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Some species of Cataglyphis desert ants have evolved a hybridogenetic mode of reproduction at the social
scale. In hybridogenetic populations, two distinct genetic lineages coexist. Non-reproductive offspring
(workers) are hybrids of the two lineages, whereas sexual offspring (males and new queens) are produced
by parthenogenesis and belong to the mother queen lineage. How this unusual reproductive system
affects phylogeographic patterns and speciation processes remains completely unknown to date. Using
one mitochondrial and four nuclear genes, we examined the phylogenetic relationships between three
species of Cataglyphis (C. hispanica, C. humeya and C. velox) where complex DNA inheritance through
social hybridogenesis may challenge phylogenetic inference. Our results bring two important insights.
First, our data confirm a hybridogenetic mode of reproduction across the whole distribution range of
the species C. hispanica. In contrast, they do not provide support for hybridogenesis in the populations
sampled of C. humeya and C. velox. This suggests that these populations are not hybridogenetic, or that
hybridogenesis is too recent to result in reciprocally monophyletic lineages on nuclear genes. Second,
due to mitochondrial introgression between lineages (Darras and Aron, 2015), the faster-evolving COI
marker is not lineage specific, hence, unsuitable to further investigate the segregation of lineages in
the species studied. Different mitochondrial haplotypes occur in each locality sampled, resulting in
strongly structured populations. This micro-allopatric structure leads to over-splitting species delimita-
tion on mitochondrial gene, as every locality could potentially be considered a putative species; hap-
loweb analyses of nuclear markers, however, yield species delimitations that are consistent with
morphology. Overall, this study highlights how social hybridogenesis varies across species and shapes
complex phylogeographic patterns.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Genetic tools are increasingly used to delimit species bound-
aries and to infer species phylogenies (Bickford et al., 2007; Flot,
2015; Fontaneto et al., 2015; Fujita et al., 2012). Species delimita-
tion hypotheses are strengthened by means of multilocus datasets
evaluating genealogical concordance of unlinked markers, that
most likely mirror the speciation processes at the genome scale
(Hudson and Coyne, 2002; Dettman et al., 2003; Dupuis et al.,
2012). Within species, the mixing effects of recombination cause
loci to have distinct genealogical histories, but genetic drift and
long-term divergence lead to genealogical concordance at loci
across the genome (Ellegren et al., 2012; Payseur, 2010). However,
in some cases, different loci may uncover discordant information
regarding the species tree (Dávalos et al., 2012). Such incongru-
ences may stem from different evolutionary processes, such as
incomplete lineage sorting, gene selection or gene duplication
(Castoe et al., 2009; Degnan and Rosenberg, 2009; Pamilo and
Nei, 1988; Rokas et al., 2003). They may also reflect divergences
from classic mating systems, like parthenogenesis, hybridization,
introgression, hybridogenesis, gynogenesis or androgenesis
(Doucet-Beaupré et al., 2012; Ghiselli et al., 2007; Hedtke and
Hillis, 2011; Passamonti, 2007; Pigneur et al., 2011; Mallet, 2005;
Muñoz et al., 2010; Saitoh et al., 2004). Although phylogenetic
incongruences often challenge phylogenetic inferences, resolving
their causes may be informative to unravel complex speciation
and diversification events, providing a more comprehensive pic-
ture of the evolutionary processes underlying speciation (Dávalos
et al., 2012; Rokas et al., 2003; Degnan and Rosenberg, 2009;
Toews and Brelsford, 2012).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ympev.2016.08.020&domain=pdf
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The desert ant genus Cataglyphis comprises approximately one
hundred species that are sparsely distributed across arid lands
and deserts of the Old World, from Spain to Mongolia (Lenoir
et al., 2009). Phylogenies of this genus have long been based on
phenotypic traits, including morphology (Agosti, 1990;
Radchenko, 2001; Tinaut, 1990a, 1990b) and chemical compounds
(Dahbi et al., 1996, 2008; Keegans et al., 1992; Oldham et al., 1999).
Subsequent molecular phylogenies based on nuclear (nuDNA) and
mitochondrial DNA (mtDNA) supported morphology-based
species-group phylogenies (Aron et al., 2016; Knaden et al., 2012).

Although the phylogenetic positions of many Cataglyphis spe-
cies have been resolved, relationships within some groups remain
ambiguous (Aron et al., 2016; Knaden et al., 2012). This is notably
the case in the altisquamis group (Dahbi et al., 1996; Tinaut,
1990a). Recent population genetic studies have shown that at least
three species of this group have evolved a hybridogenetic mode of
reproduction at the social scale that affects DNA inheritance and
potentially leads to erroneous inferences regarding their evolution-
ary history and species delimitation: Cataglyphis hispanica (Leniaud
et al., 2012; Darras et al., 2014a, 2014b), C. velox and C. mauritanica
(Eyer et al., 2013). Two distinct genetic lineages coexist within
each population (Fig. 1). Colonies are headed by queen(s) mated
with male(s) from the other lineage. Queens use sexual reproduc-
tion to produce inter-lineage hybrid workers that perform colony-
maintenance tasks (foraging, defending the nest, caring for the
brood), but they use asexual reproduction to produce reproductive
offspring, i.e. new queens and males. New queens are produced by
thelytokous parthenogenesis and are diploid clones of their
mother. Males are produced by arrhenotokous parthenogenesis
and are haploid, as is usually the case in Hymenoptera. As a conse-
quence, the two lineages are maintained genetically distinct over
generations.

The three species Cataglyphis hispanica, C. velox and C. humeya
are endemic to the Iberian Peninsula. Previous studies, based on
microsatellite marker loci, showed that hybridogenesis occurs in
14 populations of C. hispanica (Darras et al., 2014a) and two popu-
lations of C. velox (Eyer et al., 2013). Whether a similar reproduc-
tive system occurs in other populations of C. velox and in the
species C. humeya remains unknown. Furthermore, extensive stud-
ies in C. hispanica demonstrated a strong incongruence between
data based on mitochondrial and microsatellite sequences: while
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Fig. 1. Reproductive system in hybridogenetic species of Cataglyphis desert ants. Queen
sexually, whereas queens are produced by thelytokous parthenogenesis. As is usuall
(arrhenotokous parthenogenesis). As a result, sterile workers carry a hybrid nuclear gen
Black and white colors represent nuclear genomes from two distinct lineages.
microsatellite markers indicate the presence of two distinct hybri-
dogenetic lineages across the species range, mtDNA does not
recover the two lineages as reciprocally monophyletic (Darras
and Aron, 2015). Instead, mtDNA variation presents a strong geo-
graphic structure incongruent with the nuclear lineages, showing
mitochondrial introgression between lineages. How this unusual
reproductive system affects phylogeographic patterns and specia-
tion processes remains completely unknown to date.

In this paper, we investigated how complex DNA inheritance
through social hybridogenesis challenges phylogenetic inferences
in Cataglyphis ants of the altisquamis group. We used one mito-
chondrial and four nuclear genes to infer divergence events in C.
hispanica, C. velox and C. humeya. First, using nuDNA, we examined
whether reproduction by hybridogenesis occurs across the whole
distribution range of C. velox and C. humeya, as is the case in C. his-
panica. Second, using phylogeographic analyses based on mtDNA,
we studied how social hybridogenesis shapes patterns of genetic
variation in natural populations. Finally, we deciphered the phylo-
genetic relationships among the three species by applying several
species delimitation approaches to our nuDNA and mtDNA data
set. Our results show that, contrasting with C. hispanica and previ-
ous results at population level, C. velox and C. humeya are not
hybridogenetic across their entire distribution range or that hybri-
dogenesis is too recent to result in reciprocally monophyletic lin-
eages on nuclear genes. In addition, in the three species studied
the mitochondrial COI marker is not lineage specific, consistent
with mitochondrial introgression between lineages. COI is hyper-
variable and yields absurd species delimitation over-splitting every
locality as a putative species. Overall, this study shows how com-
bined interbreeding between genetic lineages for workers produc-
tion, asexual production of breeders within each lineage, and
mitochondrial capture between lineages may challenge phyloge-
netic inferences.
2. Materials and methods

2.1. Sampling and molecular techniques

The three morphologically described species Cataglyphis hispan-
ica, C. humeya and C. velox occupy reduced, non-overlapping areas
of the Iberian Peninsula (Tinaut, 1990a). We examined 35 popula-
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tions of C. hispanica (including 11 populations for which social
hybridogenesis was previously reported; Darras et al., 2014a). Male
and female sexuals were successfully assigned to each of the two
genetic lineages on the basis of microsatellite analyses (Darras
et al., 2014a; Leniaud et al., 2012). For C. velox, we analyzed 27 pop-
ulations including two that were previously reported as hybridoge-
netic based on microsatellite analyses of queens and the content of
their spermatheca (Eyer et al., 2013; Eyer, unpublished data). We
also examined 7 populations of the species C. humeya for which
the reproductive system has not yet been studied. Overall, our
sampling comprised 89 individuals (58 workers and 31 queens)
span across 71 localities, covering the entire range of these 3 spe-
cies (Fig. 2 and Table S1, Supplementary Material). As outgroups,
we used 4 individuals of C. mauritanica (another species of the altis-
quamis group) from one location in Morocco.

Total genomic DNA was extracted from 4 legs of each individual
using a standard phenol-chloroform extraction protocol
(Sambrook et al., 1989). Eight markers were sequenced: a fragment
of the mitochondrial cytochrome c oxidase subunit I gene (COI,
626 bp) and seven nuclear markers: AbdA (from the Abdominal A
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Fig. 2. Sampling sites and distribution areas (dotted grey areas) of the three Cataglyphis s
Squares: C. hispanica; circles: C. velox; triangles: C. humeya. Arrows indicate the localitie
gene, 606 bp), 28S (28S rRNA gene, 1152 bp), 18S (18S rRNA gene,
713 bp), Wg (wingless gene, 416 bp), Lr (long-wavelength rhodop-
sin, 414 bp), EF1 (elongation factor 1, 344 bp) and EF2 (elongation
factor 2, 389 bp). These markers are usually informative for phylo-
genetic inferences in ants (Brady et al., 2006; Moreau et al., 2006;
Ward and Downie, 2005; Ward et al., 2010), and primers are
widely available. Primer sequences, annealing temperatures and
bibliographic sources are provided in Table S2 (Supplementary
Material). Low polymorphism was found for the markers AbdA,
28S and 18S; they were therefore discarded from our analyses.

PCR amplifications were carried out in 25 lL mixes containing
2.0 lL of DNA template, 2.0 mM buffer, 2.0 mM MgCl2, 0.2 mM
dNTPs (MBI Fermentas), 0.4 mM of each primer and 2.0 units of
Taq polymerase (MBI Fermentas), and performed on a TProfes-
sional thermocycler (Biometra). The thermal cycling program for
the amplification included a denaturation step (3 min at 94 �C) fol-
lowed by 35 cycles of denaturation (30 s at 92 �C), annealing (40 s
at 48–60 �C, depending on the primers; Table S2), elongation (45 s
at 72 �C), and a final elongation step (10 min at 72 �C). PCR prod-
ucts were purified with the Nucleofast PCR purification kit
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(Macherey-Nagel, Düren, Germany) and sequenced with the ABI
BigDye Terminator V3.1 Cycle Sequencing Kit (Applied Biosystems,
Foster City, CA, U.S.A.). Sequencing was performed on an ABI 3730
Genetic Analyzer (Applied Biosystems). Base calling and contig
assemblies were performed using CodonCode Aligner (CodonCode
Corporation, Dedham, MA, USA). Sequences were aligned using the
MUSCLE algorithm (Edgar, 2004) implemented in CodonCode
Aligner. All DNA sequences were deposited in the GenBank data-
base (Benson et al., 2015); accession numbers are given in
Table S1 (Supplementary Material).

2.2. Network and haploweb analyses

Phylogenetic relationships between haplotypes were repre-
sented on network analyses for the mitochondrial marker COI
and the four nuclear markers Wg, Lr, EF1 and EF2, on both workers
and queens. Networks were produced by the median-joining
method (MJM; Bandelt et al., 1999) implemented in the program
NETWORK v.4.6.1.1 (available at http://www.fluxus-engineer-
ing.com/). In hybridogenetic populations, queens are produced
asexually and harbor only lineage-specific genes, while workers
are all hybrids. In the absence of prior information on the repro-
ductive system of each population, we chose to treat all workers
as potential hybrids and to base our nuclear analyses on the
inferred parental haplotypes. Parental haplotypes were inferred
using PHASE with 0.90 thresholds and using known haplotypes
(identified from homozygous individuals) as references (Stephens
et al., 2001); the PHASE input files were constructed using Seq-
PHASE (Flot, 2010). All samples were sequenced for their mito-
chondrial gene, except 8 individuals from four populations (s10,
caz, a14 and a15) due to amplification failure. For the nuclear
markers, curves connecting the haplotypes found co-occurring in
heterozygous individuals were drawn atop each haplotype net-
work (haplonet), thereby turning it into a haplotype web (hap-
loweb; Flot et al., 2010). This makes it possible to detect groups
of individuals that share a common pool of alleles for a given mar-
ker and may therefore by considered as species.

2.3. Phylogenetic analyses

Due to the low polymorphism of the nuclear genes (see Results),
the construction of phylogenetic trees was performed using only
the mitochondrial marker COI (for information, the phylogenetic
trees for each nuclear gene are given in the Supplementary Mate-
rial, see Fig. S1). The simplest models of nucleotide substitution fit-
ting our data were selected on the basis of the Akaike information
criterion corrected for small samples (AICc; Akaike 1974; Hurvich
and Tsai 1989). We calculated the best partitioning scheme and
its substitution models using PartitionFinder v1.0.1 (Lanfear
et al., 2012). We investigated three different partitions for the
mitochondrial marker COI (1st, 2nd and 3rd codon positions). Par-
titionFinder recommended two partitions. The Hasegawa-Kishino-
Yano (HKY; Hasegawa et al., 1985) model with a proportion of
invariant sites (+I) and gamma distribution of variation (+G) was
identified as the most appropriate model for the first partition con-
taining the 1st and 2nd codon positions. The General Time-
Reversible (GTR; Lanave et al., 1984; Tavaré 1986) model +I +G
was selected as the best evolutionary model for the second parti-
tion (comprising the 3rd codon positions of the COI mitochondrial
marker).

The phylogenetic relationships among COI haplotypes were
investigated using Maximum Likelihood (ML) and Bayesian Infer-
ence (BI). The ML analysis was carried out with the PhyML online
web server (Guindon and Gascuel, 2003). Nodal support was
assessed by bootstrap resampling (1000 pseudoreplicates). Baye-
sian inference (BI) analysis was carried out with MrBayes version
3.2 (Ronquist et al., 2012). For Bayesian inference, four Markov
chains Monte Carlo (MCMC; 3 hot and 1 cold) were run over 4 mil-
lion generations and a tree was sampled every 100 generations. To
ensure that the MCMC chains were not trapped in a local optimum,
Bayesian analyses were run twice independently. Trees congruence
was confirmed in Tracer v.1.7.4 (Drummond et al., 2012) if the
Effectives Samples Sizes (ESSs) for the parameters and the analysis
generated similar results across the runs, with minimum ESSs of
200 for each parameter. The first 25% sampled trees (obtained
before parameter stabilization occurred) were discarded as burn-
in. The remaining trees were used to assess tree topology, branch
lengths and nodal support using posterior probabilities.

2.4. Phylogeographic analyses

Because the polymorphism of the nuclear genes was low, phy-
logeographic analyses were performed using the mitochondrial
marker COI. Comparisons within and between species were per-
formed based on nucleotide diversity and genetic divergence using
MEGA v. 5.0 (Tamura et al., 2011).

Genetic variations at different hierarchical levels (among spe-
cies, among localities within species and within localities) were
quantified by performing an Analysis of Molecular Variance
(AMOVA) using Arlequin v. 3.5.1.2 (Excoffier and Lischer 2010).
The variance components were tested statistically using non-
parametric randomization tests on 10,000 permutations.

Patterns of genetic divergence among sampling localities were
explored using SAMOVA (Spatial Analysis of Molecular Variance;
Dupanloup et al., 2002) as implemented in SPADS v.1.0 (Dellicour
and Mardulyn, 2014). The SAMOVA algorithm identifies groups of
populations that are phylogeographically homogeneous and maxi-
mally differentiated from each other, taking into account the geo-
graphic distances. The presence of 2–71 (number of localities)
genetic groups (K) was tested. The inter-group differentiation
(UCT), which represents the part of the molecular variation
explained by a K-group structure, was estimated for each value
of K. The maximal value of UCT is expected to yield the most likely
number of genetic groups. Since our study species have non-
overlapping areas of distribution, we performed three independent
analyses. To study geographical structuring within species, analy-
ses were first performed for C. hispanica and C. velox separately
(data were not sufficient for analyses of C. humeya). Then, to exam-
ine inter-specific differentiation, an analysis was performed on the
combined data set of the three species.

The significance of the correlation between genetic differentia-
tion and geographical distance was assessed using a Mantel test
(Mantel, 1967), as implemented in Arlequin v.3.5.1.2 (Excoffier
and Lischer, 2010).

2.5. COI-based species delimitation

We further examined the phylogenetic status of C. hispanica, C.
humeya and C. velox on the basis of three tree-based species delim-
itation methods: the Automatic Barcode Gap discovery (ABGD;
Puillandre et al., 2012), the Generalized Mixed Yule-Coalescent
model (GMYC; Pons et al., 2006) and the Poisson Tree Processes
approach (PTP; Zhang et al., 2013). These methods are frequently
used to delimit independently evolving species based on single-
locus data (e.g., Lahaye et al., 2008; reviewed in Fontaneto et al.,
2015; Fujita et al., 2012). ABGD detects significant gaps between
intraspecific and interspecific diversity (barcode gap) and uses it
to partition the data (i.e., initial partitioning). The procedure is
recursively applied to newly obtained groups of sequences to con-
duct a second round of splitting (i.e., recursive partitioning). ABGD
analyses were conducted on the web interface (http://wwwabi.snv.
jussieu.fr/public/abgd/). Prior maximum divergence of intraspecific

http://www.fluxus-engineering.com/
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diversity P was investigated over a range of 0.001 to 0.010 under a
Kimura’s 2-parameter model (K2P, Kimura, 1980). In contrast, both
PTP and GMYC models detect shifts in branching rates between
intra- and interspecies branching events (Fujisawa and
Barraclough, 2013; Zhang et al., 2013). Branching patterns within
genetic clusters reflect the neutral coalescent processes supposed
to occur within species, whereas branching patterns among genetic
clusters reflect speciation events (modeled as a Yule process).
These methods exploit the predicted difference in branching rate
under the two modes of lineage evolution, assessing the point of
highest likelihood of the transition (i.e., threshold; Pons et al.,
2006; Zhang et al., 2013). One drawback of these approaches, how-
ever, is that they can only delineate species that are monophyletic
in the gene tree on which the analysis is run (Fontaneto et al.,
2015); besides, GMYC-based approach, and possibly PTP
approaches as well, do not perform well on species-poor datasets
(Dellicour and Flot, 2015).

As recommended by Tang et al. (2014), we used a model-based
gene tree (obtained using PhyML; Guindon and Gascuel, 2003) for
PTP analyses and ultrametric trees generated with BEAST
(Drummond et al., 2012) for the GMYC analysis. For the GMYC
model, we used a Bayesian implementation of this method
(bGMYC; Reid and Carstens, 2012). This procedure allows
multiple-threshold algorithms and improves delimitation by per-
forming more exhaustive searches based on Bayesian Markov
Chains Monte Carlo. The bGMYC R package (R Development Core
Team, 2010; Reid and Carstens, 2012) was run on 100 ultrametric
gene trees obtained using BEAST v.1.7.4 (Drummond et al., 2012).
The BEAST input files were generated using BEAUti v.1.7.4
(Drummond et al., 2012) following a relaxed molecular clock
model (uncorrelated lognormal) and the two partition models sug-
gested by PartitionFinder v1.0.1 (Lanfear et al., 2012). MCMC
chains were run over 20 million generations and a tree was sam-
pled every 1000 generations. Tree congruence across runs and
Effectives Sample Sizes (ESSs) were confirmed visually using Tracer
v.1.7.4. The first 25% trees were discarded as burn-in and 100 trees
were randomly selected among the remaining trees to run bGMYC
package. In contrast with bGMYC, PTP does not require an ultra-
metric tree as input; instead this model uses branch lengths to
estimate the mean expected number of substitutions per site
between two branching events. PTP species delimitations were
conducted on the Web server of the Exelixis Lab (http://species.
h-its.org/ptp/), using rooted phylogenetic tree obtained using
PhyML. The analysis was run with the following parameters:
500,000 MCMC generations, 100 thinning trees and 10% burn-in.
3. Results

3.1. Haplotype variation

Among the 147 nuclear sequences analyzed (excluding the out-
group C. mauritanica), we found 5 variable nucleotide positions
(SNPs) for Wg resulting in 5 unique haplotypes, 8 SNPs for Lr (8
haplotypes), 9 SNPs for EF1 (7 haplotypes) and 4 SNPs for EF2 (5
haplotypes). For the mitochondrial marker COI, a total of 222
nucleotide positions were variable (176 parsimony informative).
For 8 individuals from four populations (s10, caz, a14 and a15), reli-
able COI sequences could not be obtained because of amplification
failure. A total of 72 unique haplotypes were found among the 81
COI sequences analyzed.
3.2. Haploweb analyses of the nuclear markers

For all nuclear genes, the haplotypes of C. hispanica clearly dif-
fered from those of C. velox and C. humeya (Fig. 3a). Except for the
weakly polymorphic markerWg, the haplotypes of C. hispanica seg-
regated into two distinct genetic clusters that were only connected
by dashed lines on the haplowebs (i.e., by sexually produced work-
ers). This clustering was consistent with the assignment of individ-
uals to two different lineages based on the microsatellite loci
(Darras et al., 2014a); in other words, all the individuals previously
assigned to one microsatellite lineage by Darras et al., (2014a)
belonged to one cluster, while all the individuals assigned to the
other microsatellite lineage belong to the other cluster. In line with
a hybridogenetic mode of reproduction, 100% of C. hispanica
queens were homozygous, while 100% of workers were heterozy-
gous and harbored one allele from each genetic lineage. All the
haplotypes of each lineage grouped together, regardless of their
geographical origin. Almost all individuals of each lineage shared
the same haplotype, indicative of a low intra-lineage polymor-
phism in this species.

The situation of C. velox and C. humeya is more puzzling. These
two morphologically defined species shared many haplotypes and
were therefore not distinguishable molecularly; in addition, haplo-
types did not segregate into hybridogenetic lineages. Moreover, a
variable proportion of workers were homozygous (10–60% for C.
velox and 61–86% for C. humeya). Such a pattern occurred in the
7 populations of C. humeya studied and the 25 newly sampled pop-
ulations of C. velox; quite surprisingly, it was also observed in the
two populations of C. velox where a hybridogenetic mode of repro-
duction had been previously documented based on microsatellite
loci. Two localities of C. velox are particularly interesting because
workers were strictly homozygous for all markers (i.e., complete
absence of detectable hybridogenesis): a15 in the most eastern
part of the distribution, and s16 in the Sierra de Baza (Fig. 3a).

3.3. Phylogenetic analyses of the COI marker

ML and BI phylogenetic analyses of COI led to similar topolo-
gies, hence only the BI tree and the MJM network are presented
here (Figs. 3b and 4). Both ML bootstrap values and BI posterior
probabilities are indicated on the BI tree to estimate nodal support.
For each species, mitochondrial haplotypes were structured fol-
lowing a geographical pattern: closely related haplotypes always
came from adjacent localities. Mitochondrial haplotypes did not
segregate into hybridogenetic lineage-specific clusters. This pat-
tern occurred for C. hispanica despite the fact that hybridogenetic
lineages are well defined on both nuclear sequence markers (see
above) and microsatellite markers (Darras et al., 2014a). It is also
observed in the two populations of C. velox where two lineages
were previously detected based on microsatellites loci (Eyer
et al., 2013). This may be explained by introgression or capture
of mtDNA among nuclear lineages (Darras and Aron, 2015) or,
alternatively, by incomplete lineage sorting. Moreover, polymor-
phism of mitochondrial DNA was extremely high; each locality
was characterized by one or several private haplotypes (except
the adjacent localities 52/53 and 38/39 in C. hispanica, a03/a08 in
C. velox and 17/18 in C. humeya), resulting in strongly differentiated
populations. Both the phylogenetic tree and the median-joining
network highlighted this highly structured pattern, with the occur-
rence of several mitochondrial subgroups in each species
(Figs. 3b and 4).

C. hispanica formed a well supported monophyletic group. How-
ever, this species was divided into two major phylogroups, which
correspond to the southern and northwest regions of its distribu-
tion (Phylogroups I and II, respectively; Fig. 3b). One haplotype
(Hrgw) appeared quite isolated, which may result from a lack of
sampling in this region.

C. velox and C. humeya together formed a clade, but the two spe-
cies were not reciprocally monophyletic. Although the two species
appeared less structured than C. hispanica, some geographical sub-
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Va09w

IIII

A

B

C

Fig. 3. Haplotype webs (haplowebs) for the four nuclear genes studied (A) and haplotype network (haplonet) for the mitochondrial marker COI (B). Each shape and color (i.e.,
blue squares: C. hispanica; orange circles: C. velox; green triangles: C. humeya) represents a species. Circle sizes are proportional to the number of haplotypes observed in the
dataset and the branch lengths indicate the number of mutations between haplotypes. In the nuclear haplowebs (A), dashed lines between two haplotypes represent the
proportion of heterozygous workers carrying these two haplotypes (for hybridogenetic lineages, one expects 100% of the workers to be heterozygous); the sampled queens
were all homozyogous. The thickness of these lines is proportional to the number of individuals. For mitochondrial network (B), the number of mutations (>15) is indicated on
the branches. Dashed lines delimit phylogroups as defined in the phylogenetic analyses. For C. hispanica, each of the two nuclear lineages is represented by a filled condition
(i.e., full or empty for pure-lineage males and queens; and mixed for hybrid workers). Arrows point to the haplotypes Vs16w, Vs17w and Hrgw. The geographic distribution of
the phylogroups is indicated on a map (C). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

256 P.A. Eyer et al. /Molecular Phylogenetics and Evolution 105 (2016) 251–262
grouping was observed. Phylogroup III comprised the populations
of C. velox inhabiting the Western lowland in the Guadalquivir’s
valley. Phylogroup IV was composed of both C. velox and C. humeya
individuals from the high-altitude populations of the Sierra
Nevada. The haplotype Vs17w was the sole representative of C.
velox from the eastern distribution; samples of the 4 C. velox pop-
ulations from this region (s10, caz, a14 and a15) could not be used
due to amplification failures.
3.4. AMOVA analyses

For the COI gene, the mean percentage of sequence divergence
between species under Kimura’s 2-parameter model (K2P) ranged
from 6.3% (between C. humeya and C. velox) to 14.1% (between C.
hispanica and C. velox) and 14.8% (between C. hispanica and C.
humeya).

The mean diversity within species (5.9%) was higher than the
mean diversity between species (4.9%). Across the entire mito-
chondrial data set (excluding the outgroup C. mauritanica), the
AMOVA showed that 41.8% of the genetic variation was due to dif-
ferences among the three species studied, whereas 55.1% of the
genetic variation was found among localities within species.
Almost no genetic variation occurred within localities (3.1%). In
line with these results, the SAMOVA indicated a strong spatial pat-
tern across populations. The variation of inter-group differentia-
tion (UCT) increased with the number of genetic groups (K) both
within species and for all species taken together (Fig. S2). For each
analysis, the maximum value of UCT (i.e., the most probable K) was
found for the maximum value of K, consistent with localities being
genetically differentiated from each other. Furthermore, inter-
specific SAMOVA analysis failed to distinguish between the differ-
ent species (i.e., SAMOVA does not give the highest UCT for K = 3
groups).

Overall, a significant relationship between geographical and
genetic distances was detected within species, as well as for all
species taken together (Mantel test, P > 0.001 for both data sets).
3.5. COI-based species delimitation

Because applying the ABGD approach with the default value for
relative gap width (X = 1.5) did not produce a result for our data
set, we used the highest value that could be applied (X = 1.0). ABGD



Fig. 4. Bayesian inference tree of 85 COI haplotypes of Cataglyphis ants. Bayesian probabilities/bootstrap values (from ML tree) are given to estimate branches support. The
tree is rooted using the COI haplotypes of C. mauritanica as an outgroup. Each shape (i.e., squares: C. hispanica; circles: C. velox; triangles: C. humeya; star: C. mauritanica)
represents a species. For C. hispanica, each of the two nuclear lineages is represented by a filled condition (i.e., full or empty for pure-lineage males and queens; and mixed for
hybrid workers). Arrows point to the haplotypes Vs16w, Vs17w and Hrgw.
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analysis failed to distinguish between the four ‘morphological’ spe-
cies (C. hispanica, C. humeya, C. velox and the outgroup C. mauritan-
ica) and it did not recover either the COI phylogroups defined
above. Rather, both initial and recursive partitioning analyses clus-
tered the mitochondrial sequences into 67 candidate species
(Fig. 5) with a prior of intraspecific divergence up to 0.0046
(Fig. S3).

Similarly, the bGMYC analysis did not confidently discriminate
the four species or the phylogroups using the COI marker (Fig. 5).
For C. hispanica, two species were suggested, corresponding to
the two phylogroups defined above (Fig. 3b). However, the poste-
rior probability of this assignment was lower than 0.5
(X ± SE = 0.380 ± 0.004 and 0.415 ± 0.012 for Phylogroups I and II,
respectively). Also, a single species comprising C. humeya and C.
velox was proposed, but with a probability less than 0.5
(X ± SE = 0.334 ± 0.004). Rather, bGMYC analysis confidently clus-
tered the mitochondrial data set into 71 putative species
(P > 0.95 level), each corresponding to a single locality.

Equally, the Poisson Tree Processes method (PTP) failed to dif-
ferentiate the four ‘morphological’ species based on our mitochon-
drial COI marker, and strongly overestimated the number of
species (Fig. 5). This model considered every locality as a species
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4. Discussion

Our results bring two insights into the phylogeography of three
desert ants belonging to the Cataglyphis group altisquamis in which
reproduction by social hybridogenesis and mitochondrial capture
has been documented (Leniaud et al., 2012; Eyer et al., 2013;
Darras and Aron, 2015). First, they do not provide support for
hybridogenesis in the populations sampled of C. velox and C.
humeya. Nuclear haplotypes do not clearly segregate into hybrido-
genetic lineages and a variable proportion of workers are homozy-
gous (10–60% for C. velox and 61–86% for C. humeya). The results
obtained for C. velox diverge from those of a previous study based
on microsatellite analyses (Eyer et al., 2013) indicating hybridoge-
netic lineages in two populations of this species. They also contrast
with the genetic pattern found in C. hispanicawhere 100% of work-
ers are heterozygous, and harbor one allele from each genetic lin-
eage across its whole distribution range (Darras et al., 2014a). This
suggests that hybridogenetic lineages are either absent in some
populations of C. velox and C. humeya and/or too recent to allow
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a complete discrimination between distinct genetic lineages based
on our set of nuclear genes. Due to mitochondrial introgression
between lineages (Darras and Aron, 2015), the COI marker is not
lineage specific, hence, unsuitable to further investigate the segre-
gation of lineages in the three species studied. Second, we found
that COI is hypervariable with higher diversity within species than
between species. This marker reveals a strong geographic struc-
ture: different mitochondrial haplotypes occur in each locality
sampled. This unusual mitochondrial pattern results in absurd spe-
cies delimitation as every locality fractionates into a ‘putative spe-
cies’, precluding the use of COI for delineating species in this group.

4.1. Nuclear haplowebs shed light on the distribution and evolution of
hybridogenesis

Our three study species exhibit different patterns of heterozy-
gosity (Fig. 3a). The 35 populations of C. hispanica sampled consist
of a well-defined pair of genetic lineages, and all workers are
heterozygous with one allele from each lineage. This supports that
hybridogenesis occurs across the entire range of C. hispanica, with
very little nuclear diversity within each lineage. In contrast with
this nuclear uniformity, mtDNA analyses (both the phylogenetic
reconstruction and the bGMYC analysis) reveal two major phy-
logroups that correspond to the northwestern and southern
regions of the species’ distribution (Fig. 3b). This suggests the pos-
sibility of two cryptic species, or the existence of an additional lin-
eage pair in C. hispanica. In this system, the two members of a
lineage pair must coevolve for the production of viable workers.
Whether northern and southern lineage crosses produce function-
ing colonies awaits mating experiments between geographically
distant partners belonging to alternative lineages. Formation of
multiple lineage pairs through long-term isolation of geographi-
cally co-adapted lineages or population bottlenecks has been also
reported in hybridogenetic populations of the harvester ant Pogon-
omyrmex (Schwander et al., 2007). However, it is important to note
that this potential COI species boundary is not supported by any of
the nuclear markers analyzed in the present study.

The subject for C. velox and C. humeya is less clear. First, the phy-
logenetic status of these two species remains ambiguous: their
haplotypes belong to the same FFRs (Field For Recombination;
Doyle, 1995) on the nuclear haplowebs and the same phylogroup
on the COI network, suggesting that C. velox and C. humeya are
morphotypes of a single species. Second, even though social hybri-
dogenesis was previously documented in at least two populations
of C. velox, the number and distribution of hybridogenetic lineages
in C. velox and C. humeya remains uncertain. The nuclear hap-
lowebs do not reveal any pair of genetic lineages connected by
heterozygous workers within these species, unlike C. hispanica
where this feature of hybridogenesis is clear. Another striking dif-
ference between these species is that only a small percentage of
workers of C. humeya (14–39%) are heterozygous at nuclear mark-
ers (but 40–90% for C. velox), whereas workers of C. hispanica are
nearly all heterozygous, as expected under hybridogenesis. At least
three hypotheses may explain the absence of well-defined pairs of
nuclear lineages connected through hybridogenesis in C. velox and
C. humeya. (i) Hybridogenesis may be absent in some populations
of C. velox and in all populations of C. humeya. (ii) Hybridogenesis
may exist in both species, but allows occasional gene flow between
genetic lineages. Such gene flow might stem from the production
of rare hybrid queens, which could be derived from inter-lineage
mating and/or asexual reproduction (parthenogenesis) by hybrid
workers (Darras and Aron, 2015; Schwander and Keller, 2012).
(iii) Hybridogenesis may be too recent to allow discriminating
between distinct genetic lineages based on our set of nuclear genes
because of insufficient sequence divergence between lineages and/
or incomplete lineage sorting (ILS). Thus, the fact that we did not
detect lineages segregation on nuclear genes in C. velox and C.
humeya does not exclude the possibility that genetic lineages exist
and comes to light using microsatellite markers, as found previ-
ously in two populations of C. velox (Eyer et al., 2013).

4.2. Evidence for mitochondrial introgression

For the three species studied, our data show that mitochondrial
haplotypes do not cluster into hybridogenetic lineages. This is
apparent in all populations of C. humeya (n = 7), and C. velox
(n = 27) sampled, including the two populations of C. velox where
hybridogenetic lineages were previously detected using
microsatellite markers. This is also obvious for C. hispanica COI
sequences, despite that fact that hybridogenetic lineages are well
defined when using both microsatellite (Darras et al., 2014a;
Darras and Aron, 2015) and nuclear sequence markers (this study).
Discrepancies between nuclear and mitochondrial markers are
usually explained by a difference in dispersal of sexes, incomplete
lineage sorting (ILS) and introgression. In hybridogenetic species,
neither differences in sex-specific dispersal nor ILS may account
for such incongruences. This is because males and queens are clon-
ally produced and harbor only the maternal genome. Nuclear and
mitochondrial genes are therefore expected to follow the same
pattern of inheritance. In the absence of mitochondrial gene flow,
the two lineages are expected to accumulate significant genetic
differences on mtDNA, especially if lineages have diverged from
each other a long time ago (Darras et al., 2014a). Yet, our data show
that mtDNA varies with geography in all 3 species studied; closely
related mitochondrial haplotypes indeed come from adjacent
localities, regardless of the hybridogenetic lineage they belong to.
Thus, the most parsimonious explanation for the sharing of mito-
chondrial haplotypes between sympatric, but genetically divergent
lineages is mitochondrial introgression (Darras and Aron, 2015).

4.3. Diversity and structure of the mitochondrial gene

A surprising finding of this study is the higher intraspecific
diversity of mtDNA compared to interspecific: 55.1% of the mito-
chondrial variability was found within morphological species,
whereas 41.8% of the variability was found between species.
Within species, the mitochondrial diversity is geographically dis-
tributed, exhibiting different mitochondrial haplotypes for each
locality sampled. This results in strong genetic differentiation
among populations without clear genetic gap between species.
The three species delimitation models (ABGD, bGMYC and PTP)
failed to distinguish between the 3 morphospecies based on the
mitochondrial COI marker. All analyses overestimated the number
of species by assigning the specimens from each sampling locality
to a different putative species. This shows that mitochondrial COI
marker alone is not suitable to delineate species in this group. This
result may also stem from models and assumptions of the species
delimitation being inappropriate. Similar over-splitting results
have been reported for other species where reduced levels of gene
flow (Papadopoulou et al., 2008), high population-genetic structure
(Lohse, 2009; but see Papadopoulou et al., 2009), the occurrence of
singletons (Lim et al., 2012) or species-poor dataset (Dellicour and
Flot, 2015) hampered the species delimitation (Dasmahapatra
et al., 2010; DeSalle et al., 2005; Elias et al., 2007; Song et al.,
2008; reviewed in Taylor and Harris, 2012). Neither bGMYC nor
ABGD methods test whether the model fits the data significantly
better than a pure coalescence one (i.e., all samples are conspecific)
(Dellicour and Flot, 2015; Reid and Carstens, 2012). For highly
structured taxa, as found in the present study, the use of such spe-
cies delimitation model can be confusing because virtually every
locality potentially fractionates into a ‘putative species’ (Boyer
et al., 2007; Hickerson et al., 2006; Meier et al., 2006).
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The strong genetic differentiation across populations found in C.
hispanica, C. humeya and C. velox using mitochondrial DNA is quite
unusual in animals. High genetic structures at mtDNA have been
documented at continental scale among populations separated by
several million years (Ellsworth et al., 1994; Oremus et al., 2009).
In rare cases, it results from high fidelity to a feeding ground or
reproductive site (e.g., eels: Avise et al., 1986; turtles:
Fitzsimmons et al., 1997; bats: Ramos Pereira et al., 2009; Killer
Whales: Hoelzel et al., 2007; common warthogs: Muwanika et al.,
2006; sea birds: Friesen et al., 2007; Welch et al., 2012; dolphins:
Möller et al., 2007; Wiszniewski et al., 2010). In the 3 Cataglyphis
species studied, population structuration most likely stems from
the particular mode of colony foundation. These species found
new colonies by dependent foundation (Eyer et al., 2013; Leniaud
et al., 2012): young queensmate close to or in the natal nest and dis-
perse by foot with a worker force to establish a new colony few
meters away from the natal nest. Short-range dispersal typically
results in a pattern of genetic isolation-by-distance within popula-
tions and enhances genetic differentiation between populations
(Leppänen et al., 2013; Liautard and Keller, 2001; Seppä and
Pamilo, 1995). High genetic viscosity of populations was reported
in Cataglyphismauritanica (KnadenandWehner, 2006), another spe-
cies of the altisquamis groupwherenewcolonies are also initiatedby
dependent foundation. In this species, Knaden and Wehner (2006)
showed that all nests in a locality share a uniquemtDNA haplotype.
In contrast, no population differentiation was observed in C. bicolor,
a desert ant belonging to another taxonomic group (bicolor group),
where queens proceed in long-range dispersal through nuptial
flights (Knaden and Wehner, 2006).

5. Conclusion

The present work shows how hybridization and mitochondrial
introgression shape complex phylogeographic patterns in Catagly-
phis desert ants. First, patterns on nuclear DNA greatly diverge
between species. In all populations of C. hispanica, two genetic lin-
eages co-exist and interbreed to produce workers. In contrast,
nuclear genes do not segregate into hybridogenetic lineages in
the study populations of C. velox and C. humeya. The fact that
genetic lineages were previously uncovered with microsatellite
markers in two populations of C. velox suggests that hybridogene-
sis may be less frequent than initially appreciated in this species or
too recent to be evidenced with our nuclear markers. Second, in all
three species, phylogeographic patterns differ between nuclear and
mtDNA. Mitochondrial haplotypes do not separate into hybridoge-
netic lineage-specific clusters, even in C. hispanica where lineages
are well defined at both nuclear microsatellite markers and nuclear
sequences. Finally, our data show that mitochondrial gene is unre-
liable for species delimitation in Cataglyphis of the altisquamis
group, due to its hypervariability and strong geographical struc-
ture. Overall, this study illustrates how unconventional reproduc-
tive systems may affect DNA inheritance, and how morphology
as well as nuclear and mitochondrial DNA molecular analyses
may lead to different estimates regarding evolutionary history
and species delimitation.
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