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Abstrakt

Biologické invaze koryst ptedstavuji vaznou hrozbu pro piivodni druhy v Evropé. Ve své
dizertacni praci jsem se zaméfila na neptivodni sladkovodni raky introdukované do Evropy, a jejich
parazita Aphanomyces astaci, puvodce racitho moru. Ma prace zahrnuje Ctyfi publikované prvoautorské
¢lanky (kapitoly L, I, IV a V), dva prvoautorské rukopisy (kapitoly III a VI) a jeden clanek, jehoz
jsem spoluautorkou (kapitola VII).

Prvni cast (kapitoly I-V) je zaméfena na genetickou variabilitu severoamerickych rakl
introdukovanych do Evropy. Ukazali jsme, ze geneticka variabilita dvou rakd, kteti jsou oba uspéSnymi
invaznimi druhy v Evropé, se vyrazné¢ 1isi a odrazi jejich odlisny zptisob kolonizace kontinentu. Rak
pruhovany, Orconectes limosus, byl pravdépodobné do Evropy introdukovéan jen jednou, kdy bylo
dovezeno 90 jedincid. Variabilita na Grovni mitochondridlni DNA je u raka pruhovaného v Evropé
mnohem niz$i nez v Severni Americe (kapitola I), ackoli urcitd mira variability byla zaznamenana na
jadernych markerech v jeho stfedoevropskych populacich (kapitola II). Opa¢nym piikladem je rak
signalni, Pacifastacus leniusculus, ktery byl do Evropy introdukovan vicekrat, mnoha jedinci. Jeho
geneticky vysoce diverzifikované evropské populace patii jedinému poddruhu P. /. leniusculus (kapitola
III). Ten je jednim ze tii poddruhl, které¢ jsou zndmé ze severni Ameriky. Objev novych linii
mitochondridlni DNA v severni Americe ovSem ukazuje, Ze rozdéleni téchto poddruhti by mélo byt
pfezkoumano a bude proto vhodné déle studovat raka signalniho v jeho americkém areélu.

Kapitola V ukazuje, Ze pro piesné urCeni nové objevenych neptiivodnich druhti raki v Evropé¢ je
vhodnéd metoda genetického ,,carového kodu (DNA barcoding). Ovétili jsme identifikaci (ur¢enou na
zéakladé morfologie) u nékterych z téchto invaznich rakti (Orconectes juvenilis, druhovy komplex raka
0. virilis, dale Procambarus fallax, a komplex P. acutus/zonangulus). U studovanych jedincii komplexu
kryptickych druhlt raka Orconectes virilis (kapitola IV), u raka O. immunis a u komplexu
P acutus/zonangulus jsme nalezli prekvapive vysokou miru genetické variability. Porovnani variability
nepuvodnich rakid v Evrop€ s daty ze severni Ameriky nam tedy miZe pomoci odhalit dulezité
informace o celkové variabilité v rdmci téchto taxond.

Kapitoly VI a VII jsou vénovany detekci raciho moru u neptivodnich raka v Evropé. Pivodce
onemocnéni, oomycet Aphanomyces astaci, se poprvé objevil v Evropé v roce 1859 a zpiisobil masovy
ubytek populaci ptivodnich druht rakid. Severoamericti raci pfitomni v Evropé mohou tento patogen
pfendSet a nakazit jim pivodni evropské druhy; stale tak zplsobuji thyny téchto citlivych populaci.
Informace o promofenosti populaci invaznich druhti ra¢im morem jsou proto nezbytné, abychom zjistili,
jaké nebezpeci tyto populace predstavuji pro piivodni raky. Kapitola VI piinasi udaje o promotenosti
francouzskych populaci raka signdlniho P. leniusculus racim morem, které byly ziskadny kvantitativni
metodou TagMan MGB real-time PCR. Potvrdili jsme, ze tento druh je ve Francii pfenasecem raciho
moru a doufdme, ze naSe data ptisp€ji k ucinné ochrané ptivodniho raka bélonohého, Austropotamobius
pallipes, v této zemi. V kapitole VII jsme pouzili stejnou metodu detekce A. astaci, abychom otestovali
vzorky invaznich rakd ze stfedni Evropy, které byly dfive zpracovany jinou molekularni metodou.
Vysoka citlivost real-time PCR nam umoZnila odhalit dal§i nakaZené jedince, u kterych nebyla nakaza
diive prokazana. Potvrdili jsme tak, Ze tato metoda je velmi vhodna pro detekci pivodce raciho moru,
piestoze je vhodné pouzit kombinaci vice molekularnich metod.



Abstract (in English)

Biological invasions by crustaceans represent a serious threat for native species in Europe. In my
thesis I focus on non-indigenous freshwater crayfish introduced to Europe and their parasite
Aphanomyces astaci, the pathogen of the crayfish plague. The thesis consists of four already published
first-author papers (chapters I, I, IV and V), two first-author manuscripts (chapters III and VI), and
one paper which I co-authored (chapter VII).

The first part (chapters I-V) focuses on genetic variation in North American crayfish introduced
to Europe. We showed that in two crayfish species, both successful invaders in Europe, genetic variation
differs significantly, reflecting their different colonization histories on the continent. The spiny-cheek
crayfish Orconectes limosus was likely introduced to Europe just once, in small numbers
(90 individuals). Variation at the mitochondrial DNA (mtDNA) level in the spiny-cheek crayfish in
Europe is much lower compared to North America (chapter I), although some variation was revealed in
nuclear markers in its Central European populations (chapter II). In contrast, the signal crayfish
Pacifastacus leniusculus was introduced to Europe several times, in large numbers. Its European
populations are highly diverse genetically and belong to a single subspecies, P. I. leniusculus, one of the
three subspecies recognised in North America (chapter III). The discovery of new mtDNA lineages in
North America nevertheless showed that the division into subspecies should be revised and more studies
from its American range are needed.

Chapter V showed the utility of DNA barcoding, in combination with morphological
examinations, for accurate identification of newly established non-indigenous crayfish in Europe. We
verified morphological identification of some of these invaders (Orconectes juvenilis, O. virilis
complex, Procambarus fallax, P. acutus/zonangulus complex). Moreover, in studied individuals from
the Orconectes virilis cryptic species complex (chapter 1V), O. immunis, and the Procambarus
acutus/zonangulus complex surprisingly high variation was found (chapter V). Comparing the patterns
of variation in non-indigenous crayfish in Europe with data from their American range may therefore
reveal important information on overall variation within these taxa.

Chapters VI and VII are dedicated to the detection of the crayfish plague pathogen in
non-indigenous crayfish in Europe. The oomycete Aphanomyces astaci first appeared in Europe in 1859
and has substantially reduced native crayfish populations. North American crayfish established in
Europe may carry the pathogen and transmit it to indigenous European crayfish, causing mortalities of
these susceptible populations that still occur today. Information on 4. astaci prevalence in invasive
crayfish populations is therefore important for evaluation of the threat they represent to native species.
Chapter VI provides information on the crayfish plague prevalence in French populations of the signal
crayfish P. leniusculus obtained by a quantitative TagMan MGB real-time PCR. We confirm that the
species serves as a reservoir of the pathogen in France and we hope our data will contribute to the
efficient protection of the native white-clawed crayfish Austropotamobius pallipes in the country. In
chapter VII, the same method of 4. astaci detection was used to test samples of invasive crayfish from
Central Europe which were previously analysed by another molecular method. The high sensitivity of
the real-time PCR allowed discovery of infected individuals in populations where the presence of
A. astaci was not reported before. We therefore confirm that the method is suitable for routine detection
of the crayfish plague pathogen, although a combination of molecular methods is recommended.
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Uvod

Raci jsou dulezitou soucasti sladkovodnich ekosystémil. Z celého svéta je jich znamo ptes
640 druht, vétsSina ze Severni Ameriky a Australie (Crandall a Buhay 2008). V Evropé se vyskytuje
nékolik pivodnich druhti rakd, z nichz nékteré byly diive hojné loveny, pfedev§im za ucelem
konzumace. V roce 1859 se vSak na tomto kontinenté poprvé objevil parazit Aphanomyces astaci,
puvodce raciho moru patiici mezi oomycety, ktery vyrazné zdecimoval populace ptivodnich rakt
(Alderman 1996, Souty-Grosset a kol. 2006). Pfi snaze o nahrazeni téchto populaci byli do Evropy
dovezeni neptivodni raci, pochazejici prevazné ze Severni Ameriky. Severoamerické druhy jsou
vSak vici této nemoci vysoce odolni, mohou jejiho ptivodce pienédset a nakazit jim evropské raky,
¢imz dale prispivaji k redukei jejich populaci.

Tti druhy, které byly do Evropy zdmérn€¢ dovezeny, jsou zde nyni hojné rozsifené: rak
pruhovany Orconectes limosus (zifejme jedind introdukce 90 jedinct v roce 1890), rak signalni
Pacifastacus leniusculus (poprvé introdukovan v roce 1959, dovezeno bylo vice nez 60 000
jedincil) a rak Cerveny Procambarus clarkii (od roku 1973 importovano kolem 40 000 jedincti). Od
poloviny 90. let pak bylo do Evropy vysazeno n¢€kolik dalSich druht, které se sem dostaly ziejmé
prevazné s akvarijnimi chovy (Holdich a kol. 2009, Souty-Grosset a kol. 2006). Zptisob introdukce
a nasledna kolonizace evropskych vod se u introdukovanych druhti raki 1i8i a jsou proto zajimavym
modelem pro studium biologickych invazi v Evrop¢.

Geneticka variabilita nepiivodnich druhii rakii v Evropé

Prace zabyvajici se studiem biologickych invazi jsou ¢asto zamétfeny napiiklad na Sifeni
introdukovanych druhti a jejich dopad na mistni prostfedi a organismy. Biologické invaze jsou vSak
zajimavé také z pohledu zachovani €i ztraty genetické variability u téchto druhii béhem jejich
introdukce na nova uzemi.

Pii vysazeni malého poctu jedincii mize v nékterych ptipadech dojit ke znaénému sniZzeni
genetické variability introdukovanych jedinct nasledkem tzv. bottleneck efektu. Nizka variabilita
pak miize mit negativni dopady na schopnost téchto populaci se v novém prostiedi uchytit. Nizsi
variabilita introdukovanych populaci v porovnani s populacemi v pivodnim aredlu daného druhu
vSak neni pravidlem, nebot’ na zachovani variability mize mit vliv napftiklad tlak propaguli ¢i
mnohonasobné introdukce. Snizend variabilita také nemusi vzdy snizovat invazni potencial druhu
(Roman a Darling 2007). V ur€itych ptfipadech, naptiklad pokud jsou populace druhu v ptivodnim
aredlu vysoce strukturované, muze byt naopak variabilita introdukované populace diky
mnohonasobnym introdukcim vyssi, nez je tomu u populaci v piivodnim areédlu (Sakai a kol. 2001).

V prvni ¢asti mé disertaéni prace mé& proto zajimalo, jakd je geneticka variabilita u rakd,
ktefi jsou velmi uspéSnymi invaznimi druhy, av§ak vyrazn¢ se lisi jejich zptisob introdukce. Tak je
tomu napiiklad u raka pruhovaného a raka signalniho.

Podle literarnich udaji byl rak pruhovany, Orconectes limosus, do Evropy dovezen jen
jednou v malém poétu jedinct. Uspéch druhu a rychlé §ifeni na tomto kontinentd jsou proto
ptekvapivé v porovnani s uvadénym zpusobem jeho introdukce. Je tedy otazkou, zda byl tento druh
do Evropy dovezen jen jednou, nebo doslo k dal$im nezaznamenanym introdukcim. V takovém
pripad¢, predevsim pokud by introdukce byly zriznych zdrojovych populaci, by mohlo dojit
k pfenosu dostate¢né variability z ptivodniho aredlu druhu.

U raka signalniho, Pacifastacus leniusculus, je naopak znamo, ze doslo k vice introdukcim



mnoha jedincll. Ze Severni Ameriky jsou znamy tfi poddruhy tohoto raka, Pacifastacus leniusculus
leniusculus, P. 1. trowbridgii a P. l. klamathensis, které nejsou na zakladé morfologie snadno
odlisitelné (Miller 1960). Neni ovSem jasné, zda byl do Evropy introdukovan jeden ¢i vice téchto
poddruhi. Studie evropskych populaci pomoci jadernych a mitochondrialnich markerii (Agerberg
aJansson 1995, Grandjean a Souty-Grosset 1997) naznacovaly, Ze by se v Evropé¢ mohlo
vyskytovat vice poddruhi. Takovy zavér by mohl byt podpoien faktem, ze vétSina jedinch
introdukovanych do Evropy pochazela z jezera Tahoe v Kalifornii, kde se zfejm¢ nachazeji nejméné
dva poddruhy raka signalniho. Hobbs (1989) vsak uvadi, ze byl do Evropy introdukovan pouze
P. [ leniusculus. Vzhledem k tomu, ze Sonntag (2006) rozliSila na Grovni mitochondrialni DNA
(mtDNA) tii linie raka signalniho ze Severni Ameriky, které by mély odpovidat tfem znamym
poddruhiim, bylo mozno ptfedpokladat, ze sekvenace vhodného mitochodridlniho genu muze
odhalit, zda evropsti jedinci patii k jednomu ¢i vice poddruhiim (kapitola III). Jak se v§ak nedavno
ukézalo, variabilita raka signalniho mize byt vyssi, nez se predpokladalo, nebot’ byly v ramci jeho
populaci v Americe nalezeny dalSi divergentni mitochondrialni linie (E. Larson, osobni sdéleni;
kapitola IIT).

Systematické zatazeni dalSich severoamerickych raki, ktefi byli nedavno introdukovani do
Evropy, je casto nejednoznacné, a jejich urCeni na zdkladé morfologie se tak miZze stat
problematickym. Dtvodem mutze byt existence kryptickych druhli, ¢i nedostatek specialistli
s dostate¢nymi zkuSenosti s urcovanim raki, jindy jsou divodem nedostate¢né vyvinuté ¢i chybéjici
morfologické znaky u zkoumanych jedinct. V téchto piipadech je tedy vhodné pouzit dalsi ptistupy,
napiiklad identifikaci pomoci molekularnich metod, z nichz my jsme vyuzivali tzv. DNA barcoding
(kapitola V). V Evrop¢ jiz v minulosti doslo k nespravné identifikaci nové introdukovanych rakd,
kdy byli jedinci nalezeni v severovychodni ¢asti Francie oznaCeni za invazni druh Orconectes
rusticus (Daudey 2006). Pozdéji vSak byli raci z této populace pieureni jako pifibuzny druh,
Orconectes juvenilis (Chucholl a Daudey 2008). Rychlé a spolehlivéa identifikace nové objevenych
rakli v Evropé je proto nezbytna, protoze jejich nespravné ureni mize mit zdsadni negativni dopad
na vyhodnoceni rizika, které¢ pfedstavuji, a na vytvofeni strategii, jak s témito raky v budoucnu
zachdzet. Problémy s identifikaci se vyskytly také u jedinct rakd z Velké Britanie, ktefi byli
nejdiive urceni jako Orconectes limosus a nasledné jako O. virilis. V Americe rak O. virilis
predstavuje komplex kryptickych druhti, v kapitole IV jsme se proto podrobné vénovali
taxonomickému zatrazeni britskych jedinci, a také dalSich jedinct O. virilis z Nizozemi.

Raci mor

Druhym tématem mé disertatni prace je detekce plvodce rac¢itho moru v populacich
invaznich rakii v Evrop€. Ptestoze se parazit Aphanomyces astaci poprvé objevil v Evropé jiz ve
druhé poloviné 19. stoleti, je stdle na tomto kontinenté pifitomen. Severoameri¢ti raci navic dal
napomahaji jeho $ifeni a pfenosu na citlivé evropské druhy, které pak masové hynou. V poslednich
nékolika letech se podafilo vyvinout molekuldarni metody, které umoziuji detekovat A. astaci
ujedincl, u nichz je mnozstvi DNA patogenu Casto pomérné nizké. Je tedy mozné detekovat
puvodce raciho moru i u bezptiznakovych prenasecii a zjistit promotenost jejich populaci, ptipadné
kvantifikovat mnozstvi DNA patogenu pfitomného v jednotlivych vzorcich. Metoda real-time PCR
(podle Vralstad a kol. 2009) se ukazala byt v soucasnosti nejvhodnéj$i metodou pro detekci raciho
moru u nepuvodnich raki (Tuffs a Oidtmann 2011). V porovnani se semi-nested PCR (podle
Oidtmann a kol. 2006), ktera byla pouzita v nékolika studiich na katedfe ekologie PiF UK, je tato



metoda také vyrazné citlivéjsi (kapitola VII).

Ve Francii je ohrozenym druhem pfedevSim piivodni rak bélonohy Austropotamobius
pallipes, jehoz populace v poslednich letech vyrazné ubyvaji. Jednim z dtivodt jsou praveé thyny na
nasledky raciho moru (Bramard a kol. 2006). V nékolika ptipadech byly masové thyny raka
bélonohého spojovany s piitomnosti raka signdlniho a pravdépodobnym pienosem A. astaci
z tohoto invazniho druhu (Bramard a kol. 2006, Collas a Salek 2002, Neveu 2002). Rak signalni
obyva podobny habitat jako rak bé&lonohy, mezi t€émito druhy tedy mutze Casto dojit ke kontaktu
(Collas a kol. 2007). Je proto vhodné dozvédét se vice o promoienosti populaci raka signalniho, aby
bylo mozné stanovit, které jeho populace jsou nejnakazenéjsi a mohou tak predstavovat vyssi riziko
prenosu rac¢iho moru na ptivodni raky. Na toto téma jsem se zaméftila v kapitole VI.

Cile prace

Cast prvni

Kapitolal  Studovali jsme genetickou variabilitu evropskych a americkych jedinci raka
pruhovaného Orconectes limosus, abychom otestovali, zda mohl byt tento druh do Evropy
introdukovan jen jednou, a pokusili jsme se také identifikovat pivod dovezenych jedinct. Analyza
jedinct z ptivodniho aredlu nam také umoznila vyhodnotit, do jaké miry by mohla ztrata mistnich
ohrozenych populaci ovlivnit celkovou vnitrodruhovou variabilitu tohoto druhu.

Kapitola I 'V této kapitole jsme zkoumali vybrané ¢eské populace raka pruhovaného pomoci
alozymové elektroforézy, abychom vyhodnotili miru variability v ramci téchto populaci i mezi nimi.
Pokusili jsme se také zjistit, zda tyto vysledky koreluji se zptisobem invaze tohoto druhu na nase
uzemi.

Kapitola III Analyzovali jsme genetickou variabilitu (na uGrovni mitochondridlni DNA)
evropskych populaci dal§iho invazniho druhu, raka signalniho Pacifastacus leniusculus, a vysledky
byly nasledné porovnany s daty ze Severni Ameriky. Cilem bylo zjistit, zda se v Evropé vyskytuje
jeden ¢i vice jeho poddruhd, které jsou v soucasnosti rozeznavany. Chtéli jsme také zjistit, jaka je
variabilita v introdukovanych populacich.

Kapitola IV Studovali jsme jedince z relativné neddvno objevenych britskych a nizozemskych
populaci neptvodnich rakt, kteti byli ureni jako rak Orconectes virilis, abychom zjistili, jaka je
jejich pozice v ramci linii druhového komplexu raka O. virilis, které jsou znamé ze Severni
Ameriky.

Kapitola V  V této kapitole jsme se zamé¢fili na relativné nedavno nalezené neptivodni druhy rakt
v Evropé a u nékterych z nich jsme se pokusili ovéfit, zda byli na zdkladé morfologickych znakt
spravné identifikovani. Chtéli jsme také poukazat na to, Ze metoda DNA barcoding je vhodnym
nastrojem pii urovani téchto invaznich druhi.

Cist druhi

Kapitola VI Zkoumali jsme, jaka je mira promotenosti francouzskych populaci invazniho raka
signdlniho ra¢im morem, a které populace tohoto druhu jsou z hlediska pienosu A. astaci
nebezpecné pro puvodni druhy ve Francii. Otestovali jsme také nékolik jedinct jinych, v této zemi
nepuvodnich druhti.

Kapitola VII Analyzou vzorkll jsem pfispéla ke studii, jejimz cilem bylo piezkoumat pomoci
metody real-time PCR vysledky promotenosti stfedoevropskych populaci raka pruhovaného a raka
signalniho ra¢im morem, které byly dfive analyzovany pomoci semi-nested PCR (Kozubikova
a kol. 2009, 2010).



Material a metodika

Raci byli loveni ru¢né, pii potapéni, ¢i pomoci elektrického proudu, a jejich
koncetiny/klepeta ¢i celi jedinci byli dale uchovani v 96% etanolu.

Pro studium genetické variability neptivodnich druhti rakii v Evropé byly vyuzity tkané
zjedné koncetiny ¢i klepeta. Z tohoto materidlu byla vyizolovana celkovda DNA, nasledovala
purifikace a pfiprava na sekvenaci. Pomoci amplifikace univerzalnich LCO 1490 a HCO 2198
primert (Folmer a kol. 1994) béhem PCR pak byly ziskany sekvence podjednotky I cytochrom c
oxidazy (COI) mitochondrialni DNA u analyzovanych jedinci. Vysledky pak byly zpracovany
prevazné pomoci programu MEGA (Tamura a kol. 2007, 2011).

Pro analyzu promotenosti neptivodnich rakti racim morem byli ziskani celi jedinci a ulozeni
v 96% etanolu. Z kazdého jedince pak byla sterilnimi nastroji vypitvana a dale zpracovavana
kutikula z jedné poloviny abdomenu (kapitola VI a VII), pfipadné také jeden uropod (kapitola VI
a nekteii jedinci v kapitole VII). Pfestoze tim dochazi k zachyceni jen urcité ¢asti DNA ptvodce
raciho moru a redlna promotenost mize byt vyssi nez namétené hodnoty, uropod byl vyhodnocen
u raka signalniho jako ¢ast téla, kde bylo zachyceno nejvice DNA Aphanomyces astaci v porovnani
s dal§imi castmi téla (Vralstad a kol. 2011). Znac¢na ¢ast jedincti nakazenych ra¢im morem by tedy
touto metodou méla byt piesto zachycena. Vypitvany materidl byl nasledné drcen a byla z néj
izolovana DNA. Pritomnost DNA patogenu v izolatech pak byla testovana pomoci TagMan MGB
real-time PCR (Vrélstad a kol. 2009).

Vysledky a diskuse

Geneticka variabilita nepitvodnich druhii raki v Evropé

Geneticka variabilita v evropskych populacich raka Orconectes limosus byla vyrazné nizsi
nez variabilita tohoto druhu v Severni Americe (kapitola I). V jeho evropskych populacich byl
nalezen jeden dominantni haplotyp COI, pouze u ¢tyt jedinct z jedné populace (z celkového poctu
91 testovanych jedincii z 25 populaci) jsme pak detekovali druhy haplotyp. Americké populace byly
naopak zna¢né variabilni, a distribuce haplotypt mezi populacemi a oblastmi se ¢asto podstatné
lisila. Tyto vysledky podporuji domnénku, ze byl O. limosus do Evropy introdukovan pouze jednou,
a to malym poctem jedincti. Urceni zdrojové populace evropskych rakli pruhovanych vsak nebylo
na zékladé naSich dat mozné. V Severni Americe se pak nejvice haplotypti COI vyskytovalo
v oblasti jithovychodni Pensylvénie a severniho Marylandu. Diverzita haplotypt v jinych ¢astech
aredlu, pfevazné tam, kde je druh neptivodni, pak byla vyrazné nizsi.

Analyza ¢eskych populaci raka pruhovaného odhalila, Ze variabilita alozymovych markert
je pomérné vysoka (kapitola II). I pfes pocatecni bottleneck pii introdukci tak ziejmé byla u raka
pruhovaného zachovana dostatecnd variabilita (kapitola II), jak potvrzuje 1 analyza
mikrosatelitovych markerti ve tfech stfedoevropskych populacich (Huldk a kol. 2010). Vysoka
invazni schopnost a uspésné Sifeni tohoto druhu po Evropé mohlo byt také usnadnéno jeho
reprodukéni strategii. Nedavno totiz bylo zjisténo, Ze rak pruhovany je schopen fakultativniho
partenogenetického rozmnozovani (Bufi¢ a kol. 2011). Bude ovSem zapotiebi dalSich studii, aby
byla tato domnénka ovéfena.

Analyza evropskych populaci raka signalniho a nasledné porovnéni s referenénimi



sekvencemi tfi poddruhii ze Severni Ameriky (Sonntag 2006) ukézaly, Ze v testovanych vzorcich
z Evropy se nachazi zastupci pouze jednoho poddruhu, P. I leniusculus (kapitola IIT). V Evropé
bylo nalezeno 27 haplotypt, které vSak nevykazovaly zadné vyrazné tendence ve svém
geografickém rozmisténi, coz odpovida ¢astym sekundarnim introdukcim rakt signalnich na tomto
kontinentu. Analyza né€kolika populaci ze Severni Ameriky vSak odhalila pfitomnost dalsi
divergentni linie v ramci raka signalniho, jeho diverzita tak mize byt vyssi nez se predpokladalo
(kapitola III), coz potvrzuji také zatim nepublikované vysledky E. Larsona (os. sdéleni).

Pomoci metody DNA barcoding se pak podafilo potvrdit identifikaci jedincti z relativné
nedavno objevenych populaci neptivodnich rakii v Evropé, ktefi byli difive urCeni na zakladé
morfologie. Témito raky byli Orconectes juvenilis a O. immunis z vychodni Francie, O. virilis
z Velké Britanie a Nizozemi, Procambarus fallax z Némecka a P. acutus/zonangulus z Nizozemi
(kapitola V). U raka O. virilis, O. immunis a Procambarus acutus/zonangulus byla zaznamenana
ptekvapivé vysoka mira variability. U jednoho z téchto rakl, u raka Orconectes virilis odhalila
analyza jeho jedinci z Evropy a Severni Ameriky pfitomnost dvou odlisnych linii (jedna z Evropy
adruhd zlowy, USA). Tyto linie nebyly dosud v ramci tohoto komplexu kryptickych druhi
zaznamenany, coz potvrzuje velkou variabilitu tohoto komplexu kryptickych druhti. Prestoze nase
data neumoznuji ur¢it pivod jedinci O. virilis nalezenych v Evropé (ve Velké Britanii
a v Nizozemi), nedavné studie ukazuji, Ze oba evropské haplotypy byly nalezeny také v Kansasu
(B. Williams, os. sdéleni), mohou byt ovSem mnohem rozsitfeng;jsi.

Raci mor

Vysledky promoienosti rakli signalnich ve Francii ra¢im morem ukazaly, ze 20% jedinct
(z 513 testovanych) bylo nakazeno ra¢im morem (kapitola VI). Tito nakazeni jedinci se vyskytovali
ve vice nez polovin¢ analyzovanych populaci. Promotfenost v jednotlivych populacich byla velmi
rozdilna, od 0% az po 80% nakaZenych jedincii. V nékterych regionech (Limousin, Rhone-Alpes,
Basse-Normandie) se vyskytovaly siln¢ infikované populace, zatimco v jinych oblastech (Lorraine,
Champagne-Ardenne, Languedoc-Rousillon) byla zji§téna promotenost velmi nizk4 nebo zde nebyli
zadni nakazeni raci nalezeni. Analyza n¢kolika jedinct jinych nepiivodnich druhti raki, Orconectes
immunis a Procambarus clarkii, pak ukéazala, ze i tyto druhy jsou ve Francii pfenaSeci ptivodce
rac¢iho moru (kapitola VI).

Studie promotenosti invaznich rakt (O. limosus a P. leniusculus) ze stfedni Evropy pak
ukazala, ze vysledky real-time PCR z velké ¢asti potvrzuji data ziskand pomoci semi-nested PCR
(Kozubikova a kol. 2009, 2010). Diky real-time PCR byl navic odhalen vyssi pocet nakazenych
jedinci a potvrdilo se tak, Ze je tato metoda vysoce specifickd. Celkova promotenost ve vzorcich
tak stoupla z 23% (semi-nested PCR) na 32% (real-time PCR), konkrétn¢ u raka signalniho
dokonce ze 3% na 21% (kapitola VII).

Zavéry

Prvni ¢ast mé prace ukazuje, Ze molekuldrni metody ndm mohou poskytnout zajimavé
informace o nepivodnich racich v Evrop¢. S jejich pomoci miizeme raky sndze identifikovat, ¢i
zkoumat zpusob jejich introdukce a naslednou kolonizaci invadovaného uzemi.

Studie genetické variability neptivodnich raki, raka pruhovaného a raka signalniho, ktefi
jsou oba uspéSnymi invaznimi druhy, ukazuji, Ze se miiZze jejich variabilita v invadovaném arealu



vyrazng lisit a odrazet jejich velmi rozdilny zptisob introdukce na tento kontinent (kapitola I a IIT).

U raka pruhovaného jsme ukézali, ze i pfes pocatecni bottleneck efekt béhem introdukce
a jeho nizkou variabilitu nebyl zfejmé¢ jeho invazni potencial pfili§ potlacen (kapitola I). Jedina
introdukce relativné malého poctu jedinct tohoto druhu proto miize piedstavovat vazné nebezpeci
pro invadovany ekosystém. Toto je potfeba mit na paméti, pokud chceme s témito invazni druhy
jakkoli zachazet.

Naopak vysoka diverzita haplotypii byla nalezena u raka signalniho, ktery byl do Evropy
dovezen ngkolikrat, mnoha jedinci (kapitola III). Nase vysledky, které ukazuji, ze se ve
studovanych evropskych populacich raka signalniho nachdzeji zastupci pouze jednoho poddruhu,
P [ leniusculus, jsou odlisné od predchozich studii (Agerberg a Jansson 1995, Grandjean
a Souty-Grosset 1997), jejichz autofi navrhovali, Ze by se v Evrop¢ mohlo vyskytovat vice
poddruhii. Rozdé€leni druhu P leniusculus na tfi poddruhy, ani jejich taxonomicky status vSak
nejsou jednoznacné (Sonntag 2006) a bude proto potfeba detailnéji prostudovat populace raka
signalniho v jeho americkém areélu.

Ukazali jsme také, ze pokud se zajimdme o introdukované druhy, které nejsou ve svém
puvodnim aredlu ptili§ studovany, analyza jedinct z obou arealti, invadovaného i pivodniho, mtze
odhalit zajimavé informace o genetické diverzité v ramci daného taxonu (kapitola V). Pomoci
metody DNA barcoding tak byla u rakt Orconectes virilis, O. immunis a Procambarus
acutus/zonangulus nalezena vysoka mira variability. Bude proto jisté zajimavé studovat tyto druhy
detailngji 1 v jejich ptivodnim americkém arealu. Metoda DNA barcoding, samoziejme nejlépe
v kombinaci s morfologickym uréenim, navic mize pomoci rychle a pfesné urCit nové objevené
druhy rakt (kapitola V).

Druhd ¢ast mé prace piindsi informace o promotenosti 45 populaci raka signalniho ve
Francii ra¢im morem. NaSe vysledky ukdzaly, Ze je tento druh pfenaSecem ptivodce ra¢itho moru
v této zemi a predstavuje tak hrozbu pro plvodni druhy, ptedev§im raka bélonohého. Naélez
A. astaci u nékolika jedinct raka Orconectes immunis a u raka Procambarus clarkii vkazuje, ze
i tyto druhy se mohou podilet na ptenosu ra¢itho moru ve Francii. Studie promofenosti v populacich
téchto 1jinych introdukovanych druhti proto budou vyznamné pro ochranu piivodnich druht ve
Francii. Aktivni ochranafsky management by se mohl napiiklad zaméfit na oblasti, kde byla
promotenost neptivodnich rakii vysokd a zaroven se v blizkosti nachédzeji populace ptivodnich
druht, a kde je proto vysoké riziko pfenosu patogenu.

Dutlezité je vSak zminit, Ze pokud nebyla ve vzorku ¢i v jedincich z ur€ité populace nalezena
DNA patogenu, nemizeme jedince ¢i populaci povazovat za nenakazené, nebot byla zpracovana
jen Cast kutikuly a izoldtu, a to jen u nékolika jedincl z dané populace. Pfesto jsou vSak naSe
vysledky hodnotné, nebot’ poskytuji prvni informace o rozSiteni A. astaci v populacich raka
signalniho ve Francii a mohou tak poslouzit k G€inngj$i ochrané pivodnich rakil v této zemi.
Detailni vysledky nasi studie pak budou pfedany francouzské organizaci ONEMA, ktera se zabyva
kvalitou vod a ochranou biodiverzity ve francouzskych vodach, abychom tak umoznili jejich
nasledné praktické vyuziti.

Analyza stfedoevropskych invaznich rakti pomoci real-time PCR potvrdila, ze se jedna
ovysoce citlivou a specifickou metodu (kapitola VII). Piedev§im vyrazny nariist poctu
infikovanych jedinct raka signdlniho po pouziti této metody ukazuje, Zze vybér metody mulze
zasadné ovlivnit vyhodnoceni, jaké nebezpeci predstavuji konkrétni populace, a také jejich nasledny
management.



Introduction

Crayfish are important components of freshwater ecosystems. More than 640 crayfish
species are known from the whole world, most of them from North America and Australia (Crandall
and Buhay 2008). Several native crayfish species are present in Europe and some of them used to be
frequently harvested, especially for consumption. But in 1859, a parasitic oomycete Aphanomyces
astaci, pathogen of the crayfish plague, first appeared in Europe and wiped out numerous native
crayfish populations (Alderman 1996, Souty-Grosset et al. 2006). To substitute for lost native
crayfish populations, several non-indigenous crayfish species were introduced to Europe,
originating mostly in North America. North American species are highly resistant to the disease,
they may serve as carriers of the pathogen and transmit it to European crayfish species, further
contributing to the reduction of their populations.

Three North American species which were intentionally introduced to Europe are now
particularly abundant on the continent: the spiny-cheek crayfish Orconectes limosus (introduced
probably just once in 1890, by 90 individuals), the signal crayfish Pacifastacus leniusculus (first
brought in 1959, in total more than 60 000 individuals imported) and the red swamp crayfish
Procambarus clarkii (since 1973 about 40 000 individuals introduced). Since the 1990s, other
non-indigenous crayfish species were introduced to Europe, most likely through aquarium trade
(Holdich et al. 2009, Souty-Grosset et al. 2006). These species differ by their history of introduction
and colonization of the continent and they therefore provide an interesting model for studies of
biological invasions in Europe.

Genetic variation in non-indigenous crayfish species in Europe

Publications dealing with biological invasions are often focused e.g., on the spread of
introduced species and their impact on local environment and organisms. However, biological
invasions are interesting also for their relation to the maintenance or loss of genetic variation in
these species during their introduction to new territories.

When limited numbers of individuals are introduced, the colonization bottleneck may in
some cases lead to reduced genetic variation in these introduced individuals. Low variation may
then have a negative effect on the ability of establishment of these populations. However,
introduced populations do not always have lower variation, as variation may be maintained due to
different factors such as high propagule pressure and multiple introductions. Moreover, reduced
variation in introduced populations of some organisms does not necessarily mean an obstruction for
their success when colonizing new habitats (Roman and Darling 2007). In certain cases, e.g., when
the species is highly structured in its original range, multiple introductions may even lead to higher
variation in introduced than native populations (Sakai et al. 2001).

In the first part of my thesis I was therefore interested in the amount of genetic variation in
crayfish which are successful invaders, but their history of introduction differs significantly. This is
the case of the spiny-cheek crayfish and the signal crayfish.

According to the literature data, the spiny-cheek crayfish Orconectes limosus was introduced
to Europe just once, by small number of individuals. The success of the species in Europe and quick
colonization of new habitats seemed therefore surprising given the history of its introduction. We
have therefore asked if the species was brought to Europe just once or if other unrecorded
introduction events took place. In this case, especially if individuals were introduced from different



source populations, this might have assured that more variation was brought from the original
range.

Very different was the introduction of signal crayfish Pacifastacus leniusculus, which was
imported several times, by large numbers of individuals. Three subspecies of this crayfish are
known from North America: Pacifastacus leniusculus leniusculus, P. I. trowbridgii and P. L
klamathensis, which are difficult to distinguish by their morphology (Miller 1960). It is not clear if
one or more of these subspecies were introduced to Europe. Studies based on nuclear and
mitochondrial markers (Agerberg and Jansson 1995, Grandjean and Souty-Grosset 1997) suggested
that several subspecies are probably present in Europe. Such conclusion might be supported also by
the fact that most introduced individuals came from the Lake Tahoe in California where at least two
subspecies seem to be present. Despite this, Hobbs (1989) mentioned that only P. I. leniusculus was
introduced to Europe. As Sonntag (2006) detected three lineages at the mitochondrial DNA
(mtDNA) level in signal crayfish from North America, which seem to correspond to the three
subspecies, we presumed that sequencing of a suitable mitochondrial gene could reveal if European
individuals belong to one or more subspecies (chapter IIT). Nevertheless, it was recently shown that
the variation within the signal crayfish may be higher than expected, as new distinct linecages were
detected in North America (E. Larson, pers. comm.; chapter III).

Systematics of other North American crayfish species recently introduced to Europe is often
confused and their morphological identification may therefore be problematic. This may be caused
by the existence of cryptic species, by the lack of experts with experience in their identification or
by lack of necessary morphological features in examined specimens. In these cases, other
approaches may be useful, in particular identification using molecular methods, such as the DNA
barcoding (chapter V). A case of an erroneous identification was already recorded in Europe, when
individuals found in northeastern France were considered a highly invasive crayfish Orconectes
rusticus (Daudey 2006). Later, individuals from this population were re-examined and identified as
a related species, Orconectes juvenilis (Chucholl a Daudey 2008). Fast and reliable identification of
newly recorded invasive crayfish populations is important, as misidentification of invaders may
have negative consequences for risk assessment and future management strategies. Problems with
identification were encountered also in the case of crayfish individuals from Great Britain, first
identified as Orconectes limosus and later as O. virilis. In America, O. virilis represents a cryptic
species complex. In chapter IV, we have therefore investigated the taxonomic position of British
and also Dutch individuals of O. virilis within the complex.

Crayfish plague

The second part of my thesis deals with the detection of the crayfish plague pathogen in
populations of invasive crayfish in Europe. Although the parasite Aphanomyces astaci first
appeared in Europe already in the second half of the 19" century, it is still present on the continent.
North American crayfish species further facilitate its spread and transmission to susceptible native
crayfish, causing their mass mortalities. In the last few years, several molecular methods for
A. astaci detection in crayfish have been developed; which are suitable also for the detection in
individuals where the pathogen load is relatively low. It is now therefore possible to detect the
pathogen of the crayfish plague also in non-symptomatic carriers and to investigate plague
prevalence in their populations, with possible quantification of the pathogen load in each sample.
Real-time PCR according to Vralstad et al. (2009) showed to be the most suitable method at present



for the detection of the crayfish plague pathogen in non-indigenous crayfish (Tuffs and Oidtmann
2011). In comparison with conventional semi-nested PCR (Oidtmann et al. 2006) which was used in
several studies at the Department of Ecology (Faculty of Science, Charles University in Prague), the
real-time PCR also proved to be more sensitive (chapter VII).

In France, the native white-clawed crayfish Austropotamobius pallipes is highly endangered,
with its populations dramatically declining during the last few years. Mortalities caused by the
crayfish plague are among prominent reasons for this decline (Bramard a kol. 2006). In several
cases, mass mortalities of white-clawed crayfish were supposedly related to the presence of signal
crayfish, and possible transmission of A. astaci from this invasive species (Bramard et al. 2006,
Collas and Salek 2002, Neveu 2002). The white-clawed crayfish overlaps in habitat requirements
with signal crayfish and both species may therefore often get in contact (Collas et al. 2007). Thus, it
is important to learn more about the prevalence of the signal crayfish populations to determine
which of them are more infected and may therefore represent higher threat of plague transmission to
native crayfish. I have focused on this topic in chapter VI.

Aims of the study

Part 1
Chapter I  Genetic diversity of European and American O. limosus individuals was studied in

order to test whether the species was brought to Europe just once; we also tried to identify the origin
of introduced individuals. Analyses of O. limosus from its original range also allowed us to evaluate
to what extent losses of threatened local populations may impact overall intraspecific genetic
diversity.

Chapter I  In this chapter, we analysed selected Czech populations of the spiny-cheek crayfish
by allozyme electrophoresis to evaluate the level of intra- and among-population genetic variation
and to relate it to the process of its invasion in our country.

Chapter III Genetic variation (at mtDNA level) of European populations of another invasive
species Pacifastacus leniusculus was analysed, and results were compared with data from North
America to test whether one or more currently recognised subspecies are present in Europe and to
investigate variation in introduced populations.

Chapter IV We studied specimens from relatively recently discovered non-indigenous crayfish
populations from Britain and the Netherlands, which were identified as the virile crayfish
Orconectes virilis, to assess their position within other known lineages of O. virilis species complex
known from its North American range (chapter IV).

Chapter V  In this chapter we focused on recently established non-native crayfish species in
Europe, and we tried to verify morphological identification of some of the studied species. We also
wanted to show that the usefulness of DNA barcoding for identifying new crayfish invaders.

Part 2

Chapter VI We investigated the crayfish plague prevalence in French populations of the invasive
signal crayfish, and we tried to evaluate the danger these populations represent for native crayfish in
France. We have also tested several individuals of other non-indigenous crayfish species in this
country.

Chapter VII By analysing samples I contributed to a study which re-evaluated the crayfish plague
prevalence in Central European populations of spiny-cheek and signal crayfish, previously analysed
by the semi-nested PCR (Kozubikova et al. 2009, 2010).



Material and methods

Crayfish were captured by hand, while scuba-diving, or by electro-fishing, and samples
(legs/claws or entire specimens) were then stored in 96% ethanol.

Tissues from one leg or a claw were used for analyses of genetic variation of non-indigenous
crayfish in Europe. Total DNA was then isolated from this material, followed by purification and
preparation for sequencing. Using universal LCO 1490 and HCO 2198 primers (Folmer et al. 1994)
in the PCR we amplified and then sequenced fragments of the mitochondrial gene for cytochrome ¢
oxidase subunit I (COI). Results were processed mostly in the software MEGA (Tamura et al. 2007,
2011).

Entire crayfish bodies were obtained and stored in 96% ethanol for analyses of the crayfish
plague prevalence in non-indigenous crayfish. The cuticle from one half of abdomen (chapter VI
and VII) and from one uropod (chapter VI and some individuals in chapter VII) was dissected using
sterile tools and further processed. Although this means that only a part of the pathogen DNA is
detected and the real prevalence may be higher than observed values, the uropod was evaluated as
the part of the signal crayfish body where most A. astaci DNA was detected in comparison with
other parts of the body (Vralstad et al. 2011). Most of infected individuals within the population
should therefore be detected from this body part. The dissected material was crushed, followed by a
DNA isolation step. The presence of the pathogen DNA was tested by the TagMan MGB real-time
PCR (Vralstad et al. 2011).

Results and discussion

Genetic variation in non-indigenous crayfish species in Europe

Genetic variation detected in O. limosus populations from Europe was much lower in
comparison with that found in North America (chapter I). One dominant haplotype was present in
European populations of the spiny-cheek crayfish, while the second detected haplotype was found
in only four analysed individuals from one population (out of 91 tested individuals from 25
populations). This supports the scenario of a single introduction to Europe by a small number of
individuals. However, based on our results identification of the source area for European
populations of the species was not possible. In North America, most haplotypes were found in
southeastern Pennsylvania and northern Maryland. In other parts of the American range, especially
in areas where the species is not native, the diversity of haplotypes was significantly lower.

Analysis of Czech populations of the spiny-cheek crayfish revealed a relatively high
variability of allozyme markers. Despite the bottleneck effect during its introduction, substantial
variation was probably maintained (chapter II), as was also shown for microsatellite markers in
three Central European populations (Huldk et al. 2010). The high invasiveness of the species and its
successful spread in Europe might have been also facilitated by its strategy of reproduction. It was
recently demonstrated that the spiny-cheek crayfish is capable of facultative parthenogenetic
reproduction (Bufi€ et al. 2011). However, more studies are needed to test this hypothesis.

Analysis of European populations of the signal crayfish and subsequent comparison with
reference sequences of three subspecies from North America (Sonntag 2006) shows that only one
subspecies P. [. leniusculus is present in analysed European samples. In Europe, 27 haplotypes were
found, but these did not show any obvious geographical pattern, corresponding to numerous



secondary translocations of signal crayfish across Europe. However, analysis of a few populations
from North America revealed an existence of another distinct lineage within signal crayfish. The
diversity within this taxon may therefore be higher than expected (chapter III), as unpublished
results of E. Larson (pers. comm.) also suggest.

DNA barcoding allowed us to confirm the morphological identification of non-indigenous
North American crayfish which were discovered in Europe relatively recently. These were
Orconectes juvenilis and O. immunis from eastern France, O. virilis from Great Britain and the
Netherlands, Procambarus fallax from Germany, and P. acutus/zonangulus from the Netherlands
(chapter V). In Orconectes virilis, O. immunis and P. acutus/zonangulus, surprisingly high levels of
genetic variation were observed. In one of these, Orconectes virilis, our analysis of individuals from
Europe and North America revealed the presence of two distinct lineages (one in Europe, the other
in Iowa, USA). These lineages were not reported from its American range so far, suggesting much
higher variation within this cryptic species complex (chapter IV). Although we did not have any
data that could allow speculating about the origin of the individuals found in Europe (in the UK
and the Netherlands), recent studies show that the two haplotypes detected in this lineage occur in
Kansas (B. Williams, unpublished results), but they might possibly be more widespread.

Crayfish plague

Our results of the A. astaci prevalence in signal crayfish populations in France show that
20% of 513 analysed individuals were infected by the parasite. These infected individuals were
present in more than half of analysed populations. The plague prevalence in populations was
variable, ranging from 0% to 80% of infected individuals. Some of the studied regions were heavily
infected (Limousin, Rhone-Alpes, Basse-Normandie), while in other areas populations showed little
or no infection (Lorraine, Champagne-Ardenne, Languedoc-Rousillon). Analysis of several
individuals of other non-indigenous crayfish species, Orconectes immunis and Procambarus clarkii,
showed that these species from France also harbour the pathogen of the plague (chapter VI).

Study of the plague prevalence in Central European invasive crayfish (O. limosus and
P, leniusculus) showed that the real-time PCR largely confirmed results previously obtained by the
conventional semi-nested PCR by Kozubikova et al. (2009, 2010). Moreover, the higher number of
samples testing positive by the real-time PCR suggests this method has a higher specificity. The
overall prevalence in the dataset increased from 23% (semi-nested PCR) to 32% (real-time PCR), in
signal crayfish this was from 3% up to 21% (chapter VII).

Conclusions

The first part of the thesis shows that molecular analyses may provide interesting
information on non-indigenous crayfish in Europe. These methods allow easier identification of
invaders or investigating their introduction history and subsequent colonization of the invaded
territory.

Genetic variation in the invaded range of two non-indigenous crayfish, the spiny-cheek
crayfish and the signal crayfish, both very successful invasive species, varies significantly,
reflecting their different colonization histories on the continent (chapters I and III).

The analysis of the spiny-cheek crayfish populations showed that despite the bottleneck



effect during the introduction and low variation in the species in Europe (chapter I), the invasion
success of O. limosus does not seem to be significantly reduced. Even a single introduction of
a relatively low number of individuals of the species may therefore be dangerous for the invaded
ecosystem. This must be kept in mind when dealing with new invaders.

In contrast, high variation was found in European populations of signal crayfish, which was
introduced several times, in large numbers (chapter III). Our finding that all studied European
individuals belong to a single subspecies P. [ leniusculus contrasts with previous studies (Agerberg
and Jansson 1995, Grandjean and Souty-Grosset 1997) that suggested the presence of several
subspecies in Europe. However, the division of P leniusculus into three subspecies and their
taxonomic status are not clear (Sonntag 2006) and detailed studies of signal crayfish in its American
range are therefore needed.

I also showed that when studying genetic variation in introduced species which were not
investigated in detail in their native range, analysis of individuals from both native and introduced
range may provide interesting information on variation within the taxon in general (chapter V).
DNA barcoding revealed high variation in Orconectes virilis, O. immunis a Procambarus
acutus/zonangulus. It will therefore be interesting to further study these species also in their native
American range of distribution. DNA barcoding seems useful in fast and accurate identification of
new invaders, preferably in combination with morphological examinations (chapter V).

The second part of my thesis brings information on the crayfish plague prevalence in 45
signal crayfish populations in France. Our results show that the species serves as the reservoir of
this pathogen in the country and represents therefore a serious threat for native species, especially
the white-clawed crayfish. Detection of A. astaci in several individuals of Orconectes immunis and
Procambarus clarkii confirms that these species may also contribute to the transmission of the
plague in France. Further studies of plague prevalence in populations of these and other
non-indigenous crayfish species will therefore be crucial for conservational management of native
crayfish in France. Conservational management may focus e.g., on regions where the plague
prevalence in non-indigenous crayfish is high but populations of native species are in proximity and
the risk of the transmission of the pathogen is high.

It must be kept in mind that if no 4. astaci DNA was detected in the sample or in individuals
from a population, this does not mean that the individuals or populations are plague-free. Only
certain parts of the cuticle and DNA isolate were analysed, and only a limited number of individuals
per population were tested. However, our results are highly valuable, as they give us the first idea of
the A. astaci distribution in signal crayfish populations in France and may be applied in a more
efficient management of native crayfish in the country. Detailed results of our study will be
provided to French organisation ONEMA involved in water quality surveys and protection of
biodiversity in French waters, to enable further practical use of the data.

Analysis of Central European invasive crayfish species by the real-time PCR proved that the
method is highly sensitive and specific (chapter VII). In particular, the significant increase of signal
crayfish individuals testing positive for 4. astaci shows that the choice of the detection method may
have serious implications for assessment of the threat particular populations represent, and their
subsequent management.
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