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I. General Introduction

The toads of Bufo bufo species group, including the B. j. japonicus subspecies group,

are widely distributed from the Eurasian continent to the Japanese Archipelago (Inger,

1972; Matsui, 1984). Based on the crossing experiments, Kawamura et al. (1980, 1982)

classified the toads from Japan, China and Taiwan as the subspecies group Bufo

japonicus. According to their reports, this group comprises seven subspecies: Bufo j.

japonicus, B. j. montanus, and B. j. torrenticola from the Japan mainland; B. j.

yakushimensis from Yaku Isl., Japan; B. j. miyakonis from Miyako Isl., Japan; B. j.

gargarizans from China and Taiwan; and B. j. bankorensis from Taiwan. Based on the

Morphometric features, however, Matsui (1984) concluded that the Japanese toads are

divided into three species and one subspecies: Bufo japonicus japonicus and B. j.

formosus, B. gargarizans miyakonis, and B. torrenticola. In a study on the genetic

relationships among Bufo species and subspecies distributed in the Palearctic and

Oriental regions, Nishioka et al. (1990) clarified that the B. j. japonicus subspecies

group is divided into two groups: the first consisting of the three subspecies B. j.

miyakonis in Miyako Isl., Japan, B. j. gargarizans in China and Taiwan, and B. j.

bankorensis in Taiwan; the second consisting of four subspecies in the mainland and on

Yaku Isl. in Japan. In an examination of the genetic relationships among B. j. japonwus

populations distributed in the Japanese mainland by allozyme analysis, Kawamura et al.

(1990) found that these populations are divided into two major groups, the western and

eastern groups.



The Bufo bufo species group, therefore, might be expected, like other frog, to

provide useful example for studying speciation and/or evolutionary processes caused by

paleogeographic events relevant to Eastern Eurasian continent and Japanese island arc.

In addition, the Bufo bufo species group may also become a possible guide to infer a

hypothesis on the evolution of other lineages of non-volant terrestrial vertebrates in this

region in the course of its complex geological history. However, the detailed

phylogenetic relationships and the process of the geographic distribution of the Bufo

japonicus subspecies group still remain to be clarified due to the low phylogenetic

resolution (by allozyme analyses) and the lack of detailed estimations of divergence

times among this frog taxa.

Furthermore, the divergence times of major clades of living amphibians (=

hssamphians) are also still controversial. Recently, Zhang et al. (2005a) used

mitochondrial (mt) genomic data to estimate the divergence times of major clades of

lissamphibians, while San Mauro et al. (2005) also estimated divergence times of

lissamphibians by using sequence data of nuclear genes. Both studies used the resultant

divergence times to shed light on the early evolution of lissamphibians and the

biogeography of major amphibian groups, but their estimations remarkably differed in

many respects. According to Lee and Anderson (2006), the discrepancy between these

two studies is due to the different calibration methods: Zhang et al. (2005a) applied only

a single calibration point, while multiple calibration points were used by San Mauro et

al. (2005). However, the divergence time estimation has not been conducted based on

mt genome data with multiple calibration points. Finally, the effects of substitution rate,
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calibration point setting, and type of data on divergence time estimation have not been

studied so far.

In the first part of this study, I carried out phylogenetic analyses based on seven mt

genes to elucidate the evolutionary relationships of the B. japonicus subspecies group. I

also estimated the divergence times of the Bufo taxa and discussed possible geologic

events to explain the phylogenetic relationship and the current distribution pattern of the

toads. In the second part, I determined the complete mtDNA sequences of two hyloid

species, Bufo japonicus (Bufonidae) and Hyla japonica (Hylidae), and one ranoid

species, Microhyla okinavensis (Microhylidae). Based on these mt genome data, I

surveyed structural changes of mtDNAs, and inferred the phylogenetic position of the

family Bufonidae among anuran taxa. I also performed divergence time estimations

with a variety of sequence datasets and calibration point sets, and surveyed the effects

of these factors on branching time estimations.
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II. Molecular phylogenetic relationship of toads distributed in the Far

East and Europe inferred from the nucleotide sequences of

mitochondrial DNA genes.

Abstract

The toads of the Bufo bufo species group are widely distributed in the Eurasian

continent and Japanese Archipelago. In this study, we analyzed the mtDNA gene

sequences of this species group and estimated the divergence time to clarify the

evolutionary relationships and biogeography of toads distributed in the Far East and

Europe. The phylogenetic tree indicated that this group produced Bufo bufo in Europe,

whereas it produced B. japonicus in the Far East. B. japonicus was divided into three

major clades corresponding to a group consisting of B. j. gargarizans in China, B. j.

bankorensis in Taiwan, and B. j. miyakonis on Miyako Isl. and eastern and western

groups of Japanese B. j. japonicus subspecies group. The eastern and western groups

were divided into several subclades which tended to reflect the region-specific

geographic distribution of all localities except B. j. japonicus from Hakodate. The

estimated branching times of these clades suggest that geological events may have

influenced the divergence of the toads distributed in the Far East and Europe.

Introduc tion

The toads of Bufo bufo species group, including the B. j. japonicus subspecies group,

are widely distributed from the Eurasian continent to the Japanese Archipelago (Inger,

1972; Matsui, 1984). As such, they might be expected, like other frogs, to provide a
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useful example for studying speciation and/or evolutionary processes caused by

paleogeographic events relevant to Eastern Eurasian continent and Japanese island arc.

It may also become possible to infer a hypothesis on the evolution of other lineages of

non-volant terrestrial vertebrates in this region in the course of its complex geological

history.

Based on the reproductive isolation mechanisms elucidated by crossing experiments,

Kawamura et al. (1980, 1982) classified the toads from Japan, China and Taiwan as the

subspecies group Bufo japonicus. According to their reports, this group comprises seven

subspecies: Bufo j. japonicus, B. j. montanus, and B. j. torrenticola from the Japan

mainland; B. j. yakushimensis from Yaku Isl., Japan; B. j. miyakonis from Miyako Is!.,

Japan; B. j. gargarizans from China and Taiwan; and B. j. bankorensis from Taiwan.

Based on an analysis of the numerous morphometric features of the Japanese toads,

however, Matsui (1984) concluded that the Japanese toads are divided into three species:

Bufo japonicus (B. j. japonicus and B. j. formosus synonymized with B. japomcus

japonicus in present study), B. gargarizans miyakonis (synonymized with B. j.

miyakonis in present study), B. torrenticola (synonymized with B. j. torrenticola in this

study). In a study on the genetic relationships among Bufo species and subspecies

distributed in the Palearctic and Oriental regions, Nishioka et al. (1990) found that the β・

j. japonicus subspecies group is divided into two groups: the first, consisting of the

three subspecies B. j. miyakonis in Miyako Isl., Japan, B. j. gargarizans in China and

Taiwan, and B. j. bankorensis in Taiwan; the second consisting of four subspecies in the

mainland and on Yaku Isl. in Japan. In an examination of the genetic relationships
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among B. j. japonicus populations distributed in the Japanese mainland by allozyme

analysis, Kawamura et al. (1990) found that these populations are divided into two

major groups, the western and eastern groups. This grouping corresponds to B. j.

japonicus and B. j. formosus designated by Matsui (1984). However, the molecular

phylogenetic relationships and the process of the geographic distribution of the Bufo

japonicus subspecies group remain to be clarified due to the limited number of

polymorphic loci and the lack of informative markers for divergence time.

Mitochondnal DNA can be a powerful molecular marker for reconstructing

evolutionary lineages in animals (Avise, 1994; Kocher and Stepien, 1997). Many recent

phylogenetic studies have also applied mitochondnal DNA markers to infer the histories

of animals with respect to geography, geology, and paleochmatology (Macey et al.,

1998; Mulcahy and Mendelson, 2000). We thus used mtDNA gene sequence data in

phylogenetic analysis to elucidate the evolutionary relationships within the B. japonicus

subspecies group. Finally, we estimated the divergence times of Bufo taxa based on the

mtDNA data and discussed possible geologic events believed to explain the current

distributions of these toads.

Materials and methods

Specimens.　We analysed 33 Bufo individuals in total consisting of 30 B. japonicus

from different populations, one B. bufo, one B. viridis and one B. americanus. The

collecting stations were shown in Table 1 and Fig. 1. Taxonomic status were followed as

previously published (Kawamura et al., 1990; Nishioka et al., 1990), and accordingly, B.

6



japonicus was divided into six subspecies (see Table 1).

DNA sequencing.　Total DNA was extracted from clipped toe, liver or muscle

samples of each toad specimen using the Qiagen DNEasy tissue extraction kit according

to the manufacturer's instructions. The total DNA was used for amplifying DNA

fragments by polymerase chain reaction (PCR) with a set of primers for cytbFl/bufo

and R51 (Appendix A). PCR mixtures were prepared with an LA-Taq Kit (TaKaRa)

according to the manufacturer's protocol. The resulting fragments were amplified by 35

shuttle PCR cycles consisting of denaturation for 20 sec at 98 C followed by annealing

and extension for 5 min at 60 。C. The amplified DNA fragments were approx. 6 kbp in

length and corresponded to nucleotide positions 16869-17802 and 1-5149 of the

complete mitochondnal DNA sequence of the frog species Rana nigromaculata

(Sumida et al., 2001, GenBank Accession No. AB043889) (contains Cyt b, D-loop,

tRNA-Leu(CUN), tRNA-Thr, tRNA-Pro, tRNA-Phe, 12S rRNA and 16S rRNA genes in

Bufo japonicus (our unpublished data)). The PCR fragments were purified with PEG

precipitation (Kraft et al., 1988) then partial portions of the Cyt b, 12S rRNA, and 16S

rRNA genes and four entire tRNA (Leu(CUN), Thr, Pro, and Phe) genes were directly

sequenced with each primer (Appendix A) using a cycle sequencing kit (DYEnamic ET

dye terminator, Amersham) and automated DNA sequencer (ABI 373A, Applied

Biosystems). The resultant sequences were deposited in the EMBL/GenBank/DDBJ

database (Table 1).
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Phylogenetic analyses. The resultant Cyt b, tRNAs, 12S rRNA, and 16S rRNA gene

sequences from the 33 Bufo specimens were aligned using the ClustalW program

(Thompson et al., 1994). Initially, we obtained alignment data for each gene region then

eliminated any ambiguous and gap sites by observation. To survey the phylogenetic

utilities of the different gene regions, we used these data for further phylogenetic

analyses. Furthermore, we made a combined data consisting of all four alignment data

to construct total evidence tree. Before combining four data sets, Ye conducted an ILD

test for all possible combinations using the partition homogeneity test (parsimony

method of Farris et al., 1995) implemented in PAUP* 4.0bl0 (Swofford, 2002) to check

whether all of the sequences were suitable for combination. The alignment data used in

this study are available at: http://home.hiroshima-u.ac.jp/amphibia/sumida/bufoaln.

Maximum likelihood (ML), maximum parsimony (MP), and neighbor joining (NJ)

analyses for all five data sets were carried out using PAUP*. In all cases, B. americanus

was used as the outgroup. The ML and NJ analysis was conducted using substitution

models and parameters estimated by Modeltest version 3.06 (Posada and Crandall,

1998). The proposed model for each data set was denoted in Table 2. The reliabilities of

the resultant trees were evaluated by Bootstrap statistics (BP). BP values were

calculated by 1000 replications in the MP and NJ optimahty criterion and by 100

replications in the ML analysis.

Estimating the date of divergence.　The divergence times of the Japanese Bufo taxa

were estimated from all usable alignments sites (2073 sites) based on the Bayesian
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relaxed molecular clock method using MultiDivTime version 9/25/03 (Thome and

Kishino, 2002). First, we separately estimated the model parameters for each alignment

data set (Cyt b, four tRNAs, 12S, and 16S) using the baseml program in the PAML

package (Yang, 1997). The resultant parameters were used to estimate the branch

lengths with the estbranches program in the MultiDivTime package (Thome and

Kishino, 2002). Following this, we performed MCMC analysis to approximate the

posterior distribution rates and divergence times based on the topology of the combined

analysis (Fig. 2A) using multidivtime in the MultiDivTime package. In this analysis, an

internal node between the Asian clade and B. bufo was saved as a fixed reference point

for comparison of the relative divergence ages; thとbranching date, 10 Ma, was

previously reported by Macey et al. (1998). A paleogeographical event, aridization of

Central Asia caused by uplifting of the Himalayas was also reported to have occurred 10

Ma (Harrison et al., 1992).

Results

Nucleotide sequences. Nucleotide sequences were determined for partial portions of

the Cyt b, 12S rRNA, and 16S rRNA genes and four complete tRNA (Leu(CUN), Thr,

Pro, Phe) genes from 33 Bufo taxa. Four sets of alignment data were obtained with the

resultant sequences. The alignment data is summarized in Table 1. We checked for

saturated substitutions in each data set by plotting transition/transversion ratio. Although

the Cyt b sequence seemed to show a weak saturated substitution pattern, the four t脚A,

12S, and 16S sequences showed no saturation.
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Figure 2 shows也e mean nucleotide divergences (with unco汀ected P values) of the

sequenced genes at each taxonomic level. The magnitudes of divergence were

co汀elated to the taxonomic level for all genes examined.

The partition homogeneity test (Farris et al., 1995) revealed that all four alignment

data sets were suitable for combination (homogeneity not rejected, P - 0.93). Thus, we

obtained a combined alignment data containing all sequenced portions (see Table 2) and

used this in addition with the four individual alignment data sets in subsequent

phylogenetic ana一yses.

Phylogenetic ana一yses. The results of phylogenetic analyses based on each data set

are summarized in Table 3. Similar phylogenetic trees were reconstructed for all data

sets used. The BP values varied considerably across data sets; however, the combined

data tended to provide higher bootstrap values than the individual data (Table 3).

Therefore, we mainly describe the phylogenetic relationships based on the combined

data.

Figure 2A shows a single ML tree (-lnL = 7707.14526) obtained from the combined

data. Bufo bufo, the continental and Taiwanese toads (B. j. gargarizans, and B. j.

bankorensis), and all of the Japanese toads (B. j. japonicus, B. j. montanus, B. j.

torrenticola, B. /. yakushimensis, and B. j. miyakonis) in this tree formed a clear

monophyletic group (clade 1, BP: 100). Within the Bufo bufo species group

(corresponding to clade 1 in Fig. 2A), B. bufo was placed in the basal position and the

other taxa were divided into three major groups (clades 4, 5, and 1 1) supported by high
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BP values (> 95%) (see Table 3). One of these three groups, clade ll consisting ofB.j.

miyakonis, B. j. bankorensis, and B. j. gargarizans, was initially included as a sister

group of the other Japanese Bufo taxa. The localities of the initially divided taxa

(Miyako Isl., Taiwan, and China) are separate from the Japan mainland. The Bufo taxa

living on the Japan mainland (B. j. japonicus, B. j. montanus, B. j. yakushimensis, B. j.

torrenticola) formed a clear monophyletic group, clade 3, which was subdivided into

two major groups with high BP values (> 96%), clades 4 and 5. Clade 5 corresponded to

the eastern Japan group and consisted of B. j. japonicus and B. j. montanus, while clade

4 corresponded to the western Japan group and consisted of B. j. japonicus, B. j.

torrenticola, and B. j. yakushimensis.

These eastern and western clades were each further divided into three subclades

supported by high BP values (>90%). The eastern group (clade 5 in Fig. 2A) was

divided into three subclades corresponding to three areas of eastern Japan: clade 8,

central (Kanto and Tokai districts), clade 9, northern (Tohoku district); and clade 10,

northeastern (Kanto and Tohoku districts, excluding Hakodate). Similar一y, the western

group (clade 4) was divided into three subclades corresponding to areas of western

Japan: clade 15, central (Kinki, Chugoku, and Shikoku districts); clade 16, comprising

two populations of B. j. torrenticola; and clade 17, southern (Kyushu district, including

Yaku Island). These phylogenetic relationships closely matched the geographic

distribution pattern in all but one case; namely, B. j. japonicus from Hakodate. Although

the Hakodate is situated in the northernmost area of the B. j. japonicus distribution, B. j.

japonicus from Hakodate was included in the eastern group (clade 10) rather than the
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northern group (clade 9).

Estimating the date of divergence.　Divergence ages of the Asian Bufo taxa were

estimated by Bayesian molecular dating. In this analysis, we used the divergence time

between B. bufo and the Asian clade (Macey et al., 1998) as a fixed reference

divergence point (10 Ma of clade 1 in Fig. 2B). The resultant ultrametric tree based on

the ML topology and estimated divergence time of the Bufo taxa are shown in Fig. 2B.

The estimated date of divergence was well matched to the proposed geological date.

To check the relevancy of the fixed reference point used above and the resultant

divergence times, we carried out an additional divergence time esdmation. In this

analysis, we used the linearized tree method implemented in MEGA2.1 (Kumar et al.,

2001), because this method requires no hypothetical reference divergence point. The NJ

tree obtained from the combined data was used as the basal tree in the branch length

l i neari zation.

Discussion

Phylogenetic relationships and taxonomic implications. Our phylogeny indicated

that the B. japonicus taxa examined here have a closer common ancestor with European

B. bufo than B. viridis. This seems to support the hypothesis recognizing these species

as members of the Bufo bufo species group based on morphology (Inger, 1972). Our

result also matches the results from karyology (Matui, 1980) and allozyme analysis

(Nishioka et al., 1990).
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All our analyses strongly support the monophyly of B. j. japonicus subspecies group,

co汀esponding to the results of previous crossing experiments (Kawamura et al., 1980,

1982). In these previous analyses, all hybrids between the B. j. japonicus subspecies

group were fertile, while male hybrids between B. bufo and the B. j. japonicus

subspecies group were sterile.

The resultant trees showed that the B. j. japonicus subspecies group was divided into

three major clades. In the initial divergence, the ancestors of the clade consisting of B. j.

gargarizans, B. j. bankorensis, and B. j. miyakonis from the China, Taiwan and Miyako

Isl. diverged from another clade consisting of B. j. japonicus from the Japan mainland.

This was followed by further divergence into eastern and western groups. These

divergences were in agreement with three clusters detected by allozyme analyses

(Nishioka et al., 1990; Kawamura et al., 1990). Morphometric analyses also agree with

these relationships. Matsui (1984) divided Japanese common toads (B. j. japonicus in

this study) into two subspecies (B. j. formosus and B. j. japonicus) based on their

morphology;血ese two subspecies roughly correspond to the eastern and western groups

in our study. Within these eastern and western groups, our results identified subclusters

that tended to reflect a region-specific geographic distribution similar to those found by

allozyme analyses (Nishioka et al., 1990; Kawamura et al., 1990).

Although Hakodate is located near Tohoku (Fig. 1), the Hakodate population was

exceptionally grouped with several Kanto populations rather than the Tohoku

populations (clade 10 in Fig. 2A). Furthermore, pairwise sequence divergence between

the Hakodate and Kashiwa (one population from Kanto) populations was the lowest
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(Cyt b: 0.0230, tRNA: 0.0000, 12S: 0.0049, 16S: 0.0039, and combined data: 0.0019) of

all the pairwise divergences identified (from 0.0019 to 0.1410 between B. bufo and B.

americanus, mean = 0.0569). Noting the same disjunct distribution in a separate study

using allozyme data, Kawamura et al. (1990) postulated that some B. j. japonicus toads

were artificially introduced into Hokkaido from the Kanto district surrounding Tokyo

Bay. Furthermore, Matsui (1984) suggested that the morphometric value of the

Hakodate population completely overlapped those of the Yokohama population near

Kashiwa. Although the small genetic divergence between the Hakodate and Kashiwa

populations could be explained by such as the presence of ancestral polymorphism

and/or incidental similar nucleotide sequences due to quite low genetic divergences

among eastern B. japonicus populations, our findings and previous knowledge support

the artificial introduction scenario.

Matsui (1976) designated the Japanese stream toad (B. j. torrenticola here) a new

species (B. torrenticola) based on morphological and eco一ogical observations; however

our present analysis and previous allozyme analysis (Kawamura et al., 1990) reveal that

the Japanese stream toad forms one of the subgroups within the western group of B. j.

japonicus. However, the detailed position of B. j. torrenticola in the western group was

not resolved by the present study. Both Kishino-Hasegawa (1989) and Shimodaira-

Hasegawa (1999) tests did not reject the topologies (B. j. torrenticola + all western B. j.

japonicus) and (B. j. torrenticola + western B. j. japonicus from Arashi to Nichinan) at

P < 0.05. Thus, further studies are required to clarify whether B.j. torrenticola is one of

the western B. j. japonicus subgroups.
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Divergence time and biogeography. The Bufo taxa used in our study were broadly

divided into seven clades. These groupings basical一y agreed with previous allozyme

analysis and morphological studies; studies in which the authors were unable to discuss

the biogeographical hypotheses for the B. j. japonicus subspecies group due to a lack of

molecular clocks. However, in the present study, no fossil records were available to

identify the branching times between Japanese and Asian continental Bufo taxa.

Accordingly, we used a molecular timescale calibrated with geographic evidence

presented by Macey at al. (1998) who indicated that the European and Asian Bufo

species split occurred 10 Ma. The divergence between the B. japonicus subspecies and

European common toad B. bufo was estimated to have taken place with uplifting of the

Transhimalaya and Tibetan Plateau, which effectively dried out Central Asia by

blocking the Indian monsoons (Harrison et al., 1992) (Fig. 4B). A similar branching

pattern between European and Asian taxa in this era was also reported for the pond frog

(Rand) species group (Sumida et al. 2000) with an estimated divergence at around 10

Ma.

As shown in Fig. 2B, the following divergence times were obtained from Bayesian

molecular dating: (1) 6.8 ± 0.9 Ma between the Chinese, Taiwanese and Miyako Isl. and

Japanese clades (clade 2 in Fig. 2B), (2) 5.7 ± 1.0 Ma between the eastern and western

groups on the Japan mainland (clade 3 in Fig. 2B), (3) 4.4 ± 1.0 Ma for the several

western subgroups (clade 4 in Fig. 2B), and (4) 3.6 ± 1.0 Ma for the several eastern

subgroups (clade 5 in Fig. 2B). On the basis of these estimations, we inferred the
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biogeographic events that caused the main branchings of the Bufo groups. Initial

branching between eastern continental and Japanese toads was estimated to have

occurred in the Late Miocene (Fig. 2B, clade 2). Takehana et al. (2003) estimated

branching of the freshwater fish Oryzias latipes at almost the same date. This branching

took place during the same era when the Philippine Sea plate (PHS) resumed its

subduction (Kamata, 1999; Kamata and Kodama, 1994; Itoh and Nagasaki, 1996). The

PHS subduction caused two distinct geologic events: the formation of a large volcano-

tectonic depression in the center of Kyushu district and back-arc spreading of the

Ryukyu Arc (Fig. AC). The stock of Japanese Bufo species dispersed from the continent

through the land bridge from the Korean Peninsula to the Japanese Archipelago (Hikida

et al., 1989). The geographic events that occu汀ed in the Kyushu district and Ryukyu

Arc might have broken this land bridge and played a critical role in isolating the ancient

Japanese Bufo species from continental species.

Our findings suggested that B. j. miyakonis was divided from the continental B. j.

gargarizans and Taiwanese B. j. bankorensis in the Pleistocene era at approx. 0.9 Ma

and 1.3 Ma, respectively. The oldest fossil record of B. j. miyakonis from the Late

Pleistocene (< 1 Ma) deposit on Miyako Island (Nokariya and Hasegawa, 1985) seems

to agree with the result. Furthermore, no native populations or fossil records of the

genus Bufo have ever been found in the other Ryukyu Islands (Ota, 2003). Our results

and the Bufo distribution pattern seem to support the hypothesis that the disjunction

between Miyako Island and the other Ryukyu Islands (approx. 6 Ma, Late Miocene)

preceded the fragmentation of Miyako Island and the Eurasia continent/Taiwan (approx.
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1 Ma, Pleistocene) (Ota, 1998). A similar distribution pattern and divergence have also

been reported for the lizard Takydromus toyamai (Ota et al., 2002) and snakes

Amphiesma concelarum and Calamaria pfefferi (Ota, 1998).

The Japanese Bufo species diverged into two major groups (eastern and western) in

the Early Pliocene (5.7 Ma) after separation from the Asia continental species (clade 3

in Fig. 2B). Similar geographical divergence patterns have also been observed in other

frogs such as Rana rugosa (Nishioka et al., 1993) and Buergeria buergeri (Atsumi et al.,

1998; Sumida et al., 2004). These findings suggest that divergence among these frog

species might have been brought about by the same geographic event. An event

corresponding to expansion of this ancient basin might have caused divergence between

the western and eastern Japan in the Early Pliocene (Fig. 4D). For example, many

basins expanded in an intra-arc depressional zone called the Setouchi Geologic Province

and in the back arc area of a mainland known as the Green Tuff region (Itoigawa, 1991;

Yoshida, 1992; Kuwahara, 1985). These basins might have segmented the distribution

range of the ancestral Japanese Bufo species.

There are several possible phylogenetic positions for B. j. torrenticola as mentioned

above; however, all possible topologies support the grouping of B. j. torrenticola and

western B. j. japonicus. Thus, the morphological appearance of this subspecies seems to

have developed after divergence from eastern B. j. japonicus (< 5.7 Ma). The

distribution range of this subspecies is limited to a mountainous area near the border of

the two major groups, western and eastern. As mentioned above, the ancient basin

expanded to these areas during the Early Pliocene followed by a period of uplifting and
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volcanic activity, which transformed the neighboring landmass in the Pliocene

(Takeuchi, 1999a, b). The mountains, basins, and other geographic features in this area

might have restricted dispersal of B. j. torrenticola from this mountainous area, thereby

isolating this subspecies and setting the stage for morphological differentiation.

In conclusion, we showed that the branching dates estimated from mtDNA data are

closely related to the geographic history of the Eurasian continent and Japanese

Archipelago. We point out, however, that the fossil records and specimens used to

identify the branching time in this study were somewhat limited. Consequently, Eurasia

and the Japanese Archipelago might be attractive areas for combining phylogenetic and

biogeographic studies. Further molecular analyses and fossil records are necessary to

provide deeper insight into the evolutionary history of the B. j. japonicus subspecies

group and B. bufo species group.
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III. Complete mitochondrial genomes of three neobatrachian anurans:

A case study of divergence time estimation using different data and

calibration settings.

Abstract

We sequenced the whole mitochondrial (mt) genomes of three neobatrachian

species: Japanese tree frog Hyla japonica, Japanese common toad Bufo japonicus, and

narrow-mouthed toad Microhyla okinavensis. The gene arrangements of these genomes

diverged from that of basal anurans (suborder Archaeobatrachia), but are the same as

that of the members of derived frogs (i.e., superfamily Hyloidae and Ranoidae in

suborder Neobatrachia), suggesting the one-time occurrence of a gene rearrangement

event in an ancestral lineage of derived anurans. Furthermore, several distinct repeat

motifs including putative termination-associated sequences (TASs) and conserved

sequence blocks (CSBs) were observed in the control regions (CRs) of B. japonicus and

H. japonica, while no repeat motifs were found in that of M. okinavensis. Phylogenetic

analyses using both nucleotide and amino acid data of mt genes support monophyly of

neobatrachians. The estimated divergence time based on amino acid data with multiple

reference points suggests that the three living amphibian orders may have originated in

the Carboniferous period, and that the divergences of anurans had occurred between the

Permian and Tertiary periods. We also checked the influence of the data types and the

settings of reference times on divergence time estimation. The resultant divergence

times estimated from several datasets and reference time settings suggest that the
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substitution saturation of nucleotide data may lead to overestimated (i.e., older)

branching times, especially for early divergent taxa. We also found a highly accelerated

substitution rate in neobatrachian mt genes, and fast substitution possibly resulted in

overestimation. To correct this erroneous estimation, it is efficient to apply several

reference points among neobatrachians.

Intro duction

Vertebrate mitochondrial DNA (mtDNA) is a closed circular molecule. The

genome organization is highly compact, and the genome is approximately 16 kbp in

length (Wolstenholme, 1992). This genome typically contains 37 genes for 2 ribosomal

(r)RNAs, 22 transfer (t)RNAs and 13 proteins, and a long noncoding region called the

control or D-loop region that includes signals required for regulating and initiating

mtDNA replication and transcription (Wolstenholme, 1992; Sbisa et al., 1997).

Mitochondria! gene arrangements are generally conserved in vertebrates. All 37

genes are arranged in the same relative order in almost all vertebrate species from

teleost fishes to euthenan mammals (Anderson et al., 1981; Roe et al., 1985; Tzeng et

al., 1992; Boore, 1999), though some taxa has rearranged mt gene orders [e.g., in

marsupials, birds, reptiles, lampreys, and fishes (see Boore 1999)]. As for amphibians,

however, mitochondrial gene rearrangements have been found in a number of taxa. For

example, tRNA gene rearrangements were observed within closely related South

American caecilians (San Mauro et al., 2006). In Caudata, gene rearrangements and

duplication of genes or control regions were also found in mtDNAs of plethodontid
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salamanders (Mueller and Boore, 2005). In anurans, the mt gene arrangements of basal

groups (archaeobatrachians) are completely identical to those of typical vertebrates (Roe

et al., 1985; San Mauro et al., 2004; Gissi et al., 2006). However, in hyloid and ranoid

frogs in the phylogenetically nested anuran group (suborder Neobatrachia), the gene

arrangement diverged from the typical one. In most neobatrachian mtDNAs, four tRNA

genes translocated from typical positions, and these tRNA genes formed a cluster

upstream of the 12S rRNA gene (LTPF tRNA cluster; Sumida et al., 2001; Zhang et al.,

2005a). In addition, further gene rearrangements have been reported in a major

neobatrachian clade, the epifamily Ranoidae. Within Ranoidae, complete mtDNA

sequences of six species have been reported so far (Sumida et al., 2001; Sano et al.,

2004, 2005; Zhang et al., 2005b; Liu et al., 2005; Kurabayashi et al., 2006) and five of

these except R. nigromaculata possess additional rearrangements that are different from

each other. Especially, mtDNAs of genus Madagascar! frogs (genus Mantella) show

extended rearrangements (Kurabayashi et al., 2006). In addition, the neobatrachian mt

genomes vary in length ranging from about 16 kbp (Microhyla heymonsi) to 23 kbp

{Mantella madagascariensis). The size variations of neobatrachian mtDNA are mainly

caused by length differences of D-loops, which usually contain long and many repeated

sequences. These many instances of gene rearrangements make neobatrachian frogs an

excellent model for examining the mechanisms of such vertebrate mitochondnal

instability. Although a number of complete mtDNAs have been reported in Ranoidea,

only two complete mtDNAs of Hyla chinensis and Bufo melanostictus (Zhang et al.,

2005a) have been reported in supe血mily Hyloidea, the other major taxon of
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neobatrachia. In this study, we determined the complete mtDNA sequences of two

hyloid species, Bufo japonicus (Bufonidae) and Hyla japonica (Hylidae), and one

ranoid species, Microhyla okinavensis (Microhylidae). Based on these data, we

surveyed structural changes of mtDNAs among phylogenetically closely related species

inanurans.

Furthermore, mt genomes have been used for phylogenetic analyses and

divergence time estimations. Zhang et al. (2005a) used mt genome data to estimate the

divergence times of major clades of living amphibians (= lissamphibians), while San

Mauro et al. (2005) also estimated divergence times of hssamphibians by using

sequence data of nuclear genes. Both studies used these estimated divergence times to

shed light on the biogeography of early lissamphibians and major amphibian groups, but

their estimated divergence times remarkably differed in many respects. According to

Lee and Anderson (2006), the discrepancy between the two studies is due to the use of

different calibration methods: Zhang et al. (2005a) applied only a single calibration

point, while multiple calibration points were used by San Mauro et al. (2005). However,

the divergence time estimation has not been conducted based on mt genome data with

multiple calibration points. Finally, the effects of substitution rate, calibration point

setting, and type of data on divergence time estimation have not been studied so far.

Thus in the present study, we performed divergence time estimations with a variety of

mitochondrial data and calibration point sets, and surveyed the effects of these factors

on branching time estimations.
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Materials and Methods

DNA sources.　We used three anuran species: Japanese common toad B. japonicus,

Japanese tree frog H. japonica, and narrow-mouthed toad M. okinavensis, as

representatives of three neobatrachian families, Bufonidae, Hyhdae, and Microhyhdae,

respectively. Bufo japonicus was collected in Yoshiwa, Hiroshima and the specimen has

been kept at -80　C in the Institute for Amphibian Biology of Hiroshima University

(IABHU voucher no. 4001). Hylajaponica was collected in Ushita, Hiroshima (IABHU

voucher no. 6123). Microhyla okinavensis was collected in Ishigaki Island, Okinawa

(IABHU voucher no. 5263). The total genomic DNA was extracted from a clipped toe

of each specimen using the DNeasy⑧ Tissue Kit (QIAGEN).

PCR and sequencing.　For each species, the complete mt genome was sequenced.

Firstly, we amplified overlapping fragments that covered the entire mt genome by

normal PCR or long-and-accurate (LA) PCR methods (Fig. 5). TaKaRa Ex- and LA-

Taq�"Kits were used for normal and LA PCR reactions, respectively. The conditions of

the PCR reaction followed the manufacturer's instructions. The resultant fragments

were purified by polyethylene glycol precipitation (Kraft et al., 1988) or gel extraction.

For gel extraction, the fragments were electrophoresed on 0.7% agarose gel and the

target DNAs were purified from excised pieces of gel using Gen Elute Agarose Spin

Column (Sigma). In principle, the primer walking method was employed to sequence

the amplified fragments (the walking primers used are available from the authors upon

request). To make internal walking primers, long PCR fragments (fragment E of H.
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japonica and fragment O ofM. okinavensis in Fig. 5) were digested by Hinc II and Hind

Ill and resultant fragments were subcloned into pUCl 18 E. coli vector using T4 DNA

ligase according to a standard protocol (Sambrook and Russell, 2001). DNA sequencing

was performed using automated DNA sequencers (373A and 3 100-Avant, ABI) with the

DYEnamic�"ET Terminator Cycle Sequencing Kit (GE Healthcare) or BigDye㊥

Terminator Cycle Sequencing Kit (Applied Biosystems). Two PCR fragments

(fragment A of B. japonicus and fragment F of H. japonica in Fig. 5) containing long

tandem repeats where we could not design walking primers were subcloned into pCR㊥

2.1 vector by using the TOPO TA Cloning⑧ Kit (Invitrogen). To determine the precise

sequence of long tandem repeats found in the control regions, series of deleted

subclones were made from the resultant clones using the Exonuclease III deletion

method (Henikoff, 1987). From the PCR fragments and subclones, the entire mtDNAs

of three species were sequenced.

Sequence data were analyzed with GENETIX (Software Development) and

DNASIS (Hitachi Software Engineering). Genes were identified by comparison with

corresponding gene sequences from other vertebrates, and also, in the case of tRNA

genes, by determination of secondary structural features. The complete sequences of B.

japonicus, H. japonica, and M. okinavensis mtDNAs were deposited in the

GenbankノEMBL/DDBJ database, accession number AB303363, AB303363, and

AB303950, respectively.

Sequence alignments. In addition to our sequenced data, we used mt genome data
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information from 29 vertebrates: 14 frogs, four salamanders, three caecihans, a

crocodile, a bird, two mammals, and two fishes (Table 4). The sequence data of

Xenopus laevis (M10217, Roe et al., 1985) is suspected to contain a number of

sequencing errors in the 12S rRNA gene, so we used another 12S rRNA gene sequence

of this species (M27605, Dunon-Bluteau and Brun, 1986).

For phylogenetic analyses and divergence time estimation, we prepared three

multiple alignment data sets. (1) Concatenated amino acid data, 3,197 aa from 12

protein genes. (The data of ND6 gene were not used because this gene is encoded by the

L-strand and has different nucleotide composition bias, accordingly different amino acid

composition bias, from the other 12 protein encoding genes). (2) Concatenated

nucleotide data, 9,591 bases corresponding to the above 3,197 aa and 1,383 bases from

two rRNA genes. (3) Concatenated nucleotide data of two rRNA genes and lst and 2nd

codon sites of the 12 protein genes (i.e., minus codon 3rd positions from data set 2).

Data sets 1 and 2 were used for both the phylogenetic analyses and the time estimation,

while data set 3 was used only in the branching time estimation. Data set 3

reconstructed the same tree topology these from data set 1 and 2. Thus, we only

describe the results of phylogenetic analyses based on data set 1 and 2. (But we supplied

phylogenetic trees from a -3rd codon nucleotide data set including Ascaphus and

pelobates in Fig. 8). To make the alignment data, firstly we aligned the amino acid

sequence of each protein-coding gene by Clustal X (Thompson et al., 1997) with the

default setting. Then we eliminated poorly aligned sites using GBlock (Castresana,

2000) with default parameters. Nucleotide sequences of rRNA genes were aligned in the
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same manner. Then, we concatenated the ammo acid data from 12 protein genes and the

nucleotide data from the 12 protein and two rRNA genes.

Phylogenetic analysis.　Phylogenetic analyses were conducted with data sets 1 and 2

using the maximum likelihood (ML), Bayesian inference (BI), and maximum

parsimony (MP) methods. The ML analyses were performed using PHYML Ver. 2.4.4

(Guindon and Gascuel, 2003). MrBayes Ver. 3.0b4 (Huelsenbeck and Ronquist, 2001)

was used for BI analyses. For BI analyses, the following settings were used: number of

Markov chain Monte Carlo (MCMC) generations = 1.5 million, and sampling frequency

= 10. The burn-in sizes for both amino acid and nucleotide data were determined by

checking convergences of -log likelihood (-inL) values using the AWTY program

(Wilgenbusch et al., 2004), and the first 150,000 generations were discarded. All

MCMC runs were repeated twice to confirm consistent approximation of the posterior

parameter distributions. In the ML and BI analyses, we applied the general time-

reversible (GTR; Rodriguez et al., 1990) model with gamma (G) distribution (with 8

categories) and proportion of invariable site (I) for nucleotide data, and the mtREV

model (Adachi and Hasegawa, 1996) with G (8 categories) was used for amino acid

data. These substitution models were suggested from Akaike information criteria

implemented in Modeltest 3.06 (Posada and Crandall, 1998) and Pro灯est 1.3 (Abascal

et al., 2005). Robustness of the resultant ML trees was calculated using nonparametnc

bootstrap probabilities (BPs) with 200 pseudo-replications, and statistical support of the

resultant BI trees was evaluated by the Bayesian posterior probability (BPP). The MP
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analyses were performed based on amino acid and nucleotide data by using

PAUP*4.OblO (Swofford, 2003). The robustness of the MP trees was also evaluated by

BPs with 1,000 resamplings.

Estimation of divergence time.　Divergence times were determined using the

Multidivtime software package (Thorne and Kishino, 2002; available from

http://statgen.ncsu.edu/thorne/). This software was implemented using a Bayesian

approach that incorporated the variations of substitution rates among genes and among

lineages (Thorne et al., 1998; Kishino et al., 2001; Thome and Kishino, 2002).

Following the instructions of the software, the topology resulting from previous ML and

BI analyses based on both amino acid and nucleotide data was used as the initial tree.

We used F84 substitution model for all nucleotide data (data sets 2 and 3) according to

the instruction of Multidivtime. For amino acid data (data set 1), we used mtREV-F24

model was used following the methods of Armer and Kumazawa (2005). We also

optimized parameters for these models using PAML (Yang, 1997) (for mtREV-F24

model,　modified version of CODEML was used;　available from

ftp://statgen.ncsu.edu/pub/thorne/Kumazawa.tgz). The branch lengths of the initial tree

and divergence times were estimated using the programs Estbranches and Multidivtime

in the Multidivtime package. The Bayesian method also required the specification of

prior distributions of branching times (i.e., fixed reference points). The prior assumption

of the ingroup root node was set to 400 Ma (rttm = 400) with standard deviation of 10

Ma (rttmsd = 10). We also introduced fossil records and other usable branching time
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evidences as fixed reference points (Table 5). Unlike recent molecular time estimation

(San Mauro et al., 2005; Roelants et al., 2007) in which one-hand (only minimum or

maximum limit) time constraints were used, we applied both minimum and maximum

limits for many calibration points. The differences of reference points between this

study and previous papers are summarized in Table 5.

To assess the influence of reference points in divergence time estimation, three

estimations with different combinations of reference point setting were performed for

each data set (see Table 5): (1) all 7 reference points (ref-set 1), (2) 6 reference points

except the branching between Rhacophoridae and Mantellidae (73.1 ± 19.5 Ma =

youngest one) (ref-set 2), and (3) 6 reference points except Amniota from the calibration

point between diapsids and synapsids (310 ± 10 Ma = oldest one) (ref-set 3). The

Markov chain Monte Carlo (MCMC) method was employed to permit approximation of

posterior distributions (Kishino et al., 2001). Ini血1 parameter values were randomly

selected to initialize the Markov chain, and then a burn-in period of 100,000 cycles was

completed before parameters were sampled from the MCMC chain. Afterward, the state

of the Markov chain was sampled every 100 cycles until a total of 200,000 generations.

Results and Discussion

Genome composition. The complete mt genomes of three neobatrachian species, B.

japonicus, H. japonica, and M. okinaγensis, were sequenced. All three mt genomes

encoded 37 typical mt genes (i.e., 13 protein, two rRNA, and 22 tRNA genes), and all

of these genes were similar in length to their counterparts in other anurans. Contrary to
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this, the genome sizes of these three mtDNAs highly diverged, ranging from 16,717 (M.

okinavensis) to 19,519 bp (H. japonica) (Table 6). These differences were caused by

length differences in their control regions (Fig. 6). In B. japonicus and H. japonica

mtDNAs, the control regions possessed two tandem repeats at both 5'and 3'ends, and

these repeats made long control regions (2,351 bp and 4,103 bp, respectively). In

contrast, the control region of M. okinavensis did not include repeat units and its length

was 1,335 bp (Fig. 6).

When we compared the structures of the control regions among closely related

species, most features were shared within the same genus (Fig. 6). For Bufo species, the

control regions of B. japonicus and B. melanostictus commonly possessed repeat motifs

at both 5'and 3'ends. The 3'repeats of these species consisted of three repeat units of

102 - 103 bp (plus one incomplete unit of 36 bp) and showed high sequence similarity

(rep. B and D). Although the number and length of 5　repeats differed between the two

species (B. japonicus possessed three repeats of 207 - 227 bp [rep.A] and B.

melanostictus two repeats of 86 bp [rep.C]), the 3'part of rep.A showed high sequence

similarity with rep.C. Furthermore, in both species, the 5'repeat motifs contained two

putative termination-associated sequences (TASs) and the 3'repeat motifs possessed

two conserved sequence blocks (CSB-2 and CSB-3). Similarly, in Hyla species, the

control regions of H. japonica and H. chinensis possessed 5'repeat motifs (rep.E and

G) including TAS. Two Hyla species also had repeat motif(s) at the 3'end of the

control region. However, these 3'repeats differed in both nucleotide sequence and

structural feature. The H. chinensis control region had two distinct 3'repeat motifs
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(rep.I and H), and one motif (rep.H) contained CSB-2 and CSB-3, as found in Bufo

species, while the control region of H. japonica possessed only one repeat motif at the

3'end and this motif did not contain CSBs. Usually, CSBs are not included in repeat

motifs (e.g., San Mauro et al., 2004). However, CSB-2 and CSB-3 included in repeats

have been observed in three Bufo and Hyla species reported so far. This suggests that

the presence of the CSBs in repeat motifs is an ancestral state that originated in a

common ancestor of these two genera. In this context, the H. japonica CSBs not

included in a repeat motif seem to be a derived condition in this taxon. For microhyhds,

no obvious repeat motifs were found in the control region, which is the chief factor

responsible for the relatively short control region. Microhylid control regions without

any repeat motif are unusual, because almost all anuran control regions contain several

repeat motifs, particularly, in most reported mtDNAs from superfamily Ranoidae: Rana

nigromaculata (Sumida et al., 2001), Buergeria buergeri (Sano et al., 2004),

Rhacophorus schlegelii (Sano et al., 2005), and Mantella madagascariensis

(Kurabayashi et al., 2006). Therefore, the microhylid control regions lacking repeat

sequences seem to be a synapomorphy originating in a common ancestor of this family.

In the mtDNAs analyzed here, the tRNA-Leu (CUN), tRNA-Thr, tRNA-Pro, and

tRNA-Phe genes were located upstream of the 12S rRNA gene and formed a tRNA

gene cluster (LTPF tRNA cluster). This tRNA gene arrangement is different from that

of typical vertebrates including basal anurans (archaeobatrachians) (San Mauro et al.,

2005; Zhang et al., 2005a; Gissi et al., 2006). However, hyloid and ranoid

neobatrachians examined here had the LTPF tRNA gene cluster. Zhang et al. (2005a)
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suggested that only a one-time gene rearrangement event caused the LTPF tRNA gene

cluster in an ancestral lineage of neobatrachians. We also found the same tRNA gene

cluster in three novel neobatrachian mtDNAs, supporting the hypothesis by Zhang et al.

(2005a).

Phylogenetic analysis.　For phylogenetic analyses, we used two datasets, amino acid

and nucleotide data. The amino acid data contained 3,197 amino acid sites from 12 mt

protein-encoding genes, and 1,574　sites were parsimoniously informative. The

nucleotide data contained 10,974 nucleotide sites from 12 protein-encoding genes and

12S and 16S rRNA genes, and 6,346 sites were parsimoniously informative. Based on

these data, the ML and BI analyses (with GTR+G+I model) reconstructed the same tree

topology. Figure 7 shows the ML tree (-inL = -67443.20) obtained from the amino acid

data. In this tree, amniotes and amphibians formed a monophyletic group. Among

amphibians, our tree shows that each amphibian order (Anura, Urodela, and Caecihan)

formed a clade, and Anura and Urodela became a monophyletic group. This topology

supports the "batrachia hypothesis" (monophyly of Anura and Urodela among

hssamphibians), as in the same case with previous phylogenetic studies based on mt

genomic data (Zardoya and Meyer 2001). Although bootstrap supports of the Anura and

Urodela clade were low (ML bootstrap = 69 and 58 for amino acid data and nucleotide

data, respectively), Bayesian posterior probabilities (BPP) were high (100 for both

ammo acid and nucleotide data).

Within the anuran clade, archaeobatrachians and neobatrachians formed their own
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clade with high statistical support (ML bootstrap and BPP = 100 for both ammo acid

and nucleotide data). The neobatrachian clade is recognized to include two major

subgroups corresponding to the superfamilies Hyloidea and Ranoidea. In the hyloid

clade, hylid and bufonid species formed monophyletic groups, respectively (ML

bootstrap and BPP = 100 for both amino acid and nucleotide data). In the ranoid clade,

the members of the family Microhylidae initially branched and the other group

consisting of ranids, mantellids, and rhacophorids formed monophyletic groups (ML

bootstrap and BPP = 100 for both amino acid and nucleotide data) corresponding to the

epifamily Ranoidae. In this epifamily, the family Ranidae became a paraphyletic group

with respect to Mantellidae and Rhacophoridae. In spite of the low BP values in our tree

(ML bootstrap = 66 and 65, BPP = 99 and 100 for nucleotide and amino acid data,

respectively), the paraphyletic nature of the family Ranidae has been supported by other

systematic studies (Roelants et al., 2004; van der Meiden et al., 2005; Frost et al., 2006;

Kurabayashi et al., 2006). Recently, Gissi et al. (2006) reported the complete

mitochondrial sequences of two archaeobatrachian species, Ascaphus truei and

Pelobates cultripes. We also carried out phylogenetic analyses including these taxa. The

resultant BI tree based on amino acid data and ML tree based on all nuc data supported

basal split of Ascaphus among anurans and sister relationship of Pelobates to the

neobatrachian clade (Fig. 8), as well as recent molecular phylogeny studies using

nuclear genes (Hoegg et al., 2004; Roelants and Bossyt, 2005; San Mauro et al., 2005).

In contrast, the other analyses (ML based on amino acid, BI from all nuc, and BI and

ML based on -3rd nuc data) support archaeobatrachian monophyly. Theses unstable
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results are the same as the case of Gissi et al. (2006). These results seem to suggest that,

even if some important archaeobatrachian data are added, mitochondrial genomic data

are difficult to resolve archaeobatrachian relationships. Therefore, in the present study,

we did not use these taxa in the following time estimation analyses.

Estimation of divergence times.　We estimated divergence times among the

amphibian taxa based on amino acid data of 12 H-strand-encoded protein genes [Fig. 9;

many reference points not constrained as an absolute time (min-max values or mm

value) were recalculated by Multidivtime. Thus, some branching times used as

reference points are also described.]. Tetrapoda separated from the common ancestor of

Dipnoi in the Middle Devonian period at 393 Ma (407 - 378 Ma: 95% credibility

interval) (node A in Fig. 9). The common ancestor of all amphibians separated from the

other amniotes in the Early Carboniferous period at 355 (370 - 340) Ma (node B). In the

amphibian clade, the divergence between Gymnophiona and Urodela + Anura occurred

in the Middle Carboniferous period at 335 (352 - 317) Ma (node C), and the divergence

between Urodela and Anura followed shortly thereafter in the Late Carboniferous

period at 318 (337 - 298) Ma (node D).

The estimated divergence times of major tetrapod clades are similar to the estimated

ages in a previous study using the mt genome (Zhang et al., 2005a). If we consider 95%

confidence interval the most of our estimated times are also overlapped with those from

San Mauro et al. (2005). Thus, the branching time inferences of these three studies are

largely congruent. But the absolute time of each branching estimated in this study and
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Zhang et al. (2005a) is slightly younger than San Mauro et al.'s estimations (Table 8).

For example, the basal split between lissamphibians (node C in Fig. 9) at approx. 335

Ma was supported by the present study and Zhang et al. (2005a), while San Mauro et al.

(2005) calculated it to be around 367 Ma. Lee and Anderson (2006) suggested that the

discrepancy between the estimations ofZhang et al. and San Mauro et al. was caused by

the different calibration methods they used: the former applied a single reference point,

while the latter used multiple reference points. However, our analysis applied the same

multiple reference points as San Mauro et al. (2005) and resulted in divergence times

similar to those by Zhang et al. (2005a), indicating that the discrepancy was caused by

the difference of molecular types used for analysis.

For the divergence times among anuran clades, the split between Archeobatrachia

and Neobatrachia was estimated to be in the Late Carboniferous period at 297 (309 -

285) Ma (node E m Fig. 9). (As mentioned above, mitochondria! genomic data may not

resolve the relationships of archaeobatrachian taxa with respect to neobatrachians and

many of recent studies supported archaeobatrachian paraphyly. Thus, this branching

time is only meaningful when the archaeobatrachian monophyly is true). Within the

neobatrachian clade, Ranoidea and Hyloidea separated in Jurassic at 170 (186 - 154)

Ma (node F), and subsequent divergences of neobatrachian families occurred from the

Cretaceous to Tertiary periods. The split of Microhylidae and the epifamily Ranoidae

occurred at 122 (107 - 137) Ma (node G), the basal split of Fejervarya limonocharis in

the ranoid clade at 93 (81 - 105) Ma (node H), the split of Mantellidae + Rhacophondae

and family Ranidae at 83 (72 - 94) Ma (node I), Rhacophoridae and Mantellidae
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separation at 73 (63 - 83) Ma (node J), and the split of Bufonidae and Hyhdae at 97 (79

- 1 15) Ma (node K). These divergence times among anuran clades basically agree with

those by Zhang et al. (2005a) (Table 8). However, neobatrachian branchings estimated

from this study and Zhang et al. (2005a) were older than those by San Mauro et al.

(2005). As for the split age of Ranoidea and Hyloidea (node F), our and Zhang et al. s

estimations (170 Ma and 172 Ma, respectively) closely matched another molecular time

(approx. 170 Ma) estimated from the combined data of three mt and two nuclear genes

(Vences et al., 2003). Furthermore, the branching time of Ranoidae and Microhyhdae

based on two mt and three nuclear genes (134 Ma; van der Meijden et al., 2005) is

similar to our and Zhang et al.'s estimations (122 Ma and 142 Ma, respectively). For

neobatrachian clades, therefore, our result seems to be closer to the majority opinion

than San Mauro et al.'s estimation. The different estimations of the neobatrachian

branchings between our (and Zhang et al's) study and San Mauro et al. may be caused

by the fast evolutionary rate of mt genes among neobatrachian taxa. As discussed in the

below section, substitution rate of mt gene is highly accelerated in neobatrachians and

this fast rate seems to affect the older estimates of neobatrachian branchings.

With respect to some neobatrachian splits, our estimated values are slightly younger

than those by Zhang et al. (2005a) (see table 8). For example, the branching time

between the epifamily Ranoidae and Microhylidae was estimated to be 122 Ma in our

analysis, while it was 142 Ma in Zhang et al. (2005a). This minor discrepancy might be

due to the increased number of sampling taxa within neobatrachians (B. buergeri, R.

schlegelii, M. madagascariensis and F. limnocharis) and multiple reference points
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applied in this study. Zhang et al. (2005a) used limited taxa within neobatrachians (R.

nigromaculata, P. megacephalus, K. pulchra, M. heymonsi, B. melanostictus, and H.

chinensis) and no reference point within neobatrachians. The reference point within the

neobatrachian clade (i.e. Mantellidae and Rhacophoridae split used here) seems to

strongly affect molecular time dating (see the next section).

Based on amino acid data, the first split of neobatrachian families (i.e., Hyloidea and

Ranoidea) was estimated within the Jurassic period corresponding to the early period of

the breakup of Pangaea. Thus, our result seems to support the hypothesis that some

ancestral lineages of modern neobatrachian families had already existed before the

breakup of Pangaea, and were distributed over a wide range of this super continent

(Roelants and Bossuyt, 2005; Zhang et al., 2005a; San Mauro et al., 2005). In addition,

our analyses also showed the divergence times between the Hyla, Bufo and Microhyla

species living in the Eurasian continent and in the Japanese archipelago. These

branching periods and divergence times corresponded to the Tertiary period at 37 (58 -

17) Ma for H. chinensis and H. japonica, 43 (71 - 24) Ma for B. melanostictus and B.

japonicus, and 37 (55 - 23) Ma for M. heymonsi and M. okinavensis. These are much

earlier than the Late Miocene origin of Japanese Bufo species (about 6 Ma, Igawa et al.,

2006), and thus suggest that the separations of Eurasian and Japanese frog taxa used

here occurred in the ancient Eurasian continent before the Japanese archipelago formed.

Furthermore, it is also remarkable that the divergence times of Eurasian - Japanese taxa

in these families are similar (37 - 43 Ma). This might suggest that these branchings

leading to Japanese frogs from other Eurasian lineages were caused by only a single
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geographic event.

Assessing the quality of datasets and reference points.　To investigate the

influence of the data types on the divergence time estimation, we recalibrated the

divergence times based on two other nucleotide datasets: all nuc (all nucleotides of 12

protein and rRNA genes) and -3rd nuc (nucleotides of lst and 2nd codons of 12 protein

genes and rRNA genes). Furthermore, to survey the reliability of the reference points,

we also conducted the divergence time estimations with and/or without two specific

reference points: between Mantellidae and Rhacophoridae (73.1 ± 19.5 Ma) (ref-set 2)

and between diapsids and synapsids (310 ± 10 Ma) (ref-set 3). The former is the most

recent reference point and the latter has been criticized due to the accuracy and

precision of its age (Graur and Martin, 2004; Reisz and Miiller, 2004a, b).

The resultant divergence times with all reference points (ref-set 1 in Fig. 9) showed

that the times estimated based on both amino acid and -3rd nuc data were almost the

same (Table 9). However, the times estimated with all nuc data showed somewhat older

ages than the others at some nodes (G, J, H, and K) (Fig. 9 and Table 9), especially the

divergences times among neobatrachians (J, H, and K). When the reference point

between Mantellidae and Rhacophoridae was removed (ref-set 2), this older estimation

was emphasized (Table 9). In contrast, for amino acid and -3rd nuc data, ref-sets 1 and

2 recovered similar estimated times (Table 9). Only 95% credibility ranges with ref-set

2 became slightly wider than those from ref-set 1. However, when the reference point

between diapsids and synapsids was not applied (ref-set 3), the times estimated based
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on all datasets showed slightly older times among early divergence of amphibians (node

A, B, C, and D) than those calculated by using all reference points (ref-set 1) (Table 9).

To check the influence of substitution saturation on the time estimations, we plotted

the uncorrected pairwise distances (= substitution rates) of each dataset against the

estimated divergence times calculated from amino acid data (Fig. 9). According to the

plots, the substitution rates among neobatrachians (solid circles in Fig. 9) are obviously

faster than for the other taxa. This is considered to be because the tempo of substitution

rates in the mt genome is extremely accelerated among neobatrachians, in agreement

with the previous study (Hoegg et al., 2004). Furthermore, the substitution rate among

neobatrachians showed the highest value at 93.3 Ma, for the comparisons between F.

limnocharis and the other ranoids (shown as 'H'in Fig. 10), and the three following

divergence points (96.6 Ma between Bufonidae and Hylidae; 122 Ma between

Microhylidae and Ranidae; 170 Ma between Ranoidea and Hyloidea) showed lower

nucleotide distances, indicating that a certain amount of saturation would have occurred

among neobatrachian taxa. In Figs. 10A and B, however, the regression lines did not

reach a plateau by the amino acid and -3rd nuc data. This indicates that substitutions

were not saturated in these datasets. In contrast, all nuc data were highly saturated (Fig.

IOC) in not only neobatrachians but also the other taxa, and the regression lines of the

plotted points were almost parallel to the x-axis. Furthermore as shown in Fig. 10D, the

saturation was mainly observed in codon 3rd positions of 12 protein genes.

These plot analyses suggest that the prior estimation from all codon sites (see above)

was caused by the substitution saturation in this dataset. The saturated nucleotide sites
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will underestimate the molecular distances (i.e., saturation will show fewer substitutions

than actual substitutions), especially among deep branching taxa. Most of the reference

points used here (excluding 73 Ma, Mantellidae and Rhacophoridae branching)

correspond to possible saturated branches. If these deep branches are used as reference

points, the prior assumption of substitution rate will be calculated slower than the actual

rate. Although the Multidivtime program does not need to assume an equal rate

molecular clock (Thorne et al., 1998), these erroneous prior assumptions would result in

older branching times for other nodes especially shallow diverged taxa with less

saturation (= having a larger actual number of substitutions). As shown in Fig. 10D, the

codon 3rd positions were largely affected by substitution saturation. Thus, it is probable

that the prior estimation from all nuc data was caused by substitution saturation in the

codon 3rd positions. In addition, when we used ref-set 2, all nuc data showed even older

times among neobatrachians. This suggests that the Mantellidae - Rhacophoridae split,

the unique reference point within neobatrachians, is important to correct accelerated

substitution rates in this taxon.

The amino acid and -3rd nuc data with less shturation resulted in similar and stable

branching ages under ref-sets 1 and 2. Thus in these calibrations, Bayesian inference

seems to efficiently correct the heterogeneity of substitution rate between taxa (i.e.,

archaeobatrachians and neobatrachians). However, the times estimated from these

datasets become slightly older (at nodes B, C, D, and E, from amino acid data; node A,

B, C, D, E, and F from -3rd nuc data) than those from the ref-set 3 without the

calibration point between diapsids and synapsids. The diapsid-synapsid branching has
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been used in many molecular time estimates, but several authors claimed the accuracy

of this reference point based on paleontologic data (Graur and Martin, 2004; Reisz and

Muller, 2004a, b). Our analyses showing a degree of instability estimated with and

without this reference point suggest the ambiguity of this reference point.

C onclusion

In conclusion, for the divergence time estimation among amphibian taxa, it is

considered that amino acid data resulted in fairly constant branching times, regardless of

reference point setting. Furthermore, our results showed that the divergence times vary

depending on both data types and selection of reference points. Although mitochondnal

genes have been considered to be able to estimate accurate molecular distances even for

ancient divergences (Kumazawa et al., 2004), nucleotide sequences of mitochondria!

protein genes, especially codon 3rd positions, were rapidly saturated, and the saturated

sites caused overestimated branching times for recently diverged taxa with less

saturation. Furthermore, our results suggested that the application of multiple reference

points was efficient to improve the accuracy of time estimations. Especially, the

reference point between Mantellidae and Rhacophoridae seemed to be important to

make an accurate estimate of branching time for neobatrachians. Because of the large

heterogeneity of substitution rates between archaeobatrachian and neobatrachian mt

genomes, it is important to increase other reference points within neobatrachians to

improve the estimation of branching age for neobatrachians.

40



IV. General discussion

Phylogenetic relationships of Bufo japonicus subspecies group.　To elucidate the

evolutionary relationships of the B. japonicus subspecies group and closely related

species, I conducted phylogenetic analyses based on seven mt genes. The resultant

phylogeny showed that the B. j. japonicus subspecies group was divided into three

major clades (Fig. 2A); i.e. the clade consisting of B. j. gargarizans, B. j. bankorensis,

and B. j. miyakonis, and the two clades consisting of western and eastern B. jjaponicus.

Within these eastern and western groups, the subclades well matched with their

geographic distribution patterns. These relationships also agreed with the previous

studies: morphology (Inger, 1972), karyology (Matsui, 1980), allozyme analysis

(Nishioka et al., 1990; Kawamura et al., 1990), and crossing experiments (Kawamura et

al., 1980, 1982).

Divergence times and inferred biogeographic events causing divergences of Bufo

japonicus subspecies.　On the basis of divergence times estimated here, I inferred the

biogeographic events that caused the major branchings of the Bufo species groups.

Initial branching between Eurasian continental and Japanese toads was estimated to

have occurred in the Late Miocene (approx. 6.8 Ma; Fig. 2B, clade 2). The Japanese

Bufo species diverged into two major groups (eastern and western) in the Early Pliocene

at (approx. 5.7 Ma, Fig 2B, clade 3)

These estimated divergence times are almost the same with the era when the two
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massive geographic events occurred. The first is the resuming of Philippine Sea plate

(PHS) subduction in the Late Miocene, (Fig. 4C) (Kamata, 1999; Kamata and Kodama,

1994; Itoh and Nagasaki, 1996). The second is the expansion of many basins at an intra-

arc depressional zone called the Setouchi Geologic Province and the back arc area of a

mainland known as the Green Tuff region in the Early Pliocene (Fig. 4D) (Itoigawa,

1991; Yoshida, 1992; Kuwahara, 1985). The first event might have broken the land

bridge from the Korean Peninsula to the Japanese Archipelago and caused the isolation

of the ancient Japanese Bufo species from continental species. The second event might

have segmented the distribution area of ancestral Japanese Bufo species. In addition, the

uplifting and volcanic activity occurred in this area after the second event, which

transformed the neighboring landmass in the Pliocene (Takeuchi, 1999a, b). The

mountains, basins, and other geographic features in this area might have restricted

dispersal of B. j. torrenticola from this mountainous area, thereby isolating this

subspecies and setting the stage for morphological differentiation.

On the other hand, the divergence among B. j. miyakonis, B.j. gargarizans and B.j.

bankorensis was estimated to have occurred in the Pleistocene era approx. 1 Ma. The

oldest fossil record of B. j. miyakonis from the Late Pleistocene (< 1 Ma) deposited on

Miyako Island (Nokariya and Hasegawa, 1985) seems to agree with my result.

Furthermore, no native populations or fossil records of the genus Bufo have ever been

found in the other Ryukyu Islands (Ota, 2003). A similar distribution pattern and

divergence have also been reported for the lizard Ta砂dromus toyamai (Ota et al., 2002)

and snakes Amphiesma concelarum and Calamaria pfefferi (Ota, 1998). Therefore, the
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estimated divergence times of Bufo and the distribution patterns of animals seem to

support the hypothesis that the disjunction between Miyako Island and the other Ryukyu

Islands (approx. 6 Ma, Late Miocene) preceded the fragmentation of Miyako Island and

the Eurasia continent/Taiwan (approx. 1 Ma; Ota, 1998).

In conclusion, I showed that the branching dates of Bufo japonicus subspecies

estimated from mtDNA data matched with the ancient geographic events of the Eurasian

continent and Japanese Archipelago, and these events might be the causes of

divergences of Bufo japonicus subspecies.

Divergence times between continental and Japanese species based on mt genomic data.

To estimate the divergence times of continental and Japanese frog species including

Bufo species, I also conducted the divergence time estimation in the higher taxonomic

level based on a large molecular dataset (12 mitochondrial protein genes; Fig. 9). As a

result, the divergence times between the Hyla, Bufo and Microhyla species living in the

Eurasian continent and in the Japanese archipelago were estimated in the Tertiary period.

These were much earlier than the Late Miocene origin of Japanese Bufo species (about 6

Ma); and thus, it was suggested that the separations of Eurasian and Japanese frog taxa

used here occurred in the ancient Eurasian continent before the formation of Japanese

archipelago. Furthermore, it is also remarkable that the divergence times of Eurasian -

Japanese taxa in these different frog families were very similar (37 - 43 Ma). This

might suggest that these branchings leading to Japanese frogs from other Eurasian

lineages were caused by single geographic event.
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Mitochondrial genome composition of three neobatrachian frogs. I determined

the complete mt genomes of three neobatrachian frogs (B. japonicus, H. japonica, and

M. okinavensis). These mt genomes commonly encoded 37 typical mt genes (i.e., 13

protein, two rRNA, and 22 tRNA genes), and all of these genes were similar in length to

their counterparts in other anurans. Contrary to this, the genome sizes of these three

mtDNAs highly diverged, ranging from 16,717 (M. okinavensis) to 19,519 bp (H.

japonica) (Table 6). These differences were caused by length differences in their control

regions (Fig. 6). In B. japonicus and H. japonica mtDNAs, the control regions

possessed two tandem repeats at both 5'and 3'ends, and these repeats made long

control regions (2,351 bp and 4,103 bp, respectively). In contrast, the control region of

M. okinavensis did not include repeat units and its length was 1,335 bp (Fig. 6).

The structures of the control regions among closely related species, most features

were shared within the same genus (Fig. 6). For Bufo and Hyla species, the control

regions of these species commonly possessed repeat motifs at both 5 and 3'ends. On

the other hand, no obvious repeat motifs were found in the control region of microhylids,

which is the chief factor responsible for the relatively short control region. Microhylid

control regions without any repeat motif are unusual, because almost all anuran control

regions contain several repeat motifs, particularly, in most reported mtDNAs from

superfamily Ranoidae: Rana nigromaculata (Sumida et al., 2001), Buergeria buergeri

(Sano et al., 2004), Rhacophorus schlegelii (Sano et al., 2005), and Mantella

madagascariensis (Kurabayashi et al., 2006). Therefore, the microhylid control regions
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lacking repeat sequences seem to be a synapomorphy originating in a common ancestor

of this family.

Phylogenetic relationship of major among anuran clades.　Based on the mt

genomic data, I reconstructed phylogenetic tree among anurans. In the resultant tree

(Fig. 7), Anura and Urodela formed a monophyletic group, supporting "batrachia

hypothesis", as in the same case with the previous phylogenetic studies based on mt

genomic data (Zardoya and Mayer 2001). Within the anuran clade, archaeobatrachians

and neobatrachians formed their own clade with high statistical supports. In the

neobatrachian clade, two major subgroups corresponding to the superfamilies Hyloidea

and Ranoidea were recognized. In the ranoid clade, the members of the family

Microhylidae initially branched and the other group, ranids, mantellids, and

rhacophorids, formed a monophyletic group corresponding to the epifamily Ranoidae.

In this epifamily, the family Ranidae became a paraphyletic group with respect to

Mantellidae and Rhacophoridae. The paraphyletic nature of the family Ranidae has been

supported by other systematic studies (Roelants et al., 2004; van der Meiden et al.,

2005; Frost et al., 2006; Kurabayashi et al., 2006).

Estimation of divergence times among anurans.　The divergence times of major

tetrapod clades estimated here are similar to these suggested by the previous study using

the mt genome data (Zhang et al., 2005a) (Table 8). However, neobatrachian branchings

estimated by this study and Zhang et al. (2005a) were older than those from nuclear
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gene data by San Mauro et al. (2005). The different estimations of the neobatrachian

branchings between the present (and Zhang et al's) studies and San Mauro et al.'s ones

may be caused by the fast evolutionary rate of mt genes among neobatrachian taxa (see

blow)

With respect to some neobatrachian splits, the values estimated in this study are

slightly younger than those by Zhang et al. (2005a) This minor discrepancy might be

due to the increased number of sampling taxa within neobatrachians and multiple

reference points applied in this study. Zhang et al. (2005a) used limited taxa within

neobatrachians and no reference point within neobatrachians. The reference point within

the neobatrachian clade used here (i.e. Mantellidae and Rhacophondae split) seems to

strongly affect molecular time dating.

The first split of neobatrachian families (i.e., Hyloidea and Ranoidea) was estimated

within the Jurassic period corresponding to the early period of the breakup of Pangaea.

Thus, my result seems to support the hypothesis that some ancestral lineages of modern

neobatrachian families had already existed before the breakup of Pangaea, and were

distributed over a wide range of continents which are descendant of this super continent

(Roelants and Bossuyt, 2005; Zhang et al., 2005a; San Mauro et al., 2005).

To investigate the influence of the data types and calibration point settings on the

divergence time estimation, I recalibrated the divergence times based on two other nucleonde

datasets and two specific reference points. As the result of the divergence time estimation

among amphibian taxa, it is considered that amino acid data resulted in fairly constant

branching times, regardless of reference point setting. Furthermore, I showed that the
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divergence times varied depending on both data types and selection of reference points.

Although mitochondrial genes have been considered to be able to estimate accurate molecular

distances even for ancient divergences (Kumazawa et al., 2004), substitutions of

mitochondrial protein genes, especially 3rd codon positions, were rapidly saturated, and the

saturated sites caused overestimated branching times for recently diverged taxa with less

saturation. Furthermore, my results suggested that the application of multiple reference points

was efficient to improve the accuracy of time estimations. Especially, the reference point

between Mantellidae and Rhacophoridae seemed to be important to make an accurate

estimate of branching time for neobatrachians. Because of the large heterogeneity of

substitution rates between archaeobatrachian and neobatrachian mt genomes, it is important to

increase other reference points within neobatrachians in order to improve the esdmation of

branching age for neobatrachians.
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Table 4. Complete mitochondrial genomes used in this study

Taxon cies Accession nos.

Order Anura

"Archaeobatrachia *

Bombi natoridae

Discoglossidae

Pipidae

Suborder Neobatrachia

Supe血mily Hyloidea
B ufomdae

Hyhdae

Superfamily Ranoidea

Mi crohyhdae

Mantelhdae

Rhaco phondae

Rani dae

Urodela

Cry ptobranchi dae

Salamandndae

Salamandndae

Hynobndae

Gymnophi ona

I chthyop hi idae

Rh inatremati dae

Caecil ndae

A mmota

Crocodyh dae

Bovidae

Phasi an i dae

Homimdae

Dipnoi

Protopten dae

A cti noptery gn

Scyliorhinidae
nnidae

Bombina bombina

Bombina orientalis

Alytes obstetricans pertinax

Discoglossus galganoi

Xenopus laeVis

Xenopus tropicalis

Bum melanostictus

Hyla chinensis

Microhyla heymonsi

Kalo ula pulchra

Mantella meゐgascariensi s

Rhacophorus schlegelii

Buergeria buergeri

FejerVarya limnocharis

Rana n igromaculata

Andrias davidianus

Lyciasalamandra atif,

Paramesotrition hongkongens is

Ranodon sibiricus

lchthyophis bannanicus

Rh inatrema b ivittatum

Typhlonecte s natans

Alligator mississipp iensis

Bos Taurus

Gallus gallus

Homo sapiens

Protopterus dolloi

Scyliorhinus canicula

miimw*割hi

AY45859 1

AY585338

AY5853 37

AY585339

MI0217

AY7890 1 3

AY458592

AY458593

AY458596

AY458595

AB21 2225

A B 202078

AB 127977

AY 158705

ABO43889

AJ492 1 92

AF1 54053

AY458597

AJ41 9960

AY458594

AY45 6252

AF15405 1

Y13113

JO1 394

X52392

AF34701 5

L42813

Y 16067

X61010

詛Generally, "Archaeobatrachia" is regarded as a paraphyletic group with respect to Neobatrachia.
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Table 6. Compositional features of mt genomes

Feature Bufo japonicus Hyla japonica Microhyla okinavensis

Total length　　　17,757
28.9

% c　　　　　　　27.6

%G　　　　　　15.3

%T　　　　　　　28.1

control region　　　2,35 1
12S rRNA　　　　　　930

16S rRNA 1 ,600

ÅrPase6　　　　　　　684

ATPase8　　　　　　　1 65

COl 1 ,542

C02　　　　　　　　　688

CO3　　　　　　　　　779

Cytb 1,146

ND1　　　　　　　　　961

ND2　　　　　　　1 ,035

ND3　　　　　　　　　340

ND4　　　　　　　1 ,365

ND4L　　　　　　　　　300

ND5　　　　　　　1 ,803

ND6　　　　　　　　　　495

(ATG/TAA)

(ATG/TAA)

(ATAATAA)

(ATG/T- )

(AT G/AGG)

(ATG/AGA )

(TT G/T- )

(AT C/TA G

(ATG/T- )

(ATG/TAA

(ATG/TAA

(ArG/AGA )

(ATG/AGA)

19,519

29.6

25.4

14.5

30.5

4,103

933

1 ,600

683 (ATG/TA-)

165 (ATG/TAA)

1,542 (AIA/AGG)

688 (ATG/T-)

758 (ATG/TA-)

1,149 (ATG/TAG)

961 (TTG/T-)

1,035 (ArT!AGA)

340 (ATG/T-)

1,365 (ATG/TAA)

303 (ATG/TAA)

1,803 (ATG/AGA)

495 (ArG/AGA)

16,717

29.0

24.6

14.5

31.8

1,335

934

1,581

682 (ATG/T-)

165 (ATG/TAA)

1,551 (ATA/AGG)

688 (ATG/T-)

784 (ATG/T--)

1,143 (ATG/TAA)

958 (GTG/T-)

1,033 (ATG/T-)

340 (ATG/T--)

1,363 (ATG/T-)

285 (ATG/TAA)

1,806　ArG/AGG

498 (ATG/TA-)

Parentheses show the start and stop codons. ('-'means incomplete termination of stop codons).
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Table 8. Comparison of divergence times of branching node in Lissamphibia with their standard

deviation (SD) and 95% confidence intervals (CI) estimated in this study and previous studies

Branchingnode」?*芋timesD95(盈CI

.Reference
a)
Gimnophiona - other Lissampbhia (C)　　　335

337

Hサj

Urodera - Anura (D) 318

308

357

Archaeobatrachia - Neobatrachia (E)　　　　297

Ranoidea - Hyloidea (F)

Raniodae - Microhylidae (G)

Bufonidae - Hylidae (K)

Micohyla - Kaloula (L)

317-351 Present study

-　　321-353　Zhang et al. (2005a)

23　　328-417　San Mauro etal. (2005)

298-337　Present study

289-328　Zhang et al. (2005a)

22　　317-405　San Mauro et al. (2005)

12　　274-319　Present study

290　　　　　　268-313　Zhang et al. (2005a)

262 *　　　21　223-305　San Mauro et al. (2005)

170　　16　140-202　Present study

173　　　　-　152-195　Zhang et al. (2005a)

150　　　18　117-186　San Mauro etal. (2005

Approx. 170　　　-　　　　　-　Vences etal. (2003)

122　　15　　95-151 Present study

142　　　-　123-162　Zhang et al. (2005a)

99　　16　　70-132　San Mauro etal. (2005)

134　　　20　　99-177　van der Meijden (2005)

97　　18　　65-133　Present study

97　　　　　　　8ト115　Zhangetal. (2005a)

65　　　　8　　　52-84　San Mauro et al. (2005)

81　　13　　58-107　Present study

96　　　　　　　8ト113　Zhang et al. (2005a)

C - G, K, and L correspond to the nodes in Fig. 9. Present study refers to the estimated divergence times

based on amino acid data in this study (Fig. 9). San Mauro et al. (2005) refers to their estimated

divergence times mentioned as 'multiple calibration'. This value means the split of neobatrachians from

archaeobatrachians, because San Mauro et al. (2005) suggested the paraphyly of archaeobatrachians with

respect to neobatrachians.
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Fig. 1. Map showing the collecting stations of the toads used in the present study.
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Fig. 2. (A) Maximum Likelihood tree (-In L= 7707. 14526) of 33 Bufo taxa obtained based on 2,075bp of the

mitochondrial DNA genes with the TrN+I+G substitution model. The numbers of each clade correspond to

those in the text and Table 4. The Bootstrap supports are given in order for ML/MP/NJ. (B) ML tree

topology of the combined dataset converted to an ultrametric tree by estimating the relative divergence dates

of the Bufo species used in this study. As a fixed reference point, we used the split between European and

Asian Bufo species (B. bufo and the B. japonicus subspecies group) (indicated by an arrow).

73



心
o
u
a
B
J
s
a
i
d
a
O
u
a
n
b
a
c

o

 

o

 

o

tRNA　　　　　　1 2S

Fig. 3. Comparisons of the average sequence divergences of the mitochondrial DNA

genes among three different taxonomic levels.
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Fig. 4. Summary of the paleogeography in eastern Asia. (A) Map of Eastern Asia at present showing

areas represented in the other paleogeographic maps. (B) Paleogeographic map of Southern Asia (Middle

Miocene, 10 Ma; modified from Ha汀ison et al., 1992). The solid line indicates the Indian Plate and open

arrows indicate movements of the Indian Plate and Indian subcontinent. (C) Paleogeographic map of

Eastern Eurasia and the Japanese Archipelago (Late Miocene, 6 Ma; modified from Maruyama et al.,

1997 and Kamata and Kodama, 1999). The solid line indicates plates in this area and open arrows indicate

movements of the Philippine Sea Plate. Dotted lines and solid arrows indicate the area where land

dividing events are expected. (D) Paleogeographic map of the central Japan mainland (Early Pliocene, 5

Ma; modified from Itoigawa, 1991 and Yoshida 1992). Dotted circles indicate the ancient basin. The

dotted line and solid arrows indicate the direction of basin expansion.
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Fig. 6. Comparisons of the control region structures and alignments of characteristic sequences. For each
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M =A/ C,Y = C /T, R=A / G). Underlined nucleotides indicate deleted nucleotides in some units.
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Fig. 8. (A) Maximum-likelihood (ML) tree (-lnL = -70654.71) and (B) Bayesian tree based on the 3,196

concatenated amino acid sites of 12 protein genes with the mtREV + T model. (C) ML tree (-lnL = -

219096.68) and (D) Baysian tree based on the ll,029 concatenated nucleotide sites of all codon site of 12

protein genes and two rRNA genes with the GTR + T + I model. (E) ML tree (-lnL = -99263.74) and (F)

Bayesian tree based on the 7,833 concatenated nucleotide sites of lst and 2nd codon sites of 12 protein

genes and two rRNA genes with the GTR + T + I model. Numbers on branches are percent nonparametric

bootstrap probability or Bayesian posterior probai hties.
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Fig. 10. Plots of pairwise distances calculated from (A) concatenated amino acid data of 12 protein genes,

(B) concatenated nucleotide data of lst and 2nd codon sites of 12 protein genes and two rRNA genes, (C)

concatenated nucleotide data of all codon sites of 12 protein genes and two rRNA genes, and (D)

concatenated nucleotide data of 3rd codon sites of 12 protein genes. The divergence time used here are

based on amino acid sequences of 12 protein genes (dataset 1) with all 7 reference points (ref-set 1).

Pairwise distances were calculated using PAUP* (Swofford, 2001) and plotted by averaging values for all

corresponding species pairs. Circles express pairwise distances among non-neobatrachians, and solid

circles show those among neobatrachians. Solid, broken and dotted lines (and/or curves) are regressions

of pairwise distances vs branching times between all taxa, between neobatrachians, and between non-

neobatrachian species, respectively. Open stars indicate the branchings that were used as reference points.

'H'indicates pairwise distance between F. litnnocalis and the other ranoids.
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