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Abstract

The evolution of eusociality is a perennial issue in evolutionary biology,
and genomic advances have fueled steadily growing interest in the ge-
netic changes underlying social evolution. Along with a recent flurry of
research on comparative and evolutionary genomics in different eusocial
insect groups (bees, ants, wasps, and termites), several mechanistic explana-
tions have emerged to describe the molecular evolution of eusociality from
solitary behavior. These include solitary physiological ground plans, genetic
toolkits of deeply conserved genes, evolutionary changes in protein-coding
genes, cis regulation, and the structure of gene networks, epigenetics, and
novel genes. Despite this proliferation of ideas, there has been little synthe-
sis, even though these ideas are not mutually exclusive and may in fact be
complementary. We review available data on molecular evolution of insect
sociality and highlight key biotic and abiotic factors influencing social insect
genomes. We then suggest both phylogenetic and ecological evolutionary
developmental biology (eco-evo-devo) perspectives for a more synthetic view
of molecular evolution in insect societies.
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DNA methylation:

a form of epigenetic
modification by which
methyl groups are
enzymatically added to
DNA, with effects on
chromatin structure
and gene expression

Evolutionary
conservation: the
presence of shared
genetic elements or
gene functions across
species as a result of
common ancestry

Queens: reproductive
females in a eusocial
insect colony; most
social insect species
have a single queen,
but others can have
multiple queens

Workers:
nonreproductive and
sometimes sterile
individuals in a social
insect colony that
perform specialized
tasks, including
foraging, nest
maintenance, nest
defense, and brood
care

Age polyethism:
when individuals show
different behaviors at
different ages; most
notably, workers of
many social insect
colonies transition
from brood care to
foraging behavior with
age

Caste determination:
the process by which
developing oftspring
are differentiated into
reproductive queens
and nonreproductive
workers

EUSOCIALITY AS A MODEL FOR STUDYING THE EVOLUTION
OF COMPLEXITY

Studying molecular evolution in eusocial insects provides one of the best opportunities for an-
swering fundamental questions related to how biological complexity arises in evolution. Such
fundamental questions include, (#) Are major transitions in evolution accomplished via radical
shifts in genome sequence and organization or by small changes in sequence and gene regulation?
(b) What types of molecular mechanisms are invoked during different transitional steps in so-
cial evolution—in other words, are different molecular processes operating during the origin and
subsequent elaboration of eusociality? (c) Are the same or different molecular processes involved
during multiple, independent origins of sociality, and is there a set of deeply conserved genes, or
genetic toolkit for sociality? (d) Are there any special or unusual features of social insect genomes
or their solitary ancestors (e.g., high recombination rates, DNA methylation, rates of molecular
evolution) that facilitate the evolution of sociality?

Eusocial Insect Taxa and Levels of Sociality

Although eusociality has been described and studied in other insects (3 1), Hymenoptera (ants, bees,
and wasps) and Isoptera (termites) are the best-studied eusocial insects from both a behavioral and
genetic perspective and include species with varying levels of social organization (156). They are
thus the most useful taxa for studying the molecular evolution of sociality and are the focus of this
review (Figure 1).

The societies of Hymenoptera and Isoptera provide a remarkable example of convergent evo-
lution. Comparisons between independently evolved social lineages can be extremely useful for
understanding the roles of evolutionary conservation versus convergence in social evolution (136).
Within the Hymenoptera, there have been multiple, independent origins of eusociality both
across and within the major hymenopteran lineages. Ants (family Formicidae), bees (superfamily
Apoidea), and wasps (families Vespidae and Crabronidae) have all evolved social behavior inde-
pendently, and representatives of each of these lineages share a large number of convergent social
features such as the presence of queens and workers, age polyethism, preimaginal caste determi-
nation, and cooperative nest defense using the sting (156). Eusociality evolved once within the
ants, once within the Crabronidae (and sociality is rare and not well developed in this group), once
or twice within the Vespidae (52), and four times in the bees (reviewed in 70) [twice in the family
Apidae (25, 108) and twice in the family Halictidae (43)]. Because it is hyperdiverse and contains
numerous representative species with different grades of sociality, the Hymenoptera is the best
group for studying the molecular evolution of eusociality (Figure 1).

Previous authors have defined sociality using diverse terminology (32). For the purposes of
this review, we focus on four distinct levels of social complexity: subsocial, incipiently social,
primitively social, and advanced eusocial (109) (see Table 1 for descriptions). These four levels of
sociality are broad definitions intended to provide a context for comparing evolutionary transitions
by highlighting convergent features shared by many social lineages. However, each lineage has
specific characteristics for many social traits, and therefore behavioral phenotypes differ in some
important ways across lineages. It is thus extremely important to study evolutionary transitions
between the levels of sociality within monophyletic groups of taxa because each has followed
a different evolutionary trajectory (109) (Figure 1). Only then, through broader comparative
studies, can we truly understand whether there are common patterns across independent origins
of sociality.
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Figure 1

Phylogenetic overview of social species and levels of sociality. Lineages in which all members are eusocial are shown in black (ants and
termites). Lineages ranging from solitary to primitively social are shown in light blue (halictid bees and spheciform wasps). Lineages
containing species ranging from solitary to advanced eusocial, but without the full social spectrum within a monophyletic lineage, are
shown in dark blue (corbiculate bees in the subfamily Apinae). Lastly, lineages ranging the full social spectrum from solitary to
advanced eusocial within a monophyletic lineage are shown in orange (xylocopine bees and vespid wasps). Approximate evolutionary
timeline (based on 88) allows for estimation of relative divergence times of different lineages. Insect images by Amy C. Geffre.

Transitions in Social Evolution

Early stages of social evolution are important for understanding origins of sociality and the transi-
tion from solitary to parental to incipient societies. Individual solitary and subsocial parents must
complete all nest construction, foraging, and egg-laying tasks to successfully reproduce (133),
although the proximate mechanisms underlying the transition from solitary to subsociality are
poorly understood.

Incipiently social insects switch between reproductive and nonreproductive behavioral states
(149), and this may occur by physiological switches and changes in hormonal titers (150). It is
further posited that observed behavioral and physiological changes are regulated by changes in
the expression of multiple sets of pleiotropically linked genes (40). Although there are numerous
incipiently social species across both bee and wasp lineages and ample points of comparison to be
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Table 1 Features and relevance to social evolution of several different levels of insect sociality

Level of sociality

Main features Relevance to social evolution

Subsociality

Prolonged parental care and parent—offspring interaction | Parental care as a precondition for the evolution

Incipient sociality

of eusociality
All individuals retain the ability to reproduce and forage | Useful for understanding earliest stages in social
and can also live solitarily evolution because they form cooperative social
Simple division of reproduction and foraging tasks groups but do not possess castes

Cooperatively care for brood; may not have reproductive
division of labor or overlapping generations

Primitive sociality

May initiate nests either solitarily or jointly and then Useful for understanding intermediate stages of
transition into cooperative colonies upon the social evolution
emergence of workers Provide insight into key adaptations in the
Relatively small colony size transition to an obligately social lifestyle
Composed of two distinct castes, reproductive Provide insight into the evolution of the first
dominants and foraging subordinates, but retain caste caste systems

flexibility into adulthood

Advanced eusociality

Distinct reproductive and worker castes Useful for understanding the evolution of

Complete reproductive division of labor with loss of permanent and highly differentiated castes
reproductive totipotency Provide insight into the evolution of derived
Large colony size eusocial specializations, including specialized

Reproductives monopolize reproduction, and workers worker subcastes
are functionally sterile and forage for colony food Lost ability to revert to primitive social forms
provisions (i.e., the evolutionary “point of no return”)

Reproductive
division of labor:
discrete roles in a

social colony, where
royal castes (queens,

kings) monopolize
reproduction and

workers specialize on
nonreproductive tasks

examined in these lineages, incipiently social species are rarely studied and the molecular basis of
simple societies have only begun to be addressed.

Later stages of social evolution are important to our understanding of the elaboration of euso-
ciality, in which individuals become specialized and work together as a colony unit. This transition
from primitively social to advanced eusocial groups has been termed an evolutionary “point of no
return” (54). This represents a major transition in evolution beyond which colony-level selection
acts to produce novel social traits (157).

Different selective forces and molecular mechanisms may be involved during different stages of
social evolution (109). These differences in individual versus colony performance and multilevel
selection suggest multiple forms of molecular changes may differ between early and later stage
social transitions.

Molecular Evolution of Eusociality in a Comparative Context

The first studies of molecular evolution in social insects focused on a few model advanced eusocial
insects such as the honey bee and the fire ant (111). Although these studies have been fruitful for
understanding the molecular basis of some derived social traits such as queen number differentia-
tion, reproductive division of labor, and age polyethism, it is clear that studies of a wider variety of
species are required to fully understand different phases in the evolution of insect sociality. There
have been enormous recent advances in sequencing technology and molecular techniques leading
to an ever-wider variety of social insects for which there are genomic data, including some more
primitively social species (20, 65, 100, 107, 127, 128, 148).

Because of the complex nature of species evolutionary histories, we emphasize that it is crucial
that such comparisons be made within a well-grounded phylogenetic context (Figure 1). Each
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independent origin of sociality is unique and will likely have distinct social traits because of its
evolutionary history (21, 25, 43, 52, 108). Therefore, comparing the genetics of highly eusocial
organisms, such as honey bees, with distantly related solitary species can provide a before and after
comparison across an evolutionary chasm, but it will not tell us what kinds of intermediate changes
were associated with each social transition. By studying genes associated with the earliest steps
into sociality as well as those in related but more advanced species, we will be able to determine
whether the transitions from solitary to simple to complex sociality represent incremental changes
or genetic revolutions.

Thus, we are at a critical juncture in our study of molecular evolution in insect societies, in
which there are sufficient data for a review and synthesis, but it is still early enough to influence
research directions by presenting a broader view of the numerous hypotheses about the genomic
basis of social evolution in insects. For example, many researchers are now generating data sets that
can actually test multiple hypotheses about genomic routes to eusociality (Table 2), but they may
miss opportunities for new insights by focusing on one major hypothesis while ignoring others. In
addition, our review can serve to guide analyses and new research in this area by highlighting the
complementarity of the different hypotheses while emphasizing the need for studies on solitary
and incipiently social species, using a carefully framed phylogenetic context.

Table 2 Summary of existing studies on molecular mechanisms related to social transitions in evolution

Subsocial to Incipiently to Primitively to advanced
Class Molecular mechanism incipiently social primitively social eusocial
Sequence-based Novel genes Ceratina (107) Polistes (15, 39, 100) Bees (50, 63, 65)
Ants (20, 100, 123, 159)
Protein evolution Ceratina (107) Bees (65, 162) Bees (65, 162)
Ants (123)
Recombination None None Apis (18, 50, 66, 113, 126,
154, 159)
Gene networks None Polistes (99) Apis (62, 90)
Ants (100, 117)
Social chromosomes None None Ants (104, 142)
Genetic caste determination None None Bees (67, 126, 135)
Termites (84)
Ants (24, 56, 118, 126)
Genomic imprinting None None Apis (41, 72)
Expression-based | Maternal heterochrony Ceratina (106) Polistes (139) Bombus (161)
Ovarian ground plan Ceratina (106) Polistes (138, 139, 150) Apis (4, 5, 46)
Genetic toolkits None Polistes (15,137, 138) Bees (15, 99, 136)
Termites (115, 145, 165)
Ants (92)
Transcription factors None None Apis (9, 69, 125)
Ants (123)
DNA methylation Ceratina (107) Polistes (100, 128) Apis (51,77, 79, 85)
Ants (19, 78, 100)
Histone acetylation None None Ants (122, 124)
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Phenotypic

plasticity: the ability

of one genotype to
produce more than
one phenotype in

response to changing

environments
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DNA SEQUENCE CHANGES IN SOCIAL EVOLUTION

What types of sequence changes underlie the evolution of complex phenotypes? Some argue that
protein-coding changes are prime movers in phenotypic evolution (53), whereas others emphasize
a leading role for regulatory changes (26, 110). There have been numerous studies of molecular
evolution of insect social traits related to changes in protein-coding sequences, the structure and
dynamics of social insect genomes, and alterations of gene networks. Below, we review, in an
evolutionary context, some of the major results addressing the types of DNA sequence changes
associated with social traits before moving on to gene regulation in the subsequent section.

Genetic Caste Determination

One of the key social traits that has been the focus of molecular studies in social insects is the
formation of castes. Despite huge phenotypic differences between reproductive and nonreproduc-
tive castes, most caste differences are the result of environmental rather than genetic differences.
Caste differences thus represent a classic example of phenotypic plasticity, and environmental
caste determination (relying on gene expression rather than heritable, genotypic differences) is
considered the rule in most eusocial insects. Despite this, several notable exceptions, in which
genotypic differences do affect caste fate (genetic caste determination, or GCD), have come to
light in recent years in a variety of species (10, 24) (Table 2).

Although the ancestral state is assumed to be environmental caste determination, independent
origins of GCD in ant, bee, and termite lineages suggest it has evolved multiple times in eusocial
insects and may not be as rare or exceptional as previously thought (10, 67, 84). This leads to inter-
esting evolutionary questions about the conditions under which GCD evolved. One explanation
is frequency-dependent selection, whereby so-called selfish queen alleles could be maintained in
populations if they are rare or only weakly influence queen determination. There is some evidence
for this (56, 93), with some exceptions (135). GCD also appears to be more prevalent in cases of
hybridization between two genetically distinct populations (126).

Social Chromosomes

Another major feature of social insect colony organization is number of reproductives. In Solenopsis
invicta, monogynous (single-queen) and polygynous (multiple-queen) colony organization is linked
to differences in queen size and worker behavior (112). Monogyny is associated with the B allele of
the Gp-9 locus; homozygous BB workers will not tolerate any other queens regardless of genotype
(75). The Gp-9locus includes a gene coding for an odorant-binding protein (75); thus, the different
alleles likely affect production and perception of queen recognition pheromones (140).

The sequencing of the S. invicta genome (163) contributed to the discovery of a suite of linked
genes in an area of low recombination around the Gp-9 locus. Subsequent studies demonstrated
that this entire region segregates with the monogyne-polygyne social form, and in essence behaves
like a separate, Y-like chromosome, or so-called social chromosome (142). This set of linked
genes appears to have coordinated effects on multiple social traits, including queen pheromones,
worker odor perception, queen weight, and tolerance and presence of multiple queens in the
colony. Intriguingly, another social chromosome was discovered in the ant Formica selysi (104),
also associated with monogyne-polygyne social forms. Social chromosomes may be more common
than previously thoughtin social insects, influencing the evolution of coordinated suites of complex
physiological and behavioral traits. Theoretical studies suggest suppression of recombination may
be an important molecular mechanism in “facilitating coordinated shifts in coadapted traits” (104).
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Rate of Protein Evolution

The protein evolution hypothesis posits that rapid evolution of specific genes or gene families led
to changes in protein function and the evolution of social phenotypes (57). If some genes that
were initially expressed in all solitary living individuals—such as those that control foraging or
reproduction—are instead differentially expressed in incipient castes, then they may be released
from pleiotropic constraints, facilitating adaptive evolution and further elaboration of those castes
(40). Evidence for this hypothesis has been observed across solitary and eusocial lineages with
positive selection in genes/families relating to signal transduction, development, and metabolism
(65, 124, 162).

One genomic property that has the potential to affect rates of DNA sequence and protein evolu-
tion is recombination rate. Advanced eusocial insects and honey bees in particular have remarkably
high rates of recombination across the genome, particularly in guanine-cytosine (GC)-rich regions
(113, 154). GC-rich regions of the genome contain more recombination motifs, increasing the
likelihood of increased linkage disequilibrium, which can produce accelerated recombination re-
gions (18). The evolution of sociality greatly reduces effective population sizes (33), and this is
expected to increase linkage disequilibrium and the frequency of deleterious mutations due to
drift. If early insect societies suffer from small effective population sizes, then, secondarily, high
recombination rates might evolve in later stages of social evolution (66) to reduce linkage dise-
quilibrium (154) and/or increase worker genotypic diversity (126). These features of social insects
have been suggested to contribute to high rates of DNA sequence evolution, changes in protein-
coding sequences, and even the birth of new genes, perhaps facilitating the drastic phenotypic
evolution that has accompanied the evolution of eusociality (66).

Novel Genes

An emerging hypothesis posits that novel genes are important for the evolution of novel social
phenotypes (50, 63, 130). Novel genes are defined as previously undescribed genes that have no
significant homology with known sequences. Novel genes may arise via rapid sequence evolution
leading to the loss of detectable homology or via transposable element insertion, or they may
be “born” through spontaneous mutation (130). It is important to note that there are innate
problems with studying novel genes, because they are defined on the basis of negative data (i.e.,
the absence of homologous sequences). Our current knowledge of insect genomes is still highly
fragmentary; thus, current assessments of novel genes will need to be reassessed as new genomic
resources and bioinformatic tools for gene prediction and homology detection are developed
(68).

Novel genes have been found in each new social insect genome (65, 100, 128, 148) and may
make up 10-30% of the predicted genes in a given genome (159). In a comparison of seven ant
genomes, each species was found to possess a large number of unique, species-specific genes, with
evidence of a rapid gain of novel genes during evolution, especially in leafcutter ants. It was thus
suggested that novel genes play a role in the evolution of derived, lineage-specific traits such as
fungus farming (123).

Others have suggested novel genes may be also important for fundamental social traits, includ-
ing the evolution of castes. Genes that are taxonomically restricted to Hymenoptera, bees, and the
genus Apis are more likely to be overexpressed in honey bee workers (63) and show evidence of
positive selection (50), suggesting novel genes may play an important role in caste differences. In
the paper wasps Polistes canadensis (39) and P. dominula (128), there is an overabundance of novel
transcripts that show caste differential expression. In contrast, genus-specific transcripts were
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significantly less likely to be caste related in P. metricus (15). In fire ants (S. invicta), colony social
organization (queen founding strategy) also does not appear to be associated with the expression
of novel genes (87).

There has been some inconsistency in the reported associations between the expression of novel
genes and social traits. We suggest that some of this inconsistency may be due to variation in the
importance of novel genes for different types of behavior, in specific life stages, or at different
levels of sociality. Studies in honey bees paved the way, suggesting novel genes are important in
advanced eusocial species (50, 63), and there is now some support for this idea from primitively
social species (39, 128). However, there have been no studies examining the role of novel genes
in early stages of social evolution.

Structure of Gene Networks

To understand the evolution of complex traits, such as social castes, requires insights beyond
analyses of single genes to integrated analyses of gene regulatory networks. Research on gene
regulatory networks incorporating transcription factors was pioneered in honeybees and ants (6,
29, 69, 117).

Recent studies of social insects have posited that genes at the core of a regulatory network
are likely to be more evolutionarily constrained than genes at the periphery. Functional changes
in genes that are highly connected or central to a regulatory network are likely to disrupt many
biological processes (26). Support for this comes from analysis of a honey bee transcriptional
regulatory network characterizing behavioral traits (90). Highly connected, core protein-coding
genes (such as transcription factors) should be more conserved in comparison to peripherally
located genes (90). Moreover, genes expressed differentially among castes (50, 57, 66) and in
specialized tissues including sting and hypopharyngeal glands in honey bee workers (62) have
high rates of molecular evolution, suggesting peripheral genes could be important in the advent
of behavioral novelty.

GENE REGULATION IN SOCIAL EVOLUTION

The previous section focused on DNA sequence and genome structural differences and their
potential role in social evolution, but there has been an equally strong emphasis on the role of
gene expression, gene regulation, and, more recently, epigenetics on the expression and evolution
of social traits in insect societies. Below, we summarize some of the ideas and evidence for changes
in gene expression and its regulation as drivers of social evolution.

Gene Expression and Solitary Ground Plans

Hypotheses focusing on the earliest origins of sociality predict that transitions from solitary to
incipiently social societies involve changes in the timing of gene expression. All individuals re-
main totipotent into adulthood and throughout most of their lives and are capable of performing
reproductive and foraging tasks (150). At the origin of sociality, changes in gene expression might
start off as being environmentally responsive and stem from preexisting developmental plasticity
(151).

The ovarian ground plan hypothesis posits that an uncoupling of solitary reproductive and
foraging behaviors ultimately produced eusocial queen and worker castes (150). Gene networks
related to reproductive and foraging behavior in solitary insects are predicted to have been co-
opted to regulate reproductive queen-like and foraging worker-like traits during the transition
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from solitary to caste-containing societies. Tests of this hypothesis using genetic data come mainly
from advanced eusocial taxa (4, 5, 46, 97).

The maternal heterochrony hypothesis predicts that worker-like sibling care behaviors are
regulated by patterns of gene expression similar to those found in subsocial maternal care behav-
ior (81). Therefore, reproductive division of labor may not require the decoupling of foraging
and reproductive regulatory pathways but rather a reorganization of the timing of offspring-care
gene expression. Support for this hypothesis comes from empirical transcriptomic studies on
advanced eusocial bumble bees (161), primitively social wasps (139), and incipiently social bees

(106).

Genetic Toolkits

Examinations of insect social evolution from an evolutionary developmental biology (evo-devo)
perspective led to the proposal that castes are derived from new arrangements of solitary behavioral
and physiological modules (5, 149, 150) and, along with these, deeply conserved genetic modules
(reviewed in 99, 136). A general hypothesis for convergent evolution of eusociality is that there
is a shared toolkit of molecular and physiological processes across several independently evolved
social insect lineages (136, 138). Because queen and worker castes can be produced from the
same genome, the genetic toolkit underlying convergent social caste phenotypes depends on the
differential expression of common genes and/or pathways.

In the study of eusociality, a few previous studies on bees and wasps suggested some overlap
in gene expression patterns related to social behavior across lineages. Studies comparing P. mzet-
ricus wasps and honey bees highlighted some common patterns of gene expression related to the
regulation of foraging/provisioning behavior (138) and aggressive behavior (137). However, the
extent of overlap across species in these studies was relatively small, and some behaviors (e.g.,
reproductive behaviors) were associated with nonshared gene expression patterns (138). Instead,
changes in the modulation of key pathways and biological functions (e.g., related to metabolism or
nutrient signaling) may be more important than shared individual genes (15, 16). In a similar vein,
conserved coexpressed gene modules were associated with ant caste differences, as well as several
other social traits, across more than a dozen different ant species (92). These studies suggest there
may be key gene networks related to social evolution, but the specific genes involved and the
direction of their expression may be more evolutionarily labile (15).

There may even be deeper similarities in the mechanisms that regulate social traits across
Hymenoptera and Isoptera. In the termite Cryptotermes secundus, differential expression of several
genes between workers and reproductives include those coding for juvenile hormone (JH) esterase,
vitellogenin, and a cytochrome P450 (145). In Reticulitermes flavipes, there is also a causal association
between hexamerin expression, JH levels, and development of reproductives versus workers (115).
Genes related to metabolism, oxidation reduction, JH signaling, and storage proteins (such as
vitellogenin and hexamerin) are also commonly related to caste differentiation in Hymenoptera
(reviewed in 136), suggesting functions related to reproduction and metabolism have been utilized
multiple times during social evolution to regulate caste differentiation, as part of a core, shared
toolkit for fundamental social traits.

cis-Regulatory Evolution

Changes in cis gene regulation, including the evolution of transcription factors and transcription
factor-binding sites located near (i.e., ¢is to) target genes, have been suggested to be prime movers
in phenotypic evolution (160). It has also been suggested that changes in cis regulation may also
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be one of the main drivers of social evolution in insects (110, 164). Methods for identifying and
studying cis-regulatory elements, including promoters, enhancers, and silencers and their targets,
have rapidly improved in recent years, including advances in predicting cis-regulatory motifs as
well as their associated targets (6, 123).

Numerous cis-regulatory motifs associated with major transcription factors involved in olfac-
tion, neural development, and behavior in Drosophila are associated with brain gene—expression dif-
ferences in nursing and foraging worker honey bees, suggesting deep conservation of cis-regulatory
motifs related to behavior in insects (125). Some of these cis-regulatory motifs are associated with
a common set of transcription factors responding to diverse social environmental and internal
physiological factors that regulate honey bee behavioral maturation (9). Five major transcription
factors, including the deeply conserved egr and pax6, are associated with cis-regulatory motifs in
a large proportion of genes that show expression patterns associated with foraging (69). Experi-
mental studies causally implicate one major transcription factor, u/traspiracle, in the regulation of
behavioral maturation and downstream changes in brain gene expression (9).

These pioneering studies in honey bees raise the interesting question of whether the same
deeply conserved transcription factors and associated cis-regulatory elements are associated with
social behavior across diverse lineages of social insects, as predicted by the cis-regulation view of
phenotypic evolution. There has been less work in this area outside of honey bees; however, a
comparative study examining ant genomes uncovered a large number of conserved cis- and trans-
regulatory motifs across seven ant species, with evidence of significant evolutionary changes in
the cis-regulatory motifs of over 2,000 genes.

Epigenetic Modifications

There has been greatrecentinterestin the role of two different forms of epigenetic modifications in
gene regulation and evolution of sociality in insects, DNA methylation and histone acetylation (89,
147). Initial studies suggested DNA methylation was ubiquitous within the social Hymenoptera
(146), which stood in stark contrast to the patchy and labile patterns of DNA methylation in
other insects such as flies and beetles (45). A flurry of research activity on DNA methylation in
honey bees suggests that differential DINA methylation is related to queen-worker caste differences
(86). Furthermore, experimental knockdown of expression of one of the core methylation genes,
DNMT3 (DNA methyltransferase 3), led to changes in alternative splicing of numerous genes (79)
and to differences in caste-related phenotypes (77). DNA methylation may also regulate behavioral
plasticity within the honey bee worker caste, as there are differences in global methylation patterns
between nurses and foragers (51), and pharmacological inhibition of DNA methylation may affect
learning and memory (85).

DNA methylation was posited to be important for the evolution of caste differences (147)
because epigenetic modifications may increase the regulatory capacity of the genome and allow
for greater phenotypic plasticity (89). Comparisons of multiple bee genomes hinted that increased
genome-wide DNA methylation is associated with increasing social complexity (65). However,
outside of bees, there is surprising evolutionary lability in DNA methylation systems. There has
been a loss of the de novo methylation enzyme DNM'T3 in the vespid wasp lineage (100, 128), with
a nearly complete reduction of cytosine DNA methylation in the primitively social P. dominula
(128). In ants, there may be some differences in DNA methylation patterns between queens and
workers (20), but the association between DNA methylation and caste differences appears to be
weak and likely not causal (78). A more conservative analysis by Libbrecht et al. (78) suggests
most social insect DNA methylation is highly stable and not related to dynamic expression, and
the authors questioned DNA methylation’s importance in caste plasticity. At this time, there is a
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notable lack of consensus across researchers and across species related to the importance of DNA
methylation in caste determination and social evolution. This reflects how little we currently
understand about the function and significance of DNA methylation in social insects, leaving
ample opportunities for future research in this area.

There has been a recent focus on other epigenetic mechanisms, such as histone acetylation, in
the regulation of social traits and their evolution in insects. Studies in the carpenter ant Camponotus
floridanus uncovered differences in the acetylation of K27 residues on histone H3 (19, 122), with
pronounced differences between castes related to sequence motifs of transcription factors, and
genes related to development and neural function. Histone acetylation is also likely to play a
role in the regulation of foraging and scouting behavior in major and minor workers of this
species. Experimental manipulations of histone activity suggested hundreds of genes linked to
hyperacetylated histones are related to scouting behavior and are associated with the action of
histone deacetylases and the major histone acetyltransferase gene CBP (122).

Noncoding microRNAs (miRNAs) are known to be involved in the regulation of insect de-
velopment and metabolism (11) and are typically thought to suppress protein production via
binding to complementary mRINA strands and blocking translation. miRINAs have been found
in the genomes of honey bees (144), other bees (65), ants (20), wasps (128), and termites (134).
Differential expression of miRINAs has been found between the honey bee queen and worker
caste, and miRNAs may be active components of royal jelly (30, 49). There are also differ-
ences in miRINA expression between honey bee worker behavioral castes (13, 83), suggesting
miRNA profiles change during development. Conserved miRNAs were also found across seven
species of ants, with a few also showing caste differential expression in C. floridanus (124). The
extent of miRNA contribution to the regulation of social traits is not yet fully explored across
species.

Genomic Imprinting and Intragenomic Conflict

Parent-of-origin effects on gene expression based on epigenetic modifications, or genomic im-
printing, have been of great interest in evolutionary biology because they set up the potential for
intragenomic conflict (155). In such cases, biased expression of father-derived alleles (patrigenes)
may compete with expression of mother-derived alleles (matrigenes), such that patrigenes should
promote phenotypes that overuse maternal resources, whereas matrigenes should result in con-
serving maternal resources. Queller (105) extended the theory of genomic imprinting to social
insects, making predictions about how relatedness asymmetries (due to haplodiploidy) and social
living could lead to parent-of-origin effects on social traits.

In social interactions between two full-sister hymenopterans, patrigenes should promote altru-
istic behavior (favoring passing on of the same patrigenes), whereas matrigenes should promote
selfishness (105). The prediction is reversed in social systems with multiple paternity where sisters
have different fathers, in which caste patrigenes should favor selfishness. Crossbreeding studies
between two strains of honey bees found evidence of a strong paternal effect on worker fertil-
ity (96). This agrees with the prediction from intragenomic conflict theory that in situations of
multiple paternity (honey bees are highly polyandrous), paternal alleles should favor selfishness
(personal reproduction). On the molecular level, many genes in the honey bee genome show
parent-of-origin effects on gene expression (72). Furthermore, patrigene expression is biased in
reproductive tissues, and the patrigene bias is especially pronounced in workers with activated
ovaries in response to queenless conditions (41).

These data hint at the potential for imprinting to play a role in genome evolution in social
insects. Kronauer (76) warned that such predictions must also consider the effect of each gene on
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Figure 2

Environmental drivers of social insect gene expression and genome evolution. The ecological evolutionary
developmental biology (eco-evo-devo) synthesis predicts that multiple factors all mediate molecular
evolution. Social insects are affected by other individuals of the same species in the colony (social
environment) and myriad additional factors, including symbionts, parasites, pathogens, predators,
competitors, and abiotic effects (external environment). These factors can feed back on gene expression
patterns and, via indirect genetic effects, also impact DNA sequence evolution.

caste and role of the individual and that initial predictions may be complicated by the fact that
many genes will be differentially expressed and have distinct roles in different castes. There are
many additional predictions to be tested in social insects, and with the advent of many advances
in social insect epigenetics, this is a rapidly expanding area for future research.

ENVIRONMENTAL EFFECTS ON SOCIAL INSECT GENOMES

Genes and molecular mechanisms should not be seen as directly responsible for insect sociality;
rather, genes “create a framework within which the environment acts to shape the behavior of
an individual” (22, p. 68). In this section, we summarize the environmental drivers of insect
social organization and the evidence that they directly or indirectly influence the activity and the
evolution of social insect genomes (Figure 2).

The Primacy of the Social Environment

The social environment, both maternal and sib-social, can strongly influence the pheromonal,
nutritional, and physical environment during social insect development (61). These influences
can occur extremely early in development and include differential maternal investment in eggs
(118, 152) and maternal and sib-social effects on early instar larvae (23), but relatively little is
known about gene expression changes during very early stages of development (64, 91, 98, 134).
Large changes associated with adult social environment are notably observed in regulation of
gene expression (87, 106, 137, 161) and may also result in epigenetic modifications (51). Changes
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in gene expression and epigenetic states can be reversible based on the social environment, as
observed in nurse-forager transitions in honey bee workers (51, 153).

Social interactions can also indirectly promote higher rates of DNA sequence evolution.
Maternal- and sib-effect genes are expressed in mothers and siblings, respectively, but have pheno-
typic effects on other individuals. Viaindirect genetic effects, such genes are predicted to experience
weaker selection and contain higher levels of polymorphism relative to genes with direct fitness
effects (82). In accordance with this prediction, genes expressed in tissues specialized for social
functions in advanced eusocial honey bees have higher rates of molecular evolution compared to
genes expressed in conserved tissues found in all insects (62).

What are the specific social factors that influence social insect genomes? One important driver
of caste, behavior, and gene expression is nutrition, which is a social factor because food is provided/
controlled by other members of the colony. Young honey bee larvae that are fed royal jelly (instead
of a less-rich food source) experience changes in hormone titers and large-scale downstream
changes in gene expression that lead to divergent queen and worker developmental trajectories
(38,47). Food quantity/quality can also affect adult worker honey bee division of labor for foraging
tasks, and this is associated with numerous changes in brain and fat body gene expression (7, 8).
There are also known associations between nutrition and caste-related physiology, behavior, and
development in ants, wasps, and termites (27, 35, 73). In R. flavipes termites, the accumulation
of hexameric storage proteins depends on nutritional status (115) and soldier development is
associated with changes in the expression of numerous genes (116), including a causal influence
of hexamerins (165).

Another source of social information is chemical cues from conspecifics, including cuticular
hydrocarbons and pheromones. In C. secundus termites, expression of a gene involved in chemical
communication (beta-glycosidase) differentiates typical workers from reproductive workers (145),
and individuals with disruption of this gene are treated aggressively by workers, likely owing to a
change in chemical profiles (74). In honey bees, there are large-scale changes in brain gene expres-
sion of workers exposed to queen pheromone (48), brood pheromone (2), and alarm pheromone
(3). Queen pheromone and alarm pheromone induce changes in the expression of transcription
factors (e.g., kruppel homolog 1 and c-jun) that may affect large-scale downstream changes in gene
expression (48). The genomes of social insects are also rich in odorant and pheromone receptors
and binding proteins (148), and there is evidence of significant protein sequence evolution in these
gene families in bees (162).

Social insects also use auditory, mechanical, and visual information for communication. The
honey bee dance language uses sound and mechanical signals to communicate the location and
profitability of food sources, and there are distinct patterns of brain gene expression characterizing
dancing bees from dance followers (120). Mechanical cues may also be involved in the development
of reproductive and nonreproductive caste differences in ants and wasps (reviewed in 60). In
P. fuscatus, maternally produced vibrations during development bias larvae to possess worker-like
physiological traits as adults (131). Visual cues are also important in individual recognition in
some Polistes wasps, and this ability is associated with brain expression of genes related to calcium
signaling (17).

The complex social environment of social insects suggests advanced sociality may be associated
with increasing neural complexity. This idea, termed the social brain hypothesis, posits that the
cognitive demands of social living select for enhanced function, connectivity, and volume of specific
brain regions (80). Although the idea has not received strong support from neuroanatomy, studies
of molecular evolution in bees suggest positive selection on genes related to synaptic transmission,
learning/memory, and neural development in advanced eusocial species (65).
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Parasites, Pathogens, Symbionts, and Microbiomes

Parasites, pathogens, symbionts, and beneficial microbiota can be powerful drivers of phenotypic
and genetic evolution. The extended phenotype idea posits that via manipulation of the host
environment, genes within the genomes of parasites, pathogens, or symbionts affect the host
phenotype (55). Thus, in considering the evolution of insect sociality and social insect genomes,
we must also consider the evolution of their microfauna. Some of the most striking examples of
coevolution between social insects and microfauna are in the fungus-growing ants and termites and
their accompanying bacterial communities (94). The sequencing of the genomes of the leafcutter
ants Atta cephalotes and Acromyrmex echinatior (95) revealed a reduced complement of genes related
to nutrient acquisition, perhaps a result of the ants’ obligate dependence on the fungus for food
(129).

Because of central place nests, high densities of individuals, and high rates of physical interac-
tion between individuals, social insects have been suggested to be especially prone to parasite and
pathogen infection (158). Despite this, sequencing of the honey bee and other bee genomes re-
vealed the presence of relatively few, or atleast nota clearly expanded, repertoire of innate immune
genes (114, 148), perhaps because special mechanisms of social immunity, such as allogrooming,
culling the sick, and social fever, have evolved to combat pathogens. Numerous studies have shown
large and profound effects of pathogenic mites, bacteria, fungi, and viruses on gene expression in
several tissues in honey bees (28, 42, 119). Beyond pathogenesis, there are also striking examples in
which parasites show evidence of manipulating the social insect host phenotypes to their advantage.
For example, Cordyceps fungi cause large changes in ant host brains and gene expression, culminat-
ing in aberrant leaf-biting behavior that serves to spread fungal spores (36). P. dominula wasps are
hosts to parasitoid strepsipterans that lead to aberrant nest-abandoning behavior that may facili-
tate parasite mating (12), and this has the potential to be associated with shifts in the expression of
caste-related genes. Clearly, social insect phenotypes and genome evolution are not driven solely
by interactions with conspecifics—both beneficial and harmful parasites and pathogens can exert
powerful effects on social insect genomes, gene expression, and their evolution.

Abiotic Factors

The abiotic environment is likely to be an important driver of cooperative behavior in insects, par-
ticularly factors such as temperature and climate. However, the role of ecological factors in social
evolution has been studied very little on the molecular level. General patterns of the geographical
distribution of species across bees and wasps indicate that higher forms of sociality (e.g., large
colony size, perennial colonies, swarm founding, and morphological caste formation) are more
likely to occur in tropical environments compared to temperate environments (103). It has been
suggested that reproductive diapause and a bivoltine life cycle (adaptations to temperate climates)
are important preadaptations for caste evolution in wasps (59). In addition, social transitions in
halictid bees, which have gained and lost eusociality multiple times in the past few million years
(59), are thought to be related to climatic warming periods, and altitude and season length are
related to solitary versus social nesting populations within a facultatively social species (71). In a
recent study within the primitively social wasp genus Polistes, several abiotic factors such as tem-
perature variability, temperature, and rainfall were associated with both the presence/absence of
cooperative nest founding and the number of cooperating foundresses within these associations
(121). Thus, abiotic factors in the environment are likely to be important selective agents for
cooperative behavior, and there are likely to be accompanying evolutionary changes in genetic
mechanisms affecting temperature response and/or diapause during social transitions.
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SYNTHESIS AND EVOLUTIONARY FRAMEWORKS

In the above sections, we reviewed a wide variety of different molecular mechanisms and evidence
for their roles in the regulation and evolution of insect societies. The diversity of different genetic
mechanisms is bewildering and begs the question of whether there are any patterns or underlying
genetic themes in eusocial evolution. It is tempting to search for a unifying theory; can we identify
patterns of genomic evolution that have been repeatable across the diverse and convergently
evolving social insect lineages? Each lineage has its own unique evolutionary history and set of life
history traits; thus, will it prove to be impossible to derive common patterns from these diverse
organisms? We do not yet have answers to these questions, but below we outline two possible
frameworks for beginning the search for unifying themes underlying the molecular evolution of
eusociality.

Social Ladder Framework

Recently we proposed a broad model, the social ladder hypothesis, which posits that different
combinations of molecular mechanisms might be acting at each stage in social evolution (109).
We emphasized that understanding the evolution of eusociality cannot be explored as a single
transition. Beyond the necessary preconditions, including parental care and defensible nests, many
incremental steps are involved in the evolution of eusociality and various stepwise transitions
have been proposed (37). In examining the molecular evolution of eusociality, it is critical to
consider the full social spectrum from the earliest origins of cooperative breeding to the subsequent
elaboration of group-level traits in highly eusocial colonies (54, 58). Previous authors have been
careful to clarify that stepwise transitions from solitary to eusocial colony organization are by no
means preordained and each stage has its own adaptive value (37). It is noteworthy that advanced
eusociality is not an ultimate evolutionary endpoint because multiple reversions from social to
solitary life are known across incipiently and primitively social groups (108, 143).

The social ladder framework makes predictions about the types of genetic changes associated
with each stage in social evolution. Early in social evolution, regulatory genomic changes, such
as shifts in the timing and location of expression of conserved genes (akin to the ovarian ground
plan and maternal heterochrony hypotheses), are predicted to be the primary drivers of social
phenotypes. This is based on the idea that underlying phenotypic plasticity (and mechanisms
centering on gene expression and epigenetics) can serve as the fuel for initial stages of social
evolution. Then, in the intermediate stages of social evolution from incipiently to primitively
social, roles become less flexible and more fixed (e.g., more stable caste differences). This would
be associated with larger and more permanent caste biases in expression and more fixed genomic
changes, including both regulatory and protein coding—sequence changes. As queen and worker
phenotypes diverge (and genes take on caste-specific roles), this can open the door for more rapid
and dramatic changes in coding sequences. Finally, in later stages of social evolution, colony-level
selection can be a strong driver of more dramatic changes in social insect genomic composition.

Specific predictions of the social ladder framework include (#) changes in gene expression and
epigenetic changes will be important during early, intermediate, and late stages of social evolution;
() changes in protein-coding sequences will be important during intermediate and late stages of
social evolution; and (¢) large genomic changes, such as the appearance of novel genes, gene family
expansion/contraction, and changes in genome structure (e.g., social chromosomes), will be most
important during later stages of social evolution (109).

In Table 2 we provide a preliminary summary of the types of molecular mechanisms associated
with different social traits and where they fall along the so-called social ladder. In general, the
data thus far support some of the general predictions of the social ladder hypothesis. However,
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there are still many gaps in our knowledge of the genetic regulation of sociality in insects, with
especially sparse data for incipiently social species and solitary outgroups. In addition, there is the
problem of ascertainment bias—for example, bias toward exploring gene expression in early social
transitions and bias toward protein evolution and novel genes in later social transitions. Thus, the
time is right for studies that comprehensively investigate multiple mechanisms at multiple levels
of sociality, especially in groups such as vespid wasps and xylocopine bees, which encompass the
full range of sociality within a single monophyletic lineage (Figure 1).

Eco-Evo-Devo Framework

The extended evolutionary synthesis has focused on integrating an appreciation of development
(evo-devo), plasticity, and genomic flexibility into our understanding of evolution (102). The
emerging field of ecological evolutionary developmental biology (eco-evo-devo) is further inte-
grating ecological relationships, emphasizing the important role of the environment as an inducer
of phenotypic (and thus evolutionary) change (1). Eco-evo-devo stresses the role of plasticity as an
evolutionary prime mover. The importance of phenotypic (both developmental and behavioral)
plasticity as important factors in the success and evolution of social insects has long been rec-
ognized (149). Eco-evo-devo also stresses the importance of ecological interactions, considering
each organism as a holobiont that evolves as an integrated part of a complex web of interac-
tions including symbionts, microbiomes, pathogens, and parasites (44). As discussed above, social
insects arguably represent one of the most interaction-rich biological systems because of their sus-
ceptibility to parasites and pathogens, as well as their tightly coevolved mutualistic relationships
with other micro- and macro-organisms (34). Thus, we suggest applying eco-evo-devo ideas can
provide a fruitful framework for studying molecular evolution in insect societies.

An understudied mechanism forming a key part of eco-evo-devo is the idea of genetic assimi-
lation. Waddington (141, p. 289) defined genetic assimilation as a process “by which a phenotypic
character, which initially is produced only in response to some environmental influence, becomes,
through a process of selection, taken over by the genotype, so that it is formed even in the absence
of the environmental influence which had at first been necessary.” If behavior is the first response
to changes in the environment, then initially plastic behavior has the potential to subsequently
become encoded via genetic assimilation (see Figure 3) (14, 132). Phenotypic plasticity in re-
productive behavior, parental care, and foraging in solitary and subsocial species could provide
the raw materials on which selection can act (151). If these characteristics become epigenetically
inherited, then this could produce the division of labor seen in incipiently and primitively social
insects. Subsequently, this could lead to the evolution of novel phenotypes and the canalization of
developmental pathways as observed in advanced eusocial species (101). Although there is no direct
evidence of genetic assimilation in eusocial insects, a transcriptomic comparison in honey bees
suggested many of the same genes are expressed during aggressive responses in real time (response
to alarm pheromone), developmental time (older soldier bee specialists compared to young bees),
and evolutionary time (docile and aggressive populations) (3). Thus, it is possible that a process
of genetic assimilation resulted in environmentally induced changes in aggression-related gene
expression becoming fixed in aggressive populations (Figure 3).

The eco-evo-devo framework can be used to make predictions about the types of mechanisms
expected to be prime movers in social evolution. These include changes in regulation of conserved
genes, epigenetics, and selection on hub genes in gene networks that may have cascading effects
on numerous downstream genes during development. Eco-evo-devo provides insights into the
types of genes most likely to be associated with evolutionary change during social transitions.
We suggest these would include genes such as heat shock proteins (molecular chaperones related
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Figure 3

Scenario of genetic assimilation, as applied to the evolution of aggression in honey bees. Initially, individual phenotypic plasticity
provides an adaptive response to variable environmental stimuli—for example, aggressive response to predation pressure (time 1).
Subsequently, with an environmental change (time 2), such as increased predation pressure, the gene expression pattern inducing the
aggressive response is more often exhibited compared to the nonaggressive response. This may allow aggressive colonies to move into
previously unoccupied niches in the environment (time 3), such as very high predation environments. Over time, environmentally
induced responses in gene expression and aggressive phenotype can become fixed differences as a result of the accumulation of
accommodating mutations (time 4). The response then becomes canalized, resulting in a loss of plasticity, and individuals are fixed for
the aggressive phenotype, and associated gene expression, even in the absence of the high predation environmental stimulus (time 5).

to abiotic stress and environmental change), genes related to immunity that are coevolving with
major pathogens and symbionts, and major developmental regulators such as transcription factors,
as well as environmentally responsive genes such as those related to diapause and nutritional
stress.

CONCLUSIONS

There has been substantial progress in uncovering molecular mechanisms associated with the
evolution of insect sociality, revealing diverse sequence-based and expression-based evolution-
ary changes associated with social evolution. Looking to the future, an appreciation of both the
diversity of genetic mechanisms and the diversity of social forms is necessary to build a more com-
prehensive understanding of the molecular evolution of sociality. Examining advanced eusocial
species to ask what genes and genetic changes underlie their complex phenotypes will reveal only
part of the multistep social evolutionary process. Likewise, traditional top-down approaches exam-
ining DNA sequence changes associated with behavior will not fully reveal the role of ecology and
behavior in genetic changes. If behavioral plasticity allows solitary and social insects to enter new
niches, leading to subsequent genetic assimilation, then these traditional examinations and exper-
iments may miss key aspects of the evolutionary process. Consequently, bottom-up examinations
of phenotypic plasticity and epigenetic regulation are untapped and potentially illuminating lines
of research. Such approaches may be applied to early stages of social evolution, where plasticity
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has already been proposed to be important in the origins of castes, as well as to the evolution of

more derived eusocial traits in later stages of social evolution.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that

might be perceived as affecting the objectivity of this review.

LITERATURE CITED

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

436 Toth

Abouheif E, Favé MJ, Ibarrarin-Viniegra AS, Lesoway MP, Rafiqi AM, Rajakumar R. 2014. Eco-evo-
devo: The time has come. In Ecological Genomics: Ecology and the Evolution of Genes and Genomes, ed.
CR Landry, N Aubin-Horth, pp. 107-25. Dordrecht, Neth: Springer

. Alaux C, Le Conte Y, Adams HA, Rodriguez-Zas S, Grozinger CM, et al. 2009. Regulation of brain

gene expression in honey bees by brood pheromone. Genes Brain Bebav. 8:309-19

. Alaux C, Sinha S, Hasadsri L, Hunt GJ, Guzméin-Novoa E, et al. 2009. Honey bee aggression supports

a link between gene regulation and behavioral evolution. PNAS 106:15400-5

. Amdam GV, Csondes A, Fondrk MK, Page RE Jr.2006. Complex social behaviour derived from maternal

reproductive traits. Nature 439:76-78

. Amdam GV, Norberg K, Fondrk MK, Page RE Jr. 2004. Reproductive ground plan may mediate

colony-level selection effects on individual foraging behavior in honey bees. PNAS 101:11350-55

. Ament SA, Blatt CA, Alaux C, Wheeler MM, Toth AL, et al. 2012. New meta-analysis tools reveal

common transcriptional regulatory basis for multiple determinants of behavior. PNAS 109:E1801-10

. Ament SA, Corona M, Pollock HS, Robinson GE. 2008. Insulin signaling is involved in the regulation

of worker division of labor in honey bee colonies. PNAS 105:4226-31

. Ament SA, Velarde RA, Kolodkin MH, Moyse D, Robinson GE. 2011. Neuropeptide Y-like signalling

and nutritionally mediated gene expression and behaviour in the honey bee. Insect Mol. Biol. 20:335-45

. Ament SA, Wang Y, Chen C-C, Blatti CA, Hong F, et al. 2012. The transcription factor ultraspiracle

influences honey bee social behavior and behavior-related gene expression. PLOS Genet. 8:¢1002596
Anderson KE, Gadau J, Mott BM, Johnson RA, Altamirano A, et al. 2006. Distribution and evolution of
genetic caste determination in Pogonomyrmex seed-harvester ants. Feology 87:2171-84

Asgari S. 2013. MicroRNA functions in insects. Insect Biochem. Mol. Biol. 43:388-97

Beani L. 2006. Crazy wasps: when parasites manipulate the Polistes phenotype. Ann. Zool. Fenn. 43:564-74
Behura S, Whitfield C. 2010. Correlated expression patterns of microRNA genes with age-dependent
behavioural changes in honeybee. Insect Mol. Biol. 19:431-39

Bell AM, Robinson GE. 2011. Behavior and the dynamic genome. Science 332:1161-62

Berens AJ, Hunt JH, Toth AL. 2015. Comparative transcriptomics of convergent evolution: Different
genes but conserved pathways underlie caste phenotypes across lineages of eusocial insects. Mol. Biol.
Evol. 32:690-703

Berens AJ, Hunt JH, Toth AL. 2015. Nourishment level affects caste-related gene expression in Polistes
wasps. BMC Genom. 16:235

Berens AJ, Tibbetts EA, Toth AL. 2016. Candidate genes for individual recognition in Polistes fuscatus
paper wasps. 7. Comp. Physiol. A 202:115-29

Bessoltane N, Toffano-Nioche C, Solignac M, Mougel F. 2012. Fine scale analysis of crossover and
non-crossover and detection of recombination sequence motifs in the honeybee (Apis mellifera). PLOS
ONE 7:¢36229

Bonasio R, Li Q, Lian J, Mutti NS, Jin L, 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, Zhang G, Ye C, Mutti NS, Fang X, etal. 2010. Genomic comparison of the ants Camponotus
Sfloridanus and Harpegnathos saltator. Science 329:1068-71

Brady SG, Sipes S, Pearson A, Danforth BN. 2006. Recent and simultaneous origins of eusociality in
halictid bees. Proc. R. Soc. B 273:1643-49

o Reban



Annu. Rev. Entomol. 2017.62:419-442. Downloaded from www.annualreviews.org
Access provided by University of New Hampshire on 02/02/17. For personal use only.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Breed M, Sanchez L. 2010. Both environment and genetic makeup influence behavior. Nat. Educ. Knowl.
3:68

Cahan SH, Blumstein DT, Sundstrém L, Liebig J, Griffin A. 2002. Social trajectories and the evolution
of social behavior. Oikos 96:206-16

Cahan SH, Keller L. 2003. Complex hybrid origin of genetic caste determination in harvester ants.
Nature 424:306-9

Cardinal S, Danforth BN. 2011. The antiquity and evolutionary history of social behavior in bees. PLOS
ONE 6:€21086

Carroll SB. 2008. Evo-devo and an expanding evolutionary synthesis: a genetic theory of morphological
evolution. Cel/ 134:25-36

Cassill LD, T'schinkel RW. Task selection by workers of the fire ant Solenopsis invicta. Behav. Ecol. Sociobiol.
45:301-10

Chaimanee V, Chantawannakul P, Chen Y, Evans JD, Pettis JS. 2012. Differential expression of immune
genes of adult honey bee (Apis mellifera) after inoculated by Nosema ceranae. F. Insect Physiol. 58:1090-95
Chandrasekaran S, Ament SA, Eddy JA, Rodriguez-Zas SL, Schatz BR, et al. 2011. Behavior-specific
changes in transcriptional modules lead to distinct and predictable neurogenomic states. PNAS
108:18020-25

ChenX, YuX, CaiY, Zheng H, Yu D, etal. 2010. Next-generation small RNA sequencing for microRINAs
profiling in the honey bee Apis mellifera. Insect Mol. Biol. 19:799-805

Choe JC, Crespi BJ. 1997. The Evolution of Social Behaviour in Insects and Arachnids. Cambridge, UK:
Cambridge Univ. Press

Crespi B], Yanega D. 1995. The definition of eusociality. Bebav. Ecol. 6:109-15

Crozier R. 1976. Counter-intuitive property of effective population size. Nature 262:384

Currie CR. 2001. A community of ants, fungi, and bacteria: a multilateral approach to studying symbiosis.
Annu. Rev. Microbiol. 55:357-80

Daugherty T, Toth AL, Robinson GE. 2011. Nutrition and division of labor: effects on foraging and
brain gene expression in the paper wasp Polistes metricus. Mol. Ecol. 20:5337-47

de Bekker C, Ohm RA, Loreto RG, Sebastian A, Albert I, et al. 2015. Gene expression during zombie
ant biting behavior reflects the complexity underlying fungal parasitic behavioral manipulation. BMC
Genom. 16:620

Evans HE, West-Eberhard M]. 1970. The Wasps. Ann Arbor: Univ. Michigan Press

Evans JD, Wheeler DE. 1999. Differential gene expression between developing queens and workers in
the honey bee, Apis mellifera. PNAS 96:5575-80

Ferreira PG, Patalano S, Chauhan R, Ffrench-Constant R, Gabaldén TGR, et al. 2013. Transcriptome
analyses of primitively eusocial wasps reveal novel insights into the evolution of sociality and the origin
of alternative phenotypes. Genome Biol. 14:R20

Gadagkar R. 1997. The evolution of caste polymorphism in social insects: genetic release followed by
diversifying evolution. 7. Genet. 76:167-79

Galbraith DA, Kocher SD, Glenn T, Albert I, Hunt GJ, et al. 2016. Testing the kinship theory of
intragenomic conflict in honey bees (Apis mellifera). PNAS 113:1020-25

Galbraith DA, Yang X, Nino EL, Yi S, Grozinger C. 2015. Parallel epigenomic and transcriptomic
responses to viral infection in honey bees (Apis mellifera). PLOS Pathog. 11:¢1004713

Gibbs ], Brady SG, Kanda K, Danforth BN. 2012. Phylogeny of halictine bees supports a shared origin of
eusociality for Halictus and Lasioglossum (Apoidea: Anthophila: Halictidae). Mol. Phylogenet. Evol. 65:926—
39

Gilbert SF, Bosch TCG, Ledén-Rettig C. 2015. Eco-Evo-Devo: developmental symbiosis and develop-
mental plasticity as evolutionary agents. Nat. Rev. Genet. 16:611-22

Glastad K, Hunt B, Yi S, Goodisman M. 2011. DNA methylation in insects: on the brink of the epige-
nomic era. Insect Mol. Biol. 20:553-65

Graham AM, Munday MD, Kaftanoglu O, Page RE Jr., Amdam GV, Rueppell O. 2011. Support for the
reproductive ground plan hypothesis of social evolution and major QTL for ovary traits of Africanized
worker honey bees (Apis mellifera L.). BMC Evol. Biol. 11:95

www.annualyeviews.org o Molecular Evolution of Insect Sociality

437



Annu. Rev. Entomol. 2017.62:419-442. Downloaded from www.annualreviews.org
Access provided by University of New Hampshire on 02/02/17. For personal use only.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

438 Toth

Grozinger CM, Fan YL, Hoover SER, Winston ML. 2007. Genome-wide analysis reveals differences in
brain gene expression patterns associated with caste and reproductive status in honey bees (Apis mellifera).
Mol. Ecol. 16:4837-48

Grozinger CM, Sharabash NM, Whitfield CW, Robinson GE. 2003. Pheromone-mediated gene ex-
pression in the honey bee brain. PNAS 100:14519-25

Guo X, Su S, Skogerboe G, Dai S, Li W, et al. 2013. Recipe for a busy bee: microRNAs in honey bee
caste determination. PLOS ONE 8:¢81661

Harpur BA, Kent CF, Molodtsova D, Lebon JM, Alqarni AS, et al. 2014. Population genomics of the
honey bee reveals strong signatures of positive selection on worker traits. PNAS 111:2614-19

Herb BR, Wolschin F, Hansen KD, Aryee MJ, Langmead B, et al. 2012. Reversible switching between
epigenetic states in honeybee behavioral subcastes. Nat. Newrosci. 15:1371-73

Hines HM, Hunt JH, O’Connor TK, Gillespie JJ, Cameron SA. 2007. Multigene phylogeny reveals
eusociality evolved twice in vespid wasps. PNAS 104:3295-99

Hoekstra HE, Coyne JA. 2007. The locus of evolution: evo devo and the genetics of adaptation. Evolution
61:995-1016

Holldobler B, Wilson EO. 2009. The Superorganism: The Beauty, Elegance, and Strangeness of Insect Societies.
New York: WW Norton & Company

Hughes D. 2013. Pathways to understanding the extended phenotype of parasites in their hosts. 7. Exp.
Biol. 216:142-47

Hughes WO, Boomsma JJ. 2008. Genetic royal cheats in leaf-cutting ant societies. PNAS 105:5150-53
Hunt BG, Wyder S, Elango N, Werren JH, Zdobnov EM, et al. 2010. Sociality is linked to rates of
protein evolution in a highly social insect. Mol. Biol. Evol. 27:497-500

Hunt JH. 2007. The Evolution of Social Wasps. New York: Oxford Univ. Press

Hunt JH, Amdam GV. 2005. Bivoltinism as an antecedent to eusociality in the paper wasp genus Polistes.
Science 308:264—67

Hunt JH, Richard F-J. 2013. Intracolony vibroacoustic communication in social insects. Insect Soc.
60:403-17

JandtJM, Bengston S, Pinter-Wollman N, Pruitt JN, Raine NE, etal. 2014. Behavioural syndromes and
social insects: personality at multiple levels. Biol. Rev. 89:48-67

Jasper WC, Linksvayer TA, Atallah J, Friedman D, Chiu JC, Johnson BR. 2014. Large-scale coding
sequence change underlies the evolution of postdevelopmental novelty in honey bees. Mol. Biol. Evol.
33:1379

Johnson BR, Tsutsui ND. 2011. Taxonomically restricted genes are associated with the evolution of
sociality in the honey bee. BMC Genom. 12:164

Jones BM, Wcislo WT, Robinson GE. 2015. Developmental transcriptome for a facultatively eusocial
bee, Megalopta genalis. G3 Genes Genomes Genet. 5:2127-35

Kapheim KM, Pan H, Li C, Salzberg SL, Puiu D, et al. 2015. Genomic signatures of evolutionary
transitions from solitary to group living. Science 348:1139-43

Kent CF, Zayed A. 2013. Evolution of recombination and genome structure in eusocial insects. Comzrmun.
Integr. Biol. 6:18012-17

Kerr WE. 1974. Sex determination in bees. III. Caste determination and genetic control in Melipona.
Insectes Sociaux 21:357-67

Khalturin K, Hemmrich G, Fraune S, Augustin R, Bosch TCG. 2009. More than just orphans: Are
taxonomically-restricted genes important in evolution? Trends Genet. 25:404-13

Khamis AM, Hamilton AR, Medvedeva YA, Alam T, Alam I, et al. 2015. Insights into the transcriptional
architecture of behavioral plasticity in the honey bee Apis mellifera. Sci. Rep. 5:1136

Kocher SD, Paxton R]. 2014. Comparative methods offer powerful insights into social evolution in bees.
Apidologie 45:289-305

Kocher SD, Pellissier L, Veller C, Purcell J, Nowak MA, et al. 2014. Transitions in social complexity
along elevational gradients reveal a combined impact of season length and development time on social
evolution. Proc. R. Soc. B 281:627

Kocher SD, Tsuruda JM, Gibson JD, Emore CM, Arechavaleta-Velasco ME, et al. 2015. A search for
parent-of-origin effects on honey bee gene expression. G3 Genes Genomes Genet. 5:1657-62

o Reban



Annu. Rev. Entomol. 2017.62:419-442. Downloaded from www.annualreviews.org
Access provided by University of New Hampshire on 02/02/17. For personal use only.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Korb J, Schmidinger S. 2004. Help or disperse? Cooperation in termites influenced by food conditions.
Behav. Ecol. Sociobiol. 56:89-95

Korb J, Weil T, Hoffmann K, Foster KR, Rehli M. 2009. A gene necessary for reproductive suppression
in termites. Science 324:758

Krieger MJ, Ross KG. 2002. Identification of a major gene regulating complex social behavior. Science
295:328-32

Kronauer DJ. 2008. Genomic imprinting and kinship in the social Hymenoptera: What are the predic-
tions? 7. Theor. Biol. 254:737-40

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

Libbrecht RO, Oxley PR, Keller L, Kronauer DJC. 2016. Robust DNA methylation in the clonal raider
ant brain. Curr. Biol. 26:391-95

Li-Byarlay H, Li Y, Stroud H, Feng S, Newman TC, etal. 2013. RNA interference knockdown of DNA
methyl-transferase 3 affects gene alternative splicing in the honey bee. PNAS 110:12750-55

Lihoreau M, Latty T, Chittka L. 2012. An exploration of the social brain hypothesis in insects. Front.
Physiol. 3:442

Linksvayer TA, Wade MJ. 2005. The evolutionary origin and elaboration of sociality in the aculeate
Hymenoptera: maternal effects, sib-social effects, and heterochrony. Q. Rev. Biol. 80:317-36
Linksvayer TA, Wade MJ. 2009. Genes with social effects are expected to harbor more sequence variation
within and between species. Evolution 63:1685-96

Liu F, Peng W, Li Z, Li W, Li L, et al. 2012. Next-generation small RNA sequencing for microRNAs
profiling in Apis mellifera: comparison between nurses and foragers. Insect Mol. Biol. 21:297-303

Lo N, Hayashi Y, Kitade O. 2009. Should environmental caste determination be assumed for termites?
Am. Nat. 173:848-53

Lockett GA, Helliwell P, Maleszka R. 2010. Involvement of DNA methylation in memory processing
in the honey bee. Neuroreport 21:812-16

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

Manfredini F, Riba-Grognuz O, Wurm Y, Keller L, Shoemaker D, Grozinger CM. 2013. Sociogenomics
of cooperation and conflict during colony founding in the fire ant Solenopsis invicta. PLOS Genet.
9:¢1003633

Misof B, Liu S, Meusemann K, Peters RS, Donath A, et al. 2014. Phylogenomics resolves the timing
and pattern of insect evolution. Science 346:763-67

Moczek AP, Snell-Rood EC. 2008. The basis of bee-ing different: the role of gene silencing in plasticity.
Evol. Dev. 10:511-13

Molodtsova D, Harpur BA, Kent CF, Seevananthan K, Zayed A. 2014. Pleiotropy constrains the evolu-
tion of protein but not regulatory sequences in a transcription regulatory network influencing complex
social behaviors. Front. Genet. 5:431

Morandin C, Dhaygude K, Paviala J, Trontti K, Wheat C, Helanteri H. 2015. Caste-biases in gene
expression are specific to developmental stage in the ant Formica exsecta. J. Evol. Biol. 28:1705-18
Morandin C, Tin MMY, Abril S, Gémez C, Pontieri L, et al. 2016. Comparative transcriptomics reveals
the conserved building blocks involved in parallel evolution of diverse phenotypic traits in ants. Genomze
Biol. 17:43

Moritz RF, Lattorft HMG, Neumann P, Kraus FB, Radloff SE, Hepburn HR. 2005. Rare royal families
in honeybees, Apis mellifera. Naturwissenschaften 92:488-91

Mueller UG. 2012. Symbiont recruitment versus ant-symbiont co-evolution in the attine ant-microbe
symbiosis. Curr. Opin. Microbiol. 15:269-77

Nygaard S, Zhang G, Schiott M, Li C, Wurm Y, et al. 2011. The genome of the leaf-cutting ant
Acromyrmex echinatior suggests key adaptations to advanced social life and fungus farming. Genome Res.
21:1339-48

Oldroyd BP, Allsopp MH, Roth KM, Remnant EJ, Drewell RA, Beekman M. 2014. A parent-of-origin
effect on honeybee worker ovary size. Proc. R. Soc. B 281:20132388

www.annualyeviews.org o Molecular Evolution of Insect Sociality

439



Annu. Rev. Entomol. 2017.62:419-442. Downloaded from www.annualreviews.org
Access provided by University of New Hampshire on 02/02/17. For personal use only.

440

97.

98.

99.

100.

101.

102.
103.

104.

105.
106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Toth

Oldroyd BP, Beekman M. 2008. Effects of selection for honey bee worker reproduction on foraging
traits. PLOS Biol. 6:e56

Ometto L, Shoemaker D, Ross KG, Keller L. 2011. Evolution of gene expression in fire ants: the effects
of developmental stage, caste, and species. Mol. Biol. Evol. 28:1381-92

Page RE, Amdam GV. 2007. The making of a social insect: developmental architectures of social design.
BioEssays 29:334-43

Patalano S, Vlasova A, Wyatt C, Ewels P, Camara F, et al. 2015. Molecular signatures of plastic pheno-
types in two eusocial insect species with simple societies. PNAS 112:13970-75

Pfennig DW, Wund MA, Snell-Rood EC, Cruickshank T, Schlichting CD, Moczek AP. 2010. Pheno-
typic plasticity’s impacts on diversification and speciation. Trends Ecol. Evol. 25:459-67

Pigliucci M, Miiller GB. 2010. Evolution: The Extended Synthesis. Cambridge, MA: MIT Press

Purcell J. 2011. Geographic patterns in the distribution of social systems in terrestrial arthropods. Biol.
Rev. 86:475-91

Purcell ], Brelsford A, Wurm Y, Perrin N, Chapuisat M. 2014. Convergent genetic architecture underlies
social organization in ants. Curr. Biol. 24:2728-32

Queller DC. 2003. Theory of genomic imprinting conflict in social insects. BMC Evol. Biol. 3:15
Rehan SM, Berens AJ, Toth AL. 2014. At the brink of eusociality: transcriptomic correlates of worker
behaviour in a small carpenter bee. BMC Evol. Biol. 14:260

Rehan SM, Glastad KM, Lawson SP, Hunt BG. 2016. The genome and methylome of a subsocial small
carpenter bee, Ceratina calcarata. Genome Biol. Evol. 8:1401-10

Rehan SM, Leys R, Schwarz MP. 2012. A mid-Cretaceous origin of sociality in xylocopine bees with
only two origins of true worker castes indicates severe barriers to eusociality. PLOS ONE 7:e34690
Rehan SM, Toth AL. 2015. Climbing the social ladder: the molecular evolution of sociality. Trends Ecol.
Evol. 30:426-33

Robinson GE, Ben-Shahar Y. 2002. Social behavior and comparative genomics: new genes or new gene
regulation? Genes Brain Bebav. 1:197-203

Robinson GE, Grozinger CM, Whitfield CW. 2005. Sociogenomics: social life in molecular terms. Nat.
Rev. Genet. 6:257-70

Ross KG, Keller L. 1995. Ecology and evolution of social organization: insights from fire ants and other
highly eusocial insects. Annu. Rev. Ecol. Syst. 26:631-56

Ross L, Blackmon H, Lorite P, Gokhman V, Hardy N. 2015. Recombination, chromosome number and
eusociality in the Hymenoptera. 7. Evol. Biol. 28:105-16

Sadd BM, Barribeau SM, Bloch G, de Graaf DC, Dearden P, et al. 2015. The genomes of two key
bumblebee species with primitive eusocial organization. Genome Biol. 16:76

Scharf ME, Buckspan CE, Grzymala TL, Zhou X. 2007. Regulation of polyphenic caste differentiation in
the termite Reticulitermes flavipes by interaction of intrinsic and extrinsic factors. 7. Exp. Biol. 210:4390-98
Scharf ME, Wu-Scharf D, Zhou X, Pittendrigh BR, Bennett GW. 2005. Gene expression profiles among
immature and adult reproductive castes of the termite Reticulitermes flavipes. Insect Mol. Biol. 14:31-44
Schrader L, Simola DF, Heinze JR, Oettler J. 2015. Sphingolipids, transcription factors, and conserved
toolkit genes: developmental plasticity in the ant Cardiocondyla obscurior. Mol. Biol. Fvol. 32:1474-86
Schwander T, Humbert J-Y, Brent CS, Cahan SH, Chapuis L, et al. 2008. Maternal effect on female
caste determination in a social insect. Curr. Biol. 18:265-69

Schwarz RS, Huang Q, Evans JD. 2015. Hologenome theory and the honey bee pathosphere. Curv.
Opin. Insect Sci. 10:1-7

Sen Sarma M, Rodriguez-Zas SL, Hong F, Zhong S, Robinson GE. 2009. Transcriptomic profiling of
central nervous system regions in three species of honey bee during dance communication behavior.
PLOS ONE 4:e6408

Sheehan MJ, Botero CA, Hendry TA, Sedio BE, Jandt JM, et al. 2015. Different axes of environmental
variation explain the presence vs. extent of cooperative nest founding associations in Polistes paper wasps.
Ecol. Letr. 18:1057-67

Simola DF, Graham R], Brady CM, Enzmann BL, Desplan C, et al. 2016. Epigenetic (re)programming
of caste-specific behavior in the ant Camsponotus floridanus. Science 351:aac6633

o Reban



Annu. Rev. Entomol. 2017.62:419-442. Downloaded from www.annualreviews.org
Access provided by University of New Hampshire on 02/02/17. For personal use only.

123.

124.

125.

126.

127.

128.

129.

130.
131.

132.
133.

134.

135.

136.

137.

138.

139.

140.

141.
142.

143.

144.

145.

146.

147.

148.

Simola DF, Wissler L, Donahue G, Waterhouse RM, Helmkampf M, Roux J. 2013. Social insect
genomes exhibit dramatic evolution in gene composition and regulation while preserving regulatory
features linked to sociality. Genome Res. 23:1235-47

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

Sinha S, Ling X, Whitfield CW, Zhai C, Robinson GE. 2006. Genome scan for cis-regulatory DNA
motifs associated with social behavior in honey bees. PNAS 103:16352-57

Sirvio A, Pamilo P, Johnson RA, Page RE Jr., Gadau J. 2011. Origin and evolution of the dependent
lineages in the genetic caste determination system of Pogonomyrmex ants. Evolution 65:869—-84

Smith CD, Smith CR, Mueller U, Gadau J. 2010. Ant genomics: strength and diversity in numbers. Mol.
Ecol. 19:31-35

Standage DS, Berens AJ, Glastad KM, Severin AJ, Brendel VP, Toth AL. 2016. Genome, transcriptome,
and methylome sequencing of a primitively eusocial wasp reveal a greatly reduced DNA methylation
system in a social insect. Mol. Ecol. 25:1769-84

Suen G, Teiling C, Li L, Holt C, Abouheif E, et al. 2011. The genome sequence of the leaf-cutter ant
Atta cephalotes reveals insights into its obligate symbiotic lifestyle. PLOS Genet. 7:¢1002007

Sumner S. 2014. The importance of genomic novelty in social evolution. Mol. Ecol. 23:26-28
Suryanarayanan S, Hermanson JC, Jeanne RL. 2011. A mechanical signal biases caste development in a
social wasp. Curr. Biol. 21:231-35

Suzuki Y, Nijhout HF. 2006. Evolution of a polyphenism by genetic accommodation. Science 311:650-52
Tallamy DW, Wood TK. 1986. Convergence patterns in subsocial insects. Annu. Rev. Entomol. 31:369—
90

Terrapon N, Li C, Robertson HM, Ji L, Meng X, et al. 2014. Molecular traces of alternative social
organization in a termite genome. Nat. Comm. 5:3636

Tilley CA, Oldroyd BP. 1997. Unequal subfamily proportions among honey bee queen and worker
brood. Anim. Bebav. 54:1483-90

Toth AL, Robinson GE. 2007. Evo-devo and the evolution of social behavior. Trends Genet. 23:334-41
Toth AL, Tooker JF, Radhakrishnan S, Minard R, Henshaw M T, Grozinger CM. 2014. Shared genes
related to aggression, rather than chemical communication, are associated with reproductive dominance
in paper wasps (Polistes metricus). BMC Genom. 15:75

Toth AL, Varala K, Henshaw MT, Rodriguez-Zas SL, Hudson ME, Robinson GE. 2010. Brain tran-
scriptomic analysis in paper wasps identifies genes associated with behaviour across social insect lineages.
Proc. R. Soc. B277:2139-48

Toth AL, Varala K, Newman TC, Miguez FE, Hutchison SK, etal. 2007. Wasp gene expression supports
an evolutionary link between maternal behavior and eusociality. Science 318:441-44

Trible W, Ross KG. 2016. Chemical communication of queen supergene status in an ant. 7. Evol. Biol.
29:502-13

Waddington CH. 1961. Genetic assimilation. Adv. Genet. 10:257-93

Wang J, Wurm Y, Nipitwattanaphon M, Riba-Grognuz O, Huang Y-C, et al. 2013. A Y-like social
chromosome causes alternative colony organization in fire ants. Nature 493:664—68

Weislo WT, Danforth BN. 1997. Secondarily solitary: the evolutionary loss of social behavior. Trends
Ecol. Evol. 12:468-74

Weaver DB, Anzola JM, Evans JD, Reid JG, Reese JT, et al. 2007. Computational and transcriptional
evidence for microRINAs in the honey bee genome. Genorme Biol. 8:R97

Weil T, Rehli M, Korb J. 2007. Molecular basis for the reproductive division of labour in a lower termite.
BMC Genom. 8:198

Weiner SA, Galbraith DA, Adams DC, Valenzuela N, Noll FB, etal. 2013. A survey of DNA methylation
across social insect species, life stages, and castes reveals abundant and caste-associated methylation in a
primitively social wasp. Naturwissenschaften 100:795-99

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

Weinstock GM, Robinson GE, Gibbs RA, Worley KC, Evans JD, etal. 2006. Insights into social insects
from the genome of the honeybee Apis mellifera. Nature 443:931-49

www.annualyeviews.org o Molecular Evolution of Insect Sociality

441



Annu. Rev. Entomol. 2017.62:419-442. Downloaded from www.annualreviews.org
Access provided by University of New Hampshire on 02/02/17. For personal use only.

442

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

West-Eberhard MJ. 1987. Flexible strategy and social evolution. In Animal Societies: Theories and Facts,
ed. YB It6, JL, ] Kikkawa, pp. 35-51. Tokyo: Jpn. Sci. Soc. Press

West-Eberhard MJ. 1996. Wasp societies as microcosms for the study of development and evolution.
In Natural History and Evolution of Paper Wasps, ed. M] West-Eberhard, S Turillazzi. New York: Oxford
Univ. Press

West-Eberhard MJ. 2003. Developmental Plasticity and Evolution. Oxford, UK: Oxford Univ. Press
Wheeler D. 1996. The role of nourishment in oogenesis. Annu. Rev. Entomol. 41:407-31

Whitfield CW, Cziko AM, Robinson GE. 2003. Gene expression profiles in the brain predict behavior
in individual honey bees. Science 302:296-99

Wilfert L, Gadau J, Schmid-Hempel P. 2007. Variation in genomic recombination rates among animal
taxa and the case of social insects. Heredity 98:189-97

Wilkins JF, Haig D. 2003. What good is genomic imprinting: the function of parent-specific gene
expression. Nat. Rev. Genet. 4:359-68

Wilson EO. 1971. The Insect Societies. Cambridge, MA: Harvard Univ. Press

Wilson EO. 2008. One giant leap: how insects achieved altruism and colonial life. BioScience 58:17-25
Wilson-Rich N, Spivak M, Fefferman NH, Starks PT. 2009. Genetic, individual, and group facilitation
of disease resistance in insect societies. Annu. Rev. Entomol. 54:405-23

Wissler L, Gadau JR, Simola DF, Helmkampf M, Bornberg-Bauer E. 2013. Mechanisms and dynamics
of orphan gene emergence in insect genomes. Genome Biol. Evol. 5:439-55

Wittkopp PJ, Haerum BK, Clark AG. 2004. Evolutionary changes in ¢is and trans gene regulation. Nature
430:85-88

Woodard SH, Bloch GM, Band MR, Robinson GE. 2014. Molecular heterochrony and the evolution
of sociality in bumblebees (Bombus terrestris). Proc. R. Soc. B 281:20132419

Woodard SH, Fischman BJ, Venkat A, Hudson ME, Varala K, etal. 2011. Genes involved in convergent
evolution of eusociality in bees. PNAS 108:7472-77

Wurm Y, Wang J, Riba-Grognuz O, Corona M, Nygaard S, et al. 2011. The genome of the fire ant
Solenopsis invicta. PNAS 108:5679-84

Zayed A, Robinson GE. 2012. Understanding the relationship between brain gene expression and social
behavior: lessons from the honey bee. Annu. Rev. Genet. 46:591-615

Zhou X, Oi FM, Scharf ME. 2006. Social exploitation of hexamerin: RNAi reveals a major caste-
regulatory factor in termites. PNAS 103:4499-504

Toth e Reban



Annu. Rev. Entomol. 2017.62:419-442. Downloaded from www.annualreviews.org
Access provided by University of New Hampshire on 02/02/17. For personal use only.

R

R

Annual Review of
Entomology

Volume 62, 2017 Contents

Following the Yellow Brick Road

Charles H. Calisher ............ ... . 1
Behavioral Sabotage of Plant Defenses by Insect Folivores

David E. Dussourd ............... ... ... 15
Neuropeptides as Regulators of Behavior in Insects

Liliane Schoofs, Arnold De Loof, and Matthias Boris Van Hiel ............................ 35
Learning in Insect Pollinators and Herbivores

Patricia L. Jones and Anurag A. Agrawal ... 53
Insect Pathogenic Fungi: Genomics, Molecular Interactions, and Genetic

Improvements

Chengshu Wang and Sihao Wang ..o 73

Habitat Management to Suppress Pest Populations: Progress and Prospects
Geoff M. Gurr, Steve D. Wratten, Douglas A. Landis, and Minsheng You .............. 91

MicroRNAs and the Evolution of Insect Metamorphosis
Xavier Belles .......... ... . 111

The Impact of Trap Type and Design Features on Survey and Detection
of Bark and Woodboring Beetles and Their Associates: A Review and
Meta-Analysis
Feremy D. Allison and Richard A. Redak ..............................cccccciiii. 127

Tephritid Integrative Taxonomy: Where We Are Now, with a Focus on
the Resolution of Three Tropical Fruit Fly Species Complexes
Mark K. Schutze, Massimiliano Virgilio, Allen Norrbom, and Anthony R. Clarke ... .. 147

Emerging Themes in Our Understanding of Species Displacements
Yulin Gao and Stuart R. Reitz ... 165

Diversity of Cuticular Micro- and Nanostructures on Insects: Properties,
Functions, and Potential Applications
Gregory S. Watson, Folanta A. Watson, and Bronwen W. Cribb ........................ 185

Impacts of Insect Herbivores on Plant Populations
Fudith H. Myers and Rana M. Sarfraz ......................ccciiiiiiiii 207

viii



Annu. Rev. Entomol. 2017.62:419-442. Downloaded from www.annualreviews.org
Access provided by University of New Hampshire on 02/02/17. For personal use only.

Past, Present, and Future of Integrated Control of Apple Pests: The New
Zealand Experience

Fames T.S. Walker, David Maxwell Suckling, and C. Howard Wearing ............... 231
Beekeeping from Antiquity Through the Middle Ages

Gene Kritsky ... 249
Phylogeny and Evolution of Lepidoptera

Charles Mitter, Donald R. Davis, and Michael P. Cummings .......................... 265
The Ambrosia Symbiosis: From Evolutionary Ecology to Practical

Management

Firi Huler and Lukasz L. Stelinski ... .. ... 285

Social Life in Arid Environments: The Case Study of Caraglyphis Ants
Raphaél Boulay, Serge Aron, Xim Cerdd, Claudie Doums, Paul Grabam,
Abrabam Hefetz, and Thibaud Monnin ................................ccccccceees. 305

Processionary Moths and Associated Urtication Risk: Global
Change—Driven Effects
Andrea Battisti, Stig Larsson, and Alain Roques .........................c..ccccoi. 323

African Horse Sickness Virus: History, Transmission, and Current Status
Simon Carpenter, Philip S. Mellor, Assane G. Fall, Claire Garros,
and Gert J. Venter .. ... . ... 343

Spatial Self-Organization of Ecosystems: Integrating Multiple
Mechanisms of Regular-Pattern Formation

Robert M. Pringle and Corina E. Tarnita .....................cccccciiiiiii. 359
Evolution of Stored-Product Entomology: Protecting the World

Food Supply

David W. Hagstrum and Thomas W. Phillips .......................cccciiiii. 379

Ecoinformatics (Big Data) for Agricultural Entomology: Pitfalls,
Progress, and Promise
Jay A. Rosenbeim and Claudio Gratton .........................ccoiiiiiiii, 399

Molecular Evolution of Insect Sociality: An Eco-Evo-Devo Synthesis
Amy L. Toth and Sandra M. Reban ..o 419

Physicochemical Property Variation in Spider Silk: Ecology, Evolution,
and Synthetic Production

Sean F. Blamires, Todd A. Blackledge, and I-Min Tso .............................c..... 443
Indexes
Cumulative Index of Contributing Authors, Volumes 53-62 ........................... 461
Cumulative Index of Article Titles, Volumes 53-62 ........................cccciii.. 467

Contents  ix



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Entomology Online
	Most Downloaded Entomology Reviews 
	Most Cited Entomology Reviews 
	Annual Review of Entomology Errata 
	View Current Editorial Committee

	All Articles in the Annual Review of Entomology, Vol. 62

	Following the Yellow Brick Road
	Behavioral Sabotage of Plant Defenses by Insect Folivores
	Neuropeptides as Regulators of Behavior in Insects
	Learning in Insect Pollinators and Herbivores
	Insect Pathogenic Fungi: Genomics, Molecular Interactions, and Genetic
Improvements
	Habitat Management to Suppress Pest Populations: Progress and Prospects
	MicroRNAs and the Evolution of Insect Metamorphosis
	The Impact of Trap Type and Design Features on Survey and Detectionof Bark and Woodboring Beetles and Their Associates: A Review andMeta-Analysis
	Tephritid Integrative Taxonomy: Where We Are Now, with a Focus on
the Resolution of Three Tropical Fruit Fly Species Complexes
	Emerging Themes in Our Understanding of Species Displacements
	Diversity of Cuticular Micro- and Nanostructures on Insects: Properties,
Functions, and Potential Applications
	Impacts of Insect Herbivores on Plant Populations
	Past, Present, and Future of Integrated Control of Apple Pests: The New
Zealand Experience
	Beekeeping from Antiquity Through the Middle Ages
	Phylogeny and Evolution of Lepidoptera
	The Ambrosia Symbiosis: From Evolutionary Ecology to Practical
Management
	Social Life in Arid Environments: The Case Study of Cataglyphis Ants
	Processionary Moths and Associated Urtication Risk: Global
Change–Driven Effects
	African Horse Sickness Virus: History, Transmission, and Current Status
	Spatial Self-Organization of Ecosystems: Integrating Multiple
Mechanisms of Regular-Pattern Formation
	Evolution of Stored-Product Entomology: Protecting the World
Food Supply
	Ecoinformatics (Big Data) for Agricultural Entomology: Pitfalls, Progress, and Promise

	Molecular Evolution of Insect Sociality: An Eco-Evo-Devo Synthesis
	Physicochemical Property Variation in Spider Silk: Ecology, Evolution,and Synthetic Production


