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Abstract

Long-term suppression of recombination ultimately leads to gene loss, as demonstrated by the depauperate Y and W
chromosomes of long-established pairs of XY and ZW chromosomes. The young social supergene of the Solenopsis invicta
red fire ant provides a powerful system to examine the effects of suppressed recombination over a shorter timescale. The
two variants of this supergene are carried by a pair of heteromorphic chromosomes, referred to as the social B and social
b (SB and Sb) chromosomes. The Sb variant of this supergene changes colony social organization and has an inheritance
pattern similar to a Y or W chromosome because it is unable to recombine. We used high-resolution optical mapping, k-
mer distribution analysis, and quantification of repetitive elements on haploid ants carrying alternate variants of this
young supergene region. We find that instead of shrinking, the Sb variant of the supergene has increased in length by
more than 30%. Surprisingly, only a portion of this length increase is due to consistent increases in the frequency of
particular classes of repetitive elements. Instead, haplotypes of this supergene variant differ dramatically in the amounts
of other repetitive elements, indicating that the accumulation of repetitive elements is a heterogeneous and dynamic
process. This is the first comprehensive demonstration of degenerative expansion in an animal and shows that it occurs
through nonlinear processes during the early evolution of a region of suppressed recombination.

Key words: social chromosome, accumulation of repetitive elements, evolution of polygyny, genome evolution, fire
ants.

Introduction
Recombination facilitates the removal of deleterious muta-
tions and creates advantageous combinations of alleles.
However, in some circumstances reduced recombination is
favored. This occurs during the early evolution of supergenes,
in which selection favors the suppression of recombination
between haplotypes with advantageous combinations of
alleles at different loci (Rice 1984; Wright et al. 2016).
Because of interference among linked loci, reduced recombi-
nation also leads to reduced efficacy of selection, including
reduced ability to remove deleterious mutations such as re-
peat insertions (Felsenstein 1974; Rizzon et al. 2002; Bachtrog
2006a; Dolgin et al. 2008; Dolgin and Charlesworth 2008). This
phenomenon is strongest in supergene variants where re-
combination is fully suppressed, such as in sex chromosomes
which harbor the supergene regions that have been studied
the most. For example, because the Y (or W) chromosome
does not occur in the homozygous state, genetic hitchhiking
and background selection affect the entire length of its su-
pergene region (Felsenstein 1974; Bachtrog 2006a; 2013;
Wright et al. 2016). This results in the gradual degeneration
of Y (and W) chromosomes, with two striking long-term
effects: the loss of protein-coding genes and relative

accumulation of repetitive elements (Charlesworth et al.
1994; Bachtrog 2006a), reducing gene density, and the length
of the supergene region. This is particularly visible in the hu-
man Y chromosome which has approximately 14 times fewer
genes and 5 times lower gene density, and is 2.7 times shorter
than the X chromosome (Skaletsky et al. 2003; Ross et al.
2005).

The accumulation of repetitive elements is likely pervasive
throughout low-recombination regions. For example, it is
well-documented that centromeres, which generally have
lower recombination rates, have higher repeat content than
noncentromeric regions (Charlesworth et al. 1994).
Accumulation of repeats can already happen at early stages
of Y chromosome evolution as shown in Drosophila miranda
(age 1.75 million years, i.e., �17.5 million generations)
(Bachtrog et al. 2008; Krasovec et al. 2018) and Silene latifolia
(age 11 million years, i.e.,�7.3 million generations) (Krasovec
et al. 2018). However in these sex chromosomes, more DNA
has been lost overall than gained. Intriguingly, the supergene
region of suppressed recombination on the hermaphrodite
determining Yh chromosome of papaya (7 million years old,
i.e., �7 million generations) is approximately 2-fold larger
than the homologous region in the X chromosome (Wang
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et al. 2012). Such findings of size increases in nonrecombining
sex chromosomes suggest that large-scale accumulation of
repetitive elements could precede gene loss (Hobza et al.
2017; Puterova et al. 2018). However, there are no convincing
demonstrations of how or when such “degenerative
expansion” occurs (Ming et al. 2007) in animals. This could
be because repetitive regions are difficult to study, or because
animal supergenes might transition rapidly to a phase of DNA
loss and shrinkage. In contrast, some plant Y chromosomes
appear to remain in the expansion phase for longer periods of
time (Ming et al. 2007; Hobza et al. 2017). Furthermore, we
know little about the relative roles of different types of DNA
in degenerative expansion. The expansions of Y chromo-
somes in plants have been attributed to one or few repetitive
elements (Hobza et al. 2006; Kubat et al. 2008; Kejnovsk�y et al.
2013; Na et al. 2014), and analysis of platypus Y chromosomes
suggests that multiple classes of repetitive elements may in-
dependently be amplifying in different Y chromosome line-
ages (Kortschak et al. 2009). Finally, other mechanisms such as
segmental duplication might also be involved (Hobza et al.
2017).

We now know that supergene architectures are not rare
and control variation in many complex ecological phenotypes
(Schwander et al. 2014; Thompson and Jiggins 2014) thus
increasing the importance of understanding the trade-offs
involved in their evolution. The young social supergene sys-
tem of the red fire ant Solenopsis invicta provides an ideal
opportunity to examine the early effects of restricted recom-
bination. The two variants of this supergene are carried by a
pair of social chromosomes, referred to as the social B and
social b (SB and Sb, respectively) chromosomes. This system
controls a complex social phenotypic dimorphism where col-
onies have either one or up to dozens of reproductive queens
(Keller and Ross 1998; Wang et al. 2013). The accumulation of
unique SNP alleles indicates that recombination between the
two variants has been suppressed for >350,000 years (i.e.,
>175,000 generations) over a chromosomal region encom-
passing >20 Mb and containing >400 protein-coding genes
(Wang et al. 2013). The suppression of recombination in het-
erozygous individuals (i.e., individuals with the Bb genotype,
with B marking the SB variant and b marking the Sb variant)
has led to differentiation between SB and Sb throughout the
entire length of the region (Pracana, Priyam, et al. 2017). SB
can recombine in homozygote diploid BB queens. However,
bb queens are never observed, either because they fail to
reproduce, or because they die due to other intrinsic reasons
(Gotzek and Ross 2007). Because Sb has no opportunity to
recombine it should be affected by reduced efficacy of selec-
tion in a similar way to a Y or W chromosome.

To test whether degenerative expansion is an early effect of
suppressed recombination, we apply a dual approach based
on Bionano Genomics (BNG) Irys optical mapping and
Illumina short-read sequence data.

Results and Discussion
In a first step, we optically mapped one haploid fire ant male
carrying the SB variant and one carrying the Sb variant

(respectively referred to as the B and the b individuals). For
each individual, we created a de novo assembly of optical
contigs (supplementary information 1.1, Supplementary
Material online), respectively amounting to 416 and 417 Mb
total lengths (respective N50s of 1.58 and 1.41 Mb). We fur-
ther assembled the B individual into optical chromosomes by
combining optical contigs, genetic maps (Wang et al. 2013;
Pracana, Priyam, et al. 2017) and reference sequence scaffolds
(Wurm et al. 2011) (N50 of 22.60 Mb; supplementary infor-
mation 1.2, Supplementary Material online).

At Least Two Large Inversions between the Sb and SB
Variants of the Social Chromosome
We first performed pairwise alignments between the optical
assembly from the b individual and the optical chromosomes
from the B individual to identify rearrangements characteriz-
ing the social chromosome supergene. We found two large-
scale inversions between SB and Sb in S. invicta. The first spans
approximately 10.5 Mb at the distal end of the social
chromosome (fig. 1, supplementary information 1.3,
Supplementary Material online). The distal breakpoint colo-
cates with the end of the supergene region as identified from
the pattern of SB-Sb sequence differentiation (Wang et al.
2013; Pracana, Priyam, et al. 2017); this inversion likely repre-
sents a large inversion previously detected by fluorescence
in situ hybridization (Wang et al. 2013). The second inversion
is further upstream and spans 1.74 Mb (fig. 1, supplementary
information 1.3, Supplementary Material online), colocating
with a previously reported smaller (�48 kb) inversion (Wang
et al. 2013). The two rearrangements reported here between
SB and Sb support the hypothesis that rearrangements inhibit
potential double crossovers that would otherwise occur in
the middle of a single large inverted region (Stevison et al.
2011). These two rearrangements are located in the second
half of the supergene region, which suggests that additional
undetected mechanisms or rearrangements suppress recom-
bination in the first half of the supergene region (Wang et al.
2013; Pracana, Priyam, et al. 2017). The amount of neutral
differentiation was similar between the two rearrangements
(mean dS¼ 3.0�10-3 in the first inversion, dS¼ 2.5�10-3 in
the second inversion; t-test, P¼ 0.47, supplementary informa-
tion 1.3, Supplementary Material online). This suggests that,
rather than representing different strata (Wright et al. 2014),
the two inversions likely occurred in rapid succession, or that
one or both appeared only after recombination had already
been suppressed.

Excess of Large Insertions in Sb in Comparison to SB
We performed pairwise alignments between the optical as-
semblies of the two individuals to identify large (�3 kb) inser-
tions and deletions (indels) (supplementary information 1.4,
Supplementary Material online). The 187 deletions in the b
individual were homogeneously distributed among the 16
chromosomes according to chromosome size
(v2

d.f.¼ 15¼ 24.02, P¼ 0.07). However, the social chromo-
some which carries the supergene region was significantly
enriched in insertions (fig. 1a and b): this chromosome har-
bors 33.7% (55) of the 163 mapped insertions despite

Stolle et al. . doi:10.1093/molbev/msy236 MBE

554

https://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msy236#supplementary-data
https://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msy236#supplementary-data
https://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msy236#supplementary-data
https://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msy236#supplementary-data
https://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msy236#supplementary-data
https://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msy236#supplementary-data
https://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msy236#supplementary-data
https://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msy236#supplementary-data
https://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msy236#supplementary-data
https://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msy236#supplementary-data
https://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msy236#supplementary-data
https://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msy236#supplementary-data
https://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msy236#supplementary-data
https://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msy236#supplementary-data
https://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msy236#supplementary-data
https://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msy236#supplementary-data


representing only 8.4% (29.61 Mb) of the superscaffolded ge-
nome (optical chromosomes: 350.94 Mb; v2

d.f.¼ 15¼ 152,
P< 10�23). Similarly, the cumulative length of insertions on
the social chromosome was 58.5% (1.43 Mb) of the cumula-
tive length of all insertions (2.44 Mb), higher than would be
expected if the insertions were homogeneously distributed
across chromosomes. We then identified “overhangs,” un-
aligned regions that flank alignments between the optical
assemblies of the B and the b individuals. Such overhangs
either represent indels, highly divergent sequences, or are
regions where an optical assembly is too fragmented for pair-
wise alignment to be successful. The cumulative amount of
overhanging sequence indicates that the supergene region is
5.27 Mb larger in the b individual than in the B individual.
This is a significantly greater difference than for chromosomes
1–15 (�1.43 to �0.25 Mb, v2

d.f.¼ 15¼ 83.25, Bonferroni-
corrected P< 10-14). Combining the indels detected with
both methods, the b variant of the supergene region is
31.7% longer (total length 27.52 Mb) than the B variant
(20.9 Mb). Importantly, due to higher contiguity of the

assembly from the B individual than the assembly from the
b individual, a bias in power would be toward detecting excess
sequence in SB rather than Sb (cf. supplementary information
1.2 and 1.4, Supplementary Material online). Thus the 31.7%
increase of length of Sb is likely to be an underestimate.

K-mer Distribution Analysis Show That b Individuals
Have Larger Genomes than B Individuals
To corroborate our results, we obtained Illumina short-read
sequence data for five pairs of ants, each containing one B
male and one b male taken from either the same colony
(three pairs) or neighboring colonies of �50 m apart (two
pairs). All pairs were taken from one of three locations span-
ning the native South American range of S. invicta. We inde-
pendently estimated genome size and the proportion of
repetitive sequence in the genome of each sample using
the distribution of 21-nucleotide k-mer sequences (Sun
et al. 2018) (supplementary information 1.5, Supplementary
Material online). Estimated genome sizes for b samples were
3.59% larger (95% confidence interval: 2.02–5.16%) than those

(a)

(b) (c)

FIG. 1. Accumulation of insertions in the S. invicta Sb supergene variant. (a) Graph: Distribution of insertions and deletions along the social
chromosome are largely within the supergene region (located from position 7.7 to 28.6 Mb). Bottom: overview of known rearrangements between
SB and Sb. Gray ribbons represent inversions detected in this study; black ribbon represents a previously known 48 kb inversion (within the gray
ribbon); colored circles represent BAC-FISH markers A22, E17, E03 (Wang et al. 2013). (b) Frequency and cumulative length of insertions and
deletions in the pairwise comparison of optical contigs between an S. invicta b and an S. invicta B individual. Insertions were not homogeneously
distributed among chromosomes (v2

d.f.¼ 15¼ 152, P< 10�23) with a significant enrichment exclusively on “social” chromosome 16, which carries
the supergene region (Z-score¼ 11.1, Bonferroni-corrected P< 10�26). (c) Genome sizes estimated using k-mer frequency distributions from
cleaned but unassembled Illumina sequence are higher in five S. invicta b individuals than in five paired B individuals from the native range of this
species.
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of B samples (paired one-sided t-test: P< 0.002; fig. 1c). Using
a previous estimate that the SB supergene region represents
4.5% of the genome (Pracana, Priyam, et al. 2017), and assum-
ing that the difference in genome size between the b and B
samples is entirely due to the increase in size of Sb in the
supergene region, these data indicate that the Sb variant
of the supergene is 79.8% (44.9–114.7%) larger than the SB
variant. These results are consistent with the optical-map-
ping-based inference that Sb is at least 31.7% larger than
SB; furthermore they are unbiased because these results
were determined without a reference genome. The variation
between pairs is likely due to differences in repeat content
and hence genome size, consistent with independent quan-
tifications of repeat frequencies (see below).

S. invicta b Individuals Have Higher Repeat Content
than B Individuals, But the Repetitive Elements
Responsible for This Differ between Pairs of Individuals
Using the same five pairs of individuals as used for the k-mer
analysis, we comprehensively quantified repetitive elements
(repeats) using reference-free repeat assembly from short
reads (Goubert et al. 2015). We found that b individuals con-
tain 2.23% (range: 1.46–3.02%), that is, 10.02 Mb (range: 6.57–
13.58 Mb) more repeats than B individuals (paired one-sided
t-test: P< 0.0009, supplementary information 1.6, supple-
mentary table S8, Supplementary Material online). K-mer
analysis shows qualitatively similar results (supplementary in-
formation 1.5, Supplementary Material online). These results
are consistent with the Sb supergene variant being 47.94%
larger than the SB variant, again in line with the idea that the
31.7% difference in size observed in optical maps is an
underestimate.

Interestingly, the general increase in size of the Sb super-
gene variant was not due to one or few types of repeats
(supplementary information 1.6, supplementary fig. S9,
Supplementary Material online). We found a consistent in-
crease in the number of repeats from 14 superfamilies, but
their cumulative length accounted for only 3.09 Mb of the
observed average increase of 10.02 Mb (supplementary table
S8, Supplementary Material online). The genomic content
that accounted for the additional increase was split between
other repeat superfamilies in a manner that varied between
pairs of individuals. For example, there were even 1.68 Mb
fewer centromeric satellite repeats in one b than its paired
B individual, whereas in the other four pairs, the b individual
had 1.65–10.48 Mb more such repeats (supplementary infor-
mation 1.6, supplementary table S8, Supplementary Material
online). This indicates that degenerative expansion occurred
in the lineages of each of the b variants we sampled, but that
different repeats have increased in prevalence in these differ-
ent lineages. Alternatively, degenerative expansion may be a
dynamic process whereby repeats regularly expand and such
expansions are regularly lost again. Furthermore, we find con-
sistently increased prevalence of some nonautonomous DNA
elements and variable degrees of increase of satellites in b
individuals, indicating that expansive degeneration is not
due to autonomous repeat elements alone. Instead, in line

with documented variation in repeat content across platypus
Y chromosomes (Kortschak et al. 2009), our results suggest
that other mechanisms such as segmental duplication of
repeat-rich genomic regions (Ishizaki 2002) also contribute
to degenerative expansion.

Supergene Inversions and Insertion Accumulation Are
Consistent across Three Fire Ant Species
Several close relatives of S. invicta are also socially polymor-
phic. In these species, social polymorphism is associated with
the Gp-9 locus that marks the social supergene in S. invicta
(Krieger and Ross 2005) although it is not currently known
whether they also carry the supergene. Therefore, to test
whether these species indeed carry the supergene and the
same B-b differences in chromosomal structure and repeat
content, we created optical assemblies for one Gp-9 B sample
and one Gp-9 b sample from each of the two congeners S.
quinquecuspis and S. richteri (supplementary information 1.1,
Supplementary Material online). We identified large indels
between the B and b optical assemblies in both of these
species (supplementary information 1.4, Supplementary
Material online), and performed phylogenetic analyses based
on presence and absence of indels present in at least two
individuals. We found that for each of chromosomes 1–15,
individuals clustered by species. In contrast, in a tree built
using the supergene region of the social chromosome, the
b individuals clustered separately from the B individuals, sim-
ilarly to what was previously shown for the Gp-9 locus
(Krieger and Ross 2002). These data demonstrate that the
supergene region exists in all three species, and that it likely
has a single origin. These conclusions are further corroborated
by inversions shared across species (supplementary informa-
tion 1.3, Supplementary Material online). The optical assem-
blies of the related species had lower contiguity than for S.
invicta but provided the power to compare distributions of
insertions and deletions. In both additional species, the su-
pergene region in the b sample had a highly significant en-
richment of insertions but not deletions in comparison to the
B sample and to the rest of the genome (supplementary
information 1.4, Supplementary Material online), consistent
with degenerative expansion being a pervasive feature of Sb.

Our phylogenetic analysis of the indels in the supergene
suggest that the supergene either originated in the common
ancestor of the three species or that it arose more recently
and spread between lineages by introgressive hybridization.
To discriminate between the two hypotheses, we dated the
split between the three species based on full mitochondrion
sequences (supplementary information 1.8, Supplementary
Material online). The mitochondrial phylogenetic tree topol-
ogy is consistent with previous inferences (Gotzek et al. 2010)
estimating common ancestry between S. quinquecuspis, S.
richteri, and S. invicta to approximately 367,000 years ago
(0.25–0.50 million years, supplementary information 1.8, sup-
plementary fig. S12, Supplementary Material online). This es-
timate is similar to the age estimate for the social
chromosome (0.35–0.43 million years) (Wang et al. 2013)
suggesting similar ages of the social chromosomes and the
node containing the socially polymorphic fire ant species. This
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and previous phylogenetic analyses (Krieger and Ross 2002)
support the idea that the social chromosome evolved in the
common ancestor of these species. However, one S. invicta
sequence obtained from NCBI (HQ215540) showed a para-
phyletic relationship with respect to its putative conspecifics,
with a much earlier divergence based on mitochondrial
sequences (supplementary information 1.8, Supplementary
Material online). If the species identity of this individual is
correct, then the evolutionary history of the social chromo-
some may be more complex, potentially involving introgres-
sion of the social chromosome across hybridizing species (Jay
et al. 2018).

The Causes of Degenerative Expansion
In summary, Sb contains at least 30%, but likely 48–80% more
DNA content than SB. Previous work has described only few
differences in content of protein-coding genes between Sb
and SB (Wang et al. 2013; Pracana, Levantis, et al. 2017). Our
results thus suggest that Sb is undergoing degenerative ex-
pansion in three Solenopsis species. But what causes this in-
crease in chromosome size?

In nonrecombining chromosomes, background selection
(Kaiser and Charlesworth 2010) and genetic hitchhiking
(Bachtrog 2004) both cause a reduction on the effectiveness
of purifying selection (Bachtrog 2008). It has been shown that
the fixation rate of an allele in a nonrecombining chromo-
some is dependent on how deleterious the allele is, with
highly deleterious mutations having a lower fixation rate
than mutations that are less deleterious (Kaiser and
Charlesworth 2010). Given the relative rarity of large indel
polymorphisms outside the supergene region, and the low
frequencies of large indels in other species (Sudmant et al.
2015; Long et al. 2018), we can assume that large insertions
and deletions generally have a higher fitness cost than point
mutations. Deletions are generally thought to be more dele-
terious than insertions because they involve the complete
removal of genetic information, an assumption that is sup-
ported by the lower frequency of standing variation in dele-
tions than insertions in human populations (Sudmant et al.
2015). If insertions are similarly less deleterious than deletions
in the social chromosome system, insertions would become
fixed at a higher rate, which would thus explain the increase in
the chromosome size of Sb. To illustrate this process, we
performed forward simulations of populations of individuals
carrying a single nonrecombining haploid chromosome (sup-
plementary information 1.10, Supplementary Material on-
line). Under conditions where deletions have a higher
fitness cost than insertions, the simulations indeed show an
average increase in the size of chromosomes over time (sup-
plementary fig. S13, Supplementary Material online).

Unlike previous findings that within a species, specific re-
peat classes including (micro-) satellite repeats (Hobza et al.
2006; Kubat et al. 2008; Shanks et al. 2008; Kejnovsk�y et al.
2013) or retrotransposons (Na et al. 2014), we unexpectedly
observed that the largest repeat expansions are different in
each Sb chromosome we studied. A possible interpretation is
that we sampled independent Sb lineages, each undergoing
the same process of degenerative expansion separately, since

otherwise we would expect all individuals to carry similar
haplotypes (Kaiser and Charlesworth 2009). Population sub-
division is expected to accelerate the fixation of deleterious
mutations, as it reduces the effective size of each population
(Combad~ao et al. 2007).

The fire ant supergene system is different from many sex
chromosome systems in that male ants are haploid. The pres-
ence of such an important haploid stage can have a major
effect on evolutionary dynamics because alleles that would be
recessive in a diploid individual are instead completely ex-
posed to selection. As a consequence, one could expect that
the purging effects of purifying selection would be stronger in
the Sb variant of the fire ant supergene than in supergenes in
diploid systems. This scenario is supported by studies of plant
and algal species with important haploid stages (Chibalina
and Filatov 2011; Arunkumar et al. 2013; Lipinska et al.
2017; Coelho et al. 2018; Immler and Otto 2018; Sandler
et al. 2018). However, simulations performed in other studies
have shown that the increased exposure of alleles to selection
in haploids can also increase the strength of background se-
lection and, therefore, the fixation rate of deleterious muta-
tions (Engelst€adter 2008; Kaiser and Charlesworth 2010).
Consequently, the effects of the haploid life stage may result
from the balance between increased purifying selection and
increased background selection. Strong selection against dele-
tions in haploid males would prevent their fixation in a pop-
ulation, whereas strong background selection would
contribute to the accumulation and fixation of insertions.
Such a dynamic would lead to the type of rapid accumulation
of repeats we see in Sb.

A Brake against Degenerative Expansion
Nonrecombining chromosomes are not expected to increase
in size indefinitely. As the chromosome degenerates, the
number of intact functional elements in the nonrecombining
region decreases, removing the fitness cost of most mutations
(Kaiser and Charlesworth 2010), including deletions.
Ultimately, if insertions and deletions occur at a similar
rate, they would drift in the population, and the chromosome
would cease to grow (illustrated by simulations in supple-
mentary fig. S14, Supplementary Material online). The process
of degeneration is thought to be accelerated by mechanisms
of dosage compensation (Charlesworth 1978; Mank 2013;
Wright et al. 2016) and gene relocation (Bachtrog 2006a;
Ming et al. 2007; Hobza et al. 2017; Lipinska et al. 2017), which
transfer functional elements from the nonrecombining chro-
mosome to its pair or to other chromosomes. Accordingly,
empirical studies have shown that loss of expression precedes
gene loss (Bull 1978; Campbell 1982; Joseph and Kirkpatrick
2004; Chibalina and Filatov 2011; Beaudry et al. 2017; Crowson
et al. 2017; Coelho et al. 2018; Immler and Otto 2018; Sandler
et al. 2018); thus genes that have no expression in the haploid
life stage are more likely to be lost. Most studies of gene
expression in the fire ant system (Wang et al. 2008;
Nipitwattanaphon et al. 2013; Wang et al. 2013; Pracana,
Levantis, et al. 2017) have relied on microarrays that include
only a subset of the protein-coding genes in the genome
(Wang et al. 2007). Nevertheless, these studies suggest that
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the supergene region includes a large proportion of the genes
with differential expression between individuals with alterna-
tive SB/Sb genotypes in queens, workers and males, implying
that SB and Sb may differ at regulatory sites (Wang et al. 2008;
Nipitwattanaphon et al. 2013; Wang et al. 2013; Pracana,
Levantis, et al. 2017). However, there is no evidence of either
large-scale gene expression loss in Sb or of the accumulation
of a large number of loss-of-function mutations (Wang et al.
2013; Pracana, Priyam, et al. 2017). Furthermore, the vast
majority of S. invicta genes expressed in females are also
expressed in haploid males (Nipitwattanaphon et al. 2014)
and thus, as discussed above, likely to be under strong puri-
fying selection. Lastly, an analysis of RNAseq data from SB/Sb
queens found no evidence of systematically higher (or lower)
expression of alleles on SB compared with those on Sb (Wang
et al. 2013). This contrasts with results from Drosophila mi-
randa neo-sex chromosomes where higher expression on the
neo-X chromosome relative to the neo-Y is seen as evidence
of degeneration of the neo-Y (Bachtrog 2006b). To summa-
rize, the Sb supergene variant is likely in a stage where degen-
erative expansion is still ongoing.

Interestingly, many Y (and W) chromosomes in late stages
of evolution have greatly decreased in size relative to the X
(and Z) chromosomes. A possible explanation for this is the
occurrence of rare large deletions, which can become fixed in
the population as long as they do not encompass the last
remaining functional loci of the chromosome. Large deletions
are known to be caused by ectopic recombination between
homologous repeats in distant positions in the chromosome
(Devos et al. 2002; Roehl et al. 2010). An excess of such
deletions, in comparisons to insertion processes, would there-
fore lead to a decrease in the size of the Y chromosome over
time (illustrated by the simulations presented in supplemen-
tary fig. S15, Supplementary Material online).

Conclusion
Our findings from ants add to a growing body of evidence
that nonrecombining chromosomes can increase in size
through degenerative expansion. As reported for some
plants and algae, such expansions may be accelerated
by a haploid life stage, although they might also occur
more widely. For example, in stickleback fish, a nascent
Y chromosome that is cytologically indistinguishable
from the X chromosome includes Y-specific insertions
and duplications (Peichel et al. 2004). More recent find-
ings from Drosophila miranda also support a nearly 3-fold
expansion in the neo-Y chromosome via the accumula-
tion of repeat sequences (Mahajan et al. 2018). Similarly,
the older Drosophila hydei Y chromosome is smaller than
its X chromosome counterpart, but carries some of the
largest introns of the genome (�3.6 Mb) (Reugels et al.
2000), perhaps a remnant of past chromosome-wide ex-
pansion. More work is now needed to determine whether
such expansions have occurred more widely across the
tree of life, as well as to resolve the underlying mutational
processes.

Materials and Methods

Ant Collections
We collected Solenopsis invicta, Solenopsis quinquecuspis, and
Solenopsis richteri fire ants from their native South American
range, identified species using partial sequencing of the mito-
chondrially encoded cytochrome c oxidase I gene and con-
firmed colony social form using on a Gp-9 marker assay
(Krieger and Ross 2002) (supplementary information 1.1
and 1.8, Supplementary Material online). For K-mer-based
analyses, we selected five pairs of one B individual and one
b individual, each pair originating from the same colony
(n¼ 3, from two geographic locations with a distance of
>2,000 km), or from two neighboring colonies (n¼ 2, colony
distance 5 and 50 m, both from the same geographic location
and approximately 200 and >2,000 km from the other two
locations; supplementary information 1.1 and 1.8,
Supplementary Material online).

Optical Mapping
For each of the of the three Solenopsis species, we extracted
high-molecular weight (HMW) DNA from one haploid male
pupae carrying the B genotype at the Gp-9 locus and one
carrying the b genotype following the BNG IrysPrep animal
tissue protocol (supplementary information 1.1,
Supplementary Material online). Each sample was optically
mapped using BNG nanochannel arrays for 30 cycles provid-
ing�130-Gb sequence data in molecules�100 kb (range 71–
203 Gb; i.e., on average 290-fold genome coverage). These raw
BNG Irys optical molecules were processed, analyzed, and de
novo assembled in IrysView (BNG, v2.4, scripts v5134, tools
v5122AVX; supplementary information 1.1, Supplementary
Material online).

Optical Assembly Comparisons, Optical
Chromosomes
Comparisons between optical assemblies were performed by
pairwise alignments using BNG IrysView (v2.4; supplementary
information 1.3, 1.4, and 1.9, Supplementary Material online).
Large (�3 kb) insertions and deletions (indels) were detected
as described previously (Kawakatsu et al. 2016). A reciprocal
alignment between S. invicta optical assemblies (b and B)
yielded nearly identical results (95% of indel sites were recov-
ered; data not shown), indicating high consistency of indel
detection. We placed and oriented the optical contigs of the
S. invicta B optical assembly onto the 16 linkage groups in the
S. invicta genetic map (Pracana, Priyam, et al. 2017) using the
alignment between the optical contigs and the scaffolds of
the S. invicta B reference genome assembly (Wurm et al. 2011)
(GCF_000188075.1; supplementary information 1.2,
Supplementary Material online). The small portion of ambig-
uous placements of the optical contigs from this individual
were resolved using information from optical contigs of the
additional males.

Phylogenetic Analysis
For phylogenetic tree reconstruction and dating, we used
mitochondrial sequences generated from Illumina short-
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read data (supplementary information 1.7 and 1.8,
Supplementary Material online). We additionally inferred
phylogenetic relationships between samples based on pres-
ence and absence of shared indels detected in pairwise com-
parisons in at least two individuals in regions that had
information (coverage) in all six individuals.

Data Availability
The data sets generated and analyzed during the current
study are available from NCBI (BioProject PRJNA397545:
SUPPF_0000001241—SUPPF_0000001246, and BioProject
PRJNA396161) and Genbank (accessions MF592128—
MF592133). Hybrid assembly (BionanoGenomics) files, draft
reference sequence assembly improvements (AGP), and
optical assemblies (BionanoGenomics cmaps) can be
downloaded from https://wurmlab.github.io/data/optical_
mapping, last accessed January 26, 2019.

Computer Code
Further details for specific analyses can be found in the
supplementary information 1, Supplementary Material online.
Bionano analysis scripts are available at https://github.com/
estolle/BioNano-Irys-tools, and the simulation code is at
https://github.com/wurmlab/simulate_chromosome_length_
evolution, last accessed January 26, 2019.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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NA, Wimmer K, Kluwe L, Mautner V-F, et al. 2010.
Intrachromosomal mitotic nonallelic homologous recombination
is the major molecular mechanism underlying type-2 NF1 deletions.
Hum Mutat. 31(10):1163–1173.

Ross MT, Grafham DV, Coffey AJ, Scherer S, McLay K, Muzny D, Platzer
M, Howell GR, Burrows C, Bird CP, et al. 2005. The DNA sequence of
the human X chromosome. Nature 434(7031):325–337.

Sandler G, Beaudry FEG, Barrett SCH, Wright SI. 2018. The effects of
haploid selection on Y chromosome evolution in two closely related
dioecious plants. Evol Lett. 2(4):368–377.

Schwander T, Libbrecht R, Keller L. 2014. Supergenes and complex phe-
notypes. Curr Biol. 24(7):R288–R294.

Shanks ME, May CA, Dubrova YE, Balaresque P, Rosser ZH, Adams SM,
Jobling MA. 2008. Complex germline and somatic mutation pro-
cesses at a haploid human minisatellite shown by single-molecule
analysis. Mutat Res. 648(1–2):46–53.

Skaletsky H, Kuroda-Kawaguchi T, Minx PJ, Cordum HS, Hillier L, Brown
LG, Repping S, Pyntikova T, Ali J, Bieri T, et al. 2003. The male-specific
region of the human Y chromosome is a mosaic of discrete sequence
classes. Nature 423(6942):825–837.

Stevison LS, Hoehn KB, Noor MAF. 2011. Effects of inversions on within-
and between-species recombination and divergence. Genome Biol
Evol. 3:830–841.

Sudmant PH, Rausch T, Gardner EJ, Handsaker RE, Abyzov A,
Huddleston J, Zhang Y, Ye K, Jun G, Fritz MH-Y, et al. 2015. An
integrated map of structural variation in 2,504 human genomes.
Nature 526(7571):75–81.

Stolle et al. . doi:10.1093/molbev/msy236 MBE

560



Sun H, Ding J, Piedno€el M, Schneeberger K. 2018. findGSE: estimating
genome size variation within human and Arabidopsis using k-mer
frequencies. Bioinformatics 34(4):550–557.

Thompson MJ, Jiggins CD. 2014. Supergenes and their role in evolution.
Heredity 113(1):1–8.

Wang J, Jemielity S, Uva P, Wurm Y, Gr€aff J, Keller L. 2007. An annotated
cDNA library and microarray for large-scale gene-expression studies
in the ant Solenopsis invicta. Genome Biol. 8(1):R9.

Wang J, Na J-K, Yu Q, Gschwend AR, Han J, Zeng F, Aryal R, VanBuren R,
Murray JE, Zhang W, et al. 2012. Sequencing papaya X and Yh
chromosomes reveals molecular basis of incipient sex chromosome
evolution. Proc Natl Acad Sci USA. 109(34):13710–13715.

Wang J, Ross KG, Keller L. 2008. Genome-wide expression patterns and
the genetic architecture of a fundamental social trait. PLoS Genet.
4(7):e1000127.

Wang J, Wurm Y, Nipitwattanaphon M, Riba-Grognuz O, Huang Y-C,
Shoemaker D, Keller L. 2013. A Y-like social chromosome causes
alternative colony organization in fire ants. Nature
493(7434):664–668.

Wright AE, Dean R, Zimmer F, Mank JE. 2016. How to make a sex
chromosome. Nat Commun. 7:12087.

Wright AE, Harrison PW, Montgomery SH, Pointer MA, Mank JE. 2014.
Independent stratum formation on the avian sex chromosomes
reveals inter-chromosomal gene conversion and predominance of
purifying selection on the W chromosome. Evolution
68(11):3281–3295.

Wurm Y, Wang J, Riba-Grognuz O, Corona M, Nygaard S, Hunt BG,
Ingram KK, Falquet L, Nipitwattanaphon M, Gotzek D, et al. 2011.
The genome of the fire ant Solenopsis invicta. Proc Natl Acad Sci USA.
108(14):5679–5684.

Degenerative Expansion of a Young Supergene . doi:10.1093/molbev/msy236 MBE

561


