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Abstract
Cataglyphis desert ants display unique variation in their
breeding systems, making this genus a particularly interesting
model to study the evolution of derived reproductive traits in
eusocial Hymenoptera. Colonies may be headed by a single or
several queens, and queens may be singly or multiply mated.
Furthermore, in a number of species, both the workers and
queens do reproduce asexually by thelytokous parthenogene-
sis. We examined whether the variability in reproductive traits
is the result of a single evolutionary transition or of multiple
independent evolutionary transitions, per trait. First, we in-
ferred a phylogenetic estimate for the genus by analyzing
DNA sequence variation among several species at four inde-
pendent loci. Our phylogenetic hypothesis confirms the
monophyly of previously defined species groups. Second,
we examined the evolution of four reproductive traits in the
genus (queenmating frequency, colony queen number, as well
as worker reproduction and queen reproduction by
thelytokous parthenogenesis), by inferring the state of these
traits at the ancestral nodes. Our results show that polyandry
and monogyny are the most likely conditions for the ancestor
of the genus; the status of worker and queen thelytoky remains
ambiguous. Genetic diversity within colonies may have been

a major driver for the evolution of derived reproductive traits
in Cataglyphis.

Significance statement
Kinship among group members has long been recognized as a
main factor promoting the evolution of sociality and reproduc-
tive altruism. In eusocial Hymenoptera (ants, bees, wasps), at
least three reproductive characteristics were shown to pro-
foundly affect colony kin structure and may have played a
key role in the evolution and maintenance of reproductive
altruism: the queen mating frequency, the number of repro-
ductive queens in a colony, and reproduction by parthenogen-
esis. We infer the evolution of these three reproductive traits in
Cataglyphis desert ants, a genus displaying considerable var-
iation in reproductive strategies. We propose a phylogenetic
estimate for the genus, from variation at four loci. Then, we
show that multiple evolutionary changes occurred for all three
reproductive characters studied. Our results suggest that selec-
tion for enhanced colony genetic diversity has driven the evo-
lution of reproductive traits away from their ancestral state.

Keywords Breeding system . Parthenogenesis . Phylogeny .

Eusociality . Formicidae

Introduction

The Hymenoptera, where eusociality evolved 10 to 11 times
independently (Hölldobler and Wilson 2009), have provided
crucial empirical evidence for inclusive fitness theory
(Hamilton 1964). The theory states that the fitness of workers
can be enhanced indirectly by refraining from individual re-
production and increasing the reproductive output of their
relatives. Comparative studies across a wide range of bees,
wasps, and ants showed that close relatedness played a
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decisive role in the evolution of this altruistic behavior. Both
functional monogyny (a single reproductive queen per colo-
ny) and monandry (single mating by queens), two factors
maximizing relatedness among colony members, were found
to be the ancestral conditions in all lineages investigated (ex-
cept a lineage of halictid bees where the ancestral state for
queen number was uncertain), presumably setting up the stage
for widespread adoption of eusocial behavior within the
Hymenoptera (West et al. 2007; Hughes et al. 2008a, b;
Boomsma 2009; Boomsma et al. 2009; Bourke 2011).

However, derived breeding systems affecting group genet-
ic diversity and nestmate relatedness evolved secondarily in
virtually all clades. In particular, multiple mating by queens
(polyandry) and the occurrence of multiple reproductive
queens in a colony (polygyny) are widespread (Crozier and
Pamilo 1996; Hughes et al. 2008a, b; Boomsma et al. 2014).
Polyandry and polygyny both decrease relatedness among
workers and the brood they rear and, consequently, reduce
the inclusive fitness benefits from helping.

Over the past decade, it has also become apparent that
thelytokous parthenogenesis, the asexual production of female
offspring by mated or unmated females, evolved repeatedly in
distantly related groups. So far, it has been documented in 51
eusocial Hymenoptera (Rabeling and Kronauer 2013): the
Cape honeybee Apis mellifera capensis and 50 species of ants.
Thelytokous parthenogenesis has resulted in the evolution of
an unexpectedly high diversity of reproductive strategies that
directly affect the colony genetic architecture and relatedness
among individuals (Wenseleers and VanOystaeyen 2011). For
example, queens of some species conditionally use sexual and
asexual reproduction: workers arise from fertilized eggs, while
new reproductive queens are produced by parthenogenesis
and are clones of their mother (Pearcy et al. 2004, 2011;
Fournier et al. 2005; Ohkawara et al. 2006). A few species
evolved obligate parthenogenesis, with the consequence that
colonies are entirely composed of clonal lines of genetically
identical individuals (Tsuji 1988; Tsuji and Yamauchi 1995;
Schilder et al. 1999; Rabeling et al. 2009; Kronauer et al.
2012).

Cataglyphis desert ants offer a unique opportunity to ex-
amine the evolution of derived reproductive traits in social
insects. All species have very similar ecology; they inhabit
arid lands and deserts, including the Sahara, Near East and
Middle East, Arabian Peninsula, and Central Asia. Yet, the
genus evolved an amazing diversity of breeding systems and
modes of reproduction (Lenoir et al. 2009; Leniaud et al.
2011; Aron et al. 2013). Species-specific genetic analyses
showed that queen mating frequency greatly varies, providing
an almost tenfold variation in level of polyandry across spe-
cies. There is also large interspecific variation in the number of
queens per colony, whereas monogyny is the rule in some
species, others are strictly polygynous. Furthermore, workers
of all Cataglyphis species studied have kept ovaries, hence,

the ability to lay unfertilized eggs. They can produce haploid
(male) eggs by arrhenothokous parthenogenesis and, in some
species, diploid (female) eggs by thelythokous parthenogene-
sis. Finally, queens of several species were shown to simulta-
neously harvest the benefits of clonality and sexuality, by
producing new reproductive queens asexually through
thelytokous parthenogenesis and workers by sexual
reproduction.

We investigated whether the strong variability in reproduc-
tive traits displayed by the genus Cataglyphis is the result of a
single evolutionary transition per trait or whether multiple
independent evolutionary transitions occurred in each trait.
To that end, we first inferred a phylogeny of the genus. To
complement previous preliminary phylogenetic studies
(Agosti 1990; Knaden et al. 2012), we collected DNA se-
quences from one mitochondrial and three nuclear genes on
samples from 25 previously recognized species, including all
species for which the reproduction system was previously
documented. We then used the estimated phylogeny to recon-
struct the evolution of reproductive traits in the genus. More
specifically, we examined whether (i) single or multiple mat-
ing, (ii) monogyny or polygyny, (iii) worker reproduction by
thelytokous parthenogenesis, and (iv) the capability of queens
to produce new daughter queens by thelytokous parthenogen-
esis characterized the ancestor of the genus, and we assessed
the number of evolutionary transitions that occurred for these
traits, as well as their position on the estimated phylogeny.

Materials and methods

Sample collection

Our analysis includes 35 Cataglyphis samples, corresponding
to at least 25 different species based on their morphological
features (see ESMOnline Resource 1). As outgroups, we used
one species of Proformica (Proformica nasuta) and one of
Bajcaridris (B. sp.), two genera that are closely related to
Cataglyphis (Blaimer et al. 2015), plus one distantly related
species of Formica (Formica wheeleri). Sequences for
P. nasuta and F. wheeleri were obtained from GenBank
(DQ353195, DQ353311, DQ353075, DQ352892,
DQ353149, DQ353362, DQ353087, DQ352973). Our study
does not include endangered or protected species; no specific
authorizations were required for the capture, collection, and
exportation of samples.

DNA sequence data

We extracted DNA from thorax and legs of 36 ants (35
Cataglyphis and one Bajcaridris) using the Qiagen DNeasy
Blood and Tissue Kit (Qiagen Inc., Valencia, CA) following
the manufacturer’s protocols. For each specimen, three
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nuclear genes (Wingless, Wg; abdominal-A, AB; longwave
rhodopsin, LR) and one mitochondrial gene (COI) were am-
plified via PCR using published and designed primers (Online
Resource 2). PCR amplifications were conducted in a volume
of 25 μL, using TopTaq DNA polymerase (Qiagen) and con-
centration of the various components of the PCR mix sug-
gested by the manufacturer’s protocol. Cycling conditions
were as follows: After an initial denaturation step at 94 °C
for 3 min, 35 cycles were performed of 1 min at 94 °C,
1 min at 47 °C (mitochondrial DNA) or 60 °C (nuclear
DNA), and 2 min at 72 °C and followed by a final extension
at 72 °C for 10 min. Cycle sequencing was performed using
BigDye terminator mix v3.1 (Applied Biosystems), following
the manufacturer’s protocols and using the same primers used
for the PCR amplification. Sequencing products were run on
an automated ABI 3730 sequencer (Applied Biosystems,
Foster City, USA). All DNA fragments were sequenced in
both directions.

Phylogenetic analyses

Sequences were aligned with the Muscle algorithm (Edgar
2004) implemented in Aligner 3.7.1 (CodonCode
Corporation, Dedham, MA, USA). JModeltest 0.1.1
(Huelsenbeck and Ronquist 2001) was used to choose the
most appropriate nucleotide substitution model for each mark-
er, according to the corrected Akaike information criterion
(AICc) (Akaike 1974). Phylogenetic analyses were conducted
in a Bayesian framework using MrBayes version 3.1.2
(Huelsenbeck and Ronquist 2001), for each locus separately.
A GTR + I + G model was selected for COI and a HKY + I
model for the other loci, as these are the models closest to
those suggested by JModeltest that were available in
MrBayes. Two runs implementing four MCMC chains (three
heated, one cold; heating parameter set to 0.2) of one to two
million steps each were conducted. The cold chains were sam-
pled every 500 steps, and burn-in was set to 25 % of samples.
Results from the two independent runs were compared to en-
sure convergence towards the same topology. Convergence
between runs was considered to be sufficient when the report-
ed average standard deviation of split frequencies was below
0.001. To verify that the sampling was adequate when esti-
mating the posterior probability distribution, we checked that
no trend could be detected when plotting the log probability of
the data versus generation of the run (ensuring stationarity).
Other phylogenetic analyses were conducted on all loci, com-
bined in a single data set, under the same conditions as above.
Two different partition schemes were used in two separate
MrBayes analyses: (1) data were divided in four partitions,
corresponding to the four different loci, each partition being
assigned a separate substitution model (topology and branch
lengths being the same for all partitions), as described above;
(2) data were partitioned according to the best partition

identified by PartitionFinder version 1.1.1 (Lanfear et al.
2012). For this second case, a prior PartitionFinder run was
launched, by defining a priori a partition for each codon posi-
tion of each gene, plus a partition for the single LR intron
(total of 13 partitions). The best partitioning identified by
PartitionFinder divided the data set in seven partitions, each
being assigned a separate substitution model: (1) COI codon
position 1 (TrN + I + G), (2) COI codon position 2 (F81), (3)
COI codon position 3 (TrN + I + G), (4) AB + Wg codon
position 3 (HKY + I), (5) AB + Lr + Wg codon position 1,
plus Wg codon position 2 (K80 + I), (6) AB codon position 2
(F81), and (7) Lr intron and codon positions 2 + 3 (K80 + G).
For the MrBayes analysis, however, we replaced the sug-
gested TrN and K80 models by the HKY model. Finally, a
maximum likelihood analysis was conducted on the combined
data set with PhyML version 3.1 (Guindon and Gascuel
2003), along with a bootstrap analysis. In this case, a HKY
+ I + G model was selected (no partitioning option available
with that program).

Because our phylogeny differed from that proposed by
Knaden et al. (2012) (see BResults^), we performed one addi-
tional analysis on the COI locus only, including all sequences
available in GenBank for Cataglyphis. This aligned dataset
included 114 sequences and was analyzed under the same
conditions and with the same three outgroups, as before.

Output trees from all analyses were visualized with FigTree
version 1.4.0 (http://tree.bio.ed.ac.uk/software).

Evolution of reproductive traits

Our study on the evolution of reproductive traits in
Cataglyphis includes all 22 species for which data on repro-
duction have been reported to date. It concerns about 25 % of
the species richness of the genus, which is estimated at 91
species (antcat.org). Our taxonomic sampling covers a wide
diversity of breeding systems and modes of reproduction;
sampled species are strictly monogynous or polygynous, mat-
ing frequency varies from single mating to obligate multiple
mating, and some species reproduce by thelytokous partheno-
genesis whereas others do not.

Using the phylogenetic estimate from the four loci com-
bined (Bayesian tree of Fig. 1), we inferred the evolution of
four reproductive traits: (i) queen mating system (single or
multiple mating), (ii) colony queen number (monogyny or
polygyny), (iii) worker reproduction by thelytokous partheno-
genesis, as well as (iv) the capability of queens to produce new
daughter queens by thelytokous parthenogenesis. We were
able to assign accurately some or all of these traits to the 22
species based on the literature (Table 1).

In social Hymenoptera, the number of males a queen mates
with is difficult to determine because mating typically occurs
during large nuptial flights tens of meters above ground.
Therefore, we determined the minimum number of mating
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per queen Mp on the basis of paternity frequency (Boomsma
and Ratnieks 1996). Paternity frequency is defined as the
number of males that father the offspring of a single queen;
it is recognized as the more accurate estimate of the number of
matings per queen in social Hymenoptera (Baer 2011; Jaffé
et al. 2012). In our study, data on paternity frequencies are
based on the number of patrilines found from mother-
offspring genetic combinations and/or from direct genotyping
of sperm stored in the spermatheca of the queen. Following
Boomsma and Ratnieks (1996) classification, paternity fre-
quency data allowed us to identify three classes of mating
systems: obligatory multiple mating (paternity frequency al-
ways ≥2 and often ≥4 mating per queen), multiple-single mat-
ing (paternity frequency usually >1, with a minority of queens
singly mated), and single-double mating (paternity frequency
usually = 1, with a minority of queens doubly mated) (see
Table 1). No species was found obligatory single mated (strict
monandry). Therefore, we coded each species as multiple (m),
multiple-single (m-s), or single-double (s-d), respectively (see

Aron et al. 2015 for details on paternity frequency, proportion
of queens being singly or multiply mated, and proportion of
queens being mated with 2 to 14 males in different
Cataglyphis species). Data on the colony queen number were
obtained from field observations and from the genotype of
workers from natural colonies. Polygyny was concluded only
when genetic analyses confirmed that several queens contrib-
uted to offspring production. We scored species as monogy-
nous (1 reproductive queen) or polygynous (>1 reproductive
queen) if the latter occurs in >10 % of colonies examined
(Hughes et al. 2008a). Data onworker and queen reproduction
by thelytokous parthenogenesis found in the literature were
obtained using laboratory assays and mother–daughter genetic
comparisons, respectively. In queenless colonies, production
of female offspring (workers or new queens) by workers was
considered as evidence of worker thelytoky. In queenright
colonies, production of sexual daughters harboring the same
genotype of the colony queen at multiple loci was regarded as
indication of queen thelytoky. The absence of reproduction by
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Table 1 Paternity frequency values (the number of males that father the offspring of a single queen), colony queen number, and thelytoky in
Cataglyphis desert ants

Species
groups

Species Paternity frequency Queen number Colony
structure

Thelytoky

Mp Proportion of
queens mated

Mating
system

No. [range] Proportion of
colonies with

Workers Queens

1x 2x >2x 1Q >1Q

cursor C. (cursor) piliscapa 5.30 (23)a 0 4 96 m 1.05 [1–2] (61)b, c 92 8 M yest Yesb

C. cursor –s 0 10 100 m 1 (>100)s 100 0 M Yess –

altisquamis C. mauritanica 1.14 (21)d 86 14 0 s-d 6.94 [2–19] (16)d 0 100 P Yesd Yesd

C. velox* 2.37 (19)d 11 58 31 m-s 2.85 [2–9] (16)d 0 100 P Yesd Yesd

1 (30)z 100 0 M

C. altisquamis 2.41 (17)e 24 35 41 m-s 1 (30)e 100 0 M – Yese

C. hispanica* 1.07 (30)f 93 7 0 s-d 1 (38)f 100 0 M Yesf Yesf

6.4 [1–14] (18)g 44 56

bombycinus C. sabulosa 3.14 (29)h 3 31 66 m-s 1 (29)h 100 0 M Yesh Noh

C. bombycina 5.70 (10)i 0 0 100 m 1 (17)i, j 100 0 M Noi Noi

emmae C. emmae 3.05 (21)k 5 24 71 m-s 1 (33)k 100 0 M – Nok

C. tartessica 1.17 (6)l 83 17 0 s-d 1 (106)m 100 0 M Nol Nol

C. floricola 1.33 (6)l 67 33 0 s-d 1 (79)n 100 0 M Nol Nol

albicans C. theryi 2.50 (12)i 0 58 42 m 1 (12)i 100 0 M Noi Noi

C. livida 4.41 (17)o 0 18 82 m 1 (17)o 100 0 M Noo Noo

C. iberica – – 1 (>80)u, v, w M Nox –

C. cubica – – 1x (−−) M Nox –

C. ruber – – 1x (−−) M Nox –

C. albicans – – 1x (−−) M Nox –

C. rosenhaueri – – 1 (>30)v, w M Nox –

bicolor C. savignyi 8.50 (8)p 0 0 100 m 1 (13)p 100 0 M Yesp Nop

C. niger 5.77 (23)p 0 3 87 m 5.8$ [1–18] (9)p 0 100 P Nop Nop

n.a. [1–17] (7)q

C. viatica 5.50 (8)r 0 0 8 m 1 (8)r 100 0 M Yesr Nor

C. holgerseni – – – Noy –

Given are the absolute paternity (or mating) frequency (Mp), the proportion of queens mated with one male, two males, or more than two males, the
mating system classes (single-double, multiple-single, and obligatory multiple mating), the number of queens per colony No, the proportion of colonies
with a single queen (1Q) or with more than a queen (>1Q), the structure monogynous or polygynous of colonies and asexual production of females by
thelytokous parthenogenesis in workers and queens (i.e., asexual production of new daughter queens). The number in brackets is the sample size.
Thelytoky: Worker reproduction occurs in queenless colonies, only. Thelytokous parthenogenesis was determined from laboratory observations (i.e.,
worker-produced females) and from queen–daughter genetic combinations

m obligatory multiple mated (paternity frequency always ≥2 and often ≥4 mating per queen),m-smultiple single mated (paternity frequency usually >1,
with a variable minority of queens being singly mated), s-d single-double mated (paternity frequency usually ≈ 1, with a minority of queens being doubly
mated) (modified from Boomsma and Ratnieks 1996 and Aron et al. 2015), M monogynous species (>10 % of colonies headed by a single queen), P
polygynous species (>10% of colonies headed by >1 queen),Mp absolute paternity (or mating) frequency is calculated as the arithmetic mean number of
patrilines found from mother–offspring genetic combinations and/or from direct genotyping of sperm stored in the spermatheca of the queen, Nomean
number of queens per colony determined from field observations and/or from workers genotypes, – data not available
a Pearcy et al. (2009); b Pearcy et al. (2004); c Pearcy and Aron (2006); d Eyer et al. (2013b); e Kuhn (2013); f Leniaud et al. (2012); gDarras et al. (2014a);
h Timmermans et al. (2008); i Leniaud et al. (2013); j Leniaud et al. (2015); k Jowers et al. (2013); l R. Boulay (unpublished data); mAmor and Ortega
(2014); nAmor et al. (2011); o Timmermans et al. (2010); p Leniaud et al. (2011); q Nowbahari et al. (1994); r Aron et al. (2013); s Lenoir et al. (1988) and
Lenoir (personal communication); t Cagniant (1980); u Cerda et al. (2002); v Plaza and Tinaut (1989); wCerda (personal communication); x Cagniant
(2009) and Cagniant (personal communication); y Aron (unpublished data); z Eyer and Boulay (unpublished data); *Both monogynous and polygynous
populations have been reported. InC. hispanica, only 1 out of 14 populations sampled was found polygynous and the species is consideredmonogynous;
$C. niger forms large, polydomous colonies made of several nests maintaining exchanges of workers, brood, and food. The number of queens is given
per nest from the same colony. The number of nests sampled (rather than the number of colonies) is given between brackets
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thelytokous parthenogenesis was concluded from experiments
based on samples ranging from 20 to 79 new queens from 3 to
12 colonies according to species. Overall, this approach
allowed us to gather reliable data on mating frequency, queen
number, and thelytoky.

We inferred ancestral states for all four reproductive traits
using Mesquite 3.01 (Maddison and Maddison 2015), with
both a Markov k-state single parameter likelihood model
and a parsimony criterion. While the likelihood model used
assumes that all changes are equally probable, the use of a
parsimony criterion allows the use of a step matrix to define
a specific cost for each type of evolutionary transition. In the
case of polyandry, the only trait with more than two character
states, we also inferred ancestral states under maximum par-
simony, by specifying a cost of 1 between s-d and m-s or m-s
and m but a cost of 2 between s-d and m. With this coding
scheme, we hypothesize that m-s is an intermediate evolution-
ary step between s-d and m, so that a direct transition from s-d
to m, if possible, represents a stronger evolutionary change
(and thus is less likely to occur than a transition from s-d to
m-s or from m-s to m).

Results

Molecular phylogeny

New sequences are available from GenBank under acces-
sion numbers KX118445–KX118588. The AB, LR, Wg,
and COI sequence alignments contained 606, 562, 416,
and 628 nucleotides, respectively (including gaps). Of the
analyzed 2212 bp, 460 sites were variable, and 278 sites
were parsimony informative. Overall, the Bayesian phylo-
genetic tree estimates inferred for each locus separately
(Online Resource 3) were mostly compatible with each
other and with the estimates inferred from all loci com-
bined (Fig. 1). The topologies of both Bayesian tree esti-
mates inferred from all four loci combined, but with differ-
ent data partition schemes, were identical, and most nodes
were strongly supported, with Bayesian posterior probabil-
ities >0.9 (see Fig. 1 for the estimate from the four loci
partition scheme and Online Resource 4 for the estimate
from the PartitionFinder partition scheme). A few conflicts
did appear, always between the COI tree and one of the
nuclear locus tree. For example, the Cataglyphis niger–C.
sp. (1) clade supported by the LR locus is contradicted by
the C. niger–C. savignyi (1) clade supported by COI;
similarly, the clade grouping three C. savignyi sequences
on the COI tree is incompatible with the topology
supported by the AB locus. These conflicts mostly con-
cerned alternative relationships inside one of the species

groups. One conflict between the COI gene, on the one
hand, and the LR and AB loci, on the other, regarded the
evolutionary relationships among species groups (position
of altisquamis group). However, the clade (altisquamis,
(albicans, bicolor)) is supported by a posterior probability
value of only 0.57 on the COI tree, while the alternative
clade (altisquamis, emmae, bombycinus) supported by the
LR and AB loci is associated with a higher posterior prob-
ability value (1 and 0.99, respectively) and is also found on
the combined loci tree (posterior probability of 1). We ver-
ified that the conflicting topologies within species groups,
supported by different loci, did not impact our interpreta-
tion of trait evolution discussed below (i.e., the Mesquite
analyses were run on alternative topologies that included
alternative clades that were strongly supported by at least
one locus).

The estimated tree in Fig. 1 indicates that species delimita-
tion in this genus still needs clarification, since several species
are not monophyletic (C. emmae, C. velox, C. espaladeri, C.
savignyi). This may indicate the existence of several cryptic
species in the genus. On the other hand, the paraphyly/
polyphyly of different species is suggested mainly by the mi-
tochondrial COI locus (the three nuclear loci contributing
more to the resolution of phylogenetic relationships at a
higher phylogenetic level, i.e., among species groups; see
Online Resource 3). This pattern could therefore also have
been created by the occurrence of hybridization among close-
ly related species that led to mitochondrial genome introgres-
sions. Indeed, an increasing number of studies report evidence
for mitochondrial introgression in insects (e.g., Quinzin and
Mardulyn 2014; Zakharov et al. 2009) including Cataglyphis
ants (Darras and Aron 2015).

Finally, the maximum likelihood (ML) tree estimate
(inferred from all loci combined, Online Resource 5) resulted
in a tree similar to the Bayesian tree estimates, although some
clades supported by low bootstrap values were different.
These differences regarded relationships within the albicans
species group and a clade grouping the two C. emmae on the
ML tree. Bootstrap values of the ML analysis are reported on
the tree of Fig. 1. We have verified that the alternative topol-
ogy favored by the ML estimate did not modify the evolution
of reproductive traits inferred with the Bayesian tree estimate
(Fig. 2).

Our Cataglyphis phylogeny differs from that previously
proposed by Knaden et al. (2012) about the position of the

�Fig. 2 Evolution of four reproductive traits in Cataglyphis. Evolution of
reproductive traits as estimated along the tree of Fig. 1 under maximum
likelihood (Markov k-sate 1 parameter model). Proportional likelihoods
are reported for ancestral nodes, when available. Because several species
are not monophyletic (see Fig. 1), only populations for which data on
reproductive traits are available are considered
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species groups cursor and altisquamis. Based on a single COI
locus, these authors suggested that the two groups form a
clade. As shown in Fig. 1, our results contradict this hypoth-
esis. To investigate the source of this contradiction, we per-
formed a phylogenetic analysis on all COI samples of the
genus Cataglyphis available in GenBank (i.e., including the
samples of Knaden et al. 2012; see BMaterials and methods^).
Of the analyzed 628 bp, 282 sites were variable and 235 sites
were parsimony informative. The results obtained (Online
Resource 6) were highly consistent with those found when
analyzing multiple loci (Fig. 1).

Evolution of reproductive traits

Maximum likelihood (Fig. 2) and parsimony (not shown) in-
ferences of ancestral states generated similar results for all
reproductive traits, except workers thelytoky for which the
state of the ancestor to the genus differed. Under maximum
parsimony, assuming distinct costs for different types of evo-
lutionary transitions or considering all evolutionary changes
to be of equal cost resulted in the exact same inference for
polyandry.

Our analyses suggest that monogyny and obligate multiple
mating were the ancestral states in Cataglyphis (proportional
likelihoods of 0.85 and 0.92, respectively; Fig. 2). However,
reduction in queen mating frequency evolved secondarily and
independently at least twice: once in the altisquamis group (C.
mauritanica, C. velox, C. hispanica, and C. altisquamis) and
once in the emmae group (C. floricola, C. tartessica, C.
emmae). Reversal was however not complete since no species
was found to be exclusively singly mated (Table 1). As for
colony queen number, polygyny evolved twice independently,
in C. niger and in the altisquamis group, with C. mauritanica
and C. velox. Within the altisquamis group, C. hispanica ap-
pears to have reversed back to monogyny.

Whether the ancestor of the genus was capable of
worker and queen reproduction through thelytokous par-
thenogenesis remains uncertain (proportional likelihood
close to 0.6 and 0.5, respectively; Fig. 2), although work-
er thelytoky was the most parsimonious state for the two
oldest nodes on the phylogeny (not shown). We can infer
from the tree that the switch (gain or loss) between the
absence and presence of workers thelytoky occurred re-
peatedly, at least four times in the genus (most parsimo-
nious hypothesis). This character occurs in species be-
longing to the phylogenetic groups cursor, altisquamis,
bombycinus, and bicolor. Conversely, it seems completely
absent in species of the albicans group. Using the same
approach, the ability of mother queens to produce new
reproductive daughters by thelytokous parthenogenesis
was gained or lost at least twice during the evolution of
the genus (i.e., two gains, two losses, or one loss and one
gain).

Discussion

Phylogeny of Cataglyphis

We propose an updated molecular phylogenetic hypothesis of
the desert ant genus Cataglyphis based on one mitochondrial
(COI) and three nuclear (Wg, AB, LR) markers. It is consis-
tent with the previous delimitation of species groups (Agosti
1990; Radchenko 2001) that appear indeed monophyletic
(Fig. 1). However, the evolutionary relationships among spe-
cies groups, in particular the position of the groups cursor and
altisquamis, are different from those inferred in previous stud-
ies. While cursor and altisquamis have been considered sister
groups until now, our phylogenetic estimate contradicts this
hypothesis (Fig. 1 and Online Resource 4). Because most
inferred phylogenetic relationships are supported with high
probability and the present study is based on a more compre-
hensive data set, we consider our phylogenetic hypothesis to
be more robust and used it to estimate the ancestral states of
queen mating system, colony queen number, and reproduction
by thelytokous parthenogenesis in the genus.

Our phylogenetic analysis, including all species for which
data on reproduction have been reported to date, reveals mul-
tiple independent evolutionary transitions for the different re-
productive traits studied. While data on reproduction is cur-
rently available for a portion of the genus only, investigating
reproductive strategies (i.e., deciphering the colony genetic
structure, the mating system, and use of thelytokous parthe-
nogenesis by queens and workers) in additional Cataglyphis
species could only reveal additional transitions in reproductive
traits. Our conclusion of multiple independent transitions can
therefore only be strengthened by the inclusion of additional
species in the future. The evolution of each studied reproduc-
tive trait is discussed below.

Queen mating system

Our data provide two insights into the evolution of queen
mating system in Cataglyphis ants.

First, they show that obligate multiple mating is the most
likely condition for the ancestor of the genus Cataglyphis and
has been maintained in most species. The sister genus of
Cataglyphis is Rossomyrmex (Blaimer et al. 2015); in the sin-
gle species studied so far (Rossomyrmex minuchae), half the
queens are polyandrous and can mate with up to five males
(Sanllorente et al. 2010). Multiple mating is even more fre-
quent in Proformica (Fernandez-Escudero et al. 2002), the
closest relative of both these genera. This suggests that poly-
andry was already occurring in the common ancestor of both
genera. Obligate multiple mating is a derived trait in social
Hymenoptera (Boomsma and Ratnieks 1996; Hughes et al.
2008a). It has been documented in a few taxa (reviewed in
Boomsma et al. 2009), including Vespula wasps and Apis
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honeybees, as well as Atta and Acromyrmex leaf-cutting ants,
Pogonomyrmex harvester ants, Aenictus,Dorylus, Eciton, and
Neivamyrmex army ants, Cardiocondyla, Plagiolepis pygmy
ants (Thurin et al. 2011), and Cataglyphis desert ants (this
study). In leaf-cutting ants (Villesen et al. 2002) and army ants
(Kronauer et al. 2007a), phylogenetic studies revealed that
polyandry had a single evolutionary origin and was subse-
quently maintained in the descendent lineages of each respec-
tive clade. The present study indicates that a single origin to
polyandry is also probable in the genus Cataglyphis.

Mating is assumed to be costly for females in terms of
energy expenditure, exposure to predation, or sexually trans-
mitted parasites and pathogens. It may also impose fitness
costs because of sperm competition or metabolic costs of stor-
ing more sperm. To be adaptive, the fitness benefits of multi-
ple mating must outweigh these cumulative costs (Daly 1978;
Chapman et al. 2003). Several hypotheses have been proposed
to account for the evolution of polyandry in eusocial
Hymenoptera; they are based on the benefits of enhanced
genetic diversity within the worker force, the reduction in
fitness load associated with production of sterile diploid
males, or the acquisition of a sufficient reserve of sperm by
queens to maintain large and long-lived colonies (reviewed in
Crozier and Fjerdingstad 2001; Strassmann 2001; Boomsma
et al. 2009). In desert ants, three fitness benefits, all based on
the advantages of increased genetic diversity within colonies,
seem relevant for the evolution of multiple mating by queens.
(1) Polyandry may allow a more efficient division of labor by
increasing the production of genetically diverse workers vary-
ing in their inclination to perform different tasks (Robinson
and Page 1988; Julian and Cahan 1999; Hughes et al. 2003;
Jones et al. 2004; Mattila and Seeley 2007; Wiernasz et al.
2008). In line with this, empirical studies showed that task
preference is at least partly genetically influenced in
Cataglyphis (cursor) piliscapa, with workers from different
patrilines differing in their propensity to perform a given task
in the colony (Eyer et al. 2013a). (2) Polyandry may favor
social harmony by reducing conflicts between the queen and
the workers over the maternity of males (Trivers and Hare
1976; Ratnieks 1988; Ratnieks et al. 2006). Workers of most
Cataglyphis ants are capable of producing haploid males from
unfertilized eggs. However, multiple mating results in that
workers are, on average, more closely related to brothers than
to nephews (sons of other workers). They are therefore select-
ed to rear the queens’ sons instead of the workers’ sons. In line
with this, in all Cataglyphis species studied so far, worker
reproduction was indeed documented in queenless colonies
only (Cagniant 1980, 2009; Timmermans et al. 2008).
Determining the level of worker reproduction as a function
of queen mating frequency would be a more valuable test of
the role of relatedness on conflict resolution over the maternity
of males in Cataglyphis. (3) Polyandry can enhance colony-
level resistance to pathogens (Schmid-Hempel 1998; Sherman

et al. 1998; Baer and Schmid-Hempel 1999; Tarpy 2003;
Hughes and Boomsma 2004). To our knowledge, no empirical
study has been performed to test this issue inCataglyphis. Yet,
it may be particularly significant for this group, in which all
species are scavengers and workers are likely to be contami-
nated with various pathogens growing on dead arthropods
(Cerda et al. 1989).

Second, our data show that a reduction in mating frequency
appeared secondarily and independently at least two times in
the genus. While most species belong to the obligate multiple
mating class, reversion to multiple-single and single-double
mating occurred in the species groups altisquamis and emmae.
Reversal was however not complete since no species was
found to be exclusively singly mated. This is consistent with
studies in two other ant genera, showing that species descend-
ing from ancestors with obligate multiple mating do not return
to complete single mating (Acromyrmex echinatior, Sumner
et al. 2004; Neivamyrmex carolinensis, Kronauer and
Boomsma 2007b). Several factors may account for the reduc-
tion in queen mating frequency found in Cataglyphis. (i)
Reduction in mating frequency occurred at least once (and
possibly twice) in the altisquamis group. Interestingly enough,
this group has evolved a hybridogenetic mode of reproduction
(Leniaud et al. 2012; Eyer et al. 2013b; Kuhn 2013; Darras et
al. 2014b). Populations are characterized by the coexistence of
two distinct genetic lineages. Queens are almost always found
mated with a male of the alternative lineage. Workers are pure
hybridogens; they develop solely from hybrid crosses be-
tween the lineages. In contrast, new queens are pure-lineage
individuals produced asexually by thelytokous parthenogene-
sis or, rarely, sexually from intralineage mating. The loss of
genetic diversity within colonies due to reduction in queen
mating frequency might be partly compensated by the high
level of somatic heterozygosity in workers and the associated
benefits from heterosis effects (Bullini 1994; Leniaud et al.
2012). (ii) Mating frequency also decreased in the species
group emmae, in C. floricola and C. tartessica that belong to
the single-double mating category. Colonies of these species
are made of a single queen (strict monogyny) and a few dozen
workers; their colony size is the smallest reported among
Cataglyphis ants (Amor et al. 2011; Amor and Ortega
2014). A single mating may possibly supply enough sperm
for fertilizing all the female’s batch of eggs. This is consistent
with the Bmultiple mating for more sperm^ hypothesis (Cole
1983), which predicts that mating frequency is positively se-
lected with increasing colony size to ensure storage of a great-
er supply of sperm. While this explanation may partly justify
the reversal in queen mating frequency in C. floricola and C.
tartessica, it is however unlikely to account for the variation in
paternity frequency across species found in the entire genus
(Aron et al. 2015). In Cataglyphis, the size of mature colonies
is relatively small, ranging from a few hundreds to a few
thousands individuals. In addition, neither absolute
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mating frequency (Mp) nor mating system class (m, m-s, s-d;
Table 1) is associated with mature colony size (phylogeneti-
cally controlled generalized least-squared regressions analy-
ses; Freckleton et al. 2002: r2=0.14, F=2.13, p=0.17, n=13
and r2 =0.23, F=2.76, p=0.13, n=13, respectively).

Colony queen number

Our results also show that monogyny is the most likely con-
dition of the ancestor of Cataglyphis and that polygyny
evolved twice in the genus, once in the altisquamis group
(C. velox and C. mauritanica; in C. hispanica, populations
are typically monogynous but rare facultatively polygynous
populations were also documented; Darras et al. 2014a) and
once in the bicolor group (C. niger).

Evolution of polygyny suggests that the benefits procured
by co-breeding females outweigh its costs in terms of sharing
reproduction and the resulting erosion in relatedness within
colonies (Keller 1993; Bourke and Heinze 1994). Polygyny
may be selected for if increasing genetic diversity within col-
onies brings better resistance against pathogens (Hughes and
Boomsma 2004) or enhances colony productivity and longev-
ity (Nonacs 1988; Keller 1993; Dalecky et al. 2005). By in-
creasing colony size, polygyny may also provide competitive
advantage for access to temporal food sources (Boulay et al.
2014).

The most likely explanation for the origin of polygyny in
hybridogenetic species of the altisquamis group is the adop-
tion of related queens into established colonies, as these
queens have a certain probability of being mated with males
from the same lineage, hence, unable to produce workers and
found new colonies. Indeed, previous studies in C. hispanica
showed that all queens carry alternate lineage sperm in mo-
nogynous populations, whereas about 15 % of queens carry
same lineage sperm in polygynous populations (Darras et al.
2014a). In hybridogenetic species, queens mated with males
from the same lineage cannot produce worker offspring but
sexual offspring only (see above). Therefore, they cannot
found new colonies on their own. Their only option is to stay
in the natal colony, where they can contribute to the produc-
tion of sexual offspring. Consistent with re-adoption of daugh-
ter (clonal) queens, the relatedness among nestmate queens in
polygynous colonies is close to 0.90 (Darras et al. 2014a).
Similar results were obtained in multiple-queen colonies of
C. mauritanica and C. velox (Eyer et al. 2013b), where relat-
edness among queens within colonies is 0.98 and 0.92,
respectively.

Polygyny in C. niger may be attributed to several factors,
among which constraints on dispersal abilities could play a
major role (Saar et al. 2014). This species is restricted to small
sandy patches scattered along urbanized areas. Because suit-
able patches are probably rare, young queens leaving a patch
risk failing to locate another one, increasing dispersal costs.

Consistent with adoption of daughter queens, nestmate queens
are positively related in C. niger (Leniaud et al. 2011).
Furthermore, as is often the case in polygynous species,
C. niger forms polydomous colonies each composed of sev-
eral nest units maintaining exchanges of queens, workers, and
brood (Leniaud et al. 2011; Saar et al. 2014). As occupation of
patch increases, so do nest density and the degree of habitat
saturation, making polygyny even more likely. By increasing
colony size, polygyny (and polydomy) in C. niger may also
provide ecological dominance. For example, large colonies
may gain competitive advantage for access to and defense of
temporal food sources, by recruiting faster and more workers.
They may also enhance colony defense, homeostasis, work
ability and productivity, or year-to-year survival (Keller
1993; Bourke 1999; Boulay et al. 2014).

Thelytokous parthenogenesis in workers and queens

In eusocial Hymenoptera, the ability to lay unfertilized, dip-
loid eggs giving rise to female offspring by thelytokous par-
thenogenesis has been reported in a handful of ants and the
honeybee (Rabeling and Kronauer 2013). Yet, worker repro-
duction by thelytokous parthenogenesis is widespread in the
genus Cataglyphis. It has been documented in all species
groups, except emmae, and is particularly frequent in the
cursor and altisquamis groups (Fig. 2). While the parsimony
criterion suggests workers thelytoky to be the ancestral state of
the genus, the likelihood criterion generates a more ambigu-
ous estimate. Nonetheless, whatever the state of the ancestor,
our phylogenetic hypothesis requires that the appearance/
disappearance of this trait has occurred at least four times
during the evolution of the genus, making it a particularly
labile character.

It has been proposed that worker reproduction by
thelytokous parthenogenesis was selected for to counter high
queen mortality, allowing workers to replace the queen(s)
when she/they die (Lenoir et al. 1988; Dartigues and Lenoir
1990). Following this hypothesis, one would predict worker
reproduction by thelytoky to bemore frequent in monogynous
than polygynous species, since monogyny increases the prob-
ability that queenless conditions arise compared to polygyny.
Recent genetic analyses support the assumption that queen
replacement is indeed a common phenomenon in queenless
colonies of C. (cursor) piliscapa (Pearcy et al. 2006; Cheron
et al. 2011) and Cataglyphis sabulosa (Timmermans et al.
2008), two species in which colonies are headed by a single
queen with relatively short lifespan. However, in contradiction
to this hypothesis, worker thelytoky seems to have been lost in
some lineages of the bicolor group and in all lineages of the
albicans group, where colonies are also typically monogy-
nous (except C. niger).

Our current knowledge on the ability of queens to produce
sexua l daugh te r s (new queens ) by the ly tokous
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parthenogenesis in Cataglyphis is more scarce, as it has been
studied in 15 species only. So far, queen thelytoky was detect-
ed in five species belonging to two separate clades, the cursor
and the altisquamis species groups. The inference of the an-
cestral state of the genus is ambiguous, whether we use a
parsimony or likelihood criterion (absence/presence of the
trait equally possible), but our phylogenetic hypothesis re-
quires at least two character changes during the evolution of
the genus (Fig. 2). These transitions are highly reliable since
they are based on large samples of mother–sexual daughter
genetic comparisons. Asexual reproduction is predicted to
confer a twofold advantage relative to sexual reproduction,
since it allows females the transmission of twice the number
of genes to offspring each generation (Maynard Smith 1978).
However, this benefit may be offset by the lack of genetic
recombination and reduced genetic diversity of offspring,
which can be detrimental in changing environments or in arms
races with co-evolving parasites. In Cataglyphis, the produc-
tion of workers sexually and new queens asexually enables
queens to experience the advantages of both modes of repro-
duction. Colonies benefit both from a genetically diverse
workforce, while queens can benefit from transmitting their
genetic material undiluted to the next generation of queens
(Pearcy et al. 2004). The genus Cataglyphis is exclusively
distributed in dry areas around the world. All species occupy
similar arid ecosystems and are highly thermophilic. Why
queen thelytoky evolved in two species groups only, cursor
and altisquamis, remains enigmatic.

In conclusion, our phylogenetic hypothesis shows that
multiple evolutionary changes have occurred during the his-
tory of the desert ant Cataglyphis. Both obligate multiple mat-
ing by queens and monogyny appear the most likely condi-
tions for the ancestor of the genus. These traits have been
maintained in a majority of living species; however, reduction
in mating frequency appeared secondarily in at least two spe-
cies groups and polygyny evolved at least twice in the genus.
While single mating and monogyny ensures a higher related-
ness among individuals within a colony, which is thought to
have been essential for the evolution and maintenance of eu-
sociality, these characters have evolved multiple times in
Cataglyphis ants showing that other selection pressures also
influence reproduction in the genus. Our results suggest that
the need for enhanced genetic diversity within colonies may
have played an important role in this respect. Whether worker
and queen reproduction by thelytokous parthenogenesis is the
ancestral state remains unfortunately ambiguous. However,
our data support that worker thelytoky is particularly labile
since its appearance/disappearance occurred repeatedly during
the evolution of the Cataglyphis. Finally, it should be noted
that the inference of reproductive traits for the ancestor of the
genus Cataglyphis at least partially depends on the species
sampled for the analysis. Because only a portion of all species
were sampled, and reproductive traits are currently known for

an even smaller portion of the genus, our inference of the traits
for the ancestor of the genus could bemodified in the future by
inclusion of additional species. On the other hand, our conclu-
sion of multiple independent transitions in these traits could
only be strengthened.
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