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Genetic variation was surveyed at the mitochondrial control region (766bp) to test for the presence of genetic stock
structure in the small yellow croaker, Larimichthys polyactis from the Yellow and East China Seas. Individuals of the
small yellow croaker could not be distinguished on the basis of its location, as demonstrated using the neighbor-
joining (NJ) method, unweighted pair-group method, arithmetic average (UPGMA) and the minimum spanning
network (MSN). Analysis of molecular variance revealed no significant differences among collections of the small
yellow croaker taken from the four locations (two locations each in Korea and China). Neutrality tests and a
mismatch distribution analysis indicated that this species has recently expanded. Our findings suggest either that the
small yellow croaker has a high migration capability that enables it to overcome the effects of genetic drift, or that
this species expanded relatively recently and has not yet had sufficient time to differentiate.
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Introduction

The small yellow croaker, Larimichthys polyactis, is a

common migratory fish species in the Yellow and East

China Seas. The species is an important commodity

in some East Asian countries, including Korea and

China (NFRDI 2005; Guo et al. 2006; Li et al. 2006).

L. polyactis has been categorized into either three

populations (i.e., Zhejiang, Jiangsu, and Yellow Sea)

(Yamada et al. 2007) or four (i.e., Zhejiang, Jiangsu,

Korea, and Pohai) (Ikeda 1964), according to spawning

grounds and migration routes. The Korea population

migrates from the East China Sea to the southwestern

coast of Korea in April, when the spawning season

begins, and then travels to the western coast until

August (Baik et al. 2004). An alternate migration

hypothesis states that the Zhejiang stock enters both

Korean and Chinese waters, forming larger spawning

grounds than those of any other stocks (Yamada et al.

2007; see Figure 1). These conflicting hypotheses reflect

a need for more detailed information regarding the

genetic diversity and population structure of this

species (Li et al. 2006).

The central fishing ground for the small yellow

croaker was located near the Yeonpyeongdo, mid-

western Korea in the Yellow Sea until the 1960s, at

which time it relocated to the western Jejudo in the

East China Sea. Today, more than 70% of the annual

catch is obtained in this area (Fisheries Production

Statistics 2005). In recent years, overexploitation

of the small yellow croaker has reduced the annual

catch and increased the proportion of immature, small-

sized fishes that are caught in western Jejudo (NFRDI

1988). Therefore, an effective management policy is

needed to protect this species, by clarifying the

population structure of the small yellow croaker. In

particular, studies that integrate ecological character-

istics with genetic information are necessary to estab-

lish more appropriate management practices.
Molecular analyses are useful tools for stock

discrimination, especially with regard to establishing

conservation and management policy for endemic or

overexploited species (Liu et al. 2005; Kim et al. 2006).

Indeed, Hwang et al. (1994) conducted a population

analysis of the small yellow croaker from Korea and

China using the RFLP method. Their analysis revealed

40 equivalent bands in small yellow croaker from

Korea and China, but differences in certain restriction

enzymes (Hwang et al. 1994), suggesting that this topic

warrants further attention.

The present study sought to compare the genetic

diversity, relationships, and demographic histories of

four locations of the small yellow croaker from Korea
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and China with those of the large yellow croaker

(outgroup) using mitochondrial DNA sequence data

from a 766 basepair control region.

Materials and methods

Sampling

Eighty-three specimens of Larimichthys polyactis

were collected from four locations in Korean and

Chinese waters (i.e., 30 specimens each from the

Yeonpyeongdo and Wido of Korea, 16 specimens from

the Qingdao of China, and 7 specimens from the

Zhoushan of China) between June and August of

2006. In addition, two specimens of L. crocea (i.e., as

an outgroup) were obtained from Fuzhou, China in

August 2006 (Figure 1). The two species were identified

by counting the number of anal fin rays and scales above

the lateral line. Whole-body specimens from Korea and

muscle-tissue specimens from China were deposited in

the National Fisheries Research and Development

Institute (NFRDI) collection, with registration numbers

NFRDI20060712�74 to 103 for the Yeonpyeongdo

specimens, NFRDI20060712�44 to 73 for the Wido

specimens, NFRDI20060830�107 to 124 for the Qing-

dao specimens, NFRDI20060830�125 to 132 for the

Zhoushan specimens, and NFRDI20060830�133 to 134

for the Fuzhou specimens.

DNA isolation, PCR and sequencing

Total genomic DNA was extracted from muscle tissues

stored in 99% ethanol using the method of Asahida

et al. (1996). The mtDNA control region and its contig-

uous sequence were amplified using a light-strand PRO�L

primer (5?�CTACCTCCAACTCCCAAAGC�3?) and a

heavy-strand DL�2H primer (5?�TAGGGTCC(A/

G)TCTTAACAGCTTCA�3?). The PCR reaction mix-

ture contained genomic DNA (50 ng/ml) 4 ml, 10�
buffer 4 ml, 0.2 mM dNTP 3.2 ml, 10 pmole primers

PRO-L 2 ml, DL-2H 2 ml, 1.25 units Taq polymerase

(Takara, Shiga, Japan), forming a mixture of 40 ml. PCR

reactions proceeded with initial denaturation at 948C for

5 min, 30 cycles of denaturation at 948C for

1 min, 558C for 1 min, 728C for 1 min, and extension

at 728C for 1 min. PCR products were purified using

PCR purification kits (Qiagen, Hilden, Germany) and
subsequently used in direct cycle sequencing

reactions using the Big Dye terminator (Applied Bio-

systems). DNA sequences were determined using the

ABI 377 automated DNA sequencer (Applied Biosys-

tems). Nucleotide sequence data reported here have

been supplied to the DDBJ/EMBL/GenBank nucleo-

tide sequence databases (accession numbers EU483156�
EU483235).

DNA analysis

The DNA sequences were edited and aligned using the

BioEdit software (version 7.0.0). Haplotypes and

nucleotide diversities of the small yellow croaker were

calculated from a pairwise sequence differences matrix
developed using the Arlequin 3.1 program (Excoffier

et al. 2005). Pairwise fixation indices (FST) between

locations and mismatch distributions of each location

were calculated using Arlequin 3.1, and the significance

of each FST value was tested using 100,000 random

permutations. In order to find the optimal calculating

model for the genetic distance, the model test was

conducted using FindModel program. A total of 10
models were used from the reduced set at the FindMo-

del program. In addition, AIC (Akaike’s Information

Criterion; see Akaike 1985) values were calculated by

the method of Posada and Crandall (2001). The genetic

distances within and between locations were calculated

using MEGA program version 3.1 (Kumar et al. 1993).

Phylogenetic relationships were estimated via the

neighbor-joining (NJ) method (Saitou and Nei 1987),
and the unweighted pair-group method, arithmetic

Figure 1. Hypothesis of three populations (A, Yellow Sea;

B, Jiangsu; C, Zhejiang) of Larimichthys polyactis in the

Yellow and East China Seas (cited by Yamada et al. 2007),

and sampling localities of Larimichthys polyactis, the Wido

(a) and Yeonpyeongdo (b) of Korea and the Qingdao (c) and

Zhoushan (d) of China, and of Larimichthys crocea, the

Fuzhou (e) of China. Numbers and arrows indicate month

and migration routes.
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average (UPGMA) (Rohlf 1988) and the Tamura�Nei

plus Gamma model (Tamura and Nei 1993). Con-

fidence in each node was assessed via 10,000 bootstrap
replicates. Haplotype relationships among locations

were assessed by a minimum spanning network

(MSN) created using the MINSPNET algorithm.

Demographic history was estimated using Tajima’s D

test (Tajima 1989), Fu’s Fs test (Fu 1997), and the

frequency distribution of mismatch.

Results and discussion

Genetic diversity

We analyzed 766 basepair sequences from the mito-

chondrial DNA control region (mtCR; 15696�16462 of

the mtDNA) in the small yellow croaker, L. polyactis,

and the large yellow croaker, L. crocea. The ratio

of transition to transversion (ts/tv) was 1.9 (42/22) and

2.1 (17/8) for the Qingdao and Zhoushan, respectively.

The ratio is lower than those of the Yeonpyeongdo 3.6
(43/12) and Wido 3.8 (50/13). All specimens had unique

haplotypes, but we did not observe locality-specific

patterns with regard to their genetic variance. In terms

of nucleotide diversity, the Qingdao location was the

most diverse (1.82%), while the Zhoushan location was

the least diverse (1.22%); Korean locations ranged from

1.39 to 1.67% (Table 1).

The model test results showed that the Tamura�Nei
model with gamma distribution was the most suitable

model for calculating genetic divergence, with the

lowest AIC value. The gamma corrected model’s

average ratio of transition/transversion is 3.6033, and

the gamma model shape parameter is 0.17192.

Genetic divergence ranged from 0.001 to 0.036

(average �0.014) within the Yeonpyeongdo location,

0.001 to 0.036 (average �0.017) within the Wido

location, 0.008 to 0.046 (average �0.018) within the

Qingdao location, and 0.003 to 0.024 (average �0.011)

within Zhoushan location. Average genetic divergence

was highest in the Qingdao location and lowest in the

Zhoushan location. Consistent with the results for each

location, genetic divergence was greatest (0.018) be-

tween the Wido and the Qingdao locations and least

(0.012) between the Yeonpyeongdo and the Zhoushan

locations. However, genetic divergence between the

small and large yellow croaker species ranged from

0.425 to 0.449 (Table 2), indicating a genetic difference

between two distinct species (Kartavtsev and Lee

2006). Fixation indices (FST), which reflect the degree

of genetic differentiation among the four locations of

the small yellow croaker, were largest (0.0149) between

the Yeonpyeongdo and the Zhoushan locations and

smallest (�0.0048) between the Yeongpyongdo and

the Wido locations. Permutation tests verified that

there were no significant differences between any two

locations (P�0.2). FST values for the small and large

yellow croaker ranged from 0.90 to 0.94, suggesting

distinct differences between the two species (PB0.05).

Genetic relationship

The four locations of the small yellow croaker could

not be differentiated using the NJ tree (Figure 2A) and

UPGMA tree (Figure 2B) or MSN (Figure 3). This is

consistent with the results of previous RFLP mtDNA

analyses (Hwang et al. 1994). Our findings suggest

Table 1. Molecular variability of four localities of Larimichthys polyactis from Korea and China.

Locality No. specimens No. polymorphism No. transition No. transversion No. haplotype Nucleotide diversity

Yeonpyongdo 29 56 43 12 29 1.39%

Wido 27 64 50 13 27 1.67%

Qingdao 16 63 42 22 16 1.82%

Zhoushan 7 29 17 8 7 1.22%

Table 2. Mean genetic divergence within (diagonal) and among (below diagonal) four localities of Larimichthys polyactis, and

Larimichthys crocea from Korea and China.

Locality Q Z W Y

Larimichthys polyactis

Qingdao (Q) 0.01890.003

Zhoushan (Z) 0.01590.002 0.01190.002

Wido (W) 0.01890.003 0.01490.003 0.01790.003

Yeonpyongdo (Y) 0.01690.003 0.01290.002 0.01590.003 0.01490.003

Larimichthys crocea 0.44990.115 0.43190.108 0.42590.105 0.43590.109

Note: Genetic distance values (means9standard errors) were estimated using the Tamura�Nei plus Gamma model (Tamura and Nei 1993).
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either that the small yellow croaker has a high

migration capability that enables it to overcome the

effects of genetic drift, or that this species expanded

relatively recently and has not yet had sufficient time to

differentiate. Recent studies have suggested that nuclear

DNA information can clarify the results of mtDNA

analyses in situations where male and female species

have different genetic histories because of differences in

their migration patterns (Shaw 2002). For example,

when female species move less and male species move

more, mtDNA analyses will reveal differentiation

whereas nuclear DNA analyses may reveal a panmictic

pattern (Sinclair et al. 2005). However, the small yellow

croaker exhibits a gender ratio of approximately 1:1

(Kim et al. 2008); thus, both sexes are thought to share

a similar migration pattern.

Population studies are fundamental to fisheries

management, and populations are defined by genotypic

or phenotypic markers that remain stable and repea-

table (Booke 1999). Effective management of fisheries

requires a thorough understanding of the population

structures of each species (Begg and Waldman 1999).

Yamada et al. (2007) and Ikeda (1964) suggested that

the small yellow croaker in the Yellow and East China

Seas can be divided into three or four populations;

however, our result reveals no evidence of population

structure. Our findings suggest that, at least from a

genetic standpoint, it may be desirable to include the

small yellow croaker from the Yellow and East China

Seas into one population to promote effective fisheries

management. Furthermore, Kim et al. (in preparation)

are analyzing the microsatellite DNA of the small

yellow croaker from the Yellow and the East China

Seas for a more detailed population structure, and also
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Zhoushan

Yeonpyeong

Wido

Out group

0.05 

Wido

Yeonpyeong
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Qingdao

Zhoushan

0.05 

Figure 2. NJ (A) and UPGMA (B) tree derived from a

Tamura�Nei distance matrix, which was developed using

mtCR gene sequences from four localities of Larimichthys

polyactis (Wido, Yeonpyeongdo, Qingdao, and Zhoushan),

and one outgroup of Larimichthys crocea (Fuzhou). Bars

reflect a Tamura�Nei distance of 0.05 (Tamura and Nei 1993).

Figure 3. Minimum spanning network constructed using

mtCR gene sequences from four localities of Larimichthys

polyactis and Larimichthys crocea. W1�W29, Y1�Y30, C1�
C18 and J1�J8 indicate individuals of Larimichthys polyactis

from the Wido, Yeonpyeongdo, Qingdao, and Zhoushan.

YO1�YO2 indicates Larimichthys crocea from the Fuzhou.

Bars reflect a 10-nucleotide difference.

48 J.K. Kim et al.



found no evidence of a population structure for the

small yellow croaker.

Demographic history

The demographic history of the small yellow croaker

was inferred from Tajima’s D and Fu’s FS tests using

separate and combined data. D and FS values were

both negative, and, especially with regard to the FS test,
all locations except Zhoushan location were highly

significant (P�0.00) (Table 3). It is possible that the

Zhoushan location did not yield significant results

(P�0.11) because of the small sample size (i.e., seven

individuals). Mismatch distribution curves for each

location, as well as combined data, revealed one mode

(Figure 4). No significant differences were identified

using the recent expansion model (P�0.4).
The largest Tau (t) values for the mutational time-

scale analysis were observed in the Wido location (12.6),

followed by the Qingdao (8.16), the Zhoushan (6.51),

and the Yeonpyeongdo (6.62) locations. Tau (t) denotes

the position of the mismatch distribution crest, and

helps to estimate the evolutionary history of a popula-

tion (i.e., the point of expansion) (Rogers and Harpend-

ing 1992; Schneider and Excoffier 1999). The population
expansion times (presented in years) of the small yellow

croaker were estimated using t values for each location.

The results showed that the Wido location expanded

approximately 461,000 years ago, while the Qingdao

location expanded approximately 302,000 years ago,

and the Yeonpyeongdo and Zhoushan locations ex-

panded approximately 241,000 years ago.

The past 400,000 years has been characterized by
relatively short interglacial periods of 10,000�20,000

years alternating with long glacial periods of about

100,000 years (Petit et al. 1999). During the last glacial

maximum of the Pleistocene ice age, sea levels fell and

the Yellow and northern East China Seas nearly dried

up completely (Liu et al. 2006); consequently, the small

yellow croaker probably suffered local extinction or

relocated to the southern East China Sea. Population
expansion into each location considered in the present

study is thought to have occurred during the short

interglacial periods. The effective population size of the

small yellow croaker female before (u0) and after (u1)

expansion ranged from 1.82 for the Wido location to

Table 3. Tajima’s D and Fu’s FS values, with corresponding P values, and mismatch distribution parameter estimates for four

localities of Larimichthys polyactis from Korea and China.

Tajima’s D Fu’s FS Mismatch distribution

Locality D P FS P t u0 u1

Yeonpyeongdo �1.13 0.12 �22.39 0.00 6.62 5.391 287.812

Wido �1.05 0.15 �17.61 0.00 12.6 1.820 65.635

Qingdao �1.31 0.09 �7.06 0.00 8.16 6.970 99999.0

Zhoushan �1.28 0.11 �1.69 0.11 6.51 3.547 99999.0

Combined �1.78 0.01 �24.36 0.00 7.932 5.437 172.344
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Figure 4. Mismatch distribution of the mtCR gene se-

quences from four localities of Larimichthys polyactis. A,

Yeonpyeongdo; B, Wido; C, Qingdao; D, Zhoushan; E,

combined.
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6.97 for the Qingdao location, and from 65.6 for the

Wido location to 99,999.0 for the Qingdao and

Zhoushan locations, respectively (representing 36- to

14,347-fold increases). Analysis of combined data re-

vealed that u0 and u1 values were 5.432, and 171.344,

respectively. Thus, it is likely that the small yellow

croaker in the Yellow and East China Seas was nearly

extinct during the glacial age but successfully expanded

during subsequent interglacial periods.
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