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We obtained 282 base pairs of sequence for the mitochondrial control region of 70 individuals of
Korean striped ®eld mice Apodemus agrarius coreae and Apodemus agrarius chejuensis to determine
the levels of genetic divergence between these morphologically distinct taxa. The DNA sequences
showed more genetic diversity (p) in A. agrarius coreae (2.98%) than in A. agrarius chejuensis (1.86%).
Our data do not support the current concept that the two morphotypes are di�erent species, but
phylogenetic analysis indicates that animals of A. agrarius coreae with large body size from Wan
Island cluster with the large-bodied A. agrarius chejuensis, and should be included in that taxon. As
currently accepted A. agrarius coreae is not strictly monophyletic, because the large-bodied samples
cluster within the range of mitochondrial variation of A. agrarius chejuensis. The fact that the two
morphotypes do not share mitochondrial haplotypes (v2� 66, P < 0.001) suggests that there is little
gene ¯ow between them. A molecular clock estimate suggests that the two subspecies might have been
isolated at the time of separation of the islands from the mainland.
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Introduction

The striped ®eld mice, Apodemus agrarius Pallas 1771,
inhabit an area from the western part of Germany to
Korea and are a distinct species regarded as the member
of the subgenus Apodemus (Thomas, 1906; Corbet,
1978). Jones & Johnson (1965) reported four subspecies
in A. agrarius from Korea, which are mostly based on
body colour and size: manchuricus in the extreme
northern part of the peninsula, pallescens in the coastal
lowlands of southern Korea, coreae throughout the
major portion of the peninsula, and chejuensis on Cheju
Island. More recently, Koh and coworkers (Koh, 1986,
1987, 1991; Koh & Yoo, 1992) reported that A. agrarius
pallescens was a synonym of A. agrarius coreae, and two
subspecies, A. agrarius chejuensis and A. agrarius coreae,
were clearly distinct from each other both in their
morphological characters and in mtDNA restriction
fragment length polymorphisms (RFLP). From com-
parisons of morphometric characters, Koh (1991) also
reached the conclusion that among eight subspecies of

the striped ®eld mice in Asia (subspecies agrarius,
ningpoensis, pallidior, chevrieri, insulaemus, manchuricus,
coreae and chejuensis), chejuensis is distinct (the largest
in body size) and may be a di�erent species. Although
the mice from Wan Island are considered as A. agrarius
coreae, they cluster with the large-bodied mice from
Cheju Island in morphometric analyses (Koh, 1989).
Despite the fact that the body size of small mammals is
strongly a�ected by selection (Heaney, 1978), it is also
evident that genetic divergence contributes to the body
size di�erence (Roth & Klein, 1986).

Cheju Island was formed by a series of volcanic
activities at the end of the Tertiary (Park, 1985).
Thereafter, it was connected to the mainland during the
Pleistocene and separated again about 10 000 years ago.
Although many taxonomic studies have been conducted
on Apodemus from the Korean peninsula, no direct
assays of genetic divergence have been carried out.

DNA sequences have become the most frequently
used tool for inferring phylogenetic history as they are
the basic units of information encoded by organisms
(Hillis et al., 1990). Mitochondrial (mt) DNA is a highly
sensitive genetic marker suitable for studies of closely
related taxa or populations of a variety of species
because of its fast rate of evolution and characteristic

*Correspondence. E-mail: woo-jai.lee@genomar.com

§Present address: GenoMar AS, Oslo Research Park, Gaustadalleen

21, N-0349, Oslo, Norway.

Heredity 85 (2000) 30±36 Received 23 August 1999, accepted 18 January 2000

30 Ó 2000 The Genetical Society of Great Britain.



maternal inheritance (Wilson et al., 1985). The mito-
chondrial control region has been attractive to evolu-
tionary biologists for ®ne scale comparative studies
because it is believed to be one of the fastest evolving
segments in the animal mitochondrial genome (Dillon &
Wright, 1993; Stewart & Baker, 1994; Lee et al., 1995).
Using the polymerase chain reaction (PCR), the
sequence of the ®rst half of the control region can be
readily obtained (Kocher et al., 1989).
In this study, we analysed DNA sequences of the ®rst

half of the mitochondrial control region from 70
individuals of A. agrarius coreae and A. agrarius
chejuensis to investigate the level of genetic diversity
within and between the two subspecies, and describe the
phylogenetic relationships of these populations.

Materials and methods

Samples

Seventy mice were trapped from ®ve di�erent localities
in Korea (Fig. 1). A sample of A. peninsulae collected
from the Korean mainland was used as an outgroup.
Liver tissue was preserved in 100% ethanol and shipped
to the University of New Hampshire for mtDNA
sequencing and analysis. Voucher specimens have been

deposited in the Department of Biology of Chungbuk
National University, Korea.

DNA extraction and PCR

Total genomic DNA was extracted from the tissues after
®rst drying the samples to remove the ethanol. Liver
tissue (0.01±0.03 g) was added to microtubes containing
500 lL of 5% Chelex and boiled for 15 min (Walsh
et al., 1991). After a brief centrifugation, 10 lL of the
supernatant was used as template for PCR.
Two primers, one based on the tRNA-Pro gene

(5¢-TTCCACCTCTAACTCCCAAAGCTAG-3¢) and
the other on the sequence of conserved block D
(5¢-CCTGAAGTAGGAACCAGATG-3¢), were used
for PCR ampli®cation of the ®rst half (5¢-end) of the
region (Kocher et al., 1989). For double-strand ampli-
®cation, the following reagents were added to each
microtube containing the genomic DNA: 5 lL 10´ Taq
bu�er (0.67 MM Tris, pH 8.8; 0.02 MM MgCl2; 98 mMM

b-mercaptoethanol; and 0.1% Tween-20), 5 lL of both
primers (10 lMM), 1 lL 2.5 mMM each dNTPs and 0.33 lL
5 unit Taq DNA polymerase. Each sample was brought
up to 50 lL with sdH2O. The reaction was overlaid with
20±30 lL of mineral oil to prevent evaporation during
thermal cycling. PCR conditions consisted of 30 thermal
cycles of denaturation (93°C, 0.5 min), annealing (50°C,
1 min), and extension (72°C, 2 min) steps. After com-
pletion of all thermal cycles, the e�ectiveness of ampli-
®cation was checked on 1% Seaplaque agarose gel. In
all cases, a single, sharp band approximately 282 base
pairs (bp) in length was observed and cut from the gel.
The ampli®ed DNA products were retrieved from the
gel slice using agarase digestion (Sigma Chemical Co.).

Sequencing

We sequenced the ampli®ed double-stranded DNA
using the Taq DyeDeoxy Terminator cycle sequencing
kit (Applied Biosystems) and an automated DNA
sequencer (Applied Biosystems Inc., 373A). We
sequenced using the same two primers as for PCR,
and obtained sequences from both strands. After the
cycle sequencing reaction, extra dye terminators were
removed using spin columns containing 6% Sephadex.
Finally, the entire sample was dried and resuspended in
4 lL of formamide bu�er, denatured and loaded on
the sequencer. All sequences have been deposited in
Genbank under accession numbers U32276±U32304.

Sequence analysis

Analyses were performed with SeqEd (Applied Biosys-
tems), ESEEESEE (Cabot & Beckenbach, 1989), and the GCGGCG

Fig. 1 Map of collection localities of Apodemus on the Korean

Peninsula. The collection localities are boldface and under-
lined. The number of samples from each locality is as follows:
Cheongju, 10; Mt. Jiri, 4; Haenam, 4; Wan Island, 41; Cheju

Island, 10.
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package (ver. 7.0, Genetics Computer Group Inc.). We
®rst aligned the D-loop sequences using the GCGGCG

program PILEUPPILEUP with 1.0 and 0.3 for gap and gap length
penalties, respectively. We then calculated gamma
distances (Tamura & Nei, 1993) assuming a value of
a� 0.5. From these distances we obtained a phylogen-
etic tree by the Neighbour-Joining (NJ) method using
the program MEGAMEGA (Kumar et al., 1993). The nucleotide
diversity within the two conspeci®c populations was
estimated following Nei (1987). Nucleotide diversity is
de®ned as p�P

i<j
pij/n, where pij is the proportion of

di�erent nucleotides between the ith and jth genotypes,
and n is the total number of sequence comparisons,
which is equal to {n(n ) 1)/2}. The nucleotide diversity
between two subspecies also can then be estimated by
dA� dXY ) (dX + dY)/2, where dXY is the averaged
nucleotide diversity per site between haplotypes from
the two subspecies, and dX and dY are the averaged
nucleotide diversity per site within each subspecies. The
signi®cance of haplotypic variations between popula-
tions or geographical regions was calculated using
the AMOVAAMOVA (Exco�er et al., 1992) and Monte Carlo
(McElroy et al., 1991) approaches.

Results

Sequence divergence

We obtained 282 bp of sequence for a portion of
the control region (adjacent to tRNA-Pro) from 70
A. agrarius coreae and A. agrarius chejuensis. Forty-four
unique haplotypes were found among the 70 individuals.
Most of the base substitutions were found within the
®rst 150 bp of the sequence. Among the 70 A. agrarius
coreae and A. agrarius chejuensis, 57 sites out of 282 bp
have experienced substitution. Within A. agrarius coreae
and A. agrarius chejuensis, the number of variable sites
was 39 (for the samples from the mainland only) and 22,
respectively. More speci®cally, as seen in other mam-
mals (Irwin et al., 1991), transitional changes out-
number the transversional substitutions. There are ®ve

unique base substitutions found between the two groups
and all of them are transitional substitutions. One indel
was observed between the two subspecies.

The nucleotide divergence among all samples of the
two subspecies was 3.5%. Within each subspecies,
A. agrarius coreae individuals showed about 1.6 times
higher sequence variation than A. agrarius chejuensis
individuals (2.98% vs. 1.86%, respectively). Nucleotide
divergence between A. agrarius coreae and A. agrarius
chejuensis was estimated excluding the samples from
Wan Island, because they showed unique genotypes with
sequence similarity closer to those from Cheju Island.
The averaged nucleotide divergence between the two
subspecies was 1.0%. The sequence divergence between
samples from the mainland and Wan Island (1.59%)
was slightly higher than that between the samples from
the mainland and Cheju Island (1.0%). Despite the
geographical distance between the two islands, the
sequence divergence between individuals from Cheju
and Wan islands (0.68%) was lower than that between
these islands and the mainland (1.59% and 1.0%,
respectively).

In the absence of gene ¯ow between populations, the
fast-evolving and maternally inherited mtDNA should
give rise to nonoverlapping haplotype distributions in
a short period of time (Watterson, 1985; Birky, 1991).
We statistically compared the haplotype frequencies ob-
served from each locality. First, we divided the localities
of sampling into three regions (Mainland, Wan Island,
and Cheju Island) for WINAMOVAWINAMOVA (ver. 1.04), on the basis
of geographical isolation. The fraction of haplotypic
divergence among the three regions was higher (32%,
P < 0.001) than the variance among populations within
the regions (14%, P < 0.001) (Table 1). The results of
Monte Carlo simulations are consistent with those of
WINAMOVAWINAMOVA. The samples from the three trap sites on the
mainland (Fig. 1) did not exhibit signi®cant haplotypic
divergence (v2� 11.35, P < 0.0570). However, the
haplotypic divergence among the three regions (Main-
land, Wan, and Cheju islands) was signi®cant (v2� 66,
P < 0.001).

Table 1 Analysis of molecular variance among three geographical regions
(Mainland, Cheju Island, Wan Island). P values indicate the probability of having
a more extreme variance component and F-statistics than the observed values by
chance alone

Observed partition

Variance component Variance % total P F-statistics

Among regions, r2
a 0.0068 32.31 <0.0001 FCT� 0.323

Among populations/regions, r2
b 0.0030 14.30 <0.0001 FSC� 0.211

Within populations, r2
c 0.0114 53.39 <0.0001 FST� 0.466
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Fig. 2 Neighbour-Joining tree of 70 samples of A. agrarius coreae rooted with A. peninsulae. The Tamura and Nei model
(a� 0.5) was used to obtain the distance matrix. The bootstrap values were obtained from 500 replications. Asterisks (* and **)
represent the animals collected from Wan Island, but clustered with the mainland samples.

GENETIC VARIATION OF TWO SUBSPECIES OF APODEMUS 33

Ó The Genetical Society of Great Britain, Heredity, 85, 30±36.



Phylogenetic analysis

The phylogenetic tree constructed by the Neighbour-
Joining method in MEGA (Kumar et al., 1993) is
presented in Fig. 2. In the analysis, the two subspecies
are clustered as a monophyletic group with respect to
the outgroup, Apodemus peninsulae. Clusters corre-
sponding to Wan and Cheju islands are visible among
a number of older mainland lineages. The samples from
the two islands cluster into two groups, both distinguish-
able from the mainland samples. On the other hand, the
branching order indicates that the genotypes of the inland
samples collected from three di�erent localities are
randomly distributed with respect to the geographical
location. The average gamma distance between A. agra-
rius coreae and A. peninsulae is 0.0501, and between
A. agrarius chejuensis and A. peninsulae is 0.0659.

The distances between branches are relatively short
throughout the tree, and bootstrapping (40%) does not
strongly support the idea that A. agrarius chejuensis and
the large-sized type from Wan Island are distinct from
A. agrarius coreae. However the two morphotypes
between Cheju Island and the mainland show no haplo-
type overlaps, indicating that little gene ¯ow occurs
between the Korean mainland and the coastal islands.

Discussion

Genetic divergence within the subspecies

These fast-evolving DNA sequences allowed us to
quantify the amount of genetic variation between the
two Korean subspecies of A. agrarius and to make
comparisons with previous studies. Several intra- and
interspeci®c variations in rodent mtDNA sequences
have been reported. For instance, among three African
mole rats (subspecies of Cryptomys hottentotus), the
average sequence divergence was 15.8±20% and among
six individuals of Georychus capensis, the divergence was
about 12% (Honeycutt et al., 1987). In Apodemus
species, the sequence diversity among Swedish A. ¯avi-
collis individuals was less than 1%, and nucleotide
divergence between two di�erent species (A. sylvaticus
and A. ¯avicollis) was around 12% (Tegelstrom &
Jaarola, 1989). The intraspeci®c variations between deer
mice (Peromyscus maniculatus) from the California
Channel Islands and the mainland, and between harvest
mice (Reithrodontomys megalotis) collected from Santa
Catalina Island and the mainland were up to 1% and
0.2%, respectively (Ashley &Willis, 1987; Ashley, 1989).
From those previous studies, it becomes obvious that the
levels of intraspeci®c divergence in rodents are highly
variable, depending on the time of divergence and levels
of gene ¯ow.

The nucleotide diversity (1%) detected between these
two A. agrarius subspecies is similar to the variation
found in Swedish A. ¯avicollis. More sequence variation
among individuals of A. agrarius coreae than among
A. agrarius chejuensis (2.38% vs. 1.86%) may be
attributable to either the larger population size of
A. agrarius coreae, or the larger geographical range of
this subspecies, or the fact that A. agrarius chejuensis are
derived from a founder population. AMOVAAMOVA and Monte
Carlo tests indicate a signi®cant genetic di�erentiation
between the mainland and the two islands (v2� 66,
P < 0.001). However, the three mainland localities
share many haplotypes, suggesting that there is a signi-
®cant amount of migration among them (v2� 11.35,
P < 0.057).

A morphometric study of these populations found
two distinct morphotypes (coreae, small-sized group;
chejuensis, large-sized group) and suggested that they
could be di�erent species (Koh, 1986). However, the
small genetic divergence (1%) and low bootstrap value
(40%) revealed from this study suggest that the two
morphotypes were isolated recently, but strongly sup-
ports that the large-sized A. coreae from Wan Island
should be the same taxon as A. chejuensis. We suggest
that the di�erence in body size between the subspecies
may be enhanced by ecological factors like diet and
predation, and will provide a good opportunity to
investigate the causes for body size variation of insular
mammals in East Asia.

Phylogeography and molecular time scale

Although the function of the ®rst half of the animal
mitochondrial control region is not yet clearly under-
stood, no open reading frames within the control region
have been found (Chang & Clayton, 1986). An a value
of 0.5 is appropriate for calculating the gamma distance
for phylogenetic analysis of noncoding regions like the
D-loop in animal mtDNAs (Kumar et al., 1993). As
shown in Fig. 2, the neighbour-joining phylogenetic tree
based on this distance matrix indicates a geographically
structured branching pattern. The geographical separ-
ations between mainland and islands leading to such
genetic discontinuities between conspeci®c populations
may be explained most easily by long-term barriers to
gene ¯ow.

The genotypes of individuals from Wan Island attract
special interest. This island is located close to the
mainland, but far from Cheju Island (Fig. 1). We might
expect that the closer island has been isolated from the
mainland for a shorter time (Wilcox, 1978). However,
despite the indication of gene ¯ow between Wan Island
and the mainland (asterisked samples in Fig. 2), the
nucleotide divergence between the samples from the two
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islands shows that they are much more closely related
than between either island and the mainland (0.6% vs.
1±1.5%), supporting a morphometric study which
showed that individuals from the two islands were
clustered together as a large-sized morphotype (Koh,
1991). Ecological factors of these islands might act as a
selective force for the large body size. However, it is also
possible that the mice from Wan Island were introduced
to Cheju Island. Prager et al. (1993) showed that the
sequences of the mitochondrial control region were
useful for tracking the migration route of house mice in
East Holstein. Thus, more studies of the south coastal
regions of the Korean peninsula and islands between
Cheju and Wan Islands should be conducted to con®rm
whether the two genotypes coexist in some places and to
reveal the migration pathway of the large-bodied mice.
The molecular data make it possible to estimate the

time of divergence of the subspecies. It is generally
estimated that the rate of nucleotide substitution in
animal mitochondrial genomes is 2% per Myr based on
primate RFLP studies (Brown et al., 1979). Irwin et al.'s
(1991) analysis of mammalian mitochondrial cyto-
chrome b gene sequences suggested that the rate of base
substitution was similar to the previous estimation,
2.1% per Myr. Because of the relaxed functional con-
straint, the control region, especially the ®rst half of the
region, may evolve faster than the average rate of
substitutions in the mitochondrial protein-coding genes
(Brown, 1985). Wu & Li (1985) reported that the
evolutionary rate of rodents was four to six times faster
than that of primates, although there are uncertainties
about the divergence times used for their calculation
(Wilson et al., 1987). More recently the evolutionary
rate of the shrew mitochondrial D-loop region was
estimated to be 8.3%±14.3% (Stewart & Baker, 1994).
Thus the mouse control region probably evolves at least
2% and possibly as much as 14% per Myr.
The sequence divergence of the control regions between

the two subspecies is about 1%. It is hardly possible to
estimate the exact divergence time of the two subspecies
because of the variation in the sequence changes (2±14%/
Myr). However, we can reasonably state that these two
groups of mice have been isolated for less than a half
million years, but longer than 7000 years. Cheju Island
might have been isolated from the mainland around
10 000 years ago as other continental islands noted by
Wilcox (1978). Therefore, it is quite possible that the two
subspecies were separated at the time of the disconnection
of the island from the mainland.
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