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Seychellean frogs
ARIE VAN DER MEIJDEN1†, RENAUD BOISTEL2, JUSTIN GERLACH3,
ANNEMARIE OHLER4, MIGUEL VENCES5 and AXEL MEYER1*
1

Lehrstuhl für Zoologie und Evolutionsbiologie, Department of Biology, University of Konstanz,
Universitaetsstrasse 10, PO Box M 618, 78457 Konstanz, Germany
2
Equipe Communications Acoustiques, NAMC, CNRS UMR 8620, IBAIC Bat 446 Université Paris Sud,
F-91405 Orsay, France
3
133 Cherry Hinton Road, Cambridge CB1 7BX, UK
4
Département de Systématique et Evolution, UMS 2700 Taxinomie et Collection, Reptiles et Amphibiens,
Museum National d’Histoire Naturelle, 25 rue Cuvier, 75005 Paris, France
5
Division of Evolutionary Biology, Zoological Institute, Technical University Braunschweig,
Spielmannstrasse 8, 38106 Braunschweig, Germany
Received 31 October 2005; accepted for publication 10 August 2006

The Seychelles harbour an endemic frog family, the Sooglossidae, currently containing two genera: Sooglossus, with
three species, and Nesomantis, with one species. These unique frogs are generally considered to be basal neobatrachians, although their relationships to other neobatrachian taxa, except the Nasikabatrachidae, remain unresolved.
Our molecular phylogeny based on a dataset consisting of fragments of the nuclear rag-1 and rag-2 genes, as well as
mitochondrial 16S rRNA in representatives of the major neobatrachian lineages, confirmed the previously postulated Sooglossidae + Nasikabatrachidae clade and the placement of the South American Caudiverbera with the Australian Myobatrachidae, but did not further resolve the position of sooglossids. Our results do, however,
unambiguously show sooglossids to be monophyletic but the genus Sooglossus to be paraphyletic, with the type species Sooglossus sechellensis being more closely related to Nesomantis thomasseti than to Sooglossus gardineri and
Sooglossus pipilodryas, in agreement with morphological, karyological, and bioacoustic data. As a taxonomic consequence, we propose to consider the genus name Nesomantis as junior synonym of Sooglossus, and to transfer the
species thomasseti to Sooglossus. For the clade composed of the species gardineri and pipilodryas, here, we propose
the new generic name Leptosooglossus. A significant genetic differentiation of 3% was found between specimens of
Sooglossus thomasseti from the Mahé and Silhouette Islands, highlighting the need for further studies on their possible taxonomic distinctness. © 2007 The Linnean Society of London, Biological Journal of the Linnean Society,
2007, 91, 347–359.

ADDITIONAL KEYWORDS: Amphibia – Anura – biogeography – Leptosooglossus – molecular phylogeny –
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INTRODUCTION
The frogs of the basal neobatrachid family Sooglossidae
are restricted to mossy mountain forests on two
.
*Corresponding author. E-mail: axel.meyer@uni-konstanz.de
†Current address: Institute for Biodiversity and Ecosystem
Dynamics, University of Amsterdam, Kruislaan 318, 1098 SM
Amsterdam, the Netherlands.

islands of the Seychelles archipelago: Mahé and Silhouette. These granitic islands on the Mascarene plateau are highly isolated Gondwanan fragments in the
Indian Ocean, 1000 km south of India (Briggs, 2003).
The Seychelles became isolated from other landmasses approximately 67–47 Mya, although the
islands may have been connected to each other during
the last glaciation (Badyukov, Demidenko & Kaplin,

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 91, 347–359

347

348

A. VAN DER MEIJDEN ET AL.

1989). The family Sooglossidae consists of four species
divided into two genera; Sooglossus, with three smallsized species, and Nesomantis, with a single mediumsized species. All four species are listed as ‘vulnerable’
on the IUCN Red List (http://www.globalamphibians.org; accessed 9 July 2005) due to their restricted
ranges, being associated with moist upland rainforests. Sooglossus sechellensis (Boettger, 1896) and
Sooglossus gardineri (Boulenger, 1911) are leaf-litter
inhabiting species, whereas Sooglossus pipilodryas
Gerlach & Willi, 2003 is arboreal and usually lives in
the axils of endemic palms and banana trees. Nesomantis thomasseti Boulenger, 1909 is associated with
rock overhangs. Sooglossus gardineri is one of world’s
smallest tetrapods with a snout–vent length of only
9.8 mm in adult males.
The relationships of Sooglossidae to other frogs have
been a subject of continuing debate. Except for their
placement with the Pelobatidae (Griffiths, 1963), they
usually were classified with a modern lineage of frogs
that several authors (Nussbaum, 1982; Hay et al.,
1995; Feller & Hedges, 1998; Van der Meijden, Vences,
Hoegg & Meyer, 2005) referred to as Neobatrachia.
Partly following the classification of Dubois (2005),
who proposed discontinuing the use of this name as
the formal name of a suborder of frogs, here, we use
only the name ‘neobatrachians’ informally to refer to
this clade. Within neobatrachians, Sooglossidae have
been grouped with the ranoids (Savage, 1973), the
Microhyloidea (Blommers-Schlösser, 1993), and in the
hyloid superfamily sister to Myobatrachinae (Lynch,
1973; Duellman & Trueb, 1986; Ford & Cannatella,
1993). The last comprehensive review of the taxonomic
position of this family was provided more than
20 years ago by Nussbaum (1984).
Recent molecular studies based on analysis of different markers have also failed to provide convincing
evidence allying Sooglossidae with any other neobatrachian group, with the notable exception of their
strongly-supported sister group relationship to the
newly-discovered Nasikabatrachidae from India (Biju
& Bossuyt, 2003). Phylogenies using DNA sequences
coding for 12S and 16S rRNA (Hay et al., 1995), 12S,
16S and the valine tRNA, together with rhodopsin and
single exon fragments of rag-1 and CXCR-4 (Biju &
Bossuyt, 2003), rag-1 and rag-2 (Hoegg, Vences, Brinkmann & Meyer, 2004) and a larger fragment of rag-1
(San Mauro, Vences, Alcobendas, Zardoya & Meyer,
2005) placed the sooglossids, or sooglossids plus nasikabatrachids (Biju & Bossuyt, 2003), either as an isolated clade basal in the neobatrachians, or related to
other neobatrachian clades with very low phylogenetic
support.
A phylogenetic pattern that became obvious from
recent molecular studies on deep anuran relationships
(Biju & Bossuyt, 2003; Hoegg et al., 2004; Roelants &

Bossuyt, 2005; San Mauro et al., 2005) is the existence
of two well-defined and very species-rich neobatrachian clades, ranoids and hyloids, and of several other,
more basal lineages of largely unclarified relationships. Besides the sooglossids and nasikabatrachids,
these basal assemblages include the heleophrynids
from South Africa, the myobatrachids from Australia,
and the South American Caudiverbera which previously was believed to belong to the Leptodactylidae.
Firmly established relationships among these taxa
would be highly informative for the reconstruction of
anuran biogeography and the effect of the fragmentation of Gondwana (Biju & Bossuyt, 2003). However,
recent phylogenetic studies did not include sooglossids
together with representatives of all other basal lineages, and all used only Nesomantis to represent the
Sooglossidae clade. A molecular test for the monophyly of sooglossids is so far missing. At the level of
intrafamilial relationships in the Sooglossidae, it has
long been suspected that the genus Sooglossus might
be paraphyletic with respect to Nesomantis (Noble,
1931). Additional morphological evidence for paraphyly of Sooglossus has since been accumulated (Griffiths, 1963; Gerlach & Willi, 2002).
Here, we provide the first intrafamilial molecular
phylogenetic hypothesis of the Sooglossidae, based
on two nuclear genes and one mitochondrial ribosomal RNA gene. Our study also includes representatives of all deep neobatrachian lineages identified to
date to test for monophyly and relationships of the
Sooglossidae.

MATERIAL AND METHODS
SELECTION

OF TAXA

All four currently described species of the Sooglossidae
were included in this study. We used the following
specimens: S. gardineri (4-2003, collected by R. Boistel, collection of the Muséum National d’Histoire
Naturelle, Paris, MNHN 2003.3410, Silhouette, Jardin
Marron, 400 m a.s.l.); S. pipilodryas (4-2003, collected
by R. Boistel, MNHN 2003.3411, Silhouette, Jardin
Marron 350 m a.s.l.); two specimens of S. sechellensis
(4-2003, collected by R. Boistel, MNHN 2003.3412–
3413, Silhouette, Jardin Marron 450 m a.s.l.); and two
specimens of N. thomasseti (5-7- 2001, collected by L.
Chong Seng & A. Ohler, and MNHN 2001.0269, Mahé;
4-2003, collected by R. Boistel, MNHN 2003.3414, Silhouette, Jardin Marron 350 m a.s.l.). We also selected
representatives of several hyloid and ranoid families
available from GenBank (Table 1) to place the clade
formed by the Sooglossidae and Nasikabatrachus with
its closest taxon within the neobatrachians. We
included Nasikabatrachus sahyadrensis, although no
rag-2 sequence is available for this species. Of the
ranoid superfamily, we selected Rana temporaria as a
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Table 1. Taxa included in this study and their GenBank accession numbers
Species

Family

16S

Rag-1

Rag-2

Agalychnis callidryas
Bufo regularis
Heleophryne regis
Hyperolius viridiflavus
Kaloula pulchra
Lechriodus melanopyga
Caudiverbera caudiverbera
Leptodactylus fuscus
Nasikabatrachus sahyadrensis
Pipa parva
Rana temporaria
Nesomantis thomasseti ‘Mahé’
Nesomantis thomasseti ‘Mahé’
Nesomantis thomasseti
Nesomantis thomasseti ‘Silhouette’
Nesomantis thomasseti ‘Silhouette’
Sooglossus sechellensis
Sooglossus sechellensis
Sooglossus gardineri
Sooglossus pipilodryas

Hylidae
Bufonidae
Heleophrynidae
Hyperoliidae
Microhylidae
Myobatrachidae
Leptodactylidae (?)
Leptodactylidae
Nasikabatrachidae
Pipidae
Ranidae
Sooglossidae
Sooglossidae
Sooglossidae
Sooglossidae
Sooglossidae
Sooglossidae
Sooglossidae
Sooglossidae
Sooglossidae

AY330890
AY330891
AF432230*
AF215441
AY330893
DQ872915
DQ872913
AY263226
AY364381
AY333690
AF249048
AY330889
DQ872914
AY364373
DQ872920
X86288
DQ872916
DQ872917
DQ872919
DQ872918

AY323765
AY323763
AY323764
AY323769
AY323772
AY583341
AY583337
AY323770
AY364225
AY323761
AY323776
AY323778
–
–
–
–
DQ872921
–
DQ872923
DQ872922

AY323780
AY323784
AY323786
AY323789
AY323790
DQ872908
DQ872909
AY323791
NA
AY323799
AY323803
AY323798
–
–
–
–
DQ872910
–
DQ872911
DQ872912

*Sequence of Heleophryne purcelli used.
NA, not applicable.

representative ranid, Kaloula pulchra representing
the Microhylidae, and the hyperoliid Hyperolius viridiflavus. The superfamily Hyloidea was represented
by the bufonid Bufo regularis, the hylid Agalychnis
callidryas, and the leptodactylids Leptodactylus fuscus
and Caudiverbera caudiverbera . Also included were
the basal neobatrachians Heleophryne regis of the
Heleophrynidae, and Lechriodus melanopyga representing the Myobatrachidae. The pipid frog Pipa parva
was used as the outgroup.

SEQUENCING

AND ALIGNMENT

DNA was extracted from toe clips fixed in 99% ethanol. Tissue samples were digested using proteinase K
(final concentration 1 mg mL−1), homogenized, and
subsequently purified following a high-salt extraction
protocol (Bruford et al., 1992). Primers for rag-1 and
rag-2 were from Hoegg et al. (2004) as reported in
Chiari et al. (2004). Primers for the fragment of the
16S rRNA gene were 16SA-L and 16SB-H of Palumbi
et al. (1991). Polymerase chain reaction (PCR) was
performed in 25-µL reactions containing 0.5–1.0 units
of REDTaq DNA Polymerase (Sigma), 50 ng genomic
DNA, 10 pmol of each primer, 15 nmol of each dNTP,
50 nmol additional MgCl 2 and the REDTaq PCR reaction buffer (in final reaction solution: 10 mM Tris-HCl,
pH 8.3, 50 mM KCl, 1.1 mM MgCl2 and 0.01%
gelatine). For rag-1 and rag-2, cycle conditions were

adapted from a long range PCR protocol (Barnes,
1994), with an initial denaturation step at 94 °C for
5 min, followed by ten cycles with 94 °C for 30 s,
annealing temperatures increasing by 0.5 °C per cycle
from 52 to 57 °C and extending for 3 min at 68 °C.
Additionally, 20 cycles were performed with 94 °C for
10 s, 57 °C for 40 s, and 68 °C for 3 min. The final
extension was performed at 68 °C for 5 min. For 16S,
the denaturation step was followed by 35 cycles of
denaturation at 94° for 30 s, annealing at 50° for 30 s,
and extension at 72° for 90 s.
PCR products were purified via spin columns
(Qiagen). Sequencing was performed directly using
the corresponding PCR primers (forward and reverse).
DNA sequences of both strands were obtained using
the BigDye Terminator cycle-sequencing ready reaction kit (Applied Biosystems Inc.) on an ABI 3100
capillary sequencer in accordance with the manufacturer’s instructions. New sequences were combined
with existing sequences taken from GenBank in the
final dataset. These sequences were deposited in GenBank; for accession numbers, see Table 1.
Chromatograms were checked by eye using
Sequencher (Gene Codes Corp.) or Chromas, version
1.45 (Technelysium Pty Ltd) and the sequences were
subsequently aligned. Rag-1 and rag-2 sequences were
aligned by hand using the Mega3 alignment editor
(Kumar, Tamura & Nei, 2004). The 16S sequences
were aligned using Clustal W (Thompson, Higgins &
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Gibson, 1994) and subsequently edited by hand.
Gapped and hypervariable sections of the 16S alignment were removed from the full alignment. Hypervariable regions were included in the dataset
containing only Nasikabatrachus and the sooglossids.

DATA

ANALYSIS

A homogeneity partition test (Farris et al., 1994), as
implemented in PAUP* (Swofford, 2002), rejected
homogeneity of the different markers (P = 0.06).
Besides a pooled analysis of the combined data set, we
therefore also performed separate analyses of each of
the various genes. Transitions and transversions were
plotted against F84 distances (Felsenstein, 1984) for
the separate gene alignments. None of the datasets
showed signs of saturation.
Phylogeny reconstruction based on the separate and
combined datasets was performed using maximum
likelihood (ML) and Bayesian inference (BI) methods.
The best fitting models of sequence evolution were
determined by the AIC criterion in Modeltest, version
3.06 (Posada & Crandall, 1998). ML tree searches
were performed using PhyML, version 2.4.4 (Guindon
& Gascuel, 2003). Bootstrap branch support values
were calculated with 500 replicates. The Bayesian
analyses of the combined and separate datasets was
conducted with MrBayes, version 2.0 (Huelsenbeck &
Ronquist, 2001), using models estimated with Modeltest under the AIC criterion, with 250 000 generations,
sampling trees every tenth generation (and calculating a consensus tree after omitting the first
3000 trees).
The paraphyly of the genus Sooglossus in our analysis theoretically could have been caused by introgression phenomena or sample contamination regarding
the clade containing S. sechellensis and Nesomantis. To
test for this possibility, and to assess the differentiation
among individuals of Nesomantis from different populations, we sequenced the 16S rRNA gene from a second specimen of S. sechellensis and from a Nesomantis
specimen from Silhouette, added three Nesomantis
sequences from GenBank, and submitted this 16S data
set to a separate ML analysis with Nasikabatrachus as
outgroup.

MICROTOMOGRAPHY
Microtomographic analyses were carried out in the
European Synchrotron Radiation Facility (ESRF) at
Grenoble, France. We used the following adult specimens: four N. thomasseti, three S. sechellensis, four
S. gardineri, and three S. pipilodryas. The animals
were deposited in a small tube of polypropylene. Microtomography in absorption-based form (amplitude contrast and phase contrast), consists of recording several

hundreds of radiographs, with the sample slightly
rotated between exposures, and it uses a standard filtered back-projection algorithm to perform the threedimensional (3D) reconstruction. The detector uses a
FReLoN 1024 × 1024 and 2048 × 2048 camera (Labiche et al., 1996), and involves an optical microscope
assembly between the X-ray sensitive converter and
the CCD. The effective pixel size is varied by altering
the visible-light part of the assembly. Three different
sets of experiments were performed on the imaging
beamline ID19 of the ESRF, with pixel sizes,
respectively, of 7.5 µm at a sample-to-detector distance
of 40 mm, 10 µm at 40 mm specimen-to-detector distance and 30 µm at 40 mm specimen-to-detector distance. For phase contrast, samples were scanned at a
sample-detector distance of 300 mm. The experiment
was performed to obtain a high resolution 3D image of
the skeleton and soft tissue. It was performed with the
synchrotron radiation monochromatized to 17, 20, and
20.5 keV by a double-crystal silicon monochromator
operating in the vertical plane. The flux at the level
of the sample for a beam current of 60–180 mA and a
wiggler as X-ray source is approximately
8 × 109 photons s−1 mm−2. Image visualization was performed using Amira software, version 3.1, from TGS
and the public domain ImageJ program developed at
the United States National Institute of Health
(http://rsb.info.nih.gov/ij/). Supplementary data on
osteology such as colour plates are available on the
web site (http://indigene.ibaic.u-psud.fr/rubrique.
php3?id_rubrique=41) of the Université d’Orsay.

RESULTS
The final combined dataset consisted of 1447 bp of
rag-1, 810 bp of rag-2, and 435 bp of 16S rRNA, resulting in a combined alignment of 2692 bp. The 16S
rRNA alignment had 118 parsimony informative sites,
and 256 conserved sites. Rag-1 and rag-2 had 445 and
325 parsimony informative, and 815 and 337 conserved sites, respectively.
Basal neobatrachian relationships were poorly
resolved with all datasets. In both the ML and BI
analyses, the rag-1 and rag-2 datasets resolved the
hyloid and ranoid clades and a separate myobatrachid
clade, whereas the 16S rRNA dataset provided poor
resolution at this level. All separate and combined
analyses were congruent in the resolution of a clade
representing the Sooglossidae with high support. All
datasets using both phylogeny reconstruction methods resolved identical relationships within the Sooglossidae with high support. Sooglossids were split in two
clades: S. gardineri and S. pipilodryas were sister
taxa, as were N. thomasseti and S. sechellensis.
Sooglossids were placed sister to Nasikabatrachus
in all analyses, and Caudiverbera clustered with the
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myobatrachid Lechriodus based on both nuclear
datasets. This sister relationship of Caudiverbera and
Lechriodus was not supported by the 16S dataset,
which grouped Caudiverbera with Heleophryne, albeit
with only low support values (68% Bayesian posterior
probability and 66% ML bootstrap support).
Heleophryne was weakly associated with the clade
formed by Caudiverbera and Lechriodus in the combined analyses (Fig. 1).
To be able to include published data on additional
sooglossid individuals, we performed a second analysis based on the 16S rRNA gene only. This dataset
included the two N. thomasseti samples (from Mahé
and Silhouette) available to us, as well as three
further sequences of this species from GenBank, two
individuals of S. sechellensis, single individuals of
S. gardineri and S. pipilodryas, and Nasikabatrachus

351

as the outgroup. The obtained tree (Fig. 2) provided
the same arrangement of taxa as the combined
analysis and furthermore placed sequences of
N. thomasseti from Mahé and Silhouette, respectively,
in two separate subclades.
Genetic differentiation between sooglossid taxa was
of similar levels as known for other amphibians. Pairwise Jukes–Cantor (JC) corrected distance (Jukes &
Cantor, 1969) between S. gardineri and S. pipilodryas
based on 16S was 5.7%, whereas the distance between
S. sechellensis and N. thomasseti was 4.4%. The rag-1
and rag-2 fragments showed a similar pattern; the JC
corrected pairwise distances between S. gardineri and
S. pipilodryas were 4.0% for both rag-1 and rag-2,
and 2.3% and 2.5% between S. sechellensis and
N. thomasseti, respectively. The mean 16S rRNA-based
JC distance between the Silhouette and Mahé

Pipa parva
Hyperolius viridiflavus
99**

Kaloula pulchra

Ranoidea

89**
Rana temporaria
Heleophryne regis

Heleophrynidae

51

Lechriodus melanopyga

Myobatrachidae

83*
Caudiverbera caudiverbera
Leptodactylus fuscus

50

Hyloidea
100**

Bufo regularis

42
Agalychnis callidryas
45
Nasikabatrachus sahyadrensis

Nasikabatrachidae

Sooglossus gardineri
99**

100**
Sooglossus pipilodryas
100**
Nesomantis thomasseti

Sooglossidae

100**
Sooglossus sechellensis
0.1

Figure 1. Maximum likelihood phylogram of the combined dataset of rag-1, rag-2, and 16S rRNA. Numbers indicate
bootstrap support percentages of 500 replicates. A single asterisk indicates a Bayesian posterior probability of over 0.97.
Two asterisks indicate a Bayesian posterior probability of 1.0. Sizes of insets are not shown to scale.
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Nasikabatrachus sahyadrensis

Sooglossus pipilodryas
100
Sooglossus gardineri

Sooglossus sechellensis
100
Sooglossus sechellensis

83

Nesomantis thomasseti X86288 (Silhouette)

Nesomantis thomasseti (Silhouette)

79
Nesomantis thomasseti MNHN 2001.0269 (Mahé)
98
Nesomantis thomasseti AY364373

0.1

Nesomantis thomasseti AY330889 (Mahé)

Figure 2. Maximum likelihood phylogram based on a
reduced dataset (16S rDNA only). Numbers indicate bootstrap percentages of 500 replicates. Different 16S rDNA
sequences of Nesomantis available through GenBank were
included: X86288 (Hay et al., 1995), AY364373 (Biju &
Bossuyt, 2003), and AY330889 (Hoegg et al., 2004).

specimens of N. thomasseti was 3.0%. The mean 16S
rRNA based distance between the S. gardineri/
S. pipilodryas
clade
and
the
N. thomasseti/
S. sechellensis clade was 16.6%.

DISCUSSION
RELATIONSHIPS

AMONG BASAL NEOBATRACHIANS

The phylogenetic relationship of the clade formed by
the Sooglossidae and Nasikabatrachus to other neobatrachians could not be resolved in our analyses.
Although correct assignment of most species to the
larger superfamilies Ranoidea and Hyloidea is usually
unproblematic, the current work, similar to previous
studies using molecular characters (Hay et al., 1995;
Biju & Bossuyt, 2003; Hoegg et al., 2004; San Mauro
et al., 2005), failed to provide resolution among the
more basal neobatrachian taxa. Like the sooglossids,
most of these basal taxa are species-poor, and have

only relictal distributions. Sooglossids are restricted to
the Seychelles, Nasikabatrachus is highly localized in
India as are heleophrynids in South Africa, and
Caudiverbera, which is possibly closely related to the
Australian myobatrachids, in South America. The global scattering of their small distributions, suggests
that these taxa might be remnants of an ancient
neobatrachian radiation predating the breakup of
Gondwana (San Mauro et al., 2005). Lack of basal resolution among neobatrachian groups might be because
inadequate markers were used in these studies. Alternatively, the initial radiation of neobatrachians could
have occurred too fast to be reconstructable from
present DNA sequences. Nevertheless, the data published previously and those that are included in the
present work allow for three conclusions regarding the
relationships of these frogs: (1) the Sooglossidae are a
monophyletic group, which (2) is confirmed to be sister
to the Indian Nasikabatrachus, thereby validating the
biogeographical scenario of Biju & Bossuyt (2003); (3)
the placement of Caudiverbera, which is typically
included with the Leptodactylidae, sister to the myobatrachid Lechriodus rather than with the leptodactylid Leptodactylus, receives further support in
addition to the phylogeny of San Mauro et al. (2005)
that was based on only rag-1 sequences. By contrast to
the other lineages of basal neobatrachians, Myobatrachidae is a species-rich taxon with 124 species
(including Rheobatrachidae and Limnodynastidae;
AmphibiaWeb.org, as of August 2005), and a more
comprehensive sampling of these Australian taxa in
the future will be crucial to fully understand the phylogenetic and biogeographical pattern of the various
clades in the initial neobatrachian radiation.
A striking character of sooglossids is their lack of
extensible external vocal sacs (R. Boistel, pers.
observ.) and the absence of middle ear ossicles (Parker,
1934). A single internal vocal sac with very small vocal
slits (1 mm length, Tyler, 1985) is present. The middle
ear is considered an adaptation to hearing in air
(Allen, 1985) and the external vocal sacs are a common
solution for the need for communication over greater
distances in anurans. It has been assumed that frogs
lacking such structures are deaf and voiceless, which
is contradicted by the fact that at least some sooglossids emit advertisement calls (Gerlach & Willi, 2002).
The closely related Nasikabatrachus shares the
absence of the tympanum (see absence of bone columella in Biju & Bossuyt, 2003: fig. 1e, f; Dutta et al.,
2004). Of the 5157 described species of anurans placed
in 32 families (AmphibiaWeb.org), approximately 6%
are earless (Boistel, 2003). Although the Sooglossidae
and Nasikabatrachidae form one of the basal clades of
the neobatrachians, the majority of neobatrachians do
have a middle ear and its loss is most probably secondary (R. Boistel, unpubl. data).
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INTRAFAMILIAL PHYLOGENY AND THE CLASSIFICATION
OF SOOGLOSSIDS

The paraphyly of the genus Sooglossus as shown by
our data corroborates the earlier findings based on
morphology (Noble, 1931; Griffiths, 1963; Gerlach &
Willi, 2002), vocalizations (Nussbaum, Jaslow & Watson, 1982), genetic distance data (Green, Nussbaum &
Datong, 1988), and karyology (Nussbaum, 1979). The
high support that this placement receives (based on
the separate and combined molecular datasets irrespective of phylogeny reconstruction method) and the
low genetic distance between N. thomasseti and
S. sechellensis, suggests a need for further taxonomic
reconsideration of the genus Nesomantis. This robust
arrangement may also provide a basis for the study of
the evolution of reproductive modes and other features of the biology of these genetically highly distinctive frogs.
Originally, Sooglossus was described by Boulenger
(1906) and assigned to the family Ranidae in order to
separate Arthroleptis sechellensis Boettger, 1896 from
the African Arthroleptis. The new genus was defined
by the presence of an entire, elliptical tongue which
Boulenger (1906) lists as the sole distinctive character.
When he discovered a second species (N. thomasseti)
from the Seychelles Islands, Boulenger (1909)
described it as a member of a new ranid genus mainly
distinguished by the presence of vomerine teeth and
the shape of the digits. The characters used by Boulenger (1882) to redefine Nectophryne, particularly the
presence of a fleshy web, allow us to understand his
generic allocation of a new species Nectophryne gardineri Boulenger (1911) as a member of the Bufonidae.
Thus, the frogs from the Seychelles were historically
classified as members of two distinct families, grouping S. sechellensis with N. thomasseti as corroborated
by the morphological study of Gerlach & Willi (2002).
Available information on reproductive modes also
shows some differences within the genus Sooglossus:
S. sechellensis deposits eggs in a terrestrial nest.
These hatch into nonfeeding tadpoles that are transported on the back of the male until metamorphosis
(Nussbaum, 1984). Also, eggs of N. thomasseti are
deposited in a terrestrial nest, and hatch into nonfeeding tadpoles (R. Boistel, unpublished data). By contrast, S. gardineri lays terrestrial eggs that hatch into
froglets without a free tadpole stage. The breeding
habits of S. pipilodryas are unknown.
Summarizing, except for body size, there is no convincing morphological difference supporting the recognition of a separate genus Nesomantis to place the
species thomasseti separate from sechellensis. The
genetic distance between these species is relatively
low for frogs (4.4% in the 16S rRNA gene). In contrast,
the species gardineri and pipilodryas form a
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genetically highly distinct clade, supported by molecular data and morphological and behavioural evidence. We suggest that these findings should be
reflected in the taxonomy by including both sechellensis and thomasseti in a single genus Sooglossus, with
the generic name Nesomantis being a junior synonym,
and by describing a new genus Leptosooglossus to
accommodate the two remaining sooglossid species,
gardineri and pipilodryas.

SOOGLOSSIDAE NOBLE, 1931
SOOGLOSSUS BOULENGER, 1906
Sooglossus Boulenger, 1906: Type species by
monotypy: Arthroleptis sechellensis Boettger, 1896.
Nesomantis Boulenger, 1909: Type species by
monotypy: Nesomantis thomasseti Boulenger, 1909.
New synonym.
Species included: Sooglossus sechellensis (Boettger,
1896); Sooglossus thomasseti (Boulenger, 1909).
Diagnosis: Small to medium sized sooglossids (16–
45 mm snout–vent length) with protruding nostrils,
widely separated metacarpal tubercles, fingers with
pointed toe pads, and tubercular skin on dorsum; toes
free, without web.
Cranium (Fig. 3): Dorsum of braincase with frontoparietals narrowly separated anteriorly and suturated
through greater most of their lengths, and overlapping otic capsule (exoccipital), but not fused to it,
extended laterally with medial margins of epiotic
eminence and posteriorly at anterior margin of
exoccipital; exotosis producing a pair of spines on
frontoparietals. Nasals narrowly separated medially
and close to preorbital process of maxilla. Presence of
neopalatine, its lateral end distinctly wider than
medial end, expanded or not on sphenethmoid,
absence of anterolateral ossification of sphenethmoid;
two halves of sphenethmoid separated dorsomedialy
and fused ventromedialy in their posterior part on 4/5
of their length or not, but forming posterior nasal cavity and olfactory formina. Maxillary arcade complete
bearing teeth, composed of maxilla articulated anteriorly with premaxilla and posteriorly with quadratojugal. Pars facialis of maxilla broad, teething starting
just after terminus of zygomatic ramus of squamosal;
anterior end of maxilla with pointed process overlaping premaxilla at superior part of pars dentalis; jaw
articulation largely posterior of operculum. Squamosals T-shaped, otic ramus of squamosal forming a slender plate, incurved posteromedially, otic plate absent;
zygomtic ramus well developed and deflected medially; otic ramus shorter than zygomatic ramus; ventral ramus inclined anteriorly, investing lateral
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Figure 3. Volume rendering of X-ray microtomography of skulls of Sooglossidae species. A, Sooglossus thomasseti, MNHN
2001.0269, Mahé, resolution 30 µm; B, Sooglossus sechellensis, MNHN 1984.2371, Mahé, resolution 7.5 µm; C, Leptosooglossus gardineri, MNHN 1984.2369, Mahé, resolution 7.5 µm; D, Leptosooglossus pipilodryas, RBSS 2003.0007, Silhouette,
resolution 7.5 µm; E, detailed latero-posterior view of otoccipital region with exostosis producing a pair of processes in
S. thomasseti; F, detail of lateral view of sesamoid bone of articulation of maxillary mandibular of S. sechellensis. Left,
lateral view from left; middle, dorsal view; right, ventral view.
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surface of palatoquadrate and distinctly separated
from quadratojugal. Pterygoid triradiate slender and
gracile; anterior ramus of perygoid extends anterolaterally from otic capsule to articulation with groove of
maxillae formed by the partes palatina and facialis;
posterior ramus investing medial surface of palatoquadrate; medial ramus terminating vertically on
anterior margin of otic capsule and not in contact with
prootic and parasphenoid alary process; medial ramus
longer than posterior ramus. Medio-ventral part of
braincase closed by bone; parasphenoid T-shaped with
alary process, orientated laterally but slanted slightly
posterolaterally; cultriform process of parasphenoid
extending anteriorly to level of antero-ventral margins of sphenethmoid; anterior terminus of cultriform
process of irregular shape and non-acuminate; parasphenoid not fused with sphenethmoid and otic capsule; posterior process of parasphenoid acuminate.
Operculum entirely ossified. Denticulate serration on
dentary present; a sesamoid at maxillo-mandibular
articulation present.
Postcranium (Fig. 4): Eight procoelous, not imbricate
presacral vertebrae; presacral I and II fused or not;
atlantal condylar type I (Lynch, 1971), widely separated; neural arches of vertebrae II–VIII bearing
a single, posteriorly directed spinous process,
overlaping succeeding vertebra or not. Sacro-coccygeal
articulation monocondylar; sacral diapophyses dilated. Anterior end of urostyle bearing a pair of vestigial processes; transverse processes of third and
fourth presacral vertebrae much wider than width of
sacral diapophyses.
Arciferal pectoral girdle: Cleithrum and suprascapula
distinguishable; scuprascapula with proximal section
ossified, Y-shaped; cleithrum partially ossified distally.
Coracoid, scapula, procoracoids and clavicle not synosteotically united but linked by cartilage, partially ossified. Omosternum and sternum ossified or partially
ossified.
Terminal phalanges simple, sharply pointed, ending
in a very small knob, no intercalary cartilage between
penultimate and ultimate phalanges of fingers and
toes.
Phylogenetic definition: The clade stemming from
the most recent common ancestor of S. sechellensis
(Boettger, 1896) and S. thomasseti (Boulenger,
1909).
Reproductive behaviour: In S. sechellensis, eggs are
laid on the ground; after hatching, nonfeeding
(endotrophic) tadpoles will climb on the back of adult
and are carried until metamorphosis. Females of
S. thomasseti are known to have large and pigmentless ovarian eggs, and they hatch into endotrophic tadpoles (R. Boistel, pers. observ.).
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Etymology: Composed of the Classical Greek terms
soos, safe, sound, unscathed, unwounded; glossa,
tongue.

LEPTOSOOGLOSSUS

GEN. NOV.

Type species by present designation: Nectophryne
gardineri Boulenger, 1911.
Species included: Leptosooglossus gardineri (Boulenger, 1911); L. pipilodryas (Gerlach & Willi, 2002).
Diagnosis: Small sized sooglossids (9.3–16.4 mm
snout–vent length) with nonprotruding nostrils;
reduced metacarpal tubercles, reduced toe pads
(pointed on feet only or on digit III only), and a smooth
skin except for rows of well-defined tubercles on dorsum; toes with fleshy webs.
Cranium (Fig. 3): Dorsum of braincase with frontoparietals narrowly separated anteriorly and fused
through posterior half of their lengths or not and overlapping otic capsule (exoccipital), but fused or not,
extended laterally with medial margins of epiotic eminence and posteriorly at anterior margin of exoccipital; no exostosis producing a pair of spine on
frontoparietals. Nasals widely separated medially and
not in contact with preorbital process of maxilla.
Neopalatine reduced or absent; if absent, presence of
anterolateral ossification of sphenethmoid in ventral
region of planum antorbitale; two halves of sphenethmoid separeted dorsomedialy and fused ventromedialy on 1/6 of length or not, but forming posterior nasal
cavity and olfactory formina. Maxillary arcade incomplete, bearing teeth, composed of maxilla articulated
anteriorly with premaxilla but posteriorly not articulated with quadratojugal. Pars facialis of maxilla slender, teething beginning at level of posteroventral
margin of sphenethmoid; anterior part of maxilla with
pointed process, overlaping premaxilla at inferior part
of pars dentalis; jaw articulation at level of operculum
or just posterior. Squamosals T-shaped, otic ramus of
squamosal forming slender plate, parallel or deflected
laterally to medial plan; otic plate absent; zygomatic
ramus well developed and deflected laterally; length of
otic ramus larger than zygomatic ramus; ventral
ramus inclined anteriorly, investing lateral surface of
palatoquadrate, close but separated from quadratojugal. Pterygoids triradiate, slender and gracile; anterior ramus of perygoid extending anterolaterally from
otic capsule to articulation with maxillae formed by
pars palatine; posterior ramus investing medial surface of palatoquadrate; medial ramus terminating vertically on anterior margin of otic capsule and not in
contact with prootic and parasphenoid alary process;
medial ramus longer or smaller than posterior ramus;
medial ramus of pterygoid not expended, articulating
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Figure 4. Volume rendering of X-ray microtomography of postcranial skeleton of Sooglossidae species. A, B, D, G, M,
Sooglossus sechellensis, MNHN 1984.2371, Mahé, resolution 7.5 µm; C, E, F, J, N, Leptosooglossus gardineri, MNHN
1984.2369, Mahé, resolution 7.5 µm; H, O, Q, W, X, Leptosooglossus pipilodryas, RBSS 2003.0007, Silhouette, resolution
7.5 µm; I, K, L, P, R, S, T, Sooglossus thomasseti, RBSS 2003.0001, Silhouette, resolution 7.50 µm. A, C, vertebral column,
dorsal view; B, E, Sacrum, posterior view; D, F, urostyle, anterior view; G, H, I, J (upper row), atlas vertebrae, posterior
(left), lateral (middle), and anterior (right) view; G, H, I, J (lower row), third presacral vertebrae (left), lateral (middle),
and anterior (right) view; M, N, T, W, pectoral girdle, ventral view; K, O, suprascapula, dorsal view; P, scapula, lateral
view; L, clavicle, dorsal view; R, coracoid; anterior view; S, X, ossification of epi- and precoracoid cartilage; Q, scapula,
clavicle, coracoid and procoracoid, synosteotically united, ventro-lateral view. N, the coracoid of L. gardineri is fractured.
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vertically with anterodorsal edge of optic capsule.
Medioventral part of braincase not closed by bone;
parasphenoid T-shaped with alary process, orientated
slightly posterolateral; cultriform process of parasphenoid extending anteriorly to level of postero-ventral
margins of sphenethmoid; anterior terminus of cultriform process pointed and acuminate; parasphenoid
fused or not with sphenethmoid and otic capsule; posterior process of parasphenoid is truncate. Operculum
partly ossified. Denticulate serration on dentary
absent, but a single toothlike process on each dentary;
sesamoid at maxillo-mandibular articulation absent.

changed, the unique position of the genus Caudiverbera was acknowledged by Frost et al. (2006) by placing it in the family Batrachophrynidae together with
Telmatobufo. The removal of Batrachophrynus from
this family subsequently required the renaming of the
family containing the remaining taxa to Calyptocephalellidae. Despite the inclusion by Frost et al. (2006) of
a large molecular as well as morphological dataset in
their analysis, the branching order in the basal part of
the neobatrachian group remains largely unsupported
also in their study.

Postcranium (Fig. 4): Eight procoelous vertebrae or
vertebrae III to VIII procoelous and vertebra I with
posteriorly concave centrum and vertebra II with
biconvex centra; non-imbricate presacral vertebrae;
presacral I and II not fused; atlantal condylar type I
(Lynch, 1971), widely separated; neural arches of vertebra II–VIII without neural spine. Sacro-coccygeal
articulation monocondylar; sacral diapophyses further
dilated. Anterior end of urostyle bearing a pair of vestigial processes; transverse processes of third and
fourth presacral vertebrae wider than the width of
sacral diapophyses.
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Although the classification of the Sooglossidae was not

We are very grateful to the Seychelles Bureau of Standards for permission (SBS) to work at the Silhouette
Island, Republic of Seychelles, the R. Gerlach family
(Nature Protection Trust of Seychelles), and L. Chong
Seng for assisting during fieldwork. Also, many
thanks to M. Géze and M. Dellinger, for facilitating
and accommodating the use of the graphic workstation at CEMIM (MNHN, Paris). Many thanks to the
Ministry of Environment of Seychelles and the Directory General of Conservation, Mr D. Dogley, for delivering collecting permits used for the specimens
mentioned in this paper. Finally, thanks to A. Dubois,
J. M. Boistel, M. Boistel, M. Goyon, T. Aubin, A.
Mazabraud, P. Cloetens, E. Boller, P. Tafforeau, J.-F.
Aubry, J.-Y. Tinevez, and the teams of id19 in ESRF
and Laboratoire des Reptiles et Amphibiens (MNHN)
for their help. The European Synchrotron Radiation
Facility (ESRF) is acknowledged for providing
beamtime in the framework of proposal SC-1593
and MD179. This work was financially supported
by the Deutsche Forschungsgemeinschaft (grant
ME1725/10-1).

REFERENCES
Allen J. 1985. Cochlear modeling. IEEE ASSP 2: 2–3.
Badyukov DD, Demidenko EL, Kaplin PA. 1989. Palaeogeography of the Seychelles Bank and the northwest Madagascar Shelf during the last glacio-eustatic regression (18,000
B.P.). Chinese Journal of Oceanology and Limnology 7: 89–92.
Barnes WM. 1994. PCR amplification of up to 35 kb DNA with
high fidelity and high yield from lambda bacteriophage templates. Proceedings of the National Acadamy of Sciences of
the United States of America 91: 2216–2220.
Biju SD, Bossuyt F. 2003. New frog family from India reveals
an ancient biogeographical link with the Seychelles. Nature
425: 711–713.
Blommers-Schlösser RMA. 1993. Systematic relationships
of the Mantellinae Laurent 1946 (Anura Ranoidea). Ethology, Ecology and Evolution 5: 199–218.
Boistel R. 2003. Convergence évolutive de l’appareil auditif
des anoures. Une communication acoustique aérienne sans

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 91, 347–359

358

A. VAN DER MEIJDEN ET AL.

oreille moyenne: une spécialisation unique chez les tétrapodes. Actes du Congrès, GTEM, Paris 6: 11.
Boulenger GA. 1882. Catalogue of the Batrachia Gradentia s.
Caudata in the collection of the British Museum. London:
Taylor & Francis.
Boulenger GA. 1906. Descriptions of new batrachians discovered by Mr. G. L. Bates in South Cameroon. Annales and
Magazine of Natural History 7: 317–323.
Boulenger GA. 1909. A list of freshwater fishes, batrachians,
and reptiles obtained by Mr. J. Stanley Gardiner’s expedition
to the Indian Ocean. Transactions of the Linnean Society
London 2: 291–300.
Boulenger GA. 1911. List of the batrachians, and reptiles
obtained by Prof. Stanley Gardiner on his second expedition
to the Seychelles and aldabra. Transactions of the Linnean
Society London 2: 375–378.
Briggs JC. 2003. The biogeographic and tectonic history of
India. Journal of Biogeography 30: 381–388.
Bruford MW, Hanotte O, Brookfield JFY, Burke T. 1992.
Single-locus and multilocus DNA fingerprinting. In: Hoezel
AR, ed. The South American herpetofauna: its origin, evolution, and dispersal. Molecular genetic analysis in conservation. Oxford: IRL Press, 225–270.
Chiari Y, Vences M, Vieites David R, Rabemananjara F,
Bora P, Ramilijaona Ravoahangimalala O, Meyer A.
2004. New evidence for parallel evolution of colour patterns
in Malagasy poison frogs (Mantella). Molecular Ecology 13:
3763–3774.
Dubois A. 2005. Amphibia Mundi. 1.1.: an ergotaxonomy of
recent amphibians. Alytes 23: 1–24.
Duellman WE, Trueb L. 1986. Biology of amphibians. New
York: McGraw-Hill.
Dutta SK, Vasudevan K, Chaitra MS, Shanker K, Aggerwal RK. 2004. Jurassic frogs and the evolution of amphibian
endemism in the Western Ghats. Current Science 86: 211–
216.
Farris JS, Källersjö M, Kluge AG, Bult C. 1994. Testing significance of incongruence. Cladistics 10: 315–319.
Feller AE, Hedges SB. 1998. Molecular evidence for the early
history of living amphibians. Molecular Phylogenetics and
Evolution 9: 509–516.
Felsenstein J. 1984. Distance methods for inferring phylogenies: a justification. Evolution 38: 16–24.
Ford LS, Cannatella DC. 1993. The major clades of frogs.
Herpetological Monographs 7: 94–117.
Frost DR, Grant T, Faivovich J, Baina RH, Haas A,
Haddad CFB, De Sá ROD, Channing A, Wilkinson M,
Donnellan SC, Raxworthy CJ, Campbell JA, Blotto
BL, Moler P, Drewes RC, Nussbaum RA, Lynch JD,
Green DM, Wheeler WC. 2006. The Amphibian Tree of
Life. Bulletin of the American Museum of Natural History
297: 1–291.
Gerlach J, Willi J. 2002. A new species of frog, genus Sooglossus (Anura, Sooglossidae) from Silhouette Island, Seychelles. Amphibia-Reptilia 23: 445–458.
Green DM, Nussbaum RA, Datong Y. 1988. Genetic divergence and heterozygosity among frogs of the family Sooglossidae. Herpetologica 44: 113–119.

Griffiths I. 1963. The phylogeny of the Salientia. Biological
Reviews of the Cambridge Philosophical Society 38: 241–292.
Guindon S, Gascuel O. 2003. A simple, fast, and accurate
algorithm to estimate large phylogenies by maximum likelihood. Systematic Biology 52: 696–704.
Hay JM, Ruvinsky I, Hedges SB, Maxson LR. 1995. Phylogenetic relationships of amphibian families inferred from
DNA sequences of mitochondrial 12S and 16S ribosomal
RNA genes. Molecular Biology and Evolution 12: 928–937.
Hoegg SI, Vences M, Brinkmann H, Meyer A. 2004. Phylogeny and comparative substitution rates of frogs inferred
from sequences of three nuclear genes. Molecular Biology
and Evolution 21: 1188–1200.
Huelsenbeck JP, Ronquist F. 2001. MRBAYES: Bayesian
inference of phylogenetic trees. Bioinformatics 17: 754–755.
Jukes TH, Cantor CR. 1969. Evolution of protein molecules.
In: Munro HN, ed. Mammalian protein metabolism. New
York, NY: Academic Press.
Kumar S, Tamura K, Nei M. 2004. MEGA3: integrated software for molecular evolutionary genetics analysis and
sequence alignment. Briefings in Bioinformatics 5: 150–163.
Labiche JC, Segura-Puchades J, Van Brussel D, Moy JP.
1996. FRELON camera: Fast REadout LOw Noise. ESRF
Newsletter 25: 41–43.
Lynch JD. 1971. Evolutionary relationships, osteology, and
zoogeography of leptodactylid frogs. Miscellaneous Publications of the Museum of Natural History of the University of
Kansas 53: 1–238.
Lynch JD. 1973. The transition from archaic to advanced
frogs. In: Vial JL, ed. Evolutionary biology of the anurans:
comtemporary research on major problems. Columbia, MO:
University of Missouri Press, 133–182.
Noble GK. 1931. The biology of the amphibia. New York, NY:
McGraw-Hill.
Nussbaum RA. 1979. Mitotic chromosomes of Sooglossidae
(Amphibia: Anura). Caryologia 32: 279–298.
Nussbaum RA. 1982. Heterotopic bones in the hindlimbs of
frogs of the families Pipidae, Ranidae, and Sooglossidae.
Herpetologica 38: 312–320.
Nussbaum RA. 1984. Amphibians of the Seychelles. In: Stoddart DR, eds. Biogeography and ecology of the Seychelles
Islands. The Hague: W. Junk, 379–415.
Nussbaum RA, Jaslow A, Watson J. 1982. Vocalization in
frogs of the family Sooglossidae. Journal of Herpetology 16:
198–204.
Palumbi S, Martin A, Romano S, McMillan WO, Stice L,
Grabowski G. 1991. The simple fool’s guide to PCR, Version
2. Privately published document compiled by S. Palumbi.
Honolulu: Department of Zoology, University Hawaii.
Parker BA. 1934. A monograph of the frogs of the family
Microhylidae. London: British Museum,.
Posada D, Crandall KA. 1998. Modeltest: testing the model
of DNA substitution. Bioinformatics 14: 817–818.
Roelants K, Bossuyt F. 2005. Archaeobatrachian paraphyly
and Pangaean diversification of crown-group frogs. Systematic Biology 54: 111–126.
San Mauro D, Vences M, Alcobendas M, Zardoya R,
Meyer A. 2005. Initial diversification of living amphibians

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 91, 347–359

PARAPHYLY OF THE GENUS SOOGLOSSUS
predated the breakup of Pangaea. American Naturalist 165:
590–599.
Savage JM. 1973. The geographic distribution of frogs: patterns and predictions. In: Vial JL, ed. Evolutionary biology of
anurans: contemporary research on major problems. Colombia, MO: University of Missouri Press, 351–445.
Swofford DL. 2002. PAUP*: phylogenetic analysis using parsimony (*and other methods), Version 4.0b10. Sunderland,
MA: Sinauer Associates.
Thompson JD, Higgins DG, Gibson TJ. 1994. Clustal W:
improving the sensitivity of the progressive multiple

359

sequence alignment through sequence weighting, positionsspecific gap penalties and weight matrix choice. Nucleic
Acids Research 22: 4673–4680.
Tyler MJ. 1985. Phylogenetic significance of the superficial
mandibular musculature and vocal sac structure of sooglossid frogs. Herpetologica 4: 173–176.
Van der Meijden A, Vences M, Hoegg SI, Meyer A.
2005. A previously unrecognized radiation of ranid frogs in
Southern Africa revealed by nuclear and mitochondrial DNA
sequences. Molecular Phylogenetics and Evolution 37: 674–
685.

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 91, 347–359

