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In many ant species, sibling larvae follow alternative ontogenetic trajectories that generate striking variation in mor-
phology and behavior among adults. These organism-level outcomes are often determined by environmental rather than
genetic factors. Therefore, epigenetic mechanisms may mediate the expression of adult polyphenisms. We produced the
first genome-wide maps of chromatin structure in a eusocial insect and found that gene-proximal changes in histone
modifications, notably H3K27 acetylation, discriminate two female worker and male castes in Camponotus floridanus ants
and partially explain differential gene expression between castes. Genes showing coordinated changes in H3K27ac and
RNA implicate muscle development, neuronal regulation, and sensory responses in modulating caste identity. Binding
sites of the acetyltransferase CBP harbor the greatest caste variation in H3K27ac, are enriched with motifs for conserved
transcription factors, and show evolutionary expansion near developmental and neuronal genes. These results suggest that
environmental effects on caste identity may be mediated by differential recruitment of CBP to chromatin. We propose that
epigenetic mechanisms that modify chromatin structure may help orchestrate the generation and maintenance of poly-

phenic caste morphology and social behavior in ants.

[Supplemental material is available for this article.]

Colonial division of labor into reproductive (e.g., queen) and
functionally sterile (worker) castes is a hallmark strategy for social
organization employed by all eusocial insects (Wilson 1953;
Wheeler 1986; Holldobler and Wilson 1990). A subset of ant spe-
cies (Hymenoptera: Formicidae) have evolved further subdivision
of workers into specialized castes, whereby signals initiated during
larval development activate alternative ontogenies that generate
complex variation in morphology, behavior, and lifespan among
adults (Holldobler and Wilson 1990). Importantly, these caste-
determining signals often derive from environmental—physical,
nutritional (e.g., royal jelly), social—cues rather than genetic fac-
tors (Wheeler 1986, 1991; Schwander et al. 2010; Kamakura 2011;
Rajakumar et al. 2012). This environmentally regulated production
of stereotypical phenotypes from a single genotype (polyphenism)
makes ants an ideal system to study epigenetic mechanisms that
generate and maintain phenotypic plasticity (Stearns 1989; Nijhout
1999; West-Eberhard 2003). Little is currently known about mo-
lecular mechanisms mediating ant polyphenisms (Evans and
Wheeler 2001; Smith et al. 2008; Gadau et al. 2012), although DNA
methylation (Kucharski et al. 2008; Elango et al. 2009; Lyko et al.
2010) and insulin and endocrine signaling (Ament et al. 2008;
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Kamakura 2011; Mutti et al. 2011; Rajakumar et al. 2012) have
been implicated in the social, yet evolutionarily distinct lineage of
honeybees.

Here, we report the investigation of a role for histone post-
translational modifications (PTMs) in modulating social insect
caste identity (Alarcén et al. 2004; Levenson and Sweatt 2005;
Berger 2007; Peleg et al. 2010; Negre et al. 2011; Roudier et al. 2011;
Spannhoff et al. 2011) using the Florida carpenter ant Camponotus
floridanus, which features a polyphenism involving two female
worker castes called majors and minors (Wilson 1953; Dupuy et al.
2006; Lucas and Sokolowski 2009). We recently assembled a high-
quality draft of the ~240 megabase C. floridanus genome, which is
predicted to encode ~17,000 protein-coding genes (Bonasio et al.
2010). While models for many of these genes remain incomplete,
84% were validated with expressed sequence tag (EST) or RNA-seq
data and annotated by homology comparisons to several insect
genomes. Using these gene annotations and assembly, we first
performed a comprehensive assessment of caste differences in gene
expression and chromatin structure between major, minor, and
male adults using pooled head and thoracic tissues; this broad
approach considers both allometric and tissue-specific caste vari-
ation. We sequenced chromatin immunoprecipitation (ChIP)
samples by caste for histone H3, seven PTMs on H3, including
mono- and trimethylation of lysine 4 (H3K4mel, H3K4me3),
H3K27me3, H3K36me3, H3K9me3, acetylation of lysines 9 and 27
(H3K9ac, H3K27ac), and RNA Polymerase II (Pol II), along with
whole-genome inputs (Supplemental Fig. 1; Supplemental Table
1). Based on observations from these pooled samples, we also se-
quenced ChIP samples for the acetyltransferase and transcriptional
coactivator CREB binding protein (CBP) in majors and minors, as
well as RNA, H3, H3K27ac, and input samples from brain tissue
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isolated from majors and minors. To an-
alyze these data, we developed a novel
Bayesian probability model that esti-
mates quantitative per-nucleotide ChIP
enrichment scores normalized by histone
H3 as a proxy for nucleosome density (for
PTM samples) and by DNA input as
a proxy for chromatin accessibility (for all
samples) (Supplemental Figs. 2, 3; Sup-
plemental Methods). Using a probabilistic
model allowed us to utilize both unique
and non-unique mapped reads (Supple-
mental Table 1), which provides high
sensitivity and specificity for compre-
hensive analysis of chromatin organiza-
tion (Supplemental Fig. 4). The scores
obtained by this method comprise our
caste-specific, genome-wide chromatin
maps.

Results

Genome-wide prevalence of histone
PTMs in ants

Since chromatin structure has not been
studied in social insects, we first assessed
the genome-wide prevalence of PTMs in
ants by identifying discrete regions of in-
terest (ROIs) that exhibit significant PTM
enrichment across spans of DNA in the C.
floridanus genome (P < 0.05); as expected,
these ROIs average about one nucleosome
in length (196 bp) (Supplemental Fig. 5). By
counting nucleotides that comprise ROIs
and averaging over castes, we obtained
conservative estimates of genome-wide
PTM prevalence, with H3K4mel showing
the greatest (36.5% * 3.8%) and H3K9ac
the least (10.8% = 1.3%) prevalence (Fig.
1A) (see Supplemental Fig. 6A for more le-
nient per-nucleotide estimates). PTM ROIs
show a modest 1.6-fold enrichment for
genic DNA, with 57% of each PTM’s total
ROI overlapping protein-coding (exons,
introns, UTRs) and noncoding genes on

B Exon EUTRs = Noncoding

4  Intron @ Promoter-2kb EIntergenic H3®  HSK4me3 0 H3K27mes m

>

/

0. H3K27ac m H3K36me3 @ H3K9me3 @
2. oal ROIs, P <0.05 - H3K4me1®m  H3K9ac m RNA Pol Il m
sg 0' of Protein-coding genes (n=14,368)
o c ! ] i
22 01 _16 |
c & i c
S5 5 Repetitive g 1.4 i
£0 0.08 P £ |
o 3]
Sc 0.06 £1.2
&% 0.04 s e
0.02 £ 1 k\ﬁ_—»«
o r

%% % % 08
t") s 4‘—?6‘ 4—7 ,oo .
T %, % 7 Tssx2k G EXoMinyon TTS 4260

(9]

27 ChIP samples x 13 genic regions Majorm Male m Minor

n=1174
5 2 gt
% M
(2]
g -
RS E n=1392
c [5) 1M"“~—-"“'-"‘“‘W»’“~~M
T 3 = e e Mt i |
=
1 )
8 )
C
£ &)
© 1
£ /8
o
4 1.3 aw
o n=3778
1@%@ M
0.7 L
ChIP enrichment 0 EEE—————5 TSS Body[\\%, T1s 0 1 2 3 4

o

k-means, Euclidean distance, AIC model selection EEE

?  RNA, log, FPKM

Figure 1. Genome-wide patterns of histone PTMs in Camponotus floridanus. (A) Prevalence of histone
PTMs and RNA Pol I, partitioned into genic (Exon, Intron, 5 and 3’ UTRs, 2-kb promoter), Noncoding,
and Intergenic groups. Prevalence was computed by counting nucleotides covered by significant regions
of interest (ROIs; P < 0.05) and averaging over major, minor, and male estimates. Prevalence over re-
petitive DNA, defined here as sequences appearing multiple times in the genome, is shown below (see
Supplemental Fig. 6C for specific classes of repetitive elements); by this definition, ~22% of the genome is
repetitive (Supplemental Methods). An ROI is considered repetitive if the majority of nucleotide loci
delimited by this ROI are repetitive. Error bars denote 1 standard error (SE) over castes. (B) Quantitative
profiles of ChIP enrichment across gene loci, s?(TSS — 2kb-),. .., s?(TTS +2kb-) for ChIP samples p, av-
eraged over castes and all protein-coding genes that contain significant PTM prevalence (14,368 genes).
Error bars denote SE over genes. (TSS) Transcription start site; (Exon) first (1), internal (i), and last (n)
exons; (TTS) transcription termination site; (kb) kilobase. (C) Visualization of the 351-dimensional ChIP-
seq data set summarized for 9861 protein-coding genes, grouped by k-means clustering into k = 4 sig-
nificant clusters (chromatin domains) using AIC model selection and a Euclidean distance measure.
Columns were grouped by hierarchical clustering with a Euclidean distance measure. (Middle) ChIP en-
richment profiles averaged over gene loci from each chromatin domain. On right, average expression
levels for genes in each chromatin domain, separated by caste. Error bars denote SE over genes. (FPKM)
Fragments per kilobase per million (mapped) reads (proxy for mRNA expression level).

average (the C. floridanus genome is ~35% genic) (Fig. 1A, top).
Different PTMs generally show similar genic prevalence (49%-59%),
with the exception of H3K9me3, whose apparent depletion in
intergenic and repetitive regions (Fig. 1A) is most likely due to the
poor representation of heterochromatic DNA in our current genome
assembly, potentially limited recovery of heterochromatin by soni-
cation, and reduced sensitivity of ROI identification in highly re-
petitive regions, where H3K9me3 is expected (Supplemental Text 1;
Supplemental Fig. 4, bottom). To calibrate these estimates of PTM
prevalence, we compared them with similar estimates for H3K4me3,
H3K9%ac, H3K27ac, and H3K27me3 from Drosophila female adults
(Negre et al. 2011). Despite confounding technical differences (ant
ROIs were normalized to total histone H3 and input whereas fly ROIs
were normalized to input only; fly data additionally included ab-
domen), we found a strong correlation between species (R = 0.84),
indicating broadly consistent PTM patterns.

The majority (82%) of our 17,061 protein-coding gene models
are associated with all PTMs (i.e., with significant ChIP enrichment
over =25% of gene body +2 kb). A total of 99.9% of these genes
also show significant Pol II enrichment, consistent with previous
observations of extensive transcription in pooled tissue samples
(Fig. 1B; Bonasio et al. 2010). Clustering genes by their ChIP en-
richment profiles revealed four chromatin domains (Fig. 1C) that
exhibit significantly different mean expression levels along with
changes in repressive (H3K9me3) and activating (H3K4me3,
H3K36me3, H3K9ac, H3K27ac) PTMs. These domains are com-
prised of distinct and significant gene ontology (GO) categories
that roughly demarcate repressed (domains 1, 2), housekeeping
(domain 3), and developmental/physiological (domain 4) func-
tions (FDR < 0.01, Supplemental Table 2). In addition, enrichment
for Pol II near transcription start sites (TSSs) in the repressed
domains suggests that many genes are bound by engaged or

Genome Research 487
www.genome.org



Simola et al.

promoter-paused Pol II (Fig. 1C, green lines). In fact, 61% of genes Gene-proximal chromatin structure distinguishes ant castes
with extremely low expression (FPKM < 0.05; n = 2617) contain
significant ROIs for Pol II at promoters, whereas only 5% contain
exonic ROIs. Another interesting finding is that compared with
other PTMs, H3K27ac shows the greatest proportion of ROIs over
2-kb proximal promoters genome-wide (9.8%, P < 0.001) with

Viewed at low resolution, ant chromatin maps appear similar
among castes (Fig. 2A; Supplemental Fig. 8A). At fine resolution,
however, we identified significant patterns of qualitative and
quantitative variation (Fig. 2B; Supplemental Fig. 8). We also found

slightly more than Pol II (9.2%) (Fig. 1A,B). Since H3K27ac is re- that 1nd1v1duafl genes arlld their regulatory regions often exhibit
quired to recruit Pol Il to many genes in mammals (Jin et al. 2011), pronounced differences in PTM enrichment by caste; for example,
this observation suggested that H3K27ac might have a role in a neurotransmitter-gated acetylcholine receptor subunit (Cflo_05605)
controlling gene expression in ants. displays greater H3K27ac in minors than majors (Fig. 2C) and greater

These results revealed that ants exhibit distinct PTM patterns mRNA levels (see Fig. 3D, below). Indeed, comparing biological rep-
that demarcate protein-coding (Fig. 1; Supplemental Fig. 7) as well licate experiments for H3K27ac within caste revealed less variation

as noncoding and repetitive (Supplemental Fig. 6B,C) gene classes genome-wide than comparisons between castes for any of the PTMs
in a manner consistent with patterns observed in model organisms (Supplemental Fig. 9A).
(Neégre etal. 2011; Roudier et al. 2011). These chromatin maps offer We then examined PTM variation between castes genome-
a unique potential to examine organism-level, chromatin-based wide based on positional, qualitative, and quantitative patterns.
gene regulation in a social insect. Analysis of ROIs shared between castes (shROI) revealed significant
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Figure 2. Histone PTMs discriminate ant castes. (A) High-resolution profiles for H3K36me3 and H3K27ac spanning 600-700 kb on scaffold107. As-
terisks denote significant differentially marked regions of interest (dmROls) between majors and minors (P < 0.01) and are colored by enriched caste
(major, green; minor, blue). (B) Example dmROls for H3K27ac (yellow) with 1-kb flanking sequence. Error bars denote SE over two biological replicates.
(C) Comparison of major (top) and minor (bottom) ChIP enrichment profiles for H3K27ac over a single gene locus (Cflo_05605), including 2-kb flanking
intergenic sequence. (TSS) Transcription start site; (Exon) first (1), internal (i), and last (n) exons; (TTS) transcription termination site; (kb) kilobase. (D)
Numbers of genes with TSS-proximal dmROls (50 bp-2 kb). The expected number of genes for each distance cutoff is shown on right, using randomly
sampled coordinates (average of 100 replicates shown). (Dashed line) Expected cutoff for dmROIs within 150 bp of a gene TSS. (E) Two-dimensional linear
discriminant (LD) analysis of caste, using ChIP enrichment for 9944 protein-coding genes (13 genic regions, nine ChIP samples per gene). Similar analyses
for H3K27ac and H3K9ac also shown on right; Supplemental Figure 10D shows a similar plot for H3K27me3. Data points are labeled by genic region and/
or ChIP sample and are colored by caste as indicated. (F) Caste separation \/F.p, F1p, was assessed near genes as shown by randomly sampling 10,000 loci
and performing LD analysis, as done in E. Each distribution shows n > 30 replicates. (Boxes) 25th—75th percentiles; (whiskers) 5th-95th percentiles;
(points) outliers. (bp) Base pairs.
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positional similarity (80% overlap vs. 78% expected, P < 1079

averaging over PTMs and caste comparisons (Supplemental Fig. 9B,
green vs. red). However, overlap of shROIs between castes is sig-
nificantly lower than expected compared with biological replicates
(purple, average 88%, P < 1071, indicating possible changes in
nucleosome positioning among castes (Schones et al. 2008). Next,
we identified ROIs that exhibit significant differential ChIP en-
richment between castes (P < 0.01) (Fig. 2B; Supplemental Fig. 9C-F).
These differentially marked ROIs (dmROIs) comprise 16.6% of all
identified ROIs, cover nearly 18% of the genome, and are enriched
near protein-coding genes, especially in distal promoters and introns
(Supplemental Fig. 9G). In fact, over 8000 genes have dmROIs for
Pol II, H3K27ac, H3K4mel, H3K27me3, and H3K36me3 within 2 kb
of their TSS (Fig. 2D), and TSSs show a median distance of 200 bp
from dmROIs (Supplemental Fig. 9H). Thus, PTM variation between
castes is concentrated in noncoding regions near genes in a manner
suggestive of caste-specific gene regulation (Heintzman et al. 2009;
Kim et al. 2010).

Finally, we investigated whether ant castes may be differ-
entially characterized by quantitative changes in genome-wide,
gene-proximal ChIP enrichment. We averaged ChIP enrichment
in each of 13 genic regions spanning gene bodies =2 kb (Sup-
plemental Fig. 10A) and performed linear discriminant (LD)
analysis to evaluate whether castes exhibit coherent genome-
wide changes in these regions. Strikingly, mean changes in en-
richment discriminate castes in just two dimensions (directions
of greatest caste variation) (P < 1078) (Fig. 2E, left); this is not seen
when randomly shuffling samples among castes (Supplemental
Fig. 10B,C; see also Supplemental Fig. 10E for LD analysis of
noncoding and repetitive loci). Pol II shows the strongest dis-
crimination (P < 10~®%), implicating transcriptional regulation in
caste identity. Most PTMs also show significant effects; for example,
H3K27ac shows striking discrimination of caste (P < 10~%), whereas
H3K9ac shows poor discrimination (P = 0.13) (Fig. 2E, middle and
right). Interestingly, males show similar separation as female
workers, despite pronounced morphological differentiation and a
haploid genome; this is consistent with similar numbers of dmROIs
among castes (Supplemental Fig. 9D). Comparing gene-proximal re-
gions, intergenic and intronic sequences provide approximately
twofold greater discrimination than the +1 nucleosome and
exons (Fig. 2F), consistent with weaker discrimination and fewer
genic dmROIs for the classic TSS-specific PTMs H3K4me3 and
H3K9ac (see Fig. 2D). This suggests that caste variation is both
PTM specific and spatially distributed. Analyzing individual
PTMs restricted to the most significant (noncoding) regions
largely recapitulated these results (Supplemental Table 3). Thus,
patterns of caste variation reflect distinct chromatin configura-
tions exhibited by ant castes, notably over gene-proximal, non-
coding regions that may correspond to regulatory sequences in
the vicinity of genes.

Caste-differential gene expression reflects changes in chromatin
structure, notably H3K27ac

Having observed gene-proximal caste variability for most PTMs,
we next examined the relationship between PTM organization and
the transcriptome (Supplemental Fig. 11). Pooling all caste data for
PTMs and RNA, we found that ChIP enrichment strongly predicts
mRNA expression by linear regression (average R? = 0.68) (Sup-
plemental Table 4; Supplemental Fig. 12). H3K27ac and Pol II show
the greatest fit individually (R* = 0.75 and 0.74, respectively) and
correlate with each other across gene loci (Ryyg = 0.62), with

a maximum over TSSs genome-wide (Rpmax = 0.75) (Fig. 3A, top).
Ninety-seven percent of expression variation explained by
H3K27ac can be attributed to changes in proximal promoters
and introns, consistent with LD analysis (see above). H3K4me3,
H3K36me3, and H3K4mel explain similar, but less variation
(0.69 = R* = 0.71) (Fig. 3A, middle), and H3K9me3 explains the
least (R>=0.58) (Fig. 3A, bottom). Combining all seven PTMs into
one regression model yielded the maximum R? of 0.76, repre-
senting a significant but small improvement compared with
H3K27ac alone (P < 107", Supplemental Table 4). Thus, PTM
organization strongly predicts overall transcriptome levels for
all castes, and H3K27ac is the best predictor.

Next, we asked whether differences in gene expression levels
between castes are proportional to differences in ChIP enrich-
ment. Remarkably, the combined effect of all PTM differences
explains 92% of genome-wide variation in major-minor differ-
ential expression and 62% of male-female variation (Supple-
mental Fig. 13A; Supplemental Table 5). While all PTMs con-
tribute significant effects (P < 0.001), H3K27ac has the largest
effect (R? = 0.31) (Fig. 3B). Focusing on genes that exhibit sig-
nificant changes in both expression level and H3K27ac enrich-
ment (caste-specific genes) (Fig. 3C; Supplemental Table 6) yielded
even stronger correlation between caste-differential gene ex-
pression and ChIP enrichment for H3K27ac (0.40 = R? = 0.55)
(Fig. 3B; see Supplemental Fig. 13B for analogous male vs. female
worker comparison) but not other PTMs (Supplemental Table 5).
Moreover, H3K27ac correctly classifies the direction of expression
change for 87% (major vs. minor) and 76% (male vs. female) of
caste-specific genes (Supplemental Fig. 14) and, in fact, identifies
the subset of genes with the most extreme differential expression
(Supplemental Fig. 15). Repeating this analysis using an inde-
pendent H3K27ac ChIP-seq biological replicate revealed similar
results (data not shown).

We identified 110 GO categories for a broader set of 1771
genes whose caste-differential expression correlates with H3K27ac
changes (FDR < 0.05); categories include transcription factor ac-
tivity and muscle development (majors), synaptic transmission
(minors), carbohydrate transport (males), and sensory perception
(females) (Supplemental Table 7). All but six categories are distinct
among castes and are consistent with increased body size in majors
(see Fig. 3B), foraging activity in minors (Lucas and Sokolowski
2009)—which involves linking sensory cues to behavioral
responses via long-term memory (Alarcon et al. 2004; Levenson
and Sweatt 2005; Peleg et al. 2010)—and high-energy demands of
flight in males (Montooth et al. 2003). We validated the caste-
specificity of several genes representative of these categories by
RT-gPCR for RNA and ChIP-qPCR for H3K27ac using five in-
dependently founded ant colonies (Fig. 3D). Thus, one PTM, namely
H3K27ac, differentially targets genes participating in distinct bi-
ological processes associated with caste-specific morphological and
behavioral changes.

Not surprisingly, these data reveal complexity in gene-proxi-
mal chromatin structure beyond H3K27ac. All PTMs and several
interactions between PTMs in our combined regression analysis
show significant effects (Supplemental Table 5). Caste changes in
H3K4me3 and H3K36me3 as well as Pol II correlate moderately
with changes in H3K27ac and with each other both genome-wide
and for caste-specific genes, despite showing weaker correlations
with RNA (Fig. 3E). Also, 62% of H3K27ac-correlated genes
cluster in chromatin domain 4 (P < 1071% Supplemental Table 8),
which features strong enrichment of H3K4me3, H3K36me3, and
H3K9ac—all PTMs associated with gene activation. Interestingly, we
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Figure 3. Changes in H3K27ac reveal caste-specific transcriptome states. (A) Meta-gene average ChIP enrichment profiles for five PTMs, pooling
caste data. ChIP enrichment profiles are grouped into five expression categories (20th percentiles of the genome-wide distribution of gene expression
levels). R? values indicate ordinary least-squares regression fit of gene-proximal (gene body * 2 kb) ChIP enrichment data to log,(FPKM+1) expression
(Supplemental Table 4). Error bars denote SE over genes. (TSS) Transcription start site; (Exon) first (E;), internal (E;), and last (E,) exons; (TTS) tran-
scription termination site; (kb) kilobase. (B) Relationship between the difference in log,(FPKM+1) expression levels (y-axis) and the difference in
H3K27ac ChIP enrichment (x-axis) between majors and minors. ChIP enrichment data were fitted by linear regression to mRNA expression using
11,459 genes. “High-confidence” genes contain no missing data requiring imputation across gene loci. “Diff. RNA” genes have significant differential
expression (FDR < 0.15) and are significant in a x> multivariate outlier analysis. “Caste-specific”’ genes also exhibit significant ChIP enrichment and are
grouped by false discovery rate (0.25 <FDR <0.01). See Supplemental Methods for further details. Numbers of significant GO categories enriched using
caste-biased genes (i.e., passing multivariate outlier analysis but not necessarily with significant changes in expression or H3K27ac) from each quadrant
are shown (FDR < 0.01). (C) ChlIP enrichment profiles for H3K27ac over caste-specific gene loci (FDR < 0.25) for 40 major-specific genes (top) and
79 minor-specific genes (bottom). Error bars reflect 1 SE over genes. (D) Validation of caste-specific genes from B. RNA levels (black bars) were measured
by RT-qPCR and normalized to GAPDH levels, which shows similar expression both among castes and among biological replicates within caste (i.e.,
similar standard errors; data not shown). H3K27ac enrichment (gray bars) were measured in 5’ promoters by ChIP-qPCR and normalized to total H3.
See Supplemental Table 10 for primer sequences. Average and standard deviation over five independently founded ant colonies are shown. Signifi-
cance assessed by two-sample, unequal variance t-test: (*) P<0.05; (**) P<0.01; (***) P<0.001. (E) Pearson correlations of between-caste differences
in ChIP enrichment between pairs of PTMs, RNA Pol I, and mRNA expression using either all genes (n=11,459; bottom right diagonal) or caste-specific
genes (n=119; top left diagonal). Reported values indicate the averages from major vs. minor and male vs. female comparisons. (Yellow) R = +1; (dark
blue) R=—1.

did not find obvious correlations with RNA for caste changes in the
activating PTMs H3K4me3 and H3K9ac or the repressive PTMs
H3K27me3 and H3K9me3, although methylation and acetylation
on H3K9 and H3K27 show antagonistic enrichment for the most
significant ROIs (Supplemental Text 2; Supplemental Fig. 16). We
speculate these modifications may have tissue-specific effects or
developmental functionality (e.g., Tie et al. 2009) not captured by
our pooled tissue experimental design. Finally, PTM changes be-
tween males and females largely parallel changes between the fe-
male workers, suggesting similar chromatin regulation in all castes
(Supplemental Figs. 13, 14). However, PTM changes do explain
differential expression between female workers better than be-

Ant brains exhibit additional caste-specific variation

To evaluate the extent of caste differences within a single tissue, we
examined RNA and H3K27ac ChIP samples from whole brains of
majors and minors. As expected, some genes show brain-specific
expression (Supplemental Fig. 17B) as well as caste-specific brain
expression (Supplemental Fig. 17A,C,D). Many of these genes were
not identified as significant in pooled tissue analysis and reveal up-
regulation of a juvenile hormone esterase (Cflo_06990), metabo-
tropic glutamate receptor mGIuR2 (Cflo_02863) (Fig. 4A), and an-
tibacterial protein Hymenoptaecin (Cflo_05640) in minor brains
and hexamerin proteins (Cflo_07104, Cflo_12693) and the yolk

tween sexes, suggesting a possible role for dosage compensation
mechanisms (which have been associated with a PTM not con-
sidered in this study, H4K16ac, in Drosophila) to regulate pheno-
typic differentiation of haploid males (Larschan et al. 2011).
Overall, these results argue that histone modifications, notably
H3K27ac, play a role in modulating caste-specific transcriptome
states in C. floridanus ants.

protein vitellogenin (Cflo_10669) (Fig. 4A) in major brains. Notably,
caste-specific expression of vitellogenin is consistent with observa-
tions of differential regulation of foraging activity and lifespan via
Vitellogenin titer in honeybees (Seehuus et al. 2006; Corona et al.
2007; Nelson et al. 2007).

Overall, RNA and H3K27ac levels exhibit strong genome-wide
correlation between brain and head+thorax (H+T) tissues (R=0.67
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Figure 4. Ant brains exhibit caste-specific variability. (A) mRNA expression and ChIP enrichment tracks from brain and head+thorax (H+T) samples for
two gene loci, vitellogenin and mGIuR2. Asterisks denote significant differential expression (FDR < 0.25). Total H3 brain samples are shown for vitellogenin
for reference. Gene length is indicated above each gene model. Average ChIP enrichment across each gene locus is reported on right. (TSS) Transcription
start site; (Exon) first (1), internal (i), and last (n) exons; (TTS) transcription termination site; (kb) kilobase. (B) Scatterplot comparisons of H3K27ac ChIP
enrichment between brain and H+T tissues, shown separately for major and minor data. Caste-specific genes identified from H+T data are highlighted in
blue to show their enrichment in brain tissue. Pearson correlation coefficients are reported for each caste. (C) Mean changes in RNA (left) and H3K27ac
ChlIP enrichment (right) for H+T caste-specific genes (over TSS, CDS, Exon, Intron, and TTS), measured in brains and in H+T. Error bars indicate SE over
genes. P-values estimated using a two-tailed Mann-Whitney U-test. (D) Scatterplot comparisons of major vs. minor differences in RNA (left) and H3K27ac
(right) between H+T and brain tissue samples, for H+T caste-specific genes. Concordance statistics report the percentage of H+T caste-specific genes that
exhibit the same direction of change (major or minor) in brain and H+T samples. (FPKM) Fragments per kilobase per million (mapped) reads (proxy for

mRNA expression level).

and 0.75, respectively, pooling caste data) (Fig. 4B; Supplemental
Fig. 17B). The strong correlation of chromatin structure between
pooled and single adult tissues is consistent with the possibility
that caste-specific chromatin patterns established during larval
development might be epigenetically maintained into adulthood
(Tie etal. 2009). Furthermore, the caste-specific genes we identified
from H+T data correlate well with caste differences from brains for
RNA (R = 0.45) and H3K27ac (R = 0.56) and show 78% and 79%
concordance with the direction of change in brains, respectively
(Fig. 4C,D). Thus, when focusing on a single, albeit heterogeneous
tissue, we observe significant transcriptome and chromatin varia-
tion between worker castes that is both revealing of brain-specific
variation and broadly consistent with data from pooled tissues.
Since our pooled tissue data captures both tissue-specific and
allometric (i.e., differences in tissue proportions between castes)
caste variation, we used a regression model to estimate the pro-
portion of H+T variation that likely results from tissue-specific ef-
fects (Supplemental Methods). Distributing caste differences over
50 tissues (the estimated number for insects) (Valentine et al. 1994)

explains <29% of observed caste differences for all PTMs on aver-
age (Fig. 5) (see Supplemental Fig. 18 for complete results). These
estimates are consistent with empirical concordance of caste-spe-
cific genes; for example, our regression estimate that 77% of H+T
caste variation is tissue specific for H3K27ac (Fig. 5) is similar to our
empirical estimate of 79% comparing H+T and brain tissues (see
Fig. 4D, right). Thus, while allometry may contribute to the ob-
served differences in chromatin structure between castes, the ma-
jority of PTM variation is likely due to tissue-specific differences.

CBP exhibits caste-differential colocalization with H3K27ac

We then investigated the mechanism that may determine the
strong correlation between H3K27ac enrichment and mRNA
levels. Histone acetylation can alter gene activity by increasing
DNA accessibility either directly by changing chromatin structure
via neutralizing DNA's ionic affinity to histones, or indirectly by
establishing a binding surface for effector protein recruitment
(Berger 1999). Thus, establishing caste-specific transcriptome
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Figure 5. Estimates of the percentage of tissue-specific caste variation
present in H+T data when comparing majors and minors. Shown are
proportions of variation (in the distribution of ChIP enrichment differ-
ences for all protein-coding genes) explained by a linear regression model
allowing allometry in 50 independent tissue types. Results for 250 simu-
lated tissue-specific ChIP enrichment matrices are shown for each ChlIP
sample. See Supplemental Figure 18 for complete results and Supple-
mental Methods for more details. (Boxes) 25th—75th percentiles; (whis-
kers) 5th-95th percentiles; (points) outliers. Adjusted R? values estimated
by weighted least squares, with the same weights used for caste differ-
ential regression of RNA and ChIP data in Figure 3B.

states may involve opening chromatin via histone acetyltransferases
(HATs) that are recruited to specific genes by transcription factors
(TFs). In Drosophila, most H3K27ac is catalyzed by the acetyl-
transferase and transcriptional coactivator CBP (CREB binding
protein) (Tie et al. 2009). Similar to Drosophila, ant genomes en-
code a single CBP enzyme with a HAT domain (and other con-
served domains) (Supplemental Fig. 19) and lack the paralog EP300
found in vertebrates. Therefore, we investigated a possible role for
CBP in mediating caste-specific H3K27ac patterning in ants.

Consistent with our hypothesis of differential recruitment,
we found similar chromatin patterns at the CBP locus in all castes
and similar CBP mRNA levels, suggesting that differences in CBP
protein abundance are unlikely to account for its putative differ-
ential activity; other HATs and histone deacetylases (HDACs) show
a similar pattern (Supplemental Fig. 20). ChIP-seq analysis revealed
enrichment for 22,353 CBP ROIs in both castes, the majority of
which are caste specific (83%, Supplemental Fig. 21A). CBP ROIs
are enriched in distal promoters (2-50 kb) and introns (P < 0.01)
(Supplemental Fig. 21B)—the same general regions that harbor the
greatest PTM variation between castes (i.e., dmROlIs; see Supple-
mental Fig. 9G). Consistent with observations in insects (Negre
et al. 2011) and in mammals (Heintzman et al. 2009; Kim et al.
2010), we found enrichment at CBP ROIs for H3K4mel, H3K27ac,
and Pol 11, depletion for H3K9ac and H3K27me3, and changes in
CBP, H3K27ac, and H3K4mel enrichment by caste (Supplemental
Fig. 21C). Strikingly, 92% of CBP ROIs are located within 2 kb of
admRO], and the median distance toa dmROI is 346 bp, compared
with a random expectation of over 14 kb (P < 10~'°) (Fig. 6A); in-
deed, CBP ROIs are closest to dmROIs for H3K27ac. We then used
LD analysis to compare the degree of variation in H3K27ac be-
tween castes in CBP-bound versus non-CBP-bound regions, and
found significantly greater H3K27ac variation at CBP-bound re-
gions (P <0.05) (Fig. 6B). These results suggest that the major foci of
variation between C. floridanus castes may result from the differ-
ential recruitment of CBP to enhancer sequences.

We also considered the relationship between CBP enrichment
and gene expression and found that gene-proximal CBP enrichment
positively correlates with expression levels genome-wide (R* = 0.63),
as expected. Importantly, we also found significant enrichment for

CBP ROIs (P< 10~%), as well as significant quantitative differences in
CBP enrichment between castes near caste-specific genes (Fig. 6C).
Changes in CBP enrichment correlate with changes in H3K27ac
(R = 0.35) but not H3K9ac (R = 0.06) across caste-specific genes.
These results indicate that CBP differentially associates with genes
that exhibit caste-differential expression and H3K27ac enrichment.

Finally, we searched proximal promoters (=2 kb) of caste-
specific genes for transcription factor (TF) binding sites that might
explain the locus-specific recruitment of CBP (Supplemental Text
3). We identified binding sites for nine TFs including CREB,
Mothers against dpp (Mad, a TGF-B receptor-SMAD), Medea (its co-
SMAD), Brinker (Mad repressor), and Trithorax-like (Trl, or GAGA
factor) (FDR <0.1) (Fig. 6D). Notably, CREBA (also known as CREB),
MAD, and TRL interact with CBP in Drosophila (Kwok et al. 1994;
Waltzer and Bienz 1999; Bantignies et al. 2000; Petruk et al. 2001),
and Trl is chromatin remodeler and mediator of epigenetic cell
memory (Poux et al. 2002; Bejarano and Busturia 2004; Ringrose
and Paro 2007; Tie et al. 2009). Subsequent analysis of DNA se-
quences corresponding to empirical CBP ROIs confirmed colocal-
ization of Mad, Medea, Brinker, and Trl, as well as TATA-binding
protein (TBP), Hairy, and Bric-a-brac 1 (FDR < 0.05). These results are
consistent with our hypothesis that locus- and caste-specific CBP
activity may be caused in part by its differential recruitment by TFs.

CBP shows evolutionarily expanded binding near
developmental and neuronal genes

Our results suggest that CBP activity could modulate caste-specific
transcriptome states through enhancer regulation, since CBP
binding sites are enriched for H3K4mel, H3K27ac, and TF motifs
(Fig. 6D; Supplemental Fig. 21C), a combination that is predictive
of transcriptional enhancers (Heintzman et al. 2009; Kim et al.
2010). Interestingly, we found that H3K4mel shows dramatically
greater prevalence in ants (28% after conservatively masking re-
petitive ant ROIs) (see Fig. 1A) compared with flies (2%) (Neégre
et al. 2011), suggesting that several genes may have acquired en-
hancer-based gene regulation during evolution of the ant lineage.
To test this, we reanalyzed available ChIP-seq data for CBP in
Drosophila adult females (i.e., from pooled tissues at a comparable
developmental stage) (Négre et al. 2011) and identified a compa-
rable number of ROIs as in C. floridanus, relative to genome size;
that is, 1.4-fold fewer CBP ROIs for a 1.7-fold smaller genome (Fig.
7A). In addition, orthologous genes (n = 7042) have similar num-
bers of CBP ROIs between species (Fig. 7B), both among exons and
introns (data not shown). This indicates that comparison of CBP
ROIs between species is not biased by methodological differences
(e.g., different antibodies). We then examined between-species
differences in the number of CBP ROIs associated with each
orthologous gene, considering 50 kb of distal promoter sequence.
Overall, 1219 orthologous genes exhibit more CBP ROIs in ants
than flies. GO analysis of the 105 genes with at least 13 more ROIs
in ants than flies (one standard deviation) revealed enrichment for
50 categories (FDR < 0.05) of genes involved in development
(e.g., canoe, cricklet, Mes2) and neuronal function (e.g., CAMKIIB,
Dscam2, glutamate receptor IR76b, Neprilysin 3, Synaptotagmin 12,
Synaptogamin 14) (Supplemental Table 9). On average, CBP-enriched
genes show greater enrichment for CBP, H3K4mel, and H3K27acin
minors (compared with majors) at CBP ROIs (Fig. 7C). These genes
also exhibit greater caste variation in RNA expression compared
with all orthologs (P < 0.02) or to genes showing evolutionary re-
duction of CBP ROIs (P < 0.005); this relationship holds for both
H+T and brain tissue samples (Fig. 7D). These results suggest that
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Figure 6. CBP colocalizes with dmROls and identifies putative transcription factor binding partners.
(A) Cumulative distribution of distance (kb) from a CBP ROI to the nearest dmROI. “All” curve computed
using the pool of all dmROIs for PTMs and Pol Il (n=161,401). “Random”” curve computed using the
average distribution obtained by randomly generating 161,401 ROIs with the observed ROI length
distribution (n = 100 replicates). Error bars for “Random” curve denote SE over replicates. Dashed line
marks 2-kb distance, which accounts for 92% of CBP ROIs. (B) Linear discriminant (LD) analysis for
H3K27ac ChlIP enrichment using all 22,353 CBP ROIs (diamonds in cartoon). F-value denotes observed
caste separation of H3K27ac at CBP ROls. Boxplot shows distribution of 250 random F-values obtained
by LD analysis using the same number of ROIs drawn randomly genome-wide with lengths from
Supplemental Figure 21A but excluding CBP ROIs. (C) Mean difference in ChIP enrichment between
majors and minors for sets of major-specific, minor-specific, and remaining (nonspecific) genes. Error
bars denote SE over genes. Asterisks denote significant deviation from 0 (one sample t-test, P < 0.01).
R-values denote Pearson correlation of CBP versus H3K27ac or H3K9ac across caste-specific gene loci
(gene body *2kb), using ChIP enrichment values fitted by linear regression with RNA. (D) Nine TF
motifs significantly enriched in promoters (2 kb) of caste-specific genes from worker and sex compar-
isons (FDR < 0.1). Seven of these motifs (denoted by asterisks) are also enriched in DNA sequences
denoted by all CBP ROIs (FDR < 0.05). Four nonenriched TFs are shown as controls.

evolution of gene regulation by the enhancer-binding activity of
CBP may have played an important role in facilitating development
of phenotypically distinct worker castes.

2011; Rajakumar et al. 2012) and because
histone acetylation and CBP have well-
established roles in insect development
(Waltzer and Bienz 1999; Petruk et al.
2001) and in behavior, learning, and
memory (Alarcon et al. 2004; Peleg et al.
2010). Our results also suggest that acti-
vation of chromatin by CBP via H3K27ac
may be a more prevalent means for
modulating polyphenic gene expression
in worker castes than chromatin re-
pression (e.g., by PRC1/2 via H3K27me3)
(Tie et al. 2009). Furthermore, they raise
the possibility that regulation of histone
acetylation in general might modulate
caste identity in both ants and honey-
bees, as royal jelly (fed to queen-destined
larvae) contains a HDAC inhibitor
(Spannhoff et al. 2011), in addition to
factors that modulate DNA methylation
(Kucharski et al. 2008) and insulin and
endocrine signaling (Kamakura 2011;
Mutti et al. 2011).

These results tentatively suggest that
histone PTMs and DNA methylation may
have complementary roles in the regula-
tion of social insect caste identity. In C.
floridanus and in honeybee, methylation
of CpG dinucleotides accumulates pre-
dominantly over exons of active genes,
where changes in DNA methylation
among castes are linked to alternative
mRNA splicing, but not necessarily
changes in mRNA levels (Lyko et al. 2010;
Bonasio et al. 2012). Intriguingly however,
some ant genes show changes in DNA
methylation associated with monoallelic
expression, suggesting that ants might
utilize DNA methylation for a kind of im-
printing regulation (see Ferguson-Smith
2012). In contrast, we found that histone
PTMs strongly correlate with gene ex-
pression levels and that changes in PTM
enrichment between castes accumulate in

noncoding, regulatory regions near genes, especially for H3K27ac
(Fig. 2D,F; Supplemental Fig. 9G) and partially explain changes in
mRNA levels. These observations suggest a general role for chro-

matin structure in the regulation of gene expression plasticity. It will

Discussion

be intriguing to see whether common mechanistic relationships

emerge from future comparisons of DNA methylation and histone

Changes in chromatin organization among adult ant castes are
pervasive, globally coordinated among tissues, and potentially
modulated by CBP. Since caste fate is initially determined during
larval development among genetically equivalent siblings, we
hypothesize that mechanisms that modulate chromatin structure,
including transcription factor and enhancer mediated gene regu-
lation, may underlie the generation of caste differences in larvae
and epigenetic maintenance of caste morphology and social be-
havior in adults. These mechanisms may have been evolutionarily
favored to facilitate development of specialized worker castes, both
because worker morphology emerges as a quantitative response to
environmental stimuli (Wilson 1953; Wheeler 1986; Kamakura

PTMs in ants and other social insects.

In conclusion, our findings implicate chromatin structure as
an important factor associated with ant caste specification and
suggest several avenues for further investigation, including dis-
covery of additional caste-specific PTMs, perturbation of HATs,
HDAGCs, and the bromodomain-containing proteins (including
CBP) that recognize acetylated lysines (Filippakopoulos et al. 2010;
Borah et al. 2011), and genomic comparison of PTMs, DNA
methylation, and associated enzymes across social and solitary
insects (Gadau et al. 2012). Such studies would further characterize
the specific role of chromatin in generating and maintaining
plasticity in the morphology and behavior of social insects and
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Figure 7. Genes with evolutionarily increased CBP binding exhibit increased caste variability. (A) Comparison of significant CBP ROlIs identified by the
same method and parameters using adult female ChIP-seq data for D. melanogaster and C. floridanus. Total significant ROIs are indicated on /eft (P < 0.05)
and total assembled genome sizes are indicated (in megabase pairs, Mb) on right. (Uextra and mitochondrial chromosomes are excluded for Drosophila).
(B) Distributions of CBP ROIs occurring within open reading frames (ORFs; exons-+introns) of orthologous genes (n = 7042 orthologs). (C) Comparison of
mRNA expression (left) and ChIP enrichment (right) between majors and minors for 601 genes showing more than five CBP ROIs in ants compared with
flies; similar results found using different cutoffs (data not shown). Error bars denote SE over genes. ChIP enrichment profiles are shown for CBP, H3K4me1,
and H3K27ac averaged over the CBP ROlIs located within 50 kb of these ant CBP-enriched genes. (FPKM) Fragments per kilobase per million (mapped)
reads (proxy for mRNA expression level). (D) Absolute difference in log,(FPKM+1) mRNA expression between majors and minors for 7042 orthologs
(gray), 1219 genes with at least one more CBP ROl in ants than flies (green), and 5562 genes with at least one more CBP ROl in flies than ants (red). RNA-
seq data from head+thorax and brain tissues are shown. P-values estimated using a two-tailed Mann-Whitney U-test.

could provide significant insight into epigenetic mechanisms in-
volved in other organismal and cellular differentiation systems.

Methods

Chromatin immunoprecipitation and ChIP-seq library
preparation

Chromatin immunoprecipitation (ChIP) libraries were prepared
from pools of major, minor, and male ants after removing the
abdomen (head and thorax, H+T) or dissecting whole brains. H+T
samples were obtained from a single lab-reared colony established
by one single-mated queen collected in the Florida Keys. For brain
samples, we pooled tissue from two colonies. Our chromatin im-
munoprecipitation (ChIP) protocol is based on existing protocols
(Amberg et al. 2000; Négre et al. 2006), but has been optimized for
ants. Tissue material was collected and homogenized first on dry
ice, then on ice in cross-linking buffer (60 mM KCI, 1 SmM NaCl,
4 mM MgCl,, 0.1% Triton X-100, 50 mM HEPES at pH 7.5 with
protease inhibitor) with 1.8% formaldehyde for 10 min. For CBP,
additional long chain cross-linking was carried out first with
500 mM EGS (Ethylene Glycol-bis Succinimidylsuccinate, fresh
made in DMSO) for 10 min, followed by 1.8% formaldehyde cross-
linking for 10 min (Zeng et al. 2006). Cross-linking was terminated
by adding 2.5 M glycine to a final concentration of 125 mM for
5 min. Cuticles were discarded and homogenate was transferred to
anew tube and centrifuged for 3 min, 4000g at 4°C. Pellet was washed
once with lysis buffer (50 mM HEPES-KOH at pH 7.5, 140 mM Na(l,
1 mM EDTA, 0.5% Triton X-100, 0.1% Na-deoxycholate, 0.5%
N-lauroylsarcosine with protease inhibitors) and centrifuged again.
The resulting pellet was resuspended in lysis buffer and sonicated
using a Bioruptor (Diagenode) for 10 min with 30 sec on and 30 sec
off cycles. Samples were centrifuged for 10 min, 20,000¢ at 4°C and
supernatant collected as starting material for ChIP.

A 30-pL mixture of protein A and protein G beads (Invi-
trogen) was used to immunoprecipitate each sample. Beads were
washed three times with blocking buffer (0.25% BSA in PBS) then
incubated with 5 pg of antibodies in 500 pL of blocking buffer for
4 h to allow antibody binding. Following binding, beads were
washed three times with blocking buffer. A total of 500 wg of
chromatin was added to beads for each ChIP and incubated over-

night at 4°C. Beads were washed sequentially with following
buffers: twice with lysis buffer, once with FA-500mM buffer
(50 mM HEPES-KOH at pH7.5, 500 mM NacCl, 1 mM EDTA, 0.1%
TritonX-100), twice with LiCl buffer (10 mM Tris-HCI at pH8.0,
0.25 M LiCl], 1 mM EDTA, 0.5% NP40), and once with TE at pH 8.0.
Beads were then eluted three times with 100 pL of TES buffer each
(50 mM Tris-HCI at pH 8.0, 10 mM EDTA, 1% SDS) at 65°C for
15 min. 12 pL of 5 M NaCl was added to the pooled eluate, which
was then incubated at 65°C overnight to reverse the cross-linking.
Samples were treated with 5 nL of 20mg/mL protease K at 37°C
for 1 h, and DNA was subsequently purified. These ChIP samples
(purified DNA) were used for high throughput sequencing or
quantitative real-time PCR (qPCR). Sequencing libraries were con-
structed according to the manufacturer’s instructions (Illumina)
and sequenced using the Illumina GAIIX and HiSeq 2000 plat-
forms (see Supplemental Table 1).

Quantitation and normalization of ChlIP-seq data

ChIP-seq data are comprised of single-end reads and were
mapped to the C. floridanus reference genome (v3.0) using Bowtie
(Langmead et al. 2009), allowing 1 mismatch and up to 50 align-
ments per read (“-v 1 -k 50-best”). Read and alignment statistics are
presented in Supplemental Table 1. Mapped reads likely generated
by spurious PCR amplification of DNA templates were removed
from all samples based on sequence similarity criteria, as described
in the Supplemental Methods. Also, to reduce computational
complexity, only the top five alignments per mapped (ranked by
mismatches) read were used for quantitation.

Quantitation of ChIP-seq read maps was carried out using
custom software written in Python and C. Briefly, estimates
of per-nucleotide ChIP enrichment were computed using
a Bayesian probability model and are defined as s’(l)=
log, (—101og, {1 — P{B2(I) | R?,R" ,R'}}), where sZ(]) is the log,
ChIP enrichment score for PTM p in caste c at nucleotide locus I.
P{BF(I)|R?,R", R’} is the posterior probability that p binds locus
in caste c given the three caste-specific aligned read sets R. for PTM
p, total histone H3 n, and input i and converted to an enrichment
score using the phred-like transformation —10log;(1 — P). Pos-
terior probabilities were estimated using both unique and non-
unique reads (see Simola and Kim 2011), controlling for several
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sources of bias, including differences in nucleosome density and
DNA accessibility within and between castes (using caste-specific
total histone H3 and input data), read length and fragment length
variation among samples, and variation in overall read coverage
among samples and among castes. These ChIP enrichment scores
are proportional to standard ChIP/background enrichment ratios
(Supplemental Figure 2). To normalize for variation in ChIP en-
richment score distributions among castes for the same sample
p, st (1) were centered by the genome-wide mean enrichment s/ (-) and
scaled by the standard deviation. See Supplemental Methods for
additional details.

RNA-seq library preparation and quantitation

RNA-seq data for C. floridanus majors, minors, and males were taken
from Bonasio et al. (2010) and reanalyzed together with additional
biological replicate RNA-seq data for majors and minors. These ad-
ditional replicates were prepared as described in Bonasio et al. (2010).
Two independent RNA-seq biological replicates were also prepared
from whole brains dissected from majors and minors, pooling in-
dividuals from two colonies. Brain samples were prepared as follows.
Total RNA was isolated from dissected ant brains using QIAzol lysis
reagent (Qiagen). PolyA mRNA was purified from total RNA samples
using PolyT beads (Invitrogen mRNA Direct Kit). Sequencing li-
braries were constructed using the NEBNext mRNA Library Prep Kit
(New England Biolabs) according to the manufacturer’s instructions.
Raw data for all RNA-seq samples were mapped using Bowtie+
Tophat (Langmead et al. 2009) allowing one mismatch and up to
50 alignments per read (“-v 1 -k 50-best”) and default parameter
values otherwise. Expression levels for previously annotated gene
models (Bonasio et al. 2010) were quantified with these RNA-seq
maps using Cufflinks (Trapnell et al. 2010), correcting for fragment
bias (“—frag-bias-correct”) and uncertain alignment location
(“—multi-read-correct”) and default parameter values otherwise.

qPCR validation of caste-specific genes

ChIP and RNA samples were prepared for qPCR or reverse tran-
scription qPCR (RT-qPCR) from material collected from five dif-
ferent colonies for each caste using pools of several individuals.
RNA samples were normalized to GAPDH, and H3K27ac samples
were normalized to total H3. GAPDH was selected as a stably
expressed normalization control for RT-PCR based on empirical
testing, using pools of head and thoracic tissues from different
castes and colonies; i.e., comparing GAPDH expression between
replicates of the same caste and between castes showed similar
standard errors; data not shown.

Data access

Sequencing data from this study have been deposited in the NCBI
Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/
geo/) under accession number GSE37523.
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