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1. Uvod

1.1. Obecna charakteristika vira

Viry jsou malé infek¢ni ¢astice replikujici se uvniti zivych bunék ostatnich organismi,
pfi¢emz mohou infikovat vSechny typy zivych organismt od bakterii, pies protozoa az po
rostlinné a zivo¢isné bunky (Koonin et al., 2006). Viry existuji ve formé nezavislych ¢astic,
viriond, které se skladaji z nukleové kyseliny (DNA nebo RNA) obklopené ochrannym
proteinovym plasttm zvanym kapsida. Ta je vytvofena =z identickych proteinovych
podjednotek zvanych kapsomery. Zpusob uspotfadani kapsomer udava vysledny tvar kapsidu
(napt. ikosaedricka, helikalni, sloZzena ¢i komplexni struktura). V piipad¢ obalenych virt
obsahuje virova castice kolem kapsidy i obalové lipidy ziskané z bunécné membrany
hostitelské bunky (Caspar & Klug, 1962). Je otazkou, zdali Ize viry chapat jako zivé
organismy nebo jen jako organické struktury interagujici se Zivymi organismy. Divod, pro¢
jsou povazovany za Zivé, je ten, ze maji geny, vyvijeji se pfirozenym vybérem a mohou se
reprodukovat tim, ze vytvareji viceCetné klony. Na druhou stranu nemaji bunéénou strukturu,
ani metabolismus a k replikaci, transkripci i translaci genetické informace potiebuji vypomoc

hostitelské bunky (Rybicki, 1990).

Viry mohou invadovat do ciziho organismu mnoha zpisoby. MiiZe to byt sexualnim
kontaktem, vdechnutim aerosolu, poranénim, pozienim kontaminované potravy anebo pomoci
vektoru, coz je v Sirokém smyslu slova jakékoli agens, které nese a pienasi infek¢ni patogen
do jiného Zivého organismu (Last, 2001). Posledni zminény zptisob invaze je z pohledu zdravi
Clovéka i zvifat vyznamny zejména v piipadé pienosu (zoonotickych) virovych infekci
&lenovei. Clenovci (piedevsim klistata a komaii) jsou hlavni skupinou pfenasecti patogent
Vv zivoCisné fisi. VétSina téchto pienaseCu je hematofagni, coz znamena, ze se zivi krvi
v nékterych nebo ve vSech fazich svého zivotniho cyklu (Garcia, 1999). Prenos vektorem
muzeme dale délit na mechanicky a biologicky. Mechanicky znamena, ze ptivodce nemoci se
vyskytuje na povrchu téla nebo ve stfevé vektoru, ale nemnoZi se. Biologicky pifenos je
charakterizovan tim, ze se patogenni agens ve vektoru mnozi (pfipadné prodélava cast svého

vyvojového cyklu) a poté je prenesen na hostitele (napt. malarie nebo Zlutd zimnice).

DalSim dtlezitym ¢lankem pfi pfenosu viru jsou rezervoary. Ty miZzeme definovat
jako populaci organismti nebo specifické prostredi, ve kterém patogen piirozené zije a mnozi

se, aniz by (vétSinou) zplisobil onemocnéni.



1.2. Obecna charakteristika flavivira

Celed’ Flaviviridae zahrnuje &tyii rody — Flavivirus, Hepacivirus (virus hepatitidy C),
Pegivirus (virus hepatitidy G) a Pestivirus. Viry spadajici do jednotlivych rodd jsou
biologicky odlisné, ale fyzikalné-chemické vlastnosti a organizaci genomu maji velice

podobnou (Simmonds et al., 2017; Stapleton et al., 2011).

1.2.1. Rod Flavivirus

Rod Flavivirus obsahuje vice nez 75 dosud popsanych vird, z nichz pfiblizn¢ 30 ma
vyznam pro zdravi ¢lovéka. Virus Zluté zimnice (YFV), virus dengue (DENV), virus
zapadniho Nilu (WNV), virus japonské encefalitidy (JEV), virus encefalitidy St. Louis
(SLEV), virus Zika (ZIKV) ¢i virus klistové encefalitidy (TBEV) patii v globalnim métitku
mirného febrilniho onemocnéni doprovazeného vyrazkou, az po Zivot ohrozujici hemoragické
horecky, hepatitidy a encefalitidy. Prvnim popsanym flavivirem, ktery je patogenni pro
Cloveéka, byl virus Zluté zimnice. Béhem vySetfovani epidemie této nemoci v Havané v roce
1900 Walter Reed, James Caroll a jejich kolegové zjistili, Zze pivodce této nemoci je virus
prenaseny komarem Aedes aegypti. Po identifikaci ptivodce onemocnéni a zejména jeho
vektoru byl zahajen eradikacni proces zaloZeny na snizeni poctu tohoto druhu komara. Ten
mél za nasledek odstranéni tohoto onemocnéni hlavné z mést nachazejicich se na pobiezi

(Burrell et al., 2017).

1.2.2. Morfologie flavivirt

Flaviviry jsou sférické viry o praméru 40-60 nm obsahujici jednovldknovou pozitivné
nabitou RNA, coz je fadi do IV. tfidy Baltimorské klasifikace virt. Genom je obalen
ikosaedrickou kapsidou, ktera je pokryta lipidovou dvouvrstvou. Povrch virovych ¢&astic
obsahuje dva virové proteiny, protein E (“envelope“) a M (“membrane®). Glykoprotein E je
hlavni antigenni determinantou zprostiedkovavajici vazbu a fazi pii vstupu viru do bunky
(Lindenbach et al., 2007).



1.2.3. Vstup do buiiky a replikace viru

Mechanismus vstupu flavivirti do bunky dosud nebyl do detailu popsan. Prvni krok v
infekci bunky zahrnuje vazbu glykoproteinu E na bunéény receptor (nebo receptory). V
poslednich letech bylo identifikovano nékolik vazebnych faktorti jako naptiklad: heparan
sulfat, protein teplotniho Soku 70 a 80 nebo C-lektinové receptory. Poté, co se virus navaze na
vhodny receptor, dojde k receptorem zprostfedkované endocytdze. Po internalizaci do
hostitelské buriky je endocytarni vezikula nesouci virus transportovana do ¢asnych endozomt,
které nasledné zraji do pozdnich endozému. Kvili nizkému pH uvniti endozému dochazi ke
konformacnim zménam virového obalového proteinu E, coz vede k fizi virové membrany s
endozomalni membranou a naslednému uvolnéni nukleokapsidu do cytoplazmy (Smit et al.,
2011).

K replikaci flavivirového genomu dochazi v tzv. replikaénim komplexu vazaném na
vngjsi membranu endoplazmatického retikula. Tento komplex se sestava z virovych
nestrukturnich proteind, virové RNA a dosud neidentifikovanych hostitelskych proteint
(Lindenbach et al., 2007). Replika¢ni cyklus flavivira se sklada ze syntézy RNA, vytvoteni
¢epicky (,,RNA capping“) a metylace RNA. Nukleova kyselina uvolnéna do cytoplazmy,
Vv tomto piipadé RNA s pozitivni polaritou ((+) RNA), slouzi jako templat pro vytvoteni
komplementarniho vlakna s negativni polaritou ((-) RNA) pomoci virové RNA dependentni
RNA polymerazy a vznikne tak dvouvlaknovy intermediat. (-) RNA ve dvouvlaknovém
meziproduktu poté slouzi jako templat pro generovani nového (+) RNA vlakna. K rozvolnéni
dsRNA dochazi aktivitou virové helikazy (nestrukturni protein NS3). Vznikajici pozitivni
dsRNA je poté znovu pouZita jako templat pro generovani dalSich kopii (+) RNA. Nové
vzniklé (+) RNA jsou dale metylovany a opatieny ¢epickou (,,RNA capping) (Klema et al.,
2015). V hrubém endoplasmatickém retikulu jsou virové ¢astice shromazd’ovany a dochazi
zde ke stépeni proteinu C od komplexu C-prM-E pomoci virové proteazy NS2B/NS3. Tento
proces je dulezity pro nasledné Sté€peni proteinit prM a E signalni peptiddzou hostitelské
bunky, coZ ma za nasledek vytvotreni nezralych ¢astic sloZzenych z heterodimert proteinti prM-
E. Dale jsou pak viriony transportovany do Golgiho aparatu, kde jsou obaleny do vackt pro
sekreci. Tésn¢ pied uvolnénim virionu z hostitelské bunky je pr fragment odstépen od proteinu
M bunéénou furinovou proteazou. Stépenim pr fragmentu se zméni konformace proteinu E,

¢imz se vytvoii zralé ¢astice. Rozdily v hladinach exprese téchto proteaz v riznych buiikach



vedou k heterogenni populaci ¢astic: zralé, nezralé a Castecné zralé (Krol et al., 2019).

Poslednim krokem je exocytdza, pii které ziskaji sviij obal (Klema et al., 2015).

1.2.4. Klasifikace rodu Flavivirus

Rada flavivira patfi mezi arboviry, tedy viry, které jsou mezi obratlovéimi hostiteli
pfenaseny pomoci ¢lenoveu (komaru, klistat a dalsich). Nékteré flaviviry patogenni pro
¢loveéka jsou zoondzy, coz jsou ndkazy prenosné ze zviiete na Cloveka, ale obtizné prenosné
nebo zcela nepienosné z ¢lovéka na ¢loveka (napi. TBEV, WNV atd.). Pro jiné je pak ¢lovek
(zejména v urbannich cyklech) i vyznamnym ¢i hlavnim hostitelem podilejicim se na cirkulaci
viru (napf. YFV) (Huang et al., 2014). Podle hostitele a typu vektoru mazeme flaviviry
rozdélit do 4 skupin:

A) Pienos viru zprostfedkovany komarem (,,mosquito-borne viruses®) — YFV, DENV,
JEV a dalsi (Huang et al., 2014).

B) Pienos viru zprostfedkovany klist'aty (,.tick-borne viruses®) - TBEV (savci) nebo

virus Kama (moisti ptaci) (Bartikova et al., 2017).

C) Flaviviry, u kterych dosud nebyl popsan vektor (,,no known vector viruses*) — virus
Rio Bravo (Blitvich & Firth, 2017).

D) Viry specifické pro hmyz (,,insect-specific viruses), které neinfikuji obratlovce —
virus Palm Creek (Hall-Mendelin et al., 2016).

1.3. Virus Usutu

Virus Usutu (USUV) je komary pienaseny virus pattici do rodu Flavivirus celedi
Flaviviridae. Sérologicky je virus Usutu klasifikovan jako ¢len antigenniho komplexu
(sérokomplexu) viru japonské encefalitidy (JEV). Na rozdil od jinych zastupca patiicich do
¢eledi Flaviviridae, jako je WNV, YFV a DENV, v sou¢asné dobé& neexistuji zadné komplexni
studie o vlastnostech a replikaci USUV. Na zakladé struktury genomu se vSak da predpokladat,
zZe se tento virus chova podobné¢ jako vyse zminéné flaviviry (Weissenbock et al., 2010). Virus

Usutu byl poprvé izolovan vroce 1959 z dosp€lé samice komara Culex neavei ve



Svazijsku (dnes kralovstvi Eswatini) v oblasti Natal v jizni Africe pobliz feky, podle které byl
nasledné pojmenovan (Nikolay et al., 2011; Pauli et al., 2014).

1.3.1. Morfologie viru

Obecné odpovidd morfologie viru Usutu charakteristikdm uvedenym vyse pro celed’
Flaviviridae — maly sféricky virion o praméru 40-60 nm je obalen lipidovou dvouvrstvou
odvozenou z hostitelské buiiky. Pod lipidovou dvouvrstvou se nachazi ikosaedralni kapsida,
ktera chrani jednovlaknovou molekulu RNA s pozitivni polaritou o délce priblizn¢ 11 000
nukleotidi (Gaibani & Rossini, 2017). Genom viru Usutu koduje jeden dlouhy polyprotein o
velikosti 3400 aminokyselin ohrani¢eny dvéma netranslatovanymi oblastmi (3'a 5° UTR).
Virovy polyprotein je §tépen bunéénymi a virovymi proteazami. Prvni tfi geny v potadi koduji
strukturni proteiny: kapsidovy protein (C), prekurzorovy membranovy protein a samotny
membranovy protein (prM a M) a obalovy protein (E). Zbyla ¢ast genomu kéduje 7
nestrukturnich proteinti s enzymatickou a regula¢ni aktivitou: NS1 (inhibuje ptenos signalu
z TLR3 (Toll-like receptor) a interferuje s funkci komplementu), NS2A (inhibuje aktivaci
IFN- B a je nezbytny pro kompletaci virionu), NS2B (kofaktor serinové proteazy NS3), NS3
(serinova proteaza, 5'-RNA-trifosfataza, nukleosid-trifosfataza a ATP-dependentni RNA
helikaza), NS4A (modifikuje endoplazmatické retikulum), NS4B (blokuje IFN odpovéd);
NS5 (RNA-dependentni RNA polymeraza, metyltransferaza) (Pauli et al., 2014). Schéma

virové ¢astice a genomu viru Usutu je znazornéno na Obr. 1.
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Obr. 1: Scﬂéma genomu viru Usutu (upraveno dle Ashraf et al., 2015).
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1.3.2. Hostitel a vektor viru Usutu

Virus je udrzovan V ptirozeném zivotnim cyklu ornitofilnimi druhy komara (zejména
rodu Culex) coby jeho hlavnimi vektory a ptaky jako hlavnimi hostiteli. Lidé jsou pouze

nahodnymi hostiteli a na cirkulaci viru se pravdépodobné nijak nepodili (Roesch et al., 2019).
Komari

Komafi rodu Culex jsou povazovani za hlavni vektory USUV. Tento rod obsahuje
prevazné ornitofilni druhy, nicméné dnes je znamo, ze mnoho druhti ma velky rozsah hostitelt
a zivi se nejen krvi ptak, ale také obojzivelnikd, plazi, a také krvi lidi a dalSich savci. Kromé
komara Cx. neavei byl USUV izolovan také z jinych druhi jako je Cx. perfuscus, Cx.
quinquefasciatus nebo Cx. pipiens. Posledni jmenovany je povazovan za nejbéznéjsi vektor
tohoto viru a Cx. quinquefasciatus patii pak mezi nejvice antropofilni vektory USUV
(Calzolari et al., 2012; Fros et al., 2015; Nikolay et al., 2011). Dale byl USUV detekovan také
u jinych druhti komart, jako jsou Aedes albopictus, Ae. japonicus, Ae. vexans (taxonomie dle
(Wilkerson et al., 2015)), Anopheles maculipennis, An. plumbeus, Coquillettidia richiardii,
Culiseta annulata a n¢které druhy rodtt Ochlerotatus a Mansonia (Camp et al., 2019; Lebl et
al., 2015; Mancini et al., 2017). Nicmén¢ jako kompetentni vektory pro pienos USUV byly
prokazany pouze druhy rodu Culex a dale pak Ae. albopictus, ktery sice vykazuje nizsi
kompetenci pro USUV nez komati rodu Culex, ale virus prokazateln¢ piekonava stievni
bariéru a replikuje se v téle komara (Fros et al., 2015; Hernandez-Triana et al., 2018; Roesch
et al., 2019). S ohledem na bionomii riznych druhtt komari se u komara Cx. neavei
predpoklada, ze se ucastni sylvatického cyklu ptenosu viru v Africe, zatimco druhy jako Cx.

quinquefasciatus mohou fungovat jako epizooticky-epidemicky vektor (Nikolay et al., 2011).
Ptdci

Kromé komart byl USUV také izolovan z nékterych druhli ptaki. Prvni izolaty byly
ziskany z ptakt pochazejicich z Afriky (Nigérie) jako je zoborozec hvizdavy (Bycanistes
fistulator), bulbul maly (Eurillas virens) nebo drozd rudozoby (Turdus libonyana) (Nikolay et
al., 2011). Nicmén¢ zadny z téchto zminénych ptakl nepatii mezi tazné druhy, coz naznacuje,
ze pravdépodobné nejsou zapojeny do Sifeni toho viru z Afriky do Evropy. Pritomnost
protilatek proti USUV byla ov§em prokazana u mnoha st¢hovavych druhii ptaka odchycenych
v Evropé napfi.: postolka obecna (Falco tinnunculus), rakosnik obecny (Acrocephalus
scirpaceus), motak pochop (Circus aeruginosus), vlastovka obecna (Hirundo rustica), pénice

poktovni (Sylvia curruca) ¢i lejsek ¢ernohlavy (Ficedula hypoleuca) (Meister et al., 2008).
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Tyto druhy mohou hrat klicovou roli pii pfenosu USUV z Afriky do Evropy, zatimco druhy
jako jsou straka obecna (Pica pica), vrabec domaci (Passer domesticus) a kos ¢erny (Turdus
merula) mohou byt zodpovédni za Sifeni tohoto viru v Evropé (Nikolay, 2015). Ackoli byl
virus nékolikrat objeven u riznych druhti komart a ptaka v Africe, nikdy zde nebyl spojovan
s klinickym onemocnénim ptaki nebo savci (kromé velmi vzacnych infekcei ¢lovéka), a proto
nepiitahoval vétsi védeckou pozornost (Nikolay et al., 2011; Saiz & Blazquez, 2017). V 1été
2001 se vSak USUV necekan¢ objevil ve stfedni Evropé, konkrétn¢ ve Vidni, a byl
zodpovédny za velké tthyny v populacich kosa ¢erného a pustika vousatého (Strix nebulosa)
(Weissenbock et al., 2002). Po histologickém vyseteni bylo zjisténo, Ze ptaci zasazeni touto
epidemii trpéli hepatosplenomegalii, nekrézami v nervové tkani, jatrech a sleziné a 1ézemi
v myokardu. Virus byl prokdzan v mozkové tkani pomoci téi metod — imunohistochemii,
hybridizaci in situ a reverzni transkriptazovou polymerazovou fetézovou reakci (RT-PCR)
(Chvala et al., 2004). Bylo zjisténo, ze nékteti pévci (zvlasté kos ¢erny) a nékteré druhy sov
(pustik vousaty) vykazuji vys$si miru citlivosti k infekci USUV nez ostatni druhy, co se tyce

klinickych projevu i mortality (Becker et al., 2012; Chvala et al., 2004; Rijks et al., 2016).

Dalsi obratlovci

Krom¢ jiz zminénych Zivo¢ichti byl USUV zaznamenan u koni v Italii (2008-2009),
Srbsku (2008-2009), Chorvatsku (2011), Spanélsku (2011-20120) a Maroku (2012), kde byl
také zaznamenan jeden piipad u psa (CIé et al., 2019). Jak ukazuje studie Savini et al. (2011),
tak kon¢ nejsou ptilis vhodnymi hostiteli pro tento virus. V roce 2013 byly v jihozapadnim
Némecku nalezeny dva kadavery netopyra hvizdavého (Pipistrellus pipistrellus), u kterych
byl ze tkan¢ mozku detekovan USUV. Z vysledki Cadar et al. (2014) vyplyva, ze | netopyii
pravdépodobné piispivaji k cirkulaci tohoto viru. U prasete divokého (Sus scrofa) (Srbsko
2011-2012), jelena evropského (Cervus elaphus), daiika evropského (Dama dama), muflona
(Ovis aries musimon) a srnce obecného (Capreolus capreolus) nebyl sice USUV detekovan
ptimo, ale byly zjistény protilatky specifické proti tomuto viru (Saiz & Blazquez, 2017).Virus
Usutu byl dale detekovan u hlodavci z Afriky - krysa obecna (Rattus rattus), krysa
mnohobradavkova (Mastomys natalensis) a hmyzozravci - bélozubka (Crocidura sp.). U
téchto zivocichl nebyly pozorovany zadné projevy nemoci ani pfiznaky, které by poukazovaly
na patogenni infekci. To naznacuje, ze hlodavci by mohli byt zapojeni do replikacniho cyklu

USUV jako hostitel nebo jako rezervoar (Diagne et al., 2019).
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Infekce cloveka

U vétsiny lidi je pribéh infekce asymptomaticky a v ptipadé ptiznakl se nejCastéji
jedna o horecku, vyrazku a zloutenku. Zejména U imunokompromitovanych pacientl se mize
navic rozvinout neurologické onemocnéni S postizenim centralnitho nervového systému
(nejcastéji meningoencefalitida) (Clé et al., 2019). Prvni pfipad nakazy cloveéka byl
zaznamenan v roce 1981 ve Stiedoafrické republice, kdy pacient trpél vyrazkou a horeckou.
V dal8im piipadé se k ptivodnim symptomtim piidala jesté zZloutenka (Clé et al., 2019; Saiz &
Blazquez, 2017). V Evropé¢ byl u ¢lovéka tento virus poprvé zaznamenan v roce 2009 v Italii,
a to u dvou pacientt, u kterych zptsobil meningoencefalitidu (Pecorari et al., 2009). Stav
jednoho z téchto dvou pacientl byl natolik vazny, ze bylo nutné, aby podstoupil ortotropni
transplantaci jater (Cavrini et al., 2009). Pozdéji byla neuroinvazivni infekce, zplisobena
USUV, popsana také v Chorvatsku v roce 2013 (Calzolari et al., 2012). Tyto ptipady ukazuji,
ze USUV muze byt pro ¢loveéka patogenni. Vzhledem k tomu, ze nelze vyloucit, ze se
vV budoucnu objevi virulentngj$i kmeny, které by mohly ptedstavovat vazné ohrozeni lidského
zdravi (Nikolay et al., 2011), je na misté pokracovat v ,,surveillance* tohoto viru a vyvijet

postupy pro diagnostiku (odliseni od jinych flavivirovych neuroinfekci) a 1é¢bu této infekce.

V roce 2012 bylo v Némecku vramci programu pro sérologické sledovani lidi
testovano 4200 vzorki lidského séra, kde pouze jeden vykazoval neutraliza¢ni protilatky proti
tomuto viru (Allering et al., 2012). Obdobné nizka séroprevalence byla zjisténa u darci krve
v Italii (v endemické oblasti Ferrara) a v Rakousku. U vétsiny darci (kromé 2) s pozitivnimi
protilatkami proti USUV nebyly zaznamenany zadné piiznaky (Aberle et al., 2018; Gaibani
et al., 2012). U nekterych darci krve byl virus detekovan ptimo pomoci RT-PCR (Aberle et
al., 2018; Gaibani et al., 2012).

1.3.3. Tkanovy tropismus viru

Virus Usutu se replikuje v fadé¢ bunéénych linii a kultur lidského nebo zviteciho
plivodu, naptiklad: HelLa (lidské — epitelidlni bunky cervixu), Vero (opici — buniky z ledvin),
PK-15 (praseci — bunky z ledvin), BHK-21 (kfecek — fibroblastové bunky ledvin), primarni
fibroblasty husiho embrya a bunky ledvin koni (Bakonyi et al., 2005). Cytopaticky efekt se
projevil pouze u nékterych bunék (napt. Vero, PK-15) (CI¢ et al., 2019). Silny cytopaticky
ucinek byl také pozorovéan u lidskych nervovych bunék (neuronti, astrocytl, mikroglii a

lidskych neuronalnich kmenovych bunék) (Salinas et al., 2017).
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Virus Usutu byl detekovan v mozku, srdci, jatrech, ledvinach, plicich a stievech tkani
laboratorn¢ infikovanych mysi a pfirozen¢ infikovanych ptaki, a tento tkanovy tropismus je
podobny jako u viru zapadniho Nilu (Chvala et al., 2004; Weissenbock et al., 2004a). Ukazalo
se vsSak, Ze zatimco apoptdoza neuronti je obecnym rysem flavivirové infekce, tak
demyelinizace neuront je unikatni pro infekci USUV (Weissenbdck et al., 2004a). Schopnost
replikace USUV v takovém poctu bunék rizného pivodu by mohla souviset s jejim
prenosovym cyklem, ktery zahrnuje replikaci v komarech a v celé fadé obratlovc€ich hostitela,

jako jsou ptaci, savci (véetné lidi) a dalsi (Saiz & Blazquez, 2017).

1.3.4. Prevence a ochrana

Dosud neexistuji zadné vakciny ani 1éky specifické proti infekci USUV. Zatim jedinou
uspéSnou profylaxi je zabranit kontaktu s komarem hlavné tam, kde je USUV endemicky,
nebo kde byl hlasen vyskyt tohoto viru. Toho 1ze dosdhnout pouzitim repelentu proti hmyzu,
pouzivanim moskytiér a ochrannych siti do oken, zakryt co nejvyssi procento kiize, kde by
mohl komadr sat a také zbyte¢né nevychazet ven v dobé, kdy je aktivita komart nejvyssi. Az
dosud bylo u lidi pozorovano jen malo symptomatickych infekci, a proto zatim nejsou
zkusenosti s 1é¢bou. Dosavadni postupy jsou zalozeny na lééeni symptomi a podptrnych
opatfenich, jako jsou intravendzni antipyretika, zabranéni dehydratace, podpora dychani a
prevence proti sekundarnim infekcim. Na druhou stranu byly popsany latky s efektem
ovliviwgjici replikaci viru in vitro jako — inhibitor acetyl-CoA karboxylazy TOFA a MEDICA
16 a inhibitory autofagie 3-methyladenin nebo wortmannin (Blazquez et al., 2013; Merino-
Ramos et al., 2016; Pauli et al., 2014; Saiz & Blazquez, 2017).

Virus Usutu a dalsi viry patiici do sérokomplexu japonské encefalitidy maji spolecné
antigenni vlastnosti, coZ se odrazi v potencidlu indukovat zktizen& reaktivni protilatky.
Zkiizena reaktivita protilatek mezi riznymi flaviviry je pro diagnostické ucely nevyhodna,
protoZe zabranuje identifikaci specifického patogenu pomoci sérologickych testi. Nicméné
zkiizena reaktivita mize byt vyhodnd pro tvorbu flavivirovych vakcin proti riznym, ale
antigenn¢ piibuznym patogentim v sérokomplexu japonské encefalitidy (Merino-Ramos et al.,
2014). Zktizena reaktivita v diagnostickych testech byla prokazana s protilatkami proti viru
zapadniho Nilu (Stiasny et al., 2013). V nékterych piipadech mlze piitomnost zkiizené
reagujicich protilatek, ziskanych béhem primarni infekce, zvysit infek¢nost a zhorsit vysledek
onemocnéni V pripadé infekce virem antigenné podobnym. Tento jev se jmenuje ,,antibody-
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dependent enhancement* (ADE) a byl pozorovan in vitro a je stale predmétem diskuse u
n¢kolika vird, pfedevsim flavivirQ, jako je DENV (Beck et al., 2013).

1.3.5. Geografické rozsiteni

Jak uz bylo zminéno vyse, tak USUV byl poprvé objeven v roce 1959 v jizni Africe.
V Africe virus neustéle cirkuluje a byl detekovan v Senegalu, Ugandé¢, Stiedoafrické republice,
Nigérii, Burking Faso, Pobfezi slonoviny a v Keni. Mimo Afriku byl virus detekovan v roce
2001 ve Vidni, kde zptsobil rozsahlé uhyny v populacich kosa ¢erného a pustika vousatého.
Z retrospektivni analyzy uchovanych tkani mrtvych ptaki pochazejicich z Toskanska v Itélii
bylo ovSem zjisténo, ze se USUV vyskytuje v Evropé uz od roku 1996 (Weissenbock et al.,
2013). Pocet mrtvych ptaka v roce 2001 ve Vidni, u nichz byl USUV detekovan, byl relativné
nizky, avSak tento pocet vzrostl v extrémné horkém 1ét€ v roce 2003 (Brugger & Rubel, 2009;
Chvala et al., 2004). V nasledujicich letech doslo k poklesu tthynti ptakd v této oblasti, coz
mohlo byt zplisobeno vytvofenim imunity, respektive neutralizacnich protilatek proti tomuto
viru. Na druhou stranu doslo k rozsifeni USUV do okolnich oblasti (Meister et al., 2008).
V poslednich letech, 2017-2018, byla na tomto izemi zachycena RNA tohoto viru u 24 darci
krve (Aberle et al., 2018; Bakonyi et al., 2017).

V Mad’arsku byl tento virus poprvé detekovan v roce 2005 v Budapesti u kosa ¢erné¢ho

a v nasledujicim roce piibylo dalsich 6 zachyti (Bakonyi et al., 2007).

V 1été v roce 2006 byl virus detekovan u mrtvych ptaki ve Svycarsku konkrétng v

v

samy rok byla poprvé potvrzena infekce USUV mimo Curych (Steinmetz et al., 2011).

V letech 2006-2008 byla infekce USUV diagnostikovana v severni Italii u dvou kost
¢ernych a u tiech sov — pustika vousatého, kuliska nejmensiho (Glaucidium passerinum) a
sovice krahujové (Surnia ulula) (Manarolla et al., 2010). Dale pak byl zachycen v letech 2017-
2018 v oblasti Lazia u péti darcu krve (Carletti et al., 2019).

Ve Spanélsku byl USUV poprvé objeven vroce 2006 na uzemi Katalanska ve
smésném vzorku komara Culex pipiens (Vazquez et al., 2011). Dale pak byl detekovan v roce
2012 u dvou drozda zp&vnych (Turdus philomelos), u nichz zptsobil encefalitidu (Hofle et
al., 2013).
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V Némecku byl virus poprvé prokazan ve smé€sném vzorku komara Cx. pipiens pipiens
v roce 2010. O rok pozdé¢ji doslo k rozsiteni viru do jihozapadni oblasti, kde zptisobil uhyny
Vv populacich kost, drozdi a nékterych druhti sov (Becker et al., 2012). Na uzemi Némecka se

tento virus od té doby vyskytuje endemicky (Michel et al., 2019).

V ten samy rok byl zaznamenéan prvni zachyt toho viru na tzemi Ceské republiky

v Brné, kde byl izolovan z kosa ¢erného (Hubalek et al., 2014).

V Belgii byl tento virus poprvé identifikovan v roce 2012 u hyla obecného (Pyrrhula
pyrrhula) a strakapouda velkého (Dendrocopos major), kde u obou ptakti zpusobil
neurologické ptiznaky. O Ctyfi roky pozdé€ji byly po celé zemi zaznamenany vysoké thyny
ptaku spojené s infekci USUV. Navic v letech 2017-2018 byl virus izolovan také z netopyru
(Pipistrellus pipistrellus) a tato zjisténi spole¢né naznacuji, ze USUV dokazal vytvofit
ptenosovy cyklus mezi mistnimi druhy ptadkd, netopyrii a komart a piezimovat v oblastech,

které se posléze staly endemickymi (Benzarti et al., 2019; Garigliany et al., 2014).

V roce 2015 byl zaznamenan zvysSeny pocet uhynii v populacich kosa ¢erného ve
vychodni Francii, kde bylo zjisténo, Ze se jedna také o USUV (Lecollinet et al., 2016). O rok
dfive byl tento virus poprvé izolovan v Srbsku ze smésného vzorku komarta (Kemenesi et al.,
2018). Vyskyt viru byl dale potvrzen v roce 2016 v Nizozemsku, kde doslo ke znaénym thynd
u kosu a n¢kterych druhti sov (Rijks et al., 2016).

V ten samy rok byla také zaznamenana zvysena aktivita viru v Belgii a Francii, kam
byl zanesen s nejvétsi pravdépodobnosti z Némecka infikovanymi ptaky zijicimi na tomto
uzemi, ackoli nelze vyloudit ani roli migrujicich ptak nebo komard (Cadar et al., 2017).
Sérologicky byl kontakt s USUV také prokazan u ptakii v Anglii, Polsku, Recku a v Srbsku

(Gaibani & Rossini, 2017).
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2. Cile prace

Vypracovat reSersi k problematice biologie a epidemiologie viru Usutu (zejména v
Evrop¢)

Ve vzorcich tkani kost ¢ernych (Turdus merula) se pokusit detekovat virus Usutu
pomoci molekularné biologickych metod

V piipad¢ pozitivnich zachytl stanovit nukleotidovou sekvenci vybranych ¢asti
genomické RNA viru a provést zakladni fylogenetickou analyzu

Pokusit se o izolaci viru na sav¢ich a komatich bunéénych liniich a charakterizovat

mnozeni viru v téchto liniich
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3. Material a metody

Prakticka cast diplomové prace byla zpracovavana v Laboratoii arbovirologie

Parazitologického ustavu Biologického centra AV CR.
3.1. Vzorky

Vzorky pro detekcei viru byly ziskany z kadavera kosa ¢erného (T. merula) a drozda
zpévného (T. philomelos), které byly shromazdény v ramci projektu ,,Role volné Zijicich zvitat
ve méstech v kolobéhu vektory pfenasenych zoonotickych patogenii s diirazem na Anaplasma
phagocytophilum®“, GACR:17-16009S, 2017-2019. Pitvy byly provadény nasimi kolegy z
Ustavu patologické morfologie a parazitologie na Veterinarni a farmaceutické univerzité
v Brné. Vzorky tkani pro detekci byly nasledné uchovany v pufru RLT (Qiagen) pii -80°C.
Alikvoty vzorku tkani pro izolaci byly uchovany bez pufru pii -80 °C. Celkem se jednalo 0 65
jedinct. Padesat pét vzorki pochazelo z kosa ¢erného (T. merula) a 10 z drozda zpévného (T.
philomelos). Kadavery pochazely z Brna, Ceskych Budgjovic a Prahy a jejich blizkého okoli.
Mista nalezd jednotlivych vzorkd jsou zaznamenana Vv Obr. 2. Detailni informace

k jednotlivym vzorkiim (v¢etné GPS soufadnic mist nalez() jsou uvedeny v Ptiloze P1.

Dale jsme z deta§ovaného pracovisté Ustavu biologie obratlovett AVCR ve Valticich
obdrzeli dva jiz zhomogenizované vzorky komara: 16-99 Culex modestus (smésny vzorek 52
samic komara Cx. modestus, lokalita: Hlohovecky rybnik, obec Hlohovec, datum sbéru:
1.9.2016) a "136" Cx. pipiens (smésny vzorek 42 samic komara Cx. pipiens, lokalita: rybnik
Cerni¢ny, obec Lomnice nad LuZnici, datum sbéru: 13.-14.8. 2018); a jeden vzorek kosa
¢erného 001TM10 (samice, lokalita: Bieclav centrum, datum sbéru: 24.7. 2018). Tyto vzorky
byly jiz diive pozitivné testovany na pritomnost genomické RNA USUV.
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Obr. 2: Mista nilezu rl;ld;iverﬁ kosa Cerného a drozda zpévného. VVzorky pozitivni na
genomickou RNA viru Usutu pochazejici z kosa ¢erného jsou znaceny Cervenou barvou,
negativni vzorky z kosa ¢erného jsou znaceny modrou barvou a zlutou barvou jsou znaceny
vzorky pochazejici z drozda zpévného, u kterého nebyl Zadny pozitivni nalez. A-Praha, B-

Brno, C-Ceské Bud¢jovice.
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3.2. Bunécéné linie

Pro nase experimenty byly pouzity sav¢i (PS) a komafi bunééné linie (C6/36). Savci
bunééna linie PS, puvodné ziskana z bunék prasecich ledvin (,,porcine kidney stable*), byla
kultivovana v médiu Leibovitz L15 (Biosera) s 3 % prekolostralniho teleciho séra (PTS)
(Biosera), 1 % smési antibiotik a antimykotik (ATB) (Biosera) a 1 % L-glutaminu (GL)
(Biosera). Bunky byly inkubovany pii 37 °C. Pravidelné pasaze byly provadény metodou
suché trypsinizace. Tato linie byla pouzivana pro izolaci a titraci viru a pro nepiimou

imunofluorescenci.

Komati bunéna linie C6/36, pivodné ziskana z epitelialnich bunék komara Aedes
albopictus byla kultivovana v médiu Leibovitz L15 (Biosera) s 10 % bovinniho fetalniho séra
(BOFES) (Biosera), 5 % tryptozofosfatového bujonu (Sigma-Aldrich), 1 % ATB (Biosera) a
1 % GL (Biosera). Buiky byly inkubovany pii 28 °C. Pravidelné pasaze byly provadény
metodou suché trypsinizace. Tyto bunky byly pouzivany pro izolaci viru a pro nepiimou

imunofluorescenci.

3.3. Homogenizace vzorku tkani

Pfed homogenizaci byl ke vzorkiim pfidan Cerstvy beta-merkaptoetanol (10 ul / 1 ml
pufru RLT). Ze vzorkd tkani byly pomoci sterilnich homogenizaénich ocelovych kulicek o
priméru 5 mm (Qiagen) a automatického homogenizatoru Tissue Lyzer II vytvofeny 30%
(w/v) suspenze. Parametry homogenizace se lisily pro jednotlivé tkan¢ (Tab. I). Se vzorky
bylo po celou dobu manipulovdno na ledu, homogenizace probihala v ptfedchlazenych
adaptérech. Po homogenizaci bylo do vzniklého homogenétu ptfidano 20 pl proteinazy K
(Qiagen), aby doslo ke kompletni lyze tkani. Nasledn¢ byly za obfasného vortexovani vzorky
inkubovany 30 min pii1 56 °C. Po lyze byly vzorky kréatce centrifugovany a supernatant

odebran do nové sterilni zkumavky. Vzorky pro izolaci RNA byly skladovany pti -80 °C.
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Tab. I: Parametry homogenizace pro jednotlivé tkané.

Tkan Homogenat (%) Cas homogenizace (min)
1. Krev - -
2. Plice 30 1
3. Jatra 30 0,5
4. Slezina 30 0,5
5. Ledviny 30 3
6. Mozek 30 2

3.4. lzolace RNA

Extrakce RNA byla provadéna pomoci kitu QlAamp® Viral RNA Mini Kit (Qiagen)
dle pokynil vyrobce s modifikacemi popsanymi nize. Pro izolaci bylo pouzito 140 ul 30%
homogenatu (nebo stejny objem vzorku krve). V ramci izolace byla provedena digesce DNA
na kolonce (10 ul DNazy + 70 ul pufru RDD) (RNase free DNase Set, Qiagen). Celkovy elu¢ni
objem byl 60 ul pufru AVE. Z divodu zajisténi vyssiho vytézku byl eluat znovu pouzit pro
opakovanou eluci. Zkumavky s izolovanou RNA byly skladovany pii -80 °C.

3.5. Jednokrokova RT-PCR

Screening vzorktll na ptitomnost flavivirové RNA byl provadén pomoci jednokrokové
reverzni transkriptazové polymerazové fetézové reakce (RT-PCR) kitem OneStep RT-PCR
(Qiagen) podle pokynt vyrobce. Byly pouzity univerzalni primery specifické pro viry rodu
Flavivirus, v koncentraci 0,6 uM (Scaramozzino et al., 2001). Jako templat poslouzila RNA
ziskand z homogenatii vzorkll tkané. Poméry jednotlivych sloZzek mastermixu a prubéh

programu jsou uvedeny nize (Tab. Il a I1).

Tab. I1: SloZeni reakéni smési.

Master Mix 1 reakce (ul) Finalni koncentrace
Voda , RNAse free« 11 -
Pufr 5x 5 2,5 mM Mg?*
dNTP 1 400 uM
Forward primer 1 0,6 tM
Reverse primer 1 0,6 uM
Enzyme mix 1 -
Templat (RNA) 5 -
Celkovy objem 25
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Tab. I11: Cas a teplota pro jednotlivé reakce jednokrokové RT-PCR.

Pocet opakovani | Reakce Cas (min) | Teplota (°C)
Reverzni transkripce 60 50
Pocatecni aktivace 15 95
polymerazy a
deaktivace reverzni
transkriptazy
Denaturace 1 94
40 Nasedani primera 1 57
Syntéza nového 1 72
fetézce
Finalni syntéza 3 72

3.6. Separace na agar6zovém gelu

Pro separaci produkti PCR byl pouzit 2% agar6zovy gel do jehoz jamek byla pfidana
smé&s 10 pl produktu PCR a 3 ul nanaseciho pufru (ThermoFisher scientific) s barvivem Sybr
Green (Sigma Aldrich). Pro odhad velikosti separovanych fragmentt byl pouzit velikostni
standard GENERULER 100 bp PLUS (ThermoFisher scientific). Separace probihala pfi 125
V po dobu 30-45 min.

3.7. Purifikace PCR produktii a piiprava sekvena¢ni reakce

PCR produkt odpovidajici ocekavané velikosti, byl enzymaticky purifikovan pfidanim
0,2 pl alkalické fosfatazy (ThermoFisher scientific) a 0,2 pl exonukleazy I (ThermoFisher

scientific). Jednotlivé kroky purifikace, ¢as a teplota jsou zaznamenany v Tab. IV. Nasledné

byly vzorky spolu s primery zaslany na sekvenaci (SeqMe).

Tab. 1V: Cas a teplota jednotlivych kroki enzymatické purifikace.

Program Cas (min) | Teplota (°C)
Inkubace 15 37
Deaktivace 15 80
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3.8. Reverzni transkripce

Transkripce RNA do cDNA pro sekvenacni a naslednou fylogenetickou analyzu byla
provedena pomoci kitu Transcriptor First Strand cDNA Synthesis Kit (Roche) podle pokynu
vyrobce. Primer mix a RT mix byl piipraven podle Tab. V a VI. Pro tuto reverzni transkripci
byly jako primery pouzity nahodné hexamery. Jako templat poslouzila RNA ziskana
z homogenatt vzorku tkan€. Jednotlivé kroky reakce mizeme vidét v Tab. VII. Vznikla cDNA

byla uchovavana pii -20 °C.

Tab. V: Reagencie pro pfipravu Primer mixu.

Primer mix

Reagencie

Objem (ul)

RNA templat

Random Hexamer Primer/FLAVI R

Voda RNAse free

Celkovy objem

Wi N O

Tab. VI: Reagencie pro ptipravu RT mixu.

RT mix

Reagencie Objem (nl)
Reak¢ni pufr 4.0
RNase inhibitor 0,5
dNTP 2,0
Transcriptor reverzni transkriptaza 0,5
Celkovy objem 7,0

Tab. VII: Cas a teplota jednotlivych reakci.

Reakce Cas (min) | Teplota (°C)
Nasedani primerti 10 25
Syntéza 60 50
Inaktivace RT 5 85

3.9. Polymerazova fetézova reakce

Piepsana cDNA byla dale podrobena PCR za pouziti sady primert (Tab. VIII)
specifickych pro useky genil kodujicich ¢ast proteinu prM, kompletni protein M a E (pozice:

565-2475 bp) a dale pak cast proteinu NS4B a kompletni protein NS5 (pozice: 7276-10 302
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bp) viru Usutu. Nukleotidové pozice jsou ¢islovany podle sekvence kmenu Vienna — gb:
AY453411. Master mix byl ptipraven podle Tab. IX.

Tab. VIII: Sady pouzitych primeri specifickych pro virus Usutu.

Oznaceni | Sekvence Teplota | Protein | Zdroj
primert nasedani
O

Usu488 F-GACCATCAACGCGACTGATA 55 | prM/E | (Bakonyi et
Usul401 | R-CAGAGCTGGTAGAACCATGT al., 2004)
Usull55 | F-CTAGCCACTGTCTCAGATGT 50 | E (Bakonyi et
Usul608 | R-ATGTAGTATGCCTCGGTGTT al., 2004)
Usul326 | F-GACACTCATGGCAACTATTC 55 | E (Bakonyi et
Usul892 | R-TCCGTACACATGCTATAGGT al., 2014)
Usul537 | F-GGTTGAACACCGAGGCATAC 55 | E (Bakonyi et
Usu2505 | R-CTTGTCCACAGCGCAACTCT al., 2004)
Usu7314 | F-AGAACAGCGGCCGGAATCAT 55 | NS4/ (Bakonyi et
Usu8033 | R-GACAAGGTTCCAGCCATAGC NS5 al., 2004)
Usu7757 | F-AAGAGGCCATCACTGAAGTC 55 | NS5 (Bakonyi et
Usu8599 | R-TTCCGTGGTAGGTCCAGGTC al., 2004)
Usu8499 | F-ACATACCAACCAGGAGAAGA 55 | NS5 (Bakonyi et
Usu9213 | R-TTCAACACCTCCTCCAGAAT al., 2014)
Usu9170 | F-AGGACCATTGGTTAGGAAGA 57 | NS5 (Weissenbock
Usu9704 | R-GGCTTGACAACACAATCATC et al., 2004b)
Usu9600 | F-GCTGTGAGAACCTGGCTCTT 50 | NS5 (Bakonyi et

al., 2004)
Usul0592 | R-GCAGCACCGTCTACTCAACT 50 | NS5 (Honig et al.,

2019)

Tab. IX: Reagencie a jejich mnozstvi pro pfipravu master mixu.

Master Mix 1 reakce (ul)
PCR voda 8,5
PPP Combi Mastermix 12,5
Forward primer 1,0
Reverse primer 1,0
Templat (cDNA) 2,0
Celkovy objem 25,0

Po tomto kroku nasledovala elektroforéza, purifikace, pfiprava sekvenacni reakce a
sekvenace (viz 3.6. Separace na agarézovém gelu, 3.7. Purifikace PCR produkti a piiprava

sekvenacni reakce).

24



3.10. Fylogenetickd analyza

Vsechny sekvence byly ,,alignovany* (sefazeny) pomoci algoritmu MAFFT v7.388
(Katoh et al., 2002; Katoh & Standley, 2013) a dale upraveny v programu Geneious Prime
v2019.1.3. Pro nasledné fylogenetické analyzy byly pro kazdy sekvenovany usek zvoleny
vhodné substitu¢ni modely pomoci programu Jmodel (Darriba et al., 2012; Guindon and
Gascuel, 2003). Fylogenetické vztahy byly nasledné rekonstruovany pomoci dvou pfistupti
maximum likelihood — PHYML (Guindon et al., 2010) a Monte Carlo Markovovy fetézce —
Bayesovska inference (MrBayes) (Huelsenbeck & Ronquist, 2001).

3.11. Izolace viru

U vybranych vzorki mozkové tkané pozitivnich v jednokrokové RT-PCR byly
provedeny pokusy o izolaci viru na sav¢ich (PS) a komatich (C6/36) bunéénych liniich.
Vzorky tkani byly homogenizovany, jak bylo popsano vyse (viz 3.3. Homogenizace vzorkl
tkani) ovSem pro tento uc¢el v médiu (L15 v kombinaci s 3 % PTS, 1 % ATB a 1 % GL) tak,
aby vznikla 25% (w/v) suspenze. Suspenze byla piefiltrovana pomoci bakteriologického filtru
(0,2 um Syringe filter, VWR) a 2 ml stiikacky typu ,,luer lock* (VWR). K pfipravenym buikam
V 6-jamkovém panelu (1,5 miliont bunék ve 3 ml media na jamku) bylo pfidano 100 pl
suspenze a bunky byly inkubovany 3 h v atmosféte 0,5 % CO2 pii odpovidajici teploté. Po
inkubaci byly buniky promyty fosfatem pufrovanym fyziologickym roztokem (PBS) (Biosera)
a bylo pfidano cerstvé medium. Prvni, druhy a paty den po infekci byly provadény odbéry

vzorkli média (2 ml), objem média byl nahrazen médiem cerstvym.

3.12. Plakova titrace

Po izolaci viru z vybranych vzorkti mozkové tkané byl zjistén jeho titr pomoci plakové
titrace. Virova suspenze (20 ul) byla rozfedéna desitkovou fedici fadou ve 180 ul média (L15
v kombinacis 3% PTS, 1% ATB a1 % GL) ve 24-jamkovém panelu (TPP Biotech). Bunétna
suspenze (300 ul; buiiky PS) o koncentraci 4 x 10° bunék/ml byla ptiddna do kazdé jamky. Po
4 hodinové inkubaci v atmosféie 0,5 % CO2 pii 37 °C byly jamky piekryty 400 ul ,,pokryvky*
(smes 2x koncentrovaného kultivacniho média a 3% karboxymethylcelulozy v poméru 1:1).

Po 5 dnech inkubace (0,5 % CO», 37 °C) byl panel promyt fyziologickym roztokem a obarven
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naftalenovou ¢erni, kterd nam umoznila vyhodnotit pocet plakli odpovidajici poctu zivych
virovych ¢astic ve vzorku. Vysledek byl vyjadien ve formé poctu plakotvornych jednotek na

ml piivodni suspenze.

3.13. Neptima imunofluorescence

Buriky linii PS a C6/36 byly nasazeny v koncentraci 2x10* bun&k na jamku ve 200 ul
media na komurkové mikroskopické sklicko typu (ThermoFisher scientific, typ ,,chamber
slide*). Nasledné byly buniky infikovany virem o multiplicité infekce 0,1 virionu na buiku a
inkubovany 3 dny pii 37 °C pro PS a 28 °C pro C6/36.

Po inkubaci byly vzorky fixovany 4% paraformaldehydem. Po hodinové inkubaci pti
laboratorni teploté byly jamky promyty 3 x 5 min roztokem PBS-Tween (0,05% Tween 20
(Sigma Aldrich) v PBS). Pro permeabilizaci preparatu (detekce intracelularnich molekul) byly
buriky 30 min inkubovany v 0,3 % Triton X-100/PBS-Tween pfi laboratorni teploté, nasledné
opét promyty (3 x 5 min v PBS-Tween). K blokovani nespecifickych vazebnych mist byl
pouzit blokaéni roztok (10 % BOFES a 5% kozi sérum (Biosera) v PBS-Tween) po dobu 30
min pii 37°C. Nasledovala inkubace s primarni protilatkou (monoklonalni mysi protilatka
proti flavivirovému proteinu E — MAB10216, Sigma Aldrich) fedéné 1:250, pies noc na 4 °C.
Nasledujici den, po 3 x 5 min promyti bunék PBS-Tween, byla ptidana sekundarni protilatka
(kozi polyklonalni proti mySimu antigenu znacena fluorescen¢ni barvou Alexa Fluor 488 -
A11029, ThermoFisher scientific) fedéna 1:500, 1 h pti 37°C. Po 3 X 5 min promyti od
sekundarni protilatky bylo pro obarveni jader bunék a montovani preparatu pouzito DAPI

Fluoroshield (Sigma Aldrich).
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4. Vysledky

4.1. Screening vzorkl a vyskyt viru ve tkanich

V ramci screeningového vysetfeni byla flavivirova RNA zachycena u celkem 20
jedinct kosa ¢erného (T. merula) (Tab. X). Detailni informace (pfistupové Cislo v databazi
GenBank, linie a misto nalezu) o pozitivnich vzorcich jsou zaznamenany v Pfiloze P2.
Sekvenace ziskanych PCR produktl a nasledna analyza potvrdila u vSech pozitivnich vzorki
virus Usutu. V zadném z testovanych vzorki drozda zpévného (T. philomelos) nebyla

zachycena flavivirova RNA.

Tab. X: Pocty jedinci kosa ¢erného (T. merula) a drozda zp&vného (T. philomelos)
pochazejici z Brna, Ceskych Bud&jovic a Prahy testované na p¥itomnost flavivirové RNA; rok

nalezu a vysledek screeningového testovani.

Oblast Rok | Turdus Turdus philomelos | Pocet
merula (TM) | (TP) pozitivnich/testovanych
(TM; TP)
Brno 2017 19 5 9/19; 0/5
2018 13 1 5/13; 0/1
2019 9 0 0/9; 0/0
Ceské 2017 12 4 0/12; 0/4
Bud¢jovice
Praha 2018 8 0 6/8; 0/0

V rdmci porovnani organt byla flavivirovd RNA detekovana u vSech pozitivnich
jedinct v mozku. U ostatnich organti byl vzdy alesponi jeden ze vzorkl pozitivniho jedince

negativni (Tab. XI).
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Tab. XI: Procento zachytu viru v jednotlivych organech. U nékterych kadavertu nebyly
dostupné vsechny typy tkani.

TKAR Pocet Pritomnost virové RNA
pozitivnich/testovany |(%0)

Mozek 20/20 100,0

Jatra 16/19 84.2

Sval 17/19 89,5

Krev 16/18 88.9

4.2. Fylogenetickd analyza

Ziskali jsme ¢ast kddujici sekvence pro protein PrM (565-975 bp) a kompletni kodujici
useky pro proteiny M (655-879 bp) a E (976-2 475 bp), dale ¢ast kodujici sekvence pro protein
NS4b (7 276-7 587 bp) a kompletni sekvenci kodujici protein NS5 (7 588-10 302 bp).

Na téchto usecich byla provedena fylogenetick4 analyza s cilem pfifadit nase vzorky
k diive definovanym genetickym liniim viru (Bakonyi et al., 2014, 2007; Bakonyi et al., 2017,
Becker et al., 2012; Benzarti et al., 2019; Cadar et al., 2014, 2015, 2017, Calzolari et al., 2017;
Cabanova et al., 2019; Engel et al., 2016; Kemenesi et al., 2018; Lecollinet et al., 2016;
Nikolay et al., 2013; Rijks et al., 2016; Savini et al., 2011; Sieg et al., 2017; Weissenbdck et
al., 2002). Pro tuto praci byl vytvofen datovy soubor nami ziskanych sekvenci a vybranych
celogenomovych sekvenci z databaze GenBank. Pro kazdy ze sekvenovanych tusekt (prM-M-
E; NS4b-NS5) byly vytvofeny stromy pomoci metody Maximum-likelihood a Bayesovské
inference (Obr. 3-6).

Z fylogenetickych stromil vytvofenych na zakladé analyzy Gseku NS4b/NSS5 (Obr. 3,
4) miizeme vycist, ze 1 pies rozdilné metody zpracovani dat jsme ziskali stejné vysledky, co
se tyCe piifazeni nasich sekvenci k definovanym genetickym liniim v ramci viru. Sekvence
vzorkti pochazejicich z Brna jsou fazeny do ,stfedoevropské“ linie Evropa 1, spolu se
sekvencemi pochazejicimi z Rakouska a Mad’arska. Vzorky pochazejici z Prahy jsou fazeny
do linie Evropa 3, kde byly do nejblizsi ptibuznosti zafazeny sekvence z prihrani¢ni oblasti
vychodniho Némecka. Dale bylo zjisténo, ze sekvence ziskana zkadaveru kosa z Brna

(264TM10) a ob¢ sekvence ziskané z homogenatt komarta (2Cx-136; 3Cx-16-99) se fadi do
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linie Evropa 2. Dale mtizeme pozorovat sekvenci pochazejici z kosa nalezeného v Bieclavi
(001TM10), ktera je zatazena jako jedina z nami ziskanych sekvenci do linie Afrika 3. Pro
tento vzorek bylo mozné ziskat pouze sekvenci pro usek NS4b-NS5. Diivodem byla

pravdépodobné degradace genomické RNA ve vzorku.
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Af1 gb:KC754958 Stredoafricka republika 1969 komar

— AfR2 gb:KF573410 Spanelsko 2006 komar
¥—— AR gb:KY 199556 Némecko 2016 pustik vousaty
Af2 gb:AY453412 Jizni Afrika 1959 komar

Af3 gb:KC754957 Senegal 2007 komar
Af3 gb:KC754956 Senegal 1993 komar
S ——— Af3 gb:KC754955 Stfedoafricka republika 1981 clovék
Af3-ike gb:KY294723 Némecko 2016 kos Cemny
Af3like gb-KY 199557 Némecko 2016 kos Cerny

Af3like gb:KY294722 Némecko 2016 kos cemy.
gb:MN384964 Jizni Morava 2018 kos Cerny ®
Af3 gb:KY 128482 Nizozemsko 2016 pustﬂ( vousaty
# = Af3 gb:KY263625 Belgie 2016 kos cemny
Af3 gb:MK230891 Belgie 2017 kos Cemy
Af3 gb:KM659877 Némecko 2014 kos oemy
Af3 gb’KY426765 Némecko 2016 kos Cemy
Af3 gb:MH891847 Nizozemsko 2016 kos cerny

Eu3 gka426769 Nemecko 2016 kos cemy

Eu3 gb: KJ438779 Némecko 2012 kos cemy

gb:MN419907 Praha 2018 kos Cerny o

gh:MN419911 Praha 2018 kos Cerny ®
gb:MN419908 Praha 2018 kos Cerny e

gb:MN419912 Praha 2018 kos cernye

Eu3 gb:KY 199558 Némecko 2016 kos Cerny

gb:MN419909-10 Praha 2018 kos Cerny e

Eu3 gb:KY426760 Némecko 2016 kos cemny

Eu3 gbKY128481 Francie 2015 pustik vousaty

Eu3 gb:KY426755 Némecko 2016 kos cemny

Eu3 gb:KY426756 Némecko 2016 kos ey

Eu3 gbKY263626 Belgre 2016 kos Cemny,

u3 gb:KY263624 Belgie 2016 kos Cermny

Eu3 gb:KY426759 Némecko 2016 kos Cemy

+ ¥ Eu3 gbKJ438706 Némecko 2011 komar

Eu3 gb:HE599647 Némecko 2011 kos cemy

Eu3 gb:KX601690 Francie 2015 kos cemy

Eu3 gb:KJ859682 Némecko 2013 netopyr

Eu3 gb:KX601691 Francie 2015 kos cemy

Eu1 gb:MG888044 Srbsko 2014 komar

Eu1 gb:EF206350 Madarsko 2005 kos cemny

Eu1 gb:AY453411 Rakousko 2005 kos cemny

Eu1 gb:JQ219843 Rakousko 2002 sykorka modrmka

gh:MN419899; 900 Brno 2017 kos Cernye

gb:MN419901 Brno 2017 kos cerny e

gb:MN419898 Brno 2017 kos Cerny e

gb:MN419897 Brno 2017 kos Cerny e

gb:MN419902 Brno 2017 kos cerny e

gb:MN419896; 904 Brno 2017-2018 kos cernye

gb: MN419905_6 Brno 2018 kos Cerny®

gb'MN419903 Brno 2018 kos cerny.

rﬂ m mmm

I gb:
0.002 q_

Em

Obr. 3: Fylogeneticka analyza ziskanych sekvenci viru Usutu pro proteiny NS4b a NS5
za pouziti metody Maximume-likelihood (PHYML). Pro tuto analyzu byl zvolen substitu¢ni
model GTR+G, bootstrapova analyza o 1 000 replikacich, bootstrap >50 % oznacen *. Jako
,outgroup byla pouzita sekvence gb: KC754958 (Afl). Linie Evropa 1 (Eul) je znafena
zelenou barvou, linie Evropa 2 (Eu2) modrou, linie Evropa 3 (Eu3) ¢ervenou, linie Evropa 4
(Eu4) oranzovou, Afrika 1 (Afl) Cernou, linie Afrika 2 (Af2) hnédou a linie Afrika 3 (Af3)

tmavé modrou. Popisky obsahuji kod sekvence v databdzi GenBank, oblast, rok plivodu a

zdroj vzorku.
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= Af3 gb KY263625 Belgie 2016 kos Cerny
Af3 gb:KY 128482 Nizozemsko 2016 pustik vousaty ‘7,\..
Af3 gb:MH891847 Nizozemsko 2016 kos erny -
Af3 gb:KM659877 Némecko 2014 kos Cerny /f
Af3 gb:KY426765 Némecko 2016 kos Cerny (V)
Af3 gb:KC754957 Senegal 2007 komar Q)
‘E Af3 gb:KC754956 Senegal 1993 komar
= /E\fB gb: KPC?:54955 Sttredoafncka republlka 1981 Clovék
ud4 gb:KX55 c y i
Eud gb:KU573073 Italie
Eu3 gb: KY426760 Némecko 2016 kos cerny
Eu3 gb:KY 128481 Francie 2016 pustik vousaty
Eu3 gb:KY426769 Némecko 2016 kos Cerny
Eu3 gb: KJ438779 Némecko 2012 kos cerny
Eu3 gb:KY 199558 Némecko 2016 kos Cerny
gb:MN419912 Praha 2018 kos Cerny e
gb:MN419907 Praha 2018 kos Cernye
gh:MN419909-10 Praha 2018 kos cerny ®
gb:MN419911 Praha 2018 kos Cerny ® Q
gb:MN419908 Praha 2018 kos cerny e e
Eu3 gb:KY426759 Némecko 2016 kos Cerny (@)
Eu3 gb:KJ438706 Némecko 2011 komar Vo)
Eu3 gb:HE599647 Némecko 2011 kos cerny Y
Eu3 gb:KX601690 Francie 2015 kos Cerny Q)
Eu3 gb:KJ859682 Némecko 2013 netopyr
Eu3 gb:KX601691 Francie 2015 kos cerny
Eu3 gb:KY263624 Belgie 2016 kos Cerny
Eu3 gb:KY263626 Belgie 2016 kos erny
Eu3 gb:KY426755 Némecko 2016 kos ferny
Eu3 gb:KY426756 Némecko 2016 kos cerny
Eut gb:MG888044 Srbsko 2014 komar
Eu1 gb:EF206350 Madarsko 2005 kos ¢erny
Eut gb:JQ219843 Rakousko 2002 sykorka modnnka
Eu1 gb:AY453411 Rakousko 2005 kos erny
gb:MN419899-900 Brno 2017 kos Cerny® (\
gb:MN419901 Brno 2017 kos cerny ® é‘,
gb:MN419898 Brno 2017 kos Cerny e o)
3

ab:MN419897 Brno 2017 kos Cerny e
gb:MN419902 Brno 2017 kos cerny e 4
gb:MN419896; 904 Brno 2017-2018 kos cernye \}
gb: MN419905-6 Brno 2018 kos Cerny®
gt :MN419903 Brno 2018 kos cernyo

<,
o)
"\ M v %
MFJn”u Madarsko 2016 ko :f« cerny ‘_)
gb MN419895 Jizni Morava 2016 komaro
Eu2 gb:MF391886 Rakousko 2017 Eloyék

gh:MN395369 lenl Cechy 2018 komaro
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Obr. 4: Fylogeneticka analyza ziskanych sekvenci viru Usutu pro proteiny NS4b a NS5
za pouziti Bayesovké analyzy. Pro tuto analyzu byl zvolen substitu¢ni model GTR+G, 1 000
000 generaci. Jako ,,outgroup* byla pouzita sekvence gb: KC754958 (Af1). Uzly s posteriorni
pravdépodobnosti >95 % byly oznaceny *. Linie Evropa 1 (Eul) je znacena zelenou barvou,
linie Evropa 2 (Eu2) modrou, linie Evropa 3 (Eu3) ¢ervenou, linie Evropa 4 (Eu4) oranzovou,
Afrika 1 (Afl) ¢ernou, linie Afrika 2 (Af2) hnédou a linie Afrika 3 (Af3) tmavé modrou.

Popisky obsahuji kdd sekvence v databazi GenBank, oblast, rok ptivodu a zdroj vzorku.
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U analyz useku preM/M/E (Obr. 5, 6) mizeme opét vidét, ze zatazeni naSich sekvenci
do jednotlivych genetickych linii je stejné jako v piipadé segmentu NS4b/NS5. Brnénské
sekvence spadaji do linie Evropa 1, prazské sekvence spadaji do linie Evropa 3 a sekvence
z Brna (264TM 10), Bieclavi (2Cx-136) a z Lomnice nad Luznici (3Cx-16-99) spadaji do linie
Evropa 2 jak tomu bylo i v ptedchozich vysledcich.
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Obr. 5: Fylogeneticka analyza ziskanych sekvenci viru Usutu pro ¢asteéné koédujici
sekvence proteinu PrM a kompletni kédujici sekvence pro proteiny M a E za pouZiti
metody Maximume-likelihood (PHYML). Byl pouzit substituéni model TrN+I a
bootstrapova analyza o 1000 replikacich. Hodnoty bootstrapové analyzy >50 % jsou oznaceny
*, Jako ,,outgroup* byla pouzita sekvence gb: KC754958 (Afl). Linie Evropa 1 (Eul) je
znacena zelenou barvou, linie Evropa 2 (Eu2) modrou, linie Evropa 3 (Eu3) Cervenou, linie
Evropa 4 (Eu4) oranZovou, Afrika 1 (Afl) ¢ernou, linie Afrika 2 (Af2) hnédou a linie Afrika
3 (Af3) tmaveé modrou. Popisky sestavaji z kddu sekvence v databdzi GenBank, oblasti a roku

puvodu a zdroje vzorku.
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Obr. 6: Fylogeneticka analyza ziskanych sekvenci viru Usutu pro proteiny PrM a E za
pouziti Bayesovké analyzy. Byl pouzit substituéni model GTR+I a 1 000 000 generaci. Jako
»outgroup® byla pouzita nukleotidova sekvence KC754958 (AF1). Vétve s posteriorni
pravdépodobnosti >95 % byly oznaceny *. Linie Evropa 1 (Eul) je znacena zelenou barvou,
linie Evropa 2 (Eu2) modrou, linie Evropa 3 (Eu3) ¢ervenou, linie Evropa 4 (Eu4) oranzovou,
Afrika 1 (Afl) Cernou, linie Afrika 2 (Af2) hnédou a linie Afrika 3 (Af3) tmavé modrou.

Popisky sestavaji z kodu sekvence v databazi GenBank, oblasti a roku ptivodu a zdroje vzorku.
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Vyskyt nami detekovanych genetickych linii USUV v Ceské republice je v kontextu
dalsich pozitivnich zachytt v Evropé zobrazen na Obr. 7 (Bakonyi et al., 2014, 2007; Bakonyi
etal., 2017; Becker etal., 2012; Benzarti et al., 2019; Cadar et al., 2014, 2015, 2017; Calzolari
etal., 2017; Cabanova et al., 2019; Engel et al., 2016; Kemenesi et al., 2018; Lecollinet et al.,
2016; Nikolay et al., 2013; Rijks et al., 2016; Savini et al., 2011; Sieg et al., 2017; Weidinger
et al., 2019; Weissenbock et al., 2002).
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Evropa 4 (Eu4)

* Evropa 1 (Eul)
* Evropa 2 (Eu2)
Yk Evropa 3 (Eu3)
Y Afrika 3 (Af3)
Yk Afrika 2 (Af2)

Obr. 7: Geografické rozsiieni genetickych linii viru Usutu v Evropé. Jednotlivé linie jsou

odliSeny barevné¢, Cislo oznacuje rok vyskytu.
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4.3. Variabilita sekvenci v prislusnych liniich

Pro kazdy protein byla vypoctena prumérna hodnota poctu nukleotidovych a
aminokyselinovych zamén na pozici mezi jednotlivymi sekvencemi Vv ramci jedné linie.
Nejprve byly vzajemné porovnany vSechny sekvence pattici do jedné linie. Ziskané hodnoty
byly nasledné zprumérovany a vztazeny na celkovy pocet nukleotidi nebo aminokyselin (Tab.

X1).

Tab. XII: Nukleotidova a aminokyselinova variabilita pro jednotlivé linie viru Usutu a

kodujici sekvence proteinti. Eu 1 — Evropa 1, Eu2 — Evropa, Eu3 — Evropa 3.

. . Pocet nukleotidovych Pocet aminokyselinovych
Protein Linie oo .. o . . .
substituci na pozici substituci na pozici
. . Eul 0,0021 0,0000
cast proteinu 0.0016 0,0048
PrM
0,0008 0,0000
Eul 0,0016 0,0006
protein E 0,0017 0,0021
0,0005 0,0005
tst e Eul 0,0010 0,0000
cast proteinu
NS4b 0,0021 0,0000
0,0000 0,0000
Eul 0,0018 0,0016
protein NS5 0,0022 0,0000
0,0009 0,0004

Z této tabulky mizeme vidét ze nejvyssi pocet nukleotidovych a aminokyselinovych zamén

se vyskytuje u linie Eu2.

4.4, TIzolace a mnoZeni viru ha bunécnych kulturach

Vybrané homogenaty vzorkd mozkové tkan¢ pozitivni v jednokrokové RT-PCR byly
pouzity na izolaci viru na sav¢ich (PS) a komatich (C6/36) bunéénych liniich. Virus Usutu byl
izolovan z 9 vzorka vzdy se stejnym vysledkem u obou buné&¢nych kultur. Identita viru byla

ovétena pomoci sekvenovani. Aktivni replikace viru byla prokdzana pomoci plakové titrace.

Pro plakovou titraci byly pouzity vzorky supernatantu, odebirané 2. a 5. den po infekci
savCich (PS) a komarich (C6/36) bunécnych linii (Obr. 8 a 9). Na sav¢i bunécné linii (PS) se
virus mnozil rychleji na zacatku kultivace (tedy 2. den) a nasledné, zfejmé¢ kvuli
cytopatickému efektu, doslo ke zpomaleni mnozeni viru a mnozstvi viru bylo mensi 5. den po
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infekci nez v den druhy. U komafi bunééné linie (C6/36) mizeme pozorovat opacny efekt,

kde dochazi k postupnému zvySovani mnozstvi viru. U této linie nebyl cytopaticky efekt

pozorovan
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Obr. 8: Mnozstvi viru v supernatantech bunéénych Kkultur linie PS infikovanych

mozkovymi suspenzemi z kadavera kosti. Mnozstvi viru bylo stanoveno pomoci plakové

titrace na bunkach PS pro intervaly 2 a 5 dnt po infekci. d. p. I. — dnti po infekci.
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Obr. 9: MnozZstvi viru v supernatantech bunéénych kultur komafich bunék C6/36

infikovanych mozkovymi suspenzemi z kadavert kosi. Mnozstvi viru bylo stanoveno

pomoci plakové titrace na buiikach PS pro intervaly 2 a 5 dnti po infekci. d. p. i. — dnt po

infekci.
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4.5. Neprima imunofluorescence

Imunofluorescen¢nim barvenim byla vizualizovana infekce USUV u savéich PS a
komatich C6/36 bunéénych kultur (Obr. 10). Znafena protilatka byla zamétfena proti

flavivirovému povrchovému antigenu (protein E).

Zatimco u buné¢né linie PS mizeme pozorovat vyrazny cytopaticky efekt (a), u
bunééné linie C6/36 k zadnym vyraznym zménam nedoslo (b). Pfi porovnani proinfikovanosti
obou linii bylo zjisténo, Ze u C6/36 (d) je mnohonasobné vyssi a ¢ini 95,5%, kdezto u bunééné

linie PS je to pouze 13,3% (c) (stanoveno pro izolat 202TM10 linie Evropa 1).

’”-~

Obr. 10: Infekce savéich PS (a, c) a komarich C6/36 (b, d) bunéénych linii kmeny viru

Usutu (202TM10), které byly izolovany z tkani kosa ¢erného. Negativni kontrola — maly
obrazek, infikované bun&¢né kultury — velké obrazky (3 dny po infekci), flavivirovy protein E
— zelena barva, jadra bunék — modra barva. Obrazky a, b — svételna mikroskopie; ¢, d —

fluorescen¢ni mikroskopie.
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5. Diskuze

V dnesni dobé je USUV rozsifen prakticky po celém Evropském kontinentu.
V nékterych oblastech, naptiklad Némecka nebo Rakouska, se nyni tento virus vyskytuje
endemicky (Bakonyi et al., 2017; Cadar et al., 2014). V Ceské republice byl USUV doposud
zachycen pouze vyjime¢né a vyhradn¢ v oblasti jizni Moravy (Hubalek et al., 2014, Rudolf et
al., 2015), ktera sousedi s endemickou oblasti v Rakousku. Nase studie prokazala, Ze¢ na izemi
Ceské republiky se USUV vyskytuje i mimo toto endemické tizemi, a to ve stiednich (Praha
— Zbraslav) a jiznich Cechach (Lomnice nad LuZnici). V Zbraslavi se piitomnost viru projevila
zvySenym thynem jedinct kosa ¢erného — U vétsiny (75 %) shromazdénych kadaverd kosi
z této oblasti byl ve tkanich USUV prokazan. Na zakladé tohoto zjisténi byly testovany vzorky
tkani mrtvych jedinct kosa &erného nalezenych v Bmmé (jizni Morava) a Ceskych

Budgjovicich. U nékterych téchto nahodné sebranych vzorka byl virus opét detekovan.

V Ceské republice, konkrétng v Brng, byl USUV (linie Evropa 1) poprvé prokazan u
kosa ¢erného v roce 2011 (Hubalek et al., 2014) a nasledné ze smésného vzorku komara v roce
2013 (Rudolf et al., 2015). Fylogeneticka analyza nami ziskanych sekvenci potvrdila, ze se
v Brné tato linie vyskytuje stale. Jedna sekvence ziskana v ramci této prace (gb: MN395375)
dokonce vykazuje 100% identitu se sekvenci ziskanou Hubalkem et al. (2014). Zatimco
Vv Praze byly ziskané sekvence zafazeny pouze do jedné linie (Evropa 3), tak v Brné se
vyskytovaly kmeny spadajici hned do tii linii: Evropa 1, Evropa 2 a Afrika 3. V piipadé linie
Evropa 1 se tedy ziejmé jedna o endemicky vyskyt. Rozsiteni kment z linie Evropa 1 bylo
difive znamo pouze z tzemi Rakouska, Mad’arska a Srbska. Nicmén¢ od roku 2005 neni v
Rakousku hlasena cirkulace viri z této linie (Chvala et al., 2007) a naopak ptevazuji kmeny
linie Evropa 2. Aktivita kment z této linie byla popsana i v Mad’arsku v letech 2005, 2010,
2011 a 2015 (Bakonyi et al., 2017) a Srbsku v roce 2014 (Kemenesi et al., 2018). Weidinger
et al. (2019) ve své praci zmifuje, Ze na izemi Rakouska se nové od roku 2017 nachazi také
linie Afrika 3. Vzhledem ke geografické blizkosti 1ze piedpokladat, Ze se tato linie na nase
uzemi dostala pravé z Rakouska. DalSi moZnou zemi, ze které mohla byt tato linie pfenesena
do Ceské republiky je Némecko, kde se jiz vyskytuje endemicky (Cadar et al., 2017). Bohuzel
Vv databazich nejsou dostupné vhodné sekvence rakouskych kment linie Afrika 3 pro ovéteni

této hypotézy.

Zpuisob, jakym se USUV dostal do Ceska, neni jasny. Nicméné predpokladame, ze
kmeny linie Evropa 1 a Evropa 2 mohly byt pieneseny na jizni Moravu z oblasti Vidné,
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protoze nase vzorky vykazuji vyssi homologii s rakouskymi sekvencemi nez s italskymi, které
jsou v téchto liniich také ptitomny (Becker et al., 2012; Weissenbock et al., 2002). U sekvenci
ziskanych z oblasti Prahy pifedpokladame, Ze se na naSe uzemi dostaly z vychodu Némecka.
Z tylogenetické analyzy vyplyva, ze prazské sekvence spadaji do jednoho klastru spolu se
sekvenci z Drazd’an (Sieg et al., 2017). Hypotéza nedavného zaneseni viru je také
podporovana skutec¢nosti, ze vSechny sekvence pochazejici z Prahy vykazovaly mezi sebou
velmi nizkou variabilitu a v mistnich populacich kosti vyvolaly vysokou mortalitu. Obecné je
za hlavni mechanismus $ifeni tohoto viru povazovana zejména migrace ptaku, ale v ivahu
také ptipada mezinarodni obchod s ptaky nebo Sifeni kompetentnimi druhy komart (Engel et
al., 2016; Ziegler et al., 2016).

V této studii jsme se nezamétovali jen na detekci USUV v populacich kosa ¢erného
ale také na jedince, patfici do stejného fadu péveu, drozda zpévného. Piestoze V jinych studiich
Becker et al. (2012) a Michel et al. (2019) byl virus u tohoto druhu detekovan, v nasem piipadé
byly vSechny vzorky pochazejici z drozda zpévného negativni. A to i pfesto, Ze nadpolovi¢ni
vétSina drozdl pochézela z endemické oblasti jizni Moravy. To mlze byt vysvétleno nizsi
citlivosti drozda zpévného vici infekci v porovnani s kosem ¢ernym (Becker et al., 2012;
Michel et al., 2019; Weidinger et al., 2019). Pravdépodobnost nalezu kadaveru drozda

zp&vného, ktery uhynul v dusledku infekce USUV je tedy nizsi neZ u kosa ¢erného.

Ze vSech shromazdénych kadaveri kosa Cerného, Vv ramci této prace, byla vétSina
negativni. U téchto jedincl byla v naprosté vétSing pricina umrti pomérné zjevna (srazeni
autem, naraz do skla apod.). U kost, jimz byla pozdgji ve tkani detekovana RNA USUV,
naopak nebyly nalezeny zadné zjevné znamky pti¢iny umrti. Na zakladé nasich vysledkd nelze
s jistotou tvrdit, ze pravé detekovany virus ve tkani je ptfi¢inou umrti. Nicméné je znamo, ze
tento virus zptsobuje tthyny Vv populacich kosa ¢erného (Weidinger et al., 2019), napada
centralni nervovy systém kost, zpusobuje u nich meningoencefalitidy a histopatologické
zmény mozku a dalSich organt neslucitelné se zivotem (Bakonyi et al., 2017; Chvala et al.,
2004). Kromé mozkové tkan¢ byl USUV detekovan také v nékolika dalSich organech (jatra,
slezina, atd.), coz odpovida piedchozim zjisténim (Chvala et al., 2007, 2004). Virus Usutu
zpusobuje nejen poskozeni nervovych buné€k, ale i rozsahlé organové léze vedouci k

multiorganovému selhani a smrti jedince (Chvala et al., 2004).

P#i porovnani pribéhu infekce USUV u populaci kosa ¢erného v oblastech Prahy a

Brna lze nalézt nekolik odlisnosti. Jak jsem jiz zminil vyse, tak v endemické oblasti jizni
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Moravy se ptrevazné vyskytuji dvé linie viru — Evropa 1 a 2. Tyto stejné linie vedly
K propuknuti infekce postihujici zejména kosa ¢erného na uzemi Rakouska, které¢ sousedi
s oblasti jizni Moravy (Bakonyi et al., 2017; Weidinger et al., 2019). Jak popisuje ve své praci
Meister et al. (2008), tak béhem nékolika let od prvniho propuknuti infekce v Rakousku
(2001) doslo ke zvySeni séroprevalence V zasazenych populacich a tim i ke snizeni podilu
neimunnich a k infekci citlivych jedinct a thyny jiz nebyly tak masivni. Stejné tak v oblasti
Brna nebyly zaznamenany masové uhyny kosti. Nase zachyty USUV pochézeji z nahodné
nalezenych kadaverti na pomérné velkém tzemi a za dlouhé casové obdobi. Kmeny
pochazejici z Prahy vykazuji vysokou pfibuznost s kmeny patiicimi do linie Evropa 3, které
v oblasti vychodniho Némecka zptsobily masivni thyn v populaci tohoto pévce (Sieg et al.,
2017). Podobny pribéh byl pak zaznamenan praveé i v Praze - Zbraslavi, kdy doslo k vy$sim
uhyniim jedinct kosa ¢erného na relativné malém uzemi. Pfi¢inou této rozdilné dynamiky
muze byt, Zze byl virus do oblasti Zbraslavi introdukovan prvné a nalezl tak populaci kost
imunologicky nepfipravenou. Dalsi moznosti je, ze kmeny linie Evropa 3 obecné vykazuji
vici kosim vys§§i miru patogenity v porovnini s liniemi Evropa 1 a 2. Bohuzel zatim neexistuje
studie zabyvajici se pfimym srovnadnim virulence mezi témito liniemi. Tuto teorii vSak
nepiimo potvrzuje vytvofeni ,,herd imunity” (imunity v ramci hejna) v populacich kosa
¢erného po propuknuti infekce v Rakousku (Meister et al., 2008), kdezto v Némecku tento jev
pozorovan nebyl (Michel et al., 2019; Ziegler et al., 2015).

Kromé¢ jiz zminénych kadavert kosa ¢erného byl USUV, v ramci této prace, také
detekovan ve smésnych vzorcich komara Cx. pipiens a Cx. modestus. Jak uz bylo uvedeno
vyse, komar Cx. pipiens je povazovan za nejbéznéjsiho vektora toho viru (Calzolari et al.,
2012; Nikolay et al., 2011). Cx. modestus je povazovan za vyznamného vektora ptibuzného
flaviviru WNV (Zannoli & Sambri, 2019). Virus Usutu byl detekovany u téchto dvou druht
komart i vjinych studijich stim rozdilem, ze u Cx. pipiens byl detekovan opakované
(Calzolari et al., 2012; Nikolay, 2015), zatimco Cx. modestus pouze jednou (Rudolf et al.,
2015). Rudolf et al. (2015) ve své studiji zminuji, Ze tito komaii mohou hrat roli pfi udrzovani

USUV v ramci sylvatického cyklu.

Jediny podstatny rozdil v topologii fylogenetickych stroml zkonstruovanych na
zaklade segmentd sekvenci pro proteiny NS4b-NS5 a prM-E je pozice sekvenci spadajicich
do linie Afrika 3. Divodem této nestabilni klasifikace je pravdépodobné maly pocet sekvenci

fazenych do linie Afrika 3, které maji pfimy pivod piimo v Africe. Nicméné nase sekvence
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(gb: MN384964) je zatazena do stabilni vétve sekvenci patficich do linie Afrika 3, které maji

ptuvod v Evropé.

Virus Usutu je schopen se replikovat jak v komafich bunkach tak v Sirokém spektru
bungk savcich (Barr et al., 2016). Nami zvolené bunééné linie, komati buiiky (C6/36) a sav¢i
bunky PS (praseci ledvina) se ukazaly byt vhodnymi kandidaty pro izolaci viru z infikovanych
tkdni 1 pro nasledné pomnozeni. Komaii bunécna linie C6/36 ma defektni drahu pro RNA
intereferenci, coby zakladni obranny systém proti virim a i proto je tedy vhodnym modelem
pro kultivaci vird (Brackney et al., 2010). Jak uz bylo zjisténo diive (Bakonyi et al., 2005;
Barr etal., 2016; Cl¢ et al., 2019), USUV zpluisobuje u sav¢i linie PS cytopaticky efekt, coz se
shoduje i s vysledky v této praci. Zaroven je to pravdépodobnou pii¢inou, pro¢ se virus u této
linie mnozil rychleji na zacatku kultivace a nasledné byl pozorovan pokles titru. U linie
komatich bun¢k, u které cytopaticky efekt pozorovan nebyl, se mnozstvi viru postupné
navysSovalo. Pro budouci kultivacni pokusy se kromé sav¢i linie PS jevi jako vhodna
alternativa také buné¢na linie Vero, ktera je také permisivni pro infekci timto virem a byl u ni

pozorovan cytopaticky efekt (Clé et al., 2019).

V této praci byla pouzivana mozkova tkan, kterd ve screeningovém vySetfeni
vykazovala stoprocentni zachyt viru. Mimo mozkovou tkan byly testovany také vzorky jater,
svalil a krve. Nicméné zachyt viru byl u téchto organii znateln€ nizsi. V ostatnich studiich
(Becker et al., 2012; Roesch et al., 2019; Weissenbock et al., 2002) byl dale virus detekovan
ve slezing, plicich, autonomnich gangliich gastrointestinalniho traktu, ledvinach a v srdci,
z ¢ehoz vyplyva, Ze USUV je distribuovan téméf po celém téle hostitele. V nasi praci tyto
organy nemohly byt testovany na pfitomnost USUV, protoZe vzorky, s kterymi jsme pracovali
pochézeli ze studie, ktera byla primarné urcena pro jiné ucely a proto jsme méli k dispozici

jen vybrané tkané.

V ramci sekven¢ni analyzy kmene Bologna pochazejiciho z lidského pacienta byly
identifikovany dv€ aminokyselinové zadmény, které jsou popisovany jako potencialni
determinanty neurovirulence pro clovéka, nebot’ jsou sdilené s nékterymy dalSimi
neuroviruletnimi flaviviry (Chambers et al., 1998; Gaibani et al., 2013; Gould & Higgs, 2009;
Sanchez et al., 2005; Zhang et al., 2010). Prvni byla objevena u strukturniho proteinu E
(S595G) a druha u nestrukturniho proteinu NS5 (D3425E). Po srovnani naSich sekvenci
s timto italskym kmenem a dal$imi zastupci z linie Evropa 2 z databaze GenBank byly tyto

dveé konkrétni zamény nalezeny také u tfech nasich sekvenci spadajicich do stejné linie.
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Domnivame se, Ze se jedna spiSe o mutace spolecné pro celou linii, nicméné 1 tak nelze
vyloucit, Ze mohou mit i vztah k neurovirulenci ¢i obecné infektivit¢ pro ¢lovéka, protoze
kmeny této line jsou ¢asto detekovany u symptomatickych pacienti (Pacenti et al., 2019) i
asymptomatickych darct krve (Aberle et al., 2018). Aminokyselinova zaména (D3425E)
spada do domény RNA dependetni RNA polymerazy proteinu NS5 a byla pozorovana také u
jinych flavivird, které jsou zafazeny do sérokompexu JEV (napt. JEV, DENV a WNV)
(Gaibani et al., 2013; Zhang et al., 2010). Studie na WNV ukazaly, Ze substituce v prakticky
stejnych pozicich v téchto dvou genech byly spojeny se schopnosti viru invadovat do
centralniho nervového systému (Chambers et al., 1998; Gould & Higgs, 2009; Sanchez et al.,
2005). Doména DIII proteinu E pravdépodobné zprosttedkovava interakci mezi virem a
receptorem (ry) hostitelské bunky a je také urcujicim faktorem virového tropismu. Specifické
substituce v této doméné poté ovliviiuji napf. infekénost virovych ¢&astic, virulenci nebo
schopnost vyhnout se neutralizujicim protilatkam (Chu et al., 2005; Gould & Higgs, 2009).
Tyto dvé substituce detekované u nasich tfech sekvenci mohou tedy hrat roli ve zméné

tropismu a v neuroinvazivnim $ifeni tohoto viru v lidském téle (Gaibani et al., 2013).

V dalsi fazi projektu zaméfeného na USUV bychom se radi soustfedili na blizsi
charakteristiku jednotlivych kmenti a porovnani genetickych linii. Zejména by bylo vhodné
potvrdit nebo vyvratit hypotézu, ze kmeny v linii Evropa 3 jsou virulentnéj$i nez kmeny linie
Evropa 1. K tomu je zapotiebi stanovit replika¢ni kiivky na rliznych bunéénych kulturach
(sav¢i, komafi a ptaci) a proinfikovanost bunck. V idealnim pfipad¢ provést 1 stanoveni kiivky

piezivani kost po infekci zastupci jedné a druhé linie.
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6. Zaveér
V této praci se podafilo uspésné detekovat genomickou RNA viru Usutu celkem ve 20
vzorcich tkani pochazejicich z kosa ¢erného (T. merula). Virus byl nejefektivnéji detekovan
z mozkové tkang, kde byla virova RNA detekovana u vSech pozitivnich jedinct. V zadném

z testovanych vzorkt drozda zpévného (T. philomelos) nebyla flavivirova RNA prokazana.

U pozitivnich vzorkil byla stanovena nukleotidova sekvence proteinti E a NS5, a ¢ast
sekvence kodujici proteiny prM a NS4b. Ztéchto casti byla nasledné vypracovana
fylogeneticka analyza, ktera nam odhalila, Ze na izemi Ceské republiky se nyni vyskytuji jiz
Ctyfi rizné linie USUV. V Praze se jedna o linii Evropa 3 a na jizni Moravé jsou to linie Evropa
1, Evropa 2, a Afrika 3, které v této endemické oblasti cirkuluji souc¢asné. Kromé toho byl
virus spadajici do linie Evropa 2 nalezen i ve vzorcich komart (Cx. pipiens) pochazejicich

Z oblasti jiznich Cech.

Pomoci izolace na sav¢ich (PS) a komatich (C6/36) bunéénych kulturach bylo ziskano

celkem 9 kment viru Usutu.

Velka cast této prace byla pouzita pro piipravu ¢lanku publikovaného v Zurnalu
Microorganisms: Honig, V., Palus, M., Kaspar, T., Zemanova, M., Majerova, K.,
Hofmannova, L., Papezik, P., Sikutova, S., Rettich, F., Hubalek, Z., Rudolf, 1., Votypka, J.,
Modry, D., Ruzek, D., 2019. Multiple Lineages of Usutu Virus (Flaviviridae, Flavivirus) in
Blackbirds (Turdus merula) and Mosquitoes (Culex pipiens, Cx. modestus) in the Czech
Republic (2016-2019). Microorganisms 7 (Pfiloha P3).

45



7. Seznam pouzité literatury

Aberle, Stephan W., Jolanta Kolodziejek, Christof Jungbauer, Karin Stiasny, Judith H. Aberle,
Alexander Zoufaly, Michael Kai Hourfar, Lisa Weidner a Norbert Nowotny. ,,Increase in
human West Nile and Usutu virus infections, Austria, 2018". Eurosurveillance 23, ¢. 43
(2018). https://doi.org/10.2807/1560-7917.ES.2018.23.43.1800545.

Allering, Ludger, Hanna Jost, Petra Emmerich, Schauberger Giinther, Erik Lattwein, Michael
J. Schmidt, Erhard Seifried, Vittorio Sambri, Kai M. Hourfar a Jonas Schmidt-Chanasit
,Detection of Usutu virus infection in a healthy blood donor from South-West Germany,
2012". Eurosurveillance 17, ¢. 50 (2012).

Ashraf, Usama, Jong Chul Ye, Xindi Ruan, Shengfeng Wan, Bibo Zhu a Shengbo Cao. ,,Usutu
virus: An emerging flavivirus in Europe". Viruses, (2015). https://doi.org/10.3390/v70102109.

Bakonyi, Tamas, Nuria Busquetsa a Norbert Nowotny. ,,Comparison of complete genome
sequences of Usutu virus strains detected in Spain, Central Europe, and Africa". Vector Borne
and Zoonotic Diseases ss 14, ¢. 5 (2014): 324-29. https://doi.org/10.1089/vbz.2013.1510.

Bakonyi, Tamés, Karoly Erdélyi, René Brunthaler, Adam Dan, Herbert Weissenbock a
Norbert Nowotny. ,,Usutu virus, Austria and Hungary, 2010-2016". Emerging Microbes &
Infections 6, ¢. 10 (2017): e85. https://doi.org/10.1038/emi.2017.72.

Bakonyi, Tamas, Karoly Erdélyi, Krisztina Ursu, Emo6ke Ferenczi, Tibor Csorgd, Helga
Lussy, Sonja Chvala, C Bukovsky, Tanja Meister, Herbert Weissenbock a Norbert Nowotny.
,Emergence of Usutu virus in Hungary". Journal of Clinical Microbiology 45, ¢. 12 (2007):
3870-74. https://doi.org/10.1128/JCM.01390-07.

Bakonyi, Tamas, Ernest A. Gould, Jolanta Kolodziejek, Herbert Weissenbock a Norbert
Nowotny. ,,Complete genome analysis and molecular characterization of Usutu virus that
emerged in Austria in 2001: Comparison with the South African strain SAAR-1776 and other
flaviviruses”. Virology 328, ¢. 2 (2004): 301-10. https://doi.org/10.1016/j.virol.2004.08.005.

Bakonyi, Tamas, Christof Jungbauer, Stephan W. Aberle, Jolanta Kolodziejek, Katharina
Dimmel, Karin Stiasny, Franz Allerberger a Norbert Nowotny. ,,Usutu virus infections among
blood donors, Austria, July and August 2017 — Raising awareness for diagnostic challenges™.
Eurosurveillance 22, ¢. 41 (2017). https://doi.org/10.2807/1560-7917. ES.2017.22.41.17-
00644.

Bakonyi, Tamas, Helga Lussy, Herbert Weissenbock, Akos Hornyak a Norbert Nowotny. ,,In
vitro host-cell susceptibility to Usutu virus". Emerging Infectious Diseases 11, ¢. 2 (2005):
298-301. https://doi.org/10.3201/eid1102.041016.

Barr, Kelli L., Benjamin D. Anderson, Dhani Prakoso a Maureen T. Long. ,,Working with
Zika and Usutu viruses in vitro". PLoS Neglected Tropical Diseases 10, ¢. 8 (2016).
https://doi.org/10.1371/journal.pntd.0004931.

Bartikova, Pavlina, Viera Holikova, Maria Kazimirova a Iveta Stibraniova. , Tick-borne
viruses". Acta Virologica 61, ¢. 4 (2017): 413-27. https://doi.org/10.4149/av_2017_403.
46



Beck, Cécile, Miguel Angel Jimenez-Clavero, Agnés Leblond, Benoit Durand, Norbert
Nowotny, Isabelle Leparc-Goffart, Stéphan Zientara, Elsa Jourdain, a Sylvie Lecollinet.
»Flaviviruses in Europe: Complex circulation patterns and their consequences for the
diagnosis and control of West Nile disease”. International Journal of Environmental Research
and Public Health 10, ¢. 11 (2013): 6049-83. https://doi.org/10.3390/ijerph10116049.

Becker, Norbert, Hanna Jost, Ute Ziegler, Martin Eiden, Dirk Hoper, Petra Emmerich,
Elisabeth Fichet-Calvet, D U Ehichioya, Christina Czajka, Martin Gabriel, Bernd Hoffmann,
Martin Beer, Klara Tenner-Racz, Paul Racz, Stephan Giinther, Michael Wink, Stefan Bosch,
Armin Konrad, Martin Pfeffer, Martin H. Groschup a Jonas Schmidt-Chanasit. ,,Epizootic
emergence of Usutu virus in wild and captive birds in Germany"”. PLoS ONE 7, ¢. 2 (2012).
https://doi.org/10.1371/journal.pone.0032604.

Benzarti, Emna, Michaél Sarlet, Mathieu Franssen, Daniel Cadar, Jonas Schmidt-Chanasit,
Jose Felipe Rivas, Annick Linden, Daniel Desmecht a Mutien Garigliany. ,,Usutu virus
epizootic in Belgium in 2017 and 2018: Evidence of virus endemization and ongoing
introduction events". Vector Borne and  Zoonotic  Diseases (2019).
https://doi.org/10.1089/vbz.2019.2469.

Blazquez, Ana-Belén, Estela Escribano-Romero, Teresa Merino-Ramos, Juan-Carlos Saiz a
Miguel A. Martin-Acebes. ,,Infection with Usutu virus induces an autophagic response in
mammalian  cells". PL0S Neglected Tropical Diseases 7, ¢ 10 (2013).
https://doi.org/10.1371/journal.pntd.00025009.

Blitvich, Bradley J. a Andrew E. Firth. ,,A review of flaviviruses that have no known arthropod
vector". Viruses 9, ¢. 6 (2017). https://doi.org/10.3390/v9060154.

Brackney, Doug E., Jaclyn C. Scott, Fumihiko Sagawa, Jimmy E. Woodward, Neil A Miller,
Faye D. Schilkey, Joann Mudge, Jeffrey Wilusz, Ken E Olson, Carol D Blair a Gregory D.
Ebel. ,,C6/36 Aedes albopictus cells have a dysfunctional antiviral RNA interference
response”. PLoS Neglected Tropical Diseases 4, ¢. 10 (2010).
https://doi.org/10.1371/journal.pntd.0000856.

Brugger, Katharina a Franz Rubel. ,,Simulation of climate-change scenarios to explain Usutu-
virus dynamics in Austria”. Preventive Veterinary Medicine 88, ¢. 1 (2009): 24-31.
https://doi.org/10.1016/j.prevetmed.2008.06.023.

Cadar, Daniel, Norbert Becker, Renata de Mendonca Campos, Jessica Borstler, Hanna Jost a
Jonas Schmidt-Chanasit. ,,Usutu virus in bats, Germany, 2013". Emerging Infectious Diseases
20, & 10 (2014): 1771-73. https://doi.org/10.3201/eid2010.140909.

Cadar, Daniel, Stefan Bosch, Hanna Jost, Jessica Borstler, Mutien-Marie Garigliany, Norbert
Becker a Jonas Schmidt-Chanasit. ,,Putative lineage of novel African Usutu virus, Central
Europe”.  Emerging Infectious Diseases 21, ¢ 9  (2015):  1647-50.
https://doi.org/10.3201/eid2109.142026.

Cadar, Daniel, Renke Liihken, Henk P. van der Jeugd, Mutien Garigliany, Ute Ziegler, Markus
Keller, Jennifer Lahoreau, Lars Lachmann, Norbert Becker, Marja Kik, Bas B. Oude Munnink,

47



Stefan Bosch, Egbert Tannich, Annick Linden, Volker Schmidt, Marion P. G. Koopmans,
Jolianne M. Rijks, Daniel Desmecht, Martin H. Groschup, Chantal B.E.M. Reusken a Jonas
Schmidt-Chanasit. ,,Widespread activity of multiple lineages of Usutu virus, Western Europe,
2016". Eurosurveillance 22, ¢ 4 (2017).  https://doi.org/10.2807/1560-
7917.ES.2017.22.4.30452.

Mattia Calzolari, Paolo Gaibani, Romeo Bellini, Francesco Defilippo, Anna Pierro,
Alessandro Albieri, Giulia Maioli, Andrea Luppi, Giada Rossini, Agnese Balzani, M Tamba,
Giorgio Galletti, Antonio Gelati, Marco Carrieri, Giovanni Poglayen, Francesca Cavrini,
Silvano Natalini, Michele Dottori, Vittorio Sambri, Paola Angelini a Paolo Bonilauri.
,»Mosquito, bird and human surveillance of West Nile and Usutu viruses in Emilia-Romagna
region  (Italy) in  2010". PloS One 7, ¢ 5 (2012):  ¢38058.
https://doi.org/10.1371/journal.pone.0038058.

Calzolari, Mattia, Chiara Chiapponi, Paolo Bonilauri, Davide Lelli, Laura Baioni, llaria
Barbieri, Antonio Lavazza, Stefano Pongolini, Michele Dottori a Ana Moreno. ,,Co-
circulation of two Usutu virus strains in Northern Italy between 2009 and 2014". Infection,
Genetics and Evolution: Journal of Molecular Epidemiology and Evolutionary Genetics in
Infectious Diseases 51 (2017): 255-62. https://doi.org/10.1016/j.meegid.2017.03.022.

Camp, Jeremy V., Jolanta Kolodziejek a Norbert Nowotny. ,, Targeted surveillance reveals
native and invasive mosquito species infected with Usutu virus". Parasites & Vectors 12, ¢. 1
(2019): 46. https://doi.org/10.1186/s13071-019-3316-z.

Carletti, Fabrizio, Francesca Colavita, Francesca Rovida, Elena Percivalle, Fausto Baldanti,
Ida Ricci, Claudio De Liberato, Francesca Rosone, Francesco Messina, Eleonora Lalle, Licia
Bordi, Francesco Vairo, Maria Rosaria Capobianchi, Giuseppe Ippolito, Giuseppina
Cappiello, Alberto Spano, Silvia Meschi, Concetta Castilletti. ,,Expanding Usutu virus
circulation in lItaly: detection in the Lazio region, Central Italy, 2017 to 2018".
Eurosurveillance 24, ¢. 3 (2019). https://doi.org/10.2807/1560-7917.ES.2019.24.3.1800649.

Cavrini, Francesca, Paolo Gaibani, Gary C. Longo, Anna Maria Pierro, Giada Rossini, Paolo
Bonilauri, Giorgio Enrico Gerunda, Fabrizio di Benedetto, Alberto Pasetto, Massimo Girardis,
Michele Dottori, Maria Paola Landini, Vittorio Sambri ,,Usutu virus infection in a patient who
underwent orthotropic liver transplantation, Italy, August-September 2009". Eurosurveillance
14, ¢. 50 (2009): 19448. https://doi.org/10.2807/ese.14.50.19448-en.

Cl¢é, Marion, Cécile Beck, Stefany Salinas, Sylvie Lecollinet, Stella Gutiérrez, Philippe Van
de Perre, Thierry Baldet, Vincent Foulongne a Youri Simonin. ,,Usutu virus: A new threat?"
Epidemiology and Infection 147 (2019). https://doi.org/10.1017/S0950268819001213.

Cortese, Mirko, Sarah Goellner, Eliana Gisela Acosta, Christopher John Neufeldt, Olga
Oleksiuk, Marko Lampe, Uta Haselmann, Charlotta Funaya, Nicole L Schieber, Paolo Ronchi,
Martin Schorb, Priit Pruunsild, Yannick Schwab, Laurent Chatel-Chaix, Alessia Ruggieri a
Ralf Bartenschlager. ,,Ultrastructural characterization of Zika virus replication factories". Cell
Reports 18, ¢. 9 (2017): 2113-23. https://doi.org/10.1016/j.celrep.2017.02.014.

48


https://doi.org/10.1371/journal.pone.0038058
https://doi.org/10.1016/j.meegid.2017.03.022
https://doi.org/10.1186/s13071-019-3316-z
https://doi.org/10.2807/1560-7917.ES.2019.24.3.1800649
https://doi.org/10.2807/ese.14.50.19448-en
https://doi.org/10.1017/S0950268819001213

Cabanova, Viktoria, Silvie Sikutova, Petra Strakova, Oldfich Sebesta, Bronislava Vichova,
Dana Zubrikova, Martina Miterpakova, Jan Mendel, Zuzana Hurnikovéa, Zdenek Hubalek, Ivo
Rudolf. ,,Co-circulation of West Nile and Usutu flaviviruses in mosquitoes in Slovakia, 2018".
Viruses 11, ¢. 7 (2019). https://doi.org/10.3390/v11070639.

Dalton, Harry R., Jens Dreier, Gabi Rink, Andrea Hecker, Karin Janetzko, David Juhl, Karen
Bieback, et al. ,,Usutu virus". Transfusion Medicine and Hemotherapy 41, ¢. 1 (2014): 73-82.
https://doi.org/10.1159/000357106.

Darriba, Diego, Guillermo L. Taboada, Ramoén Doallo a David Posada. ,,jModelTest 2: more
models, new heuristics and high-performance computing”. Nature methods 9, ¢. 8 (2012): 772.
https://doi.org/10.1038/nmeth.21009.

Diagne, Moussa Moise, Marie Henriette Dior Ndione, Nicholas Di Paola, Gamou Fall, André¢
Pouwedeou Bedekelabou, Pape Mbacké Sembéne, Ousmane Faye, Paolo Marinho de Andrade
Zanotto a Amadou Alpha Sall. ,,Usutu virus isolated from rodents in Senegal". Viruses 11, ¢.
2 (2019). https://doi.org/10.3390/v11020181.

Engel, Dimitri, Hanna Jost, Michael Wink, Jessica Borstler, Stefan Bosch, Mutien-Marie
Garigliany, Artur Jost, Christina Czajka, Renke Liihken, Ute Ziegler, Martin H. Groschup,
Martin Pfeffer, Norbert Becker, Daniel Cadar a Jonas Schmidt-Chanasit. ,,Reconstruction of
the evolutionary history and dispersal of Usutu virus, a neglected emerging arbovirus in
Europe and Africa". mBio 7, ¢. 1 (2016). https://doi.org/10.1128/mBi0.01938-15.

Fros, Jelke J, Pascal Miesen, Chantal B F VVogels, Paolo Gaibani, Vittorio Sambri, Byron E.
E. Martina, Constantianus J M Koenraadt, Ronald P van Rij, Just M. Vlak, Willem Takken a
Gorben P Pijlman. ,,Comparative Usutu and West Nile virus transmission potential by local
Culex pipiens mosquitoes in North-Western Europe”. One Health 1 (2015): 31-36.
https://doi.org/10.1016/j.onehlt.2015.08.002.

Gaibani, Paolo, Francesca Cavrini, Ernest A. Gould, Giada Rossini, Anna Pierro, Maria Paola
Landini a Vittorio Sambri. ,,Comparative genomic and phylogenetic analysis of the first Usutu
virus isolate from a human patient presenting with neurological symptoms". PLoS ONE 8, ¢.
5 (2013). https://doi.org/10.1371/journal.pone.0064761.

Gaibani, Paolo, Anna Pierro, Rosa Alicino, Giada Rossini, Francesca Cavrini, Maria Paola
Landini, a Vittorio Sambri. ,,Detection of Usutu-virus-specific 1gG in blood donors from
Northern Italy”. Vector Borne and Zoonotic Diseases 12, ¢ 5 (2012): 431-33.
https://doi.org/10.1089/vbz.2011.0813.

Gaibani, Paolo a Giada Rossini. ,,An overview of Usutu virus". Microbes and Infection 19, ¢.
7-8 (2017): 382-87. https://doi.org/10.1016/j.micinf.2017.05.003.

Garigliany, Mutien-Marie, Didier Marlier, Klara Tenner-Racz, Martin Eiden, Dominique
Cassart, Frédéric Gandar, Martin Beer, Jonas Schmidt-Chanasit a Daniel Desmecht.
,Detection of Usutu virus in a bullfinch (Pyrrhula pyrrhula) and a great spotted woodpecker
(Dendrocopos major) in North-West Europe”. Veterinary Journal 199, ¢. 1 (2014): 191-93.
https://doi.org/10.1016/j.tvjl.2013.10.017.

49


https://doi.org/10.3390/v11070639
https://doi.org/10.1159/000357106
https://doi.org/10.1038/nmeth.2109
https://doi.org/10.3390/v11020181
https://doi.org/10.1128/mBio.01938-15
https://doi.org/10.1016/j.onehlt.2015.08.002
https://doi.org/10.1371/journal.pone.0064761
https://doi.org/10.1089/vbz.2011.0813
https://doi.org/10.1016/j.micinf.2017.05.003
https://doi.org/10.1016/j.tvjl.2013.10.017

Gould Ernest A. a Stephen Higgs ,,Impact of climate change and other factors on emerging
arbovirus diseases". Transactions of the Royal Society of Tropical Medicine and Hygiene 103,
¢. 2 (2009): 109-21. https://doi.org/10.1016/j.trstmh.2008.07.025.

Guindon, Stéphane, Jean-Fran¢ois Dufayard, Vincent Lefort, Maria Anisimova, Wim Hordijk
a Olivier Gascuel. ,,New algorithms and methods to estimate maximum-likelihood
phylogenies: assessing the performance of PhyML 3.0". Systematic Biology 59, ¢. 3 (2010):
307-21. https://doi.org/10.1093/sysbio/syq010.

Guindon, Stéphane a Olivier Gascuel. ,,A simple, fast, and accurate algorithm to estimate large
phylogenies by maximum likelihood". Systematic Biology 52, ¢. 5 (2003): 696-704.
https://doi.org/10.1080/10635150390235520.

Hall-Mendelin, Sonja, Breeanna J. McLean, Helle Bielefeldt-Ohmann, Jody Hobson-Peters,
Roy A. Hall a Andrew F. van den Hurk. ,,The insect-specific Palm Creek virus modulates
West Nile virus infection in and transmission by Australian mosquitoes". Parasites & Vectors
9 (2016). https://doi.org/10.1186/s13071-016-1683-2.

Hernandez-Triana, Luis M., Maria Fernandez de Marco, Karen L. Mansfield, Leigh Thorne,
Sarah Lumley, Denise Marston, Anthony A. Fooks a Nick Johnson. ,,Assessment of vector
competence of UK mosquitoes for Usutu virus of African origin". Parasites & Vectors 11
(2018). https://doi.org/10.1186/s13071-018-2959-5.

Hoéfle, Ursula, Virginia Gamino, Isabel G. Fernandez de Mera, Atilio J. Mangold, José-
Antonio Ortiz a José de la Fuente. ,,Usutu virus in migratory song thrushes, Spain™. Emerging
Infectious Diseases 19, ¢. 7 (2013): 1173-75. https://doi.org/10.3201/eid1907.130199.

Honig, Vaclav, Martin Palus, Tomas Kaspar, Marta Zemanova, Karolina Majerova, Lada
Hofmannova, Petr Papezik, et al. ,,Multiple lineages of Usutu virus (Flaviviridae, Flavivirus)
in blackbirds (Turdus merula) and mosquitoes (Culex pipiens, Cx. modestus) in the Czech
Republic (2016-2019)". Microorganisms 7, ¢. 11 (2019).
https://doi.org/10.3390/microorganisms7110568.

Huang, Yan-Jang S., Stephen Higgs, Kate McElroy Horne a Dana L. Vanlandingham.
,Flavivirus-mosquito  interactions”.  Viruses 6, ¢ 11 (2014):  4703-30.
https://doi.org/10.3390/v6114703.

Hubalek, Zdenek, Jifi Halouzka, Zina Juficova, Silvie Sikutova, Ivo Rudolf, Marcel Honza,
Jana Jankov'a, Josef Chytil, FrantiSek Marec a Jilji Sitko. ,,Serologic survey of birds for West
Nile flavivirus in Southern Moravia (Czech Republic)". Vector-Borne and Zoonotic Diseases
8, ¢. 5(2008): 659-66. https://doi.org/10.1089/vbz.2007.0283.

Hubalek, Zdenek, Ivo Rudolf, Miroslav Capek, Tamas Bakonyi, Lenka BetaSova a Norbert
Nowotny. ,,Usutu virus in blackbirds (Turdus Merula), Czech Republic, 2011-2012".
Transboundary and  Emerging  Diseases 61, ¢ 3 (2014):  273-76.
https://doi.org/10.1111/tbed.12025.

50


https://doi.org/10.1016/j.trstmh.2008.07.025
https://doi.org/10.1093/sysbio/syq010
https://doi.org/10.1080/10635150390235520
https://doi.org/10.1186/s13071-016-1683-2
https://doi.org/10.1186/s13071-018-2959-5
https://doi.org/10.3201/eid1907.130199
https://doi.org/10.3390/microorganisms7110568
https://doi.org/10.3390/v6114703
https://doi.org/10.1089/vbz.2007.0283
https://doi.org/10.1111/tbed.12025

Huelsenbeck, John P. a Fredrik Ronquist. ,, MRBAYES: Bayesian inference of phylogenetic
trees". Bioinformatics 17, ¢. 8 (2001): 754-55.
https://doi.org/10.1093/bioinformatics/17.8.754.

Chambers, Thomas J., Menachem Halevy, A Nestorowicz, Charles M. Rice a Shlomo Lustig.
,,West Nile virus envelope proteins: nucleotide sequence analysis of strains differing in mouse
neuroinvasiveness”. The Journal of General Virology 79 (10) (1998): 2375-80.
https://doi.org/10.1099/0022-1317-79-10-2375.

Chu, Justin Jang-Hann, Ravikumar Rajamanonmani, Jie Li, Raghavan Bhuvanakantham,
Julien Lescar a Mary Mah-Lee Ng. ,,Inhibition of West Nile virus entry by using a recombinant
domain iii from the envelope glycoprotein”. The Journal of General Virology 86, ¢. Pt 2
(2005): 405-12. https://doi.org/10.1099/vir.0.80411-0.

Chvala, Sonja, Tamas Bakonyi, C Bukovsky, Tanja Meister, Katharina Brugger, Franz Rubel,
Norbert Nowotny a Herbert Weissenbock. ,,Monitoring of Usutu virus activity and spread by
using dead bird surveillance in Austria, 2003-2005". Veterinary Microbiology 122, ¢. 3-4
(2007): 237-45. https://doi.org/10.1016/j.vetmic.2007.01.029.

Chvala, Sonja, Jolanta Kolodziejek, Norbert Nowotny a Herbert Weissenbdck. ,,Pathology
and viral distribution in fatal Usutu virus infections of birds from the 2001 and 2002 outbreaks
in Austria”. Journal of Comparative Pathology 131, ¢. 2-3 (2004): 176-85.
https://doi.org/10.1016/j.jcpa.2004.03.004.

Katoh, Kazutaka, Kazuharu Misawa, Kei-ichi Kuma a Takashi Miyata. ,MAFFT: A novel
method for rapid multiple sequence alignment based on fast fourier transform”. Nucleic Acids
Research 30, ¢. 14 (2002): 3059-66. https://doi.org/10.1093/nar/gkf436.

Katoh, Kazutaka a Daron M. Standley. ,,MAFFT multiple sequence alignment software
version 7: improvements in performance and usability". Molecular Biology and Evolution 30,
¢. 4 (2013): 772-80. https://doi.org/10.1093/molbev/mst010.

Kemenesi, Gabor, Doéra Buzés, Brigitta Zana, Kornélia Kurucz, Bosiljka Krtinic, Anett
Kepner, Fanni Foldes a Ferenc Jakab. ,,First genetic characterization of Usutu virus from Culex
pipiens mosquitoes Serbia, 2014". Infection, Genetics and Evolution 63 (2018): 58-61.
https://doi.org/10.1016/j.meegid.2018.05.012.

Klema, Valerie J., Radhakrishnan Padmanabhan a Kyung H. Choi. ,,Flaviviral replication
complex: Coordination between RNA synthesis and 5'-RNA capping”. Viruses 7, ¢. 8 (2015):
4640-56. https://doi.org/10.3390/v7082837.

Krol, Ewelina, Gabriela Brzuska a Boguslaw Szewczyk. ,,Production and biomedical
application of flavivirus-like particles”. Trends in Biotechnology 37, ¢. 11 (2019): 1202-16.
https://doi.org/10.1016/j.tibtech.2019.03.013.

Lebl, Karin, Carina Zittra, Katja Silbermayr, Adelheid Obwaller, Dominik Berer, Katharina

Brugger, Melanie Walter, Beate Pinior, Hans-Peter Fuehrer a Franz Rubel. ,,Mosquitoes

(Diptera: Culicidae) and their relevance as disease vectors in the city of Vienna, Austria".

Parasitology Research 114, ¢. 2 (2015): 707-13. https://doi.org/10.1007/s00436-014-4237-6.
51


https://doi.org/10.1093/bioinformatics/17.8.754
https://doi.org/10.1099/0022-1317-79-10-2375
https://doi.org/10.1099/vir.0.80411-0
https://doi.org/10.1016/j.vetmic.2007.01.029
https://doi.org/10.1016/j.jcpa.2004.03.004
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1016/j.meegid.2018.05.012
https://doi.org/10.3390/v7082837
https://doi.org/10.1016/j.tibtech.2019.03.013
https://doi.org/10.1007/s00436-014-4237-6

Lecollinet, Sylvie, Yannick Blanchard, Christine Manson, Steeve Lowenski, Eve Laloy, H. S.
Quenault, Fabrice Touzain, Pierrick Lucas, Cyril Eraud, Céline Bahuon, Stéphan Zientara,
Cécile Beck a Anouk Decors. ,,Dual emergence of Usutu virus in common blackbirds, Eastern
France, 2015". Emerging Infectious Diseases 22, ¢. 12 (2016): 2225-27.
https://doi.org/10.3201/eid2212.161272.

Lindenbach, Brett, Heinz J. Thiel a Charles M. Rice. ,,Flaviviridae: The viruses and their
replication”. Fields Virology, (2007), 1101-51.

Manarolla, Giovanni, Tamas Bakonyi, D. Gallazzi, Lorenzo Crosta, Herbert Weissenbock,
Gerry M. Dorrestein a Norbert Nowotny. ,,Usutu virus in wild birds in Northern Italy".
Veterinary Microbiology 141, ¢. 1-2 (2010): 159-63.
https://doi.org/10.1016/j.vetmic.2009.07.036.

Mancini, Giuseppe, Fabrizio Montarsi, Mattia Calzolari, Gioia Capelli, Michele Dottori, Silvia
Ravagnan, Davide Lelli, Mario Chiari, Adriana Santilli, Michela Quaglia, Valentina Federici,
Federica Monaco, Maria Goffredo a Giovanni Savini. ,,Mosquito species involved in the
circulation of West Nile and Usutu viruses in Italy”. Veterinaria Italiana 53, ¢. 2 (2017): 97—
110. https://doi.org/10.12834/Vetlt.114.933.4764.2.

Martin-Acebes, Miguel A., Ana-Belén Blazquez, Rodrigo Canas-Arranz, Angela Vézquez-
Calvo, Teresa Merino-Ramos, Estela Escribano-Romero, Francisco Sobrino a Juan-Carlos
Saiz. ,,A recombinant DNA vaccine protects mice deficient in the alpha/beta interferon
receptor against lethal challenge with Usutu virus". Vaccine 34, ¢. 18 (2016): 2066-73.
https://doi.org/10.1016/j.vaccine.2016.03.015.

Meister, Tanja, Helga Lussy, Tamas Bakonyi, Silvie Sikutové, Ivo Rudolf, Wolfgang Vogl,
H. K. Winkler, Hans Frey, Zdenek Hubalek, Norbert Nowotny a Herbert Weissenbdck.
,»Serological evidence of continuing high Usutu virus (Flaviviridae) activity and establishment
of herd immunity in wild birds in Austria”. Veterinary Microbiology 127, ¢. 3—4 (2008): 237—
48. https://doi.org/10.1016/j.vetmic.2007.08.023.

Merino-Ramos, Teresa, Ana-Belén Blazquez, Estela Escribano-Romero, Rodrigo Caias-
Arranz, Francisco Sobrino, Juan-Carlos Saiz a Miguel A. Martin-Acebes. ,,Protection of a
single dose west nile virus recombinant subviral particle vaccine against lineage 1 or 2 strains

and analysis of the cross-reactivity with Usutu virus". PLoS ONE 9, ¢. 9 (2014).
https://doi.org/10.1371/journal.pone.0108056.

Merino-Ramos, Teresa, Angela Vazquez-Calvo, Josefina Casas, Francisco Sobrino, Juan-
Carlos Saiz a Miguel A. Martin-Acebes. ,,Modification of the host cell lipid metabolism
induced by hypolipidemic drugs targeting the acetyl coenzyme a carboxylase impairs West
Nile virus replication”. Antimicrobial Agents and Chemotherapy 60, ¢. 1 (2016): 307-15.
https://doi.org/10.1128/AAC.01578-15.

Michel, Friederike, Michael Sieg, Dominik Fischer, Markus Keller, Martin Eiden, Maximilian

Reuschel, Volker Schmidt, Rebekka Schwehn, Monika Rinder, Sylvia Urbaniak, Kerstin

Elisabeth Mueller, Martina Schmoock, Renke Liihken, Patrick Wysocki, Christine Fast,

Michael Lierz, Riidiger Korbel, Thomas W. Vahlenkamp, Martin H. Groschup a Ute Ziegler.
52


https://doi.org/10.3201/eid2212.161272
https://doi.org/10.1016/j.vetmic.2009.07.036
https://doi.org/10.12834/VetIt.114.933.4764.2
https://doi.org/10.1016/j.vaccine.2016.03.015
https://doi.org/10.1016/j.vetmic.2007.08.023
https://doi.org/10.1371/journal.pone.0108056
https://doi.org/10.1128/AAC.01578-15

,.Evidence for West Nile virus and Usutu virus infections in wild and resident birds in
Germany, 2017 and 2018". Viruses 11, ¢. 7 (2019). https://doi.org/10.3390/v11070674.

Nikolay, Birgit. ,,A review of West Nile and Usutu virus co-circulation in Europe: How much
do transmission cycles overlap?" Transactions of the Royal Society of Tropical Medicine and
Hygiene 109, ¢. 10 (2015): 609-18. https://doi.org/10.1093/trstmh/trv066.

Nikolay, Birgit, Mawlouth Diallo, Cheikh Saad Bouh Boyea a Amadou Alpha Sall. ,,Usutu
virus in Africa". Vector-Borne and Zoonotic Diseases 11, ¢. 11 (2011): 1417-23.
https://doi.org/10.1089/vbz.2011.0631.

Nikolay, Birgit, Anne Dupressoir, Cadhla Firth, Ousmane Faye, Cheikh S. Boye, Mawlouth
Diallo a Amadou A. Sall. ,,Comparative full length genome sequence analysis of Usutu virus
isolates from Africa". Virology Journal 10 (2013): 217. https://doi.org/10.1186/1743-422X-
10-217.

Pacenti, Monia, Alessandro Sinigaglia, Thomas Martello, Elena De Rui, Elisa Franchin,
Silvana Pagni, Elektra Peta, Silvia Riccetti, Adelaide Milani, Fabrizio Montarsi, Gioia Capelli,
Carlo Giovanni Doroldi, Francesco Bigolin, Luca Santelli, L Nardetto, Marco Zoccarato,
Luisa Barzon. ,,Clinical and virological findings in patients with Usutu virus infection,
Northern  Italy, 2018".  Eurosurveillance 24, ¢ 47  (2019):  1900180.
https://doi.org/10.2807/1560-7917.ES.2019.24.47.1900180.

Pauli, Georg, Ursula Bauerfeind, Johannes Bliimel, Reinhard Burger, Christian Drosten,
Albrecht Dr. Groner, Lutz Guertler, Margarethe Heiden, Martin Hildebrandt, Bernd Jansen,
Ruth Offergeld, Rainer Seitz, Uwe Schlenkrich, Volkmar Schottstedt, Johanna Strobel a
Hannelore Willkommen. ,,Usutu virus". Transfusion Medicine and Hemotherapy 41, ¢. 1
(2014): 73-82. https://doi.org/10.1159/000357106.

Pecorari, Monica, Gary C. Longo, William Gennari, Antonella Grottola, Am Sabbatini, Sara
Tagliazucchi, Giovanni Savini, Federica Monaco, M. Goldinger Simone, Rossella Colomba
Lelli a Fabio Rumpianesi. ,,First human case of Usutu virus neuroinvasive infection, Italy,
August-September  2009".  Eurosurveillance 14, ¢ 50  (2009):  19446.
https://doi.org/10.2807/ese.14.50.19446-en.

Rijks, J. Q., Marja Kik, Roy Slaterus, Rpb Foppen, Arjan Stroo, Jooske Ijzer, Julia Stihl,
Andrea Grone, M Koopmans a HP van der Jeugd, C Reusken. ,,Widespread Usutu virus
outbreak in birds in the Netherlands, 2016". Eurosurveillance 21, ¢. 45 (2016).
https://doi.org/10.2807/1560-7917.ES.2016.21.45.30391.

Roesch, Ferdinand, Alvaro Fajardo, Gonzalo Moratorio a Marco Vignuzzi. ,,Usutu virus: An
arbovirus on the rise". Viruses 11, ¢. 7 (2019). https://doi.org/10.3390/v11070640.

Rudolf, Ivo, Taméas Bakonyi, Oldiich Sebesta, Jan Mendel, Juraj Pesko, Lenka BetaSova, Hana
Blazejova, Kristyna Venclikova, Petra Strakova, Norbert Nowotny a Zdenek Hubdlek. ,,Co-
circulation of Usutu virus and West Nile virus in a reed bed ecosystem. ,,Parasites & Vectors",
2015. https://www.ncbi.nlm.nih.gov/pubmed/26459018.

53


https://doi.org/10.3390/v11070674
https://doi.org/10.1093/trstmh/trv066
https://doi.org/10.1089/vbz.2011.0631
https://doi.org/10.1186/1743-422X-10-217
https://doi.org/10.1186/1743-422X-10-217
https://doi.org/10.2807/1560-7917.ES.2019.24.47.1900180
https://doi.org/10.1159/000357106
https://doi.org/10.2807/ese.14.50.19446-en
https://doi.org/10.2807/1560-7917.ES.2016.21.45.30391
https://doi.org/10.3390/v11070640
https://www.ncbi.nlm.nih.gov/pubmed/26459018

Saiz, Juan-Carlos a Ana-Belén Blazquez. ,,Usutu virus: Current knowledge and future
perspectives". Virus Adaptation and Treatment, (2017).
https://doi.org/10.2147/VV AAT.S123619.

Salinas, Sara, Orianne Constant, Caroline Desmetz, Jonathan Barthelemy, Jean-Marc
Lemaitre, Ollivier Milhavet, Nicolas Nagot, Vincent Foulongne, Florence E Perrin, Juan-
Carlos Saiz, Sylvie Lecollinet, Philippe Van de Perre a Yannick Simonin. ,,Deleterious effect
of Usutu virus on human neural cells”. PLoS Neglected Tropical Diseases 11, ¢. 9 (2017):
e0005913. https://doi.org/10.1371/journal.pntd.0005913.

Sambri, Vittorio, Martin H. Groschup, Alexandra Bialonski, Norbert Becker, Deborah Maus,
Martin Eiden, Hanna Jost, Stephan Giinther a Jonas Schmidt-Chanasit. ,,Isolation of Usutu
virus in Germany". The American Journal of Tropical Medicine and Hygiene 85, ¢. 3 (2011):
551-53. https://doi.org/10.4269/ajtmh.2011.11-0248.

Sanchez, Melissa D., Theodore C. Pierson, Douglas McAllister, Sheri L. Hanna, Bridget A.
Puffer, Laura E. Valentine, Mariam M. Murtadha, James A. Hoxie a Robert W. Doms.
,Characterization of neutralizing antibodies to West Nile virus". Virology 336, ¢. 1 (2005):
70-82. https://doi.org/10.1016/j.virol.2005.02.020.

Savini, Giovanni, Federica Monaco, Calogero Terregino, Annapia Di Gennaro, Luca Bano,
Chiara Pinoni, Roberta De Nardi, Paolo Bonilauri, Monica Pecorari, Luigina Di Gialleonardo,
Lebana Bonfanti, Andrea Polci, Paolo Calistri a Rossella Colomba Lelli. ,,Usutu virus in Italy:
An emergence or a silent infection?" Veterinary Microbiology 151, ¢. 3-4 (2011): 264-74.
https://doi.org/10.1016/j.vetmic.2011.03.036.

Scaramozzino, Natale, Jean Marc Crance, Alain Jouan, Dominique Debriel, F Stoll, Daniel
Garin. ,,Comparison of flavivirus universal primer pairs and development of a rapid, highly
sensitive heminested reverse transcription-PCR assay for detection of flaviviruses targeted to
a conserved region of the NS5 gene sequences”. Journal of Clinical Microbiology 39, ¢. 5
(2001): 1922-27. https://doi.org/10.1128/JCM.39.5.1922-1927.2001.

Sieg, Michael, Volker Schmidt, Ute Ziegler, Markus Keller, Dirk Hoper, Kristin Heenemann,
Antje Rueckner, Hermann Nieper, Aemero Muluneh, Martin H. Groschup, Thomas W.
Vahlenkamp. ,,Outbreak and cocirculation of three different Usutu virus strains in Eastern
Germany"”. Vector Borne and Zoonotic Diseases 17, ¢ 9 (2017): 662-64.
https://doi.org/10.1089/vbz.2016.2096.

Smit, Jolanda M., Bastiaan Moesker, Izabela Rodenhuis-Zybert a Jan Wilschut. ,,Flavivirus
cell entry and membrane fusion”. Viruses 3, ¢ 2 (2011): 160-71.
https://doi.org/10.3390/v3020160.

Steinmetz, Hanspeter W., Tamas Bakonyi, Herbert Weissenbock, Jean-Michel Hatt, Ulrike
Eulenberger, Nadia Robert, Richard Hoop a Norbert Nowotny. ,,Emergence and establishment
of Usutu virus infection in wild and captive avian species in and around Zurich, Switzerland—
Genomic and pathologic comparison to other central European outbreaks”. Veterinary
Microbiology 148, ¢. 2 (2011): 207-12. https://doi.org/10.1016/j.vetmic.2010.09.018.

54


https://doi.org/10.2147/VAAT.S123619
https://doi.org/10.1371/journal.pntd.0005913
https://doi.org/10.4269/ajtmh.2011.11-0248
https://doi.org/10.1016/j.virol.2005.02.020
https://doi.org/10.1016/j.vetmic.2011.03.036
https://doi.org/10.1128/JCM.39.5.1922-1927.2001
https://doi.org/10.1089/vbz.2016.2096
https://doi.org/10.3390/v3020160
https://doi.org/10.1016/j.vetmic.2010.09.018

Stiasny, Karin, Stephan W. Aberle, Franz X Heinz. ,,Retrospective identification of human
cases of West Nile virus infection in Austria (2009 to 2010) by serological differentiation from
Usutu and other flavivirus infections”. Eurosurveillance 18, ¢. 43 (2013): 20614.
https://doi.org/10.2807/1560-7917.ES2013.18.43.20614.

Turell, Michael J. ,Members of the Culex pipiens complex as vectors of viruses". Journal of
the American Mosquito Control Association 28, ¢ 4s  (2012): 123-26.
https://doi.org/10.2987/8756-971X-28.4.123.

Vazquez, Ana, Santiago Ruiz, Laura Herrero, Juana Moreno, Francisca Molero, Antonio
Magallanes, Maria Paz Sanchez-Seco, Jordi Figuerola a Antonio Tenorio. ,,West Nile and
Usutu viruses in mosquitoes in Spain, 2008-2009". The American Journal of Tropical
Medicine and Hygiene 85, ¢. 1 (2011): 178-81. https://doi.org/10.4269/ajtmh.2011.11-0042.

Viazquez-Calvo, Angela, Juan-Carlos Saiz, Francisco Sobrino a Miguel A. Martin-Acebes.
,Inhibition of enveloped virus infection of cultured cells by valproic acid". Journal of Virology
85, €. 3 (2011): 1267-74. https://doi.org/10.1128/JV1.01717-10.

Weidinger, Pia, Jolanta Kolodziejek, Tamds Bakonyi, René Brunthaler, Kéroly Erdélyi,
Herbert Weissenbock a Norbert Nowotny. ,,Different dynamics of Usutu virus infections in
Austria and Hungary, 2017-2018". Transboundary and Emerging Diseases, (2019).
https://doi.org/10.1111/tbed.13351.

Weissenbock, Herbert, Zdenek Hubélek, Tamés Bakonyi a Norbert Nowotny. ,,Zoonotic
mosquito-borne flaviviruses: Worldwide presence of agents with proven pathogenicity and
potential candidates of future emerging diseases". Veterinary Microbiology, 140, ¢. 3 (2010):
271-80. https://doi.org/10.1016/j.vetmic.2009.08.025.

Weissenbdck, Herbert, Tamas Bakonyi, Sonja Chvala a Norbert Nowotny. ,,Experimental
Usutu virus infection of suckling mice causes neuronal and glial cell apoptosis and

demyelination™. acta neuropathologica 108, C. 5 (2004): 453-60.
https://doi.org/10.1007/s00401-004-0916-1.

Weissenbdck, Herbert, Tamas Bakonyi, Giacomo Rossi, Paolo Mani a Norbert Nowotny.
,Usutu virus, Italy, 1996". Emerging Infectious Diseases 19, ¢. 2 (2013): 274-77.
https://doi.org/10.3201/eid1902.121191.

Weissenbock, Herbert, Jolanta Kolodziejek, Angelika Url, Helga Lussy, Barbara Rebel-
Bauder a Norbert Nowotny. ,,Emergence of Usutu virus, an african mosquito-borne flavivirus
of the Japanese encephalitis virus group, Central Europe". Emerging Infectious Diseases 8, ¢.
7 (2002): 652-56. https://doi.org/10.3201/eid0807.020094.

Wilkerson, Richard C., Yvonne-Marie Linton, Dina M. Fonseca, Ted R. Schultz, Dana C.
Price a Daniel A. Strickman. ,,Making mosquito taxonomy useful: A stable classification of
tribe aedini that balances utility with current knowledge of evolutionary relationships"”. PLOS
ONE 10, ¢. 7 (2015): e0133602. https://doi.org/10.1371/journal.pone.0133602.

Williams, M. C., David lan Hewitt Simpson, A. J. Haddow, E. M. Knight. ,,The isolation of
West Nile virus from man and of Usutu virus from the bird-biting mosquito Mansonia aurites
55


https://doi.org/10.2807/1560-7917.ES2013.18.43.20614
https://doi.org/10.2987/8756-971X-28.4.123
https://doi.org/10.4269/ajtmh.2011.11-0042
https://doi.org/10.1128/JVI.01717-10
https://doi.org/10.1111/tbed.13351
https://doi.org/10.1016/j.vetmic.2009.08.025
https://doi.org/10.1007/s00401-004-0916-1
https://doi.org/10.3201/eid1902.121191
https://doi.org/10.3201/eid0807.020094
https://doi.org/10.1371/journal.pone.0133602

(theobald) in the entebbe area of Uganda". Annals of Tropical Medicine and Parasitology 58
(1964): 367—74. https://doi.org/10.1080/00034983.1964.11686258.

Zannoli, Silvia a Vittorio Sambri. ,,West Nile virus and Usutu virus co-circulation in Europe:
Epidemiology and implications™. Microorganisms 7, ¢. 7 (2019).
https://doi.org/10.3390/microorganisms7070184.

Zhang, Shuliu, Evgeniy | Bovshik, Rodrigo A Maillard, Gregory D. Gromowski, David E
Volk, Catherine H. Schein, Claire Y-H Huang, David Gorenstein, James C. Lee, Alan D. T.
Barrett a David W. C. Beasley ,,Role of BC loop residues in structure, function and
antigenicity of the West Nile virus envelope protein receptor-binding domain iii". Virology
403, ¢. 1 (2010): 85-91. https://doi.org/10.1016/j.virol.2010.03.038.

Ziegler, Ute, Christine Fast, Martin Eiden, Sabine Bock, Christoph Schulze, Dirk Hoper,
Andreas Ochs, Patricia Schlieben, Markus Keller, Dorothee E. Zielke, Renke Liihken, Daniel
Cadar, Doreen Walther, Jonas Schmidt-Chanasit a Martin H. Groschup. ,,Evidence for an
independent third Usutu virus introduction into Germany". Veterinary Microbiology 192
(2016): 60-66. https://doi.org/10.1016/j.vetmic.2016.06.007.

Ziegler, Ute, Hanna Jost, Kerstin Elisabeth Mueller, Dominik Fischer, Monika Rinder,
Dieter Thomas Tietze, Klaus-Jiirgen Danner, Norbert Becker, Jasmin Skuballa, Hans-Peter
Hamann, Stefan Bosch, Christine Fast, Martin Eiden, Jonas Schmidt-Chanasit a Martin H.
Groschup. ,,Epidemic spread of Usutu virus in Southwest Germany in 2011 to 2013 and
monitoring of wild birds for Usutu and West Nile viruses". Vector Borne and Zoonotic
Diseases 15, ¢. 8 (2015): 481-88. https://doi.org/10.1089/vbz.2014.1746.

56


https://doi.org/10.1080/00034983.1964.11686258
https://doi.org/10.3390/microorganisms7070184
https://doi.org/10.1016/j.virol.2010.03.038
https://doi.org/10.1016/j.vetmic.2016.06.007
https://doi.org/10.1089/vbz.2014.1746
https://doi.org/10.1089/vbz.2014.1746
https://doi.org/10.1089/vbz.2014.1746

8. Prilohy

P1: Detailni informace K jednotlivym vzorkim. TM — T. merula, TX — T. philomelos;

Vysledek screeningu na pfitomnost flavivirové RNA pomoci jednokrokové reverzné

transkriptazové polymerazové fetézové reakce neq. — negativni, poz. — pozitivni

. . |Druh ‘e ‘. ,
Omstent |1 o | woto | Yemérind | emdp | vileek
TX)
013 TM | 2017 Brno 49°11'55.786" | 16°36'29.479" | neg.
015 ™M |2017 Brno 49°13'3.392" 16°35'52.181" | poz.
016 ™M |2017 Brno 49°12'21.629" | 16°2929.433" | neg.
019 ™M | 2017 Brno 49°12'48.180" | 16°35'33.407" | poz.
020 ™ | 2017 Chudgice 49°17'15.635" | 16°2724.082" | neg.
025 ™™ | 2017 Brno 49°13'36.030" | 16°30'33.548" | poz.
026 TM | 2017 Brno 49°13'3.392" |16°35'52.181" |poz.
028 TX 12017 Chudgice 49°17'15.635" | 16°2724.082" | neg.
029 TX 12017 Ceské Budgjovice |48°58'41.647" | 14°26'49.180" | neg.
033 ™M | 2017 Brno 49°13'3.392" |16°35'52.181" |poz.
035 ™™ | 2017 Ceské Budgjovice |48°58'07.80" |14°28'05.82" neg.
036 ™™ | 2017 Ceské Budgjovice |48°58'6.525" |14°28'6.938" neg.
037 TM | 2017 Brno 49°13'3.392" |16°35'52.181" | poz.
Hluboka nad
038 ™M | 2017 Vltavou 49°3'39.78" 14°24'39.471" | neg.
042 ™™ | 2017 Brno 49°12'51.360" | 16°38'14.775" | poz.
043 TX 2017 Brno 49°13'3.392" |16°35'52.181" | neg.
044 TX 2017 Brno 49°14'20.805" | 16°32'9.751" neg.
054 ™™ 2017 Ceské Budgjovice |48°5727" 14°28'12" neg.
055 TX 12017 Ceské Budgjovice |48°58'17.225" | 14°27'55.815" | neg.
067 ™M |2017 Ceské Budgjovice |48°57'59.940" | 14°27'47.340" | neg.
071 TX 2017 Ceské Budgjovice |48°58'35.642" | 14°26'53.100" | neg.
072 ™™ |2017 Ceské Budgjovice |48°58'31.44" |14°30'04.56" neg.
079 TX 2017 Brno 49°13'3.392" |16°35'52.181" |neg.
097 ™M |2017 Brno 49°13'28.362" | 16°31'1.976" neg.
100 ™M | 2017 Brno 49°16'15.158" | 16°35'47.066" | neg.
101 TM | 2017 Brno 49°132.515" |16°36'51.924" |neg.
102 ™M |2017 Brno 49°13'3.392" |16°35'52.181" | neg.
103 ™M |2017 Ceské Budgjovice |49°03'26.4" 14°26'15.5" neg.
104 ™™ | 2017 Ceské Budgjovice |48°5727" 14°28'12" neg.
105 TX 12017 Ceské Budgjovice |48°58'41.647" | 14°26'49.180" | neg.
106 TM | 2017 Brno 49°13'3.392" |16°35'52.181" | poz.
108 TM | 2017 Ceské Budgjovice |48°58'6.525" |14°28'6.938" neg.
109 ™M |2017 Kufim 49°17'56.370" | 16°32'17.080" | neg.
110 TX 2017 Brno 49°13'3.392" 16°35'52.181" | neg.
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113 TX 2017 Brno 49°13'3.392" | 16°35'52.181" | neg.
114 ™ | 2017 Ceské Budgjovice |48°58'47.972" | 14°27'13.146" | neg.
115 TX 2017 Vrabce 48°55'2.453" | 14°22'33.294" | neg.
117 ™ | 2017 Ceské Budgjovice |48°58'32.2"  |14°30'02.0" neg.
128 ™ | 2017 Ceské Budgjovice |48°58'39.187" | 14°26'53.039" | neg.
147 ™ | 2017 Ceské Budgjovice |48°57'37.2"  |14°29'03.3" neg.
156 ™ 2018 Chudgice 49°17'17.651" | 16°27'27.790" | neg.
157 T™M |2018 Kufim 49°18'11.924" | 16°31'52.843" | neg.
158 ™™ 2018 Kufim 49°18'10.916" | 16°31'52.920" | neg.
161 ™ 2018 Brno 49°13'3.392" [16°35'52.181" | neg.
168 ™ 2018 Chudgice 49°17'18.457" | 16°27'34.587" | neg.
169 ™™ 2018 Chudgice 49°17'15.635" | 16°27'24.700" | neg.
195 ™ 2018 Brno 49°13'3.392" |16°35'52.181" | neg.
196 T™M |2018 Brno 49°12'44,1" [16°35'33,212" | poz.
197 T™M |2018 Brno 49°13'3.392" | 16°35'52.181" | poz.
198 T™M |[2018 Brno 49°12'39,89" | 16° 35' 35,657" | neg.
199 ™M |[2018 Brno 49°13'3.392" | 16°35'52.181" | poz.
200 ™™ 2018 Brno 49°13'3.392" |16°35'52.181" | poz.
201 TX 12018 Brno 49°13'3.392" |16°35'52.181" | neg.
202 ™ 12018 Brno 49°13'3.392" |16°35'52.181" | poz.
205 TM | 2018 Praha Zbraslav 49° 58'17.72" | 14° 23' 9.96" poz.
206 TM |2018 Praha Zbraslav 49°58'1.85" |14°23'21.84" |poz.
207 ™M 2018 Praha Zbraslav 49° 57'16.31" | 14°22'48.72" | poz.
208 ™ 2018 Praha Zbraslav 49° 57'43.42" | 14° 23' 16.66" | poz.
209 ™™ 2018 Praha Zbraslav 49° 57'31.46" | 14°22'2.93" poz.
210 ™ 12018 Praha Zbraslav 49° 57'39.56" | 14° 23'15.79" | poz.
211 TM | 2018 Praha Zbraslav 49° 58'18.01" | 14°22'51.78" |neg
212 ™ 12018 Praha Zbraslav 49°57'27.22" | 14°23'0.13" neg
229 ™M |[2018 Brno 49°11'42.14" |16° 36'22.43" |neg
230 TM |2018 Brno 49° 11'42.14" | 16° 36' 22.43" | neg
254 ™ 12019 Brno 49°13'33.9" |16°33'22.92" |neg
263 ™ ]2017 Brno 49° 11'55.54" | 16° 36'44.89" |neg
264 ™ |[2017 Brno 49° 11'46.75" | 16° 36' 48.85" | poz.
265 ™ |[2017 Brno 49° 11'54.17" | 16° 36' 52.6" neg.
268 ™ |[2019 Brno 49°13'6.953" | 16°35'40.805" | neg.
269 ™ 2019 Brno 49°13'6.953" |16°35'40.805" | neg.
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P2: Detailni informace o vzorcich pozitivnich na genomickou RNA viru Usutu (rok a

misto nalezu, pFristupové Cislo v databazi GenBank a linie).

Oznaceni

prM/M/E -

NS4B-NS5 -

vzorku Zdroj Datum Misto Gb &islo Gb tislo Linie

015 Turdus merula 2017 Brno - - -

019 Turdus merula 2017 |Brno MN395372 | MN419896 | Eul
025 Turdus merula 2017 |Brno MN395373 | MN419897 |Eul
026 Turdus merula 2017 |Brno MN395374 | MN419898 | Eul
033 Turdus merula 2017 |Brno MN395375 | MN419899 |Eul
037 Turdus merula 2017 |Brno MN395375 | MN419900 |Eul
042 Turdus merula 2017 |Brno MN395376 | MN419901 |Eul
106 Turdus merula 2017 |Brno MN395377 | MN419902 |Eul
196 Turdus merula 2018 |Brno MN395378 | MN419903 |Eul
197 Turdus merula 2018 |Brno MN395372 | MN419904 | Eul
199 Turdus merula 2018 Brno - - -

200 Turdus merula 2018 | Brno MN395379 | MN419905 |Eul
202 Turdus merula 2018 |Brno MN395379 | MN419906 |Eul
205 Turdus merula 2018 |Praha Zbraslav | MN395380 |MN419907 |Eu3
206 Turdus merula 2018 |Praha Zbraslav | MN395381 | MN419908 |Eu3
207 Turdus merula 2018 |Praha Zbraslav | MN395380 | MN419909 |Eu3
208 Turdus merula 2018 |Praha Zbraslav | MN395380 |MN419910 |Eu3
209 Turdus merula 2018 |Praha Zbraslav | MN395382 |MN419911 |Eu3
210 Turdus merula 2018 |Praha Zbraslav | MN395383 |MN419912 |Eu3
264 Turdus merula 2017 |Brno MN395384 | MN419913 |Eu2
001TM10 | Turdus merula 2018 Bieclav - MN384964 | Af3
2Cx_136 Culex pipiens 2018 Jizni Cechy MN395370 | MN395369 Eu2
3Cx16-99 | Culex modestus 2016 | Jizni Morava MN395371 | MN419895 |Eyu2

P3: Publikovany ¢lanek: Multiple Lineages of Usutu Virus (Flaviviridae, Flavivirus) in
Blackbirds (Turdus merula) and Mosquitoes (Culex pipiens, Cx. modestus) in the Czech
Republic (2016-2019). Dostupné online: https://www.mdpi.com/2076-2607/7/11/568ss
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Abstract: Usutu virus (USUV) is a flavivirus (Flaviviridae: Flavivirus) of an African origin transmitted
among its natural hosts (diverse species of birds) by mosquitoes. The virus was introduced multiple
times to Europe where it caused mortality of blackbirds (Turdus merula) and certain other susceptible
species of birds. In this study, we report detection of USUV RNA in blackbirds, Culex pipiens and
Cx. modestus mosquitoes in the Czech Republic, and isolation of 10 new Czech USUV strains from
carcasses of blackbirds in cell culture. Multiple lineages (Europe 1, 2 and Africa 3) of USUV were
found in blackbirds and mosquitoes in the southeastern part of the country. A single USUV lineage
(Europe 3) was found in Prague and was likely associated with increased mortalities in the local
blackbird population seen in this area in 2018. USUV genomic RNA (lineage Europe 2) was detected
in a pool of Cx. pipiens mosquitoes from South Bohemia (southern part of the country), where no
major mortality of birds has been reported so far, and no flavivirus RNA has been found in randomly
sampled cadavers of blackbirds. The obtained data contributes to our knowledge about USUV genetic
variability, distribution and spread in Central Europe.

Keywords: Usutu virus; blackbird; mosquito; Culex spp.

1. Introduction

Usutu virus (USUV) is a flavivirus (family Flaviviridae, genus Flavivirus) transmitted by
ornithophilic mosquitoes. The virus was isolated from a number of mosquito species of the genera:
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Aedes, Anopheles, Culex, Culiseta, Ochlerotatus summarized in [1]), hence they are considered as potential
vectors. Nevertheless, vector competence was experimentally proven only for Culex spp. [2-5].
A variety of resident (e.g., Eurasian magpie (Pica pica), domestic pigeon (Columba livia domestica),
hooded crow (Corvus cornix), carrion crow (Corovus corone), Eurasian nuthatch (Sita europen), great tit
(Parus major)) and partially migratory or migratory (e.g., Euroasian blackbird (Turdus merula), song
thrush (T. philomelos), white stork (Ciconia ciconia), common redstart (Phoenicurus phoenicurus), and
European robin (Erithacus rubecula)) bird species are considered the probable natural (reservoir) hosts
in Europe, based on serologic evidence and direct proof of the virus [1,6,7], although the virus was
also found in other vertebrates, such as bats [8], rodents and a shrew [9]. Passeriform and strigiform
birds are particularly sensitive to the infection in the sense of symptomatic disease (symptoms include:
featherless heads, apathy, inability to fly, incoordination, splenomegaly, necrosis in liver and spleen,
and signs of encephalitis) frequently followed by death [10-14]. Infections of humans are mostly
associated with asymptomatic course [15-17] or mild symptoms including fever, rash or jaundice [18].
Predominantly although not exclusively, in immunocompromised patients, USUV may cause infections
of central nervous system [19-21].

Like other flaviviruses, the genomic +ssRNA of USUV encodes three structural proteins forming
viral capsid (protein C), membrane (prM/M) and envelope (E). The remaining part of the genome
encodes seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) [22,23]. Protein E
as a major surface-exposed protein plays a crucial role in the virus-host cell and virus-immune system
interactions. NS5 protein is a viral RNA-dependent RNA polymerase and methyltransferase [24].

Usutu virus was first isolated in African Swaziland from a mosquito Cx. naevei in 1959 [25].
In Europe, the so far oldest documented occurrence of USUV is dated back in 1996. It was retrospectively
detected in a dead blackbird from Italy [26]. The first large outbreak among blackbirds occurred
in Austria in 2001 [27]. Thereafter, the virus was repeatedly introduced to Europe from Africa
most probably by migratory birds and established diverse genetic lineages in Europe [23]. Currently,
the occurrence of multiple lineages of USUV is reported in various biological samples (birds, mosquitoes,
human) from 15 European countries [28]. In the Czech Republic, two strains of USUV (both lineage
Europe 1) were isolated from dead blackbirds found in 2011 and 2012 in the city of Brno (South
Moravia—south-eastern part of the country neighboring with Austria) [29] and in a pool of Cx.
modestus mosquitoes sampled in 2013 in South Moravia [30].

There are reports of multiple USUV outbreaks mainly among blackbirds from other European
countries e.g., [10,11,31-33]; however, information about USUV spread and genetic heterogeneity in
the Czech Republic is limited. Since there are substantial changes in the distribution of different genetic
lineages of USUV currently occurring throughout Europe, the information about the circulating strains
and lineages in the individual European countries is of high importance. In this study, we tested the
samples of dead blackbirds found during a season of increased blackbird mortality in the outskirts
of Prague city in 2018 and randomly sampled in two other cities (Brno and Ceske Budejovice) in
the Czech Republic in 2017-2019 for the presence of USUV RNA. Herein, we report a detection of
multiple USUV lineages in blackbirds, Culex pipiens and Cx. modestus mosquitoes in the Czech Republic,
and isolation of 10 USUV strains from carcasses of blackbirds using cell culture. This data contributes
to our knowledge about USUV genetic variability, distribution and spread in Central Europe.

2. Materials and Methods

2.1. Sample Collection

Cadavers of blackbirds (Turdus merula) were collected in three cities (and their surroundings) in
the Czech Republic: Prague (2018), Brno (2017-2019) and Ceske Budejovice (2017) (Figure 1). In Prague,
the blackbird cadavers were collected during a local outbreak of increased mortality, when tens of
dead blackbirds were found in a period of several weeks in a specific area of approximately 2 km?.
Cadavers from Brno and Ceske Budejovice were acquired within a project focused on the use of
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accidentally killed urban free-living animals for monitoring of tick-borne diseases and thus sampled
randomly. Apart from blackbirds, 10 song thrushes (T. philomelos) were collected and analyzed (Table 1).
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Figure 1. Localization of the cadavers of blackbirds (Turdus merula) and song thrushes (T. philomelos)
collected in 2017-2019 in the three geographical locations in the Czech Republic (indicated in black in
the overview map of Europe) and used for detection of Usutu virus (USUV). (a) Localization of the
three main sampling sites (cities of Prague, Brno and Ceske Budejovice) and localization of the three
additional USUV positive samples collected outside the area of the three cities are depicted in the map
of the Czech Republic. The region of South Moravia is labeled by a blue background and the region of
South Bohemia by green. Bird pictogram indicates an USUV positive blackbird, collected in the town
of Breclav-South Moravia); mosquito pictograms indicate USUV positive mosquito pools (pool of Cx.
modestus collected near Hlohovec-South Moravia in yellow, Culex pipiens collected near Lomnice nad
Luznici-South Bohemia in red). Position of cadavers of blackbirds and song thrushes collected in the
three cities are presented in the remaining maps: Prague (b), Ceske Budejovice (c), Brno (d). Blackbirds
negative for USUV genomic RNA are indicated in black, USUV positive blackbirds in red, and song
thrushes (all USUV negative) in violet.

Table 1. Numbers of cadavers of blackbirds (Turdus merula) and song thrushes (T. philomelos) collected
in the three geographical locations in the Czech Republic, 2017-2019.

Locality Prague Brno Ceske Budejovice Total
Year 2018 2017 2018 2019 2017
T. merula 8 19 13 3 12 55
T. philomelos 0 5 1 0 4 10
Total 8 24 14 3 16 65
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The cadavers had been exposed for an unknown time to outdoor temperatures before collection.
The place, time, date of collection, and conjectured cause of death were recorded. Cadavers were
stored at —80 °C until necropsied.

2.2. Sample Processing and RNA Extraction

Samples of brain, liver, muscle, and blood were collected using sterile instruments for each tissue
in the individual cadavers. Two specimens of each tissue (for RNA extraction and virus isolation)
were created and stored at —80 °C or processed immediately. One specimen of each tissue (brain, liver,
muscle) was used to prepare 30% (w/v) suspension in lysis RLT buffer (Qiagen, Hilden, Germany)
containing beta-mercaptoethanol. Stainless-steel beads of 5-mm (Qiagen) and Tissue Lyzer II (Qiagen)
were used for tissue homogenization. After mechanical disruption (30 Hz for 30 s for liver and 2 min
for muscle and brain tissue), the homogenate was digested with 20 uL of proteinase K for 30 min at
56 °C. The lysate was clarified by centrifugation and supernatant was collected. The blood samples
were resuspended directly in 560 uL of AVL buffer. From each sample, 140 pL were used for RNA
isolation using the Qiamp Viral RNA Mini Kit (Qiagen) according to manufacturer’s instructions,
modified as follows. On column RNase-free DNase I (Qiagen), treatment was performed for 15 min at
room temperature after the first washing step and an additional AW1 wash step was included after the
digestion. The RNA was eluted with 60 uL of AVE buffer. Subsequently, the membrane was washed
once more with the eluate to increase the yield of RNA. Spare aliquots of PCR positive tissue samples
were used for virus isolation attempts in cell cultures.

2.3. Screening for flavivirus RNA

The isolated RNA was used as a template for one-step RT-PCR (OneStep RT-PCR Kit, Qiagen).
The reaction was performed according to manufacturer’s instructions in a total volume of 25 uL.
Universal flavivirus primers [34] in 0.4 pM final concentration and 5 pL of isolated RNA were used.
The reverse transcription and PCR were performed in a thermal cycler using the following program:
50 °C, 60 min-reverse transcription; 95 °C, 15 min—enzyme activation, followed by 40 cycles of
95 °C, 30 s—denaturation; 57 °C, 30 s—primer annealing; 72 °C, 1 min—extension, the program was
completed by final extension 72 °C, 3 min. The RT-PCR products (10 pL of each reaction) were analyzed
by agarose gel electrophoresis. PCR products were enzymatically purified (Exonuclease I FastAP™
Thermosensitive Alkaline Phosphatase, Thermo Fisher Scientific, Waltham, MA, USA) and submitted
for sequencing from both sides to confirm the identity of the virus.

2.4. Sequencing and Phylogenetic Analyses

Samples positive for USUV genomic RNA (RNA isolated from the original tissue homogenates)
were subjected to cDNA synthesis using the 1st Strand cDNA Synthesis Kit (Roche, Basel, Switzerland)
according to the manufacturer’s instructions. Random hexamer primers and 4 uL of template total
RNA were used for reverse transcription. Selected portions of the USUV genome were sequenced
using Sanger sequencing primer walking strategy (primer nucleotide sequences are presented in
Table S1). Three additional samples were obtained during mosquito and bird surveillance for West
Nile virus [35,36] and previously found to be USUV RNA positive. The samples were sequenced
as described above and included in the phylogenetic analysis: sample 2Cx_136 comprised of a pool
of 42 Cx. pipiens females sampled in South Bohemia, near Lomnice nad Luznici, in 2018; sample
3Cx_16-99 was obtained from a pool of 52 Cx. modestus females sampled in South Moravia, near
Hlohovec, in 2016 and sample 1TM10Bre was obtained from a brain tissue of a dead blackbird found
in South Moravia, town of Breclav in 2018 (Figure 1). The nucleotide sequences obtained in our study
were submitted to GenBank under the following accession numbers: NS4B/NS5 section: MIN384964,
MN395369, MN419895-MN419913; prM/M/E section: MN395370-MN395384 (Table S2).

Geneious Prime, version 2019.0.4, including available plugins was used for manual control, analysis
and assembly of the nucleotide sequences as well as for alignment of the sequences, calculations
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of genetic distance, and constructions of phylogenetic trees. The sequences were aligned using
MAFFT, version 7, and FIT-NS-i x1000 algorithm [37,38] and identical sequences were removed.
Suitable substitution models were identified based on Akaike and Bayesian information criterion
using jModelTest 2.1.9 [39]. Phylogenies were inferred based on Maximum likelihood (PHYML
3.3.20180621) [40] and Bayesian Markov Chain Monte Carlo (Mr Bayes 3.2.6) [41] approach in parallel.

2.5. Virus Isolation in Cell Culture

Brain samples of the USUV RNA positive individuals were used for isolation of the replicating
virus using cell cultures. Mammalian PS (porcine kidney) [42] (Kozuch and Mayer, 1975) and mosquito
C6/36 cells [43,44](Igarashi, 1978; Singh, 1967) were seeded 1.5 million cells per well in a 6-well plate in
3 mL of PS medium (Leibowitz medium (L-15), 3% precolostral calf serum, 1% L-glutamine, 100 U/mL
penicillin, and 100 ug/mL streptomycin) or C6/36 medium (L15, 10 % fetal bovine serum, 5 % tryptose
phosphate broth, 1% L-glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin). The cells
were cultivated for 1 day in 0.5% of CO, at 37 °C (PS) or 28 °C (C6/36), respectively. Brain tissue
samples were homogenized in the culture media using stainless-steel beads for 1 min 30 Hz in cooled
blocks of Tissue Lyzer II (Qiagen) to prepare a 30% (w/v) suspension. The suspension was clarified
by centrifugation (10 min 33,000 g at 4 °C), supernatant was filtered using 0.2 um syringe filters
(VWR), and 100 pL of the filtrate were added to the prepared cells in the plate. The same volume
of media used for homogenization was added in negative control wells. After 3 h of incubation
at appropriate temperature (0.5% of CO,), the medium was removed, cells were washed by 3 mL
of phosphate-buffered saline (PBS), 3 mL of fresh medium was added, and the cells were further
cultivated. On days 1, 2, and 5 post infection, 2 mL of culture medium were sampled and replaced
by fresh medium. The identity of the virus was confirmed by RT-PCR and sequencing. Virus titers
were determined by plaque assay using PS cell culture, and a virus antigen was detected using a
flavivirus-specific immunofluorescence staining, as described previously [45].

3. Results

3.1. Screening for USUV RNA

From the total of 55 blackbirds (T. merula), 20 (36%) were positive for flavivirus RNA. All positive
findings were subsequently confirmed as USUV by sequencing and Blast analysis. From the total of
eight individuals collected in the area of Prague, six were positive for USUV RNA. Another 14 positive
blackbirds (17%) were found among randomly sampled bird cadavers in the area of Brno, whereas no
positive animal was acquired in Ceske Budejovice. Of the 14 positive individuals from Brno, 9 were
sampled in 2017 and 5 in 2018. All of the USUV positive blackbirds had detectable viral RNA in brain
tissue. Detailed results including a comparison of different tissues are summarized in Table 2 and
Table S3. None of the 10 song thrushes (T. philomelos) were positive for flavivirus RNA.

Table 2. Detection of Usutu virus RNA by one-step RT-PCR in tissue samples of blackbird (Turdus
merula) cadavers. Prevalence indicates percentage of positive samples out of tested. Not all tissue
samples were available for all individuals mostly due to tissue damage. Thus, tissue efficiency is
expressed as a proportion of positively tested samples of a particular tissue from all positive individuals
with that tissue available.

Tissue Prevalence (N Positive/N Tested) Tissue Efficiency (N Positive/N
Locality Prague ! Brno Ceske Budejovice Total Positive Individuals)
Brain 75% (6/8)  41% (14/34) 0% (0/12) 35% (19/54) 100% (20/20)
Liver 75% (6/8)  29% (10/34) 0% (0/11) 30% (16/53) 84% (16/19)
Muscle 75% (6/8)  31% (11/35) 0% (0/11) 30% (16/54) 84% (17/19)
Blood 75% (6/8)  17% (6/33) 0% (0/9) 24% (12/50) 66% (12/18)
Total 75% (6/8) 40% (14/35) 0% (0/12) 36% (20/55)

! Samples were acquired during local outbreak of increased blackbird mortality.
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3.2. Sequence Analysis

We retrieved continuous nucleotide sequences from 18 of 21 positive blackbirds and both of
the infected mosquito pools (from the original tissue/mosquito pool homogenates). From the prM/E
protein section, we have determined an almost complete coding sequence of prM, whole coding
sequence of M protein and E protein (nucleotide positions 562-2475). Furthermore, partial nucleotide
coding sequences for viral NS4B peptide and complete coding regions of protein NS5 were determined
(nucleotide positions 7372-10,398). In the case of the sample 001TM10Bre acquired from a dead
blackbird from South Moravia in 2018, only the complete NS4B/NS5 section was obtained.

The nucleotide sequences described above were used for phylogenetic analyses in order to assign
them to established genetic lineages of the virus [31,46,47]. Using the two genomic loci, multiple
datasets and phylogenetic approaches, the sequences obtained from samples from Prague (2018)
clustered consistently into lineage Europe 3, whereas most sequences from blackbirds collected in
Brno (2017, 2018) were associated with lineage Europe 1. Single USUV strain detected in a T. merula
collected in Brno and sequences obtained from both the USUV positive mosquito pools were placed
into lineage Europe 2 (Figures 2 and 3; phylogenetic trees reconstructed based on Bayesian inference
are available as supplementary data: Figures S1 and S2). There were only negligible differences in the
detailed topology in the phylogenetic tree based on prM/E compared to NS4B/NS5 protein-coding
sequences. The position of Africa 3 lineage strains acquired in Africa was to a certain level unstable.
Nevertheless, the NS4B/NS5 sequence obtained from a blackbird collected in South Moravia clustered
consistently with the Africa 3 sequences of the West European origin (Figure 2 and Figure S1).
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* | 9b:MN419907 Prague 2018 blackbird
gb:MN419908 Prague 2018 blackbird
gb:MN419911 Prague 2018 blackbird
gb: MN419909-10 Prague 2018 blackbird
gb MN419912 Prague 2018 blackbird
Eu3 gb'KY 199558 Germany 2016 blackbird
Eu3 gb'KY128481 France 2016 great grey owl
Eu3 gb:K'Y426760 Germany 2016 blackbird
4~ Eu3 gb:KY426755 Germany 2016 blackbird E urope 3
Eu3 gb:KY263626 Belgium 2016 blackbird
Eu3 gb Rya26756 Germany 2016 blackbird
Eu3 gb’KY263624 Belgium 2016 blackbird
o Eu3 gb:KY426759 Germany 2016 blackbird
* Eu3 gb:HE599647 Germany 2011 mackbwc
Eu3 gb:KJ438706 Germany 2011 mosqui
Eu3 gb:KJ859682 Gelmang 2013 cammon pippistrelle bat
Eu3 gb:KX601690 France 2015 blackbird
Eu3 gn KXSD 691 Fr: a
gbh (
£ y ustria
i MN419899-900 Brno 2017 Dlackblr(l
*3 gb:MN419898 Brno 2017 blackbird
gb:MN419901 Brno 2017 blackbird
0b:MN419897 Brno 2017 biackblm
* b:MN419902 Bm02017 blac
gb:MN419896; MN419904 Bl“o 2017 blackbird
MN419903 Brno 2018 blackbird
6 Brno 2018 blackbud
Europe 2
Eu
M
0.02 gb MN395369 South Bohemia 2018 mosquito
Eu2 gb:MF991886 Austria 2017 human

Figure 2. Phylogenetic maximum likelihood tree based on partial NS4B-coding nucleotide sequence and
complete-coding sequences of NS5 protein of Usutu virus (nucleotide positions 7372-10,398 according
to complete genome sequence of Vienna strain, AY453411). Sequence Africa 1, AY453412 was used
as the outgroup. The code of the sequences consists of GenBank accession number, place and year of
origin. The sequences obtained in this study are indicated by bold; individual geographical lineages
are color-coded). The tree was generated using the GTR+I+G substitution model and 1000 replicates
bootstrap analysis. Nodes with bootstrap support of <50% are indicated by asterisk. The lengths of
tree branches correspond to the number of substitutions per site.
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Figure 3. Phylogenetic maximum likelihood tree based on partial nucleotide sequence of prM protein
and complete coding sequences of M and E proteins of Usutu virus (nucleotide positions 562-2475
according to complete genome sequence of Vienna strain, AY453411). Sequence Africa 1, AY453412, was
used as the outgroup. The code of the sequences consists of GenBank accession number, place and year
of origin. The sequences obtained in this study are indicated by bold; individual geographical lineages
are color-coded. The tree was generated using the GTR+I substitution model and 1000 replicates
bootstrap analysis. Nodes with bootstrap support of <50% are indicated by asterisk. The lengths of
tree branches correspond to the number of substitutions per site.

3.3. Usutu Virus Isolation

Selected homogenates of RT-PCR positive samples were used for isolation of the virus using
mammalian (PS) and mosquito (C6/36) cell lines. We have isolated USUV in 10 out of 12 samples (six of
Europe 1 lineage and four of Europe 3) with the same results obtained in both cell culture systems.
The active replication of the virus was confirmed using plaque assay (all the successfully isolated
viral strains were obtained in both-PS and C6/36 cell lines). In PS cells, average virus titer in culture
media reached 4.83 + 0.79 log10 pfu/mL on day-2 post-infection (p.i.) and 2.27 + 1.11 log10 pfu/mL
on day-5 p.i. In C6/36 cells, average virus titer in culture media reached 3.11 + 1.37 log10 pfu/mL
on day 2 p.i. and 6.96 + 0.61 log10 pfu/mL on day 5 p.i. In PS cells, the viral strains generated a
cytopathic effect, whereas in mosquito C6/36 cells, no cytopathic effect was observed (Figure 4a,b).
Immunofluorescence staining of viral E antigen revealed that only a low percentage of PS cells in
culture are infected, whereas almost all C6/36 cells in the culture are antigen-positive. For example,
in the case of strain 202TM10, 13.3% of PS cells were infected on day 3 p.i. compared to 95.5% of C6/36
cells (average of 10 fields with >50 cells) (Figure 4c,d).
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100 pm 2 . 100 pm

Figure 4. Mammalian, porcine kidney (PS) (a,c) and mosquito C6/36 cells (b,d) infected by the strains
of Usutu virus isolated from dead blackbirds in this study. Infected cell cultures are presented in the
large images and uninfected control cells in smaller images (3 days post-infection). Cytopathic effect
was observed in infected PS cells (a) whereas no such changes were seen in C6/36 mosquito cells (b).
Flaviviral E protein antigen was labeled using indirect immuno-fluorescence (green) in PS (c) and C6/36
cells (d). Cell nuclei were counterstained using DAPI (blue).

All the isolated strains were deposited in the Arbovirus collection of the Biology Centre Collection
of Organisms (BCCO) under following identification numbers: BCCO_50_0480 to BCCO_50_0501 [48]
(Table S2).

4. Discussion

In the Czech Republic, the occurrence of USUV has been reported in isolated cases and restricted
to the southeastern part (South Moravia) of the country [29,30] neighboring with an USUV endemic
region in Austria [14,31]. Our study was initiated by an observation of increased mortality among
blackbirds outside this area in the city of Prague (central part of the country). USUV RNA was
demonstrated in multiple tissues of dead blackbirds (in six out of eight individuals) sampled in the
area. These USUYV strains were most closely related to a strain of the Europe 3 lineage (KY199558)
involved in an outbreak in eastern Germany in 2016 [33].

Interestingly, we were able to detect USUV RNA also in randomly collected dead blackbirds in
the city of Brno in the area of previous occurrence, where, however, no mass mortality of blackbirds
was observed. Phylogenetic analyses showed that these viral strains belong to lineages Europe 1 and
2. The Europe 1 lineage virus was found previously in this region [30] and both lineages co-circulate
in neighboring Austria [31,49]. In Austria, it was described previously that USUV outbreaks among
blackbirds resulted in a certain level of herd immunity, when increased seroprevalence in bird
population resulted in decreased numbers of acutely infected individuals, or decreased viral loads in
acutely infected birds in the years following an outbreak [50]. Nevertheless, this scenario did not take
place in the more recent outbreaks in Germany [11,32]. As USUV was found repeatedly since 2010 in
South Moravia [29,30], it is likely endemic to the region and possibly controlled by herd immunity
in the terms of decreasing the frequency of infected birds as the source of the virus for the vectors
and susceptible individuals as new potential USUV hosts. Whereas, the Europe 3 lineage USUV was
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probably newly introduced to the area of Prague in 2018 and caused a local outbreak, which is similar
to the situation observed in eastern Germany in the same year [32].

In some areas, USUV probably may circulate unnoticed without causing any major mortalities
in (urban) populations of birds. This hypothesis is supported by the detection of the virus in a pool
of mosquitoes collected in South Bohemia, the southwestern part of the country close to the city of
Ceske Budejovice, where no USUV positive birds were found and no mass mortality among birds
was noticed.

For the first time, an USUV strain of Africa 3 lineage was found in the Czech Republic in a dead
blackbird from South Moravia region (found in the town of Breclav). USUV strains of Africa 3 and
Africa 3-like lineages were repeatedly detected in Europe [46] including recent reports from eastern
Germany [32,33]. Nevertheless, Austria is a probable source of the virus recorded in our study as
this USUV lineage is also present in the area neighboring with South Moravia [15,49]. Unfortunately,
no suitable sequences were available from this area to support this hypothesis. The detailed topology of
the Africa 3 lineage was to a certain level unstable, most probably due to the low number of nucleotide
sequences of African strains available in GenBank. Moreover, it was suggested previously, that Africa
3 lineage probably contains sequences of polyphyletic origin [31].

Carcasses of dead birds represent an important source of material for surveillance of USUV and
other ornithophilic viruses [32,51]. As reported previously [10,14], USUV is found in multiple organs,
such as liver, spleen, heart or lung. According to our results, the brain was the most suitable tissue for
USUV screening compared to liver, muscle or blood, as all of the positive birds had detectable USUV
RNA in the brain tissue, whereas the other tissues were negative in some of the infected individuals.
Furthermore, using cell culture, we were able to isolate viable viruses even from carcasses that were
for an unknown period of time (>1 day) subjected to ambient outdoor temperatures (rough estimate
15-30 °C). Mosquito C6/36 cells were highly susceptible to USUV infection, which might be associated
with their deficiency in the RNA interference pathway [52]. All the USUV positive blackbirds were
collected in the period of late summer (July-September) which is in accordance with the peak in large
scale continual monitoring studies of birds [53] and mosquitoes [51]. No song thrushes (T. philomelos)
were positive in our study, despite the virus which was detected in this species previously [11,32,53].

USUV was also detected in a pool of Cx. pipiens and in a pool of Cx. modestus mosquitoes. Cx.
pipiens is considered a principal vector of USUV in Europe [1], multiple lineages were proven to be
effective vectors of USUV in laboratory conditions [2,3], and there are numerous reports of detection of
the virus in this vector e.g., [54-56]. Whereas, there is a single report of USUV found in Cx. modestus [30].
The authors suggest a possible role of Cx. modestus (together with Cx. pipiens) in the maintenance of
USUV in a sylvatic cycle. Cx modestus is a human biting species and is considered a potential bridge
vector of the related West Nile virus (WNV) to humans [57]. Nevertheless, it remains to be elucidated
whether this species is a suitable vector for USUV, as it is for WNV [58].

In conclusion, USUV presence in the Czech Republic is not restricted to the southeastern part of the
country neighboring with Austria. Two genetic lineages (Europe 1 and Europe 2) probably co-circulate
in this area of endemic occurrence without causing any major outbreaks in wild life. Lineage Europe 3
was probably newly introduced to the area of Prague and resulted in a local mortality of blackbirds.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2607/7/11/568/s1,
Table S1. Primers used for Sanger sequencing of the partial coding sequence of prM and NS4B proteins and
complete coding sequences of M, E and NS5 proteins; Table S2. List of strains and nucleotide sequences of Usutu
virus acquired in this study; Table S3. Detailed results of Usutu virus genomic RNA detection in the samples of
blackbird (Turdus merula) cadavers collected 2017-2018 in the Czech Republic; Figure S1. Phylogenetic tree based
on Bayesian Markov chain Monte Carlo analysis of partial NS4B coding nucleotide sequence and complete coding
sequences of NS5 protein of Usutu virus; Figure S2. Phylogenetic tree based on Bayesian Markov chain Monte
Carlo analysis of partial prM protein nucleotide coding sequence and complete coding sequences of M and E
proteins of Usutu virus.
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