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a b s t r a c t

The phylogenetic relationships among 12 genera of treefrogs (Family, Rhacophoridae), were investigated
based on a large sequence data set, including five nuclear (brain-derived neurotrophic factor, proopio-
melanocortin, recombination activating gene 1, tyrosinase, rhodopsin) and three mitochondrial (partial
12S and 16S ribosomal RNA and the complete valine t-RNA) genes. Phylogenetic analysis of the nuclear
gene sequences resolved three major clades. The first group included Philautus, Pseudophilautus, Kurixalus,
Gracixalus, and Theloderma moloch; Pseudophilautus and Kurixalus were sister taxa. The second group con-
sisted of Nyctixalus and Theloderma. The third group contained Feihyla, Polypedates, Rhacophorus, and Chi-
romantis vittatus; Polypedates and Feihyla were sister taxa. Analyses of the nuclear and mitochondrial
genes supported the following results: (1) Genus Liuixalus formed the sister group of all other rhacoph-
orines. (2) Philautus, Theloderma, and Chiromantis were not resolved as monophyletic genera. Four groups,
including Philautus ocellatus and P. hainanus, P. longchuanensis and P. gryllus, P. banaensis, and P. quyeti
nested well within the genera Liuixalus, Pseudophilautus, Kurixalus, and Gracixalus, respectively. (3) Thelo-
derma moloch and Chiromantis vittatus did not cluster with other species of Theloderma and Chiromantis,
respectively. Foam nesting evolved only once, as did laying eggs in a jelly-like matrix containing some
bubbles. Terrestrial direct development evolved twice in the Rhacophoridae.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Tree frogs in the family Rhacophoridae, involving about 300 ex-
tant species, are distributed in Asia and Africa (Frost, 2009). Most
prior studies on their systematics and taxonomy have relied pri-
marily on morphological data (e.g., Bain and Truong, 2004; Bou-
lenger, 1903; Channing, 1989; Duellman and Trueb, 1986; Inger,
1966; Jiang et al., 1987; Liem, 1970; Orlov et al., 2008; Wilkinson
and Drewes, 2000). Recently, DNA sequences have been used for
their phylogenetic reconstruction (Frost et al., 2006; Grosjean
et al., 2008; Li et al., 2008; Richards and Moore, 1998; Wilkinson
et al., 2002; Yu et al., 2008, 2009). Except for the study of Frost
et al. (2006) with about 2300 bp, Grosjean et al. (2008), Li et al.
(2008) and Yu et al. (2009) used nuclear gene sequences of rela-
tively short fragment lengths, of about 300 base pairs (bp),
�800 bp or �1000 bp, respectively. Although Frost et al. (2006)
used the greatest quantity of data, their study suffered from
ll rights reserved.
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incomplete taxon sampling. It included 17 species as representa-
tive rhacophorids only.

Prior phylogenies for the Rhacophoridae are not well resolved.
Whereas mitochondrial DNA (mtDNA) genes are used to infer rela-
tionships among closely related taxa, nuclear DNA (nuDNA), with a
slower rate of evolution, are more useful for deciphering older rela-
tionships (Simmons et al., 2002, 2004). Nuclear genes are also less
influenced by base pair compositional bias (Simmons et al., 2004).
Therefore, a large data set consisting of single-copy protein-coding
nuclear genes is desirable to assess the phylogeny of the family
Rhacophoridae.

Rhacophorid taxonomy has been controversial. Dubois (1992,
2005) considered the Rhacophoridae to be a subfamily of the Rani-
dae (Rhacophorinae), and to be composed of three tribes: Buerge-
rini, Philautini, and Rhacophorini. This taxonomy was not
supported by more recent studies (Frost et al., 2006; Grosjean
et al., 2008; Li et al., 2008; Yu et al., 2009). Using a large data set,
including anatomical characters and a mtDNA and nuDNA gene
fragment of about 5000 bp, Frost et al. (2006) elevated the Rhaco-
phorinae to the rank of family. Their study supported Channing’s
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(1989) recognition of two subfamilies: Buergeriinae and Rhaco-
phorinae. This arrangement was consistent with Grosjean et al.
(2008), Li et al. (2008), and Yu et al. (2009). Within the Rhacophor-
inae, Grosjean et al. (2008) erected the tribe Nyctixalini, which in-
cluded two genera, Theloderma and Nyctixalus. However, due to
relatively weak nodal support (Bayesian posterior probabil-
ity = 0.86), these divisions are far from being conclusive.

Intergeneric relationships cannot be well resolved without
including the most species-rich genus in the family, Genus Philau-
tus Gistel, 1848, with 146 species (Frost, 2009). Philautus has a
wide geographic distribution occurring from India and Sri Lanka
eastward through China, mainland Southeast Asia, the Greater
Sunda Islands, and the Philippines (Bossuyt and Dubois, 2001;
Frost, 2009). Due to their small size and high intraspecific variabil-
ity, some species of Philautus have been confused with other gen-
era such as ‘Chirixalus’, Kurixalus, and Rhacophorus (Bossuyt and
Dubois, 2001). Delorme et al. (2005) transferred P. gracilipes and
P. supercornutus into Aquixalus (subgenus Gracixalus). Philautus
carinensis and P. odontotarsus were also included in the genus
Aquixalus (Delorme et al., 2005). Frost et al. (2006) erected the
genus Feihyla for P. palpebralis but Grosjean et al. (2008) resolved
Feihyla as the sister group of Chiromantis and retained the species
within the later genus. Li et al. (2008) and Yu et al. (2009) recog-
nized the validity of genus Feihyla. Yu et al. (2008) treated Philautus
albopunctatus as a junior synonym of Theloderma asperum and
suggested that P. rhododiscus be transferred to Theloderma. Li
et al. (2008) considered Aquixalus to be a synonym of the genus
Kurixalus and raised Gracixalus to generic rank, containing G. gracil-
ipes and G. supercornutus. Meegaskumbura et al. (2002), Grosjean
et al. (2008) and Li et al. (2008) found that species of Philautus from
India, Sri Lanka and the Sunda Islands did not form a monophyletic
group. However, due to little or no branch support, they refrained
from making taxonomic changes. Consistent with Grosjean et al.
(2008), Li et al. (2008) and Meegaskumbura et al. (2002), Yu
et al. (2009) raised the subgenus Philautus (Kirtixalus) to generic
rank and transferred P. menglasensis, P. wynaadensis, P. charius
and P. microtympanum into it. However, the validity of the genus
Kirtixalus needs further examination, because Ixalus temporalis
from Sri Lanka carries an older generic name Pseudophilautus Lau-
rent, 1943 than Kirtixalus Dubois, 1987. Findings such as these
placed many Vietnamese and Chinese species of Philautus in Aquix-
alus, Theloderma, Kurixalus, Kirtixalus and Gracixalus (e.g., Li et al.,
2008). It remains necessary to reassess the generic allocation of
the remaining species of Philautus.

Another genus of interest is Theloderma Tschudi, 1838, which
contains 14 species (Frost, 2009). It is widely distributed across
Sri Lanka, northeastern India to Myanmar and southern China,
through Indochina to Malaya and Sumatra (Frost, 2009). The genus
is diagnosed by a collection of morphological characters, including
two M. extensor digitorum communis longus slips and numerous
calcified warts on the dorsum (Liem, 1970). The species of
Theloderma usually inhabit mountain forests (elevation of 900–
1000 m), where they prefer to live and breed in small karst crevices
or tree hollows (Orlov, 1997). Due to their habitat preferences,
cryptic coloration and relatively small population sizes, Theloderma
is difficult to sample. Previously, only four species, T. rhododiscus, T.
bicolor, T. asperum, and T. corticale, were included in analyses, and
all studies suggested that Theloderma and Nyctixalus were sister
genera (Delorme et al., 2005; Frost et al., 2006; Grosjean et al.,
2008; Li et al., 2008; Wilkinson et al., 2002; Yu et al., 2008,
2009). The other species of Theloderma await examination.

Reproductive mode is not just an important character in taxon-
omy [e.g., Philautus is characterized by the aerial direct develop-
ment of eggs into froglets (Bossuyt and Dubois, 2001; Dring,
1979)], but is critical to understand the adaptive evolution within
the family. Using a mtDNA and nuDNA gene fragment length of
1676 bp, Grosjean et al. (2008) inferred the evolution of the repro-
ductive modes. Consistent with Li et al. (2008) and Meegaskumb-
ura et al. (2002), they suggested that Philautus with direct
development was not a monophyletic genus. The genus is com-
prised of two reciprocally monophyletic clades, one from India
and Sri Lanka (subgenus Kirtixalus), and another from the Sunda Is-
lands (subgenus Philautus). Recently, Yu et al. (2009) raised the for-
mer subgenus Kirtixalus to full generic rank, and proposed that
direct development in Kirtixalus evolved independently. However,
the type species of Philautus was not included in their analyses
with the complete data, thus calling into question the identity of
Philautus. Foam nesting, another reproductive mode exhibited by
many rhacophorids, may have evolved once only within the family
(Grosjean et al., 2008; Wilkinson et al., 2002). However, variation
occurs within the foam nesting clade, with some species, such as
Chiromantis vittatus, laying their eggs in a jelly with some bubbles
(Grosjean et al., 2008).

While providing a representative generic-level sampling of the
family and more makers than earlier studies (including five nuclear
genes and three mitochondrial genes), we specially test the earlier
hypothesis of generic designation and intergeneric relationships:
(1) the naturalness of Nyctixalini and Rhacophorini; (2) monophyly
and generic allocation of Philautus, Chiromantis and Theloderma.
Also, we discuss the evolution of reproductive modes inferred from
the phylogeny.
2. Materials and methods

2.1. Taxon sampling and data collection

For the mtDNA analyses, taxonomic sampling included all 12
genera (Buergeria, Chiromantis, Feihyla, Gracixalus, Kirtixalus, Kurix-
alus, Liuixalus, Nyctixalus, Philautus, Polypedates, Rhacophorus,
Theloderma) within the Rhacophoridae except for the newly
erected Ghatixalus (Biju et al., 2008; Frost, 2009; Yu et al., 2009).
Whenever possible the type species or species very closely related
to type species of each genus was included to evaluate generic
assignments. Sequence data were also obtained from GenBank,
although the data were not complete for some Indian, Sri Lankan
and Vietnamese species. For the nuDNA analyses, at least one spe-
cies was sampled from each genus. Three species from the family
Mantellidae and one from the Ranidae were chosen as outgroup
taxa (Frost et al., 2006; Li et al., 2008). The taxonomic arrange-
ments proposed by Frost (2009) and Yu et al. (2009) were used
for the purposes of discussion. GenBank Accession numbers for
both the new and previously deposited data are given in Table 1.

The reproductive modes of the species were obtained by either
direct observation in the field or from the literature. These data are
given in Table 1.
2.2. DNA extraction, amplification, and sequencing

Genomic DNA was extracted from toe clips, muscle, or liver tis-
sues preserved in 95% or 100% ethanol. Tissue samples were di-
gested using proteinase K, and then followed a standard 3-step
phenol/chloroform extraction procedure (Hillis et al., 1996; Sam-
brook et al., 1989). Five nuclear protein-coding gene fragments
were PCR-amplified and cycle-sequenced on both strands as fol-
lows: (i) a region from brain-derived neurotrophic factor (BDNF);
(ii) a region from proopiomelanocortin (POMC); (iii) a region from
the recombination activating gene 1 (RAG-1); (iv) a region from
exon 1 of rhodopsin (RHOD), and (v) a region from exon 1 of tyros-
inase (TYR). A sixth fragment involved mtDNA sequences including
most of the 12S and 16S rRNA together with the complete t-RNA
for valine. The primers are given in Table 2. Double stranded poly-



Table 1
Samples and sequences used in this study.

Specific epithet Frost (2009) Present genus Specimen voucher
No.

Locality GenBank No. (partial
12S and 16S and
complete t-RNA for
valine)

GenBank No. (brain-derived
neurotrophic factor,
proopiomelanocortin, recombination
activating gene 1, rhodopsin
tyrosinase)

Reproductive mode data (DD: direct
development, FA: foam nesting, and
EJ: laying eggs in a jelly with some
bubbles)

Rhacophoridae Rhacophoridae
Buergeriinae Buergeriinae

japonica Buergeria Buergeria UMFS 5821 China: Taiwan DQ283055 –
japonica Buergeria Buergeria SCUM061101 China: Lianhuachi,

Taiwan
GQ285691a GQ285722a GQ285754a

GQ285783a GQ285801a

oxycephala Buergeria Buergeria SCUM 050267YJ China: Hainan EU215524 GQ285695a GQ285726a GQ285758a

EU215556 EU215585
Rhacophorinae Rhacophorinae

eiffingeri Kurixalus Kurixalus UMFS 5969 China: Nantou,
Taiwan

DQ283122 –

idiootocus Kurixalus Kurixalus SCUM 061107L China: Lianhuachi,
Taiwan

EU215547 GQ285688a GQ285719a GQ285751a

EU215577 EU215607
odontotarsus Kurixalus Kurixalus SCUM 060688L China: Mengyang,

Jinghong
EU215549 GQ285687a GQ285718a GQ285750a

EU215579 EU215609
hainanus Kurixalus Kurixalus HNNU A1180 China: Mt. Diaoluo,

Hainan
EU215548 GQ285686a GQ285717a GQ285749a

EU215578 EU215608
banaensis Philautus Kurixalus ROM32986 Vietnam: Krong Pa,

Gia Lai
GQ285667a GQ285689a GQ285720a GQ285752a

GQ285781a GQ285799a

gracilipes Gracixalus Gracixalus AMNH A163897 Vietnam DQ283051 –
gracilipes Gracixalus Gracixalus 060821196Rao China: Mt. Dawei,

Yunnan
GQ285668a GQ285701a GQ285732a GQ285764a

GQ285789a GQ285807a

quyeti Philautus Gracixalus VNUH160706 Vietnam: Quang
Binh

EU871428 –

jinxiuensis Philautus Gracixalus KIZ 061210YP China: Mt. Dayao,
Guangxi

EU215525 GQ285700a GQ285731a GQ285763a

EU215557 EU215587
jinxiuensis Philautus Gracixalus IEBR2351 Vietnam: Lai Chau EU871425 –
sp. – Gracixalus 03320Rao China: Wenshang,

Yunnan
GQ285669a –

carinensis Kurixalus Gracixalus ROM39660 Vietnam: Sa Pa, Lao
Cai

GQ285670a GQ285699a GQ285730a GQ285762a

GQ285788a GQ285806a

‘‘odontotarsus” Kurixalus Gracixalus MNHN1999.5942 Vietnam AY550593AY550507 –
romeri Liuixalus Liuixalus KIZ 061205YP China: Mt. Shiwan,

Guangxi
EU215528 GQ285693a GQ285724a GQ285756a

EU215559 EU215589
sp. – Liuixalus KIZ 061209YP China: Mt. Dayao,

Guangxi
EU215526 –

ocellatus Philautus Liuixalus HN0806045 China: Mt. Wuzhi,
Hainan

GQ285672a GQ285692a GQ285723a GQ285755a

GQ285784a GQ285802a

hainanus Philautus Liuixalus 060401L China: Mt. Diaoluo,
Hainan

GQ285671a GQ285694a GQ285725a GQ285757a

GQ285785a GQ285803a

acutirostris Philautus Philautus – – AF458137 – DD (Meegaskumbura et al., 2002)
surdus Philautus Philautus CAS 219932 Philippine AF458138 – DD (Grosjean et al., 2008)
abditus Philautus Philautus ROM33145 Vietnam: Krong Pa,

Gia Lai
GQ285673a GQ285712a GQ285743a GQ285775a

GQ285794a GQ285812a
DD (Bossuyt and Dubois, 2001)

microtympanum Philautus Pseudophilautus Genbank Sri Lanka DQ346974 – – DQ019506 DQ019566 AF249189 DD (Bahir et al., 2005)
wynaadensis Philautus Pseudophilautus Genbank India DQ346966 – DD (Meegaskumbura et al., 2002)
charius Philautus Pseudophilautus Genbank India DQ346967 – DD (Meegaskumbura et al., 2002)
gryllus Philautus Pseudophilautus ROM30288 Vietnam: Pac Ban,

Tuyen Quang
GQ285674a GQ285714a GQ285745a GQ285777a

GQ285796a GQ285814a
DD (Bossuyt and Dubois, 2001)

longchuanensis Philautus Pseudophilautus 5Rao China: Longchuan,
Yunnan

GQ285675a GQ285713a GQ285744a GQ285776a

GQ285795a GQ285813a
DD (direct observation on field)

(continued on next page) )
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Table 1 (continued)

Specific epithet Frost (2009) Present genus Specimen voucher
No.

Locality GenBank No. (partial
12S and 16S and
complete t-RNA for
valine)

GenBank No. (brain-derived
neurotrophic factor,
proopiomelanocortin, recombination
activating gene 1, rhodopsin
tyrosinase)

Reproductive mode data (DD: direct
development, FA: foam nesting, and
EJ: laying eggs in a jelly with some
bubbles)

menglaensis Philautus Pseudophilautus 060821286Rao China: Lvchun,
Yunnan

GQ285676a GQ285715a GQ285746a GQ285778a

GQ285797a GQ285815a
DD (direct observation on field)

rhododiscus Theloderma Theloderma SCUM 061102L China: Mt. Dayao,
Guangxi

EU215530 GQ285696a GQ285727a GQ285759a

EU215555 EU215586
asperum Theloderma Theloderma 060821203Rao China: Jinping,

Yunnan
GQ285677a GQ285697a GQ285728a GQ285760a

GQ285786a GQ285804a

asperum Theloderma Theloderma HN0806100 China: Mt.
Yinggeling. Hainan

GQ285678a –

corticale Theloderma Theloderma AMNH A161499 Vietnam DQ283050 –
moloch Theloderma Theloderma 6255Rao China: Motuo,

Xizang
GQ285679a GQ285690a GQ285721a GQ285753a

GQ285782a GQ285800a

spinosus Nyctixalus Nyctixalus ACD 1043 Philippine Islands:
Mindanao

DQ283114 –

pictus Nyctixalus Nyctixalus FMNH 231095 Malaysia DQ283133 –
pictus Nyctixalus Nyctixalus R081203 Malaysia – GQ285698a GQ285729a GQ285761a

GQ285787a GQ285805a

leucomystax Polypedates Polypedates CAS 219931 Philippines AF458140 – FA (Grosjean et al., 2008)
megacephalus Polypedates Polypedates – – AF458141 – FA (direct observation on field)
megacephalus Polypedates Polypedates 6212Rao China: Motuo,

Xizang
GQ285685a GQ285706a GQ285737a GQ285769a

GQ285791a GQ285809a
FA (direct observation on field)

megacephalus Polypedates Polypedates SCUM 050508C China: Mt. Daiyun,
Fujian

EU215552 GQ285708a GQ285739a GQ285771a

EU215582 EU215612
FA (direct observation on field)

mutus Polypedates Polypedates SCUM 37940C China:
Xishuangbanna,
Yunnan

EU215551 GQ285707a GQ285738a GQ285770a

EU215581 EU215611
FA (direct observation on field)

maculatus Polypedates Polypedates WHT 3432 Sri Lanka AY880607 AY880520 – FA (Grosjean et al., 2008)
cruciger Polypedates Polypedates VUB0125 Sri Lanka DQ346973 – FA (Grosjean et al., 2008)
kio Rhacophorus Rhacophorus SCUM 37941C China:

Xishuangbanna,
Yunnan

EU215532 GQ285703a GQ285734a GQ285766a

EU215562 EU215592
FA (direct observation on field)

rhodopus Rhacophorus Rhacophorus SCUM 060692L China: Mengyang,
Jinghong

EU215531 – FA (direct observation on field)

sp. Rhacophorus Rhacophorus 03308 Rao China: Wenshan,
Yunnan

GQ285680a GQ285702a GQ285733a GQ285765a

GQ285790a GQ285808a
FA (direct observation on field)

orlovi Rhacophorus Rhacophorus AMNH A161405 Vietnam DQ283049 – FA
calcaneus Rhacophorus Rhacophorus AMNH A163749 Vietnam DQ283380 – FA
dugritei Rhacophorus Rhacophorus SCUM 051001L China: Baoxing,

Sichuan
EU215541 GQ285705a GQ285736a GQ285768a

EU215571 EU215601
FA (direct observation on field)

moltrechti Rhacophorus Rhacophorus SCUM 061106L China: Lianhuachi,
Taiwan

EU215543 – FA (direct observation on field)

nigropunctatus Rhacophorus Rhacophorus SCUM 070657L China: Weining,
Guizhou

EU215533 GQ285704a GQ285735a GQ285767a

EU215563 EU215593
FA (direct observation on field)

dennysi Rhacophorus Rhacophorus SCUM 060401L China: Shaoguan,
Guangdong

EU215545 – FA (direct observation on field)

feae Rhacophorus Rhacophorus SCUM 050642W China: Hekou,
Yunnnan

EU215544 – FA (direct observation on field)

palpebralis Feihyla Feihyla SCUM 0606132L China: Mt. Dawei,
Yunnan

EU215546 GQ285710a GQ285741a GQ285773a

EU215576 EU215606
EJ (direct observation on field)
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Table 1 (continued)

palpebralis Feihyla Feihyla 712 Vietnam: Lam Dong GQ285681a GQ285709a GQ285740a GQ285772a

GQ285792a GQ285810a
EJ (direct observation on field)

doriae Chiromantis Chiromantis SN 030051 China: Hainan EU215527 GQ285716a GQ285747a GQ285779a

EU215554 EU215584
FA (direct observation on field)

doriae Chiromantis Chiromantis KIZ 005Rao China: Simao,
Yunnan

GQ285682a – FA (direct observation on field)

doriae Chiromantis Chiromantis 1056 Vietnam: Binh
Thuan

GQ285683a – FA

rufescens Chiromantis Chiromantis CAS 207601 Equatorial Guinea AF458126 – FA (Schiotz, 1999)
rufescens Chiromantis Chiromantis CAS 207599 Equatorial Guinea – – – DQ347237 DQ347356 DQ347139 FA (Schiotz, 1999)
xerampelina Chiromantis Chiromantis – – AF458132 – FA (Schiotz, 1999)
vittatus Chiromantis Chiromantis KIZ 0001Rao China: Simao,

Yunnan
GQ285684a GQ285711a GQ285742a GQ285774a

GQ285793a GQ285811a
EJ (direct observation on field)

vittatus Chiromantis Chiromantis FMNH 254444 Vietnam: Gia Lai DQ283134 – EJ
vittatus Chiromantis Chiromantis ZFMK 65463 Myanmar – – – DQ019497 DQ019556 – EJ
Outgroup

Mantellidae Mantellidae
tephraeomystax Boophis Boophis AMNH A168144 Madagascar DQ283032 –
madagascariensis Aglyptodactylus Aglyptodactylus UMMZ 198472 Madagascar DQ283056 –
aurantiaca Mantella Mantella UMMZ 201411 Madagascar DQ283035 –
labrosum Laliostoma Laliostoma GenBank Madagascar – – – AY571652 DQ283786 AF249169
wittei Blommersia Blommersia ZSM 405/2000 Madagascar – EF396018 – AY323774 AY323743

AY341751
madagascariensis Mantella Mantella GenBank GenBank – – – DQ019500 AY263284 AF249164

Ranidae Ranidae
poilani Limnonectes Limnonectes AMNH A163717 Vietnam DQ283378 –
kukunoris Rana Rana KIZ 0152 China: Qinghai – – GQ285748a GQ285780a GQ285798a

GQ285816a

ROM, Royal Ontario Museum, Toronto, Canada; HNNU, Hainan Normal University; KIZ, Kunming Institute of Zoology, the Chinese Academy of Sciences; SCUM, Sichuan University Museum; SN =field numbers of Shunqing Lu. ‘‘–”,
unknown data.

a Sequences new to this study.
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Table 2
Primers used in PCR and sequencing.

Locus Primer Primer sequence Size
(bp)

Cited source

The recombination activating gene 1 L6300 50-CTG GTC GTC AGA TCT TTC AGC-30 1164 This study
H6301 50-GCA AAA CGT TGA GAG TGA TAA C-30 This study
L6302 50-GGA AAT TGG TGG AAT CCT CAG-3 This study
H6303 50-ATA TAG ATA GAG CCT GAG GC-30 This study
L7501 50-AGA AAG CCT CNT TCC AGG-30 This study
H5406 50-TCG CGT TCG ATG ATC TCT GG-30 This study
L4935 50-ACA GGA TAT GAT GAR AAG CTT GT-30 Hoegg et al. (2004)
H4936 50-GGT GYT TYA ACA CAT CTT CCA TYT CRT A-30 Hoegg et al. (2004)
L7119 50-GAA TGT ATY AAA GMM TGC AAG ATG GWC CT-

30
Wiens et al. (2005)

Proopiomelanocortin R7120 50-TAY TGR CCC TTY TTG TGG GCR TT-30 601 Wiens et al., (2005)
L7121 50-GGA RCA CTT YCG ATG GGG YAA ACC-30 Wiens et al. (2005)
R7122 50-GGT TTR CCC CAT CGR AAG TGY TCC-30 Wiens et al. (2005)

Brain-derived neurotrophic factor L7150 50-ACC ATC CTT TTC CTK ACT ATG G-30 614 Vieites et al. (2007)
R7151 50-CTA TCT TCC CCT TTT AAT GGT C-30 Vieites et al. (2007)
L7152 50-ACC ATC CTT TTC CTT ACT ATG G-30 Van der Meijden et al. (2007)

Exon 1 of rhodopsin L2903 50-ACC ATG AAC GGA ACA GAA GGY CC-30 315 Bossuyt and Milinkovitch
(2000)

H2904 50-GTA GCG AAG AAR CCT TCA AMG TA-30 Bossuyt and Milinkovitch
(2000)

Exon 1 of tyrosinase L2976 50-TGC TGG GCR TCT CTC CAR TCC CA-30 531 Bossuyt and Milinkovitch
(2000)

H2977 50-AGG TCC TCY TRA GGA AGG AAT G-30 Bossuyt and Milinkovitch,
2000

F0001 50-AGA TAC CCC ACT ATG CCT ACC C-30 Wilkinson et al. (2002)
Partial 12S and 16S ribosomal genes and the complete valine t-

RNA
R1169 50-GTG GCT GCT TTT AGG CCC ACT-30 2041 Wilkinson et al. (2002)
F0483 50-GAA GAG GCA AGT CGT AAC ATG G -30 Wilkinson et al. (2002)
R0483 50-CCA TGT TAC GAC TTG CCT CTT C-30 Wilkinson et al. (2002)
F0937 50-TGG GAT GAT TTT CAA GTA G-30 Wilkinson et al. (2002)
F1624 50-GTA TCA ACG GCA TCA CGA GGG-30 Wilkinson et al. (2002)
R1624 50-CCC TCG TGA TGC CGT TGA TAC-30 Wilkinson et al. (2002)
R end 50-GAC CTG GAT TAC TCC GGT CTG A-30 Wilkinson et al. (2002)
L7270 50-AGA TAC CCC ACT ATG CCA AGT C-30 This study
L7271 50-AGA TAC CCC ACT ATG CCT AGC C-30 This study
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merase chain reaction (PCR) amplification was carried out in a 25–
50 ll volume reaction using the following procedures. For RAG-1
cycle conditions were adapted from a long range PCR protocol
(Barnes, 1994), with an initial denaturing step of 5 min at 94 �C,
followed by 10 cycles of 30 s at 94 �C, annealing temperatures
increasing by 0.5 �C per cycle from 52 to 57 �C and extending for
3 min at 68 �C. Additionally, 20 cycles were performed for 10 s at
94 �C, 57 �C for 40 s, and for 3 min at 68 �C. The final extension
was done for 5 min at 68 �C. Cycle conditions for BDNF were an ini-
tial denaturation of 5 min at 94 �C, followed by 94 �C denaturation
for 1 min, 50 �C annealing for 1 min, and for 1 min extension at
72 �C. Final extension at 72 �C was conducted for 10 min. For
POMC, RHOD, TYR, and the mitochondrial DNA, the same proce-
dure as for BDNF was used, but with annealing at 54, 52, 54, and
55 �C, respectively. The amplified DNA fragments were purified
via spin columns and sequenced with an ABI 3730 automated
DNA sequencer following the manufacturer’s protocol. Sequences
were then determined in both directions for each species and sub-
mitted for BLAST searching (Altschul et al., 1997) in GenBank to en-
sure that the required sequences had been amplified.

2.3. Sequence alignment

Alignments were first conducted using Clustal X 1.81 (Thomp-
son et al., 1997) with default parameters (gap opening 15.00, gap
extension 6.66), and subsequently adjusted by eye for all the gene
fragments (RAG-1, POMC, BDNF, TYR, RHOD, and mtDNA). Nucleo-
tide sites having ambiguous alignments were removed from the
analyses to increase the reliability of the phylogenetic analysis
(Swofford et al., 1996). The aligned sequences were submitted to
TREEBASE http://www.treebase.org under accession number (SN
4501). We included the secondary structure for aligning rRNA
and t-RNA to the analysis. Gaps resulting from the alignment were
treated as missing data. Because all mtDNA gene sequences are
effectively inherited as one locus, they were concatenated into a
single fragment for analyses. For the mtDNA and each nuDNA frag-
ment, possible saturation of substitution types was checked by
plotting the number of transitions (Ti) and transversions (Tv) ver-
sus F84 distance using DAMBE (Xia, 2000). Saturation plots were
examined separately for the first, second and the third positions
of each nuDNA gene. Pairwise comparisons of sequence diver-
gences (P distance) were calculated using PAUP* 4.0b 10a (Swof-
ford, 2003).

2.4. Phylogenetic analyses

Missing data were coded as ‘‘N” in the analyses. The inclusion of
a limited amount of missing data was unlikely to distort the phy-
logenetic results in Bayesian Inference (BI) and Maximum Parsi-
mony (MP) analyses (Wiens et al., 2005; Wiens and Moen, 2008).

To examine possible incongruence in the combined data, we
used an incongruence length difference (ILD) test (Farris et al.,
1994), often referred to as a partition homogeneity test in PAUP*.
One hundred replicates of the ILD test with 10 random-addition se-
quences were implemented.

Phylogenetic hypotheses were also inferred using BI as imple-
mented in MrBayes 3.1.2 (Ronquist and Huelsenbeck, 2003), incor-
porating both unpartitioned and partitioned strategies. Each data
set followed its own best-fit model in the analysis of the combined
data set. For the five nuDNA fragments, we combined codon posi-
tions 1 and 2 into a single partition and treated the third positions
separately. The best-fitting nucleotide substitution models for each
of the 10 nuDNA partitions and the unpartitioned mtDNA data set
were selected by using the Akaike Information Criterion as imple-

http://www.treebase.org
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mented in Modeltest 3.7 (Posada and Crandall, 1998). The model
GTR+I+G was selected for the mtDNA sequences. The following
models were selected for analysis of the nuDNA data: TrN+I for co-
don positions 1 and 2, and SYM+G for codon position 3 in the BDNF
partition; GTR+G for codon positions 1, 2, and 3 in the POMC par-
tition; TVM+I+G for codon positions 1 and 2, and TrN+G for codon
position 3 in the RAG-1 partition; TrN+G for codon positions 1 and
2, and TVM+G for codon position 3 in the RHOD partition;
TVM+I+G for codon positions 1 and 2, and GTR+G for codon posi-
tion 3 in the TYR partition. For BI and Bayesian posterior probabil-
ities (BPP), the following settings were applied: number of Markov
chain Monte Carlo (MCMC) generations = 5,000,000 and sampling
frequency = 100. The first 12,500 sampled trees were discarded
as a conservative burn-in. The remaining samples were used to
generate a majority rule consensus tree. All MCMC runs were re-
peated twice to confirm consistent approximation of the posterior
parameter distributions.

Maximum parsimony (MP) analyses were conducted using
PAUP*. All characters were weighted equally and treated as unor-
dered. Only potentially phylogenetically informative (PPI) sites
were retained for tree searching. MP analysis was performed using
a heuristic search with 1000 random stepwise additions followed
by TBR branch swapping. Bootstrap branch support (BBS) values
were calculated with 1000 replicates with 10 random-addition se-
quences performed in each replication.

In the analysis of the nuDNA, partitioned maximum likelihood
(ML) analyses were performed using RAxML Web-Servers (Sta-
matakis et al., 2008). We combined codon positions 1 and 2 into
a single partition and treated third positions separately. RAxML
searches were executed in 100 rapid bootstrap inferences and
thereafter in a thorough ML search on partitioned datasets. All free
model parameters were estimated by RAxML.

Alternative phylogenetic topologies were tested using the MP-
based Templeton Test (TT) (Templeton, 1983), the likelihood-based
Kishino–Hasegawa (KH) test (Kishino and Hasegawa, 1989), and
the approximately unbiased (AU) test (Shimodaira, 2002). To per-
form the KH and AU tests, site-wise log-likelihoods for all trees
were estimated using PAUP* as follows: heuristic searches under
a GTR+I+G model and incorporating a topological constraint were
conducted so as to find the highest-likelihood topology that satis-
fied a given hypothesis. Subsequently, a log file was produced for
the site-wise log-likelihoods of alternative trees given the concat-
enated data set with a GTR+I+G model. The generated log file
was then used as input for CONSEL (Shimodaira and Hasegawa,
2001) to calculate the P-value for each alternative topology. TT
was performed using 1000 RELL bootstrap replicates with a similar
search strategy for finding the alternative topology.
3. Results

3.1. Sequence characteristics

The aligned mtDNA gene fragments consisted of 2041 sites, cor-
responding to sites 726 through 2666 of the P. megacephalus mito-
chondrial genome (AY458598), with 748 constant characters (CC)
and 1074 PPI characters. In the case of the five nuDNA sequence
data sets, transitions and transversions were accumulating linearly
and gave no indication of a saturation effects. Consequently, all
substitutions in these genes were used for phylogenetic recon-
structions. These plots are available from the authors upon request.
The concatenated nuclear data set consisted of a matrix of 3225
base pairs (bp). Of these, 2143 bp were CC and 726 bp were PPI.
The aligned data set was assembled from five gene fragments:
BDNF gene data set (614 amplified bp/54 PPI sites/522 CC); POMC
(601 bp/131 PPI sites/393 CC); RAG-1 (1164 bp/295 PPI sites/751
CC); RHOD (315 bp/72 PPI sites/181 CC), and TYR (531 bp/174
PPI sites/296 CC).

3.2. Phylogenetic analysis

3.2.1. Mitochondrial genes
Analysis of mtDNA data under equally weighted MP yielded six

trees with a length of 8990 steps, consistency index (CI) = 0.259,
retention index (RI) = 0.519, and rescaled consistency index
(RC) = 0.134. The strict consensus tree is shown in Fig. 2. For BI,
the likelihood values of the 50% majority consensus tree was
lnL = �39550.70. The standard deviation of split frequencies
among the four BI runs (Fig. 1) was 0.002716. Although the BI
and MP trees differed for some taxa, such as the placement of
Theloderma moloch, nodes highly supported by BBS and BPP were
almost identical. Among well support nodes, only the positions of
the clade of T. asperum from Hainan and Yunnan, and a clade con-
sisting of T. rhododiscus and T. corticale differed. In the BI tree, these
two clades formed a sister group (BPP = 99). In the MP tree, the
clade consisting of T. rhododiscus and T. corticale formed a sister
group with a clade consisting of N. pictus and N. spinosus
(BBS = 82), and together they formed a sister group to a clade of
T. asperum from Hainan and Yunnan (BBS = 87). Because the MP
analysis did not well resolve basal dichotomies between deep
clades, we used the BI tree (Fig. 1) for discussion.

The family Rhacophoridae was corroborated as being monophy-
letic, and with high support (BPP = 100; BBS = 92). A strongly sup-
ported dichotomy between the Buergeriinae and Rhacophorinae
was obtained (BPP = 100; BBS = 99). A total of 12 major clades
(A–L) were recovered in all analyses (Figs. 1 and 2) and these can
be summarized in seven major groupings as follows:

(1) Well-supported clade K (Fig. 2) (BPP = 100; BBS = 100) con-
tained Philautus ocellatus, P. hainanus, and the type species
of Liuixalus, L. romeri, which was the sister clade to the
remaining rhacophorids (BPP = 96), excluding Buergeria.

(2) A well-supported clade (A+B) consisting of Nyctixalus (Clade
A) and Theloderma (Clade B) was the sister clade to all other
rhacophorines except for those in clade (K) (BPP = 96).

(3) Clade C included Philautus banaensis, K. hainanus, K. odonto-
tarsus, K. idiootocus, and the type species of Kurixalus, K.
eiffingeri (BPP = 100; BBS = 100). Clade C was the sister
clade to Clade D (BPP = 100; BBS = 94) consisting of
Philautus longchuanensis, P. gryllus, Ki. charius, Ki. menglaen-
sis, Ki. wynaadensis, and the type species of Kirtixalus, Ki.
microtympanum (BPP = 99).

(4) Theloderma moloch was the sister taxon (BPP = 93) to Clade E
(BPP = 100; BBS = 100) consisting of P. abditus, P. acutirostris,
and P. surdus. These clades were united with Clade C and
Clade D but without nodal support. In turn, Clade E, Clade
C, Clade D and T. moloch formed the sister group of Clade
F, Clade G, Clade H, Clade I, and Clade J (BPP = 99).

(5) Clade F contained Philautus quyeti, G. carinensis, G. jinxiuensis,
Gracixalus sp. and the type species of Gracixalus, G. gracilipes
(BPP = 100; BBS = 96). Clade F was resolved as the sister
group of a united Clade G, Clade H, Clade I and Clade J
(BPP = 99). Within Clade F, ‘‘Aquixalus odontotarsus”, G. carin-
ensis and G. jinxiuensis from Vietnam were united
(BPP = 100; BBS = 100), and together they constituted a clade
with G. jinxiuensis from the type locality (Jiuxiu, Guangxi)
and a new species (BPPv100; BBS = 100). Philautus quyeti
formed a sister taxon relationship (BPP = 100; BBS = 97) with
the clade (BPP = 100; BBS = 100) consisting of G. gracilipes
from China and Vietnam.

(6) The Chinese and Vietnamese populations of Feihyla palpeb-
ralis formed Clade I (BPP = 100; BBS = 92).



Fig. 1. Bayesian inference tree derived from partial fragments of 12S and 16S ribosomal DNA genes together with the complete t-RNA for valine. Numbers above the lines or
besides the nodes are given as Bayesian posterior probabilities (P90 retained)/bootstrap support for maximum likelihood analyses (P50 retained); ‘‘- -” represents Bayesian
posterior probabilities and bootstrap values lower than 90% and 50%, respectively. Species with terrestrial direct development, foam nesting, or laying eggs in a jelly with
some bubbles are marked with a thick red bar, a thick green bar, or a thick blue bar, respectively. (For interpretation of color mentioned in this figure the reader is referred to
the web version of the article.)
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(7) Chiromantis doriae from China and Vietnam formed a
monophyletic clade (BPP = 100; BBS = 100), and together
formed a strongly supported Clade J with a clade consist-
ing of C. rufescens and C. xerampelina (BPP = 100; BBS = 98).
Chiromantis vittatus from China and Vietnam constituted a
monophyletic clade (BPP = 100; BBS = 100), and together
clustered with Clade I (F. palpebralis) but with low nodal
support (BBS = 62).



Fig. 2. Maximum parsimony tree derived from partial fragments of 12S and 16S ribosomal DNA genes together the complete t-RNA for valine. Numbers above the lines or
besides the nodes are bootstrap support for maximum parsimony analyses (1000 replicates, P50 retained) and ‘‘- -‘‘ represents a bootstrap proportion lower than 50%.
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3.2.2. Nuclear genes (BDNF+POMC+RAG-1+RHOD+TYR)
A total evidence strategy (Kluge, 1989), involving all nuDNA se-

quence data combined unconditionally, was used in the analysis of
the nuDNA sequence data due to the limited number of potentially
informative characters in each gene. Phylogenetic reconstructions
were performed using partitioned BI and ML analyses. The topolo-
gies of the ML and BI trees were almost identical. For BI, the likeli-
hood value was lnL = �17554.61. The standard deviation of split
frequencies among the four BI runs (Fig. 3) was 0.003262. Both
bootstrap values from partitioned ML and the BPPs are represented
on the BI tree (Fig. 3).
Consistent with the results of the mtDNA data, monophyly of the
Rhacophoridae and the dichotomy between the Buergeriinae and
Rhacophorinae were strongly supported. Liuixalus (Clade K) was
strongly recovered as the sister group to all remaining rhacopho-
rines (BPP = 100/BBS = 100). Within the Rhacophorinae, we recov-
ered three additional major groups. Group I included the genera
Gracixalus, Philautus, Kurixalus and T. moloch (BPP = 95/BBS = 50).
Kurixalus (Clade C) and Kirtixalus (Clade D) were sister groups
(BPP = 100/BBS = 79), and together formed a sister clade to T. moloch
(BPP = 100/BBS = 57). In the BI tree, this clade formed a polytomy
with P. abditus and the representative species of Gracixalus. In con-



Fig. 3. Partitioned Bayesian inference tree derived from five combined nuclear fragments (BDNF+POMC+RAG-1+RHOD+TYR). Bayesian posterior probabilities (P90 retained)
and bootstrap support from partitioned maximum likelihood (100 replicates) (P50 retained) are shown at the nodes, respectively; ‘‘- -” represents Bayesian posterior
probabilities and bootstrap values from partitioned ML lower than 90% and 50%, respectively. Species with terrestrial direct development, foam nesting or laying eggs in a
jelly with some bubbles are marked with a thick red bar, a thick green bar or a thick blue bar, respectively. (For interpretation of color mentioned in this figure the reader is
referred to the web version of the article.)
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trast, the ML analysis united T. moloch, Kurixalus (Clade C) and Kirtix-
alus as the sister group of P. abditus (BBS = 63), and together they
formed with a sister group of Gracixalus.

Group II contained most species of Theloderma (Clade B) and its
sister group Nyctixalus (Clade A) (BPP = 100/BBS = 100). Group III
included representatives of Rhacophorus, Polypedates, Feihyla and
Chiromantis vittatus (BPP = 97/BBS = 62). Feihyla (Clade I) was sister
to a clade comprised of C. vittatus from China and Myanmar
(BPP = 100/BBS = 95). Together they formed a clade with Polype-
dates (Clade H) (BPP = 100/BBS = 96). Rhacophorus (Clade G) formed
the sister group of a large clade consisting of C. vittatus, Feihyla
(Clade I) and Polypedates (Clade H) (BPP = 97/BBS = 62).
3.2.3. The combined mitochondrial and nuclear genes
The mtDNA and nuDNA data were combined to reconstruct the

phylogeny of the family Rhacophoridae. We only used the com-
plete mtDNA and nuDNA data for analysis, and the results are lar-
gely similar between mtDNA (Figs. 1 and 2) and nuDNA (Fig. 3)
trees (data not shown). Uniquely, Chiromantis doriae and C. vittatus
were recovered as sister species in the combined analyses, which
was not consistent with either the nuDNA or the mtDNA analyses.
In addition, Gracixalus formed a well-supported sister group rela-
tionship to a clade consisting of Rhacophorus, Polypedates, Feihyla
and Chiromantis, and with a high BPP, which was congruent with
the mtDNA result but conflicted with the nuDNA analysis.

The partition homogeneity test discovered significant incongru-
ence between the mtDNA and nuDNA data (P = 0.01). Therefore, we
considered the nuDNA and mtDNA trees separately.
4. Discussion

Our study contained, for the first time, a large data set of single-
copy protein-coding nuclear genes to assess the phylogeny of the
family Rhacophoridae. Our taxon sampling included all relevant
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clades identified by our current mtDNA data and previous studies
(Grosjean et al., 2008; Li et al., 2008; Wilkinson et al., 2002; Yu
et al., 2008, 2009), except for the newly described Ghatixalus by
Biju et al. (2008).
4.1. Phylogeny of the Rhacophoridae

Our newly collected nuDNA data better resolved the basal rela-
tionships among rhacophorids than either our mtDNA data alone
or previous studies (Frost et al., 2006; Grosjean et al., 2008; Li
et al., 2008; Wilkinson and Drewes, 2000; Wilkinson et al., 2002;
Yu et al., 2008, 2009). The nuDNA tree strongly supported the
monophyly of the Rhacophoridae with two inclusive subfamilies:
Buergeriinae and Rhacophorinae. This finding was concordant with
prior molecular and morphological studies (Biju et al., 2008; Chan-
ning, 1989; Frost et al., 2006; Grosjean et al., 2008; Li et al., 2008;
Wilkinson and Drewes, 2000; Wilkinson et al., 2002; Yu et al.,
2009) and our mtDNA data. Both the nuDNA and mtDNA data con-
firmed that Liuixalus, elevated by Li et al. (2008), was the sister
group to the remaining nine rhacophorine genera, as previously
proposed (Li et al., 2008; Yu et al., 2009). Our nuDNA data resolved
three additional major groups of rhacophorines (Fig. 3: Group I, II,
III). Group I was not resolved in previous studies (Frost et al., 2006;
Grosjean et al., 2008; Li et al., 2008; Wilkinson et al., 2002; Yu
et al., 2008, 2009). Regardless, many sets of relationships within
these three groups were not resolved. The possibility of a rapid
species radiation should be investigated in future studies.
4.1.1. Phylogeny of Philautus, Kirtixalus, Kurixalus and Gracixalus
Wilkinson et al. (2002) suggested that Philautus and Kurixalus

were sister taxa, but this association received weak support. Their
suggestion was consistent with the recent study by Biju et al.
(2008). Including genus Kirtixalus, Yu et al. (2009) supported a
clade appearing as (Philautus (Kurixalus, Kirtixalus)) but with only
a moderate BPP. Li et al. (2008) found that Philautus and the clade
(Kurixalus, Kirtixalus) formed a polytomy. Our nuDNA phylogeny
supported the monophyly of Group I, consisting of Philautus, Kirtix-
alus, Kurixalus, Gracixalus and Theloderma moloch. Based on similar
results from others (Grosjean et al., 2008; Li et al., 2008; Meegas-
kumbura et al., 2002), Yu et al. (2009) raised the subgenus Kirtixa-
lus to the level of genus. Herein, the nuDNA phylogeny strongly
supported that Kirtixalus was more closely related to Kurixalus than
to Philautus. Our nuDNA tree depicted that Gracixalus and Philautus
formed the sister group to the clade consisting of Kirtixalus, Kurix-
alus and Theloderma moloch (Group I) with moderate BPP and ML
BBS support. This result conflicted with our mtDNA phylogeny
(Figs. 1 and 2) and previous studies (Frost et al., 2006; Grosjean
et al., 2008; Li et al., 2008; Yu et al., 2009). Without the represen-
tatives of Philautus (the only representative of Philautus turns out
to be a Theloderma) and Kirtixalus, Frost et al. (2006) considered
that Gracixalus was the sister taxon to all other rhacophorines.
Grosjean et al. (2008), Li et al. (2008), and Yu et al. (2009) consid-
ered that Gracixalus was the sister group of a clade formed by Rhac-
ophorus, Polypedates, Feihyla, and Chiromantis. Owing to the
absence of strong support, Yu et al. (2008) suggested that further
study was required before committing to its phylogenetic place-
ment. We prefer the nuDNA results (Fig 3) for the following rea-
sons. Both G. gracilipes and G. jinxiuensis have been long placed in
Philautus (Group I), and were recently transferred to Gracixalus
(Delorme et al., 2005; Li et al., 2008; Yu et al. (2009)). Their place-
ment in Philautus indicated similar morphological characters,
including body size (Group I: 10–30 mm; Group II: 40–100 mm,
habitat (Group I: usually live in undershrub or shrub; Group II:
usually live in the tree canopy), dorsal color pattern (Ziegler
et al., 2006 considered that the color pattern of G. jinxiuensis was
present in other members of the genera Philautus and ‘‘Aquixalus”,
but never in Rhacophorus), and reproductive mode (see below).

Presently, Philautus, containing approximately 150 species, is
widely distributed in South and Southeast Asia (Frost, 2009). Be-
cause this genus is a species-rich group of small frogs sometimes
with highly variable coloration (Bossuyt and Dubois, 2001; Inger
et al., 1984), it is considered as a particularly difficult group for tax-
onomists (Biju and Bossuyt, 2006). Our nuDNA and mtDNA data
suggest that Philautus is polyphyletic, forming four clades (C, D,
E, and K) and five clades (C, D, E, K and F), respectively. Clade E
is likely to be the Philautus sensu stricto. It contains P. acutirostris,
which is considered closely related to the type species, P. aurifasci-
atus (Dring, 1987; Inger, 1966). This finding is consistent with pre-
vious studies (Li et al., 2008; Wilkinson et al., 2002; Yu et al., 2009).
In our mtDNA study, P. abditus from Vietnam nests well within
Clade E. Our nuDNA and mtDNA data strongly support that P. ocell-
atus and P. hainanus form well supported Clade K with the type
species of Liuixalus, L. romeri. However, Liuixalus is distantly related
to Clade E (Philautus) (Fig. 3; Li et al., 2008; Yu et al., 2008, 2009).
Philautus banaensis nests well within Kurixalus (Clade C), as
strongly supported by our mtDNA and nuDNA data. Our phyloge-
nies strongly support Clade D as containing P. gryllus, P. longchuan-
ensis and Kirtixalus menglaensis, all within Kirtixalus. Our mtDNA
phylogenies strongly support that the newly described P. quyeti
(Truong et al., 2008) clusters in the genus Gracixalus (Clade F).

Recently, the subgenus Kirtixalus was raised to full genus level
by Yu et al. (2009). According to the study by Grosjean et al.
(2008), Ixalus temporalis, the type species of Pseudophilautus Lau-
rent, 1943, and Polypedates microtympanum, the type species of Kir-
tixalus Dubois, 1987, formed a monophyletic clade with strong
support. Pseudophilautus is an older generic name than Kirtixalus.
Therefore, genus Kirtixalus is a junior synonym of Pseudophilautus
Laurent, 1943.

In order to avoid polyphyly within Philautus, we recommend the
following taxonomic transfers: (1) Philautus ocellatus and P. hain-
anus to be placed within Liuixalus as L. ocellatus (new combination)
and L. hainanus (new combination), respectively. (2) Philautus
banaensis be treated as a member of Kurixalus as K. banaensis
(new combination). (3) Philautus longchuanensis and P. gryllus be
transferred to the genus Pseudophilautus as Ps. longchuanensis
(new combination) and Ps. gryllus (new combination), respectively.
(4) Philautus quyeti be transferred to Gracixalus as G. quyeti (new
combination). According to the phylogenies of Grosjean et al.
(2008), Gururaja et al. (2007) and Meegaskumbura et al. (2002),
the genus Pseudophilautus should include the species P. schmarda
as Ps. schmarda (new combination), P. femoralis as Ps. femoralis
(new combination), P. signatus as Ps. signatus (new combination),
P. annandali as Ps. annandali (new combination), P. parvulus as Ki.
parvulus (new combination), P. griet as Ps. griet (new combination),
P. temporalis as Ps. temporalis (new combination), P. nanus as Ps.
nanus (new combination) and P. luteolus as Ps. luteolus (new
combination), in addition to Ps. charius, Ps. wynaadensis, Ps.
microtympanum and Ps. menglaensis as proposed by Yu et al.
(2009). Recently, many species of Philautus have been described
from Sri Lanka and the Western Ghats of India (e.g., Gururaja
et al., 2007; Manamendra-Arachchi and Pethiyagoda, 2005;
Meegaskumbura and Manamendra-Arachchi, 2005). They may
have close phylogenetic relationships (Grosjean et al., 2008; Mee-
gaskumbura et al., 2002). Indian and Sri Lankan species of Philautus
were considered to have experienced rapid morphological differ-
entiation (Grosjean et al., 2008). Therefore, we provisionally sug-
gest that these newly described species of Philautus should likely
be transferred to the genus Pseudophilautus, pending more data.

Most Chinese species of Philautus have already been transferred
to other genera, such as Liuixalus, Gracixalus, and Pseudophilautus
(Li et al., 2008; Yu et al., 2008, 2009), except for P. medogensis
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and P. andersoni (Fei et al., 2005; Frost, 2009; Zhao and Adler,
1993). Morphologically, P. medogensis is very similar to Gracixalus
jinxiuensis (Ye and Hu, 1984) [as P. jinxiuensis], and they were as-
signed to the same species group (P. jinxiuensis group) (Fei, 1999;
Fei et al., 2005). Therefore, we transfer P. medogensis to the genus
Gracixalus as G. medogensis (new combination). Philautus andersoni
was recognized as P. tuberculatus by Fei (1999) and Fei et al. (2005).
However, the latter taxon has been treated as a junior synonym of
P. andersoni (Dutta, 1997). Philautus andersoni is morphologically
very similar to P. albopunctatus (Fei, 1999), and P. albopunctatus
is now a junior synonym of T. asperum (Yu et al., 2008). Therefore,
P. andersoni should be placed within the genus Theloderma as T.
andersoni (new combination), although confirmation is desirable.
Accordingly, the genus Philautus does not occur in China.

The following species of Philautus are currently known from
Vietnam: P. abditus; P. banaensis; P. gryllus; P. jinxiuensis; P.
maosonensis; P. parvulus; P. quyeti and P. truongsonensis (Frost,
2009; Orlov et al., 2008). Yu et al. (2009) transferred P. jinxiuensis
into Gracixalus. All of these species have been transferred to either
Kurixalus or Pseudophilautus, except for P. abditus, P. maosonensis
and P. truongsonensis. We provisionally suggest retaining these
three species in Philautus pending additional data. Therefore, in
Vietnam the genus Philautus contains only three species: P. abditus,
P. maosonensis, and P. truongsonensis.

The accuracy of a phylogeny depends upon the identification of
the taxa. The sample of K. odontotarsus (as Aquixalus odontotarsus)
from Vietnam used by Delorme et al. (2005) and Grosjean et al.
(2008) was not found to be the same species as K. odontotarsus
from the type locality (Yu et al., 2009). Our mtDNA trees suggest
that the Vietnamese K. odontotarsus, G. carinensis, and G. jinxiuensis
form a strongly supported clade, and the genetic distances (uncor-
rected P distances) of G. carinensis from K. odontotarsus and G. jinxi-
uensis are 0.8% and 0.4%, respectively. The average interspecific P-
distance within the Rhacophoridae is 18.8%. Therefore, we suggest
that the Vietnamese sample of K. odontotarsus used by Delorme
et al. (2005) and Grosjean et al. (2008) is G. carinensis, as is G. jinxi-
uensis of Truong et al. (2008).

4.1.2. Phylogeny of Nyctixalus and Theloderma
Theloderma was shown to be paraphyletic in both the mtDNA

and nuDNA results. Clade B included T. corticale, T. rhododiscus,
and T. asperum, all of which have long been recognized as Theloder-
ma sensu stricto (Frost et al., 2006; Grosjean et al., 2008; Li et al.,
2008; Wilkinson et al., 2002; Yu et al., 2008, 2009). The monophyly
of Theloderma corticale, T. rhododiscus, and T. asperum was strongly
recovered in mtDNA BI and nuDNA analyses, but not in the mtDNA
MP analysis. The artifact of long-branch attraction might result in
the artificial clustering of T. asperum, T. corticale, T. rhododiscus, N.
pictus, and N. spinosus in the mitochondrial MP analysis. This pos-
sibility needs to be investigated in future analyses.

Our study is the first to include Theloderma moloch in a phyloge-
netic analysis, a taxon whose generic placement is uncertain. Liem
(1970) stated that T. moloch probably belongs to Hazelia (=Nyctixa-
lus), but notes that further study is required. Dubois (1981) provi-
sionally transfers T. moloch to Nyctixalus. However, this transfer is
not recognized by Chinese taxonomists (Fei, 1999; Fei et al., 2005;
Zhao and Adler, 1993). Our mtDNA results suggest that T. moloch is
the sister group of Philautus but this association only received
moderate BPP support and no support in MP; T. moloch did not nest
with Theloderma sensu stricto. In contrast, our nuDNA phylogeny
places T. moloch as the sister taxon of Pseudophilautus and Kurixa-
lus, which is nested well within the clade consisting of Philautus,
Pseudophilautus, Kurixalus, and Gracixalus. This association is
strongly supported. Therefore, both mtDNA and nuDNA phyloge-
nies indicate that the phylogenetic position of T. moloch is only re-
motely related to Theloderma sensu stricto (Clade B). However, the
determination of whether T. moloch is a Philautus or represents a
new genus will require further analysis, with greater taxon sam-
pling and the inclusion of morphological characters.

Based on breeding behavior, Liem (1970) suggested that Thelo-
derma may be closely related to Nyctixalus. These frogs lay small
clutches of eggs above water-filled holes in tree trunks. Channing
(1989), in a reanalysis of Liem’s study, considered Theloderma
and Nyctixalus to be sister taxa. Wilkinson and Drewes (2000) com-
pared the two previous studies and produced a third phylogenetic
hypothesis. They considered Nyctixalus to be the sister group of
Philautus, which was relatively remotely related to Theloderma.
Our nuDNA results strongly support the hypothesis of Channing
(1989). Theloderma is distantly related to Philautus, as is consistent
with our present mtDNA analysis and previous studies (Delorme
et al., 2005; Frost et al., 2006; Grosjean et al., 2008; Li et al.,
2008; Wilkinson et al., 2002; Yu et al., 2008).

4.1.3. Phylogeny of Rhacophorus, Polypedates, Feihyla, and
Chiromantis

Both molecular (Frost et al., 2006; Wilkinson et al., 2002) and
morphological (Wilkinson and Drewes, 2000) studies concluded
that Rhacophorus, Polypedates and Chiromantis formed a monophy-
letic group. However, the representative species of Chiromantis, C.
rufescens and C. doriae, were excluded from this group (Group III)
in our nuDNA tree. Consequently, we tested the strength of the
alternative arrangement. Monophyly of Group III including the
genus Chiromantis cannot be rejected (AU, P = 0.441; KH,
P = 0.446; TT, P = 0.5127).

We included the monotypic genus Feihyla in our analyses and
our mtDNA and nuDNA BI analyses confirmed previous findings
that Feihyla was a member of Group III (Delorme et al., 2005;
Grosjean et al., 2008; Li et al., 2008; Yu et al., 2009). Our mtDNA
analyses did not strongly resolve relationships among the genera
in Group III, which was also consistent with previous studies
(Grosjean et al., 2008; Li et al., 2008; Wilkinson et al., 2002).
Grosjean et al. (2008) considered that the type species of Feihyla,
F. palpebralis was part of Chiromantis, which was not consistent
with the studies by Biju et al. (2008), Li et al. (2008) and Yu et al.
(2009). The latter studies recognized the validity of Feihyla. Our
nuDNA data suggested Feihyla was more closely related to Polype-
dates than to Chiromantis and this association had strong nodal
support. This result was recovered with weak support by Yu
et al. (2009). The grouping of Feihyla and Polypedates did not con-
flict with the results of Li et al. (2008), although they resolved
Polypedates, Rhacophorus, and Feihyla as a polytomy.

The phylogenetic position of Chiromantis vittatus may be un-
ique. Frost et al. (2006) placed Chirixalus into synonymy with Chi-
romantis, and as a result, Chirixalus vittatus and Chirixalus doriae
were transferred to Chiromantis (Frost, 2009; Frost et al., 2006).
However, this relocation of C. vittatus was uncertain (Frost et al.,
2006; Grosjean et al., 2008; Wilkinson et al., 2002; Yu et al.,
2008, 2009). Wilkinson et al. (2002) recovered C. vittatus as the sis-
ter taxon to Polypedates. Yu et al. (2008) considered it as the sister
taxon of either Feihyla palpebralis (as Philautus palpebralis) or the
Rhacophorus (=Polypedates) leucomystax group in their MP and ML
analyses, respectively. Frost et al. (2006), Grosjean et al. (2008)
and Yu et al. (2009) found that C. vittatus nested within Chiroman-
tis. Herein, our analysis of the mtDNA data removed C. vittatus from
Chiromantis with moderate support in MP yet low nodal support in
BI (Figs. 1 and 2). Our nuDNA data strongly supported C. vittatus as
the sister taxon of Feihyla, remotely from the representatives of
Chiromantis (Fig. 3). Liem’s (1970) morphological study found that
C. vittatus was externally very similar to C. doriae, and the latter has
been consistently placed within Chiromantis (Frost et al., 2006; Li
et al., 2008; Yu et al., 2009). In contrast, Wilkinson and Drewes
(2000) found that C. vittatus differed from C. doriae in five morpho-
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logical characters; they stated that the inclusion of C. vittatus could
collapse the ‘‘Chirixalus” node. Significantly, the reproductive mode
of C. vittatus differs from other species of Chiromantis (see below).
Thus, morphological, molecular, and reproductive characters indi-
cate that C. vittatus should not be placed in genus Chiromantis and
that it may represent either a new genus or a member of Feihyla.
However, we currently refrain from making any transfer, awaiting
further study with greater taxon sampling and morphological char-
acter coding.

4.2. Validity of the tribes Nyctixalini and Rhacophorini

Based on fragments of about 1300 bp of mtDNA and 300 bp
nuDNA, Grosjean et al. (2008) erected a new tribe Nyctixalini, con-
sisting of Theloderma and Nyctixalus. The tribe was diagnosed by
one morphological synapomorphy, the presence of numerous
dense glands of varying sizes on the eyelids. Our mtDNA and
nuDNA trees strongly supported the monophyly of this clade, the
tribe Nyctixalini. Consistent with the studies by Biju et al. (2008),
Grosjean et al. (2008) and Yu et al. (2009), our mtDNA BI tree also
supported the recognition of the tribe Rhacophorini with moderate
Bayesian support. Although monophyly of the Rhacophorini was
not supported by the nuDNA data alone (Fig. 3), the total evidence
tree (not shown) supported the tribe, exclusive of Liuixalus. In addi-
tion to the genera Rhacophorus, Polypedates, Philautus, Kurixalus
(Aquixalus as a junior synonym of Kurixalus) and Chiromantis, re-
ferred to by Grosjean et al. (2008), the Rhacophorini should also in-
clude Feihyla, Gracixalus, Pseudophilautus, and new erected
Ghatixalus (not studied by us). Within the Rhacophorinae, our nuD-
NA and mtDNA BI trees strongly place Liuixalus as the sister group
to all other genera, and thus the sister group to the Nyctixalini and
Rhacophorini. Because taxonomy should reflect historical relation-
ships, the genus Liuixalus must be placed in a new tribe, herein
named as Liuixalini new taxon, with the type genus Liuixalus (Li
et al., 2008).

4.3. The evolution of reproduction in the Rhacophoridae

Direct development, i.e. embryonic and larval development tak-
ing place within the eggs without a free larval stage in water, is a
remarkable reproductive feature. Traditionally, within the Rhaco-
phoridae, it served to diagnose the genus Philautus (e.g., Bossuyt
and Dubois, 2001; Dring, 1979). Yu et al. (2009) suggested that di-
rect development has evolved independently within the genus.
Based on nuDNA and mtDNA results, we further confirm that the
species of Pseudophilautus, which undergo direct development
(Bahir et al., 2005), is the sister group to species of Kurixalus, which
have a typical aquatic larval tadpole (Kam et al., 1996; Kuramoto
and Wang, 1987). Direct development also occurs in Philautus,
but this genus is not the sister group of Pseudophilautus. Further-
more, all species within the Rhacophoridae except for Philautus
and Pseudophilautus do not undergo direct development, such as
Theloderma moloch (Liem, 1970) and Liuixalus romeri (Smith,
1953). Therefore, the phylogenetic relationships suggest that ter-
restrial direct development evolved twice in the Rhacophoridae.

Another interesting reproductive mode within the Rhacophori-
dae is the deposition of eggs in self-produced foam nests. This
character is shared by three genera Rhacophorus, Polypedates, and
Chiromantis (Grosjean et al., 2008; Wilkinson et al., 2002). Wilkin-
son et al. (2002) and Grosjean et al. (2008) suggested that foam
nesting evolved only once in this family. However, Grosjean et al.
(2008) found that C. vittatus, which does not make foam nests,
nested within the foam nesting clade. Feihyla palpebralis lays eggs
in a jelly containing some bubbles (direct observation in the field),
which is similar to C. vittatus. Our phylogeny recovered a clade
with both C. vittatus and Chinese and Vietnamese F. palpebralis.
This clade formed the sister group to the foam nesting clade.
Therefore, we consider that foam nesting evolved only once in
the family Rhacophoridae, and laying eggs in a jelly containing
some bubbles is another specialized method of foam nesting. Sig-
nificantly, if C. vittatus is a member of Feihyla, this reproductive
mode likely serves as a behavioral synapomorphy to diagnose
Feihyla, and future behavioral observations alone may serve to
transfer additional species into the genus.
Acknowledgments

We are very grateful to Raoul H. Bain (Center for Biodiversity
and Conservation, American Museum of Natural History) for
important contributions to this study. We thank Hai-tao Shi,
Ji-chao Wang, Li-jun Wang, Bin He and Dan Liu (Hainan Normal
University) for collecting tissues in Hainan, Shan-jin Wu and
Yun-yu Wang with laboratory work. We thank Ross MacCulloch
and Amy Lathrop for assisting with tissue subsampling in the
ROM (Royal Ontario Museum, Toronto, Canada). Nikolai L. Orlov,
Amy Lathrop and Ho Thu Cuc assisted with field work in Vietnam.
We also thank two anonymous reviewers for their insightful com-
ments on this manuscript. This work was supported by grants from
the National Basic Research Program of China (973 Program,
2007CB411600, 2008GA001), the National Natural Science Founda-
tion of China (30621092, 30670243), Bureau of Science and Tech-
nology of Yunnan Province, the Natural Science Foundation of
Yunnan Province (1999C0083M), and a Studentship from The
Kadoorie Farm and Botanic Garden (KFBG) to Dingqi Rao.
References

Altschul, S.F., Madden, T.L., Schäffer, A.A., Zhang, J., Zhang, Z., Miller, W., Lipman, D.J.,
1997. Gapped BLAST and PSI-BLAST: a new generation of protein database
search programs. Nucleic Acids Res. 25, 3389–3402.

Bahir, M.M., Meegaskumbura, M., Manamendra-Arachchi, K., Schneider, C.J.,
Pethiyagoda, R., 2005. Reproduction and terrestrial direct development in Sri
Lankan shrub frogs (Ranidae: Rhacophorinae: Philautus). Raffles Bull. Zool.
(Suppl. 12), 339–350.

Bain, R.H., Truong, N.Q., 2004. Herpetofaunal diversity of Ha Giang Province in
northeastern Vietnam, with descriptions of two new species. Am. Mus.
Novitates 3453, 1–42.

Barnes, W.M., 1994. PCR amplification of up to 35-kb DNA with high fidelity and
high yield from bacteriophage templates. Proc. Natl. Acad. Sci. USA 91, 2216–
2220.

Biju, S.D., Bossuyt, F., 2006. Two new species of Philautus (Anura, Ranidae,
Rhacophorinae) from the Western Ghats, India. Amphibia-Reptilia 27, 1–9.

Biju, S.D., Roelants, K., Bossuyt, F., 2008. Phylogenetic position of the montane
treefrog Polypedates variabilis Jerdon, 1853 (Anura: Rhacophoridae), and
description of a related species. Org. Divers. and Evol. 8, 267–276.

Bossuyt, F., Dubois, A., 2001. A review of the frog genus Philautus Gistel, 1848
(Amphibia, Anura, Ranidae, Rhacophorinae). Zeylanica 6, 1–112.

Bossuyt, F., Milinkovitch, M.C., 2000. Convergent adaptive radiations in Madagascan
and Asian ranid frogs reveal covariation between larval and adult traits. Proc.
Nat. Acad. Sci. USA 97, 6585–6590.

Boulenger, G.A., 1903. On a new frog from upper Burma and Siam. Ann. and Mag.
Nat. Hist. 12, 219.

Channing, A., 1989. A re-evaluation of the phylogeny of Old World treefrogs. S. Afr. J.
Zool. 24, 116–131.

Delorme, M., Dubois, A., Grosjean, S., Ohler, A., 2005. Une nouvelle classification
générique et subgénérique de la tribu des Philautini (Amphibia, Anura, Ranidae,
Rhacophorinae). Bull. Mens. Soc. Linn. Lyon 74, 165–171.

Dring, J.C.M., 1979. Amphibians and reptiles from northern Trengganu, Malaysia,
with descriptions of two new geckos: Cnemaspis and Cyrtodactylus. Bull. Brit.
Mus. 34, 181–241.

Dring, J.C.M., 1987. Bornean treefrogs of the genus Philautus (Rhacophoridae).
Amphibia-Reptilia 8, 19–47.

Dubois, A., 1981. Liste des genres et sous-genres nominaux de Ranoidea
(Amphibiens Anoures) du monde, avec identification de leurs especes-types:
consequences nomenclaturales. Monit. Zool. Ital. (N. S.) Suppl. 15, 257.

Dubois, A., 1992. Notes sur la classification des Ranidae (Amphibiens, Anoures).
Bull. Mens. Soc. Linn. Lyon 61, 305–352.

Dubois, A., 2005. Amphibia Mundi.1.1. An ergotaxonomy of recent amphibians.
Alytes 23, 1–24.

Duellman, W., Trueb, L., 1986. Biology of the Amphibians. Johns Hopkins Press,
Baltimore, MD.



522 J.-t. Li et al. / Molecular Phylogenetics and Evolution 53 (2009) 509–522
Dutta, S.K., 1997. Amphibians of India and Sri Lanka. Odyssey Publishing House,
Bhubaneswar.

Farris, J.S., Kallersjo, M., Kluge, A.G., Bult, C., 1994. Testing significance of
congruence. Cladistics 10, 315–320.

Fei, L., 1999. Atlas of Amphibians of China. Henan Science and Technology Press,
Zhengzhou, China.

Fei, L., Ye, C.Y., Jiang, J.P., Xie, F., Huang, Y.Z., 2005. An illustrated Key to Chinese
Amphibians. Sichuan Publ. Group and Sichuan Publ. House of Science and
Technology, Chengdu, China.

Frost, D.R., 2009. Amphibian Species of the World: An Online Reference. Version 5.3
(12, February, 2009). Electronic database accessible at http://
research.amnh.org/herpetology/amphibia/index.php. American Museum of
Natural History, New York, USA.

Frost, D.R., Grant, T., Faivovich, J., Bain, R.H., Haas, A., Haddad, C.F.B., De Sá, R.O.,
Channing, A., Wilkinson, M., Donnellan, S.C., Raxworthy, C.J., Campbell, J.A.,
Blotto, B.L., Moler, P., Drewes, R.C., Nussbaum, R.A., Lynch, J.D., Green, D.M.,
Wheeler, W.C., 2006. The amphibian tree of life. Bull. Am. Mus. Nat. Hist. 297, 1–
370.

Grosjean, S., Delorme, M., Dubois, A., Ohler, A., 2008. Evolution of reproduction in
the Rhacophoridae (Amphibia, Anura). J. Zool. Syst. Evol. Res. 46, 169–176.

Gururaja, K.V., Aravind, N.A., Ali, S., Ramachandra, T.V., Velavan, T.P., Krishnakumar,
V., Aggarwa, R.K., 2007. A new frog species from the Central Western Ghats of
India, and its phylogenetic position. Zool. Sci. 24, 525–534.

Hillis, D.M., Mable, B.K., Larson, A., Davis, S.K., Zimmer, E.A., 1996. Nucleic acids IV:
sequencing and cloning. In: Hillis, D.M., Mable, B.K., Moritz, C. (Eds.), Molecular
Systematics, second ed. Sinauer, Sunderland, pp. 321–406.

Hoegg, S., Vences, M., Brinkmann, H., Meyer, A., 2004. Phylogeny and comparative
substitution rates of frogs inferred from sequences of three nuclear genes. Mol.
Biol. Evol. 21, 1188–1200.

Inger, R.F., 1966. The systematics and zoogeography of the Amphibia of Borneo.
Fieldiana: Zool. 52, 1–402.

Inger, R.F., Shaffer, H.B., Koshy, M., Bakde, R., 1984. A report on a collection of
amphibians and reptiles from the Ponmudi, Kerala, South India. J. Bombay Nat.
Hist. Soc. 81, 551–570.

Jiang, S.P., Hu, S.Q., Zhao, E.M., 1987. The approach of the phylogenetic relationships
and the supraspecific classification of 14 Chinese species of treefrogs
(Rhacophoridae). Acta Herpetol. Sinica 6, 43–47.

Kam, Y.C., Chuang, Z.S., Yen, C.F., 1996. Reproduction, oviposition-site selection, and
tadpole oophagy of an arboreal nester, Chirixalus eiffingeri (Rhacophoridae),
from Taiwan. J. Herpetol. 30, 52–59.

Kishino, H., Hasegawa, M., 1989. Evaluation of the maximum likelihood estimate of
the evolutionary tree topologies from DNA sequence data, and the branching
order in Hominoidea. J. Mol. Evol. 29, 170–179.

Kluge, A.G., 1989. A concern for evidence, and a phylogenetic hypothesis of
relationships among Epicrates (Boidae, Serpentes). Syst. Zool. 38, 7–25.

Kuramoto, M., Wang, C.S., 1987. A new rhacophorid treefrog from Taiwan, with
comparisons to Chirixalus eiffingeri (Anura, Rhacophoridae). Copeia 4, 931–942.

Li, J.T., Che, J., Bain, R.H., Zhao, E.M., Zhang, Y.P., 2008. Molecular phylogeny of
Rhacophoridae (Anura): A framework of taxonomic reassignment of species
within the genera Aquixalus, Chiromantis, Rhacophorus, and Philautus. Mol.
Phylogenet. Evol. 48, 302–312.

Liem, S.S., 1970. The morphology, systematics, and evolution of the Old World
treefrogs (Rhacophoridae and Hyperoliidae). Fieldiana: Zoology 57, 1–145.

Manamendra-Arachchi, K., Pethiyagoda, R., 2005. The Sri Lankan shrub-frogs of the
genus Philautus Gistel, 1848 (Ranidae: Rhacophorinae), with description of 27
new species. Raffles Bull. Zool. 12 (Suppl. 12), 163–303.

Meegaskumbura, M., Bossuyt, F., Pethiyagoda, R., Manamendra-Arachchi, K., Bahir,
M., Milinkovitch, M.C., Schneider, C.J., 2002. Sri Lanka: an amphibian hot spot.
Science 298, 379.

Meegaskumbura, M., Manamendra-Arachchi, K., 2005. Description of eight new
species of shrub-frogs (Ranidae: Rhacophorinae: Philautus) from Sri Lanka.
Raffles Bull. Zool. 12 (Suppl. 12), 305–338.

Orlov, N.L., 1997. Theloderma–Arten Vietnams (Rhacophoridae; Anura).
Herpetofauna 19, 5–9.

Orlov, N.L., Sang, N.N., Cuc, H.T., 2008. Description of a new species and new records
of Rhacophorus genus (Amphibia: Anura: Rhacophoridae) with the review of
amphibians and reptiles diversity of Ghu Yang Sin National Park (Dac Lac
Province, Vietnam). Russian J. herpt. 15, 67–84.
Posada, D., Crandall, K.A., 1998. Modeltest: testing the model of DNA substitution.
Bioinformatics 14, 817–818.

Richards, C.M., Moore, W.S., 1998. A molecular phylogenetic study of the Old World
treefrog family Rhacophoridae. Herpetolog. J. 8, 41–46.

Ronquist, F.R., Huelsenbeck, J.P., 2003. MrBayes 3: Bayesian phylogenetic inference
under mixed models. Bioinformatics 19, 1572–1574.

Sambrook, J., Fritsch, E.F., Maniatis, T., 1989. Molecular Cloning: A Laboratory
Manual. Second ed. Cold Spring Harbor Laboratory Press, New York.

Schiotz, A., 1999. Treefrogs of Africa. Edition Chimaira, Frankfurt am Main.
Shimodaira, H., 2002. An approximately unbiased test of phylogenetic tree

selection. Syst. Biol. 51, 492–508.
Shimodaira, H., Hasegawa, M., 2001. CONSEL: for assessing the confidence of

phylogenetic tree selection. Bioinformatics 17, 1246–1247.
Simmons, M.P., Carr, T.G., O’Neill, K., 2004. Relative character-state space, amount of

potential phylogenetic information, and heterogeneity of nucleotide and amino
acid characters. Mol. Phylogenet. Evol. 32, 913–926.

Simmons, M.P., Ochoterena, H., Freudenstein, J.V., 2002. Amino acid vs nucleotide
characters: challenging preconceived notions. Mol. Phylogenet. Evol. 24, 78–90.

Stamatakis, A., Hoover, P., Rougemont, J., 2008. A rapid bootstrap algorithm for the
RAxML Web servers. Syst. Biol. 57, 758–771.

Swofford, D.L., 2003. PAUP*: Phylogenetic Analysis Using Parsimony (*and Other
Methods). Version 4. 0b10 Sinauer Associates, Sunderland, MA.

Swofford, D.L., Olsen, G.J., Waddell, P.J., Hillis, D.M., 1996. Phylogenetic inference.
In: Hillis, D.M., Moritz, C., Mable, B.K. (Eds.), Molecular Systematics, second ed.
Sinauer Associates, Sunderland, MA, pp. 407–514.

Templeton, A.R., 1983. Phylogenetic inference from restriction endonuclease
cleavage site maps with particular reference to the evolution of humans and
the apes. Evolution 37, 221–244.

Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin, F., Higgins, D.G., 1997. The
CLUSTAL X windows interface. flexible strategies for multiple sequence
alignment aided by quality analysis tools. Nucleic Acids Res. 24, 4876–4882.

Truong, N.Q., Hendrix, R., Böhme, W., Thanh, V.N., Ziegler, T., 2008. A new species of
the genus Philautus (Amphibia: Anura: Rhacophoridae) from the Truong Son
Range, Quang Binh Province, central Vietnam. Zootaxa 1925, 1–13.

Van der Meijden, A., Vences, M., Hoegg, S., Boistel, R., Channing, A., Meyer, A., 2007.
Nuclear gene phylogeny of narrow-mouthed toads (Family: Microhylidae) and a
discussion of competing hypotheses concerning their biogeographical origins.
Mol. Phylogenet. Evol. 44, 1017–1030.

Vieites, D.R., Min, M.S., Wake, D.B., 2007. Rapid diversification and dispersal during
periods of global warming by plethodontid salamanders. Proc. Natl. Acad. Sci.
USA 104, 19903–19907.

Wiens, J.J., Fetzner, J.W., Parkinson, C.L., Reeder, T.W., 2005. Hylid frog phylogeny
and sampling strategies for speciose clades. Syst. Biol. 54, 719–748.

Wiens, J.J., Moen, D.S., 2008. Missing data and the accuracy of Bayesian
phylogenetics. J. Syst. Evol. 46, 307–314.

Wilkinson, J.A., Drewes, R.C., 2000. Character assessment, genus level boundaries,
and phylogenetic analyses of the family Rhacophoridae: a review and present
day status. Cont. Herpetol. 2000, 2.

Wilkinson, J.A., Drewes, R.C., Tatum, O.L., 2002. A molecular phylogenetic analysis of
the family Rhacophoridae with an emphasis on the Asian and African genera.
Mol. Phylogenet. Evol. 24, 265–273.

Xia, X., 2000. DAMBE: Data Analysis in Molecular Biology and Evolution. Kluwer
Academic, Boston.

Ye, C.Y., Hu, S.Q., 1984. A new species of Philautus (Anura: Rhacophoridae) from
Xizang autonomous region. Acta Herp. Sinica 3 (4), 67–69.

Yu, G.H., Rao, D.Q., Yang, J.X., Zhang, M.W., 2008. Phylogenetic relationships among
Rhacophorinae (Rhacophoridae, Anura, Amphibia), with an emphasis on the
Chinese species. Zool. J. Linn. Soc. 53, 733–749.

Yu, G.H., Rao, D.Q., Zhang, M.W., Yang, J.X., 2009. Re-examination of the phylogeny
of Rhacophoridae (Anura) based on mitochondrial and nuclear DNA. Mol.
Phylogenet. Evol. 50, 571–579.

Zhao, E.M., Adler, K., 1993. Herpetology of China. Society for the Study of
Amphibians and Reptiles, Oxford, OH.

Ziegler, T., Ohler, A., Vu, N.T., Le, K.Q., Nguyen, X.T., Dinh, H.T., Bui, N.T., 2006.
Review of the amphibian and reptile diversity of Phong Nha-Ke Bang National
Park and adjacent areas, central Truong Son, Vietnam. In: Vences, M., Köhler, J.
Ziegler, T. & Böhme, W. (Eds). Herpetologica Bonnensis II. Proceedings of the
13th Congress of the Societas Europaea Herpetologica, pp. 247–262.

http://research.amnh.org/herpetology/amphibia/index.php
http://research.amnh.org/herpetology/amphibia/index.php

	New insights to the molecular phylogenetics and generic assessment in the Rhacophoridae Amphibia: Anura based on five nuclear and three mitochondrial genes, with comments on the evolution of reproduction
	Introduction
	Materials and methods
	Taxon sampling and data collection
	DNA extraction, amplification, and sequencing
	Sequence alignment
	Phylogenetic analyses

	Results
	Sequence characteristics
	Phylogenetic analysis
	Mitochondrial genes
	Nuclear genes (BDNF+POMC+RAG-1+RHOD+TYR)
	The combined mitochondrial and nuclear genes


	Discussion
	Phylogeny of the Rhacophoridae
	Phylogeny of Philautus, Kirtixalus, Kurixalus and Gracixalus
	Phylogeny of Nyctixalus and Theloderma
	Phylogeny of Rhacophorus, Polypedates, Feihyla, and Chiromantis

	Validity of the tribes Nyctixalini and Rhacophorini
	The evolution of reproduction in the Rhacophoridae

	Acknowledgments
	References


