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Abstract The Pacific oyster Crassostrea gigas as one of
the important commercial bivalves in the world, is native
to the coast of East Asia. The wild populations of this spe-
cies have declined due to natural or anthropogenic factors
in recent years. To provide valuable insights into manage-
ment and conservation of C. gigas we investigated the
genetic variation and population structure of C. gigas in
the northwestern Pacific by analyzing partial mitochondrial
cytochrome oxidase I gene (COI) with samples from 12
populations. Moderate levels of genetic diversity and low
nucleotide diversity were found within the populations. No
significant population structure existed in such a big spa-
tial scale; only low but significant genetic differentiation
between some of the Chinese and Japanese populations
was observed, which highlighted the important roles of cur-
rent gene flow and historical re-colonization in deceasing
genetic differentiation for marine invertebrates with seden-
tary adults. The results obtained in this study provide useful
information on the genetic diversity and phylogeographic
pattern of C. gigas and reveal the complex interactions of
multiple factors (strong genetic connectivity by dispersal of
larvae and ocean currents in this region) in the northwest-
ern Pacific.
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Introduction

Many marine invertebrates have developed a biphasic life
history strategy, wherein planktonic larvae disperse for
a period of time before metamorphosing into sedentary
adults [1, 2]. Therefore, these species have traditionally
been recognized to display mild or low geographical differ-
entiation and strong genetic connectivity because of larvae
dispersal and insufficient geographical barriers in marine
environments [3-5]. The oceanographic processes (e.g.,
ocean currents) are related to genetic distribution in marine
organisms over large spatial scales [6], which is particu-
larly true for adult sedentary marine organisms [7]. There
has been a growing number of studies highlighting the rela-
tionships among dispersal, gene flow, ocean currents and
Pleistocene glacial-interglacial cycles in marine systems,
including many species such as fishes [8, 9], crustaceans
[10, 11], and mollusks [12-15].

Climatic oscillations during the Pleistocene period had
a great influence on the contemporary distribution, abun-
dance and evolutionary histories of biota, which could be
expected to have genetic consequences [16, 17]. Several
marginal seas in East Asia—the sea of Japan (JPS), the East
China sea—the Yellow sea (ECS/YS), and the South China
sea (SCS), which separate the East Asian coasts from the
Northwestern (NW) Pacific were dramatically impacted by
Pleistocene glacial-interglacial cycles [18]. For example,
lowered sea levels (with a maximum decline of 120-150
m) during the glacial maxima resulted in the separation of
these three seas, which, consequently, fragmented marine
ecosystems and isolated populations of aquatic species
[19]. The relict fauna in the NW Pacific remained in three
marginal seas that have been shown to be separated refu-
gia during glacial periods, accumulating substantial genetic
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Fig. 1 Map of sampling sites of C. gigas from 12 populations and
illustration of main ocean currents along the coast of East Asia. KC
Kuroshio current, 7C Tsushima current, CCC China coastal current,

differentiation [20]. Within interglacial periods, the sea
level rose and quickly submerged the land bridges, leading
to the reconnection of these marginal seas and the popula-
tion-level expansion of species [21]. Such recurrent fluctua-
tions in sea levels and water temperature caused by glacial/
interglacial cycles inevitably affected the spatial distribu-
tion and genetic patterns of marine organisms [9, 11].

The genetic structure of marine species along the coast
of East Asia can also be attributed to complex hydrology
factors, including both ocean currents and freshwater out-
flow such as Changjiang diluted water (CDW) [22]. The
coast of East Asia areas is dominated by two main ocean
systems during summer, namely the Kuroshio and the
coastal currents (Fig. 1), both of which are characterized
by cyclonic circulation [23, 24]. The Kuroshio featured
by high temperature and high salinity consists of a strong
main stream and the Tsushima warm current (TC). The
main stream flows northward along the east coast of Tai-
wan, then turns northeast to the southern coast of Kyushu,
Japan, whereas the TC enters the JPS. The coastal currents
are composed of the China coastal current (CCC) from the
SCS, the Subei coastal current (SBCC) and Lubei coastal
current (LBCC), all of which are characterized by low
salinity flow into the ECS/YS [22]. Theoretically, oceanic
currents operating during the pelagic phase should facili-
tate larvae dispersal and promote genetic exchange [25].
Another important factor is the CDW, which carries huge
freshwater outflow into the ECS and profoundly influences
the hydrological and ecological features of the ECS [26].
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SBCC Subei coastal current, LBCC Lubei coastal current, YCI south
Yellow Sea cold water circulation, and YC2 north Yellow Sea cold
water circulation

The CDW has been considered to be an extrinsic barrier
for genetic connectivity for some intertidal species, such
as Cyclina sinensis [27] and Cellana toreuma [28], while
the barrier effect of the Changjiang River outflow on gene
flow of intertidal species failed to be detected in some other
cases [13]. Therefore, it is of great interest and importance
to investigate the historical and contemporary interplay
among a complex set of ecological, genetic, demographic,
oceanographic and climatic processes in the coast of East
Asia during Pleistocene glacial-interglacial cycles.

Crassostrea oysters are of great economic and ecologi-
cal importance to global fisheries and aquaculture indus-
tries [29]. The Pacific oyster, C. gigas, with a spatially
wide-range distribution, is native to the coast of East Asia,
including China, Korea and Japan. As one of the intertidal
species, C. gigas has strong capability to adapt to various
environmental conditions and temperature fluctuations
[30]. Despite its abundance and economic and ecologi-
cal importance, population genetic studies of C. gigas in
its native habitats are limited. In recent decades, the wild
populations of C. gigas have declined due to natural or
anthropogenic reasons in East Asia (e.g., diseases, over-
fishing and the deterioration of ocean conditions caused by
anthropogenic activities) [31, 32]. Therefore, investigating
the population genetic structures of C. gigas can facilitate
monitoring the genetic diversity and lay the foundation for
management and conservation [33]. Given this, an assess-
ment of the genetic diversity of C. gigas becomes more
urgent.
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In this study, we conducted a comprehensive investiga-
tion on C. gigas sampled from widely distributed natural
habitats along the coasts in East Asia using partial mito-
chondrial cytochrome oxidase I (mtCOI) fragments, with
the objective to provide information on the genetic struc-
ture and demographic history of C. gigas.

Materials and methods
Sample collection

Samples were collected from 12 sites along the coast of
Northern China, South Korea and Japan from 2004 to
2014 (Fig. 1; Table 1), including Dalian (DL, China),
Kenli (KL, China), Laizhou (LZ, China), Penglai (PL,
China), Kongtong (KT, China), Rushan (RS, China),
Qingdao (QD, China), Lianyungang (LYG, China),
Zhoushan (ZS, China), Incheon (IN, Korea), Suncheon
Bay (SU, Korea), and Saiki (SA, Japan). These sampling
sites covered the major geographical distribution of C.
gigas in East Asia. A total of 228 samples were obtained
with 20 individuals from each site, except for SU (Korea)
where only 8 samples were obtained. Fresh adductor mus-
cles were dissected and flash frozen at —80 °C for DNA
extraction.

DNA extraction, species diagnosis, polymerase chain
reaction (PCR) amplification and sequencing

Genomic DNA was extracted following a standard phe-
nol—chloroform procedure, as described by Li et al. [34].
The species identity was confirmed by molecular diagnosis
using multiplex species-specific PCR analysis as described
in Wang and Guo [35], since species identification solely
based on phenotypic characteristics (e.g., shell) is not
always reliable in oysters.

The universal primers LCO1490 and HCO2198 [36]
were used to amplify a mtCOI fragment. PCR amplifica-
tion was carried out in a 30-jul volume with an initial dena-
turation step of 3 min at 94 °C; 35 cycles of 94 °C for 45 s,
51 °C for 45 s and 72 °C for 45 s; and a final extension
at 72 °C for 10 min. The 30-p1 amplification reaction con-
tained 2.0 mM MgCl,, 25 mM of each dNTP, 0.33 uM
each primer, 100 ng of template DNA, 3 ul of 10 x buffer,
and 1.5 U Taq polymerase (TaKaRa). PCR products were
purified and sequenced from both directions on an ABI
3730 XM DNA analyzer (Applied Biosystems).

Data analysis

Sequence alignments were performed with CLUSTAL W
using default parameters, and manual adjustments were

Table 1 Sampling information, diversity indices and values of neutral tests (Tajima’s D & Fu’s Fs) for each population of C. gigas and the mis-

match distribution parameter SSD

Sampling site  Time Abbreviation n s H h T k  Tajiam’s D Fu’s Fs Goodness-of-
fit test
SSD P
China
Dalian 2013 DL 20 6 8 0.5211=+0.1346 0.000966 + 0.000897 0.6 —2.05624* —5.65535° 0.0106 0.4
Kenli 2013 KL 20 8 8 0.5895+0.1297 0.001288 +0.001084 0.8 —2.17464° —6.10151° 0.00251 0.64
Laizhou 2013 LZ 20 3 4 0.2842 £0.1284 0.000483 £ 0.000587 0.3 —1.72331* —2.74926* 0.00584 0.41
Penglai 2013 PL 20 5 5 0.3684 £0.1351 0.000805 £ 0.000799 0.5 —1.97429* —2.99084* 0.00025 0.89
Kongtong 2013 KT 20 8 9 0.6526 £0.1225 0.001432 £ 0.001165 0.9 —2.04091° —7.38334> 0.00774 0.4
Rushan 2013 RS 20 7 7 0.5211+0.1346 0.001127 £ 0.000991 0.7 —2.12144* —4.98359" 0.00029 0.99
Qingdao 2008 QD 20 6 6 0.5158£0.1316 0.001110+0.000982 0.7 —1.88764* —3.46687" 0.00036 0.94
Lianyungang 2013 LYG 20 7 7 0.5211£0.1346 0.001127 £0.000991 0.7 —2.12144* —4.98359* 0.00029 0.95
Zhoushan 2013 ZS 20 2 3 0.1947 £0.1145 0.000322 £ 0.000466 0.2 —1.51284* —1.86305* 0.0016 0.41
Korea
Incheon 2014 IN 20 5 6 0.5158£0.1316 0.000949 + 0.000887 0.6 —1.78003* —4.01486* 0.01115 0.25
Suncheon Bay 2012 SU 8 2 0.2500 £ 0.1802 0.000403 £ 0.000571 0.3 —1.0548 —0.182 0.27914 0.05
Japan
Saiki 2004 SA 20 4 4 0.4316+0.1262 0.001187 £0.001026 0.7 —1.003 —0.6996 0.02561 0.37

Sampling year (Time); Abbr, site abbreviation; number of individuals sampled per site (n); number of haplotype per locality (H); number of
polymorphic sites per locality (s); haplotype diversity (4); nucleotide diversity (;7); and mean number of pairwise differences (k)

 Significant Tajima’s D (P < 0.05) and Fu’s Fs values (P < 0.02)
® Significant Tajima’s D and Fu’s Fs values (P < 0.0001)
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made in MEGA 5.0 [37]. DNASP 5 [38] was used to esti-
mate the total number of haplotypes (H) and polymorphic
sites (). All of haplotypes for each locus were deposited
in the Genbank database (accession numbers: KP099007—
KP099052). Molecular diversity indices such as haplotype
diversity (%), polymorphic sites (s), nucleotide diversity (i)
for each population, and mean number of pairwise differ-
ences (k) were calculated using ARLEQUIN 3.5 [39].

The genetic structure among all populations was
assessed by analysis of molecular variance (AMOVA) [40]
using ARLEQUIN 3.5. Population pairwise @gp values
were also computed with ARLEQUIN. The significance
of each pairwise comparison was tested with 10,000 ran-
dom replicates, and a standard Bonferroni correction was
applied for multiple tests [41]. Additionally, the isolation
by distance (IBD) pattern was tested for mtCOI based on
pairwise geographical distance (km) and genetic distances
(Fgp) with the Mantel test using the IBD web service pro-
gram [42]. The significance of the correlation was tested
using permutation methods (10,000 randomizations).

The demographic history of populations was estimated
by conducting Tajima’s D [43] and Fu’s Fs tests [44]. Both
of which were useful to measure deviations from neutral-
ity. Statistics in mismatch distributions was obtained to test
for a departure from sudden population expansion [sum
of squared deviation (SSD) to test the validity of the sud-
den expansion model] [45, 46]. The significance of SSD
was assessed by 1000 parametric bootstrap replicates.
Both neutrality tests and mismatch analyses were calcu-
lated in ARLEQUIN 3.5. A mismatch frequency histogram
was generated in DNASP 5 to further detect the historical
expansion model. The real time since population expansion
(1) was calculated through the formula r = ©/2 pk, where t
is the parameter tau estimated under the sudden expansion
model in ARLEQUIN 3.5, u is per locus per year substitu-
tion rate (divergence time/2) and k is the sequence length.
We adopted an mtCOI divergence time estimated for mol-
luscan species from 2 % [47] to 2.4 % [33] for the lack of a
clear fossil or geological record.

Bayesian inference (BI) and neighbor joining (NJ)
analyses were performed to infer the phylogenies of the
haplotypes. We used Crassostrea angulata (KC170323)
as an out group. The software jModelTest [48, 49] was
applied to select the best-fit nucleotide substitution model
for COI fragments using the Akaike information criterion
(AIC). The Hasegawa, Kishino and Yano (HKY) model
was selected for Bayesian analysis that was performed
with MrBayes 3.1.2 [50]. Each analysis used four Markov
chains with default heating values and was run for 10 mil-
lion generations while sampling trees every 1000 gen-
erations. The first 70 % of generations were discarded
as burn-in, and then a 50-% majority-rule consensus tree
with branch lengths was constructed with the remaining
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generations. The NJ analysis was performed in MEGA 5.0.
A haplotype network was generated using the 95 % statisti-
cal parsimony algorithm implemented in TCS 1.21 [51] to
evaluate the genetic relationships of C. gigas haplotypes.

Results
Genetic diversity

A total of 621 bp fragments of mtCOI gene generated from
228 specimens were used for the analyses. Sequences har-
bored 46 polymorphic sites, including 44 transitions and
two transversions with no indels being detected. We found
46 haplotypes, 38 of which were private. The number of
haplotypes for each population ranged from two to nine
(Table 1). The unique conspicuous high-frequency haplo-
type (H-1), also the most abundant haplotype, was observed
in all populations accounting for 73.25 % (167/228) of
the total haplotypes identified (Table 2), followed by H-8
that was present in five populations (KL, LZ, KT, QD
and ZS) with only six copies. Other low-frequency haplo-
types except for the private ones were shared by only 2-3
populations with at most two copies. Existence of private
haplotypes was observed in all sampling sites except for
Suncheon Bay (SU) in Korea.

All populations were characterized by low nucleotide
diversity (0.001432-0.000322; Table 1), and moderate hap-
lotype diversity (mean & = 0.4569). The mean number of
pairwise differences between individuals within sampling
sites ranged from 0.2 in ZS to 0.9 in KT. Molecular diver-
sity indices indicated that KT samples scored the highest
value of genetic diversity, while ZS samples occupied the
lowest.

Population genetic structure

Population pairwise @y values were generally low with
non-significant value, only low but significant genetic dif-
ferentiation was observed in some samples between Chi-
nese and Japanese populations (Table 3; P < 0.05), indi-
cating high genetic connectivity among these populations.
However, remarkably, AMOVA analysis using two group-
ing strategies (Table 4) revealed that a majority of the
total molecular variance was distributed within groups (I:
94.97 %, 1I: 98.98 %) with significant values (P < 0.05),
followed by variance distributed among groups (5.31 %)
and among populations within groups (0.52 %), respec-
tively. The variance components among groups and among
populations within groups were not statistically signifi-
cant (P > 0.05) using both grouping strategies in AMOVA
analysis. IBD analyses showed that genetic distances were
not correlated with geographic distances (P = 0.886,
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Table 2 Haplotype frequencies
of mitochondrial COI fragments
observed among 12 populations DL KL LZ PL KT RS QD LYG ZS IN SU SA  Total

Haplotypes  Haplotype frequencies

20 20 20 20 20 20 20 20 20 20 8 20 228

H-1
H-2
H-3
H-4
H-5
H-6
H.7
H-8 1 1 1
H-9

H-10

H-11 1

H-12

H-13

H-14

H-15

H-16

H-17

H-18 1

H-19
H-20
H-21
H-22
H-23
H-24
H-25
H-26
H-27 1

H-28 1

H-29 1
H-30 1
H-31 3
H-32

H-33

H-34

H-35

H-36

H-37

H-38 1
H-39

H-40

H-41

H-42

H-43 1
H-44 1

H-45 1

H-46 1

4 13 17 16 12 14 14 14 18 14 7 15
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Table 3 Pairwise @4 based on mitochondrial COI fragments among the 12 populations (see Table 1 for abbreviations)

DL KL Lz PL KT RS QD LYG A IN SU
KL 0.00011
LZ 0.00005 —0.00926
PL 0.00010 0.00006 0.00010
KT 0.00718 —0.01154 —0.00814 0.00766
RS —0.00772 —0.00661 0.00000 0.00018 0.00678
QD 0.00824 —0.02012 —0.00972 0.00882 —0.01210 0.00760
LYG -0.00011 —0.00682 —0.00022 —0.00834 0.00036 0.00011 0.00736
A —0.00006 —0.01033 —0.02035 0.00008 —0.00902 —0.00007 —0.01098 —0.00024
IN 0.00883 0.00757 0.00117 0.00977 0.01419 0.00058 0.01622 0.00824 0.01313
SU —0.02764 —0.03404 —0.00660 —0.02290 —0.04699 —0.03122 —-0.02120 —0.03137 0.00933 —0.01618
SA 0.04531*  0.03965*  0.05756 0.04133 0.02631 0.04229*  0.04931*  0.04219 0.06324 0.04249  —0.04296
* Significant @gr values at P < 0.05
Tal?le 4 Analysis of molecular Source of variation d.f. @ statistics % of variation P value
variance (AMOVA) among
C. gigas mitochondrial COI I (China and Korea/Japan)
sequences Among groups 1 Do = 0.05310 531 0.08525
Among populations within groups 10 Py = —0.00291 —0.28 0.63059
Within populations 216 Dy = 0.05034 94.97 0.04891*
II (Yellow sea/East China sea)
Among groups 1 D = 0.00499 0.50 0.21485
Among populations within groups 10 Dy = 0.00526 0.52 0.17871
Within populations 216 Py = 0.01023 98.98 0.04832%*
* Significant gy values at P < 0.05
P = 0.0692; Fig. 2). These results indicated that significant 0.10 T
phylogeographic structures of C. gigas were rejected in the 1 0,871
study areas.
0.06 -+
Historic demographic expansions :u:"’\ T
§ 0.02 +
Two neutrality test values for all but two populations (SU s i
and SA, P > 0.05, Table 1) were negative and most of them g
were highly significant (P < 0.02), demonstrating a demo- % 002 7
graphic expansion event under the neutral model within é
these groups. The mismatch distribution displayed a nega- 006 |+
tive binomial curve (Fig. 3) that was likely related to a
recent population expansion. Furthermore, the SSD values
of mismatch analyses were statistically non-significant (all 0-101_0 A o a8 a4 .0

P > 0.05, Table 1). All the results above supported the null
hypothesis of recent population expansion of C. gigas. Based
on the formula t = ©/2ux, population expansion time esti-
mated for C. gigas started 52-40 Kya (thousand years ago).

Phylogenetic analyses

The Bayesian phylogenetic tree was shallow with no sig-
nificant genealogical branches or clusters of samples
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Geographic Distance (Log)

Fig. 2 IBD plots for C. gigas. The plot shows a relationship of pair-
wise population genetic and geographic distance among 12 popula-
tions along the coast of East Asia

corresponding to sampling sites (Fig. 4), which was also
consistent with the observation that a population expan-
sion event occurred after a bottleneck. A further NJ tree
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Fig. 3 The observed (line) and expected (bars) mismatch distri-
butions under the recent expansion model for the mitochondrial
cytochrome oxidase I (COI) of C. gigas

(not displayed) also supported the BI analysis results. The
haplotype network showed a shallow and typical ‘star-like’
topology dominated by a major haplotype shared by all 12
populations (Fig. 5). The major haplotype (H-1) lay at the
center, with many singletons or low-frequency haplotypes
being linked by short branches.

Discussion
Population genetic diversity

In this study, a current genetic background of C. gigas
in East Asia’s coastal areas was provided. The level of
genetic diversity of C. gigas was characterized by moder-
ate haplotype diversity (4 of 12 populations had low values,
including LZ, PL, ZS and SU) and low nucleotide diver-
sity, which was partly consistent with the previous conclu-
sions reported by Sekino et al. [52]. In addition, the level
of genetic variation for C. gigas was relatively lower than
that of some co-distributed bivalves (Table 5), such as C.
sinensis [13], Tegillarca granosa [14], Crassostrea ariak-
ensis [53] and Atrina pectinate [21]. A different population
history of these species was assumed to be responsible for
the differences in genetic variations.

Population structure

High levels of gene flow and weak genetic differentiation
among C. gigas populations were revealed by the AMOVA
and pairwise @¢r analyses. The genetic pairwise differenti-
ations (@gy) between C. gigas populations were low, which
is frequently observed in high dispersal marine inverte-
brates [54]. The weak differentiation was further revealed

by the Bayesian phylogenetic tree and haplotypes net-
works. The major haplotype occurred in all sampling sites,
demonstrating strong historical or current gene flow among
all the populations at this spatial scale [16, 20]. In addition,
no evidence of IBD was found in this study. Weak genetic
differentiation of C. gigas was also detected by Sekino
et al. [52] in a fine scale. Moreover, similar population
structures have been revealed in some other marine species
distributed in these coastal areas, such as Chelon haema-
tocheilus [8], Eriocheir sensu strict [11], A. pectinate [21],
Chinese shrimp Feneropenaeus chinensis [55] and Rapana
venosa [56, 57].

The possibility of anthropogenic habitat expansion that
leads to gene flow can be ruled out by the observation that
the C. gigas population samples shared very few mtDNA
haplotypes [52]. For geographically isolated marine inver-
tebrate species, pelagic larval duration (PLD) is one of the
key parameters in shaping the pattern of genetic population
differentiation [58]. The longer the PLD of a species, the
farther distance it can spread via passive transport by ocean
currents flow, though some exceptions exist [59]. A 2- to
3-week long larval stage of C. gigas combined with insuf-
ficient geographical barriers, theoretically, allows the larvae
to migrate long distances with the enhancement of ocean
currents.

The intricate hydrology conditions along the coast of East
Asia could contribute to the genetic homogeneity among
geographically isolated species. The KC (Fig. 1) flows
northward along the east coast of Taiwan, then turns north-
east to the southern coast of Kyushu, Japan; the CCC flows
into the ECS from the SCS; the LBCC and SBCC flows
southward to the ECS. Moreover, there is a local circulation
called the Yellow Sea cold water circulation (including YC1
and YC2) in the YS during summer season. These currents
operating in the regions potentially enhance dispersal of
marine larvae and, consequently, decrease population struc-
tures among seas [10]. In contrast, the CDW seemingly fails
to hinder the dispersal of the C. gigas larvae. No significant
genetic differentiation of C. gigas was detected in line with
the Changjiang River discharge, which may mainly benefit
from its strong adaptability to various environments such
as a euryhaline adaptation mechanism [60, 61]. Obviously,
weak genetic structure, as revealed by mtCOI data in this
study, is consistent with the view that marine organisms
with larval stages often show low genetic differentiation
among populations as a result of high dispersal capabilities
and large-scale oceanic mixture [62, 63]. However, low, but
significant, genetic differentiation (only 4 of 66 pairwise
@1 values) observed between some of the Chinese samples
and Japanese samples might be the result of demographic
fluctuation, which could be caused by any of several other
factors, including genetic drift before recruitment and natu-
ral selection during early life stages [21, 64, 65].
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Fig. 4 Phylogenetic trees of C. C.angulata
gigas based on COI haplotypes
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Fig. 5 Haplotype network for the 46 haplotypes of C. gigas. Differ- number of substitutions separating two haplotypes was indicated by
ent populations were marked by distinctive colors. Each circle corre- the vertical bars on the line
sponds to a unique haplotype sized in proportion to its frequency. The

Table 5 Two molecular -

N R Bivalve Molecular makers h T Source
diversity indices and molecular
L‘:ﬁj; on five co-distributed Tegillarca granosa mtDNA: COI 0.539 0.01240 Ni et al. [13]
ncDNA: TIS-1
Cyclina sinensis mtDNA: COI 0.571 0.00200 Ni et al. [13]
ncDNA: TIS-1
Crassostrea ariakensis mtDNA: COI 0911 0.00100 Kim et al. [13, 53]
16S,COILCOIII,
Cytb
Atrina pectinata mtDNA: COI 0.850 0.00380 Dong et al. [13, 28, 53]
Microsatellites
Crassostrea gigas mtDNA: COI 0.457 0.00097 Present study
I haplotype diversity, 7 nucleotide diversity, mtCOI-COII mitochondrial cytochrome oxidase subunit I-III,
ncDNA nuclear DNA, Cytb cytochrome b, I7S-1 internal transcribed spacer, and SSR microsatellite markers
Phylogenetic analyses revealed no significant genealogical branches correspond-

ing to sampling sites. Such phylogenetic characteristics
The simple topology of the Bayesian phylogenetic tree  suggest that C. gigas originates from a common ances-
together with a shallow and “star-like” haplotype network  tral population, and the major haplotype found in all
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populations is highly likely to be the ancestral haplotype.
Notably, most investigations with respect to population
genetics and phylogeographic pattern of marine species
have indicated that three marginal seas along the NW
Pacific coast have served as independent refugiums during
the low sea level periods of Pleistocene glaciations [20].
Therefore, marine organisms and their progenies might be
divided into ECS, SCS, and JPS lineages after the rising of
post-glacial sea levels. This observation has been reported
in several organisms, such as C. haematocheilu [8] and C.
sinensis [13]. Based on our sampling scope and the popu-
lation genetic structure revealed, we infer that the unique
lineage of C. gigas in the present study might belong to the
ECS lineage.

Historical demography

The NW Pacific Ocean has been greatly influenced by
Pleistocene glacial-interglacial cycles, especially in the
last glacial maximum (LGM, about 20,000 years ago) [47].
Most of the ECS/YS shelf was exposed during glacial peri-
ods, and marine organisms gathered into the Okinawa refu-
gia [66]. Given the genetic patterns reflected by our data, a
post-LGM expansion can be assumed for the C. gigas pop-
ulation. However, the inferred real expansion time starting
from 42 to 51 Kya (r = 0.645), perhaps after the last inter-
glacial maximum (LIG, 115 Kya) but not post-LGM, con-
tradicts with the classic view of significant expansion after
the LGM. Probably, the real expansion time was influenced
by the short length of the analyzed COI region in our study.
Similar to our findings, the pre-LGM expansion has been
reported in some other marine species [47, 67, 68], but the
specific reasons for this conflicted observations remain elu-
sive, requiring further investigations.

From our results, moderate haplotype diversity and low
nucleotide diversity were detected within native popula-
tions of C. gigas in East Asia. There being no significant
genetic structure among the populations suggests a strong
genetic connection among these populations. Only low,
but significant genetic differentiation between some of the
Chinese and Japanese populations might be attributed to
both current gene flow (by larval dispersal interacting with
oceanographic processes, such as ocean currents) and his-
torical re-colonization (by population range expansion and
demographic expansion in the late Pleistocene), suggesting
a strong genetic connection among these populations. Con-
sequently C. gigas distributed in the sampling areas could
be considered as an ECS lineage. The results obtained in
the present study provide useful information on the genetic
diversity and phylogeographic patterns of C. gigas and
reveal the complex interactions of multiple factors in the
NW Pacific Ocean.
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