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In the present study, morphological examinations, crossing experiments and molecular analyses
were performed to elucidate the degree of genetic divergence and phylogenetic relationships within
the genus Fejervarya from Bangladesh and other Asian countries. Morphological characteristics
revealed that Fejervarya species from Bangladesh were divided into four distinct groups: large,
medium, small, and mangrove types. Crossing experiments indicated the involvement of three
reproductive isolating mechanisms: gametic isolation between the large type and mangrove type,
hybrid inviability between the large type and two other types, and hybrid sterility between the
medium and small types. Experimental results also indicated that these four types of frogs merit
the status of individual species of Fejervarya. Molecular analyses based on mtDNA gene sequences
showed that the Bangladesh Fejervarya species were largely divided into three groups: the man-
grove type, large type, and others, with the last further subdivided into the medium and small types.
Comparison with other Asian Fejervarya species revealed that the Bangladesh mangrove type
(which resembled F cancrivora in morphology) was closely related to F cancrivora from India,
Thailand, and the Philippines; the large type belonged to the F. iskandari group and closely resem-
bled F. orissaensis; the small type was included in the South Asian or Indian group, and was closest
to F syhadrensis from India and Sri Lanka, whereas the medium type was most closely related to

F. limnocharis from Myanmar among all described species of this genus.

Key words: genetic divergence, Fejervarya, morphometric variation, reproductive isolation, mtDNA,

Bangladesh

INTRODUCTION

Frogs of the genus Fejervarya are distributed throughout
South and Southeast Asia, from India, Sri Lanka, and Nepal
eastwards to Indonesia, China, and Japan (Frost, 2007).
Several different species from this genus have been collec-
tively identified as belonging to the Fejervarya limnocharis
complex. However, the wide distribution and slight morpho-
logical differences among the species of the F. limnocharis
complex have created some confusion and difficulty regard-
ing the taxonomy of this complex. Based on a detailed study

* Corresponding author. Phone: +81-82-424-7482;
Fax :+81-82-424-0739;
E-mail: msumida @ hiroshima-u.ac.jp
doi:10.2108/zsj.25.1084

of mating calls and morphology, Dubois (1975) reported that
no fewer than four distinct species were distributed in Nepal,
and had been mistakenly classified together with F.
limnocharis (the author used the name Rana limnocharis).
Dubois (1984, 1987, 1992) proposed that the whole group
consists of at least 15 species and probably many more in
South India. Dutta (1997) reported nine nominal Fejervarya
species from India (as Limnonectes). Frost (2007) listed 31
Fejervarya species in his comprehensive checklist, but six
additional species were recently described in this genus,
including F. triora from Thailand (Stuart et al., 2006);
F. mudduraja, F. granosa, F. caperata, and F.
kudremukhensis from the Western Ghats, India (Kuramoto
et al,, 2007); and F. sakishimensis from the Sakishima
Islands, Japan (Matsui et al., 2007), bringing the total
number of species in this genus to 37. There was some con-
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troversy over naming the genus to which the complex
belongs. For a long time, the complex was placed in Rana.
Dutta (1997), Khan (1978), Mohanty and Dutta (1999),
Kuramoto and Joshy (2001), Nikolai et al. (2002), Rahman
and Javed (2004), and Sarker (1999) placed the complex in
Limnonectes, but Dubois and Ohler (2000) suggested that
the group of frogs usually referred to as the Rana
limnocharis complex should be regarded as belonging to
Fejervarya within the family Dicroglossidae.

One of the main goals of conservation biology is the
description of existing biodiversity; in Bangladesh, however,
the amphibian biodiversity is not well documented due to the
limited number of studies conducted. Hussain and Rahman
(1978), Khan (1982), Sarker and Sarker (1988), Chowdhury
(1996), and Islam et al. (2000) investigated amphibians in
Bangladesh and reported 12—23 species. Later, Khan et al.
(2002) studied the genetic variation in four ranid frogs using

Table 1. Specimens of Fejervarya used in this study.

allozymes, and Reza et al. (2000) studied anurans in the
Sundarban Mangrove Forest, and documented eight spe-
cies. In a Bangladesh field report, IUCN Bangladesh (2000)
suggested the presence of a single species, Fejervarya
limnocharis, although Frost (2007), Khan (2004), and Sarker
and Sarker (1988) estimated a greater number of species.

In an allozyme study, Islam et al. (2008) found that
Fejervarya frogs (referred as the F. limnocharis complex)
from Bangladesh were genetically divided into three distinct
groups (large, medium, and small types), implying that each
type might be a distinct species. Although Frost (2007)
recorded four Fejervarya species from Bangladesh, their
validity was unclear. Fejervarya frithi Theobald, 1868
(Pyxicephalus frithi of Mohanty and Dutta, 1999) was also
reported from Jessore in southern Bangladesh, although the
type specimen was lost and thus could not be compared
with the others. We recently found Fejervarya frogs in the

Station No. of frogs used
Type or species Morphometry Crossing experiment Molecular
Country Localities Total Female Male Total Female Male work

Bangladesh large type Bangladesh BAUC ', Mymensingh 23 14 9 13 5 8 39
Shambuganj, Mymensingh 3 0 3 0 0 0 6

Muktagacha, Mymensingh 6 3 3 3 2 1 8

Bailor, Mymensingh 2 1 1 0 0 0 0

Gazni, Sherpur 5 2 3 0 0 0 5

Hossainpur, Kishoreganj 11 8 3 0 0 0 5

Tarail, Kishoreganj 0 0 0 0 0 0 1

Ghorasal, Narsingdi 0 0 0 0 0 0 1

Parbatipur, Dinajpur 5 4 1 0 0 0 3

Nawabganj, Nawabganj 2 0 2 0 0 0 3

Koilashganj, Khulna 3 2 1 0 0 0 4

Rangamati 0 0 0 0 0 0 2

Cox’s Bazar 0 0 0 0 0 0 2

Chittagong 0 0 0 1 1 0 3

Bangladesh medium type Bangladesh BAUC ', Mymensingh 7 3 4 4 2 2 10
Bangladesh small type Bangladesh BAUC ', Mymensingh 10 4 6 10 4 6 22
Shambuganj, Mymensingh 1 0 1 0 0 0 1

Muktagacha, Mymensingh 0 0 0 0 0 0 2

Gazni, Sherpur 1 0 1 2 2 0 2

Hossainpur, Kishoregan;j 2 1 1 1 0 1 1

Tarail, Kishoreganj 0 0 0 0 0 0 3

Chittagong 0 0 0 0 0 0 1

Cox’s bazar 0 0 0 0 0 0 3

Parbatipur, Dinajpur 6 4 2 0 0 0 3

Koilashganj, Khulna 1 0 1 0 0 0 1

Bangladesh mangrove type Bangladesh  Khulna 13 6 7 1 0 1 5
Japan frog Japan Higashihiroshima, Hiroshima 0 0 0 6 2 4 0
Malaysia frog Malaysia UMC 2, Kuala Lumpur 0 0 0 2 1 1 0
Kutakinabalu, Sarawak 0 0 0 1 0 1 0

Thailand large type Thailand Bangkok 0 0 0 2 1 1 0
Thailand small type Pilok 0 0 0 1 1 0 0
Sri Lanka frog Sri Lanka Bentota 0 0 0 1 0 1 0
India frog 3 India Mangalore 0 0 0 3 1 2 0
F. iskandari Indonesia Bogor 0 0 0 1 0 1 0
Total 101 52 49 52 22 30 136

'BAUC, Bangladesh Agricultural University Campus; 2UMC, University of Malaya Campus 2 India type was later described as F. caperata by Kuramoto

et al. (2007).
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Fig. 1. Four Fejervarya types from Bangladesh. (A) Large type % . (B) Medium type % . (C) Small type . (D) Mangrove type. Scale bar, 5 mm.
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Fig. 2. Maps showing collecting locations in Bangladesh (left) and other Asian countries (right) for frogs used for this study.
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mangrove area of the Khulna region of southern
Bangladesh, and refer to them here as the mangrove type.

We used morphological observations, crossing experi-
ments, and molecular analyses to evaluate genetic diver-
gence and reproductive isolation among Fejervarya frogs
from Bangladesh. From the results, we discuss the taxo-
nomic status of these frogs.

MATERIALS AND METHODS

Morphological observations

A total of 101 mature male and female frogs were used for mor-
phological examination (Table 1; Figs. 1, 2). Live frogs were anes-
thetized with diethylether and 31 characters were measured with
digital Vernier calipers to the nearest 0.1 mm (Table 2, Fig. 3). To
investigate morphological variation among the different frog types,
principal component analysis (PCA) was performed with R2.4.1
software. Differences between the types were examined by means
of nonparametric Dunn’s multiple comparison test at a significance
levels of 5% and 1% by using Statistica software (Statsoft, Tokyo,
Japan). Along with the quantitative morphological measurements,
some qualitative characters including body color, dermal ridge,
median stripe, snout shape, body shape, and thigh region coloration
were also observed.

Crossing experiments

Crossing experiments among different types of Fejervarya were
conducted by artificial insemination according to the methods of
Kawamura et al. (1980). Crossings were done in four successive
breeding seasons from 2004 to 2007 and involved a total of 52 frogs
(22 females and 30 males) (Table 1). Mature female frogs were
injected (via the body cavity) with saline solution containing pituitary
of Rana catesbeiana (Lithobates catesbeinus of Frost et al., 2006)
at a dose of one pituitary gland per frog. A sperm suspension was
made by crushing a testis removed from each male in a small vol-
ume of distilled water. After ovulation, eggs were stripped from the
females, placed on glass slides, and fertilized with the sperm sus-
pension after confirmation of sperm motility under a microscope.
After fertilization, tadpoles were reared first in a glass Petri dish and
later on in a cement tank. Tadpoles were fed boiled spinach; after
metamorphosis, offspring were housed in a rearing box and fed
small crickets, the size of which depended on the frogs’ mouth size.
Sex was determined by observing the presence of a vocal sac in
mature males. In cases where a frog died before maturation, the sex
was determined by observing the gonads after biopsy.
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Table 2. Morphological parameters used in this study.

Abbreviation Character

SVL Snout-vent length

HL Head length (from back of mandible to tip of snout).

HW Head _width (left side back of mandible to right side back of
mandible)

STL Snout-tympanum length (Tip of snout to front of tympanum)

MSL il\élg)uth angle-snout length (Tip of snout to end of mouth open-

NS Nostril- snout length (Distance from nostril to tip of snout)

SL Snout length

NTL Nostril tympanum length (Distance between nostril and front of
tympanum)

EN Distance from front of eyes to nostril

TEL Tympanum eye length (distance between end of eye to front of
tympanum)

TD Tympanum diameter (Maximum diameter)

MN Distance from back of mandible to nostril

MFE Distance from back of mandible to front of eye

MBE Distance from back of mandible to back of eye

IN Internarial space (Distance between 2 nostrils)

EL Egse) length (greatest diameter of the eye including upper eye-

10D Interorbital distance

UEW Maximum width of upper eyelid

HAL Hand length (from base of outer palmer tubercle to tip of third
finger)

FAL Fore arm length (from elbow to base of outer palmer tubercle)

LAL Lower arm length

HLL Hind limb length

THIGHL Thigh length

TL Tibia length

FOL Foot length (from base of inner metatarsal tubercle to tip of
fourth toe)

TFOL tI_oeer;gth of tarsus and foot (from base of tarsus to tip of fourth

3FL Third finger length

1FL First finger length

4TL Fourth toe length

IMTL Inner metatarsal tubercle length

ITL Inner toe length

TFOL

Fig. 3. Morphological parameters for measurements. See Table 2 for abbreviations.
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Table 3. Measurements of morphological parameters in male and female individuals of four types of Fejervarya frogs from Bangladesh. Data
are shown as the mean and standard deviation, followed by the range in parentheses.

Morphological Large type Medium type

Character £ n=34 (mm) J' n=26 (mm) £ n=3 (mm) ' n=4 (mm)
SVL 59.6+3.86 (50.9-60.0) 49.2+3.54 (40.0-59.6) 37.4+2.64 (34.8-42.5) 33.1 £3.62 (30.0-37.7)
HL 21.841.57 (19.3-25.3) 19.2+1.04 (16.6-21.6) 14.4+0.97 (13.4-16.0) 12.9 +1.01 (12.0-14.3)
HW 23.0+2.20 (19.2-28.1) 19.8+£1.30 (16.5-23.2) 13.9+1.24 (12.6-15.8) 12.2 £1.08 (11.2-14.0)
STL 15.4+1.28 (13.0-17.2) 13.5£0.90 (11.3-15.4) 10.3+0.78 (9.7-12.1) 9.2 +0.83 (8.5-10.6)
MSL 17.54+1.56 (14.9-20.1) 15.2+0.88 (13.5-16.9) 11.5+0.88 (10.7-13.4) 10.4 +1.07 (9.4-12.4)
NS 3.7+0.39 (3.0-4.6) 3.240.36 (2.5-4.1) 2.6+0.21 (2.3-3.0) 2.4 £0.26 (2.0-2.8)
SL 7.5+0.82 (6.0-9.0) 6.4+0.56 (5.3-7.7) 5.2+0.82 (4.4-7.1) 4.6 +0.43 (4.1-5.1)
NTL 11.9+0.86 (10.2-13.3) 10.5£1.00 (9.3-14.0) 8.2+0.73 (7.6-9.8) 7.4 +0.71 (6.5-8.3)
EN 3.9+0.40 (2.9-4.6) 3.240.28 (2.3-3.6) 2.8+0.32 (2.3-3.4) 2.2 £0.14 (2.0-2.4)
TEL 1.5+0.38 (0.7-2.1) 1.2+0.34 (0.6-2.4) 0.940.22 (0.7-1.4) 0.7 £0.12 (0.5-0.8)
TD 3.710.38 (2.8—4.3) 3.1£0.29 (2.6-3.6) 2.340.35 (1.9-3.1) 2.0 +0.14 (1.8-2.1)
MN 18.5+1.47 (16.0-20.7) 16.5+0.76 (14.6-18.0) 12.7+1.23 (11.6-15.3) 10.8 +0.98 (9.6-11.9)
MFE 15.341.51 (12.7-18.3) 13.310.62 (11.4-14.8) 10.0£0.85 (9.0-11.7) 8.97+0.95 (8.0-10.1)
MBE 9.8+1.17 (7.9-11.8) 8.310.59 (7.2-9.6) 6.0+0.63 (5.1-7.2) 4.8 +0.86 (3.6-5.7)
IN 3.9+0.50 (2.3-4.7) 3.61£0.31 (2.9-4.2) 2.940.29 (2.7-3.6) 2.7 +0.32 (2.4-3.3)
EL 7.3+£0.60 (6.1-8.4) 6.610.44 (5.3-7.4) 5.2+0.48 (4.6-5.9) 4.8 +0.42 (4.4-5.4)
10D 2.6+0.47 (1.5-3.1) 2.2+0.38 (1.5-3.0) 2.1+0.18 (1.8-2.4) 2.0 £0.13(1.9-2.2)
UEW 4.8+0.41 (3.7-5.4) 4.1+0.33 (3.4-4.7) 2.9+0.23 (2.5-3.2) 2.7 £0.27 (2.3-3.0)
HAL 11.2+1.14 (9.0-12.8) 9.3+0.79 (7.7-10.8) 7.9+1.07 (6.6-9.9) 6.9 +0.31 (6.5-7.2)
FAL 11.9+1.11 (9.7-14.2) 9.9+0.75 (8.5-11.4) 8.2+0.76 (7.2-9.6) 6.9 +0.75 (6.3-8.0)
LAL 9.0+0.86 (6.8-10.4) 7.840.57 (7.0-9.2) 6.440.34 (5.9-6.9) 4.9 +0.83(3.7-5.8)
HLL 81.5+7.38 (66.1-93) 66.6+4.31 (58.0-75.5) 57.616.22 (51.5-71.7) 49.7 14.49 (45.0-55.2)
THIGHL 24.2+2.39 (19.3-28.1) 20.3+1.46 (18.2-24) 16.7+2.06 (14.7—20.9) 14.7 £1.71 (12.5-17.3)
TL 26.0+2.70 (19.9-30.0) 21.2+1.60 (18.2-24) 18.6+1.60 (17.4-22.3) 15.9 +1.36 (14.3-17.6)
FOL 25.1£2.99 (19.2-30.8) 20.8+1.92 (17.4-24.5) 18.5+1.66 (16.9-22.0) 16.1 +1.30 (14.6-17.5)
TFOL 37.1+£3.79 (29.0-43.6) 29.8+2.40 (25.4-34.1) 26.5+2.82 (23.9-32.4) 22.5 +2.19 (20.0-25.0)
3FL 6.9+0.70 (5.8-8.2) 5.6+0.48 (4.7-6.5) 4.710.40 (4.3-5.5) 4.1 +0.40 (3.5-4.5)
1FL 6.7£1.12 (5.1-8.8) 5.7+0.79 (3.6-6.8) 4.310.45 (3.6-5.2) 3.7 +0.39 (3.2-4.2)
4TL 16.5+2.18 (12.5-20.5) 13.4+1.30 (9.5-16.7) 12.7£1.39 (11.4-15.6) 11.18+1.18 (9.8-12.5)
IMTL 3.2+0.48 (2.2-4.1) 2.6+0.26 (2.2-3.1) 1.8+0.29 (1.5-2.3) 1.4 +0.18 (1.3-1.7)
ITL 4.7+0.79 (3.1-6.2) 4.1+0.57 (2.6-5.0) 3.8+0.69 (2.6-5.0) 3.7 +0.71 (2.7-4.7)
Continued

Morphological Small type Mangrove type

Character £ n=21 (mm) & n=9 (mm) £ n=6 (mm) o' n=7 (mm)
SVL 43.9+0.28 (43.7-44.1) 34.1+1.76 (32.5-36.0) 70.4+12.95(46.6-83.6) 54.5+5.40(46.6—60.6)
HL 16.410.64 (15.9-16.8) 13.640.50 (13.1-14.1) 28.2+3.89(15.8-26.2) 18.341.48(16.6-20.0)
HW 15.640.64 (15.1-16.0) 12.5+0.81 (11.8-13.4) 24.8+4.65(15.8-28.2) 18.441.6(15.8-20.9)
STL 12.7+£0.21 (12.5-12.8) 10.1£0.35 (9.9-10.5) 18.3+3.62(11.7-21.4) 14.5+1.26(12.1-15.5)
MSL 14.7+£0.42 (14.4-15) 11.8+£0.17 (11.7-12.0) 19.5+4.15(12.8-25.0) 16.7+1.65(14.2-19.2)
NS 3.0+0.21 (2.8-3.1) 2.6+0.00 (2.6-2.6) 3.740.63(2.7-4.3) 3.740.43(3.1-4.1)

SL 6.4+0.21 (6.2-6.5) 5.440.21 (5.2-5.6) 9.6+1.84(6.7-12.3) 7.7+0.78(6.7-8.7)
NTL 9.5+0.00 (9.5-9.5) 7.31£0.35 (7.0-7.7) 15.1+2.20(11.0-16.8) 12.2+0.90(11.0-13.4)
EN 2.710.35 (2.4-2.9) 2.2+0.36 (1.8-2.5) 6.6+1.25(4.5-8.0) 5.910.91(5.3-7.9)
TEL 1.240.07 (1.1-1.2) 0.74+0.17 (0.6-0.9) 3.5+0.60(2.5-4.0) 2.610.29(2.2-2.9)

TD 3.1+0.21 (2.9-3.2) 2.8+0.10 (2.7-2.9) 4.7+0.89( 3.3-5.8) 4.1+0.47(3.3-4.6)

MN 14.31£0.49 (13.9-14.6) 12.24£0.89 (11.5-13.2) 21.5+3.87(14.9-24.8) 18.1+£2.11(14.9-20.5)
MFE 11.1£0.85 (10.5-11.7) 9.5+0.66 (8.9-10.2) 16.613.35(11.2-19.6) 13.8+1.64(11.2-15.8)
MBE 6.0+0.28 (5.8-6.2) 5.3+0.81 (4.4-5.9) 10.242.23(7.2-12.7) 8.0+1.26(6.3-9.4)

IN 3.6+0.21 (3.4-3.7) 3.1+0.06 (3.0-3.1) 4.3+0.64(3.2-5.1) 3.610.24(3.2-4.0)

EL 5.8+0.35 (5.5-6.0) 5.2+0.10 (5.1-5.3) 6.9+1.10(4.7-7.8) 6.5+0.95(4.7-9.5)
10D 1.7+0.00 (1.7-1.7) 1.74£0.15 (1.6-1.9) 4.5+0.86(3.0-5.3) 3.31£0.55(2.3-4.0)
UEW 3.2+0.00 (3.2-3.2) 3.0+0.10 (2.9-3.1) 4.2+0.66(3.0-5.0) 4.3+0.61(3.5-5.1)
HAL 10.1£0.14 (10.0-10.2) 8.5+0.50 (8.0-9.0) 14.5+2.25(10.5-16.9) 11.840.93(10.5-13.0)
FAL 8.0+0.21 (7.8-8.1) 7.1£0.17 (7.0-7.3) 15.9+2.38(11.2-17.8) 13.4+1.65(11.2-15.3)
LAL 6.4+0.21 (6.2-6.5) 5.5+0.21 (5.3-5.7) 18.1+3.53(12.5-22.0) 15.8+2.57(12.4-19.4)
HLL 77.1£0.78 (76.5-77.6) 52.6+2.13 (50.7-54.9) 97.7+18.95(64.0-113.7) 77.2+7.29(64.0-85.9)
THIGHL 21.841.84 (20.5-23.1) 16.5+0.49 (16.2-17.1) 29.4+6.11(18.1-33.7) 23.3+2.21(20.1-25.7)
TL 24.8+0.07 (24.7-24.8) 17.9+1.61 (16.6-19.7) 32.5+7.16(21.8—40.8) 25.1+1.74(21.8-27.3)
FOL 25.5+0.64 (25.0-25.9) 16.0£1.47 (14.4-17.3) 34.417.44(21.4—-40.6) 25.5+3.41(21.4-29.5)
TFOL 34.4+0.85 (33.8-35.0) 23.9+0.61 (23.5-24.6) 51.1+10.49(32.4-60.4) 36.314.40(30.2-41.4)
3FL 5.5+0.35 (5.2-5.7) 4.9+0.26 (4.6-5.1) 8.8+1.94(5.6-11.1) 7.310.71(6.4-8.3)
1FL 5.2+0.42 (4.9-5.5) 3.310.11 (3.2-3.4) 8.5+2.40(5.0-10.6) 6.0£0.68(5.0-7.2)
4TL 18.3+0.35 (18.0-18.5 11.0£1.66 (9.3-12.6) 23.0+3.40(16.5-26.1) 19.1+£1.96(15.9-21.3)
IMTL 4.610.07 (4.5-4.6) 2.9+0.25 (2.6-3.1) 4.1+0.68(3.0-4.7) 3.2+0.24(3.0-3.5)

ITL 2.2+0.00 (2.2-2.2) 2.0+0.06 (1.9-2.0) 7.6+1.11(5.3-8.1) 7.0+1.31(5.6-8.9)
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Table 4. Comparisons among adult males of four types of Fejervarya frogs from Bangladesh by Dunn’s multiple comparision test. For each
entry, differences in mean measurement values are in the upper row and critical values are in the lower row.

Large-Small Large-Medium Large-Mangrove Small-Medium Small-Mangrove Medium-Mangrove
SVL 18.854 15.064 -5.331 -3.790 —24.186 —20.395
4.768 ** 6.927 ** 4.768 ** 7.946 6.155 ** 7.946 **
HL 6.871 5.638 0.957 -1.233 -5.914 -4.681
1.444 ** 2.099 ** 1.444 2.407 1.865 ** 2.407 **
HW 8.349 7.330 1.420 -1.019 —6.929 -5.910
1.743 ** 2.532 ** 1.743 2.905 2.250 ** 2.905 **
STL 4.660 3.446 -0.911 -1.214 -5.571 -4.357
1.219 ** 1.771 * 1.219 2.031 1.573 ** 2.031**
MSL 5.706 3.577 -1.351 -2.129 -7.057 -4.929
1.413* 2.052 ** 1.413* 2.354 * 1.824 ** 2.354 **
NS 0.971 0.557 -0.514 -0.414 —1.486 -1.071
0.461 ** 0.670 * 0.461 ** 0.769 0.596 ** 0.769 **
SL 1.891 1.168 -1.209 -0.724 -3.100 -2.376
0.841 ** 1.223* 0.841 ** 1.402 1.086 ** 1.402 **
NTL 3.597 3.250 -1.660 -0.348 -5.257 -4.910
1.235 ** 1.795 ** 1.235 ** 2.059 1.595 ** 2.059 **
EN 0.831 1.131 —2.554 0.300 -3.386 -3.686
0.649 ** 0.943 ** 0.649 ** 1.082 0.838 ** 1.082 **
TEL 0.477 0.606 -1.266 0.129 -1.743 -1.871
0.498 * 0.724 * 0.498 ** 0.831 0.644 ** 0.831 **
TD 1.371 0.329 -0.971 -1.043 —2.343 -1.300
0.423 ** 0.614 0.423 ** 0.705 ** 0.546 ** 0.705 **
MN 6.186 4.329 -1.629 -1.857 -7.814 -5.957
1.411* 2.051 ** 1.411* 2.352 1.822 ** 2.352 **
MFE 5.043 3.814 -0.471 -1.229 -5.514 -4.286
1.116 ** 1.621 ** 1.116 1.860 1.441 ** 1.860 **
MBE 3.629 3.024 0.357 —-0.605 -3.271 —2.667
1.014 ** 1.474 ** 1.014 1.690 1.309 ** 1.690 **
IN 0.980 0.542 0.051 —-0.438 —-0.929 —-0.490
0.376 ** 0.546 * 0.376 0.627 0.485 ** 0.627
EL 2.169 1.383 0.040 -0.786 -2.129 -1.343
0.699 ** 1.016 ** 0.699 1.166 0.903 ** 1.166 **
10D 0.177 0.530 -1.066 0.352 —1.243 -1.595
0.624 0.906 0.624 ** 1.039 0.805 ** 1.039 **
UEW 1.557 1.143 —-0.200 -0.414 -1.757 -1.343
0.482 ** 0.701 ** 0.482 0.804 0.623 ** 0.804 **
HAL 2.551 0.942 -2.349 -1.610 —4.900 -3.290
1.097 ** 1.593 1.097 ** 1.828 * 1.416 ** 1.828 **
FAL 3.357 2.857 -3.400 —0.500 -6.757 -6.257
1.188 ** 1.726 ** 1.188 ** 1.980 1.533 ** 1.980 **
LAL 2.874 2.341 -7.940 -0.533 -10.814 -10.281
1.501 ** 2.180 ** 1.501 ** 2.501 1.937 ** 2.501 **
HLL 20.680 14.723 -9.849 -5.957 -30.529 —24.571
6.897 ** 10.021 ** 6.897 ** 11.495 8.904 ** 11.495 **
THIGHL 6.580 3.990 -2.791 -2.590 -9.371 —-6.781
2.083 ** 3.026 ** 2.083 ** 3.471 2.689 ** 3.471*
TL 6.046 3.603 -3.569 —2.443 -9.614 7171
2.395 ** 3.480 ** 2.395 ** 3.992 3.092 ** 3.992 **
FOL 5.520 4.991 -4.523 -0.529 -10.043 -9.514
2.937 ** 4.267 ** 2.937 ** 4.895 3.791 ** 4.895 **
TFOL 8.517 6.260 -6.140 -2.257 -14.657 -12.400
3.898 ** 5.664 ** 3.898 ** 6.497 5.032 ** 6.497 **
3FL 1.617 0.817 -1.554 -0.800 -3.171 -2.371
0.712* 1.034 0.712* 1.187 0.919 ** 1.187 **
1FL 2.217 2.479 -0.297 0.262 -2.514 -2.776
0.996 ** 1.447 ** 0.996 1.659 1.285 ** 1.659 **
4TL 2.709 2.604 -5.520 -0.105 -8.229 -8.124
2.030 ** 2.950 * 2.030 ** 3.384 2.621 ** 3.384 **
IMTL 1.183 0.673 -0.589 -0.510 -1.771 -1.262
0.337 ** 0.489 ** 0.337 ** 0.561 * 0.435 ** 0.561 **
ITL 1.109 1.256 -2.906 0.148 -4.014 -4.162
1.008 ** 1.465 * 1.008 ** 1.680 1.301 ** 1.680 **

*significance level p < 0.05; ** significance level p < 0.01.
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Table 5. Comparisons among adult females of four types of Fejervarya frogs from Bangladesh by Dunn’s multiple comparision test. For each
entry, differences in mean measurement values are in the upper row and critical values are in the lower row.

Large-Small Large-Medium Large-Mangrove Small-Medium Small-Mangrove Medium-Mangrove
SVL 23.468 18.102 -11.356 -5.366 —34.824 —29.458
6.720 ** 10.035 ** 8.462 ** 10.909 9.482 ** 12.060 **
HL 7.426 6.110 -1.432 -1.316 —8.858 —7.542
2.195 ** 3.278 ** 2.764 3.564 3.098 ** 3.940 **
HW 9.616 7.837 -1.905 -1.780 -11.521 -9.742
2.801 ** 4183 * 3.528 4.548 3.953 ** 5.028 **
STL 1.276 4.985 0.894 3.709 —-0.382 —4.091
1.863 2.782 * 1.863 3.024 ** 2.208 3.024 **
MSL 19.601 10.496 28.196 -9.105 8.595 17.700
4.382 ** 6.544 ** 5.518 ** 7114 * 6.184 ** 7.865 **
NS 2.615 1.415 5.849 —1.200 3.233 4.433
0.956 ** 1.427 * 1.203 ** 1.551 1.348 ** 1.7156**
SL 10.736 7.277 19.310 —3.459 8.574 12.033
3.145** 4.697 ** 3.961 ** 5.106 4.438 ** 5.645 **
NTL 3.734 2.740 -3.285 —0.993 -7.018 —6.025
1.225 ** 1.829 ** 1.542 ** 1.988 1.728 ** 2.198 **
EN 0.953 0.958 —2.676 0.005 —-3.629 -3.633
0.694 ** 1.036 * 0.873 ** 1.126 0.979 ** 1.245 **
TEL 0.451 0.169 -1.914 —-0.282 —2.365 —2.083
0.501 * 0.749 0.631 ** 0.814 0.707 ** 0.900 **
TD 1.369 0.873 —1.044 —0.495 —-2.412 -1.917
0.565 ** 0.844 ** 0.712 ** 0.918 0.798 ** 1.015**
MN 6.141 5.823 -3.077 -0.318 -9.218 —8.900
2178 ** 3.253 ** 2.743 ** 3.536 3.074 ** 3.910 **
MFE 5.571 4.235 -1.382 -1.336 —6.953 -5.617
1.955 ** 2.919* 2.462 3.173 2.758 ** 3.508 **
MBE 3.845 3.504 -0.413 —0.341 —4.258 -3.917
1.404 ** 2.097 ** 1.768 2.280 1.982 ** 2.520 **
IN 1.071 0.483 -0.376 —0.589 —1.447 —0.858
0.526 ** 0.785 0.662 0.853 0.742 ** 0.943*
EL 2.448 2.012 0.362 —0.436 —2.086 —-1.650
0.802 ** 1.197 ** 1.010 1.302 1.131 * 1.439 **
10D 0.266 0.638 -1.862 0.373 -2.127 —2.500
0.668 0.998 0.841 ** 1.085 0.943 ** 1.199 **
UEW 1.823 1.450 0.600 -0.373 -1.223 —0.850
0.476 ** 0.711 * 0.600 ** 0.773 0.672 ** 0.855 *
HAL 3.356 1.944 -3.381 -1.411 —6.736 -5.325
1.481 ** 2211~ 1.865 ** 2.404 2.089 ** 2.658 **
FLL 4.014 3.698 —4.044 -0.316 —8.058 —7.742
1.467 ** 2.190 ** 1.847 ** 2.381 2.070 ** 2.632 **
LAL 2.651 2.494 —9.064 -0.157 -11.715 -11.558
1.652 ** 2.467 ** 2.080 ** 2.682 2.331 * 2.965 **
HLL 25.790 11.383 -16.726 —14.407 —42.515 —28.108
10.940 ** 16.336 13.775 ** 17.759 15.436 ** 19.633 **
THIGHL 7.672 4.202 -5.290 -3.470 -12.962 -9.492
3.539 ** 5.284 4.456 ** 5.744 4.993 ** 6.351 **
TL 7.976 3.935 —6.599 —4.041 —14.574 -10.533
4.012* 5.991 5.052 ** 6.512 5.661 ** 7.200 **
FOL 7.286 2.250 —-9.383 -5.036 -16.670 -11.633
4214 * 6.292 5.306 ** 6.840 5.946 ** 7.562 **
TFOL 11.541 5.300 —14.267 —6.241 —25.808 -19.567
5.652 ** 8.440 7118 ** 9.176 7.976 ** 10.144 **
3FL 2.103 1.583 -1.926 —-0.520 —4.029 -3.508
1.061 ** 1.585* 1.336 ** 1.723 1.498 ** 1.905 **
1FL 2.356 1.940 —-1.801 -0.416 —4.158 -3.742
1.340 ** 2.001* 1.687 ** 2.175 1.891 ** 2.405 **
4TL 4.078 —0.454 —6.354 —4.532 -10.432 -5.900
2.481* 3.705 3.124 ** 4.028 ** 3.501 ** 4.453 **
IMTL 1.367 0.908 —0.909 —0.459 —2.276 -1.817
0.522 ** 0.780 ** 0.658 ** 0.848 0.737 ** 0.937 **
ITL 1.105 0.448 -2.827 —-0.657 -3.932 -3.275
0.921 ** 1.376 1.160 ** 1.496 1.300 ** 1.653 **

*significance level p < 0.05; ** significance level p < 0.01.
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Molecular methods and phylogenetic analyses

In total, 136 frogs comprising 82 of the large type, 10 of the
medium type, 39 of the small type, and five of the mangrove type
were used for molecular work (Table 1, Fig. 1). The frogs were col-
lected from 14 populations in Bangladesh (Fig. 2).

Total genomic DNA was extracted from clipped toe tips by
using a DNA extraction kit (DNeasy Tissue Kit, QIAGEN) according
to the manufacturer’s instructions. Extracted DNA was used for
amplification by polymerase chain reaction (PCR) of fragments (516
bp, 807 bp and 516 bp, respectively) of the 16S rRNA, 12S rRNA,
and Cyt b genes. These segments correspond to sites 3780 to
4179, 1908 to 2722, and 16671 to 16812, respectively, in the com-
plete mtDNA sequence of F. limnocharis (Liu et al., 2005). Primers
used for amplifications were F51 and R51 (Sumida et al., 2002) for
16S; FS01, R16, and RFR 60 (Sumida et al., 2002) for 12S; and
Fow 1-1 (Sano et al., 2005), Rev 1-1, and Rev-1 (Kurabayashi et
al., unpublished) for Cyt b. The PCR mixture was prepared by using
a TaKaRa Ex Tagq Kit as recommended by the manufacturer. PCR
conditions were 35 cycles of [10 sec at 98°C; 30 sec at 47.5°C (10
cycles), 45°C (10 cycles), and 42.5°C (15 cycles); and 1 min 20 sec
at 72°C]. PCR products were purified by ethanol precipitation, and
both strands were directly sequenced by using the Big Dye
Terminator Cycle Sequencing Kit (ABI) and a 3100-Avant
automated DNA sequencer (ABI). The resultant sequences were
deposited in the DDBJ database under accession nos. AB372009—
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Fig. 4. Plot of principal component 1 (PC1) versus principal com-
ponent 2 (PC2) from the principal component analysis of four
Fejervarya types in Bangladesh. (A) Males. (B) Females.

AB372018 for 16S, AB372019 and AB372072—-AB372084 for 12S,
and AB372046-AB372071 for Cyt b (Table 9).

Nucleotide sequences were aligned with ClustalW (Thompson
et al., 1994), and ambiguous sites were manually eliminated. Based
on the aligned data, phylogenetic analyses were performed with the
maximum likelihood (ML), maximum parsimony (MP), and neighbor-
joining (NJ) methods implemented in PAUP Version 4.10b
(Swofford, 2002). For each frog type and each gene, sequences
with at least one nucleotide change were considered to be different
haplotypes and were included in the analyses. In all cases,
Limnonectes fujianensis (Liu et al., 2005) was used as the out-
group. For the ML and NJ analyses, best-fit substitution models
were chosen by using the Akaike information criterion implemented
in MODEL TEST Ver 3.06 (Posada and Crandall, 1998). Support for
the resulting trees was evaluated by calculating bootstrap probabil-
ities (BP). BP values were calculated from 100 replicates for ML
and 1000 replicates for MP and NJ analyses. A 16S ML analysis
was also performed using the present sequences and the
sequences from Asian Fejervarya species available from the DDBJ/
GenBank database (Appendix). In this case, 396 base-pair posi-
tions were alignable and were used in the analysis. Sequence diver-

Table 6. Factor loading on the first two principal components
extracted from a correlation matrix of 31 morphological parameters
for male and female individuals of Fejervarya frogs from Bangladesh.

Male Female
Character
PC1 PC2 PC1 PC2

SVL -0.196 0.113 -0.201 0.060
HL -0.177 0.245 -0.195 0.124
HW -0.170 0.266 -0.193 0.128
STL -0.195 0.133 —-0.201 0.037
MSL -0.197 0.099 —0.042 0.425
NS -0.172 0.034 0.010 0.434
SL -0.189 -0.018 -0.018 0.425
NTL -0.194 0.031 -0.203 -0.025
EN -0.154 -0.307 -0.172 -0.200
TEL -0.145 -0.255 -0.160 -0.240
TD -0.187 -0.053 -0.193 0.013
MN -0.198 0.103 -0.197 0.054
MFE —0.187 0.194 —0.195 0.114
MBE -0.167 0.248 -0.184 0.141
IN -0.161 0.227 -0.182 0.091
EL -0.175 0.241 -0.168 0.214
10D -0.125 -0.314 -0.152 -0.237
UEW -0.182 0.169 —0.152 0.252
HAL -0.190 -0.120 -0.200 -0.040
FAL -0.188 -0.125 -0.198 -0.039
LAL -0.161 -0.287 -0.177 -0.215
HLL -0.201 -0.006 —-0.201 0.022
THIGHL -0.195 0.022 -0.197 0.016
TL -0.198 -0.037 -0.200 -0.009
FOL -0.187 -0.112 -0.196 -0.072
TFOL -0.191 -0.100 -0.200 -0.070
3FL -0.177 -0.128 -0.200 -0.024
1FL -0.169 0.096 -0.196 0.003
4TL -0.168 —0.275 -0.185 -0.113
IMTL -0.190 -0.031 —-0.200 0.017
ITL -0.156 —0.279 -0.170 -0.177
Eigen values 23.312 3.319 23.587 5.000
Varience explained (%) 75.200 10.710 76.090 16.130

Cumulative explained (%) 75.200 85.910 76.090 92.210
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gence was calculated among the different types of Fejervarya from
Bangladesh and the outgroup, at different taxonomic levels.

RESULTS

Morphometry

All measurement data on the four types of Fejervarya
from Bangladesh are shown in Table 3. Comparisons for
male and female adults are shown in Tables 4 and 5,
respectively. In comparisons among the types based on the
Dunn’s multiple comparison test, the large and medium
types differed significantly (at the 1% level) for 21 para-
meters in males and 16 parameters in females; the large
and small types showed significant differences for 29

parameters in males and 28 in females; the large and man-
grove types showed significant differences for 21 parame-
ters in males and 24 in females; the medium and mangrove
types showed significant differences for 30 parameters in
males and 29 in females; and the small and mangrove types
showed differences for all 31 parameters in males and 30 in
females. In contrast, the medium and small types showed
differences for only one parameter in males and three in
females (Tables 4, 5).

A principal component analysis (PCA) based on the 31
morphometric parameters showed clear differentiation
among the four types for both males and females, although
the small and medium types were comparatively close (Fig.

Table 7. Developmental capacity of hybrid and control offspring from crosses among Fejervarya frogs from Bangladesh. BD, Bangladesh; L,

large type; M, medium type; S, small type; C, mangrove type.

Parents No. of  No. of normally No. of normal No. of normally No. of normally  No. of 30-day-old No. of
eggs cleaved eggs  tail-bud embryos hatched tadpoles feeding tadpoles tadpoles metamorphos-ed
Female Male (%) (%) (%) (%) (%) frogs (%)
BD(L)1 BD(L)1 130 125 (96.2) 119 (91.5) 116 (89.2) 107 (82.3) 107 (82.3) 105 (80.8)
BD(L)2 BD(L)1 36 32 (88.9) 26 (72.2) 26 (72.2) 26 (72.2) 25 (69.4) 25 (69.4)
BD(L)3 BD (L)1 46 40 (87.0) 37 (80.4) 36 (78.3) 36 (78.3) 32 (69.6) 32 (69.6)
BD(L)5 BD()2 379 368 (97.1) 362 (95.5) 356 (93.9) 352 (92.9) 349 (92.1) 349 (92.1)
BD(L)6 BD(L)3 335 301 (89.8) 301 (89.8) 296 (88.3) 225 (67.2) 221 (66.0) 221 (66.0)
BD(L)7 BD(L)5 717 683 (95.3) 420 (58.6) 361 (50.3) 337 (47.0) 321 (44.8) 272 (37.9)
BD(L)8 BD(L)4 281 238 (84.7) 231 (82.2) 231 (82.2) 227 (80.8) 201 (71.5) 151 (53.7)
Total 1924 1787 (92.9) 1496 (77.8) 1422 (73.9) 1310 (68.1) 1256 (65.3) 1155 (60.0)
BD(L)1 BD(S)1 165 120 (72.7) 30 (18.2) 0(0)
BD(L)2 BD(S)1 204 162 (79.4) 58 (28.4) 0(0)
BD(L)3 BD(S)1 200 180 (90.0) 62 (31.0) 0(0)
BD(L)5 BD(S)2 149 121 (81.2) 33 (22.1) 0(0)
BD(L)7 BD(S)6 660 591 (89.5) 30 (4.5) 0(0)
Total 1378 1174 (85.2) 213 (15.5) 0(0)
BD(L)1 BDM)1 93 68 (73.1) 48 (51.6) 0(0)
BD(L)2 BDM)1 102 70 (68.6) 46 (45.1) 0(0)
BD(L)3 BDM)1 112 103 (92.0) 77 (68.8) 8(7.1) 0(0)
BD(L)6 BD(M)2 158 14 (8.9) 3(1.9) 0(0)
Total 365 255 (69.9) 174 (47.7) 8(2.2) 0(0)
BD (L)8 BD (C) 181 0 (0)
BD(S)1 BD(L)1 24 23 (95.8) 0(0) 0(0)
BD(S)4 BD(L)2 178 165 (92.7) 0(0)
BD(S)5 BD ()2 188 179 (91.9) 1(0.5) 0(0)
BD(S)7 BD(L)4 304 270 (88.8) 13 (4.3) 2(0.7)
BD(S)6 BD(L)4 259 229 (88.4) 7 (2.7) 0(0)
Total 953 866 (90.9) 21 (2.2) 2(0.2) 0(0)
BD(S)1 BD(M)2 62 6 (90.0) 52 (83.9) 52 (83.9) 44 (71.0) 38 (61.3) 35 (56.5)
BD(S)3 BD(M)2 28 8 (64.3) 13 (46.4) 13 (46.4) 6 (21.4) 6 (21.4) 5(17.9)
BD(S)4 BD(M)2 159 120 (75.5) 14 (8.8) 14 (8.8) 14 (8.8) 13 (8.2) 10 (6.3)
BD(S)5 BD(M)2 258 246 (95.3) 47 (18.2) 31 (12.0) 24 (9.3) 7 (6.6) 17 (6.6)
BD(S)6 BD (M)2 374 359 (96.0) 9 (15.8) 25 (6.7) 19 (5.1) 1(2.9) 7(1.9)
Total 881 799 (90.7) 185 (21.0) 135 (15.3) 107 (12.1) 5 (9.6) 74 (8.4)
BD(S)1 BD(S)1 28 1(75.0) 16 (57.1) 14 (50.0) 13 (46.4) 1(39.2) 3(10.7)
BD(S)4 BD(S)2 89 78 (87.6) 73 (82.0) 70 (78.7) 67 (75.3) 62 (69.7) 59 (66.3)
BD(S)5 BD(S)2 188 179 (95.2) 174 (92.6) 169 (89.9) 160 (85.1) 153 (81.4) 117 (62.2)
BD(S)7 BD(S)6 284 281 (98.9) 129 (45.4) 109 (38.4) 81 (28.5) 68 (23.9) 54 (19.0)
Total 589 559 (94.9) 392 (66.6) 362 (61.4) 321 (54.5) 294 (49.9) 233 (39.6)
BD(M)1 BD(L)3 82 32 (39.0) 1(1.2) 0(0)
BD(M)2 BD ()6 158 14 (8.9) 3(1.9) 0 (0)
Total 240 46 (19.2) 4(1.7) 0(0)
BD(M)2 BD(S)1 28 10 (35.7) 3(10.7) 3(10.7) 3(10.7) 2(7.1) 1(3.6)
BD(M)2 BD(S)4 241 214 (88.8) 148 (61.4) 129 (53.5) 85 (35.3) 47 (19.5) 44 (18.3)
Total 269 224 (83.3) 151 (56.1) 132 (49.1) 88 (32.7) 49 (18.2) 45 (16.7)
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4; Table 6). Two components extracted with eigenvalues
greater than 1 explained 75.20% and 76.09% (first com-
ponent) and 10.71% and 16.13% (second component) of all
morphometric variation in males and females, respectively
(Table 6). For the first component, almost all the variables
showed similar negative loading, except for MSL, NS, and
SL in females (Table 6). For the second component, EN and
IOD (negative) in males, and MSL, NS, and SL (positive),
showed relatively large loading (Table 6).

We also found several external differences among the
four types (Fig. 1). The mature mangrove type was the
largest in size, followed by the large, medium, and small
types. The body of the mangrove type was exceptionally
smooth compared to the rough body of the other types. The
short ridges on the dorsum were longest in the large type,
moderately long in the medium type, dot-shaped in the small
type, and lacking in the mangrove type. The snout was most

pointed in the medium type, moderately pointed in the large
type, but rounded in the small and mangrove types. Body
color also differed among the four types. The large type was
grayish, with irregular black stripes dorsally, especially in the
leg, hand, and mouth regions, and a median stripe was
absent in some cases and narrow where present; the
medium type was brownish to grayish, with yellow and black
spots, and in most cases had a broad, prominent median
stripe; the small type was grayish to brownish, with irregular
black spots; and the mangrove type was pale brown, with
irregular black spots and no median stripe.

Crossing experiments

The results of crossing experiments conducted among
the four Fejervarya types and other Asian Fejervarya are
shown in Tables 7 and 8. The developmental capacity of
hybrids and controls is shown in Figs. 5 and 6, and that of

Table 8. Developmental capacity of hybrid and control offspring from crosses among Fejervarya frogs from Bangladesh and other Asian
countries. BD, Bangladesh; L, large type; M, medium type; S, small type; Thai, Thailand; Malay, Malaysia; U, University of Malaya Campus; K,

Kota Kinabalu.

Parents No. of  No. of normally No. of normal No. of normally No. of normally  No. of 30-day-old No. of
eggs cleaved eggs tail-bud embryos hatched tadpoles feeding tadpoles tadpoles metamorph-osed
Female Male (%) (%) (%) (%) (%) frogs (%)
BD (L)1  Japan.1 112 89 (79.5) 83 (74.1) 79 (70.5) 68 (60.7) 49 (43.8) 0(0)
BD (L)2 Japan.i 83 65 (78.3) 58 (69.9) 49 (59.0) 47 (56.6) 2(24) 0(0)
BD (L) 3 Japan.i 77 72 (93.5) 67 (87.0) 64 (83.1) 7 (74.0) 20 (26.0) 0(0)
BD (L) 7 Japan.2 228 186 (81.6) 39 (17.1) 31 (13.6) 2 (9.7) 17 (7.5) 2(1)
BD (L) 7 Japan.3 1150 860 (74.8) 272 (23.7) 219 (19.0) 208 (18.1) 169 (14.7) 20 (1.7)
Total 1650 1272 (77) 519 (31.5) 442 (26.8) 402 (24.3) 257 (15.6) 22 (1.3)
BD (L)1  Thai (L) 138 131 (94.9) 129 (93.5) 127 (92.0) 125 (90.6) 122 (88.4) 120 (87.0)
BD (L)2 Thai (L) 111 105 (94.6) 96 (86.5) 99 (89.2) 8 (88.3) 93 (83.8) 92 (82.9)
BD (L) 3 Thai(L) 86 80 (93.0) 73 (84.9) 73 (84.9) 72 (83.7) 68 (79.1) 68 (79.1)
Total 335 316 (93.3) 298 (89.2) 299 (89.2) 295 (88.1) 283 (84.5) 280 (83.6)
BD (L)1  Malay (K) 37 32 (86.5) 29 (78.4) 28 (75.7) 8 (75.7) 25 (67.6) 19 (51.4)
BD (L)2 Malay (K) 74 70 (94.6) 62 (83.8) 62 (83.8) 7 (77.0) 51 (68.9) 36 (48.6)
BD (L) 3 Malay (K) 92 85 (92.4) 80 (87.0) 68 (73.9) 64 (69.6) 48 (52.2) 28 (30.4)
Total 203 187 (92.1) 171 (84.2) 158 (77.8) 149 (73.4) 124 (61.1) 83 (40.9)
BD (L) 7 Malay (U) 628 600 (95.5) 348 (55.4) 195 (31.1) 188 (29.9) 171 (27.2) 7(1.1)
BD (L) 6 F.iskandarii 394 331 (84.0) 262 (66.5) 209 (53.0) 128 (32.5) 121 (30.7) 110 (27.9)
BD (L)5  Srilanka.1 159 138 (86.8) 1(6.9) 2(1.3) 0 (0) 0(0) 0(0)
BD (M)2 Japan. 4 180 9 (5.0) 2(1.1) 0(0) - - -
BD (M)2 Malay(U) 200 2(1.0) 0(0) - - - -
BD (M)2 F. iskandari.d 57 4(7.0) 0(0) - - - -
BD (M) 2 India.2 209 157 (75.1) 78 (37.3) 76 (36.3) 9 (28.2) 52 (24.9) 47 (22.5)
BD (S)4  SrilLanka.1 201 188 (93.5) 181 (90.0) 177 (88.1) 152 (75.6) 134 (66.7) 97 (48.3)
BD (S)5  SrilLanka.1 132 120 (90.9) 115 (87.1) 113 (85.6) 112 (84.8) 110 (83.3) 106 (80.3)
Total 333 308 (92.5) 296 (88.9) 290 (87.1) 264 (79.3) 244 (73.3) 203 (61.0)
India.1 India.1 492 485 (98.6) 447 (90.9) 426 (86.6) 340 (69.1) 335 (68.1) 333 (67.7)
India.1 BD (S) 3 478 438 (91.6) 382 (79.9) 372 (77.8) 316 (66.1) 304 (63 6) 265 (55.4)
Thai (L) Thai (L) 231 205 (88.7) 189 (81.8) 158 (68.4) 83 (35.9) 2 (25.4)
Thai (L) BD (L) 1 226 165 (73.0) 142 (62.8) 119 (52.7) 72 (31.9) * (31 0)
Thai(S) BD(M)2 102 100 (98.0) 0(0) - - -
Thai(S) BD(L)8 91 72 (79.1) 0(0) - - - -
Thai (S) BD(S)6 121 115 (95.0) 0(0) - = = =
Malay (U) Malay (U) 355 315 (88.7) 185 (52.1) 172 (48.5) 135 (38.0) 128 (36.1) 126 (35.5)
Malay (U) BD (L) 9 290 282 (97.2) 179 (61.7) 173 (59.7) 144 (50.0) 115 (40.0) 11 (3.7)
Malay (U) BD (S) 7 282 4(1.4) 0 (0) - -
Japan.1  Japan 1 123 111 (90.0) 101 (82.1) (76 4) 86 (69.9) * 83 (67.5)
Japan.1 BD (L)1 180 168 (93.3) 158 (87.8) 156 (86.7) 154 (85.6) * 23 (12.8)
Japan.3 BD(S) 1 273 270 (98.9) 242 (88.6) 1(33.3) 2(0.7) 0 (0) -
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tadpoles of hybrids and controls at various developmental
stages is shown in Fig. 7. The crossing results indicated that
the Bangladesh large-type female was completely isolated
from the mangrove type male by gametic isolation, i.e., no
fertilization occurred in this cross (Table 7, Fig. 5). In recip-
rocal hybrids between the Bangladesh large and medium
types, isolation was by complete hybrid inviability at the
embryonic stage (Table 7; Figs. 5, 7). Similar results were
found in reciprocal hybrids between the Bangladesh large
and small types (Table 7: Figs. 5, 7). The Bangladesh small
type was not isolated from the medium type by hybrid invi-
ability (Table 7 and Fig. 5), but instead by complete hybrid
sterility due to a very high degree of abnormality in sper-
matogenesis and also by the absence of sperm with normal
motility (our preliminary data) (Fig. 13).

In crosses between the four types from Bangladesh and
other Asian Fejervarya, the Bangladesh large type produced
viable hybrids with the Thailand large type from Bangkok,
with Malaysian frogs from Kota Kinabalu, and with F.
iskandari from Indonesia; it was completely isolated from Sri
Lankan frogs by complete hybrid inviability at the embryonic
stage, and from Japanese frogs from Hiroshima and Malay-
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sian frogs from Kuala Lumpur by incomplete hybrid invi-
ability at the tadpole stage (Table 8, Figs. 5-7). Reciprocal
hybrids between the Bangladesh large type and Thailand
large type also showed normal viability, whereas those
between the Bangladesh large type and both Japanese
frogs and Malaysian frogs from Kuala Lumpur showed
incomplete hybrid inviability at the tadpole stage. Hybrids
between the Bangladesh large type and Thailand small type
showed complete hybrid inviability at the embryonic stage
(Table 8, Figs. 5-7).

The Bangladesh medium type produced viable hybrids
only with a frog from India, but not with Malaysian frogs from
Kuala Lumpur, Japanese frogs, the Thailand small type, or
F. iskandari (Table 8; Figs. 5, 6). The Bangladesh small type
produced viable hybrids with the Sri Lankan and Indian
frogs, but was completely isolated from Malaysian frogs
from Kuala Lumpur by hybrid inviability at the embryonic
stage (Table 8).

Haplotypes and sequence divergence

The concatenated data set used in our analyses was
1839 base pairs long and consisted of 516 bp for 16S, 807

B ——50 ) x B0 (5) ~8—BD (M) xBD (L)

i i —
Eggs Cleavage Tailbud Hatchling Feeding 30daysold Metamorphosed

=—BD (L) x BD (L) =#=BD (L) x Japan =—4&—BD (L) x Thai L)
=%=BD (L) x Malay(U) ==BD (L) x Malay (K)
=0—BD (L) x F.iskandari ==®==BD (L) x Sri

L4 9
Eggs Cleavage Tailbud Hatchling Feeding  30daysold  Metamorphosed

Fig. 5. Graphs (A-E) showing the developmental capacity of hybrid and control offspring from crosses among Fejervarya frogs from
Bangladesh and other Asian countries. BD, Bangladesh; L, large type; M, medium type; S, small type; C, mangrove type; Thai, Thailand;
Malay, Malaysia; U, University of Malaya Campus; K, Kota Kinabalu; Sri, Sri Lanka.
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Fig. 6. Graphs (A-E) showing the developmental capacity of hybrid and control offspring from crosses among Fejervarya frogs from
Bangladesh and other Asian countries. BD, Bangladesh; L, large type; M, medium type; S, small type; Thai, Thailand; Malay, Malaysia; U, Uni-

versity of Malaya Campus; Sri, Sri Lanka.

bp for 12S, and 516 bp for Cyt b. The 16S alignment con-
tained 136 polymorphic sites, of which 87 were parsimony
informative; the 12S alignment contained 245 polymorphic
sites, of which 177 were parsimony informative; and the Cyt
b alignment contained 212 polymorphic sites, of which 191
were parsimony informative. In total, 51 haplotypes were
found for the three genes, including 10 haplotypes for 16S,
14 for 12S, and 27 for Cyt b. A complete list of the haplo-
types and their DDBJ accession numbers are shown in
Table 9.

Sequence divergences among the four Fejervarya types
from Bangladesh and the outgroup are shown in Table 10
and Fig. 8. In pairwise comparisons among all taxa, Cyt b
had the greatest divergence, followed by 12S and 16S.
Divergence was greatest between the small and mangrove
types, and smallest between the medium and small types.
All four types showed high divergence from the outgroup,
Limnonectes fujianensis (Table 10).

Phylogenetic analyses
Phylogenetic trees constructed with different methods
(ML, MP, and NJ) were identical in topology, except the 12S

ML tree. The only difference was in the grouping of the large
and mangrove types, which was not supported by high boot-
strap values in any trees (Figs. 9—11). In the ML trees for all
three genes, the haplotypes of the Bangladesh frogs formed
four clades corresponding to the four types (Figs. 9-11).

In phylogenetic trees that included the four types from
Bangladesh and other Asian Fejervarya for which sequ-
ences were available from the DDBJ/GenBank database,
the mangrove type from Bangladesh formed a clade with F.
cancrivora from India, the Philippines, and China, with boot-
strap values of 100 for the ML, MP, and NJ analyses (Fig.
12). The Bangladesh large type was most closely related to
two haplotypes of F. orissaensis from India, followed by the
Fejervarya frog from Bangkok (Thailand), and finally formed
a clade with F. iskandari supported by high bootstrap values
(91 for ML and MP; 97 for NJ) (Appendix). Fejervarya frogs
from East and Southeast Asian countries, including Japan,
Taiwan, Indonesia, Malaysia, China, Vietnam, and Laos,
formed a single clade with high bootstrap values (100 for
ML, MP, and NJ). The Bangladesh medium and small types
formed a clade with Indian Fejervarya group (a Fejervarya
species group consisting of F. syhadrensis, F rufescens,
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Fig. 7 Feeding-stage tadpoles (A-C), hatching-stage tadpoles (D, E), and 30-day-old tadpoles (F, G) of hybrid and control offspring. Scale
bar, 1.0 cm. (A) Bangladesh (L) £ x Bangladesh (L) *. (B) Bangladesh (L) 2 x Bangladesh (M) &". (C) Bangladesh (L) £ x Bangladesh (S) .
(D) Bangladesh (L) ¥ x Bangladesh (L) o”. (E) Bangladesh (S) ¢ x Malaysia (U) 5. (F) Bangladesh (L) £ x Bangladesh (L) . (G) Bangladesh

(L) $x Japan (Hiroshima) .
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Table 9. Number of haplotypes found in the different populations of four types of Fejervarya frogs from Bangladesh, haplotype designations,

and accession numbers in DDBJ.

Haplotype
Type Station Cytb 16S rRNA 12S rRNA
No. Kind Accession No. No. Kind Accession No. No. Kind Accession No.
Large BAUC, Mymensingh 3 BFL-Cytb-1~-3 AB372046~8 2 BFL-16S-1~2 AB372009, 4 BFL-128-1~4 AB372019,
AB372010 AB372072,
AB372073,
AB372074
Shambuganj, Mymensingh 1 BFL-Cytb-1 AB372046 1 BFL-16S-1 AB372009 1 BFL-12S-1 AB372019
Muktagacha, Mymensingh 3 BFL-Cytb-2,4~5 AB372047, 1 BFL-16S-1 AB372009 3 BFL-12S-1, AB372019.
AB372049, BFL-12S-4,5 AB372074,
AB372050 AB372075
Gazni, Sherpur 1 BFL-Cytb-2 AB372047 1 BFL-16S-1 AB372009 1 BFL-12S-1 AB372019
Hossainpur, Kishoreganj 2 BFL-Cytb-2,6 AB372047, 1 BFL-16S-1 AB372009 1 BFL-12S-1 AB372019
AB372051
Tarail, Kishoreganj 1 BFL-Cytb-2 AB372047 1 BFL-16S-1 AB372009 2 BFL-128-15 AB372019,
AB372075
Ghorasal, Narsingdi 1 BFL-Cytb-1 AB372046 1 BFL-16S-1 AB372009 1 BFL-12S-1 AB372019
Parbatipur, Dinajpur 2 BFL-Cytb-2,7 AB372047, 1 BFL-16S-1 AB372009 1 BFL-12S-1 AB372019
AB372052
Nawabganj, Nawabganj 2 BFL-Cytb-2,8 AB372047, 1 BFL-16S-1 AB372009 1 BFL-12S-1 AB372019
AB372053
Koilashganj, Khulna 1 BFL-Cytb-2 AB372047 1 BFL-16S-1 AB372009 1 BFL-12S-1 AB372019
Rangamati 1 BFL-Cytb-8 AB372053 1 BFL-16S-1 AB372009 1 BFL-12S-6 AB372076
Cox’s Bazar 1 BFL-Cytb-9 AB372054 1 BFL-16S-1 AB372009 1 BFL-12S-5 AB372075
Chittagong 1 BFL-Cytb-8 AB372053 1 BFL-16S-1 AB372009 1 BFL-12S-4 AB372074
Medium BAUC, Mymensingh 4 BFM-Cytb-1~4 AB372054, 1 BFM-16S-1 AB372011 2 BFM-12S-1,2 AB372077,
AB372055, AB372078
Small BAUC, Mymensingh 7 BFS-Cytb-1~7 AB372058~ 3 BFS-16S-1~-3 AB372012~ 3 BFS-12S8-1-3 AB372079~
AB372064 AB372014 AB372081
Shambuganj, Mymensingh 1 BFS-Cytb-8 AB372065 1 BFS-16S-2 AB372013 1 BFS-12S-1 AB372079
Muktagacha, Mymensingh 1 BFS-Cytb-2 AB372059 1 BFS-16S-2 AB372013 1 BFS-12S-3 AB372081
Gazni, Sherpur 1 BFS-Cytb-2 AB372059 1 BFS-16S-2 AB372013 1 BFS-12S-1 AB372079
Hossainpur, Kishoreganj 1 BFS-Cytb-2 AB372059 1 BFS-16S-2 AB372013 1 BFS-12S-1 AB372079
Tarail, Kishoreganj 1 BFS-Cytb-1 AB372058 1 BFS-16S-2 AB372013 1 BFS-12S-1 AB372079
Chittagong 1 BFS-Cytb-11 AB372068 2 BFS-16S-2,4 AB372013, 1 BFS-12S-1 AB372079
AB372015
Cox’s Bazar 1 BFS-Cytb-10 AB372067 2 BFS-16S-5~6 AB372016, 1 BFS-12S-1 AB372079
AB372017
Parbatipur, Dinajpur 1 BFS-Cytb-2 AB372059 1 BFS-16S-2 AB372013 1 BFS-12S-1 AB372079
Koilashganj, Khulna 1 BFS-Cytb-9 AB372066 1 BFS-16S-2 AB372013 1 BFS-12S-1 AB372079
Mangrove  Koilashganj, Khulna 3 BFC-Cytb-1~3 AB372069, 1 BFC-16S-1 AB372018 3 BFC-128-1~3 AB372082~
AB372070, AB372084
AB372071
BFL-Cytb-1~9, BFL-16S-1~2, BFL-12S-1~6,
BFM-Cytb-1~4, BFM-16S-1, BFM-12S8-1~2,
Total 27 BFS-Cyth-1~11, 10 BFs.165-1-6, 14 BFS-125-1-3,
BFC-Cytb1~3 BFC-16S-1 BFC-12S-1~3

Table 10. Percent sequence divergence (uncorrected p distance) for 16S rRNA, 12S rRNA, and Cyt b gene
sequences among four Fejervarya types from Bangladesh and the outgroup, Limnonectes fujianensis. Ranges
are in parentheses. L, Large type; M, Medium type; S, Small type; C, Mangrove type.

Combination

16S rRNA

12S rRNA

Cytb

BD (L)- BD (M)
BD (L)- BD (S)
BD (L)- BD (C)
BD (M)- BD (S)
BD (M)- BD (C)
BD (S)- BD (C)
BD (L)-

BD

L)- L. fujianensis

M)- L. fujianensis
BD (S)- L. fujianensis
BD (C)- L. fujianensis

~ S~~~ o~~~

17.0 (16.9-17.1)
15.9 (15.7-16.1)
13.1 (13.0-13.2)
5.7 (5.5-5.7)
14.0 (14.0-14.0)
14.5 (14.2-14.8)
18.4 (18.3-18.5)
17.5 (17.5-17.5)
17.2 (16.9-17.5)
17.7 (17.7-17.7)

15.9 (15.8-16.0)
16.2 (15.8-16.5)
12.0 (11.9-12.2)
7.6 (7.4-7.8)
17.2 (17.2-17.3)
17.1 (16.9-17.3)
20.4 (20.4-20.6)
22.9 (22.8-22.9)
23.0 (22.7-23.2)
20.9 (20.9-20.9)

24.7 (24.2-25.0)
24.4 (23.3-25.0)
20.7 (20.3-21.1)
18.4 (18.0-19.0)
26.0 (25.6-26.29
25.6 (25.0-26.2)
21.7 (21.5-21.9)
25.9

23.3
23.1 (23.1-23.3)

25.8-26.0)

(
(
(22.9-23.6)
(

Ranges in parenthesis

L, Large type; M, Medium type; S, Small type; C, Mangrove type

and some other frogs mainly distributed on the Indian sub-
continent and Sri Lanka). The medium type was most
closely related to a Fejervarya frog from Myanmar, with high

bootstrap values (88 for ML; 93 for MP; 98 for NJ). The
Bangladesh small type formed a clade with F. syhadrensis

from India and Sri Lanka and F. granosa from India, with
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%,
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Fig. 8. Sequence divergence in the 16S rRNA, 12S rRNA, and Cyt b
genes at the levels of genus, type, and population among Fejervarya
frogs from Bangladesh and the outgroup, Limnonectes fujianensis.

high bootstrap values (88 for ML; 99 for MP; 100 for NJ)
(Fig. 12).

DISCUSSION

Morphological divergence among species of Fejervarya
is very small and mainly involves differences in body propor-
tions (Veith et al., 2001; Djong et al., 2007b; Kuramoto et al.,
2007). Djong et al. 2007b) compared populations of F.
limnocharis from Indonesia, Japan, and Malaysia, and found
significant differences between those from Japan and Indo-
nesia, suggesting that these are different species. Kuramoto
et al. (2007) found significant differences among six taxa of
Fejervarya from the central Western Ghats, southwestern
India, and described four of them as new species. The
present morphometric analyses showed significant diver-
gence among the four types of Fejervarya from Bangladesh.
Among them, the large and small types were sympatrically

Mangrove type

Large type 1
100/100/100 I

l Large type 2
Medium type
Small type 1

86/99/100 Small type 3

Small type 2

Small type 5

100/100/100

Small type 6

Small type 4

0.05 substitutions/site

L. fujianensis

Fig. 9. Maximum-likelihood tree based on the nucleotide sequences of a 516-bp segment of the 16S rRNA gene from four Fejervarya types
among 14 different populations in Bangladesh and the outgroup, Limnonectes fujianensis. Numbers near nodes are bootstrap values (>50%)
for ML, MP, and NJ analyses, respectively. The scale bar represents branch length in nucleotide substitutions per site.
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100/100/100

100/100/100

Mangrove type 3

Mangrove type2

Large type 3

Large type 4

Large type 5

Large type 2

- Large type 6

Large type 1

Medium type 1
100/100/100

Medium type 2

100/100/100

Small type 1

Small type 2

89/100/100

Small type 3

0.05 substitutions/site

L. fujianensis

Fig. 10. Maximume-likelihood tree based on the nucleotide sequences of a 807-bp segment of the12S rRNA gene from four Fejervarya types
among 14 different populations in Bangladesh and the outgroup, Limnonectes fujianensis. Numbers near nodes are bootstrap values (>50%)
for ML, MP, and NJ analyses, respectively. The scale bar represents branch length in nucleotide substitutions per site.

distributed throughout the country, the medium type was
found at a single locality in the central part of Bangladesh,
and the mangrove type was found at a single locality, the
mangrove region of southern Bangladesh. Even though they
are sympatric in similar narrow habitats, the morphological
distinctiveness of these four types suggests that they are
separate biological entities.

Along with morphometric comparisons, degree of repro-
ductive isolation revealed by crossing experiments provides
strong evidence with which to determine the taxonomic posi-
tion of frogs. Mayr (1940) defined species as “groups of
actually or potentially interbreeding natural populations

which are reproductively isolated from other such groups”. If
two taxa are reproductively isolated from each other and
cannot interbreed, they should be considered as different
species. Sumida et al. (2007) and Djong et al. (2007a, b)
conducted crossing experiments among different types of
Fejervarya frogs and found that the degree of reproductive
isolation is useful for clarifying taxonomic position. We per-
formed crossing experiments among different types of Fejer-
varya to evaluate the reproductive isolation among them
(Fig 13). Our results indicated that the large type and man-
grove type may each be a separate species, and distinct
from the others. The small and medium types were isolated
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100/100/100 I
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Fig. 11. Maximume-likelihood tree based on the nucleotide sequences of a 516-bp segment of the Cyt b gene from four Fejervarya types
among 14 different populations in Bangladesh and the outgroup, Limnonectes fujianensis. Numbers near nodes are bootstrap values (>50%)
for ML, MP, and NJ analyses, respectively. The scale bar represents branch length in nucleotide substitutions per site.

from each other not by hybrid inviability, but by complete
hybrid sterility (Islam et al., 2006). Thus, we conclude that
the four types of Fejervarya from Bangladesh should be
treated as four different species.

Biochemical and molecular techniques have proven to
be very useful for species identification. Veith et al. (2001)
distinguished cryptic species F. iskandari from F. limnochatris,
and Nishioka and Sumida (1990) and Sumida et al. (2002)
clearly separated F. cancrivora from F. limnocharis with
these techniques. We found high sequence divergences
among the four types of Fejervarya from Bangladesh (16S,
5.7-17.0%, mean 13.4%; 12S, 7.6—17.2%, mean 14.3%;

Cyt b, 18.6-26.0%, mean 23.2%). Vences et al. (2002)
mentioned that 16S sequence divergences were 5-13%
among species of Malagasy tree frogs with strong
differences in advertisement calls (whether syntopic, poten-
tially syntopic, or allopatric). At the species level in
Fejervarya, 16S sequence divergence was reported as 3.0%
(Kurabayashi et al., 2005; Sumida et al., 2007; Kuramoto et
al., 2007; Djong et al.,, 2007b). Sumida et al. (2000a, b)
reported that the 12S sequence divergence was 10.1%
(8.7-11.2%) between European and Far Eastern pond frog
species, and 12.2% (11.9-12.4%) between Lithobates
catesbeianus (as Rana catesbeiana) and the Japanese
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89/89/91

100/100/100

F. limnocharis (Vietnam)-2
sg/gwl_— Medium type (Bangladesh)
F. limnocharis (Myanmar)
Small type 1 (Bangladesh)
F. syhadrensis (India)
80/86/96 Small type 3(Bangladesh)
Small type 4 (Bangladesh)
Small type 2 (Bangladesh)
F. granosa
Small type 5 (Bangladesh)
88/99/100 Small type 6 (Bangladesh)
F. syhadrensis (Sri Lanka)
F. limnocharis (Sri Lanka)
F. kudremukhensis

F. greenii

F. kirtisinghei
F. rufescens
F. caperata

F. mudduraja

F. nicobarensis

L. fujianensis
— 0.01 substitutions/site

Fig. 12. Maximum-likelihood tree based on the nucleotide sequences of a 334-bp segment of the 16S rRNA gene using the Asian Fejervarya
species available from the DDBJ/GenBank database (shown in Appendix) including four Fejervarya types from Bangladesh with Limnonectes
fujianensis as the outgroup. Numbers near nodes are bootstrap values (>50%) for ML, MP, and NJ analyses, respectively. The scale bar repre-
sents branch length in nucleotide substitutions per site.

pond frogs. Bradly and Baker (2001) noted that Cyt b indicate separate species. After reviewing 24,000 vertebrate
sequence divergences of 2.0-11.0% merit further study of and invertebrate species, Kartavstev and Lee (2006) found
species’ status, and that values greater than 11% would that the average Cyt b sequence divergence among species
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Female
Male L (M) (S)

Bangladesh (L)

Bangladesh (M) - AS, S

Bangladesh | Bangladesh| Bangladesh| Thailand

Malaysia
()

Japan India Thailand
S

(S)

Bangladesh (S) AS, S

Bangladesh (C) - -

Thailand(L) - -

Japan -

IMalaysia (U) -

Malaysia (K) - -

ISri Lanka -

India - AS -

F. iskandari -

: Normal viability -

Complete hybrid inviabilty at
embryonic stage

Incomplete hybrid inviability
at tadpole stage

w Complete hybrid inviabilty

at tadpole stage

- Control
E Not done

Fig. 13. Reproductive isolation mechanisms detected in various crosses among Fejervarya frogs from Bangladesh and other Asian countries.
L, large type; M, medium type; S, small type; C, mangrove type; U, University of Malaya campus; K, Kota Kinabalu; AS, abnormal spermatoge-

nesis; S, sterile.

in a genus is 10.7£1.3%. After comparing the sequence
divergences in 16S, 12S, and Cyt b found in the present
study with those mentioned above, we conclude that each
type of Fejervarya in Bangladesh merits at least distinct spe-
cies status.

Taxonomic status of the Bangladesh large type
Morphologically, the Bangladesh large type differed sig-
nificantly from the other types of Fejervarya in Bangladesh.
This type was characterized by large size (males 40.0-50.6
mm, females 50.9—60.0 mm in SVL); rough dorsum with
numerous elongated dermal ridges; smooth venter; lips with
irregular white and black vertical bars; and thighs, legs, and
arms speckled with black or dark brown bars. Crossing
experiments showed that this type was completely isolated
from other South Asian Fejervarya groups by hybrid invi-
ability, but was not isolated from the East Asian group
(species of Fejervarya belonging to the F. limnocharis com-
plex). The 16S data showed that the Bangladesh large type
belongs to the F. iskandari group (a group of species within
the F. limnocharis complex consisting of F. iskandari, F.
orissaensis, a Fejervarya frog from Thailand, and related
species), and is most closely related to F. orissaensis
among this group. Dutta (1997) originally described F.
orissaensis from Orissa, eastern India, which is close to
Bangladesh and is not isolated by any geographical barriers.
He described it as a medium-sized ranid (males 36.2—47.2
mm and females 34.2-53.8 mm in SVL) with interrupted lon-
gitudinal folds on the dorsum, a smooth venter, a wide inner
metatarsal tubercle, and a relatively pointed snout. In the
present study, we used the same specimens of the
Fejervarya frog from Bangkok (Thailand) as those used by

Sumida et al. (2007), who found that this form is isolated by
incomplete hybrid inviability from the F. limnocharis group (a
group of species within the F. limnocharis complex consist-
ing of F. limnocharis, F. multistriata, F. sakishimensis, and
related Fejervarya frogs from Japan and other East Asian
countries). These authors also suggested that the Thailand
population is connected to F. iskandari from Indonesia, and
is most closely related to F. orissaensis. Djong et al. (2007a)
found that the Bangladesh large type is not reproductively
isolated from F. iskandari of Indonesia and considered that
this type should be included in the F. iskandari group. The
Bangladesh large type belongs to the F. iskandari group,
along with F. orissaensis and the Thailand large type of
Fejervarya, but further extensive studies are necessary to
clarify its taxonomic position.

Taxonomic status of the Bangladesh medium type

The medium type showed a relatively close relationship
to the Bangladesh small type in all aspects of morphological
features, hybrid viability and nucleotide sequence diver-
gence, yet the abnormal spermatogenesis in hybrids, nucle-
otide sequence divergence, and morphological dissimilarity
were sufficient to rank it as different species. In the present
study, the medium type was found to have a body length
(SVL) of 30.0-37.7 mm in males and 34.8-42.5 mm in
females, a relatively pointed snout compared with other
Fejervarya species from Bangladesh, yellow coloration in
the thigh region, a moderately long dermal ridge on the
rough dorsum, and a smooth venter. In the phylogenetic tree
constructed with all available Asian Fejervarya, the medium
type grouped separately from the Bangladesh small type
and was closely related to the Fejervarya frog (treated by
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Chen et al. [2005], as F. limnocharis) from Myanmar, for
which the exact taxonomic status was not mentioned. The
medium type also produced a viable hybrid with F. caperata
(one of the four new species described by Kuramoto et al.
[2007] from the Western Ghats), but differed significantly
from the latter in nucleotide sequence divergence and mor-
phology. Several species of the Indian Fejervarya group
occur in adjacent countries, including Nepal and India
(Dubois, 1975, 1984, 1987, 1992; Kuramoto et al., 2007).
Additional morphological, acoustic, and nuclear gene
sequence data can confirm whether it is a previously
described species, or an undescribed species.

Taxonomic status of the Bangladesh small type

Among Fejervarya frogs, several species in South Asia
are smaller in size than topotypic F. limnocharis from Indo-
nesia; we refer to these here as the South Asian (Indian)
group. Among the Indian group, there is some variation in
the shape of snout and dermal ridge, and the Bangladesh
small type has globular-shaped ridges or a small, rounded
tubercle, and a comparatively blunt or obtusely pointed
snout; the head is broader than long. Our molecular data
showed this type to cluster with F. granosa, although there
is some divergence between these two types. Kurabayashi
et al. (2005) studied the relationships among several spe-
cies of Fejervarya and found that eight species formed a
cluster, which was mentioned as the India and Sri Lanka
group. These authors found that F. syhadrensis from Sri
Lanka and hpA from India (later described as F. granosa by
Kuramoto et al., 2007) were most closely related. Our find-
ings confirmed that the Bangladesh small type groups with
these two species. It is noteworthy that, based on the 16S,
128, and Cyt b data, the Bangladesh small type is largely
divided into two groups, one distributed throughout the
country except in the eastern (Chittagong) region and the
other distributed in the Chittagong region. Sequence diver-
gence among the different populations from Bangladesh,
excluding the eastern populations, was very low compared
to that with the eastern populations (0-0.2% and 0.4-0.6%
for 16S; 0.1% and 0.7-0.8% for 12S; 0.7% and 1.4% for Cyt
b, respectively). These results show clearly that the eastern
population is diverged from the other populations, but this
divergence is too small to consider these populations as dif-
ferent species.

On the basis of the crossing experiments and molecular
data, the Bangladesh small type is closely related to the
Fejervarya frog from Sri Lanka. Sumida et al. (2007) found
that this Sri Lankan type is small in size, with a SVL of 27.0—
29.8 mm for males and 31.5 mm for females, with rounded
tubercles on the dorsal surface and showed that this Sri
Lankan frog is closely related to F. syhadrensis from Sri
Lanka (used by Meegaskumbara and Manamendra-Aracchi,
2005). Tandon et al. (unpublished) also reported that Indian
F. syhadrensis grouped with this Sri Lankan type, and
Sumida et al. (2007) subsequently stated that it was rea-
sonable to consider this type as F. syhadrensis. According
to the original description of F. syhadrensis by Annandale
(1917), who examined this species from the Poona and
Nasik districts of India, “the snout-vent length does not
exceed 35 mm (27 mm in males and 31.5 mm in females),
and the dorsal surface is gray with black spots and some-

times with reddish suffusion; a narrow mid-dorsal line is
often present; the ventral surface is white with the whole of
the throat black in the adult male”. These morphological
aspects are compatible with those of the small type. Accord-
ing to Frost (2007), F. syhadrensis is distributed in eastern
and western India, Pakistan, and Nepal at low to moderate
elevations. As this species has also been reported from
eastern India, which is adjacent to Bangladesh and not iso-
lated by any geographic barriers, it is likely that this species
also occurs in Bangladesh. Chowdhury (1996) and Sarker
and Sarker (1988) also proposed Bangladesh as within the
distribution area of F. syhadrensis. We consider the
Bangladesh small type to be conspecific with F. syhadrensis,
or to be a closely related species.

Taxonomic status of the Bangladesh mangrove type

The Bangladesh mangrove type is characterized by
well-developed webbing and large body size, which are
diagnostic features of F. cancrivora. Fejervarya cancrivora
Gravenhorst, 1829 is one of the largest Fejervarya frogs and
occurs in low-elevation swamps, ponds, flooded rice fields,
and ditches in Southeast Asia (Frost, 2007). Although there
are significant differences in some morphological para-
meters between the Bangladesh mangrove type and
F. cancrivora from the type locality, Indonesia (specified by
Dubois and Ohler, 2000), the former might be a species
related to the nominate population of F. cancrivora, based
on allozyme variation and nucleotide sequence divergence
(Kurniawan et al., 2008). We thus designate this type as F.
cf. cancrivora. This is the first record of a putative F.
cancrivora population from Bangladesh. Fejervarya cancrivora
was previously reported only from the Andaman and
Nicobar Islands, but not from mainland India or even the
Indian subcontinent. Dutta (2007) recently reported the pres-
ence of F. cancrivora on mainland India, from the Dhamra
Port area of Orissa State near Bangladesh. Islam et al.
(2008) reported the occurrence of Fejervarya frogs in
southern Bangladesh, and Reza et al. (2000) confirmed the
existence of eight anuran species, including F. limnocharis
(as Limnonectes limnocharis Boie, 1835), through a prelim-
inary survey in the Sundarban Mangrove Forest,
Bangladesh. For a long time, tiger shrimp and several fish
species were regularly imported, mainly from India but also
from Thailand and the Philippines, for cultivation in brackish-
water areas. Thus, it is possible that this species was
transported to this region with shrimp and fish via the aquac-
ultural trade. Christy et al. (2007) also reported F. cancrivora
in Guam, transported from East Asia. Further extensive
studies on F. cf. cancrivora from Bangladesh will be neces-
sary to confirm whether it is the same species as the
topotypic F. cancrivora from Indonesia and to clarify its tax-
onomic position.
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Accession number of 16S rRNA gene sequences of Asian Fejervarya frogs from DDBJ/GenBank database used in this study.

F. mudduraja (India), AB167946; F. cancrivora (China), DQ458252; F. cancrivora (India), AY841754; F. cancrivora (Philippines), AF206473;
F. greenii (Sri Lanka), AY014378; F. granosa (India), AB167947; F. caperata (India), AB167951; F. iskandari (Bogor, Indonesia), AJ292017; F.
kirtisinghei (Sri Lanka), AY014380; F. limnocharis (Bangkok, Thailand), AB162444; F. limnocharis (Bogor, Indonesia), AJ292015; F. limno-
charis (China), AF315139; F. limnocharis (Hiroshima, Japan), AB070732; F. limnocharis (Iriomote, Japan), AB070736; F. limnocharis (Kuala
Lumpur, Malaysia), AB296097; F. limnocharis (Myanmar), AF206466; F. limnocharis (Okinawa, Japan), AB070733; F. limnocharis (Ranong,
Thailand), AB162445; F. limnocharis (Sarawak, Malaysia), AB296099; F. limnocharis (Sri Lanka), AB162446; F. limnocharis (Taiwan),
AB070737; F. limnocharis (Vietnam 1), AF285211; F. limnocharis (Vietnam 2), AF206465; F. limnocharis (Laos), AF215416; F. multistriata
(China), AB296101; F. nicobariensis (Borneo, Malaysia), DQ810283; F. kudremukhensis (India), AB167949; F. orissaensis (India 1),
AY882957; F. orissaensis (India 2), AY882957; F. rufescens (India), AB167945; F. syhadrensis (India), AY841748; F. syhadrensis (Sri Lanka),

AY141843.





