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The lack of morphological diagnosable characters typical of cryptic species, poses a particular problem to
taxonomists. This is especially true when taxa are closely related, sharing considerable amounts of ances-
tral polymorphism. Phylogenetic studies on the Moorish gecko species-complex, Tarentola mauritanica,
uncovered extremely high levels of mtDNA diversity with six identified clades, including one from the
Canary Islands identified as T. angustimentalis. Because of the conserved morphology of this species
and its paraphyletic status with respect to T. angustimentalis, it was suggested that T. mauritanica is a
cryptic species complex. Nevertheless, none of the nuclear loci used were reciprocally monophyletic
regarding the mitochondrial lineages due to retention of ancestral polymorphism. In this study, we added
three new intron markers to the already available dataset and used additional tools, namely phylogenetic
gene trees, species tree and species limits within a Bayesian coalescent framework to confirm the support
of the main lineages. Bayesian clustering analysis supports all six mtDNA lineages as independent groups,
despite showing signs of ancestral polymorphism or possibly gene flow between the Maghreb/South
Iberia and Central Morocco clades. The species tree recovered two major groups; one clustering taxa from
Europe and Northern Maghreb and another one encompassing the lineages from Central/Southern
Morocco, Central Morocco and Canary Islands, indicating that the ancestor of T. angustimentalis came
from the Central/Southern Morocco region. Finally, Bayesian coalescent species delimitation analysis
supports all six mitochondrial clades as ‘‘unconfirmed candidate species”, pending morphological data
to define them.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

Species are considered as fundamental units of analysis in many
disciplines, including biogeography, ecology, macroevolution and
conservation biology and a better understanding of the processes
and mechanisms which lead to their establishment, entails that
systematists employ methods to delimit species in an accurate
and objective way (Sites and Marshall, 2003). However, over the
past half century, species delimitation has often been confused
with that of species conceptualization itself (de Queiroz, 2007).
Recent advances in this field have proposed a unified species the-
ory known as the ‘‘General Lineage Concept” (de Queiroz, 1998),
rejecting the interpretation of traits, such as reproductive isolation,
reciprocal monophyly, ecological distinctiveness and phenotypic
diagnosability, as necessary characteristics but suggesting they
be treated as lines of evidence relevant for species limits inference.
This understanding of species as independent population-level lin-
eages (de Queiroz, 2007; Mayden, 1997) and the ‘‘renaissance” of
the interest in species delimitation (Sites and Marshall, 2003),
has led to the development of a more integrative perspective of
taxonomy (Cardoso et al., 2009; Dayrat, 2005; Padial et al., 2010).

Traditionally, species have been identified and described using
morphological traits, either typological or quantitative, and these
are still considered by some authors as essential lines of evidence
(Bauer et al., 2011). Nevertheless, similar selective pressures or
severe environmental extremes may mean that morphological
characters follow a convergent evolutionary pathway (Nevo,
2001). Furthermore, morphological variation may be a result of
short-term adaptation to local conditions (Kaliontzopoulou et al.,
2010) or an output of phenotypic plasticity (Zhdanova and
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Zakhariv, 2006). Hence, the use of morphological data alone may
underestimate the number of species and, in particular, could fail
to identify ‘‘cryptic” species (e.g. Barley et al., 2013; Smith et al.,
2011).

The routine acquisition of molecular markers has led to a shift
from a purely phenotypic approach to the inclusion of molecular
characters in the investigation of the evolutionary history of taxa.
This change in methodology has led to the discovery of higher
levels of differentiation than previously expected using a morpho-
logical approach and to a significant increase of cases describing
cryptic species complexes (e.g. Camargo et al., 2006; Leavitt
et al., 2007; McLeod, 2010; Pinho et al., 2007). This accelerated rate
of detection of cryptic species when using molecular markers, sug-
gests that genetic data should be included in alpha taxonomy,
whenever possible (Ahmadzadeh et al., 2013). Typically cryptic
species are considered ‘‘sibling species” (Saez and Lozano, 2005),
highlighting the fact that, usually, cryptic species are part of a com-
plex of closely related forms (Bickford et al., 2007). In such cases,
biologists are sometimes challenged with poorly resolved phylo-
genic relationships and a lack of monophyly inferred from individ-
ual genealogies. This scenario can occur due to incomplete lineage
sorting or because of past or ongoing gene flow between closely
related (but not necessarily sister) taxa. Currently, these gene tree
conflicts can be overcome by applying a Bayesian framework,
which allows the integration of gene tree uncertainties as well as
the incorporation of an explicit model of lineage sorting by the coa-
lescent process model (e.g. BP&P in Yang and Rannala, 2010).

The Moorish gecko, Tarentola mauritanica (Linnaeus, 1758) has
a widespread geographic distribution across Europe, some
Macaronesian islands and the Maghreb region of North Africa,
namely Morocco, Algeria and Tunisia (Bons and Geniez, 1996;
Schleich et al., 1996). It is characterized by an extremely ele-
vated mitochondrial DNA genetic variability, with currently six
lineages identified (Carranza et al., 2000; Harris et al., 2004a,b,
2009; Perera and Harris, 2008; Rato et al., 2012, 2010). This
elevated genetic diversity is particularly evident in North Africa,
with Morocco harboring two endemic lineages and sharing most
of the remaining ones with the Iberian Peninsula (Harris et al.,
2004a,b; Rato et al., 2012). This high mtDNA divergence in T.
mauritanica, and the apparent morphological homogeneity of
the group, has led to the hypothesis that this corresponds to a
cryptic species complex (Harris et al., 2004a,b). Two distinct
subspecies, T. m. juliae Joger, 1984 and T. m. pallida Geniez
et al., 1999 have been described from Morocco based on
morphology, but these do not correspond to independent genetic
lineages (Harris et al., 2004a). Moreover, the paraphyly of this
species with respect to T. angustimentalis present in the Canary
Islands (Carranza et al., 2000; Harris et al., 2004a,b, 2009;
Perera and Harris, 2008; Rato et al., 2012, 2010), reinforces the
hypothesis that T. mauritanica is, in fact, a complex of several
species. However, when nuclear markers have been analyzed,
including C-mos, RAG1, MC1R, ACM4 and PDC, these have shown
limited variability and consequently, little capacity in resolving
some of the phylogenetic relationships (Harris et al., 2004a;
Rato et al., 2012, 2010). Most probably, this is due to the fact
that all of these taxa are closely related, so that they share a sub-
stantial amount of polymorphism (Rato et al., 2012). With the
goal of assessing the specific status of each of the six mitochon-
drial lineages of T. mauritanica, we here add two new molecular
markers to the previous dataset from Rato et al. (2012). We esti-
mated the species tree and tested the nuclear markers for the six
lineages using a Bayesian clustering analysis and within a
coalescent species delimitation framework. The results obtained
here will provide the foundation for a future taxonomic revision
of T. mauritanica.
2. Material and methods

2.1. Sampling and molecular methods

Genomic DNA was extracted from a total of 60 individuals from
the T. mauritanica species-complex, belonging to each of the six
previously identified mitochondrial DNA (mtDNA) lineages (Rato
et al., 2012) (10 individuals per lineage). For all individuals, we
already had available from previous studies the sequences of two
mitochondrial genes, 12S rRNA and 16S rRNA (Harris et al., 2004a,
b; Perera and Harris, 2008; Rato et al., 2012, 2010) and for some
of them, four nuclear protein-coding gene fragments: the acetyl-
cholinergic receptor M4 (ACM4), the melanocortin 1 receptor
(MC1R), the phosducin (PDC), and the recombination activating
gene 2 (RAG2) (Rato et al., 2012, 2010). We carried out the ampli-
fication and sequencing of these four exons for the missing sam-
ples, and also obtained amplicons for three introns (bzw1, lztfl1
and lfabp), which have shown to be quite variable at the intraspeci-
fic level in other Gekkota (Fujita et al., 2010; Tonione et al., 2011).
For amplification and sequencing of ACM4 the primers tg-F and tg-
R published by Gamble et al. (2008) were used. Regarding the
MC1R and PDC fragments the primers MC1R_F and MC1R_R from
Pinho et al. (2010) and PHOF2 and PHOR1 (Bauer et al., 2007)
respectively, were used for amplification and sequencing. Amplifi-
cation of ACM4, MC1R and PDC fragments were carried out in 25 ll
volumes, containing 5.0 ll of 10� reaction Buffer, 2.0 mM of
MgCl2, 0.5 mM each dNTP, 0.2 lM each primer, 1 U of Taq DNA
polymerase (Invitrogen), and approximately 100 ng of template
DNA. Finally, amplification and sequencing of the RAG2 gene frag-
ment was performed using two sets of primers; 31FN.Venk/
Lung.460R (amplification) and Lung.35F/Lung.320R (amplification
and sequencing) published by Hoegg et al. (2004). PCR conditions
were those described in Chiari et al. (2004).

Because the primers described in Fujita et al. (2010) for the
amplification of both bzw1 and lztfl1 introns were not effective in
T. mauritanica, new ones were designed. We used the Ensembl
database (http://www.ensembl.org/index.html) transcript infor-
mation to determine the exon–intron structure in both the chicken
and Anolis carolinensis lizard orthologs, and using the sequences of
the primers published by Fujita et al. (2010), we designed new pri-
mers on exons to amplify the intervening introns. Details are pro-
vided in Table 1. Quality of the primers, such as GC percentage, and
self-dimerisation was assessed using the software AMPLIFX v1.6.2
(by Nicolas Jullien; CNRS, Aix-Marseille Université – http://crn2m.
univ-mrs.fr/pub/amplifx-dist).

We used the same general PCR protocol for all intron markers.
Each PCR had a total volume of 25 ll, using the MyTaqTM Red
DNA Polymerase (BIOLINE), with 5 ll of Buffer, 5 mM of each dNTP,
15 mM MgCl2, 1 U of Taq DNA Polymerase, 0.4 mM of each primer,
and 10–25 ng of DNA. The amplification protocol for all PCR reac-
tions of the three introns was the same as described in Fujita
et al. (2010). All PCR products were visualized on 2% agarose gels
stained with GelRed nucleic acid stain (BIOTIUM) and successful
amplifications were sent to a private company for sequencing
(Macrogen Inc., Netherlands). We used Geneious Pro v.5.5.9 (cre-
ated by Biomatters. Available from http://www.geneious.com/) to
assemble the contigs and MAFFT v7.0.17 (Katoh et al., 2002) to
align each set of sequences, using the default parameters.

Phase reconstruction of the nuclear DNA (nDNA) dataset, was
performed using the program PHASE v.2.1.1 (Stephens and
Donnelly, 2003; Stephens et al., 2001), considering a threshold of
60% (p = q = 0.6), since this has been demonstrated to reduce the
number of genotype uncertainties with little or no increase in false
positives (Garrick et al., 2010). The input files to use in PHASE were
created in SeqPHASE (Flot, 2010). All polymorphic sites with a
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Table 1
Information of markers used in this study, with accession numbers from the Ensembl database transcript information, intron number where the gene is located, size of the
amplified fragments, temperature of annealing (TA) and primer sequences.

Gene Ensembla Intron Size (bp) TA (�C) Primers (50–30)

bzw1 ENSGALG00000008220 3 490–773 63 bzw1_Tar1: GATGCTTCTGGKGCAAAACTTGAYTATCGb

ENSACAG00000016934 4 bzw1_Tar2: AGCAAATGCTTGCATSGTTTCTAGGTCb

lztfl1 ENSGALG00000011810 2 488 61.6 lztfl1_Tar1: CAAGCGTGGCCTGTGTCTMAARACAGTGb

ENSACAG00000014164 2 lztfl1_Tar2: CTGGCGCAGAAGYAAWACATTGGTGb

LFABP 841 61 n32: AGGTGTATGTCCAGGAGAATTATGAAGc

n33: GGATTTCAATGGTCGGCTTAATATCc

a Accession number for the gene in chicken (ENSGALG) and Anolis carolinensis (ENSACA).
b Primer designed in this study.
c Primer from Tonione et al. (2011).
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probability of <0.6 were coded in both alleles with the appropriate
IUPAC ambiguity code.

Mega v. 5.0 (Tamura et al., 2011) was used to estimate uncor-
rected p-distances between lineages.

Specimens used in this study, corresponding GenBank accession
numbers and localities are provided as Supplementary Material in
Table S1.

2.2. Gene trees

In order to determine the best fitting nucleotide model for each
gene (mtDNA and nDNA), we used the software jModelTest v2.1.4
(Darriba et al., 2012), under the Akaike Information Criterion
(Akaike, 1974). Maximum Likelihood (ML), and Bayesian Inference
(BI) phylogenetic analyses were performed for both the concate-
nated nDNA fragments and for all the loci combined (mtDNA
+ nDNA). A phylogenetic analysis using only mitochondrial mark-
ers for these same specimens was already available (Rato et al.,
2012). ML analyses were conducted with the software RAxML
v7.2.8 alpha (Stamatakis, 2006) under the GTR+G+C model, parti-
tioning the dataset per locus. For all analyses 20 thorough ML
searches were performed in order to obtain the ML tree with
1000 bootstrap inferences. A majority rule consensus tree was gen-
erated using the software Phyutility (Smith and Dunn, 2008). BI
was implemented with the program MrBayes v3.1.2 (Ronquist
and Huelsenbeck, 2003) under a partitioned model (dataset
divided into genes), and considering the model of nucleotide sub-
stitution estimated with jModelTest. The models selected for the
different partitions were: TPM1uf+G+C for 12S rRNA; GTR+G for
16S rRNA; TIM1 for ACM4; TIM1ef+G+C for bzw1; TPM1uf+C for
lfabp; TrN+C for lztfl1; TPM1uf for MC1R; K80 for PDC and HKY
+C for Rag2. The Bayesian posterior probabilities were estimated
using a Metropolis-coupled Markov chain Monte Carlo sampling
approach, with both runs starting with random trees running for
10 � 106 generations, saving one tree every 100 generations to pro-
duce 100,000 trees. Both convergence and appropriate sampling
were confirmed by examining the standard deviation of the split
frequencies between the two simultaneous runs and the Potential
Scale Reduction Factor (PSRF) diagnostic. The first 25,000 trees of
each run were included in the burn-in period and discarded, and
a majority-rule consensus tree was generated from the remaining
trees. In all phylogenetic analyses Tarentola chazaliae was used as
outgroup.

2.3. Population structure

A Bayesian clustering analysis was applied to all nuclear DNA
haplotypes using the program STRUCTURE 2.3.4 (Falush et al.,
2003; Pritchard et al., 2000). To do this, the multilocus genetic data
were converted to haplotype frequencies. The analysis was run
considering all possible combinations between the Ancestry and
Allele Frequency models’ parameters to compare the results. No
priors of individual identification were used. STRUCTURE was run
for 10 iterations with a burn-in length of 50,000 steps, followed
by 550,000 Markov chain Monte Carlo repetitions, forced to vary
between K = 2 and K = 8, the latter corresponding to the number
of mtDNA clades identified in Rato et al. (2012) plus two. Determi-
nation of the number of clusters (K) within each clade was assessed
using the method described by Evanno et al. (2005), implemented
in the online software STRUCTURE HARVESTER (Earl and vonHoldt,
2012).

2.4. Species tree inference

A species tree was calculated using a coalescent-based
approach as implemented in ⁄BEAST (Heled and Drummond,
2010). We used the groups obtained from the Bayesian clustering
analysis as candidate species, and therefore a six species model
was applied. This Bayesian assignment test has been shown to pro-
vide a species delimitation congruent with integrative taxonomic
practices (Miralles and Vences, 2013). Both mitochondrial frag-
ments and the phased nuclear alleles were used in the ⁄BEAST
analyses, resulting in nine independent partitions. We performed
two independent runs of 20 � 107 generations, sampling every
10,000 generations, from which 10% were discarded as burn-in.
Models and prior specification applied were as follows (otherwise
by default): both 12S rRNA and bzw1, GTR+G+C; both 16S rRNA and
lfabp, GTR+G; ACM4 and Rag2, HKI+C; lztfl1, GTR+C; and both
MC1R and PDC the HKI model; Relaxed Uncorrelated Lognormal
Clock (estimate); Yule process of speciation; random starting tree;
alpha Uniform (0, 10). Convergence for all model parameters was
assessed by examining trace plots and histograms in Tracer v1.4
(Rambaut and Drummond, 2007) after obtaining an effective sam-
ple size (ESS) >200. Runs were combined using LogCombiner, and
maximum credibility trees with divergence time means and 95%
highest probability densities (HPDs) were produced using Tree
Annotator (both part of the BEAST package). Trees were visualized
using FigTree v1.3.1 (available at http://tree.bio.ed.ac.
uk/software/figtree).

2.5. Bayesian species delimitation

Bayesian species delimitation was conducted using BP&P v2.2
(Rannala and Yang, 2003; Yang and Rannala, 2010), with the full
phased dataset for the seven nuclear loci. The model assumes no
admixture following speciation, which is an assumption motivated
by the biological species concept and a reversible-jump Markov
Chain Monte Carlo (rjMCMC) to estimate the posterior distribution
for species delimitation models. Ensuring adequate rjMCMC mix-
ing involves specifying a reversible jump algorithm to achieve
dimension matching between species delimitation models with
different numbers of parameters (Yang and Rannala, 2010). We
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used algorithm0 with a large fine-tuning parameter e = 15, in order
to guarantee a good mixing (Yang and Rannala, 2010). Each species
delimitation model was assigned equal prior probability (species-
modelprior = 0). The rjMCMC analysis was run for 200,000 genera-
tions with a sampling interval of 1 and a burn-in of 20,000 (10%).
This method accommodates the species phylogeny as well as lin-
eage sorting due to ancestral polymorphism and a fixed tree topol-
ogy. The rjMCMC algorithm estimates the posterior distribution for
species delimitation models that differ in the number of species, all
of which are compatible with the starting guide tree. As guide tree
we used the species tree obtained with ⁄BEAST to assess the can-
didate species within the T. mauritanica species-complex. Sequence
data included only the nuclear loci, in order to test species limits
within the nuclear data on the topology derived from the complete
data set. The estimation of the marginal posterior probability of
speciation associated with each node in the guide tree (i.e. specia-
tion probabilities as in Leaché and Fujita, 2010) is performed by
summarizing the probabilities for all models that support a partic-
ular speciation event. Speciation probability values of P95% are
considered as a strong support for a speciation event (Leaché and
Fujita, 2010).

The posterior probabilities for models can be mainly affected
by the prior distributions on the ancestral population size (h)
and root age (s), with large values for h and small values for s
favoring conservative models containing fewer species (Yang
and Rannala, 2010). Therefore, we conducted the analyses by
considering three different combinations of prior settings for
these parameters (as in Leaché and Fujita, 2010), which are given
as gamma G(a, b) distributions: relatively large ancestral popula-
tion size and shallow divergences (h = G[2, 10], s = G[2, 2000]),
relatively large ancestral population size and deep divergences
(h = G[2, 10], s = G[2,10]), and relatively small ancestral popula-
tion size and shallow divergences (h = G[2, 2000], s = G[2,
2000]). The first combination is a conservative one, favoring
models containing fewer species. Only speciation events sup-
ported by all models were accepted. This cumulative approach,
although quite conservative is, in our opinion, the most objective
one to interpret the results. All analyses were run twice to con-
firm consistency between runs.

3. Results

For all 60 individuals of T. mauritanica and T. angustimentalis we
obtained 857 bp for the mitochondrial DNA (368 bp of 12S; 489 bp
of 16S) and 4193 bp for the concatenated nuclear dataset (405 bp
for ACM4; 773 bp for bzw1; 760 bp for lfabp; 419 bp for lztfl1;
668 bp for MC1R; 392 bp for PDC and 776 bp for Rag2). For the
bzw1 intron fragment, some specimens possess a 276 bp indel.

Genetic distances between clades vary between 2.7% and 7.7%
for the 12S and 3.4% and 6.5% for the 16S (Table 2). The lower val-
ues occur between the Iberian and the European/North African
clades for both genes and between Iberian and Central/Southern
Morocco for the 16S, whilst the highest genetic divergence for
Table 2
MtDNA uncorrected p-distances (%) between all clades of T. mauritanica and T. angustimen
below for the 12S rRNA.
the 12S is observed between Central Morocco and the Maghreb/
South Iberia and for the 16S between the Canary Islands and Cen-
tral Morocco.
3.1. Gene trees

The phylogeny based on the combined nuclear DNA fragments
(Fig. 1A), supports as monophyletic the Iberian, Maghreb/South
Iberia, the Canary Islands and the Central Morocco groups. The
European/North African group is paraphyletic and the Central/
Southern Morocco group is also not monophyletic, with two haplo-
types more closely related to the remaining members of the phy-
logeny. On the contrary, the genealogy obtained when all
markers are concatenated (Fig. 1B) supports all six groups as
monophyletic. Nevertheless, some of the phylogenetic relation-
ships between both analyses are similar, although not highly sup-
ported. For both analyses, ML and BI inferred the same topology of
the preferred tree.
3.2. Population structure

The obtained K differed according to the combination between
ancestry and allele frequency models. For both combinations
‘‘Admixture/Frequencies Correlated” and ‘‘No Admixture/Frequen-
cies Independent” the best resulting K was K = 6 (Fig. 2). The com-
bination ‘‘Admixture/Frequencies Independent” resulted in K = 4
and for ‘‘No Admixture/Frequencies Correlated”, the best result
was obtained with K = 5. Since two of the models are in agreement
regarding the number of clusters (six), we consider K = 6 as the
most appropriate. Therefore, the results obtained from the Baye-
sian clustering analyses support the six clades as independent
groups. However, it is noteworthy that two individuals from the
Maghreb/South Iberian clade (DB329 and DB5113) share some
degree of ancestry with the Central Morocco Clade (52% and 72%,
respectively), as well as with the European/North African Clade.
3.3. Species tree and Bayesian species delimitation

The results from STRUCTURE with K = 6 were used to define the
‘‘species” for the species tree analysis in ⁄BEAST. The tree inferred
with information from both mitochondrial and phased nuclear
markers (Fig. 3) recovered a similar topology as observed in
Fig. 1B, with higher posterior probabilities. We identified two
major groups; one clustering all clades present in Europe and
Northern Maghreb and another comprising the clades endemic to
Morocco and the Canary Islands. The cladogenesis between the
Canary Islands and Central/Southern Morocco was unsupported
(53%) and also the split between these two groups and the Central
Morocco showed low posterior probability (74%).

Bayesian species delimitation analysis supports the topology of
the guide tree when applying both the 95% threshold and the
cumulative approach; regardless of the prior distribution for both
talis (Canary Islands). Above diagonal are represented the values for the 16S rRNA and
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Fig. 1. Phylogenetic trees for the concatenated nDNA (A) and all the combined markers (mtDNA + nDNA) (B). Colors of nodes differ according to the posterior probability (pp)
and bootstrap values; black circles represent ppP 95% and bootstrapP 70%, grey circles are nodes with ppP 95% and bootstrap 6 70% and grey circles with black outline
have pp 6 95% and bootstrapP 70%. The colors of each lineage are the same as in the map where the geographic distribution of the specimens used in the study is
represented. The lineages are the same as defined in Rato et al. (2012). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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DB329 DB5113

Fig. 2. Population structure estimation with K = 6, considering an admixture model with allele frequencies correlated. Each individual is represented by a thin vertical line,
which is partitioned into K colored segments that represent the individual’s estimated membership fractions in K clusters. The black vertical divisions separate individuals
from different populations. Individuals DB329 and DB5113 highlighted with the red arrows, belong to the Maghreb/South Iberian clade and share 52% and 72%, respectively of
their genome with the Central Morocco Clade. Colors represent the lineages as in Fig. 1. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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the ancestral population size (h) and root age (s), the speciation
probabilities are always equal to 1 in all runs.

4. Discussion

The mitochondrial genetic divergence observed between clades
is quite variable, ranging from 2.7% to 7.7% for the 12S and 3.4% to
6.5% for the 16S. Some of these values are higher than the ones
observed within other geckos that have been suggested to repre-
sent species complexes (Stenodactylus arabicus with 12S: 7.7%
and 16S: 5.0% in Metallinou et al., 2012; Hemidactylus turcicus with
maximum of 7.2% for cytb in Moravec et al., 2011; Ptyodactylus
oudrii with 7.4% for the 12S in Perera and Harris, 2010) and lower
genetic distances than these, are found between recently described
new species of Tarentola from Cape Verde (e.g. divergence between
T. gigas and T. rudis of 2.4% for cytb in Vasconcelos et al., 2012).
Nevertheless, these yardsticks for setting species boundaries
remain highly questionable (Harris and Froufe, 2005) and should
be merely descriptive.

The phylogenetic analysis based solely on the concatenated
nuclear loci failed to identify some of the mtDNA clades as mono-
phyletic, although they are monophyletic when all data are com-
bined. The lack of monophyly for the nuclear markers was
already recorded in another study on the evolutionary history of
the genus Tarentola (Rato et al., 2012). Nevertheless, in our study
the topology has considerably better resolution but still with two
mtDNA lineages being paraphyletic: Europe/North Africa and Cen-
tral/Southern Morocco. The paraphyly of the Central/Southern
Morocco clade is actually due to two individuals from this group
that are more closely related to the remaining clades.

Although reciprocal monophyly is one of the main criteria to
delimit species (de Queiroz, 2007), recently derived species can
be accurately identified long before reciprocal monophyly is
achieved after speciation (Knowles and Carstens, 2007). Addition-
ally, analytical methods for delimiting species that typically rely
upon genetic distances or gene tree monophyly (Sites and
Marshall, 2003, 2004), require subjective decisions concerning
the thresholds that demark the species boundary (Hey, 2009). To
resolve this, species discovery should be amenable to statistical
exploration and Bayesian methods based on coalescence allow this
(Fujita et al., 2012; Leaché and Fujita, 2010). Coalescent-based spe-
cies delimitation methods use probabilistic approaches that do not
require reciprocal monophyly of all alleles or fixed differences. This
is an important distinction from other non-coalescent methods,
since not all molecular markers are expected to be reciprocally
monophyletic across lineages, especially if we are testing recent
speciation events (Fujita et al., 2012; Hudson and Coyne, 2002).
Instead, coalescent-based species delimitation uses multilocus
data to test alternative hypotheses of lineage divergence that allow
for gene tree discordance under genetic drift (Fujita et al., 2012 and
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Fig. 3. The six candidate species tree for the T. mauritanica species-complex
inferred with ⁄BEAST using the combined mitochondrial and nuclear DNA markers.
Values above the branches are posterior probabilities. Numbers in parentheses refer
to speciation probabilities obtained from the BP&P analysis. The colors used are the
same as in Fig. 1. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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references herein). In the particular case of T. mauritanica, although
the protein-coding genes alone are not able to differentiate some of
the clades (Rato et al., 2012), when analyzed in combination with
the introns, BP&P is able to distinguish them by avoiding the
idiosyncratic histories of the gene trees, such as incomplete lineage
sorting.

We acknowledge that ideally a combination of genetic, morpho-
logical and ecological criteria should be taken into account when
delimiting species (e.g. Ahmadzadeh et al., 2013; Vasconcelos
et al., 2012). Although as far as we know, no morphological or eco-
logical traits have been studied with this objective, ecophysiologi-
cal results demonstrate that patterns of water loss in T. mauritanica
are distinct between the Iberian and the Europe/North African
clades (Rato and Carretero, 2015). Therefore, all available data
point to significant differences between the identified genetic
lineages.

The phylogenetic relationships obtained here for the species
tree, are distinct from Rato et al. (2012) but geographically coher-
ent. The clades distributed across Europe and Northern Maghreb
are closely related forming one major group, while the lineages
endemic to Morocco and the Canary Islands form another.
Although the current distribution of both Europe/North Africa
and Maghreb/South Iberian clades is the result of a recent disper-
sion to Europe (Perera and Harris, 2008; Rato et al., 2012), they
occur in sympatry in Northern Morocco the same way the Iberian
and the Europe/North African clades are in the Iberian Peninsula. A
recent study on niche evolution of T. mauritanica, concludes that
genetic divergence patterns of this species complex resulted from
a mix of both niche divergence and niche conservatism (Rato
et al., 2015). Specifically, the Maghreb/South Iberia, the Europe/
North Africa and the clade from the Canary Islands show signs of
niche divergence with respect to the remaining groups. Thus,
results obtained in our study and the ones from Rato et al.
(2015) indicate that the clades occurring in Europe and Northern
Maghreb regions most probably derived from ecological diver-
gence. According to the species tree genealogy illustrated in
Fig. 3, T. angustimentalis from the Canary Islands (clade in pink)
is closely related to the Central/Southern Morocco clade (which
is also the one geographically closer), indicating that this insular
species probably originated from colonizers coming from this
region of Morocco.

Results from the Bayesian clustering analysis, estimated a K = 6
with a correct assignment of the individuals to their mitochondrial
clade. The existence of two individuals from the Maghreb/South
Iberian clade sharing ancestry with the Central Morocco clade,
indicates that in the past these two taxa have been in contact. Cur-
rently they are not known to occur in sympatry and so the
observed pattern is presumed to be a case of ancestral polymor-
phism. On the other hand, the genotype sharing between the
Maghreb/South Iberian clade and the Iberian clade, could be due
to a recent contact and ongoing gene flow since their geographic
ranges overlap in the south of the Iberian Peninsula. Clearly addi-
tional sampling across contact zones, and prospecting for potential
areas of sympatry in North Africa, will be needed to better distin-
guish between present and past gene flow.

Bayesian clustering analyses, such as STRUCTURE have been
commonly used for detecting species groups and assigning individ-
uals in a variety of studies of species delimitation (Edwards and
Knowles, 2014; Leaché and Fujita, 2010; Welton et al., 2013).
Although estimating the true value of K may sometimes be diffi-
cult, the ad hoc statistic DK implemented in STRUCTURE, has been
shown to provide an accurate evaluation on the uppermost hierar-
chical level of structure (Jakobsson and Rosenberg, 2007) and to
properly infer the number of subpopulations, even when genetic
differentiation is low (Latch et al., 2006).

Supporting the number of groups detected by the Bayesian clus-
ter analysis are the results derived from the Bayesian species
delimitation analyses with maximum node support, regardless of
the models for the ancestral population size and root age. All anal-
yses therefore indicate that six unconfirmed candidate species
could be recognized within the group, pending a morphological
diversity assessment to define them.
5. Conclusions

For several years, the Moorish gecko Tarentola mauritanica has
been considered a classic case of cryptic speciation, harboring
extremely high levels of mitochondrial diversity and a relatively
homogenous morphological variation (Carranza et al., 2000;
Harris et al., 2004a,b, 2009; Perera and Harris, 2008; Rato et al.,
2012, 2010). However, because the nuclear markers used so far
have repeatedly failed to show any variation (Harris et al., 2004a;
Rato et al., 2012, 2010), it was never possible to determine the
number and distribution of candidate species.

The results obtained from the multilocus phylogenetic gene
trees, species tree and analysis of the nuclear markers by Bayesian
clustering and species tree delimitation approaches, support six
recognized mitochondrial lineages as ‘‘unconfirmed candidate
species”. These results represent a definitive molecular evidence
for the taxonomic revision of Tarentola mauritanica. Nevertheless,
thorough quantitative multivariate analysis of diagnostic morpho-
logical characters and ideally other ecological evidences are still
needed in order to approach the revision of this group from an
integrative perspective.



C. Rato et al. /Molecular Phylogenetics and Evolution 94 (2016) 271–278 277
Acknowledgments

CR is supported by a FCT (Fundação para a Ciência e Tecnologia)
postdoctoral fellowship [SFRH/BPD/92343/2013], LM by a FCT doc-
toral fellowship [SFRH/BD/89820/2012] and AP by the IF FCT con-
tract (IF/01257/2012). DJH is supported by the Project ‘‘Genomics
and Evolutionary Biology”, both co-financed by North Portugal
Regional Operational Programme 2007/2013 (ON.2 – O Novo
Norte), under the National Strategic Reference Framework (NSRF),
through the European Regional Development Fund (ERDF). SC is
supported by CGL2012-36970 from the Ministerio de Economía y
Competitividad, Spain (co-funded by FEDER). This worked was
funded by the Systematics Research Fund from the Linnean Society
of London (to CR), and by the FEDER funds through the Operational
Programme for Competitiveness Factors-COMPETE and by National
Funds through FCT-Foundation for Science and Technology under
the ‘‘PTDC/BIA-BEC/105327/2008” and ‘‘FCOMP-01-0124-FEDER-
008970”.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ympev.2015.09.
008.

References

Ahmadzadeh, F., Flecks, M., Carretero, M.A., Mozaffari, O., Böhme, W., Harris, D.J.,
Rödder, D., 2013. Cryptic speciation patterns in Iranian rock lizards uncovered
by integrative taxonomy. PLoS ONE 8, e80563.

Akaike, H., 1974. A new look at the statistical model identification. IEEE Trans.,
Autom. Control 19, 716–723.

Barley, A.J., White, J., Diesmos, A.C., Brown, R.M., 2013. The challenge of species
delimitation at the extremes: diversification without morphological change in
Philippine sun skinks. Evolution 67, 3556–3572.

Bauer, A.M., de Silva, A., Greebaum, E., Jackman, T., 2007. A new species of day gecko
from high elevation in Sri Lanka, with a preliminary phylogeny of Sri Lankan
Cnemaspis (Reptilia, Squamata, Gekkonidae). Mitt. Mus. Nat.kd. Berl., Zool. 83,
22–32.

Bauer, A.M., Parham, J.F., Brown, R.M., Stuart, B.L., Grismer, L., Papenfuss, T.J.,
Böhme, W., Savage, J.M., Carranza, S., Grismer, J.L., Wagner, P., Schmitz, A.,
Ananjeva, N.B., Robert, F., 2011. Availability of new Bayesian-delimited gecko
names and the importance of character-based species descriptions. Proc. R. Soc.
Lond. B 278, 490–492.

Bickford, D., Lohman, D.J., Sodhi, N.S., Ng, P.K.L., Meier, R., Winkler, K., Ingram, K.K.,
Das, I., 2007. Cryptic species as a window on diversity and conservation. Trends
Ecol. Evol. 22, 148–155.

Bons, J., Geniez, P., 1996. Amphibians and Reptiles of Morocco. Asociación
Herpetológica Española, Barcelona, España.

Camargo, A., de Sá, R.O., Heyer, W.R., 2006. Phylogenetic analyses of mtDNA
sequences reveal three cryptic lineages in the widespread neotropical frog
Leptodactylus fuscus (Schneider, 1799) (Anura, Leptodactylidae). Biol. J. Linn.
Soc. 87, 325–341.

Cardoso, A., Serrano, A., Vogler, A.P., 2009. Morphological and molecular variation in
tiger beetles of the Cicindela hybrida complex: is an ‘integrative taxonomy’
possible? Mol. Ecol. 18, 648–664.

Carranza, S., Arnold, E.N., Mateo, J.A., López-Jurado, L.F., 2000. Long-distance
colonization and radiation in gekkonid lizards, Tarentola (Reptilia: Gekkonidae),
revealed by mitochondrial DNA sequences. Proc. R. Soc. Lond. B 267, 637–649.

Chiari, Y., Vences, M., Vieites, D.R., Rabemananjara, F., Bora, P., Ravoahangimalala, O.
R., Meyer, A., 2004. New evidence for parallel evolution of colour patterns in
Malagasy poison frogs (Mantella). Mol. Ecol. 13, 3763–3774.

Darriba, D., Taboada, G.L., Doallo, R., Posada, D., 2012. JModelTest 2: more models,
new heuristics and parallel computing. Nat. Methods 9, 772.

Dayrat, B., 2005. Towards integrative taxonomy. Biol. J. Linn. Soc. 85, 407–415.
de Queiroz, K., 1998. The general lineage concept of species, species criteria, and the

process of speciation: a conceptual unification and terminological
recommendations. In: Howard, D.J., Berlocher, S.H. (Eds.), Endless Forms:
Species and Speciation. Oxford University Press, Oxford, UK, pp. 57–75.

de Queiroz, K., 2007. Species concepts and species delimitation. Syst. Biol. 56, 879–
886.

Earl, D.A., vonHoldt, B.M., 2012. STRUCTURE HARVESTER: a website and program
for visualizing STRUCTURE output and implementing the Evanno method.
Conserv. Genet. Resour. 4, 359–361.

Edwards, D.L., Knowles, L.L., 2014. Species detection and individual assignment in
species delimitation: can integrative data increase efficacy? Proc. R. Soc. Lond. B
281.
Evanno, G., Regnaut, S., Goudet, J., 2005. Detecting the number of clusters of
individuals using the software STRUCTURE: a simulation study. Mol. Ecol. 14,
2611–2620.

Falush, D., Stephens, M., Pritchard, J.K., 2003. Inference of population structure
using multilocus genotype data: linked loci and correlated allele frequencies.
Genetics 164, 1567–1587.

Flot, J.-F., 2010. SeqPHASE: a web tool for interconverting PHASE input/output files
and FASTA sequence alignments. Mol. Ecol. Resour. 10, 162–166.

Fujita, M.K., Leaché, A.D., Burbrink, F.T., McGuire, J.A., Moritz, C., 2012. Coalescent-
based species delimitation in an integrative taxonomy. Trends Ecol. Evol. 27,
480–488.

Fujita, M.K., McGuire, J.A., Donnellan, S.C., Moritz, C., 2010. Diversification and
persistence at the arid-monsoonal interface. Australia-wide biogeography of
the Bynoe’s gecko (Heteronotia binoei; Gekkonidae). Evolution 64, 2293–2314.

Gamble, T., Bauer, A.M., Greenbaum, E., Jackman, T.R., 2008. Evidence for Gondwanan
vicariance in an ancient clade of gecko lizards. J. Biogeogr. 35, 88–104.

Garrick, R.C., Sunnucks, P., Dyer, R.J., 2010. Nuclear gene phylogeography using
PHASE: dealing with unresolved genotypes, lost alleles, and systematic bias in
parameter estimation. BMC Evol. Biol. 10. http://dx.doi.org/10.1186/1471-
2148-1110-1118.

Harris, D.J., Batista, V., Carretero, M.A., Ferrand, N., 2004a. Genetic variation in
Tarentola mauritanica (Reptilia: Gekkonidae) across the Strait of Gibraltar
derived from mitochondrial and nuclear DNA sequences. Amphibia-Reptilia 25,
451–459.

Harris, D.J., Batista, V., Lymberakis, P., Carretero, M.A., 2004b. Complex estimates of
evolutionary relationships in Tarentola mauritanica (Reptilia: Gekkonidae)
derived from mitochondrial DNA sequence. Mol. Phylogenet. Evol. 30, 855–859.

Harris, D.J., Carretero, M.A., Corti, C., Lo Cascio, P., 2009. Genetic affinities of
Tarentola mauritanica (Reptilia: Gekkonidae) from Lampedusa and Conigli islet
(SW Italy). North-West. J. Zool. 5, 197–205.

Harris, D.J., Froufe, E., 2005. Taxonomic inflation: species concept or historical
geopolitical bias? Trends Ecol. Evol. 20, 6–7.

Heled, J., Drummond, A.J., 2010. Bayesian inference of species trees from multilocus
data. Mol. Biol. Evol. 27, 570–580.

Hey, J., 2009. On the arbitrary identification of real species. In: Butlin, R.K., Bridle, J.
R., Schluter, D. (Eds.), Speciation and Patterns of Diversity. Cambridge
University Press, Cambridge, pp. 15–28.

Hoegg, S., Vences, M., Brinkmann, H., Meyer, A., 2004. Phylogeny and comparative
substitution rates of frogs inferred from sequences of three nuclear genes. Mol.
Biol. Evol. 21, 1188–1200.

Hudson, R.R., Coyne, J.A., 2002. Mathematical consequences of the genealogical
species concept. Evolution 56, 1557–1565.

Jakobsson, M., Rosenberg, N.A., 2007. CLUMPP: a cluster matching and permutation
program for dealing with label switching and multimodality in analysis of
population structure. Bioinformatics 23, 1801–1806.

Kaliontzopoulou, A., Carretero, M.A., Sillero, N., 2010. Geographic patterns of
morphological variation in the lizard Podarcis carbonelli, a species with
fragmented distribution. Herpetol. J. 20.

Katoh, K., Misawa, K., Kumar, K., Miyata, T., 2002. MAFFT: a novel method for rapid
multiple sequence alignment based on fast Fourier transform. Nucl. Acids Res.
30, 3059–3066.

Knowles, L.L., Carstens, B.C., 2007. Delimiting species without monophyletic gene
trees. Syst. Biol. 56, 887–895.

Latch, E.K., Dharmarajan, G., Glaubitz, J.C., Rhodes Jr., O.E., 2006. Relative
performance of Bayesian clustering software for inferring population
substructure and individual assignments at low levels of population
differentiation. Conserv. Genet. 7, 295–302.

Leaché, A.D., Fujita, M.K., 2010. Bayesian species delimitation in West African forest
geckos (Hemidactylus fasciatus). Proc. R. Soc. Lond. B. http://dx.doi.org/10.1098/
rspb.2010.0662.

Leavitt, D.H., Bezy, R.L., Crandall, K.A., Sites Jr., J.W., 2007. Multi-locus DNA sequence
data reveal a history of deep cryptic vicariance and habitat-driven convergence
in the desert night lizard Xantusia vigilis species complex (Squamata:
Xantusiidae). Mol. Ecol. 16, 4455–4481.

Mayden, R.L., 1997. A hierarchy of species concepts: the denouement in the saga of
the species problem. In: Claridge, M., Darwah, H.A., Wilson, M.R. (Eds.), Species:
The Units of Biodiversity. Chapman and Hall, London, pp. 381–424.

McLeod, D.S., 2010. Of least concern? Systematics of a cryptic species complex:
Limnonectes kuhlii (Amphibia: Anura: Dicroglossidae). Mol. Phylogenet. Evol. 56,
991–1000.

Metallinou, M., Arnold, E.N., Crochet, P.-A., Geniez, P., Brito, J.C., Lymberakis, P., El
Din, S.B.R.S., Robinson, M., Carranza, S., 2012. Conquering the Sahara and
Arabian deserts: systematics and biogeography of Stenodactylus gecko (Reptilia:
Gekkonidae). BMC Evol. Biol. 12, 258. http://dx.doi.org/10.1186/1471-2148-
1112-1258.

Miralles, A., Vences, M., 2013. New metrics for comparison of taxonomies reveal
striking discrepancies among species delimitation methods in Madascincus
lizards. PLoS One 8.

Moravec, J., Kratochvíl, L., Amr, Z.S., Jandzik, D., Šmíd, J., Gvoždík, V., 2011. High
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