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Understanding what factors determine the success of an invasive species in its adopted range is crucial from an
evolutionary ecology point of view, because it can provide insights into which biological characteristics are
required for survival in varied environmental conditions. Successful establishment may depend on both
maintaining genetic diversity, which will allow the species to evolve and/or adapt to new environments, and the
presence or absence of natural enemies such as parasites. We tested these two hypotheses by studying populations
of the amphipod crustacean Dikerogammarus villosus . This Ponto-Caspian invader has rapidly and successfully
invaded western Europe and threatens macroinvertebrate biodiversity in its adopted ranges. It is a unique system
to study since both its colonisation history and its geographic origins are well-known. Using samples from the
whole geographic range of the invasion route, and using four molecular markers, we found no evidence for
genetic bottlenecks during the invasion of D. villosus in western Europe, despite slight variations in allelic
proportions according to spatio-temporal subdivisions of our dataset. In addition, we analysed the prevalence
and diversity of parasites across its native and adopted range. We found no macro-parasites, and no significant
parasite loss of microsporidian parasites during the invasive process. Our data suggest that D. villosus invasion
was either massive, or recurrent, or both, allowing a parasitic cortege to follow the host. The maintenance of
genetic diversity may have contributed to its success, including the variation in resistance in the face of the
natural enemies.

Invasive species with well-documented invasion his-
tories are scarce (Suarez et al. 2001). In most cases, it is
difficult to identify source populations and/or invasion
routes. As a consequence, it is a challenge to understand
the patterns and the consequences of biological inva-
sions. For example, population bottlenecks during
introduction and genetic drift in small founder popula-
tions are expected to drastically reduce the levels of
genetic diversity of invasive species, compared to those
in their native range. A consequence of these putative
bottlenecks is that invaders might escape from their
enemies (predators, parasites) during the invasion
(Torchin et al. 2003). This ‘‘enemy release’’ hypothesis
is thought to be associated with invasion success, but

the processes involved are still under debate (Drake
2003), and the hypothesis is difficult to test in the
absence of precise information about the source of
invasive populations. However, the application of
population genetic techniques to invasive species is
extremely valuable in understanding and analysing the
consequences of biological invasions (Lee 2002, Strayer
et al. 2006). Source populations have been successfully
identified in studies combining extensive sampling and
different types of molecular markers (Suarez et al.
2001). Many studies have illustrated large reductions in
genetic diversity during transcontinental invasive pro-
cesses, in a number of different organisms (Meunier
et al. 2001, Durka et al. 2005, Lindholm et al. 2005).
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However, an increasing number of studies fail to find a
loss of genetic diversity associated with invasion in
diverse taxa and environments, but this is often due to
introductions from multiple geographic areas (Astanei
et al. 2005, Genton et al. 2005, Therriault et al. 2005).

Numerous Ponto-Caspian freshwater macroinverte-
brate species are successful invaders of aquatic ecosys-
tems in Europe and North America (Ricciardi and
MacIsaac 2000, Bij de Vaate et al. 2002). Crustacean
amphipods are well-represented among these invaders,
as more than 10 invasive species have been recorded in
central and western Europe (Bij de Vaate et al. 2002).
In Europe, the construction of canals connecting
different river basins led to three well-identified inva-
sion corridors: the southern corridor connecting the
Caspian Sea to western Europe (mainly through the
Danube), the central corridor connecting the Caspian
Sea to the Baltic and North Seas and the northern
corridor connecting the Azov and Black Seas to the
Baltic Sea (Bij de Vaate et al. 2002). Water ballast is
thought to be the main way by which invaders are
transported (Grigorovich et al. 2003).

The Ponto-Caspian amphipod Dikerogammarus
villosus has recently spread throughout western Europe
via the southern corridor of invasion and is presently
reported as a successful invader in four river basins:
Rhine, Rhône, Seine and Loire (Bollache et al. 2004).
Uniquely, the invasion history is very well documented
(Bij de Vaate et al. 2002, Müller et al. 2002, Bollache
et al. 2004). In 1926, D. villosus was first recorded in
the Hungarian Danube, and continued to move up-
stream in the Danube until its appearance in 1989 in
Austria. After the enlargement of the canal linking the
Danube and the Main in 1992, the invasion progressed
very rapidly to the west: the species reached the North
Sea (via the Rhine) in 1994, the Mediterranean Sea in
2001 (via the Rhône) and was far up both the Seine and
Loire rivers in 2001. The invasive success of D. villosus
is associated with several biological and ecological
features. First, it is tolerant to a wide range of
temperatures, salt concentrations and low levels of
dissolved oxygen (Bruijs et al. 2001), and this is
thought to have resulted in a high survival rate during
transportation in ballast water. Second, D. villosus is
capable of rapidly establishing large populations, due
to: 1) its ability to colonize a wide variety of substrates
and habitats, 2) its exceptionally high reproductive and
growth rates (Piscart et al. 2003, Devin et al. 2004), 3)
its high fecundity (Kley and Maier 2003). In addition,
it predates a broad range of macroinvertebrates (Dick
et al. 2002, Krisp and Maier 2005) allowing D. villosus
to efficiently exploit newly colonized biotopes.

As a result of these characteristics, D. villosus is an
important threat to macroinvertebrate biodiversity.
First, its predatory behaviour has caused strong ecolo-
gical disruption: D. villosus is active at the same level as

fish species (Krisp and Maier 2005), and intra guild
predation has already led to niche partitioning (Kley
and Maier 2005) or even to local extinction of other
gammarid species (Dick and Platvoet 2000, Bollache
et al. 2004). D. villosus is affecting the whole macro-
invertebrate community in colonized areas and it is now
determining community functional diversity and food
web structure (van Riel et al. 2006). In addition, it has
already reached, or is about to reach, major harbours on
the English Channel, Atlantic and Mediterranean
coasts, and there is a risk that it may now invade other
countries via maritime transport (Bruijs et al. 2001,
Bollache et al. 2004). As for other Ponto-Caspian
species (e.g. the zebra mussel) the Great Laurentian
American Lakes could be the next step (Ricciardi and
MacIsaac 2000, Grigorovich et al. 2003). This alarmist
prediction is nevertheless conditional upon several
factors other than the probability of being transported,
since serial ecological and evolutionary steps are
required for a colonizing species to successfully establish
in a new environment (Kolar and Lodge 2001). First,
the species should have retained its ability to evolve
and/or adapt to new environments, a process which
requires the maintenance of sufficient genetic diversity
during the invasion process (Lee 2002). Second,
successful future establishment could be conditioned
by the presence or absence of natural enemies such as
parasites (‘‘enemy release hypothesis’’, Torchin et al.
2003).

The invasion of western Europe by D. villosus
provides a unique system in which both its colonisation
history and its geographic origin are well-known, and in
which two important hypotheses can be tested. First,
has the invasion been accompanied by a reduction in
genetic diversity? We addressed this by comparing
D. villosus diversity in its native and colonized areas,
and along the colonisation route, to try to identify
potential population bottlenecks, using recently devel-
oped molecular tools (Wattier et al. 2006). Second, we
tested the enemy release hypothesis (Torchin et al.
2003, Colautti et al. 2004), by investigating the nature
and diversity of parasites accompanying D. villosus
spread. We are not aware of any parasite description for
this species, except for a microsporidia (Ovcharenko
and Kurandina 1987) and studies attempting to find
macro-parasites in invaded areas have failed (Sures and
Streit 2001, B. Sures, pers. comm., M. J. Perrot-
Minnot, pers. comm.). We therefore focused our study
on microsporidia, a parasite group known to be
frequently associated to amphipods (Terry et al.
2004). This was done using diagnostic molecular
techniques, which were shown to be efficient in
microsporidia detection and identification (Haine
et al. 2004).
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Material and methods

Population sampling

A set of 34 populations totalling 1436 individuals
(Fig. 1, Table 1) were sampled in 2002 along the
Danube and on four river drainages in France and
Benelux (Rhine, Rhône, Seine and Loire). These
samples covered the totality of the route used by D.
villosus to colonize western Europe. A subset of 26 sites
totalling 1111 individuals (Table 1) was used to
estimate the prevalence of microsporidian parasites.
All samples collected were fixed in ethanol at the
sampling site.

Because the host individuals used for prevalence
screening were all fixed in ethanol before DNA
extraction, we were unable to identify the site of
microsporidian infection within the host body. It was
not therefore possible to obtain data on their transmis-
sion route (horizontal transmission, where infection can
be distributed throughout the tissues vs vertical trans-
mission, where infection should be restricted to ovaries
and eggs, Galbreath et al. 2004, Terry et al. 2004), so
an additional sample was collected from the St Jean de
Losne population (SJL), in 2005. Eighty-four indivi-
duals were collected, checked for disease symptoms, and
dissected after CO2 anaesthesia and killing by decapita-

tion. For males (through which vertically transmitted
parasites are not transmitted), a sample of tissues was
fixed in 100% ethanol, including gonads, muscles and
gut (from which food was removed). For females, each
of these tissues and the eggs (where available) were fixed
separately, to try to determine whether microsporidian
infection was restricted to gonads or eggs (providing an
estimate for vertical transmission).

In addition, one sample collected in 1997 (date of
appearance of D. villosus in France; n �30) was
available from the SJL site. We were therefore able to
compare the prevalence of microsporidia on this site in
1997, 2002 and 2005.

DNA was extracted from all samples according to
Wattier et al. (2006).

Gammarid identification

Size variation of the nuclear ribosomal internal tran-
scribed spacer 1 (nrDNA ITS1) was used as a systematic
marker in order to rapidly distinguish Dikerogammarus
villosus from D. bispinosus (Wattier et al. 2006). These
two species, which are morphologically indistinguish-
able (Müller et al. 2002), coexist in the Danube River
and have been described for other invaded areas (Bij de
Vaate et al. 2002). PCR assays were performed as

Fig. 1. Sampling sites of Dikerogammarus villosus in Europe. TUL�Tulcea (RO), STE�Stelnica (RO), ZIM�Zimnicea
(RO), COR�Corabia (RO), MOH�Mohacs (HU), TIH�Tihany (HU), PAK�Paks (HU), SPI�Spitz (AT), DEG�
Deggendorf (DE), KEL�Kelheim (DE), WUR�Würzburg (DE), GOU/DH�Gouwzee (NL), DRU�Drusenheim (DE),
CHA�Chalampé (FR), MSM�Montigny-sur-Meuse (BE), CAT�Cattenom (DE), ARG�Argancy (FR), TOU�Toul
(FR), CON�Conflandey (FR), SJL�St Jean-de-Losne (FR), MOR�Molay (FR), CHE�Cheilly-lès-Maranges (FR), OIS�
Beaumont/Pontoise (FR), LAG�Lagny-sur-Marne (FR), JOI�Joinville-le-Pont (FR), MAM�Saint-Mammès (FR),
IVI�Yvoire (FR), LEM�Léman (CH), CRE�Crèche sur Saône (FR), TRI�Tricastin Cruas (FR), BEA�Beaucaire
(FR), OUZ�Ouzouer (FR), DCZ�Decize (FR), DIO�Diou (FR). Only the five river drainages under investigation,
Danube, Rhine, Rhône, Seine and Loire are presented.
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Table 1. Summary information on the four molecular markers (microsatellite loci and COI PCR-SSCP mtDNA), and microsporidia detection in populations of Dikerogammarus
villosus (Pop, see Fig. 1 for details). Sample sites were sorted according to categories used in the analyses: RD�river drainage: Danube (D), Rhine (R), Rhône (Rh), Seine (S) and Loire
(L); Re�region: before the Main-Danube canal (BC) and after this canal (AC) and CD�colonization date: sites in region of origin (1), sites colonised before 1993 (2), sites colonised
between 1993 and 1997 (3), sites colonised between 1998 and 2001 (4) and sites colonised after 2001 (5). N is the number of individuals analysed and Na the number of alleles.
Allelic diversity corrected for sampling size (A), number of rare alleles (k) were calculated using FSTAT. U: uninfected individuals, M.D: infected by Microsporidium sp. D, D.b:
infected by Dictyocoela berillonum, D.m: infected by Dictyocoela mulleri, D.r: infected by Dictyocoela sp. (roeselum), N.g: infected by Nosema granulosis. See text for details about
all parameters. Slight discrepancies in sample size for a single population between molecular marker analyses or parasite prevalence analyses are due to different success in DNA
amplification (unclear data were removed from analyses). Empty cells denote analysis not done.

Microsatellites Mt DNA Microsporidian prevalence

DikF DikS DikQ COI

Pop RD Re CD N Na A k N Na A k N Na A k N Na A k U M.D D.b D.m D.r N.g

TUL D BC 1 45 6 5.01 2 44 2 1.94 1 42 3 2.81 1 47 3 2.51 1 44 3 0 0 0 0
STE D BC 1 31 6 5.39 2 32 2 1.95 1 29 3 2.99 1 34 2 2.00 0 24 10 0 0 0 0
ZIM D BC 1 35 5 4.43 1 34 2 1.99 1 37 3 3.00 1 36 3 2.63 1 36 0 0 0 0 0
COR D BC 1 53 7 4.84 4 50 2 2.00 1 53 4 3.42 2 53 3 2.92 1
MOH D BC 2 47 6 5.46 2 45 2 1.90 1 47 3 2.89 1 47 3 2.76 1
TIH D BC 2 46 5 3.61 2 47 2 2.00 1 48 4 3.88 2 48 3 2.50 1 43 5 0 0 0 0
PAK D BC 2 44 6 4.98 2 47 2 1.66 1 48 3 2.65 1 48 2 2.00 0 33 15 0 0 0 0
SPI D BC 2 43 5 4.74 1 46 1 1.00 1 45 4 3.67 2 47 3 2.51 1 45 1 0 0 1 1
DEG D BC 2 39 5 4.49 1 40 2 2.00 1 40 3 2.93 1 39 2 2.00 0
KEL D BC 2 47 5 4.18 2 44 2 1.98 1 47 3 2.89 1 47 2 2.00 0 40 8 0 0 0 0
WUR D AC 3 39 6 5.18 2 47 2 1.98 1 48 3 2.99 1 48 3 2.88 1 37 11 0 0 0 0
GOU R AC 3 57 8 5.72 4 58 2 1.99 1 57 4 3.19 2 58 2 2.00 0 51 6 0 2 0 0
DRU R AC 3 38 6 4.59 2 40 2 1.96 1 40 3 2.98 1 41 2 2.00 0 35 5 0 0 0 0
CHA R AC 4 26 8 6.94 4 28 2 1.75 1 28 3 2.97 1 28 2 2.00 0 26 2 0 0 0 1
MSM R AC 4 41 6 4.91 2 47 2 2.00 1 46 4 3.65 2 45 2 2.00 0 17 30 1 0 0 0
CAT R AC 4 40 6 4.66 2 41 2 1.95 1 39 3 2.98 1 42 2 2.00 0
ARG R AC 4 28 5 4.38 1 32 2 2.00 1 31 3 2.84 1 32 2 2.00 0 22 10 0 0 0 0
TOU R AC 4 31 5 4.87 1 32 2 1.83 1 31 4 3.66 2 32 2 2.00 0 24 8 0 0 0 0
CON Rh AC 4 40 6 4.67 2 40 2 1.83 1 40 4 3.99 2 39 3 2.59 1 40 0 0 0 0 0
SJL Rh AC 4 50 7 6.16 3 55 2 1.95 1 63 4 3.51 2 58 3 2.67 1 43 17 0 0 1 2
MOR Rh AC 4 44 6 5.16 2 47 2 2.00 1 48 4 3.86 2 48 2 1.99 0
IVI Rh AC 5 46 6 4.26 3 48 1 1.00 1 48 2 2.00 0 48 3 2.50 1 48 0 0 0 0 0
LEM Rh AC 5 17 5 4.82 1 20 2 2.00 1 21 3 2.66 1 21 2 1.99 0
CRE Rh AC 5 48 6 5.39 2 47 2 1.98 1 48 4 3.95 2 46 2 2.00 0
TRI Rh AC 5 33 7 6.20 3 40 2 1.73 1 35 4 3.98 2 34 3 2.89 1 39 1 0 0 0 0
BEA Rh AC 5 40 6 5.30 2 44 2 1.91 1 46 4 3.20 2 47 3 2.89 1 46 1 0 0 0 0
CHE * AC 4 42 5 4.27 1 46 1 1.00 1 43 4 2.65 2 46 2 2.00 0 25 21 0 0 0 0
OIS S AC 4 47 8 5.57 4 43 2 2.00 1 46 3 2.30 1 48 3 2.50 1
LAG S AC 4 33 4 3.89 1 33 2 1.98 1 32 3 2.99 1 33 2 2.00 0 30 3 0 0 0 0
JOI S AC 4 14 3 3.00 1 16 2 1.99 1 17 3 2.97 1 18 3 2.96 1 11 7 0 0 0 0
MAM S AC 4 36 6 5.15 2 45 2 1.85 1 43 4 3.30 2 45 2 2.00 0 44 0 0 0 0 1
OUZ L AC 5 20 5 4.69 1 20 2 1.91 1 23 3 3.00 1 24 2 2.00 0 22 1 0 0 0 1
DCZ L AC 5 48 6 4.41 2 47 2 2.00 1 48 4 3.57 2 45 2 2.00 0
DIO L AC 5 22 5 4.83 1 25 1 1.00 1 24 4 3.58 2 26 3 2.79 1 24 0 0 0 0 0

‘*‘denotes a population collected in the Canal du Centre (France), between Rhône and Loire drainages, therefore impossible to assign to a given drainage (data excluded from the
analysis using the ‘‘drainage’’ subdivision).
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described in Wattier et al. (2006). The few D bispinosus
identified in our samples (n�7) were removed from
analyses.

Population genetics analyses for D. villosus

First, three microsatellite loci were used as molecular
markers: DikF, DikQ and DikS (Wattier et al. 2006).
To our knowledge, these three loci represent the only
loci available for gammarid amphipods. Second, single
strand conformation polymorphism (SSCP; Sunnucks
et al. 2000) was used to score the three haplotypes (cV1,
cV2 and cV3) differing by one single nucleotide
polymorphism (SNP) for a portion of the mtDNA
COI gene. PCR assays for both types of markers were as
described in Wattier et al. (2006).

Three parameters were used to test for the possible
loss of genetic diversity associated with the invasion
process. First, the FSTAT program version 2.9.3
(Goudet 2001) was used to calculate allelic or
haplotypic richness (A) corrected for sampling size
using the rarefaction approach. The rarefaction ap-
proach uses the frequency distribution of alleles at a
locus to estimate the number of alleles that would
occur in smaller samples of individuals (i.e. the smallest
sample size) (Leberg 2002). Second, the number of
rare alleles or haplotypes (k) is also presented. An allele
was considered to be rare if its allele frequency in the
native area, the Romanian lower Danube, was B0.1
(Luikart et al. 1998). Such alleles should be more
prone to be affected by bottleneck and are therefore
more likely to be lost. Finally, following Luikart et al.
(1998), we plotted the number of alleles over all
microsatellite loci according to allele frequencies for
each of the spatio-temporal subdivisions investigated
(Table 1). Bottlenecks are expected to reduce the
number of rare alleles, therefore shifting the mode of
the allele frequency histogram towards alleles with
higher frequencies.

The spatio-temporal distribution of genetic diversity
was analysed according to three different subdivisions to
take into account the history of invasion (Table 1). The
data set was divided according to (a) river drainages:
Danube, Rhine, Rhône, Seine, Loire (pure geographic
subdivision); (b) the two regions delimited by the
Main-Danube canal (the canal passage is the main
potential source of population bottleneck); (c) dates of
site colonisation (temporal subdivision; five date classes
were created: native area; sites colonised before 1993;
sites colonised between 1993 and 1995; sites colonised
between 1996 and 2001; sites colonised after 2001).
For each of these subdivisions, the distribution of
genetic diversity was analysed in two ways. First,
average allelic richness (A) and number of rare alleles/
haplotypes (k) were compared with a Wilcoxon test,

using the program JMP 5.0 (SAS Inst.). Second, the
partition of the genetic diversity was analysed using an
analysis of molecular variance (AMOVA) following
Excoffier et al. (1992). Third, the level of genetic
differentiation was described using F-statistics (Weir
and Cockerham 1984). The last two analyses were
performed using the program Arlequin 3.01 (Excoffier
et al. 2005).

Parasite detection and identification

Presence of macro-parasites (e.g. helminths) in the body
cavity or gut was checked visually during dissections
under light microscopy. To investigate the presence of
microsporidia, we used the DNA extracted from D.
villosus to perform a PCR-RFLP test, using microspor-
idian 16S rDNA primers V1f and 530r, following
Haine et al. (2004). PCR reactions were performed as
described in Haine et al. (2004).

To distinguish between the microsporidian species, a
serial restriction digest method was employed, follow-
ing Haine et al. (2004). Specific restriction enzyme
cutting sites have been identified that distinguish
between each parasite species (Haine et al. 2004).
These enzymes were used to digest PCR products,
following the manufacturer’s instructions (MBI Fer-
mentas), allowing us to identify and determine the
prevalence of each parasite species in our samples. The
following enzymes were used: Bgl II, Vsp I and Bst1107I
are specific to Nosema granulosis, Dictyocoela muelleri
and Dictyocoela sp. (roeselum) respectively. To confirm
correct microsporidia identification, amplified products
cut by the above-mentioned restriction enzymes were
sequenced. Sequencing was performed with the primers
used for PCR, by MWG Biotech, after purification
following the company’s instructions. All sequences
were performed in both directions. Sequences were
compared to closely related sequences identified using a
BLAST search. When restriction profiles were not
similar to those already described (Haine et al. 2004),
or when no cutting occurred, the amplified products
were sequenced to identify the parasites. A restriction
map was then produced, using BioEdit, to confirm
specific enzyme cutting sites for the new microsporidia
sequences, subsequently allowing a routine PCR-RFLP
test for prevalence.

To compare the phylogenetic position of the new
microsporidian sequences to those already known
to infect other gammarid amphipod species, a 476
bp region of 16S rDNA gene sequences was aligned
by eye following the alignment of Terry et al. (2004).
We included the five novel sequences we obtained
from D. villosus and thirteen other sequences that
represent the diversity of Microsporidia in amphi-
pods. We estimated phylogenies using Bayesian
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methods in MRBAYES ver. 3.1.1 (Ronquist and
Huelsenbeck 2003), adopting the GTR model of
nucleotide substitution. We ran the analysis for
500 000 generations, with one tree retained every
100 generations. Likelihood stationarity was achieved
after 200 000 generations and we excluded this
‘‘burn-in’’ period when constructing a consensus
tree. Nodal support was assessed by posterior prob-
abilities estimated from the 3000 trees included after
the burn-in.

Analysis of parasite prevalence

Microsporidia prevalence was analysed according to the
three spatio-temporal subdivisions described for the
AMOVA analyses, namely between river drainages,
between regions and between colonisation dates. Fi-
nally, comparisons were made between prevalences at
three different dates for St Jean de Losne. These
comparisons were made using a nested logistic regres-
sion, taking into account variation between popula-
tions, or with x2 test using JMP 5.0.

Results

Distribution of genetic diversity in
Dikerogammarus villosus

At the population level, diversity was detected for all
markers in all populations except four that were
invariable for the microsatellite locus DikQ (popula-
tions SPI, CHE, IVI and DIO; Table 1). Allelic/
haplotypic richness (corrected by rarefaction for uneven
sampling sizes) ranges for the three microsatellite loci
DikF, DikS, DikQ and the mtDNA marker were
3.00�6.94, 1.00�2.00, 2.00�3.98 and 1.99�2.96
respectively (Table 1). The rare alleles present in the
area of origin of D. villosus were detected in all but
one population (IVI) for the three microsatellite loci
(Table 1). Accordingly, the cumulative distribution of
allele frequencies showed no mode shift for rare alleles,
whatever the spatio-temporal subdivision investigated
(e.g. Fig. 2 for the subdivision in colonizing dates).
Fifteen populations (44%) harboured a rare haplotype
for the mtDNA marker, without any obvious geo-
graphic or temporal pattern explaining its absence
(Table 1).

The distribution of genetic diversity was analysed
according to three different division categories, to take
into account the history of invasion. The analyses were
made (a) between river drainages; (b) between regions
delimited by the Main-Danube canal and (c) between
colonisation date categories (Table 1). Whatever the
division pattern, no significant difference was detected
between subdivisions, neither in the average allelic

richness (A) nor in the average number of rare alleles/
haplotypes (k) (Table 1, Wilcoxon test, p�0.08 for all
four molecular markers). The AMOVAs made using
the same division patterns (Table 2) showed that most
of the genetic variation (about 96%) resided within
populations, and a small amount resided among
populations within each category (3.1�3.3%). Almost
no variation resided between categories (0.001�
0.03%), showing that neither geographic nor temporal
subdivisions significantly explain D. villosus genetic
variation.
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Fig. 2. Number of alleles over all microsatellite loci according
to allele frequencies, for each of five colonization dates (letters
a to e refer to dates 1 to 5, see Table 1 for details). Bottlenecks
are expected to shift the mode by reducing the number of rare
alleles.
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Analysis of genetic differentiation for river drainages
showed that Fst values were only significantly different
from zero, albeit low (0.0069�0.0092), for three
comparisons, all involving the Rhône and Seine
drainages (Table 3). The Fst value between the two
areas separated by the Main-Danube canal was very low
(0.0037) but significantly different from zero (p�
0.0048). Finally, pairwise comparisons of areas defined
on the basis of colonisation dates showed five compar-
isons out of ten were significantly different from zero,
although low (0.0030�0.0133), without obvious logi-
cal pattern, except that they frequently involved the
more recently colonized populations (date category 5)
(Table 3).

Parasite identification

No macroparasites were found during dissections of the
body cavity of the 1436 individuals fixed in ethanol.
Diagnostic PCR on 1111 individuals, using the micro-
sporidian 16S rDNA primers, revealed 205 amplifica-
tion products (Table 1). Five of these products were of
about 420 bp, and were digested only by the Blg II
enzyme. Sequences of two (1 from SJL and 1 from SPI,
Fig. 1, Table 1) of these products (GenBank accessions
EF091822 and EF091823) were identical, and very
closely related to Nosema granulosis previously found in
Gammarus species (GenBank accessions AJ011833 and
AY584251). All other PCR products were of similar
size, about 480 bp. Two of them were cut only by
Bst1107I, suggesting an infection by Dictyocoela sp.
(roeselum ) (GenBank accession AY584252), which was
confirmed by sequencing (GenBank accessions
EF095542 and EF095543). Two other PCR products
(both from GOU, Fig. 1, Table 1) were cut by Vsp I

only, with a digestion profile similar to Dictyocoela
muelleri previously found in G. duebeni and G. roeseli
(GenBank accession AJ438956). These two products
generated the same sequence (GenBank accessions
EF095540 and EF095541). All other PCR products,
but one, were digested by Vsp I, but produced a
restriction profile different from D. muelleri parasite,
with two bands at about 400 bp and about 80 bp.
Parasites from seven different individual hosts, from
three different populations (one from GOU, three from
SJL, three from STE, Fig. 1, Table 1) were sequenced.
All these sequences were the same (GenBank accessions
EF119217 to EF119223), and a BLAST search revealed
that the closest sequence was that of an undescribed
microsporidia (Microsporidium G , Genebank

Table 2. Analysis of molecular variance (AMOVA) showing the distribution of genetic variation for three categories (a) river
drainage, (b) region and (c) colonization date. Each time, diversity among categories, among populations within categories and
within populations is estimated. See text, Fig. 1 and Table 1 for details.

Source of variation DF Sum of squares Variance components Percentage of variation

(a)
Among river drainages 4 14.9 0.00014ns 0.02
Among populations within river drainages 28 101.3 0.03314*** 3.72
Within populations 2725 2336.4 0.85741*** 96.26
Total 2757 2452.6 0.89068

(b)
Among regions 1 4.9 0.00093ns 0.10
Among populations within regions 32 114.2 0.03253*** 3.67
Within populations 2816 2400.6 0.85248*** 96.22
Total 2849 2519.7 0.88593

(c)
Among colonization dates 4 20.2 0.00258ns 0.29
Among populations within colonization dates 29 98.9 0.03093*** 3.49
Within populations 2816 2400.6 0.85248*** 96.22
Total 2849 2519.7 0.88599

ns p�0.05, *** pB0.001.

Table 3. Matrices of pairwise Fst between geographic subdivi-
sions (river drainages, a) and temporal subdivisions (coloniza-
tion dates, b). All pairwise comparisons in bold were
significantly different from zero, after Bonferroni correction.
See Table 1 for details about invasion dates.

(a)

Danube Rhine Rhône Loire

Rhine 0.0010
Rhône 0.0086 0.0069
Seine 0.0092 0.0046 0.0055
Loire 0.0057 0.0067 0.0081 0.0143

(b)

1 2 3 4

2 0.0059
3 0.0116 0.0006
4 0.0033 0.0030 0.0040
5 0.0080 0.0130 0.0133 0.0023
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AJ438962), found in the amphipod Gammarus chev-
reuxi (Terry et al. 2004), with which it has 87.7%
identity (345 out of 389 nucleotides). We tentatively
named this new parasite Microsporidium sp. D . The last
480 bp PCR product was not digested by any of the
enzymes used before. The sequence (GenBank accession
EF119226) showed 98.5% identity (on 327 nucleo-
tides) to Dictyocoela berillonum (Genebank accession
AJ438957) found in the amphipod Echinogammarus
berilloni , and was therefore assigned to this species. The
genetic relatedness between these new parasites and
some other microsporidia found in gammarids is shown
in Fig. 3.

Analysis of microsporidian prevalence

The only microsporidia parasite found in the region of
origin of D. villosus was Microsporidium sp. D (Table
1), and was found in most of the other populations with
a great variability in prevalence between sites (Pearson
x2�213.48, pB0.0001). Other microsporidian para-
sites were rare, and, with the exception of two
individuals infected by Nosema granulosis and Dictyo-
coela sp. (roeselum ) in Austria, they were found in rivers
outside the Danube drainage (Table 4). We therefore
restricted the following analysis to Microsporidium sp.
D .

Despite the great variation between populations
within each drainage (Table 4a), there were highly

significant differences in prevalence of Microsporidium
sp. D between drainages, with a high prevalence in
rivers of Rhine drainage and low prevalence in Loire
river (Fig. 4a, Table 4a). There was no significant
difference in Microsporidum sp. D prevalence between
the two regions separated by the Main-Danube canal
(Fig. 4b, Table 4b). However, there were significant
and strong differences according to the dates of
colonisation (Fig. 4c, Table 4c): prevalence increased
from the region of origin to the sites colonized until
2001, but the sites colonized after 2001 showed a very
weak prevalence, which is in accordance with the low
prevalence found in the Loire drainage, and some sites
of the Rhône drainage (Fig. 4a, 4c, Table 1).

By following the same site during eight years, we also
found a significant effect of date on the Microsporium
sp. D prevalence (Fig. 5, Pearson x2

2�12.47, p�
0.002), with a low prevalence the year of site colonisa-
tion by D. villosus , a rise four years later, and a fall after
eight years of host colonisation (Fig. 5). In 2005, there
was no significant difference in prevalence between
male and female hosts (4/33 and 4/51, respectively,
Fisher exact test 2-tailed, p�0.71).

Symptoms and site of microsporidian infection in
the host

In the 2005 sample at St Jean de Losne, the DNA from
51 females was extracted separately from gonads,
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Weiseria palustris AF132544

Microsporidium sp. H AJ438963
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Fig. 3. Microsporidian phylogenetic tree based on a 476 bp region of SSU 16S rDNA. The five sequences infecting
Dikerogammarus villosus are highlighted in bold. Strain name and GenBank accession numbers are given as taxon labels.
Posterior node probabilities are shown for each node.
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muscles and digestive tract. Four of them were infected
with Microsporidium sp. D. Two of them were infected
in all tissues, one was infected in muscles and digestive
tract and one was infected in the digestive tract only.
The former three showed external symptoms: white
stripes were visible under the cuticle, at the location of
muscles. Typically, legs appeared to be white in infected
individuals, instead of translucent in uninfected speci-
mens. These patterns were also found in the four
infected males (out of 33), where the two first pairs of
gnathopods were white. Dissection revealed that these
white stripes (or zones) were full of microsporidian
spores: microsporidia had replaced the muscles of the
animals. These symptoms were not visible in the 76
animals uninfected by Microsporidium sp. D . In
addition, one female who was infected in the gonads
only by Nosema granulosis had no internal or external
signs of infection.

Discussion

This study found no evidence for either a genetic
bottleneck or parasite loss in the invasive amphipod
Dikerogammarus villosus . We were unable to find a
significant reduction in genetic variation with the
molecular markers used here. Although the power of
this analysis was not optimal because few markers were
available (Wattier et al. 2006), these markers all
presented rare alleles or haplotypes that allowed to
test for a reduction of genetic variation (these rare
alleles/haplotypes should be the first ones to disappear
when there are bottlenecks). In addition, whatever the
geographical or temporal partition of our dataset (by
drainages, regions or colonization dates), the genetic
variation is always better explained by within-popula-
tion variation than by between-subdivision variation.

All this indicates that the invasion pattern was either
massive, or recurrent, or both. In addition, we can
confidently conclude that the most probable putative
source of population bottleneck, the Main-Danube
canal (Bij de Vaate et al. 2002), was not a source of
reduction in genetic variability in invasive populations
of D. villosus . The slight genetic differentiation found
between some drainages or between some invasion dates
(Table 3) mostly involves differences between recent
dates and recently-colonized drainages (Rhône and
Seine) and regions of origin and anciently-colonized
drainages (Danube and Rhine). This could indicate that
the front of colonization is due to relatively few

Table 4. Logistic regressions testing differences in prevalence of
Microsporidium sp. D in Dikerogammarus villosus populations,
according to (a) river drainages, (b) regions, and (c) invasion
dates (see text or Table 4 for subdivisions of these categories). In
each analysis, the populations belonging to the different
subdivisions (i.e. each drainage, region or date) were nested
within the subdivision as random factors.

Source of variation DF Likelihood
ratio x2

p

(a)
River drainage 4 38.71 B0.0001
Populations [river drainage] 21 172.57 B0.0001

(b)
Regions 1 B0.01 0.98
Populations [region] 25 223.52 B0.0001

(C)
Colonization dates 4 33.47 B0.0001
Populations [colonization dates] 21 127.12 B0.0001
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Fig. 4. Prevalence of Microsporidium sp. D in Dikerogam-
marus villosus , according to (a) river drainages, (b) regions, (c)
colonization dates. See text and Table 1 for categories.
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animals, allowing slight genetic differentiation. The
absence of subsequent differentiation could be due to
additional D. villosus arrivals in colonized zones. The
passage of the most frequent microsporidian parasite
from the region of origin to the colonised areas supports
our evidence against a population bottleneck due to the
Main-Danube canal (Table 4b). However, explanations
for differences in prevalence between colonization dates
and river drainage are more complex.

This case study therefore illustrates a biological
invasion without reduction of genetic variation between
native and colonized areas. Several similar examples
have already been reported, often involving organisms
particularly susceptible to transportation as a result of
human activities (Astanei et al. 2005), and/or cases of
multiple introductions (Genton et al. 2005, Therriault
et al. 2005). Here, the history of the invasion suggests
that multiple geographic sources of introduction cannot
explain the maintenance of genetic variation in the
invaded populations: all D. villosus populations estab-
lished in western Europe originate from the Danube
estuary. Biological characteristics of D. villosus can help
to understand the lack of bottlenecks during invasion.
The first step was the colonization upstream of the
Danube. This relatively progressive process (at least 70
years) may have resulted in the conservation of genetic
variation all along the Danube. Then, multiple passages
of the Main-Danube canal and the subsequent rapid
spread in western drainages may be explained by the
capacity of D. villosus to easily grab a support and
survive in ballast water (Bruijs et al. 2001). Its
establishment in colonized areas was helped by its
high reproductive rate (Devin et al. 2004), its ability to
colonize a wide range of substratum types (Devin et al.
2003) and its large spectrum predatory regime (Dick
and Platvoet 2000). Specific predictions and recom-

mendations can be drawn from the maintenance of
genetic variation of D. villosus in west-European
colonized areas. By now, all major harbours of western
continental Europe are probably colonized by
D. villosus (Rotterdam, Le Havre, Nantes and Mar-
seille), and further extension of its geographic range by
commercial shipping is just a matter of time (Bollache
et al. 2004). If this happens, thanks to the high genetic
variation, D. villosus will probably conserve its evolu-
tionary potential to adapt many different new environ-
ments (Williamson 1996, Lee 2002), and successfully
establish in new ranges. Owing to its detrimental effect
on native invertebrate fauna, to avoid further coloniza-
tion abroad, we strongly recommend that ballast water
treatments are strictly applied (Oemcke and Van
Leeuwen 2003), because of the high survival potential
of D. villosus in ballast water and its wide tolerance to
salinity in brackish water (Bruijs et al. 2001).

Another potential characteristic that might have
helped D. villosus to establish in colonized areas was a
loss of its natural enemies (Torchin et al. 2003). We
found five microsporidia associated with D. villosus
over the entire geographic range studied here. One of
these parasites was found in most populations of
D. villosus . Its partial ribosomal sequence did not
match with any microsporidian sequence previously
described. Its closest relative is an amphipod parasite,
but with ca 88% nucleotide similarity only. Since this
parasite was present in the whole range of D. villosus ,
including its native area, we propose it could be specific
to D. villosus , and we have provisionally named it
Microsporidium sp. D . Both the location of the
infection (gut in one asymptomatic host, muscles and
most tissues in the seven other infected symptomatic
animals) and the severity of the symptoms (muscles
filled with spores) suggest that it is a horizontally-
transmitted (HT) parasite. However, since the infected
tissues in some females included ovaries and since some
microsporidia are known to use both transmission
strategies in their hosts (Dunn and Smith 2001),
vertical transmission (VT) of Microsporidium sp.
D cannot be dismissed. However, the temporal
dynamics of the infection, as evaluated by our samples
at St Jean de Losne and our prevalence analysis
following temporal subdivision, fits more with HT
rather than a VT parasite dynamics. We observed low
prevalence in recently-colonized sites, high prevalence
in sites colonized about five years ago, and a medium
prevalence in sites colonized for a long time, or in the
native range of D. villosus . In addition, differences in
Microsporidium sp. D prevalence between river drai-
nages can essentially be explained by a temporal pattern
rather than a purely geographical pattern: parasite
prevalence was lowest in the more recently colonized
drainage (Loire), and was higher in the Rhine drainage,
which was colonized at intermediate dates. These

0

5

10

15

20

25

30

1997 2002 2005
Sampling year

ni
secnelaver

P
oreki

D.ps
muidiropsorci

M
)

%(

30 63 84

Fig. 5. Prevalence of Microsporidium sp. D in Dikerogam-
marus villosus , at St Jean de Losne (France), according to
sampling date. The date of the first observation of D. villosus
at this site is 1997. Numbers in the bars are sample size.
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dynamics do not fit with VT parasite dynamics. If a
parasite is transmitted through eggs at a constant rate,
the prevalence should not decrease after population
establishment, provided that the parasite uses a strategy
to exploit its host efficiently (Hatcher et al. 1999).
Prevalence should increase until fixation, or, remain
stable as observed in VT microsporidia found in
gammarids (Ironside et al. 2003). Our present observa-
tions fit more with a HT parasite with density-
dependent transmission (Anderson and May 1979).
Such a parasite would gain transmission through the
rapid host population growth during the years im-
mediately following the host introduction (Devin et al.
2004). Then the decrease in prevalence would be due to
host population stabilization due to niche saturation.
Specific experiments and a better knowledge of Micro-
sporidium sp. D are needed to confirm or reject this
hypothesis. To summarize, the similarity of Microspor-
idium sp. D prevalence between the two regions
separated by the Main-Danube canal is consistent
with the absence of population bottlenecks during the
invasive process. There is therefore congruence between
genetic and parasitological data, and we can confidently
reject D. villosus invasion as a case of ‘‘enemy release’’
by parasite loss (Torchin et al. 2003). In addition,
microsporidian species infecting D. villosus are more
numerous in the colonized zones than in native area.
The four other microsporidian parasites found in
D. villosus are closely related, but distinct based on
the gene sequence studied here, to parasites already
found in other gammarid species (Haine et al. 2004,
Terry et al. 2004). Owing to their rarity, a definitive
conclusion cannot be drawn from their distribution,
but it is worth noting that they were absent from the
native region of their host. We may propose they have
been acquired from native gammarid species in colo-
nized areas. While these miscrosporidia are vertically
transmitted in other gammarids (Haine et al. 2004,
Terry et al. 2004), they could have been horizontally
acquired by D. villosus during predation events, a
hypothesis that may be verified in future studies. The
unique observation of a Nosema granulosis infection
restricted to female ovaries nevertheless suggests that
this parasite is vertically transmitted.

In contrast, we found no macroparasites in our
samples (analysis restricted to body cavity; trematode
larval stages encysted in the brain were not investi-
gated), confirming the results of Sures and Streit
(2001). Nevertheless, macroparasites such as acantho-
cephalans, nematodes or cestodes are known to com-
monly infect the body cavity of other gammarid species,
in various geographic areas (Voigt 1991, Dunn and
Dick 1998, Bollache et al. 2002). The predatory nature
of D. villosus , compared to the mostly detritivorous
regimes of other species may explain the absence of
these parasite taxa, because infective stages of these

parasites are often released in the river sediment where
the detritivorous gammarids feed.

D. villosus therefore did not lose its major micro-
sporidian parasite during invasion, and perhaps cap-
tured new parasites of this group in the colonized area.
Despite being a pathogen of D. villosu s, the presence of
Microsporidium sp. D did not alter its host’s capacity to
establish in colonized zones. This fits well with
the predictions of Drake (2003) who stated that a
parasite should exhibit an unrealistic high virulence to
decrease probability of establishment of its host. In
addition, one possibility is that D. villosus was success-
ful despite having microsporidian pathogens because it
has maintained genetic diversity and therefore variation
in its capacity to resist these parasites. Therefore, in this
case, powerful life-history characteristics leading to the
maintenance of genetic diversity, rather than ‘‘enemy
release’’ sensu stricto, would explain the establishment
success of D. villosus , as observed by Colautti et al.
(2004) for many other invasive species. Long term
studies are needed to investigate the effect of the
microsporidian parasites on D. villosus populations.
Persistence of the old populations despite the presence
of Microsporidium sp. D does not suggest that this
parasite can be used to control host populations. A
recent theoretical paper even suggested that parasites
may help to stabilize host population dynamics, there-
fore favouring the successful establishment of an
invasive species (Lively 2006). This needs to be
investigated empirically, along with the potential effect
of Microsporium sp. D on the local invertebrate fauna.
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