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Epigenetic inheritance and genome
regulation: is DNA methylation linked
to ploidy in haplodiploid insects?

Karl M. Glastad†, Brendan G. Hunt†,‡, Soojin V. Yi
and Michael A. D. Goodisman

School of Biology, Georgia Institute of Technology, Atlanta, GA 30332, USA

Organisms show great variation in ploidy level. For example, chromosome

copy number varies among cells, individuals and species. One particularly

widespread example of ploidy variation is found in haplodiploid taxa,

wherein males are typically haploid and females are typically diploid. Despite

the prevalence of haplodiploidy, the regulatory consequences of having separ-

ate haploid and diploid genomes are poorly understood. In particular, it

remains unknown whether epigenetic mechanisms contribute to regulatory

compensation for genome dosage. To gain greater insights into the importance

of epigenetic information to ploidy compensation, we examined DNA methyl-

ation differences among diploid queen, diploid worker, haploid male and

diploid male Solenopsis invicta fire ants. Surprisingly, we found that morpho-

logically dissimilar diploid males, queens and workers were more similar to

one another in terms of DNA methylation than were morphologically similar

haploid and diploid males. Moreover, methylation level was positively asso-

ciated with gene expression for genes that were differentially methylated in

haploid and diploid castes. These data demonstrate that intragenic DNA

methylation levels differ among individuals of distinct ploidy and are posi-

tively associated with levels of gene expression. Thus, these results suggest

that epigenetic information may be linked to ploidy compensation in haplo-

diploid insects. Overall, this study suggests that epigenetic mechanisms

may be important to maintaining appropriate patterns of gene regulation in

biological systems that differ in genome copy number.
1. Introduction
Organisms display a remarkable diversity in ploidy level [1–5]. For example, all

sexual organisms show variation in ploidy during their life cycle. In addition,

members of different species sometimes vary in ploidy number. Such ploidy

variation shapes molecular evolution, genetic interactions and gene func-

tion [5–9]. Thus, variation in ploidy fundamentally affects evolutionary and

developmental processes.

A prime example of variation in ploidy is embodied by the haplodiploid

genetic system. Haplodiploid species are typically characterized by having

unfertilized eggs develop into haploid males and fertilized eggs develop

into diploid females [3,4]. The haplodiploid genetic system has arisen at least

17 independent times during the course of animal evolution [4], and is the

ancestral genetic system of the order Hymenoptera (ants, bees and wasps)

[3]. Consequently, as many as 20% of all animal species may be haplodiploid

[10]. Despite the taxonomic prevalence of haplodiploidy, the regulatory conse-

quences of ploidy differences between sexes remain largely unknown (but see

[6,9,11]). This lack of information represents a gap in our understanding of

how biological systems respond to ploidy variation.

Epigenetic modifications to chromatin are prime candidates for regulating

gene function in haplodiploid taxa. Epigenetic marks are heritable and make

fundamental contributions to gene regulation [12]. One of the most important

types of epigenetic marks is the methylation of DNA. DNA methylation is
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found in all three domains of life, suggesting a role in the

common ancestor of all metazoa [13,14].

Recently, DNA methylation and histone modifications

have been implicated in the regulation of social insect caste

differences [15–19]. In addition, global sex chromosome

dosage compensation is achieved in Drosophila and mammals

by epigenetic mechanisms [20,21], demonstrating that distinct

epigenetic states can achieve transcriptional compensation

associated with ploidy variation. However, the contributions

of epigenetic inheritance to regulatory mechanisms that com-

pensate for ploidy differences in haplodiploids have not been

investigated. In this study, we attempted to gain insights into

whether epigenetic information was associated with gene

regulation in haplodiploid taxa.

In order to assess the epigenetic states of haploid and

diploid genomes, we compared single nucleotide resolution

DNA methylation profiles (DNA methylomes) of haploid

and diploid individuals of the red imported fire ant, Solenopsis
invicta. Sex in S. invicta and many other hymenopteran insects

is determined by complementary sex determination [3].

Under single-locus complementary sex determination, sex is

controlled by zygosity at a single genetic locus. In this

case, heterozygous individuals develop into females and

hemizygous (haploid) individuals develop into males.

Interestingly, diploid individuals that are homozygous

at the sex-determining locus develop into diploid males.

Diploid males are generally rare in hymenopteran populations.

However, diploid males are produced at high frequency in

invasive S. invicta owing to loss of variation at the sex-

determining locus [22]. S. invicta diploid males are larger

than haploid males, but otherwise have highly similar mor-

phologies and behaviours to haploid males. Moreover,

haploid and diploid males differ substantially in phenotype

from diploid queens and workers [23,24]. Importantly, the

common production of haploid and diploid males makes

S. invicta well suited to investigating epigenetic gene regulation

in the context of ploidy differences while simultaneously

controlling for sex differences.

Our analyses uncovered striking differences in DNA

methylation between haploid and diploid individuals in

S. invicta. The link between DNA methylation and ploidy vari-

ation suggests that haploid and diploid genomes in S. invicta
exhibit distinct epigenetic states. These results provide support

for the hypothesis that epigenetic mechanisms are associated

with genomic dosage compensation of haplodiploid organ-

isms. More broadly, our results suggest that epigenetic

information may influence the evolution of ploidy differences

among cells, organisms and species.
2. Material and methods
(a) Whole-genome bisulfite-sequencing
Sample collection, DNA extraction, bisulfite conversion, sequen-

cing, quality control and read mapping were performed as

described elsewhere [25]. Briefly, all samples were taken from a

single S. invicta colony. Male ploidy was confirmed by DNA micro-

satellite analysis at three to four highly variable loci. Genomic

DNA was separately pooled from whole bodies of haploid

males, diploid males, alate queens and workers, comprising one

sample per caste. We obtained between seven and nine times

mean coverage of genomic CpG sites per sample [25]. Solenopsis
invicta SI2.2.3 gene models were used for analysis of genes,
exons and introns [26]. Solenopsis invicta whole-genome bisulfite-

sequencing data are available online from Gene Expression

Omnibus (http://www.ncbi.nlm.nih.gov/geo; GSE39959).

(b) DNA methylation targets and levels
Significantly methylated CpG sites were assessed using a bino-

mial test, implemented using the Math::CDF module in PERL,

which incorporated deamination rate (from our unmethylated

control) as the probability of success, and assigned a significance

value to each CpG site related to the number of unconverted

reads (putatively methylated Cs) compared with the expected

number from control [15]. Resulting p-values were then adjusted

for multiple testing [27]. Only sites with false discovery rate

(FDR)-corrected binomial p-values ,0.01 and �3 reads were

considered ‘methylated’. Fractional methylation values were

calculated as described previously [25] for each CpG site or for

each genomic feature (exons and introns).

(c) Hierarchical clustering and dendrogram generation
The pvclust package in the R statistical computing environment

was used to generate clustering and dendrogram diagrams of frac-

tional methylation values of exons and introns [28]. We used the

‘average’ linkage agglomeration method, the ‘correlation’ distance

measure and 1000 bootstrap replications. Only those genomic

features (exons and introns) targeted by DNA methylation in at

least one caste, according to FDR-corrected binomial tests, were

included in hierarchical clustering analysis. Fractional DNA

methylation values of a given exon or intron in castes that did

not exhibit significant DNA methylation were set to zero prior to

hierarchical clustering in order to minimize noise contributed by

unconverted, putatively unmethylated cytosines.

(d) Differential DNA methylation
Significantly differentially methylated features (exons and introns)

were assessed for each pairwise comparison between castes using

generalized linear models (GLMs), implemented in the R statistical

computing environment [28], where methylation levels for fea-

tures were modelled as functions of ‘caste’ and ‘CpG position’. If

caste contributed significantly (chi-square test of GLM terms) to

the methylation status of a feature (after adjustment for multiple

testing using the method of [27]), then it was considered differen-

tially methylated between castes [15]. Only CpG sites that were

methylated in one or both castes and covered by at least four

reads in both libraries were used in these comparisons, and only

features with at least three such CpG sites were considered in

further analyses.

Once exons and introns were assigned differential methylation

status using the above GLM, each significantly differentially

methylated exon or intron was called as elevated in the caste

with higher fractional methylation status of that feature. These fea-

tures were then combined by gene, and each gene was called as a

unidirectional differentially methylated gene (DMG) if more than

two-thirds of the gene’s differentially methylated features were

elevated in the same direction.

(e) Gene ontology
Gene ontology (GO) annotations were assigned using BLAST 2GO

[29]. Significant enrichment was assessed with a Fisher’s exact

test and corrected for multiple testing with a Benjamini–Hoch-

berg FDR [27]. The ‘generic GO slim’ subset of GO terms was

used to assess significantly enriched terms (FDR, p , 0.05).

( f ) Gene expression
Solenopsis invicta whole-body cDNA microarray data [30,31]

were mapped to S. invicta gene models as described previously

http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo
http://rspb.royalsocietypublishing.org/
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Figure 1. DNA methylation differs between haploid and diploid castes in S. invicta. (a) Dendrogram produced by hierarchical clustering of fractional methylation
levels representing all introns and exons targeted by DNA methylation in at least one library (n ¼ 10 560 genetic features); bootstrap probability values are shown.
(b) Number of differentially methylated genes (DMGs) detected between castes. (c) Number of directional DMGs from panel (b) that exhibit pairwise elevated
methylation in haploid and diploid castes. (Online version in colour.)
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[25]. Expression ratios between queen, worker and haploid

male castes [30] were calculated as log2((C1pupa þ C1adult)=

(C2pupa þ C2adult)), where C1 is the expression value estimated by

BAGEL [32] for the first caste, and C2 is the estimated expression

value for the second caste.

For each gene, we assessed the coefficient of variation (stan-

dard deviation/mean; CV) of expression values as the mean of

CV values calculated separately for whole body S. invicta adult

and pupal workers, queens and haploid males (median of five

biological replicates per morph) [30].

For array data from haploid and diploid males (Gene

Expression Omnibus accession: GSE42786 and GSE35217) [33],

the Limma R package [34] was used to perform background

correction (method ¼ ‘normexp’), and within- and between-array

normalization (method ¼ ‘printtiploess’ and method¼ ‘Rquan-

tile’, respectively), followed by generation of gene expression

ratios between haploid and diploid male arrays.

(g) Coding sequence evolution
We used OrthoDB [35] 12-insect orthology data to assign single-

copy orthologues between the ants S. invicta, Pogonomyrmex
barbatus and Linepithema humile. Non-synonymous substitutions

per non-synonymous site and synonymous substitutions per

synonymous site were determined for the S. invicta lineage

using codeml in PAML as described previously [36]. Genes

with aligned sequence length �100, dS � 4 or dN/dS � 4 were

filtered out prior to analysis.
3. Results
(a) DNA methylation is associated with ploidy

in Solenopsis invicta
We observed significant differences in methylation level in

one or more pairwise comparisons between castes for 3478

exons (32.7% of 10 628 exons methylated in one or more

caste) and 577 introns (23.3% of 2479 introns methylated

in one or more caste) in S. invicta. Ultimately, we classified

any gene with a significant difference in the methylation

level of at least one exon or intron in at least one pairwise

comparison between castes as a DMG.

We found that DNA methylation levels in all libraries derived

from diploid individuals were more similar to one another than
to the library derived from haploid males (figure 1a). Diploid

males, queens and workers all showed methylation profiles

that were highly diverged from haploid males. In particular,

the majority of significantly differential methylation occurred

between the haploid and diploid castes (figure 1b; electronic

supplementary material, figure S1). The pairwise comparison

with the greatest number of DMGs was that between haploid

and diploid males. This is particularly noteworthy given the

high degree of morphological and behavioural similarity

between haploid and diploid males in S. invicta [23,24]. The

pairwise comparison with the fewest differences was that

between queens and workers, both of which are diploid females

(figure 1b; electronic supplementary material, figure S1). We note

that these findings are unlikely to be the result of bisulfite con-

version efficiency, as the queen library exhibited the highest

unmethylated cytosine non-conversion rate, and haploid and

diploid males had the most similar unmethylated cytosine non-

conversion rate among all libraries (electronic supplementary

material, table S1).

We next defined directional DMGs as those wherein at

least two-thirds of differentially methylated features (exons

and introns) were more highly methylated in one caste of a

given pairwise comparison. For example, if three of four differ-

entially methylated features were more highly methylated in

haploid males, then the gene would be categorized as having

elevated methylation in haploid males relative to diploid

males. By contrast, if two of four differentially methylated fea-

tures were more highly methylated in haploid males (with the

other two more highly methylated in diploid males), then

the gene would not be characterized as a directional DMG.

Analysis of directional DMGs provided insights into the castes

that most frequently exhibited elevated DNA methylation

levels. In each comparison between haploid and diploid

castes, we observed considerably more DMGs with elevated

methylation levels biased to the haploid caste (figure 1c;

electronic supplementary material, figure S1).

(b) Differentially methylated genes in Solenopsis invicta
have unique characteristics

We conducted enrichment analysis of GO annotations for

DMGs relative to methylated non-DMGs. We found that

http://rspb.royalsocietypublishing.org/


Table 1. Enrichment of gene ontology (GO) annotations associated with differentially methylated genes (DMGs) and non-DMGs in S. invicta.

term categorya accession number no. genes fold enrichmentb FDR p-value

differentially methylated genes

binding F GO:0005488 1434 1.13 0.0001

nucleotide binding F GO:0000166 464 1.28 0.0277

developmental process P GO:0032502 278 1.36 0.0435

chromosome C GO:0005694 122 1.67 0.0435

non-differentially methylated genes

structural molecule activity F GO:0005488 64 1.92 0.0082

cytoplasmic part C GO:0000166 447 1.26 0.0103

ribosome C GO:0032502 111 1.51 0.0427

translation P GO:0005694 138 1.42 0.0488
aP, biological process; F, molecular function; C, cellular component.
bEnrichment determined for DMGs or non-DMGs relative to all other methylated genes.

Table 2. Characteristics of differentially methylated genes (DMGs) and non-DMGs in S. invicta.

trait
DMGs (mean+++++ s.e.;
gene count)

non-DMGs (mean+++++ s.e.;
gene count)

Mann – Whitney
U-test p-value

fractional coding sequence methylation 0.186+ 0.003; 2518 0.255+ 0.005; 1705 ,0.0001

fractional gene body (exons þ introns) methylation 0.174+ 0.002; 2521 0.240+ 0.004; 1718 ,0.0001

coding sequence length 1888.09+ 31.07; 2518 1254.34+ 29.27; 1705 ,0.0001

gene body length 3869.21+ 74.75; 2521 2483.83+ 67.44; 1718 ,0.0001

gene expression coefficient of variation 0.167+ 0.002; 1068 0.160+ 0.002; 836 0.0022

non-synonymous substitutions per non-synonymous site (dN) 0.033+ 0.001; 1728 0.037+ 0.001; 1012 0.0046

synonymous substitutions per synonymous site (dS) 0.344+ 0.004; 1727 0.375+ 0.005; 1012 ,0.0001

dN/dS 0.101+ 0.002; 1725 0.102+ 0.003; 1012 0.7962
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DMGs in S. invicta were enriched for annotations including

‘nucleotide binding’ and ‘developmental process’ (table 1;

electronic supplementary material, table S2). By contrast, non-

DMGs were enriched for terms related to core cellular

functions such as ‘translation’ (table 1; electronic supplemen-

tary material, table S3), as is typical of methylated genes in

general in S. invicta and other insects [25,37].

We further tested whether there were significant differences

between DMGs and non-DMGs in a number of gene character-

istics in order to better understand which types of genes are

variably methylated. Specifically, we determined whether

DMGs and non-DMGs differed in overall DNA methyla-

tion level (all castes combined), gene length, gene expression

variability among samples as measured by the coefficient of

variation [30] and rates of protein coding sequence evolution.

We found that DMGs exhibited substantially lower DNA

methylation levels, and were substantially longer in terms

of both coding sequence and gene body, than non-DMGs

(table 2; p , 0.0001 in each case). DMGs were also modestly,

but significantly, more variable in expression, and more

highly conserved at the sequence level, than non-DMGs

(table 2; p , 0.01 in each case).

We next investigated whether variation in DNA methyl-

ation was associated with variation in gene expression among

castes. In order to investigate the regulatory significance of

differential DNA methylation, we integrated available
microarray gene expression data from S. invicta haploid

males, diploid queens and diploid workers [30], as well as

from a separate comparison of haploid and diploid males [33].

Our analyses revealed that directional DMGs with elevated

methylation in haploid castes versus diploid castes were signifi-

cantly more highly expressed in haploid castes than in diploid

castes (figure 2; electronic supplementary material, figure S1).

This finding is consistent with the observed association between

DNA methylation and active gene expression in insects

[25,38,39]. Intriguingly, however, we found no significant associ-

ation between differential methylation and gene expression bias

when examining genes differentially methylated between

worker and queen castes (both diploid; figure 2b).

Finally, we determined whether directional DMGs

between males of different ploidy were enriched for distinct

GO annotations. Our goal with this analysis was to determine

whether elevated methylation in haploid males, which may

reflect an epigenetic state associated with haploid gene upre-

gulation (figure 2a–c), was targeted to genes associated with

distinct functions, when compared with other DMGs.

We found that genes with elevated methylation in haploid

males relative to diploid males were enriched for several meta-

bolic process terms, as well as the terms ‘nucleotide binding’

and ‘chromosome’ (electronic supplementary material,

table S4). By contrast, there were no significantly enriched

terms below the FDR cut-off ( p , 0.05) for genes with

http://rspb.royalsocietypublishing.org/
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Figure 2. Gene expression bias is associated with directional differentially methylated genes (DMGs) in S. invicta. DMGs that exhibit elevated methylation in haploid
males are more highly expressed in haploid males, whereas DMGs that exhibit elevated methylation in diploid (a) males, (b) queens or (c) workers are more highly
expressed in diploid males, queens or workers, respectively. By contrast, there is no significant difference between the ratio of expression for DMGs that exhibit
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elevated methylation in diploid males relative to haploid

males. Nevertheless, several terms related to growth and devel-

opment, including ‘developmental process’, were enriched

among genes with elevated methylation in diploid males

prior to FDR correction ( p , 0.05; electronic supplementary

material, table S5). Together, these data suggest a marked

difference between the gene classes that exhibit elevated

methylation in haploid and diploid males. Elevated methyl-

ation in haploid males appears to preferentially target genes

associated with basal cellular processes, whereas elevated

methylation in diploid males may be associated with a larger

number of genes implicated in development.
(c) Orthologues of genes implicated in Drosophila
dosage compensation exhibit differential DNA
methylation and expression in Solenopsis invicta

We assessed patterns of DNA methylation and gene expression

for S. invicta orthologues of genes associated with dosage com-

pensation in Drosophila. Our goal was to provide initial insights

into whether common molecular machinery may underlie

dosage compensation for sex chromosomes in Drosophila and

regulatory compensation for haploidy versus diploidy in

S. invicta. Interestingly, we found that orthologues of four of

eight genes (with data) related to dosage compensation in

D. melanogaster were differentially methylated between

haploid and diploid males in S. invicta (electronic supplemen-

tary material, table S6 and figure S2). Moreover, three of four of

these genes (with data) were differentially expressed between

haploids and diploids (electronic supplementary material,

table S6). Thus, several genes involved in Drosophila dosage

compensation are differentially methylated and differentially

expressed between haploids and diploids in S. invicta.
4. Discussion
The purpose of this investigation was to gain a greater under-

standing of the molecular mechanisms that regulate gene

function among individuals that differ in ploidy. Our analysis

of DNA methylation patterns among S. invicta castes uncov-

ered strong associations between levels of DNA methylation

and ploidy. These methylation differences were further found

to be related to gene expression differences among castes.
We found most DMGs arose between haploid and diploid

castes, and therefore that the number of DMGs was not related

to the overall morphological similarity of the castes being

compared (figure 1). In particular, our comparison of haploid

and diploid males produced more DMGs than our comparison

of haploid males and diploid queens, which are sexually

dimorphic, and produced many more DMGs than were

observed between diploid queens and diploid workers, which

are a classical example of insect polyphenism. Thus, in S. invicta,

differences in DNA methylation more closely track differences in

ploidy than differences in morphology, behaviour or physiology

associated with distinct queen and worker castes [40].

The DNA methylomes of haploid males and diploid

females were sequenced previously in the ants Camponotus
floridanus and Harpegnathos saltator [18]. When we assessed

directional DMGs between adult castes of C. floridanus and

H. saltator, we found that, in four of six comparisons between

haploid and diploid castes, more DMGs were elevated

in haploids than in diploids (three of three comparisons in

H. saltator and one of three comparisons in C. floridanus;

electronic supplementary material, figure S3). Thus, the

data of Bonasio et al. [18] further suggest that haploids may

be prone to elevated DNA methylation relative to diploids.

Intriguingly, we found that DMGs, as a whole, exhibited

several distinguishing characteristics in S. invicta. DMGs were

enriched relative to non-DMGs for the GO annotations ‘nucleo-

tide binding’ and ‘developmental process’ (table 1), consistent

with important regulatory roles for differential DNA methyl-

ation in S. invicta, as in the honeybee [15,16,19]. Furthermore,

DMGs differed significantly from other methylated genes in

methylation level, gene length, expression variability and

substitution rate (table 2), suggesting key architectural and

regulatory differences between DMGs and non-DMGs.

In S. invicta, differential methylation events were also

associated with ploidy-specific gene expression bias (figure 2),

suggesting that DMGs are associated with regulatory differ-

ences between haploid and diploid genomes. Interestingly,

the association of intragenic DNA methylation with active

gene expression in insects suggests DNA methylation may be

a useful marker of active chromatin states [25,37,38]. In support

of this idea, the presence of DNA methylation has recently been

linked to the presence of several active histone modifications in

insect genomes [25,41]. We speculate that elevated haploid

DNA methylation may be indicative of regulatory pressures

associated with the single-copy state of haploid loci.
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Notably, our data cannot directly address whether changes

in DNA methylation are the cause or consequence of chan-

ges in gene expression. However, experimental investigations

in model systems indicate the DNA methylation can cause

changes in gene function through interactions with other com-

ponents of chromatin. For example, DNA methylation has

been shown to affect alternative splicing through its interaction

with RNA polymerase II [42]. In addition, DNA methyla-

tion has been shown to alter the positioning of certain

histone variants, which ultimately influence gene expression

[43]. Experimental changes in levels of DNA methylation

have also been found to lead to changes in levels of gene

expression in Arabidopsis [43,44], suggesting that intragenic

methylation has functional effects.

The suggestion that epigenetic gene regulation plays a role in

genome-wide chromosomal dosage compensation is consistent

with the observation that epigenetic marks play key roles in

sex chromosome dosage compensation [20,21,45]. Intriguingly,

we found that S. invicta orthologues of several genes implicated

in D. melanogaster dosage compensation were differentially

regulated between haploid and diploid castes (electronic

supplementary material, table S6 and figure S2), raising the

prospect of some degree of molecular convergence. Although

the genome of D. melanogaster is not substantially methylated,

previous studies have revealed that, in species that harbour func-

tional DNA methylation systems, DNA methylation interacts

with histone modifications associated with dosage compen-

sation in D. melanogaster [25,41]. Regardless, we note that the

mechanisms by which intragenic methylation affect gene func-

tion remain poorly understood [39], and direct connections

between mechanisms of sex chromosome dosage compensation

and ploidy compensation remain speculative at present.

Given the evidence for different epigenetic states in haploid

and diploid S. invicta, it is important to consider why one may

expect different regulatory requirements for genes in haploid

genomes when compared with diploid genomes. For example,

there may be increased metabolic requirements placed on

loci in haploid, relative to diploid, genomes [1]. Our results

agree with this notion, as several metabolic process GO anno-

tations were enriched among genes with elevated DNA

methylation in haploid males (electronic supplementary

material, table S4). One additional reason for epigenetic states

to differ between haploid and diploid genomes may be rela-

ted to the amelioration of haploid gene expression noise,

particularly at genes essential to cellular function. Indeed,
gene expression variability is negatively associated with

dosage in yeast, where diploid cells exhibit less expression

variability than haploid cells [46], and where overall gene

expression variability can lower organismal fitness [47].

We previously found that DNA methylation is negatively

associated with the coefficient of variation of gene expression

among replicate S. invicta samples [25], potentially implying

a role for DNA methylation in the stabilization of gene

expression [48]. We speculate that, if DNA methylation plays

a role in reducing gene expression stochasticity [48], the vari-

able expression of haploid loci may itself provide an impetus

for elevated levels of DNA methylation in haploid males.

Overall, our results suggest that epigenetic mechanisms are

associated with regulatory response to global differences in

dosage in haplodiploid hymenopterans. However, we must

emphasize that these results are preliminary in nature, requiring

additional study to resolve whether epigenetic information is

functionally implicated in ploidy-associated regulatory com-

pensation. One important consideration is that haploid males

in Hymenoptera are known to compensate for lower genomic

content relative to diploid females through endoreplication

[6,9], wherein cells increase their genomic content without divid-

ing [1]. Our results raise the possibility that epigenetic

information similarly contributes to haploid regulatory compen-

sation, particularly given that endoreplication is not ubiquitous

among tissues [6]. An alternative, but presently unexplored

possibility is that endoreplication itself is associated with

epigenetic changes.

We have shown that differential DNA methylation is more

closely linked to ploidy variation than to queen and worker

castes in the fire ant S. invicta. We observed elevated DNA

methylation in haploids, and a positive association between

ploidy-biased DNA methylation and gene expression, which

together demonstrate the existence of distinct epigenetic states

for haploid and diploid genomes. Overall, our results highlight

the prospect that epigenetic mechanisms may be involved in

achieving ploidy compensation in haplodiploid taxa.
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Figure S1. DNA methylation differs at a 2-fold threshold between haploid and diploid 

castes in S. invicta. This figure depicts analyses comparable to main text figure 1, with 

differentially methylated genes (DMGs) defined here as those with significant differences 

according to our generalized linear model, and exhibiting a 2-fold difference in DNA methylation 

level between castes. (a) Number of 2-fold DMGs detected between castes. (b) Number of 

directional 2-fold DMGs from panel a that exhibit pairwise elevated methylation in haploid 

(orange) and diploid (blue) castes, respectively. 
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Figure S2. S. invicta DMGs with D. melanogaster orthologs implicated in dosage 

compensation. Differential DNA methylation between haploid and diploid males is illustrated for 

S. invicta orthologs of (a) male-specific lethal 1, (b) Upstream of N-ras, (c) maleless, and (d) 

Mes-4 (genes from table 3 that exhibit differential methylation between haploid and diploid 

males). Exon 9 of Mes-4 encodes the SET domain (as determined by InterProScan), which is 

integral to the methylation of H3K36. Each panel shows, at bottom, the associated S. invicta 

gene model. Differentially methylated features (exons and introns) between haploid and diploid 

males are indicated with an asterisk. Plots show DNA methylation levels for each CpG site in 

each differentially methylated feature.    
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Figure S3. Directional DMGs frequently exhibit elevated methylation levels in haploid 

males of multiple ant taxa. The number of directional DMGs that exhibit pairwise elevated 

methylation in haploid and diploid castes, respectively, from three-way orthologs in the ants (a) 

Solenopsis invicta, (b) Camponotus floridanus, and (c) Harpegnathos saltator. In S. invicta and 

H. saltator, haploid males exhibit elevated methylation more frequently than diploid castes in all 

comparisons. In C. floridanus, haploid males exhibit elevated methylation more frequently than 

diploid castes in only one of three comparisons. Data from diploid males were not available from 

C. floridanus or H. saltator. 
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Table S1. Summary of non-conversion statistics from an unmethylated spike-in control 

(enterobacteria phage lambda DNA, GenBank accession J02459.1) 

Caste CG 

sites 

Mean 

fractional 

methylation 

Mean 

coverage 

FDR 

“methylated” 

sites 

A 3110 0.004075 553.272 5 

MD 3112 0.003598 578.485 5 

MH 3112 0.003576 600.945 4 

W 3111 0.003723 584.498 6 
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Table S2. Enrichment of GO annotations among DMGs (relative to non-DMGs) - all P < 0.05 

GO-ID Term Category FDR P-Value #Test #Ref #notAnnotTest #notAnnotRef 

GO:0005488 binding F 0.0001 6.55E-07 1434 868 658 565 

GO:0000166 nucleotide binding F 0.0277 0.0003 464 249 1628 1184 

GO:0032502 developmental process P 0.0435 0.0008 278 140 1814 1293 

GO:0005694 chromosome C 0.0435 0.0008 122 50 1970 1383 

GO:0032501 multicellular organismal process P 0.0686 0.0020 255 130 1837 1303 

GO:0007275 multicellular organismal development P 0.0686 0.0020 255 130 1837 1303 

GO:0048856 anatomical structure development P 0.0830 0.0032 152 71 1940 1362 

GO:0009653 anatomical structure morphogenesis P 0.0830 0.0032 152 71 1940 1362 

GO:0016787 hydrolase activity F 0.1045 0.0045 459 262 1633 1171 

GO:0003676 nucleic acid binding F 0.1450 0.0084 548 324 1544 1109 

GO:0009056 catabolic process P 0.1450 0.0092 275 150 1817 1283 

GO:0030154 cell differentiation P 0.1450 0.0093 145 71 1947 1362 

GO:0048869 cellular developmental process P 0.1450 0.0093 145 71 1947 1362 

GO:0003824 catalytic activity F 0.1450 0.0114 1042 657 1050 776 

GO:0004672 protein kinase activity F 0.1450 0.0121 95 43 1997 1390 

GO:0016773 phosphotransferase activity, alcohol group as acceptor F 0.1450 0.0121 95 43 1997 1390 

GO:0016301 kinase activity F 0.1450 0.0125 148 74 1944 1359 

GO:0016772 transferase activity, transferring phosphorus-containing groups F 0.1450 0.0125 148 74 1944 1359 

GO:0005634 nucleus C 0.1516 0.0138 536 320 1556 1113 

GO:0003677 DNA binding F 0.1908 0.0218 206 112 1886 1321 

GO:0031975 envelope C 0.1908 0.0219 31 10 2061 1423 

GO:0031967 organelle envelope C 0.1908 0.0219 31 10 2061 1423 

GO:0012505 endomembrane system C 0.1908 0.0219 31 10 2061 1423 

GO:0005635 nuclear envelope C 0.1908 0.0219 31 10 2061 1423 

GO:0003700 sequence-specific DNA binding transcription factor activity F 0.2090 0.0272 53 22 2039 1411 

GO:0001071 nucleic acid binding transcription factor activity F 0.2090 0.0272 53 22 2039 1411 

GO:0006259 DNA metabolic process P 0.2090 0.0280 117 59 1975 1374 

GO:0090304 nucleic acid metabolic process P 0.2090 0.0280 117 59 1975 1374 

GO:0065007 biological regulation P 0.2432 0.0337 645 400 1447 1033 

GO:0008289 lipid binding F 0.2552 0.0366 31 11 2061 1422 

GO:0050789 regulation of biological process P 0.2956 0.0438 635 396 1457 1037 

P, biological process; F, molecular function; C, cellular component 

#Test, number of genes with the designated annotation in test set; #Ref, number of genes with the designated annotation in reference set; #notAnnotTest, number of genes lacking the 

designated annotation in test set; #notAnnotRef, number of genes lacking the designated annotation in reference set 
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Table S3. Enrichment of GO annotations among non-DMGs (relative to DMGs) - all P < 0.05 

GO-ID Term Category FDR P-Value #Test #Ref #notAnnotTest #notAnnotRef 

GO:0005198 structural molecule activity F 0.0082 3.93E-05 84 64 1349 2028 

GO:0044444 cytoplasmic part C 0.0103 9.86E-05 385 447 1048 1645 

GO:0030529 ribonucleoprotein complex C 0.0427 8.37E-04 115 111 1318 1981 

GO:0005840 ribosome C 0.0427 8.37E-04 115 111 1318 1981 

GO:0006412 translation P 0.0488 0.0016 138 138 1295 1892 

GO:0044249 cellular biosynthetic process P 0.1074 0.0041 129 142 1304 1958 

GO:0009059 macromolecule biosynthetic process P 0.1074 0.0041 129 142 1304 1958 

GO:0034645 cellular macromolecule biosynthetic process P 0.1074 0.0041 129 142 1304 1958 

GO:0005730 nucleolus C 0.1561 0.0067 62 57 1371 2035 

GO:0009058 biosynthetic process P 0.1637 0.0078 293 359 1140 1733 

GO:0005783 endoplasmic reticulum C 0.2418 0.0127 58 55 1375 2037 

GO:0010467 gene expression P 0.3035 0.0174 141 162 1292 1930 

GO:0009536 plastid C 0.3293 0.0205 6 1 1427 2091 

GO:0005739 mitochondrion C 0.4813 0.0322 113 130 1320 1962 

GO:0005576 extracellular region C 0.6171 0.0443 23 19 1410 2073 

P, biological process; F, molecular function; C, cellular component 

#Test, number of genes with the designated annotation in test set; #Ref, number of genes with the designated annotation in reference set; #notAnnotTest, number of genes lacking the 

designated annotation in test set; #notAnnotRef, number of genes lacking the designated annotation in reference set 
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Table S4. Enrichment of GO annotations among directional DMGs elevated in haploid males (relative to diploid males) - all P < 0.05 

GO-ID Term Category FDR P-Value #Test #Ref #notAnnotTest #notAnnotRef 

GO:0006807 nitrogen compound metabolic process P 0.0060 8.59E-05 207 405 684 1939 

GO:0006139 nucleobase-containing compound metabolic process P 0.0060 8.59E-05 207 405 684 1939 

GO:0034641 cellular nitrogen compound metabolic process P 0.0060 8.59E-05 207 405 684 1939 

GO:0005488 binding F 0.0172 3.35E-04 626 1497 265 847 

GO:0005694 chromosome C 0.0172 4.76E-04 64 98 827 2246 

GO:0000166 nucleotide binding F 0.0172 4.93E-04 217 445 674 1899 

GO:0044238 primary metabolic process P 0.0744 0.0025 434 1011 457 1333 

GO:0016787 hydrolase activity F 0.0847 0.0032 211 451 680 1893 

GO:0003824 catalytic activity F 0.0932 0.0040 463 1094 428 1250 

GO:0044428 nuclear part C 0.1054 0.0050 128 257 763 2087 

GO:0006259 DNA metabolic process P 0.1240 0.0071 59 103 832 2241 

GO:0090304 nucleic acid metabolic process P 0.1240 0.0071 59 103 832 2241 

GO:0005654 nucleoplasm C 0.1526 0.0095 91 177 800 2167 

GO:0044446 intracellular organelle part C 0.1621 0.0116 134 280 757 2064 

GO:0044422 organelle part C 0.1621 0.0116 134 280 757 2064 

GO:0003676 nucleic acid binding F 0.1780 0.0157 244 554 647 1790 

GO:0031981 nuclear lumen C 0.1780 0.0170 115 239 776 2105 

GO:0031974 membrane-enclosed lumen C 0.1780 0.0170 115 239 776 2105 

GO:0043233 organelle lumen C 0.1780 0.0170 115 239 776 2105 

GO:0070013 intracellular organelle lumen C 0.1780 0.0170 115 239 776 2105 

GO:0008152 metabolic process P 0.2150 0.0217 522 1279 369 1065 

GO:0003682 chromatin binding F 0.2150 0.0227 18 24 873 2320 

GO:0030234 enzyme regulator activity F 0.2150 0.0237 42 74 849 2270 

GO:0003677 DNA binding F 0.2643 0.0316 94 196 797 2148 

GO:0006629 lipid metabolic process P 0.2643 0.0316 42 76 849 2268 

GO:0005634 nucleus C 0.2702 0.0336 239 554 652 1790 

GO:0009056 catabolic process P 0.2729 0.0353 123 267 768 2077 

P, biological process; F, molecular function; C, cellular component 

#Test, number of genes with the designated annotation in test set; #Ref, number of genes with the designated annotation in reference set; #notAnnotTest, number of genes lacking the 

designated annotation in test set; #notAnnotRef, number of genes lacking the designated annotation in reference set 
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Table S5. Enrichment of GO annotations among directional DMGs elevated in diploid males (relative to haploid males) - all P < 0.05 

GO-ID Term Category FDR P-Value #Test #Ref #notAnnotTest #notAnnotRef 

GO:0032501 multicellular organismal process P 0.1739 0.0025 64 291 356 2524 

GO:0007275 multicellular organismal development P 0.1739 0.0025 64 291 356 2524 

GO:0032502 developmental process P 0.1739 0.0031 68 317 352 2498 

GO:0009790 embryo development P 0.1739 0.0033 25 86 395 2729 

GO:0040007 growth P 0.2930 0.0085 16 50 404 2765 

GO:0008092 cytoskeletal protein binding F 0.2930 0.0093 15 46 405 2769 

GO:0016049 cell growth P 0.2930 0.0140 8 18 412 2797 

GO:0008361 regulation of cell size P 0.2930 0.0140 8 18 412 2797 

GO:0032535 regulation of cellular component size P 0.2930 0.0140 8 18 412 2797 

GO:0090066 regulation of anatomical structure size P 0.2930 0.0140 8 18 412 2797 

GO:0065008 regulation of biological quality P 0.3270 0.0172 16 55 404 2760 

GO:0030154 cell differentiation P 0.3357 0.0209 36 163 384 2652 

GO:0048869 cellular developmental process P 0.3357 0.0209 36 163 384 2652 

GO:0003779 actin binding F 0.3622 0.0255 9 25 411 2790 

GO:0048856 anatomical structure development P 0.3622 0.0277 36 167 384 2648 

GO:0009653 anatomical structure morphogenesis P 0.3622 0.0277 36 167 384 2648 

GO:0007154 cell communication P 0.3838 0.0312 17 65 403 2750 

GO:0044430 cytoskeletal part C 0.4449 0.0426 9 28 411 2787 

GO:0015630 microtubule cytoskeleton C 0.4449 0.0426 9 28 411 2787 

GO:0005815 microtubule organizing center C 0.4449 0.0426 9 28 411 2787 

P, biological process; F, molecular function; C, cellular component 

#Test, number of genes with the designated annotation in test set; #Ref, number of genes with the designated annotation in reference set; #notAnnotTest, number of genes lacking the 

designated annotation in test set; #notAnnotRef, number of genes lacking the designated annotation in reference set 
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Table S6. Differential expression and methylation of putative S. invicta dosage 1 

compensationa orthologs in haploid and diploid males 2 

D. 
melanogaster 
name 

Gene descriptionb S. invicta 
ortholog 

S. invicta 
differential male 
expressionc 

S. invicta elevation 
of male 
methylationd 

male-specific 
lethal 1 

scaffold for MSL 
complex assembly 

SI2.2.0_02091 diploid > haploid diploid > haploid 

male-specific 
lethal 2 

RING finger protein SI2.2.0_04411 no data not significant 

male-specific 
lethal 3 

chromodomain protein SI2.2.0_16160 no data not significant 

males absent 
on the first 

H4K16 
acetyltransferase 

SI2.2.0_08278 diploid > haploid not significant 

Maleless RNA/DNA helicase SI2.2.0_15664 no data haploid > diploid 

Sex lethal represses msl-2 in 
females 

SI2.2.0_00801 no data no data 

Upstream of 
N-ras 

acts in concert with 
Sex lethal 

SI2.2.0_03090 haploid > diploid haploid > diploid 

Mes-4 H3K36 
methyltransferase 

SI2.2.0_06678 no data haploid > diploid 

Set2 H3K36 
methyltransferase 

SI2.2.0_04653 not significant not significant 

a Genes associated with dosage compensation here include D. melanogaster MSL complex 3 

components, regulators of male-specific lethal 2, and H3K36 methyltransferases according to 4 

references in footnote b. 5 

b Conrad, T. & Akhtar, A. 2012 Dosage compensation in Drosophila melanogaster: epigenetic 6 

fine-tuning of chromosome-wide transcription. Nat. Rev. Genet. 13, 123-134. 7 

Gelbart, M.E. & Kuroda, M.I. 2009 Drosophila dosage compensation: a complex voyage to the 8 

X chromosome. Development 136, 1399-1410.  9 

Bell, O., Conrad, T., Kind, J., Wirbelauer, C., Akhtar, A. & Schübeler, D. 2008 Transcription-10 

coupled methylation of histone H3 at lysine 36 regulates dosage compensation by 11 

enhancing recruitment of the MSL complex in Drosophila melanogaster. Mol. Cell. Biol. 28, 12 

3401-3409.  13 

Wagner, E.J. & Carpenter, P.B. 2012 Understanding the language of Lys36 methylation at 14 

histone H3. Nat. Rev. Mol. Cell Biol. 13, 115-126.  15 

c Significant expression differences between either pupal or adult haploid and diploid males. No 16 

data indicates that probes for these genes were not present on the microarray.   17 

d Results of pairwise comparisons between adult haploid and diploid males. 18 

 19 
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