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The Ethiopian highlands are a biodiversity hotspot characterized by a high level of endemism, particu-
larly in amphibians. Frogs of the genus Ptychadena have experienced an evolutionary radiation in these
highlands. Thus, this group provides an excellent opportunity to study the process of speciation in this
important biogeographic area. We sequenced two mitochondrial (16S and COI) and four nuclear (Rag-1,
CXCR4, NCX1 and Tyr) genes in a sample of 236 frogs from 49 Ethiopian localities. Phylogenetic analyses
of the mitochondrial genes revealed the presence of eight divergent mitochondrial lineages. We uncov-
ered a near perfect concordance between these lineages and genetic clusters based on nuclear sequences.
A Bayesian species delimitation analysis confirmed that these eight lineages correspond to eight genet-
ically isolated populations which may represent eight species. Some of these species have already been
recognized due to their distinct morphology (P. cooperi, P. nana and P. erlangeri) but we determined that
the species P. neumanni is a complex of 5 cryptic species, thus increasing substantially the number of spe-
cies in this genus and for this country. We resolved the phylogeny of Ethiopian highland Ptychadena using
a species tree approach and determined that Ptychadena species group on the phylogeny according to
their habitat preference. We propose that the diversity of Ethiopian Ptychadena results from an early
phase of specialization to distinct elevations followed by a phase of ecological diversification within each
elevational range. We estimated that the early phase of diversification of Ethiopian Ptychadena probably
occurred in the late Miocene and the most recent speciation events in the late-Pliocene or Pleistocene.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Ethiopia contains the most extensive complex of mountainous
habitats in Africa. The fauna and flora in the Ethiopian highlands are
unique and, for this reason, Ethiopia is considered one of the planets’
diversity hotspots (Mittermeier et al., 2004). The Ethiopian central
plateau ranges in elevation from �900 to 3200 m above sea level
and is divided in two uneven halves by the Great Rift Valley: the Harar
Massif on the East and the larger Abyssinian Massif on the West. To-
gether these two massifs occupy �80% of all Ethiopian land, making
it the largest continuous highland area in Africa. The central plateau
is further divided by a number of river valleys such as the Blue Nile
Valley. The central plateau results from an intense period of volcanic
activity that began �45 million years ago followed by an uplift of
the plateau (Ebinger and Sleep, 1998). The ongoing splitting of the
plateau by the Great Rift Valley began during the Miocene �20 mil-
lion years ago and is caused by the breaking of the African plate into
two distinct plates (Chorowicz, 2005; Sepulchre et al., 2006). The
Ethiopian highlands are currently covered by grasslands, but this is
due, in part, to human activity as Ethiopia has lost in the last few hun-
dred years most of the dry evergreen mountain forests that originally
covered the highlands (EFAP, 1994; Friis et al., 2011). The largest
remaining forested areas are the moist evergreen forests in the south
west of the country and in the south part of the Eastern massif. The cli-
mate in the highlands is temperate and wet with a major raining sea-
son from June to September, although rain can fall every month of the
year. In contrast, the floor of the Great Rift Valley as well as the low-
lands that surround the central plateau are dry and hot and as such
act as dispersal barriers for highland species and as dispersal corridors
for lowland species.

The isolation of the Ethiopian highlands from other mountain-
ous systems in Africa produced a high level of endemism. Among
the many endemics in these highlands are �15 birds and 29 mam-
mals, including emblematic species such as the Ethiopian wolf, the
gelada baboon and the mountain nyala (Yalden et al., 1996). None-
theless it is within the amphibians that the highest level of ende-
mism is found; there are at least 23 amphibians endemic to the
Ethiopian highlands and as many as 40% of the Ethiopian species
are endemic to this country (Largen, 2001a). Most studies on
Ethiopian taxa have examined the impact of recent Pleistocene
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climatic changes on population structure and have been at the
phylogeographic (intra-specific) level (Gottelli et al., 2004; Belay
and Mori, 2006; Ehrich et al., 2007; Kebede et al., 2007; Evans
et al., 2011). These studies have demonstrated that the Great Rift
Valley has been a significant barrier to gene flow (Evans et al.,
2011), even in species with large dispersal abilities (Gottelli
et al., 2004). There is, however, a lack of studies at the supra-spe-
cific level examining the climatic and geological processes respon-
sible for the diversification and speciation of highland taxa.

Here we investigate the evolution of frogs of the genus Ptychadena
(Boulenger, 1917; Amphibia, Anura, Ranidae) in the Ethiopian high-
lands. In this area, the genus Ptychadena has experienced an evolu-
tionary radiation producing a species complex (Perret, 1980; Largen,
1997). It is believed that the highland species of Ptychadena diversified
entirely in Ethiopia, and thus this group provides an excellent oppor-
tunity to study the process of speciation in this area. Five endemic spe-
cies are currently recognized from the highlands and can be
distinguished using morphological features (P. cooperi, P. erlangeri, P.
neumanni, P. nana and P. wadei; Largen and Spawls, 2010). A sixth spe-
cies (P. largeni) has been described by Perret (1994), but the validity of
this taxon has been questioned (Largen and Spawls, 2010). The large
morphological diversity reported in P. neumanni has led some authors
to propose that P. neumanni is a species complex harboring an unde-
termined number of cryptic species (Perret, 1994; Largen, 1997). Here
we analyse a multi-locus dataset, consisting of 2 mitochondrial and 4
nuclear genes, to investigate the evolutionary history and distribution
of Ethiopian highland species of Ptychadena. Our study has two main
goals: (1) to provide an accurate assessment of Ptychadena diversity in
the Ethiopian highlands and, (2) to determine the phylogeny and tim-
ing of speciation of Ptychadena species.
2. Materials and methods

2.1. Sampling

Samples were collected from 49 different sites on both sides of
the Great Rift Valley, during the months of July and August 2011,
which coincided with the rainy season. A list of samples with the
GPS location of the collecting localities is provided in Supplemen-
tary Material. Most specimens were hand collected at night,
although in some cases dip nets were used to collect in ponds
and streams during the day. Collection and export permits were
obtained from the Ethiopian Wildlife Conservation Agency. Within
2 h after being collected, specimens were euthanized by ventral
application of benzocaine (Chen and Combs, 1999). Dissections
were performed immediately after the frogs were euthanized. Tis-
sue vouchers were preserved in 70% alcohol. Specimens were then
fixed in 95% alcohol and transferred to 70% ethanol within few
hours after fixation. All specimens have been deposited at the Nat-
ural History Museum of Addis Ababa University, in Addis Ababa,
Ethiopia. The morphological identification of specimens was per-
formed using Largen and Spawls (2010) and reference therein.
We successfully identified in our sample P. cooperi, P. erlangeri, P.
nana and P. neumanni. A fifth species, P. wadei, is not represented
here. We found a few frogs that could be assigned to the species
P. largeni based on the replacement of the dorsal ridges by rows
of very small tubercles (Perret, 1994), but this character appeared
sporadically in many populations, irrespective of location or
genetic affinity. Thus, we could not assign any of our samples with
certainty to this controversial species.
2.2. DNA extraction, amplification and sequence alignment

DNA was extracted from liver or leg muscle using the Wizard�

SV Genomic DNA Purification System (Promega). We amplified by
Polymerase Chain Reaction (PCR) two mitochondrial and four nu-
clear genes. The mitochondrial genes were the 16S rRNA and
391 bp of the cytochrome oxydase 1 gene (COI). The four nuclear
genes we analysed are: a region of 523 bp in the recombinase acti-
vating gene 1 (Rag-1), a region of 668 bp in the second exon of the
sodium/calcium exchanger gene 1 (NCX1), a region of 447 bp in the
second exon of the chemokine receptor type 4 gene (CXCR4) and a
331 bp region in the first exon of the tyrosinase gene (Tyr). PCR
conditions were as follows: an initial denaturation step at 94 �C
for 2 min, followed by 35 cycles for 30 s at 94 �C, 30 s at 48–
60 �C depending on the melting temperature of the primer pairs,
1 min at 72 �C, then a final extension at 72 �C for 1 min. The se-
quences of the primers used as well as their respective annealing
temperatures are described in Table 1. PCR products were sent to
the High Throughput Genomics Unit at the University of Washing-
ton in Seattle for purification and sequencing in both forward and
reverse directions. Sequences have been deposited in GenBank, and
the accession numbers are available as Supplementary material.

Following sequencing, chromatograms were imported into
Geneious Pro version 5.6.5 created by Biomatters, available at
http://www.geneious.com. For each sample, the forward and re-
verse reads were assembled into contigs. Putative heterozygote
sites in the nuclear genes were assessed based on quality score.
The contigs were then aligned to each other using the MUSCLE
alignment implemented in Geneious (Edgar, 2004). When neces-
sary, the alignments were further edited by eye. The gametic phase
of each nuclear haplotype was resolved computationally using the
program PHASE 2.1 implemented in the DNAsp program, with a
90% cut off (Stephens et al., 2001; Librado and Rozas, 2009).

2.3. Gene tree analyses

Phylogenetic analyses were performed using maximum-likeli-
hood and Bayesian methods on each gene independently and on
concatenated datasets of the mitochondrial and nuclear genes.
The nucleotide substitution model that best fits the data was deter-
mined for each gene using the Bayesian Information Criterion in
MEGA 5.0 (Tamura et al., 2011). The maximum-likelihood phylog-
enies were reconstructed using either the RaxML blackbox at
http://www.phylobench.vital-it.ch/raxml-bb/ (Stamatakis et al.,
2008) or MEGA 5.0 (Tamura et al., 2011), and the robustness of
the nodes was assessed using 1000 bootstrap replicates. The Bayes-
ian phylogenies were reconstructed using MrBayes 3.2 (Ronquist
et al., 2012). Analyses were run for 20,000,000 generations, and
we sampled 10,000 trees, discarding the first 1000 as burn-in.
For the mitochondrial 16S and COI genes we applied, respectively,
the Tamura 3-parameter + Gamma and the Kimura 2-parame-
ters + Gamma + Invariant sites models of sequence evolution. For
Tyr and CXCR4 we used the Kimura 2-parameters + Gamma
model, and for Rag-1 and NCX1 we used the Tamura 3-parame-
ter + Gamma model.

The time to most recent common ancestor (TMRCA) for each
lineage was estimated using the mitochondrial COI gene with the
program BEAST v.1.8 (Drummond and Rambaut, 2012). Analyses
were performed using the HKY model of substitution without
Gamma and Invariant sites, as the associated parameters failed
to mix well during preliminary runs. We used a coalescent tree
prior, an uncorrelated relaxed clock and we assumed a constant
population size. Analyses were ran for 50,000,000 generations,
from which 10,000 trees were sampled following a 10% burn-in.
Results were checked for convergence using Tracer v1.5 (Rambaut
and Drummond, 2001). As no fossil evidence is available to cali-
brate a local clock for Ethiopian Ptychadena, external calibrations
were used. Estimates of mutation rates for protein-coding mito-
chondrial genes have been shown to vary slightly depending on
gene regions. For anurans, a rate of 0.957% per lineage per million
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Table 1
Primers used in this study.

Primer name Sequence (50–30) Locus Annealing temperature (�C) Source

16S-F CGCCTGTTTAYCAAAAACAT 16S 48 Bossuyt and Milinkovitch (2000)
16S-R CCGGTYTGAACTCAGATCAYGT 16S 48 Bossuyt and Milinkovitch (2000)
COIGen-F TCTCTACTAACCATAAAGATATCGG COI 56 This study
COIGen-R TAGACTTCAGGATGGCCAAAGAATCA COI 56 This study
COILarg-F CTGGCACCCTTTTAGGAGA COI 56 This study
COILarg-R AGCAAGTACAGGGAGGGACA COI 56 This study
COIPty-F TGGGACTGCCCTTAGCCTCC COI 56 This study
COIPty-R ATACCGGCAGCGAGTACAGG COI 56 This study
TyrC-F GGCAGAGGAWCRTGCCAAGATGT Tyr 60 Bossuyt and Milinkovitch (2000)
TyrG-R TGCTGGCRTCTCTCCARTCCCA Tyr 60 Bossuyt and Milinkovitch (2000)
Rag1-PtyF CCGTTCTGTTGATGAATACCC Rag-1 57 This study
Rag1-PtyR TAAGGGTTGGCTCTCCATGT Rag-1 57 This study
NCX1-PtyF CCAAATGGTGAAACCACAAA NCX1 55 This study
NCX1-PtyR2 ACCTCCTCGACGTACAATGG NCX1 55 This study
CXCR4-PtyF ATCCAAGCAAACCAAAGGTG CXCR4 58 This study
CXCR4-PtyR CCGTCCATGTCATCTATACGG CXCR4 58 This study
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years was estimated for ND2 (Crawford, 2003) and has been widely
used, but no estimate is available for COI. Comparisons of the rate
of mutation of protein-coding genes in vertebrates suggest that COI
is evolving slower than ND2 (Zardoya and Meyer, 1996). To assess
the rate of mutation of COI relative to ND2, we calculated inter-spe-
cific divergences between species for which complete mitochon-
drial genome sequences were available. We calculated the ND2
and COI divergence between three species of Bufo, B. gargarizans
(DQ275350), B. japonicus (AB303363) and B. tibetanus (JX878885),
and between three species of Pelophylax, P. nigromaculatus
(AB043889), P. chosenica (JF730436) and P. plancyi (EF196679).
Depending on the comparison, we found that COI evolves 0–25%
slower than ND2. Thus we used two mutation rates in all calcula-
tions, the ND2-derived rate of 0.957% and a 25% slower rate of
0.78% per lineage per million years. This somewhat indirect ap-
proach is far from ideal, but should at least provide a rough esti-
mate of the time frame of Ptychadena diversification in Ethiopia.

2.4. Species delimitation

To delimit populations, the phased nuclear haplotypes were
analysed using the Bayesian clustering program STRUCTURE
2.3.3. (Pritchard et al., 2000). STRUCTURE estimates the likelihood
of a user-set number of K clusters and provides estimates of the
proportion of each individual’s genome derived from each of the
K clusters. Only individuals with genotypes available for the 4
genes were included in the analysis. The admixture model with
independent allele frequency was used. STRUCTURE analyses were
run with 100,000 steps for burn-in followed by 500,000 genera-
tions for K values ranging from 2 to 14. Each simulation was com-
pleted five times, and results files were compressed and submitted
to Structure Harvester (Earl and Vonholdt, 2011), which selects the
most likely K value based on the delta-K criterion described by
Evanno et al. (2005).

Furthermore, we analysed the mitochondrial sequences using
the Automatic Barcode Gap Discovery Method (ABGD) to identify
potential species. ABGD clusters sequences into candidate species
based on pairwise distances by detecting differences (i.e., gaps) be-
tween intra- and inter-specific variation without a priori hypothe-
sis (Puillandre et al., 2012a,b). ABGD analyses were performed
using the web site http://wwwabi.snv.jussieu.fr/public/abgd/abgd-
web.html. Analyses were run on the 16S and COI genes using the
Kimura 2-parameter model. Different values of the prior limit to
intra-specific diversity and of the proxy for minimum gap width
were tested to evaluate their effects on the analysis.

We assessed the validity of putative species using a Bayesian
species-delimitation approach, implemented in the program BPP
(Rannala and Yang, 2003; Yang and Rannala, 2010). BPP accommo-
dates the species phylogeny as well as lineage sorting due to ances-
tral polymorphism. It implements a multilocus coalescent based
method using reversible-jump Markov chain Monte Carlo
(rjMCMC) to estimate the posterior distribution for different spe-
cies-delimitation models. We used the mitochondrial tree as a
guide tree but, as the mitochondrial data were used to identify
the putative species for the species delimitation analysis, mito-
chondrial sequences were not included in the BPP analyses and
only the four nuclear genes were used (following the recommenda-
tions of Barley et al. (2013)). We parameterized both ancestral pop-
ulation size (h) and root age (s) using a gamma (G) distribution
(a,b) for very large populations and deep divergences, G(1,10)
and small ancestral populations and shallow divergences,
G(2,2000). Other divergence time parameters were assigned the
Dirichlet prior (Yang and Rannala, 2010). We used algorithm 0
with the fine-tuning parameter = 15. Each rjMCMC analysis was
run for 500,000 generations with a burn-in of 50,000 and run at
least twice to confirm consistency between runs.

2.5. Species tree analyses

To account for the stochastic differences in the coalescent histo-
ries of the mitochondrial and nuclear genes, we reconstructed the
evolutionary history of the genus Ptychadena in the Ethiopian high-
lands using the program *BEAST (Heled and Drummond, 2010).
*BEAST implements a probabilistic framework using sequence
information from different loci and multiple individuals per taxon
to infer the species tree as well as the individual gene trees that
evolve within it. By incorporating prior probabilities on substitu-
tion rates and/or on the age of specific nodes in a phylogeny, *-

BEAST provides estimates of divergence times that take into
account the history of all the genes used in the analysis. The goals
of this analysis were twofold: (1) to obtain a species tree of Ptych-
adena and (2) to estimate the divergence times of the species. The
partitions included the COI, Tyr, Rag-1, CXCR4, and NCX1 align-
ments. We used the HKY site model for COI as well as for the nu-
clear DNA partitions, as the Kimura 2-parameters and Tamura 3-
parameters models are nested within the HKY model. Divergence
times were estimated under the uncorrelated relaxed-clock tree
model (Drummond et al., 2006) with a Yule process speciation
prior. Analyses were run for 300,000,000 generations sampling
every 30,000 generations for a total of 10,000 trees. To assess con-
vergence we monitored the effective sample size (ESS) values and
consistency of parameter estimates using Tracer v1.5. From the
10,000 sampled genealogies, we obtained the maximum-clade
credibility tree with divergence time estimates for the species tree
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using TreeAnnotator in BEAST v.1.8 (Drummond and Rambaut,
2012), discarding the first 1000 samples as burn-in.

For divergence time estimation, we used the two COI mutation
rates of 0.78% and 0.957% per lineage per million years and placed
normally distributed prior probabilities around the mutation rate
parameters for each nuclear gene with a starting mean of 1. Be-
cause of the uncertainty of the COI mutation rate, we also per-
formed *BEAST analyses using mutation rate priors for the
nuclear genes with an estimated mutation rate for COI. Mutation
rate priors were calculated for the four nuclear genes from the
divergence between Ptychadena and other Ranidae assuming the
age of the Ranidae crown-group (i.e., the split between Ptychaden-
inae and all other Ranidae) as 111.3 MY (Bossuyt et al., 2006). The
species for which the same Tyr, Rag-1, CXCR4 and NCX1 genes were
available in public databases and which were used to calculate the
mutation rates were Ceratobatrachus guentheri, Phrynobatrachus
krefftii, Conraua crassipes, Limnonectes laticeps, Pyxicephalus edulis,
Arthroleptis variabilis and Rana temporaria. The mutation rates for
Tyr, Rag-1, NCX1 and CXCR4 are respectively 0.0948%, 0.0674%,
0.0382%, and 0.0786% per MY.
Ptychadena mahnerti

P. subpunctata

P. sp. “mikumi “
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P. mascareniensis
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99

94
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35
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Fig. 1. Maximum-likelihood phylogeny of the genus Ptychadena using the mito-
chondrial 16S gene. Numbers at the nodes indicate the robustness of each node
assessed using 1000 bootstrap replicates. For clarity, a single representative of each
of the eight major Ethiopian mitochondrial lineages was included. Ethiopian
highland taxa are boxed in grey.
3. Results

3.1. Analysis of the mitochondrial DNA

We sequenced the mitochondrial 16S rRNA and Cytochrome
Oxydase I (COI) genes in 177 and 183 Ethiopian frogs from the
genus Ptychadena, respectively. Because the 16S has been the most
studied gene in the genus Ptychadena, we first performed a phylo-
genetic analysis using our sequences as well as all Ptychadena se-
quences available in public databases to validate the monophyly
of the Ethiopian taxa relative to other species in the genus. Bayes-
ian and maximum-likelihood analyses produced identical topolo-
gies (the maximum-likelihood tree is shown in Fig. 1) and
demonstrate that the Ethiopian taxa form a strongly supported
monophyletic group, suggesting that their diversification occurred
entirely in Ethiopia. About half of Ptychadena species are not repre-
sented by a mitochondrial sequence in GenBank but most of these
species are west-African, lowland species. Thus it is unlikely that
adding these species would affect the monophyly of Ethiopian
Ptychadena.

The evolutionary relationships among Ethiopian samples were
then investigated using each mitochondrial gene separately and a
concatenated dataset of the two genes. As all these analyses
yielded very similar topologies, only the maximum likelihood tree
based on the concatenated dataset is shown here (Fig. 2). The tree
reveals the existence of 8 distinct lineages reciprocally monophy-
letic for mitochondrial haplotypes. Three of the lineages corre-
spond to morphologically distinguishable species: P. erlangeri,
and P. cooperi, which are found on both sides of the Great Rift Val-
ley, and the elusive and geographically restricted species P. nana
(Fig. 3). Frogs identified as P. nana were collected in the Bale Moun-
tains of the Eastern highlands and are characterized by uniquely
short legs (ratio tibia length/snout-vent length = �45%), a diagnos-
tic feature of P. nana (Perret, 1980). Some of our specimens were
larger by 12% from the maximum size recorded for this species,
which was described as a dwarf form of Ptychadena (Perret,
1980). It is however possible that the populations of this species
differ in size, and thus we gave preference to other morphological
features, such as the relative shortness of the legs, in assigning this
mitochondrial lineage to P. nana.

The other five lineages correspond to frogs that are morpholog-
ically extremely similar to each other and that fit the description of
the widely distributed species P. neumanni (see pictures in Supple-
mentary materials). They are provisionally called P. cf neumanni 1,
2, 3, 4 and 5. P. cf neumanni 1 is widespread in the west from the
moist evergreen forests of the southwest to grasslands in the vicin-
ity of Addis Ababa (Fig. 3). P. cf neumanni 2 is widely distributed on
both sides of the Great Rift Valley and limited to grasslands. Inter-
estingly we failed to find lineages 1 and 2 in the same locality, and
it appears that the distributions of these two lineages do not over-
lap. P. cf neumanni 3, 4 and 5 are much more localized geographi-
cally. P. cf. neumanni 3 is represented by two frogs caught in the
Bale Mountains in a roadside pond where P. nana and P. cooperi
were also collected. P. cf. neumanni 4 is represented by 8 frogs
collected in forest clearings in the southern part of the Eastern
Highland system. Finally, P. cf. neumanni 5 is found only in the
western highlands, north of the Blue Nile Valley (Fig. 3).

The mitochondrial phylogeny (Fig. 2) indicates that the 8 lin-
eages group into three main clades. Individuals morphologically
assigned to P. neumanni do not form a monophyletic group on
the tree and occur in each of the three clades: P. cf. neumanni 1
and 4 group with P. erlangeri, P. cf. neumanni 2 and 3 group with
P. nana, and P. cf. neumanni 5 groups with P. cooperi. The observa-
tion that lineages assigned to P. neumanni are phylogenetically
more closely related to other morphologically distinguishable spe-
cies (such as P. nana, P. erlangeri and P. cooperi) than to other P.
neumanni suggests that ‘‘P. neumanni’’ could be a species complex
composed of 5 cryptic species.

We calculated the average divergence between the 8 lineages
and also within each lineage (see Table 2). For COI, the inter-line-
age divergences range from 9.8% to 20.7% with a mean of 15.6%.
The average divergence within each lineage is roughly an order
of magnitude lower, ranging from 0.05% to 1.7%. For 16S, the diver-
gence between lineages ranges from 2.2% to 7.0% with a mean of
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Fig. 2. Maximum-likelihood phylogeny of Ptychadena from the Ethiopian highlands based on a concatenated alignment of the 16S and COI genes. The tree is rooted with
sequences from the lowland species P. mascareniensis and P. anchietae. Colors are the same as on the maps on Fig. 3. Bootstrap values higher than 75% are indicated below the
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5.1%, and divergences within the lineages range from 0.00% to 1.0%.
The use of a strict divergence threshold to identify species is con-
troversial, yet tentative threshold values of �5% for 16S divergence
and �10% for COI divergence have been proposed (Vences et al.,
2005). Although only a little more than half of the 16S divergences
are higher than the 5% threshold, the values we obtain for the COI
are almost all higher than 10%, suggesting that the eight lineages
we identified phylogenetically could correspond to eight different
species. We further examined this hypothesis by applying the
ABGD approach, which separates mitochondrial sequences into
putative species by identifying barcode gaps, defined as disconti-
nuity between intra- and inter-specific divergences. Applying the
standard settings (with a relative gap width set at 1.5) yielded
eight partitions in both our COI and 16S datasets, which is consis-
tent with the idea that our dataset represents eight distinct
species.
Table 2
Average divergence of the mitochondrial COI (below diagonal) and 16S (above diagonal) b

P. cooperi P. erlangeri P. nana P. neumanni 1

P. cooperi 1.6/1.0 6.7 7.0 6.4
P. erlangeri 19.3 1.2/0.2 2.2 5.0
P. nana 13.3 16.2 0.3/0.00 5.3
P. neumanni 1 16.7 15.0 13.6 0.5/0.00
P. neumanni 2 16.8 16.6 10.9 14.0
P. neumanni 3 18.8 18.6 13.3 16.0
P. neumanni 4 15.9 14.2 12.8 9.8
P. neumanni 5 12.4 20.7 17.7 18.1
We then used BEAST to estimate the TMRCA of the different
Ptychadena mitochondrial clades (Table 3). Assuming mutation
rates of 0.78% and 0.957% substitutions per million years for COI,
we estimated the TMRCA of all Ethiopian Ptychadena to be
�13.33 mya (mid-Miocene) and �10.84 mya (late-Miocene),
respectively. The subsequent diversification of the three main
clades occurred in the late-Miocene and around the Miocene-Plio-
cene junction (nodes 2, 4 and 6 in Table 3). The most recent split
within each sub-clades (between P. cf. neumanni 1 and 4 and P.
cf. neumanni 2 and 3, nodes 5 and 6) occurred in the early-pliocene.

3.2. Analysis of nuclear genes

To assess the possible specific status of the Ethiopian Ptychade-
na we sequenced 4 nuclear genes, Tyr, Rag-1, CXCR4 and NCX1 in
184, 135, 197 and 148 individuals, respectively. Each nuclear gene
etween species and within species (COI/16S).

P. neumanni 2 P. neumanni 3 P. neumanni 4 P. neumanni 5

7.0 6.8 5.8 5.8
4.3 4.1 3.7 6.1
4.6 4.4 4.0 6.4
5.3 5.1 4.1 5.8
1.7/0.3 2.2 4.0 6.5
13.7 0.05/0.00 3.8 6.3
13.2 15.2 0.7/0.1 5.3
18.1 20.1 17.3 0.7/0.00



Table 3
Time of divergence among Ethiopian Ptychadena lineages. Ages are in million years and the numbers in parentheses correspond to the 95% highest posterior density. The nodes are
numbered as on Figs. 2 and 8. Mutation rates of 0.78% and 0.957%/million year have been used for COI.

Nodes BEAST analysis of mitochondrial DNA �BEAST species tree

0.78% 0.957% 0.78% 0.957% Nuclear calibration

1 13.33 (9.45–17.45) 10.84 (7.70–14.54) 5.83 (4.17–7.58) 4.77 (3.44–6.08) 7.89 (5.79–10.27)
2 9.54 (6.58–12.40) 7.74 (5.20–10.01) 5.67 (3.94–7.28) 4.65 (3.33–5.90) 7.08 (5.35–9.14)
3 7.14 (3.16–11.10) 5.81 (2.71–9.19) 4.08 (2.43–5.68) 3.32 (2.03–4.65) 4.52 (2.52–6.94)
4 6.51 (3.74–9.06) 5.28 (3.01–7.37) 5.30 (3.59–6.93) 4.34 (3.07–5.71) 6.02 (3.81–8.19)
5 4.43 (2.36–6.93) 3.54 (1.80–5.54) 2.35 (1.22–3.68) 1.91 (1.03–3.01) 2.36 (1.30–3.65)
6 7.02 (4.46–9.58) 5.69 (3.67–7.91) 5.09 (3.37–6.69) 4.15 (2.84–5.43) 5.74 (3.75–7.90)
7 4.53 (2.51–6.70) 3.67 (1.80–5.54) 1.33 (0.71–2.15) 1.09 (0.61–1.79) 2.36 (0.91–5.16)
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was analysed phylogenetically (Figs. 4 and 5). Because of the ran-
domness of the coalescent process and the slow rate of mutation
of nuclear genes, we do not expect individual nuclear trees to pro-
duce robust and congruent phylogenies among closely related taxa.
Yet many of the groups recovered by the analysis of the mitochon-
drial DNA appear on one or several of the nuclear trees. For in-
stance, P. cooperi and P. cf. neumanni 5 are reciprocally
monophyletic on two of the trees (Tyr and CXCR4) and form a clade
on three of the trees (Tyr, Rag1 and CXCR4). Frogs carrying a mito-
chondrial DNA of the P. cf. neumanni 4 type form a monophyletic
group on two trees (Tyr and Rag-1) and P. cf. neumanni 1, P. cf. neu-
manni 2 and P. nana all form monophyletic groups on the NCX1
tree. The complete sorting of haplotype lineages suggests signifi-
cant genetic differentiation among taxa. Yet incomplete lineage
sorting is also observed for several taxa (i.e., P. cf. neumanni 1
and P. erlangeri on the Rag-1, Tyr and CXCR4 trees), which is ex-
pected when speciation events are recent and/or occurred over a
short period of evolutionary time.
3.3. Species delimitation

To validate the existence of eight distinct and genetically iso-
lated populations of Ptychadena in the Ethiopian highlands we used
three approaches: a STRUCTURE analysis based on nuclear haplo-
types, a phylogenetic analysis of concatenated nuclear genes, and
a Bayesian ‘‘species delimitation’’ analysis using the BPP program.
The STRUCTURE analysis (Pritchard et al., 2000) with K set at 8
recovered exactly the same 8 populations identified with the mito-
chondrial DNA (Fig. 6). A single individual carrying a P. nana mito-
chondrial haplotype clusters with the two P. cf. neumanni 3
individuals on the STRUCTURE analysis. This result suggests that
these two populations can occasionally hybridize, yet the clear-
cut separation between clusters indicates that hybridization is
likely to be an exceptional occurrence. The near-perfect concor-
dance between the mitochondrial phylogeny and the nuclear clus-
tering strongly validate the idea that Ptychadena from the
highlands belong to 8 distinct genetic entities. Although higher val-
ues of K recover the same 8 clusters, an additional level of structur-
ing can be detected when K is set at 9, as the individuals assigned
to P. cf. neumanni 2 from the east side and from the west side of the
Great Rift Valley form two separate clusters. When K is set at 10
and 11 (the optimal number of clusters suggested by the delta-K
method), the same groups are recovered with the exception of P.
erlangeri, which appears as having a mixed ancestry. This can be
explained by the small number of nuclear loci used in our study
and by the fact that STRUCTURE is known to overestimate the
number of populations from the data (see the program documen-
tation at http://pritch.bsd.uchicago.edu/structure.html).

We then performed a phylogenetic analysis on a concatenated
dataset of the four nuclear genes (Fig. 7). The concatenated nuclear
analysis reveals the existence of 7 well-supported monophyletic
groups corresponding almost exactly to the groups defined with
mitochondrial sequences. With the exception of individual 924
(which caries a P. nana mitochondrial sequence but branches with
P. cf. neumanni 3 on the concatenated tree), all individuals group
on the nuclear tree according to their mitochondrial type, which is
consistent with the STRUCTURE analysis. P. erlangeri is the only spe-
cies that does not correspond to a well-defined monophyletic group
on the nuclear tree, which is not surprising as P. erlangeri was the
only taxon for which we failed to detect monophyly on any of the
four nuclear-gene phylogenies. Among-group phylogenetic rela-
tionships have no statistical support and differ from the mitochon-
drial tree, yet on both the mitochondrial and nuclear trees P.
cooperi and P. cf. neumanni 5 form a strongly supported clade.

We validated the existence of 8 distinct genetic units by per-
forming a Bayesian ‘‘species delimitation’’ analysis with the BPP
program. This method tests the hypothesis that populations of
organisms do not exchange migrants and are isolated genetically.
The populations were defined using mitochondrial sequences and
their validity was assessed using the four nuclear genes. Using
the topology of the mitochondrial tree as guide tree, we tested a
variety of prior for large or small ancestral size and deep or shallow
divergence. The choice of prior did not affect our results, and all
analyses supported splits between the eight putative species, with
speciation posterior probabilities 1.0.
3.4. Species-tree analysis

To obtain a tree that would account for the coalescent of the nu-
clear and mitochondrial genes, we reconstructed a species tree
using the *BEAST program (Fig. 8). The resulting tree is strikingly
similar to the mitochondrial tree. It shows that the first split sepa-
rates P. cooperi and P. cf. neumanni 5 from all other putative species.
The second split separates P. cf. neumanni 1, P. cf. neumanni 4 and P.
erlangeri from P. cf. neumanni 2, P. cf. neumanni 3 and P. nana. The
only difference between the species tree and the mitochondrial
tree is in the placement of P. erlangeri, which is the sister species
of P. cf. neumanni 1 on the species tree, whereas it is P. cf. neumanni
4 on the mitochondrial tree. This discrepancy is not surprising as
different regions of the genome are expected to have different his-
tories that are recapitulated by the species tree.

To estimate the time frame of Ptychadena diversification we
used three external calibrations: the two COI mutation rate of
0.957% or 0.78% and mutation rate priors for the four nuclear genes
calculated from the divergence between Ptychadena and other rep-
resentatives of the Ranidae family, assuming an age of 111.3 MY
for the Ranidae crown group (Table 3). The two species trees cali-
brated with the mitochondrial sequences indicate that the diver-
gence between the three main clades occurred near the junction
between the Miocene and the Pliocene (�5.8–5.7 mya and
4.6–4.4 mya for the 0.78% and 0.957% mutation rate, respectively).
Subsequent diversifications within each clades occurred in the
Pliocene, with the two most recent speciation events in the
Pleistocene (<2.588 mya). The tree calibrated using the nuclear

http://www.pritch.bsd.uchicago.edu/structure.html
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genes mutation rates produced highly congruent divergence times
for most nodes. The only noticeable difference is in the divergence
time of the two oldest nodes (nodes 1 and 2) which are�2 to 3 mil-
lion years older on the tree calibrated with the nuclear genes.
4. Discussion

4.1. Cryptic species diversity in Ethiopian Ptychadena

Using mitochondrial and nuclear sequences we determined that
the genus Ptychadena in the Ethiopian highlands is represented by
at least eight genetically isolated entities that might deserve spe-
cific status. The existence of eight species is supported by several
lines of evidence including deep mitochondrial divergences, a near
perfect congruence between mitochondrial and STRUCTURE-de-
fined nuclear clusters, widespread reciprocal monophyly between
species at mitochondrial and nuclear loci, and significant results
of the Bayesian species delimitation analysis. Prior to our analysis,
it was believed that the Ethiopian highlands hosted 5 distinct
Ptychadena species (P. cooperi, P. erlangeri, P. nana, P. neumanni
and P. wadei), with maybe a sixth one in the vicinity of Addis Ababa
(P. largeni). Here we report at least five putative species covered by
the name ‘‘P. neumanni’’. Thus, the total number of Ptychadena spe-
cies in the Ethiopian highlands is at least nine (including P. wadei,
which was not in our sample) and maybe 10 (if P. largeni is valid).
In the original description of P. largeni, Perret (1994) describes indi-
viduals with ridges replaced by rows of very small tubercles. We
occasionally found frogs with ridges replaced by rows of tubercles
in both P. cf. neumanni 1 and P. cf. neumanni 2, suggesting that this
is not a diagnostic character and could possibly be a polymorphic
character shared across species or be dependent on the reproduc-
tive status of the individual.

In part because of the widespread use of molecular tools, the
rate of discovery of novel amphibian species has been remarkably
high in the past few decades (Kohler et al., 2005). The present anal-
ysis demonstrates that the genus Ptychadena is no exception and
suggests that the diversity of frogs in Ethiopia might be severely
underestimated. The cryptic diversity in Ptychadena is reminiscent
of the situation in Phrynobatrachus. Until recently, a single species
of small Phrynobatrachus (P. minutus) was known from Ethiopia,
but it appears that at least 3 and possibly 4 species of small Phry-
nobatrachus exist in this country (Largen, 2001b; Zimkus et al.,
2010; Demopoulos et al., unpublished data). These new species
add to the expanding list of new species and new genera described
in Ethiopia over the past three decades, including the endemic gen-
era Ericabatrachus and Balebreviceps. Considering the global decline
of amphibians as well as the rapid degradation of natural habitats
in Ethiopia, it is particularly urgent to assess the diversity of
amphibians in this country so that appropriate conservation mea-
sures can be taken.
4.2. Elevational distribution of highland Ptychadena

To better understand the evolution of this species assemblage,
we further examined the geographic distribution and habitat of
each Ptychadena species. In Table 4 we listed the main habitat,
the elevational range and the average size of each species. We
chose to ignore elevational ranges and habitats from the literature
because previous works based on morphological identification
could not take into account the cryptic diversity that we detected
using molecular tools. A clear distinction can be made between
species that live under an elevation of 2,500 m (P. cf. neumanni 1,
P. cf. neumanni 4 and P. erlangeri) and those that live above (all oth-
ers). This separation based on elevation is particularly striking
when P. cf. neumanni 1 and 2 are compared. These two species
are of similar size, morphologically indistinguishable, and both
are widespread in central Ethiopian grasslands. We, however,
never found both species in the same locality and it seems there
is no overlap in their elevational ranges. P. cf. neumanni 1 occurs
from 1695 to 2468 m above sea level whereas P. cf. neumanni 2
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occupies the 2541–3087 range. This elevational separation can be
observed on the inset on Fig. 3 representing the area around Addis
Ababa: P. cf. neumanni 2 populations fall in the darker grey that
corresponds to elevation higher than 2576 m and P. cf. neumanni
1 is always found in the below 2576 m range, although some of
the collecting localities are a few kilometers apart. The lack of over-
lap in distribution between these species is a prime example of the
strict elevational stratification expected in tropical mountain
ranges. In his classical article ‘‘why mountain passes are higher
in the tropics’’, Janzen (1967) proposed that the limited seasonality
in the tropics would select for organisms narrowly adapted to a
specific elevational zone, resulting in limited dispersal between
elevations. The absence of overlap in the elevational distribution
of P. cf neumanni 1 and 2 fits this model perfectly.

The three species found under 2500 m were all collected in the
moist evergreen forests of the south-west (P. cf. neumanni 1, P.
erlangeri) or of the south-east (P. cf. neumanni 4 and P. erlangeri),
P. cf. neumanni 1 being the only species that was collected in an-
other habitat, the grasslands of central Ethiopia. Preliminary phy-
logeographic analyses suggest, however, that P. cf. neumanni 1
originated in the moist forests of the south-west and subsequently
dispersed to middle elevation grasslands (Freilich and Boissinot,
unpublished data). These species occasionally coexist in the same
locality, but they tend to occupy different micro-habitats. Largen
and Spawls (2010) noted that P. erlangeri inhabits long grasses
and coarse herbaceous vegetation, and we also found P. erlangeri
exclusively in this type of habitat. In contrast, P. cf. neumanni 1
and 4 seem to prefer more open habitat with shorter grass.
Although these observations need to be confirmed by more rigor-
ous investigations, it seems that, when they co-exist, species from
forest clearings occupy different micro-habitats.

The frogs found above 2400 m have distinct habitat preference:
P. cooperi lives almost exclusively in or near streams, P. cf. neuman-
ni 2, P. cf. neumanni 3 and P. nana favor grasslands while P. cf. neu-
manni 5 was found in both type of habitats. Although P. cooperi can
occasionally be found at night calling from ponds in grasslands, it
is the only species we found during the day in high-elevation
streams. It is also the species that has diverged morphologically
the most from other species in this group, as attested by its
comparatively large size (Table 4) and warty appearance
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(Supplementary material). P. cf. neumanni 5 was found near
streams and in grasslands suggesting it might be an ecological gen-
eralist, which could be due to the fact that it is the only Ptychadena
species widespread in the highlands north of the Blue Nile Valley.
The three species found in grasslands are remarkably similar in
size, but they tend to occupy different elevational ranges, P. nana
and P. cf. neumanni 3 being found at elevations higher than P. cf. neu-
manni 2 (Table 4). However, as the elevational ranges of these species
overlap and are based on a limited number of observations, a more
thorough survey of their distributions and ecology will be necessary
to determine how this species assemblage is organized spatially.

Interestingly, species cluster on the phylogenetic tree according
to their elevational preferences, i.e., the three species living under
2500 m form a monophyletic group. This indicates a certain level of
niche conservatism within this radiation as species that are phylo-
genetically closer also share ecological preferences (Fig. 8). The
topology of the tree suggests that the ancestral habitat of Ethiopian
Ptychadena was similar to the habitats that can be found nowadays
at elevation 2500 m and higher, i.e., grasslands and dry evergreen
forests, and that lower elevations were subsequently colonized.
The colonization and adaptation to lower elevation habitats could
have been the trigger for speciation through niche divergence pro-
ducing the clade adapted to moist, low-elevation forests (P. cf. neu-
manni 1, P. cf. neumanni 4, and P. erlangeri). Subsequent speciation
events, within each clade, produced species with different eleva-
tional specialization (e.g., P. cf. neumanni 2 and P. nana) or micro-
habitat preferences (e.g., P. erlangeri and P. cf. neumanni 1).
Table 4
Habitat, altitudinal range and adult size (snout-vent length) of Ethiopian highland Ptychad

Species Habitat

P. cooperi Streams
P. erlangeri Clearings in moist evergreen forests
P. nana Mountain grasslands
P. cf. neumanni 1 Clearings in moist evergreen forests/mountain grassla
P. cf. neumanni 2 Mountain grasslands
P. cf. neumanni 3 Mountain grasslands
P. cf. neumanni 4 Clearings in moist evergreen forests
P. cf. neumanni 5 Streams/mountain grasslands
4.3. The timing of diversification of Ptychadena in Ethiopia

We performed a number of analyses to estimate the time-frame
of Ptychadena diversification. Analyses of the mitochondrial DNA,
based on two different mutation rates, indicate that the diversifica-
tion of Ethiopian Ptychadena may have begun as early as the mid-
Miocene and continued in the late-Miocene, roughly between 13
and 7.7 mya. Species-tree analyses, however, suggest that the
diversification of the main lineages of Ethiopian Ptychadena oc-
curred significantly later, around the Miocene-Pliocene junction
(�7.9 to 4.6 mya). Similarly, the two most recent speciation events
are dated from the Pliocene on the gene trees (�4.5 to 3.5 mya) but
from the Pleistocene on the species trees (�2.4 to 1.1 mya). Both
approaches however produced relatively congruent estimates of
the TMRCA for the low-elevation clade and for the high-elevation
clade (P. nana, P. cf neumanni 2 and 3), in both cases around the
Miocene–Pliocene junction.

It is expected that divergence times estimated from species
trees are younger than estimates from gene trees, as genealogical
trees should pre-date population divergence. Yet, in our case, the
discrepancies between the gene tree and the species tree analyses
are so large that they require further explanations. Species-tree
reconstruction assumes that incomplete lineage sorting is not the
result of gene flow, thus any instance of gene flow between incom-
pletely isolated species will result in an underestimate of the diver-
gence time by the species-tree analysis. In an analysis of jays of the
genus Aphelocoma, McCormack et al. (2011) reported discrepancies
between gene tree and species tree of the same order as we do
here. They proposed that incomplete reproductive isolation associ-
ated with female-biased hybrid sterility produced the pattern they
observe in Aphelocoma. It is possible that gene flow between ances-
tral populations could also be responsible for the discrepancies we
observe in Ptychadena. We found at least one hybrid in our sample
that carries a P. nana mitochondrial genome but clusters with P. cf.
neumanni 3 on the concatenated nuclear tree (Fig. 7). Although
incomplete lineage sorting is expected if speciation occurred rap-
idly, the extent of allele sharing between P. erlangeri and P. cf. neu-
manni 1 is consistent with the hypothesis that these two putative
species have hybridized since their original split. This possibility is
supported by the discrepancy between the topology of the mito-
chondrial phylogeny (where P. cf. neumanni 1 is closer to P. cf neu-
manni 4) and the topology of the species tree (where P. cf.
neumanni 1 branches with P. erlangeri). Although hybridization is
a rare occurrence in modern populations, it is likely that gene flow
was much more frequent in the early stages of speciation. The gen-
eral concordance between the mitochondrial phylogeny and the
species tree suggests however that gene flow between incipient
species was sex-biased, either because of female hybrid sterility
or because of male-biased gene flow. Although we can’t discount
this possibility, the persistence of ancestral mitochondrial lineages
in the presence of gene flow does not necessarily require
sex-biased gene flow. In Rana cascadae, some populations carry
ena species.

Altitudinal range Adult size (mm)

Females Males

2387–3045 m 44–50 42–59
1409–2322 m 42–44 33–35
2584–3023 m 32–35 30–33

nds 1695–2468 m 32–41 26–39
2541–3087 m 31–44 28–32
3023 m _ 31.9
2322–2550 m 33.7 _
2403–2532 m 25–51 32–40
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mitochondrial haplotypes that diverged 2–3 mya (Monsen and
Blouin, 2003), despite gene flow with neighboring populations,
suggesting that divergent and geographically localized mitochon-
drial genomes can persist in local populations because of strong
drift. It is plausible that a similar process occurred in ancestral
Ptychadena populations, thus accounting for the nuclear-mitochon-
drial discordance we report here.

Although there is still some doubt about the exact time of diver-
sification of Ptychadena in Ethiopia, most analyses suggest that the
diversification of this group began in the late Miocene near the
junction between Miocene and Pliocene (Table 3). The climatic
conditions in East Africa have become increasingly arid and unsta-
ble in the late Miocene (deMenocal, 2004; Sepulchre et al., 2006).
Although the long-term trend is toward increased aridity, Eastern
Africa has experienced an alternation of wet and arid periods
during the late Miocene and the Pliocene (Cerling et al., 2011;
deMenocal, 2004; Trauth et al., 2005, 2009). Wet-dry cycles have
continued throughout the Pleistocene, coinciding with glaciations
at northern latitudes (Mark and Osmaston, 2008). It is plausible
that the diversification of Ptychadena in the Ethiopian highlands
has been caused by climatic shifts toward drier conditions, which
have pushed the distributions of these frogs toward higher eleva-
tions, thus promoting their isolation and subsequent speciation.
Our data do not allow us to address specifically the role of geomor-
phological features such as the Great Rift Valley because, following
their speciation, Ethiopian Ptychadena have dispersed across the
Great Rift when the climate became wetter, producing the trans-
Rift distributions observed for P. erlangeri, P. cooperi and P. cf. neu-
manni 2. A more detailed phylogeographic study of these species is
necessary to determine their center of origin. Yet our study points
to an important role of the Blue Nile Valley as a biogeographic bar-
rier, as it has acted as an efficient barrier to dispersal for P. cooperi
and P. cf. neumanni 5. Such a role for the Blue Nile Valley is evident
for Leptopelis yaldeni, whose distribution is bordered by this geo-
logical feature (Largen and Spawls, 2010), and in the significant le-
vel of genetic differentiation between populations of Xenopus clivii
north and south of the Nile (Evans et al., 2011).
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