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Abstract— Facultatively social species exhibit behavioral plasticity in response to changes in ecological conditions
and social environment, and thus provide a natural experiment to compare solitary and social behaviors in a single
genome. Such species can therefore provide empirical insights into the evolution of eusociality. The small carpenter
bees (genus Ceratina) and sweat bees (Halictidae) are of special interest because they exhibit rich behavioral
plasticity. Species range from solitary to eusocial, and both groups benefit from detailed behavioral research and
well-established phylogenies. As such, small carpenter and sweat bees are poised to further comparative
sociogenomic studies which emphasize the necessity of a molecular phylogeny for understanding the evolution of
molecular architecture underlying social phenotypes and organizational complexity. Here, we review behavioral,
transcriptomic and genomic data in bees across the social spectrum, highlighting the importance of simple societies
and facultatively social taxa to examine the genetic basis of cooperative traits and social evolution.
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1. INTRODUCTION

Phenotypic plasticity, an organism’s ability to
modify physiological or behavioral traits follow-
ing environmental cues, has been comprehensive-
ly studied over the past four decades (West-
Eberhard 1989; Nijhout 2003). In some cases,
variation in the regulation of a conserved set of
genes can lead to the expression of multiple, high-
ly discrete phenotypes (Whitman and Agrawal
2009). Such polyphenisms are relatively common
in the insects (Emlen and Nijhout 2000; Simpson
etal. 2011) and are informative targets for address-
ing questions regarding the origins and elaboration
of derived phenomena (e.g., caste determination,
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Evans and Wheeler 2001; Fjerdingstad and
Crozier 2006) including the paradox of eusociality.
Eusociality is considered the most complex form
of social organization, and eusocial species are
often ecologically dominant (Michener 1969;
Wilson 1971). However, despite its biological
prevalence and ecological success (ants alone rep-
resent as much as 25% of all terrestrial biomass,
Schultz 2000), the emergence of eusociality re-
mains a rare and highly derived event (Wilson
and Holldobler 2005; Nowak et al. 2010). Deter-
mining the molecular and environmental factors
underlying the origins of eusocial behavior has
consequently become a central focus in the field
of social evolution (Michener 1974).

Eusociality has emerged independently only a
handful of times in nature, but has done so within
bees more than any other lineage (likely four
independent origins, Figure 1; Cardinal and
Danforth 2011; Gibbs et al. 2012; Rehan et al.
2012). The repeated evolution of eusociality within
so widely diversified a monophylum has made
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Figure 1. Phylogeny of major bee groups and social lineages. Black nodes indicate independent origins of sociality.
Branch colors indicate lineages containing species which are as follows: gray, solitary; blue, solitary through
primitively eusocial; green , primitive eusocial; yellow, primitive through advanced eusocial; orange , advanced
eusocial. Branches hashed with yellow indicate lineages containing facultatively social species. Letters indicate
published resources for that lineage (G genome; T transcriptome; M methylome).

eusocial bees an exemplary group for comparative
research (Fischman et al. 2011). Accordingly, stud-
ies in socially complex bees have generated well-
founded theories regarding the origins of eusocial-
ity and have contributed to the emergence of the
field of sociogenomics, which integrates the disci-
plines of molecular biology and behavioral genet-
ics with insights from phylogenetics and behavior-
al ecology to investigate the molecular architecture
of social behavior and organization (Robinson
2002; Robinson et al. 2005).

Advanced eusocial bees are considered to have
transitioned past an evolutionary “point of no
return” (Wilson 1971; Wilson and Holldobler
2005), and thus provide mainly inferential insights
regarding the origins of their complex sociality
(Schwarz et al. 2007; Boomsma 2009). By contrast,
it is thought that the vast majority of the more than
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20,000 bee species worldwide (as many as 94%,
Kocher and Paxton 2014) are either solitary or lack
clearly defined castes (Michener 2007). Considered
alongside their eusocial relatives, bees can thus be
seen to comprise a natural gradient of social com-
plexity (Kocher and Paxton 2014), formally termed
the “social spectrum” (Rehan and Toth 2015;
Table I). There is strong evidence that non-
eusocial species are capable of moving along this
social spectrum in either direction, “towards” and
“away from” social complexity (West-Eberhard
2003; Field et al. 2010; Rehan and Toth 2015).
Advanced eusociality thus does not represent a
necessary evolutionary eventuality for social spe-
cies (West-Eberhard 2003), but rather indicates the
far extreme of fundamentally flexible social organi-
zation. Studies which look across this social spec-
trum have consequently spurred a concerted push to
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Table I.. Social terminology—adapted from Rehan and Toth 2015

Stage  Social class Cooperative ~ Overlapping  Division  Facultative Examples—with genomes
brood care generations of labor sociality
Early  Solitary No No No No Megachile rotundata ,
Dufourea novaeangliae ,
Habropoda laboriosa
(Kapheim et al. 2015)
Subsocial No Some No Yes Ceratina calcarata
(Rehan et al. 2016)
Incipiently Yes Some Some Yes Ceratina australensis
social (Rehan et al. unpub. data)
Late Primitively Yes Some Yes Yes Lasioglossum albipes
eusocial (Kocher et al. 2013);
Bombus terrestris ;
Bombus impatiens
(Sadd et al. 2015)
Advanced Yes Yes Yes No Apis mellifera, Apis florea ,
eusocial Melipona quadrifasciata

(Kapheim et al. 2015)

better unify theory (Rehan and Toth 2015; Toth and
Rehan 2017) and to resolve semantic confusion
within the field of social evolution (Dew et al.
2016). To fully appreciate the value of comparative
research across the social spectrum, it is necessary
to first briefly conceptualize this gradient, and to
articulate the defining qualities of its major classes.

In solitary bees, reproductive females indepen-
dently establish a nest and singly forage for their
offspring, which require no care during their mat-
uration (Michener 2007). Once provisioning is
complete, females often either abandon their
brood (e.g., Colletes and Osmia; Cerna et al.
2013) or die before their offspring reach adult-
hood (Michener 2007). Though solitary species
are not burdened by the increased risk of disease
transmission associated with social living (Fu
et al. 2015), they are extremely susceptible to
parasitism and predation (Wcislo and Cane
1996). Increased parasitism and predation rates
are thus considered primary ecological drivers
towards social organization (Lin and Michener
1972; Wecislo et al. 2004; Rehan et al. 2011).

In a handful of seemingly solitary bees, the
reproductive female will remain at her nest to guard
and clean the developing brood (e.g., Ceratina ja-
ponica , Sakagami and Maeta 1984; Lasioglossum
laticeps , Plateaux-Quénu 2008; and Ceratina

calcarata , Rehan and Richards 2010a), and this
extended parental care defines them as subsocial
in their behavior (Michener 2007). Subsociality is
the simplest form of social organization along the
social spectrum (Rehan and Toth 2015) and is con-
sidered a necessary precondition for the evolution of
more complex social groups (Wilson 1971;
Michener 1974). Although subsocial bees are nest-
loyal, and at least some are capable of nestmate
recognition (Rehan and Richards 2013), they re-
main effectively casteless and independent as adults.

Like solitary and subsocial species, incipiently
social bees remain totipotent throughout adulthood
and are able to found nests of their own (Sakagami
and Maeta 1989; Rehan et al. 2010b). They are
distinguished from their subsocial cousins by their
capacity to nest cooperatively under a simple divi-
sion of labor to rear a single brood (West-Eberhard
1987). As they represent species at the origins of
social organization, subsocial through incipiently
social bees may be collectively referred to as early-
stage social species (Table I; Rehan and Toth 2015).

On the other end of the social spectrum are bees
representative of late stage sociality: the primitively
eusocial species. In these groups, a reproductive
female continues to lay eggs after initially founding
her nest (either alone or with nestmate workers),
and may do little else once the first generation of
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her offspring reach maturity (Wilson 1971;
Michener 2007). Individuals of primitively euso-
cial species are typically monomorphic, though a
division of labor based on age and body size is
common (e.g., Halictus rubicundus, Soucy and
Danforth 2002; Megalopta genalis, Smith et al.
2003; Halictus scabiosae, Brand and Chapuisat
2012). Worker-type offspring in primitively euso-
cial colonies may maintain a capacity for reproduc-
tive behavior, though ovary development is often
inhibited (Michener 1974). These offspring are
rarely limited to a single role, and may switch tasks
over their lifetime. For instance, in both sweat bees
and small carpenter bees, workers may rapidly
develop into reproductives upon removal of a dom-
inant reproductive nestmate (Eickwort 1986;
Rehan et al. 2014b). The workers of advanced
eusocial species, by contrast, develop into function-
ally sterile castes, often with distinct behaviors and
morphologies (e.g., Apis and Melipona bees,
Wilson 1971; Michener 1974, 2007). This distinct
caste differentiation is considered a defining feature
of advanced eusocial species, which are no longer
capable of reverting to simpler forms of social
organization (Wilson and Hoélldobler 2005).
Intriguingly, early-stage social bees may demon-
strate “facultative sociality,” or a capacity to express
more than one form of social organization (Figure 1;
Smith et al. 2003; Rehan et al. 2011, 20144, b). The
crepuscular sweat bee (M. genalis), for instance,
nests either solitarily or in small, primitively eusocial
colonies (Smith et al. 2003; Wecislo et al. 2004;
Kapheim et al. 2013; Jones et al. 2017). The subso-
cial small carpenter bee (C. calcarata ), by compar-
ison, is facultatively incipiently social and may rear a
worker-like offspring to aid in brood care and feed-
ing (Rehan and Richards 2010a, b; Rehan et al.
2014a). The behaviors characteristic of early-stage
social bees are theorized to be necessarily antecedent
to advanced eusociality, and thus provide a tractable
opportunity to empirically test social evolutionary
theory (e.g., Wilson 1971; Michener 1974; Seger
1983; Rehan and Toth 2015). Those which are also
facultatively social, however, provide particularly
informative insights, as the costs, benefits, and mo-
lecular mechanisms underlying multiple classes of
social organization may be explored concurrently
within a single species (West-Eberhard 2003; Rehan
and Toth 2015). To make evolutionarily informed
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conclusions about the molecular origins of complex
social behavior across the social spectrum, well-
resolved phylogenetic histories and species delinea-
tions must first be established (Danforth et al. 2013).
Fortunately, considerable efforts have been made to
resolve the phylogenies of two socially diverse bee
groups: the sweat bees (Halictidae) and carpenter
bees (Xylocopinae).

Represented by solitary, facultatively social, and
eusocial species, the wide behavioral diversity of
the halictids has made them an informative system
for studies of behavioral plasticity and social evo-
lution (Schwarz et al. 2007; Kocher and Paxton
2014). Multiple revisions of halictid phylogeny
(Danforth 2002; Brady et al. 2006; Gibbs et al.
2012) have come to posit two origins of eusociality
within Halictidae: one in the tribe Augochlorini
(Danforth and Eickwort 1997; Danforth et al.
2013) and another for the tribe Halictini
(Figure 1; Halictus and Lasioglossum, Gibbs
et al. 2012). This research has also provided evi-
dence of multiple reversions from social to solitary
behaviors in this group (Danforth et al. 2003).

The carpenter bees (subfamily Xylocopinae)
collectively represent the entirety of the social spec-
trum across their four tribes: the solitary
Manueliini, incipiently social Xylocopini, solitary
to eusocial Ceratinini, and incipiently social to
eusocial Allodapini (Figure 1). This rich diversity,
combined with a well-resolved phylogeny (Rehan
et al. 2010a, 2012; Rehan and Schwarz 2015) and
phylogeography (Dew et al. 2016; Shell and Rehan
2016), makes the xylocopine bees an exceptional
system for sociogenomic research (Rehan and Toth
2015). Further, as the Xylocopinae and Apinae are
sister subfamilies (Cardinal and Danforth 2011),
research involving carpenter bees may directly in-
form our understanding of the dynamics underly-
ing advanced eusociality in corbiculate species
(Figure 1; Rehan and Toth 2015; Toth and Rehan
2017). Phylogenetic work within the Xylocopinae
has revealed a single origin of sociality followed by
as many as four reversions to a solitary lifestyle
(Schwarz et al. 2007; Rehan et al. 2012).

Well-resolved phylogenies among social line-
ages provide much-needed evolutionary frame-
works by which to contextualize comparative mo-
lecular research (Rehan and Toth 2015; Romiguier
et al. 2015; Branstetter et al. 2017; Peters et al.
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2017). Such research has helped to reveal that
species may evolve along a non-linear trajectory
between simple and complex social organization:
incipiently social lineages, for instance, frequently
revert to solitary life (Wcislo and Danforth 1997;
Rehan et al. 2012; Gibbs et al. 2012). Phylogenetic
studies also indicate that the evolution of advanced
eusociality is rare, and likely checked by prohibi-
tive natural barriers (Rehan et al. 2012). Integrative
research which builds off this phylogenetic foun-
dation may now benefit from ongoing advances in
genomic and transcriptomic sequencing methods.
As such, studies which strive to integrate genomic,
transcriptomic, and behavioral data are poised to
gain meaningful insights into the molecular signa-
tures of phenotypic plasticity.

In this review, we provide a detailed overview
of sociogenomic research in bees of early stage
and facultative sociality. The rich behavioral and
ecological diversity of these species provides a
powerful workspace in which to explore the mo-
lecular, developmental, and environmental drivers
of social transition (West-Eberhard 1987; Rehan
et al. 2014a; Patalano et al. 2015). Despite their
informative value, however, there remains a pau-
city of research in these groups. We thus argue in
support of additional sociogenomic research into
bees of early-stage and facultative sociality, and
highlight the socially diversified Ceratina small
carpenter bees and halictid sweat bees as promis-
ing model systems for future studies.

2. FACULTATIVELY SOCIAL BEES

Facultative sociality is not a distinct social cate-
gory (like subsociality or eusociality), but rather
indicates a species’ capacity for plasticity in its social
organization. For example, conspecifics of some
facultatively social sweat bees either establish a
solitary nest, or found a primitively eusocial colony
in which a helper generation assists in the rearing of
a second brood of reproductive individuals (e.g.,
H. rubicundus, Soucy and Danforth 2002;
M. genalis, Smith et al. 2003; Lasioglossum
calceatum , Davison and Field 2016). Facultatively
social nesting in some carpenter bees, by contrast,
may involve incipiently social brood care by a co-
operative pair of age-matched females (e.g.,
Ceratina australensis , Rehan et al. 2014b), or

production of a single, worker-like offspring along-
side future reproductives (e.g., C. calcarata , Rehan
et al. 2014a; C. japonica, Sakagami and Maecta
1984). Where advanced eusocial Hymenoptera fea-
ture distinctive and often multifaceted reproductive
and morphological caste systems, the behavioral
phenotypes of facultatively social bees straddle
species-specific ranges along the social spectrum.
This behavioral diversity, both within and between
facultatively social species, provides an exceptional
opportunity to explore how phenotypic variation
across modes of social organization is reflected at
the molecular level (Kocher and Paxton 2014).

Facultatively social bees are particularly tractable
models for comparative sociogenomic study be-
cause variation in their social phenotype may be
reliably elicited through experimental manipulation
(Schwarz et al. 2007; Kocher and Paxton 2014;
Rehan and Toth 2015). This can be seen, for exam-
ple, in the induction of cooperative, multi-female
nests in otherwise mainly subsocial species (e.g.,
C. japonica; Sakagami and Maeta 1984, 1987;
Lasioglossum spp., Jeanson et al. 2005, 2008).
Sakagami and Maeta (1995) elicited reproductive
division of labor in the small carpenter bees,
C. japonica (Sakagami and Maeta 1984) and
C. okinawana (Sakagami and Maeta 1989), by
constraining conspecific females to cohabitate. In
these induced social nests, one female assumed
queen-like behavior, laying eggs and defending
the nest, while the second primarily foraged. In all
cases of social nesting, the reproductive role was
reliably adopted by the larger of the two females, in
age-matched and even mother-daughter cooperative
pairs (Sakagami and Maeta 1984, 1989, 1995). In
similar fashion, Holbrook et al. (2009) observed
that individuals of the normally solitary sweat bee
(Lasioglossum NDA-1) assumed dedicated
guarding or digging behaviors when forced to nest
in pairs, though paired individuals secured deeper
and better-guarded nests compared to their solitary
counterparts. Holbrook et al. (2009) noted that such
arrangements rarely occur in wild populations. Con-
siderable phenotypic plasticity may thus be wide-
spread in bees of early-stage sociality, even in those
species which rarely demonstrate facultative sociality
in the wild.

Environmental factors, including local climate,
resource availability, predation, and parasite
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pressure, have long been theorized to comprise the
primary ecological drivers of social evolution (Lin
and Michener 1972; Evans 1977; Strassman and
Queller 1989; Kocher et al. 2014). Accordingly,
social complexity in facultatively social bees is
often reliably predicted by ecological condition
(Richards and Packer 1996; reviewed in Purcell
2011). For example, brood parasitism in the Aus-
tralian small carpenter bee (C. australensis , Rehan
et al. 2010b) appears to be a key selective pressure
favoring social nesting (Rehan et al. 2011). The
influence of environment on social organization
has also been particularly well-documented in the
sweat bees (Plateaux-Quénu et al. 2000; Schwarz
et al. 2007; Davison and Field 2016). In
H. rubicundus (Soucy and Danforth 2002), solitary
or social reproduction appears to be largely depen-
dent on geographic location: solitary H. rubicundus
females produce a single brood in cooler regions
(Eickwort et al. 1996), and social females produce
two broods in warmer regions (Yanega 1989, 1993;
Soucy 2002). Field et al. (2010) demonstrated this
organizational lability by inducing the offspring of
solitary or social populations to switch behavioral
type via translocation between cool and warm loca-
tions. In other species of sweat bees, social pheno-
type has been reliably predicted specifically by
altitude (L. calceatum, Sakagami and Munakata
1972) or even micro-habitat composition. For in-
stance, in the sweat bee, L. balecium , social nests
were consistently observed in warmer, sunnier sites,
while solitary nests were typically found in adja-
cent, cooler, well-shaded locations (Hirata and
Higashi 2008). In some cases, however, variation
in social organization is neutrally or otherwise not
predictably affected by environment (e.g.,
Lasioglossum apristum , Miyanaga et al. 1999;
L. malachurum , Richards 2000; Wyman and
Richards 2003), supporting the role of genetic ar-
chitecture as primary in determining social pheno-
type (Soucy and Danforth 2002; Soro et al. 2010).

3. BEHAVIORAL AND GENETIC
MECHANISMS OF SOCIAL
EVOLUTION

A suite of major theoretical frameworks has
been put forward to explain the mechanisms by
which complex social behavior may have evolved.
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Here, we provide an overview of some of these
hypotheses which, though distinct in their view-
points, are not mutually exclusive, and have been
recently brought together in theoretical syntheses
(Rehan and Toth 2015; Toth and Rehan 2017). A
tendency to reuse a nesting substrate among kin
groups is a well-supported precondition for the
emergence of social behavior (Wild and Koykka
2014). As it may increase the opportunity for in-
clusive fitness benefits, reuse or inheritance of a
“family” nest is expected to promote group
nesting, even with some nestmate competition.
Accordingly, nest reuse has been observed across
facultatively social Ceratina (Sakagami and Maeta
1987; Rehan et al. 2009, 2014b, 2015) and in other
basically social bees (e.g., H. rubicundus , Yanega
1990). By contrast, those species which are known
to frequently disperse prior to the establishment of
a new nest (e.g. C. calcarata and C. flavipes ) are
less likely to nest socially (Sakagami and Maeta
1987; Rehan and Richards 2010a, b). Along with
nest reuse, multi-voltinism, the capacity to produce
more than one brood during a reproductive season,
has been suggested as antecedent to eusocial be-
havior (Seger 1983). The ability to produce multi-
ple generations of offspring in a single breeding
season establishes a scenario in which the offspring
of mated, overwintering females have an opportu-
nity to remain at the nest as helpers in the following
reproductive season. This proposition has found
demonstration in primitively eusocial bees (e.g.,
Halictus sexcinctus , Richards 2001) and is sup-
ported by research in bivoltine Ceratina (e.g.,
C. okinawana, Sakagami and Maeta 1995). The
prolonged maternal care behavior often seen in
multivoltine species has also been suggested as
prerequisite to more complex social structuring
(West-Eberhard 1987) and is likely readily rein-
forced through selection (Wade 2001).
West-Eberhard (1996) also considered the evo-
lutionary necessity of parental care behavior in her
proposition of the ovarian ground-plan hypothesis ,
which offers that extended maternal care behaviors
seen in solitary and subsocial Hymenoptera may
have gradually differentiated into the dedicated
forager and egg-layer roles seen in incipiently so-
cial and primitively eusocial Hymenoptera
(Figure 2). The reproductive ground-plan hypoth-
esis builds on this prediction by suggesting that
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Figure 2. Nestedness and interconnectedness of major social evolutionary theories. Genes underlying core devel-
opmental and behavioral traits may become available for social roles following chance cooption, duplication, or
change in regulation (heterochrony). Evolution of division of labor may then be underpinned by differences in
hormone titers and gene expression levels associated with ovarian development (ovarian ground-plan) and/or
temporal variations in the expression of genes associated with maternal care behavior (maternal heterochrony).

such specialized roles could gradually lead to the
emergence of task-specific worker castes, as seen
in advanced eusocial species (Amdam et al. 2004,
2006). In many incipiently social bees, however,
reproductive and foraging behavior is expressed in
tandem; as such, a decoupling of foraging and
reproductive behavior is not expected to have ini-
tiated advancements in social complexity in most
lineages (Schwarz et al. 2011; Rehan et al. 2014a).

It might be expected that the initial co-option of
maternal care genes into relatively queen-like and
worker-like phenotypes would be hindered, or
outright prevented, by strict pleiotropic constraints
on those genes (Gadagkar 1997). In consideration
of this, Gadagkar (1997) proposed the concept of
genetic release , in which a gene duplication event
or significant variation in the timing of gene ex-
pression could free key genes from the effects of
stabilizing selection. Variation in gene expression,
in combination with the evolution of separate de-
velopmental programs, could then allow for the
mutual decoupling of strictly reproductive activi-
ties (e.g., mating, egg laying) from brood care and
nest maintenance tasks. Directional selection
through inclusive fitness could then reinforce the

expression of increasingly queen-like and worker-
like behaviors and physiologies. The maternal
heterochrony hypothesis builds on this concept
by proposing that a shift in the timing of expres-
sion (heterochrony) of maternal care genes may
account for the evolution of precocious, sib-social
care behavior seen in advanced eusocial species
(Linksvayer and Wade 2005). From this approach,
the emergence of queen- and worker-type behav-
iors could result from a slight variation in the
regulation of an otherwise conserved set of genes.

Rehan et al. (2014a) directly assessed the mater-
nal heterochrony hypothesis through
transcriptomic analysis of the subsocial small car-
penter bee, C. calcarata . In C. calcarata , mothers
may rear a worker-like daughter to aid in brood
care and foraging, and thus enter an incipiently
social stage (Rehan and Richards 2010b). Rehan
et al. (2014a) compared brain gene expression of
individuals from five focal stages in C. calcarata’s
reproductive season, and, as predicted by the ma-
ternal heterochrony hypothesis, gene expression
patterns of worker-like daughters most closely mir-
rored those of post-reproductive mothers, and in-
cluded upregulation of genes implicated in
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maternal care. Further support for the underlying
role of molecular heterochrony in emergent brood
care behavior has also been found through similar
transcriptomic works in other Hymenoptera (e.g.,
Polistes metricus , Toth et al. 2007, 2010).
Complementary to both heterochrony and
ground-plan hypotheses is the idea of the role of
genetic “toolkits”—highly conserved genes which
play a focal role in the developmental pathways of
core physiological and behavioral traits across taxa
(Toth and Robinson 2007). The genetic toolkit hy-
pothesis suggests that modifications to these key
genes, or the molecular pathways regulating their
expression (i.e., transcription factors), could underlie
the emergence of behaviors leading to social orga-
nization (Figure 2; True and Carroll 2002; Carroll
2005). Expanded by Bloch and Grozinger (2011),
the functionality of socially co-opted toolkit genes
or pathways could become sensitive to signals from
the social environment, and thus become socially
regulated. The genetic toolkit hypothesis has found
support in widely conserved genetic signaling
across both taxonomic and social lineages within
bees (Woodard et al. 2011) and among social Hy-
menoptera more broadly (Toth et al. 2014; Berens
et al. 2014; Woodard et al. 2014; Morandin et al.
2016). For instance, two species of primitively eu-
social bumble bee, Bombus terrestris and
B. impatiens , were found to share many genes
and gene regulatory elements with both
P, metricus and A. mellifera, including those in-
volved in the regulation of social behaviors (Sadd
et al. 2015). In a comparison of transcriptomes
across hymenopteran lineages (i.e., bees, ants, and
wasps), Berens et al. (2014) determined that, de-
spite high variation in expressed genes, metabolic
pathways and molecular functions were relatively
well-conserved across distant social lineages. They
thus suggested support for a “loose” genetic
toolkit: even when relatively few genes are
expressed in common, the expression of complex
sociality appears to involve highly conserved tran-
scription factor and molecular functional networks.
In contrast to the highly conserved nature of
genetic toolkits, novel or taxonomically restricted
genes (i.e., those unique to clades or lineages) have
also gained support as likely to play a key role in the
evolution of complex social behavior (Johnson and
Tsutsui 2011; Sumner 2014). With the evolution of
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eusociality, it may be expected that group behavior-
al and physiological coordination would come to
rely on specialized genes and gene expression net-
works (Johnson and Linksvayer 2010). Evidence of
caste-specific expression in genes unique to bees
(e.g., A. mellifera, Harpur et al. 2014) and other
social Hymenoptera (e.g., Polistes wasps, Ferreira
et al. 2013; Temnothorax ants, Feldmeyer et al.
2014) suggests positive selection on novel genes
may underlie derived worker phenotypes (Kapheim
et al. 2015). Accordingly, detection of lineage-
specific variations in gene families, such as a bias
towards gustatory chemoreceptors in Bombus
(Sadd et al. 2015) or expansion in odorant receptor
genes in the clonal raider ant (Ooceraea biroi;
McKenzie et al. 2016), have helped to reveal how
changes at the molecular level may dictate the
evolutionary trajectory of social Hymenoptera. De-
spite many novel genes between eusocial lineages,
a large body of research in toolkit genes indicates
that complex gene expression networks and meta-
bolic pathways remain highly conserved (Simola
et al. 2013; Berens et al. 2014; Morandin et al.
2016). Therefore, in theory, (i) eusociality may
evolve from a highly diverse suite of antecedent
genetic profiles, but (ii) the composition of genes
and functional regulatory networks underlying so-
cial phenotypes may be increasingly constrained as
species approach advanced forms of social com-
plexity. It remains unclear, however, whether the
apparent acceleration in rates of positive selection
detected among eusocial lineages may instead indi-
cate relaxed selection operating on relatively re-
duced effective population sizes in these taxa
(Harpur and Zayed 2013; Romiguier et al. 2014).

4. SOCIOGENOMICS: A
COMPARATIVE APPROACH TO
SOCIAL EVOLUTION

Broadly, sociogenomic research addresses the
feedback circuit between genetics and environ-
mental cues: (i) how molecular functions and ex-
pression affect behavior and social organization,
and (ii) how social and environmental cues further
modify signaling pathways, development, physiol-
ogy, and behavior (Robinson 2002; Robinson et al.
2005). The publication of the A. mellifera genome
represented a critical foundation for concerted
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sociogenomic research (The Honeybee Genome
Sequencing Consortium 2006) and remains a valu-
able resource for comparative studies of behavioral
plasticity and social evolution (Fischman et al.
2011; Dolezal and Toth 2014). As genes are gen-
erally conserved across genera, particularly within
taxonomic clades, the expanding wealth of honey
bee sociogenomic research can act as a guide for
explorations into the molecular architecture of spe-
cies considered antecedent to the eusocial form
(Page and Amdam 2007; Fischman et al. 2011;
Woodard et al. 2011).

The determination of the molecular signals un-
derlying the origins of caste determination in ad-
vanced eusocial Hymenoptera represents a central
endeavor in the field of sociogenomics (Toth et al.
2007; Toth and Robinson 2009), and has been
astutely explored (Barchuk et al. 2007; reviewed
in Berens et al. 2014). As with other complex traits
of interest, caste determination can be traced to
suites of genes whose functions are tied to key
developmental (e.g., vitellogenin), hormonal (e.g.,
juvenile hormone), and metabolic pathways (e.g.,
insulin pathway genes; reviewed in Page and
Amdam 2007; Corona et al. 2016). As the expres-
sion of these critical pathways remains highly sen-
sitive to external cues (such as pheromone
signaling, Grozinger et al. 2003; and nutritional
intake, Ament et al. 2008), they can be considered
as highly responsive to factors within the social
environment. It has thus been theorized that gene
pathways in eusocial taxa, which are involved in the
ontogenetic determination of caste fate during the
carliest stages of development, may have arisen
through the co-opting of genes previously involved
in core physiological processes (i.c., genetic toolkit
hypothesis, see also Toth et al. 2007; Toth and
Robinson 2009). We can use the power of compar-
ative sociogenomic research across the social spec-
trum to trace the function of candidate genes across
species of varying degrees of sociality (reviewed in
Robinson et al. 2005; Smith et al. 2008).

5. SOCIOGENOMICS ACROSS THE
SOCIAL SPECTRUM

Continued advancements in the accuracy and
accessibility of sequencing technologies havemade
the acquisition and analysis of genomic and

transcriptomic data an increasingly achievable un-
dertaking, and have greatly expanded the molecu-
lar resources available for social bee lineages
(Table I; Figure 1). Comparisons of differentially
expressed genes (DEGs) within A. mellifera, for
mstance, have revealed clear distinctions in brain
gene expression between scout, non-scout (Liang
et al. 2012), and recruit worker behavioral variants
(Southey et al. 2016). As genomic and
transcriptomic resources are developed for species
of early-stage and facultative sociality (e.g.,
Lasioglossum albipes; Kocher et al. 2013;
C. calcarata ; Rehan et al. 2014a, 2016), extended
comparative studies within and between Hyme-
noptera of distinct social organizations and lineages
will be made possible (reviewed in Berens et al.
2014; Kapheim 2016). In the genome of
C. calcarata , for instance, key transcription factor
and chemosensory gene groups were identified as
significantly expanded (Rehan et al. 2016), directly
in line with expectations from observed gene fam-
ily expansions in A. mellifera (Kapheim et al.
2015).

Insights into the molecular signals of ontoge-
netic variation between social lineages have also
been gained through DEG research in facultatively
social bees. Analysis of transcriptomic data recent-
ly developed for M. genalis revealed that while
both functional gene groups and associated expres-
sion levels varied greatly over the course of an
offspring’s development, there were consistent
shifts in primary functional processes during each
stage of maturation (Jones et al. 2015). As female
M. genalis develop from egg to adult, expression
patterns consistently shift from predominantly cel-
lular development and differentiation, to establish-
ment of neurological systems and specialized met-
abolic pathways at adulthood (Jones et al. 2015).
These results contrast with similar DEG analyses
of offspring caste determination in eusocial spe-
cies, in which early nutritional signals lead to
increasingly distinct developmental gene expres-
sion pathways towards adulthood as either a sterile
worker or reproductive queen (as seen in
A. mellifera, Barchuk et al. 2007; Polistes
wasps, Hunt et al. 2010; and Formica ants,
Morandin et al. 2015). More recently, however,
research investigating differences in brain and ab-
dominal gene expression among solitary and

@ Springer



22 W.A. Shell and S.M. Rehan

social M. genalis revealed stark differences be-
tween reproductive and non-reproductive roles.
The abdominal gene expression patterns of
workers that became replacement queens mirrored
those of reproductive foundresses, while those of
non-reproductive worker daughters stood apart.
Differences in brain gene expression patterns
among castes were not nearly as strong, however,
suggesting that changes in reproductive function-
ality may precede changes in behavior (Jones et al.
2017). The caste-biased differences in abdominal
gene expression detected in M. genalis were found
to overlap with those of obligately eusocial taxa,
suggesting there may be considerable conservation
of the regulatory mechanisms underlying eusocial
organization across evolutionary lineages. Further
research comparing the transcriptomic profiles of
offspring developmental stages and adult repro-
ductive strategies (solitary vs. social) in other bees
of early-stage sociality more broadly is a necessary
next step.

Genomic and transcriptomic resources have
also enabled the exploration of evolutionary de-
velopmental (evo-devo) theories as to how highly
complex behavioral traits may emerge from a
genetic functional architecture, which can be at
once widely conserved (Rittschof et al. 2014) and
pleiotropically constrained (Carroll 2008; Chen
et al. 2013). Transcriptional regulatory networks
(TRNGs) are the highly complex and interconnect-
ed molecular signaling pathways (between tran-
scription factors (TFs) and their target genes) un-
derlying both gene expression and environmen-
tally responsive regulation (Luscombe et al.
2004). TRN analysis in bees was pioneered by
Chandrasekaran et al. (2011), who combined the
brain transcriptomic profiles from 853 honey
bees, representative of 48 distinct behavioral phe-
notypes, to assemble a brain TRN for
A. mellifera . Their work indicated that brain gene
expression would reliably predict behavioral phe-
notype, and that disparate behavioral phenotypes
frequently rely on both shared and targeted TFs. A
more recent population genomic study of the
A. mellifera brain TRN revealed that regulatory
and coding sequences throughout the TRN are
under purifying selective pressure (Molodtsova
et al. 2014). Proteins on the periphery of this
regulatory network were most likely to be free of
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pleiotropic constraint and thus available for adap-
tive selection. Accordingly, this work provided
additional support for the genetic toolkit theory
within the evo-devo framework, highlighting the
role of alterations to TFs regulating gene expres-
sion, rather than changes in the genes themselves,
as likely critical in the emergence of complex
social behaviors.

The importance of TF functionality in social
evolution was further highlighted through compar-
ative genomic studies at a phylogenetic scale.
Kapheim et al. (2015) compared the genomic data
of 10 bee species (representing three families and
containing two independent origins of eusociality)
to investigate conserved molecular dynamics
across social lineages. In contrast to species of
early-stage sociality, those of greater social com-
plexity featured an increased frequency of tran-
scription factor binding sites and putatively meth-
ylated genes. Additional evidence of accelerated
evolution among eusocial taxa was also seen in
similar studies (Woodard et al. 2011; Simola et al.
2013; Harpur and Zayed 2013; Harpur et al. 2014;
Romiguier et al. 2014), and suggests that a capac-
ity to regulate gene expression may become in-
creasingly essential in the later stages of social
organization. However, large sets of distinct and
often lineage-specific genes were also detected in
these studies (Woodard et al. 2011; Simola et al.
2013; Kapheim et al. 2015). Thus, despite consid-
erable convergence in social organization and gene
network functionality among eusocial taxa, there
appears to be great variability in the possible evo-
lutionary routes to complex social organization.

The increased achievability of sociogenomic
methods opens doors to the integrative study of
previously under-researched taxa. In the past
4 years, the A. mellifera genome has been joined
by the draft genomes of two advanced eusocial
(Apis florea and Melipona quadrifasciata;
Kapheim et al. 2015) and two primitively eusocial
bees (B. terrestris and B. impatiens, Sadd et al.
2015); three solitary (Megachile rotundata ,
Dufourea novaeangliae, and Habropoda
laboriosa ; Kapheim et al. 2015) and two faculta-
tively social bees (L. albipes, Kocher et al. 2013;
C. calcarata , Rehan et al. 2016); and one putatively
facultatively social bee (Eufriesea mexicana,
Kapheim et al. 2015; Table I, Figure 1). As genomic
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and transcriptomic data continue to be developed in
additional social and solitary bees, we will continue
to gain more comprehensive insights into how nov-
el genes, genetic release from pleiotropic con-
straints, and convergent gene regulation underlie
the foundational transitions in social form (Rehan
and Toth 2015).

6. EPIGENETICS AND PHENOTYPIC
PLASTICITY

Variation in gene expression via methylation is
a well-appreciated mechanism of phenotypic plas-
ticity across many taxa (Goldberg et al. 2007;
Glastad et al. 2011). DNA methylation data from
social Hymenoptera (Yan et al. 2015) indicate that
a capacity for epigenetic response to ecological or
social environment may play a role in the emer-
gence of some complex traits (Weiner and Toth
2012; Kapheim et al. 2015). Studies investigating
the epigenetics of phenotypic plasticity in
A. mellifera (Lyko et al. 2010; Foret et al. 2012;
Li-Byarlay et al. 2013) and bees of early-stage
sociality (Kocher et al. 2013; Rehan et al. 2016)
have detected conserved expansions in possible
methylation sites (CpG densities), and have con-
sequently proposed this expanded capacity for
DNA methylation as putatively central in the evo-
lution of social complexity (Glastad et al. 2011;
Weiner and Toth 2012). Though CpG densities are
indicators for the capacity of methylation (Weiner
and Toth 2012; Bewick et al. 2017), only by
examining an organism’s total methyl-modified
genome can one empirically explore changes in
epigenetic architecture across behavioral states
and taxa (e.g., bees, A. mellifera, Lyko et al.
2010; C. calcarata, Rehan et al. 2016; Polistes
wasps, Patalano et al. 2015; Standage et al. 2016;
and the clonal raider ant, Cerapachys biroi,
Libbrecht et al. 2016; reviewed in Hunt et al.
2013). Nevertheless, studies exploring methyla-
tion activity in primitively eusocial Polistes
wasps found little to no evidence of gene methyl-
ation in this group (P. canadensis , Patalano et al.
2015; P. dominula, Standage et al. 2016). Thus,
though some form of epigenetic regulation of
gene expression via DNA methylation appears
widespread in many species, its exact function in
the evolution of social organization remains

irregular and unclear (Bewick et al. 2017). Despite
a large body of literature regarding its implications
in Hymenoptera, published methylome data in
bees is currently limited to four species:
A. mellifera (Lyko et al. 2010), C. calcarata
(Rehan et al. 2016), L. albipes, and
D. novaeangliae (Glastad et al. 2017). Additional
resources for bees of early-stage and facultative
sociality could help to further illuminate how
methylation affects phenotype, and whether epi-
genetic modifications influence cooperative be-
havior at the origins of social organization
(Weiner and Toth 2012).

7. THE ECO-EVO-DEVO APPROACH

As genomic and transcriptomic data provide
unprecedented insights into the molecular drivers
of phenotypic plasticity, the role of environmental
factors in affecting gene expression pathways is
becoming increasingly well appreciated (Gilbert
2012; Weiner and Toth 2012; Schlichting and
Wund 2014). Social species are affected by sig-
nals from both their ecological habitat (e.g., tem-
perature or predator pressure) and their social
environment (Bloch and Grozinger 2011; Toth
and Rehan 2017). Social environmental signals
include pheromones (Conte and Hefetz 2008),
maternal manipulation of provisions for develop-
ing larvae (Rehan and Richards 2010b; Lawson
et al. 2016), or reproductive policing by nestmates
(Olejarz et al. 2016), any of which may affect
changes in an individual’s development or behav-
ior. By integrating measurements in the social and
ecological environment with ontogenetic, phylo-
genetic, and genomic datasets, researchers now
have the chance to capture an unprecedentedly
holistic portrait of behavioral plasticity and social
evolution (Toth and Rehan 2017). This revelation
has formed the basis of the emerging “eco-evo-
devo” approach, under which the flexible molec-
ular architecture underlying an individual’s devel-
opmental pathways is continuously influenced by
environmental signal factors (reviewed in
Abouheif et al. 2014; Gilbert et al. 2015; Toth
and Rehan 2017).

Central to the eco-evo-devo framework is
the concept of genetic assimilation, in which
an initially plastic phenotypic response to local
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environmental pressure may gradually, through
accommodating mutations and selective rein-
forcement, lead to canalization for discrete
phenotypes (Waddington 1961). Evidence for
genetic assimilation has been clearly demon-
strated in the tobacco hornworm (Manduca
sexta, Suzuki and Nijhout 2006), in which
experimental alteration of environmental fac-
tors was shown to lead to novel phenotypic
responses, which may then be readily rein-
forced at the genetic level through accommo-
dating mutation. To date, comparative research
in Apis (Woodard et al. 2011; Harpur et al.
2014) and among social bee linecages
(Kapheim et al. 2015) has suggested that ge-
netic assimilation may play a similar role in
the evolution of insect sociality.

Recent sociogenomic research in M. genalis,
however, offers the first empirical assessment of
this idea in a facultatively eusocial species (Jones
et al. 2017). Jones et al. (2017) found that genes
with worker-biased expression in M. genalis o-
verlapped with genes shown to be rapidly evolv-
ing in ten other bee species. Similarities in the
patterns of evolutionary rate and caste-biased gene
expression between M. genalis and advanced eu-
social species (e.g., Apis ) thus suggest that strong
positive selection through genetic accommodation
may have driven the elaboration of social pheno-
type (i.e., a worker caste) in the ancestors of
modern eusocial taxa (Jones et al. 2017). The
developmentally constrained caste systems of ad-
vanced eusocial bees may thus be the result of
sustained environmental pressures operating on
the flexible “substrate for selection” seen in bees
of early and facultative sociality (Kapheim et al.
2015; Toth and Rehan 2017).

8. CONCLUSIONS

Phenotypic plasticity, particularly within the
context of social evolution, is a multifaceted and
highly dynamic phenomenon. Advanced eusocial
species have provided a wealth of insight into the
molecular mechanisms underlying highly elabo-
rated insect societies; however, the complex na-
ture of their sociality avails mainly inferential
conclusions regarding the evolutionary origins of
division of labor. Bees of early-stage sociality are
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most plausibly antecedent to the eusocial form
and, in many cases, remain responsive to a wide
range of social, biotic, and abiotic factors. As
such, species of early-stage and facultative social-
ity represent particularly informative models to-
wards a better understanding of the diverse origins
and drivers of behavioral plasticity and social
organization. Future comparative sociogenomic
studies will benefit from the ongoing expansion
of molecular resources for bees across the social
spectrum, and through an integrative application
of the emerging eco-evo-devo approach.
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