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ABSTRACT

 

—The Western Ghats of Southwestern India are known as one of the world’s “hotspots” of
biodiversity. We collected frog specimens from the family Ranidae and investigated the phylogenetic rela-
tionships among ranid species, particularly among the 

 

Fejervarya, 

 

a genus whose morphological diagnos-
tic characteristics and phylogenetic features remain little known. We analyzed partial sequences of the
mitochondrial 12S (428 bp) and 16S rDNAs (549 bp). Results showed that the members of 

 

Fejervarya

 

 form
a monophyletic group with the genera 

 

Hoplobatrachus

 

 and 

 

Euphlyctis

 

 among ranid genera. This confirms
the recent allocation of 

 

Fejervarya,

 

 including it within the subfamily Dicroglossinae. The mitochondrial rDNA
data in our study also appeared to be useful as a marker to distinguish 

 

Fejervarya

 

 species without mor-
phological differences. The phylogenetic tree based on the 16S rDNA sequence showed a correlation
between 

 

Fejervarya

 

 phylogenies and their geographic distributions. Lastly, our results suggested the recent
occurrence of a radiation event of 

 

Fejervarya

 

 species in the Indian-Sri Lankan region.
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INTRODUCTION

 

The first comprehensive list of Indian amphibians, pro-
vided by Inger and Dutta (1986), included 181 species.
Through a series of additions, omissions, and nomenclature
changes by Chanda and Ghosh (1988), Das and Whitaker
(1990), Dutta (1992), Deuti (1996) and Dutta (1997), the
compilation of Indian amphibians has now increased to 216
species. Indian anuran species are most abundant in the
Western Ghats of the West Peninsular region, one of the
“hottest hotspots” of biodiversity in the world (Myers 

 

et al

 

.,
2000; Meegaskumbura 

 

et al

 

., 2002). Inger and Dutta (1986)
listed a total of 17 genera and 99 species of anurans
belonging to 6 families in this region. Daniels (1998) listed
103 anuran species, most of them endemic to the Western
Ghats, a region where new species have been described
year after year (Das and Ravichandran, 1998; Vasudevan
and Dutta, 2000; Biju and Bossuyt, 2003).

In spite of the numerous morphological and molecular
studies recently employed to reexamine the relationships of
anurans (e.g., Laurent, 1986; Ford and Cannatella, 1993;

Hedges and Maxon, 1993; Hills 

 

et al

 

., 1993; Hay 

 

et al

 

.,
1995; Emerson 

 

et al

 

., 2000), the phylogenetic relationships
still remain unclear for some taxa. One such problematic
anuran group is the genus 

 

Fejervarya

 

 widely distributed
from Pakistan to Japan and Indonesia. A number of species
from this genus have been collectively recognized as a sin-
gle species, 

 

Rana limnocharis 

 

(Dubois and Ohler, 2000),
mainly due to their indistinct morphologies. However, more
recent detailed analyses have demonstrated that 

 

Rana lim-
nocharis

 

 (as previously used) actually constitutes many dis-
tinct species. Based on a detailed study of mating calls and
morphology, Dubois (1975) showed that no fewer than four
distinct species had been distributed and confusedly classi-
fied together under the name 

 

Rana limnocharis 

 

in Nepal
alone. In studies published in later decades, Dubois (1984,
1987, 1992) also proposed that the whole group was com-
posed of at least 15 species, and probably many more. Fur-
thermore, Veith 

 

et al

 

. (2001) detected two sympatric species
in Java using allozyme and mitochondrial 16S rDNA data.
Finally, Iskandar (1998) and Dubois and Ohler (2000) pro-
posed that the frogs usually known as the “

 

Rana limnocharis

 

group” should be regarded as a distinct genus, 

 

Fejervarya,

 

within the subfamily Dicroglossinae. Recent authors seem to
accept this system, and Frost (2004) listed 31 

 

Fejervarya
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species in his comprehensive checklist. Nonetheless, the
revision of the genus is still lacking (Dubois, 1984), and the
phylogenetic relationship within the genus is poorly known.

From May to June 2003, we collected 28 frog speci-
mens from the Western Ghats Mountain area. The frog
specimens contained eight genera of the family Ranidae,
including 10 individuals from the genus

 

 Fejervarya.

 

 The
samples were deemed to support an examination of the
aforementioned problems of this genus. In the present study
we sequenced mitochondrial 12S and 16S rRNA genes
(rDNAs) and compared the sequence divergences of these
genes between 

 

Fejervarya

 

 and other ranid taxa. We also
explored the genetic and phylogenetic relationships among
the 

 

Fejervarya 

 

specimens from the Western Ghats and
other available 

 

Fejervarya 

 

species.

 

MATERIALS AND METHODS

 

Frogs examined

 

Twenty-eight frog individuals were collected from Mangalore,
Kudremukh, and Madikeri. All three of these localities are located
in the southern parts of Karnataka (Table 1), and the latter two are
located in the Western Ghats. Immediately after collection, a
clipped toe was dissected from each frog, fixed in 600 ul of a fixing
solution (RNAlater, Qiagen), and stored for later use in total DNA
extraction. Twenty of the 28 frogs were preserved in 10% formalin,
and the fixed samples were deposited in the Rondano Biodiversity
Research Laboratory of St. Aloysius College (Table 1). The other
eight frogs were identified easily and released.

Species identification was based primarily on the external

morphology of each specimen. We followed Dubois’s (1992) taxo-
nomical allocation. The 19 specimens identified among the 28 spec-
imens collected comprised 13 species of nine genera in two families
(Table 1). One specimen, a frog of an apparently novel species
from the genus 

 

Philautus,

 

 was described as the 

 

Philautus

 

 

 

luteolus

 

species reported by Kuramoto and Joshy (2003).
The remaining nine specimens were all members of the genus

 

Fejervarya,

 

 but we could not identify these specimens exactly. Ten
species of the genus 

 

Fejervarya

 

 are known to occur in our sampling
areas of the Western Ghats (Frost, 2004), and we carefully exam-
ined our specimens in reference to the original descriptions, mono-
graphs, and specimens in the Bombay Natural History Society
(BNHS). The morphology of one female 

 

Fejervarya

 

 specimen (cat.
No. 030607-01 in Table 1) was quite similar to that of 

 

F. brevipal-
mata

 

, but there were several remarkable differences. The inter-
orbital space of our specimen was smaller than those of 

 

F. brevi-
palmata

 

 specimens of BNHS, for example, and the upper eyelid
was wider. Thus, in this study, we treated this specimen as 

 

F

 

. cf.

 

brevipalmata

 

. The morphologies of two male 

 

Fejervarya

 

 specimens
(cat. Nos. 030610-07, 08) were similar to those of 

 

F. nilagirica

 

 spec-
imens measured by Boulenger (1920) in length ratios of some body
parts [e.g., leg-length / snout-vent length (SVL) and tibia-length /
SVL]. However, we treated the two male 

 

Fejervarya

 

 specimens as

 

F.

 

 cf.

 

 nilagirica

 

 based on a considerable difference found in the
head sizes. The remaining six 

 

Fejervarya

 

 specimens had small
body sizes: average SVL=32.5 mm for female (N=4, cat. Nos.
030607-03, 04, 030526-02, and 030526-04) and 24.1 mm for male
(N=2, cat. Nos. 030523-02, 04). These specimens resembled the
“

 

F. limnocharis

 

” specimens deposited in BNHS and also matched
the original description of 

 

F. syhadrensis

 

 (Annandale, 1919) fairly
well. Given that the name of 

 

F. limnocharis

 

 is no longer applicable
to Indian frogs (Sumida et al., unpublished data), and noting several
differences between our specimens and 

 

F. syhadrensis 

 

(e.g., ratios

 

Table 1.

 

Specimens used in this study.

 

Family

 

 

 

Species

 

 

 

Locality

 

**

 

Specimen  Accession Nos.

Subfamily

 

Nos. of frogs Cat. Nos. ***  12S 16S

 

Bufonidae  

 

Bufo melanostictus

 

 Schneider, 1799  Mangalore 1 Release  AB167899 AB167927

 

Ranidae

 Rhacophorinae

 

Philautus luteolus

 

 Kuramoto & Joshy, 2003  Kudremukh 1  030610-01  AB167904 AB167932

 

Philautus wynaadensis

 

 (Jerdon, 1854)  Mangalore 2  030523-01,05  AB167901, 02 AB167929, 30

 

Philautus wynaadensis

 

 (Jerdon, 1854)  Kudremukh 1  030610-02  AB167903 AB167931

 

Polypedates maculatus

 

 (Glay, 1833)  Mangalore 2  Release  AB167905, 06 AB167933, 34

 

Rhacophorus malabaricus

 

 Jerdon, 1870  Madikeri 1  Release  AB167900 AB167928

 

 Nyctibatrachinae

 

Nyctibatrachus major

 

 Boulenger, 1882 Kudremukh 1  Release  AB167907 AB167935

 

 Raninae

 

Rana aurantiaca

 

 Boulenger, 1904  Kudremukh 1  030610-04  AB167909 AB167937

 

Rana malabarica

 

 Tschudi, 1838  Mangalore 1  Release  AB167908 AB167936

 

 Dicroglossinae

 

Euphlyctis cyanophlyctis

 

 (Schneider, 1799)  Madikeri 1  030607-02 AB167910 AB167938

 

Euphlyctis hexadactylus

 

 (Lesson, 1834) (hpEA)*

 

 Mangalore 3 030525-01,02, 030606-02  AB167911, 12, 14 AB167939, 40, 42

 

Euphlyctis hexadactylus

 

 (Lesson, 1834) (hpEB)*  Mangalore 1  030606-01  AB167913 AB167941

 

Hoplobatrachus tigerinus

 

 (Daudin, 1802)  Mangalore 2  Release  AB167915, 16 AB167943, 44

 

Fejervarya rufescens

 

 (Jerdon, 1854)  Mangalore 1 030526-03  AB167917 AB167945

 

Fejervarya 

 

cf.

 

 brevipalmata

 

 Madikeri 1  030607-01  AB167918 AB167946

 

Fejervarya

 

 cf. 

 

nilagirica

 

 Kudremukh 2  030610-07, 08  AB167921,22 AB167949,50

 

Fejervarya

 

 sp.

 

 (hpA)*  Madikeri 2 030607-03, 04  AB167919,20 AB167947,48

 

Fejervarya

 

 sp.

 

 (hpB)*  Mangalore 4 030523-02,04, 030526-02,04 AB167923-26 AB167951-54

*Names of haplotype groups found in 

 

F

 

. sp. and 

 

E. hexadactylus

 

 specimens. **Geographic distances: 56 km between Mangalore and Kudremukh and 107 km between Manga-
lore and Madikeri. ***In the Rondano Biodiversity Research Laboratory of St. Aloysius College (RBRL), India.
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head-length / head-width and eye-diameter / tympanum-diameter),
we noted those six unidentified specimens as 

 

F

 

. sp. Our present
materials probably involve several cryptic species.

 

PCR and DNA sequencing

 

Partial fragments of mitochondrial 12S and 16S rDNAs were
PCR amplified from total DNA extracted from the fixed toe of each
frog using a DNA extraction kit (DNAeasy, Qiagen). Two sets of
primers, FSO1 - R16 and F51 – R51 (Sumida 

 

et al

 

., 2002), were
used to amplify the 5’ portion of 12S rDNA (corresponding to posi-
tion 1 - 422 in 

 

Xenopus laevis

 

 12S; Dunon-Bluteau and Brun, 1986)
and the 3’ portion of 16S rDNA (corresponding to position 884 –
1,448 in 

 

Xenopus

 

 16S; Roe 

 

et al

 

., 1985), respectively. PCR mix-
tures were prepared with an Ex-Taq kit (Takara) according to the
manufacturer’s protocol. The 12S and 16S rDNAs were amplified by
35 cycles consisting of 10 sec at 98

 

°

 

C, 30 sec at 50

 

°

 

C, and 1 min
30 sec at 72

 

°

 

C. The resultant PCR fragments were purified with a
purification kit (MinElute, Qiagen) and directly sequenced with the
above primers using a cycle sequencing kit (DYEnamic ET dye ter-
minator, Amersham) and automated sequencer (ABI 373A, Applied
Bio System). The resultant sequences were deposited in the EMBL/
GenBank/DDBJ database (Table1).

 

Data analyses

 

Alignment data

 

.

 

 The resultant 12S and 16S rDNA sequences
from 28 frog specimens and those of an out-group 

 

Xenopus laevis

 

were aligned using the ClustalW program (Thompson 

 

et al

 

., 1994),
with ambiguous sites manually eliminated. Initially, we made the
12S and 16S rDNA alignment data individually. The alignment data
of 12S and 16S contained 428 and 549 sites. After conducting the
permutation homology test (Farris 

 

et al

 

., 1995) to check whether the
12S and 16S sequences were suitable for combination, we
combined the 12S rDNA and 16S rDNA data (total 977 sites) in
phylogenetic analyses for ranid taxa. We also prepared a set of
alignment data constituting 396 sites of 16S rDNA sequences from
14 

 

Fejervarya

 

 taxa (including nine 

 

Fejervarya

 

 species available in
DNA database and five examined in this study, see Table 2) and

from an outgroup 

 

Hoplobatrachus tigerinus

 

 to assess relationships
within the genus 

 

Fejervarya.

 

 The fragment of 16S rDNA has been
applied as a guide to distinct cryptic 

 

Fejervarya

 

 species (Veith 

 

et al

 

.,
2001).

In the following analyses, gap sites in the alignments were
treated as missing data. The alignment data used in this study are
available at: http://home.hiroshima-u.ac.jp/~amphibia/sumida/kura/
India_align.html.

 

Phylogenetic analyses.

 

 

 

Based on the alignment data, phylo-
genetic analyses were performed by the Maximum-likelihood (ML),
Neighbor-joining (NJ) and Maximum-parsimony (MP) methods
using PAUP* 4.10b (Swofford, 2001). For ML and NJ analyses,
best-fit substitution models were selected by MODELTEST ver.
3.06 (Posada and Crandall, 1998) with AIC consideration. The
robustness of the resultant trees was evaluated with bootstrap (BP)
proportions. For the ranid families, topologies of resulting trees
were compared using the multi-scale bootstrap techniques, the
Kishino-Hasegawa (KH) test (Kishino and Hasegawa, 1989) and
the Shimodaira-Hasegawa (SH) test (Shimodaira and Hasegawa,
1999) using PAUP (see Table 3).

 

RESULTS

Nucleotide sequences

 

Nucleotide sequences were determined in a 5’ portion
of 12S rDNA and a 3’ segment of 16S rDNA from 28 frog
specimens. After adding an outgroup, 

 

Xenopus laevis

 

 (Roe

 

et al

 

., 1985; Dunon-Bluteau and Brun, 1986), there were
428 and 549 sites in alignment matrices used for further
analyses. The 12S rDNA alignment contained 250 variable
sites of which 207 were parsimoniously informative, and the
16S rDNA alignment provided 258 variable sites of which
205 were informative.

Fig. 1 shows the mean sequence divergences of 12S

 

Table 2.

 

Fejervarya species used in this study.

 

Species Haplotype

 

*

 

Origin of sample Distribution

 

***

 

Accession Nos. References

 

Fejervarya

 

 sp

 

. hpA Western Ghats (India) --- AB167947,48 this study 

 

Fejervarya

 

 sp

 

hpB Western Ghats (India) --- AB167951-54 this study

 

Fejervarya

 

 cf. 

 

brevipalmata

 

--- Western Ghats (India) --- AB167946 this study

 

Fejervarya

 

 cf. 

 

nilagirica

 

--- Western Ghats (India) --- AB167949,50 this study 

 

Fejervarya rufescens

 

 

 

(Jerdon, 1854) --- Western Ghats (India) South India AB167945 this study

 

Fejervarya syhadrensis

 

 (Annandale, 1919) --- Sri Lanka Eastern and western India,
Sri Lanka, Nepal, Pakistan AY141843 Meegaskumbura

 

et al

 

. (2002)

 

Fejervarya greenii

 

 

 

(Boulenger, 1905) --- Sri Lanka Sri Lanka (and possibly south India) AY014378 Kosuch 

 

et al

 

. (2001)

 

Fejervarya kirtisinghei

 

 (Manamendra-
Arachchi and Gabadage, 1996) --- Sri Lanka Sri Lanka AY014380 Kosuch et al. (2001)

Fejervarya limnocharis (Gravenhorst, 1829) S5-A Sumatra (Indonesia) Wide range from western to
southern and eastern Asia

(i.e., India, Indonesia,
Thailand, Laos, Pakistan, 

Nepal, China, Philippines, Japan)

AJ292021 Veith et al. (2001)

--- Laos AF161024 Marmayou et al.
(2000)

Hiro Hiroshima (Japan) AB070732 Sumida et al. (2002)

Fejervarya iskandari Veith, Kosuch, Ohler,
and Dubois, 2001 J2-B Java (Indonesia) Java (Indonesia) AJ292017 Veith et al. (2001)

Fejervarya vittigera (Wiegmann, 1834) --- Philippines Philippines AY313683 Evans et al. (unpublished)

Fejervarya cancrivora (Gravenhorst, 1829) Cancri(T/P)** Philippines/Thailand Wide range from southern to
eastern Asia AB070738 Sumida et al. (2002)

*Haplotype names used in each reference are indicated. **Philippines and Thailand specimens have the same 16S sequence. ***According to Frost (2004) and Dubois & Ohler
(2000).
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and 16S rDNAs at each taxonomic level. The magnitudes of
the divergences were related to the taxonomic level applied
here: inter-family comparison showed the largest value
(27.68 and 22.28% for 12S and 16S, respectively) and intra-
species comparison showed the lowest (3.17 and 2.21% for
12S and 16S, respectively).

In the specimens of Fejervarya sp., we found 2 distinct
haplotype groups, that is, hpA and hpB, and this grouping
was consistent with the proximity of their sampling localities
(see Table 1). Within each haplotype group, only 2 and 1
substitutions were observed in the 12S and 16S rDNAs,
respectively. Among these groups, however, there were 43
and 41 nucleotide changes in the 12S and 16S rDNAs. The
average divergences among these haplotypes (10.52 and
7.93% for 12S and 16S, respectively) were much higher
than those obtained at intra-specific comparison, yet lower
than those of the inter-species (Fig. 1). We also found two
distinct haplotype groups, hpEA and hpEB, in Euphlyctis
hexadactylus. The 12S and 16S rDNA divergence between
these two haplotypes were 12.02 and 8.72%, respectively.
The 16S rDNA sequences of both hpEA and hpEB also
diverged from that of Sri Lankan E. hexadactylus
(AF215389; Vences et al., 2000) by 5.95 and 8.75%,
respectively. The sequence divergences among these hap-
lotype groups were considerably higher than those observed
in the intra-species comparison (Fig. 1).

The divergences of the 12S rDNA were larger than
those of the 16S rDNA at all taxonomic levels compared

Fig. 1. Mean sequence divergences at various taxonomic levels. The pairwise divergences (uncorrected p value) of both 12S and 16S rDNA
sequences for all taxa were calculated from the alignment data and the mean values (±SD) at each taxonomic level represented here. The
mean divergence values at all taxonomic levels compared here were significantly different (P<0.01, calculated by Tukey’s method). Gap sites
in the alignments were treated as missing data in the calculations. The values of F. sp. were excluded from the calculations at intra-species
levels.

Fig. 2. Dependence plots of sequence divergences of the 12S
rDNA on the 16S rDNA. The fitted regression line was calculated
from the plots and shown. The inclination of the line indicates the
difference of the substitution rate between the genes.
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(Fig. 1). The present results showed that the nucleotide sub-
stitution of the 12S rDNA occurred at a rate 1.32 times
higher than that of the 16S rDNA (Fig. 2). Even with this dif-
ference, however, the partition homogeneity test (Farris et
al., 1995) revealed that our 12S and 16S rDNA data did not

possess significantly conflicting phylogenetic signals (homo-
geneity between 12S and 16S rDNAs was not rejected by
P=0.48). We thus combined the 12S and 16S rDNA data
and used the combined data for our subsequent phyloge-
netic analyses for ranid taxa. In our selection of the substi-

Fig. 3. Phylogenetic trees for ranid taxa based on 12S and 16S rDNA sequences. A: ML tree. The numbers on each node indicate BP values
calculated by ML/NJ /MP. BP values were calculated based on 2,000 replicates in the case of NJ and MP and by 500 in the case of ML. The
scale bar shows genetic distance based on the ML setting (see text). B: The tree topology and the BP values generated by NJ. C: The strict
consensus tree of 12 shortest MP trees.
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tution model for the combined data set, ModelTest (Posada
and Crandall, 1998) suggested a general time-reversible
model (GTR+G+I) as best fitting, with a proportion of invari-
able sites (I=0.27) and a gamma distribution (α shape
parameter=0.64). Thus, we used the substitution model to
carry out ML and NJ analyses. For the ML analysis, empir-
ical base frequencies (A: 0.34, C: 0.24, G: 0.18, T: 0.24)
and substitution rates ([A–C]=4.52, [A–G]=11.71, [A–
T]=7.15, [C–G]=0.58, [C–T]=29.52, [G–T]=1.00) were also
adopted.

Phylogeny of ranid taxa and position of the genus Fejer-
varya

Fig. 3A shows the resultant ML tree (-ln L=8148.73) and
BP values of ML/NJ/MP trees. Figs. 3B and 3C indicate
alternative tree topologies generated by NJ and MP, respec-
tively. The monophyly of the Ranidae in our trees was sup-
ported with sufficient statistical values (BP=99/100/100).
This monophyletic group was recognized to include four
subgroups corresponding to the ranid subfamilies, i.e., Ran-
inae, Rhacophorinae, Nyctibatrachinae, and Dicroglossinae
(see Fig. 3). Most of these groupings were supported by
high BP values (Fig. 3A). However, the relationships among
these 4 subfamilial clades were not resolved completely.
The rhacophorine clade seemed to have close affinity with
Nyctibatrachus and Rana. The BP values in ML and NJ well
supported the monophyly of Rhacophorinae, Nyctibatrachi-
nae and Raninae (BP=73/95). The BP value in MP sup-
ported this relationship more weakly (BP=50), and the con-
sensus tree of 12 MP trees (Fig. 3C) showed monophyly of
the Rhacophorinae and the Dicroglossinae instead of the
former and Raninae and/or Nyctibatrachinae. The alterna-
tive tree topologies generated by ML, MP and NJ analyses
were tested by Kishino-Hasegawa and Shimodaira-Haseg-
awa tests. The results indicated that there were no statisti-
cally significant differences among their log-likelihood values
(Table 3).

Fejervarya taxa analyzed here made a clear monophyl-
etic group, and this clade was included in the dicroglossine
clade with the genera Euphlyctis and Hoplobatrachus (Fig.
3). The latter two formed a single clade and the Fejervarya
clade was their sister group. The Fejervarya taxa split into 5
clades, i.e., F. cf. brevipalmata, F. rufescens, F. cf. nilagir-
ica, and two others corresponding to the two groups haplo-
type (hpA and B) found in F. sp. specimens.

Genetic and phylogenetic relationships of Fejervarya
taxa

Partial sequences of 12S and 16S rDNAs have been
reported in studies on several Fejervarya species. Among
them, the 3’ sequence of 16S rDNA has served as a useful
guide to distinguish cryptic Fejervarya species (Veith et al.,
2001). We also used the 16S rDNA portion to assess
genetic variations and phylogenetic relationships among the
Fejervarya taxa studied here and reported elsewhere (Table
2). We compiled an alignment data set including 396 sites
of 16S rDNA sequences from 13 Fejervarya taxa and an
outgroup Hoplobatrachus tigerinus. As there was no nucle-
otide change in the 16S rDNA portion of each haplotype
group found in the F. sp. specimens, we used only one
sequence from each haplotype group.

Table 4 shows sequence divergences and nucleotide
substitutions of the 16S rDNA data among Fejervarya taxa.
Among the inter-species, the largest divergence value
(19.58%) was observed between F. cf nilagirica and F.
iskandari and the smallest divergence value (4.69%) was
observed between F. greenii and F. kirtisinghei. The mean
value of the inter-specific divergences was 14.62%
(±SD=3.50). Within F. limnocharis, the values ranged from
0.52% (Sumatra vs. Laos) to 3.64% (Sumatra vs. Japan)
and the mean value was 2.42% (±SD=1.67). Between two
haplotype groups found in the F. sp. specimens, the diver-
gence value was 10.24%. This value was much larger than
the largest value of the intra-species (3.64%) and 2.2 times
higher than the minimum value of inter-specific comparisons
(4.69%) of other Fejervarya species. Our results suggested
that the divergence value between the two haplotype groups
corresponds to those among distinct species. The 16S
rDNA sequence of hpA was almost identical with that of F.
syhadrensis. There were only 3 nucleotide substitutions
between them, and the divergence value (0.77%), fell within
the intra-specific range of F. limnocharis.

Based on the 16S rDNA data set, we reconstructed
phylogenetic trees with ML, NJ and MP methods. The GTR
model with I (=0.4839) + G (α shape parameter=0.7831)
proposed by MODELTEST was used for ML and NJ analy-
ses, and empirical base frequencies (A: 0.29, C: 0.25, G:
0.20, T: 0.26) and substitution rates ([A–C]=24.30, [A–
G]=43.97, [A–T]=40.20, [C–G]=0.70, [C–T]=131.18, [G–
T]=1.00) were additionally applied in the ML reconstruction.

Fig. 4 shows the ML tree (-ln L=2009.89) and BP values

Table 3. Comparison of log-likelihood scores among the alternative tree topologies using KH and SH tests.

Tree Topology Method* -ln L -ln L difference P value**

KH SH

(Dicroglossinae, (Raninae, (Nyctibatrachinae, Rhacophorinae))) ML 8148.73147 best – –

(Dicroglossinae, (Nyctibatrachinae, (Raninae, Rhacophorinae))) NJ 8152.70878 3.97731 0.1369 0.3691

(Raninae, (Nyctibatrachinae, (Dicroglossinae, Rhacophorinae))) MP 8151.91078 3.17931 0.2955 0.4227

*Tree reconstruction methods that supported each topology (see Fig. 3 and text). ** P values were calculated by RELL method from
10,000 replications. The values were not significant (> 0.05) among any of the compared topologies.
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of the ML/NJ/MP trees. The Fejervarya taxa were divided
into three clades in the ML tree. The first clade consisted of
F. vittigera and F. cancrivora, being sister group of the other
taxa. The second clade consisted of F. iskandari and three
populations of F. limnocharis. The third clade consisted of F.
greenii, F. kirtisinghei, F. syhadrensis, and all of the Indian
Fejervarya taxa covered in this study. The two haplotypes of
the F. sp. specimens in the third clade were weakly grouped

(BP =36/6/10). F. syhadrensis was nested in the group and
became a clade with hpA (supported by sufficient BP val-
ues=99/100/100).

DISCUSSION

The position of the genus Fejervarya among ranid taxa
The species of the three genera used here, Fejervarya,

Table 4. Pairwise sequence divergences and nucleotide differences of Fejervarya 16SrDNA. Pairwise sequence divergences (uncollected p
value) and numbers of nucleotide differences (transitions/transversions) are shown in lower-left and upper-right diagrams, respectively.

sp. hpA sp. hpB cf. nilagirica syhadrensis greenii kirtisinghei rufescens cf. brevipalmata lim.(Sumatra) lim.(Laos) lim.(Japan) iskandari vittigera cancrivora

F. sp. hpA sp. hpA 26/13 25/14 2/1 33/11 30/12 29/21 28/19 40/28 40/28 41/30 39/35 37/29 39/31

F. sp. hpB 0.1024 sp. hpB 21/12 24/13 24/8 23/8 25/16 27/20 36/29 35/29 38/27 36/30 35/24 36/26

F. cf. nilagirica 0.1030 0.0873 cf. nilagirica 25/15 30/13 26/14 28/19 27/24 40/26 38/26 39/28 41/33 35/27 38/30

F. syhadrensis 0.0077 0.0975 0.1056 syhadrensis 31/12 28/13 26/22 30/18 41/27 41/27 42/29 40/33 38/29 39/32

F. greenii 0.1150 0.0838 0.1131 0.1126 greenii 13/5 24/16 27/20 37/27 37/27 39/25 40/32 48/22 40/26

F. kirtisinghei 0.1095 0.0809 0.1048 0.1071 0.0469 kirtisinghei 25/19 30/19 28/28 28/28 30/26 36/35 42/23 37/25

F. rufescens 0.1303 0.1073 0.1229 0.1251 0.1042 0.1143 rufescens 28/24 34/27 32/27 33/27 32/36 41/26 38/32

F. cf. brevipalmata 0.1228 0.1227 0.1335 0.1257 0.1223 0.1273 0.1351 cf. brevipalmata 31/29 29/29 32/31 29/30 37/28 28/28

F. limnocharis
(Sumatra) 0.1780 0.1707 0.1740 0.1785 0.1678 0.1464 0.1593 0.1566 lim.(Sumatra) 2/0 10/4 25/22 30/24 34/30

F. limnocharis
(Laos) 0.1780 0.1680 0.1687 0.1785 0.1678 0.1464 0.1541 0.1514 0.0052 lim.(Laos) 8/4 25/22 28/24 32/30

F. limnocharis
(Japan) 0.1859 0.1706 0.1766 0.1864 0.1678 0.1464 0.1568 0.1646 0.0364 0.0312 lim.(Japan) 24/22 27/20 33/26

F. iskandari 0.1945 0.1742 0.1958 0.1925 0.1895 0.1863 0.1784 0.1547 0.1227 0.1227 0.1201 iskandari 26/24 30/30

F. vittigera 0.1728 0.1551 0.1635 0.1760 0.1834 0.1698 0.1750 0.1696 0.1403 0.1351 0.1221 0.1303 vittigera 29/14

F. cancrivora 0.1832 0.1629 0.1793 0.1862 0.1728 0.1619 0.1829 0.1462 0.1662 0.1610 0.1533 0.1566 0.1117 cancrivora

Fig. 4. Fejervarya phylogeny based on the 16S rDNA sequence. The ML tree is shown here. The origins of the samples are indicated in
parentheses after the taxon names. W indicates species with wide distribution. The BP values are designated in the same manner as in Fig. 3.
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Euphlyctis, and Hoplobatrachus were formerly regarded as
members of the genus Rana. Dubois (1987, 1992) chal-
lenged this notion by suggesting that the genus Rana (as
traditionally understood) was a heterogeneous group, and
he removed many species from Rana to other taxa (includ-
ing the three genera mentioned above). The Fejervarya was
first recognized as a subgenus of the genus Limnonectes,
but more recently it has been considered a distinct genus
(see Dubois and Ohler, 2000). Furthermore, Dubois (1992)
allocated these genera to the subfamily Dicroglossinae in
the family Ranidae. Dubois’s system seems to be accepted
by recent authors, and its validity has been (partly) but-
tressed by several molecular studies (Bossuyt and Milinko-
vitch, 2000, Kosuch et al., 2001, Roelants et al., 2004). In
our trees, (Fig. 3) the members of the Dicroglossinae recog-
nized by Dubois (1992) formed a clear clade and split from
the typical members of the genus Rana. Our results there-
fore confirm the Dubois scheme for the allocation of the
genus Fejervarya, even though we did not analyze other
dicroglossine genera (Ceratobatrachus, Conraua, Paa, etc.;
Dubois, 2003).

Genetic and phylogenetic relationships within the genus
Fejervarya

Many members of the genus Fejervarya have been
often regarded as a single species, Rana limnocharis (see
Dubois and Ohler, 2000). However, several detailed analy-
ses demonstrated that Rana limnocharis (as traditionally
used) is comprised of many distinct species, and these spe-
cies have now been reassigned to the genus Fejervarya.
Dubois and Ohler (2000) reported that at least 14 Fejervarya
species were taxonomically valid, and Frost (2004) listed 31
species in this genus. Despite this accumulation of knowl-
edge, the accurate identification of some Fejervarya species
remains difficult due to poorly differentiated morphologies.
Biochemical and molecular analyses have proven to be very
useful for this identification. Based on allozyme markers,
Toda et al. (1997, 1998a, b) discovered sympatric cryptic
species in the Rana limnocharis (=F. limnocharis) group
without morphological differences. Veith et al. (2001) also
detected F. iskandari from an Indonesian population of F.
limnocharis using allozyme and 16S rDNA sequence data
and gave a morphology checklist. Our specimens in the
present study included six unidentified Fejervarya individu-
als without remarkable morphological differences, and two
different haplotype groups were found among them. The
divergences between these haplotype groups corresponded
to inter-specific divergences of other Fejervarya species,
suggesting that the specimens were members of two distinct
species. Furthermore, one haplotype, hpA, showed an
extreme similarity to the haplotype of F. syhadrensis.
According to Frost (2004), 17 Fejervarya species (including
F. syhadrensis) are distributed in India and Sri Lanka. Our
unidentified Fejervarya specimens might correspond to any
of the species in his list. While a lack of critical morphologi-
cal evidence still prevents us from annotating the F. spp.

(see Materials and Methods; Kuramoto and Joshy are now
further examining their morphologies), our results clearly
showed the usefulness of 16S rDNA data in distinguishing
Fejervarya species with poorly differentiated morphologies.

While there has been little phylogenetic information on
the Fejervarya species, our tree (Fig. 4) based on 16S rDNA
data now provides some aspects of their relationships. It is
particularly interesting to note that the relationships seem to
correlate with geographical distribution patterns. The lin-
eages leading to F. cancrivora and F. limnocharis appeared
to diverge from other taxa in early periods. These deeper
branchings were consistent with their very wide distribu-
tions (Table 2). In addition, F. cancrivora and F. limnocharis
become monophyly with F. vittigera and F. iskandari,
respectively. Fejervarya vittigera and F. iskandari showed
overlapping distributions with the former species, but they
were only reported from restricted regions (Table 2). This
phylogenetic and biogeographic information may suggest
that these endemic species originated from the ancestral lin-
eages of the widely distributed species in each local area.
Finally, all Fejervarya taxa distributed in India and Sri Lanka
(eight taxa used here) formed a clade located at a derived
phylogenetic position. Furthermore, the lengths (= genetic
distance) of the ancestral nodes connecting these India-Sri
Lanka taxa were shorter than those of Fejervarya species in
other areas. Such tree topology may suggest the occur-
rence of a recent and rapid radiation of Fejervarya species
in the India and/or Sri Lanka areas. It is also noteworthy that
F. syhadrensis, a species with a relatively wide distribution
(Table 2), is allocated to the most derived position within the
India-Sri Lanka lineage. This implies that the species spread
over a wide geographic area during a relatively short period
after the radiation of the India-Sri Lanka group.

Limitations in the available specimens and molecular
data have prevented us from covering any more than one-
third of the known Fejervarya species in this study. Further
molecular works and their cross-references with morpholog-
ical and ecological studies will provide new insight into the
phylogeny and the taxonomic system of the genus Fejer-
varya.
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