BIOLOGY AND CONSERVATION OF TROPICAL ASIAN AMPHIBIANS

BIOLOGY AND CONSERVATION OF
TROPICAL ASIAN AMPHIBIANS
PROCEEDINGS OF THE CONFERENCE
“BIOLOGY OF THE AMPHIBIANS IN THE
SUNDA REGION, SOUTH-EAST ASIA”
Organized by
The Institute of Biodiversity and Environmental Conservation
Universiti Malaysia Sarawak, Kota Samarahan, Sarawak, Malaysia
and
Biozentrum Grindel und Zoologishches Museum
University of Hamburg, Germany
28–30 September 2009

With support from
Volkswagen Stiftung
and
Sarawak Shell Bhd.

Edited by
Indraneil Das, Alexander Haas and Andrew Alek Tuen
2011

____ & G. L. ENTSMINGER. 2007. EcoSim: Null models software for ecology. Version 7.
Acquired Intelligence Inc. & Kesey-Bear. Jericho, VT 05465. http://garyentsminger.com/ecosim.
htm.
_____ & _____. 2009. EcoSim: Null models software for ecology. Version 7. Acquired
Intelligence Inc. & Kesey-Bear. Jericho, VT 05465. http://garyentsminger.com/ecosim.htm.
HAEFNER, J. W. 1988. Assembly rules for Greater Antillean Anolis lizards. Competition and
random models compared. Oecologia 74:551–565.
HEYER, W. R., M. A. DONNELLY, R. W. McDIARMID, L.-A. HAYEK & M. S. FOSTER.
(Eds). 1994. Measuring and monitoring biological diversity: standard methods for amphibians.
Smithsonian Institution Press, Washington, D.C. 364 pp.
LEE, T.-Y. & L. A. LAWVER. 1995. Cenozoic plate reconstruction of Southeast Asia.
Tectonophysics 251:85–138.
LOMOLINO, M. V. 1986. Mammalian community structure on islands: immigration, extinction,
and interactive effects. Biological Journal of the Linnean Society 28:1–21.
MacARTHUR, R. H. & E. O. WILSON. 1967. The theory of island biogeography. Princeton
University Press, Princeton. 203 pp.
PATTERSON, B. D. & W. ATMAR. 1986. Nested subsets and the structure of insular mammalian
faunas and archipelagos. Biological Journal of the Linnean Society 28:65–82.
ROBSON, D.  1972. Appendix: statistical tests of significance. Journal of Theoretical Biology
34:350–352.
SCHLUTER, D. 1984. A variance test for detecting species associations, with some example
applications. Ecology 65:998–1005.
STOLICZKA, F. 1870. Observations on some Indian and Malayan Amphibia and Reptilia.
Journal of Asiatic Society of Bengal 39:134–228.
VENCES, M., D. R. VIEITES, F. GLAW, H. BRINKMANN, J. KOSUCH, M. VEITH & A.
MEYER. 2003. Multiple overseas dispersal in amphibians. Proceedings of the Royal Society of
London B 270:2435–2442.
VIJAYAKUMAR, S. P. 2005. Status and distribution of amphibians and reptiles of the Nicobar
Islands, India. Final Report. Rufford Foundation / Madras Crocodile Bank / Wildlife Institute of
India. 48 pp.
VORIS, H. K. 2000. Maps of Pleistocene sea levels in southeast Asia: shorelines, river systems
and time durations. Journal of Biogeography 27:1153–1167.
WEEKS, L. A., R. N. HARRISON & G. PETER. 1967. Island arc system in Andaman Sea.
Bulletin of the American Association of Petrological Geology 51:1803–1815.
WHITTAKER, R. J. 1998. Island biogeography: ecology, evolution and conservation. Oxford
University Press, Inc., New York. 285 pp.
_____ & J. M. FERNANDEZ-PALACIOS. 2007. Island biogeography: ecology, evolution and
conservation. Second Edition. Oxford University Press Inc., New York. 401 pp.
WILSON, J. B. 1989. A null model for guild proportionality, applied to stratification of a New
Zealand temperate rainforest. Ecologia 80:263–267.

In: Biology and Conservation of Tropical Asian Amphibians. Proceedings of the Conference “Biology of the Amphibians
in the Sunda Region, South-east Asia”. Organized by Universiti Malaysia Sarawak, Kota Samarahan, Sarawak, Malaysia
28–30 September 2009. pp:79–118. Edited by Indraneil Das, Alexander Haas and Andrew Alek Tuen. 2011. Institute of
Biodiversity and Environmental Conservation, Universiti Malaysia Sarawak, Kota Samarahan.

SYSTEMATICS OF FEJERVARYA CANCRIVORA COMPLEX
FROM INDONESIA AND OTHER ASIAN COUNTRIES BASED ON
ALLOZYME AND MOLECULAR TECHNIQUES, MORPHOLOGICAL
OBSERVATIONS AND CROSSING EXPERIMENTS
NIA KURNIAWAN1,2, TJONG HON DJONG3, MD. MAFIZUL ISLAM1, TAKESHI IGAWA1,
DAICUS M. BELABUT4, HOI SEN YONG4, RATANASATE WANICHANON5, MD.
MUKHLESUR RAHMAN KHAN6, DJOKO T. ISKANDAR7, MIDORI NISHIOKA1, INAYAH
YASIR8 and MASAYUKI SUMIDA1
Institute for Amphibian Biology, Graduate School of Science,
Hiroshima University, Higashihiroshima 739-8526, Japan
2
Department of Biology, Faculty of Mathematics and Natural Sciences,
Brawijaya University, Malang, Indonesia
3
Department of Biology, Faculty of Mathematics and Natural Sciences,
Andalas University, Padang, Indonesia
4
Institute of Biological Sciences, Faculty of Science, University of Malaya,
Kuala Lumpur, Malaysia
5
Department of Anatomy, Phramonkutklao Medical-College, Rajawithi Rd., Bangkok, Thailand
6
Bangladesh Agricultural University, Mymensingh, Bangladesh
7
Division of Ecology and Biosystematics, Department of Biology, Faculty of
Mathematics and Natural Sciences, Bandung Institute of Technology, Bandung, Indonesia
8
Department of Marine Science, Faculty of Marine Science and Fishery, Hasanuddin University, Indonesia
Corresponding author email: wawanunibraw@yahoo.com
1

(with 18 text-figures)

ABSTRACT.– The crab-eating frog, Fejervarya cancrivora is widely
distributed in Asia, thus cryptic species might occur in this group. In order
to elucidate the genetic divergence, evolutionary relationship and taxonomic
status in F. cancrivora, allozyme and molecular analyses were carried out
from 24 populations of frogs in Indonesia, Thailand, Bangladesh, Malaysia
and the Philippines. Five populations of F. cancrivora from Selangor, Cianjur,
Trat, Khulna and Makassar were examined morphologically and subjected
to crossing experiments. Allozyme and molecular analysis of 16S rRNA and
Cyt b genes revealed three groups of F. cancrivora, here dubbed large-type,
mangrove-type and Pelabuhan ratu/Sulawesi-type. In addition, PCA and
clustering analyses revealed that the five populations can also be separated
into three groups: large-type, mangrove-type and Sulawesi-type. The limited
crossing experiments showed that the hybrids between Selangor females and
Cianjur and Trat males developed normally, whereas the hybrids between
Selangor females and Khulna males showed incomplete gametic isolation. It
was concluded that each of three identified types represents a distinct species
that comprised the large-type F. cancrivora, the mangrove-type F. moodiei,
and a yet undescribed species of Sulawesi-type.
KEY WORDS.– Fejervarya cancrivora, Anura, Amphibia, allozyme, mtDNA,
morphometry, crossing experiments.
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INTRODUCTION
Since the first description of the crab-eating frog, Rana cancrivora Gravenhorst, 1829, the name
has been applied to distinguish large-sized frogs that resemble R. limnocharis. According to
Gravenhorst’s analysis, R. cancrivora was “larger” than R. limnocharis and has therefore been
consistently applied to large individuals of the R. limnocharis complex occurring in Java and
neighbouring regions. The holotype of R. cancrivora was originally deposited in the Breslau
Museum and is considered lost. A specimen collected from a rice field in Cianjur (06°49'S,
107°08'E, West Java, Indonesia), was subsequently designated neotype (Dubois and Ohler, 2000).
Dubois (1987) classified this taxon and its allies as the subgenus Fejervarya and proposed to
remove it from the genus Rana. Fei et al. (1991) and Ye et al. (1993) subsequently elevated
the subgenus to the rank of a genus. Rana cancrivora (Gravenhorst, 1829; Annandale, 1918;
Boulenger, 1920; Dunn, 1928) has been referred to as Fejervarya cancrivora (see Iskandar, 1998;
Dubois and Ohler, 2000).
F. cancrivora is one of the most widely distributed frog species in the Asian region, with
populations extending from Guangxi and the north-eastern coast of Hainan Island, China, through
Vietnam, the Andaman and Nicobar Islands (India), Peninsular Thailand, Peninsular Malaysia,
Singapore, the Greater Sundas, the Philippines, and the Lesser Sundas, to as far as Flores (Frost,
2011), and also including Bangladesh (Islam et al., 2008a). Nutphund (2001) and Taylor (1962)
reported that F. raja inhabits southern Thailand, whereas Iskandar (1998) asserted that F. raja
from Thailand could be described as an extra large-sized specimen of F. cancrivora. In fact, the
possibility exists that a number of the records of F. cancrivora in Peninsular Malaya actually refer
to F. raja.
It has been proposed that F. cancrivora on Sulawesi may have been introduced from Kalimantan
(Indonesian part of Borneo Island) crossing Wallace’s Line (Inger, 2005), although the available
data are insufficient to corroborate this speculation. F. cancrivora from Thailand and the
Philippines has been studied using allozyme and mitochondrial gene markers (Nishioka and
Sumida, 1990; Sumida et al., 2002). A preliminary study based on F. cancrivora isolates from
Thailand, the Philippines, and the type locality in Indonesia revealed a significant divergence
between these populations (Kurniawan, 2008), which implies the possibility that F. cancrivora
includes several cryptic species that are difficult to differentiate morphologically. To date, no study
has been performed to elucidate the genetic divergence among the wide-ranging populations of
this species.
Investigations using allozyme analysis continue to provide valuable information on the
relatedness and degree of genetic variability within and between populations (Bader, 1998; Islam
et al., 2008a). 16S rRNA gene sequences are now widely used for the barcoding of vertebrates
and frogs in particular (Vences et al., 2005), Cyt b gene sequences have proven being useful in
resolving relationships among closely related taxa and are widely used in phylogenetic (Sumida et
al., 1998; Parson et al., 2000; Igawa et al., 2006; Djong et al., 2007b) and phylogeographic studies
(Fouquet et al., 2007; Gamble et al., 2008).
Morphological differences among species of Fejervarya are often small, primarily involving
differences in body proportions (Veith et al., 2001; Djong et al., 2007a, b). The toe webbing
and free flap in the hindlimb, however, are considered to be important traits for distinguishing
F. cancrivora from F. limnocharis and F. iskandari, respectively (Inger, 1954, 1966; Berry,
1975; Dubois and Ohler, 2000). In West Java, Indonesia, these three Fejervarya species are
sympatrically distributed, where F. cancrivora (large-type) can be reliably differentiated from F.
limnocharis and F. iskandari by examining toe webbing (Iskandar, 1998). Inger (1954) reported
that the Philippine population of F. cancrivora possessed a distinct free flap of skin on the outside
of the fifth toe and metatarsal, and later described that a population from Borneo also show a less
distinct flap (Inger, 1966).
The aims of the present study were to elucidate the genetic divergence, phylogenetic relationship,
and taxonomic status of F. cancrivora from Indonesia and other Asian countries using allozyme,
mitochondrial gene markers, morphological variation and cross-breeding experiments. Our
results show the possible existence of several cryptic species in this group that need further
corroboration.

MATERIALS AND METHODS
Allozyme analysis.– Specimens were collected from eight localities of Indonesia, the Philippines,
Malaysia, Thailand, and Bangladesh (Fig. 1). Ninety-two frogs, consisting of 40 males, 38 females,
and 14 immature frogs were used in the present allozyme study (Table 1). Three distinct types
were found among specimens based on SVL (snout vent length) and ecological characteristics. The
first type has an average SVL of 54.1 mm in males and 68.0 mm in females, and mainly inhabits
brackish waters such as shrimp ponds or mangroves. The second type has an average SVL of 68.1
mm in males and 86.7 mm in females, and mainly inhabits rice fields. The third type has an average
SVL of 43.5 mm in males and 50.7 mm in females, and inhabits rice fields. The first, second, and
third types are tentatively referred to in the following as the large-, mangrove-, and Pelabuhan
ratu-types, respectively. Fejervarya iskandari was used as outgroup taxon. Seventeen enzymes
extracted from skeletal muscles were analyzed by means of starch-gel electrophoresis (Table
2). Horizontal starch-gel electrophoresis was carried out using Sigma starch at a concentration
of 12.5% by a procedure previously described by Nishioka et al. (1980, 1992). Each locus was
detected using the agar-overlay method outlined by Harris and Hopkinson (1976), with a slight
modification (Nishioka et al., 1992). Genetic distance (D) and genetic identity (I) were calculated
following Nei (1972) using the software POPGENE (Yeh et al., 1997). A neighbour-joining (NJ)
tree was constructed based on Nei’s genetic distances to infer phylogenetic relationships among
populations (Saitou and Nei, 1987). Bootstrap values were calculated from 1,000 pseudoreplicates
using PHYLIP 3.65 (Felsenstein, 2005).
Molecular analysis.– Tissue samples for molecular analysis are in Table 1. Neotypes specimens
from Cianjur, Indonesia (06°49’S, 107°08’E) were also included in the analysis. One individual
F. iskandari from Cianjur, Indonesia, was used as the outgroup. In addition five additional 16S
rRNA gene sequences from the GenBank were also used in the study (Table 3).
DNA extraction, PCR and sequencing.– Total genomic DNA was extracted from clipped toes
using a DNA extraction kit (DNeasy Tissue Kit, QIAGEN) according to the manufacturer’s
instructions. Two sets of primer pairs, F51-R51 (Sumida et al., 2002) and Fow 1-1-Rev-1, were
used for the amplification and sequencing of the 5’ portion of the 16S rRNA and Cyt b genes,
corresponding to positions 6189–6761 and 16662–17491, respectively, in Fejervarya limnocharis
(Liu et al., 2005). The primer sequences were F51 (5’-CCC GCC TGT TTA CCA AAA ACA
T-3’), R51 (5’-GGT CTG AAC TCA GAT CAC GTA -3’), Fow 1-1 (5’-ACM GGH YTM TTY
YTR GC ATR CAY TA -3’), and Rev‑1 (5’-TAD GCR AAW AGR AAR TAY CAY TCN GG-3’).
PCR mixtures were prepared by using the TaKaRa Ex TaqTM Kit at a final volume of 50 µl.
The 16S rRNA and Cyt b gene fragments were amplified by 35 cycles, each cycle consisting of
denaturation for 10 s at 98ºC, annealing for 30 s at 47.5ºC, and extension for 80 s at 72ºC. Purified
mtDNA gene fragments from PCR cycles were directly sequenced using the BigDye Terminator
Cycle Sequencing Kit (ABI) equipped with an automated DNA Sequencer (3100-Avant, ABI). The
sequences obtained were deposited in the DNA Data Bank of Japan (DDBJ) database (Accession
Nos. AB444684 – AB 444710).
Sequence data analysis.– Alignments for DNA sequences were determined based on maximum
sequence similarity using CLUSTAL W (Thompson et al., 1994). Gaps and ambiguous sites
were excluded using GBlocks 0.91b (Castresana, 2000) at the default settings. Gaps were present
only on the 16S rRNA gene sequences. Two sets that consist of 16S rRNA and Cyt b genes
sequence alignments were used for phylogenetic analyses of F. cancrivora from 24 populations
and F. iskandari from Cianjur, Indonesia as an outgroup. Pair-wise sequence divergences were
calculated using the uncorrected “p” distance, while phylogenetic relationships were estimated by
maximum-likelihood (ML), Bayesian inference (BI), maximum-parsimony (MP), and neighbourjoining (NJ) methods. The nucleotide substitution models in the ML, Bayesian, and NJ methods
were selected based on the Akaike Information Criterion using the program Kakusan 3.0 (Tanabe,
2007) for both the 16S rRNA and Cyt b genes.
The ML analyses were performed with 1,000 bootstrap replicates by using Treefinder (Jobb
et al., 2004). MrBayes ver. 3.1.2 (Ronquist and Huelsenbeck, 2003) was used for BI analyses.
For BI analyses, the number of Markov chain Monte Carlo (MCMC) generations was set to one
million, and the sampling frequency to 100. The number of generations of MCMC and the burn-in
sizes for both 16S rRNA and Cyt b genes data were determined by checking convergence of -log
likelihood (-lnL) and tree length against generation number using Tracer ver. 1.4 (Drummond and
Rambaut, 2007). The first 100,000 generations were discarded. All MCMC runs were repeated
twice to confirm consistent approximation of posterior parameter distribution. The MP and NJ
analyses were performed with 1,000 bootstrap replicates by using PAUP* 4.0b10 (Swofford,
2003). A haplotype network tree of Cyt b data was constructed with the median-joining network
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TABLE 2: Enzymes analyzed and number of phenotypes and alleles at each locus in the present study.

TABLE 1: Samples used in the present study.
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TABLE 3: List of genes, types, haplotype names, populations and accession numbers used in this study .

TABLE 4:
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TABLE 5:
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TABLE 8:

TABLE 7:

TABLE 6:
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TABLE 8:

TABLE 11: Locality and number of samples used in the present study.

TABLE 10:

TABLE 12: Measurements of morphological characters in males and females of five populations of F. cancrivora.

TABLE 13: Factor loading on the first two components extracted from the
correlation matrix of 31 characters for males and females of F. cancrivora.
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TABLE 15: Comparisons among adult females of five populations of F. cancrivora from Asian countries
by Dunn’s multiple comparision test.

TABLE 14: Comparisons among adult males of five populations of F. cancrivora from Asian countries
by Dunn’s multiple comparision test.
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TABLE 18: Numbers of the ring- and rod-shaped bivalents in male hybrids between the Selangor and Khulna populations
of F. cancrivora and the control.

TABLE 17: Numbers of meiotic spreads differing in number of univalents in male hybrids between the Selangor and Khulna populations of
F. cancrivora and the control.

TABLE 16: Developmental capacity and sex of the hybrids among four populations of F. cancrivora and the controls.

TABLE 19: Comparison of snout-vent length of F. cancrivora in the literature.

(Bandelt et al., 1999; Network 4.502 available at http ://www.fluxus-engineering. com).
Morphometry.– Morphological analyses were performed on 97 live individuals from various
countries (Fig. 10, Table 11). These specimens were deposited in the Institute for Amphibian
Biology, Hiroshima University (IABHU) (Appendix 1).
Morphological measurements were conducted using characters previously described by Djong
et al. (2007b) and Islam et al. (2008a) (Fig. 11). The following 31 characters were measured with
calipers to the nearest 0.1 mm: snout-vent length (SVL), head length (HL), head width (HW),
snout tympanum length (STL), mouth angle-snout length (MSL), distance from nostril to tip
of snout (NS), distance from front of eye to tip of snout (SL), nostril tympanum length (NTL),
distance from eye to nostril (EN), tympanum-eye distance (TEL), tympanum diameter (TD),
distance from back of mandible to nostril (MN), distance from back end of mandible to front of
eye (MFE), distance from back of mandible to back of eye (MBE), inter-narial space (IN), eye
length (EL), inter-orbital distance (IOD), maximum width of upper eyelids (UEW), hand length
(HAL), forelimb length (FLL), lower arm length (LAL), hindlimb length (HLL), thigh length
(THIGHL), tibia length (TL), foot length (FOL), length of tarsus and foot (TFOL), third finger
length (3 FL), first finger length (1FL), fourth toe length (4TL), length of inner metatarsal tubercle
(IMTL), and inner toe length (ITL).
To standardize the different body sizes among the specimens, each measurement was divided
by the SVL and converted to a percentage. The converted data were transformed into log10
values before being subjected to principal component analysis (PCA) and clustering analysis
using R-2.4.1 software. The morphological differences among populations were examined using
Dunn’s multiple comparison test at a significance level of 5%.
Crossing Experiments.– Crossing experiments were performed by artificial insemination
(Kawamura et al., 1980). During the breeding season (May to August) of 2007, using 15 F.
cancrivora individuals, consisting of five females and three males from Selangor (Malaysia),
three males from Cianjur (Indonesia), two males from Trat (Thailand), and two males from
Khulna (Bangladesh) were used (Table 11).
Sperm suspensions were prepared by crushing a single testis removed from each male in 2–3
ml of distilled water. Ovulation was accelerated by the injection of bullfrog pituitary extracts
into the body cavity, and the released eggs were stripped from the females and placed on glass
slides. After sperm motility was confirmed by visual examination under a microscope, eggs were
inseminated with the sperm suspension, transferred into glass Petri dishes containing 400–450 ml
of tap water, and observed to confirm normal development. Tadpoles were fed boiled spinach and
metamorphosed frogs were fed a diet of crickets. Viability was calculated as the rate of normal
development among the total eggs at each of the following developmental stages: normal cleavage,
tail-bud embryo, hatched tadpole, feeding tadpole, 30-day-old tadpole, and metamorphosed frog.
The ploidy of the hybrids was checked by observing the number of chromosomes in metaphase
spreads of cells derived from the tail tips.
Histological and spermatogenesis observations.– Testes of the mature hybrids and control frogs
were examined histologically and spermatogenesis was microscopically examined. Among the
mature hybrid and control individuals, four hybrids between Selangor females and Khulna males
and two controls were subjected to histological and spermatogenesis examinations. For each
individual, one testis was fixed in Navashin’s solution, embedded in paraffin, sectioned at 10
µm, and stained with Heidenhain’s iron hematoxylin. The respective other testis was used for
the chromosome preparation. Meiotic chromosomes were prepared according to the technique
described by Schmid et al. (1979) with slight modifications. The chromosomes were stained
with a 2% Giemsa solution for 5 min. The chromosome analysis was performed using only
diploid cells at the diakinesis and metaphase stages of the first reduction division as bivalent and
univalent chromosomes could be easily distinguished from each other. Bivalent chromosomes
appeared identical to normal chromosomes, which adopt a thick, symmetrical form, whereas
univalent chromosomes were identical to abnormal chromosomes, which are asymmetric and
thin (Kawamura et al., 1980, 1981; Kuramoto, 1983; Sumida et al., 2003).
RESULTS
Allozyme data.– Based on the electrophoretic patterns, 17 enzymes were presumed to be encoded
by genes at 26 loci. One to eight phenotypes (mean 3.0) were produced by one to five alleles
(mean 2.7) (Table 2). The AAT-2, CK, FUM-2, IDH-2 and PEP-A loci were monomorphic, and F.
cancrivora and F. iskandari shared the same phenotype. The MPI locus was most polymorphic 5
alleles gave rise to eight phenotypes.
The allele frequencies for each population of F. cancrivora and outgroup F. iskandari were
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represented at all 26 loci (Table 4). The alleles for distinguishing F. cancrivora populations from
the F. iskandari were at 14 loci: ADA, AK, FUM-1, α-GDH, IDH-1, LDH-A, LDH-B, MDH-1,
MDH-2, ME-2, PEP-B, PEP-C, PEP-D and PGM (Table 4).
At the ADA locus, allele a was present in the large-type and the Pelabuhan ratu-type, allele
c was present in the mangrove-type, and allele b was exclusively present in F. iskandari (Fig.
2). The same pattern was found at two more loci: AK and PGM (Table 4). An almost complete
separation of F. cancrivora into three clusters was observed at the PEP-B locus, where allele d
dominated in the mangrove-type, allele c was present in the large-type, allele b was present in the
Pelabuhan ratu-type, and allele a characterized F. iskandari. The Manila population was partly
differentiated from the other populations of the mangrove-type by the addition of allele c at the
PEP-B locus (Fig. 3). At the MDH-1 locus, the Pelabuhan ratu-type possessed allele c, while the
mangrove-type and the large-type had allele d, and F. iskandari possessed alleles a and b. At the
MPI locus, the Cianjur and Selangor populations (large-type) shared the alleles, b, c, and d. The
other populations of that type were dominated by allele d. Allele d of the MPI locus was dominant
in the mangrove-type and the Pelabuhan ratu-type, while in F. iskandari by allele b dominated
in addition to alleles a and c (Fig. 4). The ALD locus almost completely separated F. cancrivora
populations from F. iskandari: allele b dominated in the F. cancrivora populations, while allele a
dominated in the F. iskandari (Table 4). At the AAT-1 locus, allele a was present in the Pelabuhan
ratu-type and the outgroup, and allele b was present in the mangrove-type and the large-type.
At the GPI locus, F. iskandari and the mangrove-type had allele a, while the Trat population
belonging to the mangrove-type was dominated by allele a in addition to allele b. The large-type
and the Pelabuhan ratu-type had allele b, while the Cianjur population corresponding to the largetype was dominated by allele b in addition to allele c at the GPI locus (Table 4). At the ME-1
locus, the mangrove-type had allele b, while the Manila and Trat populations (mangrove-type)
were dominated by allele b in addition to allele a. The large-type had allele c, while the Selangor
population (large-type) was dominated by allele c in addition to allele d. The Pelabuhan ratu-type
was also dominated by allele c in addition to allele d at the ME-1 locus (Table 4).
Within F. cancrivora types, we conclude that for distinguishing the mangrove-type from the
large- and Pelabuhan ratu/Sulawesi-types, respectively, clear difference in allele frequencies were
found at the ADA, AK, GPI, LDH-B, ME-1, PGM and SOD loci. For distinguishing the Pelabuhan
ratu/Sulawesi-type from the mangrove- and large-types, clear differences in allele frequencies
were found at the AAT-1 and MDH-1 loci; and for distinguishing each type from F. iskandari,
clear differences were present at the PEP-B locus (Table 4).
Nei’s genetic distance (D) and genetic identity (I) between each the populations of F. cancrivora
and F. iskandari respectively are shown in Table 5. Fejervarya cancrivora was divided into two
groups, the mangrove-type and the large- plus Pelabuhan ratu-types. The genetic distance (D)
within the mangrove-type populations (mean, 0.023 ± 0.019) was higher than the large-type
populations (0.006) (Table 6). The genetic distance (D) between the mangrove-type and largetype (mean, 0.510 ± 0.025) and between the mangrove-type and Pelabuhan ratu-type (mean,
0.586 ± 0.036) was almost the same value, while between the large-type and Pelabuhan ratutype (mean, 0.197 ± 0.012) had smaller value (Tables 5 and 6). The genetic distances within the
ingroup F. cancrivora were smaller than those between F. cancrivora and outgroup F. iskandari
(Tables 5 and 6).
In the NJ tree based on Nei’s genetic distances (Fig. 5), F. cancrivora was divided into two
clades, the mangrove-type (BP = 86.5%) and the large- plus Pelabuhan ratu-type (BP = 88.5%), the
latter was further subdivided into two subclades, the large-type (BP = 97.8%) and the Pelabuhan
ratu-type, respectively.
DNA sequence data.– The alignment data from nucleotide sequences revealed 10 haplotypes
for a 497-bp segment of the 16S rRNA gene and 17 haplotypes for a 557-bp segment of the Cyt
b gene, respectively (Table 3). In the 16S rRNA gene analysis, we used these 10 haplotypes
and seven additional haplotypes retrieved from GenBank. The new alignment, 389-bp in length,
revealed 12 haplotypes including the outgroup (Table 7). The 389-bp segment of the 16S rRNA
gene data set, contained 83 variable sites, of which 42 were parsimony informative. The 557-bpsegment of the Cyt b gene contained 180 variable sites, of which 125 were parsimony informative.
In our substitution model for the 16S rRNA gene data set, Kakusan 3.0 (Tanabe, 2007) suggested
J2+G model as the best-fitting model, with a Gamma distribution shape parameter (G) of 0.2393.
The J2+G was used as substitution model to carry out the ML, BI and NJ analyses. For the ML
analyses, the empirical base frequencies were T = 0.2340; C = 0.2705; A = 0.2929; G = 0.2026.
In our substitution model for the Cyt b gene data set, Kakusan 3.0 (Tanabe, 2007) suggested a
Hasegawa Kishino and Yano (HKY+G) model as the best fitting model, with a Gamma distribution
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FIGURE 1: Map showing the localities of Fejervarya cancrivora examined in the present study.
Allozyme samples were collected from asterisked localities.

FIGURE 2: Geographical distribution of ADA alleles in the specimens of Fejervarya cancrivora
and F. iskandari examined. The large-type (Selangor and Cianjur) shared the same allele with the
Pelabuhan ratu-type.
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FIGURE 5: Phylogenetic tree constructed using neighbor-joining algorithm. It was based on
Nei`s genetic distances (Saitou and Nei, 1987) as calculated from allelic frequencies at 26 loci
from eight populations of F. cancrivora and one population of F. iskandari as an outgroup. Values
above branches are bootstrap values (>50%), from 1000 pseudoreplicates. The scale bar represents
branch length represented by Nei’s genetic distance.
FIGURE 3: Geographical distribution of PEP-B alleles in Fejervarya cancrivora and F. iskandari.
With the exception of Manila, where a small percentage of allele c was present, exclusive allele
were found in all other localities (i.e., F. iskandari = allele a, Pelabuhan ratu-type = allele b,
Large-type = allele c, Mangrove-type = allele d).

FIGURE 6: Phylogenetic tree inferred from maximum-likelihood analysis based on a 389-bp
segment of the mitochondrial 16S rRNA gene from 17 haplotypes of Fejervarya cancrivora, and
one haplotype of F. iskandari as outgroup. Bootstrap supports are given in order for ML/MP/NJ/
BI analyses, respectively.
FIGURE 4: Geographical distribution of MPI alleles in Fejervarya cancrivora and F. iskandari
from Indonesia and other Asian countries.
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FIGURE 9: Geographic distribution of Fejervarya cancrivora types in Asia based on molecular
data presented here.
FIGURE 7: Phylogenetic tree constructed by the maximum-likelihood method based on a 557-bp
segment of the mitochondrial Cyt b gene from 18 haplotypes of Fejervarya cancrivora, using F.
iskandari as an outgroup. The bootstrap supports are given in order for ML/MP/NJ/BI analyses.

FIGURE 8: A. Haplotype network tree based on 18 haplotypes of the Cyt b gene sequence of 55
individuals of Fejervarya cancrivora. The haplotypes are represented by circles, and the numbers
of individuals are represented by different sizes in asterisked circles. Asterisked circles comprise
sample sizes of 1, 3, 5, and 7 individuals from inside. The substitution sites in the alignment data
of Cyt b gene sequences between each haplotype are represented by transversal lines and figures
on branches. Each haplotype is abbreviated based on the name in Table 3: e.g., Mangrove-type
= “M”; Large-type = “L”; and Pelabuhan ratu/Sulawesi-type = “PS.”
B. Geographic distribution and frequency of the haplotypes of Cyt b gene sequences. Pie charts
indicate ratios of haplotype in total numbers of individuals within respective populations.
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FIGURE 10: Females of Fejervarya
cancrivora from five localities with
different tuberculate pattern on dorsum.
(A) Cianjur, Indonesia; (B) Selangor,
Malaysia; (C) Trat, Thailand; (D)
Khulna, Bangladesh and (E) Makassar,
Indonesia. Bar = 10 mm.
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FIGURE 11: Morphological characters measured in the current study.

FIGURE 13: Plot of principal component 1 (PC1) versus principal component 2 (PC2) for the
principal component analysis of females and males in five populations of Fejervarya cancrivora.
(A) Males and (B) Females.

FIGURE 14: Hindlimb toe webbing and free flap in three types of Fejervarya cancrivora. (A)
Hindlimb toe webbing of the Selangor population (Large-type female); (B) Hindlimb toe webbing
of the Trat population (Mangrove-type female) and (C) Hindlimb toe webbing of the Makassar
population (Sulawesi-type female). Bar = 5 mm. Arrow indicates the free flap.
FIGURE 12: UPGMA dendrogram based on morphological characters of females and males in
five populations of Fejervarya cancrivora. (A) Males and (B) Females.
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FIGURE 15: Survival curves of the hybrids among four populations of Fejervarya cancrivora
and the control. (A) Control; (B) Hybrid Selangor female x Cianjur male; (C) Hybrid Selangor
female x Khulna male and (D) Hybrid Selangor female x Trat male.

FIGURE 16: Histological cross-sections of seminiferous tubules in the testes of the control and
the hybrid Fejervarya cancrivora Selangor female x Khulna male. (A) Control and (B) Hybrid
between Selangor female and Khulna male.
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FIGURE 17: Spermatocytes at the first meiosis and chromosome complements in the control
and the hybrid Fejervarya cancrivora Selangor female x Khulna male. (A) Control containing 13
bivalents, which are all ring-shaped and (B) Hybrid containing 13 bivalents, which are ring- or
rod-shaped. (C-E) Hybrids contained 2-6 univalents.

FIGURE 18: Frequencies of meiotic spreads differing in the number of univalents in the of
Fejervarya cancrivora males of the control and the hybrid Selangor female x Khulna male. (A)
Control and (B) Hybrid Selangor female x Khulna male.
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shape parameter (G) of 0.5244. The HKY+G substitution model was used for the ML and NJ
analyses. For the ML analyses, the empirical base frequencies were T = 0.3094; C = 0.2778; A =
0.2460; G = 0.1668.
In the 16S rRNA gene, the sequence divergences between F. iskandari and 11 haplotypes of F.
cancrivora ranged from 14.14% to 16.20% (mean, 14.96 ± 0.76%) (Tables 7 and 8). The sequence
divergences within the mangrove-type haplotypes ranged from 0.26% to 1.80% (mean, 1.12 ±
0.68%), while the sequence divergences within the large-type haplotypes ranged from 0.26% to
0.51% (mean, 0.43 ± 0.12%). The sequence divergences between the mangrove-type and largetype haplotypes ranged from 8.74% to 9.51% (mean, 9.10 ± 0.25%) (Tables 7 and 8). The sequence
divergences between the mangrove-type and the Pelabuhan ratu/Sulawesi-type haplotypes ranged
from 10.03% to 10.54% (mean, 10.22 ± 0.24%) (Tables 7 and 8). The sequence divergences
between the large-type and Pelabuhan ratu/ Sulawesi-type haplotypes ranged from 5.40% to 5.91%
(mean, 5.78 ± 0.21%) (Tables 7 and 8). In the 16S rRNA gene ML tree, F. cancrivora formed two
main clades, the mangrove-type clade and the large- and Pelabuhan ratu/Sulawesi-type clades
(Fig. 6). The mangrove-type population formed one clade consisting of four haplotypes, and the
large-type samples formed a clade consisting of six haplotypes. The Pelabuhan ratu/Sulawesitype had one haplotype (Table 3 and Fig. 6).
In the mangrove-type (M), M-I haplotype from Manila, Bangkok, Negros Island and Hainan
Island joined with M-II haplotype from Trat and Chantaburi, while M-III haplotype from Khulna
joined with M-IV haplotype from Orissa. The M-I and M-II haplotypes diverged from M-III
and M-IV haplotypes with strongly supported bootstraps (98/100/100/100) (Fig. 6). In the largetype (L), L-I haplotype from Cianjur, Langkat, Selangor, Pelabuhan ratu, Tempilang and Bogor
was separated from other haplotypes with moderate bootstraps (81/99/100/96). The other five
haplotypes in the large-type were L-II from Palembang, Lampung, Jambi and Banyumas; L-III
from Padang, Payakumbuh and Panti; L-IV from Selangor; L-V from Kalimantan; L-VI from
Jiadong (Fig. 6). The Pelabuhan ratu/Sulawesi-type contained PS-I haplotype from Pelabuhan
ratu, Makassar, Bone, Sinjai and Siwa. PS-I haplotype joined with the large-type with poorly
supported bootstraps (65/63/82/68) (Fig. 6).
In the Cyt b gene (Tables 9 and 10), sequence divergences between the outgroup F. iskandari
and 18 haplotypes of F. cancrivora ranged from 19.57% to 21.90% (mean, 20.24 ± 0.73%).
Sequence divergences among mangrove-type haplotypes ranged from 0.54% to 5.03% (mean,
2.78 ± 1.58%); those among large-type haplotypes from 0.18% to 1.62% (mean, 0.76 ± 0.33%);
and among Pelabuhan ratu/Sulawesi-type haplotypes 0.36% (Tables 9 and 10). The sequence
divergences between the large-type and Pelabuhan ratu/Sulawesi-type haplotypes ranged from
12.39% to 13.47% (mean, 12.88 ± 0.28%). The sequence divergences between the mangrovetype and Pelabuhan ratu/Sulawesi-type haplotypes ranged from 15.98% to 17.24% (mean, 16.38
± 049%) (Tables 9 and 10).
In the ML tree of the Cyt b gene fragment (Fig. 7), F. cancrivora formed two main clades,
the strongly supported mangrove-type (BP = 98/100/100/100) and the less supported large- plus
Pelabuhan ratu/Sulawesi-types clades (BP = 66/67/78/80), made of the strongly supported largetype subclade (BP = 85/99/100/100) and the strongly supported Pelabuhan ratu/Sulawesi-type
subclade (BP = 100/100/100/100). In the mangrove-type clade, haplotypes M-1a, M-1b and M-2
formed a subclade (BP = 87/95/99/97) (Fig. 7).
The haplotype network tree based on 18 haplotypes of the Cyt b gene sequence of 55 individuals
(Fig. 8A) revealed three haplogroups of F. cancrivora corresponding to three subclades observed
in phylogenetic trees, based on allozyme and molecular data (Figs. 5, 6, and 7). The mangrovetype haplogroup was separated from the large-type haplogroup and from the Pelabuhan ratu/
Sulawesi-type haplogroup by 44 and 69 nucleotide substitutions, respectively. In the mangrove
haplogroup, each population had only one haplotype: the Manila, Bangkok and Khulna populations
had M-1a, M-1b and M-3, respectively, and the Trat and Chanthaburi populations had M-2 (Figs.
7 and 8). In 17 populations of the large and Pelabuhan ratu/Sulawesi haplogroups, 13 populations
had only one haplotype each, whereas the other four populations had two or three haplotypes (Fig.
8 B). Among them, the Pelabuhan ratu population had three haplotypes, PS-1a, L-1c and L-6, in
the Pelabuhan ratu/Sulawesi haplogroup, and the Selangor, Payakumbuh, and Cianjur populations
each had two haplotypes, L-1c and L-4; L-3 and L-5; and L-1b and L-1c, respectively, in the large
haplogroup (Fig. 8 B).
Morphological observations.– (a) Measurements: Figure 10 compares representative female frogs
from the five F. cancrivora populations examined, with different tubercles line pattern on dorsal
skin. The large-type and Sulawesi-type had ridges of elongated tubercles, while the mangrove-type
had rounded tubercles on the dorsum. In the large-type group, female SVL ranged from 60.7–106

mm, whereas male SVL ranged from 59.3–76.2 mm (Table 12). Among the mangrove-type group,
female SVL was 46.6–83.6 mm, both extremes found in the Khulna, Bangladesh population. The
smallest (46.6 mm) and largest (62.4 mm) males were from the Khulna, Bangladesh and Trat,
Thailand populations, respectively (Table 12). For the Sulawesi-type group, female size ranged
from 63.2–85.7 mm, and males from 48.1–63.9 mm, respectively (Table 12).
The dendrograms based on Euclidean distance showed that the five populations of F. cancrivora
clustered into two groups, the Sulawesi-type and the mangrove-plus-large-types, and that the
latter cluster could be further split into two subclusters, namely, the mangrove- and large-types
(Fig. 12). This clustering was based on the similarity and dissimilarity of transformed data
derived from 31 morphometric variables. Among the males and females of the large-type group,
the Cianjur population from Indonesia could not be distinguished from the Selangor population
from Malaysia. In the mangrove-type group, although the females of the Trat population from
Thailand were distinguishable from those of the Khulna population from Bangladesh, mangrovetype males were indistinguishable between these two populations (Fig. 12).
The PCA based on the 31 selected morphometric characters showed that the males of the
five populations cluster into the large-, mangrove-, and Sulawesi-type groups. The PCA for
females produced nearly identical results to those obtained for males, with the exception of the
Trat population from Thailand and the Khulna population from Bangladesh, which could be
considered separate groups (Fig. 13). In the PCA analysis, two components were extracted with
eigenvalues of greater than 1.0, and this explained 24.60% and 36.43% (first component) and
16.77% and 13.17% (second component) of all observed morphometric variation in males and
females, respectively (Table 13). Hindlimb (HLL, THIGHL, TFOL, and FOL) and head (HW
and HL) characters were dominant in the PC1 for both males and females (Table 13), whereas
forelimb characters (3FL, 1FL, and LAL) and eye size (EL) were dominant in the PC2 for both
sexes (Table 13). When the morphological data of the adult specimens among the five populations
were analyzed by Dunn’s multiple comparison test, significant differences were found among 21
morphometric characters in males and 24 females, respectively (Tables 14 and 15).
In the morphological comparison of adult males, no significant differences between the
Cianjur and Selangor populations or between the Trat and Khulna populations were observed
in any examined character (Table 14). In contrast, the Makassar population showed significant
differences from both the Trat and Khulna populations in 10 characters and from the Cianjur
and Selangor populations in 16 and 15 characters, respectively (Table 14). In the adult female
comparisons, significant differences were observed in eight characters between the Cianjur and
Selangor populations, and in nine characters between the Trat and Khulna populations (Table
15). As was the case in males, the Makassar population showed the highest variability from the
other populations, with significant differences in 21 and 16 characters between both the Trat and
Khulna populations and Cianjur and Selangor populations, respectively (Table 15).
(b) Toe webbing and free flap of the hindlimb: The hindlimb toe webbing of a Selangor female
(large-type, SVL 82.1 mm) of F. cancrivora was moderate, terminating short of the tips (Fig.
14A), and the free flap of Toe V extended until the first segment of the toe, although it gradually
narrowed from the base to the first toe segment (free flap width 1.0 mm, length 24 mm). In
contrast, the toe webbing of the Trat female (mangrove-type, SVL 70.3 mm) extended to the tips
(Fig. 14B), with the free flap of Toe V extending to the tip of the toe and gradually narrowing
from the bottom to the tip of the toe width 1.5 mm, length 21 mm). The hindlimb toe webbing
of the Makassar female (Sulawesi-type, SVL 84.2 mm) was moderate, stopping short of the tips,
as was observed in the Selangor female (Fig. 14C). The free flap of the fifth toe of this female
extended up to the second segment of the toe and had a width and length of 1.0 mm and 20 mm,
respectively.
Crossing experiments.– (a) Developmental capacity of the hybrids: As differences exist in
the breeding seasons among populations of F. cancrivora, matured eggs could not always be
obtained from a target population at the required time for the crossing experiments. Thus, crossing
experiments were performed in limited combinations using individuals from the Selangor
(Malaysia), Cianjur (Indonesia), Trat (Thailand), and Khulna (Bangladesh) populations. The
developmental capacity and survival curves of the hybrid and control frogs from a portion of the
possible combinations are shown in Table 16 and Fig. 15.
In the five control matings between individuals of the Selangor population, approximately
95% of the total number of eggs cleaved normally and in the end of tadpole phase, around 35%
metamorphosed normally (Table 16). In the five hybrid matings conducted between Selangor
females and Cianjur males, slightly lower values than those of the Selangor control matings were
observed. In these mating combinations, approximately 84% of the total number of eggs cleaved
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normally, then around 33% of tadpoles were metamorphosed normally (Table 16). In two of the
four hybrid matings between Selangor females and Khulna males, approximately 60% of the
total number of eggs cleaved normally and in the end of tadpole phase, around 19% of tadpoles
were metamorphosed normally. While in two hybrid matings between Selangor females and Trat
males, around 98% of the total number of eggs cleaved normally and in the end of tadpole phase,
around 46% of tadpoles were metamorphosed normally (Table 16).
(b) Sexes of the hybrids: The matured frogs from the Selangor population control matings
were 41.7% female and 58.3% male. However, the hybrids between the Selangor females and
Cianjur males were 27.3% female and 72.7% male. The disparity between the sexes was even
more striking for the hybrids between the Selangor females and Khulna males as only males were
observed (Table 16).
(c) Histological examination of the testes: To further clarify the relationships among these
populations, the inner structures of the testes from matured male hybrids between Selangor
females and Khulna males and the controls were examined by histological and spermatogenesis
observations. The inner structures of the testes of the control males were completely normal, with
seminiferous tubules filled with compact bundles of normal spermatozoa (Fig. 16A). In contrast,
the testes of the hybrids were slightly abnormal, with seminiferous tubules containing pycnotic
nuclei in addition to normal bundles of spermatozoa (Fig. 16B).
In the controls, 248 meiotic spreads were analyzed from two males, and all of them contained 13
bivalents. In the hybrids, of the 237 meiotic spreads that were analyzed from four hybrid males,
196 (82.7%) contained 13 bivalents, 31 (13.1%) contained 12 bivalents and two univalents, 13
(5.5%) contained 11 bivalents and four univalents, and the remaining two (0.8%) contained
10 bivalents and six univalents (Table 17, Figs. 17, 18). The mean number of univalents per
spermatocyte was 0.53 and the proportion of univalents among all chromosomes was 4.1% (Table
17). In a comparison of the proportion of ring- and rod-shaped bivalents in the controls and hybrids
(Table 18), the ring-shaped bivalents outnumbered the rod-shaped bivalents overwhelmingly in
the controls, whereas the ring-shaped bivalents decreased and the rod-shaped bivalents increased
in the hybrids in both the large and small chromosomes (Table 18). In total, 3224 (100%) of the
bivalents were ring-shaped in the controls, whereas 1937 (71.7%) and 765 (28.3%) of both the
large and small bivalent chromosomes were ring- and rod-shaped, respectively, in the hybrids
(Table 18). The mean number of bivalents per spermatocyte in the controls was 13.00, while that
in the hybrids was 11.96 (Table 18).
DISCUSSION
Genetic distances and divergences among three types of F. cancrivora.– The genetic distances
and percent sequence divergences of the 16S rRNA and Cyt b genes among the three types of F.
cancrivora were determined (Tables 6, 8, 10). Between the mangrove and large types, these values
were 0.510, 9.10%, and 14.64%, respectively. The values between the mangrove and Pelabuhan
ratu/Sulawesi types were 0.586, 10.22%, and 16.38%, respectively, and those between the large
and Pelabuhan ratu/Sulawesi types were 0.197, 5.78%, and 12.88%, respectively.
Genetic distance and divergence have been examined at the species level of numerous types of
frogs. Based on data from 116 crosses involving 46 frog species, Sasa et al. (1998) suggested a
lower threshold of Nei’s genetic distance (D = 0.30) for the evolution of hybrid inviability. In a
report by Vences et al. (2004), differentiation among conspecific populations in African Malagasy
frogs never exceeded 2.0% for the 16S rRNA gene. Sumida et al. (1998) found that sequence
divergence of the Cyt b gene in Japanese pond frogs (comprising Rana nigromaculata, R.porosa
porosa and R. p. brevipoda) ranged from 10.4% to 12.4% at the species level and from 3.68%
to 4.62% at the subspecies level. In Palearctic pond frogs (comprising Rana nigromaculata,
Rana brevipoda, Rana plancyi, Rana lessonae, Rana esculenta and Rana ridibunda), Cyt b gene
sequence divergences ranged from 9.50% to 20.45% at the species level (Sumida et al., 2000).
Bradley and Baker (2001) mentioned that sequence divergence of the Cyt b gene between 2.0%
and 11.0% would merit additional study concerning species status, and values greater than 11.0%
would indicate recognition of a species.
Within the F. limnocharis species complex, Toda et al. (1998) first recognized two syntopically
occurring and genetically divergent species (Nei’s genetic distance = 0.458) within this complex
in Java. Later, corroborating these two species in sympatry in Java, Veith et al. (2001) described
a new taxon known exclusively from Java, F. iskandari. Although F. limnocharis and F. iskandari
are nearly identical morphologically, these two species show substantial genetic differentiation,
with a Nei’s genetic distance of 0.316 and a 16S rRNA sequence divergence of 13.5% (Veith et
al., 2001). Djong et al. (2007a, b) found that these two species were isolated by complete hybrid

inviability at the tadpole stage. They detected a genetic distance of 0.628–0.749 and sequence
divergences of 10.8%–11.0% and 18.6%–18.8% in 16S rRNA and Cyt b, respectively.
Islam et al. (2008a, b) observed three morphologically divergent species in sympatry in
Mymensingh, Bangladesh, which exhibited substantial genetic divergence (Nei’s genetic distance
of 0.739–1.628; sequence divergences of 5.5%–17.1% and 18.0%–25.0% in the 16S rRNA and
Cyt b genes, respectively). These species were reproductively isolated by either hybrid inviability
or hybrid sterility. In a study on Fejervarya, Sumida et al. (2007) identified that members of the
genus Fejervarya had diverged into: the south Asian and east-south-east Asian groups (Nei’s
genetic distance of 1.185–1.898, 16S and 12S rRNA gene sequence divergences of 19.3%–
21.9%). There was complete reproductive isolation between the two groups, by complete hybrid
inviability at the embryonic stage.
Based on the current knowledge on Fejervarya species, we can tentatively conclude that a Nei’s
genetic distance of greater than 0.3, and sequence divergences of greater than 5.5% for 16S rRNA
and 9.50% for Cyt b sequence, are indicators for the recognition of species within the genus.
Morphological differentiation and taxonomic status of three types of F. cancrivora.– In this study,
we could show that the Selangor and Cianjur, Trat and Khulna, and Makassar populations cluster
into three groups congruent with our defined large-, mangrove-, and Sulawesi-type groups. These
three groups exhibited significant morphological differentiation in SVL, HW, TL, TFOL, and IFL
in males, and in HW, LAL, HLL, THIGHL, TL, and TFOL in females. Within the mangrove-type
group, several of the female traits from the Trat and Khulna populations were also differentiated
(Table 15, Fig. 13). Kurniawan et al. (2010) reported slight genetic differentiation between the
Trat and Khulna populations, and between these two populations and a Philippine population
of mangrove-type F. cancrivora. As mangrove-type frogs typically inhabit seashore areas, the
natural overseas dispersal proposed by Toda et al. (1997) may explain the differentiation observed
among populations of mangrove-type F. cancrivora, although the time of divergence for this
group remain to be estimated. Further studies are required to precisely elucidate the evolutionary
time frame and degree of differentiation among populations of the mangrove-type group.
The specimens examined show that the large-type group of F. cancrivora has a longer SVL than
the mangrove- and Sulawesi-type groups, and that the latter two groups show similar SVL. Other
studies have demonstrated that F. cancrivora frogs from Indonesia are comparatively larger than
those from Thailand and the Philippines (Table 19). Therefore, based on the present measurement
data and the distribution areas reported previously (Kurniawan et al., 2010), the Indonesian frogs
and those from Thailand and the Philippines are assigned to the large- and mangrove-type groups,
respectively.
In our present morphological characterizations, toe webbing and free flap are clearly
differentiated among the three F. cancrivora types with respect to size and shape. The toe webbing
and free flap of the hindlimb are extensive in the mangrove type and only moderate in the large
and Sulawesi types. As mangrove-type frogs inhabit mangrove areas near the seashore, the
extensive toe webbing and well-developed free flap may be regarded as traits adapted to these
coastal (seashore) habitats.
Large type as a nominal species of F. cancrivora.– The type specimen of F. cancrivora
(Gravenhorst, 1829) originally stored in the Breslau Museum is considered lost. Another specimen
collected from Cianjur by Michael Veith in 1993 was designated as the neotype (adult male, 68.2
mm SVL) (Dubois and Ohler, 2000). If we compare the neotype with the large type, we find that
the body size of the former (68.2 mm) is close to the average male body size of the latter (69.7
and 64.9 mm for the Cianjur and Selangor populations, respectively) (Table 1). Iskandar (1998)
reported that F. cancrivora from the Java locality reached a SVL of up to 120 mm, but typically
displayed a SVL of ca. 100 mm. From our data on the large-type frogs from the Cianjur population,
the female body size ranged from 87.6–112.0 mm (Table 1). In addition, the skin texture of the
large-type isolates was similar to that described for the neotype, which show glandular folds and
glandular warts on the back and upper parts (Dubois and Ohler, 2000). This shared characteristic
may be explained by the fact that one of our large-type populations was collected from a rice
field in the same region of Cianjur, West Java, where the neotype had been collected (Dubois and
Ohler, 2000). Based on comparisons of the morphological characteristics, habitat, and locality, we
conclude that the F. cancrivora neotype belong to the same evolutionary and taxonomical unit as
the large-type F. cancrivora in the present work.
Possible synonymy of F. raja with F. cancrivora.– Iskandar (1998) provided information on the
distribution of F. raja in Thailand, describing it based on an extra-large specimen of F. cancrivora.
According to Nutphund (2001), the natural habitat of F. raja were rice fields distributed in the
localities of Patthalung, Satun, and Songkhla Provinces in southern Thailand, and on the Malay
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Peninsula. Taylor (1962), however, reported that the distribution of F. raja was in Pattani, Songkla,
and Phatthalung in Thailand, and in Kuala Lumpur in Malaysia. The large-type F. cancrivora of
the Cianjur and Selangor populations also live in rice fields. Selangor is situated near Kuala
Lumpur in the Malay Peninsula, in what is considered to be within the range of F. raja.
Nutphund (2001) reported that F. raja had a total body length of 120 mm, and Taylor (1962) also
described F. raja as a large species. Among specimens in The Natural History Museum, London,
the SVL of the largest F. raja paratypes reach 62.0 mm in males and 121.0 mm in females. The
SVLs of the other two paratypes of F. raja were 84.0 mm and 88.0 mm in males, and 98.0 mm to
119.5 mm in females (Taylor, 1962). In our study, among the large-type frogs, the largest females
reached 112.0 mm (from Cianjur, Indonesia) (Table 1), which were within the size range of F.
raja female paratypes. The SVL of the large-type frogs from Cianjur and Selangor populations
were 59.3–76.2 mm (mean, 68.6 ± 5.4 mm) in males and 58.0–112.0 mm (mean, 86.9 ± 16.2
mm) in females, which were larger than those of the mangrove- and Pelabuhan ratu/Sulawesitype groups. Given that the large-type frog was morphologically identical to the neotype of F.
cancrivora, inhabited rice fields, and was comparable to F. raja in body size, it appears likely that
the large-type frog is the true F. cancrivora, and that F. raja may be a synonym of F. cancrivora.
Mangrove type.– Taylor (1962) described F. cancrivora based on the examination of an individual
female (EHT No. 34294) with an SVL of 68 mm, collected from the seashore at Anghin, Chon
Buri, Thailand. This female, which displayed a strong tolerance for salt water, had numerous
glandular warts on the skin, with several forming elongated ridges and others forming small
tubercles (Taylor, 1962). Nutphund (2001) reported that F. cancrivora from mangrove swamps
and brackish areas had a smooth covering of skin over the chin, venter, and underside of the
thighs. In view of its smaller body size and confinement to mangrove habitats, we conclude that
Taylor’s F. cancrivora does not belong to F. cancrivora sensu Dubois and Ohler (2000). We
conclude that the mangrove-type defined herein is close to Taylor’s F. cancrivora (1962) and
distinct from the F. cancrivora. Given the significant differences between the morphology and
ecology of the mangrove-type and neotype, we speculate that the mangrove-type and F. cancrivora
neotype in fact represent two evolutionary and taxonomic units.
Taylor (1920) described the Philippine population of F. cancrivora as a distinct species, Rana
moodiei (currently Fejervarya moodiei), with the type specimen (73 mm SVL) from Manila,
Luzon. Taylor (1923) maintained that this species has a distinct flap of skin on the outer face
of Toe V and metatarsus, He mentioned that the species was common to the Philippine islands
of Mindanao, Luzon, and Negros, and likely occurred on numerous other islands. Fejervarya
vittigera found in sympatry in these regions does not possess a free skin fringe on Toe V. However,
Smith (1927) concluded that F. moodiei could not be distinguished from “typical” F. cancrivora
using this characteristic, Inger (1954) reported that the differences between the frog populations
of Luzon and those from the Greater Sundas were not pronounced. Inger (1954), considered that
the distinctions too insufficient to warrant the designation of any Philippine population of F.
cancrivora as a separate subspecies. However, our data demonstrate that the Philippine population
is distinct from the Cianjur and Malaysia populations both genetically and morphologically
(see also Kurniawan et al., 2010; 2011) As the large-type group of the Cianjur and Malaysia
populations is considered to be true F. cancrivora, the mangrove-type group of the Philippine and
China populations must be assigned to the available name and taxonomic unit F. moodiei.
Pelabuhan ratu/Sulawesi type.– Based on genetic distance and sequence divergences (Tables
6, 8, and 10), the Pelabuhan ratu/Sulawesi type was more closely related to the large-type than
to the mangrove type. The relative closeness of the Pelabuhan ratu/Sulawesi and large-type
groups was also evidenced by the moderate bootstrap values (Figs. 5, 6, and 7) and the similar
morphological characteristics of skin texture. Additional morphological examinations indicated
that the Pelabuhan ratu/Sulawesi type had mean SVL of 43.5 and 50.7 mm in male and females,
respectively, but these values were based on a small sample. These limited data suggest that this
type is smaller than the large- and mangrove-type groups. According to H. Ota (pers. comm.),
the Pelabuhan ratu/Sulawesi-type frogs inhabit rice fields near the seashore of Pelabuhan ratu,
suggesting that this type may also fail to qualify as a true F. cancrivora, and may be a distinct
species related to the large type.
With respect to geographic distribution and haplotype frequency (Figs. 8 and 9), the PS-1a
haplotype of the Pelabuhan ratu/Sulawesi-type group was identified in two localities separated by
sea: in Pelabuhan ratu, Java and in Makassar, Sulawesi. Iskandar and Colijn (2000) reported that
F. cancrivora was introduced into Sulawesi, Ambon, and Papua, whereas Inger (2005) presumed
that F. cancrivora was introduced into Sulawesi from Borneo. In contrast, the present study shows
that the haplotypes of southern Sulawesi differed genetically from those of Sunda Land, including

those of Borneo (Fig. 9), indicating that F. cancrivora from southern Sulawesi was not introduced
from Borneo. As four localities from southern Sulawesi prove the existence of the Pelabuhan ratu/
Sulawesi type (Figs. 8 and 9), we rather assume that this type originated from Sulawesi. Given
that the Pelabuhan ratu and Makassar haplotypes are genetically identical, we consider that the
frogs of Makassar could have been artificially introduced to Pelabuhan ratu. Our contention that
this type was introduced to Pelabuhan ratu, Java from Sulawesi is supported by the fact that both
Makassar and Pelabuhan ratu have long been port cities associated with the fishery industry. To
this day, fishermen from both cities often visit each other to engage in fish trade. Although these
frogs were likely to have been found accidentally at Pelabuhan ratu in our 1996 sampling, but we
could not locate them in the 2008 sampling at the same locality.
Reproductive isolation.– Evidence that two populations are reproductively isolated can
be obtained from direct observations, experiments related to mating properties, or from the
examination of the viability and sterility of hybrids produced in the laboratory (Futuyma, 1986).
In amphibians, it is not difficult to determine reproductive isolation among allopatric populations
through hybridization experiments. For example, Kawamura et al. (1981, 1985) and Sumida et
al. (2003) conducted a series of artificial crossing experiments to investigate the reproductive
isolation mechanisms among brown frog species distributed in the Palearctic region and North
America. These studies revealed that these species are reproductively isolated from one another
by either gametic isolation, hybrid inviability, or hybrid sterility, and that all viable interspecific
hybrids were completely sterile males.
In the present crossing experiments, we were only able to examine a portion of all possible
combinations of reciprocal crosses due to problems encountered with maintaining the eggs
and frogs of certain populations in the laboratory. For example, we were unable to use the eggs
from the mangrove-type females of the Trad and Khulna populations because the eggs swelled
and ruptured after being placed into distilled water. As Uchiyama et al. (1990) reported that
breeding experiments using parental F. cancrivora from the Thailand mangrove region require
saline medium consisting of 10% seawater, a similar medium should be used for future crossing
experiments using eggs from mangrove-type frogs. It was also not possible to obtain data
related to the Sulawesi-type group, as many frogs died before the crossing experiments could be
conducted.
From the limited data obtained from the crossing experiments, we found no hybrid inviability
among the large-type females and the mangrove-type males of F. cancrivora. However,
incomplete gametic isolation and abnormal spermatogenesis was observed in the hybrids between
the Selangor and Khulna populations, which involved the crossing of four Selangor females and
two Khulna males. Incomplete gametic isolation occurred in half of the hybrid matings between
two Selangor females and the two Khulna males, whereas the hybrids from the other two matings
developed normally. However, the viable F1 hybrids produced from the latter combinations
showed abnormal spermatogenesis, including an increase in univalents and rod-shaped bivalents
in the meiotic metaphases of testes, whereas the controls were characterized by the occurrence of
ring-shaped bivalents without univalents in meiotic metaphase. The occurrence of univalents and
rod-shaped bivalents in the meiotic metaphases of testes could therefore serve as an indication of
the degree of abnormality of F1 hybrids (Kawamura et al., 1980, 1981; Kuramoto, 1983; Sumida,
1994, 2003). Numerous studies have examined the behaviour of meiotic chromosomes in the
spermatogenesis of F1 hybrids between species, subspecies, and races of amphibians in which
chromosome structures were expected to differ (Callan and Spurway, 1951; Spurway and Callan,
1960; Günther, 1975; Okumoto, 1980; Callan et al., 1991; Sumida, 1994; Djong et al., 2007a,
b).
The meiotic chromosomes of the hybrids in these studies displayed drastic reductions in chiasma
frequency, restriction of the chiasmata to the chromosome ends, and increases in univalent
chromosomes, suggesting that the degree of meiotic aberration is related to the difference in the
taxonomic level of the crossed individuals. In the present study, we found that among the hybrids
between the Selangor females and Khulna males, the mean number of univalents per spermatocyte
was 0.53, the proportion of univalents to all chromosomes was 4.1%, and the rod-shaped bivalents
increased by 28.3%. This trend of increasing univalents and rod-shaped bivalents is similar to that
observed in the hybrids generated between several other frog populations, including the Malaysian
and Indonesian populations of F. limnocharis (Djong et al., 2007b), the Yaeyama and Hiroshima
populations of F. limnocharis (Sumida et al., 2006), the Amami and Okinawa populations of
Odorrana ishikawae (Sumida et al., in preparation), and the Amami and Okinawa populations of
Rana “okinavana” (Matsui, 2007; Iwanari et al., 2009). All of these hybrids are regarded to be
interspecific, which indicates that both parental populations in each case represent distinct species.
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Sasa et al. (1998) proposed a lower threshold of genetic distance (D) of 0.30 for speciation, which
was based on data from 116 crosses involving 46 frog species. Vences et al. (2004) found that the
differentiation among conspecific populations of African Malagasy frog species never exceeded
2.0% for the mitochondrial 16S rRNA gene. Based on allozyme and mtDNA analyses (Kurniawan
et al., 2010), the D value and sequence divergence of the 16S rRNA gene between the Khulna
and Selangor populations were 0.525 and 3.0%, respectively. These values, together with the
spermatogenetic aberration observed in the hybrids described above, suggest that the Khulna
and Selangor populations of mangrove- and large-type frogs can be regarded as distinct species.
As the neotype of F. cancrivora from Cianjur, West Java, Java (Indonesia) (Dubois and Ohler,
2000) belongs to the large type (Veith et al., 2001; Kurniawan et al., 2010), we propose that the
mangrove type should be reclassified as a different species, namely, F. moodiei.
From the data obtained in our present study, we can conclude that the genetic distances, percent
sequence divergences, and morphological observations among the three types of F. cancrivora
typically exceed the above criteria for the recognition of species differentiation. The reproductive
isolation results provide further support that the large- and mangrove-type groups are separate
species. We proposed that the large- and mangrove-type groups represent real F. cancrivora
and F. moodiei, respectively, whereas the Sulawesi-type group likely represents an undescribed
species.
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APPENDIX 1:
Specimens used in study. For institution abbreviations, refer to text.

(with four text-figures)

Indonesia: Cianjur (IABHU 18723–18729, IABHU 18737–18738, IABHU 18740–18741, IABHU 18748,
IABHU 18753–18754, IABHU 18757, IABHU 18794–18796, IABHU 18802, IABHU 18852, IABHU
18884, IABHU 19094–19095); Makassar (IABHU 19048–19057, IABHU 19071–19080).
Malaysia: Selangor (IABHU 18843, IABHU 18846, IABHU 18849–18850, IABHU 18866, IABHU
18875, IABHU 18877–18879, IABHU 18886, IABHU 19011–19016, IABHU 19028, IABHU 19091–
19093, IABHU 19113).
Thailand: Trat (IABHU 18818–18828, IABHU 18845, IABHU 18847–18848, IABHU 18851, IABHU
18870–18871, IABHU 18874, IABHU 18881, IABHU 19090).
Bangladesh: Khulna (IABHU 3432, IABHU 3516–3517, IABHU 3526–3531, IABHU 3539–3540, IABHU 3545, IABHU 3560).

ANCIENT POLYMORPHISM WITHIN HYLARANA SIGNATA
(AMPHIBIA: ANURA: RANIDAE) LINEAGES OF WEST
(PENINSULAR) AND EAST (SARAWAK, BORNEO) MALAYSIA
RAMLAH ZAINUDIN1, 2, BADRUL MUNIR MOHD ZAIN2, SHUKOR MOHD NOR2,
MUSTAFA ABDUL RAHMAN1 and NORHAYATI AHMAD2
Faculty of Resource Science and Technology, Universiti Malaysia Sarawak,
94300 Kota Samarahan, Sarawak, Malaysia.
2
Email: zramlah@frst.unimas.my
2
Center of Environmental Sciences and Natural Resources,
Universiti Kebangsaan Malaysia, Malaysia.

1

ABSTRACT.– The Hylarana signata group in Malaysia, as currently construed,
comprises two species- Hylarana signata and H. picturata. Both are similar
in morphology and habits, but differ in colouration (chiefly, the presence or
absence of a dorsolateral line). It has been suggested recently that Malaysian
H. signata (from both Peninsular and Borneo) is different from H. signata of
Philippines and may be non-conspecific, also from what is currently referred
to this taxon on Malaysian Borneo. Specimens of the Hylarana signata group
were sequenced to detect genetic variation among species and to confirm the
existence of cryptic species, via 16S rRNA gene. Seven study sites in Sarawak
were chosen for data collection, namely four National Parks (Matang/Matang,
Bako, Mulu and Similajau), and three unprotected areas (Borneo Heights,
Sadong Jaya and Bario). Data from Tasik Chini, Pahang, West (Peninsular)
Malaysia were included in our molecular analysis, to infer relationships
within the species group. PCR amplification and direct sequencing of partial
16S rRNA mitochondrial DNA was used to infer the phylogeny presented. The
study revealed phylogenetic complexity within Malaysia Hylarana signata
group due to the occurrence of cryptic species or ancient polymorphism of the
lineages. The results obtained underscore the need for a complete sequence of
DNA regions or multigenes of the same rate of evolution in order to elucidate
the phylogenetic relationship in the group through more extensive samplings
spanning wider geographical ranges.
KEYWORDS.– Phylogeny, Hylarana signata group, 16S mtDNA, cryptic
species.
INTRODUCTION
Hylarana signata is a small frog, with males less than 50 mm and females less than 70 mm. The
species was described as Polypedates signatus Günther, 1872 (type locality Matang Sarawak),
and reallocated to Rana by Boulenger (1882), which name was used by Boulenger (1920), van
Kempen (1923) and Inger (1954). Dubois (1992) referred the species as Rana (Pulchrana)
signata, basing his reclassification of ranoid frogs on morphological characters, and was later
referred to Pulchrana signata, based on molecular and morphological data by Frost et al. (2006).
More recently, the species has been classified as Hylarana signata (Che et al., 2007; Frost 2008).
Hylarana picturata was treated as a synonym of H. signata by Inger (1954). However, Hylarana
picturata was removed from the synonymy of H. signata without discussion by Inger and Tan
(1996) and stated to have a distribution of Brunei, Kalimantan, Sabah, and Sarawak in Borneo.
The species is now assigned as Pulchrana picturata (Frost et al. 2006), and later, as H. picturata by
Frost (2007) and Che et al. (2007) by implications. Distribution of H. signata includes Peninsular
Thailand and Malaya, Sumatra (Indonesia); Sabah and Sarawak, Malaysian Borneo (Inger and
Stuebing, 1997). On the other hand, H. picturata was distributed throughout Borneo (Brunei,
Kalimantan, Sabah, and Sarawak), and Peninsular Malaysia. Brown and Guttman (2002) noted
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