" BioOne COMPLETE

Genetic Variation and Differentiation in the Japanese
Five-Lined Skink, Eumeces latiscutatus (Reptilia:
Squamata)

Authors: Motokawa, Junko, and Hikida, Tsutomu
Source: Zoological Science, 20(1) : 97-106
Published By: Zoological Society of Japan

URL.: https://doi.org/10.2108/zsj.20.97

BioOne Complete (complete.BioOne.org) is a full-text database of 200 subscribed and open-access titles
in the biological, ecological, and environmental sciences published by nonprofit societies, associations,
museums, institutions, and presses.

Your use of this PDF, the BioOne Complete website, and all posted and associated content indicates your
acceptance of BioOne’s Terms of Use, available at www.bioone.org/terms-of-use.

Usage of BioOne Complete content is strictly limited to personal, educational, and non - commercial use.
Commercial inquiries or rights and permissions requests should be directed to the individual publisher as
copyright holder.

BioOne sees sustainable scholarly publishing as an inherently collaborative enterprise connecting authors, nonprofit
publishers, academic institutions, research libraries, and research funders in the common goal of maximizing access to
critical research.

Downloaded From: https://complete.bioone.org/journals/Zoological-Science on 23 Sep 2023
Terms of Use: https://complete.bioone.org/terms-of-use



ZOOLOGICAL SCIENCE 20: 97-106 (2003) © 2003 Zoological Society of Japan

Genetic Variation and Differentiation in the Japanese Five-Lined
Skink, Eumeces latiscutatus (Reptilia: Squamata)

Junko Motokawa” and Tsutomu Hikida

Department of Zoology, Graduate School of Science, Kyoto University,
Kitashirakawa, Sakyo, Kyoto 606-8502, Japan

ABSTRACT—The genetic variation in Eumeces latiscutatus from the main islands of Japan and the north-
ern Ryukyus was investigated and compared with that of its close relatives (E. okadae and E. marginatus)
using allozyme data. All three samples from the northern Tokara Island Group, currently identified as E.
latiscutatus, were shown to belong to E. marginatus and not to E. latiscutatus. The non-monophyly of the
northern Tokara samples and the great genetic differences within these samples may have resulted from
colonization from more than one source population by northeastward overseas dispersal. The samples
from the lzu Peninsula were genetically much closer to E. okadae than the other conspecific ones. This
indicates that the samples from the lzu Peninsula and the other samples of E. latiscutatus should be
treated as distinct species, and that E. latiscutatus from the Izu Peninsula and E. okadae from the Izu
Island Group may be treated as conspecific. Samples from western Japan were genetically well differen-
tiated from those of eastern Japan. Within the western group, the samples from the Osumi Island Group
was genetically distinct from those from the other regions, by possessing unique alleles. Our phenograms
also reveal a distant affinity between samples from the Danjo Island Group and the main islands of Japan.
This may be the result of long geographic isolation of the Osumi and Danjo Island Groups from Kyushu.
By contrast, samples from Sapporo and Aomori were poorly differentiated genetically in spite of the long
separation of these two localities by the Tsugaru Strait. This suggests that overseas dispersal of E. /atis-
cutatus occurred across this strait after its formation.
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INTRODUCTION

The Japanese five-lined skink, Eumeces latiscutatus
(Hallowell, 1861), is a moderate-sized scincine lizard that
occurs on the main islands of Japan (Hokkaido, Honshu,
Shikoku, Kyushu), the adjacent islands, the northern
Ryukyus, and the coastal region of Primorsky Kray, eastern
Russia. Within East Asian Eumeces, this species is consid-
ered most closely related to E. okadae, which is distributed
in the Izu Island Group (Hikida, 1993; Kato et al., 1994).

Hikida et al. (1992) reported that specimens of E. latis-
cutatus collected from the northern Tokara Island Group in
the northern Ryukyus differed from those from the main
islands of Japan in scale row number. They also noted the
presence of remarkable differentiation in a few external
characters among insular populations within this region.
Based on allozyme data, Kato et al. (1994) demonstrated
that the Kuchinoshima sample in the northern Tokara Island
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Group is genetically closer to E. marginatus than to E. latis-
cutatus from the main islands of Japan. However, no genetic
data are available for the remaining samples from this area.

On the main islands of Japan, E. latiscutatus shows
variation in scutellation, such as in the postnasal condition
and scale row number, even within a population (Stejneger,
1907; Taylor, 1936), but there have been no attempts to
study the geographic variation of the morphological charac-
ters in this species. Kato et al. (1994) found only slight
genetic differentiation between two samples, Kyoto and
Kagoshima, from western Japan. However, recent genetic
studies revealed substantial east-west divergences in other
non-volant terrestrial species that show little morphological
variation (Saitoh et al., 1989; Matsui et al., 2000; Harada et
al., 2001). Considering the wide distribution of E. latiscuta-
tus, more comprehensive analyses of the genetic variation
in this species are required.

This study analyzed genetic variation and differentiation
in E. latiscutatus based on allozyme data for a number of
samples from throughout its range, and discusses its evolu-
tion and taxonomic implications.
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MATERIALS AND METHODS

A total of 303 skinks from 20 samples of E. latiscutatus (Sam-
ple 1-20), a sample of E. okadae (Sample 21) and two samples of
E. marginatus (Sample 22 and 23) were examined (Fig. 1 and
Appendix).

The liver, skeletal muscles and heart were removed from each
specimen, and their extracts were subjected to a horizontal starch-
gel electrophoretic assay. Sample preparation and electrophoretic
procedures followed Kato et al. (1994). Voucher specimens were
deposited in the collection of the Department of Zoology, Kyoto Uni-
versity (KUZ: see Appendix).

The enzymes examined and their Enzyme Commission (E.C.)
numbers, presumptive loci, tissues used, and the buffer systems
employed in the electrophoretic assay are given in Table 1. Enzyme
nomenclature, E.C. numbers, and abbreviations of enzymes follow
Murphy et al. (1996). Electromorphs were designated alphabetically
in order of their anodal mobility.
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Fig. 1. A map of Japan and the northern Ryukyus, showing the
sampling localities of E. latiscutatus (Sample 1-20), E. okadae
(Sample 21), and E. marginatus (Sample 22 and 23).
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Table 1. Enzymes, presumptive loci, tissues, and buffer systems
used in the analysis of the variation among populations of E. latiscu-
tatus, E. okadae, and E. marginatus.

Enzyme E.C.number Locus Tissue* Buffer system**

Aspartate aminotransferase 2.6.1.1 Aat-1 L Poulik
Aspartate aminotransferase 2.6.1.1 Aat-2 L AC6
Aconitate hydratase 421.3. Acoh-1 L TC8
Adenosine deaminase 3544 Ada L AC6
Creatine kinase 2.7.3.2 Ck-2 M TC8
Esterase non-specific Est-4 L AC6
Fumarate hydratase 4212  Fumh L Poulik
Glutamate dehydrogenase 1412 Gtdh L TC8
Glucose-6-phosphate isomerase 5.3.1.9 Gpi L Tris-HCI
Isocitrate dehydrogenase 1.1.1.42 Idh-1 L AC6
Isocitrate dehydrogenase 1.1.1.42 Idh-2 L AC6
L-Lacate dehydrogenase 1.1.1.27 Ldh-1 L AC6
Malate dehydrogenase 1.1.1.37  Mdh-1 M TC8
Malate dehydrogenase 1.1.1.37 Mdh-2 L AC6
Mannose-6-phosphate isomerase 53.1.8 Mpi M TBES8.7
Peptidase (leucyl-prolina) 3.4.-- Pep-D L TC8
Phosphogluconate dehydrogenase  1.1.1.44  Pgdh L AC6
Phosphoglucomutase 5422  Pgm-1 M TC8
Phosphoglucomutase 5422 Pgm-2 L Tris-HCI
Superoxide dismutase 1.15.1.1  Sod-1 L TBES8.7

* Tissue: L=liver, M=mixture of heart and skeletal muscles.

** Buffer system: AC6=Aminopropylmorpholine-Citrate pH6.0 (Clayton and Tretiak,
1972), TC8=Tris-Citrate pH8.0 (Clayton and Tretiak, 1972), TBE8.7=Tris-Borate
EDTA pH8.7 (Boyer et al., 1963), Poulik=Discontinuous Tris-Ctrate (Poulik, 1957),
Tris-HCI=Tris-hydrochloric acid (Selander et al., 1971).

All loci were evaluated for genetic polymorphism (mean num-
ber of alleles per locus, percentage of polymorphic loci, and mean
heterozygosity by direct count) and for genetic structuring using
Wright's (1965) F-statistics (Fst). In order to estimate the overall
genetic differentiation among samples, Nei’s (1978) unbiased
genetic distance and the modified Rogers’ distance (Wright, 1978)
were calculated using allele frequencies. Of these, Nei’s distance is
considered to be well correlated with the divergence time of two
given samples, although it is non-metric (Nei, 1987). Estimations of
the genetic relationships among samples were obtained using the
UPGMA algorithm (Sneath and Sokal, 1973) based on Nei’s dis-
tance, and the neighbor-joining (NJ) procedure (Saitou and Nei,
1987) based on the modified Rogers’ distance. The UPGMA
method assumes equal rates of molecular evolution along all
branches (Nei, 1987), whereas the NJ analysis does not need such
a presumption. The NJ phenogram was rooted at the mid-point of
the longest pathway. NJ analysis was applied to the data set using
the program included with PHYLIP (Felsenstein, 1993). The
remaining computations were made with BIOSYS-1 (Swofford and
Selander, 1981). In addition, we conducted a principal component
analysis (PCA) using the PRINCOMP procedure (SAS Inst. Inc.,
1990) to detect regional patterns of geographical variation. PCA
was applied to a correlation matrix based on alleles occurring at fre-
quencies greater than 0.05 in one or more samples. The number of
alleles (k) analyzed at a locus was k - 1; therefore, we arbitrarily
dropped the most common alleles, for a total of 31 alleles from 12
loci. To render the scale of variation more linear, we used an arc-
sine-square-root transformation for the allele frequencies (Sokal
and Rohlf, 1981). A two-dimensional projection of the samples on
the first two PC axes was made to illustrate relationships among the
samples.
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Table 2. Allele frequencies at 16 polymorphic loci, mean number of alleles per locus (A), percentage of polymorphic loci (P), and mean hetero
zygosity by direct count (H) in E. latiscutatus (Sample 1-20), E. okadae (Sample 21), and E. marginatus (Sample 22 and 23). Sample numbers
correspond to those in Fig. 1. Sample size is given in parentheses.

E. latiscutatus

other species

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Locus 6 @) @ 6 (22 (5 6 (14 @1 (©® 9 @7 © 9 (1Y ) @ (10 (@ (4) (20) (19) (31)
Aat-1
a .100 167 .055 1.000 .050
b .900 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 .833 .630 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 .100
c .315 1.000 .850
Acoh-1
a 1.000 .881 1.000 .071 1.000 .667 .071 .052 .037 .091 1.000 1.000 .053 1.000
b 119 1.000 .929 333 929 .948 1.000 1.000 .963 1.000 1.000 .909 1.000 1.000 1.000 975 921
c .025
d .026
Ada
a .062
b 1.000 1.000
c 1.000 1.000 1.000 .900 1.000 1.000 .914 1.000 .600 409 650 .714 1.000 1.000 72
d 1.000 1.000 1.000 .828
e .100 0.86 1938 400 1.000 1.000 .591 .350 .286
Ck-2
a 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
b 1.000 1.000 1.000 1.000 1.000
Est-4
a .200 .034 250 .318 1.000 .868 1.000
b .528
c 1.000 .925 .250 400 .966 1.000 .750 .682 1.000 1.000 132
d .075 .750 1.000 1.000 .400 1.000 1.000 472
e .700 1.000 1.000 1.000
f .300 100
g .900
Gpi
a .200 125
b .800 1.000 .875 1.000 1.000
c 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 .929 1.000
d .071
Idh-1
a .033
b 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 .967 1.000 1.000 1.000 1.000 1.000 .684 .800 .643 1.000 1.000 1.000  1.000 1.000 1.000
c 136 200 .357
Idh-2
a .500
b 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 .500 1.000 1.000
c 1.000 1.000 1.000
d .967 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
e .033
Ldh-1
a 1.000 952 571 .857 1.000 .400 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000  1.000 1.000 1.000
b .048 429 143 .600
Mdh-1
a .643 .800 1.000 1.000 1.000 1.000 .981 1.000 1.000 1.000 1.000 1.000
b 1.000 1.000 .357 1.000 1.000 1.000 .019 1.000 1.000 1.000 1.000 1.000 1.000
c .200
Mdh-2
a 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 .963 1.000 1.000 1.000 1.000 1.000 1.000 1.000 .750  1.000 1.000 1.000
b .037 .250
Mpi
a 1.000 1.000 1.000 1.000 1.000 1.000 1.000 .964 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 .975 1.000 1.000
b .036 .025
Pep-D
a 1.000 1.000 1.000 1.000 1.000 1.000 .833 .542 .891 .750 .750 .219 1.000 1.000 .227 .150 1.000 .032
b 167 458 109 250 .125 .781 773 850 1.000 1.000 1.000 1.000 1.000 .968
c 125
Pgdh
a 143 1.000 1.000 .300 .688 .357 .278 1.000 1.000 .059
b 1.000 1.000 1.000 1.000 1.000 1.000 1.000 .857 1.000 1.000 1.000 .947 700 312 643 722 941 1.000
c .053 1.000
d
Pgm-2
a
b .048 .019 .016
c 1.000 .952 1.000 1.000 1.000 1.000 1.000 1.000 .944 .813 1.000 1.000 1.000 1.000 .318 .600 .333 1.000 1.000 1.000 1.000 .887
d .037 .188 .682 400 .667 1.000 .097
Sod-1
a .050
b 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 .950 1.000 1.000 1.000 1.000  1.000 1.000 1.000
A 1.0 1.2 1.1 1.0 1.0 1.2 11 1.2 1.4 1.1 1.3 15 1.0 1.0 1.3 1.4 1.3 1.1 1.0 1.1 1.1 1.1 1.4
P 50 10.0 150 5.0 50 150 150 150 20.0 10.0 20.0 250 0.0 0.0 30.0 350 250 15.0 0.0 15.0 50 10.0 20.0
H 0.010 0.027 0.076 0.013 0.007 0.072 0.057 0.049 0.038 0.036 0.068 0.105 0.000 0.000 0.110 0.116 0.103 0.060 0.000 0.084 0.031 0.013 0.051
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RESULTS

Allele frequencies

Of the 20 presumptive loci examined, four (Aat-2,
Fumh, Gtdh, and Pgm-1) were fixed for the same allele in
all samples, and the remaining 16 loci were polymorphic in
at least one sample (Table 2). At four of the 16 variable loci,
a single allele was predominant (frequencies of 50% or
more) in all samples (ldh-1, Mdh-2, Mpi, and Sod-1); the
predominant allele for the remaining loci differed among the
23 samples.

The samples from the northern Tokara Island Group
(Sample 18-20), while showing complete allelic displace-
ment from all other samples of E. latiscutatus (Sample 1-17)
at three loci (Ck-2, Est-4, and Gpi), exhibited no such dis-
placements at all with the E. marginatus samples (Sample
22 and 23). Among the samples from the northern Tokara
Island Group, remarkable allele frequency differences were
observed at five (Aat-1, Acoh-1, Ada, Pgdh, and Pgm-2) of
the nine polymorphic loci. Based on the pattern of shared
alleles at the Idh-2 locus, all samples except for the northern
Tokara samples of E. latiscutatus were clearly divided into
three groups: an lzu Peninsula group consisting of two sam-
ples from the Izu Peninsula (Sample 4 and 5: Fig. 1) pos-
sessing Idh-2°, an eastern group consisting of six samples
from the eastern parts of the main islands (Sample 1-3, 6—
8) possessing Idh-2°, a western group consisting of nine

J. Motokawa and T. Hikida

samples from the western parts of the main islands, includ-
ing the Danjo and Osumi Island Groups (Sample 9—17) pos-
sessing ldh-2°. Samples of the Izu Peninsula group, while
showing complete allelic displacement from those of the
eastern and western groups at two loci (Ada and Idh-2),
showed no such displacement from the sample of E. okadae
(Sample 21). At Est-4, obvious allele frequency differences
were observed between samples from the Osumi Island
Group (Sample 15-17) and the other region (Sample 9-14)
within the western group. Moreover, the former had a unique
allele (ldh-1°) and two alleles (Pgdh® and Pgm-2d) at notice-
able frequencies at highly polymorphic loci, which were
absent or rare in the latter.

Among the samples of E. latiscutatus, the mean num-
ber of alleles per locus (A) varied from 1.0 to 1.5, the per-
centage of polymorphic loci (P) from 0.0 to 35.0, and the
mean heterozygosity (H) values from 0.000 to 0.116 (Table
2). The greatest heterozygosity was found for the Yaku-
shima sample. The mean Fg; calculated for all samples of E.
latiscutatus, for 17 samples excluding the northern Tokara
samples, and 15 samples from eastern and western Japan
was 0.806, 0.740 and 0.700, respectively.

Genetic distances

Pairwise comparisons of Nei’s (1978) and the modified
Rogers’ (Wright, 1978) genetic distance coefficients, calcu-
lated over all 20 loci, are presented in Table 3. Within E.

Table 3. Matrix of Nei’s (1978) unbiased genetic distance (below diagonal) and the modified Rogers’ distance (Wright, 1978: above diagonal)
coefficients for all pairwise comparisons between samples of E. latiscutatus (Sample 1-20), E. okadae (Sample 21), and E. marginatus (Sam-
ple 22 and 23).

E. latiscutatus other species

Samples 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23
1. Sapporo — 0.041 0.242 0.449 0.440 0.182 0.315 0.394 0.381 0.394 0.450 0.439 0.500 0.500 0.536 0.495 0.551 0.503 0.584 0.557 0.432 0.582 0.558
2. Aomori 0.001 - 0227 0.427 0.419 0.165 0.298 0.371 0.366 0.379 0.439 0.428 0.481 0.481 0.522 0.480 0.536 0.505 0.587 0.544 0.413 0.569 0.559
3. Kamakura 0.056 0.050 - 0.422 0.420 0.165 0.155 0.271 0.370 0.385 0.434 0.421 0.411 0.411 0.493 0.454 0.510 0.527 0.609 0.575 0.435 0.599 0.580
4. Odawara 0.227 0.205 0.199 - 0.036 0.412 0.408 0.404 0.441 0.454 0.439 0.462 0.389 0.389 0.518 0.482 0.539 0.639 0.708 0.535 0.123 0.588 0.619
5. Shimoda 0.216 0.196 0.196 0.001 - 0.413 0.401 0.402 0.440 0.453 0.438 0.461 0.388 0.388 0.516 0.484 0.538 0.633 0.702 0.534 0.119 0.587 0.613
6. Yui 0.030 0.024 0.020 0.190 0.190 - 0.285 0.370 0.418 0.433 0.466 0.458 0.472 0.472 0.523 0.489 0.542 0.510 0.594 0.555 0.418 0.579 0.560
7. Azumi 0.105 0.094 0.018 0.186 0.178 0.084 - 0.158 0.344 0.355 0.405 0.379 0.354 0.354 0.451 0.404 0.461 0.538 0.618 0.556 0.423 0.582 0.590
8. Kasahara 0.172 0.152 0.075 0.182 0.180 0.152 0.023 - 0.323 0.324 0.380 0.331 0.334 0.334 0.409 0.350 0.406 0.558 0.634 0.526 0.419 0.551 0.607
9. Kyoto 0.160 0.148 0.150 0.222 0.220 0.199 0.129 0.114 - 0.052 0.210 0.195 0.302 0.302 0.356 0.281 0.367 0.624 0.691 0.564 0.426 0.614 0.666
10. Miyama 0.171 0.159 0.163 0.235 0.234 0.214 0.138 0.114 0.001 — 0.233 0.188 0.324 0.324 0.345 0.267 0.348 0.622 0.679 0.561 0.439 0.612 0.667
11. Usuki 0.230 0.219 0.214 0.217 0.216 0.254 0.183 0.160 0.042 0.052 - 0.197 0.211 0.211 0.322 0.278 0.369 0.650 0.711 0.555 0.423 0.606 0.663
12. Kagoshima 0.225 0.215 0.208 0.253 0.251 0.255 0.165 0.123 0.039 0.035 0.037 - 0.307 0.307 0.276 0.187 0.281 0.565 0.653 0.518 0.447 0.569 0.605
13. Oshima 0.289 0.267 0.186 0.164 0.163 0.257 0.135 0.120 0.097 0.112 0.042 0.101 — 0.000 0.371 0.341 0.418 0.676 0.742 0.579 0.405 0.628 0.689
14. Meshima 0.289 0.267 0.186 0.164 0.163 0.257 0.135 0.120 0.097 0.112 0.042 0.101 0.000 - 0.371 0.341 0.418 0.676 0.742 0.579 0.405 0.628 0.689
15. Tanegashima 0.359 0.340 0.301 0.330 0.327 0.349 0.243 0.195 0.143 0.132 0.112 0.085 0.152 0.152 - 0.128 0.103 0.606 0.638 0.570 0.504 0.564 0.614
16. Yakushima 0.299 0.281 0.249 0.285 0.283 0.299 0.191 0.139 0.086 0.076 0.082 0.037 0.128 0.128 0.014 - 0.113 0.593 0.641 0.533 0.471 0.561 0.620
17. Kuchierabujima 0.381 0.360 0.322 0.361 0.359 0.376 0.253 0.190 0.151 0.133 0.150 0.086 0.198 0.198 0.005 0.008 - 0.601 0.633 0.566 0.526 0.565 0.621
18. Kuchinoshima 0.301 0.307 0.344 0.548 0.532 0.319 0.362 0.395 0.524 0.518 0.588 0.423 0.635 0.635 0.505 0.481 0.490 - 0.383 0.443 0.628 0.391 0.274
19. Nakanoshima 0.418 0.430 0.477 0.701 0.683 0.449 0.495 0.529 0.666 0.632 0.732 0.593 0.799 0.799 0.556 0.568 0.541 0.161 - 0516 0.697 0.491 0.459
20. Suwanosejima 0.384 0.366 0.426 0.348 0.346 0.390 0.390 0.341 0.403 0.396 0.388 0.340 0.420 0.420 0.430 0.367 0.419 0.229 0.317 - 0.522 0.247 0.494
21. Miyakejima 0.210 0.192 0.216 0.015 0.014 0.198 0.203 0.200 0.207 0.220 0.202 0.238 0.182 0.182 0.314 0.270 0.345 0.529 0.680 0.332 - 0.576 0.608
22. Amamioshima 0.418 0.401 0.461 0.430 0.427 0.425 0.428 0.374 0.488 0.482 0.474 0.417 0.506 0.506 0.407 0.405 0.407 0.170 0.277 0.062 0.414 - 0.414
23. Okinawajima  0.386 0.392 0.435 0.503 0.488 0.401 0.454 0.489 0.623 0.621 0.620 0.502 0.665 0.665 0.520 0.540 0.533 0.081 0.243 0.295 0.484 0.194 -
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latiscutatus, high values of Nei's genetic distance were
found, ranging from 0.001 to 0.799. This is because the
northern Tokara samples were genetically highly differenti-
ated from all other samples (D=0.301-0.799). Compared to

these values, the values obtained between the northern
Tokara samples and E. marginatus were relatively small
(0.062—-0.295). When the three samples from the northern
Tokara Island Group were excluded, the D values among 17

A |—21 E. okadae
|__I 4 Izu Peninsula
5 group
1 .
mE
— 6 eastern
3 group
—
8
9
l 10
[———— 11
12
13 western
—| 14 group
15
—L[ 17
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23 E. marginatus
—': 18 (Okinawajima Is.)
19
—-20
L 22 E marginatus
L L ! ' . S (Amamioshima Is.)
0.5 04 0.3 0.2 0.1 0
B 21 E. okadae
E 4 Izu Peninsula
5 group
1 _
' E 2
6 eastern
3 group
7
8
9
10
12
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r13
L14
23 E. marginatus
""""'_! 18 (Okinawajima Is.)
19
20

R

22 E. marginatus

0.1
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Fig. 2. An UPGMA phenogram A based on the unbiased genetic distances of Nei (1978), and a neighbor-joining phenogram B based on the
modified Rogers’ distance (Wright, 1978) rooted at the mid-point of the longest path.
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samples of E. latiscutatus ranged from 0.001 to 0.381, with
the highest D value between Sample 1 and 17. The D val-
ues of the three groups (lzu Peninsula, eastern, and west-
ern) varied considerably, showing 0.178-0.227 between the
Izu Peninsula and the eastern groups, 0.163—0.361 between
Izu Penisula and western groups, and 0.114—-0.381 between
eastern and western groups. Two samples from the Izu
Peninsula were genetically very similar to each other
(D=0.001) and to E. okadae (D=0.014-0.015), whereas rel-
atively large D values were observed within the eastern and
western groups (0.001-0.172 and 0.001-0.198, respec-
tively). Furthermore, among three samples from the Osumi
Island Group in the western group, the D values were very
low (0.005-0.014), when compared with values between
these samples and the samples in this group from other
regions (0.037-0.198). Within the eastern group, an
extremely small D value was obtained between the samples
from Sapporo and Aomori (0.001).

Cluster analyses

Fig. 2A shows the UPGMA phenogram based on Nei’s
genetic distance. In this phenogram, the three samples from
the northern Tokara Island Group (Sample 18-20) cluster
with the E. marginatus samples, and are clearly separated
from another cluster that includes all the remaining samples.
In the latter cluster, three subclusters corresponding to the
above-mentioned groups (i.e., 1zu Peninsula, eastern and
western groups) are recognized. The samples from Izu
Penisula and E. okadae consititute in a subcluster. Within
the western group, three samples from the Osumi Island
Group (Sample 15-17) and two samples from the Danjo

17
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15
western group
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a 13
or ° 238 %
20
8 1
) 7 eastern group
“r 3
5 .
4{21 lzu Peninsula group
-4 L . s :
4 2 0 2 4 6

PC1

Fig. 3. Scatter plot of the first two principal components based on
31 allele frequencies of E. latiscutatus (closed circles), E. okadae
(open triangle), and E. marginatus (open squares). See Fig. 1 for
the sample numbers.
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Island Group (Sample 13 and14) form a compact subgroup.
The topology of the neighbor-joining phenogram (Fig.
2B) is similar to that of the UPGMA one in that two distinct
clusters, one consisting of three subclusters, are recog-
nized, although these two phenograms differ slightly in the
position of the subcluster consisting of the lzu Peninsula
group, and in the internal topology of the two subclusters
corresponding to the eastern and western groups.

Principal component analysis

The relationships among samples were also visualized
by projecting the sample positions onto the plane defined by
the first two principal components of the PCA, which explain
38.7% of the total variation (Fig. 3 and Table 4). PC1

Table 4. Factor scores of the principal component analysis.

Allele Factor 1 Factor 2
Aat-1(a) 0.105 0.078
Aat-1(b) 0.211 0.017
Acoh—1(a) 0.162 -0.113
Ada(a) —0.081 0.093
Ada(b) 0.209 0.010
Ada(d) —-0.009 —-0.256
Ada(e) -0.175 0.218
Ck(b) 0.368 0.033
Est—4(a) —-0.109 0.342
Est—4(b) -0.040 -0.155
Est-4(d) -0.144 -0.284
Est—4(e) 0.314 0.041
Est—4(f) 0.223 -0.000
Est-4(g) 0.141 -0.004
Gpi(a) 0.247 -0.002
Gpi(b) 0.357 0.037
Gpi(d) —0.046 0.233
ldh—1(c) -0.079 0.327
ldh-2(a) 0.173 -0.006
Idh—2(c) -0.072 —-0.269
ldh—2(d) -0.194 0.317
Ldh—1(b) -0.054 -0.158
Mdh-1(b) 0.235 —-0.248
Mdh—1(c) —0.040 -0.064
Mdh-2(b) 0.173 -0.006
Pep—D(b) 0.267 0.268
Pep—D(c) —0.081 0.093
Pgdh(a) —0.041 -0.051
Pgdh(c) 0.182 0.203
Pgdh(d) 0.136 0.057
Pgm—2(d) 0.061 0.279
Eigenvalue
% Variation explained 18.2 13.4




Genetic Variation in Eumeces latiscutatus 103

accounted for 22.5% and PC2 for 16.2%. The relationships
in the PCA are remarkably similar to those obtained by clus-
tering (Fig. 2). On the first component axis, the northern
Tokara samples (Sample 18-20) are completely distinguish-
able from the remaining samples of E. latiscutatus (Sample
1-17) with a high positive score. The second component
completely distinguishes the three groups (Izu Peninsula,
eastern, and western) from each other. The western group
has a positive PC2 score, whereas the lzu Peninsula and
eastern groups have negative scores. The PC2 scores in
the eastern group are intermediate between those in the
western and lzu Peninsula groups. Moreover, within the
western group, the samples from the Osumi Island Group
(Sample 15—17) were separated from the remainder by fairly
large PC2 scores.

DISCUSSION

Populations of the northern Tokara Island Group

The distributions of Eumeces latiscutatus and E. mar-
ginatus are separated by the Tokara Tectonic Strait, which
is located between the northern and southern Tokara Island
Group. Morphologically, this is supported by a few external
characters, such as the presence or absence of the postna-
sals (Nagai, 1928; Toyama, 1989; Hikida et al., 1992). How-
ever, Kato et al. (1994) demonstrated that the sample of E.
latiscutatus from Kuchinoshima within the northern Tokara
Island Group is genetically poorly diverged from the sam-
ples of E. marginatus, despite their presumed long geo-
graphical isolation by the strait. Their result was interpreted
as indicative of the northeastward overseas dispersal of E.
marginatus across the strait after its formation (Kato et al.,
1994). In our study, the UPGMA and NJ phenograms (Fig.
2) show two distinct genetic groups, samples of E. latiscuta-
tus from the northern Tokara Island Group and E. margina-
tus, and samples of E. latiscutatus and E. okadae. These
results strongly suggest that all the northern Tokara popula-
tions, formerly assigned to E. latiscutatus, actually belong to
E. marginatus, and support the hypothesized northeastward
overseas dispersal of E. marginatus (Kato et al, 1994;
Hikida and Motokawa, 1999).

Very high levels of genetic differentiation were found
among samples within the northern Tokara Island Group
(D=0.161-0.317). This result coincides with the high mor-
phological differentiation among insular populations of the
northern Tokara Island Group (Hikida et al., 1992), indicat-
ing a large amount of genetic divergence among them.
Moreover, the Kuchinoshima sample (Sample 18) is most
closely related to E. marginatus from Okinawajima
(D=0.081), whereas the Suwanosejima sample (Sample 20)
is closest to E. marginatus from Amamioshima (D=0.062).
Compared with these close genetic affinities, the genetic
divergence of the Nakanoshima sample (Sample 19) from
both samples of E. marginatus is relatively large (D=0.243
and 0.277). Kato et al. (1994) surmised the founder’s effect
on a small insular population for explanation of the close
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genetic affinty between the samples of Kuchinoshima and
Okinawajima. However, this is not supported by our data,
which indicate that the levels of genetic variability in the
samples from Kuchinoshima and Suwanosejima (H=0.060
and 0.084) are higher than those in the samples of E. mar-
ginatus (H=0.013 and 0.051). To explain our results, it is
necessary to postulate that the northern Tokara populations
were colonized from more than one source population by
rafting or artificial transportation. Further extensive electro-
phoretic surveys of E. marginatus from throughout its range
are needed to verify this hypothesis.

Populations of the 1zu Peninsula

The high Fg; values found in all but the northern Tokara
samples of E. latiscutatus (0.740) indicate that E. latiscuta-
tus is highly diverged genetically. Within these samples, the
results of our UPGMA and NJ analyses (Fig. 2) and the PC2
values (Fig. 3) reveal three distinct groups (Izu Peninsula,
eastern, and western), with a fixed allelic difference at the
Idh-2 locus (Table 2). Of these, the samples of the Izu Pen-
insula group are genetically similar to E. okadae. The sam-
ples from the Izu Peninsula possessed alleles unique to E.
okadae. Nei’'s D values between them were much lower
(0.014-0.015) than any intraspecific values in this genus
estimated previously (0.09-0.68: Murphy et al., 1983; Kato
et al., 1994). These results clearly indicate that the samples
in the 1zu Peninsula belong to the E. okadae lineage and not
to any lineage of the other groups in E. latiscutatus, and that
E. okadae, now known only from the Izu Isalnd Group,
occurs on the Izu Peninsula, at least in part.

Therefore, the samples of E. latiscutatus from the lzu
Peninsula and from the other areas, currently treated as a
single species, should be treated as two different species.
The lzu Peninsula population was assigned to E. latiscuta-
tus because Hallowell (1861) described this species from
Shimoda on the Izu Peninsula (sample 5 in this study). The
name E. japonicus, which was originally described from
Nagasaki in Kyushu (close to sample 11 and 12) by Peters
(1864), may be applied to the remaining populations now
called E. latiscutatus. Further morphological examination of
these two species (E. latiscutatus and E. japonicus) is
strongly desired to produce a key for their identification.

By contrast, from the small genetic distance obtained
between E. latiscutatus from the Izu Peninsula and E.
okadae, it does not follow that the former population is con-
specific with E. okadae, because these two species differ in
the number of midbody scale rows and the line pattern on
the head in juveniles (Taylor, 1936; Nakamura and Uéno,
1963). However, E. okadae, which is distributed on most
islands throughout the Izu Island Group, is known to be geo-
graphically highly variable, even in the key characters men-
tioned above (Taylor, 1936; Hikida, 1993). Since Stejneger
(1907) first described E. okadae as a subspecies of E. latis-
cutatus (type locality = Miyakejima), our results seem to
imply a conspecific relationship between E. latiscutatus from
the Izu Peninsula and E. okadae. In addition, our results
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alone do not seem to justify the taxonomic treatment of Ste-
jneger (1907), because we examined only one sample from
the lzu Island Group. In conclusion, we treat them as a sin-
gle species, and consider E. okadae a junior synonym of E.
latiscutatus. In order to revise the subspecific division of E.
latiscutatus recognized by Stejneger (1907), the genetic
relationships among insular samples throughout the lzu
Island Group and the Izu Peninsula samples of this species
need to be clarified, with more detailed study of the morpho-
logical variation in this species.

Geographic variation in Eumeces latiscutatus

As shown above, the samples of E. latiscutatus from
eastern and western Japan formed two distinct groups in our
phenograms (Fig. 2). Phenetic clustering methods such as
the UPGMA and NJ methods yield misleading results, such
as a large geographic gap in samples exhibiting isolation-
by-distance within a single genetically continuous unit, if the
distribution of samples was uneven (de Queiroz and Good,
1997). Considering this phenomenon, the apparent exist-
ence of two distinct groups (eastern and western) in E. latis-
cutatus might result solely from our sampling, which is not
absolutely regular geographically. However, the high Fg;
value (0.700) calculated for 15 samples of this species from
eastern and western Japan indicates that the samples show
a fairly large interpopulational differentiation, which is largely
attributed to the intraspecific subdivision of the eastern and
western groups. Moreover, the PC2 values completely dis-
criminated the eastern and western groups (Fig. 3), and
complete allelic displacement between them was observed
(Table 2). These results suggest that little gene flow occurs
between the eastern and western groups. Therefore, we
believe that there is fairly large genetic divergence between
E. latiscutatus from eastern and western Japan.

While there was poor genetic differentiation among the
Osumi Island Group samples, they were genetically well
diverged from the remaining samples within the western
group (Figs. 2 and 3). This genetic divergence is also sup-
ported by obvious allele frequency differences and the pos-
session of characteristic alleles. Ota et al. (1993) postulated
that the Osumi Island Group has been connected to Kyushu
by a narrow land bridge during the most recent glaciation,
when the sea level dropped by no less than 120 m. How-
ever, the mean D value between samples from the Osumi
Island Group and Kagoshima in Kyushu (0.069) seems to be
too large to reflect this paleogeographical hypothesis. Based
on the evidence of submarine topography, Ohshima (1990)
estimated that the separation of the Osumi Island Group
from Kyushu occurred during the Riss-Wirm interglacial
period in the late Pleistocene (120,000 years ago). He also
estimated that the separation of the islands in the Osumi
Island Group followed the most recent glaciation (i.e., the
Wirm: 15,000 years ago). If these estimates are correct, the
divergence time between samples from the Osumi Island
Group and Kyushu might be roughly eight times as long as
that within the Osumi Island Group. The mean D value
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between samples from the Osumi Island Group and
Kagoshima (0.069) is eight times as large as that among the
Osumi Island Group samples (0.009). Assuming a gross
correlation between the genetic distance value and the time
of population divergence (Nei, 1987), it is likely that the
genetic relationship among samples in the western group
reflects the paleogeography in this area proposed by
Ohshima (1990).

The populations of several species, including
Amphiesma vibakari from the Danjo Island Group, are
reported to be very divergent morphologically from conspe-
cific populations from the main islands of Japan (Toriba,
1986; Shibata et al., 1988; Nakanishi and Ejima, 1989).
Therefore, we expected the samples from the Danjo Island
Group to be genetically distinct from those from the main
islands within the western group. However, the PCA did not
detect marked differences between samples from the Danjo
Island Group and the main islands (Fig. 3). This is attributed
to the absence of alleles unique to the samples from the
Danjo Island Group. Conversely, our phenograms reveal the
relatively distant affinity between samples from the Danjo
Island Group and the main islands, supporting their rela-
tively long isolation (Fig. 2). The mean D value observed
between samples from the Danjo Island Group and Usuki,
Kyushu (0.042) is nearly as large as that between samples
from the Osumi Island Group. This suggests that, like the
Osumi Island Group, the Danjo Island Group was isolated
from Kyushu during the Riss-Wirm interglacial period.

Hokkaido and Honshu are assumed to have been sep-
arated by the formation of the Tsugaru Strait during the
Riss-Wirm interglacial period (Ohshima, 1990). However,
the sample from Sapporo in Hokkaido proved to be almost
identical genetically to that from Aomori in northernmost
Honshu (D=0.001), which is incompatible with the paleogeo-
graphical scenario (Ohshima, 1990). Therefore, it is plausi-
ble that there has been of E. latiscutatus across the Tsugaru
Strait overseas dispersal by rafting. This explanation
requires substantial corroboration based on more detailed
surveys.
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APPENDIX

Sampling locality for each population and catalogue number of specimens examined.

Eumeces latiscutatus

Sample 1: Sapporo, Hokkaido Prefecture, 43°10'N, 141°15’E, KUZ 45151-4, 50355; sample 2: Aomori, Aomori Pref., 40°38’N, 140°50°E, KUZ
28003, 30349-53, 30384, 30674-7, 35199-200, 35222-3; sample 3: Kamakura, Kanagawa Pref., 35°20’N, 139°33’E, KUZ 45679, 45681-5,
45691; sample 4: Odawara, Kanagawa Pref., 35°15’N, 139°10’E, KUZ 36566, 39000-1, 39004, 39009, 39012-3; sample 5: Shimoda, Shizuoka
Pref., 34°40’N, 138°58’E, KUZ 35178-83, 36303-7, 36309-12, 36314, 36318-9, 36321-4; sample 6: Yui, Shizuoka Pref., 35°05’'N, 138°33'E,
KUZ 45650-4; sample 7: Azumi, Nagano Pref., 36°10'N, 137°46’E, KUZ 39023-8; sample 8: Kasahara, Gifu Pref., 35°18'N, 137°08'E, KUZ
36274-5, 36277, 36279-81, 39388-91, 45929-32; sample 9: Kyoto, Kyoto Pref., 35°03’N, 135°50’E, KUZ 28000, 28185, 28573, 28577, 28583,
28586-7, 28887, 28892, 29280, 30185-6, 30316, 30354-6, 30370, 30383, 30667-8, 35923, 35925-6, 36244, 36250, 36257, 36259, 39051-2,
39316, 39376; sample 10: Miyama, Kyoto Pref., 35°20’N, 135°37’E, KUZ 35121, 35201-2, 35257-60, 35922; sample 11: Usuki, Oita Pref.,
33°04’N, 131°44’E, KUZ 50377-85; sample 12: Kagoshima, Kagoshima Pref., 31°36'N, 130°34'E, KUZ 8360-1, 8363, 29301, 30346-8, 30360-
2, 36295, 36297-301, 36414-5, 36452-3, 36486-91, 46919; sample 13: Oshima Is., Danjo Island Group, Nagasaki Pref., 32°02'N, 128°25’E,
KUZ 50002-10; sample 14: Meshima Is., Danjo Island Group, Nagasaki Pref., 32°00°N, 128°21’E, KUZ 21799-801, 46996-9, 50000-1; sample
15: Tanegashima Is., Osumi Island Group, Kagoshima Pref., 30°24’N, 130°26'E, KUZ 27989-99; sample 16: Yakushima lIs., Osumi Island
Group, Kagoshima Pref., 30°32'N, 130°58’E, KUZ 35870-80, 35882-4, 36523-8; sample 17: Kuchierabujima Is., Osumi Island Group,
Kagoshima Pref., 30°28’N, 130°12’E, KUZ 27978-82, 50403-4; sample 18: Kuchinoshima Is., Tokara Island Group, Kagoshima Pref., 29°39'N,
129°58’E, KUZ 8369-73, 28563-4, 28570, 28916-7; sample 19: Nakanoshima Is., Tokara Island Group, Kagoshima Pref., 29°30’N, 129°54’E,
KUZ 28582, 28889; sample 20: Suwanosejima lIs., Tokara Island Group, Kagoshima Pref., 29°35'N, 129°41’E, KUZ 8374-7.

E. okadae

Sample 21: Miyakejima Is., lzu Island Group, Tokyo Pref., 34°05’N, 139°30’E, KUZ 35123-35, 35295-8, 35747-8, 35751.

E. marginatus

Sample 22: Amamioshima Is., Amami Island Group, Kagoshima Pref., 28°13'N, 129°27’E, KUZ 8379-81, 28165, 28566, 28914, 29295-6,
30333-4, 36421-2, 36454-7, 36459, 36462-3; sample 23: Okinawajima Is., Okinawa Island Group, Okinawa Pref., 26°40’N, 127°54’E, KUZ
27950-1, 27955-60, 28177-84, 28462, 28464, 28466-7, 28478, 28499, 28571, 28908, 30309, 30329, 30357, 30375, 30389, 30679-80.
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