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- ABSTRAKT (IN CZECH) -

Biologické invaze kory8U pfedstavuji vaznou hrozbu pro pavodni druhy v Evropé. Ve
své dizertacni praci jsem se zaméfila na nepuvodni sladkovodni raky introdukované do
Evropy, a jejich parazita Aphanomyces astaci, puvodce ra¢iho moru. Ma prace zahrnuje Ctyfi
publikované prvoautorské ¢lanky (kapitoly I, Il, IV a V), dva prvoautorské rukopisy (kapitoly
lll a V) a jeden &lanek, jehoZ jsem spoluautorkou (kapitola VII).

Prvni ¢ast (kapitoly I-V) je zaméFfena na genetickou variabilitu severoamerickych
rakl introdukovanych do Evropy. Ukazali jsme, Ze geneticka variabilita dvou raku, ktefi jsou
oba UspéSnymi invaznimi druhy v Evropé, se vyrazné liSi a odrazi jejich odliSny zpUsob
kolonizace kontinentu. Rak pruhovany, Orconectes limosus, byl pravdépodobné do Evropy
introdukovan jen jednou, kdy bylo dovezeno 90 jedincu. Variabilita na arovni mitochondrialni
DNA je u raka pruhovaného v Evropé mnohem niz8i nez v Severni Americe (kapitola I),
ackoli ur€itd mira variability byla zaznamenana na jadernych markerech v jeho
stfedoevropskych populacich (kapitola Il). Opacnym pfikladem je rak signalni, Pacifastacus
leniusculus, ktery byl do Evropy introdukovan vicekrat, mnoha jedinci. Jeho geneticky vysoce
diverzifikované evropské populace patfi jedinému poddruhu P. . leniusculus (kapitola IlI).
Ten je jednim ze tfi poddruhu, které jsou znamé ze severni Ameriky. Objev novych linii
mitochondrialni DNA v severni Americe ovSem ukazuje, ze rozdéleni téchto poddruhl by
mélo byt pfezkoumano a bude proto vhodné dale studovat raka signalniho v jeho americkém
arealu.

Kapitola V ukazuje, Ze pro pfesné uréeni nové objevenych nepuvodnich druhd rakud
v Evropé je vhodna metoda genetického ,Carového kodu® (DNA barcoding). Ovéfili jsme
identifikaci (ur€enou na zakladé morfologie) u nékterych ztéchto invaznich rakd
(Orconectes juvenilis, druhovy komplex raka O. virilis, dale Procambarus fallax, a komplex
P. acutus/zonangulus). U studovanych jedinct komplexu kryptickych druht raka Orconectes
virilis (kapitola IV), u raka O. immunis a u komplexu P. acutus/zonangulus jsme nalezli
prekvapivé vysokou miru genetické variability. Porovnani variability nepulvodnich raku
v Evropé s daty ze severni Ameriky nam tedy muze pomoci odhalit dilezité informace
o celkové variabilité v ramci téchto taxona.

Kapitoly VI a VIl jsou vénovany detekci ra¢iho moru u neplvodnich rakd v Evropé.
Plavodce onemocnéni, Aphanomyces astaci (oomycety), se poprvé objevil v Evropé v roce
1859 a zpUsobil masovy ubytek populaci pavodnich druhl rakd. Severoamericti raci pritomni
v Evropé mohou tento patogen prenaset a nakazit jim plvodni evropské druhy; stale tak
zpusobuji uhyny téchto citlivych populaci. Informace o promofenosti populaci invaznich
druhd racim morem jsou proto nezbytné, abychom zjistili, jaké nebezpedi tyto populace
predstavuji pro puvodni raky. Kapitola VI pfinasi Uudaje o promorenosti francouzskych
populaci raka signalniho P. leniusculus raCim morem, které byly ziskany kvantitativni
metodou TagMan MGB real-time PCR. Potvrdili jsme, Ze tento druh je ve Francii
prfenasecem raciho moru a doufame, ze nase data pfispéji k u¢inné ochrané plvodniho raka
bélonohého, Austropotamobius pallipes, v této zemi. V kapitole VII jsme pouzili stejnou
metodu detekce A. astaci, abychom otestovali vzorky invaznich rakl ze stfedni Evropy, které
byly dfive zpracovany jinou molekularni metodou. Vysoka citlivost real-time PCR nam
umoznila odhalit dalSi nakazené jedince, u kterych nebyla nakaza dfive prokazana. Potvrdili
jsme tak, ze tato metoda je velmi vhodna pro detekci plivodce ra¢iho moru, pfestoze 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 | 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 |, Il, IV and V), two first-author
manuscripts (chapters Ill and VI), and one paper which | co-authored (chapter VII).

The first part (chapters 1-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
(chapterl), although some variation was revealed by nuclear markers in its Central
European populations (chapter Il). 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 Ill). Nevertheless, the discovery of
new MtDNA lineages in North America 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 IV), 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. Aphanomyces astaci (oomycetes) 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 continue today.
Information on A. astaci prevalence in invasive crayfish populations is therefore necessary
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 A. 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.



- RESUME (IN FRENCH) -

Les invasions biologiques de crustacés représentent une sérieuse menace pour les
espéces natives d’Europe. Dans ma thése je me suis intéressée aux écrevisses
non-indigénes introduites en Europe et a leur parasite Aphanomyces astaci, le pathogéne de
la peste de I'écrevisse. La thése est composée de quatres articles publiés (chapitre I, Il, IV
et V) et de deux manuscrits (chapitres lll et VI) ou je suis le premier auteur, et d’un article
dont je suis coauteur (chapitre VII).

La premiére partie (chapitres I-V) porte sur la diversité génétique des écrevisses
d’Amérique du Nord introduites en Europe. Nous avons montré que chez deux espéces
avérées invasives, la variabilité génétique varie significativement, ce qui permet de retracer
différentes histoires de colonisation sur le continent. L'écrevisse américaine Orconectes
limosus a été introduite en Europe probablement en une seule fois, avec seulement
90 individus. La variabilité de '’ADN mitochondrial chez cette espéce en Europe est bien
inférieure a celle observée en Amérique (chapitre I) méme si une variation modérée a été
mise en évidence par des marqueurs nucléaires dans les populations d’Europe centrale
(chapitre Il). Par contre I'écrevisse de Californie Pacifastacus leniusculus a été introduite en
Europe en plusieurs fois, avec un grand nombre d’individus. Ses populations européennes,
qui sont génétiquement trés diverses, appartiennent a une seule sous-espéce
P. I. leniusculus, une de trois sous-espéces reconnues en Amérique du Nord (chapitre IlI).
Mais la découverte des nouveaux clades d’ADN mitochondrial en Amérique du Nord montre
que cette division en sous-espéces devrait étre révisée et des études supplémentaires sont
nécessaires concernant l'aire d’origine en Amérique.

Le chapitre V montre que la méthode du code barre génétique (DNA barcoding), en
combinaison avec les examens morphologiques, est utile pour une identification exacte des
nouvelles espéces d’écrevisses établies en Europe. Nous avons vérifié I'indentification
morphologique de certains envahisseurs (Orconectes juvenilis, le complexe O. virilis,
Procambarus fallax, le complexe P. acutus/zonangulus). De plus, une variabilité
considérable a été detectée chez le complexe d’espéces cryptiques O. virilis (chapitre 1V),
chez O.immunis, et le complexe Procambarus acutus/zonangulus (chapitre V). La
comparaison des patterns de la variabilité observée chez les écrevisses non-indigénes en
Europe avec celle observée dans leur aire de distribution en Amérique peuvent donc
apporter des informations importantes sur la variation globale au sein de ces taxa.

Les chapitres VI et VII portent sur la détection du pathogéne de la peste de
I'écrevisse chez les écrevisses non-indigénes en Europe. Aphanomyces astaci (oomycétes)
est apparue en Europe pour la premiére fois en 1859 et a largement réduit les populations
d’écrevisses natives. Les écrevisses d’Amérique du Nord peuvent étre porteuses du
pathogéne et le transmettre aux espéces indigénes en Europe, provoquant encore de nos
jours des disparitions de populations entiéres. Les informations sur le niveau d’infestation par
A. astaci dans les populations d’écrevisses invasives sont donc nécessaires pour évaluer le
danger qu’elles représentent pour les espéces natives. Le chapitre VI apporte les
informations sur la prévalence de la peste chez I'écrevisse de Californie P. leniusculus en
France, grace a la méthode du TagMan MGB real-time PCR quantitative. Nous confirmons
que cette espéce est un réservoir du pathogéne en France et nous espérons que ces bases
des données contribueront a une protection efficace de I'écrevisse a pattes blanches
Austropotamobius pallipes dans ce pays. Dans le chapitre VIl la méme méthode de la



détection d’A. astaci est utilisée afin de tester les échantillons d’écrevisses invasives
d’Europe centrale qui étaient précédemment analysées par une autre méthode moléculaire.
Les résultats ont été ensuite comparés pour évaluer le taux d‘infestation dans les
populations étudiées. La haute sensibilité du real-time PCR nous a permis de découvrir des
individus infectés dans des populations ou la présence de la peste n’était pas signalée
auparavant. Ainsi nous validons que cette méthode est trés appropriée pour la détection du
pathogéne de la peste de l'écrevisse, méme si la combinaison de plusieurs méthodes
moléculaires est recommandée.




- INTRODUCTION -

Biological invasions have been associated with human presence for thousands of
years, but an enormous increase in translocations of organisms around the Earth has
occurred in modern times with the rise of transport and commerce (Jeschke and Strayer
2005, Mack et al. 2000, Weijden et al. 2007). Introductions may be intentional or
unintentional, with various pathways allowing dispersal of alien organisms in terrestrial as
well as aquatic environments (Hulme et al. 2008, Roman and Darling 2007). Introduced
organisms then spread to new areas, sometimes with disastrous consequences, both
ecological and genetic, on local environments (Mack et al. 2000). Ecological impacts can
include direct competition with native species, predation, herbivory, parasitism or mutualism,
and indirect habitat changes, indirect competition for resources or changes in trophic
interactions. In addition, rapid evolutionary changes may occur in the invader, sometimes
followed by accelerated evolution in native species, with possible hybridization and
introgression between them (Mack et al. 2000, Sakai et al. 2001). These impacts may lead to
the exclusion of native species (Mack et al. 2000). Moreover, the ecological impact of
invasions is highly correlated with economic impact (Vila et al. 2010). According to Ricciardi
et al. (2011), biological invasions can even be treated as natural disasters and corresponding
precautionary systems should be developed against all invasive species that have the
potential for disastrous impacts.

Invading organisms are sometimes slowed down or stopped by various barriers.
These may occur during different stages of introduction: importation of the species to a new
territory, its introduction into the wild, establishment of a reproducing population and
subsequent spread. Barriers may be geographical, preventing the organism from reaching
new territories and spreading once there, or reproductional, which do not allow successful
establishment of the species (Mack et al. 2000, Weijden et al. 2007). Furthermore, conditions
in the invaded environment may not be suitable, e.g., in freshwaters critical factors include
temperature, current velocity, water chemistry and abiotic resources, which influence
establishment and spread of invasive species (Gherardi 2007).

Multiple introductions of individuals are often necessary for successful establishment
and spread of invaders (Weijden et al. 2007). It has been suggested that 10% of imported
species become introduced (or feral), 10% of introduced species become established and
10% of these may become pests (“Three Tens Rule”; Williamson 1996). It has become
obvious, however, that this rule does not apply in general and that these proportions may
vary significantly among taxa and habitats (Jeschke and Strayer 2005, Weijden et al. 2007).
Nevertheless, it still seems that species that negatively impact newly invaded territories

represent only a small portion of all organisms transported around the Earth. Information on



the different pathways of their spread is therefore essential for the early detection of these
invaders, development of methods of prevention, as well as for subsequent management
(Hulme et al. 2008).

This thesis deals with invasive North American crayfish in Europe and their parasite,
the pathogen of the crayfish plague. In Europe, introductions of non-indigenous freshwater
crustaceans represent one of the most striking examples of biological invasions on the
continent (Hanfling et al. 2011). The importance of information on the origin, distribution and
impact of invasive crustaceans in Europe was highlighted by Holdich and Péckl (2007). The
authors showed that multiple pathways of crustacean invasions to Europe exist, both
intentional and unintentional. Intentional introductions are associated with aquaculture, the
human and fish food trade, the pet trade, and management and stock enhancement. Among
unintentional introductions the authors listed ballast water, fish stockings, fish bait, transport
of organisms attached on mobile surfaces or trapped in nets, and transport by predators. The
major negative impact of introduced decapods on invaded ecosystems is the loss of
macrophytes and some benthic animals, which further influences local food webs (Strayer
2010). Water and sediment characteristics may also be modified significantly, as was shown
for the invasive red swamp crayfish Procambarus clarkii (Angeler et al. 2001). Some
decapods have also caused a decline of native species in parts of the invaded area (Holdich
and Pockl 2007). In Europe, strong negative effects of introduced freshwater crustaceans
have been shown for amphipods, such as the Pontocaspian Dikerogammarus villosus and
the North American Gammarus tigrinus, and for invasive crayfish (Holdich and Péckl 2007).

Transmission of parasites often plays an important role in the exclusion of native
species by introduced ones (Mack et al. 2000, Poulin et al. 2010). Nevertheless, the impact
of introduced diseases on freshwater ecosystems has probably been underestimated,
because little attention has been paid to them compared to human diseases (Strayer 2010).
In aquatic environments, the transmission of pathogens from an invader to naive native
species has been demonstrated for fish parasites, including the infectious salmon anemia,
the rosette agent Sphaerothecum destruens, and Gyrodactylus salaris, all of which cause
severe mortalities on fish (especially salmonids), and the Asian nematod Anguillicola crassus
which affects European eels (Gozlan et al. 2009, Peeler and Feist 2011, Spickler 2010). In
amphibians, the most striking example is the fungal parasite Batrachochytrium dendrobatidis,
which has devastated their populations in North and South America, Europe and Australia
(Daszak et al. 2003).

An example of such host-switching was reported also for the pathogen of the crayfish
plague Aphanomyces astaci, originating in North America, and its hosts, native and invasive
crayfish in Europe. In 1859, the first native crayfish mortalities attributed to this disease

appeared in Lombardy (northern ltaly) and in the following years A. astaci quickly spread



across Europe, leading to severe losses of indigenous crayfish populations (Alderman 1996).
After more than 150 years, the pathogen still represents a serious threat to native crayfish in
Europe (Souty-Grosset et al. 2006).

The European native crayfish most affected by crayfish plague are the white-clawed
crayfish Austropotamobius pallipes, and the noble crayfish Astacus astacus. Until the
mid-19" century their populations were strong and they were harvested and consumed in
large numbers. However, after the first outbreak of the crayfish plague in Italy and especially
after the second outbreak in France, numerous native crayfish populations were eliminated
by the disease (Souty-Grosset et al. 2006). The stone crayfish Austropotamobius torrentium
is also highly susceptible to the pathogen. In the Czech Republic, one mass mortality of
A. torrentium has been recorded in 2005, and at least one more population is assumed to
have been lost recently due to crayfish plague (Kozubikova et al. 2008). The overall impact
of the disease on European populations of the stone crayfish is not well documented, but it is
possible that A. astaci has contributed to its decline (Holdich et al. 2003). Some populations
of A. torrentium in the Danube watershed are located relatively close to localities with
invasive signal crayfish Pacifastacus leniusculus (in Hungary and Slovakia) and spiny-cheek
crayfish Orconectes limosus (in Romania). Individuals of these invaders in the area are
infected by the crayfish plague pathogen and might therefore have a disastrous impact on
local populations of the stone crayfish (Kozubikova et al. 2009, Parvulescu et al. 2012).

To replace lost native crayfish populations, several non-indigenous crayfish species
have been introduced to Europe. The first crayfish intentionally introduced to Europe was
Orconectes limosus, which was released in 1890 in Pomerania, currently western Poland
(Kossakowski 1966). Later, additional non-indigenous crayfish species (“NICS”) were
introduced. Most were North American crayfish species from the family Cambaridae, but at
least three Australian Cherax species (Parastacidae) were also brought to the continent
(Jakli¢ and Vrezec 2011, Souty-Grosset et al. 2006). Three North American species,
sometimes called “Old NICS”, are now particularly abundant and invasive in Europe: the
spiny-cheek crayfish Orconectes limosus which is present in at least 20 countries, the signal
crayfish Pacifastacus leniusculus found in at least 25 countries and the red swamp crayfish
Procambarus clarkii reported from 8 countries, mostly in warmer parts of southwestern
Europe (Holdich et al. 2009, Souty-Grosset et al. 2006). Additionally, other non-indigenous
crayfish species, or “New NICS”, have been introduced to Europe in the last few decades,
most likely through the aquarium trade and aquaculture (Holdich et al. 2009, chapter V).

North American crayfish negatively affect native European crayfish populations in a
variety of ways. In particular, they serve as a reservoir of the crayfish plague pathogen and
transmit it to susceptible hosts. Invasive crayfish also affect European species indirectly by

altering their environment, but also by direct competition for resources (Holdich 1999).



Together with other factors, such as pollution or habitat alteration by humans, invasive
crayfish have contributed to the decline of native crayfish populations. Astacus astacus,
Austropotamobius pallipes and Austropotamobius torrentium are now considered
endangered species in Europe and they are listed in Appendix Il of the Bern Convention as
protected species and in the EU Habitats Directive. In contrast, the pathogen of the crayfish
plague is listed in the IUCN list of 100 worst invasive alien species in the world (Lowe et al.
2000). Moreover, Aphanomyces astaci and the three most widespread invasive crayfish
species in Europe, Procambarus clarkii, Orconectes limosus and Pacifastacus leniusculus
are considered to be among the worst invaders threatening biodiversity in Europe (DAISIE
2008, EEA 2007).

Efficient management of invaders requires information on the biology of these
species, their origin and routes of introduction, and history of colonization (Hulme et al.
2008). To investigate some of these features in invasive populations, molecular tools have
been shown to be useful (Sakai et al. 2001). Although this approach has its limitations, it has
proven suitable, e.g., in identifying alternative sources of non-native species or evidence of
multiple introductions (Blanchet 2012, Fitzpatrick et al. 2011). To address some of these
questions concerning North American crayfish invasive in Europe, we analysed their
European and American specimens using molecular techniques. These studies comprise the
first part of my thesis (chaptersI-V). In chapter | we studied genetic diversity of
Orconectes limosus individuals from Europe and North America in order to assess whether
European populations came from a single source, and tried to identify their origin. 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. In chapter Il
we analysed Central European populations of O. limosus to evaluate the level of intra- and
among-population genetic variation and to relate it to the invasion process. European
populations of another species, Pacifastacus leniusculus, were studied to test for the
presence of currently recognised subspecies in Europe and to investigate variation in these
introduced populations (chapter lll). Finally, we analysed European individuals of introduced
North American crayfish and data were compared with those available from North America
(chapter V). In that study, we focused on “New NICS” and tried to confirm morphological
identification of some of the studied species. We also wanted to show the utility of DNA
barcoding for identifying crayfish invaders. Preceding that overall study, we focused in detail
on European populations of one “New NICS”, identified as the virile crayfish Orconectes
virilis, to assess their position within other lineages of the O. virilis species complex known
from its North American range (chapter IV). Four studies from this part of the thesis have
already been published (chapters I, Il, IV and V) and one is presented as an unpublished

manuscript (chapter IlI).



To protect native crayfish more efficiently, there is a need to evaluate the danger that
non-indigenous crayfish populations represent to native species. In Europe, the major
conservation issue is the threat these invaders pose to local crayfish by the transmission of
the crayfish plague pathogen Aphanomyces astaci. Several molecular methods for A. astaci
detection in crayfish have been developed; the most recent ones are also suitable for the
detection in non-indigenous crayfish where the pathogen load is often relatively low. We
used one of these methods to analyse A. astaci prevalence in French populations of the
invasive signal crayfish Pacifastacus leniusculus (chapter VI), and to evaluate the danger
these populations represent for native crayfish, especially the white-clawed crayfish
Austropotamobius pallipes. | also contributed to studies that analysed the prevalence of
A. astaci in Central European populations of two invasive crayfish, O. limosus and
P. leniusculus (Kozubikova et al. 2009 and chapter VIl). The study that focuses on the
situation in France is presented as a manuscript; the paper re-assessing the prevalence of
A. astaci in Central Europe, of which | am a co-author, has already been published.

Most of the non-indigenous crayfish research in Europe has focused on
characteristics of colonization of new areas by these species, on their ecology, behavior,
interactions with native species and possible ways to eradicate invasive populations
(Souty-Grosset et al. 2006). However, little was known about their genetic variation, in
Europe as well as in North America. | have therefore dedicated a substantial part of my PhD
studies, and the first part of this thesis, to that subject. In the second part, | contributed to the
recent boom of studies that took advantage of the development of molecular methods to
detect the crayfish parasite Aphanomyces astaci. On the following pages, | will discuss these

two topics in more detail.

PART 1: GENETIC VARIATION IN CRAYFISH INVADERS

Knowledge of genetic diversity and evolutionary processes in invasive species is
important when studying biological invasions. In invading populations, genetic variability
is influenced by the history of native populations of the species and characteristics of its
introduction to the area, both historical and demographical (Estoup and Guillemaud 2010).
For a long time scientists supposed that invasive populations had reduced genetic variation
due to colonization bottlenecks. However, it was recently shown that different factors such as
high propagule pressure and multiple introductions may prevent the irreversible loss of
genetic variation during introduction (Roman and Darling 2007). Moreover, reduced variation
in introduced populations of some organisms does not necessarily mean an obstruction for

their success when colonizing new habitats, as has been shown for various organisms, e.g.,
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the guppy Poecilia reticulata and greyling Thymallus thymallus (Roman and Darling 2007). In
an extreme case, colonization by a single genotype may be extremely successful, as has
been documented for an asexual American water flea clone (Daphnia pulex x pulicaria
hybrid) in Africa (Mergeay et al. 2006).

To better understand the process of invasion, it may therefore be useful to evaluate
the amount of genetic variation lost during the introduction of the studied species and to
determine if multiple introduction events occurred (Barbaresi et al. 2007). In some cases,
results from an invaded area should be compared with data from the original range of the
species. If these data are not available, sampling and analyses of native populations often
follow, sometimes with unexpected results. Studying non-indigenous species may therefore
provide important information on populations in their native range. When variation in
introduced and native populations of the species is analysed, we may also learn more about
the patterns of diversity within the studied taxon in general (chapter V). In certain cases,
presence of cryptic species in the invaded area may be uncovered (Bickford et al. 2007,
chapter V). In my thesis | focused on North American crayfish present in Europe. These
species differ in their colonization history, number of introduction events and number of
introduced individuals. North American crayfish therefore provide an interesting model for

studies of biological invasions in Europe.

Genetic variation in North American crayfish species introduced to Europe

In 2005 when | began studying non-indigenous crayfish in Europe, only a few studies
of genetic diversity in their introduced populations were available (Agerberg 1990, Agerberg
and Jansson 1995, Barbaresi et al. 2003, Grandjean and Souty-Grosset 1997). Since then,
| have substantially contributed to knowledge of variation in these taxa, and brought new
information on their identity, taxonomical status, population structure and variation in their
invaded and native ranges.

Genetic variation of the spiny-cheek crayfish Orconectes limosus in North America
has not been studied before. This species received relatively little attention in its native range
until recently, although it is endangered in some regions, particularly in Pennsylvania and
Maryland (Lieb et al. 2011), and has probably been completely extirpated by other crayfish
species in West Virginia (Swecker et al. 2010). Thus, information on variation in its
endangered populations is important for the preservation of rare haplotypes and future
conservation management of the species (chapter I). Genetic variation in European
O. limosus populations has not been analysed either. The success of the species in Europe
and quick colonization of new habitats seemed surprising given that the literature indicated

that a low number of individuals had been imported just once to Europe. If unreported
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multiple introductions occurred, this might have assured that more variation was brought to
Europe from the original range. If the species is highly structured in its original range,
multiple introductions can even lead to higher variation in introduced than native populations
(e.g. Kolbe et al. 2004, Sakai et al. 2001). In chapter | we therefore investigated genetic
variation in Orconectes limosus and looked for potential signs of multiple introduction events
from North America to Europe. We also sought to determine if its source area could have
been in the basin of the Delaware River (on the border between Pennsylvania and New
Jersey, eastern USA), as suggested by Schikora (1916). Analyses of genetic variation in
invasive but also in native American O. limosus populations were therefore needed to
understand the invasion process of the species. Variation in European populations was much
lower than that found in North America. Despite an apparent bottleneck effect during
introduction and low variation in the species in Europe, the invasion success of O. limosus
does not seem to be significantly reduced (chapter I). Still, substantial variation in nuclear
markers was maintained during its introduction, as was shown in chapter Il and in another
study that tested variation of several microsatellite loci (Hulak et al. 2010), to which | also
contributed. The successful spread of the species in Europe and its high invasiveness might
have also been facilitated by its reproductive plasticity: as recently demonstrated,
Orconectes limosus is capable of facultative parthenogenetic reproduction (Bufi¢ et al. 2011).
However, more studies are needed to confirm or reject this hypothesis.

In the signal crayfish Pacifastacus leniusculus, three subspecies are recognised in
North America: Pacifastacus I. leniusculus, P. I. trowbridgii and P. I. klamathensis (Miller
1960). They are difficult to distinguish because their morphological characters as well as their
range of distribution overlap. Sonntag (2006) analysed signal crayfish populations mainly
from the Klamath River Basin in California and Oregon in North America and demonstrated
that the three subspecies are distinguishable at the mtDNA level. However, the range of
distribution of signal crayfish in North America is much larger than the area studied by the
author. Recent analyses of samples from other regions in the Pacific Northwest (western part
of the USA and Canada) uncovered the presence of new mtDNA lineages and showed that
variation within signal crayfish is higher than previously suggested (chapter lll, E.R. Larson,
pers. comm.). The taxonomic status of the three subspecies was also questioned, as genetic
divergences between them are surprisingly high, suggesting that they may be separate
species (Sonntag 2006). More information on the distribution, reproductive compatibility, and
genetic variation of major signal crayfish lineages in North America are therefore needed to
resolve these questions. Although invasive in Europe, Japan and partially in northwestern
USA, Pacifastacus leniusculus may be endangered in some parts of its North American
native range by other crayfish species and habitat modifications (Bondar et al. 2005, Larson

and Olden 2011), which is similar to the situation in the spiny-cheek crayfish Orconectes
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limosus (Lieb et al. 2011, chapter 1). In the Rogue River system in Oregon,
P. I. klamathensis has been replaced by Orconectes neglectus in most habitats (Bouchard
1977). Investigations of genetic variation within P. leniusculus may therefore help protect its
unique evolutionary lineages.

In Europe, genetic variation in P. leniusculus has been little studied so far, and only
a few populations from restricted areas have been analysed. Using allozyme electrophoresis,
Agerberg (1990) and Agerberg and Jansson (1995) studied variation in Swedish populations
of signal crayfish and asked if one or more subspecies are present within them. Although
their data suggested the presence of P. /I leniusculus and P. . trowbridgii, the third
subspecies P. I. klamathensis did not seem to be present (Agerberg and Jansson 1995).
Based on the RFLP analysis of mtDNA, Grandjean and Souty-Grosset (1997) also
suggested that the high variation found in three French signal crayfish populations could
reflect the presence of more subspecies in Europe. However, our study (chapter lll) based
on the mtDNA analysis of signal crayfish coming from 17 European countries showed that
only the lineage corresponding to P. /. leniusculus is found in Europe, although the presence
of other subspecies in restricted unsampled areas cannot be excluded. European signal
crayfish populations were highly diverse but showed no obvious geographical pattern, which
corresponds to colonization of Europe by many individuals of this species, with numerous
secondary translocations (chapter IlI).

Although | did not focus on genetic variation in the red swamp crayfish Procambarus
clarkii, it is interesting to compare the patterns in this species with those discussed above.
Although it is an important aquaculture species, Procambarus clarkii has not been well
studied in North America. Busack (1988) analysed nine populations from the southern USA
using allozyme markers and found little variation within the species, suggesting its recent
expansion in the area. Much more attention has been given to the species in China where
P. clarkii is cultured in farms but has also spread into the wild, posing a threat to local
ecosystems (e.g. Cao et al. 2010, Yue et al. 2008, 2010). Yue et al. (2008) suggested that
parthenogenesis may occur in this species as they found putative clones of P. clarkii in
studied Chinese populations. Recent comparisons of mtDNA variation in invasive P. clarkii
populations in Mexico and Costa Rica with variation in the native US range showed
association of some of these invasive and native haplotypes, which supports the general
belief that this crayfish has relatively low intraspecific variation (Torres and Alvarez 2011).
Since little variation was detected by allozyme, COI, or 16S markers in previous studies,
variable markers, such as RAPD used in the past, and microsatellite loci analysed in more
recent studies, provide better insight into the variation within the species (Barbaresi et al.
2007, Belfiore and May 2000, Zhu and Yue 2008). Some European populations of P. clarkii

have also been analysed genetically. Red swamp crayfish were first introduced to the
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continent from Louisiana to Spain in 1973 in large numbers (40 000 individuals) (Henttonen
and Huner 1999). Barbaresi et al. (2003, 2007) showed that the high genetic diversity of
European P. clarkii populations revealed by RAPD and microsatellite markers may
correspond to the scenario of multiple introductions of individuals in its European range from
different source locations.

The systematics of other North American crayfish species recently introduced to
Europe is often unclear and their identification in Europe has been problematic.
Morphological examinations often fail due to the existence of cryptic species, lack of
characteristic morphological features or simply due to human error resulting from insufficient
taxonomic experience. In some cases, genetic studies may reveal erroneous identification of
new invaders or the presence of new introduced species or cryptic lineages. In addition to
common invaders listed above (“Old NICS”), we analysed representatives of all North
American “New NICS” present in Europe: Orconectes juvenilis, the O. virilis species
complex, calico crayfish O. immunis, marbled crayfish Procambarus fallax, and the white
river crayfish complex P. acutus/zonangulus (chapter V). In some of them (O. juvenilis,
O. virilis complex, Procambarus fallax, P. acutus/zonangulus complex), results of DNA
barcoding confirmed previous identifications based on morphological features. Moreover,
surprisingly high levels of genetic variation were observed when European samples of
O. virilis, O. immunis and Procambarus acutus/zonangulus complex were compared with
reference data from North America.

For one of the “New NICS”, the virile crayfish Orconectes virilis, it has been well
demonstrated that it represents a cryptic species complex with several species known from
North America (Mathews et al. 2008, Mathews and Warren 2008). In this crayfish as well as
in O. limosus, genetic variation in American populations seems to reflect post-glacial
colonization (Mathews et al. 2008, B. Williams, unpublished results; chapter I). In our study,
we discovered two distinct O. virilis lineages that were previously unknown from its American
range, one in America, the second in Europe (chapter IV), suggesting much higher variation
within the complex. Although we did not have enough data to speculate about the origin of
the “European” lineage (established in the UK and the Netherlands), recent results show that
the two haplotypes detected in this lineage occur in Kansas (B. Williams, pers. comm.), but

they might possibly be more widespread.
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PART 2: CRAYFISH PLAGUE

Invaders usually have fewer parasites in newly colonised areas than in their original
range (Torchin et al. 2003). However, due to the introduction of parasites together with
invasive hosts, emerging diseases connected with biological invasions may occur, having
a devastating impact on naive native species (Peeler and Feist 2011, Poulin et al. 2010).
Crayfish are known to serve as hosts for a variety of parasites, including the crayfish plague
(caused by the saprolegnious oomycete Aphanomyces astaci), other Saprolegnia species,
the microsporidian Thelohania contejeani causing the porcelain disease, members of the
genus Psorospermium (belonging to mesomycetozoea), and several bacterial and viral
diseases (Longshaw 2011). Nevertheless, the crayfish plague pathogen A. astaci obtained
most attention in Europe due to its rapid and immense spread throughout the continent and
its severe impact on local crayfish.

When crayfish plague first appeared in Italy in 1859, the cause of the disease was not
known. It was identified much later, in 1903, when Schikora recognised that an oomycete
(named afterwards Aphanomyces astaci) was responsible for plague outbreaks. The source
of the pathogen which caused the first European outbreak was, and still remains, unclear.
The American origin of A. astaci is, however, undisputed. It is supported by the fact that
North American crayfish are almost immune to the disease, which is probably a result of
a long-term co-evolution of the parasite and its host (Edgerton et al. 2004, Unestam 1973).
Furthermore, a specific strain of A. astaci has been isolated from an American population of
P. leniusculus (Huang et al. 1994).

It is now assumed that an American crayfish carrying A. astaci was unintentionally
introduced to Europe in the mid-19" century (Westman 2002), without having become
established in Italian waters. However, the pathogen was transmitted to the native European
crayfish. Infection by crayfish plague is usually lethal for these, although recent research
shows that in some cases coexistence of native crayfish with the pathogen is possible
(Jussila et al. 2011, Parvulescu et al. 2012, Viljamaa-Dirks et al. 2011), even for decades
(Harlioglu and Harlioglu 2009, Svoboda et al. 2012). Apart from European crayfish, the
disease is also lethal for Australian crayfish species (Unestam 1975) and it is generally
assumed that all crayfish, other than those of North American origin, are susceptible. North
American crayfish species may die from the plague when severely stressed or exposed to
high concentrations of the pathogen (Cerenius et al. 1988, Diéguez-Uribeondo and Sdderhall
1993).

Only asexual reproduction was documented for this parasite. Its basic reproductive
cycle (reviewed, e.g., in Cerenius et al. 1988) consists of a release of primary spores in the

water from sporangia, their transformation into bi-flagellate zoospores and attachment on the
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cuticle of a crayfish. In susceptible species the parasite then penetrates mostly into
uncalcified parts of the cuticle and starts growing. It may later affect internal organs, leading
to paralysis and eventually death of the infected crayfish. In the final phase A. astaci forms
zoosporangia which produce primary cysts, being then transformed into secondary
zoospores and the cycle is completed (Cerenius et al. 1988, Diéguez-Uribeondo et al. 2006,
Vogt 1999). The cycle may be extended with a phase of “repeated zoospore emergence”.
When a zoospore encysts on substrates other than crayfish, the cyst changes into a
zoospore stadium again and continues searching for a suitable attachment surface (Cerenius
and Soderhall 1984). Crayfish plague may be transmitted with infected crayfish, but its
zoospores can also be transported by water, on wet objects such as fishing gear, waders etc.
(Neveu 2002). Similarly, animals, particularly fish feeding on infected crayfish, may transport
the pathogen from an infected to a healthy population (Alderman et al. 1987, Oidtmann et al.
2002). This significantly complicates the management of the disease.

After the first European outbreak in Italy and a second large outbreak of the disease
at Plateau des Langres, France, in 1874 (Alderman 1996), the pathogen of the crayfish
plague has quickly spread across Europe. Its expansion has been facilitated by frequent
translocations of crayfish due to intense trade (Souty-Grosset et al. 2006, Unestam 1973).
This was not the only introduction of the pathogen to Europe, as A. astaci was most likely
brought again several times together with different North American crayfish species.
Molecular analyses revealed the presence of at least five groups (A-E) of A. astaci
genotypes in Europe which were introduced from North America (Kozubikova et al. 2011,
Oidtmann et al. 1999), possibly showing various levels of virulence (Diéguez-Uribeondo et al.
1995, Huang et al. 1994, Jussila et al. 2011). Genotypes isolated from mass mortalities of
European native crayfish, presumably those originally introduced to Europe, belong to
group A. Groups B and C are associated with signal crayfish, while the red swamp crayfish is
known to be carrying genotype from group D (Diéguez-Uribeondo et al. 1995, Huang et al.
1994). A recently discovered strain (group E) of the pathogen was detected in the
spiny-cheek crayfish (Kozubikova et al. 2011).

Due to the quick removal of moribund and dead animals by predators and scavengers
or due to isolation and inaccessibility of localities, outbreaks of diseases in wild animals may
remain unnoticed until they reach extreme levels (Plowright 1988). In crayfish, mortalities
may remain unreported, as stakeholders and the public, e.g., scuba divers or amateur
naturalists, sometimes lack information on the disease (Kozubikova et al. 2008). Due to this
ignorance, mortalities of organisms might also be attributed to other causes, such as
chemical pollution (Plowright 1988). Mortalities of native crayfish in Europe caused by the
crayfish plague occasionally appear in many parts of the continent (Souty-Grosset et al.

2006). The spread of the pathogen is facilitated by the presence of North American crayfish
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in Europe, which serve as a reservoir of the disease and may transmit the pathogen to
susceptible species. This shows the importance of A. astaci detection in these crayfish, as
such data may reveal which areas represent the highest danger for native crayfish
populations and where conservation efforts should be focused.

Various methods used to detect the pathogen are available. Morphological
examinations are complicated, as the species lacks sexual reproductive organs which are
used in the identification of other closely related species (Oidtmann et al. 2002). Molecular
methods for A. astaci detection substantially facilitated the analysis of crayfish without
apparent plague symptoms (Oidtmann et al. 2002) and various techniques which do not
require the cultivation step have therefore been developed, including amplification of ITS
fragments with presumed specific primers (Oidtmann et al. 2006), or a real-time PCR-based
technique targeting GH18 chitinase family genes (Hochwimmer et al. 2009). Vralstad et al.
(2009) recently developed a TagMan minor groove binder real-time PCR targeting the ITS
region of the pathogen nuclear ribosomal DNA. This method, which also allows quantifying
the amount of Aphanomyces astaci DNA in the studied sample, is now considered more
sensitive and more specific relative to other available techniques (Tuffs and Oidtmann 2011,
chapter VII). Furthermore, detection of pathogen spores directly from water samples is now
possible, which may aid in the conservation and management of native crayfish in Europe
(Strand et al. 2011).

To date, several authors have tested for the presence of Aphanomyces astaci in
non-indigenous crayfish in Europe by molecular methods, although in most cases, few
populations were analysed. The pathogen was detected in the invasive crayfish
Orconectes limosus from the Czech Republic (Kozubikova et al. 2009, chapter VII), Hungary
(Kozubikova et al. 2010) and Romania (Parvulescu et al. 2012). In Pacifastacus leniusculus
the presence of the plague was confirmed in populations from the Czech Republic
(Kozubikova et al. 2009, chapter VII), Hungary (Kozubikova et al. 2010), Norway (Vralstad
et al. 2011) and Sweden (Huang et al. 1994, Vralstad pers. comm.). We supposed that the
pathogen could be present in French populations, and our results in chapter VI confirm that
signal crayfish infected by A. astaci are indeed frequent also in France. On the other hand,
A. astaci was not detected in a recently established population from Denmark (Skov et al.
2011), although low levels of infection cannot be ruled out (see chapter VII). The pathogen
was also confirmed by molecular approach in Procambarus clarkii from Italy (Aquiloni et al.
2011), and we detected A. astaci in one of two analysed individuals of this species from
France (chapter VI).

Although Aphanomyces astaci has a strong negative impact on native crayfish, the
high virulence of the pathogen may not be entirely negative and may be useful for

eradicating susceptible non-indigenous crayfish in Europe. In the Navarra region of Spain,
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the crayfish plague pathogen from infected P. leniusculus was used to eliminate populations
of the Australian crayfish Cherax destructor. When individuals of C. destructor were infected
in the laboratory and released to a pond with healthy specimens, the population was
eliminated within several weeks (Souty-Grosset et al. 2006). However, if not done correctly,
such use of a virulent pathogen outdoors may represent a serious threat for native crayfish
(Scalici et al. 2009) and specific conditions must therefore be fulfilled to avoid its further

spread.

Crayfish plague in France

In France, several North American crayfish species are present and may serve as
reservoirs of crayfish plague. These are signal crayfish Pacifastacus leniusculus, red swamp
crayfish Procambarus clarkii, spiny-cheek crayfish Orconectes limosus and the much less
common O. immunis and O. juvenilis. Although the spiny-cheek crayfish O. limosus is the
most abundant of these species in France, the signal crayfish P. leniusculus is often
suspected to be associated with native crayfish mortalities (Bramard et al. 2006, Collas and
Salek 2002, Neveu 2002). The signal crayfish is a known carrier of the crayfish plague and it
may often come into contact with the native white-clawed crayfish Austropotamobius pallipes
because they occupy similar habitat (Collas et al. 2007). Pacifastacus leniusculus was first
brought to France in 1972 from Sweden and two years later to the central part of France from
lakes Tahoe and Donner, USA (Arrignon et al. 1999). After its introduction to France, the
species quickly spread across the country, being intentionally transported by humans (Neveu
2002).

The white-clawed crayfish is the most abundant native crayfish species in France.
However, the number of French populations has significantly decreased in recent decades.
Crayfish plague is one of the most important causes of this decline, together with pollution,
habitat degradation and intensive fishing and exploitation (Bramard et al. 2006).

No data on the presence and prevalence of Aphanomyces astaci in invasive crayfish
in France have been available prior to this study. Due to the possible connection between
signal crayfish presence and native crayfish mortalities, we focused our research on this
species. The aim of our study (chapter VI) was to evaluate the prevalence of A. astaci in
French populations of signal crayfish using the real-time PCR. Our results showed that 103
out of 513 analysed individuals (20%) were infected by the parasite. In Lake Geneva, which
still provides signal crayfish for further introductions around the country, 30% of tested
crayfish were infected. Although signal crayfish in France serve as a reservoir of the
pathogen and may transmit it to native species, other non-indigenous species may also

contribute to the spread of the disease. Our preliminary results show that some of the tested
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individuals of O. immunis and Procambarus clarkii from France also harbour the pathogen of
the plague (chapter VI). More studies of A. astaci prevalence in these invasive crayfish

would be beneficial as such data are crucial for the conservation of native species in France.

Crayfish plague in Central Europe

Conventional semi-nested PCR (Oidtmann et al. 2006) has been used by a variety of
authors to test for the presence or absence of the crayfish plague pathogen in crayfish, e.g.,
by Kozubikova et al. (2009), Camma et al. (2010) and Viljamaa-Dirks et al. (2011). This
method combined with sequencing seemed suitable for the detection of Aphanomyces astaci
and in comparison with previous techniques it was not sensitive to closely related species
A. frigidophilus and A. invadans (Oidtmann et al. 2006). When compared to single-round
PCR (Oidtmann et al. 2006), semi-nested PCR seemed to be more sensitive; however, the
smaller proportions of samples testing positive might have also been influenced by false
positives or may have resulted from a degradation of isolates after a long-term storage
(E. Kozubikova, unpublished data).

The aim of the study presented in chapter VIl (the appendix) was therefore to
re-evaluate A. astaci prevalence in invasive O. limosus and P. leniusculus from Central
Europe previously obtained by this method (Kozubikova et al. 2009) using TagMan real-time
PCR (developed by Vralstad et al. 2009). In comparison to conventional PCR which showed
that 23% of tested crayfish were infected, real-time PCR showed an infection rate of 32%
and infected individuals were found in ten additional populations. In most cases these new
detections were from P. leniusculus populations where the infection rate increased from 3%
to 21%. Results of the real-time PCR largely confirmed those obtained by the semi-nested
PCR, moreover, the higher number of samples testing positive by the real-time PCR
indicated that this method has a higher sensitivity. One false positive case uncovered in the
previous study based on conventional PCR, probably representing an undescribed
Aphanomyces species (Kozubikova et al. 2009), would not be detected as such when
analysed by the real-time PCR. This also suggests that the real-time PCR protocol used by

us is more sensitive than conventional PCR.
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- CONCLUSIONS -

The introduction of non-indigenous crayfish to Europe and co-introduction of crayfish
plague are an interesting example of "parasite-mediated competition®. Although other factors
may facilitate their invasion, the interactions of hosts (North American crayfish in our case)
with the pathogen of more susceptible species may further increase the success of these
invaders (Poulin et al. 2010). It is therefore necessary to study the whole system, not only the
invasive host species but also their parasites, as such host-parasite association may have
amplified negative effect on invaded ecosystem, leading sometimes to the extinction of naive
species (Cunningham et al. 2003). In the present thesis | examine both hosts and their
parasite.

In the first part of the thesis | showed that molecular analyses of European
populations of North American crayfish may provide interesting insights into the identity of
these invaders, their genetic variation and its relation to the processes during invasion, and
the colonization history of studied species in Europe and in America.

Given the difficulties with morphology-based identification of newly introduced
crayfish in Europe, molecular methods may be extremely useful. DNA barcoding which was
used to verify the identity of “New NICS” in Europe (chapter IV) proved to be suitable for fast
and accurate identification of newly discovered crayfish, especially in combination with
morphological examinations. Moreover, we demonstrated that studying the genetics of
introduced populations and comparing these results with newly obtained genetic data from
the native range of these invaders may reveal useful general information on variation within
the studied taxon. In several cases, analyses of North American crayfish species from their
introduced and native ranges showed that their variation is higher than expected (chapters
I, IV and V). In O. immunis and P. acutus/zonangulus, this suggests the existence of
species complexes.

In two “Old NICS”, Orconectes limosus (chapter 1) and Pacifastacus leniusculus
(chapter Ill), the comparison of genetic variation in their invasive and native populations
showed that although colonization histories and genetic variation maintained during their
introduction to Europe differ significantly, both species may be successful invaders. The
study of O. limosus populations (chapter I) showed that even a single introduction of
a relatively low number of individuals may represent a serious threat to the invaded
ecosystem. This must be taken into consideration when dealing with new invaders.
Furthermore, our results (chapter I) show that low variation in introduced populations of an
invader does not always hinder its success in colonizing new territories. In contrast, high
variation was found in European populations of signal crayfish which was introduced several

times in large numbers (chapter lll). Our finding that all studied European individuals belong
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to a single subspecies P. /. leniusculus contrasts with previous studies (Agerberg and
Jansson 1995, Grandjean and Souty-Grosset 1997) that suggested the presence of more
subspecies in Europe. However, the taxonomic status of the three known subspecies is not
clear (Sonntag 2006) and our analysis of samples from North America showed that the taxon
is more variable genetically than suggested previously (chapter lil).

In the second part of my thesis, chapter VI provides for the first time information on
the prevalence of Aphanomyces astaci in signal crayfish populations in France. The use of
TaqMan real-time PCR (Vralstad et al. 2009) permitted us to quantify the pathogen load in
each analysed crayfish and subsequently evaluate A. astaci prevalence in studied
populations. We have also determined which of these populations represent the greatest
danger for native crayfish due to their high infection ratio. It must be kept in mind that the real
agent levels may have been somewhat underestimated because only certain parts of
crayfish body were analysed, only a limited number of individuals per population were tested
and just a part of the isolate was used in the PCR. However, our results provide the first
information regarding the crayfish plague prevalence in France and may be applied in the
management of native crayfish in this country, especially the white-clawed -crayfish
Austropotamobius pallipes.

The highly sensitive and specific quantitative real-time PCR allowed us to re-evaluate
data on A. astaci presence in samples of invasive crayfish O. limosus and P. leniusculus
from Central Europe, which were previously obtained by a conventional semi-nested PCR
(chapter VII). The higher prevalence in analysed crayfish, especially in P. leniusculus,
detected by the real-time PCR may have important implications for the management of these

invaders.

- FUTURE PERSPECTIVES -

I hope that the present thesis contributes to our knowledge on invasive crayfish and
crayfish plague and complements other lines of research, e.g., ecology of non-indigenous
crayfish and the parasite, interactions with local organisms and their impact in Europe. My
aim was also to inspire researchers to further study genetic variation in non-indigenous
crayfish, especially some of the “New NICS”, in Europe, but also in their native ranges. The
number of introduced crayfish species established in European waters continues to increase
(e.g., Holdich et al. 2009, Jakli¢ and Vrezec 2011), representing a challenge for researchers
to study these species and try to understand the process of their invasion.

The discovery of new lineages of P. leniusculus in North America (chapter I,

E.R. Larson, pers. comm.) suggests that further studies should be conducted to clarify the
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taxonomy of this crayfish. We are now cooperating with colleagues from Portugal
(M. Lopes-Lima, Porto University) on the development of microsatellite markers for signal
crayfish with subsequent analyses of its populations from Europe. These markers might
allow the population structure of this crayfish to be studied or the history of its translocations
among European countries to be documented; they could also be widely applied in its
American range.

Results of DNA barcoding of non-indigenous North American crayfish in Europe
(chapter V) already initiated at the Department of Ecology in Prague further activities
focused on the identity and variation of recently established crayfish from the genus
Procambarus in Europe. In P. acutus and P. cf. zonangulus, especially the taxonomy and the
possibility of hybridization between them in a Dutch mixed population will be studied.

Some of the species that are invasive in Europe may be endangered in their native
range. | had the opportunity to sample several populations of the spiny-cheek crayfish
Orconectes limosus from its native area in Pennsylvania and Maryland where the species is
endangered and | wish our publication (chapter I) attracts more attention to this crayfish in
America. | hope it will be possible to examine genetic structure of endangered populations of
these crayfish, e.g., using microsatellite markers (Hulak et al. 2010). Data on the processes
which influence their genetic variation (e.g., genetic drift, connection or isolation of these
populations, inbreeding) might then serve to determine Evolutionarily Significant Units (ESU)
and help preserve them.

Detection of the crayfish plague in France (chapter VI) was a part of a three-year
project. | had the opportunity to learn the TagMan real-time PCR (Vralstad et al. 2009) at the
Norwegian Veterinary Institute in Oslo, Norway. | later transferred this technology to the
laboratory of Ecology, Evolution, Symbiosis (EES) at the University of Poitiers, France where
routine analyses of A. astaci presence in crayfish are now possible. We started with an
analysis of more than 500 individuals of signal crayfish from numerous French populations
(chapter VI). The project still continues and more samples of signal crayfish and other
crayfish species from France are being analysed. When finished, the complete results will be
provided to the French fishery organisation ONEMA. | hope our findings will contribute to
increased efficiency in conservation efforts. Populations which are in imminent danger might
be preferentially translocated to more suitable areas, e.g., to new isolated refuge sites known
as “ark sites” (Peay 2009), and potential future eradication plans should target populations
with the highest infection ratio (Oidtmann et al. 2006). Possible trends or patterns in the
distribution of the disease in Europe could be uncovered when the crayfish plague
prevalence in France is compared with results from other countries.

In the past, cultivation of the pathogen was required to identify different strains of

Aphanomyces astaci and analyses of ribosomal ITS regions did not allow recognition of
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basic groups (Makkonen et al. 2011). However, microsatellite markers for A. astaci are
currently being developed in the Laboratory of Ecology, Evolution, Symbiosis (Poitiers,
France) in collaboration with Trude Vralstad (Norwegian Veterinary Institute in Oslo, Norway)
and Javier Diéguez-Uribeondo (Royal Botanical Garden of Madrid, Spain). Once these
markers are available, identification of strains found in invasive crayfish and those detected
in dead native crayfish might show relationship between different hosts and strains of the
pathogen, and reveal the real diversity of this pathogen in European waters. Easier
discrimination between strains may also facilitate evaluation of their characteristics, such as
their virulence, trace the origin of the pathogen when native crayfish mortalities appear, and
possibly uncover the pathways of the spread of the parasite (e.g. Oidtmann et al. 2006,
Vennerstrom et al. 1998). Data on the distribution of the crayfish plague in Europe are crucial
for the efficient management of native crayfish and more such studies should be carried out,
in a variety of crayfish invaders in European waters.

| believe that the cooperation | initiated between the Department of Ecology at
Charles University in Prague (Czech Republic) and the Laboratory EES at the University of
Poitiers (France) will continue in the future and that it will bring new interesting projects. In
conclusion, | hope my work will stimulate further interest and more research projects focusing

on crayfish and crayfish plague in both Europe and North America.
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Abstract. The North American spiny-cheek crayfish, Orconectes limosus (Rafinesque, 1817), a widespread
invader in Europe, seems to have been introduced there successfully only once. According to available
literature, 90 individuals of unclear origin were released in Poland in 1890. Despite this apparent
bottleneck, the species has successfully colonized various aquatic habitats and has displaced native
crayfish species in many places. To test whether different European populations were likely to have come
from a single source and to identify their possible origin, we analyzed the diversity of the mitochondrial
gene for cytochrome c oxidase subunit I (COI) of O. limosus individuals from Europe and from its original
range in North America, including the presumed source region of European populations, the Delaware
River watershed (eastern USA). Two haplotypes were found in European populations. One haplotype was
widespread; the other was present in a single population. In contrast, 18 haplotypes were detected in
North America. This result supports the hypothesis of a single overseas introduction of O. limosus and
suggests that the high invasion success of this species was not limited by an introduction bottleneck. Two
divergent clades were detected in North American O. limosus populations. One, which includes the
dominant haplotype in Europe, was found in a large part of the species’ present range. The 2" (diverging
by >1%) was mostly restricted to a limited area in southeastern Pennsylvania. Orconectes limosus
populations in the northern part of the species’” North American range, at least some of which are
nonindigenous themselves, may share the source area with European O. limosus. The endangered status of
O. limosus populations in southeastern Pennsylvania and northeastern Maryland, where much of the

Key words:
history, conservation.

species” genetic diversity resides, should be considered in conservation management.

invasive crayfish, Cambaridae, Orconectes limosus, COI variation, Europe, introduction

Several nonindigenous crayfish species, most from
North America, have been introduced to Europe since the
19™ century to replace lost populations of native species
decimated by crayfish plague, which was accidentally
introduced to Europe in 1859 (Souty-Grosset et al. 2006).
Introduced crayfish in Europe can be economically
beneficial, but they have negative effects on local
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environments. In particular, they directly endanger
native crayfish. Apart from interspecific competition,
North American crayfishes transmit the crayfish plague
pathogen, the oomycete Aphanomyces astaci Schikora,
1903, to indigenous species. This infection causes mass
mortalities and further reduces native crayfish numbers
in areas invaded by North American species (Holdich
1999). Introduction of the crayfish plague pathogen
apparently preceded colonization of European waters
by North American crayfish, the first of which were
intentionally imported in the 1890s. Therefore, the
original vector of the crayfish plague remains unknown.

The 3 most widespread invasive American cray-
fishes in Europe differ in their colonization history.
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Fic. 1. The current distribution of Orconectes limosus in the USA (A) and Europe (B). Shaded areas show the distribution of the
species. Dots show approximate source localities of individuals included in our study (symbols of adjacent localities may
overlap). The US distribution was compiled from Aiken (1965), Bouchard et al. (2007), Crocker (1957, 1979), Egnotovich (2006),
Fetzner (1999-2006), Francois (1959), Gelder et al. (2001), Hobbs (1972, 1989), Jezerinac et al. (1995), Kazyak et al. (2005), Kilian et
al. (2010), Kuhlmann and Hazelton (2007), Lieb et al. (2011a, b), Loughman et al. (2009), Ortmann (1906), Rhoades (1962), Vaux
(2009), and L. Matthews (Vermont Agency of Natural Resources, personal communication). The single population from Nova
Scotia, Canada, is not shown because of its distance from other North American populations. The European range was based on
Jansky and Kautman (2007), Parvulescu et al. (2009), Pavlovic et al. (2006), and Souty-Grosset et al. (2006).

Two of them, the signal crayfish Pacifastacus leniuscu-
Ius (Dana, 1852), and the red swamp crayfish
Procambarus clarkii (Girard, 1852), were brought to
Europe several times and in large numbers. More
than 100,000 P. leniusculus were introduced in the
1960s and ~40,000 P. clarkii were introduced in 1973
(Henttonen and Huner 1999, Skurdal et al. 1999,
Souty-Grosset et al. 2006).

Introduction of the 3™ widespread crayfish invader,
the spiny-cheek crayfish Orconectes limosus, preceded
the others by almost 60 y. It was first brought to
Europe in 1890, when 90 individuals of a batch sent by
the US Commission of Fish and Fisheries survived
overseas transport (McDonald 1893) and were re-
leased to a fishpond near Barnéwko (Berneuchen) in
Pomerania, currently in western Poland (Kossa-
kowski 1966). This release seems to be the only
known successful introduction of O. limosus to Europe
(Kulmatycki 1935). Another recorded attempt to
introduce it from New York to France in 1895 failed
(Kossakowski 1966).

The exact origin of European O. limosus is unknown.
The North American range of the species is on the
eastern coast of the USA (Fig. 1A) and Canada, but its

present distribution has been affected by human
activities (Souty-Grosset et al. 2006, Lambert et al.
2007). Authors of several publications, such as Kossa-
kowski (1966), Henttonen and Huner (1999), and
Holdich (2003), claimed that the O. limosus introduced
to Europe came from the Delaware River in the
northeastern USA. However, this statement, taken from
Schikora (1916), does not seem to be based on any
reliable data. The original report on the species’ overseas
transport (McDonald 1893) does not provide any
information, so more recent publications (Souty-Grosset
et al. 2006, Holdich and Black 2007) leave the question
about the true origin of the European stock open.
During the century after its introduction to Europe,
O. limosus spread rapidly to various regions, both
naturally and by secondary human-mediated intro-
ductions (Souty-Grosset et al. 2006). Currently, it can
be found in >20 European countries, and it has
recently invaded, via the Danube River, Slovakia
(Jansky and Kautman 2007) and Romania (Parvulescu
et al. 2009). In addition, it has been introduced to
Morocco in North Africa (Huner 1988). The present
distribution of the species in Europe and the USA is
summarized in Fig. 1A, B. In Europe, O. limosus is
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considered an invasive pest, but it is threatened by
other aggressively spreading species of cambarid
crayfish in some parts of its original North American
range (Bouchard et al. 2007, Kilian et al. 2010, Lieb
et al. 2011a, b).

The successful spread of O. limosus in Europe can
be explained by its ecological plasticity, tolerance to
poor environmental conditions, and reduced compe-
tition with native crayfish populations via transmis-
sion of crayfish plague (Lindqvist and Huner 1999,
Kozubikova et al. 2009). In addition, under certain
conditions, O. limosus is capable of facultative par-
thenogenetic reproduction (Bufi¢ et al. 2011), which
might contribute to its invasive success. The disjunct
distribution of O. limosus in Europe can be explained
by a combination of natural dispersal from the region
of 1°" introduction via rivers and canals and long-
range transport by humans. However, an alternative
scenario, that undocumented introduction(s) from the
original distribution area increased the colonized
range in Europe and the species’ genetic diversity,
cannot be completely disregarded. Our preliminary
analyses of intrapopulation genetic variation of
several central European populations based on 8
allozyme loci (Filipova et al. 2009) and 10 microsat-
ellite loci (Hulédk et al. 2010) suggested that O. limosus
populations are diverse even within the small area for
which the introduction scenario is supposed to be
relatively simple (Petrusek et al. 2006). Substantial
variation at nuclear loci may have been retained from
the original population. However, we presumed that
the introduction bottleneck documented in the liter-
ature, if true, would have had a much more profound
effect on variation in the species” mitochondrial
deoxyribonucleic acid (mtDNA) in Europe.

The aims of our study were to test whether all
European populations of O. limosus come from a single
source, and, if possible, to identify the source area
within the species’ native range. Authors of other
studies on cambarid crayfish showed substantial
divergences of mitochondrial lineages among various
geographic regions or watersheds in their native
ranges (Fetzner and Crandall 2003, Mathews et al.
2008). We hypothesized that O. limosus would show
similar patterns. If so, the scenarios of a single
introduction of the species to Europe vs multiple
introductions from various sources would predict
different levels of variation of mtDNA markers (low
and high, respectively) in the invaded range. To test
these hypotheses, we compared sequences of the
cytochrome ¢ oxidase subunit I (COI) gene fragment
of randomly selected individuals from different Euro-
pean populations of O. limosus with those from its
North American range, including the supposed source

region for the 1890 introduction. Unfortunately, the
number of available specimens from most populations
was low, so we were unable to evaluate geographic
patterns of more-variable nuclear markers.

Methods

We analyzed the diversity of a 639-basepair (bp)
fragment of the mitochondrial COI gene from 297
O. limosus individuals representing 70 localities
(Table 1). We made an effort to collect O. limosus
from representative localities in its native and
introduced ranges in North America (for the status
of populations see Table 1) and in its invaded
European range. The samples came from Maine,
Maryland, Massachusetts, Pennsylvania, Vermont,
and Nova Scotia in North America (206 individuals
from 44 populations; Figs 1A, 2A-C) and from
Belgium, Czech Republic, France, Germany, Great
Britain, Hungary, Italy, The Netherlands, and Poland
in Europe (91 individuals from 25 populations;
Fig. 1B). We included in the analysis samples from
the Delaware River watershed (Pennsylvania and New
York, USA), a potential source region of animals
introduced to Europe in 1890. In Europe, we included
more localities from the Czech Republic to cover
populations and individuals showing differences in
allozyme markers (Filipova et al. 2009), to maximize
the chance that divergent mtDNA haplotypes, if
present, would be detected. We also used 3 sequences
available in GenBank, 2 from Poland (accession
numbers AF517105, DQ882096) and 1 from New York
(AY701199), in the analysis.

We isolated total genomic DNA from the muscle
tissue of 1 leg segment of each captured crayfish with
a Chelex® extraction protocol. We homogenized
~1 mm® of the tissue in a solution of 175 uL of
distilled water and 5 uL of proteinase K (20 mg/mL)
(Promega, Madison, Wisconsin) and homogenized the
content again after adding another 175 uL of distilled
water. Next, we added ~50 pL of Chelex 100 beads
(Sigma—Aldrich, St Louis, Missouri), vortexed the
Eppendorf tubes gently, and incubated them at 56°C
for 4 h, followed by incubation at 100°C for 8 min to
denature proteins. Subsequent centrifugation for
4 min at 12,000 rpm ensured removal of the Chelex
resin and undigested solids from the suspension. We
stored the resulting supernatant at —20°C.

We carried out the amplifications of the COI
fragment in 25 pL volumes with HCO 2198 and
LCO 1490 primers (Folmer et al. 1994). The polymer-
ase chain reaction (PCR) mixture contained a PCR
buffer (1.5 mM MgCl,) (Promega), 200 uM of
deoxynucleotide triphosphates (dNTPs), 25 uM of
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TaBLE 1. Localities sampled for Orconectes limosus in North America and Europe, with the number of individuals analyzed (1)
and haplotypes detected. Numbers in parentheses indicate the number of individuals with that particular haplotype. If no
number is provided, all individuals from the respective population carried the same haplotype. Countries, US states, and
Canadian provinces are indicated by 2-letter abbreviations (Canada: NS = Nova Scotia; USA: MA = Massachusetts, MD =

Maryland, ME = Maine, NY = New York, PA = Pennsylvania, VT = Vermont; Europe: BE = Belgium, CZ = Czech Republic, DE

= Germany, FR = France, GB = United Kingdom, HU = Hungary, IT = Italy, NL = Netherlands, PL = Poland). Watersheds in

the USA are distinguished as upper Delaware River Basin (UD), lower Delaware River Basin (LD), Schuylkill River Basin (SK),
Susquehanna River Basin (S), and Chesapeake Bay Basin (CB). Asterisks indicate localities analyzed in previous studies, with
sequences deposited in GenBank. Status of North American populations is native (N), introduced (I), probably introduced (PI),
and uncertain (U). Status assessments for these populations were based on the following sources: Nova Scotia and New England
(Crocker 1979, Smith 1997, Lambert et al. 2007), UD (Bouchard et al. 2007), LD (Ortmann 1906, Bouchard et al. 2007), S (assessment

of DAL), and MD (Meredith and Schwartz 1960, Kilian et al. 2010). Trib. = tributary.

Political unit Sampling Haplotype
(watershed) Locality County /region date Latitude Longitude codes n Status
North America
Canada
NS Freshwater Lake, Cape Breton Aug 2009 46°38'N 6024'W  A1(3), A3(6) 9 I
Ingonish Beach
USA
ME Horseshoe Pond Oxford 1 Sep 2009 44°13'N 70°56'W Al 1 I
ME Kezar Lake Oxford 1 Sep 2009 44°09N 70°56'W Al 4 I
ME Pleasant River Oxford Nov 2009 43°46'N 70°26'W Al 2 I
ME Stroundwater River Cumberland 28 Jul 2003 43°40'N 70°22'W Al 9 I
VT Lake Champlain, Grand Isle 5 Aug 2003 44°43'N 73°20W Al 1 I
Grand Isle
VT Lewis Creek, Addison 20 Oct 1993 44°15'N 73°14W A5 1 1
Ferrisburgh
MA Mashpee River Barnstable 27 Oct 2009 41°39'N 7029'W Al13 10 I
NY (UD) East Branch Delaware  Delaware 1 Oct 2002 41°58'N 75°11'W B1 1 PI
River*
PA (UD) West Branch Delaware Wayne Jun 2005, 41°57'N 75°17W Bl 2 PI
River Oct 2009
PA (UD) Upper Delaware River Wayne 29 Sep 2009 41°52'N 75°16'W  A1(6), B1(3) 9 PI
PA (UD) Calkins Creek Wayne 6 Jun 2005 41°40'N 75°04'W Bl 3 PI
PA (UD) Raymondskill Creek Pike 7 Jun 2005 41°17N 74°50W  A1(5), B1(1) 6 PI
PA (UD) Dingmans Creek Pike 8 Jun 2005 41°14'N 74°54'W Al 5 DPI
PA (UD) Hornbecks Creek Pike 9 Jun 2005 41°12N 74°55'W Al 10 PI
PA (UD) Brodhead Creek Monroe 13 Jul 2005 41°00'N 75°08'W B4 1 PI
PA (LD, SK) Manatawny Creek Berks 25 May 2006  40°19N 75°44'W  A2(1), B1(5) 6 U
PA (LD, SK) Stony Run Chester 25 May 2006  40°10N 75°35'W B1 3 U
PA (LD) Valley Creek Chester May 2006, 39°59'N 75°40'W Bl 9 N
Aug 2009
PA (LD) Neshaminy Creek Bucks 21 Sep 2009 40°08'N 74°55W  A3(4), B1(1), 8 N
B5(3)
PA (LD) Lower Delaware River Bucks 28 Aug 2009  40°06'N 74°51'W A3 2 N
PA (LD) Lower Delaware River Philadelphia 29 Aug 2009  40°03'N 74°59W  A3(1), A12(1) 2 N
PA (LD) Pennypack Creek Philadelphia 21 Sep 2009 40°04'N 75°03'W  B1(4), B5(3) 7 N
PA (LD) Crum Creek Delaware May 2006, 39°59N 75°26'W B1 2 N
Nov 2008
PA (LD) Ridley Creek Delaware 11 May 2006  39°57'N 75°27’W  B1(4), B2(2) 6 N
PA (LD) West Branch Delaware 11 May 2006  39°53'N 75°30W  B1(5), B3(1) 6 N
Chester Creek
PA (LD) Brandywine Creek Delaware 10 May 2006  39°52'N 75°36'W  A3(1), B1(5) 6 N
PA (LD) Buck Run Chester 10 May 2006  39°56'N 75°50W B1 6 N
PA (LD) East Branch White Chester 12 May 2006 39°52'N 75°47'W B1 6 N
Clay Creek
PA (S) East Branch Octoraro Lancaster/Chester 20 Sep 2009 39°54'N 76°00W  A9(3), A10(5) 8 U
Creek
PA (S) Valley Run Lancaster 19 Sep 2009 39°56'N 76°03'W A10 1 U
PA (S) Meetinghouse Creek Lancaster 19 Sep 2009  39°55'N 76°05W A9 10 U
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TasLe 1. Continued.

Political unit Sampling Haplotype
(watershed) Locality County/region date Latitude Longitude codes n Status
PA (©) Big Elk Creek Chester 11 May 2006  39°44'N 75°51'W A3 1 N
MD (C) Big Elk Creek Cecil 10 Jun 2008 39°39'N 75°49W  A3(2), A6(2), 5 N

A11(1)
MD (C) Little Elk Creek Cecil 3 Jun 2008 39°42'N 75°53'W A3 2 N
MD (C) Gravelly Run Cecil 3 Jun 2008 39°38'N 75°52'W A3 5 N
MD (C) Yellow Branch Harford 30 Jun 2008 39°34'N 76°31'W A7 5 N
MD (C) Little Gunpowder Falls Baltimore/ 22 Jun 2007 39°31'N 76°30'W A7 2 N
Harford
MD (C) Deep Run Howard 12 Jun 2007 39°11'N 76°43'W Al 3 N
MD (C) Unnamed trib. to Prince Georges’s 10 Jul 2008 38°54'N 76°51'W A2 1 N
Southwest Branch
MD (C) Clark Run Charles 12 Aug 2008  38°31'N 76°58'W Al 1 N
MD (C) Ross Branch Charles 13 Aug 2008  38°27'N 76°58'W Al 1 N
MD (C) Unnamed trib. to St. St. Mary’s 21 Jun 2007 38722'N 76°44'W Al 2 N
Clements Creek
MD (C) Unnamed trib. to Queen Anne’s 16 Jun 2008 39°06'N 75°53'W  A1(2), A8(3), 6 N
Beaverdam Ditch Al14(1)
MD (C) Three Bridges Branch ~ Queen Anne’s 12 Jun 2008 39°03'N 76°02'W Al 7 N
MD (C) Nassawango Creek Worcester 9 Jul 2007 38°14'N 75°28'W Al 4 N
Europe
GB Clifton Pond, Nottinghamshire ~ Apr 2006 52°54'N 1°14W Al 3
Attenborough
NL Nederhardinxveld Zuid-Holland 13 Jan 2010 51°50'N 4°52'E Al 7
BE Zonhoven Flemisch Region  Jan 2008 50°59'N 5°22E Al 5
FR Auxances, Migné- Poitou-Charentes 13 Jul 2006 46°37'N 0°18E Al 2
Auxances
FR Vouneuil sous Biard Poitou-Charentes 13 Jul 2006 46°34'N 0°16'E Al 1
FR Jazeneuil Poitou-Charentes 13 Jul 2006 46°27'N 0°04E Al 3
FR Lac d'Ilay Franche-Comté 7 Aug 2007  46°37N 5°54E Al 3
DE Rhine, Breisach Baden- 10 Aug 2005  48°01'N 7°34E Al 3
Wiirttemberg
DE Naab, Pielenhofen Bayern 29 Jun 2004  49°04N 11°57E Al 2
1T Ticino, Pavia Lombardia Mar 2008 45°10'N 9°09E Al 1
1T Cherio, Borgo di Terzo Lombardia Mar 2008 45°43'N 9°53'E Al 1
(4 Zéluzi u Litvinova Usti nad Labem Jun 2007 50°33'N 13°36E Al 4
Region
CZ Citov, Mélnik Central Bohemia 12 Oct 2005 50°21'N 14°26'E Al 3
(4 Lhota Central Bohemia  Jul 2005 50°15'N 14°40E Al 4
Ccz Smecno Central Bohemia 9 Apr 2006 50°12'N 14°02E Al 2
Ccz Hracholusky, Plzen Region 25 Jun 2006 49°48'N 13°06E Al 2
Cernovice
CZ Stary Klicov, South Bohemia 23 Oct 2005 49°24'N 12° 58'E Al 4
Domazlice
Ccz Sobéslay South Bohemia 23 Aug 2007  49°15N 14°43E Al 1
CZ Malse, Ceské South Bohemia 12 Sep 2005 48°58'N 14°29E Al 7
Budéjovice
CZ Prudnik, Osoblaha Silesia 27 Oct 2006 50°18'N 17°43'E  A1(8), A4(4) 12
PL Jegrznia River, Wojdy = Podlaskie 3 May 2008  53°43'N 22°42°E Al 5
PL Lake Spore, Zachodnio- Sep 2000 53°47'N 16°42E Al 1
Szczecinek* pomorskie
PL Vistula Lagoon, Warminsko- Sep 2001 54°16'N 19°20E Al 1
Elblag* Mazurskie
HU Ipoly, Letkés Pest Oct 2008 47°53'N 18°46'E Al 3
HU Danube-Ipoly, Szob Komaérom- 18 Oct 2008  47°49'N 18°50E Al 1
Esztergom
HU Danube, God Pest Oct 2006, 47°41'N 19°07’E Al 10
2008
HU Boni-fok, Bogyiszl6 Tolna 14 Oct 2006 46°22'N 18°47E Al 2
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Fic. 2. Locations of studied Orconectes limosus populations in the USA (A); in Maine, Vermont and Massachusetts (B); and in
Pennsylvania, Maryland, and New York (C). Rectangles in panel A indicate the presence of the 2 haplogroups. Populations of O.
limosus from the main drainages in Pennsylvania and Maryland are delimitated by ovals in panel C: upper Delaware River Basin
(UD), lower Delaware River Basin (LD), Schuylkill River Basin (SK), Susquehanna River Basin (S), and the Chesapeake Bay Basin
(CB). A distant population from Nova Scotia, Canada (only haplogroup A) was not included on the map. D.—Network of
cytochrome c oxidase subunit I (COI) haplotypes detected in O. limosus individuals from Europe and North America. The sizes of
squares and circles in the network correspond to their frequency in populations (large symbols = dominant haplotypes Al and
B1, found in 44 and 16 populations, respectively; medium symbol = haplotype A3, found in 9 populations; small symbols =
haplotypes found in 1 or 2 populations).
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each primer, 0.625 U of Taq polymerase (Promega), and
0.5 puL of template (~100 ng DNA). After an initial
denaturation step of 5 min at 95°C, we applied 35 cycles
of 50 s at 95°C, 50 s at 55°C, and 50 s at 72°C with a final
extension for 5 min at 72°C. Last, we used Exonuclease I
(New England Biolabs, Ipswich, Massachusetts) and
Shrimp Alkaline Phosphatase (Fermentas, Burlington,
Ontario) to purify PCR products, with incubation for 1 h
at 37°C followed by 20 min at 80°C. We sequenced
purified products on an ABI PRISM 3130 capillary
sequencer using LCO primers and the BigDye Termi-
nator v. 3.1 Cycle Sequencing Kit (Applied Biosystems,
Foster City, California). We truncated sequences to
639 bp, and submitted sequences representing each
haplotype recorded in each studied population to
GenBank (accession numbers JF911534-JF911620).

We analyzed results with the software package
MEGA (version 4.0; Tamura et al. 2007). All sequences
could be aligned unambiguously by eye. We con-
structed a haplotype network with the program TCS
(version 1.21; Clement et al. 2000). We used the
Kimura-2-parameter model to calculate average pair-
wise divergence between 2 haplotype clusters ob-
served within the species.

Results

In total, 19 haplotypes were detected in populations
of O. limosus from North America and Europe.
Haplotypes were grouped in 2 well separated clusters
(A and B; Fig. 2D). The genetic distance between central
haplotypes of these clusters (Al and B1) was 1.3%. Most
of the haplotype variation (18 haplotypes) was concen-
trated in North American populations (Table 1); only 2
haplotypes were found in Europe. Most haplotypes
were rare in North American populations and occurred
in 1 or 2 populations. Only 3 haplotypes were more
common (central haplotypes Al and Bl in 44 and 16
populations, respectively, and A3 in 9 populations).

As expected, distributions of main haplotype groups
differed within the native range (Fig. 2A-C). The
number of haplotypes also differed among regions,
but this difference could have been partly the result of
differences in sampling effort. Twelve haplotypes (most
with very restricted distributions) were recorded in
southeastern Pennsylvania and northern Maryland; 7 of
these occurred in the Lower Delaware region (southern
Pennsylvania). Three haplotypes were found in the
Upper Delaware region, and 4 were found further north
in the species’” present range (Table 1, Fig. 2C).

Haplotype Al, dominant in Europe, was present
in Nova Scotia (3 of 9 individuals), Maine (16/16),
Vermont (1/2), northern Pennsylvania (26/36), and
Maryland (20/44). The 2% most common haplotype, B1,

was mainly found in southern Pennsylvania (50/70) but
also occurred in northern Pennsylvania (9/36) and New
York (single available sequence). The remaining haplo-
types of the haplogroup B (B2-B5) were found mostly in
southeastern Pennsylvania, but some also occurred in
northeastern Pennsylvania (Table 1, Fig. 2C).

In contrast to populations in North America,
European populations had almost uniform sequences
at the analyzed COI fragment. The vast majority of
European individuals (89 of 93 sequences, represent-
ing all sampled populations) carried an identical
haplotype (Al in Fig. 2D). In 4 of 12 individuals from
a single locality (Prudnik, Czech Republic), another
haplotype (A4) was found, which differed by a single
point mutation from the common haplotype, Al. This
rare haplotype was not observed in North American
or other European localities.

Discussion
Colonization of Europe

Comparison of mtDNA diversity in invading
European populations of O. limosus with mtDNA
diversity in the species’ native range confirms a
substantial bottleneck in this species during its intro-
duction to Europe. Most of the European populations
analyzed shared a single haplotype, a pattern that is
consistent with the scenario of colonization from a
single source by a limited number of founders and is in
agreement with historical accounts (McDonald 1893).
The number of colonists allowed preservation of some
diversity of nuclear markers (as observed by allozyme
and microsatellite data; Filipova et al. 2009, Hulék et al.
2010), but was not sufficient to import substantial
diversity at the mtDNA level. Mitochondrial markers
are more susceptible than nuclear markers to the effects
of genetic drift. The effective population size for
mitochondrial loci is 4X smaller than for nuclear loci
because of differences in ploidy and inheritance (Birky
et al. 1989). Furthermore, the source population itself
probably had limited mtDNA diversity.

The alternative scenario of multiple O. limosus
introductions to Europe would explain the success of
the species in colonizing various habitats and European
regions with differing climates. However, this scenario
was not supported by the data. Multiple introductions
of O. limosus from an area with the same dominant
haplotype cannot be completely excluded, but the
concordance of low mtDNA diversity with the historical
records of the species” introduction makes this scenario
less likely. Unfortunately, our data did not allow us to
pinpoint the most likely source region for the introduc-
tion. The haplotype Al, dominant in Europe, also was
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dominant in many parts of the North American range of
O. limosus, whereas the rare haplotype A4 was not
found among North American samples. However, our
data do suggest that the source region was not
southeastern Pennsylvania (including the Lower Dela-
ware) or northern Maryland.

Invasive populations of P. clarkii, another crayfish
species introduced from North America to Europe,
also had less COI variation than populations from its
native range (Barbaresi et al. 2007). However, COI
variation in European populations of P. clarkii was
relatively high (6 haplotypes in 53 individuals from 10
populations), a result that corresponds to a scenario of
multiple secondary introductions in Europe of indi-
viduals from different sources (Barbaresi et al. 2007).
Substantial variation in COI haplotypes in European
populations of P. leniusculus (Filipova et al. 2011,
and unpublished data) probably also reflects multi-
ple introductions during colonization. In contrast,
mtDNA diversity of O. limosus in Europe suggests
that <100 individuals from 1 source probably are the
ancestors of all European O. limosus populations and
that the success of its invasion was not limited by an
introduction bottleneck.

Genetic diversity in North America

A much larger number of haplotypes was found in
North America than in Europe. These haplotypes
formed 2 genetically distinct haplogroups (Fig. 2D).
Haplogroup A was widely distributed, whereas the
center of diversity of haplogroup B was in southeastern
Pennsylvania. Only the common haplotype Bl and a
rare haplotype B4 were found away from that region
(Table 1, Fig. 2C). At present, the 2 haplogroups of O.
limosus are not geographically separated.

Two star-shaped clusters in the haplotype network
suggest recent rapid expansions and differentiation
from central haplotypes. The divergence is compara-
ble to that observed among some closely related
lineages of the Orconectes virilis (Hagen, 1870) species
complex (Mathews et al. 2008, Filipova et al. 2010) and
within the European white-clawed crayfish Austropo-
tamobius pallipes (Lereboullet, 1858) (Trontelj et al.
2005). Both of these taxa are thought to have diversified
during the Pleistocene (Trontelj et al. 2005, Mathews
et al. 2008).

Lower genetic variation in the northern part of the
present North American range of O. limosus than in
the southern part might be the result of introduction
bottlenecks and founder effects caused by recent
expansions. Originally, O. limosus is thought to have
inhabited the Piedmont and Coastal Plain Physio-
graphic Provinces from Virginia northward to New
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Jersey (Ortmann 1906, Bouchard et al. 2007), but
considerable uncertainty exists regarding the native
range of the species (Ortmann 1906, Crocker 1979,
Bouchard et al. 2007). Ortmann (1906) observed that
the range of O. limosus did not seem to reach far north
in Pennsylvania at the beginning of the 20™ century
and speculated, as did Bouchard et al. (2007), that the
species may have spread north and west of its range
in southeastern Pennsylvania through artificial canals
or with the assistance of humans. Bouchard et al.
(2007) also hypothesized that O. limosus could have
reached the Upper Delaware River system from the
north via the Delaware and Hudson Canal in
southeastern New York and northeastern Pennsylva-
nia, a scenario that may explain the apparent absence
of the species in the central part of the river (Ortmann
1906, Bouchard et al. 2007).

Further north (New England and Nova Scotia), O.
limosus is thought to have been introduced to some
areas. Maine and Nova Scotia are considered to have
been colonized recently (McAlpine et al. 1991, Souty-
Grosset et al. 2006, Lambert et al. 2007). Most
individuals from the single population sampled in
Nova Scotia shared haplotype A3 with individuals
found much further south in several brooks in
northern Maryland, in the lower Delaware River,
and in some smaller watercourses in Pennsylvania
(Table 1). The conspicuous sharing of the dominant
haplotype between invaded areas in Europe and
North America suggests that the individuals that
originally invaded those areas may have come from
the same general source area.

The construction of artificial canals connecting
watersheds and human introductions could explain
the recent spread of the species from its original range
and some of the patterns of haplotype distribution
(e.g., lower genetic diversity to the north). However,
these patterns also could reflect more ancient pro-
cesses, in particular, recolonization after the last ice
age. Ortmann (1906) and Rhoades (1962) suggested
that O. limosus could have persisted during the
Wisconsin glaciation in a refuge in the lower Dela-
ware River and Chesapeake Bay. The adjacent south-
eastern part of the Piedmont plateau in Pennsylvania
and Maryland also is thought to be the last remnant of
its former range in the Piedmont (Bouchard et al.
2007). The higher number of haplotypes detected in
that area may support this view because regions in
which a species has persisted for a long time are more
likely to host high genetic diversity than are recently
colonized regions.

However, gaps in the distributions of several
aquatic animal and plant species, including O. limosus
in the central part of the Delaware River (Bouchard
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et al. 2007) and the white river crayfish Procambarus
acutus (Girard, 1852) and other taxa in parts of New
England (Smith 1982), also might be explained by
the existence of a 2™ glacial refuge on the formerly
exposed continental shelf, such as the one off
southeastern New England proposed by Coddington
and Field (1978). If O. limosus in such a refuge had
reduced haplotype diversity relative to those in the
southern refuge, colonization of northern regions
from that source could have led to the patterns of
genetic diversity observed today.

Further genetic analyses and more information
about past human activities are needed to reconstruct
the recent colonization history of O. limosus in its
North American range. Analyses of nuclear markers
(e.g., microsatellite markers; Huldk et al. 2010) would
be desirable. However, samples consisting of sub-
stantially more individuals per population than was
possible in our study would be needed. More detailed
data will be important for the possible reassessment
of the conservation status of O. limosus in the USA.
The species has been categorized as ‘currently stable’
by Taylor et al. (2007), but many populations in its
original range (e.g., in the southeastern part of the
Piedmont Province) are threatened by aggressively
spreading invasive crayfish species, such as Orconectes
rusticus (Girard, 1852) and O. virilis (Bouchard et al.
2007, Kilian et al. 2010, Lieb et al. 2011a, b). These
threatened populations seem to contain unique
haplotypes that are not found elsewhere. For exam-
ple, we found unique haplotypes of O. limosus in close
proximity to dense populations of exotic crayfishes in
the Susquehanna River drainage. Orconectes limosus
appears already to have gone extinct in West Virginia,
and invasive crayfish have probably contributed to its
extirpation (Loughman et al. 2009, Swecker et al.
2010). The clear geographical pattern of O. limosus
mtDNA diversity indicates that irreversible losses of
genetic variation may occur even if the species itself is
not endangered in other parts of its present range.
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ABSTRACT

The North American spiny-cheek crayfish, Orconectes limosus, was most
probably introduced into Europe only once, in 1890. The size of the found-
ing population was just 90 individuals. Low genetic variability resulting
from a bottleneck effect during introduction might therefore be supposed
in European spiny-cheek crayfish populations. On the other hand, the fast
spread of O. limosus in Europe and colonisation of various habitats sug-
gest that this species does not suffer from inbreeding depression due to
an introduction bottleneck. We analysed 14 O. limosus populations from
the Czech Republic using allozyme electrophoresis to evaluate the level of
intra- and among-population genetic variation. Out of eight well-scoring
allozyme loci chosen for detailed analysis, six were variable in studied
populations, suggesting that sufficient variability was maintained during
the introduction. Genetic differentiation of Czech populations of the spiny-
cheek crayfish was relatively low and did not show any clear geographic
pattern, probably due to long-range translocations by humans.

RESUME

Variation des allozymes dans les populations de I'écrevisse américaine, Orconectes
limosus (Cambaridae), en République tcheque

Mots-clés :
Orconectes
limosus,
allozymes,
variation
génétique,
République
tcheque

L’écrevisse américaine, Orconectes limosus, a été trés probablement introduite en
Europe en une seule fois, en 1890. La taille de la population initiale était seulement
de 90 individus. Suite a un goulet d’étranglement (bottleneck effect) pendant I'in-
troduction, on pourrait s’attendre a une variabilité génétique réduite. Cependant,
la dispersion rapide d’O. limosus en Europe et la colonisation d’habitats trés va-
riés indiquent que cette espece ne souffre pas d’inbreeding causé par le goulet
d’étranglement. Par électrophorése des allozymes, nous avons analysé 14 po-
pulations d’O. limosus en République tchéque pour évaluer le taux de variation
génétique intra- et inter-populationnel. Des huit loci choisis pour cette étude, six
étaient variables dans les populations étudiées, suggérant qu’une variabilité suffi-
sante a été maintenue lors de la premiére introduction. La différenciation génétique
des populations tchéques de I’écrevisse américaine était assez basse et sans au-
cun pattern géographique, conséquence probable des translocations a grande
distance effectuées par ’lhomme.
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INTRODUCTION

With the increasing number of species introduced into new territories, the need arises to un-
derstand the process of colonisation and factors influencing the distribution potential of those
species. Apart from other factors (e.g., adaptations for dispersal and the competitive ability of
the species, the character of invaded habitats and communities, the presence or absence of
predators and pathogens), the success of invasive taxa may depend on the genetic variability
of introduced populations (Sakai et al., 2001). High genetic variability is supposed to be ad-
vantageous in invading new areas, because in sexual species it allows more rapid evolution
and adaptation to changing environmental conditions (Lambrinos, 2001; Sakai et al., 2001).
An example of a highly genetically diverse successful invader is the North American crayfish,
Procambarus clarkii, in European waters (Barbaresi et al., 2007). However, even organisms
with very low genetic variability in their invasive populations can be excellent colonisers. In
extreme cases, a single clone of a species may become a widespread invader, as is the
case for the tropical alga Caulerpa taxifolia, invading a very large area of the North-western
Mediterranean Sea (Jousson et al., 1998), or the obligately parthenogenetic clone of the water
flea Daphnia (interspecific hybrid of two North American lineages of the D. pulicaria complex)
spreading in Africa (Mergeay et al., 2006). In these cases, low genetic diversity does not ob-
struct the invader’s spread and competition with genetically diverse indigenous species.

As mentioned above, North American crayfish are prominent among successful invasive an-
imal groups in European continental waters. Several species have been introduced into the
continent since the end of the 19th century, in attempts to replace lost native crayfish popu-
lations decimated by crayfish plague. Three of these invasive crayfishes — the signal crayfish
(Pacifastacus leniusculus), the red swamp crayfish (Procambarus clarkii), and the spiny-cheek
crayfish (Orconectes limosus) — are extremely widespread in Europe (Souty-Grosset et al.,
2006). They inhabit various types of habitats and successfully compete with native cray-
fishes; moreover, they serve as a vector of the oomycete Aphanomyces astaci, a pathogen of
the crayfish plague (Vey et al., 1983; Alderman et al., 1990; Diéguez-Uribeondo and Soderhall,
1993; Kozubikova et al., 2009). Contact of infected American crayfish with native species of-
ten results in mass mortalities of the latter (Holdich, 1999; Séderhall and Cerenius, 1999).

In our study, we focused on the genetic variation of the spiny-cheek crayfish, Orconectes
limosus (Rafinesque, 1817). It was first introduced into Europe in 1890, when 90 individu-
als were released into a pond in Pomerania (currently western Poland) (McDonald, 1893;
Kossakowski, 1966); this event has most probably been the only successful introduction of
this species into Europe (Kossakowski, 1966). O. limosus has spread from the point of its
original introduction to at least 20 European countries (listed in Holdich et al., 2009), both
naturally and through human-mediated translocations. Among those who spread non-native
crayfish to both standing and running waters in Central Europe are especially anglers, owners
of water bodies, and recreational scuba divers, usually being unaware of the negative impact
of such activities on local ecosystems (Petrusek et al., 2006).

Orconectes limosus is the most widespread non-indigenous crayfish in the Czech Repubilic.
Its presence in the country was first confirmed in 1988 close to the border with neighbouring
Germany (Hajer, 1989). However, the species was probably already present in the country in
the 1960s; it most likely invaded the territory by migrating up the river Elbe from Germany
(Kozék et al., 2004; Petrusek et al., 2006). Since the late 1980s, these crayfish have quickly
spread over a large area of the Czech Republic, especially in the western part (Petrusek et al.,
2006). O. limosus can currently be found mostly in large watercourses, lower reaches of their
tributaries, and in isolated standing waters such as flooded quarries, sandpits or ponds. The
detailed distribution of the spiny-cheek crayfish in the Czech Republic has been reviewed by
Petrusek et al. (2006) and Filipova et al. (2006). However, new scattered localities with the
presence of this species are still being discovered. For example, O. limosus was found in
2006 in the south-west of the country in a large reservoir in the Bohemian Forest mountains
(Beran and Petrusek, 2006), as well as in the north-east (Silesia), in the Prudnik brook close
to the border with Poland (Durié and Horka, 2007; Kozubikova et al., 2008).
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Figure 1

Distribution of O. limosus in the Czech Republic (empty circles) and localities where individuals were
sampled for the present study (grey circles with numbers, corresponding to the codes of localities in
Table |).

The aim of this study was to assess the level of genetic variability of selected populations of
this species in the Czech Republic, using allozyme electrophoresis. We tested the hypoth-
esis that sufficient genetic variation was maintained during the introduction of this species
into Europe, so that allozyme markers can be used to analyse the genetic structure of these
populations. Although the distribution of the spiny-cheek crayfish clearly suggests a large
influence of long-range translocations within the Czech Republic, we wanted to test this by
comparing the genetic and geographic distances of the studied populations.

MATERIALS AND METHODS

Crayfish were sampled between 2004 and 2007 from various types of localities — brooks,
sandpits, lakes, reservoirs and flooded quarries (Figure 1, Table |), in parallel with a study fo-
cusing on the distribution of the crayfish plague pathogen in populations of American crayfish
in the Czech Republic (Kozubikova et al., 2009). Nearly all samples came from the western
part of the country where this crayfish is most abundant; all these populations are assumed to
have originated from the initial invasion through the Elbe (Petrusek et al., 2006). An exception
in our dataset was the population from the Prudnik brook in Silesia, which had been colonised
by individuals by upstream or downstream migration from Poland (Duri§ and Horka, 2007).

Crayfish were mostly captured by hand or while scuba diving. After transporting in cooling
boxes, individuals were stored in a deep freezer (at —80 °C). The tissue for analyses was then
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dissected from legs or claws of the captured crayfish. Altogether, 222 individuals of O. limosus
from 14 populations were analysed.

>ALLOZYME ELECTROPHORESIS

Horizontal cellulose acetate electrophoresis was used for the genetic analyses as described
in Hebert and Beaton (1993). This was carried out in a Tris-Glycine buffer system (pH = 8.5) on
76 x 76 mm cellulose acetate plates (Titan lll, Helena Laboratories). A small amount of tissue
was dissected from crayfish legs or claws and homogenised with a plastic rod in about 10 puL
of distilled water. The tissue of one crayfish individual was used as a standard in all analyses
to assure comparable scoring. In each run, eleven animals and one standard, loaded in one
row, were analysed.

Overall, seventeen enzymes were tested. Some of them did not show sufficient activity
for routine screening and were therefore excluded from the analyses: a-amylase (AMY,
EC 3.2.1.1), fumarate hydratase (FUM, EC 4.2.1.2), hexokinase (HEX, EC 2.7.1.1), xanthine
dehydrogenase (XDH, EC 1.1.1.204), alcohol dehydrogenase (ADH, EC 1.1.1.1), a,a-trehalase
(TRE, EC 3.2.1.28), isocitrate dehydrogenase (IDH, EC 1.1.1.42), malate dehydrogenase
NADP* (ME, EC 1.1.1.40) and adenylate kinase (AK, EC 2.7.4.3). Furthermore, we did not
include aspartate amino transferase (AAT, EC 2.6.1.1), although it scored well, as it showed
very low migration speed under the conditions used for other enzymes.

Eight enzyme loci were finally selected for further analyses: glucose-6-phosphate isomerase
(GPI, EC 5.3.1.9), phosphoglucomutase (PGM, EC 5.4.2.2), mannose-6-phosphate isomerase
(MPI, EC 5.3.1.8), malate dehydrogenase (two loci, MDH 1 and MDH 2, EC 1.1.1.40), arginine
kinase (ARK, EC 2.7.3.3), lactate dehydrogenase (LDH, EC 1.1.1.27) and aldehyde oxidase
(AO, EC 1.2.3.1). The most common allele for each locus was designated M (medium). Other
alleles were labelled corresponding to their relative mobility to the M-allele: F (fast), S (slow),
or S~ (very slow).

Allelic frequencies, observed and expected heterozygosities, F statistics (Weir and
Cockerham, 1984), and genetic distances were calculated in Genetix 4.03 (Belkhir et al.,
1996). GenAlEx 6.1 (Peakall and Smouse, 2006) was used to test whether genotypic fre-
quencies at the studied loci are consistent with Hardy-Weinberg expectations. Nei’s genetic
distance (Nei, 1978) was calculated to estimate levels of genetic distance between tested
populations. Based on these results, a UPGMA dendrogram was created in Statistica 6.1
(StatSoft, Tulsa, USA) to depict similarity among studied populations. The relationship be-
tween genetic (Nei’s) and geographic (log-transformed) distances between populations was
tested by the Mantel test, comparing the respective pairwise distance matrices in the software
zt (Bonnet and Van de Peer, 2002).

RESULTS

Out of eight loci used in our analyses, two enzymes (LDH and AO) showed no variability; the
remaining six (GPI, PGM, MPI, MDH 1, MDH 2 and ARK) were polymorphic, i.e., with more
than one detected allele. However, in MDH 1 one of the two detected alleles was very rare
(less than 1%). The most variable locus was PGM, with four different alleles detected; the
slowest of them, S—, was relatively rare (5.5%). In four enzymes (GPI, MDH 2, MPI and ARK),
three different alleles could be distinguished (Table II).

A summary of population characteristics is shown in Table I. All 14 populations analysed in
our study were polymorphic at two or more loci. The highest average number of alleles per
locus was in the population from Lhota (2.25 alleles/locus), followed by populations from
Citov, Kojetice and Stary KliCov (2 alleles/locus). The lowest average number of alleles per
locus (1.38) was in the population from the MalSe River.
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Table Il
Allele frequencies [%], number of detected alleles and mean number of alleles per population observed
in eight studied loci in 222 individuals of the spiny-cheek crayfish from the Czech Republic.

GPI 38.9 | 19.7 | 41.4 3 2.71
PGM 188 | 11.4 | 64.4 | 5.5 4 2.92
MPI 0.1 | 83.6 | 16.3 3 1.64
MDH 1 99.4 | 0.6 2 1.07
MDH2 | 48.0 | 18.1 | 33.8 3 2.92
ARK 1.4 | 95.7 | 2.9 3 1.35
LDH 100 1 1

AO 100 1 1

The observed heterozygosity of populations was consistent with expected values in most
cases (Table 1), and the loci studied were in good agreement with Hardy-Weinberg expecta-
tions in most populations. However, two of the studied populations, Zlata stoka and Zaluzi,
exhibited significant deviations from the Hardy-Weinberg equilibrium, both showing heterozy-
gote deficiencies.

These studied Czech spiny-cheek crayfish populations were significantly genetically struc-
tured, with a mean Fgr value for all loci of 0.160. Nei’s genetic distance between populations
varied from 0.003 (between populations from Lhota and MalSe) to 0.20 (between populations
from Zlata Stoka and PSovka). The geographically distant population from Prudnik (Silesia)
did not markedly differ from other populations; it was genetically closest to the population
from Zaluzi, located more than 290 km away.

The UPGMA dendrogram (Figure 2) did not show any apparent clustering. In some cases,
even very distant localities were similar, such as the pairs Kofensko and Zaluzi (160 km)
or Lhota and MalSe (147 km). The relationship between geographic and genetic distances
among populations was not significant (Mantel test, p = 0.126); this pattern did not change if
the Prudnik population (Silesian region), with different colonisation history, was excluded.
Some population pairs could have been expected to be more similar to each other than the
rest of the studied Czech O. limosus populations, as one was the source of crayfish for the
other: the population in Kli¢ov was founded by individuals from the Hracholusky Reservaoir,
and the sandpit Lhota was supplied with crayfish from the sandpit Probostska jezera. How-
ever, we did not observe any substantially higher similarity between these populations in
comparison with the others.

DISCUSSION

As Dlugosch and Parker (2008) showed, for invasions where a single introduction occurred,
allelic richness is generally lower in introduced populations than in native ones. Moreover,
reductions in genetic diversity tend to be inversely correlated with the size of the founder
population (Merila et al., 1996). Although the European populations of O. limosus were appar-
ently founded just once and by a relatively small number of individuals (at least in comparison
with other widespread invasive crayfish in Europe, P. leniusculus and P. clarkii), the presence
of several variable enzyme loci in the studied O. limosus populations suggests that the bottle-
neck effect was not very dramatic, and sufficient variation was retained during the introduction
of this species into Europe. This is also supported by its rapid spread and presence in various
habitats.
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Figure 2
UPGMA dendrogram, using Nei’s genetic distance (Nei, 1978), showing genetic similarity of O. limosus
populations included in our study (numbers correspond to the codes of localities in Table |).

Figure 2

Dendrogramme UPGMA basé sur la distance génétique de Nei (Nei, 1978), montrant la similarité géné-
tique des populations d’O. limosus impliquées dans notre étude (les chiffres correspondent aux codes
des localités dans le Tableau ).

Nevertheless, the introduction may have resulted in some reduction in genetic variation, as
the Czech spiny-cheek crayfish populations showed relatively low allozyme variation in com-
parison with other previously studied crayfishes such as Astacus astacus (Fevolden and
Hessen, 1989), Parastacoides tasmanicus (Hansen et al., 2001) and Austropotamobius pal-
lipes (Lortscher et al., 1998; Largiader et al., 2000). However, the variation we observed was
still higher than in several other crayfishes: A. leptodactylus (Agerberg, 1990), and ten species
of Procambarus and two species of Cambarus (Brown, 1981; Busack, 1989), in which an al-
most complete absence of variation was recorded, supposedly due to introduction bottle-
necks.

Despite repeated bottlenecks during the colonisation of Czech waters by O. limosus, genetic
variability has also been maintained in populations at the edge of the species’ distribution
in the country. Interestingly, the observed allozyme variation was usually higher in isolated
populations (which must have been founded by men) than in those from rivers or brooks
where crayfish may have dispersed naturally (Table ).

Our analyses did not show any obvious correlation between geographic distance and genetic
similarity of the studied populations. This can be explained by human-mediated transloca-
tions of the spiny-cheek crayfish into the Czech Republic that influenced the genetic struc-
ture of the species. We originally supposed that the geographically distant population in the
Prudnik brook in Silesia might differ from the remaining Czech populations, as the individuals
originated from a different region and stochastic events could have led to substantially dif-
ferent allele frequencies or private alleles. However, the allozyme variation in this population
was similar to the others, suggesting that most alleles brought to Europe were transferred into
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newly established populations of the species. Nevertheless, an analysis of the mitochondrial
gene for cytochrome ¢ oxidase subunit | (COI) of European O. limosus (Filipovéa, 2008) showed
that the Prudnik population differed from the rest of the analysed Czech populations in the
presence of a rare haplotype found uniquely in several individuals from this population. Our re-
sults did not prove that pairs of populations in which one was founded by individuals from the
other were genetically closer to each other. This might be due to either insufficient sampling
or processes that influenced allele richness and frequency at the newly colonised localities,
such as founder effects during introduction or subsequent genetic drift.

Our results on allozyme variation were useful in the selection of individuals and populations
for analyses of other genetic markers. While sequencing of the mitochondrial COI gene, even
from crayfish carrying unusual alleles, did not reveal any variation in Czech populations (with
the exception of Prudnik mentioned above), selection of individuals differing at allozyme loci
simplified the screening for variable microsatellite markers in this species by cross-species
amplification (Hulak et al., 2010). Initial testing of ten microsatellite loci in one Hungarian
and two Czech populations (including the one from Stary KliCov analysed in this study) has
subsequently confirmed that populations of the spiny-cheek crayfish are indeed genetically
diverse (Huladk et al., 2010). In the future, these variable nuclear markers may allow more
detailed population-level studies of this invasive crayfish.
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Abstract

The signal crayfish Pacifastacus leniusculus is native in North America, where three
subspecies are recognised. Since 1959, the species has been introduced to Europe several
times; altogether more than 60 000 individuals have been imported. Secondary introductions
across the continent followed, resulting in its current presence in at least 25 European
countries. Previous studies suggested that more subspecies are found in Europe; this
hypothesis seems supported by the presence of at least two subspecies in the source area
of most individuals imported to Europe. Our aim was to investigate genetic variation in
invasive European populations of this species, and their taxonomic status. We obtained
partial sequences of the mitochondrial gene for cytochrome ¢ oxidase | (COIl) of 348 signal
crayfish from 70 European populations, and also of 32 individuals from six North American
populations. These data were compared to sequences representing the three subspecies
known from America (from individuals sampled in the Klamath River Basin). Our results
suggest that despite substantial variation at the analysed gene, all studied European
individuals fall within P. leniusculus leniusculus. In total, 27 haplotypes were observed in
Europe, with relatively high average pairwise divergences among four main clades, reaching
up to 3%. The distribution of COI haplotypes in Europe, four of which have been very
common and widespread, did not show any clear geographic pattern; this corresponds to
numerous secondary introductions of signal crayfish around the continent. Most individuals
additionally analysed from American populations were assigned to the P. I. leniusculus.
However, six samples from the Chehalis River (Washington) represent a distinct lineage,
with 6.2% to 7.0% divergence to the three already recognised ones. This shows that genetic
variation within signal crayfish is higher than previously detected and more studies are
needed to investigate relationships of cryptic groups within populations attributed to P.

leniusculus.

Key-words: Pacifastacus leniusculus, invasive crayfish, genetic variation, subspecies,

Europe, North America



Introduction

Since 1890, several non-indigenous crayfish species have been introduced to Europe
to substitute for native crayfish populations decimated by the pathogen of the crayfish plague
(Holdich et al. 2009, Souty-Grosset et al. 2006). Nowadays, the most widespread non-
indigenous crayfish species in Europe is the North American signal crayfish Pacifastacus
leniusculus (Dana, 1852) (Holdich et al. 2009). This species, previously considered to be
immune to crayfish plague, was introduced for aquaculture and stocking. However, signal
crayfish represent a serious danger for native European crayfish species, both by the
transmission of the crayfish plague pathogen Aphanomyces astaci (of which they are natural
hosts), and by direct competition (Holdich 1999, Westman and Savolainen 2001, chapter
VI). Its good competitive abilities have also been documented in North America where the
species contributed to the extinction of its congener Pacifastacus nigrescens in the San
Francisco Bay area and to the decline of P. fortis in northeastern California (Bouchard 1977,
Light 1995, Riegel 1959).

The native range of P.leniusculus is in the northwestern part of the USA in
Washington, Oregon, Montana, Idaho, Nevada, Utah, and also in British Columbia, Canada
(Bondar et al. 2005, Hobbs 1989, Souty-Grosset et al. 2006). Three subspecies of
Pacifastacus leniusculus are currently recognized: P. I leniusculus (Dana, 1852), P. I
klamathensis (Stimpson, 1857) and P. I. trowbridgii (Stimpson, 1857). They were initially
considered different species and their status has later been changed to subspecific level.
However, this division has often been questioned (Agerberg and Jansson 1995, Larson and
Olden 2011, Miller 1960, Riegel 1959). The three subspecies were characterized by
differences in morphology (e.g., rostrum length, rostral and postorbital spines or chelipeds),
but these morphological features, as well as subspecies distributional ranges, substantially
overlap (Larson and Olden 2011, Miller 1960). Attempts to distinguish the signal crayfish
subspecies by allozyme analyses were also ambiguous (Agerberg and Jansson 1995).
Lately, Sonntag (2006) detected three distinct mitochondrial lineages of P. leniusculus, which
correspond to the three known subspecies, in the Klamath River Basin (California and
Oregon, USA). However, it should be noted that the area investigated by this author was
much smaller than the whole range of P. leniusculus in North America.

Signal crayfish have been introduced to several localities in the western USA, and
also to Japan and Europe (Henttonen and Huner 1999, Riegel 1959, Usio et al. 2007). The
status of the species in California, an important source region for introductions to Europe, is
not clear. While Riegel (1959) mentions that only P. I. klamathensis is native to the area,
Hobbs (1989) lists all three subspecies as native. This confusion might be due to the fact that

the species has been introduced to California multiple times from different sources.



Particularly complicated is the introduction history of signal crayfish to Lake Tahoe, which
provided most signal crayfish imported to Europe (Abrahamsson 1973b, Goldman et al.
1975). This lake and its tributaries in California were probably first stocked in 1895 by 56
signal crayfish from the Klamath River (Abrahamsson and Goldman 1970). In 1909, crayfish
probably originating in coastal streams of Oregon were introduced to the lake (Goldman
1973) and in 1916, individuals suggested to be P. |. klamathensis were brought from the
Klamath River (Riegel 1959). In 1912, California Fish and Game Commission (Santa Cruz
County, California) received signal crayfish from the Columbia River (at the border between
Oregon and Washington), which were then distributed to other parts of the state (Riegel
1959). By the mid-20" century, northern California has been most probably inhabited by all
three subspecies (Miller 1960), and Lake Tahoe harboured individuals of at least two but
possibly all three subspecies. Riegel (1959) mentioned P. . klamathensis and P. |I.
leniusculus to be found in the area but considered P. I. trowbridgii synonymous with P. /.
leniusculus (and thus would not have reported it separately); Miller (1960) suggested that
both P. I. leniusculus and P. I. trowbridgii, or their intergrades may have been introduced to
the lake. All of the above-mentioned introductions to California may have contributed to
subsequent stockings to European waters (Agerberg 1993).

Signal crayfish were first brought to Europe in 1959 when 60 individuals from Natoma
River, American River and Sacramento River drainages (California) were introduced to
Sweden (Lake Trasksjon; Agerberg 1993). This trial stocking was successful, and large
numbers of signal crayfish were subsequently imported from America and widely distributed
around the continent (Henttonen and Huner 1999, Souty-Grosset et al. 2006). In 1969, a total
of 58 000 specimens were brought from Lake Tahoe to Sweden (Brinck 1977, Furst 1977,
Goldman et al. 1975) and 6500 signal crayfish were introduced from Californian lakes Tahoe
and Hennessey to Finland (Skurdal et al. 1999). California was also source of individuals for
illegal releases of signal crayfish to Austria in 1969 (Henttonen and Huner 1999). In 1974,
Pacifastacus leniusculus was brought from Lake Tahoe and Lake Donner to central part of
France (Arrignon et al. 1999), the country also received individuals from Oregon (Souty-
Grosset et al. 2006). Another locality, Pitt Lake in British Columbia (Canada), provided about
200 specimens which were introduced in 1975-1980 to Sweden (Agerberg and Jansson
1995).

Most crayfish used for subsequent introductions across Europe were raised in a
hatchery Simontorp in Sweden (Henttonen and Huner 1999, Skurdal et al. 1999). Until 1976,
about 800 000 signal crayfish from this hatchery were stocked into natural waters in Sweden
(Farst 1977). Until 1977, the country provided about 250 000 signal crayfish that were
distributed to other European countries (Brinck 1977). For example, Poland received 30 000

individuals from Sweden (Kossakowski and Kossakowski 1978) and about 40 000 individuals



of the same origin were released in Luxembourg (Arrignon et al. 1999). Sweden provided
crayfish also to Finland (Westman and Savolainen 2001), Spain (Gutiérrez-Yurrita et al.
1999), France (Arrignon et al. 1999), Austria (Abrahamsson 1973a) and the Czech Republic
(Ircing and Prasil 1980). Germany received signal crayfish from Sweden but also from
Austria (Dehus et al. 1999). Further secondary introductions within most of the
above-mentioned countries, and further natural as well as human-mediated dispersal of
signal crayfish followed, and the species is now present in at least 25 European countries
(Souty-Grosset et al. 2006, Holdich et al. 2009).

The taxonomic status of signal crayfish imported to Europe from North America is
unclear. Hobbs (1989) mentioned that only P. I. leniusculus had been introduced to Europe.
However, based on analysis of allozyme markers in Swedish populations and three
American populations representing the three known subspecies, Agerberg and Jansson
(1995) suggested that both P. [. leniusculus and P. I. trowbridgii might be found in Sweden,
while P. I. klamathensis did not seem to be present. Grandjean and Souty-Grosset (1997)
also noted that high heterogeneity observed at mitochondrial markers in several French
populations could be due to the presence of more subspecies. Moreover, as at least two
subspecies are present in Lake Tahoe (Miller 1960, Riegel 1959) that provided most
individuals introduced to Europe, thus, presence of more than one signal crayfish lineage at
the continent seemed likely. The status of signal crayfish introduced to Japan is also
unresolved. Between 1926 and 1930, signal crayfish were brought to Japan from the
Columbia River basin, northwestern USA (Usio et al. 2007), and Hobbs (1989) noted that
both Pacifastacus I. leniusculus and P. |. trowbridgii were introduced there. However, based
on morphological examination, the subspecific status of signal crayfish in Japan could not be
assessed (Kawai et al. 2003).

Although several studies dealt with some aspects of genetic variation in European
signal crayfish (Agerberg 1990, Agerberg and Jansson 1995, Grandjean and Souty-Grosset
1997, Filipova et al. 2011a), these investigated only a few individuals or populations. Thus,
the aim of the present study was to investigate genetic variation in European populations of
signal crayfish over a large scale, and assess their lineage diversity. Given the discrepancy
of previous genetic studies and the fact that more subspecies are found in the source areas
of numerous signal crayfish introductions to Europe, we tested whether we detected lineages
that can be linked to different subspecies of P. leniusculus. We also studied distributional
patterns of common haplotypes, as these might reflect the colonization history of the species
on the continent. This was already shown for other non-indigenous crayfish species in
Europe, the spiny-cheek crayfish Orconectes limosus (Filipova et al. 2011b) and the red

swamp crayfish Procambarus clarkii (Barbaresi et al. 2003, 2007).



Given the introduction history summarised above, various scenarios resulting in
different patterns of genetic diversity in introduced European populations are possible. The
mixed origin of crayfish in Lake Tahoe may have resulted in high variation in signal crayfish
in the lake and subsequent high variation in individuals imported in large numbers to Europe.
Alternatively, establishment of signal crayfish population in Lake Tahoe may have been
associated with multiple introduction bottlenecks, and resulted in impoverished genetic
variation not only in local signal crayfish but also in those bred in Sweden and distributed
over most Europe.

We analysed cytochrome c¢ oxidase subunit | (COIl) gene fragment of signal crayfish
from 17 European countries and we compared our results with data from the Klamath River
basin in North America (Sonntag 2006) which included COI sequences of individuals
representing three known subspecies of P. leniusculus. We have also analysed additional
individuals from six North American populations to investigate variation in other parts of its

American range.

Material and methods

In total, 348 individuals of Pacifastacus leniusculus from 70 populations were
collected from representative localities in 17 European countries, pooled into eight main
regions (Table 1, Fig. 1). Although not all countries with wide presence of signal crayfish
were covered to a similar extent, we managed to obtain samples across most of the area
colonised by this species in Europe except Greece. Moreover, 32 individuals from six
populations were analysed from North America (Table 1).

One or two legs of captured crayfish were preserved in 96% ethanol. Muscle tissue of
one leg segment was dissected from each crayfish. Chelex extraction protocol was used to
isolate total genomic DNA (as described e.g. in Filipova et al. 2011), and the resulting
supernatant was stored at -20°C. The amplification was carried out in 25 ul volumes, in a
reaction mix containing a PCR Buffer with 1.5 mM MgCl, (Promega, USA), 400 uM dNTPs,
1 MM each primer, 0.025 U of the Taq polymerase (Promega, USA) and 0.5 ul of the
template (about 100 ng DNA). Universal primers HCO 2198 and LCO 1490 (Folmer et al.
1994) were used to amplify the analysed COI fragment. The amplification program consisted
of an initial denaturation step of 5 min at 95°C, 35 cycles of 50 s at 95°C, 50 s at 55°C and
50 s at 72°C, with a final extension for 5 min at 72°C. Exonuclease | (New England Biolabs,
USA) and Shrimp Alcaline Phosphatase (Fermentas, Canada) was applied to purify the PCR
products, with subsequent incubation for 1 hour at 37°C followed by 20 min at 80°C.

Resulting products were then sequenced on a capillary sequencer (ABI PRISM 3130) using



LCO primers and the BigDye v. 3.1 Terminator kit. Obtained sequences were truncated to a
length of 600 bp available for most samples.

New data were compared to reference COl sequences of the three known
subspecies of signal crayfish from the Klamath River basin, North America (Sonntag 2006).
Their codes which correspond to Sonntag (2006) represent Pacifastacus leniusculus
leniusculus (F M225L22, H M220L22, N M185L18, O M183L18, P M179L18, U M141L13), P.
I. klamathensis (J M208L21, W M101L09, Z M076L07) and P. I. trowbridgii (AC M019L02,
AD MO018L02, AE M017L02) (Fig. 2). Sequences of Pacifastacus gambelii (SN8EL29) and P.
fortis (SHO9LS1) taken from Sonntag (2006) were used as outgroups.

All sequences could be unambiguously aligned in the software MEGA version 5.05
(Tamura et al. 2011). The same software package using Kimura 2-parameter model was
then used to construct the neighbour-joining tree and to calculate the average pairwise
divergence between detected clades of P. leniusculus. Parsimony network of the haplotypes
detected in Europe was constructed in TCS version 1.21 (Clement et al. 2000), with 93%

connection limit.

Results

In 348 European individuals analysed in our study, 27 different COI haplotypes, one
to five per population, were found (Table 1, Fig. 2); these are labelled E1-E5, EA6, E7-E24,
EA25 and E26-E27. When compared to reference sequences from North America, all of
these European haplotypes fell within a highly diverse lineage of P. leniusculus leniusculus
as defined by Sonntag (2006), and clustered in four main clades (Fig. 2). Average pairwise
distances among these clades ranged from 2.6% to 3.0%.

Four of the haplotypes detected in Europe were dominant in studied populations:
haplotype E3 (in 64 individuals from 23 populations), E7 (99/39), E13 (59/19) and E14
(52/20) (Fig. 1, 2b). In most regions, all four dominant haplotypes together with some rare
ones were found, with the exception of Spain where only the common haplotype E14 and
one other rarer haplotype was detected, and Finland where only three common haplotypes
(E3, E7 and E13) were found (Fig. 1). The remaining 23 haplotypes were less frequent,

found in one to 14 individuals in Europe.
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Crayfish from Lake Trasksjon, Sweden, which received the first small batch of P.
leniusculus imported from California, differed in their haplotype composition from other
Swedish localities (with which it did not share any haplotype) but did stand out when
compared with the overall variation in Europe. Two out of seven analysed individuals from
this lake carried the common haplotype E14, two other detected haplotypes (E1 and E16)
belonged to relatively rare ones, and one haplotype (E20) was unique for this locality.

Fourteen haplotypes were detected in 32 signal crayfish from five North American
populations. Most of these fell within Pacifastacus I. leniusculus. Twelve were present only in
American samples (A28-A39) but two were also detected in Europe (EA6 in several
countries, EA25 in one Swedish population). Four haplotypes (A36-A39) detected in six
samples from the Chehalis River (Washington) represent a new, highly divergent lineage
within P. leniusculus (Fig. 2a). Its average COI divergence from P. I. leniusculus is 7.0%, the

divergence from P. |. klamathensis is 6.8% and from P. I. trowbridgii 6.2%.

Discussion

This first large-scale study of genetic variation in the signal crayfish Pacifastacus
leniusculus in Europe clarified the subspecies status of populations in this introduced
European range; however, our results from a limited number of American populations at the
same time challenge the present view on the diversity of this species in North America.

Based on literature data (Agerberg and Jansson 1995, Grandjean and Souty-Grosset
1997, Hobbs 1989) and on the fact that at least two subspecies are present in the American
source locality for numerous signal crayfish introduced to Europe, presence of more
subspecies of Pacifastacus leniusculus was expected on the continent. However, we only
found individuals carrying haplotypes related to Pacifastacus leniusculus leniusculus (as
proposed by Sonntag 2006) in the analysed European populations. We cannot exclude the
presence of another lineage in some restricted unsampled area in Europe, but it is obvious
that P. I. leniusculus is largely dominant on the continent.

Despite belonging to a single major lineage, high genetic variation was found in
European populations of P. leniusculus leniusculus. Values of average pairwise divergences
found between four major clades of haplotypes detected in Europe were relatively high,
reaching up to 3.0%. In the family Astacidae, into which signal crayfish belongs, these levels
correspond to intraspecific divergence (Trontelj et al. 2004); however, in another family of
American crayfish, Cambaridae, such divergences are frequently observed among different
species (Taylor and Knouft 2006). In another group that includes a successful invader, the

Orconectes virilis species complex, average pairwise divergences (Kimura-2-parameter)
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among different lineages, that are considered recently diverged cryptic species, range from
1.2% to 4.1% (Filipova et al. 2010, Mathews et al. 2008).

Fig. 1 Distribution of Pacifastacus leniusculus in Europe (compiled from Candiotto et al. 2010, Capurro
et al. 2007, Holdich et al. 2009, Souty-Grosset et al. 2006, Vralstad et al. 2011 and chapter VI) with
localities sampled in our study (black triangles). Pie charts show the presence of four dominant COI
haplotypes (E3, E7, E14, E13) and less frequent haplotypes in main regions in Europe. Numbers in
white sections of the pie charts indicate the number of other (rare) haplotypes detected in the

respective regions.

e N
cothaplotypes: @€E3s @€e7 Oe1a Oe1z O others

The high variation found within signal crayfish in Europe is in contrast with another
widespread invader, the spiny-cheek crayfish Orconectes limosus. In this species, a single
introduction of 90 individuals from North America resulted in a successful colonisation of a
large part of the European continent but the introduction bottleneck led to very low level of
mtDNA variation (one dominant, and one very rare COIl haplotype) in its European
populations (Filipova et al. 2011b). In the third most widespread invasive crayfish in Europe,
the red swamp crayfish Procambarus clarkii that was introduced to the continent in 1973 by
about 40 000 individuals from Louisiana (USA), analyses of mitochondrial and nuclear

markers showed intermediate levels of variation (Barbaresi et al. 2007). Five COI haplotypes
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detected in Europe were closely related, reflecting recent colonization of P. clarkii in Europe.
Geographic patterns of variation revealed by microsatellite markers corresponded to a
scenario of multiple secondary introductions of individuals across Europe, originating in

different source localities.

Fig. 2 Neighbour-joining tree (A) showing the COI sequence variation of signal crayfish. The tree
comprises all haplotypes found in studied European and American populations, and representative
sequences of the three presently recognised signal crayfish subspecies (from Sonntag 2006).
Geographical distribution of detected haplotypes is reported in Table 1. Haplotype network (B) of
European COI haplotypes, gathering into four main clades (labelled I, II, lll and IV). Four common
haplotypes (E3, E7, E13 and E14) are marked by squares.
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In our study, we did not observe any clear geographical pattern in the distribution of
haplotypes detected in European signal crayfish. This corresponds to the history of
colonization of Europe by this species, which was introduced in large numbers and it was
then distributed around the continent by numerous secondary human-mediated
translocations. However, in some of the studied regions the haplotype composition seemed
related to the local history of introduction of the species. In the Czech Republic, for example,
E3 and E7 haplotypes were largely dominant, while the other two haplotypes common across
Europe, E13 and E14, were absent (Table 1). This might also be due to the introduction
bottleneck. All Czech populations are most likely descendants from a single batch of 1000
juvenile individuals imported in 1980, which were released to a few isolated localities in the
country (lrcing and Prasil 1980, Policar and Kozak 2000). However, most of the initial
releases were unsuccessful, so the number of founders from which other Czech localities
were stocked was substantially lower (Kozak et al. 1998). Interestingly, for many years after
introduction, the distribution of the species seemed to remain restricted in the country, and
only recently it has been observed that the species expands its range (Nature Conservation
Agency of the Czech Republic, unpublished data).

Low numbers of haplotypes detected in the three localities in northeastern Spain (one
dominant and one rare) and in the single analysed population in northern lItaly (rare
haplotype ES5; Table 1), may reflect relatively recent introductions of signal crayfish to these
regions (Candiotto et al. 2010, Diéguez-Uribeondo 2006, Oscoz et al. 2010). However, more
extensive sampling would be needed to confirm that founder events indeed substantially
reduced the genetic variation of signal crayfish in these areas. For detailed studies of P.
leniusculus invasions in Europe, analyses of more variable markers such as microsatellites
might be useful, as was shown e.g., in Procambarus clarkii, where microsatellite and also
RAPD markers were used to investigate the extent and patterns of genetic variation in its
European populations (Barbaresi et al. 2003, 2007).

Analysis of additional North American populations revealed that although most
individuals were genetically related to Pacifastacus leniusculus leniusculus and none fell
within the lineages attributed to by Sonntag (2006) to P. I. klamathensis and P. I. trowbridgii,
a new highly divergent lineage was found in the Chehalis River, Washington. This shows that
genetic diversity within P. leniusculus is higher than currently recognised, which corresponds
to findings of E.R. Larson (pers. comm.) who has recently discovered four distinct lineages
(16S mtDNA) within signal crayfish from the Pacific Northwest in North America (one of
them, apparently corresponding to the same clade, distributed in the Chehalis River).

The real taxonomic status of this clade, as well as of the three presently recognised
signal crayfish subspecies, is also unclear. Genetic divergences among the three lineages

detected by Sonntag (2006) are high, corresponding rather to values found between different
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species, with average pairwise divergence (Kimura 2-parameter distance) around 4-5% (L.
Filipova, unpubl. data). Based on Sonntag’s results, Schuster et al. (2010) already noted that
the three subspecies might represent distinct biological species. Further sampling from North
America and detailed studies of biology, distribution and reproduction of these cryptic groups

is therefore needed to understand their relationship, diversity, and conservation value.
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Abstract The virile crayfish (Orconectes virilis)
represents a cryptic species complex with several
lineages known in the USA, and a wide introduced
range. In Europe, O. virilis is an emerging invader,
established during the last decade in at least two
areas—one in the United Kingdom and another in the
Netherlands. We assessed the position of both known
European populations within the species complex by
sequencing part of the mitochondrial gene for cyto-
chrome c oxidase subunit I. Tested UK and Dutch
individuals did not belong to any mitochondrial
lineage recorded in North America so far but formed
a separate clade, the original distribution area of
which is unknown. Additionally sequenced virile
crayfish from Iowa (USA) also represented a new
clade, suggesting that undiscovered lineage variation
within O. virilis remains high. This exemplifies that
genetic analyses of invading populations may provide
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new insights into diversity of a taxon in its original
range.
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Introduction

Several North American crayfish species have been
introduced to Europe since 1890 to substitute for lost
populations of indigenous crayfish, decimated by the
pathogen of the crayfish plague, oomycete Aphano-
myces astaci (Souty-Grosset et al. 2006). Three of
these non-indigenous crayfish have spread over a
large part of the European continent: the spiny-cheek
crayfish Orconectes limosus (Rafinesque, 1817), the
signal crayfish Pacifastacus leniusculus (Dana,
1852), and the red swamp crayfish Procambarus
clarkii (Girard, 1852) (Henttonen and Huner 1999).
Besides the ability of these invasive species to
compete with the indigenous European crayfish, all
of them can also transmit crayfish plague and cause
mass mortalities of the indigenous species (Souty-
Grosset et al. 2006). The negative effect of North
American crayfishes on indigenous species is well-
documented (Holdich 1999; Lodge et al. 2000; Souty-
Grosset et al. 2006). Several other North American
crayfish species have been recorded in European
surface waters during the last few years (Holdich and
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Pockl 2007), probably introduced through the aquar-
ium trade. These include the calico crayfish Orco-
nectes immunis (Hagen, 1870), present in southwest
Germany since 1997, the marbled crayfish (“Mar-
morkrebs”, Procambarus sp.) found in 2003 in the
wild in Germany and in 2004 in the Netherlands, and
Orconectes juvenilis (Hagen, 1870), first recorded in
2005 in France (Chucholl and Daudey 2008).
Another North American species thought to be
introduced to Europe through this pathway is the virile
crayfish, Orconectes virilis (Hagen, 1870). Its distri-
bution in North America is very wide (Hamr 2002),
ranging from southern Canada in the north to Texas in
the south, and from Utah and Montana in the west to
New York in the east (Fig. 1). On a large part of its
North American territory, the virile crayfish is nev-
ertheless considered non-indigenous (Fig. 1), includ-
ing some parts of Canada (McAlpine et al. 1999,
2007), Chihuahua and Baja California Norte in
Mexico, US Southwest and parts of the US Atlantic
coast (Hobbs 1989; Hamr 2002). Similarly to other
invasive cambarid crayfishes, high abundances of

Fig. 1 Distribution and status of Orconectes virilis (sensu
lato) in administrative units within its present range in North
America (compiled from Global Invasive Species Database:
www.invasivespecies.net; Hobbs 1989; Hamr 2002; Taylor
et al. 2007; McAlpine et al. 1999, 2007). Shading indicates the
presence and status (pale: native, dark: introduced; interme-
diate: status unclear) of O. cf. virilis in the particular region,

@ Springer

O. virilis specimens may have detrimental effects on
their environment, such as a negative impact on
submerged macrophytes and increase of water turbid-
ity (Souty-Grosset et al. 2006; Soes 2007).

Recent data have shown that populations identi-
fied in the USA as the virile crayfish represent,
together with additional related species, a highly
diversified cryptic species complex (Mathews et al.
2008). Apart from previously recognised taxa O. deanae
and O. nais, at least four divergent lineages exist
within O. virilis sensu lato, well separated at
mitochondrial (16S rRNA, cytochrom c¢ oxidase
subunit I) as well as nuclear (glyceraldehyde-3-
prosphate dehydrogenase) markers. At least three of
them also exhibit morphological differences (Math-
ews et al. 2008), and one of them (labelled as the
lineage 2 in the above-mentioned paper) has already
been described as Orconectes quinebaugensis Mathews
& Warren, 2008. However, samples of the virile
crayfish analysed in Mathews et al. (2008) origi-
nated from a relatively small area within the entire
range of the taxon distribution in North America

d"&_‘
By

N

not its exact distribution. White dashed line shows the pre-
sumed original range (northern limits indicated as unclear)
according to Page (1985). Sources of samples for the present
and previous studies are indicated by black symbols as follows:
Mathews et al. (2008): ovals—O. cf. virilis, diamond—O.
deanae, square—Q. nais; Taylor and Hardman (2002): trian-
gle; our study (Iowa): circle
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(Fig. 1). It might therefore be expected that even
more distinct lineages exist within this complex.
Allozyme data on populations from several localities
in the USA (Indiana, Illinois and Missouri), different
from those studied by Mathews et al. (2008), also
suggest that reproductive isolation among geograph-
ically distant populations of the virile crayfish is
common (Fetzner et al. 1997).

At least two unsuccessful attempts to introduce
O. virilis to Europe were made in the past. First the
crayfish were released in France in 1897 (Arrignon
et al. 1999) and later, in 1960, into Swedish waters
(Skurdal et al. 1999). The first established European
population of the virile crayfish was recorded in
2004 in the Netherlands at Vinkeveen near Amster-
dam from where it has been quickly spreading to
neighbouring waters (Souty-Grosset et al. 2006;
Soes 2007). This population is supposed to come
from the aquarium trade and it has apparently
already been present in the area several years before
(Pockl et al. 2006). Virile crayfish have already
colonised several hundred kilometres of Dutch
waterways, and are likely to spread quickly further
(Soes 2007). The species will probably significantly
influence the ecology of Dutch waters (Souty-
Grosset et al. 20006).

Around the same time as in the Netherlands, in
2004, a population of non-indigenous crayfish was
discovered within the River Lee system of North
London in the United Kingdom (Ahern et al. 2008).
First believed to be the spiny-cheek crayfish, Orco-
nectes limosus, they were identified as O. virilis after
a detailed re-examination of their morphology by
D. Ahern and one of authors (DMH) and subse-
quently confirmed by C. A. Taylor. The possible
source of this population seems to be the contents of
an aquarium tank tipped into a pond in north London
by a local resident (Ahern et al. 2008). However, the
exact origin of the population remains unknown.

In this study, we sequenced the mitochondrial gene
for the cytochrome c¢ oxidase subunit I (COI) of
selected O. virilis individuals from British and Dutch
populations to assess their position within the com-
plex, and to test whether they are closely related or
originate from clearly different sources, which would
indicate independent invasions. Additionally, we
included in the analysis an individual sampled in
Iowa (USA), outside the regions from which virile
crayfish have been studied genetically, to further

evaluate the extent of cryptic diversity of the virile
crayfish species complex.

Materials and methods

Three individuals of Orconectes cf. virilis from the
River Lee system in north London (UK; 51°36'N,
0°2'W) were obtained from the Environment Agency.
Two virile crayfish were sampled near Kanis close to
Woerden (the Netherlands; 52°8'N, 4°53’E). An
additional male individual was collected in Squaw
Creek near Cedar Rapids in Towa (USA; 41°58'N,
91°40'W). Sampled material was preserved in ethanol.

One segment of leg of each captured crayfish was
dissected to obtain muscle tissue, from which the
genomic DNA was subsequently extracted using the
Chelex extraction: ~ 1 mm® of the muscle tissue was
placed in a solution of 175 pl of distilled water and 5 pl
of proteinase K (20 mg/ml), and homogenised; subse-
quently, 175 pl of HO were added and the contents
were homogenised again. Finally, a small amount
(about 50 pl) of Chelex 100 beads was added, the
Eppendorf tubes were vortexed gently and incubated at
56°C for 4 h, followed by incubation at 100°C for
8 min to denature the proteins. Chelex resin and
undigested solids were removed from the suspension
by centrifugation for 4 min at 12,000 rpm, and the
supernatant was stored at —20°C.

PCR reaction mixtures of the volume 25 pl
contained 5x PCR Buffer (1.5 mM MgCl,) (Pro-
mega), 200 uM dNTP, 25 uM each primer, 0.625
units Taq polymerase (Promega), 0.5 ul of the
template (about 100 ng DNA). Primers HCO 2198
and LCO 1490 (Folmer et al. 1994) were used to
amplify the COI gene fragment. The amplification
program consisted of an initial denaturation step of
5 min at 95°C, 35 cycles of 50 s at 95°C, 50 s at
55°C and 50 s at 72°C, and a final extension for
5 min at 72°C. PCR products were purified using
Exonuclease I (New England Biolabs) and Shrimp
Alcaline Phosphatase (Fermentas), with incubation
for 1 h at 37°C followed by 20 min at 80°C. Purified
products were then sequenced using the LCO primer
and BigDye v. 3.1 Terminator kit on a capillary
sequencer (ABI PRISM 3130). Resulting sequences
were deposited in GenBank (accession numbers
FJ608575-FI1608578).
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O. limosus

O. virilis complex

i'__
K

0.05

Fig. 2 Diversity of known lineages of the Orconectes virilis
species complex from North America and Europe. The tree was
created by the Bayesian inference of phylogeny from 486 bp
long alignment of the partial mitochondrial gene for the
cytochrome ¢ oxidase subunit I. Numbers at selected nodes
indicate the percentage of sampled trees containing that
particular node, those with support below 50% were collapsed
to polytomy. GenBank accession numbers of individual

COI sequences representing divergent haplotypes
and various geographic regions from all known
lineages of the O. virilis complex (2-4 per clade),
including O. quinebaugensis, O. nais and O. deanae,
analysed previously by Mathews et al. (2008), and
O. virilis from Illinois analysed by Taylor and Hard-
man (2002), were obtained from GenBank. Accession
numbers of these sequences are provided in Fig. 2. A
COI sequence of Orconectes limosus (GenBank acc.
no. EU442747) was used as an outgroup in subsequent
analyses. Sequences were aligned in the software Mega
4.0 (Tamura et al. 2007), and truncated to a length
available for all individuals (486 bp). In the same
program, we calculated the average pairwise diver-
gence between different clades of the species complex
using the Kimura 2-parameter model.

The tree showing the diversity of the O. virilis
complex including the British, Dutch and Iowa indi-
viduals was constructed using the Bayesian inference
of phylogeny in MrBayes version 3.1.2 (Ronquist and
Huelsenbeck 2003), under a HKY-+I model (Hase-
gawa et al. 1985), determined by Akaike information
criterion in Modeltest version 3.7 (Posada and Crandall
1998). We used two parallel runs of four Monte Carlo
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100 [ MA
MA (EU442772)

ﬂ'__
KS (EU442735)

91 [[
NL 2 (FJ608578)

— NM (EU442723) O. deanae

99 [OK(EU442721) 0. nais
OK (EU442722)
IL (AF474365)
— PQJET;ZZ?SZ) O. virilis s.s. (clade 1)
MA (EU442766)

(EU442769)  O. quinebaugensis

(clade 2)
IA (FJ608575)  O. cf. virilis lowa

KS (EU442727)
O. cf. virilis (clade 3)

KS (EU442740)
S (EU442742)
UK 1-3 (FJ608576)

O. cf. virilis (clade 4)

NL 1 (FJ608577) O. cf. virilis Europe

sequences are listed in parentheses. Clades within the complex
are labelled after Mathews et al. (2008) and Mathews and
Warren (2008), newly analysed lineages are marked by bold
font. State and country abbreviations: IA—Iowa, IL—Illinois,
KS—Kansas, MA—Massachusetts, NL—Netherlands, NM—
New Mexico, OK—Oklahoma, PQ—Quebec, UK—United

Kingdom. Scale represents 5% divergence

Markov chains, each run for 3 million generations and

sampling every 100 generations; the

initial 20% of

trees were discarded as a burn-in phase. Analyses
based on alternative models of evolution well-scoring
in Modeltest (HKY+G, GTR+G) showed identical

patterns.

Results

The position of the newly analysed samples within
the O. virilis complex is shown in Fig. 2. All tested
European individuals of O. cf. virilis belonged to the
same lineage, divergent from any clade so-far known
from the North American range of the complex.
Three crayfish from the London population and one
from the Netherlands shared the same haplotype; the
haplotype of the second Dutch individual differed by
a single point mutation. The average COI divergence
(Kimura 2-parameter distance) of the “European”
lineage from other clades of the complex ranged from
1.21% (to O. deanae) to 3.90% (to O. quinebaugensis).
These values of divergence, despite being relatively
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Table 1 Average pairwise divergences (Kimura 2-parameter model) between different clades of the Orconectes virilis species

complex (named as in Fig. 2)

O. virilis complex

Europe (%) lowa (%) Clade 1 (%) Clade 2 (%) Clade 3 (%) Clade 4 (%) O. deanae (%)
Europe -
Iowa 2.93 -
O. virilis s.s. (clade 1)  3.31 291 -
O. quinebaugensis (2)  3.90 3.85 3.13 -
O. cf. virilis (clade 3) 1.64 2.54 243 341 -
O. cf. virilis (clade 4) 1.85 2.32 3.14 4.08 1.47 -
0. deanae 1.21 2.11 2.48 341 1.26 1.47 -
0. nais 2.71 3.18 3.57 4.06 3.19 341 2.32

low, are comparable to divergence between other
lineages within the complex (Table 1): for example,
the divergence between O. deanae and clade 3 of O.
cf. virilis was only 1.26%.

The sample from lowa represented an apparently
new lineage of the complex as well; its average
divergence from other clades of the complex varied
between 2.11% (to O. deanae) and 3.85% (to
O. quinebaugensis).

The average pairwise divergence among all clades
of the O. virilis complex sampled in North America
(including the virile crayfish from Iowa, O. nais and
0. deanae), was 2.85%; their average divergence to
the European lineage was 2.51%.

Discussion

Individuals of O. virilis from Europe and Iowa
analysed in this study represent new lineages of the
O. virilis complex, substantially divergent from other
clades of the species complex known from the
examined part of its range in North America. Our
results confirm that both European populations of
O. cf. virilis, the Dutch and British one, belong to the
same lineage, the native distribution of which
remains unknown, as no information is available on
the origin of founders of these populations. It is
possible that both localities were stocked by crayfish
originating from the same wild source and subse-
quently spread through aquarium trade. More infor-
mation about variation of the O. virilis complex in
other parts of its North American range, and about the

availability of these crayfish on the hobbyist market,
is necessary to identify the source region of the
“European” lineage in North America.

“European” virile crayfish, as well as two other
American lineages of the complex (clade 2 and 3),
are apparently genetically very close to O. deanae.
However, the latter species is considered distinct
based on its morphological features, despite its
genetic similarity to other American clades of the
O. virilis complex (the average Kimura 2-parameter
distance 2.36%, even lower than the divergence of
the new “European” lineage from other American
ones).

The average COI divergences among all currently
known members of the species complex, including
O. nais and O. deanae, did not exceed 3%. In a
number of animal groups, such levels of divergences
could represent intraspecific variation (Hebert et al.
2003). Costa et al. (2007) actually showed that among
crustaceans, the average divergence of congeneric
species was about 17% (Kimura 2-parameter dis-
tance), the highest value detected so far in animals.
However, divergences between many Orconectes
species are much lower. Taylor and Knouft (2006)
provided sequences of 86 species or subspecies of the
genus. The divergences between several sister pairs
of well-described species used in their study were
variable. The lowest value, between O. peruncus and
O. quadruncus, was 3.3%, confirming that many
currently recognised Orconectes species are very
closely related.

Two European species of another crayfish genus,
Austropotamobius pallipes and A. torrentium, both
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showed deep phylogeographic structures (Trontelj
et al. 2005), with COI divergences between major
geographic clades (uncorrected values 5.9 and 4.1%,
respectively) substantially exceeding values observed
among lineages within the O. virilis complex. How-
ever, the existence of differences in morphology of
some O. virilis clades (Mathews et al. 2008),
differences between virilis lineages detected at
nuclear markers (Fetzner et al. 1997; Mathews et al.
2008), as well as a serological distinctness of the
morphologically very close species O. nais (Pryor
and Leone 1952), suggest that the virile crayfish
complex is young, recently diversifying and already
consists of a number of distinct biological species.
Mathews et al. (2008) propose that the complex has
undergone radiation since the late Pleistocene, with
the divergences among clades originating within the
last 2 million years. Such diversification may be a
result of a substantial range fragmentation during
Pleistocene glaciations.

Our finding of a new member of the species complex
in invasive populations outside its native range is not
the only case of a discovery of unknown crayfish
distributed through the aquarium trade. The most
infamous is another cambarid species, the partheno-
genetically-reproducing marbled crayfish, which is
widespread among aquarists but not known from North
American waters (Scholtz et al. 2003). It has been
already found in the wild in Europe (Souty-Grosset
et al. 2006), and represents a potentially serious threat
to local aquatic biota. Our results are a good example of
a case where genetic analyses of invaders’ populations
improve knowledge about biodiversity of the taxon in
its original distribution areas.
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ABSTRACT

Several alien crayfish of North American origin have become established
in Europe in recent decades, but their identification is often confusing.
Our aim was to verify the taxonomic status of their European popu-
lations by DNA barcoding. We sequenced the cytochrome c¢ oxidase
subunit | (COI) gene fragment of individuals representing all American
crayfish known from European waters, and compared the results with ref-
erence sequences from North America. Our results confirm the morpho-
logical identification of Orconectes juvenilis from a population in eastern
France, and of the marbled crayfish (Marmorkrebs), i.e., a parthenogenetic
form of Procambarus fallax, from south-western Germany. Sequences of
most individuals of presumed Procambarus acutus from the Netherlands
were similar to American P. cf. acutus, but one was divergent, closer to
a sequence of a reference individual of P. cf. zonangulus. However, di-
vergences among three American P. cf. zonangulus samples were also
high, comparable to interspecific variation within cambarid species com-
plexes. The divergence between O. immunis from Europe and America
also reached values corresponding to those observed among distinct
Orconectes species. Genetic variation in the American range of these
crayfish should therefore be further studied. Our study shows that DNA
barcoding is useful for the rapid and accurate identification of exotic cray-
fish in Europe, and also provides insights into overall variation within these
taxa.

RESUME

Identification des écrevisses d’Amérique du Nord introduites en Europe par une méthode
de DNA barcoding (code-barre génétique)

Mots-clés :
COl,
code-barre
génétique,

Plusieurs écrevisses provenant d’Amérique du Nord se sont établies en Europe
pendant ces derniéres dizaines d’années, mais leur identification est encore sou-
vent confuse. Notre but était de vérifier le statut taxonomique de leurs populations
en Europe en utilisant une méthode de DNA barcoding (code-barre génétique).
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écrevisses Nous avons séquencé le géne codant pour la sous-unité | de la cytochrome ¢
invasives, oxydase (COI) chez des individus qui représentent ’ensemble des écrevisses amé-
Europe, ricaines rencontrées dans les eaux européennes. Ces données ont été ensuite
Amérique comparées avec les séquences de référence d’individus d’Amérique du Nord.
du Nord, Nos résultats confirment I'identification morphologique d’Orconectes juvenilis
Orconectes, provenant d’une population de I'est de la France et des écrevisses marbrées
Procambarus (Marmorkrebs), correspondant a la forme parthénogénétique de Procambarus

fallax, du sud-ouest de I'Allemagne. Les séquences de la plupart des indivi-
dus des Pays-Bas supposés appartenir a Procambarus acutus sont similaires
a P. cf. acutus d’Amérique. Cependant, une séquence s’est révélée différente
des autres, étant plus proche de séquence d’un individu de référence de P. cf.
zonangulus. Néanmoins, les divergences parmi trois échantillons américains de
P. cf. zonangulus sont aussi élevées et comparables a la variation interspéci-
fiqgue au sein des complexes d’espéces des Cambaridae. Les divergences entre
O. immunis d’Europe et d’Amérique ont également atteint des valeurs similaires a
celles qui ont été observées parmi des especes d’Orconectes distinctes. La varia-
tion génétique dans I'aire de répartition de ces écrevisses en Amérique du Nord
devrait donc étre étudiée en détail. Ainsi, notre étude montre que la méthode de
DNA barcoding est utile pour I'identification rapide et précise des écrevisses in-
troduites en Europe. Elle peut également apporter de plus amples connaissances
sur la variation totale dans ces taxa.

INTRODUCTION

About 120 years ago, the first crayfish originating from a different continent, the North Amer-
ican spiny-cheek crayfish Orconectes limosus (Rafinesque, 1817), became successfully es-
tablished in Europe (Kossakowski, 1966). This was later followed during the 20th century by
intentional introductions of several other exotic crayfish species (Gherardi and Holdich, 1999).
Three of these became very widespread: the firstly introduced O. limosus, plus the signal cray-
fish Pacifastacus leniusculus (Dana, 1852) and the red swamp crayfish Procambarus clarkii
(Girard, 1852). Given the importance of these invasive species for colonized aquatic ecosys-
tems and for conservation of native crayfish species, their ecology, distribution, and impact
have been studied intensively in recent decades (Gherardi and Holdich, 1999; Souty-Grosset
et al., 2006). The genetic variation of European populations of these invaders has also re-
ceived some attention (Grandjean and Souty-Grosset, 1997; Barbaresi et al., 2007; Filipova
etal., 2009; Hulak et al., 2010). Recently, established populations of several other North Amer-
ican crayfish have been discovered in European waters. Most of these species, introduced
to the wild after the mid-1990s, are likely to have come from the aquarium trade and, in con-
trast to well-established non-indigenous crayfish species (“Old NICS”), they are sometimes
referred to as “New NICS” (Holdich et al., 2009).

The oldest “New NICS” of North American origin in Europe, the calico crayfish Orconectes
immunis (Hagen, 1870), was first recorded in the mid-1990s in southern Germany (Dussling
and Hoffmann, 1998; Gelmar et al., 2006). At present, it colonizes a stretch of approximately
100 km of the Upper Rhine plain in south-western Germany and eastern France (Holdich,
2003; Chucholl, 2006; Chucholl et al., 2008; M. Collas, pers. comm.). Its taxonomical status
has never been questioned; however, the identification of other recently established American
invaders has not been so straightforward.

A crayfish population found in 2004 in London, Great Britain, was first considered to be
Orconectes limosus, but subsequent morphological examination of local individuals resulted
in re-identification as the virile crayfish Orconectes virilis (Hagen, 1870) (Ahern et al., 2008).
Similarly, O. virilis was known to be established in the Netherlands at least since 2004 (Soes
and van Eekelen, 2006). Genetic analysis of individuals from both these European populations
nevertheless revealed that they represent a new lineage of the O. virilis species complex; its
original distribution in North America is not yet known (Filipova et al., 2010).
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In 2005, a population of another Orconectes species was found in the watershed of the river
Doubs in eastern France (Daudey, 2006; Chucholl and Daudey, 2008). These crayfish were
first identified as the highly invasive rusty crayfish Orconectes rusticus (Girard, 1852) (Daudey,
2006), and this identification continued to be used by authors of influential reference publica-
tions (Pockl et al., 2006; Souty-Grosset et al., 2006). However, Chucholl and Daudey (2008)
subsequently examined the morphology of these individuals in detail and identified them as
Orconectes juvenilis (Hagen, 1870), as was also confirmed by Christopher A. Taylor (lllinois
Natural History Survey). This species is relatively closely related to but distinct from O. rusticus
(Taylor, 2000).

The identification of recently established species of the genus Procambarus in Europe is no
less problematic. A good example is the complicated taxonomic history of the marbled cray-
fish (“Marmorkrebs”). This unusual lineage, the only known obligately parthenogenetic cray-
fish, started to spread in the German and Austrian aquarium trade in the mid-1990s (Scholtz
et al., 2003; Souty-Grosset et al., 2006). It has received substantial research attention since
the early 2000s (Scholtz et al., 2003) but was only recently unambiguously confirmed to be
an asexual form of Procambarus fallax (Hagen, 1870) by both morphological and molecu-
lar approaches (Martin et al., 2010a). Marbled crayfish have been found in the wild in the
Netherlands, Germany and Italy (Soes and van Eekelen, 2006; Souty-Grosset et al., 2006;
Marzano et al., 2009; Chucholl and Pfeiffer, 2010; Martin et al., 2010b), although it seems that
a well-established reproducing population has so far only been confirmed from south-western
Germany (Chucholl and Pfeiffer, 2010).

Since at least 2005, another Procambarus species has been spreading in the Netherlands
(Soes and van Eekelen, 2006). Its identity has not yet been unambiguously confirmed;
it is considered to probably be P. acutus (Girard, 1852), but identification as P. zonangulus
Hobbs and Hobbs, 1990 has also been discussed (Holdich et al., 2009). The presence of
P. zonangulus in the wild in Germany was suggested by several authors (Dehus et al., 1999;
Westman, 2002), but this was not later confirmed (Holdich, 2003). The taxonomy of these
species, both generally referred to as white river crayfish, is not clear even in North America;
with at least one closely related species being still undescribed (Huner et al., 1994; Fetzner
etal., 1997).

The history of most “New NICS” of North American origin given above clearly shows that iden-
tification of such invaders is not a simple task. To obtain reliable conclusions, one should not
rely exclusively on a single approach (e.g., morphological examination of a few individuals) but
more complex analyses are recommended. Classical approaches may be well combined with
the analysis of species-specific molecular markers, which now allows relatively simple test-
ing of taxonomic hypotheses. DNA barcoding, i.e., the use of standardized DNA sequences
for species identification, was proposed in the early-2000s as a particularly promising tool
(Hebert et al., 2003). Although any single molecular marker should be used with care, espe-
cially as some publicly available reference data may be flawed (Buhay, 2009) or from misiden-
tified specimens, mitochondrial DNA sequences have turned out to be a suitable method for
crayfish identification. In addition to the above-mentioned cases (Filipova et al., 2010; Martin
et al., 2010a), this approach has been successfully used, for example, to confirm the identity
of marbled crayfish found in Italy (Marzano et al., 2009) and Germany (Martin et al., 2010b),
or of Cherax destructor (Clark, 1936) recently established in Italy (Scalici et al., 2009).

The traditional barcoding marker suggested for most animal phyla (Hebert et al., 2003) is
a fragment of the mitochondrial gene for subunit | of the cytochrome ¢ oxidase (COlI). This
marker has been used in several phylogenetic studies on North American crayfish (e.g., Taylor
and Hardman, 2002; Taylor and Knouft, 2006; Mathews et al., 2008; Dillman et al., 2010), so it
is available for a number of potential invaders (although care must be taken when interpreting
some data; see Buhay, 2009). The aim of our study is to assemble reference COIl sequence
data for the North American crayfish known to be present in Europe, to confirm the identifi-
cation of those species that have not been analysed genetically, and to highlight the potential
as well as limitations of DNA barcoding when identifying crayfish invaders.
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MATERIAL AND METHODS

We collected publicly available COI sequences from previous studies that analyzed the mi-
tochondrial COIl marker in European populations of North American invasive crayfish species
(references and GenBank accession numbers are given in Table I). Additionally, we obtained
individuals of exotic crayfish populations not yet analyzed genetically: one individual of pre-
sumed Orconectes juvenilis from the river Dessoubre in France (provided by M. Bramard), two
individuals of presumed O. immunis from Au am Rhein in Germany and eight individuals from
Reiperstwiller in France (collected by C. Chucholl and M. Collas, respectively), and 10 indi-
viduals of presumed Procambarus acutus from Neder-Hardinxveld in the Netherlands (coll. by
D.M. Soes). Individuals from an established marbled crayfish population were captured in the
lake Moosweiher in south-western Germany (coll. by C. Chucholl). We also included represen-
tative samples of “Old NICS” from Europe in the analysis: Orconectes limosus, Pacifastacus
leniusculus and Procambarus clarkii. A summary of all sampled localities is given in Table .
Reference COI sequences from North American populations of the respective species were
mostly obtained from public sources or our unpublished results (Table 1). When available,
distinct COI haplotypes from North America were chosen to approximately represent the
extent of variation of the respective taxon in the native range. Based on the results of Taylor
and Knouft (2006), we added sequences of species closely related to “New NICS” to our
analysis; only lineages diverging by less than an arbitrarily chosen threshold of 4% were
included. When several GenBank sequences of reference species were identical, only one of
them was used in the tree. A sequence of O. rusticus was also included due to the confusion
of European O. juvenilis with this species in the past. Additionally, we added a sequence
of O. quinebaugensis Mathews and Warren, 2008 to complete the O. virilis species complex
(see Filipova et al., 2010 for details), although its divergence from European O. cf. virilis slightly
exceeded the chosen threshold.

For comparative purposes, we also used sequences of O. cristavarius Taylor, 2000 and
O. immunis from Taylor and Knouft (2006), although these were shown by Buhay (2009) to
contain extra insertions close to the 5’ end (one or two nucleotides, respectively), and were
therefore flagged as “COl-like” sequences in GenBank. Given the position of these prob-
lematic regions close to the end of the sequence (and outside of the fragment used in our
analysis), and the fact that the amino-acid translation of the preceding sequence does not
contain stop codons and agrees with that of other closely related species, we consider these
likely to be errors in manual editing and/or a lack of quality control (as suggested by Buhay,
2009) rather that pseudogene sequences. However, careful interpretation of these particular
sequences is necessary; therefore these are marked in the tree.

DNA extraction and sequencing of the COI gene fragment followed the methods described
in Filipova et al. (2010). The DNA was extracted from crayfish leg muscle tissue following
a Chelex extraction protocol with proteinase K. The analyzed COI fragment was amplified
with the universal primers HCO2198 and LCO1490 (Folmer et al., 1994). Purified PCR prod-
ucts were sequenced in both directions on a capillary sequencer (ABI PRISM 3130), using
a BigDye v. 3.1 Terminator Kit. After removal of primer sequences, this resulted in a 658 bp
long partial COI sequence. All analyzed sequences were aligned and analyzed in the software
MEGA 4.0 (Tamura et al., 2007). The same program was used to construct a neighbour-joining
tree and to calculate divergences, using the Kimura 2-parameter model and pairwise deletion
of missing data. We provide the neighbour-joining tree (with branch support calculated from
1000 bootstrap pseudoreplications) to show the pattern of COI similarity, as the barcoding
approach is based on sequence comparison, not phylogenetic analyses. Furthermore, we
assessed the relationship of the taxa included in our analysis by Bayesian inference of phy-
logeny in MrBayes v. 3.1.2 (Ronquist and Huelsenbeck, 2003). Independent analyses were
performed with settings corresponding to two best-fitting models of evolution, GTR+I+G and
HKY+I+G, which were suggested in MrModeltest 2.3 (Nylander, 2004); each analysis con-
sisted of two parallel runs of four Monte Carlo Markov chains run for 3 million generations
(20% of which were disregarded as a burn-in phase), with trees sampled every 100 gener-
ations. Both models resulted in identical tree topology and almost identical branch support
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in Bayesian inference, therefore only results of the latter are provided. Newly obtained se-
quences were submitted to Genbank (accession numbers JF437985-JF438007).

RESULTS

The patterns of similarity for the COI sequences from European populations of invasive North
American crayfish and their American counterparts and relatives are shown in the neighbour-
joining tree in Figure 1. The barcoding approach should not be considered a phylogenetic
hypothesis; however, the general tree topology agreed well with the results of the Bayesian
inference (branch support values are given in Figure 1), and the three genera and main clades
within them were recovered by both methods.

As expected, identification of all three “Old NICS”, O. limosus, P. leniusculus, and P. clarkii, is
completely clear. The maximum intraspecific variation among individuals of European origin
included in our study was 0.15% in O. limosus, 0.6% in P. clarkii and 2.32% in P. leniusculus.
Pacifastacus leniusculus from Europe were relatively variable, all of them were nevertheless
more similar to a reference sequence representing the nominate subspecies P. I. leniusculus
(Dana, 1852) (average divergence 1.13%, maximum 2.48%) than to individuals of the other
two recognized subspecies P. I. trowbridgii (Stimpson, 1857) and P. I. klamathensis (Stimpson,
1857) (average divergences 4.67% and 5.01%, respectively).

The sequenced marbled crayfish individuals from south-western Germany agreed with the
morphological identification; they were identical to previously sequenced marbled crayfish,
and similar to reference sequences of P. fallax from Florida (divergence 0.61% to both US
sequences). Similarly, the tested individual from the Dessoubre in eastern France was con-
firmed to be O. juvenilis. It differed by 0.46% from the reference sequence of O. juvenilis from
Kentucky, USA. The pairwise divergence between the French specimen and O. rusticus was
4.42%; divergences to other analysed closely related species, O. cristavarius, O. jeffersoni
(Rhoades, 1944), O. durelli (Bouchard and Bouchard, 1995) and O. sloanii (Bundy, 1976),
ranged from 1.54 to 3.29%.

The match between North American reference sequences and those from the invading pop-
ulations was substantially lower for O. immunis. All analysed European individuals (from both
German and French sampling sites) shared the same haplotype, which differed by 2.43 to
3.12% from the two available sequences of O. immunis from North America (Ontario and
lllinois). Similar divergence values were observed between European Orconectes cf. virilis
and several other known lineages of the O. virilis species complex (altogether, these ranged
from 1.14% to 4.39%; more details are given in Filipova et al., 2010).

Relatively high variation was observed among sequences from individuals identified as
Procambarus cf. acutus or P. cf. zonangulus. Sequences of most specimens (9 out of 10)
of presumed Procambarus acutus from the Netherlands shared the same haplotype, which
was very close to the reference sequence of P. acutus from lllinois (0.20% divergence). How-
ever, the sequence from one individual (GenBank acc. no. JF437987) differed by 2.33% from
the remaining Dutch individuals, but was very similar (0.15% divergence) to the sequence
of one individual considered to be P. cf. zonangulus from Louisiana (JF437988). Moreover,
we also observed substantial variation among all three individuals supposedly representing
P. cf. zonangulus; with pairwise divergences ranging from 1.38% to 2.97%.

DISCUSSION

DNA barcoding has repeatedly been shown to be highly useful for the identification of invasive
species (e.g., Armstrong and Ball, 2005; Saunders, 2009; Van de Wiel et al., 2009; Floyd et al.,
2010). The method may also be used to distinguish closely related species or cryptic species
complexes (e.g., Bickford et al., 2007; Dillman et al., 2010). This also applies to crayfish, where
the COI marker has successfully been used to identify distinct lineages, for example in the
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Figure 1

Neighbour-joining tree showing variation in the cytochome c oxidase subunit | of exotic North American
crayfish collected in Europe (countries highlighted in bold), together with reference sequences of these
and other closely related species from North America. Numbers at selected nodes indicate the branch
support in the neighbour joining (first value) and Bayesian inference (second value, in italics) analyses,
respectively; only values above 50% are shown. Scale indicates 2% divergence. Different conspecific
haplotypes from the same country or US state are indicated by numerals in brackets; the two “COI-
like” sequences are marked by asterisks. Clades within the O. virilis complex are labelled according to
Mathews et al. (2008) and Filipova et al. (2010).

Figure 1

Arbre neighbour joining montrant une variation de cytochrome ¢ oxydase sous-unité | (COIl) chez les
écrevisses d’Amérique du Nord échantillonnées en Europe (pays notés en caractere gras), ainsi que
les séquences de référence de ces especes et des especes proches provenant d’Amérique du Nord.
Les valeurs des nceuds sélectionnés indiquent le support des branches générées par les analyses de
neighbour joining (premiere valeur) et I'inférence bayésienne (seconde valeur, en italique); seules les
valeurs au-dessus de 50 % sont visualisées. L'échelle représente 2 % de divergence. Les différents
haplotypes conspécifiques du méme pays ou d’un état américain sont indiqués par les chiffres entre
parentheses et les deux séquences « COl-like » par les astérisques a coté de leur numéro d’acces de
GenBank. Les clades au sein de complexe d’O. virilis sont marqués conformément a Mathews et al.
(2008) et Filipova et al. (2010).
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O. virilis complex (Mathews et al., 2008). An important advantage of the method is the pos-
sibility to also identify individuals or development stages lacking characteristics needed for
morphological discrimination (Briski et al., 2010; Floyd et al., 2010). North American cambarid
crayfish, particularly males, are usually seasonally dimorphic (Hobbs, 1989), and their mor-
phological determination is often based on gonopods of males of reproductively active form |
(Hobbs, 1972; Holdich and Reeve, 1988; Hobbs, 1989; Taylor and Knouft, 2006). If individuals
of this form are not available, molecular markers may be applied to identify samples.

DNA barcoding may also facilitate the identification of invasive crayfish for researchers (or
other stakeholders) that lack experience in morphological analyses in this group. This might
be particularly useful in Western and Central Europe where all “New NICS” have been
recorded so far (Holdich et al., 2009): the number of native crayfish species in that region
is very low, and their identification is relatively easy. On the contrary, the source region of
most new invaders, North America, has very high crayfish species richness (Hobbs, 1989).
Many American crayfish are genetically as well as morphologically similar (e.g., Taylor and
Knouft, 2006; Mathews et al., 2008), so reliable identification requires substantial expertise
usually not available in invaded ranges overseas. Of course, molecular-based identification
of crayfish invaders is not limited to Europe (for a recent example from Madagascar, see
Jones et al., 2009), and may also be useful within North America where crayfish invasions are
common as well (Hobbs et al., 1989).

We did not expect any problems with COIl-based identification of the “Old NICS”, O. limosus,
P. clarkii and P. leniusculus. However, different levels of intraspecific mtDNA variation found
in European populations of these species could be expected due to different numbers of
introduced individuals of these invaders brought to Europe and the number of introduction
events (Souty-Grosset et al., 2006; Barbaresi et al., 2007; Filipova et al., 2009). Analysis of the
“New NICS” confirmed the identification of samples from the established marbled crayfish
population from Germany (Chucholl and Pfeiffer, 2010) and the O. juvenilis population from
France (Chucholl and Daudey, 2008). However, analyses of two other taxa included in our
study, O. immunis from Germany and France, and presumed Procambarus acutus from the
Netherlands, resulted in ambiguous patterns, similarly as was the case for previously studied
European populations considered to be O. virilis (Filipova et al., 2010).

The high divergence between the samples of O. immunis from Europe and North America
corresponds to divergences found among distinct orconectid species (Figure 1; see also
Mathews et al., 2008; Dillman et al., 2010), although comparable or even higher intraspecific
variation is observed in other crayfish genera, such as Austropotamobius in Europe (Trontelj
et al., 2005) and apparently also Pacifastacus in North America (this study). Variation in the
North American range of O. immunis should be therefore studied to test whether this taxon is
a cryptic species complex, as has recently been shown for O. virilis (Mathews et al., 2008), or
whether such levels of divergence are within the range of intraspecific variation.

Similarly, patterns of variation observed among American sequences representing
P. cf. acutus and P. cf. zonangulus confirm that the taxonomy of this species complex needs
further analyses. Difficulties in the conclusive identification of white river crayfish found in the
Netherlands have already been mentioned by Holdich et al. (2009). Our analysis shows that
the local population is not genetically homogeneous and might actually be a mixed popula-
tion of two species of the white river crayfish complex: although sequences from most Dutch
specimens were nearly identical to P. cf. acutus sequence from lllinois, one of them was
divergent, very similar to P. cf. zonangulus from Louisiana. High variation within white river
crayfish from the Midwestern USA has been demonstrated by Fetzner et al. (1997), based on
allozyme markers. Future analysis of the white river crayfish complex should focus on mor-
phological and genetic variation in their native range (including molecular characterization of
both species from the regions of their type localities). However, further research on the in-
vasive population in the Netherlands containing a mixture of haplotypes may also provide
important insights; for example, the level of reproductive isolation between divergent lineages
may be studied in such localities by nuclear markers.
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These examples also show the importance of comparing newly analysed COIl sequence data
to appropriate reference sequences. Missing data on relevant taxa may prevent identification,
while the presence of a closely related congener but absence of a conspecific in the refer-
ence data set may lead to misidentification of the invader (Armstrong and Ball, 2005). Before
reaching conclusions on the taxonomic status of seemingly divergent lineages, more data on
genetic variation within the concerned taxon should be obtained from the original distribution
range. Analyses of nuclear markers may also be desirable to avoid erroneous interpretation
of results. Even clearly divergent haplogroups detected by mtDNA barcoding may not nec-
essarily represent biological species (e.g., Dasmahapatra et al., 2009); on the other hand,
barcoding may also underestimate the real number of species (e.g., Whitworth et al., 2007). In
any case, discoveries of unusual genotypes in invaded ranges may stimulate further research
into those particular invasive taxa. We hope this may also be the case for the “New NICS”
in Europe, especially as white river crayfish are important for aquaculture in the USA (Huner
et al., 1994; Romaire et al., 2005).

In general, DNA barcoding seems to be a useful tool not only for the rapid identification of
exotic crayfish but also for a better understanding of their diversity, especially if combined with
detailed morphological examinations. Genetic data may be also useful for testing whether
newly recorded populations are likely to have been introduced from already established ones,
or whether they result from new introductions; such information is important for determining
the most important pathways of invasions (Floyd et al., 2010). As most “New NICS” found in
Europe are supposed to come from the aquarium trade, knowledge on the genetic variation of
specimens available in aquarium cultures could provide useful information on their origin. DNA
barcoding can also be applied to well-preserved voucher specimens of uncertain taxonomic
status, which might reveal the long-term yet unrecorded presence of invasive species in the
area (Humble et al., 2009).

It is likely that more crayfish species will be introduced to Europe in the future, in particu-
lar through the aquarium trade or aquaculture (Holdich et al., 2009). As the misidentification
of invaders may have negative consequences for risk assessment and future management
strategies (Bickford et al., 2007; Floyd et al., 2010), fast and reliable identification of newly
recorded invasive crayfish populations is important. The results of our study therefore con-
tribute not only to knowledge on the present diversity of alien crayfish in Europe, but also
provide reference data needed for future barcoding-based identification of NICS.

ACKNOWLEDGEMENTS

We thank R.P. Romaire, M. Collas, A. Ellis, M. Bramard and C. Souty-Grosset for provid-
ing crayfish samples, J.W. Fetzner, Jr. for providing COIl sequences of Procambarus cf.
zonangulus and M. Sonntag for providing COIl sequences of Pacifastacus leniusculus from
North America. This study has been funded by ONEMA (Office National de I'Eau et des Mi-
lieux Aquatiques) and the Czech Ministry of Education (project no. MSM0021620828). We
thank two anonymous reviewers for comments on the manuscript and C. Souty-Grosset for
corrections of French.

REFERENCES

Ahern D., England J. and Ellis A., 2008. The virile crayfish, Orconectes virilis (Hagen, 1870) (Crustacea:
Decapoda: Cambaridae), identified in the UK. Aquat. Inv., 3, 102-104.

Armstrong K.F. and Ball S.L., 2005. DNA barcodes for biosecurity: invasive species identification. Phil.
Trans. R. Soc. B., 360, 1813—-1823.

Barbaresi S., Gherardi F., Mengoni A. and Souty-Grosset C., 2007. Genetics and invasion biology in fresh
waters: a pilot study of Procambarus clarkii in Europe. In: Gherardi F. (ed.), Biological invaders
in inland waters: Profiles, distribution, and threats, Invading Nature: Springer Series in Invasion
Ecology, Springer, Dordrecht, 381-400.

11p11



L. Filipova et al.: Knowl. Managt. Aquatic Ecosyst. (2011) 401, 11

Bickford D., Lohman D.J., Sodhi N.S., Ng PK.L., Meier R., Winker K., Ingram K.K. and Das I., 2007.
Cryptic species as a window on diversity and conservation. Trends Ecol. Evol., 22, 148-155.

Briski E., Cristescu M.E., Bailey S.A. and Maclsaac H.J., 2010. Use of DNA barcoding to detect inverte-
brate invasive species from diapausing eggs. Biol. Inv., doi: 10.1007/s10530-010-9892-7.

Buhay J.E., 2009. “COl-like” sequences are becoming problematic in molecular systematic and DNA
barcoding studies. J. Crustacean Biol., 29, 96—-110.

Chucholl C., 2006. Konkurrenz zwischen zwei Neozoen: Verdrangungs-Mechanismen zwischen
Kamberkrebs (Orconectes limosus, Crustacea: Decapoda) und Kalikokrebs (O. immunis).
[Competition between two Neozoans: Mechanisms of exclusion between spiny-cheek crayfish
(Orconectes limosus, Crustacea: Decapoda) and calico crayfish (O. immunis)]. MSc. thesis, Ulm
University, Ulm, 97 p.

Chucholl C. and Daudey T., 2008. First record of Orconectes juvenilis (Hagen, 1870) in eastern France:
update to the species identity of a recently introduced orconectid crayfish (Crustacea: Astacida).
Aquat. Inv., 3, 105-107.

Chucholl C. and Pfeiffer M., 2010. First evidence for an established Marmorkrebs (Decapoda, Astacida,
Cambaridae) population in Southwestern Germany, in syntopic occurrence with Orconectes
limosus (Rafinesque, 1817). Aquat. Inv., 5, 405-412.

Chucholl C., Stich H.B. and Maier G., 2008. Aggressive interactions and competition for shelter between
a recently introduced and an established invasive crayfish: Orconectes immunis vs. O. limosus.
Fund. Appl. Limnol., 172, 27-36.

Dasmahapatra K.K., Elias M., Hill R.l., Hoffman J.I. and Mallet J., 2009. Mitochondrial DNA barcoding
detects some species that are real, and some that are not. Mol. Ecol. Res., 10, 264-273.

Daudey T., 2006. Diagnostic des peuplements astacicoles de la vallée du Dessoubre. Master thesis
QTEBYVY, Université de Franche-Comté, Fédération de Péche du Doubs, 65 p.

Dehus P, Phillipson S., Bohl E., Oidtmann B., Keller M. and Lechleiter S., 1999. German conservation
strategies for native crayfish species with regard to alien species. In: Gherardi F. and Holdich
D.M. (eds.), Crayfish in Europe as alien species. How to make the best of a bad situation?,
A.A. Balkema, Rotterdam, 149-159.

Dillman C.D., Wagner B.K. and Wood R.M., 2010. Phylogenetic estimation of species limits in dwarf
crayfishes from the Ozarks: Orconectes macrus and Orconectes nana (Decapoda: Cambaridae).
Southeast. Nat., 9, 185-198.

Dussling U. and Hoffmann C., 1998. First discovery of a population of Orconectes immunis in Germany.
IAA Newsletter — Crayfish News, 20, 5.

Fetzner J.W. Jr., Sheehan R.J. and Seeb L.W., 1997. Genetic implications of broodstock selection for
crayfish aquaculture in the Midwestern United States. Aquaculture, 154, 39-55.

Filipova L., Kozubikova E. and Petrusek A., 2009. Allozyme variation in Czech populations of the in-
vasive spiny-cheek crayfish Orconectes limosus (Cambaridae). Knowl. Managt. Aquatic Ecosyst.,
394-395, 10.

Filipova L., Holdich D.M., Lesobre J., Grandjean F. and Petrusek A., 2010. Cryptic diversity within the
invasive virile crayfish Orconectes virilis (Hagen, 1870) species complex: new lineages recorded in
both native and introduced ranges. Biol. Inv., 12, 983-9809.

Floyd R., Lima J., deWaard J., Humble L. and Hanner R., 2010. Common goals: policy implications of
DNA barcoding as a protocol for identification of arthropod pests. Biol. Inv., 12, 2947-2954.

Folmer O., Black M., Hoeh W., Lutz R. and Vrijenhoek R., 1994. DNA primers for amplification of mi-
tochondrial cytochrome ¢ oxidase subunit | from diverse metazoan invertebrates. Mol. Mar. Biol.
Biotechnol., 3, 294-299.

Gelmar C., Patzold F, Grabow K. and Martens A., 2006. The calico crayfish Orconectes immunis at
the northern Upper Rhine: a newly introduced American crayfish is spreading rapidly in Central
Europe (Crustacea: Cambaridae). Lauterbornia, 56, 15-25 (in German with English abstract).

Gherardi F. and Holdich D.M. (eds.), 1999. Crayfish in Europe as alien species. How to make the best of
a bad situation?, A.A. Balkema, Rotterdam, Brookfield, 299 p.

Grandjean F. and Souty-Grosset C., 1997. Preliminary results on the genetic variability of mitochondrial
DNA in the signal crayfish, Pacifastacus leniusculus Dana. C. R. Acad. Sci. lll, 320, 551-556.

Hebert P.D.N., Ratnasingham S. and deWaard J.R., 2003. Barcoding animal life: cytochrome ¢ oxi-
dase subunit 1 divergences among closely related species. Proc. R. Soc. Lond. B (Suppl.), 270,
S96-S99.

11p12



L. Filipova et al.: Knowl. Managt. Aquatic Ecosyst. (2011) 401, 11

Hobbs H.H. Jr., 1972. Biota of Freshwater Ecosystems: Identification Manual No. 9, Crayfishes
(Astacidea) of North and Middle America, For the Environmental Protection Agency, Project #
18050 ELD. Available at: http://iz.carnegiemnh.org/crayfish/Keys/index2.htm (accessed on 29th
December 2010).

Hobbs H.H. Jr., 1989. An illustrated checklist of the American crayfishes (Decapoda: Astacidae,
Cambaridae, and Parastacidae). Smiths. Contrib. Zool., 480, 236 p.

Hobbs H.H. Ill, Jass J.P. and Huner J.V., 1989. A review of global crayfish introductions with particular
emphasis on two North American species (Decapoda, Cambaridae). Crustaceana, 56, 299-316.

Holdich D.M., 2003. Crayfish in Europe — an overview of taxonomy, legislation, distribution, and cray-
fish plague outbreaks. In: Holdich D.M. and Sibley PJ. (eds.), Management and Conservation
of Crayfish, Proceedings of a conference held on 7th November 2002 at the Nottingham Forest
Football Club, Nottingham, UK, Environment Agency, Bristol, 15-34.

Holdich D.M. and Reeve I.D., 1988. Functional morphology and anatomy. /n: Holdich D.M. and Lowery
R.S. (eds.), Freshwater crayfish: biology, management and exploitation, London, Chapman and
Hall, 11-51.

Holdich D.M., Reynolds J.D., Souty-Grosset C. and Sibley PJ., 2009. A review of the ever increas-
ing threat to European crayfish from non-indigenous crayfish species. Knowl. Managt. Aquatic
Ecosyst., 394-395, 11.

Hulak M., Kaspar V., Kozak P, Filipova L. and Petrusek A., 2010. Cross-species amplification of mi-
crosatellite markers in the invasive spiny-cheek crayfish (Orconectes limosus): assessment and
application. J. Appl. Genet., 51, 73-78.

Humble L.M., DeWaard J.R. and Quinn M., 2009. Delayed recognition of the European poplar shoot
borer, Gypsonoma aceriana (Duponchel) (Lepidoptera: Tortricidae), in Canada. J. Entomol. Soc.
Brit. Columbia, 106, 61-70.

Huner J.V., Moody M. and Thune R., 1994. Cultivation of freshwater crayfishes in North America. In:
Huner J.V. (ed.), Freshwater crayfish aquaculture in North America, Europe, and Australia, Families
Astacidae, Cambaridae, Parastacidae, Food Product Press, New York, 5-156.

Jones J.P,, Rasamy J.R., Harvey A., Toon A., Oidtmann B., Randrianarison M.H., Raminosoa N. and
Ravoahangimalala O.R., 2009. The perfect invader: a parthenogenetic crayfish poses a new threat
to Madagascar’s freshwater biodiversity. Biol. Inv., 11, 1475-1482.

Kossakowski J., 1966. Raki [Crayfish]. Panstwowe wydawnictwo rolnicke i lesne, Warszawa, 292 p.
(in Polish).

Martin P., Dorn N.J., Kawai T., van der Heiden C. and Scholtz G., 2010a. The enigmatic Marmorkrebs
(marbled crayfish) is the parthenogenetic form of Procambarus fallax (Hagen, 1870). Contrib. Zool.,
79,107-118.

Martin P., Shen H., Filllner G. and Scholtz G., 2010b. The first record of the parthenogenetic
Marmorkrebs (Decapoda, Astacida, Cambaridae) in the wild in Saxony (Germany) raises the ques-
tion of its actual threat to European freshwater ecosystems. Aquat. Inv., 5, 397-403.

Marzano FN., Scalici M., Chiesa S., Gherardi F., Piccinini A. and Gibertini G., 2009. The first record of
the marbled crayfish adds further threats to fresh waters in Italy. Aquat. Inv., 4, 401-404.

Mathews L.M., Adams L., Anderson E., Basile M., Gottardi E. and Buckholt M.A., 2008. Genetic and
morphological evidence for substantial hidden biodiversity in a freshwater crayfish species com-
plex. Mol. Phylogenet. Evol., 48, 126—135.

Nylander J.A.A., 2004. MrModeltest 2.3. Program distributed by the author, Evolutionary Biology Centre,
Uppsala University.

Pockl M., Holdich D.M. and Pennerstorfer J., 2006. Identifying native and alien crayfish species in
Europe, European Project CRAYNET, 47 p.

Romaire R.P, McClain W.R., Shirley M.G. and Lutz C.G., 2005. Crawfish aquaculture — marketing,
Southern Regional Aquaculture Center, SRAC Publication, 2402, 1-8.

Ronquist F. and Huelsenbeck J.P., 2003. MrBayes 3: Bayesian phylogenetic inference under mixed
models. Bioinformatics, 19, 1572-1574.

Saunders G.W., 2009. Routine DNA barcoding of Canadian Gracilariales (Rhodophyta) reveals the inva-
sive species Gracilaria vermiculophylla in British Columbia. Mol. Ecol. Res., 9, 140-150.

Scalici M., Chiesa S., Gherardi F., Ruffini M., Gibertini G. and Marzano F.N., 2009. The new threat to

Italian inland waters from the alien crayfish “gang”: the Australian Cherax destructor Clark, 1936.
Hydrobiologia, 632, 341-345.

11p13



L. Filipova et al.: Knowl. Managt. Aquatic Ecosyst. (2011) 401, 11

Scholtz G., Braband A., Tolley L., Reimann A., Mittmann B., Lukhaup C., Steuerwald F. and Vogt G.,
2003. Parthenogenesis in an outsider crayfish. Nature, 421, 806.

Soes D.M. and van Eekelen R., 2006. Rivierkreeften, een oprukkend probleem? [Are exotic crayfish
becoming a problem?]. De Levende Natuur, 107, 56-59.

Souty-Grosset C., Holdich D.M., Noél PY., Reynolds J.D. and Haffner P., 2006. Atlas of crayfish in
Europe. In: Patrimoines naturels, 64, Muséum national d’Histoire naturelle, Paris.

Tamura K., Dudley J., Nei M. and Kumar S., 2007. MEGA4: molecular evolutionary genetics analysis
(MEGA) software version 4.0. Mol. Biol. Evol., 24, 1596—-1599.

Taylor C.A., 2000. Systematic studies of the Orconectes juvenilis complex (Decapoda: Cambaridae),
with descriptions of two new species. J. Crustacean Biol., 20, 132-152.

Taylor C.A. and Hardman M., 2002. Phylogenetics of the crayfish subgenus Crockerinus, genus
Orconectes (Decapoda: Cambaridae), based on cytochrome oxidase |. J. Crustacean Biol., 22,
874-881.

Taylor C.A. and Knouft J.H., 2006. Historical influences on genital morphology among sympatric
species: gonopod evolution and reproductive isolation in the crayfish genus Orconectes
(Cambaridae). Biol. J. Linn. Soc., 89, 1-12.

Trontelj P., Machino Y. and Sket B., 2005. Phylogenetic and phylogeographic relationships in the crayfish
genus Austropotamobius inferred from mitochondrial COI gene sequences. Mol. Phylogenet. Evol.,
34, 212-226.

Van de Wiel C.C.M., Van der Schoot J., Van Valkenburg J.L.C.H., Duistermaat H. and Smulders
M.J.M., 2009. DNA barcoding discriminates the noxious invasive plant species, floating penny-
wort (Hydrocotyle ranunculoides L.f.), from non-invasive relatives. Mol. Ecol. Res., 9, 1086—1091.

Westman K., 2002. Alien crayfish in Europe: negative and positive impacts and interactions with native
crayfish. In: Leppé&koski E., Gollasch S. and Olenin S. (eds.), Invasive aquatic species of Europe,
Distribution, impacts and management, Kluwer Academic Publishers, the Netherlands, 76-95.

Whitworth T.L., Dawson R.D., Magalon H. and Baudry E., 2007. DNA barcoding cannot reliably iden-
tify species of the blowfly genus Protocalliphora (Diptera: Calliphoridae). Proc. R. Soc. B, 274,
1731-1739.

11p14



PART 2

Crayfish plague



CHAPTER VI

Filipova L., Petrusek A., Matasova K., Delaunay C., Grandjean F. Prevalence of
the crayfish plague Aphanomyces astaci in populations of signal crayfish
Pacifastacus leniusculus in France.

Unpublished manuscript, first draft.



Prevalence of the crayfish plague Aphanomyces astaci in
populations of signal crayfish Pacifastacus leniusculus in France

Filipova L."?, Petrusek A.", Matasova K.", Delaunay C.?, Grandjean F.?

! Department of Ecology, Faculty of Science, Charles University in Prague, Prague, Czech Republic
? Laboratoire Ecologie, Evolution, Symbiose, Université de Poitiers, Poitiers, France

Abstract

The pathogen of the crayfish plague Aphanomyces astaci first appeared in Europe in
1859 and nowadays it still causes mass mortalities of native European crayfish. Its spread
across the continent is facilitated especially by invasive North American crayfish species
which serve as its reservoir. In France, multiple cases of native crayfish mortalities were
suggested to be connected with the presence of the signal crayfish Pacifastacus leniusculus,
which is highly abundant in the country. It shares similar habitat as the native white-clawed
crayfish, Austropotamobius pallipes and, if infected, the signal crayfish might therefore easily
transmit the pathogen to the native species. The aim of our study was to investigate the
prevalence of A. astaci in French signal crayfish populations and thus to evaluate the danger
they represent for local populations of native crayfish. Using the quantitative TagMan minor
groove binder (MGB) real-time PCR, we have analysed 513 individuals of Pacifastacus
leniusculus from 45 French populations. Altogether, 20% of these crayfish were found to be
infected, and the pathogen was detected in more than a half of studied populations. Local
prevalence varied significantly, ranging from 0% up to 80%. Our results confirm that the
widespread signal crayfish serves as a reservoir of Aphanomyces astaci in France and
represents therefore a serious danger for native crayfish species, especially the white-clawed
crayfish. Additional analysis of several individuals of other non-indigenous crayfish species
(Orconectes limosus, O. immunis and Procambarus clarkii) revealed infections among two of
these, O. immunis and P. clarkii. Prevalence in other introduced crayfish should therefore be

investigated as they may also contribute to the transmission of the pathogen in the country.

Key-words: crayfish plague, Aphanomyces astaci, signal crayfish, France



Introduction

For more than 150 years, native crayfish in Europe are being decimated by the
crayfish plague, a disease caused by an oomycete Aphanomyces astaci (Schikora, 1903).
The first European outbreak of the plague was recorded in 1859 in northern Italy (Holdich
2003), the second focus of the disease appeared in France in 1874 at Plateau des Langres
(Alderman 1996). In the following decades, the pathogen continued to spread to other
European countries (Alderman 1996, Holdich 2002, Souty-Grosset et al. 2006). At present,
the known carriers of the pathogen in Europe are non-indigenous North American crayfish
species, especially three most widespread ones: the spiny-cheek crayfish Orconectes
limosus, the signal crayfish Pacifastacus leniusculus and the red swamp crayfish
Procambarus clarkii (Henttonen and Huner 1999). Their presence in European waters
facilitates the persistence and spread of the parasite and further contributes to mortalities of
native crayfish (e.g. Kiszely 2004, Kozubikova et al. 2008, Oidtmann et al. 1999, Souty-
Grosset et al. 2006, Vennerstrom et al. 1998). In France, the impact of these mortalities was
enormous: before the disease stroke in French waters, more than 15 thousands of crayfish
were sent to Paris each day (Raveret-Wattel 1885). Later, the amount of crayfish sold for
consumption in Paris remained high but most of these crayfish had to be imported from
abroad (Raveret-Wattel 1885).

Largest mass mortalities of native crayfish in France took place between the 1870s
and 1912 (Machino and Diéguez-Uribeondo 1998, Raveret-Wattel 1885), but after a
relatively calm period, new outbreaks of crayfish plague have been reported in the country
since the 1990s (Collas and Salek 2002, Edgerton et al. 2004, Machino and Diéguez-
Uribeondo 1998). Some of these mortalities of native species were suspected to be
connected with the presence of invasive signal crayfish Pacifastacus leniusculus (Collas and
Salek 2002, Neveu 1998a, 1998b, 2000, 2002). The link between signal crayfish presence
and crayfish plague spread is apparent also in other European countries (e.g. Bohman et al.
2006, Diéguez-Uribeondo 2006, Machino and Diéguez-Uribeondo 1998, Vennerstrom et al.
1998).

The signal crayfish was introduced to France in 1972 from Sweden, and in 1974 more
individuals were brought directly from North America (Lake Tahoe and Lake Donner in
California); this was followed by numerous secondary introductions (Arrignon et al. 1999).
The species is now widely distributed in France (Arrignon et al. 1999, Collas et al. 2007,
Holdich 2002, Machino 1999, Souty-Grosset et al. 2006, Vigneux 1997). In 2006, it was
found at about 1000 sites in 73 out of 96 French metropolitan departments (Collas et al.
2007). Although several other non-indigenous crayfish species are found in France,

Pacifastacus leniusculus represents the largest threat to native species, especially the white-



clawed crayfish Austropotamobius pallipes (Collas et al. 2007). Signal crayfish inhabit similar
habitats in headwaters of rivers and may therefore easily get into contact with A. pallipes
populations (Bramard et al. 2006), which facilitates the transmission of the pathogen to the
native species if the invasive one is infected.

The white-clawed crayfish is the most abundant native crayfish in France. In 2006, it
was still found at 2249 sites in 76 out of 96 metropolitan departments (Collas et al. 2007).
However, the number of its populations has significantly decreased recently, and the crayfish
plague represents one of the major factors which contribute to the decline of A. pallipes in
France (Bramard et al. 2006). Moreover, Collas et al. (2007) showed that 89% of crayfish
mortalities recorded in France between years 2001 and 2006 affected
Austropotamobius pallipes, while only the remaining 11% of mortalities concerned other
species.

Despite the substantial impact the crayfish plague has on native crayfish species,
reliable information on the presence of its pathogen A. astaci in European waters is rather
scattered. For many years, mortalities of native crayfish, if noticed, suggested the presence
of the disease. However, the identity of the pathogen was often assumed rather than
confirmed, due to difficulties with its cultivation and ambiguous morphological characteristics
(Alderman and Polglase 1986, Oidtmann et al. 2002). Recently, several methods of
molecular detection of Aphanomyces astaci have been developed which do not require
cultivation (Hochwimmer et al. 2009, Oidtmann et al. 2004, 2006, Vralstad et al. 2009). Very
low quantities of the pathogen DNA in the sample are detectable by these methods, enabling
large-scale screening of populations of invasive crayfish from different European countries.
So far, the largest datasets have been obtained by Kozubikova et al. (2009, 2011) who
studied crayfish plague prevalence in more than 300 individuals of Orconectes limosus and
more than 100 individuals of Pacifastacus leniusculus from Central Europe. In other studies,
only one or a few populations were analysed (e.g. Parvulescu et al. 2012, Skov et al. 2011,
Vrélstad et al. 2011).

So far, no data on the prevalence of the crayfish plague in non-indigenous crayfish
populations in France have been available. In the present study, we therefore tested
numerous French populations of Pacifastacus leniusculus and also a few individuals of other
alien crayfish species for the presence of Aphanomyces astaci. A quantitative TagMan minor
groove binder (MGB) real-time polymerase chain reaction (PCR) designed by Vralstad et al.
(2009) was chosen for our analyses, as it proved to be the most sensitive of available
detection methods, and highly specific to A. astaci (Kozubikova et al. 2011, Tuffs and
Oidtmann 2011). Our aim was to evaluate the threat signal crayfish populations in France
represent to native crayfish species. Data on the plague prevalence could then allow

targeting invasive crayfish populations with highest infection ratio for potential future



eradication trials, and native crayfish populations which are at highest risk that could be
translocated to safer areas, i.e., the “ark sites” (Peay 2009). Thus, data on the distribution
and prevalence of crayfish plague may contribute to better efficiency of the conservation

management of native species, in particular Austropotamobius pallipes, in the country.

Material and methods

In total, 513 individuals of signal crayfish Pacifastacus leniusculus were sampled from
45 localities in France (Table 1, Fig. 1) by hand or by electrofishing. Most individuals came
from running waters, especially brooks and several rivers. In addition, several individuals of
other non-indigenous species were analysed. These were 19 individuals of Orconectes
limosus from two populations, seven individuals of O. immunis from one population, and two
individuals of Procambarus clarkii from one population (Table 1). Sampled populations, their
characteristics and the number of analysed individuals from each population are summarised
in Table 1.

Captured crayfish were stored in 96% ethanol. Tissue from one half of the soft
abdominal cuticle and one uropod was dissected from each crayfish using sterile tools.
Dissected tissues from one individual were collected in a single 1.5 ml tube, dried and stored
in a deepfreezer at -80°C. Before further processing, 360 pl of the Buffer ATL from the
DNeasy tissue kit (Quiagen) was added to the unfrozen dissected material. The mixture was
then crushed by one scoop (ca 50 pl) of stainless steel beads (1.6 mm diameter) using
BBX24B Bullet Blender (Next Advance) for 10 min at maximum speed. DNA extractions from
the crushed cuticle then followed the rest of the spin-column protocol of the DNeasy tissue
kit, in double volume (i.e., with 40 pl of the proteinase K solution and 400 pl of the Buffer AL).

Isolated material was then tested for the presence of Aphanomyces astaci by the
quantitative TagMan MGB real-time PCR designed by Vralstad et al. (2009), using the
LightCycler® 480 Instrument (Roche). A 59 bp fragment of the internal transcribed spacer
(ITS) region of A. astaci nuclear rDNA was amplified using primers AphAstITS-39F (5’-AAG
GCT TGT GCT GGG ATG TT-3°) and AphAstiITS-97R (5-CTT CTT GCG AAA CCT TCT
GCT A-3), and quantified with the pathogen-specific TagMan® minor groove binder (MGB)
probe AphAstITS-60P (5-6-FAM-TTC GGG ACG ACC C-MGBNFQ-3'). The total 25 pl
reaction volume consisted of a 2x Universal PCR Master Mix (Applied Biosystems), both
primers (500 nM each), TagMan MGB-Probe (200 nM), nuclease free water, and template
DNA (around 20 ng/ul). The PCR program consisted of one cycle of 10 min at 95°C, 50
cycles of 15 sec at 95°C and 60 sec at 58°C and one final cycle of 60 sec at 40°C. In each

run, two replicates of four different standards that served as positive controls and ensured



the comparability of different runs. The quantity of the pathogen DNA in these standards,
expressed in PCR forming units (PFU), were 3x4' 3x48 3x4* and 3x4? respectively
(Vralstad et al. 2009). Two negative controls (which remained negative in all runs) were
included in each run to detect possible contamination. For each isolate, undiluted and 10-fold
diluted replicate was analysed to test for the impact of inhibition which might influence the
efficiency of detection (Strand et al. 2011, Vralstad et al. 2009). When some effects of
inhibition were occasionally detected (mostly in samples with low agent level), the PFU
values were estimated as described in Kozubikova et al. (2011).

Based on their PFU values, samples were classified into semiquantitative categories
of pathogen load, ranging from AO (no traces of A. astaci DNA) to A7 (extremely high amount
of A. astaci DNA in the sample), as proposed by Vralstad et al. (2009). Only individuals with
agent level A2 and higher were considered infected. Agent level A1 falls below the limit of
detection of the method (corresponding to 5 PFU) and may not only indicate trace amounts
of pathogen DNA, but also false positives or minor contamination during analyses. Therefore,
agent level A1 should not be considered a confirmation of the presence of A. astaci in the
sample (Kozubikova et al. 2011, Vralstad et al. 2009).

Results

The number of infected individuals in sampled populations, agent levels detected in
infected specimens and the crayfish plague prevalence for each population are summarised
in Table 1. Some of the sampled signal crayfish came from localities where the presence of
the species has not been reported so far, and thus enlarge the known range of its distribution
in France (Fig. 1).

In total, 103 signal crayfish (20%) from 24 populations (53%) were found to be
infected (with agent level A2 or higher) (Table 1). The pathogen prevalence in studied
populations was variable, ranging from 0% to 80% (Table 1). In 322 signal crayfish, no traces
of Aphanomyces astaci were found (agent level AQ), and 88 individuals were assigned to
agent level A1 (i.e., weak signal not considered as positive pathogen detection). Most
samples (73 individuals) that tested positive contained low amount of pathogen DNA (agent

level A2), the agent level A3 was found in 28 individuals and A4 in two individuals (Table 1).



Fig 1. Map showing approximate locations of sampled localities of Pacifastacus leniusculus in France
(triangles). Prevalence of crayfish plague in sampled populations is expressed by the colour of
triangles: no traces of pathogen (0%, white triangles), slightly infected (1-30%, light grey triangles),
medium infected (31-60%, dark grey triangles) and heavily infected population (61-100%, black
triangles). The size of triangles indicates the number of analysed individuals in the respective
population (small triangle — less than nine individuals, large triangle — ten or more individuals). Empty
circles show the distribution of P. leniusculus in France (according to Arrignon et al. 1999, Souty-
Grosset et al. 2006, Vigneux 1997 and L. Filipova, unpublished data). Black crosses with years
indicate mortalities of native crayfish most likely caused by A. astaci, reported in France since the
1990s (Collas and Salek 2002, Machino and Diéguez-Uribeondo 1998, Neveu 1998a, 1998b, 2000,
Neveu and Bachelier 2003, Papin 2000, T. Duperray, and T. Pantarotto, pers. comm.).
Crayfish-plague associated mortalities were reported between 2001 and 2005 from departments
highlighted in grey (according to Collas et al. 2007).




Distribution of P. leniusculus populations with highest plague prevalence (over 50%)
was rather scattered, as these were located in Limousin, Rhéne-Alpes, Basse-Normandie
and Meuse regions (Table 1, Fig. 1). In some regions, infected individuals were found in the
majority of local populations, such as in Limousin (6 infected out of 7 analysed populations),
Rhone-Alpes (4/6), and Basse-Normandie (4/5). On the other hand, very low numbers of
individuals infected by the plague were found in populations from the Lorraine region, where
only 7 individuals from 121 analysed signal crayfish were infected (in 3 out of 11 analysed
populations), or in populations from Champagne-Ardenne with five infected out of 68 tested
individuals, coming from a single population in La Vesle (Prunay, Marne) out of 6 analysed
(Table 1). In Languedoc-Rousillon, none of the signal crayfish tested positive for the
presence of A. astaci, however, only 20 individuals from two populations were analysed in
this region.

The real-time PCR analyses confirmed the presence of A. astaci also in two out of
three other crayfish species analysed. None of the analysed individuals of Orconectes
limosus from any of the sampled populations (Indre and Rhéne-Alpes regions) showed
traces of the pathogen. However, two out of seven tested individuals (29%) of Orconectes
immunis from Alsace were infected, as well as one out of two analysed individuals of

Procambarus clarkii from Indre (Table 1).
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Discussion

Our results provide the first insight into the prevalence of the crayfish plague
pathogen in invasive crayfish in France. We confirm that signal crayfish Pacifastacus
leniusculus serves as an important reservoir of this disease in France, which supports
previous suggestions of the key role of this invasive species in mortalities of native crayfish.

Our study shows that 20% of analysed signal crayfish from France were infected by
the crayfish plague, with infected individuals present in 24 out of 45 studied populations.
Similar percentage (21%) of infected signal crayfish was also detected by Kozubikova et al.
(2011) who showed that in Central European populations of this species (from the Czech
Republic, Slovakia, and Hungary), 32 out of 153 tested individuals were infected, coming
from 8 out of 9 tested populations. In the one population from Norway analysed by Vralstad
et al. (2011), 38 out of 44 signal crayfish (i.e., 86%) were infected; such high prevalence
within a population was only rarely found in France. In contrast, no traces of the pathogen
DNA were detected in 44 individuals from the river Alling A in Denmark (Skov et al. 2009). In
another invasive crayfish Orconectes limosus, the number of infected individuals was found
to be generally higher than in signal crayfish. In O. limosus from Central Europe, 116 out of
307 tested individuals (38%) were infected, coming from 16 out of 20 analysed populations
(Kozubikova et al. 2011).

Nevertheless, the interpretation of present results should be careful as the real A.
astaci prevalence observed in our study may be underestimated due to the fact that only a
small number of individuals were tested in some populations. Moreover, only certain parts of
the crayfish cuticle (from abdomen and uropod) were analysed and just a part of DNA isolate
was used in the real-time PCR, which might also contribute to underestimations. However,
as Vralstad et al. (2011) found uropod tissue to be generally more infected than other parts
of the crayfish body, we assume that some pathogen DNA should have been present in
samples from most infected crayfish individuals analysed in our study. Other characteristics
and limits of this method (such as its specificity against other closely related species of
Aphanomyces, or its sensitivity) are discussed by Kozubikova et al. (2011) and Tuffs and
Oidtmann (2011). Temporal fluctuations of the pathogen prevalence (or detectability) could
also influence our results, as was shown for a Czech Orconectes limosus population studied
over several seasons (Matasova et al. 2011). Thus, low A. astaci prevalence detected in
some French signal crayfish populations does not mean these populations are less
dangerous than other more infected populations.

In France, some regions seem to have more infected populations (Limousin, Rhéne-
Alpes, Basse-Normandie, Meuse or Midi-Pyrénées), while in others relatively low prevalence

of the crayfish plague pathogen was found (Lorraine, Champagne-Ardenne or Languedoc-
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Rousillon) (Table 1, Fig. 2). One of the localities which deserves particular attention is Lake
Geneva (Lac Léman), where over 31% of tested P. leniusculus individuals were infected by
A. astaci. Signal crayfish is intensively harvested there: the total yield per year 2001 was
more than 56 metric tons of crayfish captured on the 30-km long French shore (Dubois et al.
2003). Although the French law does not permit transport and selling of invasive species,
special prefectoral regulation allows fishermen to sell crayfish from Lake Geneva anywhere
in France. They may therefore be exported alive to the rest of the country under a label
“crayfish from Lac Léman” (Collas et al. 2007, Dubois et al. 2003). Such commercial
activities may contribute to spreading of crayfish plague. Indeed, one French aquaculture
company who offers P. leniusculus from lake Geneva sells also A. leptodactylus which do not
seem to live long after the purchase (T. Duperray, pers. comm.). More measures should
therefore be done to avoid further spread of signal crayfish from this lake to other parts of
France or elsewhere.

However, Lake Geneva is also interesting by the evidence for extended coexistence
between American and European crayfish species. The signal crayfish has been established
in the lake for a long time, already since 1976 (Dubois et al. 2003). However, the
narrow-clawed crayfish Astacus leptodactylus (a European species not indigenous to this
region) was found in the lake at least until 2001 (Dubois et al. 2003) and it seems that the
native white-clawed crayfish Austropotamobius pallipes was also present there at least until
2003 (C. Bugnon, pers. comm.). Several cases of a long-term coexistence between native
species and P. leniusculus have also been recorded in other European countries. In
England, A. pallipes coexisted with signal crayfish for more than 5 years (Souty-Grosset et
al. 2006). In Finland, Westman and Savolainen (2001) observed a 30-year coexistence of P.
leniusculus with another native species, Astacus astacus, although the latter was finally
outcompeted. In these cases, it has been suggested that the invasive species was not
infected by crayfish plague. However, Kozubikova et al. (2011) showed that in the Czech
Republic, native noble crayfish Astacus astacus coexisted for at least ten years with P.
leniusculus population, in which a low agent level (A2) of A. astaci was recently found in two
out of 23 analysed individuals. In our study, five out of 16 signal crayfish from the lake
Geneva were infected, with agent level A3 detected in one individual and A2 in four
individuals (Table 1).

It is probable that the signal crayfish as well as the spiny-cheek crayfish O. limosus,
also present in the lake, have contributed to the decline of susceptible species Astacus
leptodactylus and A. pallipes at this locality. No information on crayfish plague outbreaks in
the lake exist, we cannot therefore assess if this decline was caused by plague outbreaks,
competition with invasive crayfish, other reasons, or a combination of multiple factors.

Nevertheless, recent studies show that the coexistence of native European crayfish with the
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crayfish plague pathogen is possible for long periods, as was shown in Turkey, Romania and
Finland (Jussila et al. 2011, Péarvulescu et al. 2012, Svoboda et al. 2012, Viljamaa-Dirks et
al. 2011). Thus, the presence of the pathogen in the environment does not necessarily lead
to a complete disappearance of the native species at the locality. Mechanisms allowing such
coexistence are not clear, but some authors suggest that water chemistry, increased
resistance of European species to the pathogen, or reduced virulence of some A. astaci
strains may have played a role (e.g. Harlioglu 2008, Jussila et al. 2011, Svoboda et al. 2012,
Viljamaa-Dirks et al. 2011).

In some French regions, the native Austropotamobius pallipes is still relatively
abundant (e.g., in Ardéche department with 57 sites of A. pallipes recorded in 1998), while in
others it is very rare or even absent (Marne department) (Machino and Diéguez-Uribeondo
1998). Main centres of its distribution are in central and south-eastern France, the former
being also occupied by numerous signal crayfish populations (Collas et al. 2007). High
priority should therefore be given especially to the protection of those localities where A.
pallipes is abundant but infected P. leniusculus populations are at proximity. Lately, mass
mortalities of A. pallipes have been recorded in the Ardéche department, especially in the
Grozon brook near St. Barthélémy-Grozon (T. Duperray, pers. comm.). Signal crayfish from
this brook did not test positive for A. astaci, but only four individuals from the area were
analysed in our study. However, Ardéche department is a part of Rhéne-Alpes region, where
infected signal crayfish were found in most of the sampled populations. Attention should
therefore be focused to this area, and further analyses of the pathogen prevalence in local
signal crayfish should follow. At another locality in the Rhone-Alpes region, population of A.
pallipes has disappeared from a brook la Font d’Aix between 1998 and 2008 (T. Duperray,
pers. comm.). The cause of the decline is unknown, but crayfish plague may have played its
role, as 40% of the 20 analysed signal crayfish from a close population in Aix brook at
Grézolles were infected by the pathogen (Table 1). In another region, Auvergne, crayfish
plague caused massive mortalities of A. pallipes in La Cére brook in 2008 (T. Pantarotto,
pers. comm.). Our results show that 20% of signal crayfish from this brook at Sansac de
Marmiesse were infected by Aphanomyces astaci. In Haute-Normandie, over 8% of analysed
signal crayfish from a brook de la Céte Saint-Gilles (Saint Aubin sur Gaillon) were infected
and therefore represent a threat to a population of A. pallipes from a nearby brook, situated
about 3 km away (L. Desormeaux, pers. comm.).

Eradication of P. leniusculus from large areas is not possible so far (Souty-Grosset et
al. 2006). However, our results can contribute to a development of an efficient strategy of
conservation management of native crayfish in France. More attention should be paid to
areas where high prevalence of crayfish plague in tested P. leniusculus population was

found, as these represent higher danger for native species (Oidtmann et al. 2006).
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The fact that we found infected individuals in more than a half of the studied
populations confirms that the signal crayfish plays an important role in the transmission of the
crayfish plague pathogen in France, and that it represents a serious threat to native crayfish,
especially to the endangered Austropotamobius pallipes. Our analysis also shows that other
non-indigenous crayfish species, including the “new” invader Orconectes immunis, may
serve as sources of the disease in France. Further studies of the crayfish plague prevalence
in other non-indigenous species would therefore be also important for evaluation of the risk

those species represent for native crayfish.
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ABSTRACT: We applied quantitative TagMan minor groove binder real-time polymerase chain
reaction (PCR) on DNA isolates from soft abdominal cuticle of 460 North American crayfish
Orconectes limosus and Pacifastacus leniusculus, previously tested for Aphanomyces astaci pres-
ence by conventional semi-nested PCR. Both approaches target the internal transcribed spacers of
the pathogen nuclear ribosomal DNA, but apply different specific sequence motifs and technolo-
gies. The real-time PCR approach seems to provide higher sensitivity; the number of crayfish that
tested positive increased from 23 to 32 %, and 10 additional crayfish populations were indicated as
hosting the disease agent. However, the vast majority of newly recorded positives contained very
low agent levels, from 5 to 50 PCR-forming units. An isolate producing a false positive result by
the semi-nested PCR (apparently undescribed Aphanomycesrelated to A. astaci) remained nega-
tive using the real-time PCR. The present study shows that previous results based on the semi-
nested PCR were not substantially influenced by false positives but might have suffered from
some false negatives at low agent levels. Combining alternative methods may therefore provide
more reliable conclusions on the pathogen's presence. Further, we found positive correlation
between the prevalence of infection carriers in American crayfish populations and the average
amounts of A. astaci DNA detected in infected local crayfish individuals.
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INTRODUCTION

The crayfish plague, i.e. mass mortalities of indige-
nous European crayfish caused by the oomycete
Aphanomyces astaci (Saprolegniaceae), has serious
conservational as well as economical consequences
(Holdich et al. 2009) and requires fast and reliable
diagnostics. Several alternative PCR-based assays
for detection of the crayfish plague pathogen have

*Email: evikkk@post.cz

been described (Oidtmann et al. 2004, 2006,
Hochwimmer et al. 2009, Vralstad et al. 2009). The
first molecular method for A. astaci detection from
clinical samples (based on internal transcribed
spacer [ITS] in the nuclear ribosomal DNA; Oidt-
mann et al. 2004) considerably sped up and improved
the reliability of parasite diagnostics. However, the
method provided insufficient specificity against the
closely related A. frigidophilus and A. invadans
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(Oidtmann et al. 2006), the first of which was isolated
from crayfish as well (Ballesteros et al. 2006).
Therefore, Oidtmann et al. (2006) improved the
assay by developing a new forward PCR primer that
discriminated against these closely related species.
For detection of the agent in North American (here-
after '‘American’) carrier species (including spiny-
cheek crayfish Orconectes limosus and signal cray-
fish Pacifastacus leniusculus) 2 PCR protocols (one
single-round and one semi-nested PCR) were estab-
lished; these were sensitive enough to detect
Aphanomyces astaci in symptom-free carrier cray-
fish. Both protocols reliably detected the crayfish
plague pathogen, but the semi-nested PCR also
reacted to extremely high concentrations of A. frigi-
dophilus and A. invadans DNA. For this reason, Oidt-
mann et al. (2006) recommended the single-round
PCR (not sensitive to the above-mentioned species)
combined with sequencing for confirmation of A.
astaci detection (OIE 2010). The product of the sin-
gle-round PCR is suitable for distinguishing A. astaci
from other oomycetes, as the sequence of the result-
ing ITS fragment is nearly invariable in all known A.
astaci strains, but clearly different even from the
most related known species (Diéguez-Uribeondo et
al. 2009, Takuma et al. 2010, Makkonen et al. 2011).
Sequencing of PCR products after single-round PCR
has so far resulted in only one discovery of a false
positive result (Diéguez-Uribeondo et al. 2009,
Kozubikova et al. 2009), demonstrating the amplifi-
cation of DNA from an hitherto unknown
Aphanomyces lineage closely related to A. astaci
(GenBank acc. no. FM955258) from a signal crayfish.
However, this oomycete strain has not been isolated
to a laboratory culture, preventing further studies
and a formal description. The single-round assay
according to Oidtmann et al. (2006) thus remains a
very reliable method for the detection of A. astaci,
very rare errors of which may be uncovered with
sequencing, and is officially recommended by the
World Organisation for Animal Health (OIE 2010).
An alternative protocol using quantitative TaqgMan
real-time PCR (Vralstad et al. 2009) targets a variable
part of the ITS1 region specific to Aphanomyces
astaci using 2 specific primers and 1 specific TagMan
minor groove binder (MGB) probe. This probe pro-
vides higher stringency, and consequently increased
specificity, than conventional primers (Vralstad et al.
2009). Additionally, the real-time PCR approach pro-
vides lower risk of laboratory-induced contamination
(there is no further manipulation of PCR products
after the reaction), increased sensitivity of agent
detection, and quantitative results. However, a dis-

advantage of the real-time PCR assay is that its PCR
product is not suitable for sequencing; thus, confir-
mation of the identity of the amplified fragment is not
possible without conventional PCR. Simultaneously,
another real-time PCR assay based on the detection
of the gene for endochitinase was developed
(Hochwimmer et al. 2009).

All molecular methods mentioned above have
been tested against the DNA of various oomycete
cultures, but published tests of DNA samples isolated
directly from crayfish tissues are limited. These
methods have already been used several times to
answer questions concerning the distribution and
prevalence of Aphanomyces astaci in invasive Amer-
ican crayfish populations in Europe (e.g. Schulz et al.
2006, Aquiloni et al. 2011, Skov et al. 2011); however,
in most cases, only a few populations were analysed.
The only published extensive study on the preva-
lence of A. astaci in American crayfish populations
on a national scale (Kozubikova et al. 2009) was
based on the semi-nested PCR by Oidtmann et al.
(2006). Since Oidtmann et al. (2006) recommended
using a single-round PCR protocol combined with
sequencing, we also later applied this method to
samples that tested positive in the semi-nested PCR;
80 % of those samples showed positive results in the
single-round PCR, suggesting that the semi-nested
PCR was more sensitive (E. Kozubikovd unpubl.
data). However, alternative explanations of this ob-
servation could be that some proportion of samples
positive in the semi-nested PCR were actually false
positives, or that the DNA isolates became degraded
by long-term storage (Oidtmann et al. 2006). To rule
out the possibility that the semi-nested PCR protocol
suffers from false positive results when applied to
field samples, we decided to verify our previous
results by an alternative method that has recently
become available.

The development of specific assays for Aphano-
myces astaci detection is an on-going process,
because our knowledge about the diversity of related
species possibly cross-reacting with the existing
methods is still deficient. A combination of available
methods may therefore improve the reliability of
results. In the present study, we re-examined previ-
ously analysed samples originating from 3 Central
European countries (Czech Republic, Hungary, and
Slovakia) by quantitative TaqgMan-MGB real-time
PCR (Vrélstad et al. 2009) in order to (1) evaluate
whether the previous results from the semi-nested
PCR have been significantly influenced by false pos-
itives, (2) test whether the use of a different ITS-
based detection method substantially influences the
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general patterns of known distribution of A. astaciin
invasive crayfish populations, and (3) obtain semi-
quantitative data on the level of agent DNA in sam-
ples for comparison to the A. astaci prevalence in the
carrier populations of American crayfish.

MATERIALS AND METHODS
DNA isolates

For the present study, we used 460 DNA isolates
from soft abdominal cuticles of spiny-cheek crayfish
Orconectes limosus (307 samples) and signal crayfish
Pacifastacus leniusculus (153 samples). The crayfish
came from 25 populations in the Czech Republic, 3 in
Hungary and 1 in Slovakia. Each sample represented
1 crayfish individual. The samples were originally
obtained for Kozubikova et al. (2006, 2008, 2009,
2010) and Petrusek & Petruskova (2007) (see Table 2
for a list of localities and the number of analysed indi-
viduals). DNA was isolated using the DNeasy tissue
kit (Qiagen) from soft abdominal cuticle (in individu-
als smaller than 5 cm a part of an uropod or telson
was also included) as described by Kozubikova et al.
(2009), and the isolates were stored for 1 to 5 yr in
—20°C. We also included a DNA isolate from a signal
crayfish individual from the Czech Republic that
tested false positive by conventional PCR methods
(both the semi-nested and the single-round assays),
but was proven to be a different Aphanomyces
lineage by sequencing the PCR product of the single-
round PCR (GenBank acc. no. FM955258;
Kozubikova et al. 2009). ITS sequences were also
available for 14 samples that were confirmed in that
way to contain Aphanomyces astaci DNA (Diéguez-
Uribeondo et al. 2009, Kozubikova et al. 2009). All
these sequences (including those submitted to Gen-
Bank under acc. nos. FM999252 to FM999259 and
FM999239) were invariable.

Semi-nested PCR

All DNA isolates were analysed for Aphanomyces
astaci presence by semi-nested PCR; 15 samples
were specifically amplified for the purpose of the
present study. Results for the remaining 445 samples
were published by Kozubikova et al. (2006, 2008,
2009, 2010). All samples were processed as described
by Kozubikova et al. (2009). The primers ‘42" and
‘640" (first PCR run) and ‘525’ and ‘640" (second PCR
run, using the product of the first PCR as a template)

after Oidtmann et al. (2006) were used to amplify an
A. astaci—diagnostic fragment of rDNA. Each 50 nl
PCR reaction contained 1.25 U of Tag DNA poly-
merase, 1x Taq buffer (with KCI), 1.5 mM MgCl,,
0.2 mM of each dNTP (reagents from Fermentas),
0.5 pM of each primer, and 10 pl of template DNA.
Cycling conditions followed the protocol provided by
Oidtmann et al. (2006). After agarose electrophore-
sis, a DNA fragment identical in length to that
obtained from the positive control (DNA isolate from
a clean laboratory culture of A. astaci of the Strain
MO96/1, Genetic Group B from Oidtmann et al. 1999)
was considered to show detection of A. astaci in the
individual crayfish.

TaqMan MGB real-time PCR

Quantitative detection of Aphanomyces astaci
by real-time PCR was performed as described by
Vralstad et al. (2009) using an A. astaci-specific pair
of primers (AphAstITS-39F and AphAstITS-97R)
combined with the A. astaci-specific MGB probe
(AphAstITS-60P). The total reaction volume of 25 pl
contained 12.5 pl TagMan Universal PCR Master Mix
(Applied Biosystems) with the passive reference dye
ROX, 500 nM of the forward and reverse primers,
200 nM of the MGB probe, 1.5 pul sterile milliQ water,
and 5 pl of template DNA. Amplification and detec-
tion were performed on the Mx3005P qPCR system
(Stratagene) whereby the PCR reactions were set up
in 96-well polypropylene plates sealed with 8x strip
optical caps for Stratagene (Agilent Technologies).
The PCR program included an initial decontamina-
tion step of 2 min at 50°C followed by 10 min at 95°C
for DNA polymerase activation, uracil N-glycosylase
deactivation and template DNA denaturation. After-
wards, 50 cycles of 15 s at 95°C and 60 s at 58°C were
carried out. Four calibration points of a standard
series of known PFU (PCR-forming units or amplifi-
able copies of the target DNA) content were included
in each run (see Vralstad et al. 2009). In order to
avoid carry-over contamination from the standard,
the 4 calibrants were added to the plate after sealing
all other unknown crayfish DNA samples with the 8x
strip caps. Finally, negative PCR controls were
included in all runs; these remained negative in all
cases.

The sample that included the DNA of the new
Aphanomyces lineage related to A. astaci (FM955258;
Kozubikova et al. 2009) was tested further with the
TagMan Environmental Master Mix (Applied Biosys-
tems), which appears to work more effectively ac-
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cording to Strand et al. (2011). Two separate tests
(both repeated twice) were performed: (1) under the
same conditions as described above and (2) with
elevated annealing and synthesis temperature using
50 cycles of 15 s at 95°C and 60 s at 60°C. Only the
10x diluted sample was available for these additional
tests, as the stock of the DNA isolate became limited.

Quantification of real-time PCR data

The data were analysed in the MxPro software
V.4.10 (Stratagene). The calibration points were used
to generate a standard curve for quantification of
Aphanomyces astaci in terms of PFU in the unknown
crayfish tissue samples, and corresponded to the
standards 1, 3, 7, and 9 in Vralstad et al. (2009), with
estimated numbers of PFU corresponding to 3 x 41,
3 x 4% 3 x 4% and 3 x 42 (Table 3 in Vralstad et al.
2009). Each DNA isolate was tested with an undi-
luted and a 10-fold diluted replicate.

Absolute quantification is possible in the absence
of PCR inhibition above the limit of quantification
(LOQ =50 PFU; Vralstad et al. 2009). The presence or
absence of real-time PCR inhibition was controlled
by calculating the difference in Ct (cycle threshold)
values (ACt) between the undiluted and correspond-
ing 10-fold diluted DNA replicates. In the absence of
inhibition, ideal amplification efficiency and no labo-
ratory-induced inaccuracies, the theoretical ACt
value equals 3.32. In practice, some variation arises
due to minor inaccuracies related to amplification
efficiency, manual pipetting, and other stochastic
factors. Here, we considered acceptable a variance
level of 15 %, then allowing for quantification in sam-
ples where the ACtis 3.32 + 0.5 (range = 2.82 to 3.82)
between the undiluted and 10-fold diluted replicates.
For samples where Aphanomyces astaci could be
quantified above LOQ, the final PFU-values were
estimated as follows: when ACt was within the
accepted range from 2.82 to 3.83, the final PFU-value
was calculated as the mean of the undiluted PFU-
value and the 10-fold diluted PFU-value, the latter
multiplied by 10. If ACt was <2.82 (indicating inhibi-
tion) or >3.82 (i.e. 10-fold dilution out of range), the
final PFU-values could not be calculated accurately,
but for comparative purposes we used an estimate
based on the most relevant of the 2 values obtained.
In the former case, the estimated PFU was based on
the 10-fold diluted DNA replicate alone (for which
the effects of inhibition were expected to be elimi-
nated or less pronounced), and, in the latter case, it
was based solely on the undiluted DNA replicate.

Finally, all samples were assigned to the more
comprehensible semi-quantitative categories (agent
levels) suggested by Vralstad et al. (2009). These
categories and their limit values are described in
Table 1.

Statistical analyses

The proportion of crayfish individuals that tested
positive with the 2 methods was compared by the
Chi-squared test, for all analysed individuals pooled
as well as separately for the 2 crayfish species. The
relationship between the prevalence of infected indi-
viduals in the crayfish populations (i.e. the likelihood
that any particular crayfish in the population sample
tests positive by real-time PCR) and the average
amount of the pathogen DNA detected in apparently
infected crayfish individuals from each population
(expressed as PFU-values; log-transformed for the
analysis) was analysed separately for both host cray-
fish species by logistic regression (using the maxi-
mum-likelihood loss function and quasi-Newton esti-
mation method). For the calculation of the average
pathogen load, we also included crayfish individuals
with Agent Level A2. Although these levels of the
pathogen DNA are below the limit of reliable quan-
tification, we used the resulting low (though less
accurate) PFU-values in the calculation in order to
avoid an artificial increase in the estimated average
load, as would be expected if the lightly infected
crayfish hosts were excluded. The tests were per-
formed in the software Statistica V.6.1 (StatSoft).

RESULTS

Prevalence of Aphanomyces astaci carriers in
crayfish populations: re-evaluation of
previous data

The results of the prevalence of Aphanomyces
astaci in American crayfish Orconectes limosus and
Pacifastacus leniusculus obtained by the semi-nested
PCR and the real-time PCR are summarised in
Table 2 according to crayfish species and origin. The
real-time PCR approach detected the pathogen in 46
crayfish individuals that remained negative with the
semi-nested PCR (Table 3, Fig. 1a). With 5 excep-
tions, these detections represented Agent Level A2
(Table 3). The remaining 5 semi-nested PCR nega-
tive results were detected at Agent Level A3, but the
PFU-values were <100 in all cases.
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Table 1. Semi-quantitative categories of agent levels of Aphanomyces astaci in a test sample based on the number of PCR-
forming units (PFU) detected (after Vrélstad et al. 2009). Agent Level A1l (traces below the limit of detection) may indicate a
minute or very early sign of infection, but could also represent false positives in terms of PCR artifacts or minimal carry-over
contamination from another sample; such a result is consequently not taken as sufficient evidence for the pathogen’s detec-
tion. PFU refers to amplifiable DNA copies of the analyte (the 57 bp DNA-sequence motif of A. astaci) in a PCR reaction tube.
Ct (cycle threshold) values are based on the study by Vralstad et al. (2009). Differences in the signal acquisition systems will
result in minor differences in measured Ct-values with different thermal cyclers; values listed here are thus only guiding and
not absolute. A molecular assay must always be validated in-house and calibrated based on the assigned concentrations of the
standards (calibration material) prior to application in diagnostics on a new thermal cycler or in a new laboratory. LOD: limit
of detection (defined as 95 % probability of detection: 5 PFU); LOQ: limit of quantification (50 PFU); obs: observed values

Agentlevel PFU in sample Expected Ct Result Interpretation
A0 0 or below Ct cut-off value Undetermined or  Not detected Negative
Ct>41
Al Detected below LOD 41 > Ctyps > 39 Detected below Trace amounts, not a reliable detection
(PFUgps < 5 PFU) LOD
A2 LOD < PFU.,, < LOQ 39 > Ctyps > 34.7 Detected Very low levels of A. astaci DNA in
=50 PFU sample (below LOQ)
A3 LOQ < PFU,,, < 10° PFU 34.7 2 Ct,ps > 30.0  Detected Low levels of A. astaci DNA in sample
A4 10° PFU < PFU,,, < 10* PFU  30.0 > Ct,,s > 26.2 Detected Moderate levels of A. astaci DNA in
sample
A5 10* PFU < PFU,, < 10° PFU  26.2 > Ct,, > 22.6 Detected High levels of A. astaci DNA in sample
A6 10° PFU < PFU,, < 10 PFU  22.6 > Ct,,, > 18.5 Detected Very high levels of A. astaci DNA in
sample
A7 10% PFU < PFU,,, Ctops < 18.5 Detected Exceptionally high levels of A. astaci
DNA in sample

The percentage of samples testing positive (ex-
cluding the 1 known false positive reported by
Kozubikova et al. 2009) significantly increased when
the real-time PCR rather than the semi-nested PCR
was used (%= 8.7, p = 0.003): from 23 to 32 % (Fig. 1a,
Table 2). Interestingly, the majority of new detections
were from signal crayfish, where the prevalence of
Aphanomyces astaci increased from 3% of all
analysed individuals to 21%. This increase was
highly significant (% = 22.4, p < 0.0001), which was
not the case for spiny-cheek crayfish. In the latter
species, the proportion of individuals that tested pos-
itive increased from 34 to 38 % (x2 = 1.2, p = 0.27).

Overall, the number of crayfish populations with 1
or more individual with a positive test among the
examined individuals increased from 14 with the
semi-nested PCR to 24 with the real-time PCR
(Table 2). For the remaining 5 of the 29 tested popu-
lations where no infected individual was detected,
only a low number of individuals were tested (11
from a Koszeg boating pond in Hungary, otherwise 1
to 3 individuals). These negative results are therefore
of no conclusive value. Two individuals with very low
levels of the target DNA (Agent Level A2) were dis-
covered in a population of signal crayfish that had
coexisted with the native European species Astacus
astacus for at least 10 yr.

The semi-nested PCR versus the quantitative
TaqMan real-time PCR

The real-time PCR detected the target DNA in a
considerably higher number of samples than did the
semi-nested PCR (Table 3, Fig. 1a). Although the lat-
ter method was less sensitive, it worked with 100 %
reliability in samples containing >100 PFU per reac-
tion quantified with the real-time PCR. The effi-
ciency of the semi-nested PCR compared to the real-
time PCR was 92 % in the category A3, but only 41 %
in the category A2 (Table 3).

Table 3 shows that all but 7 samples (i.e. 94 %)
that tested positive for Aphanomyces astaci using
the semi-nested PCR also produced a positive result
above the limit of detection (LOD) with the real-
time PCR. The 7 samples not confirmed as positive
with the real-time PCR included 5 samples in which
trace amounts of the target DNA were detected
below LOD (Agent Level Al). In the remaining 2
DNA isolates, no Ct or Ct >41 (the cut-off value, see
Table 1) was detected (Agent Level A0). One of
these was an already known case of false positive
detection, an isolate containing the DNA of a puta-
tive undescribed Aphanomyces sp. closely related
to A. astaci from signal crayfish from the Czech
Republic (GenBank acc. no. FM955258; Kozubikova
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Table 2. Detailed results of Aphanomyces astaci prevalence in North American crayfish Orconectes limosus and Pacifastacus

leniusculus populations obtained by semi-nested PCR and real-time PCR assays. Semi-nested PCR results were published by

Kozubikova et al. (2006, 2008, 2009, 2010). Results for samples originating in the Czech Republic are summarised
separately to allow direct comparison with Kozubikova et al. (2009). A5 to A2: agent levels (see Table 1)

Crayfish sampling locality Animals Semi-nested PCR Real-time PCR

tested No. positive % A5 A4 A3 A2 No. positive %
Orconectes limosus
Jickovicky Brook (49°26'N, 14° 13'E) 13 13 100 1 12 13 100
Prudnik Brook (50°17'N, 17°43'E) 11 11 100 1 10 11 100
Smecno village pond (50°11' N, 14°02'E) 40 39 98 1 10 21 7 39 98
Kotensko Reservoir (49°14' N, 14°22'E) 3 2 67 2 2 67
Elbe River (5 different sites)® 20 12 60 1 5 6 12 60
PSovka Brook (50°23'N, 14°33'E) 18 9 50 6 5 11 61
Zlata stoka Brook (49°00'N, 14°46'E)* 19 8 42 5 5 26
Hracholusky Reservoir (49°47' N, 13°07'E)? 20 4 20 3 3 15
Malse River (48°57'N, 14°28'E) 12 1 8 1 3 25
Probostské jezera Lake (50°12' N, 14°39'E) 17 1 6 1 5 6 35
Kli¢ov flooded quarry (49°24'N, 12°57'E)* 40 1 3 1 1 3
Kojetice flooded sandpit (50°14'N, 14°31'E) 20 0 3 3 15
Citov flooded sandpit (50°24' N, 14°23'E) 10 0 2 2 20
Lhota flooded sandpit (50° 14' N, 14°40'E) 33 0 2 2 6
Kamenicka Brook (50°44'N, 14°11'E) 1 0 1 1 100
Barbora flooded coal mine (50°38'N, 13°45'E) 2 0 0
Cidlina River (50°07'N, 15°10'E) 3 0 0
Racice flooded sandpit (50°26' N, 14°19'E) 2 0 0
Vltava River (50°08'N, 14°23'E) 1 0 0
Summary—Czech populations 285 101 35 114 40
Danube, Hungary (46°21'N, 18°53' E)® 22 2 9 1 1 2 9
Summary—O. limosus 307 103 34 1 15 58 42 116 38
Pacifastacus leniusculus
Strzek fishpond (49°22'N, 16°04'E) 20 1 5 2 2 10
Récek II fishpond (49°39'N, 16°18'E) 23 1€ 4 2 2 9
Nad trati fishpond (49°22'N, 16°04'E) 49 0 3 15 18 37
Blanice River (49°09'N, 14°10'E) 8 0 2 2 25
Spustik fishpond (49°22'N, 16°07'E) 13 0 2 2 15
Kouba Brook (49°19'N, 13°01'E) 11 0 1 1 9
Summary—Czech populations 124 14 1 27 22
Gyongyos River, Hungary (47°23'N, 16°32'E)" 16 4 25 2 2 4 25
Készeg Pond, Hungary (47°23'N, 16°32' E)® 11 0 0
Morava River, Slovakia (48°24'N, 16°51'E) 2 0 1 1 50
Summary—P. leniusculus 153 54 3 5 27 32 21
Summary—both species 460 1084 23 1 15 63 69 148 32
?One to 3 samples from each of these populations were found to be positive with the semi-nested PCR but negative with
the real-time PCR (putative false positives of the semi-nested PCR)
bReal-time PCR results published by Kozubikové et al. (2010)
‘False positive result of the semi-nested PCR confirmed by sequencing
dFalse positive result from Racek II fishpond was not included in summary values as it was not considered positive in the

study by Kozubikova et al. (2009)

et al. 2009). A weak signal appeared in the tests
using the TagMan Universal PCR Master Mix, but
never crossed the fixed baseline (=0.15). In the tests
using the TagMan Environmental Master Mix, the
putative false positive was detected at Ct 42, well
below the cut-off value. Further, with elevated
annealing and synthesis temperatures, the signal
touched the baseline at Ct 50 (Fig. 2).

Quantitative results

Among all samples tested in the present study,
68 % were negative. A further 15 % fell within Agent
Level A2 (under the LOQ), in which the undiluted
DNA was detected in the A2 category, while the 10-
fold diluted DNA remained negative or was detected
in the A1l category. The remaining 17 % of the sam-
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Table 3. Efficiency of the semi-nested PCR assay compared to the
real-time PCR for detection of Aphanomyces astaci. Several cases of
A. astaci detections were confirmed by sequencing at each agent level
(see Table 1). Sequence results are from Kozubikova et al. (2009);
accession numbers of those submitted to GenBank are FM999239 and
FM999252 to FM999259, the 5 remaining sequences were invariable.
Sequenced PCR products represented various host populations, and
were not chosen according to agent level. LOQ: limit of quantification
(50 PFU); LOD: limit of detection (defined as 95 % probability of detec-
tion; 5 PFU); AO: all samples with no detection or with detection below

the cycle threshold cut-off value of 41

bition (i.e. the observed ACt was slightly
smaller than the values accepted for quantifi-
cation purposes). Finally, in 28% of these
samples, the 10-fold dilution was slightly out
of range (i.e. the observed ACt was slightly
larger than the values accepted for quantifi-
cation). In the majority of these cases, the 10-
fold diluted DNA replicate was diluted out of
the quantitative range, and the undiluted
replicate was detected in Agent Level A3 just

above the LOQ (Table 4, Table A1).
The distribution of the real-time PCR
results among the semi-quantitative agent

Agentlevel Real-time PCR Semi-nested % No. of samples

(no. in each PCR (no. sequenced as
category) positive) A. astaci

A5 1 1 100

A4 15 15 100 6

A3 63 58 92 4

A2 (detection 69 28 41 4

below LOQ)

A1 (detection 98 5

below LOD)

A0 (negative) 214 2

levels for spiny-cheek crayfish and signal
crayfish is summarised in Fig. 1b. For both
species, almost 50 % were negative, and 16
to 32% of the samples (for spiny-cheek cray-
fish and signal crayfish, respectively) fell into
the A1l category (trace DNA amount, detec-
tion below LOD), which should not be
regarded as reliable positives (Vralstad et al.

ples were detected above the LOQ, and fell into
Agent Levels A3 (14 %), A4 (3.3%), and A5 (0.2%).
For these, quantitative PFU-values are listed in
Table Al in Appendix 1.

The quantitative PFU-values (based on medians
with 10 and 90 % percentiles) for each agent level
above the LOQ are summarised in Table 4. For 68 %
of these samples, the obtained ACt value was within
the range accepted for quantification. Severe inhibi-
tion was never observed, but 3.8% of the samples
detected above the LOQ showed signs of minor inhi-

O Negatives semi-nested PCR
B Positives semi-nested PCR

Al h

A0 |

Real-time PCR agent levels

0 20 40 60 80 100 120 140 160 180 200 220
Crayfish individuals (n = 460)

2009). The remaining 38 and 21% of the

samples (spiny-cheek crayfish and signal
crayfish, respectively) were regarded as reliable pos-
itives (i.e. detection above LOD). The majority of pos-
itive samples of signal crayfish fell within Agent
Level A2, while the majority of positive spiny-cheek
crayfish samples fell within Agent Level A3. A small
number of spiny-cheek crayfish fell within the A4
and A5 agent levels, while none of the analysed sig-
nal crayfish samples contained higher levels of agent
DNA than A3 (Fig. 1b). Out of 14 samples from which
the presence of Aphanomyces astaci DNA was con-
firmed by sequencing, 4 contained very low levels of

O Pacifastacus leniusculus (n = 153)
m Orconectes limosus (n = 307)

Real-time PCR agent levels

0 10 20 30 40 50
Crayfish individuals (%)

Fig. 1. (a) Numbers of positive and negative semi-nested PCR results compared to the corresponding real-time PCR results in

terms of agent levels (defined in Table 1). (b) Summary of the real-time PCR results for Orconectes limosus and Pacifastacus

leniusculus. The agent levels above the horizontal dashed line (A2 to A5) are considered to show reliable detection of
Aphanomyces astaci
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agent DNA (A2), while the remaining 10 samples fell lated with the average levels of the parasite DNA

within the categories A3 and A4 (Table 3). detected in crayfish from each population (Fig. 3).
The prevalence of Aphanomyces astaci-positive Logistic regressions were significant for both host
crayfish individuals per population positively corre- crayfish species (spiny-cheek crayfish: odds ratio per
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Fig. 2. Real-time PCR analyses of the sample containing DNA of Aphanomyces sp., which resulted in a false positive detection
of the crayfish plague pathogen by conventional PCR (Genbank acc. no. FM955258; Kozubikova et al. 2009), performed with
(a) TagMan Universal PCR Master Mix and annealing and synthesis at 58°C, or (b,c) TagMan® Environmental Master Mix
and annealing and synthesis at (b) 58°C or (c) 60°C. The baseline was fixed at 0.15. The vertical black lines denote the limit of
detection (LOD) of the real-time PCR assay (Ct 39). The dark grey area indicates the cut off area (Ct 241) in which any positive
signals are excluded. The detection area for Agent Level A1 is indicated in light grey. The originally concentrated sample (1x)
was no longer available for (b) and (c), for which only the 10-fold diluted original DNA was used. The standards in (a) and (b,c)
correspond to standard numbers 1, 3, 7, and 9, and 2, 4, 6, and 8, respectively, from Vrélstad et al. (2009). The false positive
DNA vyields very weak signals that do not cross the baseline in (a), cross the baseline after Ct 42 in (b), and cross the baseline
at Ct 50 in (c)
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Table 4. Summary of quantitative samples. DNA samples detected above the
limit of quantification (LOQ = 50 PFU). Samples in Agent Level A3 accounted
for the majority (81 %) of quantifiable samples (QS). PFU-values are based on
median values with 10 and 90 % percentiles in parentheses. Acceptable quan-
tification (AQ): the difference in cycle threshold values (ACt) between the 10-
fold diluted and the undiluted DNA replicates within the range of 3.32 + 0.5.
Non-acceptable quantification (NQ): a ACt > 3.82 indicates that the 10-fold
diluted DNA replicate is out of range (OR). A ACt < 2.82 indicates minor inhi-
bition (MI) in the undiluted DNA replicate. Background data are provided in

status and did not appear to be
notably influenced by false positive
results. In contrast, the real-time
PCR assay significantly increased the
overall number of crayfish that tested
positive, suggesting that this method
provides higher sensitivity. Using
Aphanomyces astaci pure culture ma-

Table A1l
terial and zoospores, Tuffs & Oidt-

Agent Total QS Median Mean AQ NQ mann (20.11) demonstrate(.:l that the

level (%) PFU ACt (%) OR (%) MI (%) ITS real-time PCR assay is 10- and
100-fold more sensitive than conven-

AS 1.3 45695 3.47 100 0 0 tional PCR (Oidtmann et al. 2006) and

A4 17.7 2000 (1259, 5815) 3.62 (x0.20) 86.7 13.3 0 chitinase real-time PCR (Hochwimmer

A3 81 160 (69, 530)  3.76 (0.78) 63.5 31.7 4.8 -

Overall 100 68.4 27.9 3.8 et al. 2009) assays, respectively. How-
ever, a comparative study of the ITS-
and chitinase-based methods (Hoch-

100 p o mmmmm e ® wimmer et al. 2009) used on crayfish samples is still

—— Orconectes limosus s s
Pacitasiacus loniuscul lacking and might be useful.

gol aclastacusfenuseuus A Improvement of the molecular detection methods

of Aphanomyces astaci is a continuous process.

60 | The recently discovered A. salsuginosus (Takuma

et al. 2010) isolated from ice fish Salangichthys
microdon in Asia is hitherto the closest described

WOp- g relative of A. astaci based on the ITS-sequence

data and also resembles the Aphanomyces lineage

20 (FM955258) yielding the false positive with con-

ventional PCR methods (Fig. 4). These species,
° together with the assumed huge unknown diver-

0 . . . . . .
0.5 1.0 1.5 2.0 2.5 3.0 3.5
Average pathogen load per infected crayfish (log PFU)

Fig. 3. Relationship between pathogen prevalence in the
population and average agent level in infected individuals.
The prevalence is estimated as a proportion of individuals
testing positive for the presence of Aphanomyces astaci, the
pathogen load (expressed as PFU detected in a real-time
PCR reaction) is log-transformed for the analysis. Curves
show the values predicted by logistic regressions: Orconec-
tes limosus: y = e—4,83+2.53X/(1 + e—4.83+2,53)().

i Pacifastacus
leniusculus: y = e #10+232%/(1 4 g74.10+2.32x)

10-fold increase in PFU: 12.51, XZ =160.8,df=1,p<
1077; signal crayfish: odds ratio: 10.19, ¥ = 9.04, df =
1, p = 0.0026). All samples containing >10° PFU per
PCR reaction (Agent Levels A4 and A5) were found
in populations with a high prevalence of infected
crayfish individuals (60 to 100 %; Table 2).

DISCUSSION

In the present study, the results of the semi-nested
PCR (Kozubikova et al. 2009, 2010) were largely con-
firmed by real-time PCR in terms of positive carrier

sity of oomycetes, are continuously challenging
the claimed specificity of any A. astaci diagnostic
methods. It is urgent to test real-time and conven-
tional PCR methods against genuine DNA from A.
salsuginosus. However, unlike conventional PCR
assays, real-time PCR proved robust against the
false positive Aphanomyces lineage, despite the
high homology between this ITS sequence and
the primer and probe motifs of the real-time assay
(Fig. 4). Our test cannot exclude the possibility
that the real-time assay could cross-react if higher
concentrations of this false positive DNA were
present in the reaction, but the observed robust-
ness is probably a result of the high discriminatory
ability of the MGB probe. In contrast to conven-
tional TaqMan (hydrolysis) probes, MGB probe
assays allow very little mismatch at the probing
site (Yao et al. 2006). Interestingly, the observed
signal delay with increased primer and probe
annealing temperature indicates that an optimiza-
tion of the method could further increase its
robustness against false positives. These results
also justify the use of cut-off values when inter-
preting real-time PCR results.
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Fig. 4. Partial internal transcribed spacer sequence alignment reflecting the primer and probe sequence motifs of the real-time
PCR (Vrélstad et al. 2009) and single-round conventional PCR (Oidtmann et al. 2006) assays for species-specific detection of
Aphanomyces astaci. The solid gray boxes show the positions of the primers AphAstITS-39F and AphAstITS-97R, as well as
the TagMan MGB probe AphAstITS-60T. The open black boxes show the positions of the primers 42 and 640. Note that the
primer 42 includes an insertion (extra A) only present in the A. astaciisolate ML96/1. The alignment is based on publicly avail-
able A. astaci sequences along with the sequence of the recently described Aphanomyces salsuginosus (Takuma et al. 2010)
and the sequence obtained from the false positive detected by the primer pair 42/640 (Aphanomyces sp., FM955258;
Kozubikova et al. 2009). The true sequence for the false positive is unknown in the region of primers 42 and 640 (denoted with
question marks), since the sequence was amplified with these primers. The sequence motifs of A. salsuginosus and the false
positive Aphanomyces sp. are largely overlapping in the regions of the primer AphAstITS-97R and the probe AphAstITS-60T

Apart from the confirmed false positive discussed
above, only 6 additional samples (1.3%) were not
reliably detected by the real-time PCR. Trace
amounts of putative Aphanomyces astaci DNA were
detected in 5 of those 6 samples (Agent Level Al; see
Table 3). These may well represent false positives,
taking the results above into account. Alternatively,
they may reflect the phenomenon that the ITS target
DNA copies are not evenly distributed in the DNA
sample, as they occur in tandem rDNA repeats in the
genome. If only a few such DNA strands are present
in the original DNA extract, rapid depletion of the
extract may occur, and only one or a few reactions
will turn out to be positive. This will result in a posi-
tive/negative ratio corresponding to a probability of
detection <95%, i.e. below LOD. Finally, the DNA
samples in the present study had been stored for
some years after DNA extraction, and the target DNA
may have been partially degraded. Hence, it cannot
be excluded that the 5 samples in question originally
contained true traces of A. astaci DNA. Whatever the
reason may be, it is important to maintain the A1l cat-
egory in the real-time PCR procedure as uncertain
and unreliable, as suggested by Vralstad et al. (2009),
since true traces of A. astaci DNA and false positive
signals may well overlap within this category.

We detected new positives by real-time PCR only
in the samples containing DNA levels around or
below the LOD of the semi-nested PCR (Oidtmann et
al. 2006). This assay seems to work reliably when
>100 PFU enters the PCR reaction, which is above
Agent Level A2. The semi-nested PCR can still detect
the agent DNA in the A2 category, but not with 100 %
efficiency (Table 3), which agrees well with the vali-
dation tests of Tuffs & Oidtmann (2011). Our quanti-

tative results demonstrate that PCR inhibition only
marginally influenced the real-time detection of
Aphanomyces astaci. Since the same DNA samples
were used for the semi-nested PCR, inhibition is not
a likely explanation for the lower sensitivity ob-
served. Primer 42 of the semi-nested PCR (Oidtmann
et al. 2006) includes an ‘A’ insertion at Position 11
that is missing in publicly available sequences of A.
astaci strains other than M96/1 (AY310499), suggest-
ing a sequencing error or intraspecific variation in
Strain M96/1 (see Fig. 4). However, no difference in
sensitivity was observed when a primer (42v2) with-
out this mismatch was tested (Tuffs & Oidtmann
2011), suggesting that the mismatch in primer 42
does not negatively influence assay sensitivity. More
surprisingly, removing this mismatch had a drastic
influence on assay specificity, and was therefore not
recommended by Tuffs & Oidtmann (2011). Hence,
the observed difference in sensitivity between con-
ventional PCR and real-time PCR observed in the
present study and by Tuffs & Oidtmann (2011) is
more likely explained by technological and fragment
size differences. More DNA is required to visualise a
PCR band on a conventional agarose gel compared to
detection by real-time PCR where just a few copies
generate a signal. Further, the real-time and single-
round conventional PCR assays target 57 bp and 569
bp, respectively. The detection ability of the conven-
tional PCR assay is therefore more vulnerable to
DNA degradation.

The observation that 16 and 32% of the spiny-
cheek crayfish and signal crayfish, respectively, fell
into Agent Level A1 may indicate that an even larger
proportion of crayfish individuals in the present
study were carriers of Aphanomyces astaci. Only soft
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abdominal cuticle was analysed in the present study,
while additional analyses of the tail fan (including
telson) or walking leg joints (Oidtmann et al. 2006,
Strand et al. 2011) could have increased the observed
number of carriers. Vralstad et al. (2011) demon-
strated significantly higher success of detecting A.
astaci from tail fan tissues than from soft abdominal
cuticle in signal crayfish, and recommended the use
of tail fan tissue for A. astaci prevalence studies in
that species.

The positive samples new to the current study
occurred predominantly in signal crayfish from the
Czech Republic (Table 2), and increased the fre-
quency of Aphanomyces astaci positives from 1%
(Kozubikova et al. 2009) to 22 % of all the tested sig-
nal crayfish from this country. Further, at least one A.
astaci-carrying individual in all investigated Czech
signal crayfish populations was uncovered. Similarly,
we detected Agent Level A2 in 1 out of 2 investigated
signal crayfish individuals from Slovakia. Invasions
of American crayfish species were only recently
reported from that country (Jansky & Kautman 2007,
Petrusek & Petruskova 2007), and, although the pres-
ence of the crayfish plague pathogen could be sus-
pected, our analysis is the first to support this
assumption with molecular data.

Intriguingly, 2 signal crayfish with very low agent
levels (A2) were found even in a population where
noble crayfish and signal crayfish had coexisted for
at least 10 yr without any sign of crayfish plague out-
break (locality Racek II). We cannot rule out the pres-
ence of an avirulent A. astaci strain, or, alternatively,
a false positive result due to cryptic Aphanomyces
species diversity or minor laboratory-induced conta-
mination. However, the results could also imply that
crayfish plague outbreaks may be delayed for years
in localities where European and American crayfish
coexist, if the level of A. astaci infection in the carrier
population is very low. Skov et al. (2011) recently
reported that among 60 individuals from a mixed
population of signal crayfish and noble crayfish in
Denmark, no A. astaci-positive individuals were
detected with the real-time PCR method of Vralstad
et al. (2009). Skov et al. (2011) acknowledged that it
is impossible to declare a signal crayfish population
free of infection, but assumed that the investigated
signal crayfish population posed a minor, if any,
threat for disease transmission. The present study
underlines that extreme caution must be exercised
before any American crayfish population is reported
free of A. astaci infection. Sampling effort and diag-
nostic procedures will influence the probability of
detecting A. astaci in populations with very low

agent prevalence. If future studies confirm that even
mixed populations of American and European cray-
fish may represent minor infection reservoirs of A.
astaci, it may be only a matter of time before the con-
ditions allow the crayfish plague to strike, leaving the
coexisting indigenous European crayfish at constant
risk.

Our semi-quantitative data for a large set of Amer-
ican crayfish samples are in concordance with the
findings of Vralstad et al. (2009) where most positive
samples of American crayfish showed agent levels
between A2 and A3. However, our spiny-cheek cray-
fish samples sometimes contained higher levels of
pathogen DNA (A4 or A5). Such levels correspond to
those found in noble crayfish that had suffered mor-
tality from crayfish plague (Vralstad et al. 2009). We
also found a positive correlation between the preva-
lence of Aphanomyces astaci-positive individuals in
American crayfish populations and the agent levels
for each individual. This is presumably due to
increased numbers of A. astaci zoospores in environ-
ments with higher A. astaci prevalence, which, in
turn, increases infection probability.

The high sensitivity of the real-time PCR method
shows that the previous results of Aphanomyces
astaci detection based on conventional PCR have suf-
fered from false negatives. However, the extreme
sensitivity of real-time PCR is a challenge concerning
laboratory contamination and requires excellent lab-
oratory practices. Further, false positives are not
revealed unless sequenced, and putative new strains
of A. astaci may fail to be detected by real-time PCR
alone. To avoid these pitfalls, conventional PCR
allowing sequencing should be performed in parallel
with real-time PCR when appropriate. The present
study demonstrates that this combination is bene-
ficial and may uncover erroneous results and in-
crease our understanding of the pathogen distribu-
tion patterns.
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Appendix 1. Table Al. Overview of DNA isolates in which Aphanomyces astaci was detected above the limit of quantification
(LOQ = 50 PCR-forming units [PFU]). Origin indicates crayfish species (Olim: Orconectes limosus; Plen: Pacifastacus leniuscu-
lus) and country (CZ: Czech Republic; H: Hungary). Acceptable quantification (AQ): the difference in cycle threshold values
(ACt) between the 10-fold diluted and the undiluted DNA replicate is 3.32 (+0.5). Here, the given PFU-value per sample is cal-
culated as the means of the PFU-value of undiluted DNA and the PFU-value of 10-fold diluted DNA multiplied by 10. A ACt <
2.82 indicates minor inhibition (MI; data in bold). The PFU-value in these cases is not accurate, but based on the 10-fold
diluted PFU estimate (multiplied by 10). A ACt > 3.82 indicates that the 10-fold dilution is out of range (OR; data in italics). The
PFU-value is uncertain and solely based on the undiluted DNA sample

Origin Sample Agent ACt PFU Quantitative Origin Sample Agent ACt PFU Quantitative
level evaluation level evaluation
Olim-CZ SME12 Ab5 3.47 45695 AQ Olim-CZ SME13 A3 3.18 208 AQ
Olim-CZ SME37 A4 3.68 8297 AQ Olim-CZ SME25 A3 3.56 186 AQ
Olim-CZ SME36 A4 3.55 6611 AQ Olim-CZ  JIC12 A3 3.79 181 AQ
Olim-CZ SME1?7 A4 3.38 4623 AQ Olim-CZ SME18 A3 2.8 175 Ml
Olim-CZ  KORI1 A4 3.72 2420 AQ Olim-CZ  JIC11 A3 3.09 162 AQ
Olim-CZ  SME9 A4 4.01 2406 OR Olim-CZ  PRU1 A3 338 162 AQ
Olim-CZ  KOR2 A4 3.74 2218 AQ Olim-CZ SME29 A3 2.86 160 AQ
Olim-CZ  LABG6 A4 3.82 2116 AQ Olim-CZ  PRU3 A3 4.38 151 OR
Olim-CZ SME21 A4 3.67 2001 AQ Olim-CZ PRU10 A3 4.82 137 OR
Olim-CZ SME27 A4 3.23 1853 AQ Olim-CZ SME16 A3 2.85 135 AQ
Olim-CZ  SME? A4 3.6 1807 AQ Olim-CZ SME40 A3 3.48 130 AQ
Olim-CZ SME11 A4 3.34 1476 AQ Olim-CZ JIC8 A3 4.46 129 OR
Olim-CZ SME35 A4 3.72 1432 AQ Olim-CZ SME20 A3 3.31 123 AQ
Olim-CZ PRU11 A4 3.83 1330 OR Olim-CZ SME22 A3 3.3 119 AQ
Olim-CZ  JIC14 A4 3.54 1213 AQ Olim-CZ  JIC13 A3 4.39 108 OR
Olim-CZ SME15 A4 3.52 1028 AQ Olim-CZ  SME2 A3 4.27 108 OR
Olim-CZ SME10 A3 3.38 901 AQ Olim-CZ SME33 A3 3.27 99 AQ
Olim-CZ  SMES A3 345 846 AQ Olim-CZ PSO12 A3 2.71 95 MI
Olim-CZ  LAB3 A3 342 710 AQ Olim-CZ PSO18 A3 34 93 AQ
Olim-CZ JIC3 A3 3.54 703 AQ Olim-CZ  PSO2 A3 5.55 91 OR
Olim-CZ  PRUG6 A3 4.02 629 OR Olim-CZ  PRUS8 A3 5.23 86 OR
Olim-CZ  JIC15 A3 393 572 OR Olim-CZ  PRU2 A3 3.73 85 AQ
Olim-CZ SMEZ26 A3 3.03 538 AQ Olim-CZ SME31 A3 4.2 85 OR
Olim-CZ  PRU?7 A3 3.61 504 AQ Olim-CZ  PRU4 A3 3.74 83 AQ
Olim-CZ SME30 A3 3.36 452 AQ Olim-CZ MALS A3 4.23 79 OR
Olim-CZ SME19 A3 3.21 434 AQ Olim-CZ  JIC10 A3 3.18 78 AQ
Olim-CZ SME34 A3 3.41 406 AQ Olim-CZ JIC? A3 3.71 76 AQ
Olim-CZ  SMES5 A3 3.47 390 AQ Olim-CZ JIC6 A3 3.65 75 AQ
Olim-CZ JIC4 A3 3.68 365 AQ Olim-CZ PROO08 A3 3.58 73 AQ
Olim-CZ DEC3 A3 331 336 AQ Olim-CZ  LABS A3 4.36 62 OR
Olim-CZ  PRUS5 A3 339 328 AQ Olim-CZ  PSOb A3 3.34 61 AQ
Olim-CZ  SME6 A3 3.67 296 AQ Olim-CZ PSO11 A3 3.57 58 AQ
Olim-CZ  PSO9 A3 2.78 294 MI Olim-CZ MAL6 A3 3.96 53 OR
Olim-CZ LAB2 A3 3.64 282 AQ Olim-H G1 A3 4.19 238 OR
Olim-CZ  SME4 A3 324 281 AQ Plen-CZ NADA47 A3 2.89 96 AQ
Olim-CZ  SME3 A3 3.28 263 AQ Plen-CZ NAD12 A3 6.45 87 OR
Olim-CZ  FAR2 A3 509 253 OR Plen-CZ NADI16 A3 6.8 68 OR
Olim-CZ JICS A3 4.05 247 OR Plen-H HRI14 A3 3.55 57 AQ
Olim-CZ  PRU9 A3 3.7 239 AQ Plen-H HRI3 A3 4.32 51 OR
Olim-CZ JIC9 A3 3.84 228 OR
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