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Synopsis Epigenetic inheritance plays a fundamentally important role in mediating gene regulation and phenotypic

plasticity. DNA methylation, in particular, has been the focus of many recent studies aimed at understanding the function

of epigenetic information in insects. An understanding of DNA methylation, however, requires knowledge of its context

in relation to other epigenetic modifications. Here, we review recent insights into the localization of DNA methylation in

insect genomes and further discuss the functional significance of these insights in the context of the greater eukaryotic

epigenome. In particular, we highlight the complementarity of the eukaryotic epigenetic landscape. We focus on the
importance of DNA methylation to nucleosome stability, which may explain the context-dependent associations of DNA
methylation with gene expression. Ultimately, we suggest that the integration of diverse epigenetic modifications in studies

of insects will greatly advance our understanding of the evolution of epigenetic systems and epigenetic contributions to

developmental regulation.

Introduction

Epigenetic information influences organismal pheno-
types by making contributions to gene regulation
that are transmissible through cell division
(Bonasio et al. 2010). The two most widely studied
forms of epigenetic marks are the methylation of
DNA (Jaenisch and Bird 2003; Klose and Bird
2006; Zemach et al. 2010) and the posttranslational
modification of histone proteins (Kharchenko et al.
2011; Suganuma and Workman 2011), both of which
have been functionally implicated in the regulation
of gene expression in a variety of taxa.

Epigenetic marks can be influenced by environ-
mental variation and are capable of influencing post-
embryonic development (Jaenisch and Bird 2003).
Such a role for intragenic DNA methylation was re-
cently highlighted in the honey bee by Kucharski
et al. (2008), who documented a developmental
shift from the phenotype of workers to the pheno-
type of queens following the knockdown of DNMT3,
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an enzyme essential to de novo DNA methylation
(Klose and Bird 2006). In light of this study, much
attention has been devoted to the study of DNA
methylation in insects (Elango et al. 2009; Foret
et al. 2009; Hunt et al. 2010; Lyko et al. 2010;
Xiang et al. 2010; Zeng and Yi 2010; Glastad et al.
2011; Park et al. 2011; Bonasio et al. 2012; Flores
et al. 2012; Foret et al. 2012; Herb et al. 2012;
Lockett et al. 2012; Patalano et al. 2012; Smith
et al. 2012; Weiner and Toth 2012; Glastad et al.
2013; Snell-Rood et al. 2013). These studies have
provided fundamental insights into the targets of
DNA methylation in insect genomes, as well as the
extent of differences in DNA methylation arising
among distinct insect morphs. A lingering question
remains, however: if DNA methylation plays a
fundamental role in developmental regulation,
why has it been lost in several lineages of insects?
(Urieli-Shoval et al. 1982; Zemach et al. 2010;
Glastad et al. 2011; Yi 2012).
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Table 1 Glossary of epigenomic terminology

Term

Definition

Chromatin

DNA methylation

Epigenome

Histone modification

Histone variant

Nucleosome

Nucleosome positioning

Nucleosome turnover

The packaged form of the eukaryotic genome. The fundamental unit of chromatin is the nucleosome, but
chromatin also encompasses other DNA-binding proteins and protein complexes that bind nucleosomes.

The addition of a methyl group to DNA. In animals, DNA methylation primarily affects cytosines occurring in a
CpG context (cytosine followed by guanine in 5-3’ orientation).

A broad term used to describe contributors to genome structure and function that are transmissible through
cellular division, other than the DNA sequence itself.

One of many posttranslational alterations to a histone residue (e.g., methylation and acetylation). Distinct histone
modifications exhibit distinct associations with genomic elements and gene regulation.

A histone encoded by a non-canonical histone gene. Many histone variants are incorporated into the nucleosome
in a manner independent of replication, unlike canonical histones, and thus can replace canonical histones
throughout the cell cycle.

The fundamental, repeating unit of chromatin, comprised by ~147 base pairs of DNA wrapped around a histone
octamer; each normally composed of two copies of the histone proteins H2A, H2B, H3, and H4.

The patterning of nucleosome occupancy along DNA and the extent to which this patterning is consistent
among cells.

The eviction and replacement of the nucleosomes at a given position over time. A high degree of nucleosome
turnover is associated with accessibility of DNA to protein binding and the incorporation of specific histone

variants.

In this review, we highlight recent insights into
the localization of DNA methylation in insect
genomes and synthesize these results with insights
into the eukaryotic epigenome made in model
organisms (for a glossary of epigenetic terminology,
see Table 1). We highlight the complementarity of
the eukaryotic epigenetic landscape, which may be
relevant to understanding the evolutionary loss of
DNA methylation. We also discuss the importance
of DNA methylation to nucleosome dynamics,
which may explain the regulatory correlates of
DNA methylation.

Selective localization of DNA
methylation in insects

The localization of DNA methylation varies substan-
tially among taxa. For example, vertebrate genomes
are globally methylated (Suzuki and Bird 2008). In
contrast, the genomes of invertebrates exhibit rela-
tively sparse levels of DNA methylation, the majority
of which is present within genes (Suzuki and Bird
2008; Feng et al. 2010; Zemach et al. 2010). Recently,
the sequencing of single-base resolution profiles of
DNA methylation on a genomic scale (DNA methy-
lomes) has provided fundamental insights into the
localization of DNA methylation in several insect
taxa (Table 2).

Investigations of insect methylomes have demon-
strated that, although the levels of DNA methylation
in insect species vary substantially (Zemach et al.
2010; Sarda et al. 2012; Glastad et al. 2013; Hunt
et al. 2013), the patterns of DNA methylation in

insects with functional DNA methylation systems ex-
hibit remarkable conservation (Fig. 1) (Zemach et al.
2010). In insects investigated to date, DNA methyl-
ation is highly biased to exons (Fig. 1b), highlighting
the potential role of DNA methylation in exon
definition and splicing (Feng et al. 2010; Lyko
et al. 2010; Bonasio et al. 2012). DNA methylation
in insect genomes is also primarily localized to the
5'-region following the translation start site of genes
(Fig. 1a) (Zemach et al. 2010; Bonasio et al. 2012).
In contrast to insects, in a basal chordate, Ciona
intestinalis, intragenic DNA methylation is present
throughout the length of gene bodies (Fig. 1la)
(Zemach et al. 2010). This suggests that the con-
servation of DNA methylation in the 5-region
of genes may be particularly important in insects.
It is noteworthy, however, that the localization
of DNA methylation is unknown for many insect
orders, including those most basal to the diversifi-
cation of Insecta (Glastad et al. 2011). Thus, a full
understanding of the targets of DNA methylation in
insects requires further investigation of DNA meth-
ylation in a greater diversity of insect taxa.

In invertebrates, DNA methylation largely targets
phylogenetically conserved genes (Hunt et al. 2010;
Lyko et al. 2010; Sarda et al. 2012) that are consti-
tutively expressed (Foret et al. 2009; Hunt et al.
2010). It is possible, however, that the inferred con-
stitutive expression and phylogenetic conservation
of methylated genes has been influenced by the use
of whole bodies for assessing DNA methylation in
insects (Table 2), and that data on DNA methylation
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Fig. 1 Selective localization of DNA methylation in insect genomes. (a) The spatial profile of DNA methylation in genes greater than
4kb in length in the silk moth Bombyx mori (Zemach et al. 2010), the carpenter ant Camponotus floridanus (Bonasio et al. 2012), and the
honey bee Apis mellifera (Lyko et al. 2010; Zemach et al. 2010) exhibit preferential targeting of DNA methylation to the 5'-region of
genes, immediately downstream of the translation start site (ATG). In contrast, DNA methylation in the genome of the invertebrate
chordate Ciona intestinalis (Zemach et al. 2010), which diverged from arthropods roughly 900 million years ago (Hedges et al. 2006), is
targeted throughout the length of gene bodies. The grey line connects mean fractional CpG DNA methylation values at each position
and a smoother curve is shown in black. (b) DNA methylation is also preferentially targeted to exons (versus introns) in the insect taxa

investigated; means with 95% confidence intervals are shown.
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Table 2 DNA methylomes from insect taxa

B. G. Hunt et al.

Species DNA methyltransferases

Tissue

Apis mellifera (honey bee) DNMT1, DNMT2, DNMT3

DNMT1, DNMT2, DNMT3
Harpegnathos saltator (jumping ant) DNMT1, DNMT2, DNMT3
Solenopsis invicta (red imported fire ant) DNMT1, DNMT2, DNMT3
DNMT1, DNMT2

Camponotus floridanus (carpenter ant)

Bombyx mori (silk moth)

Whole body (Feng et al. 2010; Zemach et al. 2010), brain (Lyko et al.
2010), head (Foret et al. 2012)

Whole body (Bonasio et al. 2012)

Whole body (Bonasio et al. 2012)

Whole body (Hunt et al. 2013)

Whole body (Zemach et al. 2010), silk gland (Xiang et al. 2010)

from individual cell types will reveal the presence of
DNA methylation in tissue-specific genes. Regardless,
insects with available methylomes also possess fewer
methylated genes than do the highly diverged nonar-
thropod invertebrates, Nematostella vectensis and
C. intestinalis (Sarda et al. 2012). Moreover, methyl-
ated genes in insects represent a subset of methylated
orthologs identified in N. vectensis and C. intestinalis
(Sarda et al. 2012). Likewise, DNA methylation tar-
gets largely overlapping sets of orthologs in the silk
moth, the honey bee, and the fire ant (Sarda et al.
2012; Hunt et al. 2013), indicating that similar genes
are methylated in distinct insect taxa. However, the
difference in DNA methylation levels (Fig. 1b) and
the number of genes targeted in insects, as compared
with N. vectensis and C. intestinalis, suggest that a
dramatic reduction in DNA methylation may have
occurred in the arthropod lineage (Sarda et al. 2012).

Although great progress has been made in
identifying the targets of DNA methylation, little is
known about the greater epigenetic context of DNA
methylation in insects. In the following sections,
we review insights into the epigenome of eukaryotes.
By synthesizing information on highly conserved
components of the eukaryotic epigenome with the
observed localization of DNA methylation in insect
genomes, we hope to advance an understanding of
the function of intragenic DNA methylation.

The epigenomic context of DNA
methylation in insects

Studies of model mammalian and plant systems have
provided great insight into wunderstanding the
complexity and interactive nature of the eukaryotic
epigenome. For example, DNA methylation interacts
with histone modifications and is associated with
nucleosomes  (Cedar and  Bergman  2009;
Chodavarapu et al. 2010). The regulatory roles of
histone modifications are known to include media-
tion of the binding affinities of protein complexes,
such as those related to transcriptional and splicing

machinery (Luco et al. 2010; Bell et al. 2011; Luco
et al. 2011; Negre et al. 2011; Bintu et al. 2012), as
well as the direct alteration of local chromatin struc-
ture (Henikoff 2008; Bell et al. 2011; Bintu et al.
2012). Furthermore, several important histone mod-
ifications and structural variants show spatially het-
erogeneous patterns of enrichment within the bodies
of actively expressed genes and are themselves pre-
dictive of gene activity (Roy et al. 2010; Ha et al
2011; Kharchenko et al. 2011; Bieberstein et al. 2012;
Bintu et al. 2012; Coleman-Derr and Zilberman
2012). Indeed, numerous empirical studies have
demonstrated that histone modifications and variants
influence transcriptional regulation (Henikoff 2008;
Luco et al. 2010; Bintu et al. 2012).

Great strides have been made in profiling the
chromatin  landscape of the model insect,
Drosophila melanogaster (Celniker et al. 2009; Filion
et al. 2010; Roy et al. 2010; Kharchenko et al. 2011;
Negre et al. 2011). For example, it has been shown
that transcriptionally active, broadly expressed, genes
are associated with multiple, specific histone modifi-
cations (Filion et al. 2010; Roy et al. 2010;
Kharchenko et al. 2011). Similarly, DNA methylation
is known to target actively transcribed genes in
insects (Fig. 2a) (Foret et al. 2009; Zemach et al.
2010; Nanty et al. 2011). Moreover, the genomic
localization of many histone modifications is highly
conserved in diverse eukaryotic taxa (Bernstein et al.
2005; Feng and Jacobsen 2011; Woo and Li 2012;
Simola et al. 2013). Comparative analyses of DNA
methylation in non-model insects and histone mod-
ifications in D. melanogaster further suggest
that DNA methylation is highly colocalized with
several active histone modifications (Fig. 2) (Nanty
et al. 2011; Hunt et al. 2013)

The function of DNA methylation
in insects

The presence of DNA methylation in several insect
lineages (Glastad et al. 2011), despite the highly
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Fig. 2 A model of insect DNA methylation and the greater eukaryotic epigenome. (a) Actively expressed and (b) repressed
(nonconstitutively expressed) genes exhibit distinct epigenetic profiles (Zilberman et al. 2008; Filion et al. 2010; Roy et al. 2010;
Zemach et al. 2010; Bell et al. 2011; Zhou et al. 2011; Coleman-Derr and Zilberman 2012). Note that the histone modification
H3K27me3 is largely limited to genes in regions of Polycomb-mediated repression, rather than in all nonconstitutive genes (Filion et al.
2010; Kharchenko et al. 2011). Model spatial profiles of enrichment signals for multiple epigenetic marks as visualized over (c) actively
expressed genes (Mito et al. 2005; Deal et al. 2010; Roy et al. 2010; Zemach et al. 2010; Bell et al. 2011; Kharchenko et al. 2011;
Yin et al. 2011; Adelman and Lis 2012; Bonasio et al. 2012) and (d) exons (Kolasinska-Zwierz et al. 2009; Schwartz et al. 2009;
Chodavarapu et al. 2010; Kharchenko et al. 2011; Yin et al. 2011; Bonasio et al. 2012). (a, c) The spatial profile of DNA methylation
targeting in constitutively expressed insect genes suggests DNA methylation may play a role in partitioning promoter regions and gene
bodies. TSS, transcription start site; TTS, transcription termination site. Note that these generalized representations of spatial profiles

are not meant to convey quantitative relationships between marks.

mutagenic nature of DNA methylation in animals
(Elango et al. 2008), suggests that the methylation
of DNA makes important functional contributions
to insect epigenomes. It has long been hypothesized
that one of the most important functions of DNA
methylation is to influence the interactions between
histones and DNA (Kass et al. 1997; Pennings et al.
2005). More recently, it has been demonstrated that
DNA methylation alters the nucleosome by increas-
ing the rigidity of histone-bound DNA, resulting in
tighter wrapping of DNA around histones and a
reduction in the linker DNA length between histone
octamers (Choy et al. 2010; Lee and Lee 2011).

The fact that DNA methylation can alter the
stability of the nucleosome has several important
implications for studies of epigenetic gene regulation.
For example, at high densities, RNA polymerase
(Pol) 1II’s traversal of the nucleosome can result in
eviction of the nucleosome (Kulaeva et al. 2010),
thereby exposing intragenic DNA-binding sites that
would otherwise be occluded (Henikoff 2008).
In this manner, eviction of nucleosomes can facili-
tate spurious initiation of intragenic transcription
(Carrozza et al. 2005; Lieb and Clarke 2005).
Should intragenic DNA methylation alter the poten-
tial for eviction of nucleosomes through its effects
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on nucleosome stability, then DNA methylation may
play a role in suppressing recognition of spurious
intragenic DNA-binding sites (Zilberman et al.
2007; Maunakea et al. 2010; Jones 2012). In support
of this view, it is notable that genic regions exhibit-
ing strong enrichment of RNA polymerase II coin-
cide with regions of high density of DNA
methylation (Fig. 2¢).

DNA methylation has been linked to the position-
ing of nucleosomes (Chodavarapu et al. 2010), which
has in turn been implicated in modulating intragenic
RNA Pol II kinetics (Ujvéri et al. 2008; Schwartz
et al. 2009; Luco et al. 2011; Luco and Misteli
2011; Bintu et al. 2012) that affect patterns of gene
splicing (de la Mata et al. 2003; Kornblihtt 2005;
Luco et al. 2011). Presumably, the positioning of
nucleosomes is associated with definition of exons
in invertebrates and vertebrates alike (Andersson
et al. 2009; Schwartz et al. 2009; Tilgner et al.
2009). Thus, by influencing nucleosome stability
and positioning, DNA methylation may contribute
to the definition of exons during the transcription
and splicing of mRNA.

These structural implications of DNA methylation
may help to explain its context-dependent effects
(Jones 1999, 2012). DNA methylation contributes to
silencing of genes when present in promoters (Kass
et al. 1997; Bird 2002; Pai et al. 2011; Zeng et al.
2012), but is associated with active expression when
present within genes (exons + introns) (Zemach et al.
20105 Jjingo et al. 2012). These divergent relationships
of DNA methylation with gene expression could be
driven by a common role of DNA methylation in
the stabilization of nucleosomes and in the occlusion
of the initiation of transcription. Likewise, the intro-
duction of a methyl group to DNA can directly alter
the binding of transcription factors (Bird 2002; Shukla
et al. 2011; Wang et al. 2012), further buffering against
recognition of intragenic DNA-binding sites in
actively expressed genes.

As discussed earlier, DNA methylation is primarily
localized to the 5'-region of genes in the insect ge-
nomes studied to date (Fig. 1a) (Zemach et al. 2010;
Bonasio et al. 2012). This 5'-region of the gene also
exhibits enrichment of specific histone modifications
(Roy et al. 2010; Henikoff and Shilatifard 2011;
Kharchenko et al. 2011), elevated RNA Pol II density
(Mito et al. 2005; Yin et al. 2011), and high rates of
nucleosome turnover (Mito et al. 2005; Deal et al.
2010), relative to downstream regions of the gene
(Fig. 2¢). Together, these features may help to assign
molecular context and functional attributes to DNA
methylation in insect genomes, as described later.

B. G. Hunt et al.

Nucleosome turnover is elevated in actively
expressed genes and is associated with the incorpo-
ration of specific variants of histones (Mito et al.
2005; Henikoff 2008; Deal et al. 2010; Bell et al.
2011). Moreover, the turnover of nucleosomes may
be linked to increased accessibility to DNA-binding
proteins (Henikoff 2008). Intriguingly, DNA methyl-
ation is highest slightly downstream of peak turnover
of nucleosomes and maximum density of RNA Pol II
in Drosophila (Deal et al. 2010; Roy et al. 2010;
Zemach et al. 2010) (Fig. 2c). This spatial concor-
dance highlights the possibility that DNA methyla-
tion is important to partitioning gene bodies and
transcription start sites. Consistent with this hypoth-
esis, DNA methylation exhibits a spatially antagonis-
tic relationship with the histone variant H2A.Z in
diverse eukaryotes (Zilberman et al. 2008; Conerly
et al. 2010; Zemach et al. 2010; Coleman-Derr and
Zilberman 2012). H2A.Z enhances recruitment of
RNA Pol II at transcription start sites (Hardy et al.
2009), particularly in constitutively expressed genes
(Coleman-Derr and Zilberman 2012). It is feasible
that DNA methylation decreases intragenic transcrip-
tion initiation by increasing nucleosome stability and
by inhibiting the incorporation of H2A.Z (Talbert
and Henikoff 2010; Coleman-Derr and Zilberman
2012) in 5-regions of constitutively expressed
insect genes (Figs. 1 and 2).

The close spatial association of DNA methylation
and RNA Pol II in insect genomes (Figs. 2¢ and d)
provides insight into the link between DNA methyl-
ation and the regulation of alternative splicing.
Several studies in diverse eukaryotes have demon-
strated that experimental alteration of RNA Pol II’s
processivity has direct effects on the outcome of al-
ternative splicing (de la Mata et al. 2003; Kornblihtt
2005; Luco et al. 2011). This is presumably due to
the molecular splicing machinery’s variable recogni-
tion of splice sites, which depends upon both the
speed of elongation of RNA Pol II and the strength
of the signal of the splice site (Luco and Misteli
2011). DNA methylation may have a direct negative
effect on the speed and elongation efficiency of RNA
Pol II (Lorincz et al. 2004; Zilberman et al. 2007).
Moreover, DNA methylation has been shown to me-
diate the binding of proteins, including the transcrip-
tion factor CTCF (Wang et al. 2012). In humans, the
mediation of CTCF binding by DNA methylation has
been shown to affect the dynamics of RNA Pol II
and alternative splicing (Shukla et al. 2011). These
insights may be particularly relevant to transcrip-
tional regulation in insects, given that DNA methyl-
ation levels are highest in exons in insect genomes
(Feng et al. 2010; Lyko et al. 2010; Bonasio et al.

€102 ‘62 5NNy U0 SS800Y ABIOS GOIS T /BI0'SUINO [pI0JXO°GO1//:dNY WO} popeouMoQ


http://icb.oxfordjournals.org/

DNA methylation and insect epigenomics

2012) (Figs. 1b and 2d), and that an association has
been observed between DNA methylation and alter-
native splicing in insects (Lyko et al. 2010; Park et al.
2011; Bonasio et al. 2012; Flores et al. 2012; Foret
et al. 2012; Lockett et al. 2012).

Nevertheless, it is critical to note that DNA meth-
ylation is not the sole epigenetic contributor to the
mediation of alternative splicing (Luco et al. 2010,
2011; Luco and Misteli 2011). The “chromatin—
adaptor complex” model of the regulation of alter-
native splicing describes a mechanism whereby
several histone modification-binding proteins inter-
act with splicing factors to modulate the outcome of
alternative splicing (Luco et al. 2011). Notably,
several specific histone modifications are positively
correlated with the presence of DNA methylation
in insects (Hunt et al. 2013), suggesting that it may
be particularly challenging to disentangle the relative
contributions of histone modifications and DNA
methylation to patterns of alternative splicing.

Conclusions

DNA methylation and histone modifications exhibit
complementary, and potentially redundant, func-
tions, which may help explain the loss of DNA meth-
ylation in some insect lineages (Zemach et al. 2010;
Glastad et al. 2011). Nevertheless, the aforemen-
tioned links between DNA methylation and the
dynamics of nucleosomes suggest that DNA methyl-
ation makes important functional contributions to
the epigenome.

Many regulatory properties previously ascribed to
DNA methylation are potentially driven, at least in
part, by the association of DNA methylation with
conserved epigenetic and regulatory genomic
domains in insects, highlighting the role of DNA
methylation as a single component of a complex
epigenomic whole. This view leads to two fundamen-
tal unanswered questions about the regulatory roles
of intragenic DNA methylation in insects: (1) How
does the presence and absence of DNA methylation
affect chromatin structure and gene regulation? and
(2) Why are 5'-regions of insect gene bodies prefer-
entially targeted by DNA methylation?

Insights into the regulatory significance of DNA
methylation, and its loss, stand to be gained on two
fronts. First, the loss of DNA methylation in some
insect lineages provides the opportunity to take a com-
parative genomics approach to explore differences in
chromatin structure and gene regulation between taxa
with and without functional DNA methylation sys-
tems. Second, the experimental knockdown of DNA
methyltransferase expression (e.g., Kucharski et al.
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2008) can be used in conjunction with a comprehen-
sive profiling of various epigenomic modifications (in-
cluding histone variants, modifications, and
nucleosome positioning) in order to explore the
consequences of depletion of DNA methylation on
chromatin structure and gene regulation.

In this review, we have commented on the func-
tional significance of 5'-proximal localization of
DNA methylation in the genes of insects. In partic-
ular, we have highlighted the proximity of DNA
methylation to the localization of histone modifica-
tions associated with active transcription, regions of
high nucleosome positioning, and presence of RNA
Pol II. Furthermore, we suggest that DNA methyla-
tion may play a role in partitioning gene bodies
and promoter regions of actively expressed genes
by limiting accessibility to transcription factors in
the 5'-region of gene bodies.

Studies that take a comprehensive approach to the
insect epigenome, by profiling diverse components
of the epigenome, will provide further insight into
the importance of 5'-proximal intragenic DNA meth-
ylation. We believe the restricted localization of
intragenic methylation in insects, coupled with the
observed variation in DNA methylation levels
among insect taxa (Fig. 1), make insects ideally
suited to provide fundamental insights into the func-
tional significance of intragenic DNA methylation.

Methods

[llumina reads from bisulfite-converted genomic
DNA from Apis mellifera (Lyko et al. 2010; Zemach
et al. 2010), Camponotus floridanus (Bonasio et al.
2012), Bombyx mori (Zemach et al. 2010), and
C. intestinalis (Zemach et al. 2010) were mapped to
reference genomes using Bismark (Krueger and
Andrews 2011). Information on accession of data
can be found in source publications. Fractional
methylation values were calculated for each CpG
site as mCG/CG, where mCG is the number of
reads with a methylated cytosine at a CpG site
(according to non-conversion) and CG is the total
number of reads mapped to the site. Fractional
methylation was calculated for specific genetic
elements as the mean of all values of CpG fractional
methylation within that element. Significantly meth-
ylated CpG sites were assessed using a binomial test,
which provided a significance value to each CpG site.
Resulting P-values were then adjusted for multiple
testing (Benjamini and Hochberg 1995). Only CpG
sites with false discovery rate (FDR) corrected bino-
mial P-values <0.01, and >3 reads, were considered
“methylated.” Figure 1 includes only genes 4 kb or
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longer in length, with >3 CpG sites called as meth-
ylated (after FDR correction), in order to reflect only
those confidently targeted by DNA methylation.

Acknowledgments

We thank Cristina Ledon-Rettig, Andrea Liebl,
Christina Richards, Aaron Schrey, and Armin
Moczek for organizing the symposium on
Ecological Epigenetics.

Funding

This work was supported by the US National
Science Foundation (grant numbers DEB-1011349,
DEB-0640690, 10S-0821130, and MCB-0950896), the
Georgia Tech-Elizabeth Smithgall Watts endowment,
and the Society for Integrative and Comparative
Biology Ecological Epigenetics Symposium.

References

Adelman K, Lis JT. 2012. Promoter-proximal pausing of RNA
polymerase II: emerging roles in metazoans. Nat Rev Genet
13:720-31.

Andersson R, Enroth S, Rada-Iglesias A, Wadelius C,
Komorowski J. 2009. Nucleosomes are well positioned in
exons and carry characteristic histone modifications.
Genome Res 19:1732-41.

Bell O, Tiwari VK, Thomi NH, Schiibeler D. 2011.
Determinants and dynamics of genome accessibility.
Nat Rev Genet 12:554—64.

Benjamini Y, Hochberg Y. 1995. Controlling the false discov-
ery rate—a practical and powerful approach to multiple
testing. J R Stat Soc B 57:289-300.

Bernstein BE, Kamal M, Lindblad-Toh K, Bekiranov S,
Bailey DK, Huebert DJ, McMahon S, Karlsson EK,
Kulbokas Iii EJ, Gingeras TR, et al. 2005. Genomic maps
and comparative analysis of histone modifications in
human and mouse. Cell 120:169-81.

Bieberstein NI, Oesterreich FC, Straube K, Neugebauer KM.
2012. First exon length controls active chromatin signatures
and transcription. Cell Rep 2:62-8.

Bintu L, Ishibashi T, Dangkulwanich M, Wu Y-Y,
Lubkowska L, Kashlev M, Bustamante C. 2012.
Nucleosomal elements that control the topography of the
barrier to transcription. Cell 151:738-49.

Bird A. 2002. DNA methylation patterns and epigenetic
memory. Genes Dev 16:6-21.

Bonasio R, Li Q, Lian J, Mutti NS, Jin L, Zhao H, Zhang P,
Wen P, Xiang H, Ding Y, et al. 2012. Genome-wide and
caste-specific DNA methylomes of the ants Camponotus
floridanus and Harpegnathos saltator. Curr Biol 22:1755-64.

Bonasio R, Tu S, Reinberg D. 2010. Molecular signals of
epigenetic states. Science 330:612-6.

Carrozza MJ, Li B, Florens L, Suganuma T, Swanson SK,
Lee KK, Shia WJ, Anderson S, Yates J, Washburn MP.
2005. Histone H3 methylation by Set2 directs deacetylation
of coding regions by Rpd3S to suppress spurious intragenic
transcription. Cell 123:581-92.

B. G. Hunt et al.

Cedar H, Bergman Y. 2009. Linking DNA methylation and
histone modification: patterns and paradigms. Nat Rev
Genet 10:295-304.

Celniker SE, Dillon LAL, Gerstein MB, Gunsalus KC,
Henikoff S, Karpen GH, Kellis M, Lai EC, Lieb JD,
MacAlpine DM, et al. 2009. Unlocking the secrets of the
genome. Nature 459:927-30.

Chodavarapu RK, Feng S, Bernatavichute YV, Chen P-Y,
Stroud H, Yu Y, Hetzel JA, Kuo F, Kim J, Cokus SJ,
et al. 2010. Relationship between nucleosome positioning
and DNA methylation. Nature 466:388-92.

Choy JS, Wei S, Lee JY, Tan S, Chu S, Lee T-H. 2010. DNA
methylation increases nucleosome compaction and rigidity.
J Am Chem Soc 132:1782-3.

Coleman-Derr D, Zilberman D. 2012. Deposition of histone
variant H2A.Z within gene bodies regulates responsive
genes. PLoS Genet 8:€1002988.

Conerly ML, Teves SS, Diolaiti D, Ulrich M, Eisenman RN,
Henikoff S. 2010. Changes in H2A.Z occupancy and DNA
methylation during B-cell lymphomagenesis. Genome Res
20:1383-90.

de la Mata M, Alonso CR, Kadener S, Fededa JP, Blaustein M,
Pelisch F, Cramer P, Bentley D, Kornblihtt AR. 2003.
A slow RNA polymerase II affects alternative splicing
in vivo. Mol Cell 12:525-32.

Deal RB, Henikoff JG, Henikoff S. 2010. Genome-wide
kinetics of nucleosome turnover determined by metabolic
labeling of histones. Science 328:1161—4.

Elango N, Hunt BG, Goodisman MAD, Yi SV. 2009. DNA
methylation is widespread and associated with differential
gene expression in castes of the honeybee, Apis mellifera.
Proc Natl Acad Sci USA 106:11206-11.

Elango N, Kim SH, Vigoda E, Yi SV. 2008. Mutations of
different molecular origins exhibit contrasting patterns
of regional substitution rate variation. PLoS Comput Biol
4:e1000015.

Feng S, Jacobsen SE. 2011. Epigenetic modifications in plants:
an evolutionary perspective. Curr Opin Plant Biol
14:179-86.

Feng SH, Cokus SJ, Zhang XY, Chen PY, Bostick M, Goll MG,
Hetzel ], Jain ], Strauss SH, Halpern ME, et al. 2010.
Conservation and divergence of methylation patterning in
plants and animals. Proc Natl Acad Sci USA 107:8689-94.

Filion GJ, van Bemmel ]G, Braunschweig U, Talhout W,
Kind J, Ward LD, Brugman W, de Castro IJ,
Kerkhoven RM, Bussemaker HJ, et al. 2010. Systematic
protein location mapping reveals five principal chromatin
types in Drosophila cells. Cell 143:212-24.

Flores K, Wolschin F, Allen A, Corneveaux J, Huentelman M,
Amdam G. 2012. Genome-wide association between DNA
methylation and alternative splicing in an invertebrate.
BMC Genomics 13:480.

Foret S, Kucharski R, Pellegrini M, Feng S, Jacobsen SE,
Robinson GE, Maleszka R. 2012. DNA methylation
dynamics, metabolic fluxes, gene splicing, and alternative
phenotypes in honey bees. Proc Natl Acad Sci USA
109:4968-73.

Foret S, Kucharski R, Pittelkow Y, Lockett G, Maleszka R.
2009. Epigenetic regulation of the honey bee transcriptome:
unravelling the nature of methylated genes. BMC Genomics
10:472.

€102 ‘62 5NNy U0 SS800Y ABIOS GOIS T /BI0'SUINO [pI0JXO°GO1//:dNY WO} popeouMoQ


http://icb.oxfordjournals.org/

DNA methylation and insect epigenomics

Glastad KM, Hunt BG, Goodisman MAD. 2013. Evidence
of a conserved functional role for DNA methylation in
termites. Insect Mol Biol 22:143-54.

Glastad KM, Hunt BG, Yi SV, Goodisman MAD. 2011. DNA
methylation in insects: on the brink of the epigenomic era.
Insect Mol Biol 20:553-65.

Ha M, Ng DW-K, Li W-H, Chen ZJ. 2011. Coordinated his-
tone modifications are associated with gene expression var-
iation within and between species. Genome Res 21:590-8.

Hardy S, Jacques P—E, Gévry N, Forest A, Fortin M—E,
Laflamme L, Gaudreau L, Robert F. 2009. The euchromatic
and heterochromatic landscapes are shaped by antagonizing
effects of transcription on H2A.Z deposition. PLoS Genet
5:e1000687.

Hedges SB, Dudley J, Kumar S. 2006. TimeTree: a public
knowledge-base of divergence times among organisms.
Bioinformatics 22:2971-2.

Henikoff S. 2008. Nucleosome destabilization in the epige-
netic regulation of gene expression. Nat Rev Genet 9:15-26.

Henikoff S, Shilatifard A. 2011. Histone modification: cause
or cog? Trends Genet 27:389-96.

Herb BR, Wolschin F, Hansen KD, Aryee M]J, Langmead B,
Irizarry R, Amdam GV, Feinberg AP. 2012. Reversible
switching between epigenetic states in honeybee behavioral
subcastes. Nat Neurosci 15:1371-3.

Hunt BG, Glastad KM, Yi SV, Goodisman MAD. 2013.
Patterning and regulatory associations of DNA methylation
are mirrored by histone modifications in insects. Genome
Biol Evol published online (doi: 10.1093/gbe/evt030).

Hunt BG, Brisson JA, Yi SV, Goodisman MAD. 2010.
Functional conservation of DNA methylation in the pea
aphid and the honeybee. Genome Biol Evol 2:719-28.

Jaenisch R, Bird A. 2003. Epigenetic regulation of gene
expression: how the genome integrates intrinsic and envi-
ronmental signals. Nat Genet 33:245-54.

Jjingo D, Conley AB, Yi SV, Lunyak VV, Jordan IK. 2012. On
the presence and role of human gene-body DNA methyla-
tion. Oncotarget 3:462-74.

Jones PA. 1999. The DNA methylation paradox. Trends Genet
15:34-7.

Jones PA. 2012. Functions of DNA methylation: islands, start
sites, gene bodies and beyond. Nat Rev Genet 13:484-92.
Kass SU, Pruss D, Wolffe AP. 1997. How does DNA methyl-

ation repress transcription? Trends Genet 13:444-9.

Kharchenko PV, Alekseyenko AA, Schwartz YB, Minoda A,
Riddle NC, Ernst J, Sabo PJ, Larschan E, Gorchakov AA,
Gu T, et al. 2011. Comprehensive analysis of the chromatin
landscape in Drosophila melanogaster. Nature 471:480-5.

Klose RJ, Bird AP. 2006. Genomic DNA methylation: the
mark and its mediators. Trends Biochem Sci 31:89-97.

Kolasinska-Zwierz P, Down T, Latorre I, Liu T, Liu XS,
Ahringer J. 2009. Differential chromatin marking of introns
and expressed exons by H3K36me3. Nat Genet 41:376-81.

Kornblihtt AR. 2005. Promoter usage and alternative splicing.
Curr Opin Cell Biol 17:262-8.

Krueger F, Andrews SR. 2011. Bismark: a flexible aligner
and methylation caller for Bisulfite-Seq applications.
Bioinformatics 27:1571-2.

Kucharski R, Maleszka J, Foret S, Maleszka R. 2008.
Nutritional control of reproductive status in honeybees
via DNA methylation. Science 319:1827-30.

327

Kulaeva OI, Hsieh F-K, Studitsky VM. 2010. RNA polymerase
complexes cooperate to relieve the nucleosomal barrier and
evict histones. Proc Natl Acad Sci USA 107:11325-30.

Lee JY, Lee T-H. 2011. Effects of DNA methylation on the
structure of nucleosomes. ] Am Chem Soc 134:173-5.

Lieb JD, Clarke ND. 2005. Control of transcription through
intragenic patterns of nucleosome composition. Cell
123:1187-90.

Lockett GA, Kucharski R, Maleszka R. 2012. DNA methyla-
tion changes elicited by social stimuli in the brains of
worker honey bees. Genes Brain Behav 11:235-42.

Lorincz MC, Dickerson DR, Schmitt M, Groudine M. 2004.
Intragenic DNA methylation alters chromatin structure and
elongation efficiency in mammalian cells. Nat Struct Mol
Biol 11:1068-75.

Luco RF, Allo M, Schor IE, Kornblihtt AR, Misteli T. 2011.
Epigenetics in alternative pre-mRNA splicing. Cell 144:16-26.

Luco RF, Misteli T. 2011. More than a splicing code: inte-
grating the role of RNA, chromatin and non-coding RNA
in alternative splicing regulation. Curr Opin Genet Dev
21:366-72.

Luco RF, Pan Q, Tominaga K, Blencowe BJ, Pereira-
Smith OM, Misteli T. 2010. Regulation of alternative splic-
ing by histone modifications. Science 327:996-1000.

Lyko F, Foret S, Kucharski R, Wolf S, Falckenhayn C,
Maleszka R. 2010. The honey bee epigenomes: differential
methylation of brain DNA in queens and workers. PLoS
Biol 8:¢1000506.

Maunakea AK, Nagarajan RP, Bilenky M, Ballinger TJ,
D’Souza C, Fouse SD, Johnson BE, Hong C, Nielsen C,
Zhao Y, et al. 2010. Conserved role of intragenic DNA
methylation in regulating alternative promoters. Nature
466:253—7.

Mito Y, Henikoff JG, Henikoff S. 2005. Genome-scale profil-
ing of histone H3.3 replacement patterns. Nat Genet
37:1090-7.

Nanty L, Carbajosa G, Heap GA, Ratnieks F, van Heel DA,
Down TA, Rakyan VK. 2011. Comparative methylomics
reveals gene-body H3K36me3 in Drosophila predicts DNA
methylation and CpG landscapes in other invertebrates.
Genome Res 21:1841-50.

Negre N, Brown CD, Ma L, Bristow CA, Miller SW,
Wagner U, Kheradpour P, Eaton ML, Loriaux P,
Sealfon R, et al. 2011. A cis-regulatory map of the
Drosophila genome. Nature 471:527-31.

Pai AA, Bell JT, Marioni JC, Pritchard JK, Gilad Y. 2011.
A genome-wide study of DNA methylation patterns and
gene expression levels in multiple human and chimpanzee
tissues. PLoS Genet 7:¢1001316.

Park ], Peng Z, Zeng J, Elango N, Park T, Wheeler D,
Werren JH, Yi SV. 2011. Comparative analyses of DNA
methylation and sequence evolution using Nasonia
genomes. Mol Biol Evol 28:3345-54.

Patalano S, Hore TA, Reik W, Sumner S. 2012. Shifting be-
haviour: epigenetic reprogramming in eusocial insects. Curr
Opin Cell Biol 24:367-73.

Pennings S, Allan ], Davey CS. 2005. DNA methylation, nu-
cleosome formation and positioning. Brief Funct Genomics
Proteomics 3:351-61.

Roy S, Ernst J, Kharchenko PV, Kheradpour P, Negre N,
Eaton ML, Landolin JM, Bristow CA, Ma L, Lin MEF,

€102 ‘62 5NNy U0 SS800Y ABIOS GOIS T /BI0'SUINO [pI0JXO°GO1//:dNY WO} popeouMoQ


http://icb.oxfordjournals.org/

328

et al. 2010. Identification of functional elements and regu-
latory circuits by Drosophila modENCODE. Science
330:1787-97.

Sarda S, Zeng J, Hunt BG, Yi SV. 2012. The evolution of
invertebrate gene body methylation. Mol Biol Evol
29:1907-16.

Schwartz S, Meshorer E, Ast G. 2009. Chromatin organization
marks exon-intron structure. Nat Struct Mol Biol 16:990-5.

Shukla S, Kavak E, Gregory M, Imashimizu M, Shutinoski B,
Kashlev M, Oberdoerffer P, Sandberg R, Oberdoerffer S.
2011. CTCF-promoted RNA polymerase II pausing links
DNA methylation to splicing. Nature 479:74-9.

Simola DF, Ye C, Mutti NS, Dolezal K, Bonasio R, Liebig J,
Reinberg D, Berger SL. 2013. A chromatin link to caste
identity in the carpenter ant Camponotus floridanus.
Genome Res 23:486-96.

Smith CR, Mutti NS, Jasper WC, Naidu A, Smith CD,
Gadau J. 2012. Patterns of DNA methylation in develop-
ment, division of labor and hybridization in an ant with
genetic caste determination. PLoS One 7:e42433.

Snell-Rood EC, Troth A, Moczek AP. 2013. DNA methylation
as a mechanism of nutritional plasticity: limited support
from horned beetles. J Exp Zool B Mol Dev Evol
320:22-34.

Suganuma T, Workman JL. 2011. Signals and combinatorial
functions of histone modifications. Annu Rev Biochem
80:473-99.

Suzuki MM, Bird A. 2008. DNA methylation landscapes:
provocative insights from epigenomics. Nat Rev Genet
9:465-76.

Talbert PB, Henikoff S. 2010. Histone variants—ancient wrap
artists of the epigenome. Nat Rev Mol Cell Biol 11:264-75.

Tilgner H, Nikolaou C, Althammer S, Sammeth M, Beato M,
Valcarcel J, Guigd R. 2009. Nucleosome positioning as a
determinant of exon recognition. Nat Struct Mol Biol
16:996-1001.

Ujvéri A, Hsieh FK, Luse SW, Studitsky VM, Luse DS. 2008.
Histone N-terminal tails interfere with nucleosome traver-
sal by RNA polymerase II. J Biol Chem 283:32236-43.

Urieli-Shoval S, Gruenbaum Y, Sedat J, Razin A. 1982. The
absence of detectable methylated bases in Drosophila mela-
nogaster DNA. FEBS Lett 146:148-52.

B. G. Hunt et al.

Wang H, Maurano MT, Qu H, Varley KE, Gertz J, Pauli F,
Lee K, Canfield T, Weaver M, Sandstrom R, et al. 2012.
Widespread plasticity in CTCF occupancy linked to DNA
methylation. Genome Res 22:1680-8.

Weiner SA, Toth AL. 2012. Epigenetics in social insects: a new
direction for understanding the evolution of castes. Genet
Res Int 2012: Article ID 609810.

Woo YH, Li W-H. 2012. Evolutionary conservation of histone
modifications in mammals. Mol Biol Evol 29:1757-67.

Xiang H, Zhu JD, Chen Q, Dai FY, Li X, Li MW, Zhang HY,
Zhang GJ, Li D, Dong Y, et al. 2010. Single base-resolution
methylome of the silkworm reveals a sparse epigenomic
map. Nat Biotechnol 28:516-20.

Yi SV. 2012. Birds do it, bees do it, worms and ciliates do it
too: DNA methylation from unexpected corners of the tree
of life. Genome Biol 13:174.

Yin H, Sweeney S, Raha D, Snyder M, Lin H. 2011.
A high-resolution whole-genome map of key chromatin
modifications in the adult Drosophila melanogaster. PLoS
Genet 7:¢1002380.

Zemach A, McDaniel IE, Silva P, Zilberman D. 2010.
Genome-wide evolutionary analysis of eukaryotic DNA
methylation. Science 328:916-9.

Zeng J, Konopka G, Hunt BG, Preuss TM, Geschwind D,
Yi SV. 2012. Divergent whole-genome methylation maps
of human and chimpanzee brains reveal epigenetic basis
of human regulatory evolution. Am J Hum Genet
91:455-65.

Zeng J, Yi SV. 2010. DNA methylation and genome evolution
in honeybee: gene length, expression, functional enrichment
covary with the evolutionary signature of DNA methyla-
tion. Genome Biol Evol 2:770-80.

Zhou VW, Goren A, Bernstein BE. 2011. Charting histone
modifications and the functional organization of mamma-
lian genomes. Nat Rev Genet 12:7-18.

Zilberman D, Coleman-Derr D, Ballinger T, Henikoff S. 2008.
Histone H2A.Z and DNA methylation are mutually antag-
onistic chromatin marks. Nature 456:125-9.

Zilberman D, Gehring M, Tran RK, Ballinger T, Henikoff S.
2007. Genome-wide analysis of Arabidopsis thaliana DNA
methylation uncovers an interdependence between methyl-
ation and transcription. Nat Genet 39:61-9.

€102 ‘62 5NNy U0 SS800Y ABIOS GOIS T /BI0'SUINO [pI0JXO°GO1//:dNY WO} popeouMoQ


http://icb.oxfordjournals.org/

