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Temminck & Schiegel) Collected from the Korean Offshore and Inshore Waters
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To investigate the population structure and geographic distance among anchovies (Engraulis japonicus)
in Korea, we compared and analyzed the mitochondrial DNA control region sequences (227 bp) of
anchovies from 12 localities in inshore and offshore waters. The sequence analysis of 84 individuals
showed 29 haplotypes, ranging in sequence divergence by pairwise comparisons from 0.3% to 3.5%
(1 bp-12 bp). E9 haplotype of anchovies were found largely in inshore waters and also in offshore
waters, which was regarded as the major source in Korean waters (58.3%). However, E26, E27, E2S,
and E29 haplotypes were found in westsouthern (locality 10, four among 7). Phylogenetic analysis us-
ing PHYLIP was divided into two clades (clade A and B). Most of the haplotypes, excluding E26, E27,
E28, and E29, were strongly supported by bootstrap analysis (>75%), whereas the relationship between

clade A and B was weakly supported by bootstrap analysis (51%). High levels of genetic diversity .

were found; haplotype diversity (H)=0.75-1.00, and nucleotide diversity (m)=0.015-0.0244. Analysis of
Fsr between populations in inshore waters ranged in 0.01-0.05, whereas those of offshore waters
ranged in 0.01-058. A high gene flow occurred in inshore (Nm=22.61-3422) and offshore
(Nm=11.57-45.67) populations. The distribution of mitochondrial DNA haplotypes between west-
southern and other populations was suggestive of significantly different differentiation (Fsr=0.20-0.59,
p<0.05; d=0.52, p=0.00; ©=0.02-041, p<0.05). These results suggested that the overall anchovy pop-
ulation in the Korean peninsula caused considerable migration due to the mitochondrial gene flow
between inshore and offshore populations to form a genetically homogenous and panmictic structure,
although a heterogeneous population was found in this study.

Key words — Engraulis japonicus, geographic distance, population structure, gene flow, mtDNA,

control region.

Introduction

The Japanese anchovy, Engraulis japonicus (Temminck &
Schlegel), is a small pelagic, schooling fish, and plankton
feeder with a wide distribution off the coast of the Korean
peninsula including Japan and China, which is associated
with one of the commercially important fishery resources
in Korea[19,21]. In this role, several researchers have stud-
ied the vertical distribution of anchovy eggs and lar-
vae[21,23,24], the spawning ecology of anchovies[22], and
the biomass estimation of anchovies by acoustic survey[6]
in Korea. Numerous studies have shown the distribution
of larvae and juveniles[1], and an analysis of the spawning
and reproductive characteristics of the populations[10,11]
in Japan. Subsequently, the population dynamics and man-
agement of anchovy based on the recruitment of the larval
fishery were carried out in China[26,41]. Consequently, an-
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chovy stocks have been regarded as the most important
fishery resource in Korea, Japan, and China. In particular,
anchovies are used as a prey for higher trophic level spe-
cies (i.e. piscivorous fish) and as a peacemaker to annually
fluctuate their fisheries resources.

With recent advances in DNA amplification and se-
quencing, many sequence-based studies have been em-
ployed to define the nature and extent of allelic variation
in fishery stock. Population genetic tool has been used to
study genetic variability that has contributed to recent epi-
sodes of spatial-temporal patterns of heterogeneity be-
tween and among marine populations[16]. Different stock
structures between anchovy populations in different hab-
itats have been intensively studied and debated, mostly in
the case of the European anchovy, using biochemical and
molecular probing methods[3-5,12,27,35,37]. Recently, the
use of mitochondrial DNA (mtDNA) has a high resolution
of molecular phylogenesis, population genetics, and con-
servation, in which detection of polymorphism for natural
populations is necessary. The population genetic structure



of European anchovy using the mtDNA has been stud-
ied[4,5,27,37], while the genetic understanding between
strains and geographic areas for the Japanese anchovy has
been limited[18]. Consequently, understanding of the ge-
netic diversity and population structure of the Japanese an-
chovy is vital for the success of the efficient management
and assessment of their resources.

We previously sequenced a portion of an mtDNA 125
ribosomal RNA gene from only 3 localities in Korean wa-
ters and reported high gene flow among populations and
high haplotype diversity within populations[20]. In this
study, we newly sequenced a portion of an mtDNA con-
trol region gene of anchovies collected from 12 localities in
inshore and offshore Korean waters to extend our under-
standing of the population genetic structure of the species
and provide information on the genetic variation among

populations within species.

Materials and Methods

Anchovy

Japanese anchovies, Engraulis japonicus, were sampled
from 12 localities in Korea offshore and inshore waters
during the period of on March 2002 - February 2005 (Fig.
1). We used a total of 87 specimen collected at 12 localities
(Inshore waters: Dolsan, Odongdo, Samcheonpo, Hakdong,
Kyjedo, Taejongdae, Offshore waters: the western part of
South Sea, the eastern part of East Sea, the western part of
Yellow Sea, westsouthern, southwest, the western part of
Jejudo). Samples were frozen at -70°C until required.

DNA amplification

Total DNA was extracted from anchovy fins by the
method of Asahida[2]. Potential forward and reverse pri-
mers were selected manually using on-line Primer pro-
gram (http://www-genome.wimit.edu/cig/primer), from
aligned mitochondrial control region sequences of E. japo-
nicus (AB040676). The primer sequences are as follows:
CR2F, 5-AAGTTAAACTACCTCTGTAAT-3" and CR3R, 5'-
AACACTATCAACA-3". PCR (Polymerase Chain Reaction)
reactions were performed under the following conditions
in 25 pl reaction volumes: 20 pmol of each primer; 0.5 mM
dNTPs; 1.25 unit Tag DNA polymerase (FastStar Tag DNA
polymerase, Rhoche Col); 10 x PCR reaction buffer
(Rhoche Co.); 5-40 ng total genomic DNA. The thermocy-
cling profile included an initial denaturation step of 95°C
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Fig. 1. Sampling locations of the anchovy, Engraulis japonicus,
in Korea collected from March 2002 to February 2005.
General locality names are as follows: Inshore waters,
1. Dolsan, Yeosu City, Chunman Province; 2. Odongdo,
Yeosu City, Chunnam Province; 3. Samchenonpo,
Kyungsangnam Province; 4. Hakdon, Tongyeong City,
Kyungsangnam Province; 5. Kyjedo, Tongyeong City,
Kyungsangnam Province; 6. Taejeongdae, Busan; Off-
shore waters, 7. The western part of South Sea; 8. The
eastern part of East Sea; 9. The western part of Yellow
Sea; 10. The westsouthern; 11. The southwest; 12. The
western part of Jejudo.

for 3 min, followed by 35 cycles of 15 s at 94C, primer an-
nealing for 15 s at 52°C, and extension for 30 s at 72°C. The
final extension step was increased to 10 min. The PCR was
carried out by iCycler Thermocycle (Bio-Rad). Products
from specific PCR amplification reactions were analyzing
using 2% agarose gel run at 50 V for 50 min, and vi-
sualized after staining in 05 pg ml” ethidium bromide.
The PCR product was purified using PCR Purification kit
(NucleoSpin® Extract} by following manufacturer’s
instruction. Purified DNA fragment was stored at -20TC
until use.

Nucleotide sequence

The purified DNA was directly sequenced using an
Applied Biosystem model ABI 3730XL automated se-
quencer and a Big Dye terminator cycle sequencing kit
(Perkin-Elmer Applied Biosystems, UK). For the sequenc-
ing reaction, 30 ng of purified PCR products, 2.5 pmol of
primer, and 1 ul of Big Dye terminator were mixed and
adjusted to a final volume of 7 ul with dH;O. The reaction
was run with 5% DMSO for 30 cycles of 15 s at 95C, 5 s
at 50T, and 4 min at 60C. Both strands were sequenced
as a crosscheck.
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Haplotype

Sequence data were aligned using the multiple align-
ment program Clustal W[36]. When homologous sequences
differed by > one nucleotide, the sequences were consid-
ered as different haplotypes. Haplotype designations (E1,
E2, E3, and so forth) were applied to new sequences as
they were discovered.

Phylogenetic analysis

Phylogenetic analysis was performed by neighbor-joining
(N]) method incorporated in PHYLIP (Phylogeny Inference
Package) ver. 3.5¢[8] as a subprogram NEIGHBOR. To ob-
tain the NJ tree, the data set was iterated 1,000 times using
a subprogram SEQBOOT. Individual trees from each iter-
ated data set were obtained using the subprogram
DNAMLK with the option of Kimura’s 2-parameter meth-
0d[25], which attempts to correct observed dissimilarities
for multiple substitutions in sequences evolving with a
transition bias. A consensus tree representing reliability at
each branch in the tree was obtained using the subprogram
CONSENSE.

Genetic diversity

To investigate the magnitude and pattern of genetic di-
versity within localities, genetic diversity and mean num-
ber of pairwise differences among haplotypes, gene diver-
sity, and nucleotide diversity were calculated using
Arlequin ver 1.1[33]. Mean number of differences between
all pairs of haplotypes in the sample was obtained by con-
sidering the number of mutations having occurred since
the divergence of any two haployptes, and the frequency
of the ones involved in the calculation. Nucleotide diver-
sity was calculated by estimating the probability that two
randomly chosen homologous sequences will be differ-
ent[28].

Genetic migration

Genetic distance (Fst), coefficient of coancestry (D), and
female migration rate (Nm) were estimated by subroutines
in Arlequin ver 1.1[33]. Statistical significance of the differ-
ence between pairs of localities was tested by permutations
(1,000 bootstraps [7]).

Hierarchical structure
Hierarchical genetic relationships among populations
and sets of populations were assessed by Holsinger and

Mason-Gamer (H-MG) method[17]. This study tested the
degree of hierarchical subdivision between specified set of
localities with AMOVA (Analysis of Molecular Variance)
program(7] incorporated in Arlequin ver 1.1 [33]. For the
present data set, this study grouped the 12 localities into
two groups on the basis of rough distance. For example,
Dolsan (locality 1), Odongdo (locality 2), Samcheonpo
(locality 3), Hakdon (locality 4), Kyjedo (locality 5),
Taejeongdae (locality 6), the western part of South Sea
(locality 7), the eastern part of East Sea (locality 8), the
western part of Yellow Sea (locality 9), southwest (locality
11), and the western part of Jejudo (locality 12) were
grouped into one group (group A). Westsouthern (locality
10) was grouped another group (group B). After specifying
these localities into two groups, this analysis provided cor-

 relation of haplotype dicersity- at different levels of hier-

archical subdivision in the forms of three variance compo-
nents (ie. between-regions, within-regions, and with-
in-localities).

GenBank accession number

The determined mtDNA control region gene sequences
were deposited at the NCBI (National Center for
Biotechnology Information) data library. Their accession
numbers are indicated in Table 1.

Results

DNA

The primer combination CN2F (forward)-CR3R (reverse)
was successful in amplifying the anchovy genomic DNA at
an annealing temperature of 52°C, and a PCR product of the
expected size (227 bp) was obtained (Fig. 2). A total of 29
haplotypes (E1-E29) was obtained from a partial sequence of
the mtDNA control region gene from 87 individuals of the
anchovy (E. japonicus) collected from the 12 localities includ-
ing inshore and offshore Korean waters. The individual
haplotype and GenBank accession numbers are listed in
Table 1. The sequence alignment showed 61 variable nucleo-
tides (Fig. 3): one G&C transversion, nine AST trans-
version, one T&A&C parallel mutations (nucleotide posi-
tion 95). The rest of them were transitional substiutions (T<
C, ASG, and CoA).

Sequence divergence
The sequence divergence among the 29 haplotypes by
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Table 1. A list of sampling regions (inshore waters), animal numbers, mitochondrial control region gene haplotypes,
and GenBank accession numbers ‘

Collecting locality (no. of individuals) Collection date Animal number Haplotype = GenBank number
1. Dolsan, Yeosu City, Chunnam Province 2004. 9. 22 ADI1 E04 DQ223772
%) AD2 E05 DQ223773
AD3 E01 DQ223774
AD4 E19 DQ223775
AD5 E04 DQ207811
AD6 E05 DQ207812
AD7 E15 DQ207813
2. Odongdo, Yeosu City, Chunnam  2004. 9. 13 AQ1 E08 DQ207814
Province (8) AO2 E02 DQ207815
AO3 E22 DQ207816
AO4 EO1 DQ207817
AO5 E18 DQ207818
AO6 E25 DQ207819
AOQ7 E22 DQ207820
AQO8 E24 DQ207821
3. Samcheonpo, Kyungsangnam Province 2005. 2. 4 AS1 E01 DQ207822
8 AS2 EO05 DQ207823
AS3 E19 DQ207824
AS4 E18 DQ207825
AS5 EQ6 DQ207826
AS6 E08 DQ207827
AS7 E25 DQ207828
AS8 E06 DQ207829
4. Hakdong, Tongyeong City, 2005. 1. 15 AH1 EO03 DQ207830
Kyungsangnam Province (7) AH? E09 DQ207831
AH3 E13 DQ207832
AH4 E05 DQ207833
AH5 E22 DQ207834
AH6 E23 DQ207835
AH7 E08 DQ207836
5. Kyjedo, Tongyeong City, Kyungsangnam  2004. 9. 24 AK1 E07 DQ207837
Province (8) AK2 E09 DQ207838
AK3 E01 DQ207839
AK4 E25 DQ207840
AK5 EO1 DQ219876
AKe6 E11 DQ219877
AK7 E14 DQ219878
AKS8 E22 DQ219879
6. Taejongdae, Busan (8) 2005. 1. 27 AT1 E10 DQ219880
AT2 El6 DQ219881
AT3 E12 DQ219882
AT4 E18 DQ219883
AT5 E23 DQ219884
AT6 EO05 DQ219885
AT7 E17 DQ219886
ATS8 EQ9 DQ219887
7. The western part of South Sea (7) 2005. 2. 27 JAA1 E21 DQ219888
JAA2 E09 DQ219889
JAA3 EO01 DQ219890
JAA4 EO4 DQ219891
JAAS E14 DQ219892
JAA6 E19 DQ219893

JAA7 E24 DQ2198%4
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Table 1. Continued

8. The eastern part of East Sea (6)

9. The western part of Yellow Sea (7)

10. The westsouthern (7)

11. The southwest (8)

12. The western part of Jejudo (6)

2005. 2. 21

2002. 3. 17

2002. 3. 19

2002. 3. 22

2002. 3. 24

JAB1 E08 DQ219895
JAB2 E23 DQ2198%
JAB3 E15 DQ219897
JAB4 E25 DQ219898
JAB5 E07 DQ219899
JAB6 E02 DQ219900
JAC1 E05 DQ219901
JAC2 E12 DQ219902
JAC3 E22 DQ219903
JAC4 E24 DQ219904
JACS E15 DQ219905
JAC6 E09 DQ219906
JACY E19 DQ219907
JAD1 E27 DQ219908
JAD2 E2 DQ219909
JAD3 E26 DQ219910
JAD4 E5 DQ219911
JADS E28 DQ219912
JAD6 E27 DQ219913
JAD7 E29 DQ219914
JAEL E17 DQ219915
JAE2 E20 DQ219916
JAE3 E9 DQ219917
JAE4 E8 DQ219918
JAES E24 DQ219919
JAE6 E25 DQ219920
JAE7 E22 DQ219921
JAES8 E6 DQ219922
JAF1 E1l DQ219923
JAF2 E3 DQ219924
JAF3 E24 DQ219925
JAF4 E10 DQ219926
JAF5 E15 DQ219927
JAF6 E9 DQ219928

500 bp»

300 bp»

500 b €227 bp

Fig. 2. Amplification product obtained with the primers CR2F
and CR3R for the anchovy, Engraulis japonicus. 100 bp
DNA ladder was used as molecular size marker in this
study.

pairwise comparisons, ranged from 0.3-3.5% (1 bp-12 bp),
and the largest sequence divergence was observed when
El6, E18, E19, E21, E25, and E27 were compared with E26,
E29, E26, E27, E28, E29, respectively (Table 2). Next, a pair-
wise comparison between E20/E27, E21/E26, E28, and E29,
E26/E27 and E29, and E28 and E29 showed a divergence
of 3.2% (11 bp). Within locality, highly sequence divergent
was found in the westsouthern (locality 10), where the
maximum sequence divergence among six haplotypes was
3.5% (12 bp).

Haplotypes

Distribution and relative frequency of haploytpes were
shown in Table 1 and 3, respectively. Five different hap-
lotypes among 7 individuals were observed from sample
of the Dolsan (locality 1), and these were similar numbers
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GGTAATGCGGCCGACGCGCCCAAATAGTGCTTGATGCCCTTAGGCAGTTCAAGCACTTGT
GGTAATGCGGCCAAAGCGCCCAAATAGTGCTTGATGCCCTTAGGCAGTTCTCTCACTTGT
GGTAATGCGGCCGCCGCGCCCATATAGTGCTTGATGCCCTTAGGCAGTTCATGCACTTGT
AGTAATGCGGCCGCCGCGCCCAAATAGTGCTTGATGCCCTTAGGCAGTTCAAGCACTTGT
GGTAATGAGGCCGCCGCGCCCAAATAGTGCTTGATGCCCTTAGGCAGTTCAAGCACTTGT
GGTAATGCGGCCGCCGCGCCCAAATAGTGCTTGATGCCCTTCGGCAGTTCAAGCACTTGT
GGTAATGCCGCCGCCGCGCCCAAATAGTGCTTGATGCCCTTAGGCAGTTCAAGCACTTGT
GGTAATGCGGCCGCCGCGCCCAAATAGTGCTTGATGCCCTTAGGCAGTTCAAGCACTTGT
GGTAATGCGGCCGCCGCGCCCAAATAGTGCTTGATGCCCTTATGCAGTTCAAGCACTTGT
GGTAATGCGGCCGCCGCGCCCAAATAGTGCTTGATGCCCTTAGTCAGTTCAAGCACTTGT
GGTAATGCGGCCGCCGCGCCCAAATAGTGCTTGATGCCCTTAGGCAGTTCAAGCACTTGT
GGTAATGCGGCCGCCGCGCCCAAACAGTGCTTGATGCCCTTAGGCAGTTCAAGCACTTGT
GGTAATGCGGCCGCCGCGCCCAAACAGTGCTTGATGCCCTTAGGCAGTTCAAGCACTTGT
GGTAATGCGGCCGCCGCGCCCAAATAGTGCTTGATGCCCTTAGGCAGTTCAAGCACTTGT
GGTAATGCGGCCGCCGCGCCCAAATAGTGCTTGATGCTCTTAGGCAGTTCAAGCACTTGT
GGTAATGCGGCCGCCGCGCCCAAATAGTGCTTGATATATTTAGGCAGTTCAAGCACTTGT
GGTAATGCGGCCGCCGCGCCCAAATAGTGCTTGATGCCCTTAGGCAGTTCAAGCACTTGT
GGTAATGCGGCCGCCGCGCCCAAATAGTGCTTGATGCCCTTAGGCAGTTCAAGCACTTGT
GGTAATGCGGCCGCCGCGCCCAAATAGTGCTTGATGCCCTTAGGCAGTTCAAGCACTTGT
GGTAATGCGGCCGCCGCGCCCAAATAGTGCTTGATGCCCTTAGGCAGTTCAAGCACTTGT
GGTAATGCGGCCGCCGCGCCCAAATAGTGCTTGATGCCCTTAGGCAGTTCAAGCACTTGT
GGTAATGCGGCCGCCGCGCCCAAATAGTTCTTGATGCCCTTAGGCAGTTCAAGCACTTGT
GGTAATGCGGCCGCCGCGCCCAAATAGTGCTTGATGCCCTTAGGCAGTTCAAGCACTTGT
GGTAATGCGGCCGCCGCGCCCAAATAGTGCTTGATGCCCTTAGGCAGTTCAAGCACTTGT
GGTAATGCGGCCGCCGCGCCCAAATAGTGCTTGATGCCCTTAGGCAGTTCAAGCACTTGT
GGTAATGCGGCCGCCGCGCCCAAATAGTGCTTGATGCCCTTAGGCAGTTCAAGCACTTGT
GGTAATGCGGCCGCCGCGCCCAAATAGTGCTTGATGCCCTTAGGCAGTTCAAGCACTTGT
GGTAATGCGGCCGCCGCGCCCACATAGTGCTTGATGCCCTTAGGCAGTTCAAGCACTTGT
GTTAATGCGGCCGCCGCGCCCAAATAGTTTTTGATGCCCTTAGGCAGTTCAAGCACTTGT

* Kk k Kk % * kK * Kk kk k Kk * * Kk k *hk k KK * ok ok k kK kk k khk * X

TCATGACTGCGCAGAGCATTCATGGACATATATGTATTATTTTACATACACTATGGTGTT
TCATGACTGCGCAGAGCATTCATGGACATATATGTATTATTTTACATACACTATGGTGTT
TCATGACTGCGCAGAGCATTCATGGACATATATGTATTATTTTACATACATTATGGTGTT
TCATGACTGCGCAGAGCATTCATGGACATATATGTATTATTATACATACACTATGGTGTT
TCATGACTGCGCAGAGCATTCATGGACATATATGTATTATTTTACATACACTATGGTGTT
TCATGACTGCGCAGAGCATTCATGGACATATATGTATTATTTTACATACACTATGGTGTT
TCATGACTGCGCAGAGCATTCATGGACATATATGTATTATTTTACATACACTATGGTGTT
TCATGACTGCGCAGAGCATTCATGGACATATATGTATTATTTTACATACACTATGGTGTT
TCATGACTGCGCAGAGCATTCATGGACATATATGTATTATTTTACATACACTATGGTGTT
TCATGACTGCGCAGAGCATTCATGGACATATATGTATTATATTACATACACTATGGTGTT
CCATGACTGCGCAGAGCATTCATGGACATATATGTATTATTTTACATACACTATGGTGTT
TCATGACTGCGCAGAGCATTCATGGACATATATGTATTATTTTACATACACTATGGTGTT
TCATGACTGCGCAGAGCATTCATGGACATATATGTATTATTTTACATACACTATGGTGTT
TCATGACTGCGCAGAGCATTCATGGACATATATGTATTATTTTACATACACTATGGTGTT
TCATGACTGCGCAGAGCATTCATGGACATATATGTATTATTTTACATACACTATGGTGTT
TCATGACTGCGCAGAGCATTCATGGACATATATGTATTATTTTACATACACTATGGTGTT
TCATGACTGCGCAGAGCATTCATGGACATATATGTATTATTTTACATACACTATGGTGTT
TCATGACTGCGCAGAGCATTCATGGACATATATATATTATTTTACATACACTATGGTGTT
TCATGACTGCGCAGAGCATTCATGGACATATATGTATTATTTTACATACACTATGGTGTT
TCCTGACTGCGCAGAGCATTCATGGACATATATGTATTATTTTACATACACTATGGTGTT
TCCTGACTGCGCAAAGCATTCATGGACATATATGTATTATTTTCCATACACTATGGTGTT
TCATGACTGCGCAGAGCATTCATGGACATATATGAATTATTTTACATACACTATGGTGTT

TCATAACTGCGCAGAGCATTCATGGACATATATGAATTATTTTACATACACTATGGTGTT

TCATGACTGCGCAGAGCATTCATGGACATATATGTATTATTTTACATACACTATGGTGTT
TCATTTCTGCGCAGAGCATTCATGGACATATACCCATTATTTTACATACACTATGGTGTT
TCATGACTGCGCAGAGCATTCATGGACATATATGTATTATTTTACATACACTATGGTGTT
TCATGACTGCGCAGAGCATTCATGGACATATATGTATTATTTTACATACACTATGGTGTT
TCATGACTGCGCAGAGCATTCATGGACATATATGTATTATTTTACATACACTATGGTGTT
TCATGACTGCGCAGAGCATTCATGGACATATATGTATTATTTTACATACACTATGGTGTT

* dek Kk d k Kk * kk Kk k ok kk Rk kk khk okk ok Kk * hk Kk Kk * * Kk k ok kK *hk hk ok k ok k k%

817

Fig. 3. Sequence alignment of 29 mitochondrial haplotypes obtained from 227 bp of control region sequences. A hyphen represents
a gap and a period represents a base identical to that of the top sequence. An asterisk represents an identical sequence
on vertical lines. Only positions that differ from haplotype E1 are indicated. Sequences have been deposited in GenBank
(accesson numbers DQ207800-DQ223775).
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E2
E27
E15
E19
E24
E14
E11
E9
E3

E16
E22
E25
E1

E23
E29
E8

E10
E4

E5

E21
E13
E20
E18
E28
E12
E17
E7

E26

E2

E27
E15
E19
E24
E14
E11

E3

‘E6-

E16
E22
E25
E1

E23
E29

E10
E4

E21
E13
E20
E18
E28
E12
E17
E7

E26

AACCCATATATGCATAATATTACATATATTATGGTGTTAATACATACTATGTATAACTTT
AACCCATATATGCATAATATTACATATATTATGGTGTTAATACATACTATGTATAACTTT
AACCCATATATGCATAATATTACATATATTATGGTGTTAATACATACTATGTATAACTTT
AACCCATATATGCACAATATTACATATATTATGGTGTTAATACATACTATGTATAACTTT
AACCCATATATGCATAATATTACATATATTATGGTGTTAATACATACTATGTATAACTTT
AACCCATATATGCATAATATTACATATATTATGGTGTTAATACATACTATGTATAACTTT
AACCCATATATGCATAATATTACATATATTATGGTGTTAATACATACTATGTATAACTTT
AACCCATATATGCATAATATTACATATATTATGGTGTTAATACATACTATGTATAACTTT
AACCCATATATGCATAATATTACATATATTATGGTGTTAATACATACTATGTATAACTTT
AACCCATATATGCATAATATTACATATATTATGGTGTTAATACATACTATGTATAACTTT
AACCCATATATGCATAATATTACATATATTATGGTGTTAATACATAATATGTATAACTTT
AACCCATATATGCATAATATTACATATATTATGGTGTTAATACATACTATGTATAACTTT
AACCCATATATGCATAATATTACATATATTATGGTGTTAATACATACTATGAATAACTTT
AACCCATATATGCATAATATTACATATATTATGGTGTTAATACATACTATGTATAACTTT
ATCCCATATATGCATAATATTACATATTTTATGGTGTTAATACATACTATCTATAACTTT
AACCCATATATGCATTTTATTACATATATTATGGTGTTAATACATACTATGTATCTCTTT

" AACCCATCTATGCATAATATTACATATATTATGGTGTTAATACATACTATGTATAACTTT

AACCCATCTATGCATAATATTACATATATTATGGTGTTAATACATACTATGTATAACTTT
AACCCATATATGCATAATATTACATATATTATGGTGTTAATACATACTATGTATAACTTT
AACCCATATATGCATAATATTACATATATTATGGTGTTAATACATACTATGTATAACTTT
AACCCATATATGCATAATATTACATATATTATGGTGTTAATACATACTATGTATAACTTT
AACCCATATATGCATAATATTACATATATTATGGTGTTAATACATACTATGTATAACTTT
AACCCATATATTCATAATATTACATATATTATGGTGTTAATACATACTATGTATAACTTT
AACCCATATATGCATAATATTACATATATTATGGTGTTAATACATACTATGTATAACTTT
AACCCATATATGCATAATATTACATATATTATGGTGTTAATACATACTATGTACAACTTT
AACCCATATATGCATAATATTACATATATTATGATGTTAATACATACTAAGTATAACTTT
AACCCATATATGCATAATATTACATATATTATGGTGTTAATACATACTACGTATAACTTT
AACCTATATATGCATAATATTACATATATTATGGTGTTAATACATACTATGTATAACTTT
AATATATATATGCATAATATTACTTATATTATGGTGTTAATACATACTCCGTATAACTTT

* % s kK * & * ok k ok k Kk * k% * k Kk ok % * Kk kk k ok hkk k ok ok Kk * * kk Kk

ACACTATCTATGTATAAGTAAATACCTTAAGGTATAATATACTGAAT
ACACTATCTATGTATAAGTAAATACATTAAGGTATAATATACTGAAT
ACACTATCTATGTATAAGTAAATACCTTAAGGTATAATATACTGAAT
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Fig. 3. Continued



of haplotypes at other sampling sites, ranging 5-7 hap-
lotypes among 6-8 individuals. This indicates to account
for >90% of each sample. The most frequent E9 haplotype
was found largely in the inshore waters (Hakdong; locality
4, Kyjedo; locality 5, and Taejeongdae; locality 6), but it al-
so occurred in the offshore waters (the western part of
South Sea; locality 7, the western part of Yellow Sea; local-
ity 9, southwest; locality 11, the western part of Jejudo; lo-
cality 12), showing a wide geographic distribution in Korea
peninsula. Nine individuals (E11, E13, E16, E20, E21, E26,
E27, E28, and E29) were found only in one locality
(Kyjudo; locality 5, Hakdong; locality 4, Taejeongdae; local-
ity 6, southwest; locality 11, westsouthern; locality 10, re-
spectively) as a single individual, indicating regional re-
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striction and rarity among haplotypes. In particular, E26,
E27, E28, and E29 haplotypes were found only west-
southern (locality 10). The most frequent haplotypes in
Doisan (locality 1), Odongdo (locality 2), Samcheonpo
(locality 3), Kyjedo (locality 5) were E4/E5, E22, E6, and
E1, respectively. These haplotype distributions can be sum-
marized as the coexistence of regional restriction in the
most haplotypes with even far-reaching haplotypes, ex-
cluding westsouthern (locality 10).

Phylogenetic relationship

Phylogenetic analysis was performed to infer the genetic
relationships among haplotypes using PHYLIP. In the
PHYLIP analysis, haplotypes formed two major groups

Table 2. Pairwise comparisons among 29 haplotypes obtained from the partial sequences of mitochondrial control region gene

1 2 3 4 5 6 7 8 9 10 n 12 13 14 15
1 - 0.003 0.003 0.003 0006 0006 0009 0003 0003 0012 0003 0006 0009 0003 0.009
2 1 - 0.003 0006 0009 0.003 0009 0012 0003 0006 0009 0003 0006 0006 0.003
3 1 1 - 0.012 0015 0003 0009 0006 0012 0015 0006 0003 0003 0006 0.003
4 1 2 4 - 0.006 0.006 0009 0012 0003 0003 0006 0006 0009 0006 0.003
5 2 3 5 2 - 0.006 0003 0006 0009 0003 0003 0006 0009 0012 0.006
6 2 1 1 2 2 - 0009 0003 0006 0012 0009 0006 0003 0006 0.009
7 3 3 3 3 1 3 - 0.006 0.003 0.009 0012 0003 0003 0006 0.006
8 1 4 2 4 2 1 2 - 0.003 0006 0009 0012 0006 0006 0.009
9 1 1 4 1 3 2 1 1 - 0.006 0003 0006 0003 0009 0012
10 4 2 5 1 1 4 3 2 2 - 0.003 0012 0009 0006 0.006
1 1 3 2 2 1 3 4 3 1 1 - 0.003 0009 0.006 0.006
12 2 1 1 2 2 2 1 4 2 4 1 - 0009 0012 0.006
13 3 2 1 3 3 1 1 2 1 3 3 3 - 0.006  0.006
14 1 2 3 2 4 2 2 2 3 2 2 4 2 - 0.009
15 3 1 2 1 2 3 2 3 4 2 2 2 2 3 -
16 17 18 19 20 21 22 23 24 25 26 27 28 29
16 - 0.012 0006 0009 0.003 0.006 0006 0006 0009 0012 0035 0023 0029 0.026
17 4 - 0.009 0006 0003 0006 0006 0003 0003 0006 0026 0.029 0.023 0.029
18 2 3 - 0.006 0009 0.006 0006 0003 0.006 0006 0029 0.020 0029 0035
19 3 2 2 - 0.006 0009 0003 0003 0.012 0006 0020 0035 002 0035
20 1 1 3 2 - 0.009 0006 0003 0003 0006 0020 0032 0020 0029
21 2 2 2 3 3 - 0.006 0009 0006 0006 0032 002 0032 0.032
22 2 2 2 1 2 2 - 0006 0006 0012 0029 0023 0035 0.026
23 2 1 1 1 1 3 2 - 0.003 0006 0026 0020 0023 0.023
24 3 1 2 4 1 2 2 1 - 0009 002 0029 0023 0.020
25 4 2 2 2 2 2 4 2 3 - 0035 0035 0.026 0023
26 12 9 10 7 9 11 10 9 9 12 - 0.032 0029 0.032
27 8 10 7 12 11 9 8 7 10 12 11 - 0.035 0035
28 10 8 10 9 7 11 12 8 8 9 10 12 - 0.032
29 9 10 12 12 10 11 9 8 7 8 11 12 11 -

Numbers above the diagonal are mean distance values and numbers below the diagonal are absolute distance values. 1, E1; 2,
E2; 3, E3; 4, E4; 5, E5; 6, E6; 7, E7; 8, E8; 9, E9; 10, E10; 11, E11; 12, E12; 13, E13; 14, E14; 15, E15; 16, E16; 17, E17; 18, E18;
19. E19: 20, E20; 21, E21; 22, E22; 23, E23; 24, E24; 25, E25; 26, E26, 27, E27; 28, E28; 29, E29



820 YBALLX| 2006, Vol. 16. No. 5

Table 3. Relative frequencies of mitochondrial control region gene haplotypes through the populations

Haplotype L1(7) L2(8) 13(8) L4(7 15(@® L6(8 L7(7) L18(6) L9 (7) LIO(7) LIL(8) LI2 (6)
E01 014 012 012 0 0.25 0 0.14 0 0 0 0 0.16
E02 0 0.12 0 0 0 0 0 0.16 0 0.14 0 0
E03 0 0 0 0.14 0 0 0 0 0 0 0 0.16
E04 0.28 0 0 0 0 0 0.14 0 0 0 0 0
E05 0.28 0 012 014 0 0.12 0 0 014 014 0 0
E06 0 0 0.25 0 0 0 0 0 0 0 012 0
E07 0 0 0 0 0.12 0 0 0.16 0 0 0 0
E08 0 012 012 014 0 0 0 0.16 0 0 012 0
E09 0 0 0 014 012 012 014 0 0.14 0 012 016
E10 0 0 0 0 0 0.12 0 0 0 0 0 0.16
El1 0 0 0 0 0.12 0 0 0 0 0 0 0
E12. 0 0 -0 0 0 0.12 0 0 0.14 0 0 0
E13 0 0 0 0.14 0 0 0 0 0 0 0 0
E14 0 0 0 0 0.12 0 0.14 0 0 0 0 0
E15 014 0 0 0 0 0 0 016 014 0 0 0.16
E16 0 0 0 0 0 0.12 0 0o - o0 -0 0 0
E17 0 0 0 0 0 0.12 0 0 0 0 0.12 0
E18 0 012 012 0 0 0.12 0 0 0 0 0 0
E19 014 0 0.12 0 0 0 0.14 0 014 0 0 0
E20 0 0 0 0 0 0 0 0 0 0 0.12 0
E21 0 0 0 0 0 0 0.14 0 0 0 0 0
E22 0 0.25 0 014 012 0 0 0 0.14 0 0.12 0
E23 0 0 0 0.14 0 0.12 0 0.16 0 0 0 0
E24 0 0.12 0 0 0 0 0.14 0 0.14 0 012 016
E25 0 012 012 0 0.12 0 0 0.16 0 0 0.12 0
E26 0 0 0 0 0 0 0 0 0 0.14 0 0
E27 0 0 0 0 0 0 0 0 0 0.28 0 0
E28 0 0 0 0 0 0 0 0 0 0.14 0 0
E29 0 0 0 0 0 0 0 0 0 0.14 0 0

L1, locality 1: Dolsan; L2, locality 2: Odongdo; L3, locality 3: Samcheonpo; 14, locality 4: Hakdong; L5, locality 5: Kyjedo; L6,
locality 6: Taejongdae L7, locality 7: The western part of South Sea; L8, locality 8: The eastern part of East Sea; L9, locality 9:
The western part of Yellow Sea; L10, locality 10: The westsouthern; L11, locality 11: The southwest; 1.12, locality 12: The western
part of Jejudo. Numbers in parentheses indicate sample size of each population.

(Fig. 4). One group (Clade A) consisting of haplotypes E27,
E28, E29, and E26 formed a monophyletic group, which dif-
fered by 10-12 nucleotides (see Table 2, 29-3.5%) among
them. Haplotypes E27, E28, and E29 were nested within hap-
lotype E26, which was somewhat weakly supported by boot-
strap analysis (>55% of frequency). The other group (Clade
B) consisted of a large number of haplotypes (25 haplotypes
among 29 individuals), of which the overall sequence di-
vergence were moderate (see Table 2, 14 nucleotides differ-
ence, 0.3-1.2%) and strongly supported by bootstrap analysis
(>75%). These four haplotypes (E27, E28, E29, and E26) and
Clade B were weakly supported by bootstrap analysis (51%),
which was found only in locality 10 (westsouthern water).
The four haplotypes found in the westsouthern (locality 10)
alone formed a relatively strong monophyletic group, sepa-
rated from clade B in PHYLIP analysis.

Genetic diversity

Within-locality genetic diversity was estimated in terms
of haplotype diversity (H) and nucleotide diversity (m)
(Table 4). Most of the localities yielded a higher number of
haplotypes, ranging from 5-8. Hakdong (locality 4),
Taejongdae (locality 6), the western part of South Sea
(locality 7), the eastern part of East Sea (locality 8), the
western part of Yellow Sea (locality 9), westsouth (locality
11), and the western part of Jejudo (locality 12) obtained
the number of haplotype of 100% against sample size, in-
dicating more higher the number of haplotype in offshore
waters than that of inshore waters. The H (minimum=0,
maximum=1) ranged in 0.75-1.00. Even if the localities with
relatively small sample size (6-8 individuals), the estimate
was remarkably high. The nucleotide diversity () also was
markedly high, ranging from 0.015 (Hakdong; locality
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Fig. 4. PHYLIP analysis of mitochondrial control region gene sequences using mtDNA sequence alignment of 29 Engraulis
japonicus. The phylogenetic tree constructed using subprogram NEIGHBOR incorporated in PHYLIP with the option of
Kimura's 2-parameter method (1980). The tree was rooted using Betta strohi. The numbers shown on branches, which rep-
resent bootstrap values for 100 replications, were obtained from using the subprogram CONSENSE.

Table 4. Within-locality diversity estimates

Locality s NH® H 1

1. Dolsan 7 5 075 0.0027
2. Odongdo 8 7 082 00020
3. Samcheonpo 8 7 088 0.0018
4. Hakdong 7 7 100 0.0015
5. Kyjedo 8§ 7 086 00022
6. Taejongdae 8§ & 100 00019
7. The western part of South Sea 7 7 1.00 0.0079
8. The eastern part of East Sea 6 o6 100 0.0133
9. The western part of Yellow Sea 7 7 1.00 0.0088
10. The westsouthern 7 6 095 0.0244
11. The southwest 8 8 100 00092
12. The western part of Jejudo 6 6 100 00123

*Sample size, "Number of haplotype,

Nucleotide diversity

‘Haplotype diversity,

4)-0.0244 (westsouthern; locality 10). The highest estimate
in westsouthern (locality 10) is possibly associated with the
existence of the E26, E27, E28, and E29 haplotypes found
in 7 individuals.

Gene flow

The genetic distance (Fsr), coancestry coefficients (D),
and per-generation migration rates (Nm) were shown in
Table 5. Analysis of Fsr between populations in inshore
waters ranged in 0.015-0.053 [maximum: comparison be-
tween Samcheonpo (locality 3) and Odongdo (locality 2)],
whereas those of offshore waters ranged in 0.015-0.584
[maximum: comparison between westsouthern (locality 10)
and the western part of Yellow Sea (locality 9)]. The esti-
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Table 5. Mitochondrial control region gene sequence of genetic distance (Fsr), coancestry coefficients (D),

and per generation female migration rate {(Nm) of each locality

Locality 1 2 3 4 5 6 7 8 9 10 11

12

2 Fsr =(.0157 -
D=0.0254
Nm=2458

3 Fer=0.0224 Fs7=0.0534 -
D=0032 D=00620
Nm=261 Nm=3023

4 Fer=00257 Fsy=0.0224 Fsr=0.0159 -
D=00307 D=00297 D=0019
Nm=2997 Nm=3029 Nm=2538

5  Fsr=0.0341 Fsy=0.0157 Fsr =0.0243 Fsr=0.0345 -
D=00379 D=00309 D=00366 D=0.0442
Nm=3744 Nm=33.67 Nm=2628 Nm=4097

6 Fsr=0.0266 Fsr=0.0442 Fsr=0.0321 Fsr=0.0255 Fsr=0.0311 -
D=00407 D=00634 D=0035 D=00299 D=0.423
Nm=3345 Nm=2912 Nm=3312 Nm=2642 Nm=34.2

7 FST = 0.0153 Fs]' = 0.0221 Fsr = 0.0459 Fs'r =0.0141 Fsr = 0.&542 Fsr = 0.0634 -
D=0.0159 D=00337 D=00625 D=00178 D=00634 D =0.0753
Nm=2874 Nm=4019 Nm=33.66 Nm=3889 Nm=23926 Nm=2967

8 Fsr=0.0301 Fsy=0.0123 Fsr=0.0524 Fsr=0.0245 Fsr=0.0214 Fsr=0.0225 Fsr=0.0512 -
D=00378 D=0.0157 D=00633 D=00355 D=00309 D=0.03657 D=0.0632
Nm=3721 Nm=3512 Nm=4093 Nm=4266 Nm=3647 Nm=3255 Nm=40.69

9 Fsr=0.0229 Fsy=0.0214 Fsr=0.0245 Fs7=0.0156 Fsr=0.0339 Fsr=0.0226 Fsr=00332 Fsr=0.0108 -

D=0.0338

Nm=3945 Nm=3417 Nm=3864 Nm=33.68 Nm=4051 Nm=

D=00309 D=00355 D=00305 D=00429 D=0.0337

D=00429 D=00233
3982 Nm=4424 Nm=29.57

10 Fs=04242" Fsi=05971" Fsr=02042 Fsi=04578' Fsr=04310° Fsi=03314 F51=03243 Fs=02472 Fer=0.5854" -

D=04297 D=06381 D=04062 D =05892

Nm=1539 Nm=2015 Nm=2267 Nm=2592 Nm=2064 Nm=

Fsr=0.0108 F5r=0.0175
D=00239 D=0.0257

11 Fs=0.0188
D =0.0245

F51=0.0355
D=00521

Fs=0.0351 Fsr=0.0441
D=00408 D =0.0559

Nm=4421 Nm=3926 Nm=3564 Nm=3095 Nm=3746 Nm=

Fsi=0.0124 Fsr=0.0355
D=00238 D=00497 D=02042 D=0.0238

12 Fs=0.0204
D=0.0307

Fsr=0.0201
D =0.0300

Fsr=0.0108 Fsr=0.0230
D=00233 D=0.0357

Nm=3655 Nm=23269 Nm=3367 Nm=3692 Nm=3359 Nm=

D=05973 D=04891

D=04223 D=03972 D=06257

1697 Nm=2062 Nm=2239 Nm=1633

Fsi=00224 For=00478 F5=0.0159 Fs=0.3472" -

D=00356 D=00552 D=00235 D=04453

Nm=23820 Nin=4567 Nin=2957 Nm=1157

Fs1=0.0157 Fs=00105 F5i=0.0427 F;=0.5143" F=0.0307 -
D=0.0563 D=05177 D=0.039

3578 Nm=23251 Nm=4628 Nm=3227 Nm=1532 Nm=4461

3621

1. Dolsan; 2, Odongdo; 3, Samcheonpo; 4, Hakdong; 5, Kyjedo; 6, Taejongdae; 7, The western part of South Sea; 8, The eastern part of East
Sea; 9, The western part of Yellow Sea; 10, westsouthern; 11, southwest; 12, The western part of Jejudo. ’p<0.05; “p<0.01.

mate (Fsy) of the populations between inshore and off-
shore waters was ranged in 0.015-0.597 [maximum: com-
parison between westsouthern (locality 10) and Odongdo
(locality 2)]. Interestingly, the estimate obtained in a com-
parison between westsouthern (locality 10) and all of the
populations was statistically significant, suggesting overall
genetic differentiation between localities. Pairwise compar-
isons of coefficients of coancestry (0-1, where D=0 is iden-
tical, shared ancestry) ranged in 0.015-0.638, which were
also consistent with the Fsr estimates. The highest pair-
wise D was obtained for westsouthern (locality 10) and
Odongdo (locality 2, D=0.638), whereas the western part
of South Sea (locality 7) and Dolsan (locality 1) showed
the lowest coancestry coefficient (D=0.015). Consequently,

overall pairwise D excluding for westsouthern (locality 10)
was >0.07, indicating shared ancestry of the populations
involved. The analysis of the per-generation migration
rate estimates (Nm) showed that a high gene flow oc-
curred in inshore (Nm=22.61-34.22) and also offshore
(Nm=11.57-45.67) populations. The highest 4421 Nm esti-
mate was obtained between southwest (locality 11) and
the eastern part of East Sea (locality 8), whereas the low-
est (Nm=11.57) was obtained between southwest (locality
11) and westsouthern (locality 10). In particular, west-
southern (locality 10) found relatively low rate of migra-
tion (Nm<26)) compared with other populations. Regard-
less, they represent what appears to be a high gene flow
among the anchovy populations.



Genetic structure

The hierarchical relationship among the populations ana-
lyzed by M&M method (1996) was shown in Fig. 5. Most lo-
calities were grouped together with neighboring ones, ex-
cluding for the subgroup consisting of westsouthern (locality
10). The deeper node, which includes each sub-group [e.g.
Odongdo (locality 2) and Kyjedo (locality 5), and Hakdong
(locality 4) and Samchenonpo (locality 3)] showed no stat-
istical significance at all. On the basis of the deepest node,
genetic distance (d) in some nodes [Odongdo (locality 2) and
Kyjedo (locality 5), Hakdong (locality 4) and Samcheonpo
(locality 3), southwest (locality 11 and the western part of
Yellow Sea (locality 9), and the eastern part of East Sea
(locality 8) and the western part of South Sea (locality 7)]
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was negative, suggesting that the anchovy found in those
waters appear to form one large and close genetic group re-
gardless of their geographic barrier. Statistically significant
genetic structure showed that westsouthern (locality) was
completely separated from the group consisted of localities 2,
5 4,311, 9 8,7 6, and 12 (p=0.000)

Hierarchical level

Genetic variance and fixation index (®) of each hier-
archical level was shown in Table 6. The within-locality ge-
netic variance and fixation index was 93.29, and 0.027,
respectively. These estimate was statistically significant
(p<0.01), suggesting that most of genetic diversity in the
anchovy exist within locality rather than at hierarchical

—— \/ e st SO Uthern (locality 10) I Clade
A
d=-0.182
P=0213
\rOdongdo (locality 2)
‘ =D olsan {locality 1)
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P = 0,000 Zz-:‘lgiz
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R - 0.034
P=0.188
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—p - 0112 B
w=—=The western part of Yellow Sea
e = 0.289 (Iocality 9)
P =0127
fe— ; — 0.221
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S
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—— - 0.133 v
P=0301
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= The western part of Jejudo
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Fig. 5. Hierarchical genetic relationships among localities analyzed using Holsinger and Mason-Gamer method (1996). The value
at each node is the genetic distance (d) between its two daughter nodes and the p value is the significance of differentiation

based on 10,000 random resampling.
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Table 6. Hierarchical analysis of variance

Group A vs Group B
df % o p

Source of variation

Between regions 3 4957 0418 ~*
Among localities within regions 9 267 0117 *
Within localities 55 9329 0027

d.f: degree of freedom; %: percentage of variation; ®: fixation
index; p: significant of percentage variation and fixation indices
estimated from permuation tests (1,000 permutations); p<0.05;
and “p<0.01.

Group A includes 1. Dolsan, 2. Odongdo, 3. Samcheonpo, 4.
Hakdong, 5. Kyjedo, 6. Taejongdae, 7. The western part of
South Sea, 8. The eastern part of Fast Sea, 9. The western part
of Yellow Sea, 11. The southwest, and 12. The western part
of Jejudo. Group B includes 10. The westsouthern.

level and mostly compose of heterogeneous individuals.
Also, the estimate of genetic variance and fixation index
between regions was 49.57 and 0.418, respectively, which
was significantly different (p<0.05) like the component of
within-localities. This indicates that there is maximized ge-
netic heterogeneity among regions, consistent with that ob-
tained from Fsr analysis and H-MG method (see Table 4).
Furthermore, genetic variance and fixation index among
localities within regions were 2,67 and 0.117, respectively.
These estimates were significantly different (p<0.05), sug-
gesting that there is genetic distance among localities, con-
sistent with that obtained from Fsr analysis (see Table 4).

Discussion

The estimation of the genetic distance among pop-
ulations of the genus Engraulis using starch gel electro-
phoresis of proteins has reported a genetic homogeneity
(Fsr in parentheses): E. capensis Gilchrist (0.005){12]; E. mor-
dax Girard (0.032)[15]; E. encrasicolus Linnaeus (0.003-0.026)
[37]. Furthermore, numerous studies concluded that genet-
ic differentiation among populations seemed to be some-
what low[3,14,34]. However, our current molecular data is
much more sensitive than the enzyme electrophoresis tech-
nique; in particular, the mtDNA control region gene used
in this study provided much greater resolution in the proc-
ess of identifying heterozygosity within populations and
geographic heterogeneity among populations of the an-
chovy (E. japonicus) than that found in a previous study
that used an mtDNA 125 ribosomal RNA gene[20].
Although the number of samples available was relatively

small, the significant difference in genetic distance between
westsouthern (locality 10) and all of the populations
(localities 1-9, 11, and 12) was suggestive of geographic
subdivision, as reflected in the Fsr value of 0.20-0.58 (see
Table 5). This value is as much as ten times higher com-
paring between the populations, excluding westsouthern
anchovies (locality 10) (see Table 5). Wright[39] reported
that Gsr values of less than 0.05 were considered as in-
dicative of the absence of genetic differentiation. Our re-
sults (homogeneity of haplotype frequencies, Fsr value of
range in 0.01-0.05) supported the absence of genetic struc-
turing and found no significant association between geog-
raphy and haplotype distribution among the populations
in the anchovy (E. jaomicus), excluding westsouthern an-
chovies (locality 10). This was associated with the existence
of a high level of gene flow of the anchovy (E. japonicus)
around Korean waters (Table 5).

As a result of the mtDNA analysis in this study, several
haplotypes (E26, E27, E28, and E29) were found in a single
locality (four among 7), indicating geographic restriction in
their distribution. However, E9 haplotype was represented
as a major one in Korean waters based on the frequency
of a total of 58.3% and the distribution (several localities in
inshore and offshore waters, Table 3). Possibly due to these
extensively distributed haplotypes, a high genetic related-
ness among localities was shown in the subsequent Fer
analysis (Table 5), and one large connected population
over a wide geographic range was observed in the analysis
of genetic structure (Fig. 5). Even if several distinct spawn-
ing grounds adjacent to Korea and China were found, pos-
sibly most of the populations (localities 7, 8, 9, and 11) mi-
grated to more passive southern coastal waters for spawn-
ing or feeding from the western, eastern, and southern off-
shore area of Korea than to western and eastern inshore
waters in the analysis of geographic population structure
(d=0.03, p=0.188, see Fig. 5). The adult populations of
Taejongdae (locality 6) and the western part of Jejudo
(locality 12) were assumed to have a more northward mi-
gration than a southward migration (4=0.22, 4=0.35, re-
spectively, see Fig. 5). However, westsouthern (locality 10)
population was severely restricted in its migration toward
southern coastal waters for spawning or even feeding
based on the data of geographical population structure
(4=0.52, p=0.00, see Fig. 5 and Table 6). Probably, this in-
dependent population appears to migrate more to the
coastal waters of China than to the coastal waters of Korea.



Yu et al.[40] proposed three models for the adult pop-
ulation structure of the anchovy (E. japonicus): first, demo-
graphically independent; second, connection by gene flow;
third, a panmictic population structure. Overall, our cur-
rent populations should be close to a panmictic structure
among 3 models under the influence of larval migration or
adult migration in the analysis of geographic and pop-
ulation differentiations (Table 5, and Fig. 5). Consequently,
our results overall support the general observation that the
genetics of marine populations including the anchovy,
with a pelagic larval stage, has often been characterized by
low genetic variation among populations and has a high
genetic relatedness due to increased potential for the lar-
vae dispersal and the migration of adults in the spawning
or feeding groundsf12,29,30,31,32,37].

Population genetic studies have showed evidence of un-
usually high levels of genetic heterogeneity in pelagic
fish[13,15,35].
mtDNA in anchovy populations has been reported [4,27].

Likewise, significant heterogeneity in
In the present study, we also found a significantly differ-
ent population based on the estimation of geographical
distance (Table 5), population structure (Fig. 5), and genet-
ic variance (Table 6). Generally, a high level of gene flow
is associated with maintaining homogeneity within a
group across geographically distant regions. However,
westsouthern (locality 10), which is between all localities,
indicates that effective dispersal is relatively limited due to
the presence of barriers against gene flow. Several re-
searchers have suggested that genetically distinct pop-
ulations are associated with geographic heterogeneity: oce-
anographic discontinuity {3}, freshwater discharge[9,38],
and different reproduction[10,37]. Limited migration events
caused by geographic and physical barriers are sufficient
to provide the existence of temporally or spatially isolated
populations over time. Indeed, heterogeneous population
in this study is not associated with heterogeneous environ-
ments (i.e. geographic scale and hydrographic restriction)
that are limited to effective gene flow or dispersal between
populations. After spawning and external fertilization, the
anchovy (E. japonicus) larvae spend a variable period of
time developing, which can include passively drifting in
ocean currents. A strong influence of water current will
create a high level of gene flow, whereas it will cause the
population to more toward a heterogeneous composition.
Consequently, the occurrence of a heterogeneous pop-
ulation for our current study may be associated with a
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continuous pattern according to genetic drift, which usu-
ally occurs in the high population densities and large geo-
graphic ranges of many marine species[3,16].

In conclusion, this study confirmed the previous finding
that the anchovy populations occurring in Korean offshore
waters were formed of individuals randomly dispersed
over geographic areas and that the gene flows between
populations were relatively high. In particular, we found a
genetically distinct population that was different composi-
tions of haplotypes and statistically different based on the
estimation of geographical distance, population structure,
and variance analysis, although no clear reason could be
given for the differences.
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