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1 | INTRODUCTION
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Abstract

Most supergenes discovered so far are young, occurring in one species or a few
closely related species. An ancient supergene in the ant genus Formica presents an
unusual opportunity to compare supergene-associated phenotypes and the factors
that influence the persistence of polymorphism in different species. We investigate
the genetic architecture of social organization in Formica francoeuri, an ant species
native to low- and mid-elevation semiarid regions of southern California, and describe
an efficient technique for estimating mode of social organization using population
genomic data. Using this technique, we show that F. francoeuri exhibits polymorphism
in colony social organization and that the phenotypic polymorphism is strongly as-
sociated with genotypes within the Formica social supergene region. The distribution
of supergene haplotypes in F. francoeuri differs from that of related species Formica
selysi in that colonies with multiple queens contain almost exclusively workers that are
heterozygous for alternative supergene haplotypes. Moreover, heterozygous workers
exhibit allele-specific expression of the polygyne-associated haplotype at the candi-
date gene Knockout, which is thought to influence social organization. We also report
geographic population structure and variation in worker size across a large fraction of
the species range. Our results suggest that, although the Formica supergene is con-
served within the genus, the mechanisms that maintain the supergene and its associ-

ated polymorphisms differ among species.
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(Charlesworth, 2016; Schwander, Libbrecht, & Keller 2014).

Recombination allows deleterious alleles to be efficiently purged by
selection but counteracts fixation of advantageous combinations.
By suppressing recombination between haplotypes, inversions can
maintain tightly linked groups of genes, or ‘supergenes’, that contrib-

ute to suites of complex morphological and behavioural phenotypes

Investigating the origin, evolution and maintenance of these super-
genes may provide insight into the processes that promote adapta-
tion and generate biological diversity.

Inversion-based supergenes are known to underlie polymor-
phisms in traits with potentially large contributions to fitness, such
as reproductive strategy (Kupper et al., 2016; Tuttle et al., 2016),
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anti-predator defences (Joron et al., 2011) and organization of in-
sect societies (Purcell, Brelsford, Wurm, Perrin, & Chapuisat, 2014;
Wang et al., 2013). There is some evidence that balancing selection
on the traits determined by alternative haplotypes can facilitate
the persistence of supergenes, as in Heliconius butterflies (Joron
et al.,, 2011), ruffs (Kupper et al., 2016) and white-throated spar-
rows (Tuttle et al., 2016). Some supergene haplotypes act as selfish
genetic elements, propagating themselves at the expense of alter-
native haplotypes. In fire ants (Solenopsis invicta), for example, one
supergene haplotype is favoured via a green-beard effect (Keller &
Ross, 1998) and meiotic drive also leads to transmission ratio dis-
tortion of supergene haplotypes (Ross & Shoemaker, 2018). In the
Formica selysi supergene, a different transmission ratio distortion
mechanism, a lethal maternal effect, causes only the offspring with
the selfish supergene haplotype to survive when their mother has
the selfish haplotype (Avril, Purcell, Béniguel, & Chapuisat, 2020).
The fact that supergene polymorphisms persist in these systems
suggests that the spread of selfish genetic elements is countered by
some form of negative frequency dependent selection (Larracuente
& Presgraves, 2012; Huang & Wang, 2014; Wang et al., 2013;
Lyon, 2003; Keller & Ross, 1998).

In many supergene systems, the inverted haplotype rarely or
never occurs in the homozygous state and frequently shows evi-
dence of degeneration (Jay et al., 2021; Stolle et al., 2019; Tuttle
et al., 2016), leading to the observation that supergene evolution
resembles the evolution of heteromorphic sex chromosomes (Tuttle
et al., 2016; Wang et al., 2013). It is less clear whether degeneration
in autosomal supergenes wherein homozygotes with both haplo-
types are present would occur and, if present, what would trigger
the initial degeneration of one haplotype and/or lead to the lower fit-
ness of homozygous individuals bearing that haplotype (Schwander,
Libbrecht & Keller, 2014).

In ants, supergenes associated with social organization have
independently evolved at least twice: in Solenopsis and Formica
(Purcell et al. 2014; Wang et al. 2013). In both cases, one supergene
haplotype is associated with single-queen colonies (monogyne) and
the alternative haplotype is associated with colonies harbouring
multiple reproductive queens (polygyne). The supergene architec-
ture in Formica appears to have persisted through much of the ra-
diation of the genus (Purcell, Lagunas-Robles, Rabeling, Borowiec,
& Brelsford, 2021; Brelsford et al., 2020). In addition to controlling
social organization, the supergenes of both S. invicta and F. se-
lysi are associated with a suite of other characteristics, known as
the ‘polygyny syndrome’ (sensu Keller, 1993). These traits include
worker and queen body size, queen fecundity, and colony size (Ross
& Keller, 1995; Rosset & Chapuisat, 2007; Schwander, Rosset, &
Chapuisat, 2005), and could contribute to the maintenance of poly-
morphism via frequency dependent or spatially variable selection.
Although there are similarities between the convergent Formica
and Solenopsis supergenes, some key differences suggest that the
polymorphisms may be maintained through distinct mechanisms.
The supergene of S. invicta shows some hallmarks of degeneration,
including a stark deficit of homozygotes for the polygyne-associated

haplotype and an increase in repetitive sequences (Stolle et al., 2019).
In contrast, the distribution of supergene genotypes in F. selysi in-
dicates that workers and queens homozygous for the polygyne-
associated haplotype are present at high frequency (Avril, Purcell,
Brelsford, & Chapuisat, 2019; Purcell et al. 2014). Understanding the
distribution of supergene genotypes in colonies and their association
with individual- and colony-level phenotypes sheds light on the role
of recombination (both within and between haplotypes) and degen-
eration on the fate of these autosomal supergenes. Nevertheless,
little is known about how alternative haplotypes function in other
congeneric Formica and Solenopsis species.

In the present study, we investigate social organization and its
genetic underpinnings in the species Formica francoeuri. We address
four complementary questions by sequencing workers from dozens
of colonies sampled across a large fraction of the species range.
First, we ask whether this species exhibits social polymorphism
by inferring the number of queens per colony using genome-wide
single nucleotide polymorphism (SNP) data. Second, we investigate
whether variation in colony social structure is linked to variation on
the Formica social supergene using two complementary approaches.
We carry out a genome-wide association study to assess markers
associated with variation in colony social structure, and we exam-
ine allele-specific expression patterns at one highly conserved can-
didate gene with alleles associated with single- and multiple-queen
colonies in other Formica species (Brelsford et al. 2020). Third, we
examine variation in worker size and ask whether size varies consis-
tently with queen number. Finally, we assess the population struc-

ture in this little-studied xeric species.

2 | METHODS

2.1 | Sampling and study species

Formica francoeuri inhabits arid and semiarid regions of southern
California from sea level up to about 1500m. This species nests
mainly in sandy soils, often in dry riverbeds. We sampled 8 workers
from each of 76 colonies of F. francoeuri at 11 localities between
Ventura and San Diego, CA (Table S1). To ensure the nest identity
of the collected workers, we selected only workers seen exiting
the nest or within 20cm of the nest entrance and sampled nests at
least three metres apart. We stored the sampled workers in 100%

ethanol.
2.2 | Laboratory methods
DNA extraction

We extracted DNA from 8 workers from each colony using the
Qiagen DNeasy Blood & Tissue Kit protocol for insect tissue with
several custom modifications (Purcell et al., 2014). Briefly, we de-
tached the head and thorax of each worker, which we then placed
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in a 1.7 mL centrifuge tube for pulverization in liquid nitrogen and
subsequent extraction. We eluted purified DNA with 30uL of AE
buffer rather than 200pL per the protocol to obtain higher DNA

concentrations.

RADseq library preparation

We performed restriction site-associated DNA sequencing
(RADseq) following the method of Brelsford et al. (2016), which
incorporated elements of other established protocols (Parchman,
Gompert, Mudge, Schilkey, Benkman, & Buerkle, 2012; Peterson,
Weber, Kay, Fisher, & Hoekstra, 2012). To digest the DNA, we used
Sbfl and Msel restriction enzymes. We then ligated Msel adaptors
and uniquely barcoded Sbfl adaptors for each sample. We purified
DNA using Sera-Mag magnetic beads (Rohland & Reich, 2012) in a
0.8:1 ratio (beads: sample solution). We divided each sample into
four replicates in separate wells, amplified the fragments by PCR
with indexed lllumina primers and then pooled the replicate PCR
products for each sample for a final PCR cycle with added primer.
We ran the amplified DNA fragments in a 1.5% agarose gel and
excluded samples that failed to amplify from subsequent pooling.
We pooled each indexed library of up to 96 samples and removed
small DNA fragments and adapter dimer with Sera-Mag magnetic
beads (0.8:1 ratio). Our libraries were sequenced on an lllumina
HiSeq 4000 at the University of California Berkeley sequencing
core facility. The F. francoeuri samples were sequenced as a part of
two libraries comprised of up to 2725 samples for this and other
projects. We obtained 150 bp paired-end reads for 290 individuals
and 150bp single-end reads for 310 individuals of the focal spe-
cies. We removed individuals with a high proportion of missing
data (230%). We retained samples from colonies with at least six
sequenced workers after quality filtering, leaving a total of 582

workers for our genetic analyses.

2.3 | Genotype and expression at knockout, a
candidate gene for social structure

Primer development

Previous studies comparing the conserved regions of the Formica
social supergene across species suggested that alternative alleles
within one gene, Knockout, consistently differentiate monogyne and
polygyne colonies (Brelsford et al., 2020, Purcell et al., 2021). To fol-
low up on this discovery and to add another facet to our search for
a possible supergene in F. francoeuri, we developed allele-specific
primers for a variable portion of this gene based on alignment of
Knockout sequences from monogyne- and polygyne-associated
haplotypes of F. selysi, Formica truncorum and Formica exsecta
(haplotypes are Sm and Sp, respectively; Table S2). We tested the
specificity of these primers in a sample of 12F. francoeuri workers
that were initially assessed using our RADseq markers. This sample
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included five Sm/Sm homozygotes, six heterozygotes and one Sp/Sp

homozygote.

RNA isolation and reverse transcription
quantitative PCR

Workers collected from colonies in the socially polymorphic pop-
ulation from Lytle Creek, CA were used to assess expression of
Knockout alleles. In 14 Sm/Sm workers and 22 Sm/Sp workers, we
isolated total RNA using TRI Reagent (Molecular Research Center).
We used DNase | (ThermoFisher Scientific) on 200ng of total RNA
to remove any residual DNA, and reverse-transcribed using oligo-dT
and RevertAid Reverse Transcriptase following the manufacturer's
protocol (ThermoFisher Scientific). To measure allele-specific ex-
pression of Knockout, we performed quantitative PCR (qPCR) with
two or three technical replicates on a CFX96 Real-Time System
(Bio-Rad) using 5 ng of cDNA for each technical replicate and Luna
Universal gPCR Master Mix (NEB) following the manufacturer's
protocol in 20uL reactions. The reactions were run for 40cycles,
with an annealing temperature of 60°C, followed by the Melt Curve
stage. Primer sequences are shown in Table S2. We used GAPDH
as a control (Morandin, Havukainen, Kulmuni, Dhaygude, Trontti, &
Helanterd, 2014). To calculate the ratio of the two target alleles' ex-
pression in each sample, we used the ‘delta-delta Ct’ method. We
performed a control without reverse transcriptase for each sample
by qPCR to confirm that there was no DNA contamination in the

RNA sample.

2.4 | Data analysis

241 | Data preparation

We used Stacks v2.1 to demultiplex our data (Catchen, Hohenlohe,
Bassham, Amores, & Cresko, 2013), PEAR v0.9.10 (Zhang, Kobert,
Flouri, & Stamatakis, 2014) to merge paired-end reads and re-
move adaptor sequences, and Bowtie2 v2.3.4.1 (Langmead &
Salzberg, 2012) to align reads to the Formica selysi genome (Brelsford
et al., 2020). We obtained a read mapping rate of 91.6% from our
alignment to the F. selysi reference genome. We called SNPs using
SAMtools mpileup v1.9 (Li, 2011), and filtered the genotypes for a
minimum genotype quality score of 20, a minimum read depth of
1, a minor allele count of 3, and excluded indels and sites with over
20% missing data using VCFtools v0.1.13 (Danecek et al. 2011). We
produced a catalogue of 955 SNPs with average read depth of 86x
per individual obtained from this filtering process to use for further
analysis.

To obtain data suitable for a Genome Wide Association Study
(GWAS) using Gemma v0.94 (Zhou & Stephens, 2012), we imputed
missing genotypes using the full dataset of SNPs with Beagle v4.1
(Browning & Browning, 2016). Although the full data contains gen-
otype calls that do not meet our quality standards, it provides the
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maximum available information for imputation for the best estima-
tion of missing genotypes at loci that pass the quality filters. Gemma
requires that no missing genotypes are present in the data. Once
imputation was completed, we filtered the imputed data to retain
only loci that passed our pre-imputation quality filters.

2.4.2 | Determination of colony social organization
To infer the social organization of a colony from our sequence
data, we first calculated metrics for identity-by-descent (IBD) and
opposing homozygosity for each colony, then examined the empir-
ical distributions of these metrics together in order to determine
the putative social organization for each colony. This method is
based on the following assumptions: (1) in a single-queen colony,
all workers are sisters so the average length of genomic segments
that are identical-by-descent (IBD) will be larger compared to a
colony where workers descend from multiple queens. This is be-
cause the genomes of workers from different mothers are more
generations removed from their most recent common ancestor,
and their genomes are products of generations of recombination
that breaks apart IBD segments (Thompson, 2013). The degree of
relationship between mothers in a polygyne colony will affect the
length of IBD segments detected. (2) In a colony with one singly
mated queen, there should be no instances of loci that are repre-
sented by homozygotes for two alternative alleles in full-sisters,
except due to genotyping errors. On the contrary, homozygotes
for two alternative alleles will be common in a colony comprised
of multiple queens. In reality, measures of opposing homozygosity
are likely to be imperfect for several reasons. Polyandry is known
to occur in Formica (Pamilo, 1982). A single polyandrous queen
will produce offspring that have intermediate levels of opposing
homozygosity (i.e. higher than offspring of a single monandrous
queen and lower than offspring of multiple queens). In parallel,
IBD will be low in offspring of polyandrous single queens rela-
tive to a colony produced by a monogynous, monandrous queen.
Sampling errors (where a roaming worker from another colony is
sampled from the intended colony) and genotyping errors will also
increase opposing homozygosity and decrease IBD.

For IBD, we used Beagle v4.1 (Browning & Browning, 2013) to
infer the length of segments identical-by-descent between pairs of
workers within a colony, using a LOD score of 2 (allowing a 1 in 100
chance of false positives). These values were then summed and di-
vided by the number of pairs of workers for each colony, to obtain
an intra-colony measure of IBD segment length. For opposing ho-
mozygosity, we counted the number of loci for which homozygotes
were present for both the reference and alternative alleles within a
colony, for bi-allelic SNPs. Colonies with high IBD and low oppos-
ing homozygosity are likely monogyne, while colonies that exhibit
low IBD and high opposing homozygosity are likely polygyne. The
empirical distribution of both IBD and opposing homozygosity is ex-
pected to be bimodal for a data set composed of monogyne and po-
lygyne colonies. We plotted histograms for both metrics, identified

low points between modes (opposing homozygosity = 30, mean
pairwise IBD = 5 Mbp) and used the values corresponding to bins
that contain these low points as the thresholds for distinguishing
putative monogyne and polygyne colonies.

As an additional measure to confirm our assessment of social
organization for each colony, we estimated pairwise relatedness
between workers in each colony. In summary, we pruned the SNP
dataset, using Plink v1.90b3.38, to exclude one SNP from a pair of
loci in close proximity (within 200bp) with an r?>0.1, resulting in
709 loci of the original 955. Examining the distribution of r? values
for pairs of loci revealed that very few exhibited a strong correlation
(the r*> 0.1 threshold bounds the top 3% of r? values for pairs of loci)
between alleles and that nearly all of the loci in these pairs are within
200bp. We then estimated pairwise relatedness among workers
(specifying the Huang estimator) using the program polyrelatedness
v1.11b (Huang, Ritland, Dunn, Qi, Guo, & Li, 2016), and we compared
these results to our assessment of social organization based on op-
posing homozygosity and IBD.

2.4.3 | Genome-wide association study (GWAS)

To identify genomic regions associated with colony social struc-
ture, we fit a linear mixed model to the data using Gemma v0.94
(Zhou & Stephens, 2012). Gemma uses a relatedness matrix gener-
ated from the sample genetic data to correct for non-independence
of the samples due to population structure. In this case, popula-
tion structure may be due to geographic structure and sampling
that includes related nestmates within a colony. Only colonies that
could be clearly identified as polygyne or monogyne were used
in the GWAS. To correct for multiple testing within our SNP data
set, we applied a false discovery rate adjustment (Benjamini &
Hochberg, 1995) to the p-values obtained from Gemma using the
R package p.adjust.

2.4.4 | Allele-biased expression of knockout

We carried out two analyses on gPCR data. In the first analysis, we
compared the expression levels of the Sm allele of Knockout in work-
ers with the Sm/Sm and Sm/Sp genotypes. We calculated fold change
of the Sm allele in comparison with the GAPDH expression for each
individual, and we formally compared log-transformed fold change
between the two genotype groups using a linear model with fold
change as the response variable, genotype as the explanatory variable
and gPCR batch as a random effect using the Imer command in the
Ime4 package (Bates, Machler, Bolker, & Walker, 2015) in R v3.6.1 (R
Core Team, 2019). In the second analysis, we compared fold change
expression of the Sp allele of Knockout to Sm expression in Sm/Sp het-
erozygous workers. We used a one-sample t-test to compare the log-
transformed fold change of Sp to the expected expression level of 1.4
relative to the Sm allele (if the two alleles are expressed in equal pro-
portions). This expected value was calculated from primer efficiency



PIERCE T AL.

1035

tests, which showed slightly greater Sp primer efficiency (89.83% and

99.97% primer efficiencies for Sm and Sp primers, respectively).

2.4.5 | Morphometrics

To assess whether Formica francoeuri exhibits the consistent worker
size variation expected based on the polygyny syndrome (Keller, 1993),
we tested for a difference in mean worker size by social form via a
mixed effects model implemented in the package Ime4 of R v3.4.0
(Bates et al., 2015; R Core Team, 2019). We used head width as a proxy
for worker size as this measure has a strong positive correlation with
other body dimensions in Formica species (Schwander et al., 2005;
Tawdros, West, & Purcell, 2020). We used a Leica SSAPO stereomi-
croscope and Leica DMC2900 camera to photograph the anterior view
of the head at 25x magnification. Using Leica Application Suite v4.6.2
software, we measured a distance line at the maximum width across
the eyes in 495 workers from 57 colonies. Most colonies were assigned
to social structure based on our initial analysis of IBD and opposing
homozygosity. We included additional colonies with intermediate IBD
or opposing homozygosity based on the presence or absence of the
Sp supergene haplotype, which was tightly associated with polygyne
social structure. We used a linear mixed model to test whether social
structure predicted worker size. The model we constructed included
worker size as the response variable, social structure as the explana-
tory variable, and genetic cluster (identified by our Admixture analysis;
see Population Structure section) and colony nested within locality
as random effects. We performed a likelihood ratio test to determine
whether the two random effects, genetic cluster and colony nested
within locality, have a significant effect on worker size. To perform the
likelihood ratio tests, we compared the full model to alternative models

with one of the random effect variables excluded.

2.4.6 | Population structure

To assess the genetic structure of sampled populations, we selected
the worker with the least missing data from each colony to carry
out a principal component analysis implemented in Plink v1.90b3.38
(Purcell et al., 2007) and plotted the first two principal components
in R v3.4.0. Using the same dataset, we used ADMIXTURE v1.3.0
(Alexander, Novembre, & Lange, 2009) to infer genetic clusters in
our dataset for K values from 2 to 10.

3 | RESULTS

3.1 | Colony social organization is strongly
associated with SNPs on chromosome 3

By combining an assessment of opposing homozygosity and
identity-by-descent among nestmates, we infer that 24 colonies are
monogynous, 46 are polygynous, and we were unable to assign six
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colonies a putative phenotype (Figure 1a). Within-colony opposing
homozygosity appears bimodal with modes at 0-6 and 60-66 SNPs.
The distribution of values for IBD segment length also appears bi-
modal with modes at 0-1 Mbp and 10-11 Mbp, although the second
mode appears much weaker (Figure 1a).

We discovered five SNPs significantly associated with inferred so-
cial form via GWAS (ax = 0.05). p-Values for four of these loci are well
below the significance threshold at o = 0.01 (Figure 2, Table 1). All four
of these loci can be mapped to the social supergene region in F. selysi,
which is strongly associated with social structure (Purcell et al. 2014).

Among the four SNPs with the strongest association with social
structure, genotype distributions reveal that workers from mono-
gyne colonies are exclusively Sm/Sm, while the polygyne colonies
are almost exclusively Sm/Sp. We find that among all workers, only
one was found with the Sp/Sp genotype—this worker was sampled
from a polygyne colony (Figures 3, S1).

Our estimates of pairwise relatedness for each colony are shown
in Figures 1 and S1. The average pairwise relatedness of colonies
categorized as monogyne is 0.648 (SD = 0.197), and the average re-
latedness of colonies categorized as polygyne is 0.17 (SD = 0.134).
The median relatedness between workers from different colonies
within the same locality was 0.13 and between workers from differ-
ent localities was -0.17, showing that geographic population struc-
ture inflates pairwise relatedness estimates within locality.

3.2 | Knockout gene expression is higher in
polygyne-associated haplotype

A recent study revealed that F. francoueri has two distinct haplo-
types at the gene Knockout, which is located on the social supergene
in F. selysi (Purcell et al., 2021; Brelsford et al. 2020). We refer to
the monogyne-associated variant as Knockout Sm and the polygyne-
associated variant as Knockout Sp. We observed a significant differ-
ence in the expression of the Knockout Sm allele in comparing Sm/
Sm homozygotes and Sm/Sp heterozygotes (Figure 4a). Specifically,
expression of Knockout Sm relative to the control gene was approxi-
mately twice as highinhomozygotes as in heterozygotes, as we would
expect from the copy number difference between the two groups
(linear mixed effects model F1, 33.66 = 10.9, p = 0.0023). Analysis
of fold change in Knockout Sp expression relative to Knockout Sm
expression in each heterozygous worker demonstrated higher ex-
pression of the Sp allele in all individuals, even after accounting for
modest differences in primer efficiency (Figure 4b,c; one sample t-
testt,, = 9.36, p<0.0001; excluding outlier t,, = 17.40, p<0.0001).

3.3 | Colony social organization does not predict
worker size

We used morphological data for 495 individuals from 57 colonies
with at least 6 workers. Social structure did not have a signifi-
cant effect on worker size (linear mixed model t,, 55,00 = ~0.338,
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FIGURE 1 (a) Assessment of social organization by length of IBD segments and opposing homozygosity within a colony. Dashed lines
represent cut-off values for assigning social form based on the distributions of values for opposing homozygosity (30) and IBD segment
length (5 Mbp). Inferred monogynous and polygynous colonies are shown in the bottom right and top left quadrants, respectively, while the
other two quadrants contain ambiguous colonies. Shapes represent inferred social organization based on IBD and opposing homozygosity
(triangles represent polygynous colonies, circles represent monogynous colonies, and diamonds represent ambiguous colonies). Colour
indicates social form determined by evaluating genotypes at the SNPs most significantly associated with inferred social organization; blue
indicates polygynous colonies; and grey indicates monogynous colonies. (b) Pairwise relatedness values for each colony estimated by
polyrelatedness. Colour represents mode of social organization based on opposing homozygosity and IBD in (a); blue indicates polygynous
colonies, grey indicates monogynous colonies, and ambiguous colonies are shown in white. The dotted line represents the median pairwise
relatedness of workers from different colonies within the same locality, and the dashed line represents the median pairwise relatedness of

workers from different localities

p-value = 0.738; Figure 5c). However, model comparison indicated
that worker size differed significantly based on the random effect
colony nested within locality (likelihood ratio test X24,6 = 734,
p<0.0001; Figure 5a), but not based on genetic cluster (likelihood
ratio test XZS‘6 =0, p = 1; Figure 5b).

3.4 | Population structure is independent of
social organization and supergene genotype

Principal components 1 and 2 explain 17.3 and 9.65 per cent of the
variation, respectively, and separate the colonies into three genetic
clusters (Figure 6b). Fifty-seven of the colonies we sampled grouped
within a large cluster including the northernmost populations (low-
est values on PC1). The second largest cluster is represented by 11

colonies from central populations (middle values on PC1), and the
third cluster is represented by eight colonies from the southern
coastal population (highest values on PC1).

Results from Admixture with K = 3 (lowest cross validation error,
Figure S2) show population structure that corresponds with clus-
tering in the PCA (Figure 6). Admixture results based on K values
2-5 are shown in Figure S3. Within genetic clusters and within some
localities (i.e. LCR, HIVA and SJA), colonies with both forms of social
organization are found.

4 | DISCUSSION

Recent evidence points to an ancient origin of some supergenes,
with alternative haplotypes persisting through numerous speciation
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are tightly linked and have identical p-values). (b) all SNPs excluding the 4 most significantly associated SNPs on chromosome 3

TABLE 1 SNPs with the 10 lowest p-values reported by GEMMA polymorphism and supergene variation (Purcell et al., 2021), so our

and false discovery rate adjusted p-values study greatly expands the phylogenetic context of research on su-
FDR adjusted pergene evolution in Formica.
Chromosome Position p-Value p-value Our results indicate that F. francoeuri is socially polymorphic
3 6412530 1.26E-307 3.34E-305 and that social structure in this species is associated with SNPs on
3 6412531 1.26E-307 3.34E-305 chromosome 3. However, in contrast to another well-studied spe-
cies, F. selysi, we find some differences in how supergene genotypes
3 6304361 1.13E-143 2.00E-141
are distributed within colonies and which phenotypes are influenced
8 4197683 6.23823 8.268:21 by the supergene. These findings hint at divergent processes that
14 2763363 2.90E-04 0.031 maintain a conserved supergene and the polymorphic phenotypes it
20 876259 7.63E-04 0.067 influences in individual species.
3 11689706 2.24E-03 0.17 The analyses of worker morphology, population genetic struc-
21 4778164 5.34E-03 0.35 ture and associations of both with social structure suggest that
11 5551192 9.57E-03 0.56 environmental selection gradients may shape the geographic distri-
1 527308 3.18E-01 0.997 bution of social structure and worker size separately in this species.
Moreover, we uncover substantial population genetic structure in
events. However, we still know little about how the function of these this species with a small geographic range.

haplotypes differs across species. In this study, we analysed geno-

type and gene expression data from colonies of F. francoeuri in order

to determine whether this species exhibits polymorphism in colony 4.1 | GWAS and the social supergene
social structure and, if so, whether the phenotype is associated with
the Formica social supergene. This species is not closely related to The SNPs that show the strongest association with variation in so-

other congeneric species with a known association between social cial structure in F. francoeuri are localized on chromosome 3, which
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workers sequenced in a colony (6-8 workers in each colony)

harbours a supergene that influences social structure in other
Formica species (Brelsford et al., 2020). We also find one SNP, on
chromosome 14, that passes the significance thresholds. This may
be a false positive or indicate a locus with a small effect on social
structure. The strong association between alleles on chromosome 3
and inferred social structure suggests that F. francoeuri has a similar
genetic basis for the social polymorphism as F. selysi. Lending fur-
ther support, the Sp allele of the gene Knockout is expressed at a
significantly higher level than the Sm allele in heterozygous F. fran-
coueri workers. Knockout was identified as a candidate gene that may
contribute to social organization based on conserved, haplotype-
specific SNPs that are shared across many Formica species (Brelsford
et al., 2020; Purcell et al., 2021). The low density of RADseq markers
we obtained does not allow us to determine the boundaries of the
supergene in F. francoeuri, but we can estimate that it extends from
at least 4.2 to 11.9 Mbp on chromosome 3, defined by the SNPs
strongly associated with social form in our GWAS and the position
of Knockout. Although no reference genome is available for F. fran-
coeuri, karyotype has remained stable throughout the radiation of
the genus Formica: members of a derived clade of socially parasitic
species tend to have 26 chromosomes while species in the para-
phyletic ‘Serviformica’ group tend to have 27 (Hauschteck-Jungen
& Jungen, 1976). A comparison of linkage maps between F. selysi
(27 chromosomes) and F. exsecta (26 chromosomes) revealed only
one major chromosomal rearrangement genome-wide, and no

rearrangement between the Sm haplotypes of the two species, pro-
viding additional evidence that synteny is highly conserved across
the genus (Brelsford et al., 2020).

Although we find that the genetic architecture of social orga-
nization in F. selysi and F. francoeuri likely shares a common origin
(see also Purcell et al., 2021), F. francoeuri exhibits several important
differences with respect to the distribution of supergene genotypes.
In particular, the near absence of Sp/Sp workers in F. francoeuri sug-
gests that different mechanisms may contribute to the maintenance

of the supergene polymorphism in this species (Table 2).

4.2 | Maintenance of the Formica supergene

If the Sp haplotype confers a green-beard effect or acts as a trans-
mission ratio distorter in F. francoeuri, as has been found in other
ant supergene systems (Avril, Purcell, Béniguel, and Chapuisat 2020;
Ross & Shoemaker 2018; Keller & Ross 1998), this could explain the
low occurrence of Sm/Sm workers in polygynous colonies. However,
it does not explain the near absence of Sp/Sp workers. The rarity of
Sp homozygotes may indicate low viability of workers with this gen-
otype. Along these lines, the Sb haplotype in the socially polymor-
phic ant S. invicta is associated with reduced reproductive success in
males (Fritz et al. 2006, Lawson et al. 2012) and reduced viability of
homozygous gynes and workers (Wang et al. 2013). An absence of
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FIGURE 4 Using gPCR, we calculated the expression levels

of the two alleles at the candidate gene knockout in F. francoeuri
workers. Expression of the Sm allele was about twice as high in
Sm/Sm workers relative to Sm/Sp workers (a, fold change calculated
with reference to the housekeeping gene GAPDH). The Sp allele
exhibits significantly elevated expression relative to the Sm allele
in all heterozygous workers (b and c). In 22 Sm/Sp workers (b), the
fold change of Sp is significantly greater than the null expectation
of equal expression of both alleles, even when we account for
differences in primer efficiency (the red line indicates the expected
Sp fold change if allele expression rates were equal). Panel c shows
the same data as b, excluding the outlier

Sp/Sp workers has also been observed in Formica glacialis (Lagunas-
Robles, Purcell & Brelsford, 2021), although their sample of po-
lygynous colonies was small. This study of F. francoeuri shows that
species may differ in their supergene genotype distributions despite
conservation of the supergene and its association with polymorphic
social organization. Our current data do not allow us to determine
the cause of the paucity of Sp/Sp workers in F. francoeuri but we can
look to both theory and empirical studies that indicate what kinds of
evolutionary dynamics may be taking place.

When large genomic regions are tightly linked, they are subject
to genetic hitchhiking, which reduces the effectiveness of purifying
selection. Low recombination rate can also reduce standing genetic
variation and lead to the accumulation of deleterious mutations and
repetitive elements, gene loss, and other genetic modifications as-
sociated with degeneration (Gutiérrez-Valencia, Hughes, Berdan, &

JournaL of Evolutionary Biology

Slotte, 2021; Jay et al., 2021; Rice, 1987). Some of these signatures
of degeneration are found in the polygyne-associated haplotype of
the S. invicta supergene (Gutiérrez-Valencia et al., 2021; Martinez-
Ruiz, et al., 2020; Stolle, et al. 2019).

Given this context, our data provide circumstantial evidence for
the presence of recessive deleterious alleles on the social supergene
of F. francoeuri. Whether degeneration is occurring in the social su-
pergene region of some species of Formica is as yet unknown.

The mechanisms maintaining the Formica supergene and its as-
sociated phenotypic polymorphisms appear to vary among species.
For example, Sm/Sm eggs laid by heterozygous F. selysi queens fail
to hatch (Avril et al., 2020). The effect is that polygynous F. selysi
colonies are comprised of Sp/Sp and/or Sm/Sp workers and gynes.
Transmission distortion that favours the Sp haplotype and the ad-
vantages of the Sm haplotype (such as unidirectional gene flow from
monogyne to polygyne colonies via Sm males) may contribute to bal-
ancing selection that maintains the polymorphism (Avril et al., 2019).
The maintenance of the S. invicta social supergene may be deter-
mined by similar dynamics, in which the polygyne haplotype con-
fers a green-beard mechanism while recessive lethality and reduced
mating success of males (Lawson et al. 2012; Keller & Ross, 1998)
prevents fixation of the selfish allele. A combination of these mech-
anisms may be at play in F. francoeuri, which lacks Sm/Sm and Sp/
Sp workers in polygynous colonies (Table 2). Comparative analyses
across a broader set of species with differing mechanisms maintain-
ing supergene polymorphisms will allow researchers to broaden con-
clusions about what competing selective forces maintain complex

phenotypes.

4.3 | Knockout & gene expression

We find significant allele-specific expression of the Knockout Sp al-
lele in F. francoeuri heterozygotes. Identifying this expression pattern
adds evidence that Knockout influences colony social organization
in Formica (Brelsford et al. 2020; Purcell et al., 2021). In European
Formica species, Brelsford et al. (2020) detected no differences in
the protein-coding sequence of alternative Knockout alleles. They
proposed that functional differences between individuals with al-
ternative genotypes may depend on differential expression, which is
consistent with the patterns observed in F. francoeuri heterozygotes
(Figure 4). A more comprehensive analysis of Knockout expression
at different developmental stages and in different castes may shed
additional light on the role that Knockout may play in shaping alterna-

tive social structure.

4.4 | Social form inference

From our inference based on identity-by-descent and opposing ho-
mozygosity, we were able to determine the social structure of 70
of 76 colonies. This method of inferring social structure has some
potential sources of error. In addition to the role of occasional
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FIGURE 5 Worker head width by (a)
locality, (b) genetic cluster (see Figure 6c)
and (c) mode of social organization
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genotyping errors that was described in the methods, intermediate
values of opposing homozygosity leading to the six ‘ambiguous’ col-
onies may be produced by biologically relevant causes. For instance,
queens from monogyne colonies may mate with more than one male,
which would decrease IBD values and increase opposing homozygo-
sity relative to singly mated monogyne colonies. Alternatively, two
closely related queens may occasionally form a cooperative nest
(Purcell et al., 2014) which would produce a similar effect. Finally,
if workers drift between monogyne colonies, these may be misclas-
sified as polygyne or ambiguous. Despite these uncertainties about
the mating habits and the relationships of queens in each colony, we
identified a very strong association between supergene genotype
and inferred social structure.

Our estimation of pairwise relatedness within colonies supports
our determination of social form. We find a clear difference in average
pairwise relatedness among workers from colonies we categorized as
monogyne and those we categorized as polygyne. Our estimates of
relatedness among monogyne colonies are near the expected value
of 0.75 for full sibling workers. Some of these monogyne colonies ex-
hibit high variance in pairwise relatedness. This variance may be due
to polyandry, or to sources of error described above. For polygyne
colonies, we expect very low pairwise relatedness among workers.
As a generous example, for a polygyne nest consisting of two sister-
gueens, each mated to only one male, the average relatedness of the

first-cousin workers is approximately 0.19. This hypothetical colony
would contain a mix of full siblings and cousins, resulting in a higher
colony-level relatedness estimate. The average relatedness values we
obtained for all polygyne colonies are lower than what we can expect
in this example. However, the method of estimating relatedness we
implemented is sensitive to population structure, resulting in an over-
estimation of relatedness in our polygyne colonies. We compared
pairwise relatedness among workers from different localities to pair-
wise relatedness among workers from the same locality but different
colonies. We found that relatedness among workers from different
localities is near or below zero, while relatedness among workers
from different colonies in the same locality is similar to the values we
obtained for polygyne colonies (Figure 1b).

4.5 | Phenotype and population genetic structure

Differences in average worker size are not significantly associated
with social form, but instead differ based on sampling locality. Even
so, the average worker size among colonies from most localities is
similar with the exceptions of PIRU and SIST, having the largest and
smallest workers, respectively. The lack of a significant difference
between the workers of polygyne and monogyne colonies contrasts
with findings in other species of Formica and in Solenopsis which
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TABLE 2 A summary of the genotype

distributions in Formica francoeuri and Genotypes Mechanisms affecting worker genotypes
two species used for comparison (Purcell Monogyne Polygyne in polygyne colonies
et al. 2014; Avril et al. 2019; Wang et
al. 2013, Ross 1997) Formica selysi Sm/Sm Sm/Sp, Sp/Sp Maternal effect lethality of Sm/Sm eggs
(when offspring of heterozygous
queen)
Solenopsis SB/SB SB/SB, SB/Sb Sb allele highly deleterious in
invicta homozygotes
Formica Sm/Sm Sm/Sp Potentially deleterious Sp allele, Potential
francoeuri maternal effect lethality of Sm/Sm

describe morphological differences associated with social form
(Schwander et al., 2005; Ross & Keller, 1995; Keller, 1993). Analysis
of worker size between social forms using additional samples from

offspring in polygyne colonies

localities where both social forms are present (e.g. Lytle Creek,
Hidden Valley, San Jacinto) will be more appropriate for disentan-
gling the effect of geographically dependent variation in worker size
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from variation associated with the polygyny syndrome. Additionally,
other aspects of the polygyny syndrome, such as queen body mass,
may be assessed with sampling of alate queens.

The convergence of polymorphic social organization and its
underlying genetic architecture raises questions about the ecolog-
ical and evolutionary importance of supergenes and the traits they
control. It has been suggested that the suite of characteristics that
differ between gynes of alternative social forms is an adaptation to
different ecologies (Liautard and Keller 2001; Purcell et al. 2015).
Alternatively, source-sink dynamics may determine the distribution
of social forms across a heterogeneous landscape, according to the
effects of morphological differences and social strategies (Purcell
et al. 2015). The larger body mass and greater energy reserves of
qgueens of monogyne origin may allow greater dispersal distances
after mating relative to queens of polygyne origin. The ability to
disperse greater distances, combined with higher fecundity and lon-
ger life span (Ross and Keller 1995), may enable more successful col-
onization of suboptimal habitat. While we were unable to assess the
full range of life history traits that make up the polygyny syndrome
in F. francoueri, our examination of worker phenotypes is inconsis-
tent with the polygyny syndrome. In particular, we do not find a cor-
relation between worker size and social organization. Additionally,
elevation is not apparently correlated with social organization, as
is the case in F. selysi (Purcell et al. 2015), given that polygyne col-
onies were found in high proportions at the highest (SGO: 770m)
and lowest (SIST: near sea level) elevation sites and that monogyne
colonies were found at high frequency at the next highest and low-
est elevation sites (WHI: 670m; RCA: 105m). Other as yet unknown
ecological factors may favour each social form in different localities,
however, since F. francoeuri populations frequently contained exclu-

sively monogyne or exclusively polygyne colonies.

5 | CONCLUSION

Previous studies of ant societies have revealed that convergent ge-
netic architecture can contribute to convergence of complex phe-
notypes across broad phylogenetic distances (Purcell et al., 2014;
Wang et al., 2013). More recent studies that focus on closely related
taxa show that supergenes and their associated phenotypes may be
conserved for great lengths of time (Purcell et al., 2021; Brelsford
et al., 2020; Yan et al., 2020). The present study highlights a pecu-
liar example of how the phenotypic effect of a supergene may be
conserved despite apparent differences in the mechanisms that
maintain the polymorphism across species. The similarities and con-
trasts between F. francoeuri and F. selysi hint at the possibility that
the Formica supergene, which is shared in divergent congeneric spe-
cies, will provide unique insights into the causes and consequences

of recombination suppression.
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