forest-dwelling rodents harbored a mixture of up to three
genomospecies (Table 4). Common voles were almost exclusively reported with L. kirschneri
ST 110 infection (PAPER 11l, PAPER IV, Table 4), except for one area in Baden-Wurttemberg,
Germany, where ST 230 was detected (Fischer et al. 2018a), indicating that this species is an
important reservoir of this sequence type. In Spain, 92% of leptospires from common voles
were typed as genomospecies L. kirschneri. Contary to the trend toward exclusive detection of
this genomospecies, two common voles harbored L. borgpetersenii instead (PAPER III).
Infection with L. borgpetersenii is usually reported from forest-dwelling rodents, such as bank
voles and yellow-necked mice, but was also detected from rodents that can dwell in fields such
as striped field mouse and field vole (Table 4). A spillover infection of the two common voles
through contact with wood mice, which were also trapped in the same areas, is likely (PAPER
I11), as this rodent species has been detected with L. borgpetersenii before in Spain (Millan et
al. 2018). In the recent study in Thuringia, L. interrogans was not detected in forest-dwelling
rodents (PAPER 1V), although it has been reported before (Fischer et al. 2018a; Mayer-Scholl
etal. 2014; Obiegala et al. 2016). In the recent study, L. interrogans with a new ST was detected
in a yellow-necked mouse from Austria (PAPER V). Only L. kirschneri ST 110 was generally
reported in Spain, Germany and Austria, especially in the common vole, indicating a broad
Europe-wide distribution (PAPER 111, PAPER 1V, and PAPER V).

Various studies indicate a discrepancy between the results of lipl32-PCR screening and typing
by secY-PCR (PAPER Il and PAPER IV; Fischer et al. 2018a; Mayer-Scholl et al. 2014; Millan
et al. 2018; Obiegala et al. 2016; Stritof Majetic et al. 2014). In fact, only 33.1-54.2% of the
initially positive-tested samples were successfully typed (PAPER Il and PAPER V). A
potential explanation might be that the lipl32-PCR has a lower specificity, since the lipl32

sequence can also occur in non-Leptospira bacteria (Gamage et al. 2020).
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4.2.3 Factors that affect Leptospira spp. prevalence

Individual factors that affect prevalence levels include weight, as a proxy for age (PAPER IlII;
Costa et al. 2014; Fischer et al. 2018a; Krgjgaard et al. 2009). Once infected, rodent reservoirs
are believed to be lifelong carriers (Adler and de la Pena Moctezuma 2010), hence resulting in
an increase of infection rate over time. Sex of the rodent was not identified as a factor for
Leptospira spp. infection (PAPER I1l; PAPER IV; Benacer et al. 2016; Kurucz et al. 2018).

Leptospira spp. prevalence was reported to show annual and seasonal variation (PAPER IlI;
PAPER 1V; Fischer et al. 2018a; Kurucz et al. 2018). While seasonality has been described
before for species-specific pathogens that cause lifelong infection of the reservoir, such as
hantaviruses (see 4.2.2), the seasonality for Leptospira spp. infection is different. This is true
even when both pathogens were screened in parallel in the same population (PAPER 1V),
indicating that environmental or currently unknown factors are of great importance for
understanding the variation of Leptospira spp. prevalence. Studies on seasonality of Leptospira
spp. in rodents from Europe are limited to Germany and Hungary, but they indicate increase
from spring throughout the summer to fall (PAPER 1V, Fischer et al. 2018a; Kurucz et al. 2018).
High reservoir abundance combined with high pathogen prevalence in the previous fall/winter
were reported to result in high prevalence in spring for other pathogens that cause lifelong
infection of the reservoir (Voutilainen et al. 2016). In contrast to that, the spring prevalence for
Leptospira spp. was very low (PAPER 1V, Fischer et al. 2018a). A reason might be a decreased
survival rate of Leptospira spp.-infected reservoirs compared to uninfected animals in winter,
resulting in a low number of infected individuals in spring. Additionally, winter conditions
might negatively affect the survival of leptospires in the environment, as they are sensitive to
cold temperature (Andre-Fontaine et al. 2015), resulting in fewer infections. Furthermore,
Leptospira spp. infection in some wild rodents might not result in lifelong infection/shedding,
which has been reported before for rats (Monahan et al. 2008), but rather in clearance or in
infection levels decreased to below the PCR threshold. The pathogen load during chronic
infection might furthermore vary depending on Leptospira spp. ST and reservoir and is
currently unknown for various rodent reservoirs. Even shedding of leptospires by Rattus
norvegicus can differ greatly between L. interrogans isolates, ranging from 40 days to 2 to 4
months or up to 220 days (Athanazio et al. 2008; Nally et al. 2005; Thiermann 1981).

The increase of prevalence from spring to fall might be reservoir abundance-related, as the

observed increase in the common vole population up to fall was combined with higher

160



4 RESULTS AND DISCUSSION

Leptospira spp. prevalence (PAPER IV). A link between density, dominance index and/or
population cycle was also seen for Leptospira spp. in common voles in Spain (PAPER I11). The
dominance index might play an important role, because some Leptospira spp. and their ST, i.e.
L. kirschneri ST 110, seem to be reservoir species-specific (see 4.2.2.). Therefore, Leptospira
spp. in some hosts may be affected by the small mammal biodiversity, which can be influenced
by the habitat.

Besides the influence of the reservoir population dynamics, environmental and weather factors
in particular are important for the Leptospira spp. prevalence. From spring to summer, the
temperature increases in Europe. This is important because leptospires are temperature-
sensitive bacteria that need to survive and retain infectivity outside their host until they can
infect a new host. The optimal temperature is around 30°C, with decreasing survival with lower
temperature (Andre-Fontaine et al. 2015). In warm, tropical countries, where Leptospira spp.
is endemic and temperatures are not as fluctuating as in Europe, a rainy season can positively,
while dry season can negatively, affect the Leptospira spp. prevalence in rodents (Benacer et
al. 2016; Cortez et al. 2018; Ivanova et al. 2012; Mason et al. 2016). Warm and rainy seasons
result in the highest prevalence in rodents in New Caledonia (Perez et al. 2011), dogs in the
USA (Ward 2002) and cattle in Australia (Carroll and Campbell 1987). In Spain, the best
minimum adequate model to calculate Leptospira spp. prevalence in common voles include
common vole weight, a temperature of 27°C degree and a high level of accumulated rainfall in
the last 90 days before rodent trapping (PAPER II1). Rainfall, as well as irrigation ditches,
rivers, flooding and bodies of standing, can increase the ground moisture. This in turn can
enhance the wild grass seed production, increasing the reservoir densities and therefore
indirectly the Leptospira spp. prevalence (Diaz 2015) as well as the Leptospira spp. survival
outside the host, as humidity is essential for leptospires (Cortez et al. 2018; Vitale et al. 2018).
Other factors that affect Leptospira spp. survival outside the host might include soil
composition (salt concentration and pH) (Thibeaux et al. 2018a). This might be an important
factor in the observed differences between trapping locations (PAPER I1ll and PAPER 1V,
Fischer et al. 2018a). In addition, the vegetation can affect the population composition and
density and the reservoir behavior by providing coverage from predators. Droughts might
negatively affect Leptospira spp. prevalence by two mechanisms: first, by decreasing ground
moisture, negatively affecting leptospires’ survival outside the host, and secondly, by

negatively affecting food resources such as grass, thus decreasing the rodent population density.
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4.3 Detection of other, vector-borne pathogens

In Austria, striped field mice were screened for, besides Leptospira spp. and DOBV, additional
pathogens that are transmitted by blood-sucking arthropods like fleas and ticks. These include
Babesia spp., Anaplasma spp., Ehrlichia spp., Bartonella spp., Borrelia spp. and Neoehrlichia
mikurensis. Several of these pathogens were previously known from ticks in Austria (Glatz et
al. 2014; Schotta et al. 2017), but not from striped field mice. In 12.5% of tested striped field
mice from Austria, Bartonella taylorii and a novel Bartonella species were detected, and in

1.3% Borrelia miyamotoi and in 6.3% Neoehrlichia mikurensis were detected.

Table 5:  Molecular detection of Bartonella spp. in the striped field mouse (Apodemus agrarius)

Country Bartonella species Prevalence Reference
Austria n.d. 12.5% PAPER IV
China n.d. 46.9% (Liu et al. 2010)
B. fuyuanensis 11.1% (Qinetal. 2019)
Croatia New A. agrarius-associated  13.2% (Tadin et al. 2016)
cluster, and B. rochalimae-
associated
Korea n.d. 6.3% (Chae et al. 2008)
B. grahamii, B. taylorii, B. 31.5/62%* (Ko etal. 2016)
tribocorum, B. phoceensis,
B. henselae,
Poland B. grahamii, B. taylorii,and  38.3% (Hildebrand et al. 2013)
B. birtlesii, B. elizabethae-
like
Russia n.d. 93% (Mediannikov et al. 2005)
Slovakia B. grahamii, B. taylorii, B. 9% (Kraljik et al. 2016)

birtlesii. B. clarridgeiae/B.
rochalimae clade, B.
elizabethae/B. tribocorum
clade

Slovenia B. grahamii 26.6% (Knap et al. 2007)

n.d., not determined, * depending on PCR used

Bartonella spp. prevalence in Austrian striped field mice (PAPER IV) is very low compared to
the results of other studies that screened striped field mice, but it is comparable to the prevalence
detected in rodents from another study in Austria (Schmidt et al. 2014). There, Bartonella spp.

was detected in three rodent species: yellow-necked mouse (10.7% with B. taylorii), wood mice
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(15.4% B. taylorii and 3.8% B. birtlesii) and common voles (13.3% B. taylorii) (Schmidt et al.
2014). Most of the reported Bartonella spp. from striped field mouse, except B. henselae which
is a known zoonotic species (Mada et al. 2020), as well as many of the other reported Bartonella
spp. from other rodents in Central Europe have unknown zoonotic potential (Obiegala et al.
2019).

Borreliosis disease (also called Lyme disease) is caused by Borrelia spp., especially B. afzelii
in Europe, which is carried by Ixodes ricinus ticks and rodents (Richter et al. 2004). Borrelia
spp. were detected in striped field mouse with prevalence ranging from 1.9% to 42.9% (Table
6), therefore the observed prevalence in Austria is very low (PAPER V). The detection of
Borrelia spp. is in line with the fact that borreliosis is endemic in Austria (Khanakah et al.
2006). Borrelia spp. were previously detected in several rodent species in Austria with
prevalence ranging from 3.8% to 45.5% depending on species and study, but it had not been
detected in striped field mouse before (Khanakah et al. 2006; Schmidt et al. 2014). Borrelia
miyamotoi, detected in rodents, including Apodemus spp., can cause relapsing fever in humans
(Cutler et al. 2019). This Borrelia spp. was detected from one striped field mouse in Austria as
well as from an Austrian patient (PAPER V, Tobudic et al. 2020).

Table 6:  Prevalence of Borrelia spp. in striped field mouse (Apodemus agrarius).

Country Borrelia species Prevalence Reference

Austria B. miyamotoi 1.3% PAPER IV

China B. valaisiana n.d. (Masuzawa et al. 2001)
B. garnii 23.3% (Zhang et al. 2010)

Croatia B. afzelii/ B. miyamotoi 1.9%/13.2% (Tadin et al. 2016)

Germany n.d. 42.9%** (Obiegala et al. 2017b)

Korea B. burgdoferi sensu lato 8.3%* (Park et al. 1993)

Poland B. afzelii 7.6% (Gryczynska et al. 2018)

Taiwan B. valaisiana n.d. (Masuzawa et al. 2000)

n.d., not determined; * isolation; ** only seven striped field mice tested

Neoehrlichia mikurensis has been detected before in striped field mouse in Korea with a
prevalence of 28.6% (Jha et al. 2018), as well as in Hungary (Szekeres et al. 2015). This
bacterium was reported for the first time in a rodent from Austria (PAPER V) but had been

detected before in ticks (Glatz et al. 2014). While the infection is usually asymptomatic in
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humans, inflammatory infection was reported for immunocompromised patients (Portillo et al.
2018).

In the recent study, Babesia microti, Anaplasma spp. and Ehrlichia spp. were not detected in
striped field mice from Austria (PAPER V), possible due to the low prevalence reported for this

rodent species in general.

Babesia microti was previously detected in striped field mice with very low prevalence of
0.52% in Korea (Hong et al. 2014) as well as 5.7% in Croatia (Tadin et al. 2016). For A.
phagocytophilum, the prevalence in striped field mouse in Korea was 5.6% (Chae et al. 2008).
Striped field mice from Korea were tested by a PCR detecting both Anaplasma spp. and
Ehrlichia spp., resulting in 72.3% positive-tested striped field mice. By a separate PCR, 23.6%
of striped field mice were tested positive for A. phagocytophilum (Kim et al. 2006). In Croatia,
1.9% of tested striped field mice were positive for Ehrlichia spp. but not for Anaplasma spp.
(Tadin et al. 2016). There seems to be no major difference between the separate striped field
mouse populations in Europe and Asia (Latinne et al., 2020) but rather strong differences
between studies for vector-borne pathogens in general, which might be due to seasonal or other

factors.

4.4 Coinfections of Leptospira spp., hantavirus and other pathogens

Rodents can harbor more than 60 different pathogens (Meerburg et al. 2009). In the common
vole as an example, 3 fungi (Table S1), 9 viruses (Table S2), 25 bacteria (Table S3) and 24
parasites (Table S4) have been detected. Some of these such as the novel common vole-
associated hepevirus have unknown pathogenic potential to humans (Ryll et al. 2019). The
common vole can act as an intermediate host for some pathogens, such as parasites like

Toxoplasma gondii (Fihrer et al. 2010).

To detect possible coinfections, rodents were screened for Leptospira spp. and hantavirus
infection in Spain (PAPER II1), Germany (PAPER 1V) and Austria (PAPER V). In Spain, no
coinfections could be detected, due to apparent absence of TULV on the Iberian Peninsula
(PAPER I11). Absence of coinfection of Leptospira spp. and hantaviruses in Austria might be
linked to the low prevalence of the detected pathogens in striped field mice. For Austria,
coinfection of Neoehrlichia mikurensis and Bartonella spp. was observed instead (PAPER V).
Multiple co- and triple infections of Borrelia azfelii combined with Leptospira spp., TULV,
Rickettsia and Bartonella spp. were also reported from Austrian rodents (Schmidt et al. 2014).
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In Thuringia, Germany, coinfection of Leptospira spp. and hantavirus was observed in 6.6% of
common voles as well as 0.5% of tested bank voles (PAPER IV). Though cowpox virus
infection was detected in five bank voles (0.1%) in Thuringia, Germany in 2017 (Jeske et al.
2019b; Jeske et al., unpublished data), no coinfections with Leptospira spp. (11.4%) or PUUV
(1.5%) were detected (PAPER 1V; Jeske et al., unpublished data), probably due to the low
prevalence of cowpox virus and PUUV. Sometimes, coinfection can be more likely than
infection with a single pathogen or more likely than statistics would suggest, as observed for
bank voles and rats (Ayral et al. 2015; Obiegala et al. 2017a). Other factors include increase
with age, which was previously reported to be associated with separate infections by both
pathogens (PAPER 1V; Costa et al. 2014). Prevalence of coinfection increased from spring to
fall in association with increased Leptospira spp. prevalence, because the latter is an important
driving factor for coinfection levels (PAPER IV). This is in line with frequency of coinfections
in bank voles, where 50% of coinfected individuals were trapped at an area with high Leptospira

spp. prevalence (Obiegala et al. 2017a).

In a study with 15 screened pathogens, half of the rodents were positive for at least one
pathogen, 11% for a double infection and 3% for a triple infection. From these, Leptospira spp.
was the most common detected pathogen, followed by hantaviruses and Bartonella spp. (Tadin
et al. 2016). In another study with rats and 17 screened pathogens, 87.5% of screened rats were
shown to be infected with at least two pathogens (Desvars-Larrive et al. 2017). Metagenomic
studies of intestine samples from 20 Norway rats resulted in the detection of multiple viral
coinfections (Sachsenrdder et al. 2014). These findings indicate that coinfection is very
common in nature and should be further analyzed. Leptospira spp. and hantaviruses are two
globally distributed pathogens with high prevalences in their respective hosts (Vijayachari et
al. 2008), making coinfection with both pathogens in their respective reservoir likely.
Leptospira spp. coinfections have been reported before in rats (R. norvegicus) with SEOV, in
yellow-necked mouse and striped field mouse with DOBV, in striped field mouse with HTNV,
in common voles and one spillover-infected bank vole with TULV, and in bank voles with
PUUYV (see Table 7).

Though rare, studies exist that link new infection risk with already existing infections in the
reservoir. Field voles were screened for four pathogens (cowpox virus, Babesia microti,
Bartonella spp. and Anaplasma phagocytophilum) and several interactions between the
pathogens, from positive to negative, were detected that were as strong as seasonal effects.

Cowpox virus infection was reported to increase due to immunomodulatory effects that increase
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Table 7:  Leptospira spp.-hantavirus coinfections in rodents.
Species Country Leptospira Hantavirus Additional Prevalence of double Reference
genomospecies pathogen  (triple or quadruple)
infection
Apodemus Croatia n.d. DOBV Bartonella  n.a. (1.9%) (Tadin et al.
agrarius spp., 2016)
Francisella
tularensis
Hungary n.d. DOBV n.a. (Kurucz et
al. 2018)
Korea n.d. HTNV 0.7% (Park et al.
2016)
Apodemus Croatia  Serogroup DOBV Babesia 53.6% (10.7%) (Tadin et al.
flavicollis Australis/ spp. 2012)
Grippoty-phosa*
Apodemus Croatia n.d. DOBV Bartonella  7.6% (0.8%) (Tadin et al.
flavicollis spp. 2016)
Borrelia
azfelii
Clethrionomys Croatia L. interrogans ~ PUUV 1.8% (Cvetko et
glareolus serovar lora al. 2006)
n.d.* PUUV 6.3% (Tadin et al.
2012)
Germany n.d. PUUV n.a. (Obiegala et
al. 2017a)
Hungary n.d. TULV 100% [1/1] (Kurucz et
al. 2018)
Microtus Croatia n.d. TULV 25% [1/4] (Tadin et al.
arvalis 2016)
Hungary n.d. TULV 3.7% (Kurucz et
al. 2018)
Rattus Brazil L. interrogans SEOV - 13.8% (Costa et al.
norvegicus 2014)
France  L.interrogans  SEOV HepatitisE  n.a. (Ayral et al.
virus 2015)

n.a., not available; n.d., not determined; * detection by serology; [number of positive tested
rodents/number of tested rodents], when less than less than ten rodents were screened; DOBV, Dobrava-
Belgrade orthohantavirus; HTNV, Hantaan orthohantavirus; PUUV, Puumala orthohantavirus; SEQV,

Seoul orthohantavirus; TULV, Tula orthohantavirus

the susceptibility to other infections, while other pathogens were reported to reduce

susceptibility due to resource depletion (Telfer et al. 2010). All of these pathogens were already

reported for common voles (Tables S1 - S4), sometimes with very high prevalences such as that

for Babesia microti (Sinski et al. 2006; Tolkacz et al. 2017). Also detected in common voles,
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helminths such as Trichuris arvicolinae (Table S4) are known to increase susceptibility to
bacterial (Pathak et al. 2012), parasitic (malaria) (Knowles 2011) and viral infections (Graham
2008; Kamal and El Sayed Khalifa 2006) through immunomodulatory processes. Bank voles
infected with the helminth Heligmosum mixtum exhibit higher PUUV loads than helminth-free
bank voles (Guivier et al. 2014). Over one quarter of common voles were infected in a study
with another Heligmosum spp., Heligmosomum costellatum (Janova et al. 2010), making it

likely that similar effects might also be observed for TULV.

Whether Leptospira spp. can promote hantavirus infection through immunomodulation is
unknown. They are known to evade complement activation through several means such as
inactivation of complement proteins in the surroundings (Fraga et al. 2016). While Leptospira
spp. proliferate in the organism during the first days, the infection is soon controlled and
leptospires are cleared from the blood. They are afterwards only detected at the proximal renal

tubules (Ratet et al. 2014), making promotion of hantavirus infections unlikely.
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5 Outlook

The investigations of voles from Germany and Lithuania resulted in the discovery of two novel
virus strains, i.e. TRAV and RUSV, which both belong taxonomically to the putative species
“Tatenale orthohantavirus”. Future investigations, such as in Northern Poland, should evaluate
the geographical range of this virus and its strains, the host specificity and adaptation of this
virus species and its strains and the evolutionary history of its distribution in Europe. The
production of a yeast-expressed RUSV N protein will enable serological studies in humans to
be performed to evaluate the zoonotic potential of this virus. However, this ELISA-based
approach must be accompanied by a neutralization assay based on a virus isolate or
heterologous recombinant virus-like particles with the GPC of TATV. Alternatively, a highly
sensitive real-time RT-PCR assay should be developed to detect potential human infections
during the acute phase. Usage of isolated virus and/or of virus-like particles with TATV
glycoproteins would allow cell-receptor binding experiments. The results could help to evaluate

the risk to humans.

The detection of PUUV in a region in western Thuringia raised questions about the origin of
this strain and the strain found earlier within a 50-km distance. The current phylogenetic data
suggest a different origin of these two PUUV lineages, but further proof in the form of
additional and full-genome PUUV sequences is needed. Future investigations will need to map
the current distribution range of PUUV at its eastern border in Thuringia and to elucidate the
evolutionary processes active during host-mediated virus “migration”. These studies should be
accompanied by bank vole population studies using mitochondrial cytochrome b sequences. In
the case that these are not sufficient, genomic microsatellite markers might help to enable a
more detailed genetic differentiation of bank vole populations in Thuringia. Similarly, the lack
of evidence of DOBV in the western part of Thuringia, despite its occurrence in eastern
Thuringia, raised the question of the distribution range of this virus. Although striped field mice
were collected at the sites in western Thuringia, DOBV was not detected at all. Here, more
systematic transect-based monitoring studies are needed during a longer time period to map the
border of the DOBYV distribution range. Important factors to analyze might furthermore contain
striped field mouse abundance, which might have been too low to maintain DOBV, or the
presence of fragmented, small populations in which DOBV has faded out. The first detection
of DOBV in Austria and the ongoing range expansion of the striped field mouse should be
systematically followed to understand migration processes and the influence of pathogens on

these processes. Consequently, the previously observed “migration” of pathogens compared to
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non-infected reservoir individuals raises questions regarding the pathogenicity of PUUV and
DOBYV in the respective reservoir hosts. Here, further studies in wild-trapped rodents, but also
experimental infection studies in these rodent species, are needed to find out potential

consequences of the infections on the fitness of the reservoir.

The similarities of the clinical outcome of hantavirus and Leptospira infections obviously
required further efforts to study both pathogens. Leptospira spp.-DNA screening resulted in the
detection of this pathogen in Spain, Germany and Austria. The finding of L. kirschneri in
common voles in Spain and Thuringia confirmed previous studies, but it also raises novel
questions on the host specificity of Leptospira genomospecies. The discrepancy between
Leptospira spp. screening and typing results needs further investigation, which could involve
the development and validation of novel screening PCRs based on e.g. 16S rRNA and/or typing
approaches such as those based on next generation sequencing. More information on
genomospecies would enable determination of whether different Leptospira spp. ST are
associated with different rodent species as well as determination of the distribution of rare and

new genotypes.

Interestingly, for both pathogens, even similarities in their ecology have been identified — both
pathogens seem to cause persistent infections resulting in increased prevalences in older
individuals. However, the frequency of infections differ in seasonality. Ecological drivers of
the prevalence of these pathogens, such as biodiversity, landscape features and land use,
urgently needed to be studied in more detail, as they are strongly influenced by human activity
in different parts of the world. For Leptospira spp., particularly the effect of water (rainfall,
distance to water and ground humidity), in addition to other environmental and population-

based factors, should be studied in more detail.

Moreover, the frequency of double infection of reservoirs, such as Leptospira spp.-hantavirus
coinfection, needs additional attention. As a single pathogen infection may influence the
likelihood of infection with other pathogens, future studies need to evaluate not only factors
that influence the prevalence of a single pathogen but also the interaction between pathogens.
These studies should take the whole pattern of the infectious agents, including the intestine

microbiome, within a reservoir into account, and its effects on the fitness of the reservoir.
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Appendix

Appendix 1: Supplementary tables

Table S1: Fungi detected in common voles

Order Family Genus Pathogen Prevalence** Reference
Microsporida Cryptosporidiidae Cryptosporidium Encephalitozoon 6.0% (Fhrer et al.
cuniculi 2010)
Onygenales  Arthrodermataceae Trichophyton Trichophyton 5.0%* (Chmel et al.
mentagrophytes 1975)
Onygenaceae Emmonsia Emmonsia 2.7-7.3%* (Hubalek
crescens/ 1999;
Adiaspores Hubalek et
al. 1995)

* microscopical/histological detection; ** prevalence is given if at least 10 common voles were tested
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Appendix 2:  Own contribution to publications

Publication I: Field vole-associated Traemmersee hantavirus from Germany represents

a novel hantavirus species

Jeske K, Hiltorunner M, Drewes S, Ryll R, Wenk M, Spakova A, Petraityte-Burneikiene R,
Heckel G, and Ulrich RG

Jeske K: Dissection of small mammals
RNA and DNA extraction
Screening of all samples by RT-PCR and ELISA
Cytochrome b-PCR
Generation of a new TULYV antigen
Primer walking of S, M and L segment of TRAV
Phylogenetic tree reconstruction
Writing of manuscript

Proofreading of manuscript

Hiltbrunner M Hybrid sequence capture enrichment in combination
with high-throughput sequencing for TRAV

Proofreading of manuscript

Drewes S Dissection of small mammals

Proofreading of manuscript

Ryll R Dissection of small mammals
Pairwise evolutionary distance analysis

Proofreading of manuscript

Wenk M Small mammal trapping coordination

Proofreading of manuscript

Spakova A Generation of a new TULYV antigen

Proofreading of manuscript

Petraityte-Burneikiene R Supervision for generation of the new antigen

Proofreading of manuscript
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Heckel G

Ulrich RG

Supervision of hybrid sequence capture enrichment in
combination with high-throughput sequencing for
TRAV

Writing of manuscript

Proofreading of manuscript

Study design
Writing of manuscript

Proofreading of manuscript
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Publication I1: Identification of a novel hantavirus strain in the root vole (Microtus

oeconomus) in Lithuania, Eastern Europe

Drewes S*, Jeske K*, Strakova P, Balciauskas L, Ryll R, Bal¢iauskiené L, Kohlhause D,
Schnidrig G, Hiltbrunner M, Spakova A, Insodaité R, Petraityté-Burneikiené R, Heckel G, and
Ulrich RG

*contributed equally

Drewes S* Screening of some samples by RT-PCR
Primer walking analysis
Phylogenetic tree reconstruction
Writing of manuscript

Proofreading of manuscript

Jeske K* Screening of some samples by RT-PCR
Generation of RUSV antigen
Screening of all samples by ELISA
Primer walking analysis
Phylogenetic tree reconstruction
Writing of manuscript

Proofreading of manuscript

Strakova P Screening of some samples by RT-PCR
Primer walking analysis

Proofreading of manuscript

Bal¢iauskas L Trapping of small mammals and dissection

Proofreading of manuscript

Ryll R Pairwise evolutionary distance analysis

Proofreading of manuscript

Balc¢iauskiené L Trapping of small mammals and dissection

Proofreading of manuscript

Kohlhause D Primer walking analysis

Proofreading of manuscript
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Schnidrig G

Hiltbrunner M

Spakova A

Insodaité R

Petraityté-Burneikiené R

Heckel G

Ulrich RG

Hybrid sequence capture enrichment in combination
with high-throughput sequencing for RUSV

Proofreading of manuscript

Hybrid sequence capture enrichment in combination
with high-throughput sequencing for RUSV
Proofreading of manuscript

Generation of RUSV antigen
Testing of RUSV antigen
Proofreading of manuscript

Testing of RUSV antigen
Proofreading of manuscript

Supervision of generation of RUSV antigen

Proofreading of manuscript

Supervision of hybrid sequence capture enrichment in
combination with high-throughput sequencing for RUSV

Proofreading of manuscript

Study design
Proofreading of manuscript
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Publication I11: Multiple Leptospira spp. detection, but absence of Tula orthohantavirus
in Microtus voles, Northwestern Spain

Jeske K, Emirhar D, Garcia JT, Gonzéalez-Barrio D, Olea PP, Ruiz Fons F, Schulz J, Mayer-
Scholl A, Heckel G, and Ulrich RG

Jeske K

Emirhar D

GarciaJT
Gonzalez-Barrio D

Olea PP

Ruiz Fons F

Schulz J

Mayer-Scholl A

Heckel G

Ulrich RG
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RNA and DNA extraction
Screening of samples
Writing of manuscript

Proofreading of manuscript

Partial screening for Leptospira spp.
Partial secY and MLST PCR

Proofreading of manuscript
Proofreading of manuscript
Proofreading of manuscript

Statistical model calculation

Proofreading of manuscript

Coordination of sample collection

Proofreading of manuscript

Statistical model calculation

Supervision of statistical model calculations

Proofreading of manuscript

Supervision of Leptospira spp. typing

Proofreading of manuscript

Supervision of phylogenetic investigation

Proofreading of manuscript

Study design
Writing of manuscript

Proofreading of manuscript
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Publication 1V: Hantavirus - Leptospira coinfections in small mammals from central

Germany

Jeske K, Jacob J, Drewes S, Pfeffer M, Heckel G, Ulrich RG, and Imholt C

Jeske K

Jacob J

Drewes S

Pfeffer M

Heckel G

Ulrich RG

Imholt C

Trapping and dissection of small mammals
DNA and RNA extraction

Screening of all samples

Phylogenetic tree reconstruction

Writing of manuscript

Proofreading of manuscript

Study design

Proofreading of manuscript

Dissection of small mammals

Proofreading of manuscript
Proofreading of manuscript
Proofreading of manuscript

Writing of manuscript

Proofreading of manuscript

Study design

Trapping of small mammals
Statistical analysis

Writing of manuscript

Proofreading of manuscript

213



APPENDIX

Publication V: Zoonotic pathogen screening in striped field mouse (Apodemus agrarius)

from Austria

Jeske K, Herzig-Straschil B, Raileanu C, Kunec D, Tauchmann O, Emirhar D, Schmidt S,
Trimpert J, Silaghi C, Heckel G, Ulrich RG and Drewes S

Jeske K Dissection of small mammals
DNA extraction and Leptospira screening
Primer walking analysis
Phylogenetic tree reconstruction

Proofreading of manuscript

Herzig-Straschil B Collection of striped field mice

Proofreading of manuscript

Raileanu C Extraction of DNA
Screening for vector-borne pathogens

Proofreading of manuscript

Kunec D Next-generation sequencing

Proofreading of manuscript

Tauchmann O Extraction of DNA
Screening for vector-borne pathogens

Proofreading of manuscript

Emirhar D secY and MLST-PCR

Proofreading of manuscript

Schmidt S RNA extraction of some lung tissues
Screening of some samples for DOBV

Proofreading of manuscript

Trimpert J Supervision of next-generation sequencing

Proofreading of manuscript

Silaghi C Supervision of screening for vector-borne pathogens

Proofreading of manuscript

Heckel G Proofreading of manuscript
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Ulrich RG

Drewes S

Study design
Writing of manuscript

Proofreading of manuscript

Proofreading of manuscript

(Kathrin Jeske)

(Supervisor: Professor Dr. Rainer G. Ulrich)
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