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Abstract Marine scallops, with extended planktonic larval
stages which can potentially disperse over large distances
when advected by marine currents, are expected to possess
low geographical differentiation. However, the sessile
lifestyle as adult tends to form discrete “sea beds” with
unique population dynamics and structure. The narrow
distribution of Zhikong scallop (Chlamys farreri), its long
planktonic larval stage, and the extremely hydrographic
complexity in its distribution range provide an interesting
case to elucidate the impact of marine currents on
geographical differentiation for marine bivalves at a fine
geographical scale. In this study, we analyzed genetic
variation at nine microsatellite DNA loci in six locations
throughout the distribution of Zhikong scallop in the
Northern China. Very high genetic diversity was present
in all six populations. Two populations sampled from the
same marine gyre had no detectable genetic differentiation
(Fst=0.0013); however, the remaining four populations
collected from different marine gyres or separated by strong
marine currents showed low but significant genetic differ-
entiation (Fgr range 0.0184-0.0602). Genetic differentia-
tion was further analyzed using the Monmonier algorithm
to identify genetic barriers and using the assignment test
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conducted by software GeneClass2 to ascertain population
membership of individuals. The genetic barriers fitting the
orientation of marine gyres/currents were clearly identified,
and the individual assignment analysis indicated that 95.6%
of specimens were correctly allocated to one of the six
populations sampled. The results support the hypothesis
that significant population structure is present in Zhikong
scallop at a fine geographical scale, and marine currents can
be responsible for the genetic differentiation.
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Introduction

In contrast to terrestrial species, marine organisms are
usually expected to show very low geographical differen-
tiation. This mainly attributes to the lack of physical
barriers to genetic exchange in “open” oceans and their
biological characteristics such as large population size,
wide range of distribution, prolific fecundity, and long
planktonic larval phases (Palumbi 1992; Nielsen and
Kenchington 2001; Luttikhuizen et al. 2003; Baus et al.
2005; Kenchington et al. 2006). However, due to the
complexity of marine environments and the diverse life
history stages of marine organisms, more complicated
factors including historical vicariance events, marine
currents and gyres, bays and islands, water temperature
and salinity, habitat discontinuity, mobility of marine
species in different developmental phases, and even
anthropogenic activities can affect the geographical differ-
entiation of different local populations and thereby form
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unique population dynamics (Palumbi 1992; Edmands and
Potts 1997; Collin 2001; Nielsen and Kenchington 2001;
Luttikhuizen et al. 2003; Baus et al. 2005; Kenchington et al.
2006; Rose et al. 2006). Based on the cases studied to date,
most species in the marine realm share two common
properties that are responsible for genetic differentiation
among different geographical populations: the dispersal
abilities of marine organisms (e.g., Bohonak 1999; Riginos
and Nachman 2001) and advection by marine currents (e.g.
Lundy et al. 1999; Baus et al. 2005; Kenchington et al.
2006). The dispersal ability is highly determined by the life
history of a certain species, e.g., sessile and benthic species
lacking larval stages usually show higher population genetic
differentiation than those species with long planktonic larval
stages (Hunt 1993; Kyle and Boulding 2000; Collin 2001).
Marine currents are favorable to population mixing through
long-distance dispersal of gametes, larvae, and adults, which
dispel geographical differentiation (Riginos and Nachman
2001; Luttikhuizen et al. 2003; Kenchington et al. 2000).

Almost all marine bivalves have a long planktonic larvae
stage. Passive larvae transport induced by marine currents
is therefore expected to enhance gene flow and dispel
geographical differentiation (Lewis and Thorpe 1994;
Tremblay et al. 1994; Kyle and Boulding 2000; Fievet et
al. 2006). Consequently, genetic analyses over either large
or fine geographical scales failed to identify significant
population structure in most marine bivalves, including
mussels (Levinton and Koehn 1976; Skibinski et al. 1983),
clams (Benzie and Williams 1992; Vadopalas et al. 2004),
and scallop (Herbinger et al. 1998). Surprisingly, genetic
differentiation over small geographical scales has only been
recognized in a few studies (e.g., mussel Mytilus edulis,
Ridgway 2001; clam Macoma balthica, Luttikhuizen et al.
2003). Some studies hypothesized that marine sessile
bivalves differ from marine fishes and pelagic invertebrates
in which the adults show a limited range of mobility (Baus
et al. 2005; Kenchington et al. 2006). As a result, they tend
to form discrete populations which display relatively unique
community dynamics and population structure (Ridgway
2001; Luttikhuizen et al. 2003; Kenchington et al. 2006).
However, for most marine bivalves including clams,
scallops, mussels, and oysters, the mechanisms for driving
geographical differentiation and creating the genetic popu-
lation structure are still unknown.

Marine scallop, which comprises more than 300 species
identified in worldwide oceans, is one important fauna of
bivalve at both a commercial level and an ecological level.
Consequently, numbers of aquaculture-related and ecology-
concerned investigations were performed, such as marker-
assisted selection (e.g., Qin et al. 2007; Zhan 2007),
functional genomics (e.g., Song et al. 2006; Zhang et al.
2007, 2008a, b), planktonic larvae and species identifica-
tion (e.g., Wang et al. 2006; Zhan et al. 2008), and
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phylogenetics (e.g., Wang et al. 2007). Additionally, some
population genetics analyses tried to dissect the dynamics
and mechanisms of diversification in marine scallop
populations and to point out what are the main factors
causing the population differentiation (e.g., Nagashima et
al. 2005; Saavedra and Pefia 2005; Kenchington et al.
2006). However, the results from different studies are
mixed.

Zhikong scallop (Chlamys farreri Jones et Preston
1904), which belongs to Mollusca, Lamellibranchia, Pter-
imorphia, Pterioodae, Pectinidae, has a natural distribution
along the seacoasts of China, Japan, Korea, and also
Sakhalin of Russia. Like many marine bivalves, Zhikong
scallop is sedentary as adult and has a long passive larval
stage (about 15 days under natural conditions), large
population size, and very high fecundity (usually more
than 1x10° eggs per mature female). However, compared
with other marine bivalves, Zhikong scallop possesses a
relatively narrow geographical distribution range (Fig. 1).
In China, the seacoasts around the Shandong Peninsula and
the Liaodong Peninsula are its natural habitats (approxi-
mately from 35° N to 39° N, Fig. 1). Due to these special
aspects of Zhikong scallop, a series of questions can be
addressed: is there any geographical differentiation or
unique genetic structure in Zhikong scallop populations at
a fine geographical scale? If geographic differentiation or
genetic structure is present, which factor(s) might drive this
differentiation at such a fine geographical scale? The
unusual oceanography around these two peninsulas, relative
narrow distribution, and unique lifestyle of Zhikong scallop
provide an interesting case for studies of local population
genetic structure and integrative causes of geographical
differentiation in marine bivalves at a fine scale. Addition-
ally, as one of the most valuable fishery species in Eastern
Asian countries, knowledge of the genetic structure and
genetic differentiation of natural populations is also
essential for aquaculture management and preservation of
aquatic biodiversity for the sustainable development of
scallop fisheries (Zhan 2007).

Among the molecular markers available for analysis of
population genetic structure, microsatellite DNA markers
are characterized as the finest identification of individuals
and populations due to their hypervariability, abundance,
neutrality, codominance, and unambiguous scoring of
alleles (Tautz 1989; Weber and May 1989). In this study,
a total of 270 individuals sampled from six populations
were genotyped with nine microsatellite markers to clarify
the population genetic diversity, to evaluate the genetic
differentiation among geographical populations, to eluci-
date the impact of marine currents on the genetic structure
and geographical differentiation, and to discuss the causes
of genetic differentiation of marine bivalve species at fine
geographical scales.
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Fig. 1 Approximate location of
Zhikong scallop (C. farreri)
samples. Sampling site names
are listed in Table 1. The marine
retention gyres, the average
vector currents in the spawning
season (from March to June; Li
and Liu 1989; Zhou et al. 1994),
and the natural habitats of dom-
inant populations are shown
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Materials and Methods
Sample Collection

Sample sites were chosen to cover all portions of the
species range of its main natural habitats in the Northern
China. Based on the biogeography and physical oceanog-
raphy, there are six demographically independent popula-
tions with relatively large sizes in this narrow region, of
which five are appropriately located inside four different
marine retention gyres and one is separated by a marine
channel (Laotieshan Channel) with very strong torrential
currents (Fig. 1).

Six local populations were sampled from two different
seas. One sample site was chosen in the Bohai Sea: the
seacoast around the Southern Changshan Islands in Chang-
dao County; one site was located in the boundary of the
Bohai Sea and the Yellow Sea: the Taozi Bay in Yantai
City. These two populations were located in the same
marine gyre (Fig. 1). Four other sample localities were in
the Yellow Sea: the seacoast around the Zhangzi Island in
Dalian City, the Sanggou Bay in Rongcheng City, the
Lingshan Bay in Jiaonan City, and the seacoast around the
Qiansan Islands in Rizhao City. These four populations
were in different marine gyres or separated by a marine
channel (Laotieshan Channel; Table 1, Fig. 1). A total of

270 individuals were collected and shipped to our labora-
tory. The adductor muscle was removed from each living
scallop and kept in a —80°C refrigerator prior to genetic
analysis performed.

DNA Extraction and PCR Amplification

DNA was extracted from the frozen adductor muscles
according to the protocol described by Zhang et al. (2004)
with some minor modifications. Briefly, the muscle of each
sample was homogenized in TNES buffer (10 mM Tris—
HCIL, pH 7.4; 10 mM ethylenediaminetetraacetic acid, pH
8.0; 125 mM NaCl; 0.5% sodium dodecyl sulfate and 4 M
urea) and treated with 200 pg proteinase K (Merck) at 56°C
overnight. The reaction mix was extracted with phenol—
chloroform—isopentanol (25:24:1) and then precipitated
with isopropanol and dissolved in 0.1x TE buffer (pH 8.0).

The population structure was investigated with nine
polymorphic microsatellite markers, seven from Zhan et al.
(2006a; CFMSP003, CFMSP007, CFMSP011, CFMSPO075,
CFMSMO009, CFMSMO014, and CFMSMO020), one from
Zhan et al. (2007a; CFBDO018), and the remaining one from
Zhan (2007; CFSSRO001). The polymerase chain reactions
(PCRs) were performed in a thermal cycler (GeneAmp
PCR System 9700, Perkin-Elmer ABI, Co. Ltd.) in 15-uL
mix containing 1x PCR buffer (Takara), 0.5 U Taq

@ Springer



226

Mar Biotechnol (2009) 11:223-235

Table 1 Collection details for the Zhikong scallop (C. farreri) samples

Population’s name (abbreviation used) ~ Sample locality; coordinates

Sample size  Collection time

Changdao population (CD, 1) Bohai Sea (seacoast of South Changshan Islands, Changdao City); 50 Mar. 1999
37° 55' N, 120° 47' E

Yantai population (YT, 2) The boundary of Bohai Sea and Yellow Sea (Taozi Bay, Yantai City); 40 Mar. 2003
37°39'N, 121° 14'E

Dalian population (DL, 3) Yellow Sea (seacoast around Zhangzi Island, Dalian City); 40 Nov. 2002
39°01'N, 122° 41'E

Rongcheng population (RC, 4) Yellow Sea (Sanggou Bay, Rongcheng City); 37° 08" N, 122° 30" E 50 Mar. 1999

Jiaonan population (JN, 5) Yellow Sea (Lingshan Bay, Jiaonan City); 35°55'N, 120°10'E 50 Nov. 2002

Rizhao population (RZ, 6) Yellow Sea (seacoast around Qiansan Islands, Rizhao City); 40 Feb. 2003

35°08'N, 119°53'E

The population’s name and abbreviations used in this study, sample locality and coordinates, sample size, and collection time are shown.

polymerase (Takara), 1.5 mM of Mg>", 200 uM of each
dNTP, 0.2 uM of each primer, and 40 ng of genomic DNA.
The PCR program for all loci was set at: 5 min for an initial
denaturation; 95°C for 30 s, locus-specific annealing
temperature for 30 s, 72°C for 45 s repeated 35 times and
ending with 72°C for 5 min.

DHPLC Analysis for Individual Genotyping

PCR products were separated on an automatic denaturing
high-performance liquid chromatography (DHPLC) equip-
ment: 3500 HT WAVE DNA fragment analysis system
(Transgenomic Inc., USA). The amplified DNA fragments
were loaded on a C18 reverse-phase column based on
alkylated polystyrene divinylbenzene particles (DNASep™
column). The column temperature was set at 50°C for DNA
fragment size separation. The gradient parameters were set
as: minimum size 50 bp, maximum size 400 bp, and
minutes per 100 bp 4 min. The cloned alleles (if available)
and pUC19—-Haelll were separated as the molecular stand-
ards. The peaks representing different alleles were distin-
guished by the retention time, and the allele was named by
its length (bp).

Data Analysis

For each locus in each population, the standard indices,
including the number of alleles (4), allelic and genotypic
frequencies, and observed heterozygosity (H,) and expected
heterozygosity (H.) were calculated by POPGENE
(Raymond and Rousset 1995) online version (http:/
wbiomed.curtin.edu.au/genepop/) or ARLEQUIN
(Schneider et al. 1997) version 3.1 software package. The
size (S;) and frequency (F,) of the most common allele and
the size (S,) and frequency (F,) of unique alleles for a
certain population were determined at each locus in all six
populations. An index, the allelic richness (R,; El Mousadik
and Petit 1996), which is suitable for comparison of the
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mean number of alleles among populations irrespective of
sample size, was calculated by the software Fstat (Goudet
2001) version 2.9.3. The Hardy—Weinberg equilibrium
(HWE) for each locus in each population was performed
using the Markov chain randomization test (Guo and
Thompson 1992) to estimate the exact P values. The signif-
icant criteria were adjusted for the sequential Bonferroni
correction (Rice 1989).

Differences among populations in their genetic compo-
sition were examined in several ways. The index of
pairwise Fst (0 estimator) based on an infinite alleles
model (IAM) was estimated to assess the magnitude of
differentiation among geographical populations, and an
unbiased estimate of the significance of the probability test
was calculated through 1,000 iterations employed by
ARLEQUIN software. Additionally, Rst values based on
a stepwise mutation model (SMM) were calculated using
the program RstCalc (Goodman 1997). A log-likelihood G
test (Goudet et al. 1996) employed by GENEPOP software
was used to determine whether or not the allelic and
genotypic distribution was identical between all pairs of
populations. The significance of the P values across all the
loci for all populations was determined using Fisher’s
probability combination test, and significance in pairwise
comparison was evaluated after a sequential Bonferroni
adjustment of critical probabilities.

The relationship among geographical populations was
estimated from Nei’s standard genetic distances (Dp)
between all pairs of populations (Nei 1987), and the
distance matrices were used to construct neighbor-joining
(NJ) dendrogram. The bootstrap values for this tree were
calculated using 1,000 replicates by resampling micro-
satellite loci. All calculations were conducted using the
PHYLIP 3.6 software package (Felsenstein 2000).

We used the assignment test and Monmonier algorithm
test to clarify the geographical differentiation. Assignment
methods have proven to be useful tools in detecting the
influence of marine currents on population genetic structure
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(Fievet et al. 2006). The likelihood of an individual
originating from a given population was estimated by using
a Bayesian-based method implemented in the program
GeneClass2 (Piry et al. 2004). The assignment threshold
score was set as 0.05. Due to sampling from the same
marine gyre and no detectable differentiation with CD
population (see “Results”), YT population, which was
sampled from the boundary of the Bohai Sea and the
Yellow Sea, was assigned to the CD-YT group in the Bohai
Sea when the pooled data were calculated. The latitude and
longitude coordinates were provided for each individual
and used along with the genetic data collected from the
microsatellite analysis to generate a connectivity network of
genetic distances based on Delaunay triangulation using
Barrier software version 2.2 (Manni et al. 2004). Mon-
monier’s maximum difference algorithm was then used to
identify putative genetic boundaries across the oceano-
graphic landscapes.

Results
Genetic Diversity of Different Populations

Measures of genetic diversity for each population were
calculated from the observed allele distribution and are
presented in Table 2. A total of 144 alleles were detected
across nine microsatellite loci ranging from two alleles at
the locus CFMSMO09 in the JN population to 22 alleles at
the locus CFMSP003 in the RZ population. The total
number of alleles per locus ranged from 5.7 to 18.5, and the
total number of alleles per population ranged from 9.0 to
14.6, respectively. Over all microsatellite loci, the RZ
population had the greatest average number of alleles, while
the least number of alleles was detected in the JN
population (Table 2). The allelic richness ranged from 8.2
to 13.4, and populations RZ and JN showed the highest and
lowest values, respectively. The number of alleles observed
at a certain locus varied highly among populations, e.g.,
only two alleles were detected at the locus CFMSMO009 in
the JN population, while much higher values were observed
at this locus in the other populations (Table 2).

The high within-population diversity was also reflected
in the levels of the expected and observed heterozygosities,
which varied from 0.5135 to 0.6604 and from 0.6632 to
0.8173, respectively. On average, the RC population had
the highest H, value (0.8173) and the JN population
showed the lowest (0.6632; Table 2). Considering the sea
area, the average H, of the populations located in the Bohai
Sea was lower than those sampled from the Yellow Sea
(0.7136 vs 0.7415).

A total of 17 alleles were found to be unique to a single
population (Table 2). Our unique allele analysis of samples

pooled by different seas suggested that populations sampled
from the Bohai Sea had fewer unique alleles. No unique
allele was detected in the YT population and only one was
found in the CD population, while the higher number of
unique allele was observed in the other four populations
sampled from the Yellow Sea (Table 2). Interestingly, the
RZ population displayed a large number of unique alleles at
the loci CFBD018 and CFMSMO014 (Table 2). The analysis
of the most frequent allele showed that only one locus
(CFSSRO001) exhibited a single most frequent allele
(196 bp) in all populations; however, variable numbers
were observed at the other loci among six populations
(Table 2). While we realize that the sample size could be a
factor to cause changes in the number of unique alleles or
low frequency alleles, it should not affect the most common
allele and its frequency. The different common alleles
among populations strongly suggest genetic differentiation.

Forty cases of observed genotype distribution were
generally in accord with Hardy—Weinberg proportion;
however, 14 cases remained significant after adjustment of
P values with the sequential Bonferroni method, and these
departures were due to an excess of homozygotes (Table 2).
No locus or sampling site had a particularly high number of
sites—loci that were deviated from HWE, and no heterozy-
gosity excess was detected in any of the populations at any
locus.

Genetic Differentiation Among Different Populations

The overall genetic differentiation among populations was
substantial with both IAM- and SMM-based estimators.
When pairwise multilocus Fgy and Rgr analyses were
performed, the populations sampled from the Yellow Sea
showed significant differentiation from each other. The
populations from the Yellow Sea also differed from two
populations: the CD population sampled from the Bohai
Sea and the YT population collected from the boundary of
the Bohai Sea and the Yellow Sea. However, no significant
difference was detected between populations CD and YT
(Table 3).

Genetic differentiation among geographical populations
was also observed when pairwise comparisons of allelic
and genotypic frequencies were performed. The comparison
revealed that, of 135 pairs of locus—population cases, 116
and 122 cases were significantly different in allelic and
genotypic frequencies, respectively, after sequential Bon-
ferroni corrections. All loci in populations RC, JN, and RZ
were significantly different in all pairs of both allelic and
genotypic frequencies. The DL population differed from the
CD population at five loci in allelic frequencies but at six
loci in genotypic frequencies, while the DL population
differentiated from the YT population at five loci in allelic
frequencies and at seven loci in genotypic frequencies,
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Table 3 Matrix of pairwise Fgr values (below diagonal) and Rgr values (above diagonal) between six populations based on data derived from

nine polymorphic microsatellite DNA markers

Population CD YT DL RC IN RZ

CD - 0.0021 0.0282%* 0.0686* 0.0998* 0.1129%*
YT 0.0013 - 0.0301* 0.0793* 0.0652* 0.1423*
DL 0.0184* 0.0188* - 0.0862%* 0.1038* 0.1528*
RC 0.0242* 0.0234* 0.0202* - 0.0892* 0.1209*
IN 0.0501* 0.0408* 0.0394* 0.0339* - 0.1024*
RZ 0.0602* 0.0601* 0.0528* 0.0524* 0.0422* -

*P<0.01 significance

were against this popular hypothesis (e.g., Ridgway 2001;
Luttikhuizen et al. 2003). Actually, there are few direct
experimental evidences in most of the marine bivalves until
now, and few studies are concerned on the relationship
between genetic structure or geographical differentiation
and marine landscapes. One way to obtain further insight
into the oceanography factors which create the genetic
structure of populations is to combine genetic data with
information on landscape characteristics to study how
landscape structures impact population structure (Fievet et
al. 2006; Jergensen et al. 2005; Kenchington et al. 2006).
The use of landscape genetic approaches to elucidate
genetic barriers and to test the membership of individuals
has proven very useful in this study to explain the
geographical differentiation. For Zhikong scallop, the
results in this study show there is good agreement between
hydrographical barriers and genetic differentiation of
geographical populations.

High Population Diversity and Deviation from HWE

A high level of genetic diversity was detected in all six
populations. Two leading indices, allelic diversity and
heterozygosity, are considerably high (Table 2). High
genetic diversity seems to be one common characteristic
of marine bivalves, such as oysters (e.g., Crassostrea gigas,
Li et al. 2003; Crassostrea virginica, Brown et al. 2000;
Pinctada maxima, Smith et al. 2003), clams (e.g., Panopea

abrupta, Vadopalas et al. 2004; Scapharca broughtonii, An
and Park 2005), and scallops (e.g., Placopecten magellani-
cus, Kenchington et al. 2006; Argopecten irradians, Zhan
et al. 2005, 2006b). The large population size and high
nucleotide mutation rate may be the main contributing
factors (Callen et al. 1993; Launey and Hedgecock 200I;
Hedgecock et al. 2004; Zhan et al. 2007b).

Most of the cases were in HWE; however, 14 locus—
population cases showed significant deviation from HWE.
The tests showed that these deviations were due to a
heterozygote deficiency. Significant heterozygote deficien-
cy has been commonly reported in marine invertebrate
species, and null alleles, frequently found at microsatellite
DNA loci, are potential causes for heterozygote deficiency
in HWE tests (Callen et al. 1993; Li et al. 2006). For marine
bivalves, the importance of null alleles as an explanation
for heterozygote deficiency was also considered and further
discussed in the studies of population genetic diversity,
inheritance pattern of microsatellites, and construction of
the SSR-based linkage maps (e.g., Li et al. 2003; Vadopalas
et al. 2004; Hubert and Hedgecock 2004; Baranski et al.
2006; Zhan et al. 2007b; Zhan 2007). In fact, null alleles
have been evidenced at some of these loci in construction
of SSR linkage maps for the Zhikong scallop (Zhan 2007).
The wide spread of null allele is the other characteristic of
marine bivalves, e.g., about 55.2% of loci had null allele(s)
from two controlled crosses established for construction of
SSR linkage maps in the Zhikong scallop (Zhan 2007). Li

Fig. 2 Neighbor-joining tree to- CcD
pology showing the genetic re- 100
lationship among six 9% YT
populations of Zhikong scallop
(C. farreri) 74 oL
RC
JN
100
RZ
P
0.02
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et al. (2003) also reported a comparatively high ratio
(51.9%) of null alleles in the Pacific oyster (C. gigas). The
prevalent facts confirmed by experimental evidences that a
high percentage of primers containing variable nucleotides
may be responsible for the widespread appearance of null
alleles in bivalves (Li et al. 2003; Hedgecock et al. 2004;
Zhan et al. 2007b). We should be aware that low
heterozygosity estimates in a population and deviation
from HWE at a certain locus might be partially due to the
null allele(s) in the study of population genetic diversity.

Impact of Marine Gyres/Currents on Population
Differentiation

All the statistical results, including the unique allele and most
common allele analyses (Table 2) and allelic and genotypic
frequency comparisons, show that populations CD and YT
showed no significant differentiation. The low Fgr values
and result of individual assignment also strongly suggested
the high gene flow between these two populations. It is well

known that the Bohai Sea is a semiclosed sea with relatively
poor water exchange with its neighboring sea. Most
importantly, these two populations were sampled from the
same marine gyre (Fig. 1). The passive larvae transport
induced by the intercirculated currents may prevent the
differentiation between these two populations. The popula-
tion mechanism was also assessed by Tremblay et al. (1994)
when they modeled the distribution of scallop larvae. They
observed that the scallop larvae in the vicinity of Georges
(Canada) and Georges (USA) were strongly coupled and can
mix in a single generation. These results suggest that the
marine currents which cause the spread of planktonic larvae
may be a key factor in explaining the weak differentiation in
planktonic-developing species.

Several population studies and phylogeographical inves-
tigation in marine organisms have also shown that the
population structure of species with planktonic larval
development (i.e., planktotrophic development species) are
also more sensitive to marine currents than those with direct
development (i.e., direct development species; e.g., Show et
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al. 1999; Kyle and Boulding 2000; Baus et al. 2005; Fievet
et al. 2006). The planktonic period usually provides a large
capacity to disperse widely over the oceans, which
therefore results in spatial homogeneity of their genetic
structure (Avise 2004). Comparatively, larvae were sus-
pected to migrate little from one zone to another or migrate
in a single direction due to local currents (e.g., scallop
Aequipecten opercularis, Lewis and Thorpe 1994; giant
clam Tridacna derasa, Macaranas et al. 1992) and hydro-
graphical barriers (e.g., Palumbi and Baker 1994).

Estimate of differentiation was expected to be low
because of the high variability of microsatellite loci
(Hedrick 1999); however, significant differentiation was
observed among Zhikong scallop populations sampled from
a fine geographical scale. Significant structure was found at
a large geographical scale in the studies of differentiation of
marine bivalves (e.g., Arnaud et al. 2000; Launey et al.
2002). However, few studies have shown significant
genetic differentiation over a fine geographical scale in
marine bivalves. In the present study, three populations
(RC, JN, and RZ) sampled from the Yellow Sea showed
high pairwise Fgr and Rgr values, indicating that these
three populations are genetically divergent. The landscape
genetic analysis showed significant genetic boundaries
between these populations, and these barriers were consis-
tent with the marine gyres/currents in the sampling
localities (Figs. 1 and 3). Additionally, results of assign-
ment tests revealed that a population rarely exchanged
migrants with other populations located within the area
defined by this boundary. Besides the genetic differentia-
tion detected by molecular methods, the RZ population
showed some unique morphological characteristics, such as
shell color, shell shape, and the number of thorns on the
upper shells. Although the distance between populations JN
and RZ is only 92 km, surprisingly, these two populations
showed very different genetic makeup and morphological
characteristics. Interestingly, no genetic differentiation was
observed in the population pair (CD and YT) sampled from
the same marine gyre with the comparative geographical
distance (80 km). Based on the analyses in genetic barrier
prediction and individual assignment, the marine currents
can be responsible for the surprise difference between these
two cases.

As described for numerous marine species, the Laotie-
shan Channel (Fig. 1) may represent a major barrier to the
dispersal for Zhikong scallop. Migration (gene flow) could
be restricted by marine currents, in particular the strong
currents occurring in the narrow passage of the Laotieshan
Channel. In the present study, the putative genetic barrier,
result of individual assignment, and differentiation analyses
were basically consistent with this geographical character-
istic. However, six individuals derived from the DL
population were excluded and assigned to the CD-YT

@ Springer

group, while six specimens of the CD-YT group were
similarly rejected and assigned to the DL population. With
the development of scallop aquaculture, the areas around
the Zhangzi Island in Liaoning Province and the Taozi Bay
in Shandong Province become the most important distrib-
uting centers for scallop seedlings and adults in China. The
scallop aquaculture activities may introduce larvae/adults
into new geographical locations. The factor for larvae/
adults’ introduction cannot be ruled out without further
investigation for the explanation of the individual assign-
ment results. We should be aware that, if a large number of
invaded scallops are released or mixed to the natural
environment by anthropogenic activities, they could alter
the genetic composition of wild populations by either
displacing them or interbreeding with them (Norris et al.
1999). Therefore, proper management of farmed popula-
tions and the assessment of risks caused by released or
escaped individuals should be fully considered in modern
scallop aquaculture.

The genetic differentiation of marine bivalves sampled
over a large scale in some studies were consistent with a
model of isolation by distance (IBD; e.g., pearl oyster,
Arnaud et al. 2000; European flat oyster, Launey et al.
2002; Rose et al. 2006), where the populations are
connected by continuous migration but the rate of gene
flow is greatest between neighboring populations. Howev-
er, the analyses including the genetic barrier prediction and
individual assignment showed the habitat fragmentation
formed by marine gyres/currents is responsible for the
geographical differentiation in Zhikong scallop. Generally,
the IBD model was considerably strengthened over a large
geographical scale analysis, while habitat fragmentation is
much competent for the explanation of differentiation for a
fine geographical scale (e.g., Launey et al. 2002; Wilson et
al. 1999). Due to the hydrographic complexity in the
habitats of Zhikong scallop, continuous migration may be
interrupted by the bays, marine gyres and currents,
peninsulas, and/or other still unknown integrative physical
barriers; therefore, we should be aware that it might be too
simplistic to describe the population differentiation by the
simple models of panmixia, islands, bays, marine currents/
gyres, and IBD.

Conclusion

The results of the present study suggest that the marine
currents play one of the important roles in defining
population differentiation. Our results evidenced for the
first time that genetic differentiation of marine scallop was
in relation to habitat fragmentation over a fine geographical
scale separated by marine gyres/currents. Additionally, it
should be pointed out that there are several difficulties in
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studying the geographical differentiation of marine bivalves
at fine geographical scales, such as difficult sampling,
limited population numbers, and lots of unknown marine
environmental factors. Although only six populations were
analyzed in this study, the sampling sites covered all the
natural distribution range and almost all the dominant
natural populations in the Northern China. More impor-
tantly, the landscape genetics analysis evidenced that the
marine gyres/currents can be responsible for the geograph-
ical differentiation. Based on the unique issues stated
above, at least three aspects should be recommended for a
long-term population surveillance in future studies on the
geographical differentiation in marine bivalves, (1) the
models and mechanisms of the migration and dispersal,
especially for germ cells, embryos, and larvae, (2) full
consideration of more oceanographic factors for further
landscape genetic analysis, such as marine currents,
retention gyres associated with banks or embayments, and
the distribution of rocky formations of sea beds for the
eventual larvae settlement, and (3) anthropogenic activities
associated with the aquaculture and fisheries.
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