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Abstract
The fire ant Solenopsis invicta exists in two alternate social forms: monogyne nests 
contain a single reproductive queen and polygyne nests contain multiple reproduc-
tive queens. This colony-level social polymorphism corresponds with individual dif-
ferences in queen physiology, queen dispersal patterns and worker discrimination 
behaviours, all evidently regulated by an inversion-based supergene that spans more 
than 13 Mb of a “social chromosome,” contains over 400 protein-coding genes and 
rarely undergoes recombination. The specific mechanisms by which this supergene 
influences expression of the many distinctive features that characterize the alternate 
forms remain almost wholly unknown. To advance our understanding of these mech-
anisms, we explore the effects of social chromosome genotype and natal colony so-
cial form on gene expression in queens sampled as they embarked on nuptial flights, 
using RNA-sequencing of brains and ovaries. We observe a large effect of natal social 
form, that is, of the social/developmental environment, on gene expression profiles, 
with similarly substantial effects of genotype, including: (a) supergene-associated 
gene upregulation, (b) allele-specific expression and (c) pronounced extra-supergene 
trans-regulatory effects. These findings, along with observed spatial variation in dif-
ferential and allele-specific expression within the supergene region, highlight the 
complex gene regulatory landscape that emerged following divergence of the inver-
sion-mediated Sb haplotype from its homologue, which presumably largely retained 
the ancestral gene order. The distinctive supergene-associated gene expression tra-
jectories we document at the onset of a queen’s reproductive life expand the known 
record of relevant molecular correlates of a complex social polymorphism and point 
to putative genetic factors underpinning the alternate social syndromes.
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1  | INTRODUC TION

Supergenes are regions of the genome that contain multiple genes 
held in strong linkage disequilibrium due to severely restricted 
recombination (Schwander, Libbrecht, & Keller, 2014). They are 
often formed by chromosomal rearrangements, such as inversions, 
which inhibit crossing over during meiosis, thereby facilitating 
the preservation of favourable allelic combinations across numer-
ous loci (Faria, Johannesson, Butlin, & Westram, 2019; Schwander 
et al., 2014). Chromosomal rearrangements are fundamental to 
sex chromosome evolution (Hoffmann & Rieseberg, 2008; White, 
Kitano, & Peichel, 2015) and are now recognized as taxonomically 
widespread, evolutionarily significant mediators of complex trait 
variation (Faria et al., 2019; Schwander et al., 2014; Wellenreuther 
& Bernatchez, 2018). For example, supergenes have been discov-
ered that determine variation in social behaviour, sexual dimorphism 
and dispersal strategies in animals as diverse as insects (Purcell, 
Brelsford, Wurm, Perrin, & Chapuisat, 2014; Wang et al., 2013), birds 
(Küpper et al., 2016; Lamichhaney et al., 2015; Tuttle et al., 2016) 
and fishes (Kirubakaran et al., 2016; Pearse et al., 2019).

Despite their acknowledged role in facilitating the evolution 
of complex trait polymorphisms, supergenes are not without evo-
lutionary costs. Diminished recombination and resulting linkage 
disequilibrium within supergenes are expected to impede the abil-
ity of selection to act on individual mutations, with the result that 
spread of beneficial mutations and elimination of deleterious ones 
are constrained by the genetic background on which they arise (Hill-
Robertson interference; Hill & Robertson, 1966; Wang et al., 2013). 
The subsequent reduction in the efficacy of natural selection typi-
cally culminates in some level of degeneration of the nonrecombin-
ing region, usually manifested as accumulation of fixed deleterious 
mutations, loss of genetic diversity, suppression of gene expres-
sion, gene deletion and/or proliferation of transposable elements 
(Bachtrog et al., 2011; Stolle et al., 2019; Tuttle et al., 2016). Thus, 
the complex makeup of supergenes as mosaics of tightly linked 
adaptive, neutral and even deleterious genetic variants makes dis-
section and elucidation of their genotype to phenotype map espe-
cially challenging.

The fire ant Solenopsis invicta displays naturally occurring vari-
ation in fundamental, ecologically important traits comprising two 
social syndromes (monogyny and polygyny) that collectively are 
under the control of a supergene (Wang et al., 2013). The epony-
mous difference in the syndromes is the number of reproductive 
(egg-laying) queens in a colony, with colonies of the monogyne form 
containing only a single reproductive queen and colonies of the po-
lygyne form containing few to many queens (Gotzek & Ross, 2007; 
Tschinkel, 2006). The difference in queen number corresponds to 
differences in numerous individual-level attributes including: the 
extent of energy reserves, types of dispersal behaviours and re-
productive ontogenies of young queens (DeHeer, 2002; DeHeer, 
Goodisman, & Ross, 1999); the fecundity of mature reproductive 
queens (Fletcher, Blum, Whitt, & Temple, 1980; Tschinkel, 2006); 
and the form of worker discrimination directed toward queens 

attempting to join a colony (Keller & Ross, 1998). The S. invicta su-
pergene regulating social form arose with the appearance of mul-
tiple adjacent chromosomal inversions that span more than 13 Mb 
of DNA on the “social chromosome” and include over 400 mapped 
protein-coding genes (Huang, Dang, Chang, Wang, & Wang, 2018; 
Wang et al., 2013; Yan et al., 2020). Recombination is dramatically 
reduced between the inverted region of the social chromosome 
(denoted as the Sb haplotype) and its homologues that show syn-
teny with the presumed ancestral haplotype (denoted SB) (Stolle 
et al., 2019; Wang et al., 2013; Yan et al., 2020). Moreover, Sb/Sb 
homokaryotypes (homozygotes) in the invasive US range effectively 
do not survive to reproduce (Hallar, Krieger, & Ross, 2007); thus, like 
the mammalian Y-chromosome, recombination is strongly reduced 
between variants of the Sb haplotype as well as between the Sb and 
SB haplotypes. The entirety of the fire ant supergene can be charac-
terized as an enormous, complex genomic module that collectively 
regulates colony social form and allied traits while propagating es-
sentially via simple Mendelian inheritance (Keller & Ross, 1998; Ross 
& Shoemaker, 2018; Wang et al., 2013).

Despite a recent surge of interest in the importance of super-
genes in regulating complex trait variation (Schwander et al., 2014; 
Wellenreuther & Bernatchez, 2018), progress in disentangling the 
functional mechanisms by which they exert their phenotypic effects 
has been slow. As suggested above, supergenes may harbour rela-
tively few genes with direct functional effects on adaptive traits that 
reside in a sea of elements with neutral or even deleterious fitness 
consequences, and identification of such loci is complicated by the 
strong linkage disequilibrium observed across the supergene region. 
Moreover, supergene-associated traits may be regulated by a com-
bination of protein structural variants and variant DNA regulatory 
elements, necessitating careful investigation and evaluation of the 
role of each type, as well as possible joint effects (e.g., allele-spe-
cific expression of protein-coding genes). In S. invicta, recent studies 
have defined the specific inversion breakpoints in the Sb haplotype 
(Huang et al., 2018; Yan et al., 2020) and have begun to character-
ize protein sequence divergence between the Sb and SB haplotypes 
in both the invasive US range (Pracana, Priyam, Levantis, Nichols, 
& Wurm, 2017) and native South American range (Yan et al., 2020). 
However, fundamental questions remain as to how differences 
between the supergene haplotypes, ranging in scope from single 
nucleotide polymorphisms, to copy number variants and to major 
structural rearrangements, influence gene regulation and induce al-
ternate complex social phenotypes (Fontana et al., 2020; Gotzek & 
Ross, 2007; Huang & Wang, 2014).

To explore in greater detail the genotype to phenotype relation-
ship between the Sb supergene haplotype and the fire ant polygyne 
syndrome, we generated and analysed RNA-sequencing (RNA-seq) 
data from brains and ovaries of individual, sexually mature, simi-
larly aged unmated queens (gynes) of both social forms of S. invicta. 
Organ-specific sampling was used to minimize the effects of variable 
tissue composition, with brains and ovaries targeted because they 
are probably the primary organs mediating the behavioural and re-
productive differences between the social forms. Samples of gynes 
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with all three social chromosome genotypes (SB/SB, SB/Sb and Sb/Sb) 
were included in our experiment (Figure 1), which is noteworthy by 
virtue of inclusion of the rare gynes from polygyne nests bearing ei-
ther homozygous genotype. We focus on gene expression effects of 
the two most conspicuous factors relevant to fire ant social organi-
zation: an individual’s social chromosome (supergene) genotype and 
its natal colony social form (developmental environment).

2  | MATERIAL S AND METHODS

2.1 | Alate queen (gyne) collection

Young Solenopsis invicta gynes exhibit distinct rates of sexual and re-
productive maturation depending on social chromosome genotype 
(Nipitwattanaphon, Wang, Dijkstra, & Keller, 2013); these gynes 
do not attempt to leave their natal nest on mating flights until they 
are fully sexually mature. We collected gynes embarking on mating 
flights in the field to achieve physiological matching across geno-
types, colonies and forms based on maturity rather than strict age-
matching (Figure 1), although, based on the colony phenologies and 
weather conditions at the collection locale in spring 2015 in Athens-
Clarke Co. (Georgia, USA), it is doubtful that any sampled gynes 

differed by more than a couple of weeks in age from one another. 
Alate (winged) gynes were aspirated from the tops of mounds and 
frozen on dry ice in the field in and around Athens-Clarke Co. on days 
of mating flights in April 2015. Alate gynes were collected from poly-
gyne nests at three sites (four nests from 33°55′18″N, 83°21′2″W, 
three nests from 33°54′48″N, 83°20′46″W, and one nest from 
33°54′36″N, 83°20′6″W), and from eight monogyne nests at one 
site (33°42′17″N, 83°16′53″W). All samples were stored at −80°C 
pending further processing. We processed a total of eight gynes 
from as many monogyne colonies and three gynes each (one of each 
genotype) from eight polygyne colonies.

2.2 | Sample genotyping

RNAlater-ICE (Thermo Fisher Scientific) was added to tubes holding 
the frozen gynes, which were submerged for >24 hr at −20°C. Gynes 
from polygyne colonies then were sorted by size in a Petri dish on top 
of dry ice. The smallest gynes were selected as prospective Sb/Sb, me-
dium as SB/Sb and the largest as SB/SB, based on prior data on the 
association of gyne mass with Gp-9 genotype (DeHeer et al., 1999). 
Legs were removed for DNA extraction and genotype confirmation, 
then bodies were stored at −80°C until dissection and RNA extraction. 

F I G U R E  1   Experimental design. Monogyne and polygyne Solenopsis invicta colonies differ in the number of reproductive queens. 
This difference is affiliated with an inversion-based supergene haplotype on the social chromosome (chromosome 16) denoted as Sb; 
the homologous region is designated SB. Monogyne colonies produce only SB/SB gynes (unmated winged queens), which are relatively 
high in weight upon sexual maturity. Polygyne colonies produce (i) SB/SB gynes, which are slightly lighter than monogyne SB/SB gynes at 
maturity, (ii) SB/Sb gynes, which are of intermediate weight, and (iii) Sb/Sb gynes, which are low in weight. Monogyne-derived SB/SB gynes 
fly to a high altitude to mate and independently (claustrally) found a new colony upon landing. The relatively rare polygyne-derived SB/SB 
gynes evidently do the same, although empirical evidence for this is lacking (denoted by a question mark; see Shoemaker & Ross, 1996). 
Polygyne SB/Sb gynes fly lower to the ground and attempt to enter and join an existing colony after flying. Polygyne Sb/Sb gynes depart on 
mating flights but rarely survive them. Gynes of each type were collected as they left their nests on mating flights; their brains and ovaries 
subsequently were dissected for RNA-seq
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DNA was extracted using a Puregene DNA isolation kit (Qiagen). To 
obtain the social chromosome genotype of each gyne from presumed 
polygyne colonies, a Gp-9 PCR (polymerase chain reaction) assay was 
performed (Valles & Porter, 2003). The presence of gynes with SB/Sb 
and Sb/Sb genotypes also confirmed colony social form of polygyne 
colonies because only polygyne colonies contain individuals with the 
Sb haplotype (for which the Gp-9b allele is fully diagnostic). To confirm 
social form of the monogyne colonies from which gynes were sam-
pled, 15–20 individuals (mix of workers and alate gynes) were collected 
from each colony and the same Gp-9 PCR assay was performed. All 
gynes sampled from polygyne colonies were genotyped at 9–13 previ-
ously described polymorphic microsatellite loci (Ascunce, Bouwma, & 
Shoemaker, 2009). These microsatellite data revealed that no sampled 
individuals were triploid (Krieger, Ross, Chang, & Keller, 1999) and that 
no sampled nestmates were siblings (Data S1).

2.3 | Organ dissection

Gynes were dissected under an Olympus SZ61 stereomicroscope. 
After making an opening in the cuticle on the back of the head, a minu-
tin probe was used to free the brain from the head capsule. The major-
ity of tracheae and glands were removed from each brain; however, 
some traces of tracheae and possibly residual gland material remained. 
The ovaries were extricated from the hindgut, and any Malpighian tu-
bules present were removed, along with some excess fat body. Due to 
the extensive tracheal intrusion in the ovaries, removing all traces of 
tracheae and fat body from the ovaries was not feasible. Tissues were 
stored at −20°C in RNAlater-ICE until RNA extraction.

2.4 | RNA extraction, library 
preparation and sequencing

RNA was extracted from brains using the RNeasy Micro Kit and from 
ovaries using the RNeasy Mini Kit, both with DNase treatment (Qiagen). 
Extracted total RNA integrity and concentration were evaluated for 
every sample on an Agilent 2100 bioanalyser (Data S1). Illumina se-
quencing libraries were prepared following the Smart-seq2 protocol 
(Picelli et al., 2014), which was developed for low-input RNA-seq ap-
plications. Based on bioanalyser readings, ~1.2 ng of total RNA was 
used to make each brain library and ~3.6 ng of total RNA was used to 
make each ovary library (Data S1). Samples were barcoded and pooled 
prior to sequencing at the Georgia Genomics and Bioinformatics Core 
(Athens, GA) on an Illumina NextSeq instrument to produce 75-bp 
single-end reads. We sequenced all brain samples on one high-output 
flow cell and all ovaries on a second high-output flow cell.

2.5 | Quality control and read alignment

Most rRNA presumably was removed during RNA-Seq library 
preparation by poly-A mRNA isolation in the Smart-seq2 protocol. 

Nonetheless, any reads in our data that aligned to Myrmecia cro-
slandi (Australian bull ant) 18S rRNA, 5.8S rRNA or 28S rRNA 
genes were removed using blat (version 3.5). The remaining 
reads were trimmed with trimmomatic version 0.32 (TRAILING:3, 
LEADING:3, SLIDINGWINDOW:4:15, MINLEN:36) (Bolger, Lohse, 
& Usadel, 2014). Reads were aligned to S. invicta assembly gnG 
(NCBI accession GCF_000188075.1, generated from an SB male) 
using star version 2.5.3a (Dobin et al., 2013; Wurm et al., 2011). We 
used previously published linkage mapping information to determine 
which scaffolds mapped to each linkage group as well as to the Sb 
supergene (Pracana, Priyam, et al., 2017; Wang et al., 2013). One 
SB/SB polygyne ovary sample (104DO) was removed from further 
analysis due to excessively low mapping (~0.9% uniquely mapped 
reads) (Data S1). In addition, we resequenced two libraries that had 
lower than expected numbers of sequenced reads (239AB and 1EB). 
After alignment, we had between 10 million and 31 million uniquely 
mapped reads available for each sample (Data S1).

2.6 | Differential expression analysis

Aligned reads were mapped to the NCBI annotation release 100 
RefSeq gene models using the FeatureCounts function from the 
rsubread package (Liao, Smyth, & Shi, 2013). Genes were filtered 
from the analysis if fewer than eight libraries had a counts-per-
million (CPM) >10/9 at that locus (more than 10 reads per 9 million 
reads globally aligned to features, which is around the total reads 
mapped to features in our lowest coverage library). This decreased 
the possibility of inferring differential expression from structured 
background noise. The data were then analysed using two statistical 
approaches in edger (Robinson, McCarthy, & Smyth, 2009)—a “mul-
tifactorial model” and a “pairwise model.” The multifactorial-model 
parameters included social form, organ type, social chromosome 
genotype, and a covariance term for organ and genotype. We used 
this model to ask broad questions about our data while making use 
of all of the information from all of our samples. The pairwise com-
parisons simply treated each sample type (polygyne SB/SB brain, po-
lygyne SB/Sb brain, etc.) as an independent treatment for analysing 
specific differences between two types. For each approach, genes 
were considered differentially expressed if they exhibited a false 
discovery rate (FDR)-corrected p-value <.01. Each comparison was 
visualized using volcano plots with a custom script using the ggplot2 
R package (Villanueva & Chen, 2019).

Overlap of significant differences for various comparisons was 
visualized using upsetr (Conway, Lex, & Gehlenborg, 2017). Next, 
candidate gene categories were further refined by classifying genes 
as “ovary-specific,” “brain-specific” or “Sb/Sb-specific” if they exhib-
ited an FDR-corrected p-value <.01 in the relevant comparisons (e.g., 
ovary SB/SB versus SB/Sb and ovary SB/SB versus Sb/Sb in the ova-
ry-specific category) while also exhibiting an FDR-corrected p-value 
>.1 in the other categories (e.g., brain SB/SB versus SB/Sb and brain 
SB/SB versus Sb/Sb in the ovary-specific category). We note that 
genes that exhibit brain- or ovary-specific expression differences in 
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our study, as well as those that do not, may exhibit differential ex-
pression in unsampled tissues. Visualization of the genomic location 
of differentially expressed genes (DEGs) was performed using karyo-
ploter (Gel & Serra, 2017).

2.7 | Allele-specific expression analysis

To perform allele-specific expression analysis, we generated a 
high-confidence set of haplotype-specific single nucleotide poly-
morphisms (SNPs) from our RNA-seq data following a previously 
described protocol (Auwera et al., 2013). In short, we performed 
a two-pass alignment of the reads using star (Dobin et al., 2013), 
formatted the reads for gatk using picard (Broad Institute, 2009), 
then identified variants using the gatk haplotypecaller (Auwera 
et al., 2013). We utilized our homozygous samples (SB/SB and Sb/Sb) 
to retain only those variants that consistently differentiated SB and 
Sb haplotypes. We removed Sb variants that were found as poly-
morphisms in the SB population as well as those that were found in 
fewer than three Sb/Sb samples. A total of 3,994 SNPs diagnostic for 
the Sb and SB haplotypes remained following this procedure (Data 
S2). We then n-masked the genome for these variants using bedtools 
(Quinlan & Hall, 2010) to eliminate any alignment bias and re-aligned 
the heterozygous SB/Sb samples to the masked genome using the 
two-pass method in star (Dobin et al., 2013). The gatk asereadcoun-
ter function was used to generate a per-SNP count matrix for SB/Sb 
samples (Auwera et al., 2013), which were mapped to genes using 
bedtools intersect. Both the SNP-level and gene-level allele-specific 
expression counts were next passed to edger and fit to a model with 
variance terms for organ, allele, and a covariance term for organ and 
allele effects (McCarthy, Chen, & Smyth, 2012). Genes and SNPs 
were considered to display significant allele-specific expression if 
the FDR-corrected p-value was <.01. Visualization of the genomic 
location of SNPs displaying significant allele-specific expression 
was performed using karyoploter (Gel & Serra, 2017). The overlap 
between genes displaying differential expression and allele-specific 
expression results was visualized using upsetr (Conway et al., 2017).

3  | RESULTS

3.1 | Effects of social chromosome genotype on 
gene expression

To analyse the effect of the supergene-bearing social chromosome’s 
genotype on gene expression patterns in Solenopsis invicta gynes, 
we first utilized a generalized linear model (GLM) accommodating 
variance due to the experimental factors (natal social form, tissue 
type, genotype, and covariation between tissue type and genotype) 
in our RNA-seq data (multifactorial model). We found that the differ-
ent social chromosome genotypes are associated with many highly 
significant differences in gene expression independent of tissue 
type, and that presence of the inversion-based Sb haplotype leads 

to a relative increase in gene expression at most of the significantly 
affected loci (FDR < 0.01; Figure 2a,b; Figure S1). This pattern is 
particularly prominent in the SB/SB versus SB/Sb comparison, where 
94% of the DEGs are upregulated in heterozygous gynes relative to 
homozygous SB/SB gynes (Figure 2a; Figure S1). It is less pronounced 
in the SB/SB versus Sb/Sb comparison (66% of DEGs are upregulated 
in Sb/Sb individuals), although there are more than double the num-
ber of DEGs in this comparison (as expected given the greater differ-
ence in Sb copy number in the latter versus the former comparison; 
Figure 2b; Figure S1). These data are consistent with a scenario in 
which the Sb haplotype drives widespread upregulation of gene ex-
pression, but such a mechanism would appear to be moderated in 
the absence of a copy of the SB haplotype.

We next tested for organ- and genotype-specific effects of the 
supergene using pairwise comparisons exclusively between poly-
gyne-reared individuals. We observed identical numbers of signifi-
cant DEGs in the brains and ovaries in comparisons of SB/SB versus 
SB/Sb gynes (42 DEGs in each; FDR < 0.01; Figure 2c; Figure S1). 
More than double this number was observed in both organs in 
the SB/SB versus Sb/Sb comparisons, again as expected given the 
greater difference in Sb copy number in the latter comparison, with 
the highest number of such DEGs occurring in the ovaries (Figure 2c; 
Figure S1). Functional enrichment for Gene Ontology (GO) terms sel-
dom was observed for these comparisons, but this could be due in 
part to the lack of functional information for many genes in the S. 
invicta genome (Data S3).

We observed a strong bias in the localization of DEGs to the 
supergene region in the comparisons of different social chromo-
some genotypes (Figure 2d). More than a quarter of these DEGs 
occur within the supergene region despite this region accounting 
for only 4% of mapped gene space in our assembly (χ2-test; p < .01). 
Moreover, we observed distinct patterns of allelic dominance with 
respect to social chromosome genotype for DEGs within the su-
pergene region as compared to the rest of the genome (Figure S3, 
Watson's two-sample test of homogeneity, p < .05). These results 
suggest that cis-regulatory divergence is an important outcome of 
sequence divergence between the Sb and SB supergene haplotypes. 
However, we also observed widespread trans-acting effects of Sb 
presence, with between 49% and 78% of DEGs attributable to so-
cial chromosome genotype located outside of the supergene region 
(Figure 2d; Figure S2). This is noteworthy because, while the Sb and 
SB supergene regions rarely undergo recombination and conse-
quently bear many fixed genetic differences, the remainder of the 
genome recombines freely and shows minimal sequence differentia-
tion between males bearing or lacking Sb (Yan et al., 2020).

3.2 | Effects of natal social form on gene expression

Monogyne and polygyne colonies of S. invicta differ in many ways 
other than colony queen number, for example adult worker to brood 
ratios, dispersion and connectivity of nests, and population densi-
ties (Tschinkel, 2006). The cuticular semiochemical profiles and 
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reproductive capacity of queens differ between the two forms, 
presumably driven largely by their social chromosome genotypes 
(DeHeer, 2002; Eliyahu, Ross, Haight, Keller, & Liebig, 2011), yet in-
direct genetic effects stemming from the different supergene com-
positions of the colony worker force in the two forms also potentially 
affect the phenotypes of developing gyne offspring, independently 
of gyne genotype. For example, substantial effects of the social de-
velopmental environment on gene expression were previously ob-
served in workers of S. invicta colonies (Wang, Ross, & Keller, 2008). 
Thus, we expected to see differences in gene expression between 
gynes reared in these very different types of societies even if they 
possess the same social chromosome genotype. In our multifactorial 
model analysis, we indeed observed a pattern of differential expres-
sion in response to natal social form similar to that reported by Wang 

et al. (2008) for workers, with the majority of DEGs exhibiting higher 
expression in polygyne individuals (296/330 DEGs higher in samples 
from polygyne colonies; Figure 3a; GO term enrichment of DEGs 
in Data S3). These multifactorial comparisons utilize the previously 
mentioned GLM which accounts for variation in supergene genotype 
when computing differential expression due to social form but it is 
possible that the presence of multiple supergene genotypes in the 
polygyne form compared to the single genotype in monogynes may 
contribute to this differential expression patterning. Pairwise com-
parisons of specific tissues from SB/SB gynes from different natal 
colony types (monogyne or polygyne) revealed only 22 social form-
dependent DEGs at a stringent statistical threshold (FDR < 0.01), 
and these were confined to brains (Figure 3b). Despite the lack of 
significant differential expression in ovaries based on colony social 

F I G U R E  2   Supergene-mediated differential gene expression. (a) Volcano plot of gene expression differences between SB/SB and SB/Sb 
gynes, independent of organ and social–environment effects (multifactorial model). Aqua dots represent statistically significant differences 
(FDR < 0.01). (b) Volcano plot of gene expression differences between SB/SB and Sb/Sb gynes. (c) UpSet plot showing organ-specific 
patterns of differential gene expression associated with differences in social chromosome genotype in polygyne-reared gynes. The pattern 
of genes common to different comparisons is indicated by the dots below the vertical bar plot. Numbers in parentheses indicate the genes 
remaining in a category after elimination of cusp cases (genes with FDR = 0.01–0.1 in other contexts, described in Methods). (d) Heatmap of 
the distribution of differentially expressed genes across the linkage-mapped genome in polygyne-reared gynes. The region spanned by the 
lg16 Sb supergene is marked in green. Labels to the right of the heatmap refer to candidate genes in each of the categories described in (c)
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form alone, we did observe an apparent synergistic effect between 
natal colony social form of origin and social chromosome genotype 
on differential expression. We observed 43 DEGs between ovaries 
of SB/SB and SB/Sb individuals when both were reared in polygyne 
colonies, but this increased to 205 DEGs when polygyne-reared 
SB/Sb individuals were compared to monogyne-reared SB/SB indi-
viduals (Figure 3c).

3.3 | Allele-specific expression in the 
supergene region

The high proportion of genes upregulated in SB/Sb heterozygotes 
relative to SB/SB homozygotes that occur within the supergene re-
gion can be explained by two potential mechanisms operating within 

SB/Sb individuals: (a) elevated expression of the Sb alleles relative to 
alleles from the SB homologous region, or (b) a relatively balanced 
increase in the expression of both the Sb and SB alleles. Elevated 
expression of Sb alleles would be consistent with differences in SB 
and Sb chromatin structure, mutations in supergene regulatory ele-
ments that disproportionately influence Sb-linked alleles in cis, or the 
presence of Sb-specific paralogues (Fontana et al., 2020). A balanced 
increase in SB and Sb alleles would be consistent with Sb-induced 
activation of regulatory elements that can interact with both alleles 
of a gene, or with Sb-induced chromatin remodelling that extends to 
both alleles. To distinguish between these mechanisms, we evaluated 
allele-specific expression (ASE) in heterozygotes at genes within the 
supergene region by means of diagnostic SNPs (SB vs. Sb, derived 
from our RNA-seq data). Our analysis identified 29 genes (of the 
222 with sufficient diagnostic SNP coverage) exhibiting significant 

F I G U R E  3   Effects of social form 
on gene expression. (a) Volcano plot 
of gene expression differences due to 
differences in social form of origin of each 
gyne across all three social chromosome 
genotypes and both organs (multifactorial 
model). Euler diagrams of the number 
of DEGs common to different pairwise 
comparisons are shown for brains (b) 
and ovaries (c). The prefixes “m” and “p” 
denote the natal social form of origin 
of gynes (monogyne and polygyne, 
respectively)
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ASE (FDR < 0.01, Figure 4a; Data S2). Notably, we observed similar 
frequencies of significant ASE for the SB- and Sb-linked alleles, as 
reported previously in S. invicta using a more limited experimental 
design (Wang et al., 2013). However, of the nine genes that exhibit 
significantly elevated expression in SB/Sb relative to SB/SB gynes, six 
also exhibit significant Sb ASE (Figure 4b), providing support for the 
importance of elevated expression of the Sb alleles relative to alleles 
from the SB homologous region. The remaining three such genes 
exhibit differential expression without significant ASE (Figure 4b), 
serving as examples of relatively balanced upregulation of SB- and 
Sb-linked alleles in heterozygotes.

Our analysis of ASE within the supergene region of the genome 
allowed us to investigate putative SB dosage compensation in het-
erozygous individuals. Genes subject to such dosage compensation 
are expected to lack significant differential expression between 
SB/SB and SB/Sb gynes (FDR > 0.01) but to exhibit significant SB 
allele-specific overexpression (p < .01). We identified 12 such genes 
(Data S2), raising the prospect that SB dosage compensation oper-
ates at these loci, possibly due to diminished functionality of the ho-
mologous Sb variants.

3.4 | Heterogeneity of differential expression in the 
supergene region

To gain insight into the regulatory topology of the supergene region, 
we assessed whether DEGs and genes with ASE are distributed uni-
formly throughout the supergene region or located in discernible 
clusters. Plots of gene expression pattern by social chromosome 
position qualitatively illustrate that genes exhibiting either type of 

differential expression are widespread yet spatially clustered ac-
cording to effect within the supergene region (Figure 5; Figure S5, 
Data S2).

To illustrate the contrasting patterns of gene regulation ob-
served within the fire ant supergene, we assigned genes to two ex-
emplary regions. The first contains loci that exhibit a high degree 
of SB allele-specific expression coupled with enrichment of SB/SB-
elevated expression in the SB/SB versus Sb/Sb comparisons (73% 
SB/SB-biased DEGs in “region 1” vs. 34% SB/SB-biased DEGs glob-
ally; Fisher’s exact test, p < .01); the second is characterized by Sb 
allele-specific expression coupled with elevated expression in het-
erozygotes and Sb homozygotes relative to SB homozygotes (“region 
2”; Figure 5). This heterogeneous pattern remains evident when our 
analyses are repeated using a recently published, improved genome 
assembly (Figure S5, Data S4; Yan et al., 2020). The appearance of 
these distinct regions shows that supergene haplotype divergence 
has generated complex, nonuniform changes in the transcriptional 
landscape.

3.5 | Candidate genes associated with polygyny

To glean functional insights into the molecular regulation of colony 
social form in S. invicta, we grouped strongly supported DEGs by pat-
terns of differential expression into four categories: (a) those with 
expression differences between polygyne-reared SB/SB and SB/Sb 
gynes that were brain-specific, (b) those with differences between 
gynes of these same classes that were ovary-specific, (c) those 
with differences between SB/SB and Sb/Sb gynes but not SB/SB 
and SB/Sb gynes, independent of natal social form or organ type 

F I G U R E  5   Spatial patterns of differentially expressed genes (DEGs) and allele-specific expression (ASE) within the supergene. The social 
chromosome (chromosome 16) physical map is shown at the bottom, with the supergene location marked in green above it. Additionally, 
we delineate the inversion breakpoints found in Huang et al. (2018) using purple, gold and red bars above the supergene region. (a) ASE 
of significant individual SNPs (FDR < 0.01), with olive dots representing elevated SB-linked expression and blue dots elevated Sb-linked 
expression. Heatmaps shown at the upper and lower margins of (a) represent densities of SNPs that display SB or Sb ASE, respectively. 
Significant DEGs (FDR < 0.01) identified in two comparative contexts are represented in (b) and (c), with genes upregulated in the presence 
of Sb marked by aqua dots and genes upregulated in SB/SB marked by gold dots (multifactorial model). Heatmaps of DEG density across 500-
kb windows are shown at the upper and lower margins of (b) and (c). The y-axes indicate log2 fold-difference in expression and the size of the 
dots indicates the FDR-corrected p-value. The upper heatmaps in (b) and (c) represent SB/SB-upregulated genes, while the lower heatmaps 
represent S_/Sb-upregulated genes. Region 1, demarcated by yellow dotted lines, delineates a hotspot of SB-linked expression; Region 2, 
demarcated by blue dotted lines, delineates a hotspot of Sb-linked expression
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(Sb/Sb-specific), and (d) those with differences in all comparisons of 
Sb-supergene presence/absence, independent of natal social form 
or organ type (constitutive). We hypothesized that brain-specific 
DEGs would exist because of the dramatically different dispersal, 
mating and colony-founding behaviours of gynes bearing or lacking 
the supergene. Similarly, we hypothesized that ovary-specific DEGs 
would exist because of the dramatic differences in rates of ovary 
development and associated physiological processes (e.g., fat and 
storage protein deposition) of young queens of different supergene 
status. Given the effective lethality of the Sb/Sb genotype in gynes 
(Hallar et al., 2007), we expected that genes differentially expressed 
solely in the SB/SB–Sb/Sb comparisons might give some indications 
as to the molecular causes of the recessive lethal effect. Finally, the 
genes always differentially expressed when comparing individuals 
with and without the Sb haplotype, given their ubiquitous differen-
tial expression, are prime candidates for drivers of the multifaceted 
Sb-mediated polygyne phenotype. A list of genes in each category is 
presented in Table 1 (a complete description of expression statistics 
for each gene and a table of genes that appeared as DEGs in multiple 
analyses but do not fit into one of our four candidate gene categories 
is provided in Data S2).

4  | DISCUSSION

Our experimental design utilizes samples from two organs and the 
full breadth of social chromosome genotypes and social forms to 
provide a high-resolution snapshot of the transcriptomic effects of 
these factors in fire ants, with the aim of exploring the direct and in-
direct genetic effects of a supergene implicated in regulating colony 
social organization. Our focal samples, young queens (gynes) em-
barking on nuptial flights, represent one of the most relevant com-
binations of caste and life stage on which to conduct such a study. 
These potential future reproductives were collected while engaged 
in a pivotal activity that immediately precedes nest founding (mono-
gyne form) or joining (polygyne form), thus marking the initiation of 
a queen’s reproductive life. Fire ant males are short-lived and appear 
to play no meaningful role in colony social life. Workers, on the other 
hand, play a critical role in the functioning of the colony as well as in 
the acceptance or rejection of queens seeking entry into polygyne 
nests, but are obligately sterile. Inclusion of SB/SB gynes from both 
monogyne and polygyne colonies facilitates direct comparison of 
the gene regulatory consequences of the contrasting developmental 
environments of the two colony types, while sampling two organs 
of particular relevance to the alternate social syndromes (brains 
mediating queen dispersal/nest-founding behaviours and ovaries 
enabling reproduction) from individual ants, with appropriate bio-
logical replication, allows us to begin linking individual facets of the 
complex phenotype of polygyny to putative genetic mechanisms. 
Expression profiling of two organs also provides the opportunity to 
screen for loci with putative constitutive regulatory effects, that is, 
genes differentially expressed in multiple cellular contexts and thus 
possibly mediating body-wide effects of Sb. Finally, inclusion of the 

rare homozygous Sb/Sb genotype allows exploration of the potential 
genetic causes of the documented, presumably endogenous effec-
tive lethality of this genotype.

4.1 | The genome-wide perspective

Considering the striking number of individual- and colony-level dif-
ferences between the monogyne and polygyne forms of S. invicta—
e.g., in worker behaviour towards queens, queen cuticular chemical 
profiles and reproductive trajectories, worker gene expression pat-
terns, and many other biological features (Eliyahu et al., 2011; Keller 
& Ross, 1998; Trible & Ross, 2016; Wang et al., 2008)—we predicted 
that differences in the social environment in which gynes are reared 
would be reflected in gene expression differences well beyond those 
that can be explained by social chromosome genotype alone. We ob-
served hundreds of genes differentially expressed in the multifacto-
rial model that includes polygyne-reared individuals of all genotypes 
and both tissues. This is contrasted against our tissue-specific, pair-
wise comparisons, which revealed only 22 social-form DEGs in the 
brain and none in the ovaries (Figure 3b,c). Interestingly, compari-
son of the ovaries of polygyne-reared SB/Sb gynes and monogyne-
reared SB/SB gynes at a stringent statistical cutoff (FDR < 0.01) 
yielded more than four times the DEGs of the comparison with 
polygyne-reared SB/SB gynes (Figure 3). This result mirrors the pre-
viously observed small, but statistically significant, higher weight of 
monogyne-reared, as compared to polygyne-reared, SB/SB gynes (all 
SB/SB gynes, however, are far heavier than polygyne-reared SB/Sb 
or Sb/Sb gynes; DeHeer et al., 1999). Gyne weight in fire ants re-
flects amount of storage reserves accumulated during sexual matu-
ration and profoundly affects prospects for successful independent 
founding (e.g., the ability to produce workers solitarily), versus col-
ony joining, as an individual reproductive strategy (DeHeer, 2002). 
Our gene expression results point to an interaction between the 
effects of natal colony type and supergene-mediated gene regula-
tion that is superimposed on the effect of natal colony type alone 
(DeHeer, 2002).

We predicted that gene expression differences associated with 
social chromosome genotype would preferentially involve genes lo-
cated within the supergene region (Nipitwattanaphon et al., 2013; 
Wang et al., 2013). The reason is that extensive sequence diver-
gence exists between the Sb and SB haplotypes of the supergene in 
US populations of S. invicta (estimated at 1.4 SNPs per kb; Pracana, 
Priyam, et al., 2017; Wang et al., 2013), contrasted with the rest of 
the genome, which recombines freely and is subject to constant high 
levels of admixture between the social forms (Ross, Krieger, Keller, & 
Shoemaker, 2007; Ross, Shoemaker, Krieger, DeHeer, & Keller, 1999; 
Shoemaker, Deheer, Krieger, & Ross, 2006), mainly via polygyne-de-
rived SB/Sb gynes mating with monogyne-derived SB (haploid) males 
(Shoemaker & Ross, 1996). Consequently, linkage disequilibrium out-
side of the supergene region is minimal in both social forms (Ross 
& Shoemaker, 2018; Yan et al., 2020). Our data expand upon the 
previous finding that genes differentially expressed in association 
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TA B L E  1   Candidate genes associated with social form based on gene expression patterns

GeneID1  Description1 

SB/SB vs. SB/Sb SB/SB vs. Sb/Sb
Allele-specific 
expression 
log2FC2 

In 
supergene?3 

Additional 
support4 

Brain 
log2FC2 

Ovary 
log2FC2 

Brain 
log2FC2 

Ovary 
log2FC2 

Constitutive

LOC105206625 putative nuclease HARBI1 −3.58** −7.06** −4.26** −7.89** NA Unknown

LOC105194501 pheromone-binding protein 
Gp-9-like

−3.88** −3.64** −5.18** −4.75** −5.43** Yes a,b,c,d,e

LOC105194902 NADH dehydrogenase [ubiquinone] 
1 alpha subcomplex subunit 9, 
mitochondrial-like

−5.42** −4.07** −6.62** −5.12** −3.65** Yes a,b,c,e

LOC105196479 nose resistant to fluoxetine protein 
6-like

−5.03** −5.02** −5.84** −5.18** NA No e

LOC105198369 putative nuclease HARBI1 −4.7** −4.46** −5.62** −5.42** NA Yes a,b,c,e

LOC105199315 growth arrest-specific protein 8 −4.38** −6.15** −5.81** −7.28** −4.6** Yes a,b,c

7 uncharacterized genes not 
included5 

Brain-specific

LOC105205135 USP6 N-terminal-like protein −3.27** −0.6 −3.34** −0.90 NA Unknown

LOC105207200 probable serine hydrolase −5.97** 0.18 −6.37** 0.46 NA Unknown e

LOC105193214 ATP-dependent RNA helicase vasa, 
isoform A

−0.99** −0.23 −1.37** −0.43 −0.63* Yes b

LOC105194434 limulus clotting factor C-like −4.48** 0.02 −5.29** −0.37 −5.06** Yes e

LOC105198311 ribonuclease H-like, transcript 
variant X1

7.21** −0.32 7.09** −0.48 NA No

LOC105199289 sperm flagellar protein 1-like −3.2** −0.64 −4.24** −0.96 −3.67** Yes

LOC105199833 low-density lipoprotein receptor-like −2.47** −0.36 −3.10** −0.84 NA Unknown

1 uncharacterized gene not included5 

Ovary-specific

LOC105203027 sphingosine-1-phosphate lyase 0.05 0.98** 0.23 1.78** 0.36 Yes

LOC105203994 general odorant-binding protein 
69a-like, transcript variant X2

0.05 −1.2** −0.19 −1.54** NA No

LOC105206806 WAS/WASL-interacting protein 
family member 1-like

−1.7 −7.27** −1.75 −8.55** NA Unknown

LOC105207398 enhancer of split mbeta protein-like −0.15 −1.49** −0.20 −1.89** NA No

LOC105194452 JNK-interacting protein 1, transcript 
variant X1

0.23 −3.32** 0.41 −3.26** NA No

LOC105198124 high affinity choline transporter 
1-like

−0.08 −2.85** −0.13 −3.48** NA Unknown

LOC105200547 protein SCAI 0.02 −1.7** −0.05 −1.56** NA No

5 uncharacterized genes not included 
d

Sb/Sb-specific

LOC105202812 pre-mRNA-splicing factor Slu7-like 1.16 0.82 7.08** 3.69** 7.53** Yes a,c

LOC105203028 peptide deformylase, 
mitochondrial-like

0.49 0.58 1.86** 1.52** −0.01 Yes

LOC105206526 dopamine receptor 1 0.40 0.16 2.57** 1.35** −0.56 Yes

(Continues)
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with social chromosome genotype are disproportionately localized 
within the supergene region (Nipitwattanaphon et al., 2013; Wang 
et al., 2013), illustrating the importance of supergene cis-regulatory 
evolution. Nonetheless, many of the genes differentially expressed 
in association with social chromosome genotype are located else-
where in the genome, illustrating that trans-acting effects, or other 
epistatic interactions involving the supergene, are also widespread 
and potentially of major significance in the evolution of the super-
gene and the alternate social forms in fire ants. This is not surprising 
given the prevalence of trans-acting effects documented in super-
gene systems mediating sexual dimorphism (Parsch & Ellegren, 2013; 
Wijchers & Festenstein, 2011) and, strikingly, even in the relatively 
small (~100-kb) supergene regulating mimicry in Papilio polytes but-
terflies (Kunte et al., 2014).

An important, related point is that the majority of super-
gene-driven DEGs in our multifactorial-model comparisons show 
higher expression in individuals carrying a copy of the Sb super-
gene haplotype, both within and outside of the supergene region 
(Figure 2; Figure S2). Preliminary indications of preferentially el-
evated gene expression in the presence of the Sb haplotype have 
been reported (Wang et al., 2008, 2013), but the broad scope of this 
phenomenon was not established previously. Thus, the observed 
“degenerative expansion” (Stolle et al., 2019) of the Y-like Sb super-
gene haplotype is, somewhat paradoxically, accompanied by an in-
crease in transcriptional activity for many Sb alleles at loci within the 
supergene. This Sb upregulation could be driven by a combination 
of cis-regulatory evolution, increased chromatin accessibility and/
or recent Sb-specific gene duplication events that appear to have 
occurred in conjunction with the expansion of the Sb haplotype 
(Fontana et al., 2020; Stolle et al., 2019).

Although such gene duplication within the inversion-derived Sb 
haplotype probably explains some of the widespread Sb-mediated 
upregulation observed in our analyses, we think it is unlikely to be 

the sole driver of this phenomenon for three reasons. First, while 
Fontana et al. (2020) show a general increase in transcript levels 
from genes with Sb-specific paralogues, they found no significant 
correlation between gene expression level and copy number, im-
plying that regulatory element evolution may play a larger role than 
copy number in observed expression differences between SB and 
Sb haplotypes in S. invicta. Second, we detected several genes in our 
analysis that exhibited differential expression without significant al-
lele-specific expression, indicating that their increased transcription 
is facilitated by both the Sb and the SB haplotypes rather than being 
a simple consequence of possession of extra copies of the Sb-linked 
variants. Finally, while a number of our candidate genes have un-
dergone gene duplication events, the increase in gene expression 
we observe in Sb-carrying individuals is significantly higher than one 
would expect from a simple gene duplication event (or even sev-
eral), with log2-fold changes greater than 5 in many duplicated genes 
(Table 1). Ultimately, the Sb-upregulated DEGs we report reflect 
an increase in the number of identical or highly similar transcripts 
in Sb-carrying individuals that collectively influence downstream 
pathways and phenotypes, no matter the specific causal genetic 
architecture.

Our comparisons of supergene effects on gene expression in the 
brains and ovaries revealed some key differences in the profiles of the 
two organs. In particular, ovary DEGs are less concentrated in the su-
pergene than brain DEGs (Figure 2d). This indicates that regulatory ef-
fects of the supergene may be more indirect in the ovaries than in the 
brain, involving more diffuse sets of genetic pathways regulated largely 
by trans-acting effects. Moreover, many more DEGs are detected in 
ovaries than in the brain in comparisons of the two homozygous classes 
(SB/SB vs. Sb/Sb; Figure 2), suggesting that the transcriptional conse-
quences of supergene homozygosity are particularly pronounced in the 
ovarian tissues of Sb/Sb gynes. Because these individuals do not survive 
to reproduce in US populations, it was not possible to gauge the effects 

GeneID1  Description1 

SB/SB vs. SB/Sb SB/SB vs. Sb/Sb
Allele-specific 
expression 
log2FC2 

In 
supergene?3 

Additional 
support4 

Brain 
log2FC2 

Ovary 
log2FC2 

Brain 
log2FC2 

Ovary 
log2FC2 

LOC105199321 copper homeostasis protein cutC 
homolog

1.09 0.92 5.22** 3.61** NA Yes

4 uncharacterized genes not 
included5 

Note: Italicized indicates nonsignificant gene expression effects. Candidate genes discussed in the text are highlighted with bold underlining.
1GeneID and description taken from the NCBI RefSeq annotation release 100. 
2Log2-fold change (log2FC) values are included with the corresponding statistical significance (*FDR p < .05, **FDR p < .01). Positive values indicate 
elevated expression in SB/SB samples relative to samples with Sb-bearing genotypes, negative values indicate elevated expression for Sb-bearing 
genotypes. 
3Presence in the supergene is based on the previously published linkage mapping data (Pracana, Priyam, et al., 2017; Wang et al., 2013). 
4Additional support indicates whether each gene has been reported as differentially expressed in previous studies: a, Wang et al. (2008); b, Wang 
et al. (2013); c, Nipitwattanaphon et al. (2013); d, Pracana, Levantis, et al. (2017); e, haplotype-specific gene duplications identified in Fontana 
et al. (2019). Criteria for inclusion of genes in each category were specific, conservative p-value thresholds conceived in our study (see Methods for 
details). 
5Details on uncharacterized candidate loci expression are reported in Data S2. 

TA B L E  1   (Continued)
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of these expression differences with respect to fecundity; however, ma-
turing Sb/Sb gynes have been shown to suffer curtailed development in 
terms of other physiological markers associated with onset of oogenesis 
compared to gynes of the other two genotypes (Hallar et al., 2007).

4.2 | The supergene perspective

Given that minimal levels of recombination are observed within the Sb 
haplotype (Ross & Shoemaker, 2018; Wang et al., 2013; Yan et al., 2020), 
its constituent genes are effectively inherited as a single Mendelian el-
ement and are in near-complete linkage disequilibrium. Nonetheless, 
expression profiles and associated selective pressures are expected to 
vary among supergene genes in relation to their specific functions.

We highlighted two regions of the supergene with such distinc-
tive gene and allele-specific expression patterns (Figure 5; Figure S5). 
The first exhibits minimal differential expression in the SB/SB–SB/Sb 
comparison, while showing extensive SB/SB-biased expression in the 
SB/SB–Sb/Sb comparison. Concurrently, this region shows dispropor-
tionate SB-biased allele expression in heterozygous SB/Sb individu-
als. These results point to diminished expression of the alleles within 
the Sb haplotype, compensated for by means of overexpression of 
the SB versions of those genes. We hypothesize that genes subject 
to this form of SB dosage compensation contribute to the observed 
inviability of Sb/Sb queens (Hallar et al., 2007). Dosage compensa-
tion is a commonly observed phenomenon in sex chromosome sys-
tems (Disteche, 2012; White et al., 2015) and has been documented 
recently in the supergene of the white-throated sparrow (Sun, Huh, 
Zinzow-kramer, Maney, & Yi, 2018). A second region of the fire ant 
supergene contains genes exhibiting strong Sb-biased gene expression 
and Sb allele-specific expression (Figure 5), indicating upregulation 
driven largely by expression of the Sb-linked alleles. We hypothesize 
that such genes act as functional drivers of the polygyne syndrome and 
are important candidates of major effect on this social polymorphism.

4.3 | Gene-specific, functional observations

We utilized our sampling scheme to search for genes exhibiting 
differential expression patterns that parallel specific phenotypic 
differences observed between gynes of each social chromosome 
genotype. Specifically, we classified DEGs into four categories: brain-
specific, ovary-specific, Sb/Sb-specific and constitutive (Table 1). 
Among eight detected brain-specific DEGs, Ribonuclease H-like is no-
table for having a human orthologue linked to splicing and neurologi-
cal disfunction (Dai et al., 2016). Additionally, among the 12 detected 
ovary-specific DEGs, sphingosine-1-phosphate lyase is notable for 
having a Drosophila orthologue involved in sphingolipid metabolism 
that is linked to reproductive deficiencies (Phan et al., 2007). This 
gene also stands out as the only characterized gene in the ovary-
specific category with lower expression in heterozygotes than in 
SB/SB homozygotes. Among eight detected Sb/Sb-specific DEGs 
(those with differences in both organs but solely in the Sb/Sb–SB/SB 

comparison), pre-mRNA-splicing factor Slu7-like and peptide defor-
mylase, mitochondrial-like are notable for their putative impacts on 
the production of properly spliced and processed proteins. Finally, 
among the 13 detected constitutive DEGs (those with differences 
in all comparisons of Sb-supergene presence/absence) we identi-
fied notable genes with orthologues involved in metabolism (NADH 
dehydrogenase), odorant perception (pheromone binding protein GP-
9-like, also referred to as an odorant binding protein; Leal, 2013), 
and brain development and sperm motility (growth arrest-specific 
protein-8 [Gas-8]; zur Lage, Newton, & Jarman, 2019). Gas-8 may be 
implicated in differences in traits as diverse as gyne dispersal behav-
iour (DeHeer et al., 1999) and male reproductive capacity (Lawson, 
Vander Meer, & Shoemaker, 2012). Interestingly, one of the consti-
tutive supergene-effect loci we identify appears to be located out-
side of the supergene region: nose-resistant to fluoxetine protein 6-like 
is affiliated with defects in lipid transport to the ovaries and with 
lifespan in Caenorhabditis elegans and humans (Brejning et al., 2014; 
Choy & Thomas, 1999). This gene is a candidate for direct, trans-
regulation by the Sb supergene and may contribute to the dimin-
ished early fecundity of polygyne SB/Sb queens relative to SB/SB 
queens (DeHeer, 2002; Keller & Ross, 1993). However, given recent 
evidence that duplicate genes may arise by translocation into the 
Sb supergene from other genomic locations (Fontana et al., 2020), 
improved Sb assemblies and annotation will be necessary to further 
explore this hypothesis.

Pheromone binding protein GP-9-like belongs to one of the best stud-
ied gene families in S. invicta: the insect odorant binding protein (OBP) 
family (Gotzek, Robertson, Wurm, & Shoemaker, 2011; Keller & Ross, 
1998, 1999; Pracana, Levantis, et al., 2017). These genes are thought 
to produce proteins that function as molecular carriers, transporting 
odorant molecules to their receptors in some canonical study systems, 
although OBPs probably also function outside of the chemosensory sys-
tem as general chaperone molecules (Leal, 2013). In S. invicta, OBPs are 
of particular interest, as it has long been known that the fire ant social 
polymorphism is marked by fixed amino acid differences at an OBP, gen-
eral protein-9 (encoded by the gene Gp-9; Ross, 1997). We found that 
the most strongly differentially expressed OBP-encoding gene in our 
data was not the widely studied Gp-9, but a paralogue, OBP12, that ex-
ists as duplicated tandem genes on the Sb haplotype and as a single-copy 
gene on the SB haplotype (Fontana et al., 2020; Pracana, Levantis, et al., 
2017). This Sb-specific duplication of OBP12 corresponds with a unique 
increase in gene expression and Sb allele-specific expression among S. 
invicta OBP genes (reads from both Sb paralogues evidently mapped to 
the single OBP12 encoded in the SB reference genome in our analyses; 
Figure S4). Our data are largely consistent with the recent findings by 
Dang, Cohanim, Fontana, Privman, and Wang (2019) regarding increased 
expression of OBP12 in antennae of Sb-carrying workers, although we 
also observed increased OBP12 expression in both the brains and the 
ovaries of Sb-carrying gynes, which may mitigate against the notion of 
antennal-specific neofunctionalization (Dang et al., 2019). Additionally, 
the >12-fold increase in expression we observed for OBP12 in Sb-
carrying individuals compared to SB/SB individuals is much higher than 
the simple doubling one might expect if the duplicate was expressed 
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similarly to its progenitor (Table 1; Figure S4). This points to effects of 
gene regulatory evolution. Our findings are consistent with the hypoth-
esis that duplication of OBP12 in the Sb haplotype and subsequent Sb 
upregulation of the derivative OBP12 may mediate some differences in 
sensory functions and response behaviours between monogyne and po-
lygyne fire ants (Keller & Ross, 1998; Trible & Ross, 2016).

4.4 | Conclusion

We find that the gene regulation underlying a major alternate 
form of social organization in fire ants is more complex than the 
simple inheritance patterns or broad structural differences in the 
implicated supergene may superficially suggest. As hypothesized 
(Huang & Wang, 2014), gene expression evolution appears to play 
a large role in the evolution of the complex phenotype of polygyny 
in S. invicta. We show that possession of the Sb inversion-mediated 
haplotype by a queen leads to changes in gene expression both 
within and beyond the boundaries of the constitutive supergene 
inversions, that such supergene-mediated effects interact with 
those of the developmental environment, and that genes differen-
tially expressed in queens bearing different supergene genotypes 
are heterogeneously distributed along the supergene. Further 
work exploring the interplay of protein sequence, gene expression 
and regulatory element evolution is necessary to better under-
stand the genetic causes of a fundamental shift in fire ant colony 
social organization with widespread behavioural, ecological and 
economic consequences (Tschinkel, 2006).
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