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Genetic variation was surveyed at four microsatellite loci and 1416 base pairs (bp) of the mitochondrial DNA
(mtDNA) cytochrome c oxidase I gene (COI) to clarify the genetic structure of the small yellow croaker,
Larimichthys polyactis, in the Yellow and East China Seas, especially regarding four provisional populations,
(one Korean and three Chinese populations). Based on microsatellite DNA variations, the estimated expected
heterozygosity (HE) in each population ranged from 0.776 to 0.947. The microsatellite pairwise FST estimates
showed no significant genetic differentiation between the populations. MtDNA variations also indicated no genetic
structure in L. polyactis, but very high variability. The absence of genetic differentiation among and within
populations of L. polyactis may either result from the random migration of the adult or the passive dispersal of the
eggs and larvae.

Keywords: Larimichthys polyactis; microsatellite loci; mitochondrial DNA COI gene; population structure

Introduction

The small yellow croaker, Larimichthys polyactis, has

received considerable attention because of its great

commercial importance in both Korea and China (Han

et al. 2009). It is geographically distributed in the Bohai

Sea, Yellow Sea and East China Sea (Kim et al. 2006;

Yamada et al. 2007; Han et al. 2009). In Korea, the

catch of L. polyactis peaked at 54,000 tons in 1974,

subsequently decreased to 7000 tons in 1984 and then

increased to approximately 40,000 tons in the early

1990s. However, it decreased again to 17,000 tons in

2004 (Kim et al. 2006). Stocks of this species have been

decreasing as a result of overfishing and/or changes in

its environments, and further reductions in the avail-

ability of this species in nature are anticipated.

In recent years, policies to rebuild the L. polyactis

population have been continuously reviewed in Korea

to prevent its collapse. Many studies have focused on

the population dynamics of L. polyactis and the

management of its fisheries in Korea, addressing the

age and growth of the species (Chung 1970; Lee et al.

2000; Kim et al. 2006), its ecological parameters and

management (Zhang et al. 1992a, b) and fisheries

conditions (Baik et al. 2005). However, few studies of

the stock structure of L. polyactis have been undertaken

based on molecular markers. Hwang et al. (1994) first

demonstrated a lack of genetic structure in the

L. polyactis population in the Yellow Sea using

restriction fragment length polymorphism (RFLP)

analysis of mitochondrial DNA (mtDNA), but sug-

gested the need for further study. In recent years, Xiao

et al. (2009), Han et al. (2009) and Kim et al. (2010)

have documented the stock structure of L. polyactis in

the Yellow and East China Seas. Xiao et al. (2009) and

Kim et al. (2010) maintained that L. polyactis com-

prises a single stock, on the basis of a mtDNA control

region, whereas Han et al. (2009) maintained that

L. polyactis consists of at least three stocks (northern

Yellow Sea stock, southern Yellow Sea stock and East

China Sea stock), based on an amplified fragment

length polymorphism (AFLP) analysis. These conflict-

ing results reflect the need for additional DNA

markers, such as microsatellite loci.

Recently developed mtDNA and nuclear DNA

markers, such as microsatellite loci, are expected to

detect genetic differences that distinguish populations

of fish with increased accuracy and resolution

(Dunham 2004). Maternally inherited mtDNA has

greater sequence variability than most single-copy

nuclear genes (Brown et al. 1979). The microsatellite

loci are often considered more powerful molecular

markers in detecting population heterogeneity than

mtDNA RFLP or allozyme datasets (Estoup et al.

1998; Ross et al. 1999), because the former are highly

polymorphic and biparentally inherited. Although

microsatellite markers for L. polyactis were developed
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previously by Li et al. (2006), no population genetic

studies using these markers in field samples have been

undertaken. In addition, it is necessary to study the

population structure of L. polyactis using a less-

variable mtDNA such as the gene encoding cyto-

chrome c oxidase subunit I (COI), because the non-

coding control region may not reflect true relationship

among populations. In this study, the genetic variation
of L. polyactis was examined at four microsatellite loci

in 105 specimens and in mtDNA COI sequences in 49

specimens from four populations to identify the

appropriate management unit.

Materials and methods

Sampling and preliminary treatment

Muscle samples were collected for microsatellite ana-

lysis from 105 individual fish from four breeding

populations: one Korean and three Chinese popula-

tions (Table 1 and Figure 1). For the mtDNA analysis,

we used 49 individuals that had also been used for the

microsatellite analysis. The muscle samples were kept in

ethanol until DNA extraction. DNA was isolated from

the specimens described above with the conventional
phenol�chloroform method (Sambrook et al. 1989).

The extracted DNA was diluted with Tris�EDTA

buffer (10 mM Tris�HCl, 1 mM EDTA, pH 8.0) to a

final concentration of 100�500 ng/mL for PCR ampli-

fication. The PCR products were resolved electrophor-

etically on 1.5% agarose gel and stained in ethidium

bromide to check their sizes and quality.

Microsatellite genotyping and population genetic
analysis

In this study, four primer pairs for small yellow croaker

microsatellite markers, previously developed by Li et al.

(2006), were used. The forward primer of each set was

labelled with one of the following fluorescent dyes:

6FAM, NED or HEX. The process of PCR amplifica-

tion, using a PTC-200 thermal cycler (MJ Research,

Reno, NV, USA), was conducted as follows: a first

denaturation step at 948C for 2 min; 35 cycles of 30 s at

948C, 30 s at the annealing temperature listed by Li

et al. (2006) and 30 s at 728C; and a final extension for

5 min at 728C. To screen for microsatellite polymorph-

isms, the size of fluorescence-labelled allele fragments

was measured on an ABI PRISM 3130XL automated

sequencer, followed by analysis with GeneMapper

version 3.7 (Applied Biosystems, Foster, CA, USA).

Estimates of the number of alleles (A), product size

range (S) and allelic richness (AR), and the observed

heterozygosity (HO) and expected heterozygosity (HE)

per locus in each population were calculated using the

programs FSTAT 2.9.3 (Goudet 2001) and GENEPOP

version 3.4 (Rousset and Raymond 1995). The prob-

ability of deviations from Hardy�Weinberg expectation

for each locus in all populations was computed with the

Markov chain method (dememorisation�10,000,

batch�1000, iterations per batch�1000) in GENE-

POP version 3.4. Bonferroni adjustments (Rice 1989)

were applied to correct the effect of multiple tests. Tests

for the occurrence of null alleles were performed with

MICRO-CHECKER 2.2.3 (Oosterhout et al. 2004)

and were calculated for the frequencies of null alleles

Table 1. Sampling locations, dates and the numbers for

Larimichthys polyactis populations.

Voucher number

(population)

Sampling location

(sampling date) N (n)

PKU564-PKU587

(Korea)

Jejudo, Korea (2008/9/1) 24 (11)

PKU597-PKU621

(ChinaC)

Chingdao, China (2008/4/

16)

26 (3)

PKU623-PKU652

(ChinaD)

Dalian, China (2008/4/17) 30 (20)

PKU654-PKU678

(ChinaZ)

Zhoushan, China (2008/4/

19)

25 (15)

N and (n) indicate the number of individuals used in the
microsatellite and mtDNA COI analyses, respectively. Figure 1. Sampling area for Larimichthys polyactis.
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using CERVUS 3.0 (Kalinowski et al. 2007). Pairwise

FST values were used to estimate the genetic differ-

entiation between population pairs, according to Slat-

kin (1995), using the program FSTAT 2.9.3 (Goudet

2001). The significance of each FST value was tested

using 10,000 random permutations. After the construc-

tion of a genetic distance matrix based on a set of gene

frequencies in different populations, estimated accord-
ing to Nei (1972)a neighbour-joining tree was con-

structed for each replicated genetic distance matrix,

with 1000 bootstrap replications, using Neighbor in the

PHYLIP version 3.5 software package (Felsenstein

1993). Genetic population structure was investigated

using the Bayesian clustering approach implemented in

the STRUCTURE program (Pritchard et al. 2000). We

used an admixture model with correlated allele fre-
quencies with a burn-in period of 50,000 iterations and

1 million Markov chain Monte Carlo (MCMC) repeti-

tions to calculate the probable number of genetic

clusters (K).

Mitochondrial DNA sequencing and population genetic
analysis

The mtDNA COI sequences were amplified using a

light-strand COI-F primer (5?-TAAATCTCAGC-

CATCTTACCTATG-3?) and a heavy-strand COI-R

primer (5?-TTCGAGTCCTCCTTTTCTCGC-3?). The

PCR reaction mixture contained 1 mL of genomic

DNA (50 ng/mL), 18.25 mL of ddH2O, 2.5 mL of
10�PCR buffer (50 mM KCl, 2 mM MgCl2, 10 mM

Tris�HCl; Biomedic Co., Korea), 2 mL of 2.5 mM

dNTPs, 1 mL of each primer (0.5 mM COI-F and COI-

R) and 0.25 mL of Taq DNA polymerase (5 unit/mL;

Biomedic) in a 25 mL reaction volume. The PCR

reactions proceeded with an initial denaturation at

958C for 5 min; 35 cycles of denaturation at 958C for 1

min, 558C for 1 min and extension at 728C for 1 min;
and a final extension at 728C for 5 min. The PCR

products were purified with a PCR purification kit

(Qiagen, Hilden, Germany) and subsequently used in

direct cycle sequencing reactions with the BigDye

Terminator v3.1 Cycle Sequencing Kit (Applied Bio-

systems). The DNA sequences were determined using

the ABI 3730xl automated DNA sequencer (Applied

Biosystems). The nucleotide sequence data reported
here have been submitted to the DDBJ/EMBL/Gen-

Bank nucleotide sequence databases (accession num-

bers HQ385755�HQ385803). The DNA sequences

were edited and aligned by eye using the BioEdit

software (version 7.0.0). Pairwise fixation indices (FST)

between populations were calculated using the ARLE-

QUIN 3.1 program (Excoffier et al. 2005), and the

significance of each FST value was tested using 100,000
random permutations. The genetic distances within and

between populations were calculated using the MEGA

3.1 program (Kumar et al. 1993). Phylogenetic relation-

ships were estimated by the minimum spanning net-

work (MSN) constructed according to the manual for

ARLEQUIN 3.1.

Results and discussion

A total of 77 different alleles were observed across all

loci for all the populations (Jejudo in Korea, and

Zhoushan, Qingdao and Dalian in China). The ob-

served alleles ranged from 12 alleles at LP11 to 25

alleles at LP11 over all the populations, indicating

considerable variation among the four microsatellite
loci. The observed and expected values for heterozyg-

osity for all the populations ranged from 0.622 at LP7

to 0.861 at LP11, and from 0.818 at LP12 to 0.920 at

LP11, respectively (Table 2). These results suggest that

all the microsatellite loci were polymorphic, with large

differences in the numbers of alleles. As shown in Table

2, the total number of alleles in each population ranged

from 45 (ChinaC) to 57 (Korea), and followed the same
trend as the trend for AR in the four populations. The

HO of the overall loci per population ranged from

0.742 (ChinaZ) to 0.862 (ChinaD), and the HE of the

overall loci ranged from 0.810 (ChinaD) to 0.913

(Korea). Although no meaningful difference in hetero-

zygosity was found among the four populations, the HE

and the number of observed alleles in the Korean

population were the highest among the populations
examined. The values for the inbreeding coefficient FIS

and the evaluations of Hardy�Weinberg equilibrium

(HWE) are shown in Table 2. The FIS value over all loci

was higher in ChinaD (0.613) than in the other

populations (0.088�0.151). Four of the 16 evaluations

of HWE showed significant deviations from equili-

brium, suggesting null alleles at some loci, as deter-

mined with MICRO-CHECKER and CERVUS (Table
2). No significant differences in the pairwise FST

estimates were detected among any of the population

pairs (Table 3). A UPGMA tree suggests that all

the populations of L. polyactis clustered together

(Figure 2). The Bayesian population clustering using

STRUCTURE also supported the existence of a

single, panmictic population at the microsatellite loci

(Figure 3).
Sequences of 1416 bp of mtDNA COI were isolated

from specimens collected from the four areas. Analysis

of molecular variance showed that all the populations

were genetically very diverse. All specimens displayed

unique haplotypes, suggesting a high level of genetic

variability in L. polyactis in the Yellow and East China

Seas. Intra-populational genetic divergence was highest

in ChinaZ (0.0047), followed by ChinaD (0.0036) and
Korea (0.0034). Inter-populational genetic divergence
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was greatest between ChinaZ and ChinaD (0.0042) and

smallest between Korea and ChinaC (0.0027). The

differentiation index (FST) was greatest between Chi-

naD and ChinaC (0.0271) and smallest between

ChinaZ and ChinaC (0.0026), but these values do not

have significant meaning in distinguishing populations

(P�0.05). The MSN showed that all the specimens

clustered as a mixture, regardless of population (Figure

4). These results indicate that there is no population

structure of L. polyactis in the Yellow and East China

Seas, according to mtDNA COI analysis.

Our analyses of microsatellite loci and mtDNA

COI give congruent estimates of the population genetic

structure of L. polyactis in the Yellow and East China

Seas: (1) high levels of genetic variation in all the

populations examined and (2) no significant differen-

tiation between the populations of the Yellow and East

China Seas. The latter finding carefully suggests that

Table 2. Total number of alleles (AT), sizes of alleles in base pair (S), allelic richness (AR), observed (HO) and expected (HE)

heterozygosities, probability of deviation from Hardy�Weinberg proportions (PHW) and inbreeding coefficient (FIS) of four

microsatellite loci for Larimichthys polyactis populations from Korea and China.

Microsatellite loci

Population LP7 LP11 LP12 LP29 Overall loci

Korea

AT 13 16 11 17 57

S 95�129 391�471 152�196 375�455

AR 10.3 12.7 9.3 12.8

HO 0.583 0.810 0.917 0.864 0.791

HE 0.907 0.937 0.885 0.928 0.913

PHW B0.001 ns ns ns B0.001

FIS 0.357 0.136 �0.036 0.069 0.133

ChinaC

AT 9 17 8 16 50

S 95�111 387�479 156�192 371�459

AR 7.8 13.1 7.2 12.1

HO 0.667 0.900 0.667 0.826 0.776

HE 0.776 0.932 0.724 0.923 0.851

PHW 0.029 ns ns ns 0.043

FIS 0.141 0.034 0.079 0.105 0.088

ChinaD

AT 12 17 8 18 55

S 93�135 391�467 164�196 371�449

AR 9.1 12.6 6.9 12.9

HO 0.591 0.950 0.857 0.857 0.862

HE 0.860 0.891 0.811 0.889 0.810

PHW 0.002 ns ns ns 0.014

FIS 0.313 �0.067 �0.057 0.036 0.613

ChinaZ

AT 8 17 7 13 45

S 93�109 387�515 160�184 371�439

AR 7.5 12.0 6.6 13.0

HO 0.347 0.783 0.857 0.667 0.742

HE 0.814 0.918 0.813 0.947 0.874

PHW ns ns ns B0.001 B0.001

FIS 0.205 0.148 �0.054 0.296 0.151

Total

AT 16 25 12 24 77

S 93�135 387�515 152�196 371�459

HO 0.622 0.861 0.824 0.803

HE 0.846 0.920 0.818 0.919

PHW nd nd ns nd

Frequency (Null) �0.1714 �0.0330 �0.0049 �0.0574

Note: Significance was tested at the 5% level with Bonferroni collection. ns, not significant; nd, not done.
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L. polyactis in the Yellow and East China Seas may be

considered a single panmictic population, although the

number of individuals examined here is slightly lower

than 30 (Table 1). Our results were consistent with

those of mtDNA CR (Xiao et al. 2009; Kim et al. 2010)

but different from that of AFLP (Han et al. 2009). Han

et al. (2009) suggested the existence of four populations

of L. polyactis in the Yellow and East China Seas with

an AFLP analysis. According to Han et al. (2009), the

overall genetic differentiation among these four popu-

lations of small yellow croaker is small but significant

(FST�0.0422, PB0.001). Regarding the two types of

molecular markers discussed above, microsatellite mar-

kers are more powerful markers, especially in the

ecological applications (Selkoe and Toonen 2006), but

AFLP can be a good alternative to microsatellite

(Bensch and Åkesson 2005; Sønstebø et al. 2007).

Nevertheless, in the case of small or recently bottle-

necked populations, only the microsatellite with highest

mutation rates are likely to be informative (Hedrick

1999).

Previous studies based on mtDNA CR have sug-

gested that the L. polyactis in the Yellow and East

China Seas comprises a single population (Xiao et al.

2009; Kim et al. 2010). According to those studies,

mtDNA CR of L. polyactis has very high variability. In

particular, Kim et al. (2010) demonstrated that all 83

specimens collected from Korea and China represented

unique haplotypes. Our mtDNA COI results are very

Table 3. Pairwise FST estimates among the four populations

for Larimichthys polyactis based on four microsatellite loci

and probability of differentiation with P value in FST estimate

and Fisher’s exact test.

Korea ChinaC ChinaD ChinaZ

Korea � � �
ChinaC 0.057 � �
ChinaD 0.047 0.007 �
ChinaZ 0.085 0.037 0.021

‘�’ is no significant differentiation (PB0.05) in exact test.

Figure 2. UPGMA tree constructed from microsatellite loci

for Larimichthys polyactis populations from Korea and

China, according to Nei’s genetic distance (1972) in Phylip

v. 3.6.

Figure 3. Bayesian inference of population structure for Larimichthys polyactis populations from Korea and China as determined

by STRUCTURE. 1: Korea; 2: ChinaC; 3: ChinaD and 4: ChinaZ.
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consistent with the previous results for mtDNA CR

(Xiao et al. 2009; Kim et al. 2010). The high haplotype

diversity and the low nucleotide diversity in L. polyactis

suggest historically rapid population growth from an

ancestral population with a small effective population

size (Avise 2000).

The population structures of many marine fishes

often depend on the active migration of the adults and

the passive dispersal of the larvae (Waples 1998; Cowen

et al. 2000, 2003). The Tsushima Warm Current runs

into the Yellow Sea, influencing the west coast of

Korea, north to the Bohai Sea. The Tsushima Warm

Current may transport eggs and larvae from the

southern to the northern Yellow Sea. Generally, marine

organisms whose planktonic larvae are passively dis-

persed form only a limited population substructure and

may be strongly affected by sea currents (Lessios et al.

2001, 2003; Sekino and Hara 2001; Waters and Roy

2004; Saito et al. 2008). The spawning season of

L. polyactis extends from April to June on the west

coast of Korea (NFRDI 2005), at which time the

Tsushima Warm Current is becoming stronger than it

is in winter. As a result, the eggs and planktonic larvae

of L. polyactis might be transported to the Bohai Sea.

Therefore, the low pairwise FST estimates and the lack

of a relationship between their haplotype distributions

and geographic locations suggest that sea currents are

responsible for the high gene flow among the breeding

populations of L. polyactis. Aguilar and John (2006)

reported that the genetic variation calculated from

nuclear DNA (major histocompatibility complex se-

quences) correlated with that calculated with micro-

satellite markers in the coastal steelhead, Oncorhynchus

mykiss. The present study shows similar patterns of

genetic variation in L. polyactis populations based on

the allelic variation at microsatellite loci and the

haplotype diversity based on mtDNA COI. Moreover,

the absence of genetic differentiation estimated with the

microsatellite and mtDNA COI analyses among and

within populations of L. polyactis may either result

from the random migration of the adult or the passive

dispersal of the eggs and larvae. Not with standing,

further studies using larger number of populations and

other microsatellite loci are required for more detailed

population structure of the species. In addition, future

studies based on isotope analysis are required to clarify

the ecological characteristics such as natal homing.
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