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Abstract

Many organisms are capable of developing distinct
phenotypes from the same genotype. This develop-
mental plasticity is particularly prevalent in insects,
which can produce alternate adaptive forms in
response to distinct environmental cues. The ability
to develop divergent phenotypes from the same geno-
type often relies on epigenetic information, which
affects gene function and is transmitted through cell
divisions. One of the most important epigenetic
marks, DNA methylation, has been lost in several
insect lineages, yet its taxonomic distribution and
functional conservation remain uninvestigated in
many taxa. In the present study, we demonstrate
that the signature of high levels of DNA methylation
exists in the expressed genes of two termites, Reticu-
litermes flavipes and Coptotermes formosanus.
Further, we show that DNA methylation is preferen-
tially targeted to genes with ubiquitous expression
among morphs. Functional associations of DNA
methylation are also similar to those observed in
other invertebrate taxa with functional DNA methyla-
tion systems. Finally, we demonstrate an association
between DNA methylation and the long-term evolu-
tionary conservation of genes. Overall, our findings
strongly suggest DNA methylation is present at par-
ticularly high levels in termites and may play similar
roles to those found in other insects.
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Introduction

Environmental responsiveness plays a fundamental role in
the success of complex life forms (West-Eberhard, 2003).
Accordingly, virtually all multicellular organisms are
capable of developing differently in response to environ-
mental variation (Pfennig et al., 2010). This developmental
plasticity is particularly evident in insects, where many taxa
display dramatic morphological differences, depending
on environmental conditions (Hélldobler & Wilson, 1990;
Simpson et al., 2011). While the importance of environ-
mentally responsive phenotypes is well understood (Price
et al,, 2003; Pfennig et al., 2010), our understanding of
plasticity’s molecular underpinnings remains quite limited.

Recent investigations indicate that epigenetic informa-
tion plays an important role in regulating the development
of environmentally induced phenotypic variation (Kuchar-
ski etal., 2008; Burdge & Lillycrop, 2010; Schmitz &
Ecker, 2012). Epigenetic modifications are not coded in
the standard complement of DNA bases, yet they affect
gene function and are heritable through cell divisions
(Berger et al., 2009). Variation in epigenetic information
can lead to sustained changes in gene expression (Kota &
Feil, 2010; Margueron & Reinberg, 2010), ultimately
permitting variation in developmental programmes in
response to environmental cues.

One important form of epigenetic modification is the
methylation of cytosine bases in eukaryotic genomes.
DNA methylation is present in all three domains of life
(Klose & Bird, 2006; Suzuki & Bird, 2008; Zemach et al.,
2010), and has been linked to gene expression variation in
mammals (Fraga et al., 2005; Cheong et al., 2006; Reik,
2007), plants (Li et al., 2008; He et al., 2011) and insects
(Kucharski et al., 2008; Lyko et al., 2010; Glastad et al.,
2011). DNA methylation has also been linked to the
outcome of alternative splicing (Lyko et al., 2010; Mau-
nakea et al., 2010; Shukla et al., 2011), as well as chro-
matin structure and modification in both plants (Zhang
et al., 2009; Chodavarapu et al., 2010) and vertebrates
(Okitsu & Hsieh, 2007; Hodges et al., 2009; Jeong et al.,
2009). Thus DNA methylation appears to play an impor-
tant role in mediating the relationship between genotype
and phenotype in many taxa.
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DNA methylation has recently been linked to phenotypic
plasticity in eusocial insects (Kucharski et al., 2008; Lyko
etal.,, 2010; Foret et al., 2012), where some of the most
pronounced instances of plastic development occur (Héll-
dobler & Wilson, 1990; Simpson et al., 2011). Eusocial
insects are defined by a caste system whereby individuals
may develop different phenotypes, most frequently
through differential environmental induction of gene
expression (Evans & Wheeler, 2001; Barchuk et al., 2007;
Smith etal., 2008; but see: Goodisman etal., 2008;
Schwander et al., 2010). Typically, a minority of individuals
belong to the reproductive castes, while the majority of
individuals, belonging to the worker and soldier castes,
remain effectively sterile (Hoélldobler & Wilson, 1990;
Wilson 1971). Importantly, castes often show extreme dif-
ferences in morphology, physiology, and behaviour arising
through the differential expression of genes (Robinson
et al., 2005; Smith et al., 2008).

DNA methylation has been linked to caste formation in
honey bees (Kucharski et al., 2008). Furthermore, caste-
specific differences in DNA methylation are associated
with alternative splicing differences between reproductive
queens and sterile workers (Lyko et al., 2010), as well as
between queen and worker-destined larvae (Foret et al.,
2012). DNA methylation has also been identified in the
genomes of several other hymenopteran eusocial insect
taxa (Glastad et al., 2011), suggesting that it may play a
wide-ranging role in developmental responsiveness.
Thus, DNA methylation may be integral to maintaining the
phenotypic plasticity that is central to the structure of
hymenopteran eusocial insect societies.

DNA methylation has recently been identified in the
genome of the termite Coptotermes lacteus (Lo et al.,
2012). Termites are highly eusocial and exhibit distinct
castes (Scharf et al., 2007; Toru & Scharf, 2011), but ter-
mites represent a completely novel origin of eusociality
from the Hymenoptera; isopteran and hymenopteran
insects diverged ~ 375 million years ago (Gaunt & Miles,
2002). Thus, termites provide an important evolutionary
contrast to Hymenoptera for investigating the link between
developmental regulation of phenotypic plasticity and
DNA methylation.

In contrast to hymenopterans, which are holometabo-
lous, termites are hemimetablolous, and therefore exhibit
a developmental programme that differs substantially from
ants, bees and wasps. In many termite species, larvae
develop into either workers or nymphs (immature forms
with rudimentary wing buds; Eggleton, 2011). Nymphs
then develop into winged reproductive forms (alates).
Workers, while considered a distinct caste, are composed
of multiple, developmentally progressive instars and can
also further develop into either soldiers, or, in some cases,
a third, worker-derived, wingless reproductive form (Egg-
leton, 2011). Much of this developmental plasticity is

informed by hormonal (endogenous) and environmental
(exogenous) cues (Mao et al., 2005; Scharf et al., 2007;
Toru & Scharf, 2011). Thus, development and caste are
arguably more protean in termites than in the hymenop-
teran eusocial insects, making them an ideal system for
studying the molecular basis of caste and, more generally,
environmentally induced phenotypic plasticity.

The purpose of the present study was to gain a greater
understanding of the nature and function of DNA methyla-
tion in termites. We investigated this issue by studying the
genetic signature of DNA methylation in the eastern sub-
terranean termite, Reticulitermes flavipes (Tartar et al.,
2009; Steller et al., 2010) and the formosan subterranean
termite, Coptotermes formosanus (Lo et al., 2012). R. fla-
vipes and C. formosanus are members of the family Rhi-
notermitidae, which displays a complex caste system. For
example, Reticulitermes and Coptotermes early-stage
nymphs can conditionally change developmental trajec-
tory, shifting to the wingless (worker) form (Roisin & Korb,
2011). The Rhinotermitidae also include some of the most
invasive termite pests, with R. flavipes and C. formosanus
being among the most devastating (Evans, 2011). In addi-
tion, these two species represent important taxa for study-
ing molecular biology and development in termites (e.g.,
Park & Raina, 2004; Scharf et al., 2007).

In the present study, we demonstrate that a strong
genetic signature of DNA methylation exists in R. flavipes
and C. formosanus. Moreover, we show that DNA meth-
ylation exhibits conserved associations with patterns of
gene expression, functional enrichment, and molecular
evolution, as identified in other insects and non-insect
invertebrates (Elango etal, 2009; Hunt etal., 2010;
Sarda et al., 2012). Overall, our analyses suggest that
DNA methylation is an important factor associated with
gene function in these species, and termites will therefore
represent important taxa for investigating DNA methyla-
tion outside of Holometabola.

Results and discussion

Reticulitermes flavipes and Coptotermes formosanus
genes show evidence of DNA methylation

We examined the distribution of nucleotides in six R. fla-
vipes and one C. formosanus cDNA libraries in order to
assess the presence and patterns of DNA methylation in
coding sequences (see methods). R. flavipes assembled
expressed sequence tags (ESTs) were constructed from
nonnormalized, cDNA libraries from three distinct, adult
morphs, and two developmental stages (Steller etal,
2010). For several of our analyses we additionally incor-
porated information from another normalized R. flavipes
library, which was constructed from termite flora-free
gut tissue (Tartar et al., 2009). We also assembled and
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Figure 1. Distribution of normalized CpG dinucleotide content (CpG o/e) and GpC o/e (inset) for sequences from the termites (A) Reticulitermes flavipes
and (B) Coptotermes formosanus, and coding sequence (CDS) from (C) the honeybee Apis mellifera which exhibits DNA methylation targeting to
approximately half of its genes, and (D) the fruit fly Drospohila melanogaster, which exhibits no detected DNA methylation, and thus, no notable CpG

depletion.

analysed a single, normalized library from C. formosanus
pooled individuals derived from multiple castes (Zhang
etal., 2012).

We calculated the normalized cytosine-phosphate-
guanine (CpG) dinucleotide content from these sequence
assemblies. Normalized CpG dinucleotide content [CpG
observed/expected (o/e)] acts as a proxy for the presence
of DNA methylation, reflecting the greatly increased ten-
dency of 5-methylcytosine to undergo spontaneous
deamination over evolutionary time (Coulondre etal.,

© 2012 Royal Entomological Society, 22, 143-154

1978; Shen et al., 1994). Thus, CpG o/e can be used to
determine the targets of DNA methylation across the
genome (Tweedie et al., 1997; Suzuki et al., 2007; Bock &
Lengauer, 2008; Yi & Goodisman, 2009).

Strikingly, the CpG o/e distributions for both the full
R. flavipes and C. formosanus assemblies exhibited evi-
dence of heavy CpG depletion (Fig. 1A and B). Intriguingly,
the CpG o/e profile observed for R. flavipes (and, to a
lesser extent, C. formosanus) exhibited a mixed distribu-
tion (Fig. 1A and B). Similar mixed distributions have been
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noted in several other insects with DNA methylation, such
as the pea aphid Acyrthosiphon pisum and honey bee Apis
mellifera (Fig. 1C; Elango et al., 2009; Wang & Leung,
2009; Hunt et al.,, 2010; Walsh et al., 2010). Such mixed
distributions are characteristic of a genome in which genes
can be divided into two classes; the first class is generally
methylated and displays low values of CpG o/e, and the
second class is generally unmethylated and displays rela-
tively high values of CpG o/e. This can be contrasted with
Drosophila melanogaster (Fig. 1D), for example, which has
virtually no detectable DNA methylation (Suzuki & Bird,
2008; Zemach et al., 2010; Glastad et al., 2011). D. mela-
nogaster CpG o/e exhibits a mean near the expected value
of one owing to the absence of DNA methylation. In addi-
tion, in contrast to our termite libraries (Fig. 1A and B) and
A. mellifera (Fig. 1C), the distribution of CpG o/e is clearly
unimodal in D. melanogaster (Fig 1D).

We examined the distribution of GpC o/e (that is, the
observed/expected ratio of 5-GpC-3’ dinucleotides) to
confirm that the patterns we observed among CpG dinu-
cleotides reflected the action of DNA methylation and
did not arise from potential artifacts related to guanine-
cytosine (GC) content (Fryxell & Moon, 2005). GpC dinu-
cleotides, unlike CpG dinucleotides, are not methylated in
animal genomes and should have no mutational pressure
introduced by DNA methylation; therefore, the frequency
of GpC dinucleotides should be readily predictable from
the frequency of G and C nucleotides in a gene (i.e., GpC
o/e should equal 1). We found that mean GpC o/e in
R. flavipes and C. formosanus was, indeed, quite close to
1.0 (R. flavipes = 1.02, C. formosanus = 1.03) and did not
exhibit mixed distributions in either species, as was the
case for CpG o/e (Fig. 1A and B, inset). This result sug-
gests that depletion of CpG in R. flavipes and C. formosa-
nus is indicative of the presence of DNA methylation.

The mean CpG o/e values for both termites’ assemblies
were very low, indicating high levels of gene methylation
(Table 1; Elango et al.,, 2009). The mean (SD) CpG o/e
value for our R. flavipes assembly was 0.54 (0.33), and
the mean (SD) GpC o/e was 1.02 (0.26), which is much
lower than in other investigated insect gene sets (Table 1).
Indeed, the mean CpG o/e values in termites are lower

Table 1. Mean CpG o/e and GpC o/e for gene sets (coding sequence)
from invertebrates with intragenic DNA methylation

Species CpG o/e GpC o/e
Reticulitermes flavipes 0.54 (0.30/0.69 1.02
Coptotermes formosanus 0.51 (0.33/0.70 1.03

Acyrthospihon pisum
Nasonia vitripennis
Apis mellifera

Ciona intestinalis

)
)
0.91 (0.64/1.08) 1.01
0.93 (0.78/1.09) 1.09
0.85 (0.50/1.10) 1.05
0.79 (0.62/0.92) 0.99

Parenthetical values indicate the means for the low and high peaks in
the distributions.

than other eusocial insects including both honey bees and
ants (Elango etal, 2009; Glastad etal, 2011). Both
means when treating these CpG o/e distributions as a
mixture of two distributions in R. flavipes were well below
1 as well (mean 1=0.30, SD =0.14, proportion = 0.34;
mean 2 =0.68, SD =0.32, proportion =0.66). These
results were highly similar for C. formosanus, which exhib-
ited a similar level of CpG depletion (mean = 0.51,
SD =0.27), but with a less pronounced upper mean
(mean 1=0.34, SD=0.129, proportion=0.5; mean
2=0.70, SD = 0.26, proportion = 0.5).

We also investigated whether any sequences in either
library contained orthologues to honey bee DNA-
methyltransferases (DNMTs). While we found no
sequences exhibiting significant orthology (at a threshold
of e<1e-10) to DNMTs in R. flavipes sequences, we
detected a putative orthologue of the honey bee DNMT1 in
the C. formosanus assembled library (e = 4e-12). This sug-
gests that DNMT1 is present and expressed in termites,
supporting a functional methylation system in this order.

Overall, these results suggest the presence of DNA
methylation in R. flavipes and C. formosanus termites,
potentially at particularly high levels or widely targeted
across the lengths of genes, relative to other investigated
insect taxa.

DNA methylation in genes expressed by different
Reticulitermes flavipes castes and stages

We identified genes whose representation was biased
among R. flavipes cDNA libraries in order to assess
whether genes with differences in expression between
castes, sexes or developmental stages tended to be
methylated or unmethylated in termites. We found that
contigs that exhibited any level of significant differential
expression among R. flavipes castes or developmental
stages (i.e. whose EST composition was significantly dif-
ferent between any two libraries) had significantly higher
CpG o/e values than those with no significant bias in
expression among any libraries (Wilcoxon rank sum test,
P=6.8e-12, W = 63571). Furthermore, as the number of
significantly different pairwise comparisons between
libraries increased (out of a possible six pairwise com-
parisons) the CpG o/e values also increased (Fig. 2;
Kruskal-Wallis test, P=2.1e-11, chi-squared =49.2).
These data indicate that ubiquitously expressed genes
are more likely to be targeted by DNA methylation in the
germline than genes exhibiting differential expression
between castes or stages.

The positive relationships observed between CpG o/e
and measures of expression bias in R. flavipes are consist-
ent with studies of DNA methylation in other insects, which
found that DNA methylation is significantly negatively asso-
ciated with gene expression bias (Elango et al., 2009; Foret

© 2012 Royal Entomological Society, 22, 143-154
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Figure 2. DNA methylation and level of expression bias in
Reticulitermes flavipes sequences. Number of significant pairwise
comparisons represents the number of times that a particular gene was
significantly differentially expressed among libraries (out of six possible
pairwise comparisons between alate, worker, soldier and larval libraries;
Fisher's exact test after correcting for multiple comparisons). Means and
95% Cls are plotted. Significance values represent Wilcoxon signed-rank
tests between CpG o/e for each category. Numbers within bars
represent the number of genes falling into each class.

et al., 2009; Hunt et al., 2010; Xiang et al., 2010). Our
results in R. flavipes confirm that the pattern whereby
genes with biased expression show lower levels of DNA
methylation than genes that are highly or ubiquitously
expressed is common between hemimetabolous and
holometabolous insect clades (Hunt et al., 2010).

We next investigated if distinct classes of individuals
expressed genes that were targeted by different levels of
DNA methylation in the germline. Thus, we compared the
distributions of CpG o/e values for assembled ESTs in
libraries from different R. flavipes castes and life stages.
Surprisingly, we found that CpG o/e values varied
significantly among libraries (Kruskal-Wallis test, chi-
squared = 86.3, P<0.0001). These results suggest that
genes expressed by distinct castes exhibit differences in
their overall CpG o/e profiles. Thus, some castes may be
expressing a greater proportion of germline methylated
genes than others. The library that was the most distinct
from the others was the alate library (Fig. 3), which was
considerably more biased towards low CpG o/e sequences
than the other libraries. Given that our data support the
view that DNA methylation is targeted to genes of low
expression bias, our results may indicate that soldiers and
workers (castes with the highest EST CpG o/e profile;
Fig. 3) are expressing more unmethylated genes that are
not expressed (or are more lowly expressed) in alates;
however, caution should be taken when interpreting these

© 2012 Royal Entomological Society, 22, 143-154
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results, as these EST libraries only capture a portion of
expressed genes in each caste.

DNA methylation is associated with particular functional
classes of genes

We next investigated if particular functional classes of
genes were methylated or unmethylated in R. flavipes and
C. formosanus. Specifically, we determined whether spe-
cific gene ontology (GO) functional categories of genes
were enriched within the low (CpG o/e < 0.49 and 0.45
for R. flavipes and C. formosanus, respectively) and high
(CpG o/e > 0.59 and 0.56 for R. flavipes and C. formosa-
nus respectively) components of our CpG o/e distribu-
tions. Since CpG o/e corresponds to DNA methylation,
this allows us to examine whether or not DNA methylation
is targeted to genes with specific functional annotations,
as has been found in previous studies of insects (Elango
et al., 2009; Hunt et al., 2010; Sarda et al., 2012).

We found that several GO categories were enriched for
each CpG o/e class of genes in R. flavipes and C. for-
mosanus (Table 2), but some of the terms in each species
were not significant following correction for multiple
testing. Functional terms associated with low CpG o/e
genes in R. flavipes largely involved basal metabolic
processes and membrane-bound organelles, while terms
enriched in high-CpG R. flavipes genes were associated
with carbohydrate binding, cell adhesion, and ion binding
and transport. In C. formosanus, low-CpG o/e genes were
enriched for terms associated with basal catabolic and
metabolic processes, similar to R. flavipes; however high-
CpG o/e genes in C. formosanus, which are putatively
unmethylated, were enriched with terms often associated
with methylated genes in other taxa (Sarda et al., 2012).
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Figure 3. Variation in CpG o/e of expressed sequence tags (ESTs)
between castes. Comparative density plot of CpG o/e values for
assembled EST libraries of each Reticulitermes flavipes caste (inset:
GpC ofe). Letters next to library names represent significantly differing
groups as determined by Mann—Whitney U-tests for each pairwise
comparison.
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Table 2. Top five gene ontology-enriched terms within each CpG o/e class for Reticulitermes flavipes and Coptotermes formosanus

False discovery

CpG o/e category Species Term Category rate P
Low-CpG o/e R. flavipes Cellular metabolic processt P 0.0021 <0.0001
RNA metabolic process*® P 0.0030 <0.0001
Transferase activity F 0.0121 <0.0001
Generation of precursor metabolites and energy P 0.0179 <0.0001
Catalytic activity F 0.0199 <0.0010
C. formosanus Carbohydrate metabolic process P 0.0426 <0.0005
Glycolysis P 0.0500 <0.0005
Catabolic processt P 0.0927 0.0012
Peptidase activity F 0.0927 0.0013
Macromolecule metabolic process* P 0.4556 0.0150
High-CpG o/e R. flavipes Extracellular region C 0.0179 <0.0001
lon transportt F 0.0272 <0.0005
lon binding F 0.2387 0.0067
Carbohydrate binding F 0.4131 0.0136
Cell adhesion*® Cc 0.5087 0.0216
C. formosanus Ribonucleoprotein complex C <0.0001 <0.0001
Ribosome Cc <0.0001 <0.0001
Structural molecule activity F <0.0001 <0.0001
Translation P 0.0027 <0.0001
Cellular biosynthetic process P 0.0027 <0.0001

Gene ontology terms also enriched in either *Apis mellifera, 1Acyrthosiphon pisum or tboth species methylated genes (from either Elango et al., 2009 or
Hunt et al., 2010, respectively). P values derived using Fisher’'s exact test and false discovery rate values represent P values corrected for multiple

testing using the Benjamini-Hochberg method.
P = biological process, F = molecular function, C = cellular component.

Our results suggest several categories of genes are
enriched in each CpG o/e class in R. flavipes and C. for-
mosanus. Previous studies of DNA methylation have often
found that low-CpG o/e genes are associated with ‘house-
keeping functions’ such as basal metabolic processes,
and are often ubiquitously expressed both in time and
space, while high-CpG o/e genes are associated with
more condition-specific and complex regulation (Elango
et al.,, 2009; Hunt et al., 2010; Glastad et al., 2011; Sarda
et al., 2012). Consistent with these previous results, two of
the top five R. flavipes low-CpG o/e enriched categories
(cellular metabolic processes and DNA metabolic proc-
esses) were previously observed to be associated with
methylated genes in either the honey bee (Elango et al.,
2009) or pea aphid (Hunt et al., 2010), and one of the top
five enriched terms among R. flavipes high-CpG o/e
genes (ion transport) was enriched in the pea aphid
(Table 2; Hunt et al.,, 2010). In C. formosanus, low-CpG
o/e genes were similarly associated with metabolic proc-
esses, with two terms previously associated with methyl-
ated genes in other insects being present in the top five
enriched categories (catabolic metabolic processes and
macromolecule metabolic processes; Table 2); however,
high-CpG o/e genes from C. formosanus displayed terms
inconsistent with previous observations in insects. This
may be attributable to the incomplete nature of these EST
sequences and associated GO, or, less parsimoniously, a
lineage-specific change in the function of unmethylated
genes. Furthermore, the fact that the R. flavipes EST
libraries were not normalized, whereas the EST libraries of

C. formosanus were normalized, may be a factor in the
taxon-specific patterns of enrichment we observe. Thus,
our functional enrichment results warrant validation in
future studies.

DNA methylation and evolutionary conservation in
Reticulitermes flavipes and Coptotermes formosanus

We investigated if genes that were methylated or
unmethylated in R. flavipes and C. formosanus displayed
differing levels of evolutionary conservation. In order to
investigate this issue, we assigned orthology to R. fla-
vipes and C. formosanus genes based on reciprocal best
hits between our full assemblies in both species and
multiple organisms of increasing phylogenetic distance.
That is, we determined which genes had detectable
orthologues in organisms of increasing evolutionary dis-
tance, ranging from species that were relatively closely
related to termites (the insect D. melanogaster), to those
that were very distantly related (the plant Arabidopsis
thaliana). By choosing pairs of organisms at increasing
phylogenetic distances, this nested ‘orthology walk’
allowed us to assign a level of evolutionary conservation
to a particular sequence and determine if orthologues
were detectable only within insects, within multiple inver-
tebrates, among all animals, or across eukaryotes. Using
this analysis, we found that phylogenetic conservation
was significantly, negatively associated with CpG o/e in
both R. flavipes and C. formosanus for sequences with
detectable orthologues outside of termites (Fig. 4A and

© 2012 Royal Entomological Society, 22, 143-154
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Figure 4. CpG o/e and evolutionary conservation of genes in (A,C) Reticulitermes flavipes and (B,D) Coptotermes formosanus. Evolutionary
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classes with ‘orphan’ sequences included as a separate group. White numbers within bars represent the number of genes falling in that class.

B; Kruskal-Wallis test: P < 3.0e-08, chi-squared = 37.9,
P < 2.2e-16, chi-squared: 90.9, respectively).

In a separate analysis, we assigned orthology based on
reciprocal best hits to a different species set with greater
representation of insect taxa (four insects, two non-insect
invertebrates, and two non-invertebrate eukaryotes),
assigning each sequence a value based upon the number
of orthologues detected. In agreement with our other
analysis phylogenetic conservation, we found that the
number of species with a putative orthologue for a given
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gene was significantly negatively associated with CpG
o/e in both species (Fig. 4C and D; Kruskal-Wallis test,
R. flavipes: P=1.5e-05, chi-squared = 34.3; C. formosa-
nus: P < 2.2e-16, chi-squared: 94.8).

In previous studies of DNA methylation in insects, the
observation has been made that genes with high levels of
DNA methylation tend to be more conserved than those
with lower or absent levels of DNA methylation (Hunt
etal.,, 2010; Lyko et al., 2010; Glastad et al., 2011; Park
et al., 2011). Our data, among termite genes which exhibit
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Table 3. Spearman’s correlations (p) between CpG o/e values for Reticulitermes flavipes or Coptotermes formosanus and CpG o/e values at

orthologous loci in other invertebrates

Species R. flavipes (p) C. formosanus (p) DNA methylation Divergence
Acyrthospihon pisum 0.2497*** 0.1811*** Yest 378
Drosophila melanogaster 0.0349N8 0.0559**** Nozt 378
Apis mellifera 0.2553**** 0.1852**** Yest 378
Tribolium castaneum 0.0589* 0.0088NS No§ 378
Ixodes scapularis 0.1813** 0.1200*** ? 581
Ciona intestinalis 0.1699*** 0.1137** Yest 782

All divergence estimates in Mya (Hedges et al., 2006).
NSp > 0.05, *P < 0.05, ****P < 0.0001.

tGlastad et al., 2011.

$Suzuki & Bird, 2008.

§Zemach et al., 2010.

orthology to genes in other nontermite species, also dem-
onstrate that those genes with higher phylogenetic con-
servation tend to be more methylated than those that are
less conserved. This relationship held when considering
species of wide phylogenetic reach (Fig. 4).

Surprisingly, however, sequences for which no ortho-
logues were detected exhibited marked CpG depletion
and a departure from the negative relationship between
CpG o/e and evolutionary conservation (Fig. 4). This indi-
cates that termite-specific genes may be more methylated
than other, more conserved genes. Alternatively, since
ESTs often contain noncoding components of mRNAs,
these sequences may, in part, represent noncoding
sequences (such as untranslated regions or even introns),
which exhibit far less conservation than coding sequence.
If such noncoding sequences are targeted by DNA
methylation in termites, there may be less resistance to
CpG depletion than in functionally constrained coding
sequences. This would result in more CpG depletion in
noncoding or partially noncoding EST sequences com-
pared with coding sequences, potentially biasing the CpG
content of fast-evolving noncoding sequences. However,
it is presently unknown whether DNA methylation targets
noncoding sequences in termites.

Patterns of DNA methylation at the gene level are
conserved across insects

Strikingly, CpG o/e values in our libraries were significantly,
positively correlated with the CpG o/e in orthologues in
some invertebrate species we examined, but not in others
(Table 3; Fig. S3). Correlations between orthologous CpG
o/e values of termites and species that have empirically
confirmed genomic DNA methylation (A. mellifera and
A. pisum) were much higher than those between termites
and insects lacking DNA methylation (D. melanogasterand
Tribolium castaneum; Zemach et al., 2010). Interestingly,
correlations for GpC o/e values between species were
uniformly high and did not depend on the DNA methylation
status of the species in question (Fig. S3).

Overall, these correlational data suggest that many of
the same genes are methylated between disparate insect
taxa (Hunt et al., 2010; Sarda et al., 2012). Since the four
insect species used in our analyses diverged from Isop-
tera at the same time (~378 Mya; Gaunt & Miles, 2002),
the difference in CpG o/e correlation probably reflect the
relaxation of methylation-associated mutational pressure
on CpG dinucleotides in T. castaneum and D. mela-
nogaster relative to A. mellifera and A. pisum. The lack of
variation in GpC o/e correlations in the same species
supports this view (Fig. S3), as GpC dinucleotides are not
targeted by DNA methylation, and thus, not subject to
methylation-induced variation in content between genes.
Interestingly, the correlations between CpG o/e values in
our termite libraries and the gene set of the blacklegged
tick, Ixodes scapularis (VectorBase, 2009), for which DNA
methylation has not been investigated, were nearly as
high as those with other invertebrates with DNA methyla-
tion. This may suggest the presence of DNA methylation in
1. scapularis.

Conclusion

DNA methylation has recently emerged as a potentially
important regulator of developmental fate in insects
(Kucharski et al., 2008; Lyko et al., 2010). Such pheno-
typic plasticity is highly important in eusocial insects such
as termites. Using assembled EST sequences in two
species, we have shown that DNA methylation exists in
termites at potentially higher levels than observed in any
insect observed to date (Glastad et al., 2011). Notably, the
CpG o/e values of our C. formosanus and, to a lesser
extent, R. flavipes sequences were nearly as low as those
observed for genes of mammals such as Homo sapiens
(Fig. S1; mean CpG o/e R. flavipes: 0.54, C. formosanus:
0.51, H. sapiens: 0.48), where DNA methylation levels are
much higher than in previously studied insects (Suzuki &
Bird, 2008).

We have demonstrated similar functional and gene
expression associations of DNA methylation to those
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previously noted in the eusocial honey bee A. mellifera
and other insects investigated to date. In addition, we
have shown that patterns of DNA methylation exhibit
consistency across large evolutionary distances (Table 3).
Together, our results support the emerging view that DNA
methylation in insects is targeted to active, ubiquitously
expressed genes enriched for ‘housekeeping’ functions
(Glastad et al., 2011). Moreover, our results suggest that
investigations into DNA methylation and gene regulation
in termites will provide an important opportunity to inves-
tigate the possibility of convergent relationships between
phenotypic plasticity and epigenetic regulation.

Experimental procedures

Expressed sequence tag assembly

We obtained 12 943 raw EST sequences derived from five non-
normalized R. flavipes libraries (reproductive, soldier, worker,
early larva, and late larva) (Steller etal, 2010; GenBank:
G0898823-G0911765), and one library containing 4578 ESTs
from a normalized library derived from microorganism-free R.
flavipes gut tissue (Tartar etal, 2009; GenBank: FL634956-
FL640828). We also obtained 131636 raw EST sequences
derived from pooled, normalized RNA from C. formosanus
(Zhang et al., 2012; GenBank: JK342531-JK474166). We filtered
ESTs for polyA/T tails, low complexity, mtDNA [Accessions:
NC_009498.1 (R. flavipes), NC_015800.1 (C. formosanus)], and
vector contamination [National Center for Biotechnology Informa-
tion (NCBI) core vector library] using SeqClean (http://compbio.
dfci.harvard.edu/tgi/software/), cross_match (Huang & Madan,
1999), and RepeatMasker (Smit etal., 1996-2010). All EST
libraries were generated through Sanger sequencing.

Each library was assembled into contiguous assembled
sequence blocks (contigs) using CAP3 (Huang & Madan, 1999).
Assembly criteria included 90% minimum sequence identity
between overlapping regions, a 45-bp overlap minimum, and
10-bp maximum gap length within the region of overlap. Assem-
bly was performed in three ways for our R. flavipes libraries: A)
with the entire set of ESTs from all caste-specific (hereafter
referred to as ‘Rf Caste’; sequences from Steller et al., 2010), B)
in a caste-specific manner in order to examine patterns of nor-
malized CpG dinucleotide content in each caste’s library sepa-
rately (‘Rf Alate’, ‘Rf Worker’, ‘Rf Soldier’, ‘Rf Larval’), and C), as
a ‘complete’ assembly of all 17 521 ESTs from the six R. flavipes
(from Tartar et al., 2009; Steller et al., 2010) libraries to serve as
a full assembly (‘Rf Full’). For the C. formosanus library, we
assembled all ESTs available using the same assembly criteria as
for the other assemblies (‘Cf Full’). For all assemblies we only
accepted sequences with a length above 250 bp after assembly,
in order to ensure sufficient information content for reasonable
CpG depletion estimates.

After filtering, our Rf Caste assembly yielded 1037 contigs and
3684 singletons (total library of 5038 sequences). Our caste-
specific assemblies yielded the following number of unique
sequences: Rf Alate =1615 (220 contigs, 1395 singletons), Rf
Worker = 1683 (323 contigs, 1360 singletons), Rf Soldier = 1544
(1938 contigs, 1351 singletons), and Rf Larval=1537 (236
contigs, 1301 singletons; early and late larval samples were
pooled). The Rf Full assembly yielded 1387 contigs and 4975
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singletons (6362 sequences total). The Cf Full assembly yielded
16 879 contigs and 8755 singletons (25 634 sequences total).

In order to confirm that the particularly prominent CpG deple-
tion we observed in our termite sequences was not a product of
biases in EST libraries, as compared with genome annotations
from sequenced genomes, we compared CpG o/e profiles of
official pea aphid gene models to a pea aphid EST set with
properties similar to those of our R. flavipes data. We assembled
a nonnormalized library of ESTs (9417 ESTs) from the pea aphid
A. pisum (Sabater-Munoz et al., 2006; GenBank: CN753369-
CN764460, CF546452-CF546552, CF587442-CF588411,
CN582088-CN587684) in the same manner as for our R. flavipes
libraries, to produce a library of 4269 sequences (1442 contigs
and 2827 singletons) with a length > 250 bp. We then compared
this with the CpG o/e distribution from the A. pisum Aphidbase
mRNA set. We found that the mean CpG o/e value from our aphid
EST assembly were highly similar to that of the Aphidbase mRNA
annotations (Fig. S2; 0.97 vs. 1.00 mean CpG o/e respectively),
indicating that the use of EST sequences did not bias CpG
content analysis in any meaningful way.

CpG o/e analysis

Normalized CpG dinucleotide content (CpG o/e) was calculated
for all assembled contigs and singletons from assembly runs in
both species (Rflav Full, Rflav Caste assembly, and Cfor Full
assemblies) as:

CpG o_ length? y CpG count _
e length  C countx G count

CpG o/e is highly informative to the presence of DNA methylation
at the germline, as has been demonstrated in numerous
investigations (Shimizu et al., 1997; Elango etal., 2009; Yi &
Goodisman, 2009; Glastad et al., 2011). The utility of the metric
CpG o/e for assessing DNA methylation results from the fact that
(1) DNA methylation is largely targeted to cytosines in 5’-CpG-3’
dinucleotides (so called ‘CpG dinucleotides’) in animals, and (2)
5-methylcytosines tend to undergo spontaneous deamination
over evolutionary time at a much higher rate when compared
with unmethylated cytosines (Coulondre et al., 1978; Shen et al.,
1994). Consequently, CpG dinucelotides become depleted in
genomic regions where DNA methylation is present. Thus CpG
o/e reflects levels of DNA methylation in differing genomic
regions. In contrast, GpC o/e should be unaffected by
methylation-dependent mutation pressures and thus provides a
null comparison (Fryxell & Moon, 2005).

We used Nocom (Ott, 1979), a mixture modelling program in
the Statistical Genetics Utility program suite, to evaluate our CpG
o/e distributions for mixtures of normal distributions (namely, a
two-mixture assumption).

Gene ontology and evolutionary assessment

In order to evaluate GO enrichment associated with CpG-
depleted and CpG-rich genes in our dataset, we used the
program BLAST2GO (Conesa et al., 2005) to establish orthology.
This performed BLAST searches using our ‘Full’ assemblies (Rf
and Cf Full) against the full NCBI nr protein database (e-value
cutoff: 1e-6). A total of 3132 R. flavipes and 10 714 C. formosa-
nus sequences had significant BLAST hits (1e-6). These BLAST hits
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were then linked to GO classifications using default parameters,
which establishes and ‘maps’ GO terms to each sequence based
upon several databases (NCBI’s gene2accession, UniPort IDs,
the DBXRef table of the GO database, and Gene_Product Table
of the GO database) and determines BLAST homology.

A total of 2567 R. flavipes and 6091 C. formosanus sequences
were ultimately linked with one or more GO terms. We used the
means and standard deviations of each component of a mixture
distribution (both low and high CpG o/e) from our Full assemblies’
(Rf and Cf Full) CpG o/e distributions (as imputed by the program
Nocowm; Ott, 1979), to separate the assembled sequences into
high- and low-CpG o/e categories. We chose cutoffs based upon
the means of each species’ CpG o/e distribution (0.51 and 0.54
for C. formosanus and R. flavipes, respectively), taking values
+0.05 lower and higher than the means to exclude genes of
ambiguous membership. BLAST2GO’s inbuilt Gossip package
(Bluthgen et al., 2005) was then used to test for enrichment of
these CpG o/e classes of genes using a Fisher's exact test with
correction for multiple testing using a Benjamini-Hochberg false
discovery rate.

In order to assess the relationship between sequence conser-
vation and CpG o/e we performed reciprocal best BLAST searches
(tblastx, e-value <1.0e-6 (Altschul et al.,, 1990) between our Rf
Full and Cf Full assemblies and the full gene sets from eight
species of varying phylogenetic distance: A. mellifera (OGS 1.1),
D. melanogaster (FlyBase r5.46), Ciona intestinalis (Ensemble
KH.67), I. scapularis (VectorBase), Danio rerio (Ensemble
Zv9.67), H. sapiens (RefSeq Acyr_2.0), Neurospora crassa
(Assembly OR74A), and A. thaliana (RefSeq TAIR10). We then
assigned genes a degree of nested conservation based upon
whether they had BLAST hits to insects (A. mellifera and D. mela-
nogaster), invertebrates (one insect as well as a hit to either
I. scapulari and/or C. intestinalis), animals (one insect, one inver-
tebrate and either D. rerio and/or H. sapiens), or eukaryotes (one
in each previous category as well as a hit to N. crassa and/or
A. thaliana; Fig. 4A and B). This provided a general picture of the
breadth of conservation associated with each gene.

We also performed similar reciprocal best BLAST searches with
two other insects species (A. pisum: RefSeq Acyr_2.0, T. casta-
neum: RefSeq Tcas_3.0) and separately analysed a dataset of all
four insects, the two invertebrates used in the previous analysis,
and two non-invertebrates (A. thaliana and H. sapiens), determin-
ing the number of species within which a given termite sequence
was linked to an orthologue (Fig. 4C and D). We then evaluated
the relationship between CpG o/e and both raw number of hits in
the four-insect dataset, as well as the nested conservation metric
from the cross-eukaryote dataset. We also calculated CpG o/e for
the gene sets from four insect species (A. mellifera, A. pisum,
T. castaneum, and D. melanogaster), two non-insect inverte-
brates (. scapularis and C. intestinalis), and two non-invertebrate
eukaryotes (H. sapiens and A. thaliana) to examine the correla-
tions between the CpG o/e status in our sequences and the CpG
o/e of their putative orthologues.

Expression bias and CpG o/e

In order to assess representation bias in our Rf Caste library
(Steller et al., 2010), a custom perl script was first used to parse
the CAP3 output, which provides information on which of the
original raw EST sequences contributed to which contig during
the assembly process. This then allowed us to determine the EST

sequences that contributed to each contig, and from which
caste’s library they originated. The level of expression of a contig
within each treatment was estimated from the number of cognate
ESTs found in each library, under the assumption that it was
proportional to the transcript frequencies (Romualdi et al., 2001;
Megy et al., 2002). IDEG6 (Romualdi et al., 2003) was then used
to evaluate the significance of each pairwise comparison of EST
contribution to a given contig between castes (Fisher’s exact test
with multiple testing correction). This gave us an estimate of
which contigs exhibited significantly different expression between
one or more castes. Within our dataset, 91 contigs showed one or
more significant pairwise comparisons between treatments. We
then assigned a number from 0 to 4 (pooling 4-6 significant
pairwise comparisons), representing the number of pairwise com-
parisons showing significant differences between libraries.

All statistical tests were performed in R (R Development Core
Team, 2011) or JMP (SAS Institute Inc, Cary, NC), unless other-
wise indicated.
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Figure S1. CpG o/e profiles (and GpC o/e — inset) for (A) Reticulitermes
flavipes, (B) C. formosanus, and (C) Homo sapiens, as well as a (D)
density graph comparing all of their distributions. These comparisons dem-
onstrate that genic methylation levels in termites may be very similar to
genic methylation levels in mammals.

Figure S2. CpG o/e (and GpC o/e — inset) of the (A) pea aphid Acyrthosi-
phon pisum official gene set and (B) assembled expressed sequence tag
library similar to those in this study, demonstrating our methods of assem-
bly do not alter the CpG o/e distributions noticeably, relative to actual
coding sequence annotation.

Figure S3. Comparison of Spearman’s rank correlations of gene
sequence for (A) GpC o/e and (B) CpG o/e levels between select inverte-
brates and Reticulitermes flavipes and C. formosanus. Notably, the corre-
lations for CpG o/e, but not GpC o/e, vary drastically, indicating the action
of DNA methylation on CpG, but not GpC, dinucleotides.
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