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1 | INTRODUCTION

Abstract

Nonrecombining genomic variants underlie spectacular social polymorphisms, from
bird mating systems to ant social organization. Because these “social supergenes”
affect multiple phenotypic traits linked to survival and reproduction, explaining their
persistence remains a substantial challenge. Here, we investigate how large nonre-
combining genomic variants relate to colony social organization, mating system and
dispersal in the Alpine silver ant, Formica selysi. The species has colonies headed by
a single queen (monogynous) and colonies headed by multiple queens (polygynous).
We confirmed that a supergene with alternate haplotypes—Sm and Sp—underlies
this polymorphism in social structure: Females from mature monogynous colonies
had the Sm/Sm genotype, while those from polygynous colonies were Sm/Sp and
Sp/Sp. Queens heading monogynous colonies were exclusively mated with Sm
males. In contrast, queens heading polygynous colonies were mated with Sp males
and Sm males. Sm males, which are only produced by monogynous colonies,
accounted for 22.9% of the matings with queens from mature polygynous colonies.
This asymmetry between social forms in the degree of assortative mating generates
unidirectional male-mediated gene flow from the monogynous to the polygynous
social form. Biased gene flow was confirmed by a significantly higher number of pri-
vate alleles in the polygynous social form. Moreover, heterozygous queens were
three times as likely as homozygous queens to be multiply mated. This study reveals
that the supergene variants jointly affect social organization and multiple compo-
nents of the mating system that alter the transmission of the variants and thus influ-

ence the dynamics of the system.
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organization in ants (Purcell, Brelsford, Wurm, Perrin, & Chapuisat,
2014; Wang et al., 2013). Large nonrecombining supergene variants

Supergenes are clusters of tightly linked loci controlling complex
phenotypes (Dobzhansky, 1970; Schwander, Libbrecht, & Keller,
2014; Thompson & Jiggins, 2014). They underlie some of the most
spectacular polymorphisms in nature, including sexes (Charlesworth,
2016), mimetic forms in butterflies (Joron et al., 2011), mating tactics
in birds (Kupper etal., 2016; Tuttle etal, 2016) and social

are typically associated with differences in survival and coordinated
changes in multiple morphological, physiological and behavioural
traits (Chouteau, Llaurens, Piron-Prunier, & Joron, 2017; Schwander
et al., 2014; Tuttle et al., 2016). Because supergenes typically influ-
ence their own transmission in complex ways, understanding which

mechanisms contribute to the maintenance of polymorphism is
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challenging (Llaurens, Whibley, & Joron, 2017). Fundamental mecha-
nisms stabilizing genetic polymorphisms include disassortative mat-
ing, heterozygote advantage and spatially variable selection coupled
with gene flow.

The recent discovery that convergent supergenes influence col-
ony social organization in two ant species provides a novel opportu-
nity to investigate how supergenes contribute to intraspecific
phenotypic diversity (Libbrecht & Kronauer, 2014; Purcell et al.,
2014; Wang et al., 2013). These large nonrecombining variants con-
trol whether one or multiple queens reproduce within each colony.
Variation in queen number shapes the degree of within-group relat-
edness and thus influences the inclusive fitness of helpers (Bourke,
2011; Crozier & Pamilo, 1996; Hamilton, 1964; Ross, 2001). Given
the central importance of kinship for social evolution, what causes
variation in the number of queens reproducing in each colony has
been a long-standing puzzle for evolutionary biologists (Bourke &
Franks, 1995; Hélldobler & Wilson, 1977; Keller, 1995; Ross, 2001).

One solution to this puzzle is that the transition from one to
multiple breeders per group may be coupled with a reduction in dis-
persal, thereby reducing the erosion of within-group relatedness
(Bourke & Franks, 1995; Nonacs, 1988; Ross, 2001). A recent model
shows that social polymorphism readily emerges through linkage of
loci involved in social behaviour and dispersal, pointing to the possi-
bility that supergenes control both traits (Mullon, Keller, & Lehmann,
2018). So far, the coupling of social organization and dispersal within
a supergene has not been directly investigated in an empirical sys-
tem.

Across ant species, variation in social organization frequently cor-
relates with shifts in dispersal and mating strategies (Bourke &
Franks, 1995; Ross, 2001). In species forming polygynous (= multi-
ple-queen) colonies, queens often mate nearby or within their natal
nest and disperse on foot and with nestmate workers to establish
new nests in the vicinity (Chapuisat, Goudet, & Keller, 1997; Crozier
& Pamilo, 1996; Keller, 1995). In contrast, in species forming monog-
ynous (= single-queen) colonies, queens usually disperse on the wing,
mate in swarms away from their natal nest, establish an incipient
colony and produce their first workers independently (Jowers et al.,
2013; Timmermans, Grumiau, Hefetz, & Aron, 2010). In line with a
shift in dispersal strategies, polygynous populations generally show
higher levels of genetic differentiation among populations, compared
to monogynous populations (reviewed in Pamilo, Gertsch, Thorén, &
Seppa, 1997; Sundstrém, Seppi, & Pamilo, 2005). Whether parallel
differences in dispersal and mating strategies occur between monog-
ynous and polygynous colonies belonging to the same population
deserves further investigation. A polymorphic population also pro-
vides an opportunity to investigate whether social organization and
dispersal covary with alternative variants at a supergene.

In the Alpine silver ant, Formica selysi, social organization is asso-
ciated with a polymorphic supergene that is 14.1 Mbp long and con-
tains 664 coding genes (Avril, Tran, Brelsford, & Chapuisat,
unpublished results; Purcell et al., 2014). The supergene has two
large nonrecombining haplotypes, Sm and Sp, which are highly dif-
ferentiated both in nucleotide sequence and gene order. The
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haplotypes differ by multiple inversions (Brelsford, Purcell, & Cha-

puisat, unpublished results), but it is not yet clear whether inversions
are a cause or consequence of the arrest of recombination (Sun,
Svedberg, Hiltunen, Corcoran, & Johannesson, 2017). Like in other
Hymenoptera, the females are diploid and the males haploid.
Monogynous colonies produce diploid workers and gynes (winged
females destined to become queens) that all have the Sm/Sm super-
gene genotype, along with haploid winged males carrying the Sm
haplotype (Figure 1; Purcell et al., 2014, 2016). In contrast, polygy-
nous colonies produce Sm/Sp and Sp/Sp workers and gynes, along
with winged males carrying exclusively Sp (Figure 1; Purcell et al.,
2014, 2016). The absence of Sm winged males produced by polygy-
nous colonies suggests that the Sp haplotype is a selfish genetic ele-
ment favouring its own transmission over the one of the alternative
haplotypes. Eggs from heterozygous queens that did not inherit Sp
failed to hatch, indicating that Sp is a maternal-effect killer (Avril,
Purcell, Béniguel, & Chapuisat, unpublished results). The unusual
genotypic distribution of the supergene across social forms raises
multiple questions. Do queens only mate with males originating from

the same social form or is there some degree of nonassortative

Sp/Sp
Sm/Sp

Sm/Sm

Sp

Monogynous colony

Polygynous colony

FIGURE 1 Genetic system underlying variation in social
organization in the Alpine silver ant, F. selysi. Queens and workers
are diploid females, males are haploid. Sm and Sp indicate alternative
nonrecombining variants (i.e., haplotypes) at a supergene associated
with colony social structure. In short, workers and queens in mature
polygynous colonies have one or two copies of the Sp haplotype,
while workers and queens in mature monogynous colonies lack Sp.
Indeed, females established in mature monogynous colonies have
the supergene genotype Sm/Sm. Monogynous colonies produce Sm/
Sm workers and gynes (winged females destined to become queens),
along with Sm males. Females established in mature polygynous
colonies have the supergene genotypes Sm/Sp and Sp/Sp.
Polygynous colonies (= groups headed by Sm/Sp and Sp/Sp queens)
produce Sm/Sp and Sp/Sp workers and gynes, along with Sp males.
The absence of Sm males and Sm/Sm females in brood produced by
polygynous colonies indicates that Sp is a transmission ratio distorter
and raises the question, do Sm/Sp queens mate with Sm males?
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mating? What is the pattern of gene flow between social forms?
What prevents the driving haplotype Sp from going to fixation?

Field observations indicate that queens and males of both social
forms fly away from their natal colony and mate on top of small
trees located nearby (Chapuisat, Bocherens, & Rosset, 2004; Rosset
& Chapuisat, 2006, 2007). Whether queens and males from polygy-
nous colonies also mate within their natal colony as an alternative
strategy is presently unknown. The genetic structure at microsatellite
markers did not reveal marked differences between social forms in
mating or dispersal (Chapuisat et al, 2004; Purcell & Chapuisat,
2013). Moreover, the absence of differentiation between the
monogynous and polygynous social forms at both microsatellites and
SNPs located outside of the supergene suggests that the social
forms are not reproductively isolated (Chapuisat et al., 2004; Purcell
& Chapuisat, 2013; Purcell et al., 2014).

Here, we investigate how the supergene variants relate to colony
social organization, mating system and dispersal in the Alpine silver
ant. We use genomic data from offspring of isolated queens to
examine whether differences in mating and dispersal of queens and
males from each social form affect the transmission of alternative
variants of the supergene. We pursue three main goals. First, we
quantify the degree of assortative mating with respect to social ori-
gin. In particular, we examine whether queens heading mature
monogynous and polygynous colonies, respectively, mated with
males from the same or the alternative social origin. Second, we
investigate whether queens and males of each social origin differ in
their propensity to mate locally, causing differences in patterns of
isolation by distance. At last, we compare the frequency of private
alleles and use Bayesian inference to assess gene flow asymmetries
between social forms. These results will reveal whether some degree
of nonassortative mating or unusual patterns of gene flow affect the

dynamics of this “social” supergene.

2 | MATERIALS AND METHODS

2.1 | Sampling and genotyping strategy

The Alpine silver ant Formica selysi is a socially polymorphic species
that inhabits large valleys in the Alps and the Pyrenees (Chapuisat et
al., 2004; Purcell, Pellissier, & Chapuisat, 2015). The study population
is located in central Valais, Switzerland (Finges; 7°36’30"E, 4°18'30”
N, altitude: 565 m; Supporting Information Figure S1). The social
organization (monogynous or polygynous) of colonies included in this
study had been previously determined by genotyping nestmate
workers at microsatellite markers (Purcell & Chapuisat, 2013). It was
further confirmed by counting queens during sampling and analysing
single nucleotide polymorphisms (SNPs) located outside and within
the supergene (see below).

To infer the genotypes of queens and their mates, we genotyped
offspring of single queens (= progenies) and reconstructed the par-
ental genotypes. This strategy was chosen to circumvent the diffi-
culty and destructive nature of sampling mature queens from

monogynous colonies. Therefore, workers from monogynous

colonies were sampled from the field. A similar genotyping of pro-
geny was applied to queens from polygynous colonies in order to
obtain comparable data on the mating frequency and mate geno-
types for both social forms. We thus analysed workers and eggs
from queens sampled in polygynous field colonies and reared singly
in laboratory colonies (Supporting Information Figure S2).

The sampling and genotyping strategy combined RAD-seq
genotyping of worker progenies from single (isolated) queens and
PCR-RFLP assay of queens, mates and eggs (Supporting Information
Figure S2; Supporting Information Table S1). Progenies from monog-
ynous queens consisted of four workers sampled from each of 63
monogynous colonies (Supporting Information Figure S1; Supporting
Information Table S1). Progenies from polygynous queens were
obtained by isolating 142 wingless reproductive queens sampled
from 51 polygynous colonies (Supporting Information Figure S1;
Supporting Information Table S1). To minimize the impact of sam-
pling, we left at least two observed queens in each polygynous col-
ony. Each sampled queen was placed individually in a small plastic
box (15 x 13 x 6 cm), with 20 adult workers from the same parent
colony. The ants were provided with a nest site, water and ad libitum
ant food (Meunier & Chapuisat, 2009). Brood production was moni-
tored daily. Four callow (young) workers per queen were collected
for 120 queens originating from 37 polygynous colonies.

We obtained RAD-seq data for four workers per queen coming
from 63 monogynous and 37 polygynous colonies, respectively (Sup-
porting Information Table S1; Supporting Information Figure S2). The
RAD-seq data were used to reconstruct the genotypes of the live
queens and their mates at SNPs outside of the supergene and in the
supergene (Supporting Information Table S1). The SNPs outside of
the supergene were used to determine queen mating frequency and
for all population genetic analyses. The supergene genotype was
used to determine the social origin of the queens and their male
mates (Supporting Information Table S1).

In addition to the four callow workers, we collected at least eight
eggs per queen for all queens from polygynous colonies (Supporting
Information Figure S2). At the end of the experiment, we dissected
the queens and extracted the sperm contained in their spermathecae
(Chapuisat, 1998). The supergene genotypes of queens, sperm and
eggs from polygynous colonies were determined with a PCR-RFLP
assay that discriminates three SNPs diagnostic for alternative haplo-
types of the supergene (Purcell et al., 2014). These RFLP data were
used to confirm the supergene genotypes of queens and mates
inferred from RAD-seq data and to supplement the mating pattern
data (Supporting Information Table S1).

DNA was extracted from the head of queens and from the head
and thorax of workers with Qiagen Blood and Tissue Extraction Kit
(Qiagen, Hombrechtikon, Switzerland). DNA from eggs and sperm was
extracted with a salting-out procedure (Miller, Dykes, & Polesky, 1988).

2.2 | Genotyping by sequencing

We used a genotyping-by-sequencing (RAD-seq) approach to identify
SNPs in workers (Brelsford, Dufresnes, & Perrin, 2016; Purcell et al.,
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2016). The DNA was digested with restriction enzymes Msel and
Sbfl. This combination of enzymes produced a low density of SNP
markers, which allowed us to multiplex the 732 workers on a single
lane of lllumina HiSeq 2500 with an average coverage of 197 reads
per locus per individual. The sequencing was performed at the Lau-
sanne Genomic Technology Facility in Lausanne, Switzerland.

The genetic data were processed with the software pipeline
stacks version 1.46 (Catchen, Hohenlohe, Bassham, Amores, &
Cresko, 2013). The raw reads were demultiplexed using the pro-
cess_radtags module, and 22 individuals that had low numbers of
reads (<10,000) were removed from the data set. Reads were
aligned to a reference genome with swa version 0.7.13 (Li & Durbin,
2009). SNPs and genotypes were called with the ref_map module of
sTAcks. To avoid bias due to linkage disequilibrium between adjacent
markers, one SNP per RAD tag was randomly selected, using
vcrrools version 0.1.14 (Danecek et al., 2011). The SNPs in the
supergene, which are linked, were retained but were analysed sepa-
rately from the ones outside the supergene. Genotypes with a qual-
ity score below 20 were treated as missing data. SNPs with a minor
allele frequency below 0.01 or missing for more than 20% of the
individuals were removed from the data set. The final data set
included 271 SNPs, of which 25 were in the supergene and 246 in
the rest of the genome.

2.3 | Parental genotype reconstruction

For each sibship (progenies from singly mated queens), the geno-
types of the queen and her male mate were reconstructed from
RAD-seq data using the computer program coLony version 2.0.6.1
(Jones & Wang, 2010). For population genomic analyses, we con-
served the 246 generated SNPs located outside the supergene and
excluded the 25 SNPs in the supergene. Parental genotypes at given
SNPs for which the posterior probability was below 0.8 were consid-
ered missing values. For multiply mated queens, the maternal and
paternal genotypes could not be unambiguously reconstructed.
These queens and their male mates were excluded from population
genetic analyses on sex-specific dispersal (Section 2 below). In total,
we reconstructed the genotypes at SNPs outside the supergene for

157 singly mated queens and their mates.

2.4 | Genetic data analyses

24.1 | Social structure, supergene genotypes,
mating pattern and queen mating frequency

The social structure of each colony had been previously inferred
from microsatellite genotypes of worker nestmates (Chapuisat et al.,
2004; Purcell & Chapuisat, 2013). It was confirmed by direct obser-
vation of queens in the field (polygynous colonies) and by measuring
the relatedness among nestmates (monogynous colonies). The super-
gene genotype of each queen and respective male mate(s) was
inferred from the supergene genotype of the worker progeny (25

SNPs in the supergene obtained by RAD-seq; Supporting Information
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Table S1). For queens and mates from polygynous colonies, the

supergene genotypes were further assessed with a PCR-RFLP assay
of queens, sperm and eggs (Purcell et al., 2014; Supporting Informa-
tion Table S1).

We calculated the maximum-likelihood relatedness among work-
ers from single queens (progenies) with the algorithm of Huang et al.
(2015), implemented in the software POLYRELATEDNESS version 1.6. To
obtain an unbiased estimate of relatedness, we used RAD-seq gener-
ated SNPs located outside the supergene. We estimated background
allele frequencies with colonies being weighted equally. Using these
frequencies, we simulated 1,000 data sets consisting of full-sibs (i.e.,
offspring from single-mated queens), calculated their relatedness and
estimated the 95% confidence interval around 0.75, the expected
relatedness for full-sibs in haplodiploids. In complement to the relat-
edness analysis, we inferred the pedigree relationships between sam-
pled workers using the maximum-likelihood approach implemented
in the program coLony version 2.0.6.1 (Jones & Wang, 2010). This
method identifies full-sib and half-sib groups. Consensus pedigree
relationships were obtained from five iterations, with a genotyping
error rate set up at 0.01 per locus.

Queens were inferred to be singly mated when their worker pro-
geny (a) had a relatedness not significantly different from 0.75 and
(b) belonged to a full-sib group in the pedigree reconstruction. On
the contrary, queens were assessed to be multiply mated when their
worker progeny had a relatedness significantly lower than 0.75 and
belonged to a half-sib group. One doubly mated queen had progeny
with relatedness estimate not significantly different from 0.75. Due
to the small number of offspring genotyped, the number of mates
per queen and the proportion of multiply mated queens are mini-
mum estimates (Boomsma & Ratnieks, 1996). With four offspring,
there is a 0.125 probability of not sampling a patriline when a queen
had mated with two equally contributing males. However, because
we genotyped the same number of offspring per queen, we can still
compare the relative mating frequencies of queens with alternative

social genotypes.

2.4.2 | Dispersal of queens and males

To get insight into the mating pattern, we estimated the relatedness
of the male mate to the queen with the computer program pPOLYRELAT-
EDNESS version 1.6. To test whether the male mate to queen related-
ness differs between social forms, we used a linear mixed model
with the mate to queen relatedness as the response variable, queen
and male social origin as fixed factors and the colonies from which
queens were sampled as a random factor. The model was built with
the “LmMe4” r package (Bates, Machler, Bolker, & Walker, 2015).

We estimated the relatedness among nestmate queens, among
male mates of nestmate queens and among progenies of nestmate
gueens with the computer program POLYRELATEDNESS version 1.6. To
estimate background allele frequencies, colonies were weighted
equally. We simulated 1,000 data sets of unrelated individuals and
computed the 95% confidence intervals around the relatedness of
zero corresponding to this null hypothesis.
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Monogynous colonies

Queen social genotype Sm/Sm

Mate social origin Sm

~ =
N =63

Queen mating frequency

Polygynous colonies

Sm/Sp

~e

Sp/Sp

N =64 N =56

FIGURE 2 Social genotypes of queens and their male mates heading mature field colonies. Blue and red pie charts indicate the proportion
of mating with Sm males (blue) and Sp males (red), respectively. White and black pie charts indicate the proportion of single mating (white) and
multiple mating (black) by queens. N is the number of queens. See Supporting Information Table S1 for details

Dispersal of queens and males was inferred by computing isola-
tion by distance. The kinship coefficient between pairs of individuals
was regressed against the natural logarithm of distance. We used
the Loiselle kinship coefficient because it is not affected by the
ploidy of individuals, thereby allowing us to compare the magnitude
of isolation by distance between sexes (Hardy, Pearcy, & Aron,
2008; Loiselle, Sork, Nason, & Graham, 1995). Regression was
restricted to a maximal distance of 900 m to ensure that the compu-
tation was performed on a similar scale for all comparisons. Correla-
tion between the genetic and geographic matrices was tested with a
Mantel test with 10,000 permutations.

243 | Gene flow between social forms

The amount of genetic differentiation between social forms was esti-
mated using hierarchical F-statistics, with workers nested in sibships,
sibships nested in colonies and colonies nested in social forms. The
calculation was performed with the HIERFSTAT R package version 0.04-
22 (Goudet, 2005). Confidence intervals were obtained from 10,000
bootstrap resamples of loci.

We estimated the number of private alleles in workers from
monogynous and polygynous colonies, respectively (Slatkin, 1985).
To control for the effects of unequal samples sizes and hierarchical
sampling, we bootstrap resampled the same number of workers in
the monogynous and polygynous social form, using only one individ-
ual per colony (Kalinowski, 2004). We computed the number of pri-
vate alleles in each social form with the r package “poper,” based on
10,000 bootstrap resamples (Kamvar, Tabima, & Grunwald, 2014).
We used a permutation test to evaluate whether the number of pri-
vate alleles differed significantly between social forms.

To estimate the number of immigrants per generation between
social forms, we used the Bayesian approach implemented in the
computer program MIGRATE version 3.6.11 (Beerli & Palczewski,
2010). MiGrRATE uses coalescent theory to estimate population genetic
parameters under the assumption of mutation—-migration—drift equi-

librium. The number of immigrants per generation is calculated as

the product between the mutation-scaled effective population size
within a focal social form and the mutation-scaled migration rate
from the focal social form to the other social form. We ran MIGRATE
with 20,000 burn-in and 1,000,000 iterations.

3 | RESULTS
3.1 | Social structure, supergene genotypes, mating
pattern and queen mating frequency

The presence of a single reproducing queen in monogynous colonies
was confirmed by the relatedness among nestmate workers being
close to 0.75 and by pedigrees consistent with a single queen (Sup-
porting Information Table S1). The presence of multiple queens in
polygynous colonies was demonstrated by direct sampling and
observation of multiple wingless reproductive queens. Social organi-
zation was perfectly associated with the genotypes of queens at the
supergene: all queens from monogynous colonies were Sm/Sm, and
all queens from polygynous colonies had at least one Sp haplotype,
51.3% being Sm/Sp and the rest Sp/Sp (Figures 2 and 3; Supporting
Information Table S1).

Queens heading mature monogynous colonies were invariably
mated with Sm males (Figures 2 and 3; Supporting Information
Table S1). In contrast, queens in polygynous colonies were mated
with Sm and Sp males, with a relative contribution of Sm males
totalling 22.9% (Figures 2 and 3; Supporting Information Table S1).
The proportion of mating with Sm vs. Sp males did not differ signifi-
cantly between Sp/Sp and Sm/Sp queens (Figure 2; Fisher's exact
test, p = 1).

Most queens were singly mated (Figures 2 and 3; Supporting
Information Table S1). Yet, at least 16.7% of the queens in polygy-
nous colonies and 9.5% of the queens in monogynous colonies were
mated with two males (Figure 2; Fisher's exact test, p = 0.26). Given
the small number of offspring genotyped, these observed mating fre-
guencies are underestimates of actual mating frequencies. In particu-

lar, despite small sample size the observed mating frequency of
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Polygynous colonies
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FIGURE 3 Social structure, supergene genotype and queen mating frequency. The y-axis shows the relatedness (mean + SE) among
progenies of single queens originating from monogynous colonies (left side of graph) and polygynous colonies (right side of graph),
respectively. Red and black dotted lines indicate the mean and 95% confidence interval of the expected relatedness among progenies of a
singly mated queen. Blue, purple and red symbols represent the progenies of Sm/Sm queens, Sp/Sm queens and Sp/Sp queens, respectively.
Filled and open symbols represent the progenies of queens mated with Sm and Sp males, respectively. Shaded symbols represent progenies of
queens mated with one Sp and one Sm male. Circles stand for progenies of the singly mated queen. Squares indicate progenies of multiply

mated queens

queens in monogynous colonies is in line with previous estimates
based on larger sample sizes in the same population (Chapuisat et al.,
2004; Purcell & Chapuisat, 2013). The rate of multiple mating was
associated with the social genotype of the queens. Heterozygous
Sm/Sp queens were significantly more likely to be multiply mated
than homozygous Sp/Sp and Sm/Sm queens (Figures 2 and 3; Fisher's
exact test, p = 0.012).

3.2 | Dispersal of queens and males

The relatedness between queens and their male mates depended on
the social origin of queens (Figure 4; linear mixed model;
Fi2,107) = 5.80, p = 0.0041). The relatedness of male mates to queens
in polygynous colonies was significantly higher than the relatedness
of male mates to queens in monogynous colonies (Figure 4). This
pattern suggests that some queens from polygynous colonies mated
with related Sp males originating from their own colony or a nearby
polygynous colony, while other queens might have mated with
related Sm males produced by the same monogynous colony in the
neighbourhood over multiple years. In contrast, queens from monog-
ynous colonies mated with nonrelatives.

Two lines of evidence indicate that queens in polygynous
colonies were related, as expected if some of these queens had
stayed within or close to their natal colony. First, the relatedness
among nestmate queens was significantly greater than zero
(r=0.179 £ 0.018; mean = SE; p < 0.05), while the relatedness
among their mates was not (r=0.056 + 0.007; mean + SE;
p > 0.05). Second, the relatedness between progenies of queens
belonging to the same polygynous colony was significantly greater
than zero (r = 0.117 = 0.089; mean * SE; p < 0.05; Supporting Infor-
mation Table S1).

For both social forms, patterns of isolation by distance revealed
signs of restricted dispersal for queens, but not for males (Table 1).
Indeed, the kinship coefficient decreased significantly with geo-
graphic distance for queens heading monogynous colonies and for
gueens heading polygynous colonies. In contrast, no significant isola-
tion by distance was detected for males of monogynous origin, or
for males of polygynous origin (Table 1).

3.3 | Gene flow between social forms

There was little genetic differentiation between social forms at SNPs
located outside the supergene (Fst = 0.0021, 95% confidence interval
[0.0003, 0.0039]). This absence of differentiation is in line with previous
findings based on microsatellites and suggests ongoing gene flow
between social forms (Chapuisat et al., 2004; Purcell & Chapuisat,
2013). The private allele analysis was consistent with unidirectional gene
flow from the monogynous to the polygynous social form. Indeed, there
were significantly more private alleles in workers of the polygynous
social form than in workers of the monogynous social form (Figure 5).
The Bayesian estimates of migration also suggest biased gene flow, with
twice as many immigrants per generation from the monogynous to the
polygynous social form compared to the reverse direction (Nm from the
monogynous to the polygynous social form: median = 8.22, 95% confi-
dence interval [4.39, 11.7]; Nm from the polygynous to the monogynous
social form: median = 3.7, 95% confidence interval [1.82, 5.89]).

4 | DISCUSSION

Genomic rearrangements associated with extended regions of sup-
pressed recombination underlie spectacular alternative phenotypes
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FIGURE 4 Relatedness of male mates to queens: mates of
monogynous origin to queens in monogynous colonies (left bar),
mates of monogynous origin to queens in polygynous colonies
(central bar) and mates of polygynous origin to queens in
polygynous colonies (right bar). Boxplots represent the lower and
upper quartiles and whiskers the minimum and maximum values (in
the limits of 1.5x interquartile range)

TABLE 1 Isolation by distance for queens and males belonging to
each social form

R? b P
Monogynous social form
Queens -0.06 —0.0056 0.011
Males —-0.022 —0.000044 0.11
Polygynous social form
Queens —-0.048 —-0.0082 0.003
Males 0.022 0.0007 0.12

Note. R? is the correlation between kinship coefficient and geographic
distance, b the slope of the regression and p the significance of the Man-
tel test.

within populations (Kipper et al., 2016; Llaurens et al., 2017; Schwan-
der et al., 2014). Diverse mechanisms contribute to stabilize these
polymorphic supergenes, generally through some form of heterozy-
gous advantage or negative frequency-dependent selection (Llaurens
et al,, 2017). In many supergenes, the mutant haplotype is a recessive

maximum values (in the limits of 1.5x interquartile range)

lethal that confers some reproductive advantage to heterozygous indi-
viduals (Kipper et al., 2016; Schwander et al., 2014; Wang et al,,
2013). In other cases, disassortative mating balances the polymor-
phism (Branco et al., 2018; Chouteau et al., 2017; Li et al., 2016; Tut-
tle et al., 2016). In the Alpine silver ant, Formica selysi, a large genomic
polymorphism, is associated with the social organization (Purcell et al.,
2014). Both homozygotes are viable and the factors contributing to
the maintenance of the polymorphism remain mysterious.

To gain insights into the dynamics of alternate supergene haplo-
types controlling social organization, we investigated the mating sys-
tem and dispersal strategies of queens and males belonging to
alternative social forms of the Alpine silver ant. We combined field
sampling of queens, RAD-seq genotyping of worker progenies and
PCR-RFLP assays discriminating alternative haplotypes of the super-
gene in queens, sperm and eggs. Together, these data confirmed that
colony social structure—being headed by one or by multiple reproduc-
tive queens—was perfectly associated with alternative genotypes at a
large supergene (Purcell et al., 2014). The Sp haplotype was present in
all queens heading multiple-queen colonies, with Sp/Sp and Sm/Sp
queens in similar proportions, while all queens heading single-queen
colonies were Sm/Sm. This unusual genotypic distribution in mature
colonies prompted us to further investigate the mating system, with a
focus on whether mating in polygynous colonies is assortative or dis-

assortative with respect to the supergene haplotype.
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The genotypes of queens and their mates revealed an asymmetry
between social forms in the frequency of nonassortative mating.
Queens heading polygynous colonies were mated with Sp males and
Sm males, with the latter contributing to 22.9% of the mating (calcu-
lated weighting all queens equally, independently on whether they had
mated singly or multiply). This is an intriguing mating pattern, because
polygynous colonies do not produce Sm males (Figure 1; Purcell et al.,
2014 and unpublished data: 94 males from 21 polygynous colonies
were all Sp). We conclude that a fraction of polygynous queens mate
with Sm males originating from monogynous colonies. In contrast, all
queens heading mature monogynous colonies were mated with Sm
males. We did not detect even a single case of nonassortative mating
in monogynous colonies, that is Sm/Sm queen mated with Sp male.
The cause of this absence remains to be investigated. Possible mecha-
nisms include mate choice, mate availability, underdominance or
genetic incompatibilities. Instead, crosses between Sm/Sm queens and
Sp males may be transient, the incipient colony being converted into a
polygynous colony headed by multiple Sm/Sp daughter queens.

The asymmetric pattern of mating between social forms is
expected to result in unidirectional male-mediated gene flow from the
monogynous to the polygynous social form. In line with this prediction,
we detected more private alleles in the polygynous social form than in
the monogynous social form. Moreover, the Bayesian estimate of the
number of immigrants per generation was twice as high from the
monogynous to the polygynous social form than in the other direction.
Genetic differentiation between social forms was close to zero at
markers located outside of the supergene, indicating that gene flow is
strong enough to homogenize allelic frequencies between social forms,
as already reported in previous studies of the same population (Cha-
puisat et al., 2004; Purcell & Chapuisat, 2013; Purcell et al., 2014).

Complete assortative mating in the monogynous social form cou-
pled with partial assortative mating in the polygynous social form
generates a mating advantage to Sm males, which runs counter to
the drive favouring the Sp haplotype (maternal-effect killing; Awvril,
Purcell, Béniguel, & Chapuisat, unpublished results). Whether the
combined selective forces maintain a polymorphism, and the condi-
tions under which they do so, requires modelling. Preliminary results
suggest that additional selective forces are needed to balance the
polymorphism, as mating biases against Sp when rare and transmis-
sion ratio distortion against Sm when rare hinder polymorphism
(Ghaseminejad, Chapuisat, & Otto, unpublished result). A similar pat-
tern of male-mediated unidirectional gene flow from monogynous to
polygynous populations has been documented in Solenopsis invicta,
another ant species where social organization is determined by a
supergene (Ross & Keller, 1995; Shoemaker & Ross, 1996; Wang et
al, 2013). It is interesting that in S. invicta, the haplotype causing
polygyny favours its own transmission through a green beard effect
(Keller & Ross, 1998). One difference between the two systems is
that in F. selysi, biased gene flow occurs among colonies belonging
to the same local population.

F. selysi queens with alternative genotypes at the supergene dif-
fered in their rate of polyandry. In particular, the occurrence frequency
of multiple mating was three times higher for Sm/Sp queens than for
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homozygous queens. Mating with a single Sm male is detrimental for

heterozygous queens, because the Sp haplotype is a maternal-effect
killer causing developmental arrest of their Sm/Sm brood (Avril, Purcell,
Béniguel, & Chapuisat, unpublished results). Mating with multiple
males might be a form of bet-hedging to mitigate the costs induced by
the driving haplotype, as suggested for the t-locus in mice (Sutter &
Lindholm, 2015). More general, polyandry occurs in response to the
low fertility of males carrying the driving haplotypes in multiple sys-
tems, including fire ants (Holman, Price, Wedell, & Kokko, 2015; Law-
son, Vander Meer, & Shoemaker, 2012; Wedell, 2013). Low fertility of
Sp males coupled with the cost of maternal-effect killing may con-
tribute to the elevated rate of polyandry in heterozygous queens.
Whether heterozygous queens are more attractive than homozygous
queens and whether higher mating frequency provides a fitness
advantage to heterozygous queens remain to be investigated.

Three complementary methods to infer dispersal propensities of
males and queens of monogynous and polygynous origin provided lim-
ited support for the predicted link between supergene variant, social
structure and dispersal (Mullon et al., 2018). In contrast to the model
prediction, genetic data from queens and their mates did not reveal
major differences in dispersal between alternative social forms.
Queens of both social forms showed signs of isolation by distance,
consistent with restricted dispersal. Isolation by distance was lower
and not significant for males, suggesting that males of both social
forms are better dispersers than queens. Such a difference between
sexes has already been documented in ants—males can disperse long
distances on the wing and any postmating dispersal by queens carrying
sperm stored in their spermathecae will further contribute to disperse
male genes (Holzer, Keller, & Chapuisat, 2009; Sundstrom, Keller, &
Chapuisat, 2003). Yet, in line with the expectation that queens of
polygynous origin (bearing the Sp variant) should be more philopatric
than queens of monogynous origin (lacking the Sp variant), two lines
of evidence suggest that queens from polygynous colonies tend to
mate nearby and often stay in their natal colony. First, the relatedness
between queens and their mates was higher for queens in polygynous
colonies than for queens in monogynous colonies. Second, nestmate
gueens in polygynous colonies were significantly related. Local mating
and establishment in natal colony appear to be common to many
polygynous ant species and are associated with large colony size, long
colony lifespan and colony propagation by budding, a process whereby
queens and workers depart on foot to jointly establish a new colony
nearby (Bourke & Franks, 1995; Keller, 1995; Nonacs, 1988; Rosset &
Chapuisat, 2007). This alternative dispersal strategy likely contributes
to the success and persistence of the polygynous social organization.

5 | CONCLUSION

Large nonrecombining genomic variants underlying alternative social
systems typically affect multiple behavioural traits, including cooper-
ative behaviour, aggression and mate choice (e.g., Tuttle et al,
2016). They can influence their own transmission in multiple ways

and have complex effects across multiple levels of biological
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organization. Here, we showed that the supergene controlling social
organization in the Alpine silver ant is linked to major differences in
the mating system. First, heterozygous queens were three times as
likely as homozygous queens to be multiply mated. Second, males
and females of alternative social forms differed in their propensity
to mate with the opposing social form. In particular, males of
monogynous origin mated with both types of queens, while queens
of polygynous origin mated with both types of males. The asymme-
try in the amount of assortative mating provides a mating advantage
to males of monogynous origin, which runs counter to the transmis-
sion ratio distortion that favours the haplotype underlying polygy-
nous social structure. These opposing forces will greatly affect the
dynamics of the genetic polymorphism controlling ant social

organization.
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