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Abstract
In eusocial Hymenoptera, haplodiploidy and polyandry may facilitate selection for hybridization. Interspecific hybridization
is widespread in ants and can lead to hybrid inviability as well as the formation of new species through hybrid speciation.
However, in ants, polyandry is uncommon. By analyzing microsatellite markers on 15 ant workers per colony, we show that
the mating system of 28 pure colonies of Tetramorium immigrans, 15 pure colonies of Tetramorium caespitum, and 27
hybrid colonies is a monogyne/polyandrous mating system, with a higher mating rate in T. caespitum (mean= 2.4 males vs.
1.7 in T. immigrans). Hybrid queens, but no hybrid fathers, were deduced from workers’ genotypes, in accordance with
Haldane’s rule extended to haplodiploid organisms, which states that the haploid sex should more often be sterile or inviable.
In five colonies, hybridization and multiple mating allowed the simultaneous production of both hybrid and nonhybrid
offspring. Although rare, these situations hinted at asymmetrical, larger contributions of T. immigrans vs. T. caespitum males
to offspring production. Together, these findings point toward a complex and dynamic mating system in T. immigrans and
T. caespitum, and contribute to better understand interspecific hybridization mechanisms and their consequences on genetic
and taxonomic diversity. The study of polyandry within a hybrid zone is unprecedented and opens new opportunities to
better understand interspecific hybridization mechanisms and their short- to long-term consequences.

Introduction

Hybridization between species has been known for a long
time and has received growing attention in the last few
decades (e.g., Rhymer and Simberloff 1996; Allendorf et al.
2001), especially regarding its extent and effects across
substantial fractions of biodiversity (Mallet 2008). Research
on hybridization between species also provides unparalleled
insights into the pre- and post-zygotic isolating mechanisms
that drive speciation, and therefore raises questions relating
to the mechanisms involved in interspecific mating systems.

In the specific context of hybridization, mating behaviors
(e.g., mate choice, species discrimination, and competition)
influence whether species interbreed, and can therefore
promote or impede behavioral reproductive isolation
(Moore 1987; Parker and Partridge 1998; Irwin and Price
1999; Randler 2002; Lipshutz 2017). Bringing together
hybridization and mating systems can thus offer important
insights into their interaction and how this may impact the
strength of barriers and asymmetries in gene flow (Pickup
et al. 2019).

Interspecific hybridization is common and widespread in
ants (Feldhaar et al. 2008), and has been already described
in numerous genera, e.g., Solenopsis (Ross et al. 1987),
Formica (Kulmuni et al. 2010; Purcell et al. 2016), Lasius
(Van der Have et al. 2011), or Tetramorium (Steiner et al.
2010; Cordonnier et al. 2019a). Hybridization can lead to a
wide diversity of results ranging from hybrid inviability or
sterility to the formation of new species through hybrid
speciation (Beresford et al. 2017). Combinations of
mechanisms involved in reproductive behavior may facil-
itate selection for hybridization (Anderson et al. 2008),
including haplodiploid sex determination systems and
polyandry. On the one hand, the haplodiploid reproductive
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system, where haploid males from unfertilized eggs only
inherit maternal genetic material, can mitigate outbreeding
depression (i.e., reduction of fitness of hybrid offspring)
compared with other organisms, as male fitness is preserved
at the F1 generation because diploid queens that have mated
with heterospecific haploid males still produce purebred
sons via arrhenotokous parthenogenesis (Feldhaar et al.
2008; Kulmuni et al. 2010; Kronauer et al. 2011). When
hybrids are fertile, truly hybrid males therefore are only
produced in backcrossed colonies, by hybrid queens
(Schilthuizen et al. 2011; Kronauer et al. 2011). Haploid
males are particularly likely to show hybrid incompat-
ibilities (Koevoets and Beukeboom 2009), and some ant
species have therefore evolved elaborate mechanisms to
avoid producing hybrid males, for instance transmission
ratio distortion (i.e., whereby genetic incompatibilities
cause allelic segregation to depart from the Mendelian ratio)
depending on offspring sex (Kulmuni et al. 2010). On the
other hand, eusocial Hymenoptera generally form colonies
that contain a single reproductive queen and many func-
tionally sterile diploid worker individuals. In ant species,
gynes (virgin reproductive females) either mate only once
(monandry) or several times (polyandry) (Heinze 2008).
Nevertheless, polyandry is relatively uncommon in ants
(reviewed in Strassmann 2001; Villesen et al. 2002; but see
Hardy et al. 2008; Haapaniemi and Pamilo 2012). However,
polyandry can increase genetic diversity in workers, leading
to morphological, behavioral, or physiological variation
among workers, which may raise colony fitness and provide
benefits from heterosis in hybrid workers, resulting in
positive selection for hybridization (e.g., Anderson et al.
2008). In eusocial insects, there obviously is a pre-
copulatory mate-choice phase, but it involves a very
restricted set of mate-quality cues (Boomsma 2013). In
cases of interspecific hybridization combined with poly-
andry, considering mate choice becomes crucial. Being able
to breed with a male of another species increases the
probability of finding one or more partners, and could thus
even prove reproductively advantageous (Rosenthal 2013).
Nonacs (2006) pointed out that when population densities
are low, females may not always be able to encounter
conspecific males, and hybridization may be a “best of a
bad situation” strategy to gain some reproductive success.
Alternatively, a lack of mate preference and high levels of
polyandry should result in the production of both F1 hybrid
and nonhybrid offspring within the same colony (Anderson
et al. 2008).

As in many species with internal fertilization, ant females
possess a spermatheca, which is a specialized storage organ
where sperm is stored between insemination and egg ferti-
lization. Polyandry therefore results in the co-occurrence of
different ejaculates in the female’s reproductive tract (Jaffé
et al. 2012), allowing sexual selection to operate after

copulation. Mechanisms for postcopulatory sexual selec-
tion, which lead to biased paternity patterns, include sperm
competition, where ejaculates from different males compete
to fertilize eggs (Simmons 2001; but see Boomsma 2013)
and cryptic female choice, where females influence which
permanently stored sperm fertilizes their eggs (Eberhard
1996). In situations of hybridization between species,
potentially negative consequences of hybridization can
therefore be mitigated or even avoided when hybrid indi-
viduals mostly or exclusively become nonreproductive
workers (Kronauer et al. 2011), or if fewer hybrid indivi-
duals are produced than purebred individuals, because of
sexual selection processes, genetic caste determination
(Nonacs 2006), or fitness decrease or increase (Umphrey
2006). In this last situation, selective processes unrelated to
sexual selection can alter the viability or fitness of hybrid
offspring.

The questions related to mate choice, sperm competition,
and cryptic female choice in polyandrous eusocial Hyme-
noptera therefore often differ from those addressed in non-
eusocial mating systems, but their originality may allow
experimental tests of the generality of sexual selection
theory that cannot be performed in mating systems with re-
mating promiscuity (Boomsma 2007). Although the pro-
cesses involved are complex, such questions become even
more exciting when considering systems involving inter-
specific hybridization. The present study investigates a
situation resulting from such mechanisms in two mono-
gynous Tetramorium cryptic species, namely T. immigrans
Santschi 1927, and T. caespitum (Linnaeus 1758). Tetra-
morium immigrans and T. caespitum can hybridize (Wagner
et al. 2017), and hybrids are fertile, leading to a high fre-
quency of hybrid colonies in sympatric populations of these
species (Cordonnier et al. 2019b).

In this paper, we analyze polyandry and asymmetrical
contributions to offspring in the context of hybridization
between species, by investigating mating systems in 28 pure
colonies of T. immigrans, 15 pure colonies of T. caespitum,
and 27 hybrid colonies. The main hypothesis tested is that
some elements of the mating systems of these species, never
depicted before, result in the hybridization pattern between
species with a high frequency of hybrids and the existence
of backcrosses demonstrated in previous studies, based on a
study of the contribution to offspring, as well as the species
or hybrid status of breeding males and females. The present
study aimed to (1) test if both hybrid queens and males
reproduce; (2) determine whether hybridization correlates to
the polyandrous mating system of parental species, and if
this pattern is modified along the latitudinal gradient; (3)
provide an assessment of the bias in offspring production in
hybrid colonies (e.g., capability of hybrids of both sexes to
reproduce, production of both F1 hybrid and nonhybrid
offspring within the same colony); (4) verify the hypothesis
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of random paternity allocation between species, i.e., the
random contribution of males to the offspring, as opposed
to mechanisms of postcopulatory sexual selection biasing
worker paternity in colonies.

Materials and methods

The present study focuses on Tetramorium immigrans
Santschi 1927 and T. caespitum (Linnaeus, 1758), two
palearctic species of the T. caespitum complex largely dis-
tributed in western Europe and distinguishable using
genetic (Cytochrome Oxidase I analysis, nuclear AFLP, and
microsatellite markers) and morphometric characters on
workers (Wagner et al. 2017; Cordonnier et al. 2019a).

Microsatellite data

Cordonnier et al. (2019a) collected workers of 544 colonies
of T. immigrans, 698 colonies of T. caespitum, and 240
colonies of potential hybrids between T. immigrans and T.
caespitum in southeastern France. For each colony, one
worker was identified using nuclear DNA clustering based
on a subset of workers identified using mtDNA cytochrome
oxidase I sequencing. In the present study, we resampled 75
of these colonies: 30 colonies whose worker had a genotype
associated with T. immigrans (Q value > 95% in Cordonnier
et al. 2019a, values obtained using the software STRUC-
TURE v. 2.3.1; Pritchard et al. 2000), 15 whose worker had
a genotype associated with T. caespitum (Q value > 95% in
Cordonnier et al. 2019a), 15 potential F1 hybrids (Q value
between 40 and 60% in Cordonnier et al. 2019a), and 15
potential backcrosses with T. immigrans (genotype asso-
ciated between 60 and 80% to parental species in Cordon-
nier et al. 2019a). These colonies were randomly
subsampled in 6 out of the 19 spatial areas described in
Cordonnier et al. (2019a), corresponding to three latitud-
inally distinct spatial areas (Fig. 1) covering the whole 180-
km latitudinal extent of the hybrid zone described in Cor-
donnier et al. (2019b).

For 15 randomly selected workers per colony, DNA was
extracted from whole individuals, which were crushed and
then mixed with 150 μL of Chelex® 100 and 10 μL of pro-
teinase K (15 mg mL−1) at room temperature; the solution
was incubated at 55 °C overnight (Casquet et al. 2012). For
genotyping, 17 microsatellites developed for T. immigrans
or T. tsushimae by Steiner et al. (2008) were organized in
three multiplex PCR mixes. All three mixes had a total
volume of 10 μL with 1X MasterMix (kit type-it micro-
satellite PCR Qiagen n°206246) and 2 μL of DNA. Mix1
contained 0.08 μM of tspE53a primers, and 0.2 μM of
tspE52b, tspE52d, tspE52k, ttsU55a, and ttsU56d primers.
Mix2 contained 0.15 μM of tspE51oR3 primers, 0.2 μM of

tspE51a, tspE51b, tspE51d, ttsU58i, and ttsU59j primers,
and 0.3 μM of tspE51i primers. Mix 3 contained 0.08 μM of
ttsU54e, 0.15 μM of tspE52a, and 0.2 μM of tspE53b and
ttsU57l primers. Amplifications consisted of 5 min at 95 °C,
then 32 cycles (30 s at 95 °C, 90 s at 60 °C, and 30 s at
72 °C), and 30 min at 60 °C. All PCR products were ana-
lyzed with an ABI 3730xl sequencer (service provided by
GENTYANE). Electropherograms were read and interpreted
with Genemarker v.1.95 (SoftGenetics). One marker was
discarded because it presented risks of misinterpretation at
the reading stage. In addition, workers where alleles were
not clearly legible for at least 12 markers were removed
from the analysis, and colonies with less than 12 (pure
T. immigrans or T. caespitum) or 14 (hybrid colonies)
legible worker genotypes were discarded. Our final dataset
included genotypes for 16 microsatellite markers (Tspe52d,
Tspe52b, Tspe52k, Ttsu56d, Tspe53a, Ttsu55a, Ttsu59j,
Tspe51i, Ttsu58i, Tspe51a, Tspe51o, Tspe51b, Tspe51d,
Tspe52a, Tspe53b, and Ttsu57l) for 28 putative T. immi-
grans colonies, 15 putative T. caespitum colonies, and 27
putative hybrid colonies (14 F1 and 13 backcrosses) with an
average of 14.8 worker genotypes per colony, and a total of
1038 genotypes for 16 markers (basic statistics computed in
GENALEX v.6; Peakall and Smouse 2006; Table S1).

Observed number of matings

Based on the identified worker genotypes, we first “manu-
ally” inferred the genotypes of queens and their mates in
each colony to minimize potential errors. At each locus, two
alleles shared by all the workers were assigned to the queen,
while haploid fathers’ genotypes were determined by the
alleles unassigned to the mother. This pattern was then
iterated over the 16 markers until reaching a minimal number
of sires per queen. This allowed an individual correction of
all potential genotyping errors to avoid overestimating the
number of potential sires. Although time-consuming, such an
approach minimizes errors compared with classically used
software (e.g., COLONY, Matesoft) for which data monitoring
and analysis are automated, quite often without post-process
quality control. Here, scoring errors were checked and cor-
rected one last time after identification of mothers and sires.
Situations where more than one potential queen genotype
was necessary to account for the data were not found in any
of the 68 colonies tested. For each colony, the observed
number of matings per queen (called observed paternity Kobs

in Jaffé (2014) and corresponding to the number of males
siring offspring of a single queen estimated by genotyping
worker offspring) was systematically recorded. Differences
in the observed number of matings between species and
areas were investigated by nonparametric Kruskal–Wallis
tests coupled with Mann–Whitney–Wilcoxon tests for con-
trasting pairs (with a simple Bonferroni correction).
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Bayesian admixture model

The program NEWHYBRIDS (Anderson and Thompson 2002)
was run to identify F1 and backcross hybrids from the
whole genotypic data, including all workers and inferred
parental genotypes. The analysis was performed based on
ten iterations carried out using Jeffreys’s prior and setting
the burn-in period to 20,000, with a MCMC length of
500,000 replicates. Following Kronauer et al. (2007), hap-
loid male genotypes were entered as homozygote diploids
in the analyses. In addition, the Bayesian clustering algo-
rithm implemented in the software STRUCTURE v. 2.3.1
(Pritchard et al. 2000) was computed based on the admix-
ture model with correlated allele frequencies, and with a
number of clusters K= 2, running ten iterations. Each run
consisted of 500,000 replicates of the MCMC after a burn-

in period of 500,000 replicates. Clustering results were
analyzed using CLUMPAK (Kopelman et al. 2015) based
on a Markov clustering algorithm that identifies sets of
highly similar runs grouped together in modes and separates
these distinct groups of runs to generate a consensus solu-
tion for each distinct mode. Based on the consensus solution
of the majority mode (no minority mode was found in this
analysis), we obtained two distinct Q values for each indi-
vidual corresponding to their membership coefficient for
each cluster (Fig. 2).

Assignment of individuals

Assignment of individuals was based on the four categories
defined by NEWHYBRIDS (T. immigrans, T. caespitum, F1,
and backcrossed hybrids), as this method has been

Fig. 1 Map of the study area.
Species ranges are indicated on
the right, based on populations
indicated by gray dots. The
three sampled areas (North,
Center, and South) are indicated
as small dashed squares within
the hybrid zone (large dotted
square). 1: Tournus, 2: Mâcon,
3: Villefranche-sur-Saône, 4:
Lyon, 5: Tournon sur Rhône, 6:
Valence. The main rivers are
indicated in dark gray; altitude is
indicated by grayscale
(black= high altitude).
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demonstrated to better discriminate hybrids in our system
(Cordonnier et al. 2019b). To ensure a high accuracy of
assignments and to exclude with certainty any misassign-
ment to any of these potential categories, we applied a five-
step process:

(1) Individuals whose Q values obtained from both
STRUCTURE and NEWHYBRIDS value greater than 0.9 were
assigned to a species (T. immigrans or T. caespitum).

(2) Individuals whose NEWHYBRIDS value in F1 or back-
crossed hybrids was greater than 0.95 were assigned to
the considered category (e.g., if the NH value in F1
category was 0.97, the individual was assigned to F1
hybrids).

(3) Individuals whose Q values corresponding to the
T. immigrans group were comprised between 0.1 and
0.4, and whose NH-backcrossed hybrid values for
T. immigrans were greater than 0.1, were assigned to
Backcrossed with T. immigrans (and reciprocally for
T. caespitum). Individuals whose Q values were
comprised between 0.4 and 0.6, and whose NH F1
values were greater than 0.1, were assigned to the F1
hybrid.

(4) For all nonidentified workers, the assignment was
deduced from full sister(s) identified in the offspring.
For all nonidentified males, the assignment was
deduced from the queen and accurately identified
offspring. For instance, if all the offspring of a given
male were accurately assigned to F1 and the queen
was accurately assigned to T. caespitum, a male whose
NH value for T. immigrans= 1 and Q value= 0.88
was assigned to T. immigrans, as no other explanation

was compatible with, even if the Q value is slightly
under 0.9.

(5) After these four steps, families were re-examined for
consistency in order to confirm that previous assign-
ments were accurate. In the case of incompatibility
between worker offspring and parents identity
(observed in 13 of the 70 colonies analyzed), we used
both NH and Q values obtained from STRUCTURE to
better characterize these situations (see details in the
“Results” section), except for two colonies discarded
from the analysis because of discordance between
assignment methods.

The final dataset is thus based on 1008 worker genotypes
belonging to 68 colonies and the associated parental
reconstructed genotypes.

Results

The inferred genotypes of queens showed that all colonies
were monogynous, as a single maternal diploid genotype
was consistent with the observed worker genotypes in the
68 colonies investigated. The inferred genotypes of males
revealed that polyandry occurred in both species, with an
overall mean of 1.912 observed mates for the 68 colonies
studied. The five-step process of assignment detailed above
allowed the identification of all 1008 analyzed workers, as
well as the inferred 68 females and 130 males. In 11
colonies where worker offspring identities were incompa-
tible with parents’ identities and previous assignments, NH
values and Q values obtained by STRUCTURE were used to

Fig. 2 Top—barplot obtained from STRUCTURE Bayesian clus-
tering based on the 1008 worker genotypes and the 198 recon-
structed genotypes of parents (68 females and 130 males). Each
vertical line corresponds to an individual. Colors indicate membership
to each cluster (T. immigrans in red, T. caespitum in blue). Bottom—

detailed barplots of three colonies representative from the different
types of families (left: backcrossed, middle: mixed, and right: pure
families), for workers (W), queens (Q), and males (M). The ID of the
family is indicated in gray.
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better understand these situations. These mismatches cor-
responded to either (1) an overdetection of individuals
belonging to parental species in situations where a hybrid
queen strongly backcrossed with T. immigrans mated with
pure T. immigrans males (observed in 1 of the 11 situa-
tions), or (2) an overdetection of F1 hybrids in situations
where a hybrid queen strongly backcrossed with T. immi-
grans mated with pure T. caespitum males (1/11 situations).
Overall, four categories of colonies were identified: (1) 27
pure T. immigrans colonies containing only T. immigrans
workers, queen, and male(s); (2) 15 pure T. caespitum
colonies containing only T. caespitum workers, queen, and
male(s); (3) 11 mixed colonies containing pure and hybrid
workers but only pure parents (queen or males); (4) 15
backcrossed colonies containing hybrid workers and par-
ents. The numbers of colonies in each category and each
sampling area are detailed in Table 1.

Among the 15 backcrossed colonies, 6 corresponded to
an F1 female mated with pure males and 9 involved a
backcrossed female mated with pure males (Fig. 3).
Remarkably, none of the 25 males involved in these 15
backcrossed colonies were hybrids.

The observed number of matings was significantly higher
in T. caespitum (Kobs= 2.400 ± 0.1309) than in T. immi-
grans (Kobs= 1.679 ± 0.1156; Mann–Whitney–Wilcoxon
W= 328.5, p value= 0.0008) (Fig. 4). Hybrid colonies had
an intermediate observed number of matings (Kobs=
1.955 ± 0.0753) compared with parental species. Differ-
ences of the observed number of matings between areas
within each species suggested that polyandry differed lati-
tudinally between areas (T. immigrans: K–W chi-squared=
5.65, df= 2, p value= 0.059; T. caespitum: K–W chi-
squared= 5.25, df= 2, p value= 0.072) with nearly sig-
nificantly higher level of polyandry in the south compared
with the north in T. immigrans (Mann–Whitney–Wilcoxon
W= 16.5, p value= 0.055) (Fig. 4).

In the 11 mixed colonies (i.e., colonies involving het-
erospecific mating), the mean number of mates detected was
2 (±0.6325). Five colonies were characterized by the
simultaneous presence of both conspecific and heterospecific
males (four situations involving a T. caespitum queen, and

one situation involving a T. immigrans queen, mean number
of mates detected= 2.4 ± 0.5477). In four situations, worker
offspring were overwhelmingly sired by T. immigrans males
(Fig. 5).

Discussion

Mating system

By investigating the mating system of 27 pure colonies of
Tetramorium immigrans, 15 pure colonies of Tetramorium
caespitum, and 26 hybrid colonies, we demonstrated that

Table 1 Number of colonies in each sampling area and colony
categories: pure T. immigrans or T. caespitum colonies containing only
workers, queen, and male(s) of pure parental species, mixed colonies
containing pure and hybrid workers but only pure parents, and
backcrossed colonies containing hybrid workers and parents.

North Center South

T. immigrans colonies 9 9 9

T. caespitum colonies 5 6 4

Mixed colonies 4 3 4

Backcrossed colonies 5 6 4

Fig. 3 Illustration of the situations observed in the 15 backcrossed
colonies. Colors indicate the proportion of genotype associated with
one or the other species. TI T. immigrans. TC T. caespitum. F1 F1
hybrid. BCI-1 Gen backcross with T. immigrans (first generation),
BCI-2 Gen backcross with T. immigrans (second generation). Gray
squares indicate the offspring produced and dark squares the mating
pattern generating the next generation.

Fig. 4 Observed number of mating (Kobs) in each pure species
(T. caespitum and T. immigrans) and for each area (North, Center,
and South) in the hybrid zone. Stars indicates a significant difference
(p < 0.001) between species assessed by Mann–Whitney–Wilcoxon
test. Letters indicate significant differences (p < 0.05) between areas
assessed by Mann–Whitney–Wilcoxon test with a simple Bonferroni
correction.
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both T. immigrans and T. caespitum displayed a monogyne/
polyandrous mating system, with a higher mating rate in
T. caespitum. To our knowledge, our study is the first to
describe polyandry in these two species. The occurrence of
multiple mating has raised theoretical and experimental
attention to issues related to sexual selection and sexual
conflict, such as the mechanisms involved in sperm com-
petition and cryptic female choice, as well as the costs and
benefits that females may incur with multiple mating (Piz-
zari and Wedell 2013). In social Hymenoptera (ants, bees,
and wasps), the adaptive significance of polyandry is often
explained by hypotheses suggesting that polyandry is
advantageous to queens because the resultant increase in
genetic variation within colonies leads to increased colony
performance (Keller and Reeve 1994; but see Fjerdingstad
et al. 2003 or Fournier et al. 2008). These hypotheses are
also often put forward to explain the value of hybrid off-
spring, as increased allelic variation and transfer of adap-
tively important genetic variation may increase the fitness of
the introgressed lineage (Twyford and Ennos 2012). Future
measurements of colony performance in the species studied
here (and their hybrids) as a function of their degree of
polyandry should be considered; as such, a multiple mating
and hybridization system offers unique insight into impor-
tant eco-evolutionary mechanisms such as sexual selection
and sexual conflict or species interaction and niche parti-
tioning. Hypotheses for multiple mating also include a need
for more sperm than provided by a single male (Crozier and
Fjerdingstad 2001), especially regarding the sperm limita-
tion hypothesis suggesting that queens are able to produce
larger or longer-lived colonies if they obtain more sperm
than delivered by a single male (Cole 1983). Following
such hypothesis, the lower number of mates found in
T. immigrans colonies could be explained by the fact that
T. immigrans males produce more sperm than T. caespitum
males, therefore implying that fewer T. immigrans males
would be needed to fill a gyne’s spermatheca.

In the case of hybridization between species, polyandry
may lead females to mate with both con- and heterospecific
males, and to produce varying proportions of hybrid off-
spring. From a purely statistical view, polyandry should
spread hybridization faster than monandry, because if
females would randomly mate with males of both species,
more mates should lead to an increased probability of
hybrid offspring, independent of the female’s species. For
instance, in a theoretical situation with an initial population
mixing 50% of each parental species, the random mating of
females with one, two, or three potential males system-
atically increases the probabilities of producing hybrid
offspring, with probabilities of producing hybrid offspring
of 0.5, 0.75, and 0.875 with one, two, or three mates,
respectively (Fig. S1). The coexistence of hybridization and
multiple mating observed in the system described here
should then accelerate the spread of introgression.

Latitudinal variation of mating frequency

In this study, the level of polyandry seemed to increase at
lower latitudes although data are too scarce to confirm a
latitudinal pattern. Our observations are consistent with
Corley and Fjerdingstad (2011), who investigated two
populations of Lasius niger in North Europe vs. two
populations in South Europe, and concluded that multiple
mating by queens was far more frequent in the two southern
populations than in the two northern populations. These
authors suggested that this pattern arose because multiple
mating might increase fitness for queens and colonies in
Southern European climates, whereas only exceptionally
good colonies could survive in harsher northern environ-
ments, thus favoring single vs. multiple paternity that could
reduce variance in colony performance. As far as the two
Tetramorium species studied here are concerned, it should
be interesting to extend the present study to a broader
latitudinal range, and to investigate situations outside the
hybrid zone, in which other mechanisms might control
reproductive mechanisms within and between these species,
such as intraspecific competition (Umphrey 2006) or dif-
ferences in habitats or microhabitats of these two species
(Cordonnier et al. 2019c).

Hybrid females, but not males, produce offspring

Our results clearly showed the reproductive capability of
hybrid females as both F1 and backcrossed queens have
been found. However, no hybrid male was inferred as a
contributor to the paternity of workers. The fact that
potential mating combinations resulting in unviable off-
spring were not detected does not necessarily involve that
hybrid males do not exist, but that they do not produce
viable offspring, or not enough to be detected in this study.

Fig. 5 Offspring contribution of each male in the five mixed
colonies where females mated with both conspecific and hetero-
specific males. The diamonds separate the contributions of the dif-
ferent males. Red lines correspond to T. immigrans males’
contributions and blue lines correspond to T. caespitum males’ con-
tributions. Dashed lines indicate the excess of offspring compared with
random expectation (e.g., 50% offspring per male when two males are
mated). The species of the queen is indicated on the right.
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Introgression into females but not into males is compatible
with the extended Haldane’s rule for haplodiploids, which
states that the haploid sex should more often be sterile or
inviable (Koevoets and Beukeboom 2009). Nevertheless, to
date, this pattern has been rarely documented in ants. The
only example in the literature involved hybrids between the
red wood ants Formica aquilonia and F. polyctena (Kul-
muni et al. 2010). In this system, two genetic groups coexist
in highly polygynous nests; the alleles of one genetic group
are found in the diploid individuals (i.e., females) but not
the haploid males of the other genetic group, leading to
hybrid females (workers and queens) but not to hybrid
males (Kulmuni et al. 2010). Kulmuni and Pamilo (2014)
tested two hypotheses to explain this pattern: the selection
and segregation hypotheses. On the one hand, the selection
hypothesis implies a strong post-zygotic selection against
hybrid males, because recessive incompatibilities can be
masked in diploid heterozygous females but not in haploid
males. In this case, hybrid males die but females survive.
On the other hand, the segregation hypothesis states that
hybridization has led to the formation of two independently
segregating sets of alleles, one always transmitted from the
queens to their sons (Y type) and the other to their daughters
(X type) after fertilization by sperm carrying the paternal
complement (Y), leading to hybrid females but only pure
males. According to Lowry and Willis (2010), this second
situation could contribute to hybrid incompatibilities and
lead to reproductive isolation of hybrids. In this context, it
should be relevant to test this hypothesis in the present
system, e.g., by monitoring genotypes at various stages of
development (very young embryos, sexual larvae and
pupae, worker larvae and pupae, adult females, males, and
workers), as done by Kulmuni and Pamilo (2014).

Asymmetrical contributions to offspring of
T. immigrans vs. T. caespitum males

A major feature of the present study is the discovery of the
coexistence of hybridization and multiple mating, allowing
the simultaneous production of both hybrid and nonhybrid
offspring within a single colony. Nevertheless, the pro-
duction of F1 hybrid and nonhybrid offspring within the
same colony was rare (only five colonies) and did not allow
conclusions to be drawn on the hypothesis of a random
paternity allocation between species. The results did not
suggest higher mating frequencies in colonies whose queens
were mated with both conspecific and heterospecific males
than in the pure-mated groups, suggesting that multiple
mating was not a type of insurance against a poor initial
mating. However, our study provided a preliminary
assessment of the variation of offspring production in
hybrid colonies, and suggested asymmetrical contributions
to offspring of T. immigrans vs. T. caespitum males

(although this could not be statistically tested). Although
causality cannot be established directly from the patterns of
paternity biases observed here, these patterns raise questions
worthy of investigation, particularly with respect to the
potential roles of postcopulatory sexual selection and sexual
conflict in social evolution (Jaffé et al. 2012). As paternity
skew across worker cohorts in the same colony seemed to
occur, it would be worth checking whether this might
simply indicate a difference in ejaculate volumes between
species (more sperm produced or injected by T. immigrans
males, as suggested above), or if such asymmetrical con-
tributions are due to a difference in worker survival rate
depending on the environment of the nest, or reflect dif-
ferential larval growth rather than temporary variable sperm
use owing to incomplete sperm mixing (Fernández-
Escudero et al. 2002; Boomsma 2013).

Together, our findings paint the picture of a complex
and dynamic mating system in Tetramorium immigrans
and T. caespitum. Numerous studies have already focused
on hybridization, and even more on multiple mating, but
so far, few if any have described a system combining both
polyandry and interspecific hybridization, making it worth
investigating for several reasons. One reason is that, as far
as we know, the study of polyandry within a hybrid zone
is totally unprecedented. It could also be an opportunity to
investigate sexual selection processes in social Hyme-
noptera and an ideal system to test the numerous
hypotheses about selective processes involved in the
evolution of multiple mating. Finally, further inquiring
into the hybrid Tetramorium situation should contribute to
better understand interspecific hybridization mechanisms
and their short- to long-term consequences on genetic and
taxonomic diversity in a world facing human-induced
global changes.
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