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The social arthropods are characterized by a caste-based division of labor that may
be influenced by epigenetic effects. One of the most important and widely studied
epigenetic mechanisms is DNA methylation. Advances in understanding of social
insect genomes, including epigenetic marks, make it possible to assess the role of
DNA methylation in social caste development and social behavior. In this mini review,
| summarize and interpret recent findings regarding DNA methylation and discuss
how DNA methylation might influence evolution of sociality. In particular, | focus on
enzymes associated with DNA methylation, the functions of DNA methylation in caste
determination, behavioral gene regulation, and the effects of DNA methylation on learning
and memory. Finally, | highlight current challenges and predict future breakthroughs in the
field of socioepigenomics.
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INTRODUCTION

Social insects are considered superorganisms because of their complex organization in
reproduction, behavior, and evolution (Hélldobler and Wilson, 2009). Social insects such as
bees, wasps, ants, and termites must produce different adult morphologies as well as different
reproductive and behavioral systems to maintain their social structure and division of labor
(Wilson, 1979; Evans and Wheeler, 2000; Hartfelder et al., 2015).

When responding to environmental conditions, social insects display phenotypic plasticity
based on the same genome (Moczek, 2010). Epigenetics refers to modifications of DNA bases,
alterations to DNA-associated histones, and remodeling of chromatin that influence or regulate
gene activities, rather than altering the DNA sequence. These modifications are caused by external
or environmental factors, and they change the gene transcription and regulation in cells (Bird,
2007). In addition, epigenetics is thought to be one plausible mechanism explaining gene and
environment interactions (Liu et al., 2008).

The most well studied epigenetic mechanisms include methylation of the cytosine base
(5-methylcytosine, or 5™C), histone posttranslational modifications, chromatin remodeling, and
noncoding RNAs (Negre et al., 2011; Dunham et al., 2012). These mechanisms play major roles
in transcriptional regulation, genomic imprinting, and the silencing of repetitive DNA elements
(Wolffe and Matzke, 1999; Waterland and Jirtle, 2003; Jirtle and Skinner, 2007). Also, DNA cytosine
methylation has emerged as a key regulator in shaping animal social behavior (Miller, 2010).
The processes of cytosine methylation and demethylation are important mediators in memory
formation and behavioral plasticity.

In this mini review, I summarize current knowledge on the roles of DNA methylation (5™C)
in social behavior, caste determination, social evolution, and learning and memory. In addition, I
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discuss the controversies and complications of previous studies,
and provide suggestions regarding experimental design and data
collection processes.

ENZYMES AFFECTING DNA
METHYLATION

The key enzymes affecting DNA cytosine methylation are
DNA methyltransferase 1 (DNMT1) and 3 (DNMT3). DNMT1
maintains DNA methylation during DNA replication in daughter
cells and shows a strong preference for hemimethylated DNA
(Goll and Bestor, 2005). This characteristic indicates that
DNMT1-mediated methylation is an epigenetic mechanism that
sustains the status of methylation marks from the one replication
cycle to the next (Jaenisch and Bird, 2003). In contrast, DNMT3
is involved in de novo methylation, which means unmethylated
DNA is modified by adding new methylation sites (Goll and
Bestor, 2005). Both are thought to be required for a functional
methylation system. In insects, the first orthologs of DNMT1
(a and b) and DNMT3 were identified in honey bees (Apis
mellifera; Wang et al., 2006). As more and more genomes and
transcriptomes were sequenced, more social insects were found
to contain functional methylation systems. Figure 1 summarizes
current knowledge on the distribution of DNMT1 and DNMT3
in social insects as compared with humans (Wang et al., 2006,
2014; Bonasio et al., 2012; Kocher et al., 2013; Terrapon et al.,
2014; Kapheim et al., 2015; Patalano et al., 2015). DNMT2 was
previously linked to cytosine methylation, but now it is known to
methylate transfer RNA (Goll et al., 2006; Marbaniang and Vogel,
2016).

Working in parallel with methylation, demethylation is
an important process that maintains the dynamics of DNA
methylation in honey bee cells. Ten-eleven translocation (TET)
dioxygenases can oxidize 5™C to 5-hydroxymethylcytosine
(5MC), 5-formylcytosine, and 5-carboxylcytosine (Law and
Jacobsen, 2010; Kohli and Zhang, 2013; Wojciechowski et al.,
2014). Transcripts of TET have been detected in different stages
of honey bee development (embryos, larvae, and adults) and in
different tissues (ovaries, brains, and antennae; Wojciechowski
et al., 2014; Rasmussen and Amdam, 2015). TET is also widely
distributed in different social insect groups, including bees and
ants (Figure 1). In addition, TET may be associated with gene
regulation via alternative mRNA splicing (Cingolani et al., 2013).
TET catalyzes the formation of 5™ C not only in DNA, but also in
RNA (Fu et al., 2014). A recent study in Drosophila melanogaster
showed that the 5P™C in the RNA is mainly distributed in the
coding sequences (Delatte et al., 2016). Methylations in adenine
residues (6 mA) of DNA and messenger RNA in eukaryotes have
been described (Zhang et al., 2015; Dominissini et al., 2016).

THE FUNCTION OF DNA CYTOSINE
METHYLATION IN CASTE
DETERMINATION

DNA cytosine methylation functions to repress gene expression
at the promoter regions in vertebrates. In addition, intragenic
methylation of cytosine may modulate alternative promoter use
(Maunakea et al., 2010) and alternative exon inclusion (Shukla
etal, 2011; Yearim et al., 2015). In insects, cytosine methylation
is sparse and is found mainly within the gene body (exons
and introns), which is conserved between animals and plants
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FIGURE 1 | An ultrametric tree displaying current knowledge of the homologs of cytosine methylation-related enzymes in different social insect
groups, and comparison with those in humans (Homo sapiens). Each star represents one copy of the enzyme in the genome. A dash indicates that either no
copy was identified in the genome or the gene has an unknown status based on the literature and the National Center for Biotechnology Information gene database
(http://www.ncbi.nlm.nih.gov/gene/?term=). The tree branch lengths are not scaled to match the true evolutionary status of each group. Only the tree topology is
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(Ehrlich et al., 1982; Dolinoy et al., 2006; Zemach et al., 2010).
Great interest in social evolution spurred rapid developments in
genome research, and cytosine methylation was soon discovered
in social bees, ants, termites, and aphids (Hunt et al., 2010;
Smith et al,, 2011; Suen et al,, 2011; Wurm et al., 2011; Bonasio
etal., 2012; Glastad et al., 2013; Kocher et al., 2013; Amarasinghe
et al, 2014; Terrapon et al, 2014; Kapheim et al, 2015).
Social genomics created unique opportunities for decoding the
molecular bases of social evolution and behavioral plasticity.

Empirical evidence has shown that evolutionary conservation
of DNA methylation plays a role in reproductive caste
determination in honey bees (Kucharski et al., 2008; Lyko et al.,
2010; Foret et al., 2012), bumble bees (Amarasinghe et al., 2014),
and ants (Bonasio et al., 2012; Libbrecht et al., 2016). Studies
of social epigenetics and socioepigenomics and their roles in
behavioral ecology, behavioral genetics, and evolution have been
reviewed extensively in the literature (Lyko and Maleszka, 2011;
Drewell et al., 2012, 2014; Patalano et al., 2012; Weiner and Toth,
2012; Libbrecht et al.,, 2013; Dolezal and Toth, 2014; Duncan
et al., 2014; Herb, 2014; Maleszka, 2014; Welch and Lister, 2014;
Yan et al., 2014, 2015; Bonasio, 2015; Breiling and Lyko, 2015;
Isles, 2015; Meloni, 2015; Mukherjee et al., 2015; Rehan and Toth,
2015; Ruden et al,, 2015; Wang and Li-Byarlay, 2015; Glastad
et al., 2015a).

The first breakthrough in determining the function of
DNA methylation was the discovery that silencing DNA
methyltransferase 3 (DNMT?3) changes the larval developmental
outcome from worker phenotype to queen-like phenotype
(Kucharski et al., 2008). The provision of royal jelly to the
brood is the key environmental factor determining the queen-
worker caste difference (Kamakura, 2011; Wang and Li-Byarlay,
2015). Also, a dietary phytochemical may alter caste-related gene
expression (Mao et al., 2015). Since this breakthrough, multiple
studies have investigated the role of DNA methylation or other
epigenetic marks in the queen-worker caste determination of
honey bees (Lyko et al., 2010; Spannhoff et al., 2011; Foret et al.,
2012; Herb et al., 2012).

There are controversies in whether DNA cytosine methylation
pattern is different between queen and workers of honeybees.
Lyko etal. (2010) claimed that 561 differentially methylated genes
(DMGs) could be identified between adult queen and worker
brains, and (Foret et al., 2012) reported 2399 DMGs between the
larvae of queens and workers. Studies by Shi et al. (2013) found
even more DMGs between queen and worker larvae. However,
Herb et al. (2012) identified no DMGs between queen and worker
adult honey bees. A recent study from Libbrecht et al. (2016)
added more thoughts on the statistical analysis of methylomic
experiments.

On the basis of previous studies, several factors should
be considered when comparing genomic, transcriptomic, and
methylomic studies. First, the experiments of next-generation
sequencing studies should be carefully designed. Research budget
limitations may compromise the replication of sequencing in
“omics” experimental designs (Todd et al., 2016); however, field-
related experiments in ecological and evolutionary studies often
require large sample sizes to obtain reliable power in statistical
analyses. A recent investigation of clonal ants (Cerapachys biroi)

with four biological replicates per condition indicated no DMGs
in the brain tissues between ants in the reproductive phase and
those in the brood-care phase (Libbrecht et al., 2016).

Second, the developmental age and tissue of the samples
collected are different. DNA cytosine methylation may display
different temporal patterns and dynamics across different
developmental stages and tissues, according to mammalian
epigenetic studies (Heyn et al.,, 2012; Numata et al., 2012). In
studies by Lyko et al. (2010), Herb et al. (2012) and Shi et al.
(2013), the ages of queens and workers differed from those in
previous studies, so the later results might not be comparable
with earlier work.

Third, the technology implemented to detect genome-wide
DNA methylation marks are different, including whole-genome
bisulfite sequencing (Li-Byarlay et al., 2013), methylated DNA
immunoprecipitation (Mohn et al, 2009), pyrosequencing of
bisulfite-treated DNA (Tost and Gut, 2007), methyl-cytosine
phosphate guanine (CpG)-binding domain sequencing (Decock
et al., 2016), or methylation-sensitive amplified fragment length
polymorphism (Xu et al., 2000).

Last, genotypic/alleleic differences between samples that may
result in cis-mediated allele specific methylation or epialleles
should be considered. Recently, evidence revealed that sequence
variation can generate differential methylation in social insects
(Maleszka, 2016; Remnant et al., 2016; Wedd et al., 2016).
The change of DNA methylation particularly in genetically
heterogeneous samples can be influenced where epialleles differ
in their methylation status. In such cases it will be very difficult to
identify whether methylation is due to a different developmental
or behavioral phenomenon, or simply due to sequence variation
that results in a change in methylation. Therefore, genetic
influences on methylation need to be considered in future
studies reporting differential methylation due to behavior or
environment. These factors should be addressed in further
studies. Standardized and better methods in the future should
leverage the power of sequencing and genome-wide analysis to
provide a comprehensive view of methylation patterns at single-
base resolution across the genome.

Distinctive differences are also found within the worker caste
of eusocial hymenoptera. For example, differences in age and
morphology can be observed in some ant species (Holldobler and
Wilson, 1990). DNA cytosine methylation is thought to regulate
the phenotypic plasticity of size in the carpenter ant (Alvarado
et al., 2015). In a honey bee colony, an age-related division of
labor is displayed among young nurse worker bees doing in-hive
tasks, which mature to become foragers worker bees doing food
collection out of the hives. In addition, the forager bee are flexible
and can revert to nurse bee behavior when the original nurse
bees are removed from the colony. Herb et al. (2012) showed that
cytosine methylation marks changed when foragers reverted to
performing nurse bee tasks. This study was also the first to link a
behavioral phenotype with a change in epigenetic marks in social
insects. These studies indicated that DNA cytosine methylation
plays key roles in caste determination and the division of labor in
social insects.

The methylation pattern changes through different
developmental stages in bees and ants. A study by Drewell
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et al. (2014) indicated that cytosine methylation was higher in
the egg than in the sperm of honey bees, and methylation in
both the egg and sperm was higher than in adult drones. The
larval stage may have a higher level of methylation than the
adult stage (Shi et al., 2013). These studies showed a dynamic
cycle of methylation throughout the development of the honey
bee, which is important for studying transgenerational effects
on imprinted genes. In the eggs of Camponotus floridanus
and Harpegnathos saltator ants, the raw number of methylated
cytosines was much higher than in honey bees (Bonasio et al.,
2012). The pattern of methylation is also revealed in the
embryo, larvae, and adult stages (Bonasio et al., 2012). In studies
of Pogonomyrmex barbatus ants (Smith et al., 2012), using
restriction enzyme-based methods, found that virgin queens
had higher levels of DNA methylation than did workers. Also,
cytosine methylation and the epigenome change in the brain
respond to a complicated social environment (Lockett et al,
2012). These reports suggest that DNA methylation may be a
conserved molecular mechanism that regulates the development
of social bees and ants.

Not all social insects display equal levels of DNA cytosine
methylation. In primitively eusocial wasps, such as Polistes
dominula and Polistes canadensis, recent studies have indicated
even lower genome-wide methylation than in bees and ants and
a lack of the key enzyme DNMT3 (Patalano et al., 2015; Standage
et al., 2016), even though previous reports indicated potential
cytosine methylation (Kronforst et al, 2008; Weiner et al,
2013). This unexpected phenomenon suggests that DNA cytosine
methylation may reprogram gene expression and molecular
evolution in social wasps in a different way than in other social
insects.

THE ACTION OF DNA METHYLATION ON
BEHAVIORAL GENE REGULATION

In contrast to the high level of DNA cytosine methylation in
vertebrates, genome-wide DNA cytosine methylation in social
insects is low (Zemach et al., 2010). A vertebrate study (Bird,
1985) showed that a cytosine-guanine (CG) dinucleotide island
occurred in the genome because of global or near-global
methylation. Social insects lack a high level of global methylation;
therefore, CG islands were not expected and might not have been
observed. DNA methylation functions to repress gene expression
at the CG sites in plant and mammal gene promoters (Law and
Jacobsen, 2010). The distribution pattern of methylation in social
insect genomes is not as great in the promoter regions as in the
gene bodies, which is a more conserved pattern among animals
and plants (Ball et al., 2009; Zemach et al., 2010; Feng S. et al.,
2010; Glastad et al., 2011; Jones, 2012).

Further studies have revealed that cytosine methylation,
plays a key role in gene regulation via alternative splicing
(Lyko et al., 2010; Cingolani et al., 2013; Li-Byarlay et al.,
2013). Molecular mechanistic evidence from in vitro molecular
and cellular experiments demonstrated a plausible mechanism,
namely, that cytosine methylation inhibits a DNA-binding
protein (CCCTC-binding factor) from binding on the target

exon, which leads to the exon being excluded or skipped during
the co-transcription process (Shukla et al., 2011). As another
possible mechanism, DNA methylation regulated alternative
splicing through the heterochromatin protein 1 system and the
histone of H3k9me3 in in vitro studies (Yearim et al., 2015).
Furthermore, in the exon-skipping pattern of honey bees, less
cytosine methylation tended to result in the marked exon being
excluded or skipped (Figure 2A). Besides exon skipping, cytosine
methylation affects intron retention events. If an intron has more
cytosine methylation marks, that intron tends to be retained after
splicing (Figure 2B). Both exon skipping and intron retention
are examples of complex alternative splicing in the social insect
genome (Li-Byarlay et al., 2013).

DNA cytosine methylation could affect alternative gene
splicing and might depend on the guanine-cytosine (GC)
architecture of the intron-exon structure (Gelfman et al., 2013).
Evidence gathered thus far has shown that DNA cytosine
methylation could play a different role in co-transcriptional
alternative splicing in social insects compared with human cells.

Cytosine methylation is also linked to chromatin states, which
affect the coding sequence evolution in social insects (Glastad
etal., 2015b). Previous studies have shown that DNA methylation
is mirrored by histone modifications in insect genomes (Nanty
et al,, 2011; Hunt et al., 2013; Glastad et al., 2015¢; Yearim et al.,
2015). In addition, the transcription factors binding profiles can
regulate gene expression by predicting the histone modifications
(Benveniste et al., 2014). Therefore, interactions may occur
between transcription factors and the epigenetic machinery.

EFFECTS OF DNA METHYLATION ON
LEARNING AND MEMORY

For many years the honeybee has been used as model organism
for studying social behavior, social interactions in a complex
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FIGURE 2 | Changes in DNA cytosine methylation on the gene body
may lead to alternative splicing in honey bees. (A) In exon-skipping
events, less methylation in the middle exon (in red) of the dnmt3 knockdown
genome may lead to skipping. (B) In intron-retention events, less methylation
on the intron (blue line) may lead to intron exclusion in the dnmt3 knockdown
genome. More methylation on the intron may lead to a retained intron in the

matured messenger RNA in the control genome.

Frontiers in Ecology and Evolution | www.frontiersin.org

May 2016 | Volume 4 | Article 57


http://www.frontiersin.org/Ecology_and_Evolution
http://www.frontiersin.org
http://www.frontiersin.org/Ecology_and_Evolution/archive

Li-Byarlay

DNA Methylation in Social Insects

community, and the process of learning (Von Frisch, 1967;
Menzel and Muller, 1996). DNA cytosine methylation is
critical for learning and memory, as demonstrated by several
animal models in vertebrates (Levenson et al., 2006; Miller
and Sweatt, 2007; Miller et al., 2008; Feng J. et al., 2010;
Zovkic et al., 2013; Biergans et al., 2015). The first report
to show that cytosine methylation plays a key role in the
learning and memory processes of honey bees appeared in
2010. Lockett et al. (2010) found that inhibiting DNMT3
decreases the process of storage in memory retention, changes
the extinction depending on the treatment time, and induces
dnmt3 gene expression after training. In addition, we know
that in bees, cytosine methylation is involved in associative
long-term memory formation but is not required for short-
term memory formation (Biergans et al., 2012). Biergans et al.
(2015) also found that dnmt3 gene expression increased after
topical treatments of DNMT inhibitors. In addition to gene
expression, levels of cytosine methylation in memory-associated
genes reveal the molecular basis of memory formation and
maintenance.

CONCLUSIONS AND FUTURE
DIRECTIONS

Researchers are building on current and previous knowledge in
the field of epigenetics in social insects, and faster development
in the genome and epigenome of social insects has never
occurred. Because of their disparate, alternative, environmentally
inducible phenotypes, social insects are undoubtedly one of
the best groups in which to study epigenetic control of
gene regulation, behavioral epigenetics, physiological epigenetics,
genome evolution, and neurobiology. Changes in epigenetic
marks can be used as a proxy to elucidate environmentally driven
phenotypic plasticity and genomic imprinting. Indeed, recent
genomic analyses of imprinted genes have opened the door for
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