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Abstract

Karyotypes of three microhylid frog species of the Malagasy relict genus Scaphiophryne were studied:
Scaphiophryne gottlebei, S. madagascariensis and S. spinosa. The latter two showed a plesiomorphic
ranoid karyotype of 2n = 26. In contrast, tetraploidy was demonstrated in S. gottlebei, which constitutes
an exceptional state among Malagasy amphibians. A combination of different banding techniques and
of rDNA-FISH provided evidence for allopolyploidy in the species and for a completed subsequent func-
tional and structural diploidization. Phylogenetic analysis of mitochondrial 16S rDNA sequences revealed
a signi¢cant deceleration of nucleotide substitution rates in Scaphiophryne. The tetraploidy of S. gottlebei
probably occurred early in their radiation. Ecological and behavioural patterns of Scaphiophryne probably
favoured intraspeci¢c gene £ow and hybridization events, thereby leading to slow molecular substitution
rates and to allopolyploid chromosome speciation in S. gottlebei.

Introduction

Explaining patterns of tropical biodiversity has
become an important topic in recent works
(Moritz et al. 2000). Particular attention is paid
to the often explosive adaptive radiations which
can lead to high numbers of speciation events
in short time intervals (e.g. Meyer 1993,
Schluter 1996). However, little is known on
the evolutionary mechanisms in relict groups
which apparently maintain a low species diver-
sity throughout time.

Both in animals and plants, polyploidization is
among the most prominent examples of
karyological events that can lead to sudden
postmeiotic isolation and thereby to the evolution
of new species (King 1993). In anuran amphibians,
polyploidy is relatively widespread and evolved
independently in different lineages. Currently, at
least 40 species of polyploid anurans are known,
which belong to seven families (Bufonidae,
Hylidae, Leptodactylidae, Microhylidae, Myo-
batrachidae, Pipidae and Ranidae; see King 1990,
Kuramoto 1990).
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The diversity of the extant Malagasy frog fauna
is extraordinary (Glaw & Vences 2000), mainly
due to the species richness of a few endemic
radiations. However, Madagascar also harbours
less-speciose relict groups (Vences et al. 2000a).
The enigmatic genus Scaphiophryne has been con-
sidered as a ‘living fossil’ (Wassersug 1984) and
is usually placed into its own subfamily
Scaphiophryninae in the cosmopolitan family
Microhylidae. Although Scaphiophryne are
known from most of Madagascar’s diverse habitat
types, only six nominal species are known so far
(Glaw & Vences 1994).
The only karyological information on

Scaphiophryne has been published by Blommers
& Blanc (1972), who reported on the karyotype
of a species close to S. madagascariensis. In the
present paper, we report on tetraploidy in the
Malagasy frog S. gottlebei, and compare its
chromosome characteristics with those of two
additional species of the genus, S. madagas-
cariensis and S. spinosa. Furthermore, we present
the results of a molecular phylogenetic analysis
of the genus which provides evidence of slow
DNA substitution rates in Scaphiophryne.

Materials and methods

Taxonomy and voucher specimens

Taxonomy follows Glaw & Vences (1994) with the
following changes: usage of Scaphiophryne
madagascariensis as senior synonym of S.
pustulosa, of S. spinosa as valid species, and recog-
nition of a new species here named S. sp. aff.
marmorata. Vouchers were deposited in the collec-
tions of the Museo Regionale di Scienze Naturali,
Torino (MRSN); Universite¤ d’Antananarivo,
De¤ partement de Biologie Animale (UADBA);
Zoologisches Forschungsinstitut und Museum
A. Koenig, Bonn (ZFMK); Zoologische Staats-
sammlung Mˇnchen (ZSM). Karyological infor-
mation refers to one female and one juvenile
Scaphiophryne gottlebei (ZFMK uncatalogued),
one female of S. madagascariensis (MRSN
A2020), and one male and one female of S. spinosa
(MRSN A2017).
The voucher specimens and EMBL/Genbank

accession numbers for the molecular analyses are:

(1) Scaphiophryninae: Scaphiophryne brevis
(Kirindy, AF215384), Scaphiophryne brevis (Ifaty,
ZSM 577/2000, AJ314808), Scaphiophryne
calcarata (Ampijoroa, ZSM 715/2001 AJ314811),
Scaphiophryne gottlebei (no locality, AF215385),
Scaphiophryne sp. aff. marmorata (ZSM
644/2000, AJ314810), Scaphiophryne madagas-
cariensis (UADBA-FG/MV 2000.71, AJ314809),
Scaphiophryne spinosa (no locality, ZSM
1154/2001, AF215383); (2) Dyscophinae:
Dyscophus guineti (no locality, ZFMK 64133,
AF215368); (3) Cophylinae: Anodonthyla
montana (Andringitra, ZSM 776/2001,
AJ314812), Platypelis grandis (Nosy Mangabe,
ZFMK 66680, AF215381), Plethodontohyla
notosticta (Nosy Mangabe, ZFMK 66675,
AF215380), Stumpf¢a grandis (Nosy Mangabe,
ZFMK 66678, AF215386); (4) Microhylinae:
Microhyla ornata (Vietnam, ZFMK-TZ 52,
AF215373), Microhyla pulchra (Vietnam,
ZFMK-TZ 299, AF215374). Pelodytes punctatus,
family Pelodytidae (AJ314813), was used as the
outgroup.

Karyological methods

Specimens of S. madagascariensis and S. spinosa
were injected in the ¢eld with 0.01 ml/g body
weight of a 0.1 mg/ml colchicine solution. After
two hours, the specimens were sacri¢ced and
intestine and gonads incubated for 30 min in a
0.5% sodium citrate solution, then ¢xed in a 3:1
ethanol/acetic acid solution; chromosomes were
studied using the air drying and scraping method.
The specimens of S. gottlebei were directly pro-
cessed in the lab.
In addition to standard methods (5% Giemsa at

pH 7), we used the following staining techniques:
(1) Ag-NOR banding according to Howell & Black
(1980); (2) chromomycin A3/methylic green
staining (CMA3/MG) according to Sahar & Latt
(1980), but with a reduced MG exposure of about
10 s; (3) C-banding according to Sumner (1972);
(4) sequential C-banding, CMA3, and DAPI
staining (Odierna et al. 2000). Morphometric
chromosomal characteristics (relative length,
RL; centromeric index, CI) were determined by
analysing at least ¢ve well-spread metaphase
plates of each species.
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In-situ hybridization with a digoxigenin-labelled
ribosomal unit of Xenopus laevis (pXcr7) was
performed on the chromosomes of S. gottlebei.
Hybridization was carried out as described in
Capriglione et al. 1994. The digoxigenated probe
was revealed with £uoresceined antibodies of
mouse as suggested by the supplier (Roche).

DNA sequencing and statistics

To sample data on genetic differentiation and
phylogenetic relationships among species of
Scaphiophryne, we sequenced fragments of the
mitochondrial 16S rRNA gene of up to 580
nucleotides (nt), using primers and protocols given
in Vences et al. (2000b). A total of 201 nt, were
excluded from the data set as they were either
too variable to be reliably aligned or were lacking
in one taxon (Dyscophus) of which only a sequence
of about 400 nt was available. The remaining
379 nt were submitted to analysis using PAUP*,
version 4.0b8 (Swofford 2001). MODELTEST
3.04 (Posada & Crandall 1998) was used to esti-
mate the substitution model in the data. Tests
of relative molecular substitution rates were con-
ducted using PHYLTEST (Kumar 1996) using dif-
ferent substitution models both based on all
substitutions and on transversions only.

Results

Karyotypes of Scaphiophryne spinosa and
S. madagascariensis

Specimens of these two species had a karyotype of
2n = 26 biarmed chromosomes (Figure 1A, B).
The chromosome pairs 1, 5^7, 9, and 11^12 were
metacentric, the remaining pairs were sub-
metacentric (Table 1). The CMA3/MG staining
evidenced the NORs in paracentromeric position
on the short arm of the second chromosome pair
(Figure 2A, D). Additionally, CMA3/MG stained
(1) the telomeric regions of the long arm of the
second chromosome pair in both species, (2) the
peritelomeric regions of the long arm of the fourth
pair in both species; and (3) the telomeric regions
of the seventh pair in S. spinosa. C-banding
revealed, in both species, a small amount of
centromeric heterochromatin, while distinct

NOR-associated heterochromatin and telomeric
bands on several chromosome pairs were evident.
After sequential C +CMA3+DAPI banding, a
positive staining with both £uorochromes was
noted in both species: (1) of the NOR-associated
heterochromatin; (2) of telomeric hetero-
chromatin of the second pair; and (3) of the peri-
telomeric heterochromatin on the long arms of
the third pair. Additionally, in S. spinosa, both
£uorochromes stained the telomeric hetero-
chromatin on the short arm of the seventh pair,
while that on the long arm of the same pair was
CMA3-positive only (Figure 2B, C, E, F).

Karyotype of Scaphiophryne gottlebei

Both specimens studied showed metaphase plates
with 52 biarmed chromosomes. These were com-
posed of 13 quartets of similar elements
(Figure 1C), corresponding in morphology to
the 13 pairs of S. spinosa and S. madagascariensis
(Table 1). In two of the four chromosomes of
the second quartet, a paracentromeric secondary
constriction was usually visible on the short arm;
the same region stained positive by AgNOR
and CMA3/MG banding (Figure 2G, H).
Additionally, CMA3/MG-positive bands were
also visible: (1) on the paracentromeric region
of the short arm of the remaining two chromo-
somes of the second quartet, although less
extended and intensive than on the two
AgNOR-positive elements; (2) on the telomeric
regions of the long arms of the second quartet;
(3) in the peritelomeric regions of the fourth
quartet; and (4) in the centromeric region of
two chromosomes of the ninth quartet
(Figure 2H). C-banding revealed the presence of
heterochromatin: (1) in the centromeric regions,
distinctly on the quartets 7 and 12 but only very
faintly on the remaining quartets; (2) in the
telomeric regions of almost all quartets; (3) as a
paracentromeric band on the short arm of the
second quartet; and (4) as a peritelomeric band
on two chromosomes of the ¢rst quartet
(Figure 2I). In-situ hybridization with the rDNA
probe resulted in hybridization signals in the
paracentromeric regions of the short arms of
two elements of the second quartet only
(Figure 1J). Sequential C +CMA3+DAPI
staining resulted in: (1) positive DAPI staining
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of the band on two chromosomes of the ¢rst
quartet; (2) positive CMA3 staining of the
telomeric heterochromatin on the long arm of
the seond quartet, the peritelomeric hetero-
chromatin of the fourth quartet, and in the
centromeric regions of two chromosomes,
respectively, of the seventh and the ninth quartet;
and (3) in DAPI- and CMA3-positive staining
of the NOR-associated heterochromatin of the
second quartet, the CMA3 staining being much
more expressed in two of the four elements
(Figure 2K, L).

Mitochondrial phylogeny and rates of molecular
evolution

Maximum likelihood (ML), maximum parsimony
(MP) and neighbour-joining (NJ) analyses agreed
in placing all Scaphiophryne in one monophyletic
group (Figure 3) but intrageneric relationships
remained unresolved. Analyses including the com-
plete sequences (580 nt) did not result in relevant
changes of topology or bootstrap values, neither
excluding Dyscophus from the analysis nor coding
its lacking sequence sections as missing characters.

Pairwise sequence divergence among Scaphio-
phryne in the complete 580-nt fragment (mean:
20 substitutions, corresponding to 1.7%) was
highest between S. gottlebei and S. brevis (26^27
substitutions; 4.5^4.7%) and lowest between S.
pustulosa and S. sp. aff. marmorata (10
substitutions; 1.7%).
In all analyses, branch lengths of species of

Scaphiophryne were distinctly shorter compared
with those of other taxa, especially cophylines
(Figure 3). Independently from the substitution
model used, relative rate tests signi¢cantly rejected
rate constancy (p < 0:05) in all comparisons of
Scaphiophryne with the other microhylids
included.

Discussion

General chromosome morphology and NOR
position

Microhylid diploid chromosome numbers range
between 2n = 22 and 2n = 32. A karyotype of
2n = 26 biarmed elements, the ¢rst ¢ve being dis-

Figure 1. Giemsa-stained karyotype of Scaphiophryne madagascariensis (A), S. spinosa (B) and S. gottlebei (C).
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tinctly larger than the remainder, has been
found in 46 of the 65 species studied so far
(Kuramoto 1990). This number can be con-
sidered as plesiomorphic in ranoid frogs
(Morescalchi 1981, Bogart & Tandy 1981,
Green 1983), and, in Scaphiophryne, is shared

by S. spinosa, S. madagascariensis and S. sp.
aff. madagascariensis (Blommers & Blanc 1972,
and this study). Beside general chromosome
morphology, conserved patterns among S.
spinosa and S. madagascariensis (and S.
gottlebei) also include the position of the

Table 1. Relative lengths (RL) and centromeric indices (CI) of the chromosomes of the three species of
Scaphiophryne studied (mean� standard deviation).

S. gottlebei S. spinosa S. madagascariensis

Chromosome 1
RL 15.5� 0.8 14.2� 0.7 15.0� 0
CI 45.5� 3.3 46.8� 3.8 42.0� 3.7

Chromosome 2
RL 13.3� 1.3 13.0� 1.0 12.7� 1.1
CI 33.0� 4.8 43.5� 5.0 43.5� 4.6

Chromosome 3
RL 11.6� 0.8 11.7� 0.5 12.5� 0.7
CI 37.6� 3.7 34.4� 3.0 33.4� 3.3

Chromosome 4
RL 11.5� 0.6 11.1� 0.4 12.2� 0.3
CI 33.3� 2.9 32.6� 3.5 29.0� 3.8

Chromosome 5
RL 10.1� 0.4 10.0� 0.7 10.2� 0.5
CI 44.9� 2.7 47.0� 3.0 43.2� 3.3

Chromosome 6
RL 6.6� 1.1 7.0� 0.9 6.5� 0.8
CI 41.7� 3.0 39.1� 3.3 42.6� 3.2

Chromosome 7
RL 5.8� 0.6 6.9� 0.5 5.6� 0.8
CI 42.0� 2.6 39.0� 2.8 45.2� 2.0

Chromosome 8
RL 5.4� 0.8 6.2� 0.6 5.3� 0.5
CI 32.0� 3.3 45.0� 4.0 33.8� 4.2

Chromosome 9
RL 4.7� 0.9 5.3� 0.7 4.6� 0.6
CI 40.3� 3.6 40.6� 3.0 36.9� 3.5

Chromosome 10
RL 4.4� 1.0 4.7� 0.6 4.4� 0.6
CI 30.4� 3.1 48.3� 3.3 34.2� 3.3

Chromosome 11
RL 4.0� 0.8 4.4� 0.5 4.2� 0.6
CI 43.0� 3.7 45.6� 3.4 41.6� 3.2

Chromosome 12
RL 3.6� 0.7 4.1� 0.4 3.7� 0.6
CI 39.8� 3.0 41.8� 3.1 35.1� 3.0

Chromosome 13
RL 3.2� 0.9 4.0� 0.6 3.1� 0.5
CI 46.8� 3.2 44.4� 3.4 40.0� 3.3
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ribosomal cistrons (NOR loci), which are often
indicative of relationships at the genus level
in frogs (e.g. Odierna et al. 2000).

Ancient tetraploidy in Scaphiophryne gottlebei

The data obtained for Scaphiophryne gottlebei
provide clear evidence for a tetraploid karyotype
in this species. The 13 chromosome quartets are
homoeologous in dimensions and morphology
to the 13 pairs in the other Scaphiophryne species
studied. In natural bisexual populations of
anurans, polyploidy may evolve by two separate
mechanisms (Mahony & Robinson 1980,
Tymowska 1991): (1) autopolyploidization follows
the fusion of diploid gametes caused by the
inhibition of meiotic disjunction due to physical
agents, such as thermal shocks or hydrostatic
pressure, acting simultaneously on both
(conspeci¢c) parents (Ferrier & Jailet 1978). (2)
In contrast, allopolyploidization occurs by inter-
breeding of two species, which induces the somatic
duplication of parental genomes in the offspring,
and the subsequent production of diploid gametes.
Our results strongly suggest that tetraploidy in S.
gottlebei has been achieved by this latter
mechanism. Regarding several characteristics,
different states were found in two chromosomes
of one quartet, respectively: the DAPI-positive
paratelomeric heterochromatin band on two
elements of the ¢rst quartet and the
CMA3-positive centromeric band on two elements
of the seventh and ninth quartets probably re£ect
the origin of the tetraploid karyotype of S.
gottlebei from two distinct parental species. These
intraquartet differences do not appear to be a
byproduct of the ‘diploidization’ process, since
other heterochromatic markers were conserved
in all the elements of the concerned quartets:
namely the peritelomeric C-band present on the
long arms of all the elements of second and fourth
quartets and the paracentromeric C-band on the
short arms of all the elements of the second
quartet.

The process of ‘diploidization’, which maintains
the RNA synthesis in polyploid species at levels
similar to diploid species, is usually considered
as terminated when the number of NORs is
reduced to two (Schmid et al. 1985). In S.
gottlebei, according to our data, the NOR
reduction is functional as well as structural. As
AgNOR banding provides evidence for
functionally active NORs (Schmid 1982), the
presence of this stain in two chromosomes of
the second quartet indicates a functional
diploidization. CMA3-speci¢cally binds GC-rich
DNA sequences, which are common at NOR sites.
This method thus stains NORs in ectotherms
independently of their functional state (Schmid
1982). The presence of CMA3 positive regions
on the other two elements of the second quartet,
and also on two chromosomes of the ninth quartet,
therefore indicates the possible presence of further,
‘silent’ NOR sites. However, the negative result of
the above regions to in-situ rDNA hybridization
allows us to reject this hypothesis, suggesting that
also the structural diploidization in S. gottlebei
has reached an advanced state.

Natural history correlates of speciation in the
genus Scaphiophryne

The molecular phylogenetic results did not resolve
any distinct clades within Scaphiophryne,
molecular substitution rates in the genus were
decelerated, and pairwise divergences (mean 3.4%)
were low. In the 16S rRNA fragment studied, we
usually observed pairwise sequence divergences
of more than 5% (often 7^9%) among closely
related sibling species of other Malagasy anuran
groups (personal observations). The data may
indicate that the extant Scaphiophryne species
evolved in a rapid star-like radiation, followed
by evolutionary stasis.
Scaphiophryne gottlebei is the only known

polyploid amphibian in Madagascar. According
to our data, polyploidization in this species is
completed, and is therefore not due to a recent
speciation event. Scaphiophryne are explosive

(Opposite) Figure 2. Karyotypes of Scaphiophryne madagascariensis (A^C), S. spinosa (D^F), and S. gottlebei (G^L), stained with
CMA3/MG banding (A, D, H), Ag-NOR banding (G), rDNA FISH (I), C-banding (J), C-banding +CMA3 (B, F, K),
C-banding +DAPI (C, E, L). The scale bars in F and L apply to all ¢gures of the respective column.
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Figure 3. Maximum likelihood phylogram based on partial 16S rDNA sequences, calculated using a general time-reversible substitution model proposed by MODELTEST
(gamma shape parameter a= 0.353, proportion of invariable sites = 0.299, empirical substitution rates and base frequencies). Numbers are bootstrap values in percentages
(150, 2000 and 2000 replicates in ML, MP and NJ analyses) and are shown only for branches which received support >65% in at least two analyses.
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breeders which reproduce only during a reduced
period each year, usually after the ¢rst heavy
rainfalls. As far as known, advertisement calls
between several species of the genus are similar
(at least between S. madagascariensis, S. spinosa
and S. sp. aff. marmorata; personal observations).
Since they often depend on temporary water
bodies, they must also be considered as relatively
vagile. These behavioural and ecological pre-
dispositions probably contribute to a continuous
gene £ow between populations, and to a breeding
synchronization of all specimens within one
population. Such a mechanism would inhibit
allopatric as well as sympatric speciation (e.g.
Ranker et al. 1994). As ¢xation of mutations is
less likely in large gene pools (Avise 2000), a high
interpopulational gene £ow could possibly explain
the deceleration of molecular rates in Scaphio-
phryne. On the other hand, the outlined traits
would also favour hybridization when the distri-
bution areas of two species overlap, which may
have caused the allotetraploidy of S. gottlebei.
In this scenario, the peculiar life history traits
of Scaphiophryne have led to increased
interpopulational and interspeci¢c mating, there-
by inhibiting mechanisms of allopatric and
sympatric speciation but favouring chromosome
speciation.
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