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Abstract

The Korean or hard-shelled mussel, Mytilus unguiculatus, previously known as Mytilus coruscus, is one of the most economi-
cally and ecologically important bivalves in South Korea. However, the population size of this species has drastically reduced
owing to overharvesting and habitat shrinkage. Because its genetic information is poorly documented, we contributed, in this
study, the genetic diversity and structural analyses of 246 adult samples of M. unguiculatus from seven populations along the
coastal areas of the mainland and islands of South Korea using a microsatellite multiplex assay. Genetic diversity analyzed
from eleven polymorphic microsatellite loci was consistently moderate (0.50-0.57) in all populations. No recent bottleneck
was found, indicating that the number of the studied populations did not decrease to an extent that resulted in a reduction
of genetic diversity. Additional tests did not reveal any genetic structure across them, possibly resulting from constant gene
flow, strong dispersal of planktonic larvae, and genetic admixture between wild populations. These results suggest that M.
unguiculatus populations along the coastal areas of South Korea should be managed as a single unit. Our study provides
crucial information for future genetic monitoring, conservation management, and population restoration plan in preparation
for the rapid decline in bivalve resources.

Keywords Microsatellites - Genetic diversity - Population structure - Mytilus unguiculatus - Multiplex assay - Conservation

>< Insong Koh Kook Hee Kang
insong @hanyang.ac.kr mechis @korea.kr

< Biet Thanh Tran Jeong Su Park
tranthanhbiet2502 @ gmail.com softpjs1 @korea.kr
Jiyoung Woo Ki-Woong Nam
jywoo01022 @mabik.re.kr woong0147 @korea.kr
Jung Soo Heo 1

National Marine Biodiversity Institute of Korea,

dgyjs2@daum.net Seocheon 33662, Republic of Korea

]I(((? ];1 n(g;;l g@I}f:r?mail net 2 Department of Genetic Analysis, AquaGenTech Co., Ltd,
Y : Busan 48228, Republic of Korea

Keun-Sik Kim 3

Restoration Research Team (Fishes/Amphibians & Reptiles),

kskim @nie.re.kr Research Center for Endangered Species, National Institute

Hyun-Ju Hwang of Ecology, Yeongyang 36531, Republic of Korea

hjhwang @mabik.re.kr 4 Division of Research and Development,

Moongeun Yoon Chungcheongnam-do Institute of Fisheries Resources,
mgyoon@mabik.re.kr 33490 Boryeong, Republic of Korea

Hyesuck An > Department of Biomedical Informatics, Hanyang University,
mgran@mabik.re.kr Seoul 04763, Republic of Korea

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s41208-023-00565-2&domain=pdf

932

Thalassas: An International Journal of Marine Sciences (2023) 39:931-942

Introduction

The Korean or hard-shelled mussel, Mytilus unguiculatus
(Valenciennes 1858), previously known as Mytilus corus-
cus, is a species of marine bivalve mollusks widely distrib-
uted in the coastal waters of China, Japan, and Korea. This
species is not only one of the most economically important
species among the favored bivalves owing to its high nutri-
tional value and large size (An and Lee 2012; Kang et al.
2013b), but also ecologically important in intertidal and
subtidal areas (Li et al. 2020). Recently, there has been a
drastic decrease of its populations because of overharvest-
ing for food stock, climate change, and habitat compe-
tition with an invasive species, M. galloprovincialis (Yi
et al. 2021). To sustain and recover its natural populations
through effective conservation and management strategies,
it is necessary to carry out a comprehensive investigation
on population genetics of M. unguiculatus (i.e., genetic
diversity and structure).

Among several available molecular markers, micros-
atellite or simple sequence repeats (SSR) DNA markers
(unique sequences of flanking microsatellite regions)
have been extensively used for studying population
genetics due to their advantageous features such as co-
dominant transmission, high level of mutation rate and
polymorphism, abundance in various eukaryotic genomes,
and ease of use and application (Ellegren 2004; Karhu
2001; Vieira et al. 2016). Commonly, several microsatel-
lite markers are fluorescently labeled and combined with
multiplex PCR, allowing multiple microsatellite loci to
be simultaneously amplified in a single reaction. Sub-
sequently, the multiplex products are analyzed using gel
capillary electrophoresis and then genotyped. The multi-
plex PCR assay using microsatellite markers, a time and
cost-effective technique, has become a powerful tool to
study the genetic diversity and structure of natural pop-
ulations of bivalves including oysters (An et al. 2013;
Galvao and Hilsdorf 2015), mussels (Wenne et al. 2022),
clams (Hargrove et al. 2015), and scallops (Morvezen
et al. 2015). However, there have been limited studies on
population genetics of M. unguiculatus.

In this study, we conducted comprehensive genetic diver-
sity and structure analyses of seven M. unguiculatus popu-
lations along the coastal areas of the mainland and islands
of South Korea with two sets of a multiplex PCR assay
(consisting of eight polymorphic microsatellite markers
each) from previous studies (Xu et al. 2010; An and Lee
2012; Kang et al. 2013a; Guo et al. 2013; Fu et al. 2018).
The findings of this study will provide the crucial basis for
developing effective conservation and management strate-
gies for this economically and ecologically important spe-
cies in South Korea.

Materials and Methods
Sample Collection and Genomic DNA Extraction

A total of 246 adult samples of M. unguiculatus were col-
lected from seven areas along the coastal coasts of the
mainland and islands of South Korea where its major
distributions were documented, including the southeast:
Hansan-do (HSA), Geomun-do (KOM), Goseong-do
(KOS); the west: Sapsi-do (SAB), Socheong-do (SOC);
and the east: Uljin (UJI), Dok-do (TOK) from 2021 to 2022
(Table 1, Fig. 1). These sampling sites were determined to
postulate the initial hypothesis of geographic isolation by
distance. The adductor muscle of each sample was excised
with sterile scissors and preserved in absolute alcohol, until
its total genomic DNA (gDNA) was extracted following the
protocol established by Asahida et al. (1996). Its amount
and quality were checked using NanoDrop One Microvol-
ume UV-Vis Spectrophotometer (Thermo Fisher Scientific
Inc., Wilmington, DE, USA).

Microsatellite Marker Selection and Genotyping

A total of 65 polymorphic microsatellite markers that had
previously been characterized in M. unguiculatus were
tested on three random samples from each population.
The optimization of PCR settings in multiplex panels was
applied to the markers with consistent PCR amplification

Table 1 Sampling information

. . . Abbreviation
of Mytilus unguiculatus in

Sampling site

Coordinates (latitude/longitude)

Collection date

Sampling size

South Korea

Hansan-do HSA
Geomun-do KOM
Goseong-do KOS
Sapsi-do SAB
Socheong-do  SOC
Dok-do TOK
Uljin Ull

34°46'55.2"N 128°29'02.4"E 26/10/2022 30
34°03'16.0"N 127°23'02.0"E 04/28/2022 70
34°58'22.8"N 128°19'19.2"E 16/12/2021 24
36°20'09.0"N 126°20"28.0"E 03/16/2022 34
37°45'30.0"N 124°43'44.0"E 03/17/2022 30
37°14'25.9"N 131°51'40.7"E 05/24/2022 28
36°59'34.8"N 129°24'00.0"E 06/10/2022 30
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Fig. 1 Sampling sites of Mytilus 126°0'0"E 128°0'0"E 130°0'0"E 132°0'0"E
unguiculatus in South Korea. ' . . .
HSA, Hansan-do; KOM,
Geomun-do; KOS, Goseong-
do; SAB, Sapsi-do; SOC,
Socheong-do; TOK, Dok-do; %
UJI, Uljin S
o0
o
a
 J
TOK
£
=)
e
2
£
o
=
3
T
0 37575 150

and obvious allelic size variation. Finally, two multiplex
PCR panels (set A and set B) were obtained, each with
eight microsatellite markers, generated by Xu et al. (2010),
An and Lee (2012), Kang et al. (2013a), Guo et al. (2013),
and Fu et al. (2018) (Table S1). The PCR amplification of
sixteen microsatellite loci was carried out in a 20-ul volume
using AccuPower® PCR PreMix (Bioneer Inc., Daejeon,
South Korea) including 1 ul gDNA and each 1 pl forward
and reverse primers (the forward primer was fluorescently
labeled with FAM, HEX, TAMRA, and ATTO). Amplifi-
cation was performed in a ProFlex PCR System (Thermo
Fisher Scientific Inc.) under the following reaction condi-
tions: initial denaturation at 94 °C for 5 min, 35 cycles of
denaturation at 95 °C for 20 s, annealing at 55 °C (Set A)
and 50 °C (set B) for 20 s, extension at 72 °C for 30 s, and
final extension at 72 °C for 5 min. The fluorescent PCR
products were sized and separated on an ABI 3130x/ DNA
Analyzer (Applied Biosystems, Foster City, CA, USA).
Allele sizes were scored against GeneScan 500LIZ Size
Standard using GeneMapper v.4.0 (Applied Biosystems).

Statistical Analysis
Genetic Diversity Analysis

Genetic diversity indices at locus and population levels,
i.e., number of alleles per locus (Na), effective number of

alleles (Ne), observed heterozygosity (Ho), expected het-
erozygosity (He), polymorphic information content (PIC),
and Wright’s inbreeding coefficient (F,;=1 — Ho / He) were
calculated using Cervus v.3.0.7 (Marshall et al. 1998) and
GenAIEx v.6.5 (Peakall and Smouse 2006, 2012). Null
allele frequencies (F,;) at each locus and in each popula-
tion were estimated using the Expectation Maximization
(EM) algorithm (Dempster et al. 1977) with 1,000 boot-
strap replicates using FreeNA (Chapuis and Estoup 2007).
Micro-Checker v.2.2.3 (Oosterhout et al. 2004) was used to
evaluate the microsatellite data by identifying genotyping
errors, allelic dropouts, and null allele presence. Deviation
from Hardy—Weinberg equilibrium (HWE) of each locus
across populations was computed using an exact HW test
(Guo and Thompson 1992) in Genepop v.4.7.5 (Raymond
and Rousset 1995; Rousset 2008). This software was also
used for testing the heterozygote excess and deficiency of
each locus per population and the linkage disequilibrium
(LD) between locus pairs.

Genetic Differentiation and Structure Analysis

Determination of appropriate statistics (allele identity-based
Fgr or its analog, allele size-identity Rgy) for assessing the
genetic differentiation of microsatellite loci was performed
using the allele size randomization test (Hardy et al. 2003)
implemented in SPAGeDi v. 1.5 (Hardy and Vekemans
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2002) with 10,000 permutations. The results showed a non-
significant mutation effect (Rg;=0.001, p=0.225) on eleven
loci, indicating that Fgp is more reliable than Ry to inves-
tigate the genetic differentiation among the seven popula-
tions. Hence, pairwise Fgp calculated in Arlequin v. 5.3.2
(Excoffier and Lischer 2010) with 1,000 permutations was
used for subsequent analysis. Analysis of molecular vari-
ance (AMOVA) to evaluate the genetic differences among
three different groups of the seven populations including the
southeast: HSA, KOM, KOS; the west: SAB, SOC; and the
east: UJI, TOK was implemented in Arlequin v. 5.3.2 with
1,000 permutations.

Structure v. 2.3.4 (Pritchard et al. 2000) was used to
identify genetic population structure (K genetic clusters)
and assign individuals to those clusters using a Bayesian
model-based cluster method. Determination of K (from 2
to 10) was carried out with 10 independent replicates for
each K in 100,000 Markov Chain Monte Carlo steps and
a burn-in period of 1,000,000. The results of Structure
v. 2.3.4 with the most likely K value were verified by an
online program, STRUCTURE HARVESTER (Earl and
VonHoldt 2012) using the delta K method established by
Evanno et al. (2005).

Principal component analysis (PCA) was conducted to
identify the major patterns of microsatellite loci across pop-
ulations using the packages FactoMineR v. 1.3.4 (Le et al.
2008) and Factoextra v.1.0.7 (Kassambara and Mundt 2020)
in R software v. 4.2.1 (R Core Team 2022). In addition,
GenAlEx v.6.5 was used to calculate the genetic distance
matrix according to Nei (1972) and it was subsequently
imported to MEGA v. 10.2.2 (Tamura et al. 2021) for con-
structing an unweighted pair group method with arithmetic
mean (UPGMA) dendrogram.

Isolation by Distance

Isolation by distance (IBD) among populations was assessed
by regressing the pairwise estimates of Fgr/ (1 —Fgp) against
the logarithm of the pairwise geographic distance (km)
(Rousset 1997) using the nonparametric Mantel test with
9,999 permutations implemented in GenAlEx v.6.5.

Bottleneck Analysis

To observe the recent bottleneck events among populations,
Wilcoxon signed-rank test established by Luikart (1997) was
used with 1,000 iterations in the software package BOTTLE-
NECK v. 1.2.02 (Piry et al. 1999) under three different muta-
tion models: infinite allele model (IAM), two-phased model
of mutation (TPM), and stepwise-mutation model (SMM).
According to Piry et al. (1999), the recommended param-
eters for our microsatellite dataset are TPM =95% SMM and
variance among multiple steps of 12. Mode-shift indicators

@ Springer

demonstrating the allele frequency distribution could detect
any population under mutation-drift equilibrium (approxi-
mately L-shape) or recent bottleneck (mode shift or others).

Results
Polymorphic Microsatellite Verification

Sixteen microsatellite markers available in previous studies
(Xu et al. 2010; An et al. 2013; Kang et al. 2013a; Fu et al.
2018) tested in this study were characterized across the seven
M. unguiculatus populations and summarized in Table S1.
All of them successfully produced PCR products for all sam-
ples (size ranging from 64 to 376 bp) of the seven popu-
lations with no evidence of scoring errors or large allelic
dropout indicated by Micro-Checker v.2.2.3. The micros-
atellite markers were polymorphic, ranging from 3 (P31)
to 42 (P05 and P39) in the number of alleles. The greatest
Ho and He were found in the locus P05 (0.742 and 0.963,
respectively), while these values were lowest in P32 (0.153
and 0.186, respectively). The PIC results showed that eleven
loci (P26, P36, POS, P30, P25, P60, P39, P50, P52, P21, and
P45) were highly informative (PIC > 0.5), three (P57, P07,
and P34) moderately informative (0.25 <PIC <0.5), and two
(P31 and P32) slightly informative (PIC <0.25). Among
them, two loci had negative F, values (P31 and P34), most
likely resulting from their heterozygote deficiency. Seven
loci showed a significant excess of homozygosity and were
flagged with null allele presence. Among them, two loci
(PO5 and P30) with null allele frequency (F,,;) lower than
0.2 were retained due to their little influence on the average
genetic diversity and structure, whereas five loci (P26, P25,
P60, P39, and P21) with F,;, values greater than 0.2 were
excluded in the further analysis. There was no genotypic LD
for any locus pair across all populations, indicating that each
could be treated as an independent genetic marker (data not
shown). Nine loci (P26, P05, P57, P30, P25, P60, P39, P21,
and P45) significantly deviated from HWE (p <0.01).

Genetic Diversity

After the polymorphic microsatellite verification, eleven
loci (P36, P05, P57, P30, P31, P07, P50, P52, P34, P45,
and P32) were finally selected to study the genetic diversity
of 246 individuals from the seven M. unguiculatus popula-
tions in South Korea. Table 2 summarizes the genetic vari-
ation for each locus in each population. The mean number
of alleles of all loci (Na) at the population level varied from
7.45 (SOC) to 10.27 (KOM). The mean effective number of
loci (Ne) was consistently lower than the mean number of
alleles in all populations ranging from 4.12 (SAB) to 4.62
(KOM). There was little discrepancy between the mean Ho
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Table 3 The average pairwise Population  HSA KOM KOS SAB SOC TOK uJI
Fgr values in the lower diagonal
and their associated geographic HSA - 134.467  25.927 259.058  471.842  409.179  259.385
gi;:‘:lf; %‘gﬂ;ﬁé&gﬂﬁ; s KOM 0.002 - 137.953 269471 474291  543.095  377.739
unguiculatus populations in KOS 0.000 0.005 - 233.832 446.283 406.265 244.654
South Korea SAB 0.001* 0.000 0.000 - 213.717 500.767 281.018
SOC 0.000 0.000 0.003 0.003 - 630.449 419.967
TOK 0.000* 0.000 0.003 0.000 0.004 - 220.439
ull 0.006 0.008 0.000 0.002 0.009 0.001 -

HSA Hansan-do, KOM Geomun-do, KOS Goseong-do, SAB Sapsi-do, SOC Socheong-do, TOK Dok-do,

UJI Uljin

*Statistically significant (p <0.05)

and He values among the seven populations. In addition,
Ho (0.50-0.57) was found to be constantly lower than He
(0.56-0.59) in all populations. As a result, the inbreeding
coefficient F; positively approximated to 0.00 in all popula-
tions. The mean value of Ne (5.10) was also lower than that
of Na (13.27) in total (grouping all populations into one).
The mean values of Ho, He, and F, in total was 0.52, 0.58,
and 0.08, respectively.

Five loci (P05, P57, P30, P52, and P45) out of eleven sig-
nificantly deviated from HWE across the seven populations.
Among them, P05, P30, and P45 showed significant HWE
deviation in all populations (except TOK and UJI at locus
P30), while the loci P57 and P52 were only significant in two
populations (KOM and SAB) and one population (KOM),
respectively. Estimation of significant HWE deviation in
total was detected at the seven loci (P05, P57, P30, P50,
P52, P45, and P32). Most deviations were associated with
the statistically significant result of the heterozygote deficit
test (p <0.05) (except for locus P45).

Genetic Differentiation and Structure

The pairwise Fqp values (Table 3) of the finally selected eleven
microsatellite loci showed a very low degree of genetic differ-
entiation among the seven M. unguiculatus populations (rang-
ing from 0.000 to 0.009). Most of them were not statistically
significant except for the pair of SOC and HSA (Fgr=0.001)
and those of TOK and HSA (Fg=0.000).

The AMOVA results performed on the three putative
groups of localities, including the southeast: HSA, KOM,
KOS; the west: SAB, SOC; and the east: UJI, TOK, were

displayed in Table 4. The majority of genetic variation
(99.86%) was distributed within populations, whereas
genetic variation among the three geographic groups was
asymptotic to 0.000. All fixation indices (Fgy, Fgc, and
Fcr) were not significant and low, indicating that none of
the three groups were structured. This result was supported
by those from the PCA analysis (Fig. 2).

The Evanno method from STRUCTURE HARVESTER
based on the finally selected eleven microsatellite loci
across the seven populations suggested that the most likely
number of groups for the dataset was K =3 corresponding
to a delta K value of 7.790 (Figure S1). However, the bar
plot of K=3, 4, and 5 similarly showed that all individuals
clustered as a mixture, regardless of populations (Figure
S2). The Bayesian clustering analysis found no significant
structures among the populations.

The genetic distance among the seven populations
according to Nei’s method was substantially low (rang-
ing from 0.012 to 0.019) (data not shown). The UPGMA
dendrogram based on the Nei’s standard genetic distance
of the seven populations (Fig. 3) showed three distinct
clusters according to three sampling areas including the
southeast: HSA, KOM, KOS; the west: SAB, SOC; and
the east: UJI, TOK.

IBD

The regression between pairwise population estimates of Fqp
/ (1 — Fgp) and the logarithms of geographic distance in the
seven M. unguiculatus populations (Fig. 4) slightly showed
a positive correlation (R*=0.0132). However, no statistical

Table 4 Analysis of molecular
variance (AMOVA) analysis
performed in three groups

of Mytilus unguiculatus
populations, including the
southeast (HSA, KOM, KOS),
the west (SAB, SOC), and the
east (UJI, TOK)

Source of variation Degree of Sum of Variance Percent of Fixation indices
freedom square components variation

Among groups 2 6.478 -0.003 -0.09 Fgr=0.441

Among population with groups 4 14.621 0.007 0.23 Fg=0.322

Within populations 485 1535.877 3.167 99.86 Fer=0.733

Total 491 1556.976 3.171 100
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Populations
HSA
KOM
KOS
SAB
SOC
TOK

uJi

(=[»]e]

[x]=]

Dim1 (13%)

Fig.2 Principal Component Analysis (PCA) of the seven Mytilus
unguiculatus populations based on the finally selected eleven micro-
satellite loci. Each population is marked by different colors. Each
axis corresponds to the principal component (Diml) factor 1 with

significance between them (p =0.349) was detected from the
Mantel test indicating that there was no IBD among them.

Bottleneck Analysis

Under three mutation models (IAM, TPM, and SMM), no sig-
nificant heterozygosity excess was detected in any of the seven
M. unguiculatus populations and in total (p > 0.05) based on the
finally selected eleven microsatellite loci. Moreover, the graphi-
cal descriptor of the allele distribution exhibited an L-shape, as

Fig.3 Unweighted pair group

25 5.0

13% total variance and Dim2 with 11% total variance. HSA, Hansan-
do; KOM, Geomun-do; KOS, Goseong-do; SAB, Sapsi-do; SOC,
Socheong-do; TOK, Dok-do; UJI, Uljin

expected under mutation-drift equilibrium, in all populations and
in total (Table 5). These results suggest that there had not been a
recent genetic bottleneck in these populations.

Discussion

Genetic variation is of considerable interest for population
genetic analysis in natural populations. This estimation,
measured by Ho and He, serves as an indicator not only

SAB

method with arithmetic mean
(UPGMA) dendrogram based
on Nei’s standard genetic

distance of the seven Mytilus

SOC

TOK

unguiculatus populations. HSA,
Hansan-do; KOM, Geomun-do;
KOS, Goseong-do; SAB, Sapsi-
do; SOC, Socheong-do; TOK,
Dok-do; UJI, Uljin

uJ1

HSA

KOM

| KOS

| 1 | |

0.0080
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for monitoring but also predicting the maximum amount
of genetic variability for population breeding, restoration,
and management plans (Allendorf 1986). A high degree of
genetic diversity increases evolutionary potential and adapt-
ability to environmental changes, which is crucial for the
long-term survival of populations (Zheng et al. 2022). Typi-
cally, populations experiencing a recent drastic reduction
of effective population size due to sudden climate changes,
habitat shrinkage, inbreeding, repeated harvesting, and
marine pollution are generally characterized by low genetic
diversity (Yi et al. 2021).

In this study, the average genetic diversity estimated from
the finally selected eleven microsatellite loci was similarly
moderate in the seven M. unguiculatus populations in South
Korea. Moreover, no recent genetic bottleneck was detected
based on three allele mutation models (IAM, TPM, and

Table5 Wilcoxon signed-rank tests for heterozygosity excess for the
seven Mytilus unguiculatus populations

Population Wilcoxon’s signed-rank tests Mode-shift

(Heterozygosity excess p

value)

IAM TPM SMM
HSA 0.350 1.000 1.000 L-shaped distribution
KOM 0.416 0.998 0.998 L-shaped distribution
KOS 0.449 0.973 0.998 L-shaped distribution
SAB 0.449 0.999 0.999 L-shaped distribution
SOC 0.160 0.973 0.995 L-shaped distribution
TOK 0.382 0.999 0.999 L-shaped distribution
UJl 0.232 0.999 0.999 L-shaped distribution
Total 0.382 0.100 0.100 L-shaped distribution

IAM Infinite Allele Model, TPM Two-phase Model, and SMM Stepwise-
mutation Model for detection of a recent population bottleneck event
within each population, HSA Hansan-do, KOM Geomun-do, KOS Gos-
eong-do, SAB Sapsi-do, SOC Socheong-do, TOK Dok-do, UJI Uljin

Geographic distance (log km)

SMM) from the Wilcoxon signed-rank test, indicating that
sufficient genetic variability persisted across the examined
populations under mutation-drift equilibrium, as expected.
This result is consistent with a previous report by Kang et al.
(2013b). Although a good indicator of genetic diversity was
revealed in the studied populations, for reparation of the
rapid decline in M. unguiculatus populations, continuous
genetic research in these populations is necessary for plan-
ning an optimal conservation and management strategies.
Five out of eleven microsatellite loci finally selected in
this study showed significant HWE deviations due to hete-
rozygote deficiency commonly detected in aquatic organisms
(An et al. 2013; Galvao and Hilsdorf 2015; Gonzalez et al.
2012; Valles-Jimenez et al. 2004; Yu and Li 2007). Many
factors could cause these deficit deviations, such as bio-
logical factors (inbreeding, Wahlund effect, and gene flow),
technical factors (null alleles, technical artifacts, and small
sampling size) (Valles-Jimenez et al. 2004). Among them,
non-random mating with close relatives (inbreeding) could
be ruled out from this study, as there were no genotypic LD
among microsatellite loci and a relative frequency of hete-
rozygotes inferred from the quantitative calculation, the con-
firmation of a lack of bottleneck effect, and mean inbreeding
coefficient F;; of 0.000. The presence of null alleles could
have caused heterozygote deficits. These deficits are sup-
posedly caused by polymorphic mutations at binding sites
of PCR primers resulting from the amplification failure
of particular alleles, misscoring due to stutter bands, and
slipped-strand mispairing of di-nucleotide repeat loci during
PCR (Buttler 2005; Carlsson 2008; Oosterhout et al. 2006;
Valles-Jimenez et al. 2004). Although most of these five
microsatellite loci carry di-nucleotide repeat motifs, except
for P57 (tri-nucleotide motif) and P30 (tetra-nucleotide
motif), scoring errors due to stutter bands was not a major
cause of heterozygote deficiency, confirmed by our strict
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procedure of scoring. Alternatively, a random subpopulation
structure or small sampling size might be explanations for
the HWE deviations.

Absence of geographic barriers in the ocean, large popu-
lation sizes, and high dispersal potential of the planktonic
larvae phase in the life cycle generally leads to a poorly
geographical differentiation among populations of marine
species, especially bivalves (Launey et al. 2002). This char-
acteristic has been observed in many marine bivalves, such
as mussels (Han et al. 2017), pen shells (An et al. 2012),
and oysters (An et al. 2014). The pattern of M. unguiculatus
population structure varies greatly depending upon hydro-
logical, ecological, and physical barriers, allowing gene
flow across populations, which is similar to other bivalves
(Palumbi et al. 1997), although its biology and ecology is
poorly documented. In this study, the geographic distance
between HSA and KOS was short (25.9 km) compared with
that between SOC and TOK (630.4 km) among the seven M.
unguiculatus populations. However, regardless of distance,
low genetic differentiation and weak geographic isolation
among them were revealed by the results of the pairwise Fgp
values, PCA, AMOVA, and IBD analyses. These results may
be due to persistent gene flow either between wild popula-
tions or the passive dispersal of M. unguiculatus planktonic
larvae along marine currents, detected through a strong
genetic admixture. Such findings are supported by previous
studies that used either mitochondrial cytochrome ¢ oxidase
I marker (Shen et al. 2009; Yi et al. 2021) or microsatellite
markers (Kang et al. 2013b) on M. unguiculatus popula-
tions in South Korea and China. Absence of genetic structure
detected in this study suggests that different M. unguicula-
tus populations across South Korea should be managed as
a single unit.

In order to investigate genetic differentiation among M.
unguiculatus populations, Nei’s standard genetic distance,
closely related to IAM, a size-independent mutation model
where each mutation is likely to produce an allele of any size,
is usually used (Kimura and Crow 1964; Wang et al. 2001).
Many previous studies have used this parameter to infer pop-
ulation differentiation based on microsatellite data (Alam and
Islam 2005; Ball and Chapman 2003; Barat et al. 2015; Chen
et al. 2005; Gonzalez et al. 2012; Kim et al. 2012). How-
ever, calculation of genetic differentiation from microsatel-
lite data based on IAM instead of using a size-dependence
mutation model such as SMM is supposedly not appropri-
ate (Slatkin 1995). Hence, selection of a suitable mutation
model for a microsatellite dataset remains controversial. In
this study, Nei’s standard genetic distance was significantly
low, but showed that the seven M. unguiculatus populations
were clustered into the three groups according to the three
geographic areas, fitting the initial hypothesis of geographic
separation. This conclusion should be considered carefully

@ Springer

because of a significantly low genetic variation among popu-
lations or unfit selection of a mutation model. However, our
results may be a valuable reference for a future sampling plan
to explore the genetic structure of M. unguiculatus popula-
tions in South Korea.

Conclusions

The seven M. unguiculatus populations from the three geo-
graphic groups, i.e., the southeast, the west, and the east of
South Korea consistently maintained a moderate genetic
diversity. Moreover, the low genetic differentiation and
weak geographic separation were detected across them, sug-
gesting that different populations along the coastal areas of
the mainland and islands of South Korea should be man-
aged as a single unit. Such findings contribute essential
information for future resource management and population
restoration, thus aiding optimizing inbreeding programs
for this economically and ecologically important marine
bivalve species.
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