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l. EINLEITUNG

Die Frihsommer-Meningoenzephalitis (Tick-borne @maditis, TBE) ist in

Deutschland die derzeit wichtigste, durch Arthrogrod Ubertragene
Virusinfektion.  Seit  Einfuhrung der Meldepflicht rfi TBE im

Infektionsschutzgesetz im Jahr 2001 wurden bundéswé&69 humane
Erkrankungsfalle berichtet. Dabei wurden in deatést Jahren vor allem in den
Bundeslandern Baden-Wirttemberg, Bayern und HesEekrankungsfalle

beobachtet (Robert Koch-Institut: SurvStat, htgpaiv3.rki.de/ SurvStat/,
Datenstand 05.03.2014). Uber den Zeitraum von zdairen wurden zwischen
200 und bis zu 540 Erkrankungsfalle jahrlich regst. Subklinische und milde,
fieberhafte Verlaufe der TBE-Erkrankung fuhren vetimh zu einer hohen
Dunkelziffer von Infektionen, die in diesem Meldesga nicht erfasst werden.
Obwohl die TBE beim Menschen einen hohen Bekantsipeid hat und viel
Beachtung findet, ist das Wissen lber die Erkragkoei Tieren rudimentar. In
der Literatur sind wenige Félle tber TBE bei Hundeferden, Rotwild, Ziegen
und anderen Saugetieren beschrieben. Die Bekanhmi&eiT BE-Erkrankung im
Allgemeinen tauscht dartber hinweg, dass uber dBE-Virus und seine
Ubertragungswege oder uber seine Pathogenitaivretahig Wissen vorhanden
ist. In den letzten drei Jahrzehnten wurden nurigeenTBE-Viren isoliert,

charakterisiert und miteinander verglichen.

Das Ziel der Arbeit war die Isolierung von versd@een TBE-Viren aus
verschiedenen Endemieregionen Europas und AsiensZacken, sowie deren
Charakterisierung. Die neuen Virusisolate sollem destand an verfugbaren
Virusstammen erweitern und durch Sequenzierung ypigért und

molekularbiologisch  charakterisiert ~werden. Die dingisse dieser
molekularbiologischen Untersuchungen bilden die adssetzungen fir weitere
Analysen zum Ursprung und Herkunft, sowie zur Veitoing der TBE-Viren. Die
Virusisolate bieten aul3erdem die Mdglichkeit vontaren Charakterisierungen
hinsichtlich Replikationsverhalten in Zellkultur difiermodellen, um Aussagen

Uber deren Pathogenitat zu erhalten.
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. L ITERATURUBERSICHT

1. Das Zecken-Ubertragene Enzephalitis Virus, Tick-bane

encephalitis virus

Das Zecken-ubertragene Enzephalitis-Virus, im m#gonalen Sprachgebrauch
Tick-borne encephalitis virus (TBEV), gehort zumnkibe derFlaviviridae, Genus
Flavivirus. Dort wird es in die Saugetier-Gruppe der Zeckbeariiagenen
Flaviviren eingeordnet (Abbildung 1). Namensgebér fdie Familie der
Flaviviridae (flavus, lateinisch ,gelb) war das Symptom derl§3echt (lkterus).
Dieses Symptom ist als Kardinalssymptom des Gdibfge beschrieben, dessen
Erreger (Gelbfieber-Virus) die Typspezies der Rlaen bildet (Strode 1951).
Flaviviren kénnen eine Reihe von Erkrankungen \sacinen, die mit Fieber,

hamorrhagischem Fieber oder Enzephalitis einhergehe

Genus Flavivirus
Zecken-(ibertragene Flaviviren
Zecken-Ubertragene Flaviviren, Saugetier-Gruppe
TBEV, europaischer Subtyp (TBEV-Eu)
TBEV, sibirischer Subtyp (TBEV-S)
TBEV, ferndstlicher Subtyp (TBEV-FE)
Zecken-Ubertragene Flaviviren, Seevogel-Gruppe
Mosquito-Ubertragene Flaviviren
Aroa-Virus Gruppe
Dengue-Virus Gruppe
Japan-Enzephalitis-Virus Gruppe
Kokobera-Virus Gruppe
Ntaya-Virus Gruppe
Spondweni-Virus Gruppe
Gelbfieber-Virus Gruppe
Flaviviren ohne bekannten Vektor
Genus Pestivirus
Genus Hepacivirus

Abbildung 1: Mitglieder der Famili€laviviridae: Die Familie derFlaviviridae besteht aus den
drei Generd-lavivirus, Pestivirus und Hepacivirus. Tick-borne encephalitis virus (TBEV) gehort
zum Genus-lavivirus, Zecken-libertragene Flaviviren, Saugertier-Gruppe.

Die bekanntesten humanpathogenen Vertreter im GEhawvirus sind neben
dem Gelbfieber Virus das Dengue Virus Typ 1-4, dagan-Enzephalitis-Virus,
das St.-Louis-Enzephalitis-Virus, das West-Nil-\drund das TBEV, (Tabelle 1),
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(Lindquist et al. 2008; Modrow et al. 2010; King @t 2012). Viren der Tick-

borne encephalitis Virus-Gruppe werden in drei ei@iedene Subtypen eingeteilt
(Abbildung 2). Der europaische TBEV-Subtyp (TBEV)Ewerursacht die

Frihsommer Meningoenzephalitis (FSME) und wird isutdchen Sprachraum
als Frihsommer Meningoenzephalitis-Virus (FSMEVkdehnet. Die beiden

russischen Subtypen, der sibirische Subtyp (TBEV##) der ferndstliche Subtyp
(TBEV-FE), verursachen das Krankheitsbild der Rsgdsn Frihjahr-Sommer
Enzephalitis (RSSE) und werden daher manchmal alssiBche Fruhjahr-

Sommer Enzephalitis-Virus (RSSEV) benannt (Abbilgi®), (Holzmann et al.

1992; Ecker et al. 1999; Hubalek et al. 2012).

| TBE Virus-Gruppe (TBEV) |

Pl e

| Frithsommer Meningoenzephalitis-Virus (FSMEV) | | Russische Frihjahr-Sommer Enzephalitis-Virus (RSSEV) |
|européischer Subtyp TBEV-EU| |sibirischer5ubtyp TBEV-S"fernt')stlicherSubtyp TBEV-FEl

Abbildung 2: Einteilung der TBE Virus-Gruppe in epéischer, sibirischer und ferndstlicher
Subtyp.

Neben den genannten humanpathogenen Erreger des Glewivirus gibt es
auch relevante tierpathogene Vertreter. Das TBE¢, @elbfieber-Virus und das
West-Nil-Virus sind Zoonose-Erreger und nach eindurchgemachten
Erkrankung im Mensch und Tier durch spezifische ilkimper nachweisbar.
Veterindrmedizinisch relevante Flaviviren sind d&gsselsbron-Virus und das
Louping llI-Virus, (Tabelle 1), (Modrow et al. 2010

Als einziger der aufgefuhrten Erreger der Flavvireird das TBEV durch

Zecken Ubertragen und deren Vertreter werden destugh , TBE Virus-Gruppe*

genannt. Die anderen genannten Vertreter des GElaws/irus werden durch

Stechmicken (zum Beispigkdes spp. oderCulex spp.) Ubertragen (Gould et al.
2008).
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Tabelle 1: Vertreter des Genus Flavivirus (modéfiznach Modrow et al. 2010).

Humanpathogene Vertreter des Genus Flavivirus Ubertragender Vektor
Gelbfieber-Virus Aedes spp.
Japan-Enzephalitis-Virus Culex spp.

Dengue-Virus Aedes spp.

West-Nil-Virus Aedes spp. oderCulex spp.

St. Louis-Enzephalitis-Virus Culex spp.

TBE Virus-Gruppe Ixodes spp. oderDermacentor spp.
Tierpathogene Vertreter Genus Flavivirus Ubertragung

Gelbfieber-Virus Aedes spp.

Wesselsbron-Virus Aedes spp.

West-Nil-Virus Aedes spp. oderCulex spp.
Louping llI-Virus I xodes spp.

TBE Virus-Gruppe Ixodes spp. oderDermacentor spp.
1.1. Viruscharakteristika

1.1.1.  Virusaufbau und Zusammenbau

Der Durchmesser eines TBE-Virions betragt etwa B0 (Murphy 1980). Die
Bausteine des Virus sind die Strukturproteine, nahol dem Capsid-Protein (C-
Protein), Membran-Protein (M-Protein) und dem glfdeerten Hull-Protein (E-
Protein) (Abbildung 3a und 3b), (Rice et al. 198Bgas Virusgenom ist im
Inneren des spharischen Capsids assoziiert, weleliss den basischen C-
Proteinen gebildet wird. Dieses wird von der Hulintean umgeben, in welche
die beiden Oberflachenproteine (E-, M-Protein) @iser eingebettet sind. Das
kleine Oberflachenprotein, das M-Protein, hat eioléulargewicht von 7-8 kD
und das vergleichsweise deutlich grol3ere E-Protéggt mit einem
Molekulargewicht von 51-60 kD vor (Modrow et al.a&) Knipe et al. 2007).

Beim Zusammenbau des Virus in der Zelle lagert dizd Capsid mit dem darin
assoziierten Virusgenom an der cytoplasmatischéte 8es Endoplasmatischen
Retikulums (ER) an, in die zuvor die viralen Menmipeoteine (M-Protein, E-

Protein) eingebettet wurden (Kiermayr et al. 20@)rch das darauf folgende
Budding wird die ER-Membran mit den viralen Memlpeoteinen so weit in das
Innere des ER eingestilpt, bis das Capsid vollggandn der Membran

umschlossen wird. Das neu gebildete Virus wird ias d.umen des ER
abgeschnirt und Uber den sekretorischen Weg ausZelds ausgeschleust
(Murphy 1980; Knipe et al. 2007).
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E-Protein

M-Protein

C-Protein

Lipiddoppelschicht

Genom

—{ Strukturgene | Nichtstrukturgene —
/ N
S F | o T | |-COOH

C prMm E NS1 NS2A NS2B  NS3  NS4ANS4B NS5

Abbildung 3: a) Querschnitt und Aufbau eines Flaus: In die Lipiddoppelschicht (blau) sind
die Membranproteine E (rot) und M (orange) eingebetm Inneren der Virushille befindet sich
das Nukleocapsid, bestehend aus C-Protein (griag.&enom im Inneren des Capsids bildet eine
ausgepragte Sekundarstruktur (Frey et al. unpebieziDaten). b) Graphische Darstellung eines
typischen kodierenden Bereichs eines TBEV-Genones d2samtldnge des Genoms betragt etwa
11100 Nukleotide und codiert fiir etwa 3400 Aminasau Ubergeordnet ist eine Aufteilung des
Genoms in Strukturgene und Nichtstrukturgene daéeiesDarunter wird die Anordnung der
einzelnen Genomabschnitte gezeigt (angelehnt apekati al. 2007).

1.1.2.  Virusgenom

Das Virusgenom des TBEV besteht aus einer eingelgigen RNS in
Plusstrangorientierung. Der kodierende Bereich @esoms wird an seinen 5°-
und 3"-Enden von einer nicht kodierenden RegionRNG@mgeben. Das 5 -Ende
liegt in einer zweidimensionalen Struktur mit eif@ap-Struktur vor (Wengler et
al. 1978; Cleaves et al. 1979; Brinton et al. 1983)rch die komplementéare
Anlagerung des 3’-Ende an das 5°-Ende bilden bEmden eine sogenannte
.Pfannenstiel*-Struktur, wodurch ein zirkulares ®en mit einer ausgepragten
Sekundarstruktur entsteht (Abbildung 3a) (Kofleale2006; Rouha et al. 2011).

1.1.3.  Virusproteine

Nach der Translation des Virusgenoms liegen dig¢eifre zuerst als Polyprotein
vor, welches im weiteren Verlauf des Replikatiorkday in einzelne Proteine
gespalten wird (Abbildung 3b), (Lindenbach et &032; Bollati et al. 2010). Die
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Proteine werden in Struktur- und Nichtstrukturpno¢eunterteilt (Abbildung 3b).
Wahrend die Strukturproteine die Hulle und ,Struktdes Virus bilden, konnen
einigen Nichtstrukturproteinen Funktionen zugewneserden, die in Tabelle 2
dargestellt sind. Die Nichtstrukturproteine (NS)dsdas NS1-, das NS2a-, NS2b-,
NS3-, NS4a-, NS4b- und das NS5-Protein (Rice €t%85; Chambers et al. 1990;
Heinz et al. 1993).

Tabelle 2: Funktionen der TBEV-Proteine (modifizieach Modrow et al. 2010).

Protein Nukleotide Aminosauren | Funktion
(~Lé&nge) (~ Lange)

5"-NCR 132 nicht kodiert -

C 336 112 stark basisch, Wechselwirkung mit dem
Virusgenom

prM 504 168 Membranprotein

E 1488 496 Membranprotein

NS1 1056 352 zellmembranassoziiert, kein Bestanditei
Viruspartikel

NS2a 690 230 nicht bekannt

NS2b 393 131 ZA-Metalloproteinase, assoziiert an NS3-
Protease

NS3 1863 621 Helicase, Serinprotease

NS4a 447 149 nicht bekannt

NS4b 756 252 nicht bekannt

NS5 2712 904 RNS-abhangige RNS-Polymerase, RNS-
Capping

3-NCR 764 nicht kodiert -

2. Epidemiologie der Zecken-libertragenen Enzephalitis

2.1. Verbreitung des TBEV

Die Verbreitung der Viren der TBEV-Gruppe reicht nvader russischen
Pazifikklste Uber China, Mongolei, Kasachstan, igesr Balkan bis nach West-
und Nordeuropa (Hubalek et al. 2012), (Abbildung Bas Powassan-Virus
kommt als einziges Virus der TBE Virus-Gruppe inrlamerika vor (Heinze et
al. 2012). In den Endemiegebieten von TBEV findeteeunterschiedliche
Dokumentation der TBE-Erkrankungen oder auch deforggchung der

Virusstamme statt. In einigen Landern wie OsteleiDeutschland, in der
Tschechischen Republik, Russland, Estland odedd&dnverden Krankheitsfalle
registriert und endemische Regionen sind gut dokdiert. In anderen Landern,
wie zum Beispiel Danemark, Litauen, Slowakei, Kast&n oder Mongolei, in

denen TBEV auch endemisch ist, sind aufgrund sel@uftretender

Krankheitsfalle, einem erst im Aufbau befindlich&esundheitssystem oder aus
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politischen Grinden nur wenige Informationen Uben cErreger und dessen
Vorkommen bekannt (Donoso Mantke et al. 2011). Niatie Vektoren von
TBEV sind SchildzeckenlXodidae), wie Ixodes spp., Haemaphysalis spp. oder
Dermacentor spp.. Die Ubertragung des TBEV erfolgt in Westeuropa
Uberwiegend durcHxodes ricinus (Gemeiner Holzbock) (Rehacek 1962), in
Russland und im Baltikum, wie im sibirischen TeddRlands und in ferndstlichen
Regionen vor allem durch die Taigazedkedes persulcatus (Chunikhin 1990),
(Abbildung 4).

----------
........

............

1. ricinus
1. persulcatus

Uberlappende Region -

—Sasecimns S \?j

Abbildung 4: Geographische Verteilung der Vektoheardes ricinus undlxodes persulcatus. In
der grin markierten Region kommen beide Vektoran D rot gepunktete Linie umrandet die
europaischen und asiatischen Gebiete, in denen T@E¢misch ist (Abbildung angelehnt an
Lindquist et al. 2008).

Viren der TBE Virus-Gruppe sind in den Zeckenpopateen nicht gleichmalig
verteilt, sondern kommen nur in endemischen Gebietekleinen Naturherden
vor (sogenannte Foci) (Suss et al. 1992; Doblel.e2011). In den Naturherden
konnen unterschiedliche Infektionsraten der Zeckerliegen, von 0,5% bei
Larven bis 5% und mehr bei adulten Zecken (Gresikb®72; Siss et al. 2006;
Klaus et al. 2010; Dobler et al. 2011).

In Deutschland ist die Uberwiegende Anzahl von Emdgebieten mit den
meisten FSME-Erkrankungen im Suden des Landesderii (Abbildung 5).
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Fallzahlen

1] 0
C =0 .1

Abbildung 5: Karte aller FSME-Falle in Deutschlaseit 1991, dargestellt auf Landkreisebene.
Eine Konzentration von FSME-Féllen ist im Westerd&aW rttembergs sowie im Osten und
Nordosten Bayerns auszumachen. Datenstand: 05188.Qielle: http://www3.rki.de/SurvStat/.

Seit der Einfiuhrung der Meldepflicht fur FSME in @schland wurden
bundesweit 4169 humane Erkrankungsfalle mit klimscSymptomatik berichtet
(Robert Koch-Institut:  SurvStat, http://www3.rki/@arvStat/, Datenstand
05.03.2014). Betroffen sind dabei hauptsachlich @&endeslander Baden-
Wirttemberg, Bayern und Hessen (Abbildung 5). DiahlZder klinisch

manifestierten Erkrankungsfélle schwankt von JalrJahr um mehr als das
Zweifache. So wurden die hochsten FSME-Zahlen mJddren 2005 (432 Félle),
2006 (546 Falle), 2011 (424 Falle) und 2013 (41@lefaregistriert. Die

niedrigsten Erkrankungszahlen stammen aus dennJ@0@2 (239 Falle), 2007
(239 Falle) und 2012 (195 Falle), (Robert Kochitost SurvStat,

http://www3.rki.de/SurvStat/, Datenstand 05.03.201ber die Jahre hinweg war
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zu beobachten, dass die Anzahl der endemischen kigigd im Siden

Deutschlands zwar langsam, aber stetig zunimmt €Radkoch-Institut 2013).

Zwischen den 1960er und 1980er Jahren war insbesaimd Osten Deutschlands
das FSMEV endemisch. Bis heute persistiert es vidighuin unentdeckten

Naturherden weiter (Stss 2003; Suss 2004; Friminal. 2010; Robert Koch-

Institut 2013).

In Osterreich ist, wie auch in Deutschland, eirsekst Schwankung der FSME-
Erkrankungsfalle zu beobachten. So sind im Jaht 204 hospitalisierten FSME-
Falle (113) deutlich zum Vorjahr 2010 (63) gestiggaber im Jahr 2012 wieder
gefallen (52) (Virusepidemiologische Information, ww.virologie.
meduniwien.ac.at). Zwischen 1972 und 2011 wurdenOsterreich in nicht
geimpften Bevolkerungsanteilen 8.493 Félle von TBfit klinischer
Symptomatik dokumentiert, was eine Inzidenz vorhnsélBE-Fallen pro 100.000
Einwohner bedeutet. Zwischenzeitlich sind mehr 886 der Gsterreichischen
Bevolkerung gegen TBEV geimpft, was zu einer Segkder Inzidenz auf 0,9
TBE-Falle pro 100.000 Einwohner fuhrte. Diese Zahdeigen, dass eine massive
Durchimpfung der Bevdlkerung zu einer deutlichennkemg der TBE-
Neuerkrankungen fuhrt und das durch alle Altersddkn (Heinz et al. 2013).
Tendenziell nehmen derzeit in Osterreich jedochRB&ME-Falle in westlichen
und sddlichen Bundeslandern deutlich zu (Virusepid®gische Information,

www.virologie. meduniwien.ac.at).

Im Vergleich zu Osterreich und Deutschland hat Dé#a& kein landesweites
Meldesystem fur FSME-Falle. FSMEV wurde in Danemaukn ersten Mal 1963
auf der Insel Bornholm in der Baltischen See erkd@ereundt 1963). Daten Uber
FSMEV in Danemark wurden in Publikationen zu Mikyaf (Lindgren et al.

2000) und zu sero-epidemiologischen Studien von ddon und Rehen
vertffentlicht (Skarphedinsson et al. 2005; Lingheal. 2009).

In der Mongolei ist TBEV seit den 1980er Jahrenamgit und seit dem Jahr 2005
wurden TBE-Erkrankungen im staatlichen Meldewesdasst. Seither wurden
jedes Jahr etwa 20 TBE-Falle registriert (Khasmatiret al. 2010). Eine
seroepidemiologische Studie aus verschiedenenr2r@vides Landes zeigte, dass
TBE-Erkrankungen hauptséachlich im Norden des Landekommen (Walder et
al. 2006).
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Erste Berichte Uber TBE in der Slowakei stammendmmsspaten 1940er und zu
Beginn der 1950er Jahre. Diese z&hlen zu den eBgschreibungen der TBE in
Europa Uberhaupt (Blaskovic 1949; Libikova 1958). Jahr 2009 wurden in der
Slowakei 70 TBE-Erkrankungen registriert. Die Irerid von TBE-Erkrankungen
in der Slowakei liegt damit bei 1,3 TBE-Falle beenguf 100.000 Personen und
variiert signifikant in unterschiedlichen Region@donoso Mantke et al. 2011).
Etwa 5% der jahrlich gemeldeten TBE-Erkrankungemndee durch den Verzehr
von Rohmilchprodukten verursacht (Labuda et al22@&zidora et al. 2008). Die
ersten Studien, die in der Slowakei zu TBEV duréiige wurden, bezogen sich
auf die Aufklarung fokaler Aktivitaten des Virus dirauf durch Ziegen- und
Kuhmilch Ubertragene TBEV-Infektionen (Bardos et EH354; Gresikova 1958;
Gresikova et al. 1959; Nosek et al. 1962). Aus atiezeit stammt der frihere

Name der Erkrankung, die ,Undulierendes Milchfielggnannt wurde.

2.2. Ubertragung des TBEV durch Zecken und infizierte Michprodukte
auf Mensch und Tier
Die Ubertragung von Viren der TBE Virus-Gruppe irrab der
Zeckenpopulation kann transovariell durch Ubertragdes Virus von infizierten
Weibchen Uber die Eier auf die néchste Generatider sexuell durch die
Ubertragung zwischen mannlichen und weiblichen Backuntereinander
geschehen (Danielova et al. 2002). Die TBEV-Ubgtirgy innerhalb der
Zeckenpopulation kommt jedoch noch o6fter durch tdisstadiale Ubertragung
vor. Ist eine Zecke infiziert und befindet sie siam Larven- oder im
Nymphenstadium, kann das Virus transstadial in dashste Zeckenstadium
persistieren (Abbildung 7), (Nuttal et al. 2003a<DTBEV vermehrt sich in den
Speicheldrisen der Zecken und wird durch den , Zestikeh” auf den Vertebraten
Ubertragen (Labuda et al. 1993a). Nach dem Zedkénfsndet der Saugvorgang
statt, bei dem Uber die Speicheldrise infiziertpei€hel Uber die eingesenkte
Nahrungsrinne des Hypostoms (Stechrissel) in diend&udes Vertebraten
abgegeben wird (Abbildung 6), (Satz 2006).
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Empféanglicher Arthropode
/ (z.B. Stechmiicke, Zecke)

Ubertragung des Virus
wahrend der Blutmahlzeit Replikation des Virus
eines Arthropoden an einem in den Speicheldriisen

virdmischen Wirbeltier

Infektion anderer
Organe (z.B. ZNS)
Erkrankung

Ubertragung des Virus

Primare Reolikation i
nmere Repikation in / wahrend der Blutmahlzeit

verschiedenen Geweben
(Viramie)

Empfangliches Wirbeltier
(z.B. Mensch, Nager)

Abbildung 6: Arbovirus-Zyklus; graphische Darstelpeiner mdglichen Ubertragung des Virus
von einem Arthropoden auf einen Vertebraten. DieiSiierbreitung unter den Arthropoden kann
durch transovarielle Ubertragung, Kopulation odgo-feeding” stattfinden. Eine Ubertragung
unter den Wirbeltieren kann durch Milch, Mutterrhildurch Kontakt mit infektiosem Blut oder
aerogen stattfinden (angelehnt an H. Asp6ck &l0).

Als natirliche Wirtsorganismen zur Aufrechterhajudes Ubertragungszyklus
des Virus innerhalb eines Naturherds spielen vi@makleinere Saugetiere eine
wichtige Rolle (Abbildung 7), (Kozuch et al. 196867a, 1967b; Kiffner et al.
2011).

Myodes ’ v,\

g/areolus t *’ L

Apodemus \ A 9. }A//J v
flavicollis J | A\

transstadiale
Ubertragung

Ixodes ricinus
Ixodes spp. transstadiale
Ubertragung

transovana!e
Ubertragung:
Geringe Bedeutung mﬂlﬁﬂ]ﬂ]ﬂﬂﬂb
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Abbildung 7: Natirlicher Ubertragungszyklus des ®BEDas TBEV kann innerhalb der
Zeckenpopulationlkodes spp.) durch transstadiale oder transovarielle Ubertnagairkulieren.
Kleine Saugetiere sind natirliche Wirtsorganismes @BEV, wahrend grol3ere Saugetiere als
Wirt eine geringere Rolle spielen. Das TBEV kanolaiiber infizierte Milchprodukte Gbertragen
werden (angelehnt an Aspéck et al. 2010).

Die Vertebraten, die mit dem Virus infiziert sirggben das Virus tUber das Blut
an eine saugende Zecke weiter oder die Ubertraguioigt durch sogenanntes
,Co-feeding“. Hierbei saugt eine infizierte Zecka @&inem nicht infizierten
Vertebraten Blut. Die infizierte Zecke gibt direkiber Lymphe oder Uber
einwandernde Makrophagen das Virus an eine anaenéchster Nahe saugende,
nicht-infizierte Zecke weiter, ohne dass dadurchneeiViramie oder
immunologische Antwort des Vertebraten nachweislgae (Labuda et al. 1993b;
Labuda et al. 1996; Labuda et al. 1999; Randol. &011).

Eine Ubertragung von TBEV durch Milchprodukte voiihén oder Ziegen ist in
Landern wie Polen, Slowakei oder Osterreich, inetlegerne rohe Milchprodukte
verzehrt werden, mehrfach dokumentiert. Dies kamnchd den Genuss von
infizierten Rohmilchprodukten wie nicht-pasteuntee Milch oder Kase
geschehen (Abbildung 7), (Gresikova et al. 1959zMann et al. 2009; Cisak et
al. 2010; Hudopisk et al. 2013).

3. Tick-borne encephalitis (TBE) bei Menschen

Nach dem Zeckenstich infiziert das TBEV die Epitedlen der Epidermis und
Makrophagen und vermehrt sich dort (Labuda et 886). Nach einer ersten
Replikation verbreitet sich das TBEV Uber die Lyraplind das lymphatische
System zu den nachstgelegenen Lymphknoten. Dorhetat sich das TBEV
weiter und fuhrt zur sogenannten priméren Viramwebei die genauen Zielzellen
noch nicht abschlieBend identifiziert sind. Ubes @@amische Blut werden das
reticulohistiocytare System und auch Makrophagémiant. Die darin erfolgende
Replikation fuhrt zu einer sekundaren Viramie. Zrdrten Makrophagen scheinen
die Blut-Hirn-Schranke zu dberwinden, in das zdatraNervensystem
einzuwandern und dort die Infektion der neuronalgllen zu vermitteln
(Modrow 2003; Gelpi et al. 2005). Der SchweregrackeTBE-Infektion scheint
von verschiedenen Faktoren wie der Pathogenitaeseiirusstamms, der
Infektionsdosis des TBEV, individuellen Faktorenewdem Alter des Patienten

oder des individuellen Immunstatus abzuhangen (Wmrey et al. 1999). Bei
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Kindern manifestiert sich die TBE meist als Mentiggiwahrend sich bei alteren
Menschen haufiger eine schwere Meningoenzephalatmsyelit neurologischen
Spatschaden ausbildet oder sogar tédlich verlaidim@zic et al. 1996; Kaiser
1999; Lesnicar et al. 2003; Dobler 2010). Etwa B@s=aller infizierten Personen
entwickeln nach der Inkubationszeit von 7 bis 14géirma Symptome eines
grippalen Infekts (Grinschgl et al. 1955; Doblerl@) Bei etwa einem Drittel
dieser erkrankten Patienten entwickelt sich ein&ZAymptomatik (Kunz 1992).
Diese kann sich in etwa 60% aller Falle als Meriggin 30% aller Falle als
Meningoenzephalitis und in etwa 10% aller Félle Miningoenzephalomyelitis
manifestieren (Kaiser et al. 2000). Die Letalitatsrin Westeuropa ist geringer als
1% der Erkrankungen (Charrel et al. 2004; Lindquestal. 2008). Weitere
Zielzellen fur das TBEV im zentralen Nervensystenmds die vorderen
motorischen Ruckenmarkszellen. Eine Infektion died®ereichs fuhrt zu
Lahmungserscheinungen, die sehr oft als Spatfolgeer TBEV-Infektion
zuruckbleiben (Kaiser 1996).

4. TBE bei Haus-, Nutz- und Wildtieren

Neben dem Menschen werden auch Tiere mit TBEV ieriz Es gibt einen
nattrlichen Infektionskreislauf zwischen Zecken Widdtieren wie Mausen, die
eine standige Zirkulation von TBEV aufrechterhal{@ibildung 7), (Charrel et
al. 2004). Verschiedene Waldmaus-Artedpddemus sp.) wurden als wichtige
Wirte und als Reservoir fur das Virus in diesemigleaf erkannt (Hubalek et al.
2012), wahrend groéRere Tiere wie Ziegen, Pferded®i Schafe oder Ziegen
nicht essentiell als natiiriche TBEV-ReservoireZécken zu sehen sind (Tabelle
3). Sie sind in der Regel Fehlwirte und stellen dés Virus und seine weitere
Verbreitung eine Sackgasse dar (Abbildung 7), (dabet al. 2002). Serologische
und epidemiologische Studien an Rindern, Rehen Bdensen, deren nattrlicher
Aktionsradius Uberschaubar ist, zeigen, dass diemarten gute Indikatoren fur
das Vorkommen von TBEV-Microfoci in deren ndheremfeld sind (Gerth et al.
1995; Rieger et al. 1999; Titenko et al. 2002; <wmt et al. 2003). Solche
Seropravalenzstudien haben allerdings eine begrehassagekraft, da mit den
Ergebnissen nur ausgesagt wird, dass die Tieredemt TBEV aufgrund von
durchseuchter Zeckenpopulationen Kontakt hatten danchit retrospektiv zu
betrachten sind (Satz 2006). Sie geben keine Irdbbom Gber den Zeitpunkt und

die Schwere der stattgefundenen Infektion und auichit Gber die Eigenschaften
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des Virus.

Tabelle 3: Wirtsspektrum von TBEV

Vektoren Amplifikationswirte Mdgliche Sackgassenwirte
Amplifikationswirte
Ixodes ricinus Apodemus flavicollis Erinaceus europaeus | Cervus elaphus
(Gemeiner (Gelbhalsmaus) (Europaischer Igel) | (Rothirsch)
Holzbock)
I xodes persulcatus Apodemus sylvaticus Talpa europaea Capreolus capreolus
(Taigazecke) (Waldmaus) (Européischer (Europaisches Reh)
Maulwurf)
I xodes hexagonus Apodemus agrarius Sorex araneus Capreolus pyrargus
(Igelzecke) (Brandmaus) (Waldspitzaus) (Sibirisches Reh)
Dermacentor Myodes glareolus Sus scrofa
marginatus (Rotelmaus) (Wildschwein)
(Schafszecke)
Dermacentor Capra aegagrus hircus
reticulatus (Hausziege)
(Auwaldzecke)
Haemaphysalis spp. Bos primigenius taurus
(Hausrind)
Equus ferus caballus
(Hauspferd)
Canislupus familiaris
(Haushund)
Homo sapiens
(Mensch)
4.1. TBEV-Infektionen bei Haustieren

4.1.1. TBEV-Infektionen bei Hunden

TBEV-Infektionen bei Hunden wurden bisher vor allem Deutschland, der
Schweiz und Osterreich beschrieben (Tipold et 931 Miller 1997;

Weissenbock et al. 1997; Broker et al. 2003; RartdoR004). Hunde sind
aufgrund ihrer KorpergroRe und aufgrund ihres Vigeha einem 50 bis 100-fach
hoheren Infektionsrisiko ausgesetzt. (Pfeffer et28l11). Hunde zeigen in der
Mehrzahl aller, durch Laboruntersuchungen besgitigt BEV-Infektion nur

selten Symptome oder zeigen unspezifische Anzejcden fir eine TBEV-

Infektion nicht typisch sind (Weissenbock et al.982 Im Fall einer

symptomatischen Infektion ist der Krankheitsverlafifsehr schwer und mit einer
hohen Mortalitéat behaftet. Praktisch immer tretehthte Korpertemperaturen
und Verhaltensénderungen auf. Daneben wurden reoka&iAusfalle der Vorder-
oder Hinterlaufe mit verminderten Reflexen und viekerter Propriozeption
beobachtet (Wandler et al. 1972; Reiner et al. 1998z et al. 2001). Im

weiteren Krankheitsverlauf werden neurologische kionsstdérungen des
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Cerebrum und des Hirnstamm beschrieben. Bei eio&r mportem Studie an acht
Gehirnen von an TBE verendeten Hunden aus Ostervaicden Anzeichen von
Meningitis, umfassende neuronale Nekrosen, Kernfeagierungen von
Gliazellen und eine erhebliche Microgliosis festglts Im Kleinhirn waren ein
Schwund von Purkinje-Zellen und eine starke ZunakoreMikroglia-Zellen zu
beobachten. Alle Hirnregionen zeigten perivaskulliriitrate, bestehend aus
Lymphocyten, Makrophagen, Plasmazellen und rotemtkBftperchen. Die
meisten Veradnderungen wurden im Neuroparenchym derd Umgebung des
vierten Ventrikels beobachtet, die aus L&sionenscleedenster Auspragung
bestanden (Weissenbdck et al. 1998). Die Pathogegiaer TBEV-Infektion bei
Hunden wird vergleichbar der des Menschen oder rerpatell infizierten
Mausen beschrieben (Denk et al. 1966; Doherty etl@r2; Kornyey 1978;
Jellinger 1979; Weissenbock et al. 1998).

4.1.2. TBEV-Infektionen bei Pferden

Pferde weisen, ahnlich Hunden, ein akutes Infektisiko fir TBEV-Infektionen
auf. Das Grasen auf der Weide stellt ein Risiko &ime Infektion durch
Zeckenstich dar. Bei Pferden sind jedoch nur wenidgen lber TBEV-
Infektionen vorhanden. Serologische Studien auser@sth und Deutschland
zeigen, dass seropositive Pferde, mit einem TBEWeTnegebiet in Verbindung
gebracht werden kdénnen (Rushton et al. 2013). Uetyekvaren Pferde in Nicht-
Endemiegebieten serologisch TBEV-negativ (KlaualeR013). Eine TBE kann
beim Pferd asymptomatisch als auch symptomatisietutgn (Luckschander et al.
1999; Muller et al. 2006; Klaus et al. 2013; Rush¢d al. 2013). TBE-Infektionen
bei Pferden weisen unspezifische Krankheitszeicheuziertes Gewicht,
reduzierten Appetit, Nervositat, Angstlichkeit, Adtimen und unerwartetes
Verhalten auf (Waldvogel et al. 1981; Klaus et24113). Bei Pferden wiederum
scheint sich nach einer symptomatischen Erkrankaonder Regel vollstandige
Genesung einzustellen. Es sind jedoch auch leidii@bende Residuen
beschrieben (Klaus et al. 2013).

4.2. TBEV-Infektionen bei Nutztieren
Eine akute TBE-Infektion scheint bei Ziegen, Schafeindern oder Schweinen
zu keinerlei Symptomatik zu filhren. Dies zeigtehsauch bei seropositiven

Tieren. Ziegen oder Schafe, durch deren Milch Mpeescinfiziert wurden,
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zeigten keine Symptome wahrend der virdmischen kiioiesphase (Van

Tongeren 1955; Gresikova et al. 1959; Zindl et18i83; Balogh et al. 2012).
Grundsatzlich scheiden Wiederkauer wahrend demiséhen Phase das TBEV
in der Milch aus. Die ausgeschiedene Virusmengéiistlie orale Infektion des
Menschen ausreichend (,undulierendes MilchfiebeNach der Fltterung mit
TBEV-haltiger Milch einer Ziege wurde ein Hausschw&BEV-positiv getestet,

allerdings zeigte das Schwein keinen symptomatrs&fexlauf. (Holzmann et al.

2009).

4.2.1. TBEV-Infektionen bei Rindern

TBEV-Infektionen bei Rindern wurden bisher nur eeltbeschrieben. In einer
Studie aus den 1950er Jahren konnte bei einem BiVTsubkutan infiziertem
Rind am dritten und vierten Tag nach der InfekfidEV aus der Milch isoliert
werden. Aus dem Blut konnte das Virus bereits rnagéi Tagen isoliert werden.
Das Tier zeigte wahrend des Versuchs keine kligiscKrankheitssymptome
(Gresikova et al. 1959). Ergebnisse von Seroprazatadien an 239 Rindern in
Sibirien zeigten eine gute Ubereinstimmung der &giwzraten mit TBEV-
Risikogebieten. Fur Gebiete mit einer hohen Akditvitcon TBEV in Naturherden
konnte ein hoher Prozentsatz positiver Serumprotaahgewiesen werden und
fur Gebiete mit geringer Aktivitdt grenzwertige, evdnegative Serumproben
(Titenko et al. 2002). In einer Studie aus Poles @m Jahr 2010 wurde von 63
Rindern Milch mittels RT-PCR getestet. Dabei konimell,1% der getesteten
Rindern TBEV nachgewiesen werden. (Cisak et al0201

4.2.2. TBEV-Infektionen bei Schafen und Ziegen

Im Jahr 1999 erkrankten in Tschechien 21 PersomechdVerzehr traditionell
hergestellten Schafskdses an einer TBE. Eine Sesalgnz-Testung von 41
Schafen ergab, dass 32% der Serumproben TBEV-veaktien (Zeman et al.
2004). Ziegen, die akut an einer TBE erkrankt ssuheinen in der viramischen
Phase keine Symptome zu zeigen. Oft wird man Inerefiege erst dann auf die
TBE-Infektion aufmerksam, wenn durch ihre viramescMilch ein Mensch
infiziert wurde (Holzmann et al. 2008; Balogh et2010).

4.3. TBEV-Infektionen bei Wildtieren
Bislang gibt es fur Wildtiere keine Untersuchunge®i, denen tber eine klinische

Symptomatik bei TBEV-Infektionen berichtet wurdex Kroatien wurden bei
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einer serologischen Studie verschiedene Waldtietestet. Im Rahmen einer
Seropravalenz-Studie von Rothirschen, Rehen undisshlweinen zeigten die
Rehe eine Seropravalenzrate von 64% (n=37), diddthiweine von 43% (n=81)
und die Rothirsche von 38% (n=102) (Borcic et &1@. Im Rahmen einer
serologischen Studie aus der Tschechischen Repudlidikm Zeitraum von 1986
bis 1991 durchgefihrt wurde, wurden 33 Rehe, 22hiRmhe und 34

Wildschweine untersucht. Auch hier lag mit 21% Hdachste Seropréavalenz bei
Rehen, Rothirsche wiesen eine Seropréavalenzrate ¥ auf und die

Wildschweine zeigten eine Seropravalenz von 6% @takoet al. 1993). In einer
serologischen Studie im Sudwesten Deutschlandsemuedif einer Flache von
519 knf wahrend der Jagdzeit von 1986/87 192 Serumprobereslegten Rehen
genommen. 47 (24,5%) der Proben wurden im Hamagghdnshemmtest und
im ELISA TBEV-positiv getestet. Die Werte wurden tmiumanen TBE-

Infektionen aus der Region verglichen. Dabei wueggestellt, dass in Arealen
mit hohen Seroprévalenz-Werten bei Rehen auch heimi&k-Falle auftraten.

Die Autoren schlieBen aus dieser Studie, dass @ebimit hohen

Seropravalenzraten in Rehen Risikoareale flr denskteen darstellen an TBE zu
erkranken und damit ein guter Indikator fir TBEektionsgebiete sind (Gerth et
al. 1995). In einer computergestiutzten Studie dowehien konnte die Dichte des
Rotwildbestandes mit dem Vorkommen von humanen F8HEen in Verbindung

gebracht werden. Gebiete mit einer hohen InzidenZBE wiesen eine hohe
Rotwild-Dichte auf und eine geringe Dichte des Rialldestandes korrelierte mit
einer niedrigen TBE-Rate. Fir Rehe konnte in di&dedie keinen messbaren
Effekt auf die TBE-Inzidenz festgestellt werden,ilwvdie Anzahl an Rehen in

Slowenien einen messbaren Schwellenwert Gbersehreadass kein Effekt auf

die TBE-Inzidenz auszumachen ist (Knap et al. 2012)

4.3.1. TBEV-Infektionen bei Mausen

Mause spielen im natirlichen Ubertragungszyklus TBEV zwischen Zecken
und Wildtieren eine entscheidende Rolle (Randolplale1999; Charrel et al.
2004; Satz 2006). Innerhalb dieses Zyklus werdescheedene Waldmaus-Arten
(Apodemus spp.) als die wichtigsten Wirte angesehen (Labatlaal. 1999;

Hubalek et al. 2012). Mause werden von sehr viedeoken, vor allem im

Larven- und Nymphenstadium, gleichzeitig befallé®ie koénnen Gber die

Aufnahme virdmischen Blutes oder des Cofeeding \diass von einer Zecke
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aufnehmen und nach der extrinsischen Inkubationsadi andere Wirbeltiere
Ubertragen (Labuda et al. 1993b; Labuda et al. 198§ gibt Hinweise, dass
GelbhalsmauseApodemus flavicollis) und WaldmauseApodemus sylvestris) mit
TBEV persistent infiziert werden koénnen. Solch eipersistierende TBE-
Infektion zeigt bei den Tieren keine klinische Syamatik (Achazi et al. 2011).
Eine Studie aus Finnland beschreibt, dass TBEV evithder Wintermonate in
Microtus agrestis und inMyodes glareolus persistiert (Tonteri et al. 2011).

4.3.2. TBEV-Infektionen bei Vogeln

TBE-Virusverbreitung tber eine grofRere Distanz kanch den alljahrlichen
Vogelzug von Vogelarten, die im Winter in ihre Warquartiere ziehen und im
Sommer an ihre Brutstatten zuriickkehren, erfold@as wurde aktuell in einer
Publikation aus Estland beschrieben, in der vonrliBgen 249 Zecken
abgesammelt wurden und eine Zecke TBEV-positiv ((&eller et al. 2013). In
einer Studie aus Schweden wurden 1155 Zecken abNTihtersucht, die von
13260 Zugvogeln abgesammelt wurden, die auf dem Wi Winterquartier im
Suden waren. Von diesen 1155 Zecken wurden sechke@eTBEV-positiv
getestet (Waldenstrom et al. 2007). Basierend iased Daten kann Vogelzug als
Verbreitungsmaoglichkeit von TBEV-positiven Zeckentlang der Flugrouten
beschrieben werden. Das heil3t, TBEV kann vermutliclr Zecken, die an den
Zugvogeln anhaften, Uber weite Strecken verbrevitden (Waldenstrom et al.
2007; Publikation 5, Frey et al. 2012; PublikatiBn Weidmann et al. 2013;
Publikation 1, Frey et al. 2013b). In der Literattrzur Seropravalenz von TBEV
in Zugvogeln aus Sibirien eine Studie beschrielemer aus 44 verschiedenen
Vogelarten 22 Arten auf TBEV serologisch reaktivtegtet werden konnten
(Korenberg et al. 1984). Zu TBEV-Erkrankungen ingétin gibt es bislang keine

Untersuchungen.

4.3.3. TBEV-Infektionen bei Flichsen

Wie mehrere Studien zeigen, sind Fichse ebenfaligelr TBEV-positiver
Zecken oder haben nach einer durchgemachten TRiktloh Antikorper
gebildet. In einer Studie aus Kroatien wurden vdh Rotflichsen Zecken
abgesammelt und auf TBEV getestet. Die Zecken madiee TBEV-Pravalenz
von 1,6% (Jemer&iet al. 2013). Rieger et al. veroffentlichten 1998e Studie

zur Seropravalenz von TBEV in Fuchsen in Deutsahland Frankreich. Die
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Autoren berichten von einer Antikorper-Pravalenn #8% im Ostschwarzwald
(n=153), 10% im Odenwald (n=50), 2% im Taunus ()06 in Brandenburg

(n=86) und 1,8% fur Nordostfrankreich (n=55). Digawlenzwerte der

verschiedenen Regionen wurden mit TBE-Risikogebhieteerglichen und

stimmten Uberein (Rieger et al. 1999). Eine weitSohlussfolgerung aus der
Studie ist, dass Fuchse ein guter Indikator fuikgebiete sind, da sie in einem
engen Umkreis von etwa 7-10 Quadratkilometer lel@h. Flichse selbst an
TBEYV erkranken ist bislang nicht bekannt.

5. Phylogenie von TBEV

Fur phylogenetische Fragestellungen und die Ewsigllvon Stammbaumen
werden fur Flaviviren im Allgemeinen die kodierend@ereiche des Hullproteins
(E-Gen), der RNS-abhangigen RNS-Polymerase (NS&) ddr Helicase (NS3)
verwendet (Zanotto et al. 1996; Billoir et al. 200Cook et al. 2006).
Phylogenetische Analysen von TBEV auf der Basis H&Sens ergeben drei
genetische Linien, die mit dem europaischen, sidien und fernéstlichen Subtyp
Ubereinstimmen (Abbildung 11), (Ecker et al. 1999pbwohl die Variabilitat
innerhalb der Subtypen mit maximal 2,2% und zwischien Subtypen mit
maximal 5,6% auf der Aminosaureebene relativ gesimgl, haben diese einen
grof3en Effekt auf die Virulenz (Hayasaka et al.&99ndquist et al. 2008). TBE,
verursacht durch den fernostlichen Subtyp, kannemiér Sterberate von bis zu
30% im Vergleich zur Sterberate beim europdaischebty® mit 1-2% deutlich

schwerer verlaufen (Wallner et al. 1996).

Zur Klassifizierung der TBEV-Stamme innerhalb demubfypen werden
Referenzstamme verwendet (Hubalek et al 2012). ddeopaische Subtyp der
TBEV hat die zwei Referenzstamme Hypr (U39292) ielidoerfl (U27495).
Der Referenzstamm Hypr steht stellvertretend fig lochpathogenen TBEV-
Stamme des européischen Subtyps und der Referemastdeudoerfl fur die
niedrigpathogenen Stamme. Der sibirische Subtypd wdurch die beiden
Referenzstamme Aina (JN003206) und Vasilchenko ©68B66) beschrieben
(Hubalek et al 2012). Der Referenzstamm des feliokish Subtyps ist der
hochpathogene Stamm Sofyin (JF819648), (Hubaled €012). Genetisch mit
TBEV eng verwandt ist das Louping ill Virus (LIVKE056331). Es wird von
manchen Autoren als vierter Subtyp betrachtet (kkbat al. 1995; Grard et al.
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2007). Der europaische Subtyp ist genetisch nélitdclh verwandt, als mit dem
sibirischen und fernéstlichen Subtyp des TBEV, vadishbeim Erstellen von
phylogenetischen Stammb&umen das LIV auch gerneOalgroup fir den

europaischen Subtyp verwendet wird (Abbildung 10).

6. Ziel der Doktorarbeit

Das Ziel der im Rahmen der Doktorarbeit durchgdgmrArbeiten war die
Charakterisierung von TBE-Viren aus Zecken und Mausieren Typisierung
und Vergleiche auf Basis von subgenomischen Fragmennd

Gesamtgenomanalysen. Im Folgenden werden funf idayibeiten vorgestellt,

die im Rahmen dieser Arbeit publiziert wurden.
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Abstract The full genome sequences of three tick-borne
encephalitis virus strains, two isolated from Ixodes ricinus
ticks and one from the brain of a bank vole, Myodes
glareolus, originating from the Slovak Republic were
determined. Nucleotide sequences were found to be very
similar (>99.5 % nt-identity) with only one distinct amino
acid (aa) difference to each other. They all shared 30 aa-
changes when compared to type strain Neudoerfl, isolated
in neighboring Austria. An internal poly(A)-stretch similar
to that of strain Neudoerfl was found only in TBEV strain
114 from a tick. Despite this heterogeneity in the 3’-NCR,
the high level of sequence identity was striking, indicating
a low rate of nucleotide substitutions of TBEV strains in
Slovakia and no obvious relation to the host species.
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Introduction

Tick-borne encephalitis virus (TBEV) is a human patho-
genic Flavivirus within the family Flaviviridae [1]. In the
past decade, Europe has suffered an increase of human
tick-borne encephalitis (TBE), a disease of the central
nervous system [2]. At least three subtypes of TBEV with
different phylogenetic characteristics and predicted
pathogenicity are distinguished, the Western subtype
(W-TBEV), the Siberian subtype (S-TBEV) and the Far-
Eastern subtype (FE-TBEV) [3]. In Europe, more than
3,400 human TBE cases were reported in the year 2009
which included 70 human TBE cases in Slovak Republic
(Slovakia). The incidence of TBE cases in Slovakia is 1.3 per
100,000 populations [2], but incidence rates significantly
vary among country districts due to typically occurring
natural foci of infection. First reports on TBE in Slovakia
date back to late forties and early fifties of the last century [4,
5], and the early studies on TBEV in Slovakia led to eluci-
dation of TBEV focal activity [6, 7] and alimentary route of
infection [8-10]. About 5 % of the annual human cases
(between <20 and 100) in Slovakia are acquired through the
consumption of unpasteurized raw sheep and goat milk
products [11, 12]. Since TBE is a mandatory notifiable dis-
ease the case numbers and their geographical occurrence in
western, southern, and eastern Slovakia are well known, but
the genomics of the circulating TBEV strains there have not
been thoroughly investigated yet.

The genome of TBEV consists of a single stranded 11 kb
(+) RNA coding for one large polyprotein yielding three
structural proteins (C, prM, E) and seven non-structural
proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4b, NS5) [13].
Here we describe three new full genome sequences from
TBEV isolates from the Slovak Republic, which were part of
the historical virus collection of the Department of Virus
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and which we analyzed in order to detect particular differ-
ences in their genomes which may correspond to the dif-
ferent hosts (tick vs. rodent) they have been isolated from.
Two TBEV strains were isolated from Ixodes ricinus
(strain 285 in Malacky and strain 114 in Plastovce) in the
year 1990 and in 1980 and were passaged three times (285)
and nine times (114) in mouse brains (Fig. la). Strain
CGI223 was isolated in 1990 in Zahorska Ves from the
brain of a bank vole, Myodes glareolus (Fig. 1a, [14]). This
strain was passaged five times in mouse brains. All three
strains were passaged twice in Vero B4 cells, in order to
obtain sufficient RNA for nucleotide sequencing. Nucleic
acid was extracted from 140 pl of infected cell culture
supernatant using the Qiagen Viral RNA-Kit (Qiagen,
Hilden) and isolated RNA (40 pl) was stored at —80 °C.
Full-genome sequencing was performed using primer
pairs based on the genome of strain Neudoerfl (GenBank Acc.

No. U27495; [15]). Overlapping fragments between 950 and
1,400 nucleotides in length were generated. In brief, RT-PCR
was performed using 4 pl extracted RNA, the Invitrogen
Superscript 1II Reverse Transcriptase (Life Technologies,
Darmstadt, Germany) and 10 uM of each primer. cDNA
synthesis was conducted at 50 °C for 45 min, followed by
denaturation at 94 °C for 5 min. DNA was amplified in 40
cycles for 30 s at 94 °C, 30 s at 55 °C, and 1 min 30 s at
68 °C. Final extension was performed at 68 °C for 10 min.

Direct sequencing of purified PCR products (Qiagen,
Purification Kit) was performed using amplification prim-
ers as sequencing primers. Cycle sequencing was carried
out with 4 pl purified PCR product and the BigDye Ter-
minator Cycle v 3.1 Sequencing Kit (Applied Biosystems,
Darmstadt) according to the manufacturer’s instructions.
Nucleotide sequences were determined using an ABI
PRISM 3130 Genetic Analyzer. Sequence and phyloge-
netic analyses were calculated with MEGAS [16].

Fig. 1 a Geographical
distribution of the sampling
sites in the south-west of
Slovakia. TBEV strain 285,
isolated from a tick from
Malacky, TBEV strain CG1223,
isolated from M. glareolus from
Zahorska Ves and TBEV strain
114 isolated from a tick sampled
in Plastovce. b Neighbor-
joining tree based on complete
genomes of TBEV strains from
Central Europe was made by the
MEGAS software package [16,
30]. The TBEV strains CGI223
from Zahorska Ves and strain
114 from Plastovce clustered
together within one clade and
the strain 285 from Malacky
built its own clade. TBEV
Siberian subtype strain A
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Results and discussion

Full-genome sequence of the Slovakian TBEV isolates 285
(KC835596), CGI223 (KC835597), and 114 (KC835595)
were obtained using the primer pairs designed for TBEV
strain Neudoerfl [ 15]. All three strains had a 5'-NCR of 132 nt
in length, which was 98.5-99.2 % identical to that of strain
Neudoerfl. The 3’-NCRs were 98.3-98.7 % identical to that
of strain Neudoerfl and showed more remarkable nt-hetero-
geneity. In the 3’-NCR position 10487 of the strain 114 a
poly(A) tail (A);—C—(A)44—G—(A), like the one of strain
Neudoerfl (A);—C—(A)4g is observed [17]. The poly(A) tract
of strain 1 14 showed a difference in position 10535A — Gin
comparison to the poly(A) tail of strain Neudoerfl. In contrast
to strain 114, the isolate 285 lacked the poly(A) sequence
and had a 149 nt deletion instead, covering the entire
poly(A)tract. The strain CGI1223 contained the same sequence
elements as strain 114 but exhibited an oligo(A) sequence
(A);—C—(A) at position 10487. The origin of heterogeneity
in the 3-NCR was discussed to be associated with virus
propagation in vitro as well as polymerase stumbling across
extensive secondary structures of the viral RNA [18-20].
Interestingly, a very similar poly(A) (A),~C—(A)74 sequence
within the 3'-NCR was also found in Far Eastern subtype
virus strain Sofjin [21]. Studies in which the poly(A) tract
were abridged or removed however, came to the conclusion
that these genome variations do not have significant effects in
translation or replication of viral RNA in mammalian cells
[22]. Sequence and structure similarities within the 3-NCR
have recently been claimed to function as enhancing elements
in both viral replication and translation [23].

With the variable lengths of the 3’-NCR (strain 114:
766 nt, strain 285: 618 nt, strain CG1223: 723 nt) but iden-
tical 5-NCR (132 nt) and polyprotein coding region (ORF)
lengths of 10,242 nt (3,414 aa), the full genome length of
strain 114 is 11,140 nt, this of strain 285 is 10,992 nt long,
and strain CGL223 has a length of 11,097 nt. Regarding the
open reading frame (ORF) the three Slovakian TBEV isolates
have 30 aa-differences in common and three further positions
with individual aa-differences each when compared with
strain Neudoerfl (Table 1). Positions with aa-changes were
not equally scattered along the viral genome. NS2a (7-8 aa
exchanges), NS4b (4-5 aa exchanges), and NS5 (8 aa
exchanges) showed a rate higher than 12 % divergence in
relation to the entire aa-exchanges (Table 1). Other genome
regions showed a moderate rate of aa-exchanges (3-9 %),
whereas the PreM-protein showed no aa exchange at all.

Phylogenetic analysis of the complete genomes of the
three Slovakian TBEV strains with other available com-
plete TBEV genomes from Central Europe revealed that
the three Slovakian strains grouped within an own major
clade and in two additional minor clades (Fig. 1b). The
strains from Zahorska Ves and Plastovce clustered together

within one clade and the strain from Malacky built its own
clade. Interestingly the strains from Zahorska Ves and
Plastovce with a geographic distance of more than 180 km
between both sampling sites, clustered together and strain
285 from Malacky clustered in another clade though the
sampling site is much closer to Zahorska Ves (Fig. la).
Both sampling sites Malacky and Zahorska Ves are part of
the Zahorska Lowland in the southwest of Slovakia, while
Plastovce is located in the Danubian Lowland. The direct
route is interrupted by the Little Carpathians in the western
part of Slovakia. Interestingly, there are no migration
routes along river systems [24] or spread along motorway
or by train, or any other direct connection which may
explain the closer phylogenetic relationship of the TBEV
strains from Plastovce and Zahorska Ves. However, birds
seem to cross this mountainous region on a regular basis so
that migrating birds could transport TBEV-infected ticks
from area to area [25, 26]. Recent investigations in Slo-
vakia found an increase in TBE cases in sub-mountainous
areas up to 900 m above sea level [27]. In neighboring
Austria TBE was acquired at an alpine pasture at an alti-
tude of 1,500 m [28]. Because the highest elevation of the
Little Carpathians is 768 m a.s.l., this could argue for a
possible direct connection between the strains from the
Danubian and the Zahorska Lowlands, but it does not
explain the closer genetic relationship of strain CG1223 to
strain 114 when compared to strain 285 which was isolated
only 15 km away in Malacky. Studies in a single natural
focus showed TBEV strains from different genetic clades
circulating at the same time, thus, providing evidence for
multiple independent TBEV introduction events in a par-
ticular area (Dobler et al. unpublished results).

Since strains 114 and 285 were isolated from ticks and
sequence CGI223 originated from M. glareolus, one could
argue that the host species may account for sequence dif-
ferences found and consequently the different topology in
the phylogenetic analyses. But in the described subclade the
tick sequence 114 and the bank vole sequence CGI223
clustered together. Both sequences differed in just one aa in
the NS2a protein (Table 1). In comparison to the second
TBEV strain 285 from a tick-host which clusters in the
neighboring cluster just three aa are different to strain
CGI223. In summary, these results demonstrate that the
TBEV genome is stable within the geographic region of
southwestern Slovakia over a period of 11 years and that
there seems to be no selective pressure with regard to a
particular host. The latter finding is concordance with data
from other countries, e.g. neighboring Slovenia showing that
the so far limited data on whole genomes of TBEV from
different hosts do not show a correlation between TBEV
genome sequence and host [29]. However, some particular
aa-changes (positions 1384 within NS2b, and 1562 within
NS3) have been previously found to be associated with
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Table 1 Comparison of the deduced amino acid changes of the three TBEV isolates from Slovakia with type strain Neudoerfl (Acc. No. U27495

Strain® Amino acid position with exchanges in genes
C E NSI NS2a NS2b NS3
31 73 447 646 817 1175 1207 1255 1270 1299 1301 1315 1329 1334 1419 1458 1595 1817 191!
Neudoerfl vV A 1 N A \Y M E F H L R \% G Y 1 R S S
285 A S V T T 1 T D L R L K 1 R H L K G T
CGI1223 A S V T T I M D L R L K I R H L K G T
114 A S V T T I M D L R A% K I R H L K G T
aa-changes® 6 % 6 % 3% 21-24 % 6 % 9 %
Strain® Amino acid position with exchanges in genes
NS4a NS4b NS5 nt-identity®  aa-identity®
2114 2275 2279 2280 2437 2454 2562 2619 2908 2945 3036 3225 3297 3366
Neudoerfl D A E R T T \% K R R T T A R 100 100
285 G \Y A Q I T M R K H A A v K 97.58 99.09
CGI1223 G \Y A Q I I M R K H A A v K 97.61 99.09
114 G v A Q I I M R K H A A \Y K 97.60 99.06
aa-changes® 3 % 12-15% 24 %
Positions of the three unique aa-changes among the three strains are given in bold

 For strain details and Accession numbers, see text

> In comparison to TBEV strain Neudoerfl

¢ Amino acid (aa) changes in % for the given protein, based on the total aa-changes (31/32)

host-range adaptations and different virulence in mice [20].
The authors argue that virus adaptation from ticks to mam-
mals most likely occurs by selection of pre-existing virulent
variants from a quasispecies population rather than by the
emergence of new random mutations [20]. Such a host
adaptation could have taken place in all our three strains,
because they have been initially passaged in mouse brain
three, five or nine times, but at least their deduced aa-
sequences neither show these two particular aa-changes nor
does the vole-derived sequence has another unique aa-
change when compared to both tick-derived sequences.
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ick-borne encephalitis virus (TBEV) is a human-pathogenic

flavivirus within the family Flaviviridae (1). The genome of
TBEV consists of a single-stranded 11-kb (+) RNA coding for one
large polyprotein, yielding three structural proteins (C, prM, and
E) and seven nonstructural proteins (NS1, NS2a, NS2b, NS3,
NS4a, NS4b, and NS5) (2). Three subtypes of TBEV with different
phylogenetic and pathogenic characteristics have been distin-
guished, the Western subtype (W-TBEV), the Siberian subtype
(S-TBEV), and the Far-Eastern subtype (FE-TBEV) (3). In the
past decade Europe has suffered an increase of tick-borne enceph-
alitis (TBE), which can cause a disease of the central nervous sys-
tem (4). In the unvaccinated population of Austria, a total of 8,493
cases of TBE have been reported from 1972 to 2011, with an aver-
age incidence rate of about 6 cases per 100,000 population (5).
Meanwhile, vaccination has reached >85%, thereby dropping the
Austrian incidence rate to 0.9 per 100,000 population (5). Here we
describe a new complete genome sequence of a TBEV strain from
Austria, which is the first isolate since strain Neudoerfl (1970;
accession number U27495) and also the first TBEV strain isolated
from a free-ranging mouse for which the complete sequence was
determined.

The TBEV strain A104 was isolated from the brain of a yellow-
necked mouse (Apodemus flavicollis) trapped in Wagnitz (Austria)
in 1990 (6). The virus was passaged two times in mouse brains.
After one passage in VeroB4 cells, nucleic acid was extracted from
the infected cell culture supernatant. Full-genome sequencing was
performed using protocols described elsewhere (S. Frey, S. Ess-
bauer, G. Zoller, B. Klempa, M. Weidmann, G. Dobler, and M.
Pfeffer, submitted for publication). Nucleotide sequences were
determined by using an ABI PRISM 3130 genetic analyzer.

Strain A104 had 97.6% nucleotide identity to the Western
TBEV prototype strain Neudoerfl. The most remarkable nucleo-
tide heterogeneity was shown in the 3" noncoding region (NCR).
At position 10485 of strain A104, a poly(A) tail of A;-C-A, was

July/August 2013 Volume 1 Issue 4 e00564-13
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observed, which is much shorter than that from strain Neudoerfl,
A;-C-Ag (7). The origin of heterogeneity in the 3’ NCR was con-
sidered to be associated with virus propagation in vitro as well as
polymerase stumbling across extensive secondary structures of the
viral RNA (8, 9). The deduced polyprotein of strain A104, with a
length of 3,414 amino acids (aa), differed by 32 aa from the poly-
protein of strain Neudoerfl. Positions with aa changes were not
equally scattered along the viral genome. NS2a (4 aa exchanges),
NS3 (8 aa exchanges), and NS5 (9 aa exchanges) showed the high-
est relative aa change rates, whereas preM and NS4a were 100%
identical. Phylogenetic analysis of A104 with other available com-
plete TBEV genomes from the W-TBEV showed that the Austrian
strain grouped together with strain AS33 (GQ266392) (10) from
southeastern Germany and three TBEV strains from Slovakia
(KC835595 to KC835597) (Frey et al., submitted). Interestingly,
strain A104 showed a closer phylogenetic relationship with the
German strain AS33 than with the geographically closer Austrian
strain Neudoerfl. The latter finding is concordant with data from
neighboring Slovenia, Slovakia, and Germany showing that geo-
graphically close does not necessarily mean phylogenetically close
(11, 12; Frey etal., submitted). Although this would be expected in
a rodent-associated tick-borne virus, other factors will likewise
drive geographical distribution of TBEV (11, 12).

Nucleotide sequence accession number. The complete ge-
nome sequence of TBEV strain A104 has been deposited in
GenBank under the accession number KF151173.
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In order to obtain a better understanding of tick-borne encephalitis virus (TBEV) strain movements
in central Europe the E gene sequences of 102 TBEV strains collected from 1953 to 2011 at 38
sites in the Czech Republic, Slovakia, Austria and Germany were determined. Bayesian analysis
suggests a 350-year history of evolution and spread in central Europe of two main lineages, A and
B. In contrast to the east to west spread at the Eurasian continent level, local central European
spreading patterns suggest historic west to east spread followed by more recent east to west
spread. The phylogenetic and network analyses indicate TBEV ingressions from the Czech
Republic and Slovakia into Germany via landscape features (Danube river system), biogenic
factors (birds, red deer) and anthropogenic factors. The identification of endemic foci showing
local genetic diversity is of paramount importance to the field as these will be a prerequisite for in-
depth analysis of focal TBEV maintenance and long-distance TBEV spread.

et al., 2002; Randolph et al., 2000) and coincidence of tick

and host population densities (Cagnacci et al, 2012; Carpi

In the past decade Europe has experienced an increase in
tick-borne encephalitis (TBE) incidence, with more than
3400 human TBE cases annually and more than 3600
human TBE cases in Russia in 2009 (Donoso Mantke et al.,
2011). Knowledge of the key factors involved in spread and
spatiotemporal diversification of the causative viral agent,
tick-borne encephalitis virus (TBEV), however, is limited.
Field work on the focal activity of TBEV in ticks in central
Europe (Labuda ef al, 2002) indicates dependence on
microclimate, humidity and the 8 "C isotherm (Labuda

Three supplementary figures, one supplementary table and one
supplementary file are available with the online version of this paper.

et al., 2008; Randolph et al., 1999; Vor et al., 2010). Several
efforts are under way to analyse the tick and animal
reservoirs involved in the complex three-host transmission
cycle as the tick moults from larva to nymph to adult with
a blood meal involved in each step (Achazi et al, 2011;
Cagnacci et al., 2012; Klaus et al., 2010; Knap et al., 2012;
Labuda & Nuttall, 2004).

As a member of the genus Flavivirus of the family
Flaviridae the genome of TBEV consists of a single-
stranded 11 kb (+) RNA coding for one large polyprotein
yielding three structural proteins (C, prM, E) and seven
non-structural proteins (NS1, 2a, 2b, 3, 4a, 4b, 5)
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(Chambers et al., 1990). It is commonly accepted that the
envelope protein (E) plays a major role for the infection of
mammalian and tick cells, and that it is the main
determinant of virulence and a main target for neutralizing
antibodies (Aberle et al., 1999). A recent study looking at
the evolutionary rates of two TBEV isolates from the same
focus in Finland sampled 44 years apart concluded that the
E gene in particular is subject to purifying selection. In
spite of high immune pressure it is nevertheless the most
constrained gene in the TBEV genome, thereby being a
prime target for nucleotide-based phylogenetic analysis
(Uzcatégui et al., 2012).

In Germany, TBE infections are mainly reported from the
southern federal states of Baden-Wiirttemberg and Bavaria
(SurvStat, 2012). Since 2005, detailed data on circulating
viruses and corresponding sequences have been under
intensive investigation in several foci in Bavaria (Klaus
et al., 2010; Kupca et al., 2010; Weidmann et al.,, 2011). A
previously published analysis of 61 central European
TBEV-E gene sequences generated from collected ticks
unveiled a general east to west spread of TBEV within a
small geographical range (Weidmann et al., 2011; Zanotto
et al., 1995). On this small scale, a phylogenetic connection
between one strain from Nova Rise in the Vysocina region
of the Czech Republic (T-730) and one from Germany at
Haselmthl (277 km apart) separated by the mountain
range of the Bavarian forest (1400 m) implicated a non-
continuous distribution pattern and possibly some anthro-
pogenic influence in the TBEV spread. The genetic analysis
of the new dataset of 102 TBEV sequences allowed in-depth
analysis of possible spread patterns due to landscape
features, biogenic and anthropogenic influences of TBEV
in central Europe.

RESULTS

Dated tree analysis

In order to obtain a better understanding of TBEV strain
spread patterns in central Europe the E gene sequences of
an additional 41 TBE viruses collected from 1953 to 2011
from Slovakia (three sites), Austria (two sites) and
Germany (14 sites) were determined. This included 26
new TBEV isolates from ticks collected in south-east
Germany from 2010 to 2011 (Fig. 1a). In sum, the extended
dataset allowed analysis of 102 TBEV-E genes from 38 sites
(Table S1, available in JGV Online). The comparison of
two alternative schemes for estimating the rate of change
(1) expressed in substitutions per site per year (ss '/y)
indicated that a low rate of 4.07 x 10> s sfl/y, within the
95 % highest posterior probability density (HPD) interval
from 4.05x10°° to 4.08x10 °ss '/y had a slightly
better Bayes factor (BF) of 1.635 compared with a higher
rate of 1.69x10 *s sfl/y, with 95% HPD from
1.09x 10 * to 3.37 x 10" %, suggestive of a TBEV history
time frame spanning more than 300 years in central Europe
(mean=314 and 95% HPD ranging from 261 to 365

years). The rates (p) that we obtained are in line with
previous estimates showing slow evolution of tick-borne
viruses compared with mosquito-borne flavivirus (Twiddy
et al., 2003; Zanotto et al, 1996). Moreover, our results
indicated that the TBEV lineages are split into two main
clades, designated clade A and B (Figs S1, S2, Fig. 1b)
and experienced purifying selection in the E gene

(Table 1).

TBEV spread patterns

Phylogeographic estimates revealed that discrete transitions
explain TBEV spread much better than continuous diffusion,
since discrete models had significantly higher likelihood (L)
than continuous models. BF values did not indicate
significant differences between the L from continuous
models (Brownian diffusion and Cauchy distribution) and
the L from discrete models (Table 2). Moreover, Mantel’s test
for correlation among matrices of patristic and geographical
distances indicated that the relationship between them is
significant (P=9.9999 x 10~ °). The Mantel’s correlogram
lacked homogeneity across all geographical distances (Fig. 2)
and significant positive correlation (solid squares above the
zero line) was found only for distances less than 100 km.
Correlation was significantly negative for distances between
100 and 200 km and positive again close to 300 km.

TBEV diversity

The study identified six sites with multiple (n>5) E gene
sequences. Their local diversity was analysed by boot-
strapped maximum-likelihood trees (Fig. 3). TBEV-E
nucleotide sequences at Zdar Kaplice (n=7, 1986—1987;
Weidmann et al., 2011), Borovany (n=5, 2000-2002),
Burglengenfeld (n=6, 2010) and Heselbach (n=5, 2011)
had low diversity with sequence identities as high as 99.6—
99.9 %, while those of sequences at Potepli (n=7, 1954—
1967) and Haselmthl (n=17, 2009-2011) ranged from
94.8 to 99.8 %. At Potepli and Haselmiihl both lineage A
and B strains were found.

Migratory routes

We analysed local migratory routes over time by estimating
discrete state changes among isolation places for all ancestral
nodes in time-scaled viral genealogies that were sampled
during Markov Chain Monte Carlo (MCMC) convergence.
Our results unveiled multiple migratory movements of
TBEV from Germany to other places in the East during the
past 300 years (Fig. 4, Table 3 and file S4). In the first half of
the eighteenth century, multiple lineages of TBEV spread
from Germany to Austria, Slovakia, North Bohemia and
Central Bohemia. In the second half, the virus went from
Germany to North Bohemia and from Central Bohemia to
South Bohemia. From there, TBEV was reintroduced to
Germany around 1930 and moved to North Moravia around
1970. Moreover, TBEV moved from North Bohemia to
South Moravia around 1860.
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Fig. 1. (a) Sampling sites: white circles, sites of previous study (Weidmann et al., 2011); blue circles, extended set of sampling sites;
light blue circles, new isolates at known sites. (b) Distribution of lineages A and B according to the maximum clade credibility (MCC)
tree (Fig. S1). Yellow circles, lineage A; green circles, lineage B; circles with red rims, sites with TBEV genetic diversity (Fig. 3); mixed
coloured circles, sites with lineage A and B strains. (c) Hypothesized migration routes of TBEV in the twentieth century. Country
codes: D, Germany; A, Austria; CZ, Czech Republic; SK, Slovakia. NB, North Bohemia; CB, Central Bohemia; SB, South Bohemia.
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Table 1. Codon sites under purifying selection detected in
TBEV

Amino acid position* of P value

283 —4.80 7.09%x107°
294 —4.08 124x1072
298 —5.00 412%x107°
311 —3.00 3.70x 1072
334 —4.00 123x1072
348 —3.00 3.70x 1072
372 —4.71 7.09%x107°
417 —-9.13 3.65x 1072
421 —3.00 3.70x 1072
434 —3.53 227%x107%
447 —4.00 123x1072
455 —3.00 3.70x 1072
477 —3.00 3.70x 1072
500 —4.71 6.44x 107
516 —5.88 1.82x107°
533 —3.53 227x107%
551 —3.00 3.70x 1072
582 —5.00 412x107°
592 —4.71 6.44%x 107
603 —3.53 227x107%
604 —10.59 1.20x107°
616 —3.33 2.82%x 1072
618 —3.53 244 %1072
660 —3.53 227%x107%
676 —3.00 3.71%x 1072
683 —3.53 227%x107%
718 —10.70 1.20x107°
719 —4.04 1.23x107°
732 —3.03 3.70x 1072
735 —3.82 339%x 1072
763 —3.03 3.70x 1072

*The amino acid position was related to the first codon of polyprotein
sequence of isolate Toro-2003 (GenBank ABD62793.3.).

fDifference between non-synonymous (dy) and synonymous (ds)
rates per site.

Median joining (MJ) network analysis

Since linear inheritance patterns of viral sequences are
amenable to MJ network analysis, we used this approach to

test if the TBEV strains might have migrated to south-east
Germany by bypassing the Bavarian or Sumava mountains
to the south. The resulting M]J network shows a
discontinuous pattern of lineage A and B strains spread
across central Europe and several introductions of TBEV
strains into Germany (Fig. 5) and allowed spreading
patterns to be deduced in great detail.

DISCUSSION

Phylogentic analysis

The analysis of the extended dataset of TBEV-E gene
sequences yielded a dated tree spanning more than 300
years and consisting of mainly two subclades designated
lineages A and B. About half (48) of the strains analysed are
from Germany (mainly Bavaria, Fig. 1a). Lineage A strains
branching in a shallow forked subclade, suggest recent
introduction at Haselmiihl (Fig. 3, Fig. S1). Indeed in both
clades, deeply forked subclades intermingle with shallow
forked subclades, and could be explained by fairly recent
evolutionary events, such as bottlenecks, pruning older
lineages from both main clades, a phenomenon also
described for mosquito-borne viruses (Zanotto et al.,
1996). Moreover, we identified several sites under purifying
selection in the E gene (Table 1) and because of their
potential bias towards underestimation of branch lengths
on time-calibrated phylogenetics, we employed a substi-
tution model with gamma correction (GTR+1) to better
estimate hidden variation (Wertheim & Kosakovsky Pond,
2011). Nevertheless, patterns of molecular evolution from
populations under strong purifying selection were shown
to be very similar under simulated conditions to those of
populations under neutral selection (Nicolaisen & Desai,
2012; Walczak et al., 2012).

An additional analysis of patristic and geographical distances
suggested that TBEV foci appear to cohere below a radius of
100 km, while continuous diffusion breaks apart for greater
distances. This leads to suggest two distinct modes of
dispersion of TBEV: (i) on a local scale TBEV disperses
continuously with positive correlation between low genetic
and geographical distances, and (ii) on a regional scale
(distances greater than 100 km) TBEV spreads through
migration events, since genetic and geographical distances

Table 2. BF values for comparisons among different models used during phylogeographic inferences

InP (model/data) sem BSSVS* CTMCT Brownian diffusion Cauchy distribution
BSSVS —5408.819 +/— 0.402 0 —1.062 11.679 11.478
CTMC —5407.758 +/— 0.348 1.062 0 12.74 12.539
Brownian diffusion —5420.498 +/=0.999 —11.679 —12.74 0 —0.201
Cauchy distribution —5420.297 +/— 0.879 —11.478 —12.539 0.201 0

+CTMC, Continuous time Markov chain.
*BSSVS, Bayesian stochastic search variable selection.
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Fig. 2. Mantel's correlogram of patristic and geographical
distances. Geographical distances (horizontal axis) plotted against
Spearman’s rank correlation coefficient (vertical axis). Zero line, no
relationship between geographical and patristic distances. Points
above the zero line, positive correlation; points below the zero line,
negative correlation. Points with statistical significance (P<0.05)
are marked with solid (black) squares.

have a negative correlation. This observation is strengthened
by the identification of six genetically diverse TBEV foci in
total with at least two evolutionary rates and two foci with
mixed lineages (Fig. 3).

The migration analysis indicates TBEV spread from
Germany to other areas in Europe early in the eighteenth
century and it was carried back to it in the twentieth century
(Fig. 4). As recently confirmed, the main movement of
TBEV appears to follow a clinal distribution oriented
primarily from east to west (Heinze ef al.,, 2012; Zanotto et
al,, 1995). Nevertheless, at a fine grain during short spans of
space and time, rather complex spread patterns are expected
to emerge. Considering the complex history of this central
European region with trade, traffic, economic development
and wars going on for centuries, these migrations may only
be understandable in greater detail by using larger datasets,
possibly comprising more comprehensive viral sequence
information and a larger sample.

Landscape-dependent spread patterns

The combination of geographical and genetic information
in the MJ network allowed for the analysis of detailed
spreading patterns of TBEV. The introduction of one set of
lineage A strains to Passau and onward to Amberg-
Sulzbach directly linked to strains from Slovakia supports
the idea of TBEV strains being introduced to Germany by
circumventing the Bavarian mountains to the south (Fig.
I¢c) via the Danube river system.

Another set of lineage A strains appears to have migrated
southward from the Heselbach and Burglengenfeld area in
the northern part of south-east Germany. All sites are in
proximity to tributaries to the Danube, or in the respective
river plains or valleys [Heselbach (Naab), Burglengenfeld
(Naab), Renholding (Geifla), Fiirstenstein (Ilz), Rosenheim
(Inn)].

As humidity and appropriate temperature are important for
the life cycle of Ixodes ricinus (Randolph & Storey, 1999), it
seems very likely that TBEV-infected ticks could easily
establish foci along river valleys independently of the means
of migration. I ricinus and Dermacentor reticulatus have
been shown to occur sympatrically (Silaghi et al., 2012), and
the latter is currently spreading from east to west along river
valleys in Poland and from south to north along the corridor
of the Dyje and Morava rivers in the Czech Republic (Siroky
et al., 2011; Zygner et al., 2009). The Morava flows to the
south, directly passing TBEV isolation sites at Zahorska Ves
and Malacky in Slovakia to meet the Danube. We therefore
hypothesize that the Danube river system supports spread
and establishment of new TBEV foci by providing
favourable climatic conditions.

Biogenic spread patterns

The migration of lineage A strains towards the south of
south-east Bavaria extends directly from strains described
in investigations following an emergence of TBE cases in
the Usti nad Labem (UNL) region (North Bohemia) in the
1990s (Figs 1b, 5; Weidmann et al., 2011).

A recent comparative study on network calculation
methods pointed out that parsimony approaches are less
error-prone than MJ methods, with genes showing a high
substitution rate as is the case for TBEV gene (Woolley
et al., 2008). We therefore also performed a parsimony
analysis (Fig. S3). It confirmed the ingression patterns into
Germany and particularly the ingression from North
Bohemia observed in the MJ analysis.

Public health data in the Czech Republic indicate a general
spread of TBE northward and westward (Daniel et al.,
2011; Kriz et al.,, 2012). After eruption of TBE at the end of
the 1990s in the UNL region, incidence increased first in
the Kralovy Vary region (2001-2010) to the west and then
even further west in south-east Bavaria (2001-2012;
SurvStat, 2012). The regions Plzen and South Bohemia
with the highest morbidity rates in the Czech Republic
(10.9 and 23.2 per 100000) cover the whole remaining
expanse of the German—Czech border. Rodent and roe deer
(Capreolus capreolus) ranges are too small to explain the
spread of TBEV-infected ticks over long distances. Red deer
(Cervus elaphus), however, have much larger resident
ranges (<300 ha for females, <700 ha for males; Licoppe
& Lievens, 2011) and stags that cannot acquire a herd of
females migrate for long distances (<100 km) looking for a
herd elsewhere. A population analysis of red deer
populations in Sumava Park, on the eastern hillsides of

http://virsgmjournals.org
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Fig. 3. TBEV-E gene diversity. Upper row: Starplot of TBEV-E gene sequences of isolates from Borovany, Burglengenfeld, Heselbach
(one bar for all three sites 9.9x10™* substitutions per site). Lower row: Haselmiihl and Potepli (individual bars 1.0x1 072 substitutions

per site). The bootstrap percentage values are derived from 1000 bootstrap trials. A and B indicate the two main lineages.

the Bavarian forest in Plzen and South Bohemia, provides
some additional evidence for tick dispersal via red deer
migration. During the cold war the red deer populations
on either side of the Bavarian—-Bohemian ecosystem were
discreetly separated by border fortifications, and this still
shows up in matrilineal mtDNA differentiation into
predominantly west-European and Czech female red deer
populations. Microsatellite-based population analyses,
however, reveal that the populations have intermingled
since the fortifications were removed two decades ago
(Fickel et al., 2012). The concomitant free migration of
stags documented in these genetic signatures may have
been a route of an accompanying ingression of TBEV-
infested ticks into Germany.

In the MJ network, Central Bohemia itself acts as a sort of
hub for introductions of TBEV lineage A strains to south-
east Bavaria (Mihldorf, Asbach) and in south-west
Germany (Salem, Karlsruhe; Fig. 5). Prime candidate
mechanisms for this type of spread could involve

migrations of passerine bird species, which have already
been implicated in TBEV spread (Hoogstraal et al, 1963;
Waldenstrom et al., 2007).

Anthropogenic spread patterns

Lineage B strains were introduced to Hauzenberg and
Haselmiihl. Introduction into Haselmiihl had stood out at
the end of our last phylogeographic analysis (Weidmann et
al., 2011) and the MJ network suggests a route from Brno
via Nova Rise. This introduction was successful as evident
from the many isolates from this site (Fig. 1). The most
divergent strain at this site (HM666), however (Fig. 4), is
directly connected to two strains from North Bohemia (T-
754/11, T-740) indicating the additional arrival of a lineage
A strain at this site. Lineage A strains appear also to have
been introduced from South Bohemia (e.g. Zdar Kaplice to
Miildorf and on to Asbach). Anthropogenic spread is a
prime candidate for all of these introductions, but at this
stage cannot be demonstrated as clear cut as described

2134
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Fig. 4. Fine-grained movement of TBEV in central Europe since the eighteenth century. Directional lines represent migratory
events, with arrows connecting sources and destinations. The isolation places are shown by capital letters: Germany (G),
Austria (A), Slovakia (K), North Bohemia (N), Central Bohemia (C), South Bohemia (S), South Moravia (B) and North Moravia
(M). The last three places are in the Czech Republic. The lines are coloured in agreement with the median of the estimated dates
of migration. Also see file S4 and Table 3 to access the confidence interval of estimated dates.

along the Siberian railway thoroughfare in Russia (Kovalev
et al., 2009). Prime candidates could be rodents on long-
haul lorry transport.

Focal activity

The spread of tick-borne flaviviruses across the Eurasian
continent has recently been reanalysed and it appears that
the TBEV-Sib and TBEV-Fe types branched off the TBEV-
Eur type to migrate towards the east about 3000 years ago
in central Asia, whereas TBEV-Eu migrated towards the

west (Heinze et al., 2012). The novelty of our data lies in
the close examination of natural active TBEV foci,
identified by searching for ticks in the area of the residency
of confirmed TBE cases.

Focal activity of TBEV is subject to many factors and
currently subject to investigation and discussion (Durmisi
et al., 2011; Fajs et al., 2012; Lommano et al., 2012). A reset
of tick phenology due to conditions during diapause and
warming conditions in spring allowing synchronous
appearance and co-feeding of at least two of the three tick

Table 3. Estimated dates of migratory events of TBEV in central Europe

Origin Destination Median (years) 95% HPD (years)
Germany Central Bohemia 1731 1682-1779
Germany Central Bohemia 1744 1669-1872
Germany North Bohemia 1744 1669-1872
Germany Austria 1748 1695-1803
Germany Slovakia 1754 1701-1807
Germany North Bohemia 1767 1743-1867
Germany South Bohemia 1791 1734-1839
Germany Austria 1809 1708-1867
Germany Central Bohemia 1815 1755-1873
North Bohemia South Moravia 1865 1755-1873
South Bohemia Germany 1922 1894-1943
South Bohemia North Moravia 1975 1958-1985
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Fig. 5. Reduced MJ network. Plot of a 1228 character set of 102 TBEV-E gene sequences. Yellow circles, lineage A according
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stages (larva, nymph, adult) is essential for saliva-assisted
non-viraemic TBEV transmission (Labuda & Randolph,
1999; Randolph et al., 1999). In contrast TBEV emergence
at higher altitudes due to climate warming appears to
depend mainly on vertical transmission among ticks
(Daniel et al., 2004; Danielova et al., 2006).

Long-term studies on TBEV in Russia reveal that
reproductive adult male voles with a suppressed immune
system due to high testosterone levels are the best
amplifiers of TBEV and that the virulence of TBEV
increases in tick-host—tick passages (Moshkin et al,
2009). Infection rates in host rodents in turn depend on
abundance of tick larvae and nymphs feeding on the adult
reproductive voles whose springtime activity coincides with

tick activity, thus establishing horizontal transmission of
TBEV among the rodents (Moshkin et al, 2009). More
recently, new data on the role of rodents in maintenance of
TBEV transmission in Slovenia (Knap et al, 2012) and
Scandinavia (Tonteri et al., 2011) support the view that
rodents also play a significant role in natural transmission
cycles in Europe. Additionally, empirical data supported by
mathematical modelling implicate roe deer population
densities in sustaining tick populations and therefore TBEV
transmission in Slovakia and Italy (Bolzoni et al., 2012;
Cagnacci et al, 2012).

Our phylogenetic and network analysis of 102 TBEV-E
gene sequences allowed us to infer the diverse recent
evolutionary history of TBEV-E gene sequences in central
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Europe. It identified local (focal) continuous and long-
distance discontinuous spreading patterns of two lineages
of TBEV in central Europe and TBEV foci with differing
evolutionary rates.

Ecological assessment in respect of climate data, tick and
host density data for these genetically diverse TBEV foci
will be paramount to obtaining a detailed understanding of
the maintenance and spread of TBEV.

The question of why lineages A and B differ in their spread
pattern should also be analysed by virological means to
characterize replication efficiencies in various cell tissues,
dendritic cells and macrophages of relevant host species
and in ticks. Since most virological data published to date
were presumably generated with lineage B strains (e.g.
TBEV strain Hypr71), a comparative analysis may yield
important insights into these two lineages and ultimately
explain if and how their spreading patterns differ.

METHODS

Virus strains. Viral sequences were obtained from TBEV strains from
ticks (Ixodes ricinus, I. hexagonus), or mammalian hosts (strain 465:
Sciurus vulgaris; strains V-352, V-361: Apodemus sylvaticus; M2 A104:
Apodemus  flavicollis; strains V-364, V-540, M5 CGI223: Myodes
glareolus) in the Czech Republic (19 sites), Slovakia (two sites),
Austria (three sites) and Germany (14 sites) over a period of more
than 67 years. In the years 2010 and 2011 questing ticks were collected
by flagging the low vegetation at seven sites in south Germany
(Haselmiihl, Burglengenfeld, Amberg-Sulzbach, Asbach, Neustadt a.
d. W., Passau and Heselbach), in the vicinity of recent TBE cases
reported by the local health authorities. Ticks were separated
according to their sex and developmental stage, morphologically
identified to the species level (Hillyard, 1996) and subsequently
homogenized and processed for reverse transcription (RT)-PCR as
described previously (Frey et al., 2012). The year, host source and
geographical location of the particular virus samples are summarized
in Table S1.

RNA extraction PCR amplification and sequencing. All
sequences generated since 2005 were obtained directly from RNA
isolated from tick homogenates, without any isolation or attenuation
in cell cultures or mouse brain.

Total nucleic acids were extracted from 200 pl sample using the
MagNA Pure LC Total Nucleic Acid (NA) Isolation kit (Roche) and
the MagNA Pure LC instrument (Roche). Isolated NA (50 pl) was
stored at —80 “C. Screening real-time RT-PCR, subsequent envelope
(E) gene RT-PCR and sequencing of the screened positive tick
samples were performed as described previously (Frey et al, 2012;
Weidmann et al., 2011).

Phylogenetic analysis

Sequence alignment:

Nucleotide sequence alignments were performed using CLUSTAL W and
bootstrapping (1000 repetitions) in DNASTAR LASERGENE MEGALIGN.
Dendrograms were built using DENDROSCOPE (Huson et al., 2007).

Bayesian phylodynamics analysis

For the analysis of the evolutionary history of the TBEV, a 1488
character-long alignment (including gaps) of 106 E genes, connected

to isolation year and sampling site (latitude and longitude), was used
for a maximum-likelihood (ML) optimization in GARLI BUILD 0.951
(Zwickl, 2006) using the General Time Reversible (GTR) model of
nucleotide substitution (Krejci, 1949) and optimizing topology,
branch lengths, rate heterogeneity and model parameters. The date-
stamped samples, allowed to infer a maximum clade credibility
(MCC) tree with dated tips and internal nodes using a MCMC
Bayesian approach and a GTR model with gamma-distributed rate
variation (I') and a proportion of invariable sites (I) using a relaxed
(uncorrelated  lognormal) molecular clock in  BEAST v1.5.4
(Drummond & Rambaut, 2007) . The GTR+I +1I substitution
model was used, since it was the best model obtained with MODELTEST
(Posada, 2008). A relaxed molecular clock was used since flavivirus
evolution generally approximates a molecular clock, but some minor
rate differences may occur (Twiddy et al., 2003). Four independent
MCMC runs of four chains each were run for 100 million states. The
convergence of parameters during MCMC runs was assessed by their
effective sample size (ESS) reaching values above 200, as calculated
with TRACER v1.5 (http:/tree.bio.ed.ac.uk/software/tracer/). Since
Bayesian inference is highly sensitive to prior selection and because
new sequences were being analysed, we tested two different
substitution rates to infer TBEV changes in time. Firstly we used an
initial substitution rate () of 8.0 x 10™* s s™'/y in agreement with
our previous estimate (Weidmann et al, 2011) and we also used a
prior based on a coarse rate estimate obtained with the Path-O-Gen
v1.3 program (http:/tree.bio.ed.ac.uk/software/pathogen/), which
uses the best ML tree and sampling dates. To assess the best-fit rate
to our data, we did a BF test (Suchard et al., 2001) which compares
the harmonic mean of the marginal likelihoods for each model. To
investigate selection regimens on the E gene, we estimated the
difference (0=dN—dS) between the non-synonymous (dN) and
synonymous (dS) rates per codon sites, using the single likelihood
ancestor counting (SLAC) algorithm with HyPhy v2.11 (Pond et al.,
2005), assuming a significance level of 5% (2=0.05). Thus, ® greater
than zero suggests directional selection, while values below zero are
indicative of purifying selection.

Phylogeography of TBEV

We tested two major hypotheses of TBEV spread in our area of study:
dispersion following a continuous diffusion model (Lemey et al.,
2010), and spread by discrete events of migration (Lemey et al., 2009).
We also tested if the diffusion rates between localities were
homogeneous (Brownian diffusion), or if the diffusion rates were
independent following a Cauchy distribution. We fed the continuous
models with geographical coordinates from the places of viral
isolation. The second scenario was inferred using a continuous time
Markov chain (CTMC) model (Lemey et al., 2009) and under the
special case of a Bayesian stochastic search variable selection (BSSVS)
model. We assigned to each sequence a discrete label in agreement
with its place of isolation (Central Bohemia, South Bohemia, North
Bohemia, Germany, Slovakia and Austria). The time-scaled phylo-
genies to reconstruct spread patterns were obtained during the
stationarity of four MCMC using Beast. The MCMC was run for
2% 10% generations for continuous models and 5 x 107 for discrete
models to obtain model convergence. Our sample from the posterior
included 10000 trees that were used to construct the MCC tree. We
used the BF test (Suchard et al, 2001) to compare the marginal
likelihood obtained from the MCMC for each model, after 1000
bootstrap replicates, to test the best-fit model to the data. The MCC
tree from the best model with ancestral states in nodes was plotted in
Google Earth software (http://www.google.com/earth/index.html),
using SPREAD v1.0.5 (Bielejec et al., 2011). In addition, to investigate
the relationships between geographical and genetic distances we
calculated, from the phylogenetic tree with the best likelihood
obtained after 100 independent runs of the GARLI program, the
patristic distances using PATRISTIC software (Fourment & Gibbs,
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2006); the geographical distances between two points were estimated
using the spherical law of cosines with a Perl script. The correlation
between the matrices of geographical and patristic distances was
inspected using the Mantel test implemented in the APE package
v3.0.2 (Paradis et al., 2004) from the R-project (http://www.r-project.
org/). We investigated relationships between geographical and
patristic distances with a Mantel correlogram (Carrel et al, 2010),
which was generated with the Bonferroni multiple correction and
Spearman’s rank correlation coefficient (p), using VEGAN package
v2.05 (Oksanen et al., 2012) from the R-project.

MJ network analysis

A network was constructed from a 102 TBEV-E gene 1222 character
alignment set stripped of all homogeneous character using SPLITS TREE
4.0 with Epsilon 1 and 2000 spring embedded iterations. A parsimony
splits analysis was also used.
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increased during the past 13 years (6).
This trend is accompanied by an in-
crease in the total number of peripros-
thetic joint infections, even though the
overall percentage of this complica-
tion is low (7). The most commonly
isolated organisms in periprosthetic
joint infections are gram-positive coc-
ci, specifically Staphylococcus aureus
and S. epidermidis (8). In a retrospec-
tive review, Moran et al. (9) examined
the microbiological spectrum of 112
patients undergoing debridement and
irrigation for a periprosthetic joint in-
fection (hip [52], knee [51], elbow [4],
ankle [3], shoulder [2]) at a tertiary
care center in the United Kingdom
during 1998-2003. The most frequent-
ly isolated microorganisms were co-
agulase-negative staphylococci (47%)
followed by methicillin-sensitive S.
aureus (44%), methicillin-resistant S.
aureus (8%), aerobic gram-negative
organisms (8%), and anaerobes (7%).
Thirty-seven percent of patient speci-
mens grew multiple microorganisms.

We document the ability of B.
extructa to cause an infection beyond
its usual habitat, the oral flora. We
hypothesize that the infection in this
patient might have developed from
hematogenous seeding in which an
undiscovered and asymptomatic oral
infectious nidus might have served as
the seeding focus while mild trauma to
the hip could have facilitated access to
the joint space.
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Tick-borne
Encephalitis Virus,
Zealand, Denmark,

2011

To the Editor: In Scandinavia,
the incidence of tick-borne encephali-
tis (TBE) is increasing and expanding
its geographic range (/). TBE virus
(TBEV) types TBEV-Eur and TBEV-
Sib occur in Estonia and Finland, along
with 2 tick species, Ixodes persulcatus
and /. ricinus. In Denmark, TBE has
been reported since the 1950s only
from the isolated Bornholm Island in
the Baltic Sea with an incidence of ~4
cases per 100,000 persons (2). Statisti-
cal climate-matching models based on
the known spatial distribution of TBEV
indicate that the present North Zealand
climate also would support TBEV-
Eur transmission cycles (3). Recently
(2008 and 2009), we reported TBE in
2 persons who had histories of tick-bite
and originated from a single location in
a small forest area (Tokkekeb Hegn) in
North Zealand where TBE was previ-
ously unrecognized (4).

To determine whether TBE was
established in this possibly new TBE
focus in mainland Denmark outside
Bornholm, we collected ticks by flag-
ging (4) from 3 sites at Tokkekeb dur-
ing June—July 2011. The 3 sites yielded
896 ticks (854 nymphs, 22 male adults,
20 female adults) in 24 pools. A fourth
site at Grib Forest 10 km to the north
yielded 198 ticks (183 nymphs, 9 male
adult, 6 female adults) in 13 pools.
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Flagging was repeated in September
2011 at Tokkekeb to confirm the pres-
ence of TBEV and to obtain material
suitable for virus isolation. Here, we ob-
tained 7 pools (100 nymphs each) and 1
pool with adults (15 male, 15 female).
In September 2011, we also obtained 13
pools (738 nymphs, 37 male adults, 41
female adults) at 3 suspected TBE loca-
tions on Bornholm Island. In addition,
1,073 ticks in 58 pools were collected in
2010 and 2011 from deer inspected by
the National Center for Wildlife Health
from 54 wvarious locations (Figure,
panel A). All ticks were identified as 1.
ricinus on the basis of morphology. For
TBEV-specific real-time PCR (9), ticks
were homogenized in 0.5 mL nucleic
acid extraction buffer and RNA/DNA
extracted from 0.2 mL homogenate by
using the MagNA Pure total NA kit
(Roche, Indianapolis, IN, USA). Three
of 37 pools (2 with nymphs, 1 with
adult females) from Tokkekeb were
TBEV RNA positive. None of 58 tick
pools from other locations in Denmark
or Bornholm were positive for TBEV
but contained other pathogens (6). Five
of the 8 pools obtained from the second

flagging session (all nymphs) in Tok-
kekeb were TBEV PCR positive, and 2
yielded isolates (T2, T3) in VeroB4 cell
culture. Considering that the duration of
the nymphal stage in L ricinus is usu-
ally only I or 2 years in northern Eu-
rope (7), the repeated identification of
TBEV in nymphs at the same location
in 2009 and 2011 indicates establish-
ment of a new focus of endemic TBEV
in Denmark.

Phylogenetic analysis of TBEV-
E sequences (1,488 nt) of central Eu-
ropean (8) and Scandinavian TBEV
strains did not group the Zealand iso-
late T2 (T3 was not sequenced) with
the Bornholm strain but into a sub-
clade with 2 isolates from Sweden,
Tors-2003 (9) (GenBank accession
no. DQ401140) and Saringe-2009
(GenBank accession no. KC469073);
an isolate from Norway (GenBank ac-
cession no. EF565947), and isolates
from North Bohemia (Czech Repub-
lic). The Bornholm strain located into
a different subclade containing vari-
ous sequences from South and Central
Bohemia (Figure, panel B). TBEV se-
quences from the Baltics and Finland

locate to a spate clade. The missing
link between the isolates from Born-
holm and Zealand also was observed
in a median joining network analysis
(Splits Tree program, Epsilon] [www.
splitstree.org], 2,000 iterations [data
not shown]).

Two severe clinical cases of TBE
connected to this new focus occurred
in 2008-2009 (4). To search for ad-
ditional missed clinical TBE cases
from this areca, we examined serum
and cerbrospinal fluid of 96 patients
(2007-2009) in whom encephalitis
developed after tick bite; these sam-
ples were found negative for Borrelia
spp. by antibody ELISA and PCR
(online Technical Appendix, wwwnc.
cdc.gov/ElID/article/19/7/13-0092-
Techappl.pdf). To assess anti-TBEV
seroprevalence, we also tested serum
from 78 patients experiencing “sum-
mer flu” who had histories of tick bite;
this serum was submitted by general
practitioners in North Zealand dur-
ing July—November 2010 (online
Technical Appendix). Except for 1
patient infected in Bornholm and 2 pa-
tients infected in Sweden, none were
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Figure. A) Tick collection areas in Denmark. Red indicates ticks sampled from animals; blue indicates flagging. B) Neighbor-joining
phylogenetic analysis of a 1,488-nt set of 78 tick-borne encephalitis virus (TBEV)-Eur E gene sequences including reference strains
Neudoerfl (Austria) and Hypr 71 (South Moravia) performed in ClustalWW with a 1,000 bootstrap approach (LASERGENE, MEGALIGN,
DENDROSCOPE) outgrouped to Louping ill virus (data not shown). Sequence designations of central European strains as in (8). Dark
gray indicates Denmark Bornholm clade; white indicates Swedish-Norwegian clade. For simplicity, some subtrees were collapsed; these
are designated with region and number of sequences in the collapsed subtree in brackets.
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positive by ELISA (Enzygnost Anti- References Usutu Virus in
TBE/FSME Virus [IgG, IgM] Siemens, =
Erlangen Germany) or PCR (online 1. Jaaskeldinen AE, Tonteri E, Sironen T, Mlg ratory song
Technical Appendix). Since the 1980s, gakarmen L. Vaheri A, Vapalahti ©O. Thrushes, Spam
X N uropean subtype tick-borne encephalitis

Sweden has experienced a 4-fold in- virus in Ixodes persulcatus ticks. Emerg . .

To the Editor: Usutu virus

crease in human TBE incidence, with
spread southwest (/0). The emergence
of the TBEV strain T2 closely related
to isolates from Sweden may be a con-
tinuation of this geographic trend. A
previous antibody study found 3 deer
positive for TBEV in Zealand-Falster
(2): however, without convincing
neutralization data, this finding is not
confirmed. The lack of TBEV viremia
and seropositivity among the patients
in Zealand who had histories of tick
bites supports a recent introduction to
the new focus. Thus, 2 distinct intro-
ductions of TBEV have occurred in
Denmark. The underlining environ-
mental or climatic factors driving this
geographic trend remain unknown.
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(USUV), a member of the Japanese
encephalitis virus antigenic group,
was first detected in 1959 in
mosquitoes in South Africa (/), and it
emerged in 1996 in blackbirds (Turdus
merula) in Italy (2). Recent cases of
USUV infection in asymptomatic
blood donors (3) and severe disease
in immunocompromised persons (4)
have shown its zoonotic potential.

Epidemiology and molecular
phylogeny of USUV isolated in Italy,
Austria, Hungary, Switzerland, and
Germany suggest that stable endemic
mosquito-bird cycles have been
established in Europe (5,6). Where
active vector surveillance programs
exist, USUV is detected in mosquitoes
before bird deaths and human
infections. USUV  strains similar
to African strains were detected in
mosquitoes in Spain in 2006 and
2009 (7,8).

In November 2012, two live song
thrushes (Zurdus philomelos) with
central nervous system signs were
recovered from a die-off of ~10 birds
at a hunting estate in southern Spain.
A full necropsy was conducted on the
2 thrushes (which died shortly after
capture), and samples were collected
for virus detection and histopathologic
examination. Total RNA was extracted
from oral and cloacal swab specimens,
from serum from a cardiac blood
clot, and from heart, kidney, spleen,
and brain tissues by using High Pure
RNA Tissue Kit (Roche Diagnostics,
Barcelona, Spain) and analyzed
by generic flavivirus SYBR Green
(QIAGEN, Madrid, Spain) real-time
reverse transcription PCR (RT-PCR)
and by a generic conventional nested
flavivirus RT-PCR (9). The product
of the first PCR (1,048 bp) was
resin purified, cloned into pGEM-T
(Promega, WI, USA), and sequenced.
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Abstract Tick-borne encephalitis virus (TBEV) causes
one of the most important inflammatory diseases of the
central nervous system, namely severe encephalitis in
Europe and Asia. Since the 1980s tick-borne encephalitis is
known in Mongolia with increasing numbers of human
cases reported during the last years. So far, however, data
on TBEV strains are still sparse. We herein report the
isolation of a TBEV strain from Ixodes persulcatus ticks
collected in Mongolia in 2010. Phylogenetic analysis of the
E-gene classified this isolate as Siberian subtype of TBEV.
The Mongolian TBEV strain showed differences in virus
titers, plaque sizes, and growth properties in two human
neuronal cell-lines. In addition, the 10,242 nucleotide long
open-reading frame and the corresponding polyprotein
sequence were revealed. The isolate grouped in the genetic
subclade of the Siberian subtype. The strain Zausaev
(AF527415) and Vasilchenko (AF069066) had 97 and
94 % identity on the nucleotide level. In summary, we
herein describe first detailed data regarding TBEV from
Mongolia. Further investigations of TBEV in Mongolia
and adjacent areas are needed to understand the intricate
dispersal of this virus.
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Introduction

Tick-borne encephalitis virus (TBEV), Flaviviridae, genus
Flavivirus, causes one of the most important inflammatory
diseases of the central nervous system (CNS), namely
severe encephalitis in Europe and Asia. In Europe, more
than 3,400 human TBE cases and in Russia more than
3,600 human TBE cases were reported in the year 2009
[1]. Three subtypes of TBEV with different phyloge-
netic characteristics and predicted pathogenicity are
distinguished, the Western subtype (W-TBEV), the Sibe-
rian subtype (S-TBEV) and the Far-Eastern subtype
(FE-TBEV) [2, 3]. Some authors suggested Louping ill
virus and a Siberian—Baltic clade as further distinguishable
phylogenetic groups and therefore two more complement-
ing subtypes of TBEV [4]. TBEV occurs in natural foci
characterized by ecologic habitats favorable for ticks and is
transmitted by Ixodes ticks over a wide area from Western
Europe to the eastern coast of Japan [5-7]. Humans are
only accidental hosts of TBEV and do not play any role in
the natural transmission cycle. In Mongolia, TBEV is
known since the 1980s with approximately 20 reported
cases of human disease annually [8]. A surveillance system
for TBE was implemented in Mongolia in 2005. Endemic
areas of TBEV associated with severe CNS disease have
been reported in the provinces (Aimaks) Selenge and
Bulgan in Northern Mongolia close to the Russian border
(Fig. 1). Seroepidemiological investigations revealed anti-
bodies against TBEV in human serum samples originating
from these provinces (Selenge 5.1 %, Bulgan 0.9 %) [9].
Preliminary sequence data on TBEV were obtained from
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brain samples of a TBEV patient in 2008. Viral RNA was
found in the samples of medulla oblongata, cerebral cortex,
and pia mater of brain, but not in the cerebellar tissue.
Sequencing of a 520 bp fragment of the envelope gene
showed clustering with Far-Eastern strains [8]. However,
despite these reports, no data regarding TBEV strains and
subtypes are available in detail. We report the isolation of a
TBEV from ticks collected in the Mongolian province
Bulgan and present first data of its molecular and cellular
biological characterization.

Materials and methods
Tick collection

For the detection of TBEV, ticks were collected by flag-
ging the vegetation in the Khyalgant district (soum) of
Bulgan province (UTM 48U 4366, 55096) in North Mon-
golia in July 2010 (Fig. 1). Ticks were stored alive in
50 ml Falcon tubes and transported to the German lab.
Ticks were separated according to their sex and develop-
mental stage, morphologically identified to the species
level [10] and subsequently processed for RT-PCR and cell
culture.

NA extraction

Collected ticks (n = 64) were individually sorted in
BiolOl Lysing matrix A in 1 ml Minimum essential
medium (MEM) containing GlutaMAX™ supplemented
with 1x non-essential amino acids solution and 10x
Antibiotic-Antimycotics (Invitrogen, Karlsruhe, Germany).

Fig. 1 Geographical
distribution of clinically
apparent TBE cases in
Mongolia (2005-2010). Aimaks
with human TBE cases are
marked in gray and numbers of
cases within the respective
Aimaks are given. Selenge
Aimak where most TBEV cases
are reported is marked in dark
gray. Ticks and the TBEV
isolate (MucAr M14/10) in this
study originated from Bulgan
Aimak (see arrow)

Russia
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Homogenization was performed twice on level 6 for 30 s
with the Fast Prep Savant FP120 instrument (BiolOl,
Vista, USA). Nucleic acids were extracted from 200 pl of
the supernatant using the MagNA Pure LC Total Nucleic
Acid (NA) Isolation Kit (Roche, Mannheim, Germany) and
the MagNA Pure LC instrument (Roche). Isolated NA
(50 pl) was stored at —20 °C.

Screening real-time RT-PCR and envelope (E)-gene
sequencing

5 pl extracted NA were used for screening of TBEV-spe-
cific sequences by a real-time RT-PCR as described in
detail before [11]. This RT-PCR amplifies a 68 bp frag-
ment of the 3’ non-coding region of all three viral subtypes
and is highly sensitive and specific [12]. For the positive
sample an envelope (E)-gene-specific RT-PCR was applied
[13] (primers see Table 1). RT-PCR products were visu-
alized in a 1 % agarose gel and afterward purified using the
QIA quick PCR Purification Kit (Qiagen, Hilden, Ger-
many). Sequencing of the amplification products (approx.
1,686 bp) was directly performed by GATC sequencing
service (Konstanz, Germany). Extracted RNA of TBEV
strain Hypr was used as a positive control, while distilled
water served as a negative control. Inhibition of all samples
was monitored by an internal control RT-PCR as described
in [11].

Full-genome sequencing
Whole-genome sequencing was performed on NA directly

isolated from the tick homogenate (sample No. 14, for
details see results). In a first approach primer pairs based on
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Table 1 Primers for sequencing of the whole genome of the Mongolian TBEV strain

Primer name" Primer sequence Size (nt) Amplificate length (bp) Reference
Ml4-1 5'-AGA TTT TCT TGC ACG TGC G-3 19 1187 This paper
TBE-c1187 5'-GCT GCA ACC TTA GTG TCC GAC-3' 21 This paper
TBE-885 5'-GGT TAC CGT TGT GTG GTT GAC C-3' 22 1686 (E-gene) [13]
TBE-c2571a" 5'-CTC CGGG TAG TAGG CAT AAT TG-3' 22 [13]
TBE-c2571b" 5'-CTC CGG GTA GTA TGC ATA ATT G-3' 22 [13]
TBE-2209 5'-CTG ACA GTG ATA GGA GAG CAC G-3' 22 933 This paper
TBE-c3141 5'-GGC CAT GAG CAG TTC CTC AG-3’ 20 This paper
M14-2949 5'-GTC TGA GAA CAA AAG TCT TC-3' 20 943 This paper
M14-3892 5'-CAA CTC CAA GAC CAA CAA G-3' 19 This paper
M14-3649 5'-CGA GAA TGA GAG CTA GGT-3 18 1112 This paper
M14-4761 5'-CAT ATC CGA CTC CCA CTT-3' 18 This paper
M14-4670 5'-GAG AGG TGA CAG ACC TTT-3' 18 1328 This paper
M14-5998 5'-GGC TTG ATG TTT GTT CGC-3 18 This paper
TBE-5496 5'-CAT AGC TGC CAG AGG TCA TTT G-3' 22 1592 [13]
TBE-c7087 5'-GCA GTT GGT GGA TGA TGT AAG G-3' 22 This paper
TBE-6525 5’-CAG TGC CCT GGA TGT CTT CTA CG-3' 22 1153 [13]
TBE-c7677 5'-CTC AGA ACC ACC ACG CCT AC G-3' 20 [13]
M14-7367 5'-CCA TTG TGG TGT CTG GAT-3’ 18 1286 This paper
M14-8653 5'-CAG GTT TCA CCG TAC TGT T-3' 19 This paper
M14-8526 5'-AAC ATC GTG AAC TCC GT-3' 17 1400 This paper
M14-9926 5'-CCA ATG TCC TTC CTG GTC TT-3' 20 This paper
M14-9815 5'-CTT GGA AGA ATG CTC GTC A-3 19 1232 This paper
M14-11046 5'-AGC GGG TGT TTT TCC GAG-3' 18 This paper

* Numbers correspond to nucleotide positions in the genome of TBEV strain Neudoerfl (GenBank Acc. No. U27495) and strain Zausaev

(GenBank Acc. No. AF527415)

" The two reverse primers TBE-c2571a and TBE-c2571b were used in a proportion of 1:1

the genome of strain Neudoerfl (GenBank Acc. No.
U27495) were used [13]. Gaps were closed with newly
developed primer pairs based on the obtained sequence
fragments and the available genome sequence of TBEV
strain Zausaev (GenBank Acc. No. AF527415), see
Table 1. Overlapping fragments between 950 and 1400
nucleotides in length were generated. In brief, RT-PCR
was performed using 4 pl extracted NA, the Invitrogen
Superscript 1II Reverse Transcriptase (Life Technologies,
Darmstadt, Germany) and 10 uM primers. cDNA synthesis
was conducted at 50 °C for 45 min, followed by denatur-
ation at 95 °C for 5 min. DNA was amplified in 40 cycles
for 30 s at 94 °C, 30 s at 50 °C, and 2 min at 68 °C. Final
extension was performed at 68 °C for 10 min. Amplicons
were purified as described before. Direct sequencing was
performed in both directions with the appropriate primers
of the corresponding fragment as described above in detail.

Sequence and phylogenetic analyses

Sequence analyses were carried out with Chromas Lite
2.01 (http://www.technelysium.com.au/chromas_lite.html),

Bioedit 7.0.5.3 [14] and MEGAS [15]. For full-genome
analyses the nucleotide sequences were aligned using the
ClustalW algorithm [16] implemented in BioEdit 7.0.5.3
[14] and revised manually. Phylogenetic trees were cal-
culated with MEGAS [15]. Details on phylogenetic anal-
yses and GenBank Accession Numbers of the sequences
included in this study are shown in the corresponding
phylogenetic trees.

Virus isolation and titration

In order to isolate TBEV from the real-time RT-PCR
positive tick homogenate VeroB4 cells were used. In brief,
supernatants of confluent VeroB4 cell monolayers (aged
24 h) were discarded and a 500 pl-aliquot of the real-time
RT-PCR positive tick supernatant was inoculated. Infected
cell cultures were incubated 1 h at 37 °C (5 % CO,) and
afterwards filled up with MEM (5 % fetal calf serum,
FCS). Incubation was performed at 37 °C (5 % CO,) for at
least 7 days or until prominent cytopathogenic changes
were visible. After freeze-thawing of the positive culture
two sub-passages were performed as described before. In
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order to determine the titer of the virus stocks, a plaque-
assay was performed in triplicate. VeroB4 cells were
grown to 100 % confluence in 12-well plates overnight.
Cell supernatants were discarded and monolayers were
inoculated with serial log ;o dilutions of TBEV. After | h of
incubation at 37 °C, a methylcellulose overlay (1.25 % in
MEM supplemented with 2 % FCS) was added and the
plates were incubated for 6 days at 37 °C, 5 % CO.,.
Staining was performed overnight with vital stain Neutral
red (1:100, 1 mg/100 ml H,O) or 1 % crystal violet in
formalin to visualize plaques.

Propagation of the Mongolian TBEV in neuronal cell-
lines

For characterization of the growth properties, the Mongo-
lian TBEV isolate was grown in different mammalian cell-
lines. Human neuronal glioblastoma (DBTRG-05MG) and
neuroblastoma (SIMA) cells were compared to VeroB4
cell-lines [17, 18]. Virus stocks (2nd passage) of the
Mongolian TBEV isolate were generated in neuronal cell-
lines and virus titers were determined as described above in
VeroB4. For all assays Langat virus (LGTV) strain TP-21

’ (b) 1,0E+08 -

‘ 1,0E+07 -
\

1,0E+06 -
1,0E+05 -
1,0E+04

PfU/ml

1,0E+08 -
1,0E+02 -
1,0E+01

1,0E+00

served as control because this virus is closely related to
TBEV. Although this virus is a BSL-2 strain it was shown
to cause CNS infection in humans when tested as treatment
option for brain tumors [19].

Generation of growth curves

Growth curves of the Mongolian TBEV strain and LGTV
were established in the three different cells lines: DBTRG-
05MG and SIMA cells in comparison to VeroB4. Virus
(multiplicity of infection = 0.1 Plaque forming Units, PfU)
was inoculated into 25 cm® cell culture flasks and incu-
bated for 1 h at 37 °C, 5 % CO,. Subsequently, cells were
washed two times with PBS (pH 7.4) and 5 ml medium
supplemented with 2 % FCS was added. Aliquots of the
cell culture supernatant were taken at 0 h, 24 h, 48 h, 72 h,
and 96 h post infection and stored at —60 °C until further
examination. For determination of growth back-titration
was carried out in VeroB4 cultures using supernatants of
the different time points as described above in detail. All
growth curves were performed in three replicas and the
standard deviation was calculated for each virus and time
point.

—— VeroB4
—=— DBTRG-05MG
—— SIMA

1,0E+08
1,0E+07
1,0E+06
1,0E+05

1,0E+04

PfU/ml

1,0E+03
1,0E+02

1,0E+01

1,0E+00

0 24 48 72 96
time/h

—— VeroB4
X -=— DBTRG-05MG
— SIMA

Fig. 2 a Plaques size variation of MucAr M14/10 and ¢ LGTV in
VeroB4 cells. b Growth curves of MucAr MI14/10 in human
neuroblastoma cells (DBTRG-05MG). human glioblastoma cells
(SIMA), and VeroB4 cells. d Growth curves of LGTV in
human neuroblastoma cells (SIMA), human glioblastoma cells
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(DBTRG-05MG). and VeroB4 cells. For both viruses, higher titers
were achieved in SIMA and VeroB4 cells in comparison to DBTRG-
05SMG cells. For both viruses a plateau was reached 48 h p.i. in all
three cell-lines
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Fig. 3 Phylogenetic tree of TBEV strains based on 1,488 nucleotides
corresponding to the open-reading frame of the E-gene using the
Neighbor-Joining method of the MEGAS software package [15, 34].
The optimal tree with the sum of branch length = 0.80470302 is
shown. The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (1,000 replicates) is shown
next to the branches [35]. The tree is drawn to scale, with branch
lengths in the same units as those of the evolutionary distances used to
infer the phylogenetic tree. The evolutionary distances were com-
puted using the Tamura 3-parameter method [36] and are in the units
of the number of base substitutions per site. The analyses involved 28
nucleotide sequences. Codon positions included were 1st + 2nd +
3rd + Noncoding. All positions containing gaps and missing data
were eliminated. There were a total of 457 positions in the final
dataset. Langatvirus TP21 (M73835) was used as outgroup. Mongo-
lian sequences of TBEV are marked with a box. The Mongolian
isolate MucAr M14/10 (JF274481) generated in this study clusters
with strains of the Siberian subtype. Two Mongolian sequences from

Results and discussion

TBEV is present in Ixodes persulcatus ticks
in Mongolia

A total of 64 ixodid ticks (Ixodes (I.) persulcatus) were
collected by flagging. One out of 64 (1.6 %) extracted
RNAs tested positive in the TBEV-specific real-time

sruhe

~ Western subtype

M73835 LGTV TP21 LGTV

GenBank are further included: 92 M (HM133640) also clusters in the
Siberian subtype, whereas TBEV-MN-2008 (HM133639) grouped to
the Far-Eastern subtype. Scale bar indicates number of nucleotide
substitutions per site. Abbreviations and GenBank Accession Num-
bers are as follows: Siberian Subtype: JN993573, Novosibirsk 2730:
GU121966, Lesopark; AF527415, Zausaev; GQ845425, Ekaterin-
burg-439-09; GQ845428, Ekatarinburg-716-09; AB049351, IR99-
2m7; GQ845432, Kemerovo-67-08, AF091006, Aina; AF069066,
Vasilchenko pGGVs; L40361, Vasilchenko; EU444077, Yar 71; Far-
Eastern Subtype: AY174188, Senzhang; AB022290, Oshima 5-11;
FJ214120, Ekaterinburg Vinokuro; AB022703, Sofjin-HO; HMO008
985, Ekaterinburg 54-1968; FI214158, Novosibirsk 11416; F1214132,
Kemerovo Phateev: Louping ill virus (JQ312674); Western Subtype:
AM600965, Karlsruhe K23; U27495, Neudoerfl; AF091017, Scharl;
AF091005, Absettarov; U39292, Hypr; Shaded circle (Ekaterinburg
region), quadrangle (Irkutsk region), rhombus (Novosibirsk region),
and triangle (Mongolia) mark sequences from same origin

RT-PCR whereas no RT-PCR inhibition was shown in all
samples. This sample exhibited a low CT value (tick No.
14, CT: 21.39) corresponding to a high viral RNA load.
The prevalence of TBEV in ticks depends on the geo-
graphical location of risk areas and may vary within
natural TBEV foci [20]. In endemic areas in Europe, the
TBEV prevalence in ticks varied from 0.5 to 5 % [21,
22], whereas tick infection rates in Siberia ranged
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Fig. 4 Alignment of amino acid sequence of the E-protein of selected
members of the Siberian and Far-Eastern clusters. For detailed
description of GenBank numbers see Fig. 3. Inverted triangle mark aa
positions that seem to distinguish the Siberian and the Far-Eastern
cluster. T marks aa 426 that was discussed to be present in tick-

between 0.5 and 10.2 % [23] but prevalences up to 40 %

have also been reported [24]. The TBEV prevalence
(1.6 %) found in Mongolian ticks was within the range
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transmitted viruses [27]. P indicates aa that have been discussed to
play a role in pathogenicity. The box indicates aa that distinguish the
two Siberian subclusters. * is an aa residue that may be responsible

for encephalitis

reported for endemic regions in Eurasia. However, it
might be biased by the small sample size investigated
here.
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Fig. 4 continued

Isolation of the Mongolian TBEV strain
and investigation of its growth characteristics

The real-time RT-PCR positive tick homogenate (No. 14)
was used for virus isolation in Vero-B4 cell-lines. The first
cytopathic effects (cpe) occurred 5 days post infectionem

(p.i.) and were characterized by general detachment of
cells. The titer of the 2nd sub-passage of the TBEV isolate
from Mongolian I. persulcatus (designated MucAr M14/
10) in VeroB4 cells was 2.5 x 10° PfU/ml.

In further experiments, growth of MucAr M14/10 in
human neuronal glioblastoma (DBTRG-05MG) and
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Fig. 5 Possible dispersal of
TBEV along the Transsiberian
railroad track. Shaded circle, .

quadrangle, rhombus, and b Ekaterinburg R "
triangle mark the four regions . :55?"
along the Transsiberian railroad, ederation
where E-gene sequences in the
tree shown in Fig. 3 originated *  — | Transsiberian
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> Tomsk Lake Baikal .
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neuroblastoma (SIMA) cell-lines was compared to VeroB4
cells. Cpe in all cell-lines was characterized by general
detachment of cells (approximately 80 %) 5 days p.i. Virus
titers obtained were 5 x 10° PfU/ml (VeroB4), 1.5 x 10°
PfU/ml (DBTRG-05MG), and 1.5 x 10° PfU/ml (SIMA),
respectively. Virus titers obtained for Langat virus were
1 x 107 PfU/ml (VeroB4), 3.1 x 10° PfU/ml (DBTRG-
05MG), and 6.5 x 107 PfU/ml (SIMA), respectively. Thus,
6 days p.i. MucAr M14/10 induced heterogeneous plaques
with varying plaque sizes (0.5-3 mm), whereas LGTV
produced homogeneous plaques of 0.5-1 mm (Fig. 2a, c)
and reached higher titers. Enlarged plaques as seen for
MucAr M14/10 have for example been discussed to be
associated with an aa change (R to H) at position 216
(E-gene) corresponding to position 496 of the polyprotein
[25]. For TBEV beneath mutations in the E-gene and PrM-
E nucleotide sequence, changes in the encoding region of
the non-structural proteins (e.g. NS2B, NS3, NS5) and the
non-coding region were reported to influence plaque sizes
[26-28]. In general enlarged plaques in flaviviruses are
believed to give phenotypic evidence of increased growth
in cell cultures. For several flaviviruses (e.g., yellow fever
virus, Japanese encephalitius virus, West Nile virus) and
for TBEV formation of enlarged plaques could perhaps be
a correlate for an increased neuropathogenicity [25, 28].
Further comparative studies are needed to clarify these
correlations.

One-step growth curve analyses were performed in three
replicas. It was revealed that both viruses, MucAr M14/10
and LGTV TP-21, reached a plateau with the highest titers
at48 hp.i. in all cell-lines used. For MucAr M14/10, at 24 h
p.i. growth was considerably enhanced up to 100-fold in
SIMA and VeroB4 compared to DBTRG-05MG cell-lines.
At 48 h and 72 h p.i. growth in both neuronal cell-lines was
slightly enhanced (0.3-1.5 log) in comparison to VeroB4
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cells. In comparison for LGTV titers in SIMA were tenfold
higher at 24, 48, 72 h p.i. in contrast to VeroB4, and
approximately 100-fold compared to titers in DBTRG-
05MG. Growth curves including calculated standard devi-
ations for each time point are shown in Fig. 2b and d.

In comparison to Japanese Encephalitis virus (JEV),
another member of the genus Flavivirus, MucAr M14/10
exhibits comparable growth characteristics in neuronal
cell-lines. Hence, JEV titers in neuroblastoma cells and in
glioblastoma cells differ at 1-log [29]. Our Mongolian
TBEYV isolate further provides the possibility for compar-
ative studies. MucAr M14/10 and LGTV replicated in the
glioblastoma cells not as well as in the VeroB4 or in the
neuroblastoma (SIMA) cell-lines (Fig. 2b, d). This is in
discrepancy to previous published findings that some
TBEV strains might replicate equivalent in glioblastoma
cells and neuroblastoma cells [30]. These differences might
also mirror the usual function of the two different neuronal
cell types. During replication the macrophagic function of
glia-cells might be activated which may lead to a lower
amount of infected cells. Further investigations regarding
the susceptibility of different neuronal cell types for TBEV
have to be performed to understand the underlying
mechanisms.

E-gene sequence of the Mongolian TBEV clusters
with the Siberian clade

E-gene-specific primers amplified a 1,686 bp RT-PCR
product from NA isolated from tick homogenate No. 14.
Direct sequencing of the amplicons resulted in a 1,615
nucleotide (nt)-fragment including the 1,488 nt of the
E-gene (Accession number: JF274481). Sequence and
subsequent phylogenetic analyses classified our isolate as
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Fig. 6 Phylogenetic tree based on 31 full-genome sequences of
TBEV strains. Neighbor-Joining method was used with MEGA 5
software package [15, 30]. The optimal tree with the sum of branch
length = 1.05437049 is shown. The tree is drawn to scale, with
branch lengths in the same units as those of the evolutionary distances
used to infer the phylogenetic tree. The evolutionary distances were
computed using the Maximum Composite Likelihood method [44]
and are in the units of the number of base substitutions per site. The
analysis involved 30 nucleotide sequences. Codon positions included
were 1st + 2nd + 3rd + Noncoding. All positions containing gaps
and missing data were eliminated. There were a total of 10,241
positions in the final dataset. Abbreviations and GenBank Accession
Numbers are as follows: Far-Eastern subtype: AB062064, Sofjin-HO:
FJ906622, Primorye-89; FJ402886, Dalnegorsk: HQ901366, Pri-
morye-1153; AB062063, Oshima 5-10; AY169390. Primorye-332;
EU816450, Primorye-212; DQ862460, Glubinnoe/2004; GU121642,
Svetlogorie;  FJ402885, Kavalerovo; AY182009, Senzhang:
JF316707, MDIJ-02; Siberian subtype: DQ486861, Ekaterinburg-
328; AF527415, Zausaev; FJ968751, Kolarovo-2008; AF069066,
infectious clone of Vasilchenko; L40361, Vasilchenko; LILV Loupig
ill virus, Y07863; Western subtype: DQ401140, Toro-2003; U39292,
Hypr; GQ266392, AS33; U27495, Neudoerfl; AM600965, K23;
FI572210, Salem; DQI53877, tr263v; U27491, 263: Omsk HFV
Omsk  hemorrhagic — fever virus:  AY193805, Bogoluvovska;
AY438626, Kubrin; LGTV Langat virus strain TP21, AF253419

Siberian subtype of TBEV (Fig. 3). Comparison of the
E-gene sequence with GenBank entries revealed highest
similarities on both, the nucleotide level (96.7 %) and the
amino acid (aa) level (99.5-99.7 %), to sequences of a
subclade of the Siberian TBEV subtype, IR99-2m7
(AB049351), Ekaterinburg-716-09 (GQ845428), Ekaterin-
burg-439-09 (GQB845425), Zausaev (AF527415), Lesopark
(GU121966), and isolate 2730 from Novosibirsk
(IN993573). Comparison of the E-proteins of Siberian and
Far-Eastern strains included in the phylogenetic analyses

revealed aa positions that may distinguish the strains of the
Siberian from the Far-Eastern subtype (Fig. 4, marked with
triangle). These are aa 120 (A vs. S), aa 234 (H, Q, Y vs.
N), aa 331 (T vs. A), aa 447 (I vs. L), aa 457 (L vs. ), aa
459 (L vs. V, M), and presumably aa 206 (L vs. S, with
exception of HM133639). In former studies it was con-
cluded that the presence of L and H at aa position 206 and
234, respectively, confirm the Siberian subtype [31, 32].
Furthermore, within the Siberian subtype two sub-clusters
can be distinguished based on aa changes at positions 234
and 431. One cluster including strain Zausaev is charac-
terized by H234/A431, whereas strains of the second
cluster (e.g., Vasilchenko, Aina) revealed Q234/T431 [24,
25]. Interestingly, MucAr M 14/10 shared characteristics of
both sub-clusters (H234/T431) which may reflect its
in-between position (see box in Fig. 4). It has been dis-
cussed that strains of the Siberian subtype transmitted by
I persulcatus typically possess threonin at aa position 426
[32, 33] which also applies to our strain MucAr M14/10.
Moreover, highly pathogenic viruses of the Siberian sub-
type have been described to possess Histidine at aa 496 of
the polyprotein corresponding to aa position 216 in the
E-gene [23-25]. All strains except the infectious clone of
Vasilchenko (AF069066) aligned in Fig. 4 revealed H at
position 216. For low pathogenic strains Arginine seems to
be prominent at this position [25]. Further investigations
are needed to prove these hypotheses with respect to tick
transmission and/or pathogenicity of TBEV strains.

Is TBEV transmitted by human activity which implies
that Mongolia may be a melting pot for TBEV variants?

In this study, two further sequences of Mongolian TBEV
available from GenBank were included. One E-gene
sequence of TBEV (HM133640) from 1. persulcatus also
grouped within the Siberian subtype but in another sub-
cluster as the sequence of MucAr M14/10 (Fig. 3). The
second available sequence originated from brain tissue of a
patient with meningoencephalitis (TBEV ~MN2008,
HM133639) and, interestingly, clustered within the Far-
Eastern subtype of TBEV. These data illustrate that at least
two TBEV subtypes, the Siberian and the Far-Eastern
subtype, may circulate in Mongolia. Evidence of different
subtypes seems also to be found in the Baikal region
(Zlobin, personal communications). The MucAr M14/10
sequence is closely related to the TBEV strains Zausaev
(AF527415), and Ekaterinburg-439-09 (GQ845425) and
the strains in the respective genetic subclade with the
strains  Lesopark  (GU121966) and  Novosibirsk
(IN993573). Several of these viruses were isolated along
the Trans-Siberian Railway between Tomsk (Zausaev),
Novosibirsk (Lesopark), and Irkutsk (IR99-2m7) (Figs. 3,
5). Recently, Kovalev and coworkers [37] suggested a
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Table 2 Comparison of nucleotide sequences and amino acid sequences (polyprotein) among TBEV MucAr M14/10 (JF274481) and closely
related TBEV strains Zausaev (AF527415) and Vasilchenko (AF069066)

Name of nt homology compared to aa homology and aa exchanges compared to
gene/protein - -
Zausaev Vasilchenko Zausaev Vasilchenko
AF527415 AF069066 AA043537 AAD34205
5" non-coding region (%) 98 98 -
(132nt) (119/121nt") (118/121nt")
Core (%) 98 96 98 96
(with anchor) (329nt/336nt) (323nt/335nt) (110aa/112aa) (107aa/112aa)
(336nt, 112aa) (R6YK, K8OM) (I45F, RO9K, T73A, A84T, I87V)
Membrane (%) 98 95 99 98
(504nt, 168aa) (495nt/504nt) (479nt/503nt) (167aa/168aa) (164aa/168aa)
(T114A) (FI15L, RI21K, V2661, A267T)
Envelope (%) 97 94 99 99
(1488nt, 496aa) (1440nt/1488nt) (1396nt/1488nt) (495aa/496aa) (491aa/496aa)
(T711A) (A399V, H496R H514Q, T559A, S629F)
NS1 (%) 97 94 99 99
(1056nt, 352aa) (1024nt/1056nt)  (996nt/1056nt) (347aa/352aa) (351aa/352aa)
(V848A, M89IV, (11053T)
11053V, E1055G,
K1070R)
NS2a (%) 97 93 99 98
(690nt, 230aa) (672nt/690nt) (643nt/690nt) (229aa/230aa) (225aa/230aa)
(V1228G) (V1228G, L1253F, F1270L, F13031, S1327T)
NS2b (%) 97 96 99 98
(393nt, 131aa) (383nt/393nt) (377nt/393nt) (130aa/131aa) (129aa/131aa)
(11480L) (L1466F, 11480L)
NS3 (%) 96 95 99 99
(1863nt, 621aa) (1797nt/1863nt) (1764nt/1863nt) (617aa/621aa) (614aa/621aa)
(A1741V, S1743G, (R1505K, D1553N, 11618V, A1661V, T1675M,
T1876S, T1936I) V1747M, T1876S)
NS4a (%) 98 96 100 99
(447nt, 149aa) (437nt/447nt) (439nt/447nt) (149aa/149aa) (148aa/149aa)
(M2167V)
NS4b (%) 97 93 100 99
(756nt, 252aa) (733nt/756nt) (705nt/755nt) (252aa/252aa) (251aa/252aa)
(A2464V)
NS5 (%) 97 94 99 98
(2709nt, 903aa) (2627nt/2712nt)  (2546nt/2712nt)  (896aa/903aa) (881aa/903aa)
(T2541A, V27571, (S2514A, M2562T, T2688A, T2690A, T2706A,
12747V, G2808R, Q2713R, V27721, K2783R, R2916K, S2918N,
R2916K. R3033K, S2933N, R3033K, K3074R, A3145S, A3217E,
G3389E) 13237V, Q3355H, R3366K, M33851, 13386V,
G3389E, K3392R)
Polyprotein (%) 97 94 99 98
(10245nt, 3414aa) (9937nt/10245nt)  (9659nt/10245nt)  (3392aa/3414aa) (3361aa/3414aa)
3’ non-coding region (%) 53 81 -

(information on lengths

differ, ca. 730nt)

(354nt/669nt")

(541nt/669nt")

¢ For the 5'-NCR and the 3’-NCR only partial sequences could be obtained and compared even though RACE was performed on the genome
ends (data not shown detail)
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possible association between the distribution of the Sibe-
rian TBEV subtype and historical man-made events,
mainly the construction of the first land road and the Trans-
Siberian Railway. Our sequence data may be a phyloge-
netic hint for a further distribution in eastern direction and
along the northern part of the southern Siberian Mountains
(including Altai, Sayan, Baikal Mountain) and maybe even
toward Beijing, China or vice versa along man-made routes
(Figs. 3, 5). This suggestion may also be supported by the
observation that Siberian and Far-eastern TBEV subtypes
both occur in Mongolia and the adjacent region of Russia.
Figure 3 illustrates that strains from Novosibirsk region
cluster in both subtypes (S-TBEV JN993573, FE-TBEV
FJ214158). This phenomenon is also observed for viruses
from Ekaterinburg region (GQ845425 or FJ214120) or
Kemerovo region (GQ845432 or FJ214132). Hence, these
data support the hypothesis of multiple introduction or
spread of the Siberian and Far-Eastern TBEV strains e.g.,
along the Transsiberian route. However, for a final proof of
this hypothesis more phylogenetic data from Siberian
subtype strains originating from Mongolia, Russia, and
China are needed.

The presence of at least two TBEV subtypes in Mon-
golia implicate that this country might be a melting pot for
different viruses. Livestock may also contribute to the
dispersal and maybe a mixing of TBEV strains. In partic-
ular, sheep and goat are numerous in Mongolia. Ixodes
persulcatus parasitizes all mammals accessible and birds
and TBEV might also be carried by migrating flocks and
their accompanying animals carrying TBEV-positive ticks
over larger areas [38—40]. Migrating birds have been found
to harbor TBEV-positive ticks [39, 41] and therefore might
also contribute to the world-wide dispersal of the virus. As
described for the Baltic countries (Estonia, Latvia, Lithu-
ania) and Czech Republic changes in the socio-economic
situation, enhanced mobility as well as changes in agri-
culture and livestock production associated with the end of
the Soviet rule, might also influence an increased abun-
dance of infected ticks and the exposure of humans to these
ticks [42, 43].

Full-genome sequence of the Mongolian TBEV strain
resembles that of other Siberian strains

A further effort of this study was to obtain the full-genome
sequence of the Mongolian TBEV MucAr M14/10 using
already established and new primer pairs. We obtained
11,035 nucleotides including (1) 121 nt of the partial 5
non-coding region (5'-NCR) (2) the 10,242 nt open-reading
frame (including Stop-codon 10,245 nt) corresponding to
3,414 aa, and (3) 669 nt of the partial 3’-NCR (JQ429588).
5'- and 3'-RACE failed to obtain full length sequence on
the genome ends (data not shown in detail). The 121 nt

partial 5-NCR was 98 % similar to that of strain Zausaev
(AF527415). This closely related strain was isolated from a
patient who died from a fatal form of chronic progressive
TBE [24]. Phylogenetic comparison of the Mongolian
TBEV with 31 strains available from GenBank confirmed
the results obtained with the E-gene (Fig. 6). The Mon-
golian TBEV was closest related to strain Zausaev
(AF527415.1) with a 97 % similarity on the nucleotide
level and a 99 % identity on the aa level. Despite the high
similarity in the coding region MucAr M14/10 has no
comparable characteristic gaps in the 3’ untranslated region
of strain Zauseav.

Within the most conserved regions of the E- and NS2a-
gene only 1 aa substitution was detected. The highest het-
erogeneity was found in the NS1-, NS3-, and NS5-gene with
5,4, and 7 aa substitutions, respectively. Compared to strain
Vasilchenko (AF069066.1) 94 % of the nucleotide sequence
and 99 % of the corresponding aa were identical. In contrast
to strain Zausaev, nearest homology was found to
NS1-, NS4a-, and NS4b-gene sequences (1 aa substitution)
whereas multiple substitutions were determined in the Core-
(5 aa), E- (5 aa), NS2a- (5 aa), NS3- (7 aa), and NS5-(22 aa)
gene region. A comparison of the NCRs, ORFs and the
corresponding translated regions of the Mongolian TBEV
and strains Zausaev and Vasilchenko is summarized in
Table 2. Further studies will focus on phenotypical and
pathogenetic differences to these two strains.

In summary, we herein describe first detailed data
regarding TBEV from Mongolia. However, in order to
finalize a picture of TBEV expansion more genetic data of
circulating TBEV strains in Mongolia and adjacent areas
will be necessary. Further in conclusion our data underline
that human activity might be a driving force in the distri-
bution of TBEV from West to East and vice versa.
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V. DISKUSSION

1. Isolierung von TBEV aus Zecken

Im Rahmen der Doktorarbeit gelang es TBEV versamed Subtypen aus
Zentraleuropa und Sibirien zu isolieren. Uber deitrAZum der Arbeit konnten 16
Viren des Europdischen Subtyps und ein Isolat dégisthen Subtyps aus
Zecken isoliert werden. Zur Virus-Isolierung wurddBEV-positives

Zeckenmaterial verwendet und auf permanenten Zalllan (VeroB4) inkubiert
(Publikation 5, Frey et al. 2012).

Es ist gelungen, aus einem einzigen Naturherd irQterpfalz (Haselmuhl), der
als Mikrofokus im Zeitraum von drei Jahren konterlich beprobt wurde, 14
TBEV-Isolate zu gewinnen. Aus zwei weiteren Mikrafan der Oberpfalz

konnten zwei weitere TBEV aus Zecken isoliert werdBurglengenfeld und
Heselbach). Mit Hilfe dieser neuen TBEV-Isolate dasropaischen Subtyps
kénnen Infektionsversuche im Maus-Tiermodell duedtigrt werden und neue
Erkenntnisse  Uber die Pathogenitdt von TBEV-Virenus a dem

Zentraleuropdischen Raum gewonnen werden. In Mehgle der

Untersuchungsergebnisse mit anderen TBEV-Isolaten Eeuropa und Sibirien
konnen dann erstmals Aussagen uber die Virulenz VBEV-Stdmme aus

Deutschland getroffen werden (Overby et al., Ursitét Umea, in Bearbeitung).

Bei dem isolierten Virus des Sibirischen Subtypedadt es sich um ein TBEV,
das aus einer Zecke aus der Mongolei isoliert wurBasierend auf der
Gesamtgenomanalyse und zellbiologischen Versuchgndmsem Virusisolat

(Publikation 5, Frey et al. 2012), werden ebenfdiés Pathogenitat des Virus im
Maus-Tiermodell untersucht (Overby et al., UnivéitsUmea, in Bearbeitung).

2. Typisierung und Epidemiologie von TBEV

2.1. Vergleich von TBEV basierend auf Nukleotidsequenzedes E-Gens
Im Rahmen der Doktorarbeit wurden von 2010 bis 2fit2die Subtypisierung
von TBE-Viren in Mitteleuropa 38 Stamme aus funfntérn (Deutschland,

Danemark, Osterreich, Slowakei und Mongolei) molatiologisch

charakterisiert. Nach der Sequenzbestimmung deefe®vurden die Sequenzen
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mit bekannten Sequenzen aus dem europédischen Raenglicken und

Stammbaume fur phylogenetische Vergleiche erstellt.

2.1.1. Vergleich von TBEV-Stammen aus Deutschland, Osterieh und
der Slowakei

Ein Vergleich von insgesamt 102 verfigbaren TBE®r8nhen aus Deutschland,
Osterreich, Tschechien und der Slowakei zeigt dierdnung von Stammen aus
dem Osten Bayerns in verschiedene Kladen, die emt@tammen aus Osteuropa
assoziiert sind (Abbildung 8), (Publikation 3, Wmighn et al. 2013).
Phylogenetische Analysen des Hull-Gens zeigen, d#ssStamme im Osten
Bayerns im Zeitraum von etwa 300 Jahren aus denenO&uropas nach
Deutschland eingetragen und vor etwa 200 Jahrerdewien den Osten
zurtckgefuhrt wurden. Anfang des 20. Jahrhundeds eine Ruckkehr
verschiedener TBEV-Stamme nach Deutschland aus @sten zu beobachten.
Eine Verbreitung von TBEV aus dem Osten Europashnatesten wird in
weiteren Studien gezeigt (Heinze et al. 2012; Zanettal. 1995). Die 102 TBEV-
Stamme konnen in zwei Subkladen A (gelb) und B r(gréingeteilt werden
(Abbildung 8). Fur die Stdmme der Subklade A ausakbh, Furstenstein,
Heselbach und Burglengenfeld (Oberpfalz) wird veaetudass sie sich unter
einer nordlichen Umgehung des Bayerischen Walde®ichtung Oberpfalz
verbreitet haben. TBEV-Stamme aus der Subklade 8Haselmihl wurden in
einer sudlichen Umgehung des Bayerischen Waldéangntler Donau und dann
nach Norden in die Oberpfalz eingetragen. Die \&tbng von TBEV-Stammen
nach Deutschland kommt womoglich Gdber Wanderungem WVildtieren
zustande, die als Virusreservoir oder auch TragerZecken in Frage kommen.
Weitere Mdoglichkeiten der TBEV-Verbreitung kann tikugvogel stattfinden,
die von Zecken befallen sind oder zum Beispiel adoich Haustiere, wie der
Hund. Nach Wanderungen oder nach Urlaubsreisen eéibran den Hunden
TBEV-infizierte Zecken anhaften, die zur Verbreguwon TBEV-Stammen
beitragen kénnen (Hoogstraal et al. 1963; Waldénstet al. 2007; Kunze 2008;
Kovalev et al. 2009; Pfeffer et al. 2011; Publikati5, Frey et al. 2012). Sozio-
O0konomische Aspekte spielen bei der Verbreitung Vivan ebenfalls eine grol3e
Rolle. Zu nennen sind Aspekte wie zum Beispiel @éter- und Warenverkehr,
der durch die Offnung der Grenzen in den Osten ndeh 1990er Jahren

zugenommen und so moglicherweise fiir eine Verbrgitton Wildtieren gesorgt
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hat (Fickel et al. 2012). Es wird angenommen, ddiese als Trager von
infektiosen Zecken oder als Virusreservoir einebveitung des Virus von Ost
nach West bedingten. AuRerdem sind Voélkerwandemnge eine mdgliche
Ursache zu nennen, die durch die Kriege oder Hamgee der letzten
Jahrhunderte in Europa verursacht wurden. Einhergkh mit den
Bevolkerungsab- und zuwanderungen kam es durch adiedie Menschen
assoziierten Nagetiere, die als Zeckentrager ddevieusreservoir fungierten, zu
einer maglichen Verbreitung von TBEV (Kovalev et 2D09; Publikation 3,
Weidmann et al. 2013). Bemerkenswert ist, dass mgchderzeit verfigbaren
Rechenmodellen eine erste Einwanderung des TBE®Rayern vor 350 Jahren,
etwa zur Zeit des Dreil3igjahrigen Krieges mit grol&lkerwanderungen im
ostbayerischen Grenzland, errechnet wurde (Weidreaah 2013).
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Abbildung 8: Phylogenetischer Stammbaum mit dereb@mnischen Analyse von 102 TBEV-
Stammen aus Deutschland, Osterreich, TschechierSlavakei (Publikation 3, Weidmann et al.
2013). Die 120 TBEV-Stamme koénnen in zwei Subkladerigelb) und B (griin) eingeteilt

werden. Die 34 Virusstamme, die im Rahmen diesekt@arbeit eingebracht wurden, sind rot

umklammert und nach

ihrer Herkunft beschriftet.

Dimalysenmethode errechnete eine

Verbreitung der Viren Uber einen Zeitraum von 3&08rén. Weitere Informationen zu den TBEV-
Stammen und der Methode sind in der Publikatiorfizden (Publikation 3, Weidmann et al.

2013).
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2.1.2. Vergleich eines mongolischen TBEV mit TBEV-Stammenaus
Sibirien

Das mongolische Gesundheitswesen und die Survedllazu TBEV-
Erkrankungen befinden sich erst seit wenigen Jainnesufbau und werden stark
durch die politische Lage im Land beeinflusst. V\dilak einer Expedition in die
Mongolei konnten im Jahr 2010 64 Zecken gesammeltd@en, wovon zwei
Zecken TBEV-positiv getestet wurden. Aus einer loeiden Zecken konnte das
gesamte Genom sequenziert und ein Virusstamm iisolierden (MucAr
M14/10), (Publikation 5, Frey et al. 2012).

Phylogenetische Analysen fur die Sequenz des 1488ehtide langen E-Gens
ergaben die Zuordnung zum sibirischen Subtyp deBVIBJber Vergleiche mit
Sequenzen aus der Genbank konnte die groRte Usémmimung mit Sequenzen
eines sibirischen Stammes aus Irkutsk gefunden emer@ie Ubereinstimmung
ergab 96,7% auf Nukleotidebene und 99,5% auf Andineenebene (Publikation
5, Frey et al. 2012).

Der sibirische Subtyp des TBEV kann im phylogembign Stammbaum der E-
Gene in zwei Unterkladen eingeteilt werden. In eitdnterklade clustern
Virusstimme aus Westsibirien und in der andererfdizide die TBEV-Stamme
aus Ostsibirien (Publikation 5, Frey et al. 2012)der Literatur wird beschrieben,
dass die Einteilung der beiden Unterkladen wahistble aufgrund zweier

Aminosaureaustausche an den Positionen 234 und z48idckzufihren ist

(Gritsun et al. 2001; Gritsun et al. 2003). Das gaiische MucAr M14/10 weist
als einziges bisher bekanntes TBEV geteilte Eideaten in den

Aminosaureaustauschen 234 und 431 auf und kannratadmeder klar den
ostsibirischen Stammen, noch den westsibirischeEVFBtammen zugeordnet
werden. Die bisher angenommene eindeutige Untenigilin west- und

ostsibirischen TBEV-Stammen kann Aufgrund unsemgeBknisse nicht bestatigt
werden (Publikation 5, Frey et al. 2012).

Die Verbreitung des TBEV sibirischen Subtyps in Mengolei kann auf zwei
Wegen erfolgt sein. Ein mdglicher Weg ist eine VYeitong entlang der
transsibirischen Route Uber die transsibirische erthiahn oder das
Fernstral3ennetz (Kovalev et al. 2009). Fur diesaliddkeit der Verbreitung
spricht, dass das MucAr M14/10-Virus mit TBEV-Staemmim phylogenetischen

Stammbaum clustert, die ihre Verbreitung ebenfatifang der transsibirischen
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Route haben (Publikation 5, Frey et al. 2012). Rweite Moglichkeit der
Virusverbreitung besteht Giber den Vogelzug von &liiber die Mongolei an den
Baikalsee und zurick. Vogelzug als Verbreitungsmtgkeit von TBEV-

positiven Zecken entlang der Flugrouten wurde bishe verschiedensten
Publikationen beschrieben und kdnnte eine weitedglidhkeit sein, wie das
TBEV sibirischen Subtyps in die Mongolei gelandt (Korenberg et al. 1984;
Waldenstréom et al. 2007; Publikation 5, Frey eR8ll2; Publikation 1, Frey et al.
2013b).

Von einer weiteren Expedition im Juli 2013 wurde®0Q Zecken nach
Deutschland gebracht und werden derzeit auf TBEMrsacht. Von 616 bisher
untersuchten Zecken wurden 15 TBEV-positiv getastet deren E-Gene werden
zum gegenwartigen Zeitpunkt sequenziert (unpubtizieErgebnisse). Die
folgenden Ergebnisse versprechen eine umfangrdidtensammlung, die die
Erkenntnisse von TBEV in der Mongolei zu einem me&achstand in puncto

Surveillance und Epidemiologie fihren werden.

2.1.3. Vergleich eines danischen TBEV-Stammes mit skandinachen
TBEV-Stammen

In den skandinavischen Landern nimmt die AnzahTB&-Fallen zu und TBEV
breitet sich geographisch weiter aus (Jaaskelaeteal. 2011). In Da&nemark
wurde in den 1950er Jahren zum ersten Mal Uber Y&Eder Insel Bornholm
berichtet. Es gab damals etwa vier Krankheitstddizogen auf 100.000 Personen.
Nach dem erstmaligen Auftreten der TBE auf deml&edtDanemarks (Zealand)
in den Jahren 2008 und 2009 (Fomsgaard et al. 20@8%en in verschiedenen
Regionen Danemarks Zecken gesammelt und auf TBE¥s@t. Im Rahmen
dieser Studie konnte ein TBEV E-Gen sequenziertderer (Publikation 4,
Fomsgaard et al. 2013). Die phylogenetischen Aealydes Hull-Gens ergaben
fur das Danische TBEV eine Eingruppierung in einatdiklade mit zwei
schwedischen TBEV-Stammen (Abbildung 9). Diese Ripgierung des neuen
TBEV in Danemark aus dem Jahr 2011 scheint sehmehder Verbreitung der
Viren durch Wildtiere assoziiert zu sein. In Schesedvurde im Laufe der letzte
zwei Jahrzehnte eine Zunahme der Rehpopulationdandit eine Zunahme der

Zeckenpopulation beobachtet (Jaenson et al. 2&1128. Verbreitung der Tiere in
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Richtung Sudwesten Schwedens war zu beobachteraweasdazu gefiihrt haben
konnte, dass das Virus in den an den Rehen anbefiedecken vom Suden
Schwedens nach Danemark gelangt ist (PublikatioRofsgaard et al. 2013).
Das neu entdeckte Virus aus Danemark gruppiert ihylogenetischen
Stammbaum direkt mit schwedischen TBEV-Stammen {dbbg 9) und nicht

mit dem lange bekannten TBEV aus Bornholm.
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Abbildung 9: Stammbaum basierend auf dem 1488ngela Gen fiir das E-Protein (Publikation 4,
Fomsgaard et al. 2013). Der danische TBEV-StamntaBdaT2 (rot markiert) gruppiert in einer
Klade mit TBEV-Stammen aus Schweden und Norwegear. ammbaum wurde in Clustal W
(http://www.ebi.ac.uk/Tools/msa/ clustalw2/) naatr dNeighbour Joining Methode erstellt, 1000
Bootstraps. Weitere Informationen zu den TBEV-St@mnund der Methode sind in der
Publikation zu finden (Publikation 4, Fomsgaardlef013).

In diesen Analysen zeigt sich ebenfalls, dass diebkéitung von TBEV in den
skandinavischen Landern im standigen Fluss istangdmit der Wanderung von
Tieren oder anthropogenen Faktoren zu tun hat.detailliertere Analysen zur
genauen Verbreitung sind mehr Informationen zu TB#&Wrofoci und deren

assoziierten TBEV-Stammen aus Nord- und Studskaviginaotig.
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2.2. Sequenzierung von TBEV-Gesamtgenomen aus der Slowak
Osterreich und der Mongolei

Fur die Typisierung von TBEV in ausgewahlten Lamdkonnten fur finf neue

Stamme aus drei Landern das Gesamtgenom sequenmi@richarakterisiert

werden (ein Stamm aus Osterreich, drei Stamme euSldwakei und ein Stamm

aus der Mongolei).

2.2.1. Epidemiologie von TBEV-Stammen aus der Slowakei

Basierend auf der umfangreichen Stammsammlung vdanM.abuda war es
maoglich, von drei TBEV-Isolaten aus der Slowakeis d@esamtgenom zu
sequenzieren. Zwei der Stamme, 285 (KC835595) udd(KC835596), wurden
aus Zeckenlkodes ricinus) und ein Stamm CGI223 (KC835597) aus dem Gehirn
einer RotelmausMyodes glareolus) isoliert. Interessant ist bei diesen Stammen,
die aus unterschiedlichen Wirten stammen, der ¥asig) ob das TBEV Virus aus
unterschiedlichen Tierspezies unterschiedliche &srpn aufweist und somit
wirtsspezifisch sein kdonnte. Ein weiterer Aspekt #ass aus der Slowakei bis
dahin keine Daten Uber TBEV Gesamtgenome existi@Peblikation 1, Frey et
al. 2013b).

Ein Vergleich der drei Sequenzen zeigt eine holgu&gzhomologie von mehr
als 99,5% auf Nukleotidebene. Vergleicht man dieei dStdmme auf
Aminosaurenebene, so findet man in den Polyprateuman 3400 Aminoséuren
Lange nur drei Aminosaurenunterschiede (Publikalipfrey et al. 2013b). Die
Aminosaurenunterschiede befinden sich im NS2a- iomdNS4b-Protein, deren
Funktion im TBEV bislang noch nicht abschlieRen#l@e ist. Ein Vergleich der
Aminosaurensequenz des Polyprotein von TBEV CGI2i23 aus dem Gehirn
einer Rotelmaus isoliert wurde und der TBEV-Aminosfisequenz des
Polyprotein des Zeckenisolat 114 weisen eine hohdentitat auf, als ein
Vergleich der beiden TBEV-Aminosdurensequenzen loden Zeckenisolate
285 und 114 untereinander. Basierend auf diesergl®eh kann angenommen
werden, dass es in Zecken und Rotelméusen verimlkkeme wirtsspezifische
Selektion im TBEV-Gesamtgenomen gibt. Dies mussgrdithgs noch durch
weitere Sequenzierungen von TBEV-Gesamtgenomen nterschiedlichen
Wirten bestatigt werden. Kritisch zu bewerten istrhdass vor der Sequenzierung
jedes der Isolate unterschiedlich oft in Gehirnem \Babym&usen passagiert
wurde und somit eine Anpassung der Stamme an di@nalen Babymauszellen
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stattgefunden haben konnte. Der Stamm 285 wurdendrkeder Stamm 114
neunmal im Gehirn einer Babymaus passagiert, bdgate stammen
ursprunglich aus Zecken. Der Stamm CGI223, urspiiingus dem Gehirn einer
Roételmaus Myodes glareolus) isoliert, wurde finfmal im Gehirn einer Babymaus

passagiert (Publikation 1, Frey et al. 2013b).

Im phylogenetischen Stammbaum der Gesamtgenomeenlieglle drei
Slowakischen TBEV-Stdamme in einer Klade, die einbenVerwandtschaft mit
dem deutschen Stamm aus Amberg, AS33 (GQ266392)emddsterreichischen
Stamm A104 (KF151173), aufweist (Abbildung 10). Hist ein Unterschied
zwischen dem Stammbaum der E-Gene, der als Stardarghylogenetischen
Eingruppierung fir TBEV-Stamme gilt und dem Stammbaler Gesamtgenome
zu erkennen (Abbildung 8), (Publikation 3, Weidmaeh al. 2013). Im
phylogenetischen Stammbaum der E-Gene zeigt sichemeder nahen
Verwandtschaft mit dem 6sterreichischen TBEV-Stath®4 (KF151173) und
dem deutschen TBEV-Stamm Haselmihl HM666 (JF5014823s der Stamm
AS33 in einer anderen Klade liegt. Im Stammbaum@esamtgenome gruppiert
der Stamm A104 zusammen mit AS33 (Abbildung 10)b(iRation 2, Frey et al.
2013a). Zu diskutieren ist, dass ein Genomabsciwetdas E-Gen nur einen Teil
des Virus-Gesamtgenoms vertritt und damit aucheme Art ,Fingerabdruck®
sein kann. Ein Gesamtgenom reprasentiert den kataplkodierenden und nicht-
kodierenden Bereich und bietet letztendlich ein Man an Informationen, die
zur Erstellung eines genauen Stammbaumes unectassiid. Die fihrt zu einer
viel ,scharferen” Auftrennung innerhalb der TBEVa8tme in phylogenetischen
Stammbaumen. In einer Zeit in der durch Next-Gdimra Sequencing
Gesamtgenome im Hochdurchsatz-Verfahren erstelitdeve konnen, sollten
Gesamtgenome als Mittel der Wahl fir phylogenegscBestimmungen
herangezogen werden. Hierfir sind jedoch noch meRBEV-
Gesamtgenomsequenzen notig, denn fur umfangreidrgléiche von TBEV-
Stammen gibt es derzeit noch zu wenige Gesamtgenadiee in die

Genomdatenbank eingestellt sind (http://www.ncim.nih.gov/nuccore).

Innerhalb der Slowakei konnte im Vergleich der oegilen Verbreitung von den
drei TBEV festgestellt werden, dass die beiden $tamdie am weitesten
geographisch voneinander entfernt isoliert wurdam engsten miteinander
verwandt sind (Stamm CGI223 und 114), (Abbildung, TPublikation 1, Frey et
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al. 2013b). Die wahrscheinlichste Erklarung Gberwleite geographische Distanz
dieser beiden Stamme innerhalb der Slowakei ist\igyelzug (Spitalska et al.
2006; Geller et al. 2013). Die Moglichkeit der TBBEAérbreitung von der
Zahorska-Ebene zur Donau-Ebene entlang von FlesstaEisenbahnschienen
oder Autobahnen ist geographisch eher unwahrsatiei(fPublikation 1, Frey et
al. 2013b). Zwischen diesen beiden Ebenen, aushddieebeiden TBEV isoliert
wurden, liegen die kleinen Karpaten (Hohe 768m).

A CGI223 KC835597 Slowakei
!A 114 KC835595 Slowakei
A 285 KC835596 Slowakei
@ A104 KF151173 Oesterreich
:A833 GQ266392 Deutschland

Ljubliana 1 JQ654701 Slowenien
_‘EZ% U27491 Tschechien
Salem FJ572210 Deutschland

Neudoerfl U27495 Oesterreich
Hypr U32992 Tschechien
K23 AM600965 Deutschland
Louping ill virus Y07863

Abbildung 10: Phylogenetischer Stammbaum allerigivéiren Gesamtgenome aus Zentraleuropa,
basierend auf elf TBEV-Gesamtgenomsequenzen (®ttm.ncbi.nim.nih.gov/nuccore/). Die
drei Slowakischen Sequenzen (CGI223, 114 und 2B%#) mit einem Dreieck markiert, das
Osterreichische TBEV-Virus A104 mit einem Kreis. Dasterreichische Virus A104 clustert in
einer Subklade mit dem deutschen Stamm AS33 (Patldik 2, Frey et al. 2013a). Fur die
Erstellung des Stammbaumes wurde MEGA 5 (www.metmare.net) verwendet, Neighbour
Joining, 1000 bootstraps.

2.2.2.  Epidemiologie eines TBEV-Stamms aus Osterreich

Aus Osterreich war bis zur Erstellung dieser Doktioeit nur eine Gesamtgenom-
Sequenz erhéltlich. Hierbei handelt es sich um dassamtgenom des
Referenzstammes flur niedrigpathogene TBEV-Stammedmpaischen Subtyps,
Neudoerfl (U27495). Dieser TBEV-Stamm wurde 197% ainer Zecke aus dem
Burgenland isoliert (Wallner et al. 1996). Mit déesamtgenom-Sequenzierung
des Stammes A104 (KF151173), isoliert aus dem @Gediner Gelbhalsmaus

(Apodemus flavicollis) ist nun von einem weiteren TBEV-Stamm aus Osighre

das Gesamtgenom bekannt. Ein Vergleich der beidequeéhzen zeigt eine

Sequenzhomologie von 97,6% auf Nukleotidebene. I€eig man die beiden

Stamme auf Aminosaurenebe, so findet man einen édsaurenunterschied von
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32 Aminosauren (Publikation 2, Frey et al. 2013%¥prgleicht man das
Gesamtgenom in einem phylogenetischen Stammbaurilddpg 10) so zeigt
sich, dass der Osterreichische Stamm A104 aus \t¢agrél ndher mit dem
Stamm Amberg AS33 (GQ266392) verwandt ist, als aeitn Osterreichischen
Referenzstamm Neudoerfl. Die Ergebnisse der beidisterreichischen
Gesamtgenome zeigen, dass zwei Stamme, die geogplapiicht beieinander
liegen (Distanz 144km), nicht phylogenetisch naherwéndtschaft zeigen
missen (Fajs et al. 2012; Publikation 1, Frey et28l13b; Publikation 3,
Weidmann et al. 2013).

2.2.3. Epidemiologie eines TBEV-Stamms aus der Mongolei

Das im Rahmen dieser Arbeit publizierte Gesamtgersss Mongolischen
MucAr M14/10 (JQ429588) ist das erste Gesamtgerems, aus einer TBEV-
positiven Zeckelkodes persulcatus) aus der Mongolei sequenziert wurde. Bis zu
dem Zeitpunkt der Verotffentlichung waren zwei gemsmhe Fragmente des
Hullproteins sequenziert und in der NCBI-Datenbank
(http://www.ncbi.nlm.nih.gov/pubmed) veroffentlicht (HM133639 und
HM133640), (Khasnatinov et al. 2010).

Ein Vergleich des Gesamtgenoms des mongolischenvTBECAr M14/10 mit
dem sibirischen Subtyp Referenzstamm Vasilchenk&06®066) zeigt eine
Sequenzhomologie von 94% auf der Nukleotidebeneaimd)nterschied von 22
Aminosauren fuhrt zu einer Homologie von 99% derdée Stamme auf
Aminosaurenebene (Publikation 5, Frey et al. 20D2. gréRte Verwandtschaft
ist zum Stamm Zausaev (AF527415) zu erkennen (dbbd 11) (Publikation 5,
Frey et al. 2012). Es existiert eine Sequenzhonwldgr beiden Stamme von
97% auf der Nukleotidebene und 99% auf Aminosalrene. Vergleicht man
das mongolische Gesamtgenom in einem phylogenetis@tammbaum mit
anderen Gesamtgenomen verschiedenster Subtypert g&ily, dass das
mongolische MucAr M14/10 dem Sibirischen Subtyp @BEV zuzuordnen ist
(Publikation 5, Frey et al. 2012).
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Abbildung 11: Phylogenetischer Stammbaum basieraufl 31 Gesamtgenomsequenzen von
TBEV-Stammen verschiedenster Subtypen (Publikdidfrey et al. 2012). Fir die Erstellung des
Stammbaumes wurde MEGA 5 (www.megasoftware.netjveredet, Neighbour Joining, 1000

bootstraps. Das Mongolische Virus MucAr M14/10 (andet) clustert in der Klade es Sibirischen

Subtyps. Erlauterungen zu den Abklrzungen der TBEAMmmen unter Publikation 5, Frey et al.
2012.
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V. ZUSAMMENFASSUNG

Im Rahmen dieser Doktorarbeit konnten in den Jalwam 2010 bis 2012 38
TBEV-Stamme aus funf verschiedenen europaischen asmatischen Landern
(Deutschland, Danemark, Osterreich, Slowakei unchddtei) mittels Primer-

walking neu charakterisiert werden. Diese Stammedemnu auf Basis von

subgenomischen Fragment-Analysen sowie Gesamtgemmbysan typisiert und

phylogenetische Vergleiche durchgefuhrt. Als eigdbnis der phylogenetischen
Fragment-Analysen des Hill-Gens, nach der Methodge8anischer Statistik,
konnte fur 102 europaische TBEV-Stdmme gezeigt arerdlass sie sich Uber
einen Zeitraum von 350 Jahren in zwei grofRen Liniarbreitet haben.

Phylogenetische Analysen haben ergeben, dass dsehweden TBEV-Stamme
nordlich und sudlich des Bayerischen Waldes aus Twrhechischen und
Slowakischen Republik nach Deutschland eingeschlgpplen.

Fur die Verbreitung der TBEV-Stamme wurde die Hyyese aus friheren
Arbeiten gestarkt, dass Wanderungen von Wildtie¥atlang von Flissen und
Talern, die als Virusreservoir oder auch Trager ¥eoken in Frage kommen, fur
die Verbreitung des Virus verantwortlich sein komnEbenso kénnen Zugvogel
TBEV verbreiten. Zur Brutzeit kénnen die Vogel inedi von TBEV-infizierten

Zecken gestochen werden und diese spater entlegrgRlugrouten verbreiten. In
dieser Arbeit wird eine umfassende Literaturzusanfassung Uber den aktuellen

Stand zur Verbreitung von TBEV-Infektionen in Tiergegeben.

Bei der Verbreitung von TBEV spielen auch der Ménsnd sozio-6konomische
Aspekte eine grol3e Rolle. Hier ist das gedndere&it- oder Reiseverhalten der
Menschen zu nennen, die bei Reisen in den Osteopksirgerne ihre Haustiere
mitfuhren, die als mdglicher Trager von TBEV-inédien Zecken fungieren. Aber
auch durch den gestiegenen Giuterfernverkehr kame &ferbreitung von

Nagetieren stattfinden, die als Trager infektic&ecken oder als Virusreservoir
das Virus entlang der Fernrouten verteilen kénmerder Vergangenheit waren
auch Volkerwanderungen, verursacht durch Kriege étiengersnote im Europa
der letzten Jahrhunderte, fur eine mdgliche Vetbngg von TBEV

verantwortlich.
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Im Zusammenhang mit den gewonnenen Sequenz-Datendeu Slowakei,

Osterreich und der Mongolei konnten auch frilhereddyesen bestatigt werden,
dass TBEV-Stamme, die geringe Unterschiede in ilgearetischen Diversitat
aufweisen, durchaus eine grof3e geographische Ristalben kénnen und nicht

aus derselben Region kommen missen.

In dieser Arbeit wurde die Frage, ob es wirtsspsdile Unterschiede von TBEV-
Sequenzen gibt, erstmals beantwortet. Sequenzighrgle von TBEV-

Gesamtgenomsequenzen aus einer Rotelmaus undZeidkes aus der Slowakei
zeigten, dass beide Sequenzen auf Aminosédureetiengsch waren. Basierend
auf diesem Ergebnis wird exemplarisch demonstrgass es moglicherweise
keine Wirtsunterschiede von TBEV-Gesamtgenomen chwis Zecken und

Roételmaus gibt.

Im Rahmen der in der Doktorarbeit durchgefihrtetetten wurden 16 TBE-
Viren des Europdischen Subtyps und ein Isolat dégisthen Subtyps aus
Zecken und Nagetieren isoliert. Teile dieser Isolaterden derzeit im Maus-
Tiermodell auf ihre Pathogenitat untersucht, dameiben den phylogenetischen
Ergebnissen ein ganzheitliches Bild der TBEV-Stangeschaffen werden kann.

Zusammenfassend ist es in dieser Arbeit gelungen\Wissen Uber die Herkunft
und Verbreitung von TBEV in Europa und der Mongeleisentlich zu erweitern.
Sie liefert damit die Grundlage fur viele weitete@en, um das noch lickenhafte
Bild Uber TBEV zu schlie3en.
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VI. SUMMARY

Within this doctoral thesis during the years fro61@ to 2012, 38 TBEV strains
from five different European and Asian countrieeii@any, Denmark, Austria,
Slovakia and Mongolia) could be characterized byner-walking. These strains
were typed on the basis of sub-genomic fragmenlyses as well as complete
genome analyses and phylogenetic comparisons. gdnytic fragment analyses
of the E-gene would be performed by Bayesian arsalyfiey could be shown for
102 European TBEV strains that they have spreadatene period of 350 years
in two main lineages. Phylogenetic analyses indtdéihat the TBEV strains were
spread along two routes to the north and the sofitthe Bavarian Forest to

Germany originating from the Czech Republic andStevakian Republic.

For the spreading of the TBEV strains a hypoth&sisn former workers was
confirmed. The migration of wild animals which aeossible virus reservoir or
also can carry ticks along from rivers and valleyght be responsible for the
spreading of the virus. Also migrating birds mayesygl TBEV. At the breeding
season the birds can be stung in their clutch bigVHhfected ticks and transmit
the ticks later along their migration routes. Iisttioctoral thesis a comprehensive
literature summary above the current knowledge BA®EV in animal was

performed.

In the spreading of TBEV, humans also can play raportant role regarding
socio-economic aspects. Here the changed leisuteaeel behavior of people
may be one aspect. These might carry their domestimals along travelling
routes in the Eastern part of Europe which act #eea possible bearer of TBEV
infected ticks. But also rising transport of goaday be a driver of spread of
TBEV. With trucks or on railways rodents might bensported which can
distribute the TBEV along the long distant routad aight serve as a shuttle for

infectious ticks or as a virus reservoir.

Past migrations in Europe, caused by wars or huogsis of the last centuries
might also be responsible for the spreading of TBEV

Sequence data from Slovakia, Austria and Mongoalippert hypotheses that
TBEV strains originating from far geographic distanshow few genetic
differences.
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In this thesis the question whether there are Hpstific differences of TBEV

sequences was also investigated. Sequence compmrgocomplete genome
sequences of TBEV from a bank vole and a tick flovakia revealed that both
sequences were identical at amino acid level. Basethis result it was shown
that there are potentially no host-specific differes in TBEV complete genomes

from ticks and bank vole.

Within the scope of carried out work packages @& tloctoral thesis 16 TBE
viruses of the European subtype and one isolathefSiberian subtype were
isolated from ticks and rodents. Some of the isslaire presently investigated in
a mouse model regarding their pathogenicity. Thda&ga will beside the
phylogenetic results give a comprehensive ovenoewproperties of the TBEV

strains in the future.

Summarized, in this PhD thesis the knowledge abwibrigin and spreading of
TBEV in Europe and Mongolia was increased, theeeftiis work also enables

many further studies in order to fill the gap obkriedge on TBEV.
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