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ABSTRACT

Ark shell Scapharca kagoshimensis is one of the commercially important bivalve resources in East Asia. In Japan,
the mass production method for its natural seedlings was developed in the 1880s, and they had been transplanted
to an array of the major fishing areas. It has been therefore concerned with its genetic disturbance among not
only current but also former fishing areas in Japan. This study was undertaken to ascertain its genetic diversity
and population structure in East Asia by means of nucleotide sequence analysis of a 555-bp portion of the mito-
chondrial DNA COI gene. Of 225 individuals collected from 8 populations and 1 population in Japan and Korea,
respectively, a total of 59 haplotypes, including 14 common haplotypes, were found, and Japan and Korea shared
3 common haplotypes. In Japan, the haplotype diversity and nucleotide diversity ranged from 0.65 to 0.93 and
from 0.22% to 0.59%, respectively, reflecting relatively high levels of genetic diversity. The values in Korea were
determined to be 0.45% and 0.19%, respectively, indicating significantly lower genetic diversity compared with
that in Japan. Mismatch distribution analysis and neutrality tests showed a recent history of multiple types of
reproduction and signals of demographic change in each population. These results suggest that S. kagoshimensis
has experienced rapid population growth or reduction in population size such as a bottleneck in a short period.
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1. Introduction been therefore concerned with its genetic disturbance
among not only current but also former fishing areas in
Japan. However, its genetic diversity and population
structure in Japan are still not well understood.

It is well-known that transplantation sometimes occurs
because of a serious effect on the genetic diversity and
population structure of marine species [4]. Molecular
tools have greatly enhanced our understanding of the
genetic diversity and population structure of marine spe-
cies, as well as helped in elucidating their evolutionary
history [5,6]. Mitochondrial DNA (mtDNA) has been
extensively used for both population genetic and syste-
matic genetic studies on various taxonomic levels [7].

Ark shell, Scapharca kagoshimensis, has a wide distribu-
tion in East Asia, where it inhabits the muddy sediments
of shallow coastal waters [1]. In Japan, it has so far been
one of the valuable fishery resources distributed through-
out Tokyo Bay in eastern Japan to Ariake Sea in south-
western Japan. Its recent major fishing areas are Mizu-
shima Sea in western Japan and Ariake Sea. In particular,
Ariake Sea has recorded the highest production account-
ing for more than 90% of its annual domestic catch since
the 1980s [2]. In the 1880s, the collection method for its
natural seedlings was developed in Nakaumi Lagoon in
western Japan [3]. For the purpose of an increase in food

production after the World War 11, its natural seedlings
suffered to frequent transplantation from Nakaumi La-
goon to other fishing areas since the 1940s [3]. It has
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Among various marine bivalves, the mtDNA cytochrome
¢ oxidase subunit I (COI) gene has been verified as a
sensitive molecular marker for population genetic studies
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on Corbicula japonica [8,9] and Ruditapes philippina-
rum [10] and systematic genetic studies on Scapharca
species in Japan [11], Korea [12] and China [13]. In or-
der to elucidate an effect of the past frequent transplanta-
tion of S. kagoshimensis in Japan, this study was under-
taken to ascertain its genetic diversity and population
structure in Japan and Korea through inference from the
mtDNA COI gene.

2. Materials and Methods
2.1. Sample Collection

A total of 225 specimens were collected from 8§ sites and
1 site in Japan and Korea, respectively, between March
2008 and June 2011 (Figure 1, Table 1). Adductor mus-
cle or foot tissue was obtained from each specimen and
immediately stored at —20°C until DNA extraction.

2.2. DNA Extraction

High-quality total genomic DNA was prepared from
small scraps of frozen adductor muscle or foot according
to the modified urea-SDS-proteinase K method [14-16].
Samples were incubated in the extraction buffer (10 mM
Tris-HCI, pH 7.5, 20 mM EDTA, pH 8.0, 1 % SDS, and
4 M urea) containing 25 ug proteinase K at 55°C, and 5
M NaCl was then added and mixed. DNA was isolated
with phenol-chloroform-isoamyl alcohol and subse-
quently with chloroform-isoamyl alcohol followed by
precipitation with ethanol. DNA pellets were washed
with ethanol, dried, and resuspended in 10TO.1E (10 mM
Tris-HCI, pH 7.5, 0.1 mM EDTA, pH 8.0).

2.3. PCR Amplification

PCR amplification of the mtDNA COI gene was per-
formed in GoTaq Green PCR Master Mix (Promega)
containing 2 mM MgCl,, 0.5 pM of each primer, and
template DNA in a Techgene thermal cycler (Techne).
PCR primers for Scapharca species were 5’-GGTGT
GTGTT TAAGA TTTCA CA-3’ and 5’-TAAAC TTCAG
GGTGA CCAAA AAATC A-3° [11]. PCR protocol
consisted of an initial denaturation at 95°C for 2 min,
followed by 40 cycles of 10 sec at 95°C, 20 sec at 50°C,
and 40 sec at 72°C, and a final extension at 72°C for 5
min. The PCR products were analyzed using a DNA-
1000 Reagent Kit (Shimadzu) containing a SYBR Gold
Nucleic Acid Gel Stain (Invitrogen) in a MCE-202 Mul-
tiNA microchip electrophoresis system (Shimadzu).

2.4. Sequence Analysis

Nucleotide sequencing of double strands of PCR product
was accomplished using a BigDye Terminator ver. 3.1
Cycle Sequencing Kit (Applied Biosystems) in an auto-
mated 3730 x 1 DNA Analyzer (Applied Biosystems).
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Figure 1. Locations of sample collection of Scapharca kago-
shimensis in Japan and Korea. Abbreviations of popula-
tions refer to Table 1.

The determined sequences were edited and aligned with
CLUSTAL W [17] using MEGA ver. 5.5 [18] followed
by submission to GenBank under AB854359-AB854417.

Haplotype diversity # and nucleotide diversity © were
estimated using Arlequin ver. 3.5 [19]. Pairwise Dgr
values among sampling localities were calculated using
Arlequin ver. 3.5, following which their significance was
evaluated by performing a randomization test with 1000
replications and Bonferroni corrections [20]. Neighbor-
joining (NJ) tree with bootstrap analysis was constructed
on the basis of the Kimura 2-parameter model [21] with
1000 replications using NEIGHBOR in PHYLIP ver.
3.68 [22]. Haplotype network based on statistical parsi-
mony was resolved using TCS ver. 1.21 [23]. A distance
matrix for all pairwise haplotype comparisons was con-
structed, and the maximum number of mutational differ-
ences justified by the parsimony limit of 0.95 was esti-
mated. Mismatch distribution analysis of nucleotide se-
quences was performed for goodness-of-fit to simulated
values of sudden population expansion by parametric
bootstrapping with 1000 replicates using Arlequin ver.
3.5. Tajima’s D value [24] and Fu’s Fg value [25] for
neutrality test were estimated from sequence variations
using Arlequin ver. 3.5.

3. Results

After editing nucleotide sequences of PCR product en-
coding the mtDNA COI gene, 555 bp were aligned from
225 individuals of S. kagoshimensis. There were 43 vari-
able sites and no insertion or deletion (Table 2), and the
number of nucleotide substitutions ranged from 7 to 17
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Table 1. Descriptive statistics of Scapharca kagoshimensis in Japan and Korea based on the mtDNA COI sequence data.

Location Abbreviation Number of Number of Number of ngcleotide nglotype Nuclgotide
individuals haplotypes substitutions diversity diversity (%)
Japan
Nakaumi Lagoon JA 36 15 11 0.88 £0.04 0.37+0.23
North Ariake Sea JB 30 9 0.85+0.04 0.32+0.21
South Ariake Sea JC 29 13 0.93 +£0.02 0.39+0.25
Suo Sea JD 15 8 15 0.79+0.10 0.59+0.36
Mizushima Sea JE 31 8 7 0.65+0.09 0.22+0.16
Osaka Bay JF 23 12 17 0.78 £ 0.09 0.40 £ 0.25
Wakasa Bay JG 14 7 14 0.85+0.07 0.55+0.34
Mikawa Bay JH 27 13 15 0.86 +0.05 0.52+0.31
Korea
Yellow Sea K 20 6 9 0.45+0.14 0.19+0.15

for each population. A total of 14 common haplotypes
from HO1 to H14 were identified from 59 haplotypes, but
only 3 haplotypes, HO1, HO2 and H14, were shared be-
tween Japan and Korea (Table 3). The minimum and
maximum numbers of haplotypes were obtained to be 6
haplotypes in Korea (site K) and 15 haplotypes in Na-
kaumi Lagoon (site JA), respectively (Table 1).

Table 1 summarizes average + standard deviation of
genetic diversity indices, # and m. Of 8 populations in
Japan, the / and 7 values ranged from 0.65 + 0.09 to 0.93
+ 0.02 and from 0.22 + 0.16% to 0.59 + 0.36%, respec-
tively, reflecting relatively high level of genetic diversity.
In contrast, the respective values in Korea were deter-
mined to be 0.45 + 0.14 and 0.19 £+ 0.15% and thus indi-
cated significantly lower genetic diversity compared with
that in Japan. The pairwise @gr values among 9 popula-
tions in Japan and Korea ranged between 0.045 - 0.416
(Table 4). Excepting between Suo Sea (site JD) and Wa-
kasa Bay (site JG) and Suo Sea and Mikawa Bay (site JH),
the &g values were evaluated to be significant, indicating
reduced gene flow even between geographically closed
sites, such as North Ariake Sea (site JB) and South Ariake
Sea (site JC). Otherwise, 5 distinguished clusters for Na-
kaumi Lagoon, North and South Ariake Sea, Osaka Bay
(site JF), Wakasa Bay and the other populations appeared
on the NJ tree (Figure 2).

The demographic history of S. kagoshimensis was in-
vestigated on the basis of mismatch distribution analysis
and neutrality test. The mismatch distribution analysis for
Nakaumi Lagoon and North and South Ariake Sea
showed unimodal profile, which closely matched the si-
mulation model (Figure 3). In contrast, the mismatch
distribution analysis for Mizushima Sea (site JE) and Ko-
rea showed L-shaped profile, and that for the other popu-
lations showed clearly multimodal profile (Figure 3).

Both SSD and Hri values in the goodness-of-fit test
were not significant in all of 9 populations, inferring no
severe deviation from the estimated demographic model
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(Table 5). The Tajima’s D values showed positive and
negative for North and South Ariake Sea and the other
populations, respectively, but the Fu’s Fs values showed
negative for all populations (Table 5).

4. Discussion

This study thoroughly compared the genetic diversity of
S. kagoshimensis among 8 populations in Japan and 1
population in Korea, all of which were either former or
current fishing areas. As S. kagoshimensis had records on
frequent transplantation of its natural seedlings or adults
among fishing areas in Japan [3], this study could eluci-
date an effect of its past transplantation. This study also
provided us with an opportunity to explain the academi-
cally important factors including phylogeographic ex-
pansion and demographic history of S. kagoshimensis.

Its natural seedlings had been repeatedly collected in
Nakaumi Lagoon and then transplanted to North Ariake
Sea and Mizushima Sea several times, since their collec-
tion method was developed in Nakaumi Lagoon in the
1880s [3]. However, its natural seedlings collected in
Mizushima Sea had been re-transplanted to Nakaumi
Lagoon in the late the 1950s, because natural seedling
production in Nakaumi Lagoon decreased due to deteri-
oration of water quality. Furthermore, when catches
temporarily increased in Osaka Bay, its adults had been
actively released from Osaka Bay to Nakaumi Lagoon,
Ariake Sea, and Mizushima Sea in the early 1960s. Al-
though many records available on transplantation and
release, the frequencies and numbers of haplotypes were
different at each population (Table 3), indicating the
maintenance of the independent genetic structures in 9
populations analyzed in this study. In addition, the pair-
wise @gr values showed that the genetic differences
among 8 populations in Japan were relatively high level
(Table 4). Otherwise, the NJ tree constructed using the
pairwise @gr value formed 4 independent clusters with
Nakaumi Lagoon, North and South Ariake Sea, Osaka
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Table 2. Polymorphic sites of Scapharca kagoshimensis based on the mtDNA COI sequence data.
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Polymorphic site
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Figure 2. Neighbor-joining tree based on pairwise @t val-
ues of Scapharca kagoshimensis in Japan and Korea. Ab-
breviations of populations refer to Table 1.

Bay and Wakasa Bay along with a single combined clus-
ter with Suo Sea, Mizushima Sea, Mikawa Bay and Ko-
rea (Figure 2). Although its natural seedlings or adults
had been repeatedly transplanted among Nakaumi La-
goon, North Ariake Sea, Mizushima Sea and Osaka Bay,
their population structures were demonstrably indepen-
dent. All of these results definitely indicate little effect of
past transplantation to the current genetic diversity. Not-
ably, no official records of transplantation and release
were available among Suo Sea, Wakasa Bay, Mikawa
Bay and Korea, all of which were involved in the single
cluster.

Haplotype networks of Nakaumi Lagoon, North and
South Ariake Sea and Mizushima Sea showed bush-like
tree with some loop branches (Figure 4). In addition, the
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mismatch distribution analysis for these 4 populations
commonly showed unimodal profile (Figure 3). They
supposedly had a recent history of continuous reproduc-
tion, but Nakaumi Lagoon, North and South Ariake Sea
were more stable in the population structures than Mizu-
shima Sea. Mizushima Sea might suffer to rapid pop-
ulation growth, because of nearly L-shaped mismatch
distribution model. In contrast, haplotype networks of
Suo Sea, Osaka Bay, Wakasa Bay, Mikawa Bay and Ko-
rea showed bush-like tree with many putative mutational
steps between haplotypes (Figure 4). In addition, the
mismatch distribution analysis for these 5 populations
showed multimodal profile (Figure 3). They supposedly
had a recent history of variable reproduction caused by
population expansion after bottleneck in population size.
This was supported not only by relatively low level of
the /4 and © values of Suo Sea and Osaka Bay (Table 1)
but also by deep branching among haplotypes in haplo-
type networks of Wakasa Bay and Mikawa Bay (Figure
4). Based on strong L-shaped mismatch distribution mo-
del (Figure 3), Korea supposedly had a unique recent
history of population expansion.

Neutrality tests of the Tajima’s D and the Fu’s Fg val-
ues were originally developed to test neutral hypothesis
but widely used to detect changes in population size [26].
Significant negative and positive values of the Tajima’s
D test suggest expansion in population size and popula-
tion bottleneck, respectively. The Fu’s Fgtest was also
sensitive to population demographic expansion, with a
significant negative value suggest demographic expan-
sion. North and South Ariake Sea supposedly had no
obvious signal of demographic change but bottleneck
might be expected, because the Tajima’s D values were
not significant but were positive (Table 5). Otherwise,
all of 9 populations including North and South Ariake ea
supposedly had signal of demographic change, because
of the negative Fu’s Fg values. S. kagoshimensis
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Table 3. Haplotype frequencies of Scapharca kagoshimensis in Japan and Korea based on the mtDNA COI sequence data.

Haplotype
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Continued

H52
H53
H54
H55
H56
H57
H58
H59

Number of

individuals 36 30 29 15

—
—_

—_— =

31 23 14 27 20 225

Abbreviations of populations refer to Table 1.

Table 4. Pairwise @st among Scapharca kagoshimensis in Japan and Korea based on the mtDNA COI sequence data.

JA IB JC D JE JF 1G JH K
JA
JB 0.174™
JC 0.075" 0.066"
D 0.261" 0.304™ 0.283"
JE 0.227" 0.298" 0.272" 0.066"
IF 0.167" 0.346" 0.147" 0.318" 0.340™
IG 0.191" 0.284" 0.172" 0.052 0.083" 0.125™
JH 0.240” 0.276" 0.275" 0.045 0.078" 03317 0.124™
K 0.218™ 0.259™ 0.289" 0.135" 0.069" 0.416™ 0.206™ 0.102"

Abbreviations of populations refer to Table 1. p < 0.05, “p < 0.0033 following Bonferroni correction (k = 36).

Table 5. Statistical tests for neutrality and the estimate of demographic parameters for Scapharca kagoshimensis in Japan

and Korea based on the mtDNA COI sequence data.

Neutrality test Goodness of fit test
Tajima’s D Fu’s Fis
value p value SSD p Hri p
JA -0.725 0.275 -8.736 0.000" 0.001 0.890 0.045 0.500
JB 0.028 0.574 —2.637 0.068 0.004 0.390 0.064 0.380
JC 0.627 0.772 -6.538 0.003" 0.009 0.190 0.073 0.140
D -1.141 0.138 -1.402 0.201 0.026 0.630 0.081 0.510
JE -0.859 0.194 -2.997 0.026 0.005 0.750 0.042 0.930
JF —1.880 0.022" —-6.202 0.000™ 0.014 0.430 0.060 0.570
JG -1.260 0.089 -0.858 0.273 0.016 0.380 0.041 0.800
JH —0.887 0212 -5.001 0.009" 0.008 0.660 0.023 0.830
K -1.976 0.014" -2.030 0.052 0.013 0.260 0.136 0.760

Abbreviations of populations refer to Table 1. "p < 0.05, “p< 0.02.

S had undergone repeated mass mortality in some fishing
areas of Japan [3], and both the negative Tajima’s D and
Fu’s Fy values for most populations and no significant
SSD and Hri values of the goodness-of-fit test supported
this demographic history (Table 5). It is concluded that
each population has experienced rapid population growth
or reduction of population size such as bottleneck in a
short period.
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5. Conclusions

This study thoroughly compared the genetic diversity and
genetic structure of S. kagoshimensis among 8 popula-
tions in Japan and 1 population in Korea, all of which
were either former or current fishing areas by means of
nucleotide sequence analysis of a 555-bp portion of the
mitochondrial DNA COI gene. The result was that Japan
was relatively high levels of genetic diversity, while Ko-
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Figure 3. Haplotype networks of Scapharca kagoshimensis in Japan and Korea. Circle size is proportional to the frequency of
each haplotype, and 14 common haplotypes are represented by HO1-H14. Circle, dot, and line are haplotypes, hypothetical
missing intermediates, and one mutational step, respectively. Abbreviations of populations refer to Table 1.

rea was lower genetic diversity compared with that in
Japan. Although S. kagoshimensis had many records on
frequent transplantation and release of its natural seedl-
ings or adults among fishing areas in Japan, the frequen-
cies and numbers of haplotypes were different at each
population. Additionally, S. kagoshimensis in Japan
showed a recent history of multiple types of reproduction

OPEN ACCESS

and signals of demographic change in each population.
These results were inferred that S. kagoshimensis has
experienced rapid population growth or reduction in
population size such as a bottleneck in a short period. All
of these results definitely indicate little effect of past
transplantation to the current genetic diversity, and the
maintenance of the independent genetic structures of S.
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Figure 4. Mismatch distributions of Scapharca kagoshimen-
sis in Japan and Korea. Bars and lines are observed and
simulated values, respectively. Abbreviations of populations
refer to Table 1.

kagoshimensis in Japan is analyzed in this study.
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