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Abstract 28 

 Mya arenaria (L.), the softshell clam, is currently widespread on the east and west 29 

coasts of North America. This bivalve also occurs on western European shores where the post 30 

Pleistocene origin of the species, whether introduced or relict, has been debated. In this study 31 

320 M. arenaria from eight locations in Europe and North America were collected. Eighty-32 

four clams from seven of the locations were examined for mitochondrial DNA variation by 33 

sequencing a section of the cytochrome oxidase I (COXI) gene. These were analysed together 34 

with 212 sequences, sourced from Genbank, from the same gene from 12 additional 35 

locations, chiefly from eastern North America but one site each from western North America 36 

and one from western Europe. Ten microsatellite loci were also investigated in all 320 clams. 37 

Nuclear markers showed reduced levels of variation in certain European samples. The same 38 

common COXI haplotypes and microsatellite alleles were present throughout the range of M. 39 

arenaria, though significant differences were identified in haplotypic and allelic composition 40 

between many samples, particularly those from the two continents, Europe and North 41 

America. These findings support the hypothesis of post Pleistocene colonisation of European 42 

shores from eastern North America (and the recorded human transfer of clams from the east 43 

to the west coast of North America in the 19th Century).  44 

Keywords: COXI, Europe, microsatellite loci, mitochondrial DNA, Mya arenaria, North 45 

America. 46 
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INTRODUCTION 47 

 Following the retreat of the glaciers at the end of the Pleistocene some 12,000 years 48 

ago, recolonisation of northern Europe, in particular for most terrestrial species, is presumed 49 

to have originated from one, two or three refugia in southern Europe i.e. Iberia, Italy and the 50 

Balkans (Hewitt 1999). In the case of shallow water and inter-tidal marine species, the 51 

situation was different in that post-glacial colonists from the south (contemporary Iberia, 52 

western North Africa and the Mediterranean) had to follow coastlines, which experienced 53 

rapid changes in sea level (Maggs et al. 2008). The fact that many marine species have 54 

pelagic larvae is thought to increase the potential for rapid colonisation (Luttikhuizen et al. 55 

2003, Dupont et al. 2007, Arias-Perez et al. 2012), despite other factors (e.g. ocean currents, 56 

salinity and temperature levels) which can prevent gene flow. In more recent times, 57 

planktonic larvae of marine species could also be distributed anthropogenically in ballast or 58 

bilge water of ships (Briski et al. 2012, Ruiz et al. 1997) or as adults, particularly gastropod 59 

or bivalve mollusc species, which, when retained as fresh food items, can survive long sea 60 

journeys, if held in low temperature sea water. 61 

 Notwithstanding the European refugial hypothesis (see Maggs et al. 2008), certain 62 

marine mollusc species currently occupying North Atlantic coastal regions appear to have 63 

had a different route of colonisation which involved trans-oceanic movement. The edible 64 

winkle Littorina littorea (Linnaeus 1758) (Prosobranchia, Gastropoda) is thought to be one 65 

such species (Chapman 2007, Chapman et al. 2007, Chapman et al. 2008). Arguably not 66 

present on eastern North American shores after the Pleistocene glaciations (Chapman 2007, 67 

Chapman et al. 2008, Blakeslee et al. 2008, Blakeslee & Byres, 2008), the suggestion is that 68 

it was introduced as a food source to Newfoundland, or through rock ballast to Nova Scotia 69 

(Chapman et al. 2007). It was first recorded in the latter area in 1840 (Brawley et al. 2009) 70 

and thereafter spread south (Beebee & Rowe 2008, Harley et al. 2013). The opposite 71 

(colonisation of European shores from eastern North America (Strasser 1999)) is believed to 72 

be the case for the infaunal bivalve species, the softshell clam Mya arenaria (Linnaeus 1758), 73 

considered in the present study. Now recognised as an important member of the intertidal 74 

infaunal community in the North East Atlantic (Strasser 1999), the species occurs over a wide 75 

geographical range from Iceland, the White Sea and northern Norway to Portugal (Strasser 76 

1999, Conde et al. 2010), including the Barents and Black Sea, with recent reports of its 77 

presence also in the Mediterranean Sea (Zaitsev & Mamaev 1997, Weston & Buttner 2010, 78 
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Crocetta & Turolla 2011). Archaeological evidence suggests that M. arenaria was present in 79 

this region in the late Pliocene (Strauch 1972), and that it disappeared from European shores 80 

during the Pleistocene glaciations. M. arenaria is then thought to have reappeared, post-81 

glacially, on European shores. The reintroduction may have been either natural or 82 

anthropogenic, with previous suggestions that the Vikings were responsible (MacNeil 1965, 83 

Strauch 1972, Petersen et al. 1992). 84 

 Molecular genetics, as used in the present study, provides a mechanism for testing the 85 

hypothesis of trans-Atlantic colonisation. If trans-Atlantic colonisation was exclusively or 86 

predominately the case, similar genetic composition would be expected in M. arenaria from 87 

the coasts of the eastern and western Atlantic. This constitutes the hypothesis explored here 88 

i.e. that colonisation of western European shores was from eastern North America. In 89 

contrast, different genetic composition would be expected in softshell clams from either side 90 

of the ocean if post-Pleistocene northern European colonisation had involved southern or 91 

peri-glacial European refugia. In this case, genetic differences would have evolved as a 92 

consequence of forces such as mutation, genetic drift and selection, while the two 93 

assemblages were separated throughout the Pleistocene. 94 

 In addition, a single or limited number of colonisation events, limited to a small 95 

number of founders, would result in substantially lower genetic variability in northern 96 

European populations. Therefore, M. arenaria occurring south of the glaciated areas in 97 

eastern North America, would be more genetically variable than those in Europe. In this way, 98 

another feature of the colonisation process can be elucidated. 99 

 Previous genetic studies of M. arenaria concentrated on eastern North American 100 

coasts and used markers such as allozymes (Levinton 1973, Morgan et al. 1978). Where 101 

European samples were included, little inter-continental variation was observed throughout 102 

the contemporary range (Lasota et al. 2004). As M. arenaria is known to be a successful 103 

coloniser within European waters (Bologa et al. 1995, Zaitsev & Mamaev, 1997), and similar 104 

genetic composition was observed on each side of the Atlantic, a tentative agreement with the 105 

hypothesis of trans-Atlantic colonisation was formed (Lasota et al. 2004). Similarly, 106 

investigations of mtDNA using both the RFLP method and sequencing methodologies 107 

(Caporale et al. 1997, Sparagano et al. 2002) supported the trans-Atlantic colonisation 108 

concept, but discerned little or no population structure. These findings were interpreted as 109 
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evidence of high levels of gene flow between areas. In their study of the COX1 mtDNA gene 110 

of M. arenaria, based mainly in North America, Strasser & Barber (2009) observed a unique 111 

common haplotype in a single small sample from the Wadden Sea (Sylt, Germany – NSE). 112 

While this observation could have been linked to a possible existence of European refugia, it 113 

was dismissed on the basis of the relatively small number of individuals within samples, 114 

resulting in low discovery of rarer haplotypes (Strasser & Barber 2009). 115 

 In the current study sequences from a large section of the COX1 mitochondrial gene 116 

were considered, together with sequences previously published by Strasser & Barber (2009). 117 

Genetic data from ten nuclear microsatellite DNA loci were also investigated. These 118 

molecular data were analysed to investigate several eastern North American samples, a single 119 

western North American and five European samples (the latter being the most intensive 120 

coverage to date of European samples). Both mitochondrial and nuclear data were included to 121 

test for correspondence in evolutionary inference between these two genomic systems. 122 

Recently published microsatellite loci were included (St-Onge et al. 2011, Krapal et al. 123 

2012), as their intensive polymorphism and high evolutionary rate make this marker type 124 

ideal for determining routes of colonisation, quantifying relative numbers of founders and 125 

determining contemporary population structure in donor and colonised areas. 126 

 In summary, the aims of the current study were to investigate genetic composition at 127 

the COX1 gene and ten microsatellite loci in samples of M. arenaria from eastern and 128 

western North America and from north Western Europe, and to test the hypothesis about the 129 

origin of European colonization. 130 

 131 

Materials and Methods 132 

Sampling 133 

 Specimens of Mya arenaria (n=320) were sampled from eight intertidal locations 134 

throughout the contemporary species range, in Ireland, North Wales, the Netherlands, eastern 135 

Canada and three locations in the United States (Figure 1). Specimens were collected by 136 

digging in the lower intertidal, or with a benthic hydraulic escalator dredge, at each site. Gill 137 

tissue samples from each individual were preserved in 90% molecular grade ethanol. Details 138 

of sampling locations are shown in Figure 1 and Table 1. 139 
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Mitochondrial DNA 140 

 Ten to 16 M. arenaria specimens representing the sampling locations covered in the 141 

current study (Table 1) were randomly chosen for mtDNA sequencing analysis. Genomic 142 

DNA was extracted from gill tissue using QIAamp DNA mini Kit (QIAGEN). DNA quality 143 

and concentration was assessed by gel electrophoresis (0.8% 0.5X TBE agarose gel). For 144 

each of these samples, a 533 base pair (bp) region of the cytochrome oxidase subunit I 145 

mitochondrial DNA gene (mtDNA COXI) was amplified using the universal PCR primers 146 

HCO-2198 and LCO-1490 (Folmer et al. 1994). PCR amplifications were carried out in 50 µl 147 

volumes, containing 5 µl 10x Invitrogen Buffer, 3.5 µl MgCl2 (50mM), 2 µl dNTPs (5mM), 1 148 

µl of each primer (10pM/ µl), 0.5 µl BSA (10 mg/ ml), 0.8 µl (4 U) Ampli-Taq polymerase 149 

(Invitrogen), 34.2 µl dH2O and 2 µl (~50ng/ µl) template DNA. PCR amplifications were 150 

carried out on a Techne TC-Plus thermocycler as follows: 95 °C for 15 min, 5x (95 °C for 60 151 

sec, 50 °C for 60 sec, 72 °C for 60 sec), 30x (95 °C for 60 sec, 52 °C for 60 sec, 72 °C for 60 152 

sec), and 72 °C for 5 minutes.  153 

Amplified products were checked for quality by gel electrophoresis (1.5% 0.5x TBE 154 

agarose gel) and purified using EXOSAP-IT (Affymetrix, USB Products) purification kits. 155 

Purified products were bi-directionally sequenced using HCO-2198 and LCO-1490 primers 156 

and the Big Dye Terminator (V3.1) sequencing chemistry (Applied Biosystems) following 157 

manufacturer’s recommendation. Cycle sequencing reactions were carried out on a Techne 158 

TC-Plus thermocycler as follows: 94 °C for 3 min, 25x (94 °C for 10 sec, 50 °C for 5 sec, 60 159 

°C for 4 min), and 8 °C for 10 minutes. Resulting sequencing products were purified by 160 

ethanol precipitation (125mM EDTA and 100% molecular grade ethanol). Sequencing was 161 

carried out using an ABI 3730XL 96 capillary system DNA analyser (Applied Biosystems). 162 

The sequencing analysis of 212 M. arenaria specimens from 12 additional sites 163 

(Figure 1 and Table 2) were included in the current analysis. This allowed the integration of 164 

novel mtDNA sequencing data generated within this investigation to existing lineages 165 

identified in a previous study by Strasser & Barber (2009). 166 

Microsatellite DNA 167 

 For microsatellite analysis, genomic DNA was extracted from all M. arenaria 168 

specimens (n=320) using CHELEX-100 resin (Bio-Rad) extraction method. All samples were 169 
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screened for ten microsatellite marker loci described by St-Onge et al. (2011) (Mar01, 170 

Mar04, Mar06, Mar07, Mar08) and Krapal et al. (2012) (Ma02, Ma06, Ma11, Ma14, Ma15), 171 

which were designed from M. arenaria microsatellite clone sequences from Genbank 172 

(accession numbers: JN850609.1, JN850610.1, JN850611.1, JN850612.1, JN850613.1, 173 

JN850614.1, JN850615.1, JN850616.1, JN850617.1) (Krapal et al. 2012). Primers were 174 

designed using Primer3Plus (Rozen & Skaletsky 2000, Untergasser et al. 2007) with optimal 175 

primer length as 20 bp and optimal Tm at 60°C. The forward primers were tailed with one of 176 

four universal dye-labelled tails in their 5' end: T3: PET: 5'-177 

AATTAACCCTCACTAAAGGG-3', M13 Reverse: NED: 5'-178 

GGATAACAATTTCACACAGG-3' (Diniz et al. 2007), Hill: 6FAM: 5'-179 

TGACCGGCAGCAAAATTG-3' (Tozaki et al. 2001) and Neomycin rev: VIC: 5'-180 

AGGTGAGATGACAGGAGATC-3'. PIG-tails were added to the 5' end of all the reverse 181 

primers (Brownstein et al. 1996). Primers were combined into two multiplex PCR reactions 182 

with Multiplex Manager 1.0 (Holleley & Geerts 2009). 183 

 Microsatellite screening was performed using multiplex PCR amplification carried 184 

out in reaction volumes of 5 µl, including 1 l of DNA (approximately 50 ng), 2.5 l of 185 

Qiagen 2x Multiplex Mix ™, 0.5 µl 10X primer mix (outlined below) and 1 µl dH2O. The 186 

forward primer in each case incorporated a tail, to which a labelled tail would anneal during 187 

PCR. Final reaction primer concentrations were 0.2 M of forward (tailed) primer, 0.2 M of 188 

reverse primer (which was PIG-tailed) and 0.05 M of labelled tail primer. Four different 189 

labelled tails were used (one for each channel, FAM, NED, VIC and PET). Tailing methods 190 

for each locus are outlined in SI Table 1. Amplifications were performed on a Techne TC-191 

Plus thermocycler as follows: 15 min at 95 °C, 30 cycles of 30 sec at 94 °C, 90 sec at 56 °C, 192 

and 60 sec at 72 °C, 8 cycles of 30 sec at 94 °C, 90 sec at 53 °C, and 60 sec at 72 °C, with a 193 

final step of 30 min at 60 °C. To minimise genotyping error, PCR amplification of each 194 

individual was repeated at least three times and three known genotype individuals were run 195 

on each plate for control purposes. All PCR products were run on an ABI 3730XL Genetic 196 

Analyser 16 capillary system (Applied Biosystems) and sized with internal lane standard 197 

(GENESCAN 500 LIZ, Applied Biosystems) using the program GENEMARKER v 1.6 198 

(softgenetics). 199 
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Data analysis 200 

Mitochondrial sequences 201 

 Resulting sequences were checked for base call quality and ambiguity using 202 

CHROMASPRO 150 (version 1.7.6) (Technelysium Pty Ltd.) and subsequently aligned using 203 

‘CLUSTAL W' implemented in BIOEDIT (version 7.1.9) (Hall 1999), alongside sequences 204 

representing all haplotypes described by Strasser & Barber (2009). Summary sample 205 

diversity statistics including haplotype (h) and nucleotide diversity (π), and average number 206 

of nucleotide differences (k) between haplotypes were estimated using DNASP v5.1 (Rozas 207 

et al. 2003). To assess the level of genetic structuring both on macro- (i.e. trans-Atlantic) and 208 

micro- (North America and Europe) geographical levels, sample pairwise Φst estimators and 209 

associated P values were calculated in ARLEQUIN 3.01. Patterns of genetic subdivision both 210 

at macro- and micro- geographical scales were evaluated using analysis of molecular variance 211 

(AMOVA), also using ARLEQUIN 3.01. Statistical significance of the AMOVA was tested 212 

by permutation (10,000). To examine the relationship among resulting mtDNA haplotypes 213 

and to provide additional insights into the phylogeography of M. arenaria on both sides of 214 

the Atlantic, a haplotypic network was constructed using the median-joining method (Bandelt 215 

et al. 1999), implemented in Network 4.5.0.2 (fluxus-engineering.com, Fluxus Technology 216 

Ltd. 2004). For this analysis, sequencing data from Strasser & Barber (2009) was also 217 

included for comparison. 218 

 219 

Microsatellites 220 

 Within-sample statistics, including total number of alleles and mean number of 221 

alleles, expected and observed heterozygosity and allele richness (Kalinowski, 2004) were 222 

estimated using diveRsity (Keenan et al. 2013). The statistical significance of observed 223 

differences in the measures of allelic richness between samples (pairwise tests) was assessed 224 

using a sign test (Wilcoxon signed-rank tests) across loci as suggested by Kalinowski (2005). 225 

Deviations from Hardy-Weinberg equilibrium (HWE) were assessed using exact probability 226 

tests implemented in GENEPOP 3.4 (Raymond & Rousset, 1995). Significance levels for 227 

multiple comparisons were adjusted using standard Bonferroni correction (Rice 1989). 228 

Because null alleles can result in an underestimation of within-population genetic variation, 229 



 

9 

 

loci that deviated from HWE, with heterozygote deficiencies, were evaluated for the 230 

existence of null alleles following approach implemented in MICRO-CHECKER 2.2.3 (van 231 

Oosterhout et al. 2004). 232 

Genetic divergence among samples was compared using FST (Weir & Cockerham 233 

1984), estimated using diveRsity (Keenan et al. 2013), and statistical significance was 234 

assessed by bootstrapping loci (5,000). Patterns of nuclear genetic subdivision observed both 235 

at macro- and micro- geographical scales were evaluated using analysis of molecular variance 236 

(AMOVA) also using ARLEQUIN 3.01 with 10,000 permutations.  237 

To further investigate the presence and patterns of population sub-structuring within 238 

the sample, an unrooted neighbour joining (NJ) tree was created based on Nei et al. (1983) 239 

genetic distances. Genetic distances and bootstrap values (10,000) were calculated using 240 

Populations 1.2.3.1. A tree was then drawn using Figtree 241 

(http://tree.bio.ed.ac.uk/software/figtree/). 242 

As an additional approach to examine the patterns of population genetic within the 243 

data, the Bayesian analytical framework implemented in the programme STRUCTURE 244 

(Pritchard et al. 2000) was also used. This framework allows for the identification of genetic 245 

partitioning (i.e. genetic sub-structuring) within a sample for which no a priori hypothesis of 246 

population structuring exists. Thus, given a sample set consisting of genotypic data from a 247 

number of specimens, the analytical framework estimates the minimum number of Mendelian 248 

populations (i.e. independent genetic entities) that best explains the data. Here, the 249 

STRUCTURE analysis was carried out using a hierarchical approach, which was primarily 250 

intended to identify major genetic evolutionary lineages within the data and subsequently 251 

refining these to the population level. This analysis was carried out as follows: 1) using the 252 

the complete data set, STRUCTURE runs were set for k varying from 1 to 10 (20 interactions 253 

for each k value), with 100,000 burn-in iteractions, followed by 100,000 MCMC iteractions 254 

for each independent run. STRUCTURE analysis was carried out using the admixture model 255 

with correlated allele frequencies. Group matching among independent run interactions was 256 

carried out using CLUMP v.1.1.2b (Jakobsoh & Rosenberg 2007) employing the “greedy” 257 

algorithm with random input orders and 20,000 repeats. In each case, the optimal k was 258 

determined using the ad-hoc method of Evanno et al. (2005). 2).Following this initial run, in 259 

order to identify further genetic sub-structuring within the data (i.e. sub-groups within the 260 

main groups), STRUCTURE was independently run with genotypic data from each of the 261 

main groups separately. In each instance, the same approach/parameters adopted for the 262 

http://tree.bio.ed.ac.uk/software/figtree/
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whole data set were used. If additional substructuring was identified, STRUCTURE was 263 

again independently run against samples representing each sub-group using same 264 

approach/parameters. This iterative/hierarchical approach was repeated until no further sub-265 

structuring was evident from the data. Results of this hierarchical analysis were summarsed in 266 

graphical format using STRUCTURE plots. Finally, as an alternative non-parametric 267 

approach to assess the existence of population sub-structuring within the data, a Factorial 268 

Component Analysis (FCA) was carried out using GENETIX 4.05 (Belkhir et al. 1996-2004). 269 

The results of this analysis were summarised using a three dimensional plot generated in 270 

MATLAB 2.04 (The Mathworks Inc.) using the scatter three-function. 271 

 272 

Results 273 

Mt DNA COXI Region 274 

 The alignment of all COXI gene sequences (i.e. 84 generated in the present study in 275 

addition to the 212 sequences from Strasser & Barber (2009) revealed 34 haplotypes of which 276 

27 were previously described by Strasser & Barber (2009) and seven were novel (Table 3) 277 

(KU720416, KU720417, KU720418, KU720419, KU720420, KU720421, KU720422, 278 

KU720423, KU720424, KU720425, KU720426, KU720427, KU720428, KU720429, 279 

KU720430). Haplotype A was the only one to be shared among all samples on both sides of 280 

the Atlantic and in the Pacific. It was predominant in all except for the samples from Ireland 281 

(BB & FF). As has been reported by Strasser & Barber (2009), with few exceptions, most 282 

haplotypes are restricted to particular sampling locations, occurring once only. Among the 283 

notable exceptions was haplotype B, which was relatively common throughout the sampling 284 

range but appears to be particularly common in Europe, and haplotype E which, with one 285 

exception (Canada - C), was restricted to European samples. Of the seven novel haplotypes 286 

described in the present study, five were restricted to North America and two (AB and AC) 287 

were restricted to Europe. 288 

The median-join network depicting the genetic relationship among haplotypes, 289 

revealed a star-shaped phylogeny (Figure 2). In most cases, haplotypes differed from each 290 

other by a single mutational step stemming from haplotype A. 291 

Within sample variability 292 
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 Haplotype diversity (h) ranged from a zero value in Wales (W) and Nova Scotia (NS), 293 

which were fixed for haplotype A to 0.800 and 0.894 in Maryland (MLMR) and Bannow Bay 294 

(BB) respectively with an average of 0.422 (Table 2). Nucleotide diversity (π) was relatively 295 

low for all localities, ranging from 0.00023 in the Canadian sample (C) to 0.00245 in the 296 

Miles River (MLMR) group. The values for the average number of nucleotide differences (k) 297 

ranged from zero in Wales (W) and 0.125 in Canada (C) to 1.303 in the Miles River (MLMR) 298 

sample (Table 2). 299 

Among sample variability 300 

 After standard Bonferroni correction, pairwise inter-population Φst comparisons 301 

revealed certain samples of M. arenaria to be statistically significantly different from each 302 

other (Table 4), including the Irish samples (BB & FF) with Welsh (W) and Maryland 303 

(MLEB & MLMR) M. arenaria, and the Canadian sample (C) with the Flaxfort (FF) and 304 

Miles River (MLMR) Maryland individuals. The Netherlands (N) sample was not shown to 305 

be statistically significantly different from any other areas using this method. In the 306 

hierarchical AMOVA, 90% of mtDNA COX1 variation was found within samples, whereas 307 

7.9% and 2.1% of total haplotype frequency variation (both values statistically significant 308 

from zero) was represented by variation between European and North American samples and 309 

among samples within regions respectively (SI Table 2). 310 

Microsatellites 311 

Intra sample parameters 312 

 Three hundred and twenty M. arenaria from eight geographical sites across the 313 

species range were genotyped at ten microsatellite loci (SI Table 6). No linkage 314 

disequilibrium was observed between locus pairs and all ten loci were polymorphic. The 315 

three loci that deviated from HWE with heterozygote deficiencies (Ma 02, Ma 06 and Ma 15) 316 

were positively identified as possessing null alleles in MICRO-CHECKER 2.2.3 (van 317 

Oosterhout et al. 2004). Since the apparent presence of null alleles at these three loci had a 318 

negligible effect on the estimation of overall FST (uncorrected value 0.058 and corrected 319 

value 0.057), all ten loci were used in calculation of pairwise FST values (Table 5). The 320 

average number of alleles per sample varied from 7.2 in the Welsh sample (W), to 24.8 in the 321 

Miles River, Maryland sample (MLMR) (Table 1, SI Table 3), with the total average number 322 

of alleles per locus of 15, and a total of 355 alleles being detected overall. Across all loci 323 
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sampled, alleles unique to an area were present in small numbers in all sites except the Welsh 324 

sample (W) (SI Table 4). 325 

 Observed and expected within-sample heterozygosity values varied from 0.678 326 

(Flaxfort - FF) to 0.914 (Oregon - NEP), and from 0.706 (Wales - W) to 0.901 (Maryland 327 

samples – MLEB & MLMR) (Table 1, SI Table 3). The highest percentage of unique alleles 328 

present in an area was found in the Oregon sample (NEP) of M. arenaria, and the lowest in 329 

the Welsh sample (W) (SI Table 4). Genetic variability as measured by allelic richness (Rs) 330 

ranged from 11.1 in the two Maryland sites (MLEB & MLMR), to 5.6 in the Welsh sample 331 

(W), with a mean allelic richness of 8.41. Results from the Wilcoxon signed-rank tests for 332 

differences in allele diversity (i.e. allele richness) among samples indicates significant 333 

statistical outcomes between all pair-wise comparison involving samples from North America 334 

and Europe (P<0.01 in all instances). Thus, samples from North America consistently 335 

displayed significantly higher levels of allele diversity in comparison to European samples. 336 

There were no significant differences in allele richness among pairwise comparison involving 337 

North American samples only. Among the European samples, however, the Netherlands 338 

sample was found to display significantly higher levels of allele diversity (P<0.01) in 339 

comparison to all other European samples, which in turn, displayed similar levels of allele 340 

diversity (i.e. not statistically significant).  341 

Inter sample comparisons 342 

 Genetic differentiation over the eight softshell clam samples was significant at an 343 

overall value of 0.0224 (95% CI 0.0140 - 0.0341). Pairwise FST values ranged from the single 344 

not statistically significant 0.0017 between the two Maryland sites (MLEB & MLMR), to 345 

0.113 and 0.101 between Welsh (W) and Canadian (C), and Welsh (W) and Flaxfort (FF) M. 346 

arenaria respectively (Table 5). All samples of M. arenaria were significantly different from 347 

each other, excepting those from the two Maryland sites (MLEB & MLMR). 348 

 The population structuring suggested by the pairwise FST analysis was further 349 

supported in the un-rooted neighbour-joining tree based on inter sample Da values, and 350 

showed the European and North American samples to be clearly separated, with the 351 

Netherlands (N) sample being in an intermediate position (Figure 3). Samples of M. arenaria 352 

from the two Irish sites, Bannow Bay (BB) and Flaxfort (FF), clustered together on the 353 

neighbour-joining tree, as did the two samples from Maryland, North America (MLEB & 354 
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MLMR). The hierarchical STRUCTURE plots (Figure 4) provide further support to these 355 

inter sample relationships. Samples from the two continents separated at the first level (i.e. 356 

Level 0 in Figure 4). Significant within continent variation was also identified at the second 357 

hierarchical level (Level 1, groups 1 and 2) with no further obvious differentiation between 358 

the two Maryland or Irish samples (i.e. third hierarchical level - Level 2). The significant 359 

level of population genetic structuring observed with pairwise FST estimates and confirmed 360 

from both neighbour-joining and STRUCTURE analyses was further supported by the 361 

independent results of Factorial Component Analysis (SI Figure 1), which shows clear 362 

separation among samples from Europe and North America in addition “within major 363 

regions” sub structuring (SI Figure 1). 364 

 Hierarchical AMOVA analyses corroborate previous analysis by indicating significant 365 

differences in genetic partitioning of M. arenaria at all levels of geographic organisation 366 

(with regional partitioning as used above for COXI data), between the two regions, Europe 367 

and North America, among populations within regions, and within populations (SI Table 5). 368 

As with mtDNA COX1 AMOVA results, most variation was due to differentiation within 369 

populations (88.29%), while 5.48% and 6.23% of total variation was represented by variation 370 

among Europe and North American samples, and among populations within regions 371 

respectively. 372 

 373 

Discussion 374 

 As noted in the Introduction, previous studies of M. arenaria failed to demonstrate 375 

significant inter- and intra-continental differences between samples. Conversely, in the 376 

present study virtually all samples were significantly different for pairwise multi-locus 377 

microsatellite FST values, except those in close proximity in Chesapeake Bay (Table 5). The 378 

greatest difference was between samples from either side of the Atlantic (see AMOVA 379 

results in SI Table 4). This suggests that all but two of these samples should be regarded as 380 

largely distinct populations, with little contemporary gene flow between them.  381 

 In the present investigation, the utilisation of a combination of two independent 382 

molecular methods in this species was novel. Another innovation with these markers, which 383 

have previously proven to be discriminatory in eastern North America (Strasser & Barber 384 
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2009, St-Onge et al. 2011), was the inclusion of more than one European sample. This allows 385 

consideration of aspects such as possible colonisation modes and routes, and population 386 

variability within Europe. Both molecular methods indicate major or exclusive colonisation 387 

from eastern North America, in that European samples shared the same common 388 

mitochondrial haplotypes or common microsatellite alleles with eastern North American 389 

samples. In addition, North American samples displayed statistically significant higher levels 390 

of genetic diversity in comparison to European samples in a pattern that is consistent with 391 

source populations. Thus, we suggest that, based on current data, eastern North American 392 

populations were the major source of post Pleistocene colonisers to northern Europe. 393 

Routes of European colonisation 394 

 Previous authors (Petersen et al. 1992, Strasser 1999) have suggested that M. arenaria 395 

was introduced into Europe by Vikings returning to Europe in pre-Columbian times. 396 

Alternatively, natural colonisation could have occurred by larval drift from west to east via 397 

northern coastal locations. Future sampling of M. arenaria in the more northerly parts of the 398 

contemporary range in eastern North America and western Europe, and in transitional regions 399 

such as Iceland and Greenland, might clarify the possible routes of colonisation, as has been 400 

the case in the molecular investigation of Arctica islandica (Dahlgren et al. 2000), 401 

Cerastoderma edule (Krakau et al. 2012), Macoma balthica (Luttikhuizen et al. 2003), and 402 

Littorina saxatilis (Panova et al. 2011). 403 

 Regardless of whether European colonisation was human mediated or natural, data 404 

obtained in the current study would suggest that colonisation occurred from the north of the 405 

eastern North American range. Analysis of the relationship at microsatellite loci between the 406 

M. arenaria samples suggests a closer relationship between the Prince Edward Island sample 407 

(north of the eastern North American range) and the Netherlands sample (North Sea, Europe), 408 

than for samples from further south in the eastern North American range (Maryland, USA) 409 

(Figure 3 and SI Fig 1). 410 

 Assuming that variability decreases from the point of first colonisation (Hewitt 2000), 411 

levels of microsatellite variability (i.e. allele diversity) and genetic similarity observed in the 412 

four European samples may give some indication of the sequence of north western European 413 

colonisation. The average level of genetic diversity was significantly higher in the North Sea 414 

(Netherlands) sample, than in other European samples (from the Celtic Sea, southern Ireland 415 
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and Wales (Table 1)). Following the theory put forward by Hewitt (2000), this suggests that 416 

the North Sea could have been the area of first European colonisation from which other areas 417 

would be subsequently colonised. While no statistically significant differences were observed 418 

among the other European samples, it is interesting to note the sample from Wales displays 419 

the lowest level of genetic diversity numerically, thus suggesting that this area may have been 420 

the last to be colonised. The resulting neighbour joining (NJ) tree (Figure 3) and the results 421 

from the STRUCTURE analysis (Figure 4) support this interpretation, as do pairwise FST 422 

values for microsatellites (Table 5). Indeed, the FST estimates might seems to suggest a 423 

‘stepping stone’ sequence of progressive colonisation, similar to that proposed by Allendorf 424 

& Luikart (2008). 425 

The situation is far less clear cut for the mitochondrial data, possibly because of the 426 

lower variability observed in COX1 sequences and the use of substantially lower sample 427 

sizes. Mitochondrial DNA pairwise Φst estimates for Canada compared with three of 428 

European samples (the Netherlands, Bannow Bay and Flaxfort) provided the same trend of 429 

increasing Φst estimates as observed for the microsatellites (Table 5). In contrast, the pairwise 430 

mitochondrial DNA Φst between Canada and Wales was zero, while an FST value of 0.113 for 431 

microsatellite data from the same samples was higher than those between the Canadian and 432 

other European samples (Table 5). The examination of genetic variability (h values) for 433 

COX1 also showed a complex pattern (Table 2), where h values of the Irish samples were 434 

particularly high. These results, however, have to be interpreted with caution because of the 435 

small sample involved. One possibly hypothesis is that at COX1, the Irish samples displays 436 

evidence of a separate colonisation event, either from eastern North America or from a 437 

possible southern European refugium (Maggs et al, 2008)  438 

Possible European refugia? 439 

 The concept that European refugia, if they existed, should have occurred at the south 440 

of the range assumes that coastal marine species spread northwards post-glacially (Hewitt, 441 

2000). Many marine species, including the northern quahog Mercenaria mercenaria (Baker 442 

et al. 2008), American lobster Homarus americanus (Kenchington et al. 2009), the marine 443 

gastropod Acanthinucella spirata (Hellberg et al. 2001), and the dog whelk Nucella ostrina 444 

(Marko 2004), appear to conform to the model proposed by Hewitt (2000). However, it has 445 

been proposed that several marine species instead had northern peri glacial refugia, on the 446 
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basis of high genetic variability in contemporary northern populations. These include the 447 

ocean quahog Arctica islandica (Dahlgren et al. 2000), Macoma balthica (Luttikhuizen et al. 448 

2003), Cerastoderma edule (Krakau et al. 2012), Pagurus longicarpus (Young et al. 2002) 449 

and Littorina saxatilis (Panova et al. 2011). In addition, peri-glacial refugia have been 450 

suggested for many other marine species including Carcinus maenas (Roman & Palumbi 451 

2004), seaweed species (Hoarau et al. 2007, Olsen et al. 2010, Coyer et al. 2011), the 452 

common shrimp, Crangon crangon (L) (Luttikhuizen et al. 2008), the genus Patella (Sa-453 

Pinto et al. 2005) and tubiferous polychaetes (Jolly et al. 2006).  454 

It is interesting to note that the molecular data produced by St-Onge et al. (2013) 455 

suggest a southern refugium for M. arenaria in eastern North America. In the present study, it 456 

was not feasible to determine whether there has also been a limited contribution from one or 457 

more refugia on European shores, if the species did persist in Europe during the Pleistocene. 458 

While some haplotypes were almost or totally exclusive to Europe (see Irish samples in Table 459 

3), the majority were only one mutational step removed from haplotypes common in eastern 460 

North America (see Figure 2). For microsatellites, only a minority of rare alleles was 461 

exclusive to European samples. More extensive European sampling, particularly further south 462 

in the range, will be necessary to address this question. 463 

Genetic variability may indicate size of introduction 464 

 The level of genetic variability at the microsatellite loci, observed in the Pacific North 465 

American sample is informative in the context of size of introductions. In this case there is 466 

documented evidence of recent human introduction from the southern part of the eastern 467 

North American range, when a large number of M. arenaria were introduced to areas through 468 

the commercial oyster industry, and dedicated plantings were made to initiate a commercial 469 

fishery (Hanna, 1966, Carlton, 1989, Strasser 1999). The sample analysed in the present 470 

study from Oregon on the Pacific coast had a level of microsatellite variability similar to that 471 

from Maryland on the Atlantic coast, giving genetic confirmation of a large introduction from 472 

an eastern North American area. In contrast, the European clam samples showed substantially 473 

lower microsatellite variability, suggesting a lower number of individuals introduced to this 474 

area (see Table 1). 475 

The large inter- and intra-continental difference demonstrated in the current study 476 

may be indicative of intermittent movements of small numbers of individuals from North 477 
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America to Europe. The results from the analysis of COX1 sequences are less clear than those 478 

of microsatellites, which provided better support for discrimination among samples within 479 

continents in comparison to the single mitochondrial region. Interestingly, however, both 480 

mitochondrial DNA and microsatellites provide almost equal support to the inter region 481 

(continent) differences.  482 

 What is clearly demonstrated by the present results, is that the use of different marker 483 

types provides more detailed insights about mode of colonisation and contemporary 484 

population structure. We therefore suggest that a genomic approach be applied to the 485 

investigation of M. arenaria in the future, perhaps by identifying and screening a large 486 

number of SNPs (Beaumont & Balding 2004). This, in addition to modern statistical 487 

approaches based on Bayesian hypothesis inference (e.g. Cornuet et al 2014) may further 488 

clarify the ecology and previous movements of what is now an ecologically important and 489 

abundant soft sediment infaunal species in north western Europe. It would also provide 490 

genomic information that would be of use in M. arenaria aquaculture, which is widespread 491 

and commercially important in North America, and is to be developed in Europe. 492 
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Figure 1. Sampling locations of Mya arenaria (a) throughout the range in the (b) western 707 

North Atlantic region and (c) on western European coast. Black circles represent samples 708 

analysed in the previous study of Strasser and Barber (2009) and white circles samples 709 

collected for the present study. Sampling codes for current samples are as provided in Table 710 

2. The NEP site in Oregon is obscured in Figure 1 (a) and some other overlap of 711 

neighbouring sites occurs in Table 1 (a) and (b) 712 

 713 
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 714 

Figure 2. Median-joining network of Mya arenaria mtDNA haplotypes derived from COXI 715 

sequencing data. The circle area is proportional to the number of individuals 716 

characterised by a particular haplotype. The small black filled dots in the connecting 717 

lines represent mutational steps. Colours represent geographic location where 718 

haplotypes were found (blue – North America, green – Europe). Reticulations for 719 

unresolved links (e.g. T-A-AE and N-A-D) among haplotypes are also shown. 720 

Haplotype designations (A to AH) are as used in Table 3. 721 

 722 

 723 
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 725 

 726 

Figure 3. Unrooted neighbour-joining tree based on Nei et al. (1983) genetic distances 727 

(DA).Values on nodes represent percentage bootstrap support for groupings (out of 10,000 728 

bootstraps). 729 
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 731 

Figure 4. Estimated population structure from hierarchical STRUCTURE analyses for the full 732 

data set (Level 0) and independent STRUCTURE runs subsequently carried out on samples 733 

representing the major identifed groups (i.e. Hierarchical Levels 1 and 2 and respective 734 

subgroups). In each instance (i.e. hierarchial level and group), each particular individual is 735 

represented by a thin vertical line, which is divided into k coloured segments that represent 736 

the individual’s estimated membership fractions in k clusters. Black thicker lines separate 737 

individuals from different samples. 738 

 739 

 740 

 741 

 742 

 743 

 744 

 745 

 746 

 747 
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Table 1. Sampling locations and numbers of Mya arenaria specimens analysed in this study, 748 

including summary statistics for ten microsatellite loci (a = average number of alleles, Rs = 749 

average allelic richness, He = expected heterozygosity, Ho = observed heterozygosity) 750 

Sample (n) Sample Area Lat/Long a Rs He Ho 

MLEB 43 Eastern Bay, Maryland, eastern 

USA, North America 
38.886 N 

76.340 W 
22.2 11.14 0.901 0.798 

MLMR 53 Miles River, Maryland, eastern USA, 

North America 

38.816 N 

76.237 W 
24.8 11.15 0.901 0.831 

C 30 Prince Edward Island, Gulf of St. 

Lawrence, eastern Canada 
46.446 N 

63.767 W 
14.6 9.01 0.844 0.747 

N 30 Hinderplaat, The Netherlands, 

Europe 
51.843 N 

-04.009 W 
12 8.04 0.837 0.737 

BB 48 Wexford, Ireland, Europe 52.251 N 

06.763 W 
8.9 5.99 0.752 0.678 

FF 31 Cork, Ireland, Europe 51.648 N 

08.698W 
8.9 6.21 0.733 0.686 

W 25 Menai Bridge, Wales, Europe 
53.238 N 

04.091 W 
7.2 5.65 0.706 0.759 

O 60 
Alsea Bay, Oregon, western USA, 

North America 

44.584 N 

123.964 W 
21.9 10.10 0.894 0.914 

 751 

 752 

 753 

 754 

 755 

 756 

 757 

 758 

 759 

 760 

 761 

 762 

 763 

 764 

 765 
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Table 2. Summary sample statistics derived from the mitochondrial COX1 sequencing data 766 

including: number of individuals (N); number of haplotypes (nh); haplotype diversity (h±s.d.); 767 

nucleotide diversity (π 10-2); and average number of nucleotide differences (k). Bold font 768 

identifies samples collected in the current investigation.  769 

Sample Area Sample Code N nh h      π       k 

Maryland A MLEB 12 4 0.455 ± 0.17 0.094 0.500 

Maryland B MLMR 12 8 0.894 ± 0.08 0.244 1.303 

Eastern Bay, MD EMD 9 4 0.583 ± 0.18 0.167 0.889 

Miles River, MD MMD 15 4 0.371 ± 0.15 0. 096 0.514 

Stony Brook, NY NY 15 5 0.476 ± 0.16 0.100 0.533 

Wareham, MA WMA 25 7 0.430 ± 0.12 0.119 0.633 

Mashpee, MA MMA 20 6 0.447 ± 0.14 0.110 0.600 

Barnstable, MA BMA 19 3 0.001 ± 0.12 0.039 0.211 

Quincy, MA QMA 22 3 0.177 ± 0.11 0.034 0.182 

Pembroke, ME ME 21 4 0.271 ± 0.12 0.071 0.381 

St. John, NB NB 11 4 0.491 ± 0.03 0.102 0.545 

Antigonish, NS NS 20 1 - - - 

Canada C 16 2 0.125 ± 0.11 0.023 0.125 

Sylt, Germany NSE 15 3 0.530 ± 0.14 0.108 0.576 

Netherlands N 12 3 0.530 ± 0.14 0.108 0.576 

Bannow Bay, Irl BB 10 4 0.800 ± 0.08 0.226 1.200 

Flaxfort, Irl FF 10 3 0.711 ± 0.09 0.167 0.889 

Wales W 12 1 - - - 

Newport, OR NEP 20 5 0.574 ± 0.74 0.0013 0.668 

Overall  296 34 0.422 ± 0.04 0.1071 0.521 

 770 

 771 

 772 

 773 

 774 

 775 

Table 3. MtDNA haplotype distribution of the analysed COXI region of M. arenaria. 776 

Samples are aligned geographically to represent the hypothesised (Strasser & Barber, 2009) 777 

post Pleistocene spread of the species. Sampling sites abbreviations are given in Table 1 and 778 

2. The shaded columns represent European sampling sites while the shaded rows represent 779 

haplotypes unique to European sites. Underlined sampling sites represent novel samples 780 

collected in the current study. ‘Nhap’ = No. haplotypes per sample. Other samples are from 781 

Genbank (see text for details). 782 
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C   1       1              2 4 

D       1    1             2 4 

E             1 4 2 3 4    14 

F  2   1 1 1                  5 

G                        2 2 

H           1              1 

I          1               1 

J  1        1               2 

K         1                1 

L         1                1 

M        1                 1 

N        1                 1 

O       1                  1 

P       1                  1 

Q  1     1                  2 

R      1                   1 

S 1     1                   2 

T      1                   1 

U      1                   1 

V     1                    1 

W     1                    1 

X    1                     1 

Y    1                     1 

Z   1                      1 

AA  1 1                      2 

AB                  1      1 

AC                1        1 

AD 1                        1 

AE 1                        1 

AF  1                       1 

AG  1                       1 

AH  1                       1 

Total 12 12 9 15 15 25 20 19 22 21 11 20 16 15 12 10 10 12 20 296 

Nhap 4 8 4 4 5 7 6 3 3 4 4 1 2 3 4 4 3 1 5   
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Table 4. Pairwise population Φst values for mtDNA sequence data,  showing population pairwise Φst values below the diagonal and associated P 

values above. The values with a ‘+’ sign above the diagonal are significant after standard Bonferroni correction. Site abbreviations are as given 

in Table 1 and 2. 

 

 

 MLEB MLMR EMD MMD NY WMA MMA BMA QMA ME NB NS C NSE N BB FF W NEP 

MLEB    - - + - - - + + - - + + - - + + - + 

MLMR 0.017    - - - - - - - - - + - - - + + - - 

EMD -0.008 0.008    - - - - - - - - + - - - - - - - 

MMD 0.035 0.018 -0.042    - - - - - - - - - - - + + - - 

NY 0.000 -0.001 -0.010 -0.016    - - - - - - + - - - + + - - 

WMA 0.023 -0.017 -0.020 0.001 -0.015    - - - - - - - - + + + - - 

MMA 0.003 -0.003 0.013 0.015 -0.013 -0.001    - - - - - - + + + + - - 

BMA 0.049 0.014 0.047 0.033 0.007 0.001 -0.008    - - - - - + + + + - - 

QMA 0.061 0.021 0.060 0.040 0.012 0.005 0.003 0.001    - - - - + + + + - + 

ME 0.033 0.005 0.012 0.024 0.003 -0.010 0.001 -0.001 0.001    - - - + + + + - - 

NB 0.013 0.000 -0.024 -0.028 -0.023 -0.010 -0.018 0.006 0.028 0.008    + - - - + + - - 

NS 0.073 0.045 0.097 0.060 0.020 0.000 0.000 0.003 -0.004 -0.002 0.058    - + + + + - - 

C 0.043 0.014 0.047 0.032 0.003 -0.006 -0.008 -0.003 -0.003 -0.007 0.021 0.014    - - + + - - 

NSE 0.061 0.078 -0.008 -0.021 0.022 0.043 0.071 0.128 0.144 0.098 0.000 0.208 -    - - - - - 

N 0.061 0.078 0.043 0.058 0.059 0.062 0.071 0.128 0.144 0.098 0.051 0.208 0.057 0.013    - - - + 

BB 0.146 0.202 0.094 0.128 0.166 0.193 0.214 0.293 0.319 0.259 0.132 0.375 0.258? 0.001 0.038    - + + 

FF 0.130 0.191 0.111 0.152 0.167 0.177 0.190 0.283 0.308 0.239 0.146 0.385 0.226 0.049 -0.043 -0.044    + + 

W 0.023 0.000 0.034 0.017 -0.016 -0.025 -0.028 -0.026 -0.031 -0.029 0.008 0.000 -0.019 0.136 0.136 0.280 0.290    - 

NEP 0.044 0.021 -0.015 0.017 0.013 -0.001 0.009 0.022 0.039 0.013 -0.023 0.045 0.028 0.052 0.075 0.184 0.175 0.010   
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Table 5: FST estimates for ten microsatellite loci, after correction for the presence of null 1 

alleles. 2 

 

 MLEB MLMR   C N  BB    FF   W 

MLMR 0.0017*       

C 0.0381 0.0379 

     
N 0.0316 0.0377 0.0648 

    
BB 0.0701 0.0742 0.0923 0.0513 

   
FF 0.0763 0.0771 0.0996 0.0549 0.0165 

  
W 0.0910 0.0832 0.1131 0.0975 0.0909 0.1009 

 
O 0.0174 0.0182 0.0486 0.0355 0.0773 0.0816 0.0980 

Pairwise FST values are shown. *The value is not statistically significantly different after standard Bonferroni 3 
correction.  4 

 5 


