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We conducted an electrophoretic survey to examine geographic genetic variation in samples from 

17 localities of the Japanese clawed salamander, Onychodactylus japonicus. This species was 

divided into six genetic groups (N-Tohoku, S-Tohoku, Tsukuba, SW-Honshu, Kinki, and Shikoku) 

that were largely concordant with clades or subclades recognized in our previous mtDNA study. 

Although the relationships among these six groups were not clarified, genetic distances between 

them were not small (mean Nei’s D=0.146–0.471). Among these groups, the geographically isolated 

Tsukuba group was genetically distinct, possibly as a result of population isolation. In a locality 

of western Honshu, two groups, SW-Honshu and Shikoku, were found to occur sympatrically. 

Although several presumable hybrid individuals were found, hybridization between these two 

groups seemed to occur very rarely. These results indicate that the Shikoku group is specifically 

distinct from the SW-Honshu group, whose range includes the type locality of O. japonicus.

Key words: allozyme, geographic variation, sympatry, cryptic species, reproductive isolation, hynobiid 

salamander, Japan

INTRODUCTION

Onychodactylus japonicus is a small, stream-breeding 

salamander endemic to Japan, occurring in montane 

regions of mainland Honshu and Shikoku Islands 

(Yoshikawa et al., 2008). Although the distributional range of 

this species is extensive, much wider than for any other 

Japanese hynobiid salamander, information on geographic 

variation in this species has been very limited.

Recently, Yoshikawa et al. (2008) conducted a molecular 

phylogenetic study of this species using the mitochondrial 

cytochrome b (cyt b) gene, and clarified that O. japonicus

consists of four major clades (Clades I–IV), with consider-

able genetic differentiation among them. Of these, Clades I 

and III and Subclade II-A are distributed parapatrically, but 

Clades III and IV, occurring mainly in southwestern Honshu 

and Shikoku, respectively, were found to be sympatric in 

several parts of Honshu. This fact strongly suggests the 

presence of at least two species in O. japonicus. Two alter-

native explanations would be possible for the sympatric 

occurrences of the mtDNA groups: (1) sympatric occurrence 

of two reproductively isolated species, and (2) past secondary 

contact and hybridization between two genetic races within 

a single species, and retention of two mitochondrial lineages 

in the population. However, Yoshikawa et al. (2008) was 

unable to form any definite conclusions on this issue, 

because mtDNA is maternally inherited, and held that a 

genetic analysis using nuclear markers was needed to 

resolve this problem. The use of nuclear markers is helpful 

not only for drawing taxonomic conclusions but also for pro-

viding deeper insights into the history of a species by com-

paring nuclear variation with the results of mtDNA analyses 

(Shaw, 2002). Thus, many recent studies have utilized 

nuclear markers to clarify geographic genetic variation and 

uncover taxonomic relationships among the taxa in question 

(e.g., Weisrock et al., 2006; Fu and Zeng, 2008; Matsui et 

al., 2008; Okamoto and Hikida, 2009).

Here we conducted an allozymic analysis to reveal the 

pattern of geographic genetic variation and to assess the 

possibility of presence of cryptic species within O. japonicus.

MATERIALS AND METHODS

In all, 226 specimens, including 60 metamorphs and 166 

larvae, were collected from 17 localities (Fig. 1; Table 1) represent-

ing all clades and subclades identified by previous mtDNA analyses 
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(Yoshikawa et al., 2008). As an outgroup, we used Salamandrella 

keyserlingii, which represents another hynobiid genus. We were 

unable to obtain fresh tissues of the topotypic O. japonicus from 

Hakone-machi, Kanagawa Prefecture, but we obtained samples 

from Izu-shi, Shizuoka Prefecture (Sample 10), which is located 

approximately 40 km south of the type locality. The genetic close-

ness of the samples from these localities was well supported by the 

mtDNA study by Yoshikawa et al. (2008).

From salamanders anaesthetized with a saturated acetone-

chloroform solution, liver tissues (and skeletal muscles of some 

small larvae) were taken and stored at –80°C until electrophoresis. 

Voucher specimens were fixed in 10% formalin and later meta-

morphs were preserved in 70% and larvae in 50% ethanol. The 

vouchers are deposited in the Graduate School of Human and Envi-

ronmental Studies, Kyoto University (KUHE), or in Mr. Tanabe’s 

private collection.

Homogenized tissue extracts were subjected to standard hori-

zontal starch gel electrophoresis and histochemical staining proce-

dures (Shaw and Prasad, 1970; Ayala et al., 1972), using Starch Art 

(Otto Hiler, Madison, Wisconsin, USA) and potato starch (Fluka 

Chemie GmbH, CH-9471 Buchs, Switzerland) mixed in a 1:1 ratio 

and then suspended in buffer at a concentration of 12%. We ana-

lyzed 14 loci encoding 11 enzymes (Table 2) using four standard 

buffer systems [CAPM6, citrate-aminopropylmorpholine, pH 6.0 

(Clayton and Tretiak, 1972); TC7, Tris-citrate, pH 7.0 (Shaw and 

Prasad, 1970); TC8, Tris-citrate, pH 8.0 (Clayton and Tretiak, 

1972); and TBE8.7, Tris-borate-EDTA, pH 8.7 (Boyer et al., 1963)]. 

Genetic interpretations of zymograms were based on criteria devel-

oped by Selander et al. (1971). Enzyme nomenclature, E. C. 

numbers, and the notation of loci, electromorphs, and genotypes 

mainly follow IUBMB (1992) and Murphy (1996). We designated 

electromorphs by letters, with ‘a’ representing the most rapidly 

migrating variant.

For each sample, genetic variation was assessed by calculat-

ing the mean number of alleles per locus (A), the proportion of 

polymorphic loci (P), and the mean heterozygosity by direct count 

(H). Variable loci were checked using chi-square goodness-of-fit 

tests to determine whether they were in Hardy-Weinberg equilib-

rium. The expected number of each genotype was calculated using 

Levene’s (1949) formula for small sample sizes. All these statistics 

were calculated by using the BIOSYS-1 computer program 

(Swofford and Selander, 1981). To calculate the genotypic similar-

ity among individuals, we classified specimens as different geno-

types if they differed in any 

alleles across all loci. We then 

counted the number of allelic dif-

ferences between each geno-

type and the standard (most fre-

quent) genotype (see RESULTS 

section).

To infer overall genetic 

differentiation, Nei’s unbiased 

genetic distance (Nei, 1978) 

and Cavalli-Sforza and Edwards’ 

(1967) chord distance were cal-

culated between samples. Using 

allelic frequencies, we con-

structed a neighbor-joining (NJ; 

Saitou and Nei, 1987) tree with 

Cavalli-Sforza and Edwards 

(1967) chord distances and a 

continuous maximum-likelihood 

(CONTML; Felsenstein, 1973) 

tree. Confidences of tree topolo-

gies were tested by 1000 non-

parametric bootstrap pseudo-

replicates (Felsenstein, 1985). 

These analyses were performed 

with PHYLIP ver. 3.5C

(Felsenstein, 1993).

To reconstruct genetic rela-

tionships among samples of O. 

japonicus, we also conducted 

Fig. 1. Map of Japan showing the distributional range of 

Onychodactylus japonicus (shaded) and localities where sampling 

was conducted in the present study (open squares, N-Tohoku 

group; closed triangles, S-Tohoku group; open triangle, Tsukuba 

group; open circles, SW-Honshu group; open inverse triangle, Kinki 

group; closed inverse triangles, Shikoku group). Sample 15 was 

from a locality where the SW-Honshu and Shikoku groups were 

sympatric. For sample numbers, refer to Table 1.

Table 1. Species, sample numbers, localities, sample sizes, assigned genetic groups, and mean snout-

vent length (SVL) of adult males and females.

Species

Sample

no.

mean SVL* (n)

Locality n Group male female

Onychodactylus  1 Sai-mura, Aomori Pref. 10 N-Tohoku – –

japonicus  2 Taiwa-cho, Miyagi Pref.  6 N-Tohoku – –

 3 Yamagata-shi, Yamagata Pref.  8 N-Tohoku 59.0 (1) –

 4 Shichikashuku-machi, Miyagi Pref. 10 S-Tohoku – –

 5 Asahi-mura, Niigata Pref. 11 S-Tohoku – –

 6 Shirakawa-shi, Fukushima Pref. 10 SW-Honshu 63.1 (1) 69.2 (9)

 7 Daigo-machi, Ibaraki Pref. 10 SW-Honshu 59.4 (1) 67.6 (1)

 8 Sakuragawa-shi, Ibaraki Pref. 12 Tsukuba 67.0 (2) 65.1 (2)

 9 Naganohara-machi, Gunma Pref. 12 SW-Honshu 72.2 (8) 75.3 (2)

10 Izu-shi, Shizuoka Pref. 12 SW-Honshu – –

11 Shirakawa-mura, Gifu Pref. 10 SW-Honshu 67.9 (6) 75.0 (3)

12 Kamikitayama-mura, Nara Pref. 19 SW-Honshu 76.7 (2) 77.2 (5)

13 Kyoto-shi, Kyoto Pref. 10 Kinki 65.8 (1) 68.9 (1)

14 Kagamino-cho, Okayama Pref.  8 SW-Honshu – –

15 Hatsukaichi-shi, Hiroshima Pref. 59 SW-Honshu 66.1 (3) 71.3 (4)

Shikoku 68.7 (3) 68.7 (1)

16 Miyoshi-shi, Tokushima Pref.  9 Shikoku 66.9 (2) 73.3 (3)

17 Saijo-shi, Ehime Pref. 10 Shikoku – –

Salamandrella 18 Tsurui-mura, Hokkaido Pref. 10 – – –

keyserlingii

*SVL, tip of snout to anterior tip of vent in millimeters.
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multidimensional scaling (MDS) using SAS (SAS, 1985). This anal-

ysis can detect clinal and complicated relationships that might be 

overlooked in clustering procedures (Felsenstein, 1982). Because 

the results of MDS are stable regardless of the genetic distance 

used (Lessa, 1990), we used only Nei’s (1978) D in this study.

RESULTS

Two genetic types found in Sample 15

Within O. japonicus, all 14 loci scored were polymor-

phic, and 74 alleles were detected (Table 3). The most vari-

able loci were PGDH and PGM-3, each with eight alleles, 

followed by ATA-2 and MDH-1, each with seven alleles. In 

11 samples (2, 4–10, 12, 14, and 15), several loci showed 

significant deviation from HW expectations in heterozygote 

frequency. Most of these were heterozygote deficient. 

Table 2. Enzymes, loci, and buffer systems used in this study.

Enzyme E. C. number Locus Buffer system

Aconitate hydratase 4.2.1.3 ACOH-1 TC8

Aspartate transaminase 2.6.1.1 ATA-2 CAPM6, TC8

Glucose-6-phosphate isomerase 5.3.1.9 GPI CAPM6

Isocitrate dehydrogenase 1.1.1.42 IDH-1 TC7

Isocitrate dehydrogenase 1.1.1.42 IDH-2 TC7

L-lactate dehydrogenase 1.1.1.27 LDH-1 CAPM6

Malate dehydrogenase 1.1.1.37 MDH-1 CAPM6, TC8

Malate dehydrogenase 1.1.1.37 MDH-2 CAPM6, TC8

Peptidase (leucyl-glycine) 3.4.11.– PEPlg TBE8.7

Peptidase (leucyl-glycyl-glycine) 3.4.11.– PEPlgg TBE8.7

Phosphogluconate dehydrogenase 1.1.1.44 PGDH TC7

Phosphoglucomutase 5.4.2.2 PGM-1 TC7

Phosphoglucomutase 5.4.2.2 PGM-3 TC7

Superoxide dismutase 1.15.1.1 SOD TBE8.7

Table 3. Allele frequencies and genetic variation at 14 polymorphic loci among 19 samples of O. japonicus and S. keyserlingii . For sample 

numbers, refer to Table 1.

Sample

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15A 15B 16 17 18

O. japonicus
S.

keyserlingii

Locus n=10 n=6 n=8 n=10 n=11 n=10 n=10 n=12 n=12 n=12 n=10 n=19 n=10 n=8 n=26 n=27 n=9 n=10 n=10

ACOH-1 a0.050 b0.417 b0.250 b0.350 a0.136 a0.500 a0.600 a a0.958 a a0.900 a0.895 b a0.875 a0.981 a0.593 a0.111 b e

e0.850 c0.083 c0.250 c0.300 b0.819 b0.250 b0.400 b0.042 b0.100 b0.105 b0.125 b0.019 b0.370 b0.889

f0.100 d0.083 d0.125 d0.300 c0.045 c0.150 e0.037

e0.417 e0.375 f0.050 d0.100

ATA-2 c0.200 e c0.062 e c0.091 a0.100 e e0.292 e e b0.150 e0.974 d0.500 d0.062 e d b0.056 d e

e0.800 e0.938 e0.909 e0.900 f0.708 e0.800 g0.026 e0.500 e0.938 d0.944

g0.050

GPI d0.200 d0.500 d0.375 b0.050 e a0.050 d0.600 d d0.042 e0.958 e e e e d0.135 e0.963 d0.056 d0.150 c

e0.800 e0.500 e0.625 d0.100 d0.200 e0.400 e0.958 f0.042 e0.865 f0.037 e0.944 e0.850

e0.850 e0.700

f0.050

IDH-1 b b b b b b b b a0.083 b b b b b b b b b b

b0.917

IDH-2 c c c c a0.045 c c0.350 c c c c b0.026 c c0.688 c c c c c

c0.955 d0.650 c0.974 d0.312

LDH-1 b b b b b a0.050 b b b b b b0.974 b b b b b0.944 b c

b0.950 d0.026 d0.056

MDH-1 b b b b0.100 a0.277 b0.85 b0.950 d b b b b b b b b b b e

c0.850 b0.273 c0.050 f0.050

g0.050 c0.455 f0.100

f0.045

MDH-2 b b b b a0.045 b b b b a0.042 b b b0.950 b0.375 b b b b c

b0.819 b0.958 d0.050 d0.625

e0.136

PEPlg c0.200 d d c b0.182 d d d d d d d d d d d d d a

d0.800 c0.818

PEPlgg b0.350 b0.167 b0.062 c b0.045 b0.350 b0.750 c a0.125 a0.042 c b0.026 b b0.187 c c b0.056 c c

c0.650 c0.583 c0.688 c0.910 c0.650 c0.250 b0.375 b0.042 c0.974 c0.813 c0.944

d0.250 d0.250 d0.045 c0.500 c0.916

PGDH c c a0.125 c a0.045 c0.150 c0.650 c0.917 c0.250 c0.458 c0.550 c0.105 c c0.187 c c c0.889 a0.050 b

c0.875 c0.955 f0.600 f0.350 d0.083 f0.542 f0.125 e0.150 f0.895 f0.250 f0.111 c0.950

g0.250 g0.167 g0.417 f0.150 g0.563

h0.041 g0.150

PGM-1 b b b b b a0.050 b b a0.083 b b b b0.900 b b b0.981 b b c

b0.950 b0.917 e0.100 d0.019

PGM-3 e0.600 c0.083 c0.062 e0.950 e0.955 b0.200 b0.100 e b0.292 c b0.050 b0.105 b0.200 c c e c0.056 e d

f0.400 e0.667 e0.563 h0.050 h0.045 c0.600 c0.800 c0.708 c0.950 c0.895 c0.550 e0.944

f0.250 f0.250 e0.200 g0.100 e0.250

h0.125

SOD c c c b0.700 b0.545 b b c b0.833 b0.958 b b b0.150 b b b b a0.050 b

c0.100 c0.455 c0.125 c0.042 c0.850 b0.900

d0.200 d0.042 c0.050

A  1.50  1.57  1.79  1.71  2.07  2.14  1.57  1.14  1.86  1.50  1.50  1.50  1.43  1.50  1.14  1.29  1.50  1.29 1

(S.E.)  0.17  0.27  0.30  0.29  0.25  0.29  0.17  0.10  0.25  0.20  0.25  0.14  0.17  0.17  0.10  0.16  0.14  0.16 0

P 42.86 28.57 42.86 35.71 71.43 64.29 50.00 14.29 57.14 35.71 28.57 50.00 35.71 42.86 14.29 21.43 50.00 21.43 0

H  0.171  0.131  0.205  0.114  0.182  0.186  0.186  0.018  0.167  0.071  0.107  0.053  0.114  0.125  0.016  0.053  0.071  0.043 0

(S.E.)  0.067  0.066  0.077  0.054  0.057  0.056  0.068  0.013  0.063  0.047  0.062  0.020  0.051  0.051  0.014  0.045  0.022  0.025 0
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Salamandrella keyserlingii had unique alleles for eight loci 

and was monomorphic at all loci examined.

For samples that possessed loci with heterozygote 

deficiency, we estimated the genotypic similarity among 

individuals by a method similar to that employed by 

Tominaga et al. (2003). As a result, we found no bimodal 

distribution of genotypic similarity in any of the samples 

examined (data not shown), except for Sample 15 from 

Hatsukaichi-shi, Hiroshima Prefecture, Chugoku District, 

western Honshu.

In Sample 15, five of 14 loci examined were polymorphic 

(Table 3), and heterozygote deficiencies were found in two 

of them (ATA-2 and PGM-3). For calculation of genotypic 

similarity, we assumed two loci as diagnostic and used only 

these to exclude noise derived from polymorphisms in non-

diagnostic loci. We divided all 59 specimens examined into 

five genotypes by differences in allelic composition. Of these 

five, a homozygous genotype possessing dd at ATA-2 and 

ee at PGM-3 was most frequent (N=27), and we thus 

regarded this genotype as the standard one. Then we cal-

culated genotypic similarity by simply counting the number 

of allelic differences between each genotype and the stan-

dard genotype. As a result, we recognized a bimodal distri-

bution of the genotypic similarity score in this sample (Fig. 

2). Of the 59 total specimens, 27 and 26 specimens, respec-

tively, showed genotypic similarity of 0 (standard genotype) 

and 4 (most different genotype), with the remaining six spec-

imens in between (genotypic similarity=1–3).

From this result, we suspected that specimens from 

Sample 15 actually consist of two distinct genetic types, with 

several hybrids. We thus divided this sample into two sub-

samples, 15A and 15B (genotypic similarity=4 and 0, 

respectively) in later analyses by omitting six intermediate 

individuals that were most likely to be hybrids. In each of 

these subsamples, no locus showed significant deviation 

from the HW expectation, and Nei’s (1978) D between them 

was 0.160.

Within-population variation

Within Onychodactylus, after splitting Sample 15 into 

two subsamples (15A and 15B; see above), the mean 

number of alleles per locus (A) varied from 1.14–2.14, the 

proportion of polymorphic loci (P) from 14.29–71.43, and the 

mean heterozygosity by direct count (H) from 0.016–0.205. 

The highest A, P, and H values were observed in Samples 

6, 5, and 3, respectively, whereas the lowest A, P, and H 

values were in Samples 8 and 15A, 8 and 15A, and 15A, 

respectively (Table 3). We observed a large Fst (Wright, 

1965), with a mean of 0.60 (range=0.04–0.89) and large 

values for the PEPlg (0.89), SOD (0.78), MDH-1 (0.74), 

ATA-2 (0.71), and PGM-3 (0.63) loci.

Overall population differentiation

The relative magnitudes of the pairwise Nei’s (1978) dis-

tances and the chord distances of Cavalli-Sforza and 

Edwards (1967) were similar (Table 4), and only the Nei’ Ds 

Fig. 2. Frequency distribution of genotypes in Sample 15, 

expressed in terms of genotypic similarity relative to the standard 

(most common) genotype for ATA-2 and PGM-3. The homozygous/

heterozygous complement of alleles for the two loci (ATA-2/PGM-3) 

is shown on the bar for each genotype. N, number of specimens.

Table 4. Nei’s unbiased genetic distance (above diagonal) and Cavalli-Sforza and Edwards’ chord distance (below diagonal) for O. 

japonicus (Samples 1–17) and S. keyserlingii (Sample 18).

Sample 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15A 15B 16 17 18

 1 – 0.024 0.021 0.268 0.203 0.242 0.304 0.283 0.246 0.262 0.340 0.311 0.163 0.353 0.232 0.235 0.252 0.252 1.092

 2 0.057 – 0.000 0.267 0.194 0.205 0.241 0.225 0.235 0.249 0.350 0.295 0.129 0.337 0.217 0.227 0.217 0.206 1.159

 3 0.062 0.015 – 0.259 0.196 0.192 0.259 0.236 0.218 0.226 0.325 0.267 0.146 0.313 0.200 0.218 0.217 0.209 1.143

 4 0.229 0.216 0.209 – 0.034 0.296 0.429 0.422 0.375 0.340 0.317 0.376 0.413 0.438 0.291 0.272 0.270 0.272 1.020

 5 0.195 0.195 0.188 0.076 – 0.278 0.392 0.382 0.334 0.311 0.266 0.344 0.278 0.387 0.264 0.225 0.206 0.204 1.065

 6 0.236 0.194 0.201 0.236 0.232 – 0.081 0.413 0.015 0.041 0.135 0.024 0.225 0.071 0.071 0.185 0.187 0.222 0.980

 7 0.256 0.215 0.238 0.317 0.289 0.085 – 0.465 0.095 0.127 0.226 0.138 0.214 0.132 0.124 0.291 0.291 0.320 1.246

 8 0.228 0.214 0.226 0.326 0.313 0.317 0.337 – 0.443 0.424 0.536 0.485 0.471 0.556 0.401 0.352 0.405 0.392 1.426

 9 0.222 0.215 0.223 0.300 0.267 0.053 0.086 0.321 – 0.026 0.120 0.021 0.226 0.062 0.054 0.222 0.257 0.303 1.095

10 0.224 0.223 0.223 0.286 0.253 0.075 0.119 0.311 0.042 – 0.086 0.035 0.284 0.037 0.017 0.194 0.240 0.278 1.016

11 0.243 0.227 0.228 0.276 0.246 0.078 0.114 0.324 0.056 0.027 – 0.113 0.375 0.141 0.088 0.253 0.293 0.332 1.022

12 0.262 0.247 0.248 0.298 0.267 0.062 0.100 0.350 0.041 0.045 0.035 – 0.327 0.065 0.061 0.226 0.252 0.299 1.016

13 0.184 0.138 0.162 0.296 0.234 0.189 0.178 0.354 0.174 0.215 0.212 0.224 – 0.325 0.252 0.230 0.190 0.195 1.599

14 0.285 0.271 0.276 0.331 0.294 0.094 0.104 0.386 0.077 0.054 0.067 0.074 0.216 – 0.076 0.256 0.290 0.334 1.061

15A 0.213 0.196 0.199 0.253 0.237 0.100 0.100 0.276 0.076 0.034 0.032 0.058 0.212 0.090 – 0.160 0.203 0.235 1.024

15B 0.221 0.215 0.220 0.241 0.210 0.186 0.236 0.286 0.209 0.177 0.158 0.188 0.193 0.205 0.150 – 0.014 0.024 1.210

16 0.231 0.152 0.207 0.232 0.206 0.158 0.197 0.308 0.196 0.188 0.155 0.172 0.152 0.196 0.162 0.027 – 0.001 1.231

17 0.222 0.177 0.183 0.220 0.199 0.207 0.246 0.297 0.251 0.235 0.206 0.235 0.160 0.251 0.196 0.038 0.021 – 1.258

18 0.625 0.639 0.639 0.611 0.625 0.616 0.661 0.697 0.628 0.604 0.607 0.603 0.727 0.620 0.600 0.654 0.669 0.670 –
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are described below. Salamandrella keyserlingii differed 

from samples/subsamples of O. japonicus with large genetic 

distances (range=0.980–1.599, mean=1.148). Nei’s D varied 

between samples/subsamples of O. japonicus, with the 

mean of all pairs being 0.236. The greatest D (0.556) was 

observed between Samples 8 (Tsukuba Mountains) and 14 

(Chugoku Mountains), while the smallest (0.000) was found 

between Samples 2 and 3 from adjacent localities.

As shown in Fig. 3, the topologies of the dendrograms 

constructed by NJ and CONTML were nearly identical, and 

six major groups were consistently recognized: northern 

Tohoku (N-Tohoku: Samples 1–3); southern Tohoku (S-

Tohoku: 4 and 5); Tsukuba mountains (8); southwestern 

Honshu (SW-Honshu: 6, 7, 9–12, 14, and 15A); Kinki (13); 

Shikoku (15B, 16, and 17).

The N-Tohoku group was supported moderately (74%) 

in the NJ analysis but not significantly (<50%) in the 

CONTML analysis. Allele ACOH-1 (e) was relatively fre-

quent in and nearly unique to this group. In addition, the fix-

ation of SOD allele (c) was also characteristic of this group 

(Table 3; Fig. 4). The Fst value for this group was 0.08. The 

S-Tohoku group was highly supported in both analyses 

(90% and 84%), and samples of this group possessed 

nearly unique alleles MDH-1 (c) and PEPlg (c) (Table 3; Fig. 

4). The Fst value for the S-Tohoku group was 0.10.

The SW-Honshu group, distributed over the widest 

range covering the southwestern half of the mainland 

Honshu, was moder-

ately supported in both 

analyses (63% and 

60%). This group con-

tained the sample 

close to the type locality 

(Sample10), and one of 

the two subsamples 

divided according to 

genotypic similarity 

(15A; see above) was 

also included in this 

group. There were no 

unique alleles in this 

group, but the allelic 

frequencies for ACOH-

1 and PGM-3 were 

characteristic (Table 

3; Fig. 4), and the Fst

value for this group 

was 0.35. The degree 

of genetic differentia-

tion within this group 

was relatively high 

(Nei’s D=0.015–0.226; 

Table 4). Although a 

sample from eastern-

most part of the range 

(Sample 7) tended to 

diverge from the oth-

ers with large D values 

(0.081–0.226), no sig-

nificant geographic sub-

division was found 

within this group.

The Shikoku group comprised two samples from 

Shikoku (Samples 16 and 17) and extralimital Subsample 

15B from Honshu. This group was moderately supported 

(66% and 62%) in the NJ and CONTML analyses, and was 

nearly fixed for ATA-2 (d), which is rare in other groups, and 

PGM-3 (e), which was rare in the neighboring SW-Honshu 

group (Table 3; Fig. 4). The Fst value for the Shikoku group 

was 0.19. 

Fig. 3. (A) Neighbor-joining tree based on the Cavalli-Sforza and 

Edwards (1967) chord distance. (B) Continuous maximum likelihood 

tree. Nodal values indicate the bootstrap support (1000 replicates). 

Scales in (A) and (B) indicate the Cavalli-Sforza and Edwards chord 

distance. For sample numbers, refer to Fig. 1 and Table 1.

Fig. 4. Pie graphs for four typical loci in O. japonicus, showing geographical changes in allelic frequencies. 

Large circles indicate sample sizes over 15; middle circles, sample sizes between 10 and 15; small circles, sam-

ples sizes under 10.
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The Tsukuba group consisted of only Sample 8 from 

Tsukuba Mountains. This group was the most divergent 

from other groups, with mean D of 0.405 (0.225–0.556; 

Table 4). In this group, MDH-1 was fixed for a unique allele 

(d), and another unique allele ATA-2 (f) was found at high 

frequency (Fig. 4). Allele GPI (c), which was rare in other 

groups, was also observed at high frequency (Table 3).

Finally, the Kinki group was composed of only Sample 

13 from Kyoto in Kinki district. This group had no unique 

alleles, but was characterized by high frequencies of the 

PEPlgg (b) and SOD (c) alleles, which were rare and 

absent, respectively, in samples from adjacent localities 

(Table 3; Fig. 4). For the ATA-2 and PGM-3 loci, samples of 

this group possessed allele frequencies intermediate 

between the SW-Honshu and Shikoku groups (Fig. 4).

Among these six groups, mean Nei’s (1978) genetic dis-

tances ranged from 0.146–0.471, and the smallest and 

largest values were observed between the N-Tohoku and 

Kinki, and the Tsukuba and Kinki groups, respectively. The 

branching order was nearly identical between the NJ and 

CONTML trees. In these trees, a basal split separated the 

S-Tohoku group from the others, and then the N-Tohoku 

and Tsukuba groups formed a cluster and diverged from the 

remaining three groups (SW-Honshu, Kinki, and Shikoku), 

among which relationships were nearly trichotomous.

In applying MDS to our data, we repeated the estimation 

procedure for two-dimensional resolution until the converg-

ing values reached less than 0.01. A badness-of-fit standard 

value of 0.045 was finally achieved. Two-dimensional plots 

of the MDS (Fig. 5) separated the six groups recognized in 

the cluster analyses. Samples of the SW-Honshu group 

were dispersed in the MDS space, whereas those of the N-

Tohoku and Shikoku groups were close together. Two 

samples of the S-Tohoku group were relatively distant from 

each other, and the Tsukuba group was distant from the 

other groups.

DISCUSSION

Two genetic types in Sample 15

From the bimodal distribution of genotypic similarity for 

two loci, we split Sample 15 into two subsamples. Both the 

cluster and the MDS analyses supported this division by 

clearly showing the inclusion of Subsample 15A in the SW-

Honshu group and 15B in the Shikoku group. This finding is 

also concordant with the study by Yoshikawa et al. (2008) 

using mtDNA analysis, which clarified the sympatry of mito-

chondrial Sublade III-C (a Clade-III subclade distributed in 

southwestern Honshu) and IV-B (distributed mainly in 

Shikoku) in the sample from this locality. From the geo-

graphic information and their allocations in the trees, it is 

clear that Subsamples 15A and 15B in the present study 

correspond to Subclades III-C and IV-B, respectively. These 

results indicate the sympatric distribution of two genetic 

types in Sample 15. Although six individuals (10.2% of all 

individuals examined) were regarded as hybrids, this per-

centage would be low enough to lead the conclusion that 

there are some pre- and/or post-mating isolation mecha-

nisms between the two genetic types. If these two types 

mated freely with each other, the proportion of hybrids would 

be much higher. This genetic isolation in a sympatric locality 

strongly suggests different specific status for the two genetic 

types. Because the type locality of O. japonicus is included 

in the range of the SW-Honshu group, the Shikoku group 

should be separated from this name.

Two sympatric, closely related salamanders, Hynobius 

naevius and H. yatsui (formerly called Hynobius naevius

Groups A and B, respectively), are differentiated by body 

size and some ecological features, such as breeding habits 

and larval life history, to avoid competition (Tominaga et al., 

2003, 2005). However, from the limited number of our adult 

specimens, such a body size difference seems unlikely in O. 

japonicus (Table 1). Moreover, we found larvae of both 

types simultaneously in a single stream (Yoshikawa et al., 

unpublished data).

To reveal the factors enabling the coexistence of these 

two genetic types, detailed morphological surveys and fur-

ther field observations are strongly required. Even so, repro-

ductive isolation between the two genetic types, i.e., the 

SW-Honshu and Shikoku groups, is almost certain, and they 

should be treated as separate biological species in future 

studies.

Genetic differentiation among samples of O. japonicus
Based on the cluster analyses and MDS of the allozyme 

data, we recognized six genetic groups within O. japonicus.

(N-Tohoku, S-Tohoku, Tsukuba, SW-Honshu, Kinki, and 

Shikoku). These groups do not contradict those recognized 

in the previous mtDNA analysis (Yoshikawa et al., 2008). 

Based on the geographic allocations, it is certain that the N-

Tohoku, S-Tohoku, Tsukuba, SW-Honshu, Kinki, and 

Shikoku groups correspond to mitochondrial Clade I, Sub-

clade II-A, Subclade II-B, Clade III, Subclade IV-A, and Sub-

clade IV-B, respectively.

Although we could not clarify the relationships among 

these groups, genetic divergences among them were large 

(mean Nei’s (1978) D=0.146–0.471). The Tsukuba group 

was most divergent from the other groups. This was unex-

Fig. 5. Two-dimensional scattergram of the multidimensional scal-

ing (MDS) based on Nei’s (1978) unbiased genetic distances among 

samples of O. japonicus. The N-Tohoku, S-Tohoku, Tsukuba, SW-

Honshu, Kinki, and Shikoku groups are indicated as open squares, 

closed triangles, open triangle, open circles, open inverse triangle, 

and closed inverse triangles, respectively. For sample numbers, 

refer to Fig. 1 and Table 1.
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pected, because samples from Tsukuba (mtDNA Subclade 

II-B) formed a well-supported sister group of II-A (=S-

Tohoku group), with only moderate mtDNA differentiation 

(Yoshikawa et al., 2008). This result is likely due to a rapid 

rate of evolution of the allozyme genes in the Tsukuba 

group. This group has a limited distribution in the Tsukuba 

Mountains, and was estimated from mtDNA data 

(Yoshikawa et al., 2008) to have separated from Subclade 

II-A (=S-Tohoku) about 2.8 Ma. If we apply a molecular 

clock for salamanders of 1D=14 MY (Maxon and Maxon, 

1979), 2.8 MY of mitochondrial divergence time would result 

in a Nei’s (1978) D of 0.2, which is about half the actual D 

value between the Tsukuba and S-Tohoku groups (mean 

D=0.402) and is even smaller than the distance between the 

Tsukuba group and any other group. This may suggest that 

genetic differentiation, in terms of allozymes, of the Tsukuba 

group had been accelerated by some stochastic factors, as 

the result of population isolation, or founder or bottleneck 

effects. Small, isolated populations can be strongly affected 

by such effects to form a unique allele composition 

(Frankham et al., 2002). The low A, P, and H values for this 

sample also seem to support this idea.

Although the ranges of the N-Tohoku and Kinki groups 

are interrupted by the ranges of the S-Tohoku and SW-

Honshu groups, the former were genetically close to each 

other, with the smallest mean D (0.146). Because the 

mtDNA results did not support a sister relationship between 

these two groups, this small distance may also have been 

caused by stochastic noise, such as parallel retention of 

ancestral polymorphisms.

As mentioned above, the D value between the two sym-

patric genetic types (Subsamples 15A and 15B), whose dif-

ferent specific status is almost certain, was 0.160. This 

value is close to or slightly greater than minimum distances 

reported between distinct species of other salamander 

lineages, e.g., Nei’s (1972) D=0.15 for Plethodon (Highton, 

1989, 1990, 1999); Nei’s (1978) D=0.11 for Hynobius (Kim 

et al., 2007). If we use a D value of 0.160 as the criterion 

for separating species, it is possible that some or all of the 

groups recognized in this study represent different species. 

However, further genetic and morphological comparisons 

are necessary to reach a conclusion on this issue.

The parapatric N-Tohoku, S-Tohoku, and SW-Honshu 

groups seemed to be genetically discontinuous at several 

loci, suggesting restricted gene flow between them. Kinki 

group, represented by a single sample, retained unique 

allelic compositions for two loci, despite its geographical 

distribution within the range of the SW-Honshu group. 

Yoshikawa et al. (2008) found a sympatric distribution of 

mtDNA Subclade IV-A (=Kinki group) and Clade III (=SW-

Honshu group) in the Kinki District. The sample representing 

the Kinki group (Sample 13) was not from the locality of 

sympatry, but its maintenance of unique nuclear gene 

markers against the SW-Honshu group may suggest repro-

ductive isolation between the two groups. More detailed 

studies with dense sampling around the contact zones are 

necessary to clarify their taxonomic relationship.

Within the N-Tohoku group, extensive genetic diver-

gences among samples had been observed in mtDNA, but 

allozymic differentiation between them was very low despite 

inclusion of the northern- and southernmost samples. This 

conflict may have resulted from the difference in modes of 

inheritance between nuclear and mitochondrial markers. 

There was no consistent geographic genetic structure within 

the SW-Honshu group, although three distinct and moder-

ately differentiated subclades were recognized in mtDNA 

(Yoshikawa et al., 2008). This conflict between the two 

markers may have resulted from insufficient variability in 

allozymes (Murphy et al., 1996).

Genetic distances between samples of the Shikoku 

group from Shikoku and Honshu were small (Nei’s 

D=0.001–0.024), although these groups are isolated by the 

Seto Inland Sea. This result is congruent with that of mtDNA 

and suggests recent dispersal of this group from Shikoku 

onto mainland Honshu during the last glacial age across the 

area of the current Seto Inland Sea, which disappeared 

during low sea-level stands (Yoshikawa et al., 2008).

Using the correlation between D values and time of sep-

aration (Maxon and Maxon, 1979; see above), divergence 

times among groups of O. japonicus were estimated as 4.19 

Ma (range=2.72–6.13) for the S-Tohoku group from all other 

groups; 3.46 Ma (1.81–4.94) for the N-Tohoku group from 

the SW-Honshu, Kinki, and Shikoku groups; 3.7 Ma (2.59–

5.25) for the SW-Honshu group from the Kinki and Shikoku 

groups; and 2.87 Ma (2.66–3.22) for the Kinki and Shikoku 

groups. These estimates largely overlap, though the last has 

a lower maximum value than the others. At the same time, 

however, these values suggest rapid or simultaneous sepa-

ration of the N-Tohoku, S-Tohoku, SW-Honshu, and ances-

tral Kinki-Shikoku groups, and later divergence of the Kinki 

and Shikoku groups, and this is concordant with the hypoth-

esis by Yoshikawa et al. (2008) derived from mtDNA data, 

although the absolute divergence times estimated from the 

allozyme data are slightly younger than those obtained from 

mtDNA. This general concordance between the allozyme 

and mitochondrial data strengthens the hypothesis, at least 

concerning the order of divergence events in O. japonicus.
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