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Abstract The edible cockle Cerastoderma edule is a
marine bivalve commercially fished in several European
countries that have lately suffered a significant decrease in
production. Despite its commercial importance, genetic
studies in this species are scarce. In this work, genetic
diversity and population differentiation of C. edule has
been assessed using 11 microsatellite markers in eight
locations from the European Atlantic coast. All localities
showed similar observed and expected heterozygosity
values, but displayed differences in allelic richness, with
lowest values obtained for localities situated farther north.
Global Fst value revealed the existence of significant
genetic structure; all but one locality from the Iberian
Peninsula were genetically homogeneous, while more
remote localities from France, The Netherlands, and
Scotland were significantly different from all other locali-
ties. A combined effect of isolation by distance and the
existence of barriers that limit gene flow may explain the
differentiation observed.
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Introduction

Many bivalve fisheries are currently being overexploited
due to the increasing demand for seafood on a global scale.
To avoid compromising the survival of these fisheries,
management strategies comprising a better understanding
of bivalve biology are necessary. In particular, the char-
acterization of genetic diversity and a good understanding
of population structure are important for delineating man-
agement units and maintaining the evolutionary potential.
Even though low or no genetic structure is expected for
most marine organisms, given their high dispersal potential
and the absence of evident barriers in most of the marine
environment, there are increasing reports of differentiation
of bivalve populations over large and small scales (Reeb
and Avise 1990; Ridgway 2001; Luttikhuizen et al. 2003;
Arias et al. 2011). Exploitation without taking into account
the genetic background can cause alterations of the genetic
subdivision of populations and loss of genetic variation
(Allendorf et al. 2008), decreasing their fitness and adap-
tive potential.

The cockle Cerastoderma edule (Bivalvia: Cardiidae) is
a filter-feeding bivalve that inhabits the marine soft-bottom
intertidal and shallow subtidal along the European coast. Its
distribution comprises the eastern Atlantic coast, from
Senegal in western Africa to the Barents Sea, reaching into
marginal seas like the Baltic and the Mediterranean
(Hayward and Ryland 1995). Cockles are relatively short
lived, mature quickly, and have a high fecundity (Honkoop
and van der Meer 1998) with very variable recruitment and
population size. Cockle larvae are exposed to tidal currents
and drift for approximately 30 days before metamorphos-
ing and settling to the seabed as postlarvae (Dare et al.
2004). Cerastoderma edule plays a key role in coastal food
webs of the northeast Atlantic and is commercially fished
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in several countries including United Kingdom, Spain,
France, and Portugal. According to FAO statistics, Euro-
pean production of this species has suffered a sharp
decrease, going from 107,794 tons in 1987 to 24,799 tons
in 2008. Its overexploitation is especially evident in The
Netherlands, being the main producing country during the
80 and 90s, with a maximum of 76,349 tons in 1989, but
with no registered production nowadays.

Despite its commercial importance, few studies regard-
ing population genetics in C. edule have been carried out.
Most of them are based on allozyme markers. Beaumont
et al. (1980) analyzed genetic variation at the Octopine
dehydrogenase (Odh) locus in four localities coming from
Wales, France, and The Netherlands, and they found sig-
nificant differences between localities situated east and
west of the English Channel. By contrast, Hummel et al.
(1994) studied seven allozyme loci and found high gene
flow among localities from Denmark, The Netherlands, and
France. Beaumont and Pether (1996), by means of nine
loci, concluded that there was little differentiation of
cockle beds around southern UK, without any clear sepa-
ration between western and eastern localities. In a recent
study, Krakau et al. (2012) used mitochondrial cytochrome
oxidase subunit I (COI) to assess the genetic variability in
19 sampling sites. They found two dominant central hap-
lotypes separated by low divergence.

This study aims to assess the genetic diversity and
population differentiation of eight European localities
using microsatellites as molecular markers. Being more
polymorphic than allozymes and mitochondrial markers,
microsatellites should be more powerful to detect genetic
structure and outcrossing rates.

Materials and methods
Sample collection and DNA extraction

Samples of C. edule were collected from eight locations
(Fig. 1): Aveiro (Portugal), San Simén, Boiro, Corcubion
and Ferrol (northwest Spain), Brest (France), Oostersc-
helde (The Netherlands), and Isle of Lewis (Scotland).
Total genomic DNA was extracted from the adductor
muscle according to Fernandez-Tajes and Méndez (2007).
For samples collected from Spain, DNA extraction was
carried out from fresh tissue, while for the rest of localities,
cockle tissue was preserved in ethanol until extraction.

Genetic variation
Individual genotypes were determined for 11 polymorphic

microsatellites according to Martinez et al. (2009). Allele
frequencies, observed number of alleles per locus (N,),
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Fig. 1 Sampling sites location: Aveiro (Ave); San Simén (Sim);
Boiro (Boi); Corcubion (Cor); Ferrol (Fer); Brest (Bre); Oostersc-
helde (Oos); Isle of Lewis (ILe). Continuous line indicates a potential
barrier to gene flow as identified by Barrier software

observed heterozygosity (H,), and unbiased expected het-
erozygosity (H,) of Nei (1978) were obtained with the
Genetix v.4.03 software (Belkhir et al. 2004). Allelic
richness (Rs) per locus and per locus-locality combination
was computed with Fstat v. 2.9.3.2 (Goudet 2002).
A Friedman test was carried out to compare allelic richness
between localities with the statistical package SPSS 16.0
(SPSS Inc.). A post hoc analysis on the Friedman test was
carried out as described in Bortz et al. (2000).

Tests for agreement with Hardy—Weinberg equilibrium
(HWE) and linkage disequilibrium between pairs of loci
within each locality were carried out with Genepop v.4.0
software (Rousset 2008). The significance was determined
by a Markov chain method using 10,000 dememorizations,
1,000 batches, and 5,000 iterations per batch. Micro-
Checker software (Van Oosterhout et al. 2004) was used to
examine microsatellite data for evidence of null alleles and
their frequency was estimated following Brookfield (1996).
The frequency of private alleles in each locality was tested
for correlation with sample size. Should multiple tests be
carried out, P values were adjusted using the sequential
Bonferroni correction (Rice 1989).

Both the Ewens—Watterson homozygosity test (Watter-
son 1978; Watterson 1986) and the Ewens—Watterson—
Slatkin exact test (Slatkin 1994; Slatkin 1996) were carried
out to check for departures from selective neutrality using
Arlequin 3.11 software (Excoffier et al. 2005).

Population differentiation

Tests for genic and genotypic differentiation for all pairs of
localities were performed using Genepop v.4.0 software.
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Weir and Cockerham’s F statistics (1984) computed over
all localities, over all loci, and on a pair-wise basis between
localities were obtained using Genetix v.4.03 software,
which was also used to determine probability of signifi-
cance of Fst values by a nonparametric permutation
approach (10,000 permutations). Since the Fst value is
highly dependent on the level of genetic variation, making
the interpretation and comparison of the level of genetic
differentiation between loci and studies difficult, a stan-
dardized measure (Fst’) was calculated in an analogous
way to Hedrick’s approach (2005). That is, the observed
value of Fst was divided by the maximum level of genetic
differentiation that can be obtained for the observed
amount of genetic variation. This maximum value was
calculated by recoding the data such that all populations
only contain unique alleles. The standardized measure was
interpreted as equal to zero when negative values of Fst
were obtained. When multiple tests were performed, sig-
nificance values were adjusted using the sequential Bon-
ferroni correction.

A hierarchical analysis of molecular variance (AM-
OVA) locus by locus was conducted using Arlequin 3.11
software to assess the component of genetic diversity
attributable to variance among groups (different regional
groupings were tested), variance among localities within
groups, and variance within localities.

A Mantel test with 10,000 randomizations, as imple-
mented in software IBDWS v.3.16 (Jensen et al. 2005), was
also carried out to check for linear correlation between
genetic differentiation (Fst/(1—Fst)) and the natural log of
geographical distance between sample pairs (measured as
the coastline distance (km) between sampling locations).
Latitude and longitude coordinates were obtained for each
sampling location and used along with the genetic data
collected from the microsatellite analysis to generate a
connectivity network of genetic distances based on Dela-
unay triangulation using Barrier v.2.2 software (Manni
et al. 2004). Monmonier’s maximum difference algorithm
was then used to identify the main putative genetic
boundary across the oceanographic landscapes. Signifi-
cance was established by bootstrap (100 replicates used).

Results

Genetic variation statistics by locus, locality, and overall
are shown in Table 1. All loci analyzed were polymorphic
in all localities; number of alleles per locus ranging from
eight (CeATC2-44) to 48 (CeATC2-11). Allelic richness
across localities per locus varied between 5.052 (CeATC1-
36) and 19.627 (CeATC1-5). Expected heterozygosity per
locus ranged from 0.384 (CeATC1-36) to 0.929 (CeATCl1-
5), and observed heterozygosity from 0.229 (CeATC2-12)

to 0.821 (CeATC1-22). For each locus-locality pair, allelic
richness ranged from 4.235 (CeATCI1-36 in Aveiro) to
21.348 (CeATC1-5 in Ferrol).

Regarding localities, Friedman test (P = 0.016) detected
significant differences in allelic richness, and post hoc
analysis showed that Isle of Lewis’ allelic richness was
significantly different from those of Ferrol and Brest
(P = 0.004 and P = 0.037, respectively). Sixty-three out of
the 248 alleles detected across loci were private, although
their frequency was always lower than 0.05. The number of
private alleles was strongly correlated with sample size
(Friep = 22992, P = 0.003, Rﬁd_, = 0.793). All localities
showed similar values of expected and observed heterozy-
gosity, ranging from 0.729 (Corcubidn) to 0.756 (Oostersc-
helde) and from 0.535 (Brest) to 0.602 (Boiro), respectively,
and for all of them, values of expected heterozygosity were
higher than those of observed heterozygosity.

Linkage disequilibrium tests performed for all pair of
loci across localities gave no significant values (P > 0.05)
for the 440 comparisons analyzed. Fifty-five out of the 88
locality-locus combinations showed no significant devia-
tions from HWE after sequential Bonferroni correction.
Four out of the 11 loci conformed to HWE in all localities
(CeATC1-22, CeATC1-36, CeATC1-52, and CeATC2-34),
while three (CeATC1-5, CeATC2-12, and CeATC2-51)
showed significant departures from HWE in almost all
localities. All combinations departing from HWE expec-
tations but one showed positive Fis values, which indicates
the existence of a heterozygote deficit. The exception
comprises locus CeATC2-44 in Aveiro, which shows sig-
nificant departure from HWE, although Fis value for the
combination is very close to zero. This is due to the fact
that even though global homozygote and heterozygote
frequencies do not differ from expected values, distribution
of heterozygote genotypes is not consistent with predicted
values. Deviations from HWE were also detected for all
localities across loci, all of which display positive Fis
values ranging from 0.200 (Boiro) to 0.272 (Brest).

According to Microchecker software, eight loci showed
evidence of the presence of null alleles, three (CeATC1-5,
CeATC2-12, and CeATC2-51) at high frequencies (>0.2)
for several localities. Allele frequencies were corrected for
putative null alleles using FreeNa software (Chapuis and
Estoup 2007). Nevertheless, the estimated allele frequen-
cies and the outcome of the statistical tests of differentia-
tion were very similar to the original ones and only these
are presented. Moreover, taking into account that the
presence of null alleles at frequencies above 0.2 leads to a
considerable overestimation of Fst estimators and genetic
distance (Chapuis and Estoup 2007), these three loci were
removed from subsequent analyses.

Ewens—Watterson homozygosity test reported devia-
tions from neutrality at locus CeATC1-5 in Aveiro, San
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Table 1 Summary statistics of genetic diversity within C. edule

Ave Sim Boi Cor Fer Bre Oos ILe Total
CeATCI-5
N 57 49 45 40 56 39 73 38 397
Ny 22 (1) 21 (1) 19 (1) 21 (0) 26 (5) 22 (2) 20 (1) 12 (0) 36
R 195-261 195-290 184-258 192-258 171-380 192-380 192-397 192-243 171-397
Rg 19.486 19.089 17.513 19.248 21.348 20.984 17.146 11.367 19.627
Ac 207 243 240 207 198 195 207 207 207
Ac freq 0.123 0.112 0.133 0.150 0.134 0.115 0.288 0.382
H, 0.937 0.942 0.934 0.930 0.936 0.950 0.880 0.785 0.929
H, 0.667%* 0.612%: 0.711%* 0.5507%* 0.607%* 0.308°%* 0.3297: 0.2377% 0.506%*
Fis 0.290 0.353 0.241 0412 0.353 0.679 0.628 0.701 0.455
CeATC1-22
N 56 52 54 41 51 47 78 45 424
Ny 8 (0) 9 (1) 8 (0) 7 (0) 8 (0) 8 (0) 9 (1) 7 (0) 11
R 166-190 163-187 166-190 166-184 166-187 169-190 135-190 166-184 135-190
Rg 7.159 8.348 7.389 6.940 7.676 7.278 7.296 6.378 7.346
Ac 175 175 175 175 172/175 175 175 175 175
Ac freq 0.429 0.298 0.370 0.329 0.265 0.0436 0.333 0.356
H, 0.742 0.821 0.764 0.787 0.812 0.739 0.780 0.781 0.781
H, 0.750 0.885 0.704 0.756 0.902 0.787 0.872 0.889 0.821%#:
Fis —0.011 —0.078 0.079 0.040 —0.113 —0.066 —0.119 —0.140 —0.052
CeATCI-36
N 63 51 49 37 52 46 77 43 418
Ny 5(0) 5(0) 6 (0) 5(0) 7 (0) 6 (0) 6 (0) 6 (0) 9
R 135-57 135-147 132-157 135-147 129-147 135-151 135-157 129-151 129-157
Rs 4.235 4.542 4.898 4.834 5.869 5.021 4.966 5.163 5.052
Ac 144 144 144 144 144 144 144 144 144
Ac freq 0.786 0.833 0.704 0.797 0.788 0.826 0.740 0.733
H, 0.367 0.299 0.473 0.355 0.369 0.311 0.428 0.441 0.384
H, 0.333 0.255 0.367 0.378 0.308* 0.304 0.442 0.395 0.3527%*
Fis 0.091 0.149 0.225 —0.066 0.167 0.020 —0.032 0.105 0.085
CeATCI-52
N 52 46 49 41 48 45 73 37 391
Ny 17 (4) 11 (0) 16 (3) 9 (0) 17 (2) 15 (1) 14 (0) 10 (0) 28
R 112-260 123-181 120-247 130-181 123-275 109-181 126-181 109-181 109-275
Rg 13.602 10.191 13.655 8.673 14.563 12.406 9.983 9.326 11.822
Ac 136 136 136 136 136 136 136 139 136
Ac freq 0.346 0.348 0.276 0.463 0.354 0.433 0.342 0.257
H, 0.823 0.800 0.854 0.740 0.827 0.770 0.769 0.822 0.805
H, 0.808 0.761 0.816 0.756 0.729 0.756 0.699%* 0.838 0.765%
Fis 0.019 0.050 0.044 —0.023 0.119 0.019 0.093 —0.031 0.050
CeATC1-54
N 61 53 57 41 60 47 72 45 436
Ny 18 (1) 17 (1) 17 (2) 13 (1) 18 (0) 19 (1) 21 (4) 15 (3) 40
R 141-215 108-209 108-282 108-185 108-203 108-212 108-282 148-288 108-288
Rs 14.260 13.409 13.915 11.495 14.144 15.837 13.920 12.226 14.673
Ac 154 154 151 154 154 151 154 151 154
Ac freq 0.320 0.396 0.342 0.427 0.325 0.287 0.313 0.367
H, 0.811 0.771 0.818 0.759 0.835 0.836 0.799 0.749 0.804
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Table 1 continued

Ave Sim Boi Cor Fer Bre Oos ILe Total
H, 0.557%%* 0.566* 0.684 0.537* 0.683%* 0.575%%* 0.722* 0.533 0.617%*
Fis 0.314 0.268 0.164 0.295 0.183 0.316 0.097 0.291 0.233
CeATC2-4
N 55 57 61 34 56 38 73 38 412
Ny 13 (1) 10 (0) 9 (0) 7 (0) 10 (0) 11 (0) 14 (3) 6 (0) 19
R 161-190 155-190 155-184 161-178 155-190 155-255 152-264 164-255 152-264
R¢ 10.205 8.253 7.251 6.817 8.630 10.346 10.878 5.968 10.206
Ac 172 172 172 172 172 172 172 175 172
Ac freq 0.518 0.526 0.623 0.559 0.625 0.382 0.377 0.474
H, 0.694 0.670 0.579 0.637 0.581 0.787 0.804 0.710 0.722
H, 0.400%* 0.439%:* 0.426* 0.412%* 0.464* 0.684 0.548% 0.605* 0.4907%#*
Fis 0.426 0.347 0.26 0.357 0.203 0.132 0.320 0.149 0.321
CeATC2-11
N 60 57 61 38 61 47 73 41 438
Ny 26 (3) 25 (2) 23 (4) 20 (1) 23 (2) 21 (0) 22 (3) 14 (0) 48
R 122-378 122-372 122-392 122-335 122-350 122-378 122-367 122-274 122-392
Rs 18.279 18.584 17.708 18.361 17.159 17.486 16.435 12.980 17.659
Ac 214 214 214 214 170 170 170 170 170
Ac freq 0.217 0.175 0.221 0.197 0.189 0.245 0.240 0.232
H, 0.890 0.903 0.887 0.903 0.899 0.878 0.878 0.873 0.890
H, 0.767* 0.842 0.853 0.763* 0.902 0.723% 0.808 0.561%%* 0.790%*
Fis 0.140 0.067 0.039 0.157 —0.003 0.177 0.080 0.360 0.113
CeATC2-12
N 53 52 50 31 52 40 70 32 380
Ny 11 (0) 9 (0) 9 (1) 11 (1) 13 (1) 9 (1) 7 (1) 6 (0) 19
R 84-152 84-152 117-152 84-167 84-164 84-164 84-145 84-142 84-167
Rg 9.534 7.782 8.033 11.000 11.229 8.218 5.550 5.968 9.287
Ac 123 123 129 123 123 123 123 123 123
Ac freq 0.396 0.481 0.400 0.387 0.462 0.538 0.407 0.391
H, 0.765 0.661 0.691 0.784 0.736 0.657 0.690 0.711 0.717
H, 0.245%%* 0.250%** 0.180%** 0.258%** 0.308%*%* 0.250%* 0.143%** 0.250%* 0.229%*
Fis 0.682 0.624 0.742 0.674 0.584 0.623 0.794 0.652 0.681
CeATC2-34
N 59 57 58 37 57 46 73 46 433
Ny 912 10 (0) 9 (0) 8 (1) 8 (0) 8 (0) 9 (0) 5(0) 14
R 157-200 154-194 157-194 157-197 154-194 157-194 157-194 157-191 154-200
Rs 7.342 7.970 7.810 7.786 6.874 7.022 7.418 4.999 7.154
Ac 191 191 191 191 191 191 191 191 191
Ac freq 0.492 0.430 0.397 0.432 0.342 0.446 0.356 0.424
H, 0.697 0.751 0.769 0.747 0.763 0.735 0.774 0.731 0.750
H, 0.661* 0.684 0.724 0.703 0.737 0.609 0.753 0.652 0.695%:
Fis 0.052 0.090 0.059 0.060 0.034 0.173 0.027 0.109 0.074
CeATC2-44
N 60 54 55 40 61 42 75 42 429
Ny 5(0) 5(0) 7 (0) 7 (0) 6 (0) 6 (0) 7 (1) 5(0) 8
R 129-141 129-141 129-148 129-148 129-145 129-145 126-148 129-141 126-148
Rs 4.285 4.499 5.933 6.492 5.815 5.926 6.236 4.672 5.604
Ac 129 129 135 135 135 129 129 135 135
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Table 1 continued

Ave Sim Boi Cor Fer Bre Oos ILe Total
Ac freq 0.425 0.463 0.427 0.475 0.607 0.607 0.360 0.405
H, 0.633 0.610 0.669 0.643 0.582 0.587 0.720 0.684 0.665
H, 0.633%%* 0.519 0.709 0.625 0.557 0.500 0.653 0.405%* 0.585%*
Fis —0.0007 0.151 —0.060 0.028 0.042 0.150 0.094 0.411 0.120
CeATC2-51
N 53 45 61 37 59 41 67 40 403
Ny 9 (0) 11 (0) 11 (1) 8 (0) 13 (0) 11 (0) 11 (0) 9 (1) 16
R 133-160 133-164 130-166 137-160 130-164 133-160 130-160 130-169 130-169
Rs 8.217 10.765 9.163 7.785 11.653 10.270 9.232 8.492 9.913
Ac 151 147 151 151 151 151 151 137 151
Ac freq 0.283 0.289 0.303 0.432 0.305 0.293 0.306 0.300
H, 0.808 0.829 0.821 0.733 0.834 0.812 0.798 0.820 0.821
H, 0.547%%* 0.422%% 0.443%%* 0.297%* 0.339%%* 0.390%* 0.478** 0.625 0.444%%
Fis 0.325 0.493 0.463 0.598 0.596 0.522 0.404 0.240 0.459
All loci
N 63 60 64 41 62 48 78 46 462
Naa 13 12.091 12.182 10.545 13.545 12.364 12.727 8.636 22.545
Rsa 10.6 10.312 10.297 9.948 11.36 10.981 9.915 7.958 10.758
H, 0.742 0.732 0.751 0.729 0.743 0.733 0.756 0.736 0.752
H, 0.579%* 0.567** 0.602%** 0.549%* 0.594%#:* 0.535%:* 0.586% 0.545%: 0.572%:
Fis 0.222 0.228 0.200 0.250 0.202 0.272 0.226 0.263 0.230

N number of individuals; N5 observed number of alleles (private alleles), R size range of alleles in base pairs, Rg allelic richness based on a
minimum sample size of 31 diploid individuals, Ac size in base pairs, Ac freq frequency of the most common allele, H, expected heterozygosity,
H, observed heterozygosity, Fis inbreeding coefficient estimated following Weir and Cockerham (1984); N4 average allele number, Ry, average
allelic richness; * significant at 5 % level; ** significant after sequential Bonferroni correction

Simon, Boiro, and Brest, while Ewens—Watterson—Slatkin
exact test did so for the same locus-locality combinations
and also for Oosterschelde at locus CeATC1-54 and for
Isle of Lewis at loci CeATC2-34 and CeATC1-54 (data not
shown).

Global multilocus Fst value was 0.015, significantly
different from zero (P < 0.001), and the standardized value
was Fst” = 0.056. Estimates of Fst per locus ranged from
0.001 (CeATC2-11) to 0.059 (CeATC2-4), three of them
(CeATC1-52, CeATC2-4, and CeATC2-44) being signifi-
cant atthe 5 % level (Table 2). These results fit in with those
obtained when analyzing genic and genotypic differentiation
using Genepop software, which detected significant differ-
ences (P < 0.05) for these three loci (data not shown). Of the
28 pair-wise Fst tests performed between localities, 20 were
significant after Bonferroni correction (Table 3). Maximum
differentiation was observed between Isle of Lewis and
Ferrol (Fst = 0.049). Aveiro, San Simén, Boiro, and Cor-
cubion localities were not significantly different from one
another, while Ferrol was significantly different from all
other localities except Corcubion. Brest, Oosterschelde, and
Isle of Lewis were significantly differentiated from each
other and from all other localities analyzed.

@ Springer

Table 2 Fst values per locus and overall

Locus Fst P value
CeATC1-22 0.004 0.052
CeATCI1-36 0.004 0.145
CeATCI1-52 0.008 0.004*
CeATCI1-54 0.004 0.072
CeATC2-4 0.059 <0.001°*
CeATC2-11 0.001 0.292
CeATC2-34 0.004 0.069
CeATC2-44 0.034 <0.001*
Total 0.015 <0.001*

* Significant at 5 % level

Global analysis of molecular variance (AMOVA)
detected a 1.55 % variation among populations, while the
percentage of variation within populations amounted to
98.44 %. Furthermore, based on the pair-wise Fst analysis
results, a hierarchical analysis of molecular variance was
carried out to test for the component of genetic diversity
attributable to variance among different regional groups.
When Aveiro, San Simén, Boiro, and Corcubion localities
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(T\;E:: :nfeg;;v(l;eh:;;t ]v ;;T;S Sim Boi Cor Fer Bre Oos ILe
Ave —0.001 0.000 —0.002 0.008* 0.007* 0.009%* 0.031%#*
Sim 0.005%* —0.003 0.008#: 0.010%#* 0.0127%: 0.034%3
Boi 0.005 0.0087%* 0.016%* 0.012%* 0.036%*
Cor 0.001 0.013%:* 0.015%* 0.0427
Fer 0.036%* 0.019%* 0.049%**
* Significant at 5 % level, Bre 0.013%* 0.035%*
** gignificant after sequential 0Oos 0.017%*

Bonferroni correction

Table 4 Analysis of molecular variance (AMOVA) performed for five groups inferred from pair-wise analysis; group 1 = Ferrol; group
2 = Corcubién, Boiro, San Simén, Aveiro; group 3 = Oosterschelde; group 4 = Isle of Lewis; group 5 = Brest

Source of variation Sum of squares Variance Percentage of P value
components variation

Among groups 42.679 0.050 1.725 <0.001*

Among populations within groups 10.239 0.006 0.190 0.265

Within populations 2,398.546 2.861 98.085 <0.001*

Total 2,451.464 2917

Fixation indices: Fct = 0.017, Fsc = 0.002, Fst = 0.019; * significant at 5 % level

were grouped, AMOVA analysis identified an among
groups significant component, explaining 1.73 % of the
total variance. Most of the variance was distributed within
localities (98.09 %) and variance component among
localities within groups was nonsignificant (Table 4).
When Corcubién was excluded from this group and moved
to form a group with Ferrol, variance component among
groups kept significant (P < 0.001), explaining 1.59 % of
the total variance, but the variance component among
localities within groups, although not significant, became
slightly higher (data not shown).

Using F'st pair-wise estimates and based on combined
data from the eight loci, Barrier software identified a bar-
rier to gene flow in the English Channel (Fig. 1). Mantel
test revealed a significant correlation between Fst and
geographic distance (R* = 0.441, P = 0.005) when all
eight localities were analyzed (Fig. 2).

Discussion

This study uses, for the first time in C. edule, microsatellite
markers to analyze genetic variation and differentiation in
samples collected along the European Atlantic coast. High
levels of polymorphism and heterozygosity values were
detected, with allele number per locus ranging from eight
to 48 and global expected and observed heterozygosity
values of 0.752 and 0.572, respectively. This contrasts with
values obtained for the same species using allozyme loci
that showed lower number of alleles (8, Beaumont et al.
1980; 3-11, Beaumont and Pether 1996), and lower

expected (0.28, Hummel et al. 1994; 0.322, Beaumont and
Pether 1996) and observed (0.436, Beaumont et al. 1980;
0.24, Hummel et al. 1994; 0.278, Beaumont and Pether
1996) heterozygosity values. Thus, microsatellite markers
were, as expected, more variable than allozyme markers.
All localities showed similar values of observed and
expected heterozygosity, but significant differences
between them were detected for allelic richness, with the
lowest values obtained for localities sampled farther north;
Isle of Lewis (7.958) and Oosterschelde (9.915), the latter
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Fig. 2 Bivariate plot of log-transformed geographic distance against
Fst/(1—Fst) values
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being no significantly different from any other locality
analyzed. This contrasts with what was detected by Krakau
et al. (2012), who analyzed a fragment of the mitochondrial
cytochrome c oxidase I gene and found higher genetic
diversity values in samples of C. edule from the north of
Europe than in those collected in the south. Indeed, within
the southwestern group of their study, where almost all our
localities are included, diversity values tend to increase as
they move north. Even though our results do not agree with
the existence of a northern refuge as postulated by the
authors, differences might be caused by the use of nuclear
markers against mitochondrial ones. Still, more sampling
would be required to settle those differences.

However, our results are in line with the expectation that
genetic diversity has an inverse relation with latitude due to
the effect caused by Pleistocene glaciations, when marine
fauna took shelter in the south (Hewitt 2004).

Compared to other bivalves, the mean number of alleles
(22.545) in C. edule is in the range obtained with the same
type of markers for oysters (18.533, Launey et al. 2002),
clams (29.044, Vadopalas et al. 2004), and scallops
(35.167, Kenchington et al. 2006). Overall expected and
observed heterozygosity values obtained for C. edule were
similar to those obtained for the other species of the genus
(0.742 and 0.653 for C. glaucum, Tarnowska et al. 2010)
but lower than those observed for other bivalve species
(0.839 and 0.914, Launey et al. 2002; 0.937 and 0.596,
Vadopalas et al. 2004; 0.797 and 0.731, Kenchington et al.
2006).

All but one locus-locality combinations that departed
from HW expectations and all localities analyzed reported
heterozygote deficits as showed by positive Fis values.
Heterozygote deficits relative to HWE are common in
marine bivalves and have been well documented not only
for allozyme loci (Zouros and Foltz 1984; Gaffney 1990;
Fairbrother and Beaumont 1993; Beaumont and Pether
1996) but for microsatellite markers as well (Launey et al.
2002; Hedgecock et al. 2004; Astanei et al. 2005; Carlsson
and Reece 2007). Several biological and technical factors
could account for the observed heterozygote deficit, such as
inbreeding, Wahlund effect, selection and the presence of
null alleles. The latter are the most likely cause for the
heterozygote deficiencies detected here, as eight of the loci
analyzed showed evidence for the presence of null alleles,
three of them at frequencies above 0.2. Null alleles are a
frequent feature in bivalves, a taxa often beset by ampli-
fication problems (Selkoe and Toonen 2006), and have
been reported as the cause of heterozygosity deficit in
many bivalve species such as geoduck clams (Vadopalas
et al. 2004), oysters (Galindo-Sanchez et al. 2008), and
mussels (Gardestrom et al. 2008).

Although marine species’ high potential for dispersal,
along with the continuity of the marine habitat, tends to
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oppose isolation and divergence of populations, results
obtained in this survey support the existence of genetic
differentiation among C. edule localities along the Euro-
pean Atlantic coast. A significant genetic structure was
revealed at the level of the whole study (Fst = 0.015,
P < 0.001). This Fst value is similar to those obtained in
other studies that used microsatellite markers to assess
genetic differentiation in other bivalve species such as
oysters (Launey et al. 2002; Galindo-Séanchez et al. 2008).
Morton et al. (1993) suggested that measures of differen-
tiation for highly variable loci may be as much as an order
of magnitude lower than that of traditional markers, such as
allozymes. Therefore, estimates of differentiation were
expected to be low because of the high variability of
microsatellite loci, as the practical upper limit for Fst is
actually the level of expected homozygosity, which is low
for this type of markers, implying a reduction in their
maximum Fst value (Charlesworth 1998; Hedrick 1999).
Nevertheless, despite the effect of polymorphism on
deflating Fst expectations, highly variable markers are
valuable in exact tests of differentiation not only because of
their sensitivity to gene flow (Ross et al. 1999) but also
because their high variability gives them greater statistical
power (Estoup et al. 1998). This has indeed been shown for
several studies on aquatic species where microsatellites
revealed a finer resolution of genetic structuring than
allozymes (Ruzzante et al. 1999; Lundy et al. 2000; Lage
et al. 2001; Mattiangeli et al. 2002; Knutsen et al. 2003;
Taylor et al. 2003; Carlsson et al. 2004; Jorgensen et al.
2005). Considering the differences relative to Fst values
depend on the marker used, a standardized value of F'st was
computed (Fst” = 0.056), indicating moderate genetic
differentiation according to Wright’s (1978) guidelines.
This value is higher than those obtained with allozyme loci
in the same species; Hummel et al. (1994) obtained an
overall Fst value of 0.04, detecting no significant differ-
entiation between locations analyzed, while Beaumont and
Pether (1996), with an average F'st of 0.015, detected little
differentiation between samples coming from the UK
southern coast.

Fst pair-wise values showed no differentiation between
four localities situated northwest of the Iberian Peninsula
(Aveiro, San Simoén, Boiro, and Corcubién), which is
supported by the AMOVA analysis, with a nonsignificant
variance component among localities within groups that
comprise 0.19 % of the total variance (Table 4). This
indicates the existence of high gene flow rates between
them. Despite the distance between Aveiro and the Spanish
localities, which doubles that between San Simon, Boiro,
and Corcubidn, all four localities were genetically similar.
Aveiro is a shallow lagoon system with high tidal flow that
allows a large water renovation. This may promote larval
drift to the coastal waters (Joaquim et al. 2010) and be
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responsible for larvae dispersal, preventing genetic differ-
entiation. Although Ferrol is also located northwest of the
Iberian Peninsula, it showed significant differences to all
other four Iberian localities analyzed but Corcubidn. This
may be due to their geographic position with respect to
Cape Finisterre, where a major oceanographic boundary
has been described (Lopez-Jamar et al. 1992). Another
possible explanation calls on the hypothesis of “Sweep-
stakes Reproductive Success”, which suggests that the
extremely large variance in individual reproductive success
could produce, among other effects, the presence of genetic
heterogeneity at reduced spatial scales (see review in
Hedgecock and Pudovkin 2011).

Localities of Brest, Oosterschelde, and Isle of Lewis
resulted in differences not only between them, but from all
other localities analyzed. This could be a product of their
geographical location, as gene flow modulates over greater
distances and eventually reaches a level where the
exchange of migrants is not strong enough to counter the
effects of random genetic drift (Lind et al. 2007). The
Mantel test revealed the existence of a significant corre-
lation between pair-wise Fst estimates and geographical
distance when all localities were analyzed. However, even
though the analysis was statistically significant, graphic
representation (Fig. 2) did not adjust well to a linear
model; from a certain geographic distance onwards, genetic
distance tends to increase sharply, more consistent with an
exponential shape than a linear one. Therefore, samples at
intermediate distances should be analyzed to confirm that
genetic divergence between localities is a result of isolation
by distance. It is important to note that geographical dis-
tance measures may not reflect real dispersal pathways,
which are likely to be more complex. Isolation by distance
may explain just part of the genetic differentiation
observed. Nearshore circulation patterns may be affected
by shoreline irregularities such as estuaries or bays,
resulting in eddies and fronts that may retain larvae over
time scales comparable with dispersal duration, and thus
may account for enhanced local recruitment at specific
locations (McShane et al. 1988; Dupont et al. 2007). This
could be the case for the locality of Brest, where genetic
isolation could also be influenced by the characteristics of
the bay: a semi-enclosed marine ecosystem (Richard et al.
2006) favorable to the isolation of the larval pool and, in
the long term, genetic isolation. Genetic isolation of this
bay has already been observed for the molluscan species
Crepidula fornicata (Dupont et al. 2007).

Barrier software suggested the presence of a barrier to
gene flow situated in the English Channel. The precise sit-
uation of this barrier cannot be determined since no locations
along the English Channel were analyzed. Other studies have
found gene flow restrictions in this region, although the exact
boundary location varied. Thus, Roman and Palumbi (2004)

in their analysis of population structure in Carcinus maenas
by means of mitochondrial cytochrome ¢ oxidase I DNA
found a significant break between western and northern
Europe located between The Netherlands and Germany. In
C. edule, the existence of such genetic discontinuity has also
been described by Krakau et al. (2012) using a fragment of
the same mitochondrial sequence. Other authors situate the
genetic break further south; Jolly et al. (2005) found a phy-
logeographic break for the polychaete Pectinaria koreni that
separates populations coming from Brittany and the English
Channel. Also, Dupont et al. (2007) found a strong hierar-
chical structure for the molluscan species C. fornicata with
two groups located on both sides of the Cotentin Peninsula.
In spite of the still undefined location of the genetic barrier, it
is clear that the English Channel currents play an important
role in gene flow, with restrictions that may promote popu-
lation differentiation.

Although microsatellite markers detected genetic dif-
ferentiation among localities surveyed, the level of differ-
entiation detected in C. edule is lower than in the other
species of the genus, C. glaucum. In the latter, microsat-
ellite markers detected a high level of genetic structure
between localities along the coast of Europe (Tarnowska
et al. 2010). Allozyme markers also showed a higher level
of differentiation in C. glaucum with respect to C. edule
(Hummel et al. 1994; Mariani et al. 2002; Nikula and
Viinold 2003). Hummel et al. (1994) pointed out that these
differences could be explained by the different character of
the species habitat, with C. glaucum individuals found in
smaller, more or less limited water bodies, thus resulting in
a more limited gene flow.

In conclusion, this work makes novel use of microsat-
ellite markers to provide estimates of genetic diversity and
population differentiation in C. edule from the Iberian
Peninsula and other European locations. All localities
displayed similar heterozygosity levels, but significant
differences in allelic richness were observed, with the
lowest values found in localities situated farther north.
Localities from the Iberian Peninsula were genetically
homogeneous, except for the one located farther north, and
were different from those of other European sites, which
may be partially explained by an isolation by distance
process. Scottish, French, and Dutch localities displayed
contrasting results, likely due to a combined effect of
isolation by distance and the existence of barriers limiting
gene flow between them. More localities should be ana-
lyzed by means of microsatellite markers in order to
achieve complete knowledge of population structure and to
establish the mechanisms that determine genetic differen-
tiation in the cockle C. edule.
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