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ScienceDirect
Genomic resources are now available for closely related

species that vary in social behavior, providing insight on the

genomics of social evolution. Changes in the architecture of

gene regulatory networks likely influence the evolutionary

trajectory of social traits. Evolutionarily novel genes are likely

important in the evolution of social diversity among insects, but

it is unclear whether new genes played a driving role in the

advent or elaboration of eusociality or if they were instead a

result of other genomic features of eusociality. The worker

phenotype appears to be the center of genetic novelty, but the

mechanisms for this remain unresolved. Future studies are

needed to understand how genetic novelty arises, becomes

incorporated into existing gene regulatory networks, and the

effects this has on the evolution of social traits in closely related

social and solitary species.
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Introduction
The 2006 publication of the honey bee genome marked a

milestone in the field of sociogenomics, the study of social

life in molecular terms [1,2]. At the time, this was one of

only a few insect species with a published genome, and

the first from the group of insects known for their ex-

traordinary social lives — the termites, ants, wasps, and

bees. A recent growth of genomic resources available for

insects with variable social behavior (Figure 1) provides a

refined ability to understand how the genome evolves

in association with both the origins of eusociality (i.e.,

from a solitary lifestyle to the early stages of organized

social life) and the further elaborations of complex forms

of eusociality from simple societies. This review sum-

marizes recent insights gained from the use of compara-

tive genomics to understand the molecular basis for social
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evolution and highlights key areas that may be important

for future research. The results highlight emerging

themes with novel hypotheses related to the conservation

of genes and gene networks associated with independent

origins of sociality, the origins of evolutionarily novel

genes and their role in eusociality, and the evolutionary

processes that may lead to genetic novelty associated with

the worker phenotype.

Variation in gene regulation as a source of
phenotypic novelty
In eusocial insects, individual colony members belong to

castes with striking differences in morphology, anatomy,

physiology, and behavior, yet share highly similar gen-

omes. Queens specialize on reproductive activity, and

workers are responsible for brood care, nest maintenance,

nest guarding, and foraging. In bees, ants, and wasps,

these roles are divided among adult females, but both

sexes in multiple stages of development participate in

division of labor in termite colonies. In this way, eusoci-

ality is similar to many other complex traits, in that it is

multigenic, expressed across multiple tissues, develop-

mental stages, and individuals within a colony, and is

highly influenced by variation in both the ecological and

social environment. It has long been recognized that

evolutionary modifications to the temporal and spatial

expression of protein-coding genes play an important role

in generating novel phenotypes [3], and early experi-

ments showing that differential expression of certain

genes was associated with phenotypic plasticity in social

insects [4,5] supported the idea that changes in gene

regulation may also be an important component of the

evolution of eusociality [6]. Additional support for this has

accumulated with myriad studies identifying sets of genes

that are differentially expressed between castes or sub-

castes of a broad range of social insect species [7–16,

17��,18–22]. This suggests that changes in gene regula-

tion is a mechanism by which ancestral solitary life

histories (i.e., ground plans) could be modified to produce

complex societies with division of labor, via changes in

the timing [23] or developmental patterns [24–26] of the

expression of key genes.

These key genes were proposed to be part of a ‘genetic

toolkit’, defined as a set of conserved genes or molecular

pathways that are repeatedly recruited into functions

related to eusociality via evolutionary changes in the

timing and spatial context of their expression [27]. Sup-

port for this hypothesis is mixed. Evidence for a shared set

of genes or molecular pathways that are differentially
www.sciencedirect.com
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Figure 1
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Line graph of the cumulative total number of social insect genomes

(ants, bees, vespid wasps, termites) published each year and available

at NCBI (www.ncbi.nlm.nih.gov/genome; accessed 12 August 2015).

Two of the genomes currently available on NCBI have not yet been

published.
expressed among castes has accumulated across a broad

range of taxa [7,14–16,17��,18,19,28,29]. However, the

proportion of these differentially expressed genes that

are shared between studies is often very small, even if

statistically significant, and some studies find little or no

overlap between species at all [7,13,29,30�]. This lack of

overlap may reflect methodological differences. Eusoci-

ality is a dynamic suite of behavioral, physiological, and

ecological traits, and there is little reason to expect the

same genes to be consistently differentially expressed

between castes or subcastes of different species in differ-

ent tissues, stages of development, and ecological con-

texts at all times. From studies that have characterized

caste-biased gene expression in multiple developmental

stages in ants, it has become evident that few genes are

expressed exclusively in one caste, and many genes shift

the direction of expression bias between castes across

developmental stages [18,22]. Yet, a single stage of de-

velopment and whole organism sampling is often the

level at which comparisons are made, and thus represent

a snapshot of gene expression at the time of collection,

averaged over all the cells in the tissue being sampled.

These snapshots probably capture a great deal of variation

that render direct comparisons across studies less mean-

ingful. Further sampling of multiple tissues at multiple

stages of individual and colony development will provide

the necessary data for meaningful tests of the genetic

toolkit hypothesis.

There is also a potential evolutionary explanation for the

lack of overlap, however. An important component of

the genetic toolkit hypothesis is the assumption that the
www.sciencedirect.com 
same conserved set of genes regulates physiology and

behavior in a broad distribution of solitary ancestors of

social insects, such that when they are co-opted for

eusociality in different lineages, they are expected to

be the same. This assumption has never been tested,

and the genetic basis for physiology and behavior in

solitary insects representative of the species ancestral

to social insects is relatively understudied. There is likely

to be a set of conserved genes that are common to

reproduction in all insects, but there are also likely to

be novel features of these pathways in each species. If it is

the lineage-specific elements of these pathways that are

recruited into social functions, then this could explain the

small proportion of conserved genes differentially

expressed between castes among species with indepen-

dent origins of eusociality. Evidence for lineage-specific

evolution of gene families and cis-regulatory relationships

involved in social traits was found in a recent comparative

study in bees [31��], and thus illustrates how different

genes from similar gene networks could be recruited into

social functions in each instance of eusociality. This

would also explain why more similarity is found at the

level of molecular pathways than at the level of individual

genes [15]. Tests of the genetic toolkit hypothesis could

be substantially improved with detailed characterization

and experimental manipulation of key genetic pathways

underlying traits related to eusociality (e.g., wing devel-

opment networks [32]) in closely related solitary and

social species. This would help to reveal the origins of

lineage-specific differences in gene regulatory networks

and the evolutionary processes that determine which

components of a network are co-opted for eusociality.

Gene regulatory networks as drivers of
evolutionary novelty
As is the case for understanding the evolution of any

complex phenotype, an important step in determining

how changes in gene regulation function in the evolution

of eusociality will be to extend comparisons beyond

analyses of differential gene expression to systems-level

analyses of gene regulatory networks [33,34]. Gene regu-

latory networks encode the spatial and temporal patterns

of mRNA abundance on the basis of the functional

linkages between genes and their regulators, which

may include DNA sequences, proteins, and epigenetic

tags. Each gene regulatory network is probably comprised

of several subnetworks, some of which are more evolu-

tionarily malleable than others [35]. Some recent studies

have evaluated gene expression patterns within the con-

text of modules of co-expressed genes [29,36��], but a

systems biology approach will require integrating rela-

tionships between transcription factors and the genes

they regulate [37,38,39�,40�], epigenetic profiles [41–
45], chromatin structure and histone modifications

[42,46], use of alternative transcription start-sites [39�]
and alternative splicing [47], expression of microRNAs

[48–50], and patterns of RNA editing [51�]. Additional
Current Opinion in Insect Science 2016, 13:24–32
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research in proteomics [52–54], will also reveal important

functional links between transcription and protein pro-

ducts [33]. This may seem like a daunting task, but newly

developed technologies, such as single-cell RNA se-

quencing [55], cap analysis of gene expression (CAGE)

[39�], detection of microRNAs [49] and RNA editing

events [56] through RNA sequencing should enable

the reconstruction of robust regulatory networks in social

insects. Additionally, transgenics has recently been de-

veloped for honey bees [57��], which will allow direct

tests of hypothesized relationships through manipulation

of gene expression patterns. This is important, because

recent studies have found evidence that regulatory

changes are a common component of social evolution

[31��,58�,59,60��], but the meaning of these changes is not

clear without an understanding of the regulatory archi-

tecture in which they function.

Systems-level investigations of gene regulation have also

been useful in elucidating the evolutionary processes

associated with phenotypic novelty across taxa [61,62],

and recent studies with social insects have provided

support for two predictions concerning the effects of

genetic regulatory architecture on evolution. First, genes

with an expression bias among castes are expected to

evolve more rapidly than genes expressed similarly in all

individuals, because genes with conditional expression

are probably under reduced pleiotropic constraint [63]

and are less exposed to selection [64]. In turn, expression

variation may be more likely to evolve at loci that are

already under relaxed selection, and thus removed from

selective constraint [65,66]. In support of this relation-

ship, genes with conditional expression patterns also have

higher rates of protein divergence within the ant genus

Solenopsis [65] and in honey bees (Apis mellifera) [66].

However, other studies have revealed that this relation-

ship is nuanced, and conditional expression cannot

account for all the variation in rates of protein evolution

[21,29,60��,67]. A major limitation to resolving these

nuances has been that caste-biased genes are typically

defined on the basis of a single study of a single tissue

(or whole body) at a single developmental stage (but

see [18,22]). Reconstructing gene regulatory networks

in multiple tissues, castes, and developmental stages will

provide more complete expression profiles against which

to compare evolutionary rate [22]. It will also provide a

comprehensive view of the genomic features that limit or

enhance expression of each gene, which could resolve

some of the nuances in the relationship between condi-

tional expression and social evolution.

The second prediction regarding genetic architecture

and social evolution is that genes at the core of a regula-

tory network are likely to be more evolutionarily con-

strained than genes at the periphery. This is because

functional changes in genes that are highly connected

and central (i.e., ‘core’) to other genes (i.e., ‘peripheral’)
Current Opinion in Insect Science 2016, 13:24–32 
in a regulatory network are likely to disrupt many bio-

logical processes. Support for this comes from analysis of

a honey bee transcriptional regulatory network charac-

terizing behavioral traits [59]. Highly connected and

centrally located protein coding genes, both transcription

factors and their target genes, were under stronger puri-

fying selection than weakly connected or peripherally

located genes [59]. It was further found that genes with

low connectedness and high tissue specificity are respon-

sible for novel phenotypes via sequence evolution in

specialized tissues related to social traits in honey bees,

such as the sting gland (used for defense against verte-

brates, rather than invertebrates) and the hypopharan-

geal gland (used by nurse bees to make food for

nestmates) [36��].

One exception to this rule seems to be in the brain, the

center of behavioral and social plasticity. In honey bees,

gene evolution in nervous tissue was not related to

network structure, as it was in specialized tissues related

to social traits [36��]. Likewise, increases in social com-

plexity across ten bees was accompanied by increasing

purifying selection on genes related to brain develop-

ment, with increasingly rapid evolution of genes involved

in splicing, transcription, and translation [31��]. This

suggests that brain functions related to eusociality evolve

through changes in gene regulation, rather than changes

to protein-coding genes that function in brain develop-

ment [31��], as is known for human brain evolution [68].

As our ability to reconstruct sophisticated gene regulatory

networks improves in more species, we will be better

poised to distil the causal relationship between a gene’s

position in a network, its expression profile, and the effect

this has on the evolutionary trajectory of social pheno-

types.

New genes as drivers of evolutionary novelty
Gene regulatory network reconstruction will not only

help to identify the degree to which conserved genes

function in social evolution, but can also reveal the role of

lineage-specific genes in social evolution. Novel genes, or

genes with no known homology, play an important role

in evolutionary novelty as they evolve new molecular

functions and cellular localizations, contribute to stress

resistance, and can influence development [69,70]. These

processes are likely to play a role in the evolution of

eusociality as well. An important caveat to the study of

new genes is that homologs are likely to be found for

many novel genes as genomes from more closely related

species are sequenced. Nonetheless, a large number of

novel genes have been noted in the genomes of many

social insects, and in several cases they are among those

associated with social traits or are differentially expressed

between castes [7,13,36��,60��,71,72,73��], though how

prevalent these genes are among those related to social

behavior is variable across studies [15,74]. In honey bees,

more than 90% of the total expression in simple tissues
www.sciencedirect.com
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with evolved specialized functions for social coordination

stemmed from novel genes, but no such enrichment was

found in the expression profiles of highly conserved tissues

[36��]. A similar pattern of high tissue specificity was also

found for novel genes in primates [75], suggesting that

there may be foundational links between the evolution of

new genes, their expression patterns, and function.

If novel genes are an important source of social novelty,

then it will be important to investigate the process by

which novel genes arise. As more genomic resources

become available for species with variable social behavior,

it will be important to distinguish between origins of

eusociality from a solitary ancestor and elaborations of

complex eusociality, as well as species-specific ecology

when discussing the evolutionary role of novel genes. For

example, it has been suggested that novel genes that

function in sophisticated social coordination would be

favored by selection in species that live in highly complex

eusocial colonies, and are therefore more likely to be

involved in elaborations of eusociality or lineage-specific

adaptations than they are to play a significant role in the

origins of eusociality from a solitary ancestor [76,77].

There is some evidence to support this secondary role

for novel genes. First, the most comprehensive studies of

novel genes (i.e., studies that have used rigorous methods

to validate that novel genes are robust) have heretofore

focused on species with highly derived forms of eusociali-

ty, such as ants [58�,73��] and honey bees [36��]. In these

species, novel genes function in species-specific aspects of

ecology and social biology, rather than in common features

of eusociality. Most hymenopteran novel genes originate

de novo from intergenic regions, either from precursor

open reading frames (ORFs) (i.e., gene birth) or they are

remnants of old genes that have been lost by all but one

lineage (i.e., gene death) [73��], and species in the order

Hymenoptera acquire novel genes at a relatively high rate,

as compared to Diptera, when evolutionary distance be-

tween species-pairs is accounted for [73��]. This elevated

birth/death rate of genes may provide the substrate for

lineage-specific adaptations throughout Hymenoptera,

independent of social biology. In accordance with this,

two species of Polistes wasps that share a common origin of

eusociality do not share common novel caste-biased

genes, suggesting novel genes do not function in the

origins of eusociality [15]. (The caste-biased genes were

assessed at two different developmental stages in the

latter study however, so conclusions based on this result

require follow-up.) Additional comparisons of expression

profiles of novel genes in lineages of closely related species

that vary in social biology will help to determine how often

these genes are involved in lineage-specific aspects

of socio-ecology or if they are central to the evolution of

eusociality.

The causality of this relationship may also be reversed. It

is possible that features of eusociality lead to changes in
www.sciencedirect.com 
the genome that give rise to new genes. Social insects, and

honey bees in particular, have exceptionally high recom-

bination rates throughout the genome [78–80], and espe-

cially in regions of high GC content [67,81,82��]. High

recombination regions of the genome have recently been

identified as an important source for genetic diversity in

honey bees and plants [83], and could therefore lead to

increases in gene birth. This may also be true for ants,

because novel genes tend to have increased GC-content

compared to non-novel genes [73��]. Thus, the high

levels of recombination associated with eusociality may

contribute to the lineage-specific elaboration of eusoci-

ality by producing genetic novelty.

Conversely, genomic regions of restricted recombination

(i.e., supergenes) have also recently been found to influ-

ence key aspects of social organization in fire ants (Sole-
nopsis invictica) [84], and it has been suggested that

suppression of recombination, resulting in the evolution

of supergenes, may play a key role in many social traits

[85,86]. The high rates of recombination found among

highly eusocial insects may in part explain why there have

not been discoveries of supergenes in more species.

Additional comparative studies are needed to identify

the causal relationships between recombination and so-

cial evolution, as well as conditions that favor a relation-

ship between elevated versus suppressed recombination

and eusociality.

Understanding the source of genetic novelty and how it

influences social traits through evolution will require

additional study of the function of novel genes and the

reasons they are more likely to arise in certain areas of the

genome than others. Further evaluation of the hypothe-

sized secondary role for novel genes in social evolution

will require rigorous investigation of novel genes found

among closely related species that vary in social behavior

in multiple phylogenetic clades.

Workers as a center of genomic novelty
The worker phenotype initially presented a special chal-

lenge for Darwin to explain through natural selection,

due to its definitive lack of reproductive success [87].

Both Darwin and later theoreticians determined that

selection for the worker phenotype must be routed

through family members (e.g., queens) that benefit from

the help of workers [88]. This model has been formally

expanded into a general theory of inclusive fitness (i.e.,

selection through direct and indirect fitness costs and

benefits), and the genetic basis for worker behavior has

traditionally been treated as a ‘black box’ or regarded as

an ‘allele for altruism’ in models stemming from this

theory [88]. The post-genomics era has provided an

opportunity to open that black box, and doing so has

revealed the genomic features that underlie worker phe-

notypes and the evolutionary processes that act on them.

The emerging picture is that workers are a key source of
Current Opinion in Insect Science 2016, 13:24–32
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genomic and phenotypic novelty. Worker-biased genes

are more likely to have novel or unknown functions in

ants [[7], but see [22]] or lack homology to other known

genes when compared to queen-biased genes in Polistes
wasps [13] and honey bees [71,89], suggesting evolution

of the worker phenotype involved the acquisition of new

genes. Furthermore, worker-biased genes in honey bees

and ants [9,29,60��,67,90] are evolving more rapidly than

queen-biased genes [but see [21,22,66]]. Some of this

may be because selection is less effective on genes with

indirect social effects on colony fitness, such as those

coding for worker traits [91], or because conditional

expression reduces the effectiveness of purifying selec-

tion [64]. There is also evidence for adaptive evolution of

genes with worker-biased expression or that code for

worker traits [60��,90]. In P. canadensis wasps, caste-

biased genes do not show signatures of rapid evolution,

possibly because genes in this species are probably under

antagonistic pleiotropic constraint as division of labor is

not as strong in this species, as compared to honey bees,

and genes may function in both worker-related and

queen-related phenotypes [13,63,92].

Worker-biased novelty may also initially arise as a by-

product of the high recombination rates observed among

highly eusocial species. In honey bees, worker-biased

genes are in high-recombination regions of the genome

[67,93], though it is unclear whether this pattern is

specific to worker-biased genes or caste-biased genes in

both queens and workers [82��]. If this bias is truly

specific to worker-biased genes, this localization pattern

presents the opportunity for mutational novelty in genes

that are more likely to be expressed in workers. It is not

clear, however, how these mutations would be subse-

quently treated by selection, because although selection

is more effective in high recombination regions [94], it is

weaker under conditional expression [64], as would be the

case for worker-biased genes. Rigorous identification of

genes underpinning worker traits in more species that

vary in social complexity, using comparative transcrip-

tomics, gene-knockdown studies, and transgenic techni-

ques as methods are developed for use in non-model

organisms, will provide important material to help to

elucidate how selection operates on worker phenotypes

and how this influences social evolution. These data can

then be integrated with models from inclusive fitness

theory to improve understanding of how novel pheno-

types arise despite a lack of direct fitness.

Conclusions
Researchers interested in the genomic basis of social

evolution face similar challenges of those researching

the evolution of other complex traits. The phenotypes

that characterize social behavior extend across individua-

ls, developmental stages, tissues, and are highly influ-

enced by the ecological and social environment. The

recent increase in availability of genomic resources for
Current Opinion in Insect Science 2016, 13:24–32 
closely related species of insects that vary in sociality has

created an opportunity to investigate the genomic basis of

social evolution through increasingly informative compar-

isons (Figure 1). The comparative approach is useful for

disentangling the genomic underpinnings at each level of

phenotypic complexity. An emerging theme of these

refined comparisons is that while there may be common

features of independent origins and elaborations of euso-

ciality, the details are largely lineage specific [31��,58�].
Numerous studies, across many taxa of social insects

provide compelling evidence that changes in the regula-

tion of conserved gene networks have allowed for the

decoupling of the reproductive and non-reproductive

(maternal care) portions of an ancestral ground plan into

social castes. There is further evidence that social evo-

lution is associated with increased complexity of the

regulation of gene networks [31��]. The causes and con-

sequences of these changes, however, are less clear.

Changes in the expression dynamics of key genes or

key regulatory mechanisms may release other compo-

nents of a shared regulatory network from genetic con-

straint, allowing for accumulation of genetic variation.

Alternatively, genetic variation may accumulate in parts

of a regulatory network that are under relaxed selection

due to functional redundancy or population factors. Ei-

ther way, this genetic variation may be a prime source of

novel genes, variation in existing genes that underlie

worker behavior, and species-specific elaborations of eu-

sociality that characterize ants, honey bees, and stingless

bees. Increasing rates of recombination may enhance or

inhibit this process, and it is not yet clear what role

recombination plays in the origins and maintenance of

eusociality. The evolutionary processes leading to the

regulatory changes hypothesized to kick off this cascade

are also unknown. Evidence that different transcription

factors, genes, and components of gene regulatory net-

works are involved in independent origins of eusociality

suggests that the evolutionary processes leading to

changes in these elements is also likely to be different

in each instance [31��,58�]. Detailed comparisons of ho-

mologous gene regulatory networks involved in eusoci-

ality across different species (e.g., wing development in

ants [32]) may provide a means to elucidate these evolu-

tionary processes.

Outlook on sociogenomics
Box 1 lists outstanding questions generated from the socio-

genomic topics reviewed above that require further inves-

tigation in several lineages with independent advents of

sociality. Acquiring additional genomic resources for the

non-hymenopteran eusocial insects will provide a more

comprehensive understanding of the mechanisms under-

lying convergent social evolution (e.g., termites [74], gall

aphids [95], and thrips [96]). It will be especially important

to study species with different types of social biology.

For example, communal living (i.e., nest-sharing without

division of labor) and semi-sociality (i.e., nest co-founding
www.sciencedirect.com



Genomics of eusociality in insects Kapheim 29

Box 1 Outstanding questions in sociogenomics

� Are conserved genetic pathways repeatedly recruited into func-

tional roles associated with social traits?

� How does network architecture influence caste-biased gene

expression, the evolutionary trajectory of these genes, and the

potential for phenotypic novelty?

� What is the role of novel genes in the origins and elaborations of

eusociality? Do they play an important role in multiple stages of

social evolution?

� What is the relative role of adaptive evolution and genome

architecture on the origin of novel genes and their integration into

existing gene networks?

� Is the worker phenotype the source of evolutionary novelty in

eusocial insects? If so, how do relaxed selection and positive

directional selection act to shape this phenotype, despite the lack

of direct reproductive success by workers? How are these

processes influenced by genome architecture?

� How does the evolutionary pathway to communal living and

semisociality compare to the origins and elaborations of eusoci-

ality?

� How do changes at the molecular level influence fitness at the

individual and colony level?
and division of labor among sisters) are presumed to have

evolved via alternative routes than the subsociality —

to — eusociality route [97], but very little is known about

the genomic basis for these lifestyles. We are approaching a

horizon of reconciliation between ultimate and proximate

explanations for eusociality. Predictive theoretical frame-

works allow researchers to identify genes underlying altru-

ism [98], epigenetic [99] and genomic [100,101] signatures

of kin and group selection, evidence of genomic imprinting

[43,102], and maternal manipulation [103]. As advancing

technology enables easier access to genomic resources

from species across the social continuum, students of social

evolution will face a new challenge of acquiring behavioral,

ecological, and physiological data (i.e., ‘socio-phenomics’)

for additional species at a rate that matches the availability

of new genomes.

Acknowledgements
I am grateful to G. Robinson and three anonymous reviewers for valuable
feedback on an earlier version of this manuscript and to Utah State
University for funding support.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest
�� of outstanding interest

1. Robinson GE, Grozinger CM, Whitfield CW: Sociogenomics:
social life in molecular terms. Nat Rev Genet 2005, 6:257-270.

2. Honeybee Genome Sequencing Consortium: Insights into social
insects from the genome of the honeybee Apis mellifera.
Nature 2006, 443:931-949.

3. King M, Wilson A: Evolution at two levels in humans and
chimpanzees. Science 1975, 188:107-116.
www.sciencedirect.com 
4. Ben-Shahar Y, Robichon A, Sokolowski MB, Robinson GE:
Influence of gene action across different time scales on
behavior. Science 2002, 296:741-744.

5. Whitfield CW, Cziko A-M, Robinson GE: Gene expression
profiles in the brain predict behavior in individual honey bees.
Science 2003, 302:296-299.

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

7. Feldmeyer B, Elsner D, Foitzik S: Gene expression patterns
associated with caste and reproductive status in ants: worker-
specific genes are more derived than queen-specific ones.
Mol Ecol 2014, 23:151-161.

8. Hoffman E, Goodisman M: Gene expression and the evolution of
phenotypic diversity in social wasps. BMC Biol 2007, 5:23.

9. Ometto L, Shoemaker D, Ross KG, Keller L: Evolution of gene
expression in fire ants: the effects of developmental stage,
caste, and species. Mol Biol Evol 2011, 28:1381-1392.

10. Grozinger CM, Fan Y, Hoover SER, Winston ML: Genome-wide
analysis reveals differences in brain gene expression patterns
associated with caste and reproductive status in honey bees
(Apis mellifera). Mol Ecol 2007, 16:4837-4848.

11. Harrison MC, Hammond RL, Mallon EB: Reproductive workers
show queenlike gene expression in an intermediately eusocial
insect, the buff-tailed bumble bee Bombus terrestris. Mol Ecol
2015, 24:3043-3063.

12. Sumner S, Pereboom JJM, Jordan WC: Differential gene
expression and phenotypic plasticity in behavioural castes of
the primitively eusocial wasp, Polistes canadensis. Proc R Soc
B – Biol Sci 2006, 273:19-26.

13. Ferreira P, Patalano S, Chauhan R, Ffrench-Constant R,
Gabaldon T, Guigo R, Sumner S: Transcriptome analyses of
primitively eusocial wasps reveal novel insights into the
evolution of sociality and the origin of alternative phenotypes.
Genome Biol 2013, 14:R20.

14. Toth AL, Varala K, Henshaw MT, Rodriguez-Zas SL, Hudson ME,
Robinson GE: Brain transcriptomic analysis in paper wasps
identifies genes associated with behaviour across social
insect lineages. Proc R Soc Lond B Biol Sci 2010, 277:2139-2148.

15. Berens AJ, Hunt JH, Toth AL: Comparative transcriptomics of
convergent evolution: different genes but conserved
pathways underlie caste phenotypes across lineages of
eusocial insects. Mol Biol Evol 2014, 32:690-703.

16. Toth AL, Tooker JF, Radhakrishnan S, Minard R, Henshaw MT,
Grozinger CM: Shared genes related to aggression, rather than
chemical communication, are associated with reproductive
dominance in paper wasps (Polistes metricus). BMC Genom
2014:15.

17.
��

Rehan SM, Berens AJ, Toth AL: At the brink of eusociality:
transcriptomic correlates of worker behaviour in a small
carpenter bee. BMC Evol Biol 2014, 14:260.

First test of a sociogenomic hypothesis in a subsocial species.

18. Morandin C, Dhaygude K, Paviala J, Trontti K, Wheat C,
Helantera H: Caste-biases in gene expression are specific to
developmental stage in the ant Formica exsecta. J Evol Biol
2015, 28:1705-1718.

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

20. Hunt JH, Wolschin F, Henshaw MT, Newman TC, Toth AL,
Amdam GV: Differential gene expression and protein
abundance evince ontogenetic bias toward castes in a
primitively eusocial wasp. PLoS ONE 2010, 5:e10674.

21. Hunt BG, Wyder S, Elango N, Werren JH, Zdobnov EM, Yi SV,
Goodisman MAD: Sociality is linked to rates of protein
evolution in a highly social insect. Mol Biol Evol 2010,
27:497-500.
Current Opinion in Insect Science 2016, 13:24–32

http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0520
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0520
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0525
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0525
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0525
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0530
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0530
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0535
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0535
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0535
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0540
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0540
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0540
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0545
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0545
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0545
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0550
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0550
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0550
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0550
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0555
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0555
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0560
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0560
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0560
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0565
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0565
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0565
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0565
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0570
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0570
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0570
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0570
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0575
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0575
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0575
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0575
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0580
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0580
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0580
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0580
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0580
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0585
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0585
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0585
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0585
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0590
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0590
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0590
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0590
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0595
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0595
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0595
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0595
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0595
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0600
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0600
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0600
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0605
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0605
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0605
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0605
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0610
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0610
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0610
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0610
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0615
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0615
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0615
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0615
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0620
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0620
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0620
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0620


30 Insect genomics
22. Smith CR, Helms Cahan S, Kemena C, Brady SG, Yang W,
Bornberg-Bauer E, Eriksson T, Gadau J, Helmkampf M, Gotzek D
et al.: How do genomes create novel phenotypes? Insights
from the loss of the worker caste in ant social parasites. Mol
Biol Evol 2015, 32:2919-2931.

23. Linksvayer TA, Wade MJ: The evolutionary origin and
elaboration of sociality in the aculeate Hymenoptera: maternal
effects, sib-social effects, and heterochrony. Q Rev Biol 2005,
80:317-336.

24. West Eberhard MJ: Flexible strategy and social evolution. In
Animal Societies: Theories and Facts. Edited by Ito , Brown ,
Kikkawa . Japan Scientific Societies Press; 1987:35-51.

25. West Eberhard MJ: Wasp societies as microcosms for the
study of development and evolution. In Natural History and
Evolution of Paper Wasps. Edited by Turillazzi , West Eberhard .
Oxford University Press; 1996:290-317.

26. West-Eberhard MJ: Developmental Plasticity and Evolution.
Oxford: Oxford University Press; 2003.

27. Toth AL, Robinson GE: Evo-devo and the evolution of social
behavior. Trends Genet 2007, 23:334-341.

28. Toth AL, Varala K, Newman TC, Miguez FE, Hutchison SK,
Willoughby DA, Simons JF, Egholm M, Hunt JH, Hudson ME et al.:
Wasp gene expression supports an evolutionary link between
maternal behavior and eusociality. Science 2007, 318:441-444.

29. Mikheyev AS, Linksvayer TA: Genes associated with ant social
behavior show distinct transcriptional and evolutionary
patterns. eLife 2015, 4:e04775.

30.
�

Manfredini F, Lucas C, Nicolas M, Keller L, Shoemaker D,
Grozinger CM: Molecular and social regulation of worker
division of labour in fire ants. Mol Ecol 2014, 23:660-672.

Describes the effect of the social environment on the brain transcriptome.

31.
��

Kapheim KM, Pan H, Li C, Salzberg SL, Puiu D, Magoc T,
Robertson HM, Hudson ME, Venkat A, Fischman BJ et al.: Social
evolution, genomic signatures of evolutionary transitions from
solitary to group living. Science 2015, 348:1139-1143.

First solitary bee genomes, reveals patterns associated with multiple
stages of social evolution.

32. Abouheif E, Wray GA: Evolution of the gene network underlying
wing polyphenism in ants. Science 2002, 297:249-252.

33. Albert FW, Kruglyak L: The role of regulatory variation in
complex traits and disease. Nat Rev Genet 2015, 16:197-212.

34. Civelek M, Lusis AJ: Systems genetics approaches to
understand complex traits. Nat Rev Genet 2014, 15:34-48.

35. Davidson E, Levin M: Gene regulatory networks. Proc Natl Acad
Sci USA 2005, 102:4935.

36.
��

Jasper WC, Linksvayer TA, Atallah J, Friedman D, Chiu JC,
Johnson BR: Large-scale coding sequence change underlies
the evolution of postdevelopmental novelty in honey bees. Mol
Biol Evol 2015, 32:334-346.

Tissue-specific analysis of gene expression patterns and co-expression
networks.

37. Chandrasekaran S, Ament SA, Eddy JA, Rodriguez-Zas SL,
Schatz BR, Price ND, Robinson GE: Behavior-specific
changes in transcriptional modules lead to distinct and
predictable neurogenomic states. Proc Natl Acad Sci USA 2011,
108:18020-18025.

38. Ament SA, Wang Y, Chen CC, Blatti CA, Hong F, Liang ZS,
Negre N, White KP, Rodriguez-Zas SL, Mizzen CA et al.: The
transcription factor ultraspiracle influences honey bee social
behavior and behavior-related gene expression. PLoS Genet
2012, 8:e1002596.

39.
�

Khamis AM, Hamilton AR, Medvedeva YA, Alam T, Alam I,
Essack M, Umylny B, Jankovic BR, Naeger NL, Suzuki M et al.:
Insights into the transcriptional architecture of behavioral
plasticity in the honey bee Apis mellifera. Sci Rep 2015,
5:11136.

Demonstrates the use of CAGEscan technology to uncover promoter
characteristics of differentially expressed genes, including revealing alter-
nate usages of TSS in genes differentially expressed between subcastes.
Current Opinion in Insect Science 2016, 13:24–32 
40.
�

Schrader L, Simola DF, Heinze J, Oettler J: Sphingolipids,
transcription factors, and conserved toolkit genes:
developmental plasticity in the ant Cardiocondyla obscurior.
Mol Biol Evol 2015, 32:1474-1486.

TFBS analysis of caste-biased genes during larval development; good
replication and experimental design.

41. Bonasio R, Li Q, Lian J, Mutti N, Jin L, Zhao H, Zhang P, Wen P,
Xiang H, Ding Y: Genome-wide and caste-specific DNA
methylomes of the ants Camponotus floridanus and
Harpegnathos saltator. Curr Biol 2012, 22:1755-1764.

42. Simola DF, Ye C, Mutti NS, Dolezal K, Bonasio R, Liebig J,
Reinberg D, Berger SL: A chromatin link to caste identity in the
carpenter ant Camponotus floridanus. Genome Res 2013,
23:486-496.

43. Amarasinghe HE, Clayton CI, Mallon EB: Methylation and worker
reproduction in the bumble-bee (Bombus terrestris). Proc R
Soc Lond B Biol Sci 2014, 281:20132502.

44. Elango N, Hunt B, Goodisman M, Yi S: DNA methylation is
widespread and associated with differential gene expression
in castes of the honeybee, Apis mellifera. Proc Natl Acad Sci
USA 2009, 106:11206-11211.

45. Lyko F, Foret S, Kucharski R, Wolf S, Falckenhayn C, Maleszka R:
The honey bee epigenomes: differential methylation of brain
DNA in queens and workers. PLoS Biol 2010, 8:e1000506.

46. Bonasio R: The role of chromatin and epigenetics in the
polyphenisms of ant castes. Brief Funct Genomics 2014,
13:235-245.

47. Li-Byarlay H, Li Y, Stroud H, Feng S, Newman TC, Kaneda M,
Hou KK, Worley KC, Elsik CG, Wickline SA et al.: RNA
interference knockdown of DNA methyl-transferase 3 affects
gene alternative splicing in the honey bee. Proc Natl Acad Sci
USA 2013, 110:12750-12755.

48. Sovik E, Bloch G, Ben-Shahar Y: Function and evolution of
microRNAs in eusocial Hymenoptera. Front Genet 2015, 6:193.

49. Liu F, Peng W, Li Z, Li W, Li L, Pan J, Zhang S, Miao Y, Chen S,
Su S: Next-generation small RNA sequencing for microRNAs
profiling in Apis mellifera: comparison between nurses and
foragers. Insect Mol Biol 2012, 21:297-303.

50. Shi Y-Y, Zheng H-J, Pan Q-Z, Wang Z-L, Zeng Z-J: Differentially
expressed microRNAs between queen and worker larvae of
the honey bee (Apis mellifera). Apidol 2015, 46:35-45.

51.
�

Li Q, Wang Z, Lian J, Schiøtt M, Jin L, Zhang P, Zhang Y,
Nygaard S, Peng Z, Zhou Y, et al.: Caste-specific RNA: editomes
in the leaf-cutting ant Acromyrmex echinatior. Nat Commun
2014, 5:4943.

Detected RNA editing sites that are conserved among ants and differ-
entially edited among queens and workers; suggests RNA editing, which
is known to play an especially important role in nervous system functions,
may play a role in social behaviour.

52. Drapeau MD, Albert S, Kucharski R, Prusko C, Maleszka R:
Evolution of the Yellow/Major Royal Jelly Protein family and
the emergence of social behavior in honey bees. Genome Res
2006, 16:1385-1394.

53. Hummon AB, Richmond TA, Verleyen P, Baggerman G,
Huybrechts J, Ewing MA, Vierstraete E, Rodriguez-Zas SL,
Schoofs L, Robinson GE et al.: From the genome to the
proteome: uncovering peptides in the Apis brain. Science 2006,
314:647-649.

54. Parker R, Guarna MM, Melathopoulos A, Moon K-M, White R,
Huxter E, Pernal S, Foster L: Correlation of proteome-wide
changes with social immunity behaviors provides insight into
resistance to the parasitic mite, Varroa destructor, in the
honey bee (Apis mellifera). Genome Biol 2012, 13:R81.

55. Yan L, Yang M, Guo H, Yang L, Wu J, Li R, Liu P, Lian Y, Zheng X,
Yan J et al.: Single-cell RNA-Seq profiling of human
preimplantation embryos and embryonic stem cells. Nat Struct
Mol Biol 2013, 20:1131-1139.

56. Ramaswami G, Zhang R, Piskol R, Keegan LP, Deng P,
O’Connell MA, Li JB: Identifying RNA editing sites using RNA
sequencing data alone. Nat Meth 2013, 10:128-132.
www.sciencedirect.com

http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0625
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0625
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0625
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0625
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0625
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0630
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0630
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0630
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0630
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0635
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0635
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0635
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0635
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0640
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0640
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0640
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0640
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0640
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0645
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0645
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0650
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0650
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0655
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0655
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0655
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0655
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0660
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0660
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0660
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0665
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0665
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0665
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0670
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0670
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0670
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0670
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0675
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0675
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0680
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0680
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0685
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0685
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0690
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0690
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0695
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0695
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0695
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0695
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0700
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0700
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0700
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0700
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0700
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0705
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0705
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0705
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0705
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0705
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0710
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0710
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0710
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0710
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0710
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0715
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0715
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0715
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0715
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0720
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0720
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0720
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0720
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0725
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0725
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0725
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0725
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0730
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0730
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0730
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0735
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0735
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0735
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0735
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0740
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0740
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0740
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0745
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0745
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0745
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0750
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0750
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0750
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0750
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0750
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0755
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0755
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0760
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0760
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0760
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0760
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0765
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0765
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0765
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0770
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0770
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0770
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0770
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0775
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0775
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0775
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0775
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0780
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0780
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0780
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0780
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0780
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0785
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0785
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0785
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0785
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0785
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0790
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0790
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0790
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0790
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0795
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0795
http://refhub.elsevier.com/S2214-5745(15)00161-3/sbref0795


Genomics of eusociality in insects Kapheim 31
57.
��

Schulte C, Theilenberg E, Müller-Borg M, Gempe T, Beye M:
Highly efficient integration and expression of piggyBac-
derived cassettes in the honeybee (Apis mellifera). Proc Natl
Acad Sci USA 2014, 111:9003-9008.

First use of transgenics in social insects.

58.
�

Simola DF, Wissler L, Donahue G, Waterhouse RM,
Helmkampf M, Roux J, Nygaard S, Glastad KM, Hagen DE,
Viljakainen L et al.: Social insect genomes exhibit dramatic
evolution in gene composition and regulation while
preserving regulatory features linked to sociality. Genome
Res 2013, 23:1235-1247.

Evidence that changes in gene regulation is a critical feature of social
evolution.

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

60.
��

Harpur BA, Kent CF, Molodtsova D, Lebon JM, Alqarni AS,
Owayss AA, Zayed A: Population genomics of the honey bee
reveals strong signatures of positive selection on worker
traits. Proc Natl Acad Sci USA 2014, 111:2614-2619.

Rigorous test of signatures of adaptation in the honey bee genome,
reveals the genetic basis for worker traits is rich with novel genes and the
target of selection.

61. Jimenez A, Munteanu A, Sharpe J: Dynamics of gene circuits
shapes evolvability. Proc Natl Acad Sci USA 2015, 112:2103-
2108.

62. Erkenbrack EM, Davidson EH: Evolutionary rewiring of gene
regulatory network linkages at divergence of the echinoid
subclasses. Proc Natl Acad Sci USA 2015, 112:E4075-E4084.

63. Gadagkar R: The evolution of caste polymorphism in social
insects: genetic release followed by diversifying evolution.
J Genet 1997, 76:167-179.

64. Van Dyken JD, Wade MJ: The genetic signature of conditional
expression. Genetics 2010, 184:557-570.

65. Hunt BG, Ometto L, Keller L, Goodisman MAD: Evolution at two
levels in fire ants: the relationship between patterns of gene
expression and protein sequence evolution. Mol Biol Evol 2013,
30:263-271.

66. Hunt BG, Ometto L, Wurm Y, Shoemaker D, Yi SV, Keller L:
Goodisman MAD relaxed selection is a precursor to the
evolution of phenotypic plasticity. Proc Natl Acad Sci USA 2011,
108:15936-15941.

67. Kent CF, Minaei S, Harpur BA, Zayed A: Recombination is
associated with the evolution of genome structure and worker
behavior in honey bees. Proc Natl Acad Sci U S A 2012,
109:18012-18017.

68. Wang HY, Chien HC, Osada N, Hashimoto K, Sugano S,
Gojobori T, Chou CK, Tsai SF, Wu CI, Shen CK: Rate of evolution
in brain-expressed genes in humans and other primates. PLoS
Biol 2007, 5:e13.

69. Chen S, Krinsky BH, Long M: New genes as drivers of
phenotypic evolution. Nat Rev Genet 2013, 14:645-660.

70. Khalturin K, Hemmrich G, Fraune S, Augustin R, Bosch TCG: More
than just orphans: are taxonomically-restricted genes
important in evolution? Trends Genet 2009, 25:404-413.

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

72. Chen X, Hu Y, Zheng H, Cao L, Niu D, Yu D, Sun Y, Hu S, Hu F:
Transcriptome comparison between honey bee queen-
and worker-destined larvae. Insect Biochem Mol Biol 2012,
42:665-673.

73.
��

Wissler L, Gadau J, Simola DF, Helmkampf M, Bornberg-Bauer E:
Mechanisms and dynamics of orphan gene emergence in
insect genomes. Genome Biol Evol 2013, 5:439-455.

Careful analysis of novel genes in 7 ant genomes, as compared to other
social and non-social insects; will be interesting to update on the basis of
addition of new bee genomes, including solitary species.
www.sciencedirect.com 
74. Korb J, Poulsen M, Hu H, Li C, Boomsma JJ, Zhang G, Liebig J:
A genomic comparison of two termites with different social
complexity. Front Genet 2015, 6:9.

75. Toll-Riera M, Bosch N, Bellora N, Castelo R, Armengol L, Estivill X,
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