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a b s t r a c t

The aim of the study was to determine genetic diversity in the soft-shell clam Mya arenaria on a wide
geographical scale using mtDNA COI gene sequences. Low levels of genetic diversity was found, which
can most likely be explained by a bottleneck effect during Pleistocene glaciations and/or selection. The
geographical genetic structuring of the studied populations was also very low. The star-like phylogeny of
the haplotypes indicates a relatively recent, rapid population expansion following the glaciation period
and repeated expansion following the founder effect(s) after the initial introduction of the soft-shell clam
to Europe. North American populations are characterized by the largest number of haplotypes, including
rare ones, as expected for native populations. Because of the founder effect connected with initial and
repeated expansion events, European populations have significantly lower numbers of haplotypes in
comparison with those of North America. We also observed subtle differentiations among populations
from the North and Baltic seas. The recently founded soft-shell clam population in the Black Sea
exhibited the highest genetic similarity to Baltic populations, which confirmed the hypothesis that
M. arenaria was introduced to the Gulf of Odessa from the Baltic Sea. The most enigmatic results were
obtained for populations from the White Sea, which were characterized by high genetic affinity with
American populations.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The soft-shell clam, Mya arenaria, stands out among other ma-
rine invasive species because of its extensive scale of expansion that
has been caused by repeated human-mediated and natural in-
troductions. The species originated on the Pacific coasts in the
Miocene and extended its range to thewest coasts of the Atlantic. In
Europe, the soft-shell clam appeared in the late Pliocene; thus, it
was native at that time. At the beginning of the Pleistocene, the
soft-shell clam became extinct in Europe and the Pacific and
remained only in eastern America (Hessland, 1946). The recent
dating of Holocene fossil shells found in the Baltic and North seas
places the reappearance of M. arenaria in Europe in the thirteenth
century (Petersen et al., 1992; Beets et al., 2003; Behrends et al.,
2005). Because of a relatively short pelagic stage of about three
weeks, it seems unlikely that the larvae were transported to Europe
by surface ocean currents. Therefore, it is hypothesized that the
soft-shell clammight have been introduced from North America by
the Vikings (Petersen et al., 1992). The first introduction most likely
took place in Jutland; from here the species expanded into the
Baltic and North seas and the Atlantic. The present-day distribution
range in Europe extends from the White Sea through the British
Isles and the North Sea to the Bay of Biscay. Mya arenaria also
appeared in Iceland and Spitsbergen (�Oskarson, 1958, 1961;
Gulliksen et al., 1985; Pempkowiak et al., 1999; �Olafsson and
þ�orarinsd�ottir, 2004). The soft-shell clam has also extended its
distribution range to southern Europe, and the species was re-
ported recently in several locations in Spain and Portugal (Conde
et al., 2010, 2012 and references therein). In 1966, M. arenaria
was reported near Odessa in the Black Sea and became a dominant
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species in numerous regions of the Black and Azov seas several
years later (Gomoiu, 1981). The first findings of the clam in the
Mediterranean Sea date from 1976. Specimens were collected in
Saronikos Bay, Greece (Zenetos et al., 2005). In the 1990s, high
density populations of M. arenaria were recorded in two French
lagoonsdde Berre and de Vaine (Stora et al., 1995; Porcheddu et al.,
1998). In addition, the soft-shell clam has expanded from its native
Atlantic west coast to the eastern Pacific. Prior to 1874, the bivalve
invaded the San Francisco Bay presumably with the introduction of
oysters for mariculture. As a consequence of natural dispersion and
farming, its present distribution in the eastern Pacific extends from
Alaska toMonterey Bay (Hanna,1966).Mya arenaria is also found in
the western Pacific from the Kamchatka Peninsula to southern
Japan and China; however, its occurrence in this region remains
ambiguous because of possible taxonomic misidentification with
the endemicMya japonica, Jay 1856 (Strasser, 1999). The taxonomic
status of M. japonica itself is also ambiguous since some authors
consider it to be a separate species, while according to others it is a
synonym of M. arenaria (Ponurovskii and Kolotukhina, 2000).
Although the soft-shell clam is a common species in a number of
coastal systems world wide, compared to other bivalves little is
known about its population genetics. The first genetic analyses of
the soft-shell clam using isoenzyme electrophoresis were carried
out by Morgan et al. (1978) on two populations from the Atlantic
coasts of North America. The results indicated a low level of genetic
polymorphism. The first genetic analyses of European soft-shell
clam populations also examined the electrophoretic variation of
enzymes in populations from the North and Baltic seas, and these
results also confirmed a low level of intra- and inter-population
genetic variation in M. arenaria (Lasota et al., 2004). Similarly,
ITS-1 ribosomal DNA sequencing of populations from New England
demonstrated low genetic diversity in this species (Caporale et al.,
1997). Strasser and Barber (2009) and Cross et al. (2016) published
results of mitochondrial cytochrome oxidase I sequencing in pop-
ulations from the northwest Atlantic, the northeast Pacific, and
several sites in Europe restricted to the North Sea and the British
Isles. The studies showed a very low within and between pop-
ulations genetic variation. New M. arenaria microsatellite markers
were developed and characterized recently, which indicate that, in
contrast to results obtained using coding markers and ITS-1, there
are high levels of genetic polymorphism and geographical struc-
turing in the soft-shell clam (Krapal et al., 2012; St-Onge et al.,
2013; Cross et al., 2016). The studies mentioned above focused
mainly on American populations, whereas little remains known
about the genetic structure of European populations. The aim of the
present study was to determine the genetic diversity in the soft-
shell clam, Mya arenaria, on a large geographical scale using
Fig. 1. Locations of th
mtDNA COI gene sequences with special emphasis on European
populations, including marginal populations and those established
recently through both natural and human-mediated expansions.
We hypothesize that different types of introduction and expansion,
natural and human mediated, will show the different impacts on
the genetic diversity of the studied species.

2. Materials and methods

2.1. Sampling

A total of 522 adult M. arenaria specimens were collected from
19 locations in Europe and North America (Fig. 1, Table 1). Four of
the locations: Rimouski (Canada e Atlantic), Halifax (Canada e

Atlantic), Maine (USA- Atlantic), and New Jersey (USA e Atlantic),
are considered to be within the native range of the species. The
samples were stored in 96% ethanol before DNA extraction.

2.2. DNA extraction, amplification, and sequencing of mitochondrial
cytochrome oxidase subunit I (COI) locus

Total DNAwas extracted from fragments of tissue (about 1mm3)
using the DNeasy Tissue Kit according to the manufacturer's
(QIAGEN) protocol. DNA extracts from 19 to 35 individuals per
populations were stored at�20 �C. The quality and quantity of DNA
extracts were estimated by agarose gel electrophoresis.

Preliminary sequences obtained with COI universal primers
(Folmer et al., 1994) were used to define the primer set that is
specific to M. arenaria:

Mya F 50-TGTTTTTTCTCTGTGAGCAGG-30 (forward) and
Mya R 50CAGTTAAAAGCATTGTTAAAGCCe30 (reverse). The am-

plifications were performed in an MJ Research thermal cycler (PTC-
200) with a 3 min denaturation step at 95 �C, followed by 35 cycles
at 95 �C for 30 s, 58 �C for 60 s (annealing), 72 �C for 1.5 min
(extension), and 72 �C for 7 min (final elongation). Each PCR reac-
tion mixture (volume 20 ml) contained: 2 ml of DNA extract solution,
1 ml of each primer (10 mM), 0.4 ml dNTPs (10 mM), 2 ml of 10x PCR
buffer, 2 ml MgCl2 (25 mM) and 0.2 ml of GoTaq Flexi DNA Poly-
merase (5 units/ml). The PCR products were purified using a GEN-
OSCREEN kit and sequenced with a Mya R labeled primer according
to the manufacture's protocol.

Sequences for each haplotype were deposited in GenBank
(accession numbers: KX576717-KX576736).

2.3. Data analysis

Sequences were aligned using a CLUSTALW version 1.4
e sampling sites.



Table 1
Sampling informations.

Group Population name Abr. Latitude/Longitude

Northeast Atlantic (European) Odessa, Black Sea, Ukraine BLO 46�33027,4700N/30�47051,8500E
Constanta, Black Sea, Romania BLC 44� 500 N/29� 430 W
White Sea, Russia WS 66�20018,5100 N/33�38009,2700 E
Ask€o area, Baltic Sea, Sweden AK 58�49046,100 N/17�37056,6300 E
Gda�nk Bay, Baltic Sea, Poland GB 54�37043,9100N/18�31036,5400E
Pomeranian Bay, Baltic Sea, Poland PB 54�04,000N/14�15,000E
Vikh€og Sund, Sweden VS 55�43043,2600N/12�57030,4400E
Breitling Lagoon, Baltic Sea, Germany MB 54�10,60 N/12�8,20 E
Sylt, North Sea, Germany SLT 55�02022,5700N/8�24029,1700E
Veerse Meer, Netherlands VM 51� 340 5700 N/3� 370 4100 E
Etang de Berre, France EB 43�24002,5700N/05�08018,3200E
Broadmeadow Estuary, Ireland DL 53�2802900N/6�0900100W
Fossvogur, Reykjavik, Island RK 64�07005,4600N/21�54016,7800W

Northwest Atlantic (American) Lawrencetown Estuary, New Scotland, Canada HF 44�38054,4300N/63�21040,5300W
St. Lawrence River, Rimouski, Canada RM e

Englishman Estuary, Maine, USA MN 44� 36.640 N/67� 28.530 W
Englishman Estuary, Maine, USA MNI e

New Jersey, USA NJ e

Northeast Pacific (American) Potlatch State Park, Seattle, USA, Pacific SL 47� 350 N/123� 150 W

R. Lasota et al. / Estuarine, Coastal and Shelf Science 181 (2016) 256e265258
(Thompson et al., 1994) distributed with BIOEDIT version 7.0.9.0
(Hall, 1999). The ORF was identified, and nucleotide sequences
were translated into amino acids in Mega version 4 software
(Tamura et al., 2007). Several estimates within and among pop-
ulations were calculated to explore the genetic diversity among
native and invasive M. arenaria populations. The number of hap-
lotypes (Nh), the number of segregating sites (S), haplotype di-
versity (Hd) (Nei,1987), and nucleotide diversity (P) (Nei,1987; Nei
and Miller, 1990) were computed using DNASP version 4.10.9
(Rozas et al., 2003). A median-joining network of COI haplotypes
was constructed using NETWORK version 4.5 software (Bandelt
et al., 1999) to examine the phylogeographic structure. The
Kimura (1980) two-parameters model was selected to generate the
Neighbor - Joining tree using Mega version 4 software to show the
relationships between M. arenaria population samples (Tamura
et al., 2007). The mismatch distribution of substitutional
Fig. 2. Median-joining network showing the relationships between the 20 mitochondrial CO
North America (5 on the northwest Atlantic coast and 1 at the northeast Pacific site). The n
steps (one or two). Each circle represents a unique haplotype and the area of each circle (
northwest Atlantic, white- northeast Pacific).
differences between pairs of haplotypes was used to infer the de-
mographic history of M. arenaria populations. Observed and theo-
retical (obtained using the model of constant population size and
the model of population growth-decline) mismatch distributions
were calculated using DNASP version 4.10.9 program (Rozas et al.,
2003). The fit of the observed distributions to those expected un-
der the population expansion model was tested using the sum of
square deviations (SSD) in the program ARLEQUIN version 3.1
(Excoffier et al., 2005). DNASP softwarewas used to perform several
tests of neutrality to test whether M. arenaria populations are at a
mutation-drift equilibrium and to search for additional de-
mographic signals: D statistic of Tajima (1989), D* and F* of Fu and
Li (Fu and Li, 1993), and Fu's Fs (Fu, 1997). The significance of these
statistics were calculated based on 10 000 coalescent simulations.
Significant negative values of Tajima's D and Fu's Fs indicate recent
expansion and/or selection (i.e. mtDNA selective sweeps), whereas
I haplotypes from 522 individuals, collected from 13 locations in Europe and 6 sites in
umber of black points on lines between circles corresponds to the number of mutation
different colors) corresponds to its frequency in different areas (black e Europe, gray-
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positive values indicate a recent population bottleneck
(Charlesworth, 1992). Fu's Fs is a more sensitive indicator than
Tajima's D of population expansion and genetic hitch-hiking and is
also more suitable for small samples (Fu, 1997). Fu and Li (1993) D*
and F* are more sensitive to background selection and help to
differentiate between expansion and selection. When D* and F* are
significant, but Fs is not, selection is more likely to explain deviation
from neutrality (Fu, 1997). The analysis of molecular variance
(AMOVA) using a matrix of pairwise differences between haplo-
types and a pairwise FST (fixation index) (Hudson et al., 1992),
calculated with the ARLEQUIN version 3.1 program, were used to
estimate population genetic structure (Excoffier et al., 2005). FST is
a measure of population differentiation and has a theoretical range
from 0 (no differentiation) to 1 (complete differentiation). Negative
FST value appears due to sampling bias correction in the calcula-
tions and indicates a limited role of the loci in the genetic differ-
entiation of the investigated population. AMOVA is a method of
estimating population differentiation that uses information on the
allelic content of haplotypes as well as their frequencies. The
AMOVA components can be determined for differentiated hierar-
chical levels of a genetic structure (within populations, among
populations, within groups, and among groups), and their signifi-
cance is tested using non-parametric permutation procedures
Table 2
Haplotype distribution and frequencies (number of individuals per haplotype in parenth

Haplo-type Population name

BLO BLC WS AK GB PB VS MB SLT VM

H1 0.43
(9)

0.63
(20)

0.93
(27)

0.64
(18)

0.52
(14)

0.57
(12)

0.56
(15)

0.37
(11)

0.71
(17)

0.7
(2

H2 0.26
(5)

0.25
(8)

0.32
(9)

0.26
(7)

0.29
(6)

0.37
(10)

0.37
(11)

0.08
(2)

0.1
(4

H3 0.26
(5)

0.13
(4)

0.07
(2)

0.04
(1)

0.22
(6)

0.14
(3)

0.07
(2)

0.23
(7)

0.21
(5)

0.1
(4

H4 0.03
(1)

H5

H6

H7

H8

H9

H10

H11

H12

H13

H14

H15

H16

H17

H18

H19

H20

No. of indiv. per
pop.

19 32 29 28 27 21 27 30 24 30
(Excoffier et al., 1992). Multidimensional scaling (MDS) (XLstat
7.5.2) was used to represent relationships among population FST
values. The purpose of MDS is to provide a visual representation of
the pattern of proximities in a limited number of dimensions.
3. Results

We examined mtDNA sequence variation in the cytochrome
oxidase subunit I gene in 522 M. arenaria individuals from 19 lo-
cations throughout its native and invasive distribution ranges. After
multiple sequence alignment, the 519-bp fragment was selected for
further analysis. Twenty haplotypes resulting from 19 individual
mutations at 19 polymorphic sites were observed. The haplotypes
observed differed by one or two (H17) silent nucleotide sub-
stitutions giving rise to a star-like phylogeny of haplotypes (Fig. 2).
One of the haplotypes (H1) was dominant and observed in all 19
populations. This haplotype had a frequency of about 0.11e1.00 for
individual populations, with a frequency of 0.66 for overall sample
locations. Only six haplotypes (H1-H6) from the twenty identified
were noted formore than one individual and only four of them (H1-
H4) occurred in more than one populations. Haplotype H2 was not
observed among the American populations, and haplotypes H7-
H20 were unique, as each one of them was found in a single
eses).

EB DL RK HF RM MN MNI NJ SL Mean

3
2)

0.86
(25)

0.35
(11)

0.11
(3)

0.86
(25)

1.00
(21)

0.79
(27)

0.85
(23)

0.81
(18)

0.77
(27)

0.66
(345)

3
)

0.10
(3)

0.29
(9)

0.37
(10)

0.16
(84)

3
)

0.03
(1)

0.35
(11)

0.52
(14)

0.03
(1)

0.03
(1)

0.06
(2)

0.13
(69)

0.05
(1)

0.09
(3)

0.009
(5)

0.09
(3)

0.006
(3)

0.06
(2)

0.004
(2)

0.03
(1)

0.002
(1)

0.03
(1)

0.002
(1)

0.03
(1)

0.002
(1)

0.03
(1)

0.002
(1)

0.03
(1)

0.002
(1)

0.03
(1)

0.002
(1)

0.03
(1)

0.002
(1)

0.04
(1)

0.002
(1)

0.04
(1)

0.002
(1)

0.04
(1)

0.002
(1)

0.04
(1)

0.002
(1)

0.05
(1)

0.002
(1)

0.05
(1)

0.002
(1)

0.05
(1)

0.002
(1)

29 31 27 29 21 34 27 22 35 522



Fig. 3. Genetic structure and COI mtDNA haplotype distribution along European coasts. Different haplotypes are denoted in different colors: black e H1, white e H2, pane pattern e

H3, and striped pattern e H4. See Table 1 for sample information.
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isolate only (Table 2; Figs. 3 and 4).
Great genetic similarity was observed among the European

populations studied, and the average number of pairwise nucleo-
tide differences (P� 10�3) ranged from 0.26 (WS) to 1.93 (RK) at an
average of 1.22 and a total throughout European populations of
1.29. Haplotype diversity (Hd) in Europe ranged from 0.133 (WS) to
Fig. 4. Genetic structure and COI mtDNA haplotype distribution along northwest Atlantic a
eH1, pane pattern e H3 and striped pattern eH4, gray e unique haplotypes found only in
0.699 (MB) at an average of 0.524 and a total of 0.580. Nucleotide
diversity (P � 10�3) for the northwest Atlantic populations, except
at the Rimouski location (lack of polymorphism), ranged from 0.53
to 0.77, while at the Pacific sites it was 0.85. The total value of
P � 10�3 throughout all the American populations was 0.64.
Haplotype diversity in the northwest Atlantic, with the exception of
nd northeast Pacific coasts. Different haplotypes are denoted in different colors: black
one location. See Table 1 for sample information.



Table 3
Basic genetic diversity estimates.

Population N Nh Hd S P � 10�3 D Tajima's Fu and Li's D* Fu and Li's F* Fu's Fs

America
Seattle (SL) 35 5 0.402 4 0.85 �1.348 �0.000 �0.465 ¡2.702
New Jersey (NJ) 22 5 0.338 4 0.70 ¡1.878 ¡2.716 ¡2.864 ¡3.817
Maine I (MNI) 27 5 0.279 5 0.71 ¡2.004 ¡3.129 ¡3.252 ¡3.503
Maine (MN) 34 6 0.369 5 0.77 �1.777 �2.462 ¡2.628 ¡4.570
Halifax (HF) 29 5 0.261 4 0.53 ¡1.889 ¡2.964 ¡3.076 ¡4.341
Rimouski (RM) 21 1 0.000 0 0.00 e e e e

Mean for American populations (standard deviation) 28.2 (5.7) 4.5 (1.8) 0.275 (0.145) 3.7 (1.9) 0.59 (0.31)
Total over Atlantic American pop. without Rimouski 133 17 0.266 16 0.58
Total for all American populations 168 19 0.295 18 0.64
Europe
Reykjavik (RK) 27 3 0.604 2 1.93 1.974 0.820 1.317 1.525
Dublin (DL) 31 3 0.686 2 1.73 1.614 0.802 1.192 1.375
Veerse Meer (VM) 30 3 0.441 2 0.92 �0.108 0.806 0.633 �0.025
Sylt (SLT) 24 3 0.467 2 0.97 �0.131 0.837 0.656 �0.072
Mecklenburg Bay (MB) 30 4 0.699 3 1.77 0.497 0.263 �0.051 0.193
Pomeranian Bay (PB) 21 3 0.600 2 1.32 0.538 0.858 0.886 0.441
Vikhog Sund (VS) 27 3 0.570 2 1.21 0.440 0.820 0.823 0.448
Asko (AK) 28 3 0.500 2 1.01 0.040 �0.714 �0.580 0.109
Gulf of Gda�nsk (GB) 27 3 0.638 2 1.46 0.975 0.820 0.997 0.856
Constanta (BLC) 32 3 0.548 2 1.18 0.471 0.798 0.814 0.522
Odessa (BLO) 19 3 0.673 2 1.58 1.029 0.875 1.050 0.727
White Sea (WS) 29 2 0.133 1 0.26 �0.753 0.598 0.261 �0.410
Etang de Berre (EB) 29 3 0.254 2 0.50 �1.009 �0.726 �0.930 �1.168
Mean for European populations (standard deviation) 27.2 (3.8) 3 (0.4) 0.524 (0.169) 2 (0.4) 1.22 (0.49)
Total for all European populations 354 4 0.580 3 1.29
Mean for all populations (standard deviation) 27.5 (4.4) 3.5 (1.2) 0.445 (0.198) 2.5 (1.3) 1.02 (0.53)
Total for all populations 522 20 0.521 19 1.15

N-number of individuals, Nh-number of haplotypes, S-number of polymorphic (segregating) sites, Hd-haplotype (gene diversity), p - nucleotide diversity. Statistically sig-
nificant values indicated in bold (P < 0.05).
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the Rimouski population, ranged from 0.261 to 0.338, while it was
0.402 in the northeast Pacific, with a total value throughout all
American populations of 0.295 (Table 3). AMOVA and pairwise FST
value analysis let us examine genetic structure and M. arenaria
population differentiation. The pairwise relationships among the
population pairs are presented in Table 4. The analysis of pairwise
FSTs and their corresponding P values revealed, based on genetic
similarity, the existence of four groups among all the locations,
defined as: group 1 (RK), group 2 (VS, AK, GB, BLC, PB, BLO, MB, DL),
group 3 (SLT, VM, EB), and group 4 (SL, MN, NJ, MNI, HF, WS, RM).
Among European populations, the one from the White Sea is
interesting. The lowest pairwise FST and corresponding P values
were noted between theWS and HF populations (FST¼�0.01134; P
for FST ¼ 0.990). The population from the White Sea, like all the
American populations, is significantly different from population RK.
FST values are also presented as anMDS plot (Fig. 5), and, in spite of
a high stress value (stress: 0.262), similar geographical clustering is
observed. Also the clustering tree based on the Kimura (1980) two-
parameters distance gives similar pattern of relationships between
the populations (Fig. 6). AMOVAwas used to test across all locations
treated as one “population”, one group, andwhenpopulations were
assigned to above described groups based on pairwise FST values.
The AMOVA results showed thatmore than 80% of the variationwas
within populations (Table 5). All of the studied populations
exhibited L-shaped, unimodal patterns of mismatch distribution,
which is expected with population expansion (Fig. 7). The observed
distributions fit those anticipated with the population expansion
model (SSD p-value> 0.1 in all populations except Constanta
(p ¼ 0.010) and the Gulf of Gdansk (p ¼ 0.040)).

Tajima’s D, Fu and Li’s D* and F*, and Fu’s Fs were significantly
negative for all populations from the northwest Atlantic coast
except Seattle (Pacific) (Table 3), where only significantly negative
value was found for Fs (however, negative values were also noted
for other statistics). to: Tajima’s D, Fu and Li’s D* and F*, and Fu’s Fs
were negative for all American populations, and statistically sig-
nificant in most cases (Table 3).
4. Discussion

The results obtained in the present study are in agreement with
the previous studies suggesting a very low level of intra- and inter-
population genetic diversity of M. arenaria in the mtDNA COI gene
(Strasser and Barber, 2009; Cross et al., 2016), as well as in allozy-
mic and ITS-1 markers (Morgan et al., 1978; Caporale et al., 1997;
Lasota et al., 2004). As suggested in previous studies, this phe-
nomenon is most likely explained by a sudden population expan-
sion following the bottleneck effect during the Pleistocene
glaciations. This hypothesis is strongly supported in the present
study by the star-like topology of the haplotypic network,
neutrality tests, and mismatch distribution analyses. However,
high, significantly negative values of all implemented neutrality
tests in the American populations suggest that these refugial pop-
ulations could not have suffered from a serious bottleneck that
caused the loss of rare haplotypes (otherwise the neutrality test
would produce positive values). Indeed it is the most likely that
after a sudden expansion following the bottleneck caused by the
Pleistocene glaciations, a high mutation rate in local populations
explains the existence of rare haplotypes. If rare haplotypes would
have a common origin, they would be found in different modern
American populations, whereas the rare haplotypes are unique in
particular populations, suggesting that those mutations happened
after the sudden expansion. It should be noted however, that those
rare haplotypes occurs in a very low frequency (usually one indi-
vidual per sample possesses this haplotype). Therefore, it can not
be excluded that they are not unique to specific population and that
observed pattern is due to insufficient sampling. Thus, besides
bottleneck during glaciations, selection as an additional factor
determining the low level of genetic diversity in M. arenaria, on
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Table 4
Pairwise population FSTs and their corresponding P values.

SL BLC DL MN VM WS EB RM RK AK MB GB VS SLT HF PB MNI NJ BLO

SL * 0.00000 0.00000 0.03604 0.02703 0.36036 0.06306 0.18919 0.00000 0.00000 0.00000 0.00000 0.00000 0.02703 0.35135 0.00000 0.24324 0.36937 0.00000
BLC 0.10742 * 0.07207 0.00000 0.47748 0.00901 0.21622 0.00000 0.00901 0.45946 0.33333 0.76577 0.41441 0.22523 0.00000 0.99099 0.00000 0.00901 0.54054
DL 0.20057 0.03893 * 0.00000 0.04505 0.00000 0.00000 0.00000 0.41441 0.03604 0.44144 0.58559 0.07207 0.10811 0.00000 0.19820 0.00000 0.00000 0.80180
MN 0.02259 0.11101 0.21277 * 0.02703 0.39640 0.07207 0.31532 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.18919 0.00000 0.17117 0.14414 0.00000
VM 0.04355 �0.00737 0.06865 0.05091 * 0.18018 0..53153 0.01802 0.00000 0.09009 0.04505 0.32432 0.07207 0.60360 0.13514 0.47748 0.01802 0.02703 0.24324
WS 0.00679 0.12092 0.21896 0.00931 0.03579 * 0.42342 0.46847 0.00000 0.00000 0.00000 0.00000 0.00000 0.16216 0.99099 0.00000 0.28829 0.18018 0.00901
EB 0.03052 0.03257 0.16623 0.02691 �0.00523 0.02521 * 0.29730 0.00000 0.04505 0.00000 0.01802 0.01802 0.13514 0.21622 0.06306 0.13514 0.09910 0.02703
RM 0.01468 0.14550 0.25914 0.00376 0.07848 0.01985 0.03570 * 0.00000 0.00000 0.00000 0.00000 0.00000 0.02703 0.99099 0.01802 0.99099 0.99099 0.00000
RK 0.33137 0.15255 0.00040 0.34263 0.19775 0.36671 0.31434 0.40263 * 0.00000 0.11712 0.05405 0.00000 0.00000 0.00000 0.02703 0.00000 0.00000 0.18919
AK 0.17303 �0.01072 0.09793 0.16803 0.05237 0.22260 0.07980 0.23425 0.21505 * 0.13514 0.13514 0.72072 0.00000 0.00000 0.81982 0.00000 0.00901 0.15315
MB 0.18711 0.00252 �0.00897 0.19885 0.05716 0.21364 0.13110 0.23636 0.04844 0.02295 * 0.72973 0.41441 0.05405 0.00000 0.52252 0.00000 0.00000 0.76577
GB 0.13076 �0.02051 �0.01254 0.13969 0.00373 0.14771 0.07683 0.18691 0.07125 0.02358 �0.02042 * 0.41441 0.28829 0.00000 0.81982 0.00000 0.00000 0.99099
VS 0.20185 �0.00660 0.07036 0.19920 0.06862 0.25054 0.11567 0.26490 0.17039 �0.03055 �0.00122 0.01234 * 0.02703 0.00000 0.61261 0.00000 0.00000 0.27027
SLT 0.05068 0.02425 0.04893 0.06500 �0.02134 0.04742 0.04270 0.12454 0.16181 0.11457 0.06907 0.00933 0.12060 * 0.04505 0.19820 0.00000 0.03604 0.28829
HF 0.01072 0.11589 0.22184 0.00752 0.04602 �0.01134 0.01832 �0.01163 0.36038 0.18946 0.20810 0.14748 0.22128 0.06501 * 0.00000 0.45946 0.33333 0.00000
PB 0.13113 �0.03837 0.01509 0.13456 0.00094 0.16575 0.05803 0.20000 0.11435 �0.02056 �0.02167 �0.03380 �0.02469 0.03125 0.14966 * 0.00000 0.00000 0.62162
MNI 0.00426 0.11898 0.22928 0.01175 0.06024 0.01108 0.02344 �0.00966 0.36074 0.17499 0.20630 0.15385 0.20814 0.08491 0.00038 0.14695 * 0.83784 0.00000
NJ 0.00164 0.10936 0.21208 0.01145 0.05536 0.01550 0.02404 �0.00217 0.33694 0.16127 0.18932 0.13994 0.19160 0.07647 0.00283 0.13160 �0.00742 * 0.00000
BLO 0.14887 �0.01416 �0.03297 0.15922 0.01225 0.18232 0.10616 0.23490 0.03648 0.04005 �0.02936 �0.04458 0.02167 0.00784 0.17537 �0.03105 0.17875 0.15967 *

Below diagonal: population pairwise FST values; Above diagonal: FST P values. Significant FST and P values are denoted in bold (significance level 0.05).
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Table 5
AMOVA results.

Source of variation Degrees of freedom Sum of squares Covariance components Percentage of variation Fixation indexes

AMOVA testing across all locations (one group)
Among populations 18 21.854 0.03444 Va 11.34 FST: 0.11345
Within populations 503 135.384 0.26915 Vb 88.66
Total 521 157.238 0.30359

Populations grouped to maximize among-group variance (FCT e value)

4 groups: 1(RK), 2(VS, AK, GB, BLC, PB, BLO, MB, DL), 3(SLT, VM, EB), 4(SL, MN, NJ, MNI, HF, WS, RM)
Among groups 3 17.568 0.04851 Va 15.24 FCT: 0.15241
Among populations within groups 15 4.286 0.00060 Vb 0.19 FSC: 0.00224
Within populations 503 135.384 0.26915 Vc 84.57 FST: 0.15431
Total 521 157.238 0.31826

Va, Vb, and Vc are the associate covariance components. FCT, FST, and FSC are the F-statistics. Significant values are indicated in bold (P < 0.000001 after 1023 permutations).
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markers. Apart from the influence of glaciations on the gene pool,
the authors suggest other possible explanations for the low genetic
polymorphism observed in allozymic loci: metapopulation dy-
namics, the fixation of a few selectively advantageous alleles in a
fine-grained environment, and/or “background selection,” i.e., se-
lection against deleterious alleles (Grant et al., 2011). Indeed
M. arenaria often exhibits specific population dynamics close to the
metapopulation model, i.e., extinction and recolonization events
(e.g. by Palacios et al., 2000; Prena, 1994). M. arenaria is also an
eurytopic species that is able to survive under a wide range of
environmental conditions. The maintenance of genetic poly-
morphism in heterogeneous environments remains fundamentally
a question of population genetics. One theory argues that selection
in a heterogeneous environment maintains stable polymorphism.
However, there is also evidence that selection in a heterogeneous
environment can sometimes reduce genetic variation (Pamilo,
1988).

The geographical genetic structuring of the studied populations
was low. A relatively recent, rapid population expansion following
the glaciation period in the American populations, which, together
with high gene flow (because of the occurrence of pelagic larvae
that can survive in the water column for up to two to three weeks
depending on water temperature, Strasser, 1999) is reflected in the
genetic homogeneity among populations. Mya arenaria from the
Atlantic and Pacific coasts belong to the same group, which is not
surprising since the soft-shell clam invaded San Francisco Bay only
prior to 1874, presumably along with the introduction of oysters for
mariculture from the Atlantic coast. As an effect of natural disper-
sion and farming, its present distribution in the eastern Pacific
extends from Alaska to Monterey Bay (Hanna, 1966). The popula-
tion from Seattle did not show signs of founder effect; thus, the
number of founding individuals was probably relatively high.
Populations from the northwest Atlantic are characterized by the
largest number of haplotypes including rare ones (except the
Rimouski population, which probably experienced serious bottle-
neck effect and shows a lack of genetic polymorphism), as expected
for native populations. In contrast, because of the founder effect
connected with initial and repeated expansion events, European
populations possess significantly lower numbers of haplotypes in
comparison with the North American populations. The positive
values of neutrality tests clearly indicate a founder effect in the
European populations and the loss of rare haplotypes. As suggested
in the literature, the soft-shell clam might have been introduced
from North America by the Vikings (Petersen et al., 1992). The first
introduction was most likely in Jutland, and from there the species
expanded into the Baltic, North Sea, and Atlantic. The initial
introduction was probably connected with a severe founder effect
that is still apparent in the European populations that originated
from this initial introduction and further extended the distribution
range of the species through natural and human mediated in-
troductions. A very interesting finding of the present study is also
the presence of haplotype H2, which is unique in European pop-
ulations and is present at a relatively high frequency in all European
populations. Thus, this haplotype had to be fixated at the beginning
of species' expansion in Europe. The Icelandic population is prob-
ably an extension of continental European populations. The
observed dissimilarity in haplotype frequencies is because of
limited gene flow and founder effect, a phenomenon that is typical
for marginal populations living at the edge of the distribution range
of the species. Similar situation can be observed in the Irish pop-
ulation. The evident founder effect in Icelandic population suggests
colonization with a limited number of pioneer individuals. There-
fore, the natural dispersion of a small number of larvae with the
West Spitsbergen current, under occasionally optimal conditions,
seems very probable. However human mediated introduction can
not be also excluded at this step. We also observed subtle differ-
entiation between the populations from the North and Baltic seas.
One explanation includes the passage of the Baltic population
through a founder effect during its natural expansion from the
North Sea after the initial introduction. Additional factor deter-
mining genetic structure of the Baltic populations is the limited
gene inflow to the partially isolated and semi-enclosed Baltic Sea.
The recently founded soft-shell clam population in the Black Sea
showed the highest genetic identity to Baltic populations, which
confirms the hypothesis regarding the introduction of M. arenaria
to the Gulf of Odessa from the Baltic Sea (Strasser,1999); thus, larval
transport with ballast waters seems to be the most probable vector
of introduction. The most confusing results in the present study
were obtained for the populations from the Mediterranean and
White seas. Isolation of these populations, as well as genetic drift
and/or selection, could explain the observed results, however other
explanations should also be taken into account. The population
from Etang de Berre showed the highest genetic similarity to
population from Veerse Meer, Netherlands, what does not support
the hypothetical Black Sea origin of this population and suggests
colonization from East Atlantic. However, even though Mediterra-
nean population possess haplotype H2which is unique in European
populations, still it occupies an intermediate position between the
American and European populations. According to Zenetos et al.
(2004), that the soft-shell clam was introduced to Mediterranean
intentionally for mariculture but also unintentionally with ballast
water. Thus, alternatively, this species could be introduced
repeatedly, including being transported from America with ballast
waters. The White Sea population was characterized by high ge-
netic affinity with American populations. This suggest the hy-
potheses that the population from the White Sea could have been
also introduced independently from North America. Interestingly,
the Vikings traveled regularly to the coasts of the White Sea



Fig. 7. Examples of observed and expected mismatch distributions (on the left side expected curves from a constant population size model, on the right side from the population
growth-decline model).
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between 1000 and 1350 and established close trade and social
contacts with the native people there (Hofstra and Samplonius,
1995).

In summation, our study shows that the genetic variability in
the soft-shell clam, M. arenaria, reflects complex expansion history
of the species in the World Ocean. Two different types of intro-
duction and expansion, natural and human mediated, shows the
different impacts this had on the gene pools of the studied pop-
ulations. The results obtained contribute to the phylogeography of
the soft-shell clam in the World Ocean and provide more detailed
insight into the historical and contemporary processes that have
determined the genetic diversity of this species. However, the
geographical structuring revealed bymtDNAwas lowand the use of
this molecular marker did not allowed to answer all questions
related to the expansion history. Thus, the use of highly poly-
morphic markers such as microsatellites would be recommended
in future studies, especially to solve phylogeographic relationships
of Mediterranean and White Sea populations.
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