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Abstract

Phylogenetic relationships in the western fraction of Rana (Pelophylax) have not been resolved till now, even though several works
have been devoted to the subject. Here, we infer phylogenetic relationships among the species distributed in the area of the Eastern Med-
iterranean, comparing partial mitochondrial DNA sequences for the cytochrome b and 16S rRNA genes. The obtained molecular data
clearly indicate that Western Palearctic water frogs underwent a basal radiation into at least 3 major lineages (the perezi, the lessonae,
and the rindibunda/bedriagae lineages) advocating an upper Miocene speciation. Moreover, we consider that within the rindibunda/bedria-

gae lineage, R. (P.) ridibunda, R. (P.) epeirotica, R. (P.) cretensis, R. (P.) bedriagae, R. (P.) cerigensis and R. (P.) kurtmuelleri were dif-
ferentiated from a common ancestor through a series of vicariant and dispersal events, during the last �5 Mya, even though the specific
rank of some taxa may be questionable, such as R. cerigensis in respect with R. bedriagae and R. kurtmuelleri in respect with R. ridibunda.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Phylogeography is considered the bridge between popu-
lation genetics and phylogenetic systematics (Avise et al.,
1987; Avise, 2000), and has contributed considerably to
our understanding of what factors have influenced popula-
tion structure and species divergence (Avise, 1994). Dis-
persal and vicariance have been identified as the principal
mechanisms shaping biogeographic patterns (Stace, 1989).
Amphibians are a key group for historical biogeography
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because they are often thought to be unable to disperse over
saltwater barriers (Brown and Guttman, 2002; Bossuyt and
Milinkovitch, 2001; Duellman and Trueb, 1986; Inger and
Voris, 2001; Meirte, 1999). The age of salt water barriers
provides a measure of the minimum time that such pairs
of populations have been genetically isolated. Therefore,
amphibians are considered to be excellent models for vicar-
iance scenarios as explanation for general biogeographic
patterns, and major biogeographic hypotheses have been
influenced by the occurrence of endemic amphibians on
islands or continents (Bossuyt and Milinkovitch, 2001;
Brown and Guttman, 2002; Duellman and Trueb, 1986;
Richards and Moore, 1996; Worthy et al., 1999).

The complex geological history of the East Mediterranean
region, and especially that of the Hellenic area with multiple
geological events of land fragmentations and connections

mailto:poulakakis@nhmc.uoc.gr


116 P. Lymberakis et al. / Molecular Phylogenetics and Evolution 44 (2007) 115–125
during the late Tertiary, has likely contributed to the diversi-
fication and pattern of distribution of many terrestrial ani-
mals (Beerli et al., 1996; Douris et al., 1998; Parmakelis
et al., 2003, 2005, 2006a,b; Poulakakis et al., 2003,
2005a,b,c). Located at the margin of the Eurasian and Afri-
can plates, the Hellenic area of the East Mediterranean region
has experienced tremendous geological alterations since the
late Tertiary, including multiple events of land connections
(Creutzburg, 1963; Dermitzakis, 1990; Dermitzakis and
Papanikolaou, 1981; Meulenkamp, 1985; Steininger and
Rögl, 1984). Such connections offered opportunities for bio-
logical dispersal, while submergence of land bridges brought
about distributive isolation among related taxa. If this was a
major factor influencing the formation of the rich fauna of the
Hellenic area, then the phylogenetic relationships of terres-
trial taxa should reflect these paleogeographic events.

In his review on the superfamily Ranoidea, Dubois
(1992) proposed a provisional taxonomical classification
for the family Ranidae and, particularly, the genus Rana.
He described the difficulties he confronted referring espe-
cially to the great number of species, currently estimated
to over 250 (Hillis and Wilcox, 2005), and their corre-
spondingly great distribution. He proposed the division
of the genus in 33 subgenera, concluding that his proposed
hypothesis may serve as a starting point for future research.
One of the subgenera that Dubois (1992) delimited, namely
Pelophylax, currently comprises 26 taxa, which are collec-
tively referred to as ‘‘Palaearctic Water Frogs’’. Pelophylax

is one of the most studied taxa within Rana and many
works have been published since the study of Dubois
(1992), including, among others, those of Beerli et al.
(1994, 1996), Casola et al. (2004), Crochet et al. (1995),
Dubois and Ohler (1994), Günther (1998), Plötner and
Ohst (2001), Plötner et al. (2001) and Sumida et al.,
2000). The majority of these works explore relationships
among taxa of the western fraction of Pelophylax as con-
trasted to the far eastern one. Still, phylogenetic relation-
ships even within the western fraction of Pelophylax are
yet to be resolved (Plötner and Ohst, 2001).

In the present study, Rana (Pelophylax) specimens were
collected from several localities of the Eastern Mediterra-
nean region, and the DNA sequences were obtained from
the cytochrome b (cyt b) and 16S rRNA (16S) genes to infer
the phylogenetic relationships of these species. The
sequences for these two genes were combined with previ-
ously published sequences in order to (a) examine the valid-
ity of the current taxonomy, (b) produce a historical
interpretation of the species’ distribution and (c) evaluate
alternative models of the biogeographic history of Rana

(Pelophylax) in this area.

2. Materials and methods

2.1. DNA extraction, amplification and sequencing

Specimens were collected from various geographic
locations around the Eastern Mediterranean region
(Table 1 and Fig. 1) and voucher specimens (n = 52)
were deposited at the Natural History Museum of Crete
(NHMC), Crete, Greece. Total genomic DNA was
extracted from small pieces of muscle using standard
methods (Sambrook et al., 1989). Two target genes were
selected for molecular phylogenetic analysis. A partial
sequence (�560 bp) of mitochondrial cyt b gene was
amplified with the primers L14850 and H15410 (Tanaka
et al., 1994). Furthermore, an approximately 500 bp frag-
ment of the mitochondrial 16S rRNA gene was amplified
using the universal primers 16Sar and 16Sbr (Palumbi,
1996).

Amplification of all sequences involved an initial cycle
of denaturation at 94 �C for 5 min, and 35 subsequent
cycles of 94 �C for 30 s, 47 �C for 30 s and 72 �C for
1 min, using single Taq DNA polymerase (Minotech,
IMBB, Crete). PCR products were purified with the QIA-
quick PCR purification kit (Qiagen). Single stranded
sequencing of the PCR product was performed using the
Big-Dye Terminator (v3.1) Cycle Sequencing kit on an
MJ Basestation automated sequencer following the manu-
facturer’s protocol. Primers used in cycle sequencing were
those used in PCR amplification. The mtDNA genes were
sequenced in both directions for all taxa. In addition, 24
sequences of Rana spp. (both cyt b and 16S) were retrieved
from GenBank and included in the phylogenetic analysis
(for details see Table 1). Rana catesbeiana was used as
an outgroup.

2.2. Alignment and genetic divergence

The alignment of the concatenated cyt b and 16S
sequences was performed with Clustal X (Thompson
et al., 1997), and corrected by eye. The data matrix and
the tree are available from TreeBase (Accession No.
SN3205 and matrix Accession No. 13696). Alignment gaps
were inserted to resolve length differences between
sequences, and positions that could not be unambiguously
aligned were excluded. Cytochrome b sequences were trans-
lated into amino acids prior to analysis and did not show
any stop codons. Sequence divergences were estimated
using PAUP* (v.4.0b10, Swofford, 2002) and a saturation
analysis was performed in DAMBE (Xia and Xie, 2001).
GenBank Accession Numbers for the sequences obtained
are: DQ474129–180 for cyt b and DQ474181–232 for 16S
rRNA (see Table 1).

2.3. Phylogenetic analyses

Phylogenetic inference analyses were conducted using
maximum parsimony (MP), maximum likelihood (ML),
and Bayesian inference (BI) methods. Nucleotides were
used as discrete, and ratiounordered characters. To exam-
ine whether the sequences from the two genes should be
combined in a single analysis, a partition homogeneity
test (Farris et al., 1995), was run in PAUP* and signifi-
cance was estimated by 1000 repartitions.



Table 1
List of the specimens of Rana used in molecular analyses

Code Species Locality Museum No. Accession No. cyt b Accession No. 16S

Rkurt1 R. kurtmuelleri Greece, Macedonia (Kerkini L.) NHMC 80.2.11.3 DQ474156 DQ474208
Rkurt2 R. kurtmuelleri Greece, Macedonia (Kerkini L.) NHMC 80.2.11.4 DQ474157 DQ474209
Rkurt3 R. kurtmuelleri Greece, Plastira L. NHMC 80.2.11.5 DQ474158 DQ474210
Rkurt4 R. kurtmuelleri Greece, Prespa L. NHMC 80.2.11.7 DQ474159 DQ474211
Rkurt5 R. kurtmuelleri Greece, Evvoia Isl. NHMC 80.2.11.20 DQ474164 DQ474216
Rkurt6 R. kurtmuelleri Greece, Plastira L. NHMC 80.2.11.22 DQ474165 DQ474217
Rkurt7 R. kurtmuelleri Greece, Zagori Mt. NHMC 80.2.11.25 DQ474166 DQ474218
Rkurt8 R. kurtmuelleri Greece, Ossa Mt. NHMC 80.2.11.26 DQ474167 DQ474219
Rkurt9 R. kurtmuelleri Greece, Ossa Mt. NHMC 80.2.11.27 DQ474168 DQ474220
Rkurt10 R. kurtmuelleri Greece, Kythira Isl. NHMC 80.2.11.28 DQ474169 DQ474221
Rkurt11 R. kurtmuelleri Greece, Pamisos R. NHMC 80.2.11.35 DQ474170 DQ474222
Rkurt12 R. kurtmuelleri Greece, Messologi NHMC 80.2.11.36 DQ474171 DQ474223
Rkurt13 R. kurtmuelleri Greece, Nestani NHMC 80.2.11.37 DQ474172 DQ474224
Rkurt14 R. kurtmuelleri Greece, Platykampos NHMC 80.2.11.40 DQ474173 DQ474225
Rkurt15 R. kurtmuelleri Greece, Skyros Isl. NHMC 80.2.11.45 DQ474174 DQ474226
Rkurt16 R. kurtmuelleri Greece, Sarantaporos NHMC 80.2.11.47 DQ474175 DQ474227
Rkurt17 R. kurtmuelleri Greece, Arta NHMC 80.2.11.12 DQ474176 DQ474228
Rrid1 R. ridibunda Greece, Thrace (Kotili) NHMC 80.2.11.8 DQ474160 DQ474212
Rrid2 R. ridibunda Greece, Thrace (Nestos R.) NHMC 80.2.11.9 DQ474161 DQ474213
Rrid3 R. ridibunda Greece, Thrace (Therma) NHMC 80.2.11.10 DQ474162 DQ474214
Rrid4 R. ridibunda Greece, Thrace (Dadia) NHMC 80.2.11.11 DQ474163 DQ474215
Rrid5 R. ridibunda East Europe — AY043049 AY043067

Rrid6 R. ridibunda Ukraine — AB029945 n.a.
Rbed1 R. bedriagae Syria 1 Al Jaboul L. NHMC 80.2.99.1 DQ474129 DQ474181
Rbed2 R. bedriagae Syria 2 Hawaig Gorge NHMC 80.2.99.3 DQ474130 DQ474182
Rbed3 R. bedriagae Syria 3 Krak des Chevaliers NHMC 80.2.99.6 DQ474131 DQ474183
Rbed4 R. bedriagae Syria 4 Lattakia beach NHMC 80.2.99.7 DQ474132 DQ474184
Rbed5 R. bedriagae Syria 5 Qal’ at Al Rahbeh castle NHMC 80.2.99.8 DQ474133 DQ474185
Rbed6 R. bedriagae Syria 6 Maquam Assayedh NHMC 80.2.99.10 DQ474134 DQ474186
Rbed7 R. bedriagae Greece, Lesvos Isl. NHMC 80.2.99.18 DQ474135 DQ474187
Rbed8 R. bedriagae Cyprus Cha river, springs NHMC 80.2.99.19 DQ474136 DQ474188
Rbed9 R. bedriagae Cyprus Cha river, springs NHMC 80.2.99.20 DQ474137 DQ474189
Rbed10 R. bedriagae Greece, Chios Isl. NHMC 80.2.99.22 DQ474138 DQ474190
Rbed11 R. bedriagae Greece, Macedonia (Dadia) NHMC 80.2.99.21 DQ474139 DQ474191
Rbed12 R. bedriagae Greece, Astypalaia Isl. NHMC 80.2.99.23 DQ474140 DQ474192
Rbed13 R. bedriagae Greece, Astypalaia Isl. NHMC 80.2.99.24 DQ474141 DQ474193
Rbed14 R. bedriagae Turkey, Antalya — AY014392 AF215422

Rbed15 R. bedriagae Turkey, Marmaris — AY147957 AY147937

Rcer1 R. cerigensis Greece, Karpathos Isl. NHMC 80.2.110.1 DQ474142 DQ474194
Rcer2 R. cerigensis Greece, Karpathos Isl. NHMC 80.2.110.4 DQ474143 DQ474195
Rcer3 R. cerigensis Greece, Karpathos Isl. NHMC 80.2.110.5 DQ474144 DQ474196
Rcer4 R. cerigensis Greece, Rodos Isl. — n.a. AF215420

Rcer5 R. cerigensis Greece, Rodos Isl. — n.a. AF147979

Rcret1 R. cretensis Greece, Crete Isl. (Lentas) NHMC 80.2.46.1 DQ474145 DQ474197
Rcret2 R. cretensis Greece, Crete Isl. (Petres R.) NHMC 80.2.46.8 DQ474146 DQ474198
Rcret3 R. cretensis Greece, Crete Isl. (Irakleio) NHMC 80.2.46.9 DQ474147 DQ474199
Rcret4 R. cretensis Greece, Crete Isl. (Geropotamos R.) NHMC 80.2.46.12 DQ474148 DQ474200
Rcret5 R. cretensis Greece, Crete Isl. (Bramiana L.) NHMC 80.2.46.13 DQ474149 DQ474201
Rcret6 R. cretensis Greece, Crete Isl. (Kaloudiana L.) NHMC 80.2.46.15 DQ474150 DQ474202
Rcret7 R. cretensis Greece, Crete Isl. (Partira L.) NHMC 80.2.46.17 DQ474151 DQ474203
Rcret8 R. cretensis Greece, Crete Isl. (Giofyros R.) NHMC 80.2.46.18 DQ474152 DQ474204
Rcret9 R. cretensis Greece, Crete — n.a. AF215423

Rcret10 R. cretensis Greece, Crete — n.a. AY147980

Rep1 R. epeirotica Greece, Peloponnesos (Lisimaxia L.) NHMC 80.2.109.1 DQ474153 DQ474205
Rep2 R. epeirotica Greece, Peloponnesos (Kalogria) NHMC 80.2.109.2 DQ474154 DQ474206
Rep3 R. epeirotica Greece, Peloponnesos (Strofilia) NHMC 80.2.109.4 DQ474155 DQ474207
Rep4 R. epeirotica Greece — n.a. AY147981

Rsah1 R. saharica Tunis, Ickeul Mt. NHMC 80.2.126.1 DQ474177 DQ474229
Rsah2 R. saharica Tunis, 4 km before Sedjenan NHMC 80.2.126.2 DQ474178 DQ474230
Rsah3 R. saharica Tunis, Tamerza oasis NHMC 80.2.126.3 DQ474179 DQ474231
Rsah4 R. saharica Tunis, Bizente — n.a. AY147984

Rsah5 R. saharica Tunis — n.a. AF215426

(continued on next page)
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Table 1 (continued)

Code Species Locality Museum No. Accession No. cyt b Accession No. 16S

Rles1 R. lessonae Belgium — AY057099 AY322276

Rles2 R. lessonae Italy — AY043051 AY147982

Rles3 R. lessonae Italy, Firenze — AB029942 n.a.
Rles4 R. lessonae Luxemburg — AB029943 n.a.
Rles5 R. lessonae Britain — AB084047 n.a.
Resc R. esculenta Ukraine — AB029944 n.a.
Rper R. perezi France — AY043052 AY147985

Rnigr R. nigromaculata China — AY315757 AY322278

Rfuk R. fukienensis Taiwan — AB029941 n.a.
Rpla1 R. plancyi Korea — AF205088 n.a.
Rpla2 R. plancyi Korea — AF274930 n.a.
Rporoz1 R. porozi Japan — AB029940 n.a.
Rporoz2 R. porozi Japan — AB029938 n.a.
Rcat R. catesbeiana Greece, Crete Isl. NHMC 80.2.13.1 DQ474180 DQ474232

NHMC: Natural History Museum of Crete; Acceccion No.: GenBank Accession Numbers. Sequences retrieved from GenBank are indicated by bold.

Fig. 1. Sample localities. Rbed, R. bedriagae; Rcret, R. cretensis; Rcer, R. cerigensis; Rep, R. epeirotica; Rkur, R. kurtmuelleri; Rrid, R. ridibunda; Rles,
R. lessonae; Resc, R.kl. esculenta; Rper, R. perezi; and Rsah, R. saharica. Codes correspond to those in Table 1. Note that R. berdriagae is reported for the
first time in Europe and on Euphrates in Syria.
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2.3.1. Maximum parsimony

Maximum parsimony analysis was performed with
PAUP*, with heuristic searches using stepwise addition
and performing tree-bisection reconnection (TBR) branch
swapping (Swofford et al., 1996). Confidence in the nodes
was assessed by 1000 bootstrap replicates (Felsenstein,
1985) with random addition of taxa. Branch support was
assessed from decay indices calculated for all internal
branches of the tree (Bremer, 1994). Decay indices were
calculated using AutoDecay (ver. 5.0) (Eriksson, 2001)
for Windows.

2.3.2. Maximum likelihood
Maximum likelihood analyses (Felsenstein, 1981) were

conducted using PAUP*. We used Modeltest 3.7 (Posada
and Crandall, 1998) to select the best fitting model under
the Akaike Information Criterion (AIC, Akaike, 1974),
since this method is able to simultaneously compare multi-
ple nested or non-nested models, assess model selection
uncertainty, and allow for the estimation of phylogenies
and model parameters using all available models (Posada
and Buckley, 2004). Heuristic ML searches were performed
with 10 replicates of random sequence addition and TBR
branch swapping, using the search strategy of Swofford
et al. (1996) and Sullivan et al. (2005) based on succes-
sive-approximations approach, as follows. First, a set of
topologies that will provide reasonable estimates of model
parameters is identified through an initial tree search con-
ducted using an approximate approach such as neighbor-
joining or parsimony. This set of initial topologies is then
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used to select a model. The process of model selection also
provides initial estimates of the parameters of the selected
models, and a second tree search is conducted using likeli-
hood as the optimality criterion with a fully defined model
of substitution (i.e., parameters of the substitution model
are fixed to the previously estimated values). If the ML tree
is not a subset of the trees found by the initial search, the
new tree should be used as the starting tree for a subse-
quent iteration. Model parameters are then re-optimized
on the new tree, and a second search is conducted; the pro-
cess continues until the same tree is found in two successive
iterations.

2.3.3. Bayesian inference

Bayesian inference (BI) was performed with the software
MrBayes (v3.1; Ronquist and Huelsenbeck, 2003). This
version of MrBayes is able to analyze multiple gene regions
simultaneously with differing substitution parameters,
allowing for a combined analysis of both datasets. The
AIC was used in order to determine the most accurate
model of molecular evolution for each DNA region (cyt
b and 16S). The analysis was performed with four runs
and four chains for each run for 107 generations and the
current tree was saved to file every 100 generations. This
procedure generated an output of 105 trees. A plot of
log-likelihood scores of sample points against generation
showed that stationarity was achieved after the first 105

generations, thus the first 103 trees were ultimately dis-
carded as a conservative measure to avoid the possibility
of including random, sub-optimal trees. A majority rule
consensus tree (‘Bayesian’ tree) was then produced from
the posterior distribution of trees, and the posterior prob-
abilities calculated as the percentage of samples recovering
any particular clade (Huelsenbeck and Ronquist, 2001),
where probabilities P95% indicate significant support.
Two further independent Bayesian analyses were run so
that global likelihood scores, individual parameter values,
topology and nodal support could be compared to check
for local optima.

2.3.4. Testing alternative hypotheses

We tested the hypothesis that R. bedriagae is monophy-
letic. A tree with R. bedriagae constrained to be monophy-
letic was generated with MrBayes, and compared with our
optimal topology using the Shimodaira–Hasegawa (SH)
test (Goldman et al., 2000; Shimodaira and Hasegawa,
1999) as implemented in PAUP* and employing RELL
bootstrap with 1000 replicates.

2.4. Calibration of molecular clock and estimation of

divergence times

A log-likelihood ratio test was used to examine the clock-
like evolution of sequences in the combined data set by cal-
culating a v2 statistic (Likelihood Ratio Test, LRT) based
on ML values with and without rate constancy enforced
(v2 = 2 · [(�lnLCLOCK) � (�lnLUNCONSTRAINED)], df =
number of terminal nodes—2; Felsenstein 1981). The
LRT was negative (LRT = 228.6, df = 74, p 0.05), there-
fore a clock-like evolution of the involved sequences could
not be assumed.

Time estimates and their confidence intervals were
calculated from the genes-specific rate using a non-para-
metric rate smoothing (NPRS) analysis with the recom-
mended Powell algorithm as implemented in the
software r8s (v.1.7 for Linux) (Sanderson, 1997, 2003).
This method uses a penalty function to smooth the speed
of rate change among lineages, thereby relaxing the
molecular clock assumption. For calibration points we
used two well dated paleogeographical events, the isola-
tion of the island of Crete from neighboring mainland
(Peloponnesos) and the isolation of Kasos and Karpathos
islands from the island of Rhodes. The first event, which
was happened at 5–5.5 Mya (Dermitzakis, 1990; Meulenk-
amp, 1985) or 5.2 Mya (after Beerli et al., 1996), corre-
sponds to the divergence of R. cretensis, and the second,
which was happened at 3–3.5 Mya (Daams and Van
Der Weerd, 1980), corresponds to the divergence of
R. cerigensis. Mean divergence times and confidence intervals
were obtained for each node based on the procedure
described in the r8s software manual (http://ginger.ucda-
vis.edu/r8s). We generated 100 bootstrap data matrices
using Seqboot of Phylip (Felsenstein, 2004) and used
these to generate 100 MP phylograms with the same
topology but differing branch lengths in PAUP*, which
were then read into r8s, estimating ages for all trees and
summarizing age distributions for each node of interest
(Eriksson, 2003).

3. Results

Of the 1055 sites examined, there were 185 variable cyt b

sites, of which 157 were parsimony informative (210 and
177, respectively, when the outgroup were included in the
analysis) and 107 variable 16S sites, 82 of which were par-
simony informative (126 and 85, respectively, including
outgroups). For cyt b, ingroup sequence divergence
(between group means) ranged from 2.5 to 24.1%, while
for 16S sequence divergence ranged between 0.4 and
11.3% (Table 2). Saturation analysis did not show any kind
of saturation (figure now shown).

A partition homogeneity test indicated no conflicting
phylogenetic signals between the datasets (p = 0.971), and
the mtDNA genes were analyzed together. Tree length dis-
tribution, determined from random sampling of 106

unweighted trees, was significantly skewed to the left
(g1 = �0.48), suggesting a strong phylogenetic signal in
the data (p < 0.01; Hillis and Huelsenbeck, 1992). For the
phylogenetic analyses, a data set of 76 combined sequences,
including outgroup, were used. All analyses (MP, ML, and
BI) were congruent regarding the branching order of the
deeper clades, differing only in the relationships within
these clades (i.e., the relationships of the specimens of
R. cretensis from Crete Island).

http://ginger.ucdavis.edu/r8s
http://ginger.ucdavis.edu/r8s


Table 2
Sequence divergences (%) among the main mtDNA subclades of Rana for cyt b (HKY + I + G model of evolution, below diagonal) and 16S rRNA
(GTR + G model of evolution, above diagonal)

1 2 3 4 5 6 7 8 9 10 11 12 13 14

1. R. bedriagae—Turkey/Greece — 1.1 1.8 0.6 2.8 2.8 3.5 4.0 5.5 n/c 9.6 7.5 8.2 13.7
2. R. bedriagae—Syria 3.8 — 1.8 1.0 2.8 2.6 3.4 4.0 5.8 n/c 9.1 7.2 8.4 14.2
3. R. bedriagae—Cyprus 3.3 3.5 — 2.0 2.8 3.7 4.4 5.0 6.0 n/c 10.4 8.9 9.0 15.6
4. R. cerigensis 1.7 4.1 4.1 — 1.5 2.1 3.3 3.8 5.3 n/c 9.5 7.3 8.7 14.0
5. R. kurtmuelleri 7.5 8.2 7.7 7.5 — 0.4 3.7 3.8 5.7 n/c 8.5 6.2 7.9 14.1
6. R. ridibunda 7.5 8.9 8.0 8.2 2.5 — 3.0 4.5 6.8 n/c 10.1 7.0 9.5 16.4
7. R. cretensis 12.1 12.6 12.5 13.2 12.4 12.1 — 2.6 5.9 n/c 8.6 6.7 9.2 15.0
8. R. epeirotica 10.6 11.0 11.8 10.9 8.6 9.1 10.3 — 6.7 n/c 9.2 7.5 8.6 15.4
9. R. lessonae 13.9 16.1 16.5 13.7 16.4 16.6 15.7 15.9 — n/c 11.3 9.1 10.4 16.0

10. R. esculenta 15.0 16.9 17.5 14.7 15.8 16.3 15.4 16.1 1.3 — n/c n/c n/c n/c
11. R. saharica 19.5 20.4 20.4 18.9 18.9 19.6 20.1 19.3 21.2 20.0 — 7.6 8.8 16.7
12. R. perezi 15.0 17.3 16.4 15.3 16.8 16.8 21.7 13.6 19.1 19.7 20.0 — 8.5 14.3
13. Far Eastern group 21.7 23.0 21.8 21.4 21.5 22.1 21.2 21.5 20.5 20.2 21.6 24.1 — 12.4
14. Outgroup 23.7 24.3 24.0 22.7 25.4 24.6 22.2 24.1 22.6 24.1 24.8 22.1 19.9 —

No values were calculated (n/c) where no data was available.
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Equally weighted parsimony analysis of the 262 parsi-
mony-informative characters (239 for the ingroup) pro-
duced more than 10,000 most-parsimonious trees with a
length of 791 steps (consistency index, CI = 0.569 and
retention index, RI = 0.888). The number of equally parsi-
monious solutions was due to terminal branch swapping,
particularly among specimens belonging to the same spe-
cies and coming from the same or geographically proximal
populations, such as the specimens of R. kurtmuelleri, R.

bedriagae, R. cretensis, etc. Furthermore, when only one
sequence from each of the mentioned branches was
included in the analysis under the criterion of MP, resulted
in a single parsimonious tree, which has the same topology
as that MP produced from the large data set.

Maximum likelihood analysis under the General Time
Reversible (GTR, Rodriguez et al., 1990) + I + G model
for all data set (cyt b and 16S rRNA) resulted in a topology
(ln L = �5357.36) which is consistent with the parsimony
one (final parameters estimates: base frequencies A = 0.29,
C = 0.27, G = 0.17, T = 0.27, gamma distribution parame-
ter a = 0.6983, invariable sites Pinv = 0.4589, and rate
matrix A/C = 1.21, A/G = 8.08, A/T = 1.90, C/G = 0.43,
C/T = 11.15, and G/T—1.000).

Bayesian inference under the Hasegawa–Kishino–Yano
(HKY, Hasegawa et al., 1985) + I + G model for cyt b

and General Time Reversible (GTR) + G model for 16S
rRNA resulted in a topology with mean lnL = �5553.10.
Identical topologies were recovered for each of the 4 runs
with the full dataset and the 50% majority-rule consensus
tree of the 99 · 103 trees remaining after burn-in are pre-
sented in Fig. 2.

In all analyses, two very well supported allopatric basal
clades of water frogs were identified (Fig. 2), corresponding
to different groups of species and/or to separate geographic
regions throughout the Palearctic region: the Far Eastern
(clade A) and the Western (clade B) types. The Far Eastern
clade (93/91/0.99 = NJ bootstrap value/MP bootstrap
value /BI posterior probability, respectively) could be fur-
ther subdivided into two subclades. The phylogenetic rela-
tionships of this group have been discussed by Sumida
et al. (2000) and will not be discussed here.

The Western clade (100/99/1.00) could be subdivided
into six subclades: (a) B1 with R. saharica from Tunis
and R. perezi from Spain (81/78/0.97), (b) B2 with R. lesso-

nae from central Europe and R. esculenta from Ukraine
(100/100/1.00), (c) B3 with R. cretensis from the island of
Crete, Greece (100/100/1.00), (d) B4 with R. epeirotica

from Peloponessos, Greece (100/100/1.00), (e) B5 with R.
bedriagae from Greece, Turkey, Syria and Cyprus and R.

cerigensis from the islands of Rhodos and Karpathos (99/
99/1.00), and (f) B6 with R. kurtmuelleri from Greece and
R. ridibunda from Northeastern Greece and Eastern Eur-
ope (100/99/1.00).

The NPRS method applied to 100 bootstrapped phylo-
grams produced divergence times and confidence intervals
(Fig. 2). According to the calibration reference points,
the diversification of the water frogs in Western Palearctic
region occurred at 10 Mya during the late Miocene,
whereas the speciation within the ridibunda/bedriagae line-
age occurred the last 5–6 Mya.

4. Discussion

The results of the present study revealed a well-resolved
phylogeny and identified a number of haplotype clades
which, based on the observed levels of sequence divergence
(Table 2), represent long-separated lineages and diverse
evolutionary histories within water frogs. The obtained
molecular data clearly indicate that Western Palearctic
water frogs underwent a basal radiation into at least 3
major lineages (or six subclades, see Fig. 2).

In the perezi lineage, R. perezi and R. saharica form a
sister group (B1 in the phylogenetic tree) and are clearly
separated from the other European species. This pattern
is also inferred in Beerli et al. (1996) and Plötner and Ohst
(2001), although in the latter study, the sister group



Fig. 2. Bayesian Inference (BI) tree of the haplotypes of the ten Rana (Pelophylax) spp. included in the analyses. A sequence of Rana catesbeiana was used
as outgroup taxon. Neighbor joining (NJ), maximum parsimony (MP), and maximum likelihood (ML) produced trees with the same topology with regard
to the major lineages. Numbers above branches are bootstrap values on NJ and MP greater than 50% based on 1000 replicates. Numbers below branches
are posterior probabilities values of BI and decay indices.
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relationship is ambiguous. On the other hand, it is com-
pletely different from what Casola et al. (2004) presented,
since in the latter study R. saharica appears to be distinct
from all other Western Palearctic water frog species, but
R. perezi branches off before R. epeirotica and after
R. cretensis. However, the latter authors stated that the
elements they compared were probably not orthologous,
which renders their sequences inadequate for reconstruct-
ing phylogenetic histories.

The rest of the western species fall into either the pool
frog lineage (the lessonae lineage, B2 in the phylogenetic
tree) with 100% statistical support, or the Balkan–Anato-
lian frog lineage (the ridibunda/bedriagae lineage) that com-
prise the species R. cretensis, R. epeirotica, R. bedriagae,

R. cerigensis, R. kurtmuelleri and R. ridibunda.
The lessonae lineage includes the species R. lessonae and

R. esculenta, and most likely R. shqiperica (west Albania
and Montenegro) and R. bergeri (Italian peninsula), since
these are considered to be closely related to R. lessonae

(Beerli et al., 1996; Plötner and Ohst, 2001). The firm plac-
ing of R. esculenta (edible frog) within R. lessonae (pool
frog) was expected, since R. esculenta is a hybridogenetical-
ly reproducing hybrid between R. lessonae and R. ridibun-

da, an issue that has been extensively discussed earlier
(Casola et al., 2004; Hotz et al., 1992; Monnerot et al.,
1985; Sumida et al., 2000; Spolsky and Uzzell, 1984 and
references therein).

In the ridibunda/bedriagae lineage (or Balkan–Anatolian),
the Cretan frogs (R. cretensis, B3) branch off first, followed by
the Epeirus water frogs (R. epeirotica, B4). However, phylo-
genetic analyses failed to resolve this relationship (no statisti-
cal support: <50/<50/0.58). Based on genetic distances (Table
2), R. cretensis is closer to the western Greek R. epeirotica
(10.3% in cyt b and 3.0% in 16S). Nevertheless, although
the differences in genetic distances between R. cretensis,

R. epeirotica and the other Balkan–Anatolian species,
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including the geographically nearest mainland taxa of R. rid-

ibunda, R. bedriagae, R. cerigensis, and R. kurtmuelleri, con-
firm their species status, these differences are too small to
determine reliably their closest relative.

Finally, R. ridibunda and R. kurtmuelleri are sister spe-
cies (B6) and represent a sister group (99/94/1.00) to the
R. bedriagae and R. cerigensis (B5). In B5, R. bedriagae

appears to be paraphyletic with respect to R. cerigensis,
since R. bedriagae specimens from Turkey and east Aegean
islands clustered with R. cerigensis specimens from the
islands of Karpathos and Rhodes (bootstrap 99/97/1.00)
and not with the other specimens of R. bedriagae from
Syria, and Cyprus (100/99/1.00). Given that the SH test
(p < 0.001) provided further support of this assertion, the
above results confirmed the necessity of revision of the
existing taxonomy of this species, i.e., R. cerigensis could
be consider as a newer synonym of R. bedriagae.

In all phylogenetic trees, Syrian and Cypriote populations
have a sister clade relationship both clustering in strongly
supported respective clades. This is in disagreement with
what Plötner and Ohst (2001) and Plötner et al. (2001) sta-
ted, since in these studies the Cypriot lineage branched off
earlier than R. ridibunda and R. bedriagae; and the observed
divergence between Cypriot water frogs and frogs from sur-
rounding mainland (Turkey and Syria) were in the same
range as between R. bedriagae and R. ridibunda. Based on
these data, the above authors suggested that the Cyprus pop-
ulations do not belong to R. bedriagae, but to a different
undescribed species. However, in our study a strong rela-
tionship of the Cypriot lineage with Syria was observed, a
connection that has been suggested in another phylogeo-
graphic study of the skink lizard genus Ablepharus (Poulaka-
kis et al., 2005a). In addition, the genetic distances between
the Cypriot and other R. bedriagae lineages (Turkey, East
Aegean Islands and Syria) was 3.3–3.5% for cyt b and
1.8% for 16S rRNA (both within the range of intraspecific
variation), whilst the corresponding distances between R.

bedriagae and R. ridibunda were 7.5–8.9% for cyt b and
2.6–3.7% for 16S, indicating that Cypriot populations
belong to R. bedriagae, having a different evolutionary his-
tory the last 3 Mya (see below in phylogeography).

In B6, the relationships among R. ridibunda and R. kurtm-

uelleri are considered as unresolved, because of the low boot-
strap support (<50%). However, the topology of the
phylogenetic tree, the small genetic distances (within the
range of intraspecific variation) and the insignificant morpho-
logical differentiation between R. kurtmuelleri and R. ridibun-

da (Schneider et al., 1993) reinforce the opinion of some
taxonomists, who are reluctant to acknowledge R. kurtmuel-

leri as a distinct taxon (but see Schneider et al., 1993).

4.1. Historical biogeography

The origin of Western Palearctic water frogs still
remains unanswered. Baranescu (1983) postulated that
most of the present day aquatic genera reached Europe
from Eastern Asia during the Miocene. Most of them were
then established in Europe in the middle Miocene. Western
and Eastern Palearctic water frogs define monophyletic lin-
eages (Fig. 2). Based on the estimated time, they diverged
about 15 (±1.88) Mya during the middle Miocene. This
period fits well with what Baranescu (1983) reported for
the origin of most European aquatic genera, while is much
older than the divergence time (6–10 Mya) reported by of
Sumida et al. (2000). However, the latter authors estimated
this date using a rate of 1.1–1.2% per My for the 12S
rRNA, which is evaluated based on the anuran Bufo

mtDNA sequence divergence of 1.38% (Macey et al.,
1998), and assuming that the sequences studied the latter
researchers (ND1, tRNAs, and ND2) probably evolved
slightly faster, on average, than the 12S rRNA gene used
by Sumida et al. (2000). Kosuch et al. (2001) stated that
based on the work of Beerli et al. (1996) and their assumed
clock rate, the divergence between R. bedriagae and R.

saharica can be calculated at 10 My before present, which
means that the divergence between the Eastern and Wes-
tern groups dated before 10 My. Rates assumed for the
16S and 12S rRNA genes in other amphibians such as
newts (Caccone et al., 1997) and true salamanders (Veith
et al., 1998) range between 0.4 and 0.7% My�1. If these
rates of divergence are used, and given that the mean nucle-
otide sequence divergence between the Far Eastern and the
Western water frogs of Sumida et al., was 10.12% for 12S
rRNA, then the estimated time of divergence between these
groups of water frogs range from 14.5 to 25.3 Mya. It is
widely accepted that a molecular clock with known rela-
tionships among the taxa under study and with well-dated
isolation times will give the most accurate estimates, never-
theless, extrapolation to other groups and beyond the time
interval requires caution (Beerli et al., 1996), since observa-
tions of rates of molecular evolution varying widely within
and among lineages are abundant (Gillooly et al., 2005). It
should be more accurate if a rate of evolution for the 12S
rRNA gene of Rana is used. When an attempt was made
to calibrate a molecular clock for the 12S rRNA gene of
Rana using the 31 sequences of R. ridibunda and R. bedria-

gae from Greece and Turkey and the 2 sequences of R.

cretensis from Crete (Plötner et al., 2001), and the separa-
tion of Crete from the mainland at 5–5.5 Mya (Dermitza-
kis, 1990; Meulenkamp, 1985) or 5.2 Mya (after Beerli
et al., 1996), a rate of 0.44–0.54% Mya�1 was estimated.
Given that the mean nucleotide divergence is 10.12%
(Sumida et al., 2000), these rates produced a time of diver-
gence ranging from 18.7 to 23 Mya. Almost all recently
published phylogeographic articles used tree-based rather
than distance based estimates of divergence. When one
seeks to estimate time of divergence in a produced phyloge-
netic tree using a distance-based method, it is imperative
that the sequences evolve in a clock-like manner. In the
present study, there was not a homogeneous clock-like rate
for the tree produced by the Rana sequences. In the studies
of Plötner et al. (2001) and Sumida et al. (2000), there was
no test for homogeneous clock-like rate. In the present
study, when a Likelihood Ratio Test (LRT) was performed
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on the data of Plötner et al. (2001) the null hypothesis that
the rate of evolution is homogeneous among all branches in
the phylogeny was rejected (LRT = 59.21, df = 31, p 0.05).
This result demonstrates that the use of a distance-based
method in the estimation of time divergence on the data
of Plötner et al. (2001) is inappropriate. The same was
found for the data of Sumida et al. (2000). Consequently,
the deviation in the estimation of time divergence between
the Eastern and Western lineage of water frogs using tree-
based (present study) and distance-based (Sumida et al.,
2000) methods could be due to the fact that the rates of
substitution vary significantly among branches and a
molecular clock is inappropriate.

The tree topology and the estimated divergence times
advocate an upper Miocene speciation of Western water
frogs, and perhaps an ancestor that had invaded Europe
from Asia, gave rise to the three different lineages (Fig. 2).
The perezi lineage branched off first before 10
(±0.40) Mya, and expanded into the Iberian Peninsula
and probably North Africa, where the closely related spe-
cies R. saharica exists. The diversification of the lessonae

lineage started before 8 (±0.9) My in the upper Miocene.
It appears very likely that R. lessonae had a glacial refuge
in the Adriatio-Mediterranean region (Günther, 1997) from
which it expanded, marginally reaching the Balkans, where
the distinct but closely related species R. shqiperica exists.

The speciation within the third lineage (the ridibunda/

bedriagae lineage) was dated at the end of Miocene and
during the Pliocene, coinciding with the end of the Messin-
ian salinity crisis and the drastic climatic changes of Plio-
cene towards a cooler and arid climate in the
Mediterranean. Speciation within several European
amphibian genera can be attributed to this phenomenon,
the true salamanders (Veith et al., 1998) and brown frogs
(Veith et al., 2003a,b) being such examples.

The ability of water frogs to migrate to and between
islands is much reduced. All examples (except Comoro
frogs Mantidactylus n.sp., Vences et al., 2003) of amphibi-
ans present on oceanic islands of fully volcanic origin refer
to non-endemic species of presumed or demonstrated
human translocation origin (Ptychadena mascareniensis

and B. gutturalis on Mauritius and Reunion; Hyla meridio-

nalis and R. perezi on the Canary archipelago; Triturus car-

nifex on Madeira; Eleutherodactylus, Dendrobates and Bufo

sp. on Hawaii; and Scinax on Galapagos (Kraus et al.,
1999; Snell and Rea, 1999; Staub, 1993).

Within the Balkan–Anatolian frog lineage (the ridibun-

da/bedriagae lineage), there are two very interesting cases,
regarding the dispersal ability of the water frogs. The island
of Astypalaia has been separated from the Eastern Aegean
islands as well as from Asia Minor before 9 Mya, due to
the formation of the Mid Aegean trench (12–9 Mya), and
remained connected to continental Greece for a long period
of time, via the Cyclades island group (Dermitzakis and
Papanikolaou, 1981). Assuming that the Rana population
on the island has originated vicariantly, one would expect
a R. ridibunda or R. kurtmuelleri related population. How-
ever, according to the phylogenetic tree the Astypalaia
population appears to have a sister-group relationship with
East Aegean–Turkey populations of R. bedriagae, indicat-
ing that the lineage of Astypalaia originated recently from
the East Aegean–Turkey lineages by human translocation
or overseas dispersal. Astypalaia is a small island with lim-
ited fresh water areas. The establishment of the Mediterra-
nean climate around 3.2 Mya (Blondel and Aronson, 1999)
and the numerous arid periods that ensued could have
caused the disappearance of fresh water resources of the
island and the extinction of the ancestral form of R. ridib-

unda or R. kurtmuelleri populating them. Therefore, the
appearance of water frogs on an isolated island such as
Astypalaia could be either a random dispersal event (island
sweepstakes) from the nearby Asia Minor or a human
translocation.

The case of Cyprus is different, because Cyprus is an
oceanic island with an unclear geological history. Cyprus
originated from the raised seabed and is geologically and
biogeographically one of the most isolated Mediterranean
islands (Moores et al., 1984). Some geologists noted that
Cyprus has never been connected to any mainland
(Hadjisterkotis, 1993; Sondaar, 1977, 1986), whereas others
suggested that the animals could have arrived by a means
of a land bridge, when the island was joined to the nearby
mainland (Küss, 1973; Hsü, 1983; Palikarides, 1997). The
suggestion that Cyprus was conected to the mainland was
also based on the presence of non-Mediterranean vegeta-
tion (Zohary, 1973). These elements are not only clear evi-
dence of Cyprus’s past connections with Syria and
southern Anatolia, but also support the assumption that
a land bridge has persisted long enough to allow the pene-
tration of biota. The mtDNA data presented here supports
a very strong relationship of Cyprus with Syria, a connec-
tion that has been suggested in the phylogeographic study
of the Snake-eyed skink lizard (Poulakakis et al., 2005a).
Given the limited ability of water frogs for overseas dis-
persal, the Cyprus–Anatolia connection hypothesis seems
legitimate and confirms the opinion of Zohary (1973). Con-
sequently, the colonization of Cyprus by the ancestral form
of Rana took place 2.4 (±0.20) Mya, possibly enabled by
the land bridge connecting the island with Anatolia, indi-
cating that overland dispersal is a conceivable explanation
for the presence of water frogs on Cyprus.
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1832) (Scorpiones: Buthidae) in the North-eastern Mediterranean
region. Mol. Ecol. 15, 2883–2894.

Plötner, J., Ohst, T., 2001. New hypotheses on the systematics of the
Western Palearctic water frog complex (Anura, Ranidae). Mitt. Mus.
Nat. kd. Berl., Zool. Reihe 77, 5–21.

Plötner, J., Ohst, T., Böhme, W., Schreiber, R., 2001. Divergence in
mitochondrial DNA of Near Eastern water frogs with special reference
to the systematic status of Cypriote and Anatolian populations
(Anura, Ranidae). Amphibia-Reptilia 22, 397–412.

Posada, D., Buckley, T.R., 2004. Model selection and model averaging in
phylogenetics: advantages of Akaike information criterion and Bayes-
ian approaches over likelihood ratio tests. Syst. Biol. 53, 793–808.

Posada, D., Crandall, K.A., 1998. Modeltest: testing the model of DNA
substitution. Bioinformatics 14, 817–818.

Poulakakis, N., Lymberakis, P., Antoniou, A., Chalkia, D., Zouros, E.,
Mylonas, M., Valakos, E., 2003. Molecular phylogeny and biogeog-
raphy of the wall-lizard Podarcis erhardii (Squamata: Lacertidae).
Mol. Phyl. Evol. 28, 38–46.

Poulakakis, N., Lymberakis, P., Tsigenopoulos, C.S., Magoulas, A.,
Mylonas, M., 2005a. Phylogenetic relationships and evolutionary
history of snake-eyed skink Ablepharus kitaibelii (Sauria: Scincidae).
Mol. Phyl. Evol. 34 (2), 245–256.

Poulakakis, N., Lymberakis, P., Valakos, E., Pafilis, P., Zouros, E.,
Mylonas, M., 2005b. Phylogeography of Balkan wall lizard (Podarcis

taurica) and its relatives inferred from mitochondrial DNA sequences.
Mol. Ecol. 14 (8), 2433–2443.

Poulakakis, N., Lymberakis, P., Valakos, E., Zouros, E., Mylonas, M.,
2005c. Phylogenetic relationships and biogeography of Podarcis

species from the Balkan Peninsula, by Bayesian and maximum
likelihood analyses of mitochondrial DNA sequences. Mol. Phyl.
Evol. 37 (3), 845–857.

Richards, C.M., Moore, W.S., 1996. A phylogeny for the African tree-frog
family Hyperoliidae based on mitochondrial rDNA. Mol. Phyl. Evol.
5, 522–532.

Rodriguez, F., Oliver, J.F., Marin, A., Medina, J.R., 1990. The general
stochastic model of nucleotide substitutions. J. Theor. Biol. 142,
485–501.

Ronquist, F., Huelsenbeck, J.P., 2003. MRBAYES 3: Bayesian phyloge-
netic inference under mixed models. Bioinformatics 19, 1572–1574.

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

Sanderson, M.J., 1997. A nonparametric approach to estimating diver-
gence times in the absence of rate constancy. Mol. Biol. Evol. 14,
1218–1231.

Sanderson, M.J., 2003. r8s: inferring absolute rates of molecular evolu-
tion, divergence times in the absence of a molecular clock. Bioinfor-
matics 19 (2), 301–302.
Schneider, H., Sinsch, U., Sofianidou, T.S., 1993. The water frogs of
Greece—bioacoustic evidence for a new species. Z. Zool. Syst. Evol.
Forsch. 31, 47–63.

Shimodaira, H., Hasegawa, M., 1999. Multiple comparisons of log-
likelihoods with applications to phylogenetic inference. Mol. Biol.
Evol. 16, 1114–1116.

Snell, H.L., Rea, S., 1999. El Nino 1997–1998 en Galapagos: se puede
estimar 120 anos de variaciones climaticas con estadisticas de 34? In:
Ospina, P., Munoz, E. (Eds.), Informe Galapagos 1998–1999. Funda-
cion Natura, Quito, Ecuador, pp. 65–71.

Sondaar, P.Y., 1977. Insularity and its effect on mammal evolution. In:
Hecht, M.K., Goody, P.L., Hecht, B.M. (Eds.), Major Patterns in
Vertebrate Evolution. Plenum Publ. Co., New York, pp. 671–707.

Sondaar, P.Y., 1986. The island sweepstakes. Nat. History 95, 91–98.
Spolsky, C., Uzzell, T., 1984. Natural interspecies transfer of mitochon-

drial DNA in amphibians. Proc. Natl. Acad. Sci. USA 81, 5802–5805.
Stace, C.A., 1989. Dispersal versus vicariance—no contest. J. Biogeogr.

16, 201–202.
Staub, F., 1993. Fauna of Mauritius and associated flora. Precigraph,

Mauritius.
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