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We conducted an electrophoretic survey to examine systematic relationships of a lotic-breeding 
salamander Hynobius okiensis endemic to Dogo Island of the Oki Islands, Japan, with several lentic 
and lotic-breeding Japanese species. Genetically H. okiensis with 2n=56 chromosomes was closer 
to the lentic-breeding H. nebulosus group (H. nebulosus and H. dunni) with the same chromosome 
number than to the lotic-breeding H. naevius group (H. naevius and H. kimurae) and H. boulengeri
with 58 chromosomes. Chromosome number reduction from 58 to 56, possibly accompanied with 
a change in breeding environment from streams to still waters, is estimated to have first occurred 
in the nebulosus group of Hynobius. A reversal only in breeding habits then seems to have followed 
in steep, montane environments of the small island of Dogo, resulting in the speciation of H. okiensis.
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INTRODUCTION

The Oki salamander, Hynobius okiensis Sato, 1940, 
occurs on Dogo Island, the largest of the Oki Island Group, 
in the Japan Sea, 80 km off the coast of Shimane in the 
San’in District of mainland Honshu (Matsui, 1997). The 
island is nearly circular in shape, with a diameter of about 
17–18 km, and because the salamander is endemic to this 
limited area, it has been listed as a threatened species in 
IUCN (IUCN, 1996) and the Japanese Red Data Book 
(Matsui, 2000).

There are two groups in Hynobius that exhibit different 
modes of breeding (i.e., lentic and lotic). Hynobius okiensis
was originally described as a member of the lotic-breeding 
H. naevius group (Sato, 1940) that includes H. naevius
(Temminck and Schlegel, 1838), H. kimurae Dunn, 1923, 
and H. stejnegeri Dunn, 1923, because of its stream-
dwelling larvae and stout body and clearly marked dorsum 
in adults.

Sato (1940), however, noted that H. okiensis showed 
some characteristics of the lentic-breeding H. nebulosus
group, such as absence of claws on the tips of the digits in 
larvae, and posteriorly compressed tail, long and fragile 
limbs, and presence of a small protuberance at the anterior 
tip of the vent in adult males. He also recognized in skull 
characteristics of H. okiensis intermediate conditions bet-

ween the two groups, and concluded that H. okiensis is clos-
est to the nebulosus group among species of the naevius
group.

In his original description, Sato (1940) illustrated a kary-
otype obtained by sectioning, but did not mention it in the 
text. Later, Seto et al. (1987) obtained a Giemsa-stained 
karyotype for this species and determined the diploid 
chromosome number to be 2n=56 like all species of lentic 
breeding Japanese Hynobius (Seto et al., 1988), instead of 
58 chromosomes as in the lotic breeders (Iizuka and 
Kakegawa, 1989). Viable F1 hybrids between female H. 
okiensis and male H. nebulosus were artificially obtained by 
Ouji et al. (1986), but there have been no additional reports 
since then. No additional studies have been done on other 
aspects, either, and the systematic relationships of H. 
okiensis remained unresolved.

Studies of Japanese small salamanders of the genus 
Hynobius have demonstrated that electrophoresis is partic-
ularly useful for clarifying the taxonomic status and system-
atic relationships of these animals (e.g., Matsui, 1987; 
Matsui et al., 2001, 2002, 2006). This study provides elec-
trophoretic evidence that indicates closer affinity of H. 
okiensis to H. nebulosus than to H. naevius, and discusses 
the evolution of breeding habits among Japanese Hynobius.

MATERIALS AND METHODS

Because populations of many Japanese small salamanders are 
in decline, and especially because H. okiensis is listed in the Red 
Data Books, we should refrain from collecting large numbers of 
specimens. Bearing this in mind, we used a total of 66 salamanders 
(eight populations): H. okiensis from Dogo (=Oki) island, Shimane 
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Prefecture (Populations 1–3); two lentic-breeding salamanders with 
2n=56 chromosomes [H. nebulosus from Izumo-shi, Shimane 
Prefecture (Population 4) and H. dunni Tago, 1931 from Bungo-
takada-shi, Oita Prefecture (Population 5)]; and three lotic-breeding 
salamanders with 2n=58 chromosomes [H. naevius from Unnan-shi, 
Shimane Prefecture (Population 6), H. kimurae from Unnan-shi, 
Shimane Prefecture (Population 7), and H. boulengeri (Thompson, 
1912) from Kamikitayama-mura, Nara Prefecture (Population 8)]. 
The samples of H. kimurae and H. naevius were syntopic (Fig. 1).

Following Nishikawa et al. (2001), we used larvae in addition to 
metamorphs, because larvae are much easier to collect and place 
less sampling pressure on natural populations than metamorphs. To 
minimize the underestimation of genetic variation (Nishikawa et al., 
2001), we randomly collected eggs or larvae from different water 
bodies in a locality and reared them to Stages 63 to 66 of Iwasawa 
and Yamashita (1991).

Samples of liver were removed from anesthetized salamanders 
and maintained frozen at –84°C until use for electrophoresis. 
Voucher specimens were fixed in 10% formalin, later preserved in 
70% ethanol for metamorphs and 50% ethanol for larvae, and 
stored in the Graduate School of Human and Environmental Stud-
ies, Kyoto University (KUHE) or Mr. Okada’s (O) or Mr. Tanabe’s 
(T) private collections (see Appendix 1). We analyzed homogenized 
tissue extracts by standard horizontal starch gel electrophoresis 
(Murphy et al., 1996) at a concentration of 11.5%. We scored the 
products of 24 loci encoding 17 allozymes for all individuals, as 
shown in Table 1.

Genetic interpretations of allozyme data follow Nishikawa et al. 
(2001). Enzyme nomenclature, E. C. numbers, and the notation of 
loci, electromorphs, and genotypes mainly follow Murphy et al. 
(1996) and IUBMB (1992). Electromorphs were designated by let-
ters, with “a” representing the most rapidly migrating variant.

We calculated all statistics using the BIOSYS-1 computer pro-
gram (Swofford and Selander, 1981) and computed standard esti-
mates of genetic variability, i.e., mean heterozygosity by direct 
count (H), proportion of polymorphic loci (P), and the mean number 
of electromorphs per locus (A), for each sample.

To estimate overall genetic differentiation among samples, we 
used Nei’s (1978) unbiased genetic distance (D) and Cavalli-Sforza 
and Edwards’ (1967) chord distance. Wiens (2000) reported that in 
the analyses of data sets that include polymorphic characters, such 
as allozymes, distance and maximum likelihood methods are supe-
rior to some kinds of simple parismony analyses. We thus estimated 
genetic relationships among species by a neighbor-joining (NJ) 
analysis (Saitou and Nei, 1987) using Cavalli-Sforza and Edwards’ 
(1967) chord distances, and by a maximum likelihood (ML) analysis 
employing Felsenstein’s (1993) CONTML algorithm. We rooted NJ 
and ML trees with the outgroup H. boulengeri (Population 8), 
because this species was originally described as a distinct genus, 
Pachypalaminus (Thompson, 1912), and this classification was fol-
lowed until recently (see Nishio et al., 1987). This species thus 
appears to be well differentiated from the remaining Japanese 
Hynobius species. We tested the degree of support for nodes of the 
resultant trees by 1,000 nonparametric bootstrap pseudoreplicates 
(Felsenstein, 1985). We performed these analyses with PHYLIP 
vers. 3.5 C (Felsenstein, 1993).

RESULTS

Of the 24 presumptive loci examined in all individuals, 

Fig. 1. Map of the Chugoku district of Honshu, Japanese main-
land, showing sampling localities for the Hynobius species used in 
this study. Dotted line indicates the 100-m depth contour. For sam-
ple numbers, refer to text.

Table 1. Enzymes, E. C. number, locus notation, and buffer sys-
tems used in the analyses of allozyme variations in Hynobius species. 
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), TBE8.7: Tris-borate-EDTA, pH=8.7 (Boyer et al., 1963). 
*NADP-dependent malate dehydrogenase.

Enzyme
E.C. 
number Locus

Buffer 
system

Aconitate hydratase 4.2.1.3 mACOH-A TC8
Aconitate hydratase 4.2.1.3 sACOH-A TC8
Aspartate transaminase 2.6.1.1 mATA-A CAPM6

Aspartate transaminase 2.6.1.1 sATA-A CAPM6,TC7
Fumarate hydratase 4.2.1.2 FUMH-A TBE8.7
Glucose-6-phosphate isomerase 5.3.1.9 GPI-A CAPM6

Glutamate dehydrogenase 1.4.1.3 GTDH-A TC8
Glycerol-3-phosphate dehydrogenase 1.1.1.8 G3PDH-A TC8
3-Hydroxybutyrate dehydrogenase 1.1.1.30 HBDH-A CAPM6

Isocitrate dehydrogenase 1.1.1.42 mIDH-A TC7
Isocitrate dehydrogenase 1.1.1.42 sIDH-A TC7
L-Lactate dehydrogenase 1.1.1.27 LDH-A CAPM6,TC7

L-Lactate dehydrogenase 1.1.1.27 LDH-B CAPM6,TC7
Malate dehydrogenase 1.1.1.37 mMDH-A CAPM6,TC8
Malate dehydrogenase 1.1.1.37 sMDH-A CAPM6,TC8

Malic enzyme* 1.1.1.40 mMDHP-A TC7
Malic enzyme* 1.1.1.40 sMDHP-A TC7
Peptidase (leucyl-alanine) 3.4.11.– PEP-la TBE8.7

Peptidase (leucyl-glycine) 3.4.11.– PEP-lg TBE8.7
Phosphoglucomutase 5.4.2.2 PGM-A TC7
Phosphoglucomutase 5.4.2.2 PGM-C TC7

Phosphogluconate dehydrogenase 1.1.1.44 PGDH-A TC7
Sorbitol dehydrogenase 1.1.1.14 SDH-A CAPM6
Superoxide dismutase 1.15.1.1 sSOD-A TBE8.7
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Table 2. Allele frequencies at 20 polymorphic loci among samples studied. For population number, refer to text.

Locus Allele

Species 
Population 
(n)

Hynobius okiensis
H.

nebulosus
H.

dunni
H.

naevius
H.

kimurae
H.

boulengeri

1
(8)

2
(3)

3
(2)

4
(12)

5
(9)

6
(6)

7
(16)

8
(10)

mACOH-A a 1.000 0.969
b 0.938 0.667 0.750 1.000 1.000 0.031 1.000
c 0.062 0.333 0.250

sACOH-A a 1.000 1.000 1.000 1.000
b 1.000 1.000 1.000 1.000

mATA-A a 0.563 0.500 0.750 1.000 1.000 1.000 1.000
b 0.437 0.500 0.250 1.000

sATA-A a 0.187 0.500 0.250 1.000 0.150
b 0.813 0.500 0.750 1.000 1.000 0.850
c 1.000

FUMH-A a 0.062 0.056 0.900
b 0.813 1.000 1.000 1.000 0.944 1.000 0.844 0.100
c 0.125 0.156

GPI-A a 0.833
b 0.938 1.000 1.000 0.125 0.167 1.000 1.000
c 0.062 0.875 1.000

G3PDH-A a 0.062
b 1.000 1.000 1.000 1.000 1.000 1.000 0.938 1.000

HBDH-A a 0.167 0.250
b 1.000 0.833 0.750 1.000
c 0.944 1.000 1.000
d 0.056 1.000

sIDH-A a 1.000
b 1.000
c 1.000 1.000 1.000 1.000
d 1.000 1.000

LDH-A a 1.000
b 1.000 1.000 1.000 1.000 1.000 1.000 1.000

LDH-B a 0.750 1.000 1.000 0.083
b 0.250 0.917 0.833 0.050
c 0.167 1.000 0.950
d 1.000

mMDH-A a 1.000 0.056
b 1.000 1.000 1.000 0.944 1.000 1.000 1.000

sMDH-A a 1.000
b 1.000
c 1.000
d 0.938 1.000 1.000 1.000 1.000
e 0.062

mMDHP-A a 1.000
b 0.750 1.000 1.000
c 1.000 1.000 1.000 0.250 1.000

sMDHP-A a 0.250 0.167 0.250
b 0.750 0.833 0.750 1.000 1.000 1.000 1.000
c 1.000

PEP-la a 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.800
b 0.200

PGM-A a 0.083
b 1.000 1.000 1.000 0.917 1.000 1.000 1.000 1.000

PGM-C a 1.000
b 1.000 1.000 1.000 0.056 1.000
c 0.833 0.500 1.000
d 0.167 0.444

PGDH-A a 0.094 0.750
b 1.000 1.000 1.000 0.167 0.111
c 0.833 0.889 1.000 0.906 0.250

sSOD-A a 1.000 1.000 1.000 0.208
b 0.792 1.000 0.125 0.400
c 1.000 0.875 0.600

A 1.4 1.2 1.2 1.3 1.3 1.1 1.2 1.3
P 33.3 20.8 20.8 29.2 20.8 8.3 16.7 25.0
H 0.083 0.083 0.104 0.056 0.065 0.014 0.039 0.054
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GTDH-A, mIDH-A, PEP-lg, and SDH-A were fixed identically 
in all samples. The remaining 20 loci were all polymorphic 
(Table 2); the most variable locus was sMDH-A, with five 
alleles, and next were HBDH-A, sIDH-A, LDH-B, and PGM-
C, each with four alleles. The mean number of electromor-
phs per locus (A) varied from 1.1–1.4, the percentage of 
polymorphic loci (P) from 8.3–33.3, and the mean heterozy-
gosity (H) from 0.014–0.104. The highest values in A and P 
and in H were found for Populations 1 and 3, respectively, 
while Population 6 exhibited lowest variability in A, P, and H.

We detected four unique alleles, mACOH-A (c), HBDH-
A (a), sMDH-A (e), and sMDHP-A (a), in the samples of H. 
okiensis (Populations 1–3); one unique allele in H. nebulosus
[Population 4: PGM-A (a)]; three in H. dunni [Population 5: 
sIDH-A (a), LDH-B (d), and sMDH-A (c)]; two in H. naevius
[Population 6: GPI-A (a) and LDH-A (a)]; five in H. kimurae
[Population 7: sATA-A (c), G3PDH-A (a), sIDH-A (b), sMDH-
A (b), and mMDHP-A (a)]; and four in H. boulengeri
[Population 8: sMDH-A (a), sMDHP-A (c), PEP-la (b), and 
PGM-C (a)]. Although H. okiensis (Populations 1–3) had 
four unique alleles, their frequencies were low (from 0.062 
to 0.333). Similarly, H. nebulosus had no fixed locus with 
unique allele. In contrast, the remaining species had some 
fixed loci with unique alleles (one in H. naevius, three in H. 
dunni and H. boulengeri, and four in H. kimurae).

As shown in Table 3, Nei’s (1978) and Cavalli-Sforza 
and Edwards’ (1967) distances were large and indicated 
substantial differentiation among species, but the three 
localities of H. okiensis (Populations 1–3) were genetically 
less variable, with Nei’s (1978) D between 0.000 and 0.002. 
The highest D value and Cavalli-Sforza and Edwards’ 
(1967) chord distance were found between Populations 5 
(H. dunni) and 8 (H. boulengeri). Among the six species 
compared, H. okiensis was closest to H. nebulosus in both 
Nei’s D (0.390–0.440, mean=0.413) and Cavalli-Sforza and 
Edwards’ (1967) chord distance.

Although the bootstrap support for each cluster was low 
(<50%), except for high values (>90%) for the cluster includ-
ing the three populations of H. okiensis, the topologies of ML 
and NJ trees were similar, and only the ML tree is shown in 
Fig. 2. The two trees differed only in the positions of H. neb-
ulosus and H. dunni. In the ML tree, the cluster including the 
three populations of H. okiensis showed a sister-group rela-
tionship with H. nebulosus and next with H. dunni, but this 
order was reversed in the NJ tree. This cluster, including H. 
okiensis, H. nebulosus, and H. dunni, successively joined 

with H. naevius, H. kimurae, and H. boulengeri.

DISCUSSION

Since the original description by Sato (1940), H. okiensis
has been considered to be a member of the naevius group; 
in an extreme view, Nakamura and Uéno (1963) considered 
H. okiensis and H. kimurae as subspecies of H. naevius, 
although Sato (1940, 1943) himself had noted an affinity of 
H. okiensis to the nebulosus group. Unbiased Nei’s (1978) 
genetic distances between H. okiensis and H. naevius, rang-
ing from 0.457–0.474, are much higher than those reported 
among sister species of Japanese salamanders and newts 
(D=0.22: Matsui, 1987; Hayashi and Matsui, 1988). The 
present electrophoretic data indicate H. okiensis not to be 
conspecific with H. naevius, supporting Sato’s (1940) origi-
nal taxonomic assignment.

Hynobius okiensis had the smallest genetic distances 
from H. nebulosus among the five species compared (mean 
Nei’s D=0.413). This value is much higher than conspecific 
levels (see above), and further, H. okiensis possessed four 
exclusive alleles, indicating significant unique differentiation 
from other species. From these lines of evidence, there is no 
doubt in retaining H. okiensis as a valid species.

In the two analyses of inter-sample relationships, sam-
ples of H. okiensis formed a distinct cluster that was 
grouped with H. nebulosus and H. dunni. This finding also 
supports H. okienis as a closer relative of lentic-breeding H. 
nebulosus and H. dunni than of lotic-breeding H. naevius or 
H. kimurae.

This result suggests that lotic-breeding H. okiensis
shares a common ancestor with lentic-breeding H. nebulosus
and H. dunni, and has secondarily acquired the habit of 
breeding in streams. This idea conforms well to the karyo-

Table 3. Matrices of Nei’s (1978) unbiased genetic distance (above diagonal) and Cavalli-Sforza and Edwards’ (1967) 
chord distance (below diagonal) among eight populations examined.

Species 
Population

Hynobius okiensis
H.

nebulosus
 H.

dunni
H.

naevius
H.

kimurae
H.

boulengeri

1 2 3 4 5 6 7 8
1 – 0.002 0.000 0.390 0.518 0.457 0.630 0.514
2 0.132 – 0.000 0.440 0.495 0.474 0.611 0.555
3 0.129 0.053 – 0.409 0.530 0.442 0.595 0.513
4 0.487 0.519 0.510 – 0.490 0.348 0.514 0.488
5 0.562 0.562 0.574 0.555 – 0.594 0.509 0.725
6 0.544 0.559 0.551 0.498 0.607 – 0.431 0.661
7 0.618 0.619 0.616 0.567 0.566 0.520 – 0.505
8 0.575 0.591 0.583 0.546 0.630 0.602 0.552 –

Fig. 2. ML tree rooted by the outgroup H. boulengeri (Population 
8). For the locations indicated by sample numbers, refer to text and 
Fig. 1. 
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logical evidence that H. okiensis has 2n=56 chromosomes, 
like H. nebulosus and H. dunni, but unlike H. naevius, H. 
kimurae, or H. boulengeri, which all have 58 chromosomes 
(Seto et al., 1987).

The close affinity of lotic-breeding H. okiensis with 
lentic-breeding H. nebulosus and H. dunni implies that eco-
logical differences like breeding habits do not always reflect 
phylogenetic relationships among hynobiid salamanders. In 
fact, H. tsuensis Abe, 1922 from Tsushima Island is gener-
ally regarded as a close relative of H. nebulosus, but is actu-
ally a lotic breeder (Sato, 1943). Thus, changes in breeding 
habits appear to have occurred in different lineages inde-
pendently of karyotypic evolution in Japanese small sala-
manders.

There are no fossil data to estimate the accurate time of 
divergence. However, if we adopt the correlation between D 
values and time of separation in amphibians [maximum, 
1D=14 MY (Maxson and Maxson, 1979; Hayashi and 
Matsui, 1988); minimum, 1D=10 MY (Beerli et al., 1996)], 
the ancestors of H. okiensis and H. nebulosus, with minimum 
Nei’s D=0.390, are estimated to have diverged at approxi-
mately 5.5–3.9 Ma (Upper Miocene–Middle Pliocene; Estes, 
1981). An accurate geological history of the formation of the 
Oki islands is unfortunately not available, but the islands are 
generally considered to have formed by the Middle Miocene 
(ca. 10–15 Ma) through volcanic activity (Igi et al., 1987). 
This limited geological information does not contradict the 
date of divergence estimated above. On the other hand, the 
islands seem to have been connected with the adjacent 
Honshu mainland through lowlands until they were sepa-
rated by Oki Strait, which is estimated to have formed about 
16,000 years BP (Ohshima, 1990).

Zhao and Hu (1988) suggested a reduction in chromo-
some number occurred from 78 in Onychodacylus through 
62 in Salamandrella to 58, 56, and 40 in Hynobius, although 
the most recent phylogenetic hypothesis for the family Hyno-
biidae based on DNA sequences (Zhang et al., 2006) does 
not consistently support Zhao and Hu’s (1988) hypothesis. 
Within the genus Hynobius, the general evolutionary trend 
in chromosome number observed in the family seems to 
apply, as far as the species treated here are concerned.

A chromosome-number reduction from 58 to 56, possi-
bly accompanied by a change in breeding habit from 
streams to still waters, is estimated to have occurred in the 
common ancestor of the nebulosus group by the Upper 
Miocene. Then, probably by the Middle Pliocene, a reversal 
in breeding habits in this group would have been achieved 
by the ancestor of H. okiensis that invaded steep, montane 
habitats of the small island of Dogo. This ancestral stock, 
through acquiring lotic breeding, would have been ecologi-
cally isolated from the lentic-breeding sister stock that might 
have occupied the lowlands connecting the island and main-
land Honshu until the recent loss of the land connection. 
Additionally, divergence of the ancestral H. okiensis from the 
sister stock would have been promoted by the sea level fluc-
tuations that occurred through the Pliocene to Pleistocene. 
Such fluctuations would have been unfavorable for stable 
population settlements of the lentic breeders on the connect-
ing lowlands. To verify these assumptions, further studies 
including other species of Japanese Hynobius are neces-
sary.
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Appendix 1. Material examined. Voucher specimens are stored at the Graduate School of Human and Environmental Studies, Kyoto Univer-
sity (KUHE), in Mr. Okada’s private collection (O), or in Mr. Tanabe’s private collection (T).

Population 1, KUHE 11763–11765, T 2059–2063 (n=8); Population 2, KUHE 18917–18919 (n=3); Population 3, KUHE 22776–22777 (n=2); 
Population 4, KUHE 25781–25782, 10 larvae KUHE unnumbered (n=12); Population 5, KUHE 14351–14352, 14356, 14358, 14366–14367, 
14370, 14372–14373 (n=9); Population 6, KUHE 18832, O 1–5 (n=6); Population 7, KUHE 16862–16863, 16865–16878 (16); Population 8, 
KUHE 25647–25656 (n=10).
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