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Abstrakt

Racéi mor je tzv. ,emerging disease”, ktorej povodcom je oomycéta Aphanomyces astaci, patogén
zaradeny medzi 100 najhorsich invazivnych nepévodnych druhov na svete. Introdukcia tohto patogénu
zo Severnej Ameriky do Eurdpy v druhej polovici 19. storocia, viedla ku kolapsom pévodnych
eurdpskych populacii rakov. V dnesnej dobre je A. astaci rozsireny v Eurdpe a rozsiril sa i do inych Casti
sveta a ohrozuje vSetky vnimavé druhy rakov neseveroamerického pévodu. Ciele tejto diplomovej
prace boli 1) poskytnut informacie o Uhynoch rakov na raé¢i mor dokumentovanych v nedavnej dobe
a pomocou mikrosatelitovych a mtDNA markerov odhalit, ktoré genotypové skupiny ich spésobili; 2)
otestovat zdravo vyzerajuce pévodné raky pre potencialny vyskyt chronickych infekcii sp6sobenych A.
astaci v Cesku. Medzi rokmi 2016 az 2018 bolo potvrdenych $est novych thynov na raci mor, ktoré
zahrriovali najmenej pat réznych kmerov A. astaci. Moje vysledky poskytuju prvy dokaz o tom, Ze
genotypova skupina D spbsobila masové uhyny Astacus astacus a Austropotamobius torrentium v
Cesku. Sekvenovanim mtDNA boli odhalené dva rozne haplotypy z D haploskupiny, ¢o naznacuje dva
nezdvislé zdroje infekcie pravdepodobne, bud'z okrasnych rakov pritomnych v krajine alebo sa rozsirili
zo susediacich krajin. Genotypova skupina A bola zaznamenana u dvoch Uhynov raka A. astacus
a genotypova skupina E u jedného Ghynu raka A. torrentium. Po 13 rokoch od prvého vyskytu v Cesku
bol znovu identifikovany genotyp Up pri Uhyne A. astacus. V 15 testovanych populdciach povodnych
rakov nebol pozorovany Ziadny pripad chronickej infekcie sposobenej A. astaci. Zda sa, Ze tento jav nie
je v Cesku prili§ bezny; jeho vyskyt véak nemoZno vylGcit. Okrem tychto vysledkov zhrnutych v praci vo
forme rukopisu, prikladam v prilohach dve publikované prace, v ktorych som prispela ako spoluautor.
V prvej praci som testovala stabilné populdcie Procambarus virginalis a Faxonius limosus na pritomnost
A. astaci v Bratislave na Slovensku v roku 2016. Pritomnost patogénu rac¢ieho moru bola potvrdend iba
u F. limosus; je vSak oCakavany horizontdlny prenos A. astaci na P. virginalis, ako aj dalSie Sirenie tohto
raka v rieke Dunaj. V druhej priloZenej $tudii som testovala pritomnost patogénu racieho moru u raka
Procambarus clarkii v Indonézii, ako aj krabov Parathelphusa convexa a kreviet Macrobranchium
lanchesteri, ktoré koexistuju v syntopii s jednou infikovanou populaciou tohto globalne
najrozsirenejSieho invazneho raka. Pritomnost A. astaci bola potvrdend u volne Zijuce] stabilnej
populacie P. clarkii, ako aj z obchodu s domacimi zvieratami v Indonézii a u krabov a kreviet
syntopickych s P. clarkii. Zistenia poukazuju na hrozbu, ktoru Sirenie sa tohto druhu predstavuje pre

povodné raky v Indonézii a prilahlych regidnoch vratane Novej Guiney a Australie.

Klacové slova: raci mor; Aphanomyces astaci; chronické infekcie; Uhyny; genotyp; vektory



Abstract

Crayfish plague is an emerging disease caused by the oomycete Aphanomyces astaci, a pathogen listed
among the 100 World’s Worst Invasive Alien Species. It was introduced into Europe in the second half
of 19" century from North America and caused collapses of European native crayfish populations.
Nowadays, A. astaci is widespread in Europe and has spread also to other parts of the world,
threatening all susceptible crayfish of non-North American origin. The aims of this MSc thesis were 1)
to provide information about crayfish plague outbreaks from recent years, and by using microsatellite
and mtDNA markers reveal A. astaci genotypes involved; 2) to test healthy-looking indigenous crayfish
for potential occurrence of chronic infections by A. astaci in Czechia. Six new crayfish plague outbreaks
were confirmed from 2016 to 2018, involving at least five distinct pathogen strains. My results provide
first evidence of the A. astaci genotype group D causing Astacus astacus and Austropotamobius
torrentium mass mortalities in Czechia. MtDNA sequencing revealed two haplotypes of the D
haplogroup, indicating two independent sources of infection presumably either from ornamental
crayfish or spreading from neighbouring countries. The genotype group A was recorded in two A.
astacus mortalities and genotype group E in one A. torrentium mortality. The genotype Up was re-
identified in A. astacus outbreak after 13 years from its first occurrence in Czechia. In 15 tested
populations of indigenous crayfish, no case was of chronic infection by A. astaci was observed. It seems
that this phenomenon is not very common in Czechia; however, its occurrence cannot be ruled out.
Apart from these results, summarized in the thesis in a form of a manuscript draft, | provide in
appendices two published studies to which | contributed as a co-author. In the first, | have examined
well-established populations of Procambarus virginalis and Faxonius limosus for the presence of A.
astaci in Bratislava, Slovakia in 2016. The presence of the crayfish plague pathogen was confirmed only
in F. limosus; however, horizontal transmission of A. astaci to P. virginalis is expected, as well as the
further spreading of this crayfish in the Danube river. In the second attached study, I've tested for the
presence of the crayfish plague pathogen Procambarus clarkii from Indonesia, as well as crabs
Parathelphusa convexa and shrimps Macrobranchium lanchesteri coexisting in syntopy with one
infected population of this globally most widespread invasive crayfish. The presence of A. astaci was
confirmed in P. clarkii from outdoor established population as well as from pet trade in Indonesia, and
in crabs and shrimps syntopic with P. clarkii. The findings highlight the threat the spread of this species

present to native crayfish in Indonesia and adjacent regions, including New Guinea and Australia.
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1. Uvod

Sladkovodné raky su najvacsimi bezstavovcami v sladkovodnom prostredi. Ich velkost i funkcia
ich Cinia klucovymi pre stabilitu vodného ekosystému (Dorn a Wojdak 2004). Eurdpske povodné
sladkovodné druhy rakov zahfnaju priblizne 15-16 druhov, niektoré vsak skor tvoria druhové komplexy
(Krandall a De Grave 2017; Parvulescu 2019), z toho iba dva druhy st pévodné pre Cesku republiku
a to rak riavovy (Austropotamobius torrentium) a rak rieCny (Astacus astacus) (Kozak et al. 2014). Oba
druhy s povaZované za bioindikatory kvality vody (Kozak et al. 2014) a spolu s ostatnymi druhmi rakov
su dolezitou sucastou potravnej siete (Dorn a Wojdak 2004). Ich vyskyt bol vyrazne redukovany
v dosledku chemického znecistenia vod, konkurenéného vytlacenia zavleCenymi druhmi rakov

a v dosledku Sirenia racieho moru (Kozubikova a Petrusek 2009) (podrobnejsie v podkapitole 1.1).

1.1 Raci mor

Tzv. ,Emerging diseases” su nové nakazy, ktoré sa rychlo Siria alebo u patogénu doslo k zvySeniu
prevalencie ¢ k rozdireniu $kdly hostitelov. Casto sa jedna o patogén rozdireny v nedavnej dobe
v dosledku ludskych aktivit a takto nakazené Zivocichy masivne hynu (Daszak et al. 2000). Medzi takéto
ochorenia patri aj raci mor.

P6vodcom racieho moru je oomycéta Aphanomyces astaci, povodom zo Severnej Ameriky
(Unestam 1972). Zda sa, Ze dlhodoba koexistencia severoamerickych rakov s A. astaci viedla
ku spolocnej koevolucii a severoamerické raky sa stali voci A. astaci odolnejsie (Séderhall and Cerenius
1999). Prave skrze nich sa dostal ra¢i mor do Eurépy pravdepodobne v druhej polovici 19. storocia
a jeho nasledne Sirenie viedlo ku kolapsom populdcii pévodnych eurépskych druhov rakov (Alderman
1996) Dnes je raci mor rozsireny v roznych castiach Eurdépy (zhrnuté v Svoboda et al. 2017), tak ako
i v inych zakutiach sveta (Peiro et al. 2016, Mrugata et al. 2017; Martin-Torrijos et al. 2018, Putra et al.
2018) a ohrozuje zostavajuce populdcie pévodnych naivnych rakov (Holdich et al. 2009).

U Aphanomyces astaci je znamy iba asexudlny spdsob rozmnoZovania (Obr. 1), bez trvalého
Stadia (Soderhall a Cerenius 1999; Alderman a Polglase 1986). PGvodca racieho moru sa rozmnoZuje
pomocou zoospor, ktoré su opatrené dvoma bocnymi bic¢ikmi (Alderman a Polglase 1986), tieto
zoospéry nespecifickou chemotaxiou vyhladavaju substrat na ktorom by mohli prosperovat, ¢o je
povrch raka (Cerenius a Soderhéll 1984a). Po prisadnuti sa zo zoospoéry encystdciou stdva cysta, ktora
kli¢i v hyfu, ta prerasta do kutikuly, u citlivejSich druhov hlbsie do tkaniva a vytvara mycélium. Pokial
zoospéra prisadne na nevhodny podklad, encystacia sa da zvratit a nasledne mozZze patogén dalej

vyhladavat svojho hostitela (pro tento jav sa uZiva anglicky vyraz ,Repeated zoospore emergence” -



REZ), to sa mbze opakovat aj trikrat (Cerenius and Soéderhall 1984b). Produkcia sporangii nastava
nasledne po kontaktu mycélia s vodou, vo vnutri nich sa tvoria primarne spéry, ktoré sa postupne
uvolfiujud, hned encystuju a vytvaraju primarne cysty, tieto cysty sa zoskupuju a vytvaraju tzv. ,spore
balls“. Zivotny cyklus je zakon&eny uvolnenim pohyblivych zoospér z primarnych cyst (Séderhéll a

Cerenius 1999).

severoamerické druhy eurdpske druhy
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Zoskupenie Zoskupenie
primérnych cyst primdrnych cyst

Obr. 1 Zivotny cyklus Aphanomyces astaci (upravené podla Rezinciuc et al. 2015). (REZ -
,repeated zoospore emergence” - schopnost raka zvratit encystaciu)

Raky infikované racim morom sa ¢asto chovaju velmi netypicky, su aktivne cez den, ¢asto krat
sa nachadzaju mimo svoje Ukryty, taktiez sa mézu objavit priznaky ako ch6dza na vysoko zdvihnutych
nohach, kiéovité pohyby, dalej stracaju koordindaciu a unikovy reflex (Alderman et al. 1984). Jednym
z priznakov je tvorba melaninovych skvin (sucast fenoloxidazovej kaskady), ku ktorej dochadza ak sa
infekcia vyvija dlhsie (Alderman et al. 1987), avSak pritomné melaninove $kvrny nie je mozné odlisit
od melaninovych skvin spésobenych inym patogénom (Persson a Séderhall 1983, podla Kozubikova
a Petrusek 2009) a zéroven nie vidy ma infikovany rak na sebe tieto skvrny, preto sa na zaklade ich

vyskytu nedaju robit zavery o pritomnosti infekcie (Kozubikova et al. 2009).

Pre druhy rodu Aphanomyces je typicka vysoka hostitelska Specifita (Diéguez-Uribeondo et al.
2009). Na zéaklade toho, Ze v blizkosti ohnisiek ra¢ieho moru iné organizmy nevykazovali zndmky
infekcie (Oidtmann 2012) a zaroven sa toto ochorenie nepotvrdilo u inych bentickych kérovcov ako su
napr. krivak (Gammarus) a Zizavica (Asellus) (Kozubikova a Petrusek 2009; Svoboda et al. 2014a), bol

predpoklad, Ze jedinym hostitefom su raky. | ked v prvej polovici 20. storo¢ia bol zaznamenany pripad



o tom, ze krab Eriocheir sinensis bol nakazeny a uhynul na infekciu sp6sobenu patogénom racieho
moru (Benisch 1940, podla Unestam 1972) a na zdklade toho bola vytvorena hypotéza, ze A. astaci
moze nakazit aj iné desatnoZce (Decapoda) nez raky (Unestam 1972). Avsak, az nedavno niekolko studii
tuto hypotézu potvrdilo (Svoboda et al. 2014a,b; Schrimpf et al. 2014; Tilmans et al. 2014; Putra et al.
2018). Patogén racieho moru bol potvrdeny u kraba Eriocheir sinensis vo Svédsku, kde koexistuje
s Pacifastacus leniusculus (Svoboda 2014a), v Nemecku aZz na troch lokalitdch vrieke Ryn so
syntopickym vyskytom s F. limosus a F. immunis (Schrimpf et al. 2014) a v Holandsku, kde sa syntopicky
vyskytuje s Faxonius limosus (Tilmans et al. 2014). Dalej bol tento patogén potvrdeny v Turecku u kraba
Potamon potamios koexistujuceho s P. leptodactylus (Svoboda et al. 2014a) a v Indonézii jak u kraba
Parathelphusa convexa, tak u krevety Macrobranchium lanchesteri v syntopii s Procambarus clarkii
(Putra et al. 2018). Experimentalne bola testovana odolnost kreviet Neocardia davidi a Macrobrachium
dayanum vocéi A. astaci. Oba druhy kreviet sa zdaju byt odolné, avsak u niektorych jedincov M.
dayanum bol zaznamenany pravdepodobny rast A. astaci a jeho pritomnost v niektorych jedincoch
bola zachytend i po zvliekani (Svoboda et al. 2014b). Navyse bola experimentalne potvrdend schopnost
prenosu A. astaci z kraba na raka (Schrimpf et al. 2014). Tieto desatnoZce sice nehynu v désledku

nakazy, ale su dalSim potencionalnym zdrojom Sirenia infekcie pre vnimavé druhy rakov.

Patogén racieho moru preZiva vyhradne v sladkovodnom prostredi (Unestam 1969) a jeho
prenos je zabezpeceny pohyblivymi infekénymi zoospdrami, ktoré su bud'volne vo vode alebo v tkanive
nakazeného Zivého i mrtveho raka alebo iného desatnoZca ¢i v jeho zvlecke (Oidtmann et al. 2002;
zhrnuté v Svoboda et al. 2017). Uvolnena spdra ma relativne kratku Zivotnost a to niekolko dni az
tyZzdnov, avsak v tele raka preziva dokym je pritomny vhodny substrat (Unestam a Ajaxon 1978 podla
Kozubikova a Petrusek 2009). Priamy vertikalny prenos A. astaci na potomkov skrze vaji¢ka nebol zatial
preukazany, aviak prenos z nakazenej samice na potomkov po ich vyliahnuti nemozno vylucit, kedze
potomkovia su az do prvého zvliekania prichyteny na brusku samice (zhrnuté v Svoboda et al. 2017).
Najbeznejsi je vsak horizontalny prenos patogénu rac¢ieho moru (Svoboda et al. 2017), k tomu najviac
prispela fudska cinnost. Severoamerické raky boli do Eurdépy povodne komeréne vyvazané pre
spotrebné Ucely ludi (Oidtmann et al. 2002), ¢i na ucel vysadzania namiesto pévodnych zdecimovanych
eurdpskych druhov (Holdich et al. 2006). Hlavne vysadzanie infikovanych severoamerickych rakov
viedlo k Sireniu patogénu na nové lokality (Nylund a Westman 1995). Dnes sa patogén Siri skor cez
zamerne vypustené infikované raky z akvaristickych chovov (Chucholl 2013), ¢i cez ornamentélne raky
ktoré unikli z jazierok (Patoka et al. 2014). Spdry A. astaci sa pri akomkolvek styku s vodou mozu
preniest, napr. cez rybarske nacinie ¢i cez gumy na autach alebo cez zablatené gumaky (zhrnuté v
Kozubikova a Petrusek 2009). K tomu napomaha taktiezZ zla informovanost verejnosti, kedy napr. rybari

¢i potapaci ani netusia ¢i sa v danej oblasti vyskytuje raci mor a zaroven ani nevedia ¢o by mohli urobit,



aby sSireniu mohli zabranit (Kozubikova a Petrusek 2009) a tym mé&zu potencionélne prenasat patogén
cez nedezinfikované nacinie.

Daldou moznostou ako sa méZe patogén preniest [udskou ¢innostou je pri vysadzovani ryb, kedy
voda obsahuje zoospdry A. astaci (Nylund a Westman 1995). K Sireniu A. astaci viak mdzu napoméct
aj samotné ryby, bolo preukdzané, Ze nedostatocne rozlozena kutikula raka, ktora presla traktom ryb
obsahovala hyfy A. astaci, ktoré Gspesne infikovali rakov (Oidtmann et al. 2002).

Dalej u? je patogén gireny pomocou samotnych infikovanych migrujicich rakov (Oidtmann et al.
2002) ¢i krabov (Svoboda et al. 2017). Doneddvna sa myslelo, Ze Sirenie ra¢ieho moru na dlhé
vzdialenosti sa tyka iba chronicky infikovanych severoamerickych rakov (Svoboda et al. 2017) a bola
zauzivana predstava, Zze tam kde sa objavi raci mor, tak do niekolkych dni populdcia pévodnych
europskych rakov skolabuje (Kozubikova et al. 2008), avsak s vyvojom novych molekularnych postupov
zacali pribudat studie z réznych eurdpskych krajin o chronickych infekciach rac¢ieho moru u pévodnych
eurdpskych druhov ( zhrnuté Svoboda et al. 2017), ¢o poukazuje na to, ze aj oni mdzu byt relevantnym
zdrojom ndakazy pre vnimavejSie populdcie rakov. Problematiku preZivania hostitel'skych populacii
preberam detailnejSie vo svojej bakalarskej praci (M. MojziSova 2016) a v ivode manuskriptu.

Pomocou metddy RAPD (Nahodna amplifikacia polymorfickej DNA) bolo pévodne zistenych pat
genotypovych skupin A. astaci (A, B, C, D, E) (Huang et al. 1994; Diéguez-Uribeondo et al. 1995;
Kozubikovd et al. 2011). Zda sa, Ze genotypova skupina A pochdadza z prvej introdukcie racieho moru
do Eurdpy (Huang et al. 1994). Niekolko Studii preukazalo jej nizsiu virulenciu oproti ostatnym kmenom
A. astaci (Makkonen et al. 2012, 2014; Jussila et al. 2013; Viljamaa-Dirks et al. 2013, 2016; Becking et
al. 2015). Prave zniZend virulencia tohto kmena umoznuje existenciu chronickych infekcii spésobenych
A. astaci u pévodnych druhov, avsak méze sa jednat i o zvysenu rezistenciu rakov, alebo kombinaciu
oboch mozZnosti (Jussila et al. 2014). Oboje naznacuje, Ze viac nez storo¢na koexistencia tohto kmeriu
A. astaci s vnimavymi druhmi rakov viedla ku vzajomnej koevolucii. Zvy$ent odolnost rakov podporuje
i existencia chronickych infekcii spdsobena genotypovou skupinou B (Svoboda et al. 2014a; Maguire et
al. 2016; Kokko et al. 2018; Panteleit et al. 2018), ktora je virulentnejsia nez genotypova skupina A
(Makkonen et al. 2012, 2014, Jussila et al. 2013; Viljamaa-Dirks et al. 2013, 2016; Becking et al. 2015).
Zatial, ¢o chronické infekcie sp6sobené genotypovou skupinou A boli dokumentované u A. astacus, A.
torrentium, A. pallipes a P. leptodactylus (zhrnuté v Svoboda et al. 2017; Kokko et al. 2018),
genotypova skupina B bola dokumentovana iba u P. leptodactylus (Svoboda et al. 2014a; Kokko et al.
2018; Panteleit et al. 2018). Vyssia odolnost tohto druhu bola preukazana aj v stadii Unestam (1969).

Raci mor sa na Uzemie Ceska dostal koncom 19. storocia, avéak tomuto ochoreniu sa v Cesku
v 20. storoCi nevenovalo prili§ pozornosti a neboli dostupné ani vhodné diagnostické metddy a preto
mame chabé poznatky z tohto obdobia (Kozubikova et al. 2006). Az s rozvojom diagnostickych metdd

sa v poslednych dvoch desatrociach podarilo dokumentovat niekolko dhynov na ra¢i mor na Gzemi
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Ceska, tieto Ghyny st detailne zhrnuté v pracach Kozubikova et al. (2006, 2008) a Kozubikova-Balcarova
et al. (2014). Na uzemi Ceska bolo celkom medzi rokmi 2004 a7 2014 zaznamenanych 11 masovych
uhynov pévodnych rakov v dosledku racieho moru, avsak uhynov bolo pravdepodobne viac a toto je
len Spicka ladovca (Kozubikova et al. 2008; Kozubikova-Balcarova et al. 2014). Za uhyny boli
zodpovedné genotypové skupiny patogénu A, B, E a neobvykly genotyp Up (Grandjean et al. 2014). Iba
v dvoch pripadoch bol odhaleny pravdepodobny lokalny zdroj infekcie a to u genotypove] skupiny E
(Kozubikova-Balcarova et al. 2014). U ostatnych genotypovych skupin a genotypu Up bol zdroj infekcie
nejasny, kedZe v bezprostrednej blizkosti sa nenachadzali Ziadne severoamerické raky.

Na zaklade nejasnych zdrojov zdokumentovanych dhynov a reportov o vyskyte chronickych
infekcii u pévodnych druhov zo zahranicia, bola v studii Kozubikova-Balcarova et al. (2014) vytvorena
hypotéza, Ze zdrojom infekcie Uhynov v CR mdzu byt chronicky infikované pévodné druhy rakov, avéak

doteraz ju nikto neotestoval.

1.2 Ciele prace

Cielom mojej diplomovej prace bolo otestovat hypotézu, Ze by sa chronické infekcie radieho
moru u pdévodnych druhov mohli vyskytovat aj na Uzemi Ceska (Kozubikova-Balcarova et al. 2014).
Avsak vysledky nepotvrdili tuto hypotézu, takze som sa viac zamerala na druhy ciel prace a to bolo
testovat variabilitu patogénu racieho moru v neddvno doloZenych masovych Uhynoch pévodnych
rakov na Gzemi Ceska.

Popri tom som este spolupracovala na inych projektoch zameranych na ra¢i mor, ktoré boli
publikované. Tieto publikacie prikladam ako prilohu 1 (Liptak et al. 2017) a Prilohu 2 (Putra et al. 2018).
V praci Liptak et al. (2017) bolo mojim cielom otestovat na pritomnost patogénu racieho moru
populacie rakov P. virginalis a F. limosus. V praci Putra et al. (2018) bolo mojim cielom otestovat na
pritomnost A. astaci raka P. clarkii jak z akvaristickych chovov, tak volne Zijucu populaciu a taktiez

kraby Parathelphusa convexa a krevety Macrobranchium lanchesteri v syntopii s tymto druhom raka.

2. Zhrnutie nasledujiceho rukopisu a publikovanych prac

Celkovo som otestovala 15 populdcii zdravo vyzerajlcich jedincov A. astacus a A. torrentium,
avsak v ani jednej populacii som nezaznamenala pritomnost chronickej infekcie. Tento fenomén sa zda
e na uzemi Ceska nie je beZny, aviak na zaklade mojich vysledkov ho nemézeme vylucit. KedZe sa
jednalo o zdkonom chranené druhy, testovali sme iba vybrané populécie, snazili sme sa zamerat na tie,

kde uz bol ra¢i mor v minulosti dokumentovany. Dalej sme netestovali populacie P. leptodactylus, ktoré
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sa zdaju byt ako sa ukazuje az v poslednych rokoch éastym nositelom chronickych infekcii raéieho moru
v inych krajinach (Svoboda et al. 2014a; Maguire et al. 2016; Kokko et al. 2018; Panteleit et al. 2018).
Prave z toho dévodu by malo byt dalSie testovanie zamerané na populécie P. leptodactylus na Gzemi
Ceska.

Dalej som popri tom testovala masové uhyny pévodnych druhov rakov, z ktorych vysledky sa
stali nakoniec zakladom mojej diplomovej prace. Behom dvoch rokov 2016 - 2018 som
zdokumentovala Sest Uhynov na ra¢i mor u A. astacus a A. torrentium a pomocou mikrosatelitovych
a mtDNA markerov som urcila jednotlivé genotypy patogénu racieho moru. Tato praca poskytuje prvy
dokaz o pritomnosti genotypovej skupiny D na Uzemi Ceska, a naviac pomocou sekvenovania
ribozomdlnych podjednotiek mitochondridlnej DNA som identifikovala dva rézne haplotypy z D
haplotypovej skupiny (d1, d2), to naznacuje nezavisle zdroje infekcie. Dalej som identifikovala
genotypové skupiny A a E a genotyp Up, ktory bol v Cesku zaznamenany iba raz v rieke Upo¥ v roku
2005. Podobne ako v praci Kozubikova-Balcarova et al. (2014) zdroj infekcie bol uréeny iba pre thyn
genotypovou skupinou E a u ostatnych dhynov bol zdroj infekcie nejasny. Mozné zdroje infekcie
rozoberdm nasledne v diskusii manuskriptu.

Dalej prikladam k manuskriptu, dve prilohy, kde som prispela ako spoluautor po¢as mojich $tudii
na magisterskom stupni.

V prvej priloZenej praci (Liptak et al. 2017) som testovala populdcie rakov Procambarus virginalis
a Faxonius limosus na pritomnost patogénu racieho moru v rieke Dunaj na Slovenskom Uzemi v roku
2016. Oba druhy su typickymi prenasaémi racieho moru (Keller et al. 2014; Mrugata et al. 2015). Zatial
¢o testovana populdcia F. limosus sa do Dunaja v Bratislave dostala pravdepodobne aktivhym Sirenim
z Madarska (Liptdk a Vitazkova 2014), populdcia P. virginalis ma pravdepodobny poévod
z akvaristickych chovov (Chucholl et al. 2012). Jeden jedinec tohto druhu staci, aby dal vzniknat novej
populacii, a to vdaka jeho partenogenetickému rozmnoZovaniu (Martin et al. 2010). Oba testované
druhy su v bezprostrednej blizkosti avSak bariéru im tvori Cerpacia stanica (Liptak et al. 2017). V tejto
$tudii som potvrdila pritomnost patogénu racieho moru iba v populacii F. limosus, avsak do buducna
sa oCakava Ze dojde k horizontalnemu prenosu patogénu na P. virginalis a spolu s nim k dalSiemu
Sireniu racieho moru proti prddu rieky Dunaj (Liptak et al. 2017). | ked sme v tejto studii nepotvrdili
pritomnost patogénu racieho moru u P. virginalis (Liptak et al. 2017), nemdzme vylucit, Ze takto
nakazené populacie sa na Slovensku nevyskytuju. U P. virginalis , v akvaristickych chovoch aj volne
v prirode bola potvrdena genotypova skupina D, preto by sa mala zvazit moznost, Ze takto nakazeny P.
virginalis by sa mohol vyskytovat aj na Slovensku a dalej irit do Ceska.

V druhej priloZenej préci (Putra et al. 2018) som testovala na pritomnost patogénu rac¢ieho moru
populacie rakov Procambarus clarkii v Indonézii, tak ako aj krabov Parathelphusa convexa a kreviet

Macrobranchium lanchesteri, ktoré s tymito rakmi koexistuju. Raci mor sa okrem Eurdpy (Holdich et
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al. 2009) rozsiril aj do inych casti sveta, nedavno bol jeho vyskyt potvrdeny v Juinej Amerike a
v Japonsku (Peiré et al. 2016; Mrugata et al. 2017; Martin-Torrijos et al. 2018). V oboch oblastiach sa
Sirenie racieho moru spaja s vyskytom raka Procambarus clarkii, u ktorého bola infekcia potvrdena.
Tento rak sa Siri vdaka importom &i uz pre akvaristické ucely alebo pre konzumaciu (Souty-Grosset et
al. 2016). V tejto studii som potvrdila pritomnost patogénu racieho moru u P. clarkii jak v lokdlnom
obchode so zvieratami, tak z volne Zijucej populdcie. Navyse som potvrdila pritomnost A. astaci aj
u testovanych krabov a kreviet, ¢o zdo6raznuje hrozbu, ktord Sirenie tohto raka predstavuje pre
najblizie oblasti ako st Nova Guinea alebo Australia (Putra et al. 2018). V Cesku bol P. clarkii zatial
dokumentovany iba v akvaristickych chovoch, avsak bola uriho potvrdenad infekcia sp6sobena A. astaci
a navyse genotypovou skupinou D (Mrugata et al. 2015). Vypustenie takto infikovanych jedincov, moze
mat velmi negativny dopad. Obe prilozené $tudie si zamerané na testovanie pritomnosti patogénu
ra¢ieho moru u invazivnych rakov rozsirenych do novych lokalit, s najva¢sou pravdepodobnostou
v dosledku ich vypustania chovatelmi do volnej prirody ¢&i ich Uniku zo zédhradnych jazierok. Je
pravdepodobné, Ze tieto druhy rakov, by mohli byt zdrojom infekcie spdsobenej genotypovou

skupinou D, ktord som dokumentovala v mojej studii.
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Abstract

The crayfish plague pathogen Aphanomyces astaci belongs to the most studied invertebrate
pathogens, which co-evolved with American crayfish species and causes mass mortalities of European
and Asian crayfish species. In this study we document six crayfish plague outbreaks that occurred from
2016 to 2018 in Czechia, and by using available molecular techniques (microsatellite and mtDNA
markers) we reveal A. astaci genotypes involved. Our results provide first evidence of the genotype
group D causing A. astacus and A. torrentium mass mortalities in Czechia. Moreover, mtDNA
sequencing confirmed two distinct haplotypes of the D haplogroup (d1 and d2), indicating two
independent sources of infection, presumably either from ornamental crayfish or spreading from
neighbouring countries. The genotype group A was recorded in two A. astacus mortalities and
genotype group E in one A. torrentium mortality. Microsatellite genotyping reidentified the genotype
Upin A. astacus outbreak after 13 years from its first occurrence. In addition, we tested healthy-looking
indigenous crayfish from 15 populations for potential presence of chronic infections by A. astaci in
Czechia. We did not reveal any such case; thus, it seems that chronic infections by A. astaci are not
common in Czechia. However, their presence in the country, especially in Pontastacus leptodactylus

populations introduced to the country since the late 19" century, cannot be excluded.

Key words: Aphanomyces astaci; native crayfish; invasive crayfish; microsatellite genotyping;
mitochondrial markers, mass mortalities
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1. Introduction

The crayfish plague pathogen, the oomycete Aphanomyces astaci, originally from North America,
was introduced into Europe in the second half of the 19'" century and has spread since then into most
of the continent (Alderman 1996). Expansion of A. astaci caused collapses of the many native European
crayfish populations and in the present still pose a threat for those remaining in Europe (Holdich et al.
2009) and also for crayfish from other parts of the world (Peird et al. 2016, Martin-Torrijos et al. 2018,
Putra et al. 2018). Because of its virulence and strong devastating effect on the European native
crayfish species, A. astaci was classified among the world’s 100 worst invasive alien species (Lowe et
al. 2004). The original natural hosts of A. astaci are the North American crayfish species (Séderhall and
Cerenius 1999), which are considered more resistant against A. astaci than the native European
crayfish (Cerenius et al. 2003; reviewed in Svoboda et al. 2017). Presumably, the common history of
the North American crayfish species with A. astaci led to an effective host immune response, so the
populations of these crayfish serve as long-term reservoirs of the pathogen (Séderhall and Cerenius
1999).

Originally, five A. astaci genotype groups have been defined by Random Amplified Polymorphic
DNA (RAPD), labelled alphabetically from A to E (for more details about the nomenclature, see Svoboda
et al. 2017). The genotype group A probably comes from the first wave of A. astaci invasion; it was
originally isolated from Astacus astacus and Pontastacus leptodactylus, but its original American host
is still unknown (Huang et al. 1994). The genotype groups B and C were isolated from Pacifastacus
leniusculus (Huang et al. 1994). Whereas the genotype group B was involved in many crayfish plague
outbreaks across Europe (Svoboda et al. 2017), the presence of the genotype group C has not been
documented in Europe so far. The genotype group D was isolated originally from Procambarus clarkii
(Diéguez-Uribeondo et al. 1995) and the genotype group E from Faxonius limosus (Kozubikova et al.
2011a).

The application of recently developed microsatellite markers (Grandjean et al. 2014) and primers
targeting mitochondrial small and large ribosomal subunits (rnnS and rnnL; Makkonen et al. 2018)
provides a better insight into the identity and origin of individual pathogen strains. The microsatellite
genotyping revealed greater variability within RAPD-defined A. astaci genotype groups and allows
identification of yet unknown A. astaci strains (Grandjean et al. 2014, James et al. 2017, Mrugata et al.
2017, Caprioli et al. 2018, Panteleit et al. 2019).

The mtDNA markers separated RAPD-genotype groups into four haplogroups (A, B, D, E) and
revealed their correspondence to the two main mitochondrial lineages, one consisting of A, B and E
haplogroups, and the other one of the D haplogroup (Makkonen et al. 2018). The A-haplogroup

contains the RAPD-defined genotype groups A and C, and haplogroups B, D and E are assigned with
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the genotype groups labelled by the same letters. Within the D-haplogroup, three closely related
haplotypes differing in 1-4 of nucleotide positions were documented so far (Makkonen et al. 2018;
Martin-Torrijos et al. 2018).

Moreover, an unusual genotype “Up”, only known from crayfish hosts (Grandjean et al. 2014;
Panteleit et al. 2018), was considered as closely related to the genotype group B based on similarity of
microsatellite loci (Kozubikova-Balcarova et al. 2014; Grandjean et al. 2014), however mtDNA
sequencing linked this genotype to the A haplogroup (Makkonen et al. 2018; Panteleit et al. 2018). This
is also the case of the strain identified in Faxonius rusticus in North America (Panteleit et al. 2019). The
Up genotype was originally identified in A. torrentium mass mortality in Czechia (Grandjean et al.
2014), however it also was identified in chronically infected P. leptodactylus population from Romania
(Panteleit et al. 2018).

Most European crayfish species are highly susceptible to crayfish plague (Alderman et al. 1987) and
after infection by this disease usually die quickly (Unestam 1969). However, several field-based studies
recently documented chronic infections not associated with mass mortalities (reviewed in Svoboda et
al. 2017), or slowly developing crayfish plague outbreaks (Viljamaa-Dirks et al. 2011; Caprioli et al.
2013).

Most early studies confirming chronic infections by molecular detection of A. astaci did not
genotype the pathogen (Svoboda et al. 2012; Kokko et al. 2012; Parvulescu et al. 2012; Schrimpf et al.
2012; Kusar et al. 2013), but later studies did so (Svoboda et al. 2014a; Kokko et al. 2018; Panteleit et
al. 2018; Jussila et al. 2017). A notable exception were the early studies from Finland, where the
performing of RAPD genotyping was possible thanks to isolation of pure cultures of A. astaci strains
(Jussila et al. 2011; Viljamaa-Dirks et al. 2011,2013). The occurrence of chronic infections, in which the
genotype group A was identified, has been documented in some populations of Astacus astacus in
Finland (Jussila et al. 2011; Viljamaa-Dirks et al. 2011,2013) and in Croatia (Maguire et al. 2016),
Austropotamobius pallipes in Italy (Manfrin and Pretto 2014), A. torrentium in Croatia (Maguire et al.
2016) and Slovenia (Jussila et al. 2017) and in some populations of Pontastacus leptodactylus in Croatia
(Maguire et al. 2016) and Turkey (Kokko et al. 2018). Moreover, chronic infections by the genotype
group B have also been reported in some populations of P. leptodactylus in Turkey (Svoboda et al.
2014a; Kokko et al. 2018), Croatia (Maguire et al. 2016), and Romania (Panteleit et al. 2018).

The presence of chronic infection might be a consequence of resistance of the host, reduced
virulence of the pathogen, or both (Jussila et al. 2014). In at least some cases, virulence of the strain
isolated from chronic infection was confirmed experimentally (Mrugata et al. 2016; Jussila et al. 2017)
which may indicate coevolution of A. astaci with its crayfish hosts. This is also supported by other
several experimental studies (Makkonen et al. 2012, 2014; Jussila et al. 2013; Viljamaa-Dirks et al.

2013, 2016; Becking et al. 2015), which revealed reduced virulence of the pathogen as well as
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variability in resistance in some indigenous crayfish populations (Jussila 2011; Makkonen et al. 2012,
2014; Martin-Torrijos et al. 2017).

There are thus several sources from which native European crayfish may become infected by
crayfish plague. The most frequent pathway of infection is through the direct contact with invasive
North American crayfish species, as well as by zoospores long-distance spread downstream from non-
indigenous crayfish or from indigenous crayfish with acute or chronic infection (reviewed in Svoboda
et al. 2017). Further sources of crayfish plague may be infected non-indigenous crayfish intentionally
released from aquaria or escaped from garden ponds (Patoka et al. 2014); even if these individuals are
not established, they may serve as vectors of A. astaci (Patoka et al. 2018). Moreover, in some parts
of the world, other freshwater decapod crustaceans (Schrimpf et al. 2014; Tilmans et al. 2014; Svoboda
et al. 2014a,b; Putra et al. 2018) may serve as a reservoir of crayfish plague.

In Central and Western Europe, there are four recognized native crayfish species, of which two (A.
astacus and A. torrentium) are native to Czechia (Kozak et al. 2014). An additional one (P. leptodactylus)
was introduced in the second half of 19'" century and became a part of Czech fauna (Horka 2006). Now,
this species is considered as naturalised, however there are some speculations that P. leptodactylus
may be native to the southernmost part of the Morava river basin (Jurek and Chytry 2015). . In contrast,
the number of non-indigenous crayfish species occurring In Central and Western Europe is much higher
(Kouba et al. 2014; Weiperth 2017, 2019). The most harmful are rapidly spreading invasive crayfish
species from North America, which threaten native crayfish species by their higher competitive ability
(Lindquist and Huner 1999) as well as by transmission of crayfish plague (Holdich et al.2009).Two of
them have spread in Czechia, i.e. Faxonius limosus, Pacifastacus leniusculus (Petrusek et al. 2006;
Filipova et al. 200643, b). Chronic infections by A. astaci have been widely documented in these two
non-indigenous crayfish species across Czechia (Kozubikova et al. 2009, 2011a); however, no traces of
the pathogen, even at the lowest level, were detected in some populations (Kozubikova et al. 2009,
2011a; data of M. MojzisSova in Hladovec 2017). Moreover, Procambarus virginalis has been
documented in two water bodies of Czechia, without evidence of infection by A. astaci (Patoka et al.
2016).

The first reports about crayfish plague at the territory of Czechia are from the late 19" century
(Kozubikova et al. 2006). After decades of low interest in this topic (and insufficient diagnostic tools
throughout the 20" century), the other confirmed cases of the crayfish plague outbreaks are known
since 2004 (Kozubikova et al. 2006). Altogether, 11 crayfish plague outbreaks were thoroughly
documented between 2004 and 2014 in Czechia (Kozubikova et al. 2008, Kozubikova-Balcarova et al.
2014), with confirmed genotype groups A, B, E and the genotype Up (Grandjean et al. 2014) (Fig. 1).

The aim of this study is to provide up-to-date information on crayfish plague outbreaks in Czechia

and elucidate which genotype strains are responsible for the most recent outbreaks by using available
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molecular techniques including microsatellite and mtDNA markers. In addition, we examined healthy-
looking Astacus astacus and Austropotamobius torrentium populations for potential occurrence of
chronic infections caused by the crayfish plague pathogen. Their occurrence in native crayfish
populations has been already documented from several European countries (reviewed in Svoboda et
al. 2017) and moreover, in Croatia such phenomenon seems to be common (Maguire et al. 2016). Thus,
we hypothesized that chronic infections caused by A. astaci might occur in some native crayfish
populations in Czechia (and serve as source of at least the genotype group A). This was already

speculated about by Kozubikova-Balcarova et al. (2014) but no data from Czechia are available.

2. Materials and methods
2. 1. Crayfish samples

Specimens of native European crayfish species, the noble crayfish Astacus astacus and the stone
crayfish Austropotamobius torrentium, were obtained from 10 Czech localities where crayfish
mortalities were reported (Table 1, Fig. 1). One of these mortalities, which affected syntopic
populations of A. astacus and A. torrentium in three connected brooks (Kublovsky, Stroupinsky and
Bzovsky), was considered in our study as a single locality. The collection of whole bodies of freshly dead
individuals was performed manually by relevant nature conservation authorities and obtained
specimens were stored in bottles with 96 % ethanol. In some cases, the specimens were placed into
separate plastic bags and cooled on ice in transport box, and subsequently stored in the freezer at -
80 °C until further manipulation.

Four to ten individuals were processed from eight A. astacus populations and from three A.
torrentium populations (Table 1). The number of tested individuals per population varied depending
on the infection status; when crayfish plague was confirmed, no more samples were analysed. The soft
abdominal cuticle, soft parts of joints and melanized spots, if present, were dissected, to increase
probability of successful detection of the crayfish plague pathogen (Oidtmann et al. 2006). Dissected
tissue was placed into 1.5 ml Eppendorf tubes and stored in 96% ethanol until further processing.

In addition, together with co-workers with appropriate permission, tissues from 175 healthy-
looking individuals from 15 native crayfish populations (10 populations of Astacus astacus and 5
populations of Austropotamobius torrentium) were sampled from manually caught specimens (Table
2, Fig. 1). Out of these, three populations of A. astacus and one population of A. torrentium were

sampled on localities with documented previous crayfish plague episodes, and three populations of A.
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Table 1. Summary of crayfish plague outbreaks and other crayfish mortalities documented in Czechia
in 2016-2018. All crayfish plague outbreaks were successfully genotyped at microsatellite loci
(Grandjean et al. 2014). Sequences of A. astaci mtDNA markers (Makkonen et al. 2018) were obtained
for all but one outbreak (Ostrovsky brook), from which no DNA isolates were available for mtDNA
sequencing. DNA isolates with the highest agent levels were used for the genotyping. N/A: not

available
Speci Ad . c'at“tyt' G hical N Agent N MIDNA
pecies ( mln!s rative Watershed eogr?p ca Year analy- gen geno- SSR haplo-
region) coordinates level
sed typed type
Crayfish plague outbreaks
Ostrovsky brook , 49.7658°N,
. - 2 R-A1 N/A
A. astacus (Central Bohemia) Sézava 15.2082°F 2016 4 A3-A5 SS /
Husinec dam 49.0364°N
. i ! - 2 SSR-A1
A. astacus (South Bohemia) Blanice 13.9834°F 2018 9 A3-A7 a
A. astacus Klensky brook Vitava 48.7813°N, 2018 10 A3-A6 2 SSR-UP  a
: (South Bohemia) 14.6199°E
river .
A. astacus Roznovska Becva Morava 494570 ON’ 2018 5 A4-Ab 3 SSR-D d2
. 18.1340°E
(Zlin)
A. astacus Stl;(;lcj)slsrlls'ky, 49.8967°N, d 3
’ . ¥ v, Berounka 13.8900°E 2018 A4-A7 SSR-D dl
A. torrentium Kublovsky brooks 9 3
(Central Bohemia)
. Radotinsky brook 49.9985°N, 2017
A. torrentium (Central Bohemia) Berounka 14.3181°E 4 A4-A7 2 SSR-E e
Other crayfish mortalities
Pelechovsky pond 49.9926°N,
A. astacus (Pardubice) Elbe 15.5512°F 2018 4 AO
A. astacus Javornicky brook Elbe 50.1697°N, 2018 9 A0
: (Hradec Krélové) 16.3028°E
River Moravice 49.8544°N,
A. astacus (Moravia-Silesia) Oder 17.8495°E 2018 4 AD
. river Bradava 49.6176°N, 2016 10
A. torrentium (Plzefi) Berounka 13.5749°F 2017 4 AO
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astacus and two populations of A. torrentium were sampled in the brooks near known historical
outbreaks, one sampled population of A. astacus was syntopic with Pacifastacus leniusculus, and two
were in brooks close to P. leniusculus populations. To minimize negative effect of sampling on
specimens of protected species, only one pereopod and one uropod were always taken from living
crayfish, which were then released back to the locality. The tissues were placed into small vials and

fixed by 96% ethanol.

. SSR-A SSR-B SSR-E . SSR-D SSR-Up Not tested Other crayfish mass mortalities : Populations tested for chronic infections

O Astacus astcaus

D Austropotamobius torrentium

{j Both spp.

Germany

Germany

Slovakia

Austria

Fig. 1 Distribution of crayfish plague outbreaks affecting Astacus astacus and Austropotamobius
torrentium populations in Czechia, documented between 2004 and 2018, and location of crayfish
populations tested for chronic infections. Crayfish species are indicated by symbol shape (circles
vs. rectangles), A. astaci genotypes (as defined by microsatellite markers) detected in outbreaks by
different colours. Newly reported crayfish plague outbreaks from 2016 to 2018 have bright-
coloured symbols, older outbreaks from 2004 to 2014, reported in Kozubikova et al. (2008) and
Kozubikova-Balcarova et al. (2014) are in paler shades of the same colours. Small striped symbols
indicate other mass mortalities of both indigenous crayfish species from 2016 to 2018 and small
black symbols indicate populations of both indigenous crayfish species sampled from 2013 to 2017
for testing for occurrence of A. astaci chronic infections.
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Table 2. Summary of the sampling sites and indigenous crayfish individuals tested for potential
occurrence of chronic infections in Czechia from 2013 to 2017. No analysed individual was A. astaci-
positive. Localities with documented previous crayfish plague outbreaks are marked with an
asterisk. N: the number of analysed crayfish individuals

Locality (Administrative region) Watershed Geographical coordinates Year n

Astacus astacus

Zebrakovsky brook (Vysocina) * Séazava 49.6939°N, 15.3848°E 2013 10
Losinsky brook (Central Bohemia) Sazava 49.8271°N, 15.0882°E 2013 11

2013 21
brook PSovka (Central Bohemia) * Elbe 50.4130°N, 14.5768°E

2015 9
brook K¥ivec (Moravia-Silesia) * Oder 49.6816°N, 18.6653°E 2013 10
Ohrazenicky brook (Central Bohemia) Berounka 49.7887°N, 13.9627°E 2015 33
Cerveny brook (Central Bohemia) Berounka 49.7883°N, 13.8820°E 2015 5
Balinka brook (Vysocina) Morava 49.3459°N, 15.9426°E 2017 4
Z4atoky brook (Vysocina) Morava 49.4273°N, 15.9743°E 2017 4
river Oslava (Vysocina) Morava 49.4207°N, 15.9858°E 2017 3

Austropotamobius torrentium

Upofsky brook (Central Bohemia) * Berounka 49.9667°N, 13.8596°E 2013 8
Bzovsky brook (Central Bohemia) Berounka 49.8967°N, 13.8830°E 2015 24
Presinsky brook (Plzer) Berounka 49.5621°N, 13.6131°E 2015 3
Hunikovsky brook (Usti and Labem) Elbe 50.7775°N, 14.4212°F 2015 7

Syntopic population of A. torrentium and A. astacus

22
Kublovsky brook (Central Bohemia) Berounka 49.9053°N, 13.8987°E 2015

2. 2. Molecular detection of Aphanomyces astaci
2. 2. 1. Extraction of DNA

The DNA extraction followed established protocols, as described in Oidtmann et al. (2006) and
Kozubikova et al. (2008). In short, the obtained tissue was ground in liquid nitrogen and subsequently,
DNA extraction was performed with the DNeasy tissue kit (QIAGEN) from up to 50 mg of homogenised

mixture according to manufacturer’s protocol.
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In every DNA isolation batch, two negative controls, consisting of Eppendorf tubes containing 50 pl
of sterile deionized water, were included to check for possible contamination during the isolation
process. An “environmental control” was kept opened during the grinding step, a “DNA extraction

I”

control” was kept closed. In the subsequent extraction using the DNeasy tissue kit, the negative
controls were treated like DNA samples. In all cases, no traces of A. astaci DNA was detected in these

controls.

2. 2. 2. Quantitative real-time PCR

TagMan Minor Groove Binder (MGB), quantitative PCR (qPCR) assay according to Vralstad et al.
(2009) with minor modifications was used for detection of A. astaci DNA on the Bio-Rad iCycler iQ5
thermal cycler. The PCR reactions were carried out in 25 pl volumes, consisting of 20 ul of reaction mix
and 5 pl of DNA isolate. The mix contained 1.5 ul of sterile Milli-Q water, 2.5 ul (5uM) of A. astaci-
specific primers (AphAstITS-39F and AphAstITS-97R), 1 ul (5uM) of MGB fluorescent probe
(AphaAstITS-60P, FAM; Applied Biosystems) and 12.5 ul of Tag Man environmental Master Mix 2.0
(Applied Biosystems). The PCR program consisted of 2 min at 50 °C, 10 min at 95 °C, and 50 cycles of
155 at95°C, 30s at 62 °C(Svoboda et al. 2014a). Each run contained additional “no template” control,
consisting solely of 20 ul of the reaction mix, to reveal possible false positive results due to reagent
contamination.

Four calibrants (standards of A. astaci DNA of known concentration) were used for quantification
of pathogen DNA in PCR-forming units (PFU) in the reaction (according to Vralstad et al. 2009). Results
were evaluated using iQ5 Optical System Software (version 2.0, Bio-Rad).

As inhibition of PCR reaction may influence the results, apart from the use of Tag Man
Environmental Master Mix 2.0 that was reported to minimize inhibition (Strand et al. 2011), selected
DNA isolates were tested twice, undiluted and 10-fold diluted (Vralstad et al. 2009, Kozubikova et al.
2011b, Svoboda et al. 2014a). These included all isolates from crayfish mortalities, and ca 25% of DNA
isolates from healthy-looking individuals, selected randomly in every PCR batch. The eventual
inhibition of PCR reaction would be revealed when comparing the cycle threshold (Ct) values between
the undiluted and corresponding 10-fold diluted isolates; theoretical Ct value difference is 3.32, but
variation of up to 15 % was considered acceptable (as in Kozubikova et al. 2011b). No inhibition was
observed in any samples for which dilutions were performed.

If the PFU value from diluted DNA isolate was below 50 (the limit of quantification), the final PFU
value was taken from undiluted isolate only. If the PFU values from the dilution exceeded 50, the final
PFU value was calculated as a mean of the value from undiluted and ten times multiplied value of

diluted isolate (Kozubikova et al. 2011b). Based on the PFU values, each sample was assigned to semi-
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quantitative agent levels (Vralstad et al. 2009, Kozubikova et al. 2011b), ranging from A0 (no pathogen
DNA detected) to A7 (exceptional high levels of pathogen DNA in the sample) (Table 3). Samples with

agent levels A2 or higher were considered A. astaci-positive.

2. 3. Microsatellite genotyping of A. astaci

Nine microsatellite markers were used to determine A. astaci genotype groups involved in the
crayfish plague outbreaks as described in Grandjean et al. (2014). A minimum level of A. astaci DNA in
the isolate corresponding to ca 900 - 1000 PFU (level A3 - A4) is required to successfully amplify
individual loci (Grandjean et al. 2014). All samples from outbreaks exceeded this threshold. As the
result from marker multiplexing were not consistent, the amplification was done separately for each
locus.

Each reaction consisted of 1 ul of DNA isolate, 0.5 pul of both reverse and forward primers (10 uM;
one of the labelled by fluorescent dye) for each locus (Aast2, Aast4, Aast6, Aast7, Aast9, Aastl0,
Aast12, Aast13, Aast14), 5 ul of QIAGEN multiplex master mix (part of the QIAGEN Multiplex PCR Kit),
1 pl of QIAGEN's Q-solution and 2 pul of RNase-free water to reach the final volume 10 pl in 0.2 ml tube.
The PCR program consisted of 15 min at 95 °C, 40 cycles of 30 s at 95 °C, 90 s at 54 °C, 60 s at 72°C, and
final step of 10 min at 72 °C (Grandjean et al. 2014). The amplification success was checked by agarose
electrophoresis. Each PCR product (0.5 pl) was mixed with 9.25 pl of formamide and 0.25 pl of standard
(The GeneScan™ 500 LIZ® Size Standard) and denatured by heating to 95 °C for 2 min, and sent for
fragment analysis to the DNA Sequencing Laboratory of the Faculty of Science, Charles University. The
allele sizes at each locus were scored using the GeneMarker software (version 1.95, SoftGenetics LLC)

and compared with multilocus genotypes of A. astaci reference strains (Table 3).

2. 4. Sequencing of A. astaci mtDNA

Fragments of two mitochondrial genes for ribosomal rnnS and rnnL subunits (512 bp and 435 bp,
respectively) were amplified and sequenced to verify results from the microsatellite genotyping for
samples from all but one confirmed outbreak (the exception being Ostrovsky brook), and to obtain
better insight into variability of A. astaci strains that caused the outbreaks. The protocol followed in
general Makkonen et al. (2018). The PCR reactions were carried out in 25 pl volumes containing 12.5
ul of PCR-grade water, 2.5 pl (2 mM) of dNTPs, 2.5 pl of PCR buffer, 2 ul (25 mM) of MgCls, 1.25 ul (10
uM) for each primer (AphSSUF, AphSSUR or AphLSUF, AphLSUR), 1 ul (1 U) of Taq polymerase and 2
ul of DNA template. A positive control (DNA isolate from the pure culture of the strain Ps1, genotype
group B) and a negative control (blank reaction without a template) were included in each run. The

PCR reaction was conducted on the Bio-Rad iCycler iQ5 thermal cycler with the following cycle settings:
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3 min at 95 °C, 35 cycles of 30 s at 95 °C, 45 s at 59 °C, 30 s at 72 °C, and final step of 10 min at 72 °C.
The amplification success was checked by agarose electrophoresis, and the amplified PCR products
were purified by ethanol precipitation and sent for Sanger sequencing at the service laboratory. The
chromatograms were inspected in Chromas v. 2.6.5 (Technelysium Pty Ltd) and the sequences were
analysed with the program Mega X (Kumar et al. 2018) and compared with those of known A. astaci

haplotypes in the NCBI GenBank database.

Table 3. Results of the microsatellite genotyping of A. astaci-positive DNA isolates from crayfish plague
outbreaks of A. astacus and A. torrentium documented in Czechia between 2016 and 2018. For
comparison of allele sizes, all reference strains from Grandjean et al. (2014) are provided. N/A: the
amplification of loci was unsuccessful

Localit
Genotype . oce} '_ v/ SSR locus (bp)
. Host species Origin
(reference strain)
Aast Aast Aast Aast Aast Aast Aast Aast Aast
2 4 6 7 9 10 12 13 14
Crayfish plague outbreaks in Czechia
K
SSR-A A. astacus Ostrovsky 160 103 157 207 180 142 - 194 246
brook, 2016
Husinec dam,
SSR-A A. astacus 2018 160 103 157 207 180 142 - 194 246
river
SSR-D A. astacus RoZnovska N/A 131 148 203 180 142 234 N/A 250
Becdva 2018
Kublovsky,
A. insky
SSR-D astacus stoupinsky, 0131 148 203 180 142 234 194 250
A. torrentium Bzovsky
brooks, 2018
. Radotinsky 87/ 148/ 168/ 132/ 194/

R-E A. 1 207 24 24

55 torrentium brook, 2017 >0 89 157 0 182 142 0 202 8
Klensky 142/ 205/ 133/

R- A. 7 14, 164 22 202 24
SSR-Up astacus brook, 2018 150  ° 8 o5 1 g3 6 20 8
Reference genotypes of A. astaci
SSR-A (VI03557) A. astacus Sweden, 1962 160 103 157 207 180 142 - 194 246

164, 226
SSR-B (VI03555) P. leniusculus USA, 1970 142 87 148 215 182/ 132 240/ 202 248
) 164/

SSR-C (VI03558) P. leniusculus Sweden, 1978 154 87 148 191 168 132 226 202 248
SSR-D (VI03556) P. clarkii Spain, 1992 138 131 148 203 180 142 234 194 250
) . . 87/ 148/ 168/ 132/ 194/

SSR-E (Evira4805 F.l Czechia, 2010 150 207 240 248

(Evira ) imosus zechia, 89 157 182 142 202
. . 142/ 205/
SSR-Up A. torrentium Czechia, 2005 150 87 148 215 164 142 226 202 248
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3. Results

Overall, six out of the ten tested mortalities were confirmed as crayfish plague outbreaks. One was
recorded in 2016 in A. astacus, one in 2017 in A. torrentium, and four in 2018, in four populations of
A. astacus and in one population of A. torrentium (Table 1). The case of confirmed crayfish plague
episode affecting syntopic A. astacus and A. torrentium populations was considered in our study as a
one outbreak consisting of three connected brooks. Each tested individual from these confirmed
outbreaks was A. astaci-positive (agent levels A3 - A7). The pathogen wasn’t detected in any tested
crayfish (four to ten individuals per site) from three mortalities of A. astacus and one population of A.
torrentium; these were considered to have been caused by other reasons than crayfish plague
outbreak.

The microsatellite genotyping and mtDNA sequencing of A. astaci strains involved in crayfish
mortalities was successful for all outbreaks. Three RAPD-defined genotype groups of A. astaci (A, E and
D) and one more distinct genotype known now yet isolated axenic cultures (Up) were identified (Table
1).

The genotype group A (with allele sizes of the microsatellite markers matching to reference strain
VI03557) was identified in two crayfish plague outbreaks, both involving A. astacus. The first occurred
in the Ostrovsky brook (Central Bohemia) in May 2016, the second in the Husinec dam (South Bohemia)
in July 2018. Sequences of the mtDNA markers (rnnS and rnnL) from the Husinec dam were identical
to the A-haplogroup (Makkonen et al. 2018); DNA isolates from the Ostrovsky brook were unavailable
for mtDNA sequencing.

The genotype group E was detected in the A. torrentium mortality in the Radotinsky brook (Central
Bohemia) in September 2017. The alleles at the microsatellite markers were identical with the
reference strain of A. astaci group E (Grandjean et al. 2014), and rnnS and rnnL sequences
corresponded to the E-haplogroup (Makkonen et al. 2018).

The genotype group D was confirmed in two independent crayfish plague outbreaks from 2018.
The first affected the population of A. astacus in the river Roznovska Becva (Zlin region) in May 2018.
The microsatellite genotyping was successful for seven out of nine loci and matched the reference
strain of the genotype group D. Amplification of two loci, Aast2 and Aast13, failed several times. The
mtDNA sequencing identified the haplotype d1 of the haplogroup D. The second crayfish plague
outbreak caused by the genotype group D occurred in Kublovsky, Stroupinsky and Bzovsky brooks
(Central Bohemia) in July 2018 and affected both A. astacus and A. torrentium. The allele pattern was
identical to the genotype group D in eight out of nine loci; amplification was unsuccessful at the locus

Aast2. The mtDNA sequence analysis revealed the presence of the haplotype d2 of the haplogroup D.
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A distinct A. astaci strain was identified in A. astacus mass mortality in the Klensky brook (South
Bohemia) in August 2018. The allele motif was identical in all but one microsatellite marker to the SSR-
Up genotype identified in A. torrentium mass mortality in 2005 in the Upofsky brook, Czechia, as
reported by Grandjean et al. (2014), with one exception of the locus Aast10. The isolates from the
Klensky brook were consistently scored as heterozygous (with allele sizes of 133 and 139 bp), while
SSR-Up was reported as homozygous by Grandjean et al. (2014) but as heterozygous by Panteleit et al.
(2018). The respective rnnS and rnnlL sequences matched the A-haplogroup.

In contrast, 64 tested healthy-looking individuals from five A. torrentium populations and 110
individuals from ten A. astacus populations were negative for the presence of crayfish plague pathogen
(all but one with agent level AO). The exception was one A. astacus individual from the Balinka brook
(Vysocina region, 2017), in which an agent level Al was detected once, but not when the analysis was

repeated again.

4. Discussion

Numerous crayfish mortalities occurred from 2016 to 2018 in Czechia. In our study, we documented
that at least six out of these were crayfish plague outbreaks, four of which were reported in 2018
(Table 1, Fig. 1). The number of confirmed crayfish plague outbreaks in the country seems slightly
higher than in the past (Kozubikova-Balcarova et al. 2014), that might be caused by higher community
awareness, higher research intensity, or both (Kozubikova et al. 2008; Diéguez-Uribeondo 2009).
However, the number of documented cases likely do not reflect the actual status in the country
(Diéguez-Uribeondo 2009), and probably many additional crayfish plague outbreaks remain still
unrecorded (Kozubikova at el. 2008). Despite of that, there might indeed be an actual increasing trend
of crayfish plague outbreaks in Czechia. Such growing trend might be explained by increased spread of
infected non-indigenous crayfish across the watercourses, also warmer and drier summer than in

previous years might played a role (https://www.intersucho.cz/cz/; Masante et al. 2018). Especially,

the drought in association with lower water levels may lead to higher organic load and oxygen deficits,
which stress crayfish and increases the risk of infection. The possible contribution of stress is supported
by other four documented mortalities in 2018, in which we did not detect A. astaci presence (Table 1).
However, other crayfish pathogens may also cause mass mortalities, as recently documented on a viral
disease (Grandjean et al. 2019). To identify the causes of crayfish mass mortalities, not caused by
crayfish plague, further examination should be considered.

Both the analysis of nuclear microsatellite loci (Grandjean et al. 2014) and sequencing of the
recently developed mtDNA markers (Makkonen et al. 2018) provided the first evidence of the presence
of the A. astaci genotype group D in Czechia. Moreover, different haplotypes of the D-haplogroup (d1

and d2) were revealed in two distant crayfish populations in 2018 (Fig. 1). The typical vector of this
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genotype group is Procambarus clarkii (Diéguez-Uribeondo et al. 1995; Makkonen et al. 2018),
however it was also documented in Procambarus virginalis and P. alleni from aquarium pet trade
(Keller et al. 2014; Mrugata et al. 2015), which probably acquired infection from P. clarkii. The
occurrence of the A. astaci genotype group D in Czechia might be explained by the transmission of A.
astaci from released infected individuals of these or other cambarid species kept in hobby aquaria or
sold via ornamental trade (Mrugata et al. 2015), or from ornamental crayfish released to garden ponds
(Patoka et al. 2015).

These non-indigenous species might have been escaped captivity accidentally. However after the
European Union Regulation No. 1143/2014 banning of 37 Invasive Alien Species has become valid at
the beginning of 2015, in some cases the regulation might have led to intentional releasing of banned
pets to the wild, due to improperly awareness of hobby keepers about risks caused by non-indigenous
species (Patoka et al. 2018). Potential higher number of released non-indigenous crayfish could
increase the likelihood of crayfish plague transmission into open waters (Peay 2009; Chucholl 2013).
This scenario is supported by two documented P. virginalis populations established in Czechia,
although the A. astaci presence in these was not confirmed (Patoka et al. 2016). However, several
established populations of P. clarkii and P. virginalis have already been documented in Germany
(Kouba et al. 2014), and one of A. torrentium mass mortalities in that country was caused by the
haplotype d1 of the genotype group D (Makkonen et al. 2018).

Another possible source of infection caused by this genotype group might be spread of A. astaci
from Germany or other neighbouring country by host jumping through the country watercourses. It is
more likely that the genotype group D has spread from Germany than from other neighbouring
countries, however this option should also be taken into account, as these cambarid crayfish have
already been established in Slovakia, Austria and Hungary (Kouba et al. 2014; Liptak et al. 2017; Gal et
al. 2018).

Other RAPD-defined genotype groups from distinct Czech sites were documented too (A and E), as
in the previous years. Moreover, the Up-genotype known from the 2005 outbreak in the Upofisky brook
(Kozubikova-Balcarova et al. 2014) was re-identified after 13 years in a different locality (Table 3).

A. astaci from the genotype group A was detected in two mortalities of A. astacus in 2016 and 2018.
Strains identified in this study had the same microsatellite profile as strains already documented in
crayfish plague outbreaks from 2004 to 2009 (Grandjean et al. 2014). In both cases, the source of the
crayfish plague pathogen remains unknown. The ability of a strain of the genotype group A to infect P.
leniusculus was documented (Aydin et al. 2014) but its presence in any population of American crayfish
was not. Nonetheless, in neither of these crayfish plague outbreaks the presence of non-indigenous
crayfish species was documented. The nearest known well-established populations of American

crayfish species have been recorded ca 25 km from the Husinec dam (2018 outbreak) and 72 km from
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the Ostrovsky brook (2016) (https://heis.vuv.cz/projekty/raci2017/). Thus, A. astaci does not seem to
have been transmitted directly from such hosts. Even so, their presence cannot be excluded in some
brooks, their small tributaries, or ponds. For some sites of older recorded crayfish plague outbreaks in
the country, the presence of American crayfish has been documented much later (Kozubikova-
Balcarova et al. 2014).

Another possible pathogen source for these crayfish plague outbreaks might be long-distance
spread from other indigenous crayfish with chronic infection of A. astaci (although we did not
document any such case in our study). Involvement of human activities, as transmissions of live hosts
or spread of spores by, e.g., wet fishing equipment, should also be considered (reviewed in Svoboda
et al. 2017). Our findings are consistent with those of Kozubikova-Balcarova et al. (2014); the RAPD-
defined genotype group A, although considered less virulent than other groups (Makkonen et al. 2012,
2014), still causes crayfish mass mortalities and threatens indigenous crayfish in Czechia, as other
documented genotype groups.

The RAPD-defined genotype group E was involved in A. torrentium outbreak in the Radotinsky brook
(2017) (Fig. 1), as confirmed both by microsatellites mtDNA sequences corresponding to the E-
haplogroup. This RAPD-defined genotype group is linked to Faxonius limosus (Kozubikova et al. 2011a).
Presumably, the original vector of infection in this locality might have been F. limosus, as their nearest
well-established populations are closer than 10 km (https://heis.vuv.cz/projekty/raci2017/). This is
also supported by the fact that other crayfish plague outbreaks in Czechia caused by this genotype
group were documented relatively close to F. limosus populations (Kozubikova et al. 2011a;
Kozubikova-Balcarova et al. 2014).

An unusual A. astaci genotype variant, labelled SSR-Up, was identified in crayfish plague outbreak
affecting A. astacus in the Klensky brook (2018) (Table 1, Fig. 1). This variant has been documented in
Czechia just once, in A. torrentium mass mortality in the Upofsky brook 13 years before (Grandjean et
al. 2014). The allele motif identified in our study was identical to those from the Upoisky brook, with
an exception of the locus Aast10 (Table 3). The locus Aast10 in the original mass mortality from the
Upofsky brook was reported as a homozygote at 142 bp by Grandjean et al. (2014), whereas in our
study it was constantly scored as heterozygote with allele sizes of 133 and 139 bp. Similarly, Panteleit
et al. (2018) also reported heterozygosity at that locus, the only difference being slight base pair shift
(135 bp and 141 bp). The observed differences in SSR-Up may be a consequence of scoring alleles in
different laboratories, as in both studies the original DNA isolate from the Upoisky brook was available
but results from its genotyping slightly differed (Grandjean et al. 2014; Panteleit et al. 2018). To
confirm this, a further genotyping of the original material from the Upofisky brook in our laboratory is
needed. The mtDNA markers from the Upofsky brook as well as from the Klensky brook matched the

A-haplogroup (Makkonen et al. 2018).

32



As the microsatellite genotyping linked this strain as closely related to the RAPD-defined genotype
group B, it was originally hypothesised that the possible source of the infection might have been P.
leniusculus (Kozubikova-Balcarova et al. 2014; Grandjean et al. 2014). In our study, the nearest well-
established P. leniusculus populations are 30 km away from the Klensky brook, at the borders with
Austria. Thus, P. leniusculus cannot be excluded as a potential source of infection. Moreover, in one of
them, the river MalSe, heavy infection by A. astaci were documented (M. MojZiSova, unpublished
data). However, results from genotyping of the pathogen are not available yet; thus, as a future step,
genotyping of A. astaci from this population should be considered.

However, considering the fact, that the Upofsky brook is situated ca 170 km far from Klensky brook,
and no population of P. leniusculus has been documented between these two locations, it seems likely
that this strain was spread from other sources. Human activities might have been involved, as
suggested for the Upoisky brook (Kozubikova-Balcarova et al. 2014), or the pathogen could have been
transmitted from other crayfish species. The genotype Up has been identified in chronically infected
Pontastacus leptodactylus population in the Danube Delta (Panteleit et al. 2018), thus it is not
impossible that this species is the vector of this pathogen strain in Czechia. P. leptodactylus seems to
be to some extent resistant against A. astaci, as supported by several studies documenting chronic
infections caused by A. astaci genotype group A and B in this species (Maguire et al. 2016; Svoboda et
al. 2014a; Kokko et al. 2018; Caprioli et al. 2018; Panteleit et al. 2018). Such chronically infected species
may serve as reservoirs or vectors of crayfish plague. However, although the chronic infections have
also been documented in A. astacus and A. torrentium (reviewed in Svoboda et al. 2017) and their
occurrence seems relatively common for example in Croatia (Maguire et al. 2016), in our study the
presence of chronic infections was observed in neither native species.

When testing for chronic infections in native crayfish species, we have examined only selected
populations of A. torrentium and A. astacus. Only limited number of native crayfish individuals per
populations was tested for A. astaci presence, and just one pereopod and one uropod were taken from
each, as these species are protected. This may reduce likelihood of detecting the infection. However,
the same parts and amount of the crayfish tissue from P. leptodactylus were enough to reveal the
presence of chronic infection by A. astaci in Romania (Schrimpf et al. 2012), as well as to genotype the
causative strain (Panteleit et al. 2018). Considering also the lack of any pathogen detection in some
crayfish mortalities apparently caused by other reason than crayfish plague, it seems that chronic
infection by A. astaci are not a frequent phenomenon in Czechia. It should be noted that in the case of
one healthy-looking A. astacus individual from the Balinka stream, we detected the agent level Al once
(but not when the test with the same isolate was repeated); nevertheless the agent level Al is not
considered as a reliable proof of infection (Vralstad et al. 2009). Upstream in the same river basin,

however, there is an established population of P. leniusculus; we did not detect any trace of A. astaci
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infection there (data of M. MojZiSova in Hladovec 2017), but low-level infections of this American
species elsewhere in this region has been documented (Kozubikova et al. 2011b).

Based on performed analyses, we cannot exclude the occurrence of chronic infections by A. astaci
in Czechia. Further examination of this phenomenon, particularly in P. leptodactylus populations, is
demanded, due to their possible carrier status of infection. In this species, chronic infection were
documented in different parts of Eastern Europe (Parvulescu et al. 2012; Schrimpf et al. 2012; Panteleit
et al. 2018), Turkey (Svoboda et al. 2012, 2014; Kokko et al. 2012, 2018), and moreover, infected P.
leptodactylus also were documented from imports from Armenian to Czechia (Becking et al. 2015) and
Italy (Caprioli et al. 2018).

In summary, in our study we documented six crayfish plague outbreaks, which probably represent
just the “tip of the iceberg”, and many crayfish plague outbreaks remains undetected (Kozubikova et
al. 2008). We provide the first evidence of the genotype group D involved in mass mortalities of A.
astacus and A. torrentium in Czechia. The mtDNA sequence analysis revealed the involvement of d1
and d2 haplotypes of D-haplogroup, which indicates two independent sources of this haplogroup in
Czechia. Finding of the genotype groups A and E in A. torrentium and A. astacus was somehow
expected, as these genotype groups had been documented in several crayfish mass mortalities in
Czechia previously (Kozubikova-Balcarova et al. 2014). After more than a decade, the Up genotype was
identified in A. astacus mass mortality, and we highlight the possibility that P. leptodactylus might be
its vector. In most of these documented crayfish plague outbreaks, except the one caused by the
genotype E of A. astaci, the original source of infection remains unclear, as no non-indigenous crayfish
were observed in immediate vicinity of crayfish mass mortalities. Further, our study for the first time
inspected the possible presence of chronic infections by A. astaci in native crayfish in Czechia. Although
this phenomenon was not observed, its potential occurrence cannot be excluded and further
examination of the additional candidate species, P. leptodactylus, should be performed.

Our findings confirm that the number of documented crayfish plague outbreaks in Czechia is
increasing rather than decreasing, and apparently is at present a greater problem in conservation of
native crayfish than for example water pollution. Screening for A. astaci and non-indigenous crayfish
should become a part of conservation strategy for indigenous crayfish and the application of eDNA
approach (Wittwer et al. 2018; Strand et al. 2019), should be considered, as it seems highly effective

for this purpose.
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