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Abstract
It has been 55 years since Nikolaas Tinbergen formalized the field of ethology by identifying four types of inquiry that address the
Bhow^ and Bwhy^ of animal behavior from both a contemporary and historical perspective. This framework has been particularly
useful in exploring eusocial behavior among insects, due to integration across levels of analysis and timescales of influence.
Although the former has proceeded quite deliberately, the latter has received less attention. Here, I synthesize recent findings
regarding the mechanisms, ontogeny, evolution, and function of eusociality in ants, bees, and wasps. This synthesis reveals that
there has been rapid gain of knowledge regarding the genetic underpinnings of eusocial behavior, but an understanding of the
fitness consequences of these molecular mechanisms lags behind. Similarly, it has become clear that maternal or sibling effects on
development are major drivers of caste-related behavior, but the mechanisms that produce these effects are largely unknown.
Developmental caste determination and caste-biasing require sensitivities to social cues, but how this plasticity evolved from
solitary ancestors is unknown. Understanding the origins of developmental plasticity is necessary to understand how plasticity
shapes the evolutionary trajectory of social traits. Likewise, the influence of social function on molecular evolution has been
studied within a robust theoretical framework; however, these studies will benefit from an understanding of how ancestral
conditions promote the acquisition of social function in the first place. Future studies that span both levels of analysis and
timescales of influence will further advance the integrative field of ethology that Tinbergen envisioned.
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The modern era of the study of behavior is based on a frame-
work established by Niko Tinbergen 55 years ago (Tinbergen
1963). In establishing the aims and methods of ethology,
Tinbergen made the case that behavior can and should be
studied like other traits. In doing so, he identified four catego-
ries of explanation that have become the pillars of biological
investigation: causation, survival value, evolution, and ontog-
eny. This framework is largely responsible for the tremendous
advances made within the field of animal behavior over the
past several decades. One of the flagship areas of research that
has been particularly fruitful in its application of Tinbergen’s

approach is the study of social behavior in insects. The field of
sociogenomics aims to integrate research focused on the
Bhow^ and the Bwhy^ of social behavior (Robinson et al.
2005). While this includes social behavior across the tree of
life, research focused on sociality in insects has been particu-
larly prolific in recent years. Here, I synthesize recent findings
from social insect research with respect to Tinbergen’s frame-
work, and I identify areas where further integration is needed.

Tinbergen’s framework for the study
of behavior

Tinbergen was thorough and deliberate in his justification for
each of his four lines of inquiry. In his discussion of causation,
Tinbergen asked BHow does it work?^ Causal explanations
focus on the mechanisms that generate behavioral phenotypes,
and Tinbergen made the case that behaviors are influenced by
both external and internal (i.e., neurophysiological) controls.
In discussing survival value, Tinbergen asked the question
BWhat is it for?^ He cautioned against teleological thinking
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and advocated for experimental tests of the effects of behavior
on fitness. He recognized the issues that come from
performing such experiments in the lab, and urged that such
experiments be replicated in ecological contexts. Bateson and
Laland (2013) suggested the label Bcurrent utility^ be used to
describe this category of inquiry, to avoid presumptions about
the adaptive value, and thus the historical processes that
shaped the behavior. These historical processes are addressed
under Tinbergen’s question about evolution. He asserted that
behavior should be studied within a phylogenetic context, and
recommended experimental evolution and population genet-
ics be applied to understand how natural selection and other
evolutionary forces have shaped the behavior. He intuitively
predicted that antagonistic selection is likely to be particularly
important in behavioral evolution, given the complexity and
multifaceted nature of most behaviors. This is especially true
of eusociality, which encompasses a complex suite of traits,
and for which release from antagonistic pleiotropy has long
been thought to be one of the driving forces in the origins of
division of labor (Gadagkar 1997).

By appending ontogeny to Huxley’s original three ques-
tions (causation, survival value, evolution), Tinbergen called
attention to the temporal nature of the external and internal
controls shaping behavior. Interactions between individuals
and the environment may have different effects on the phe-
notype, depending on the life stage at which they occur.
Tinbergen recognized that the line between development
and post-development may be blurred or overlapping in dif-
ferent components of behaviors. Nonetheless, he considered
the temporal nature of mechanisms important enough to in-
clude as a separate category for ethological study. In this
way, the study of ontogeny asks more than Bhow does it
develop?^, but considers causation in a historical sense more
generally.

Tinbergen’s four questions fit within the levels of analysis
previously described by Mayr (1961). Mayr identified func-
tional and evolutionary biology as overlapping, but differen-
tiated, fields of biology. The former is concerned with proxi-
mate causes of traits, or those that answer the question
BHow?,^ and the latter is primarily focused on ultimate causes
of traits, or those that answer the question BWhy?^ Mayr
suggested that proximate causes regulate neurophysiological
responses to immediate factors from the environment, and
ultimate causes involve molecular evolution over multiple
generations. Mechanisms and ontogeny thus fit under the um-
brella of proximate explanations, but with current and histor-
ical temporal influence, respectively. Current utility and evo-
lution are then regarded as ultimate explanations, also with
current and historical temporal influence, respectively
(Fig. 1a) (Sherman 1988; MacDougall-Shackleton 2011).

Both Tinbergen and Mayr emphasized that biology could
be best understood when explanations in one category
informed the others through integrative approaches. For

example, understanding the survival value of a trait can
identify the important questions asked about causation.
Tinbergen pointed out that Karl von Frisch studied the
causative mechanisms of color vision in honey bees in order
to test the survival value of flower colors. Tinbergen also
pointed out that understanding the survival value of
ontogenetic controls reveals the relative influence of the
environment on behavior, similar to how evolutionary
interactions with the environment refine the molecular
instructions of genes. Tinbergen (1963) wrote, BIt is useful
both to distinguish between them and to insist that a compre-
hensive, coherent science of Ethology has to give equal atten-
tion to each of them and to their integration,^ (p. 477). Yet
even as recently as 2013, 50 years after the publication of this
directive, integration across the four questions was recognized
as one of the remaining challenges to the study of behavior
(Bateson and Laland 2013).

This challenge has been most comprehensively met in re-
search focused on social behavior in insects. Though some
students of social behavior had adopted this approach early
(Gamboa et al. 1986), the cementing of the relationship be-
tween proximate and ultimate explanations was greatly facil-
itated by the dawn of sociogenomics (i.e., the study of the
genomic basis for social behavior; (Robinson 1999;
Robinson et al. 2005)). This emerging field provided a con-
ceptual framework to guide integration of explanations for
social behavior that simultaneously answered the questions
how and why (Robinson 1999; Robinson et al. 2005). The
subsequent development of genomic resources for several
ant and bee species served as a catalyst to enact this integrative
approach within the field of sociobiology. In the years follow-
ing, there has been a deliberate effort to simultaneously ad-
dress both proximate and ultimate explanations for social be-
havior in insects, and this has provided a tremendous amount
of insight into how and why insects cooperate (Miura 2004;
Linksvayer andWade 2005; Owens 2006; Monnin and Liebig
2008; Hofmann et al. 2014; Jeanson andWeidenmüller 2014).

Integration across contemporary and historical influences
on social behavior has not been formalized to the same degree
as has integration across proximate and ultimate. However,
there are important hypotheses that invoke a temporal per-
spective on social behavior (e.g., the heterochrony model
(Linksvayer and Wade 2005) and the evo-devo model of so-
cial evolution (Toth and Robinson 2007)), empirical tests of
which have made important contributions to the study of so-
cial behavior (Toth et al. 2007). This suggests that we can gain
fresh insight into the origins and elaborations of sociality via a
more synthetic approach to integrating across Tinbergen’s
four questions (Fig. 1b).

In this review, I synthesize the rapid progress that has
been made in understanding the how and why of social be-
havior in insects, from both a historical and contemporary
perspective. I focus on social complexity in the
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Hymenopteran insects for two reasons. First, eusociality is
one of the most complex social behaviors known to animals,
and the ants, bees, and wasps are exemplars of behavioral
diversity in this respect. Although most bees and wasps are
solitary, eusociality has been gained and lost multiple times
within these groups and has evolved once in the common
ancestor of all ants (Fig. 2). Eusociality, in its most basic
form, is characterized by overlapping generations of queens
and workers, reproductive division of labor, and cooperative
brood care (Batra 1966) (Fig. 2a). By foregoing direct repro-
duction to help rear their siblings, workers display extreme
altruism. Among the Hymenoptera, there have also been
several independent elaborations of eusociality in species
which form very large colonies with many thousands of in-
dividuals. Social behavior in these species is regulated by
emergent properties, such as sophisticated modes of chemi-
cal communication and reproduction at the colony level
(Wilson 1971; Anderson and McShea 2007) (Fig. 2a). Yet,
the social biology of many ants, bees, and wasps does not fit
squarely within these definitions. Many families and sub-
families include species with a broad spectrum of social fea-
tures (Fig. 2b). Social complexity may be best thought of as a
continuum of traits that promote increasing dependency
among individuals (Fig. 2a).

Second, the social insects are some of the most thoroughly
studied with regard to each of Tinbergen’s four questions.
Widespread global distribution and ecological abundance
makes many species excellent subjects for field-based studies
and comparative work, while their size and external brood
rearing make them amenable to study in the lab for physio-
logical and cross-generational experiments. Moreover, there
are abundant genomic resources available for species within
this group, which create the opportunity for a deeper under-
standing of the mechanisms underlying social behavior in re-
lationship to other areas of behavior (Branstetter et al. 2018).
Here, I explore social behavior in ants, bees, and wasps by
synthesizing the results of recent studies across levels of anal-
ysis and timescales of influence. In doing so, I identify areas

where integration is replete, in the context of priorities for
future research.

Contemporary influence on proximate
and ultimate causes of social behavior

Early calls for integration of proximate and ultimate studies of
eusociality were primarily directed at behavioral ecologists,
who for decades had pursued explanations for the origins of
eusociality through the lens of inclusive fitness and kin selec-
tion, while remaining agnostic to the molecular mechanisms
on which kin selection could potentially act (Owens 2006).
Yet, the genetic architecture of a trait, especially a trait as
complex as eusociality, can have significant impact on how
it evolves (Lande 1982; Lande and Arnold 1983). In recent
years, social insect research has provided a bridge between the
proximate and the ultimate. The field of sociogenomics was
born at a time when the only genetic knowledge of social
insect behavior was in the form of quantitative trait loci
(QTL) associated with pollen storage among honey bee colo-
nies (Hunt et al. 1995). There are nowmyriad individual genes
and molecular pathways known to regulate key aspects of
social behavior. This provides partial answers to the question
Bhow does it work?^ Moreover, it is now recognized that
understanding how it works provides the necessary informa-
tion for a complete understanding of what it is for. With phe-
notype being the link between cause and consequence, we can
ask the following two questions of the contemporary mecha-
nisms and fitness consequences of social behavior (Fig. 1b).

How does genotype map to phenotype?

Social insect researchers asking how eusociality works have
uncovered several genetic variants, epigenetic features, and
even symbiotic relationships as potential regulators of social
behavior. It has become clear that while there are several out-
standing examples of genes and gene pathways involved in

Fig. 1 Tinbergen’s four questions
for the study of behavior. a The
traditional view of Tinbergen’s
four questions has partitioned
research into proximate or
ultimate levels of analysis and
historical and contemporary
timescales of influence. b A
synthetic approach to Tinbergen’s
four questions considers both
levels of analysis and multiple
timescales. This yields additional
questions that are important in the
study of animal behavior
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eusociality that are common to multiple lineages of ants,
wasps, and bees, much of the genomic basis for eusociality
is lineage specific (Gadau et al. 2012; Simola et al. 2013;
Kapheim et al. 2015b). Many of the genomic signatures of
eusociality have been recently reviewed elsewhere (Jandt
and Toth 2015; Ronai et al. 2016; Shell and Rehan 2017;
Toth and Rehan 2017; Weitekamp et al. 2017; Sumner et al.
2018), so here, I limit this discussion to only a few recent
discoveries. I have chosen these examples to highlight the
diversity of genetic elements that have been studied and the
advanced set of tools employed to identify the causal mecha-
nisms underpinning each of the traits that contribute to social
complexity (Fig. 2a).

Caste differentiation (i.e., developmental canalization of
queens and workers) is one of the marvels of eusociality,
and thus, the genetic mechanisms associated with this phe-
nomenon are highly sought after. New insight into the geno-
mic processes by which caste determination occurs have come
from a comparative study of a gene family called Osiris,
which is restricted to insects and essential for chitin formation.
Many of these genes are highly conserved throughout insects,
both in expression patterns and synteny. They peak in expres-
sion during pupal development in both bumble bees (Bombus
terrestris) and harvester ants (Pogonomyrmex barbatus), with
consistently higher expression in workers than in queens, po-
tentially related to variation among castes in wing formation
(Smith et al. 2018). Further study of this gene family will be
necessary to determine its social function in species for which

caste is determined more by factors experienced in adulthood
than in development.

Small, non-coding RNAs also function in developmental
caste determination. Collins et al. (2017) recently identified
twomicroRNAs that are more highly expressed in bumble bee
(B. terrestris) larvae destined to become queens than larvae
destined to become workers. These microRNAs are predicted
to target mRNAs of genes involved in development and re-
productive differentiation in honey bees. Yet, these
microRNAs are distinct from those implicated in caste differ-
entiation in honey bees (Guo et al. 2013; Shi et al. 2015;
Ashby et al. 2016). This provides additional evidence that
many of the genetic signatures of social behavior involve
common molecular pathways, but the individual elements
are lineage-specific. It is also noteworthy that the signal of
differential expression of these bumble bee microRNAs was
highest in late-instar cuticle, which could reflect their involve-
ment in functional pathways that include the Osiris gene
family.

A critical phenotype involved in eusociality is communi-
cation. Colony function relies on individuals responding to
chemical and social cues from their nestmates and non-
nestmates. For this reason, odorant-binding receptors have
long been recognized as an important source of genetic vari-
ation associated with social function. Recently, this has been
confirmed with the use of the genome engineering.
Engineered mutations in the gene orco reduced responsive-
ness to conspecifics in workers of the jumping ant

Fig. 2 Social diversity in
Hymenopteran insects. a Social
biology can be classified by a
suite of traits associated with
increasing interdependency
between colony members linked
to increasing social complexity.
D.O.L. division of labor, Shaded
boxes indicate that these traits are
variable within this category. b
Phylogenetic relationship among
lineages within the aculeate
Hymenoptera in which social
behavior has evolved. Most
lineages contain species with
different types of social behavior,
and sociality has been lost in
some bee lineages. Adapted from
Wenseleers and van Zweden
(2017); Rehan and Toth (2015);
phylogeny from Branstetter et al.
(2017)
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Harpegnathos saltator (Yan et al. 2017) and in clonal raider
ants (Ooceraea biroi) (Trible et al. 2017).

Another recent study identified genes associated with abnor-
mal social behavior among workers of the highly eusocial hon-
ey bee. In a laboratory assay, honey bee workers that did not
show any aggression toward an unfamiliar conspecific or
alloparental care toward a larva had a distinct neurogenomic
profile in the mushroom bodies, which are the primary centers
of sensory integration in insects (Shpigler et al. 2017). Genes
that were differentially expressed between socially responsive
and non-responsive workers were significantly enriched for
genes that are associated with autism spectrum disorders in
humans. The list of shared genes included several heatshock
proteins, which function in protein regulation. Additional stud-
ies that include functional assays are necessary to determine the
role these genes play in regulating social responsiveness.

From humble beginnings, sociogenomics researchers have
generated a wealth of information regarding molecular mecha-
nisms underpinning various aspects of social behavior in in-
sects. The next step to integrating proximate and ultimate ex-
planations for social behavior is to ask what these molecular
signals are for. We must now use variation in these signals
(either naturally-occurring or experimentally-induced) to ask
how they impact individual and colony-level fitness associated
with social behavior. From this, we will generate a more com-
prehensive understanding of cause and effect in eusociality.

How does phenotype map to fitness?

We can also approach this integration of contemporary influ-
ences on proximate and ultimate explanations from the inverse
angle, by asking if what it is for helps us understand how it
works. This requires understanding the fitness consequences
of social behavior. Worker behavior has traditionally been
modeled by the spread of an Ballele for altruism^ through
kin selection, based on its effects on inclusive fitness
(Hamilton 1964). However, it is also possible that worker
behavior could evolve via parental manipulation, without in-
clusive fitness benefits to workers (Alexander 1974).
Although these two models are both entirely consistent with
kin selection, they provide different answers to the question
Bwhat is it for?^—namely, for increasing the inclusive fitness
of workers or parents, respectively.

One way to test these alternative hypotheses is by compar-
ing the inclusive fitness of helpers and non-helpers, using
Hamilton’s rule. This is an impossible feat in species for which
social behavior is obligate, because the alternative fitness out-
comes cannot be accurately estimated. Moreover, the task of
partitioning fitness benefits in social nests between queens and
workers in social nests is non-trivial (Wolf and Wade 2001).
Facultatively social species thus provide a unique opportunity
to directly measure inclusive fitness of alternative social
phenotypes.

Evidence from two such species suggests that Hamilton’s
rule is not satisfied for workers. The benefits of helping rela-
tives do not outweigh the costs of foregoing reproduction in a
facultatively eusocial sweat bee (Megalopta genalis; Kapheim
et al. 2015a) and a subsocial small carpenter bee (Ceratina
calcarata; Shell et al. 2018). In both species, evidence strong-
ly suggests that mothers who manipulate their daughters into
becoming workers gain inclusive fitness benefits.
Furthermore, in a model designed with parameters based on
two years of field data forM. genalis, eusociality spread faster
and under more realistic conditions if modeled as an allele for
maternal manipulation, than it did when modeled as an allele
for altruism (Kapheim et al. 2015a). Together, these studies
support the emerging perspective that social behavior is a
function of maternal effects on offspring behavior.

This is an important finding, because if the function of
helping behavior is an increase in maternal fitness, then un-
derstanding its causation includes understanding the mecha-
nisms of maternal manipulation. A search for genes involved
in social behavior would therefore necessarily include a search
for genes with maternal and other indirect genetic effects.

Proximate analysis of contemporary
and historical influences on social behavior

By including ontogeny as one of his four questions, Tinbergen
was attempting to reconcile an ongoing debate over the degree
to which behavior is innate or acquired. He emphasized that
while the former debate was largely semantic, it is important
to ask how the machinery of behavior changes during devel-
opment. That is, how do mechanisms operating during devel-
opment shape adult behavior? He recognized that causation
can be both contemporary and historical in nature, and that
sometimes the distinction between these temporal influences
is difficult to decipher. Tinbergen also submitted that once a
developmental change in behavioral machinery was de-
scribed, the next problem was to determine how such changes
are controlled by external and internal regulators alike. He
ascribed development a role in shaping behavior similar to
that of evolution—as a form of trial-and-error-interaction with
the environment. This is consistent with a more recent under-
standing for the role of development in both shaping and gen-
erating phenotypic variation (West-Eberhard 2003). With this
in mind, we can investigate the temporal relationship between
causative mechanisms of social behavior (Fig. 1b).

How does development influence the mechanisms
of behavior?

With few exceptions, caste in social insects is environ-
mentally determined, either during pre-imaginal develop-
ment or in early adulthood. Understanding how ontogeny
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influences the mechanisms of behavior thus requires un-
derstanding the nature of these environmental interactions
(Fig. 1b).

Environmental cues that influence caste determination dur-
ing pre-imaginal stages of development are primarily in the
form of larval diet. Honey bee larvae destined to become
queens are fed a higher proportion of proteinaceous royal jelly
(Haydak 1970), while workers receive a higher dose of the
plant flavonoid p-coumaric acid (Mao et al. 2015). Proteins in
the royal jelly fed to honey bee queens and dietary exposure to
p-coumaric acid have downstream effects on nutrient signal-
ing pathways, including insulin/insulin-like signaling (IIS)
and target of rapamycin (TOR), which function in reproduc-
tive differentiation via their interaction with gonadotropic en-
docrine pathways (Patel et al. 2007; Wolschin et al. 2011;
Wang et al. 2013; Mao et al. 2015). Trophallactic fluid trans-
ferred with larval food may also have a direct influence on
caste development, via proteins, microRNAs, and gonado-
tropic hormones contained within the fluid (LeBoeuf et al.
2016). In this way, dietary nutrition influences the molecular
pathways most notably involved in reproduction and division
of labor.

There is accumulating evidence that larval nutrition may
also influence the mechanisms of social behavior in species
without derived specializations related to caste determination.
For example, in the facultatively eusocial sweat bee,
M. genalis, variation in the quality and quantity of larval pro-
visions is linked to adult variation in the physiological corre-
lates of social behavior (e.g., ovary maturation, body size)
(Kapheim et al. 2011, 2012). Similarly, larval diet restriction
in paper wasps (Polistes metricus) leads to worker-like phys-
iology (Judd et al. 2015) and changes in the expression of
genes related to worker behavior (Berens et al. 2015). In the
small carpenter bee C. calcarata, larval food reduction leads
to worker-like physiology and behavior, including reduced
aggression (Lawson et al. 2016, 2017).

In the critical period of early adulthood, aggression is likely
to be an important environmental control that regulates the
mechanisms of behavior. In the facultatively eusocial sweat
bee M. genalis, aggression from the queen to her worker-
destined daughters begins upon eclosion and remains high
even once the daughter begins working (Kapheim et al.
2016). This could indicate the effects of aggression span on-
togenetic and contemporary influences on worker behavior. In
small carpenter bees, being the recipient of aggression as an
adult triggers expression changes in the brain of genes related
to neurogenesis, olfactory-related behavior, and learning
(Withee and Rehan 2017). Among newly eclosed
Diacamma ants, being the recipient of aggression leads to
immediate reproductive shutdown and gene expression shifts
of nutrient-signaling genes, which are a major regulator of
division of labor and other social behaviors among older
adults (Okada et al. 2017).

Together, these results suggest that environmental exposure
to nutritional and dominance cues can alter the mechanisms
that regulate social behavior among adult insects (Kapheim
2017). What then are the mechanisms that influence these
developmental cues?

What are the mechanisms that create different
developmental environments?

As discussed in the sections above, nestmates are largely re-
sponsible for creating the developmental environments that
shape adult social behavior. In highly eusocial species like
ants and honey bees, larvae are reared as either queens or
workers by nurses that specialize in brood feeding. In species
closer to the solitary end of the social spectrum, developmen-
tal caste-biasing is influenced by maternal manipulation.
Understanding the mechanisms that create different develop-
mental environments thus requires understanding the mecha-
nisms that cause variation in the way nurses or mothers rear
larvae (Fig. 1b).

In highly eusocial species, nurses may specialize on rearing
either queens or workers. In this case, understanding the
mechanisms that create ontogenetic variation requires investi-
gating neurogenomic differences between nurses with differ-
ent specializations. Alternatively, individual nurses may rear
both queens and workers, without specialization. This requires
understanding the molecular shifts that occur as nurses switch
from one type of brood care to another. Recent work with ants
suggests that nurses do not specialize on feeding larvae of a
particular caste, but are instead more likely to specialize on a
particular developmental stage (Walsh et al. 2017). In honey
bees, large differences in gene expression have been docu-
mented in nurses that rear queen-destined and worker-
destined larvae (Vojvodic et al. 2015). These studies demon-
strate that it is possible to identify the molecular mechanisms
creating variation in ontogenetic environments, and suggest
additional research is necessary to discern shared and
species-specific mechanisms for social influences on behav-
ioral development.

Whenmaternal manipulation is the basis for developmental
caste-biasing, as in facultatively social bees, specialization
may occur in the sense that some females may only raise
future queens (solitary females) and other females may raise
both workers and queens (social colonies). In the facultatively
eusocial sweat bee M. genalis, females that follow different
social strategies also have significant differences in physiolo-
gy. Females that pursue a solitary strategy are smaller, with
lower titers of juvenile hormone, and reach reproductive ma-
turity later than females pursuing a social strategy (Kapheim
et al. 2013; Smith et al. 2013). However, there are relatively
few differentially expressed genes in the abdomens and brains
of solitary females and queens (Jones et al. 2017). Additional
research is necessary to determine whether there are
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differences in maternal gene expression specifically associat-
ed with rearing future queens and future workers in faculta-
tively social species. Comparisons of these maternal genes to
those identified in specialized honey bee nurses may illumi-
nate the degree to which the molecular basis for developmen-
tal variation is conserved across origins and elaborations of
eusociality. Similarly, further investigation into the life history
and physiological traits of honey bee nurses that specialize on
queen or worker rearing could help to determine how sib-
social care evolved from maternal care.

Historical influence on proximate
and ultimate causes of social behavior

Historical perspectives on proximate and ultimate explana-
tions for any phenotype require understanding the relationship
between developmental and evolutionary processes. Although
the parsing of proximate and ultimate levels of analysis has
been embedded in behavioral biology for decades, some have
recently argued that this distinction impedes, rather than facil-
itates, understanding (West-Eberhard 2003; Laland et al.
2011). These authors stress that developmental processes both
shape and respond to natural selection, and thus span both
proximate and ultimate causation. It is becoming clear that
developmental plasticity can function as both a cause and a
consequence of evolution, and this is likely to be particularly
true for behavioral phenotypes, which tend to be sensitive to
environmental cues (Renn and Schumer 2013). I propose that
the conflict between proximate and ultimate levels of analysis,
and what this means for the role of ontogeny, can be resolved
when timescales of influence are also considered. From this
perspective, ontogeny is a causal mechanism, which can re-
spond to natural selection just like any other part of life histo-
ry. However, the temporal distinction between causation and
ontogeny also creates an avenue through which development
can shape the evolutionary trajectory of traits, by influencing
the mechanisms underlying phenotypes in adulthood. This is
most evident among social insects, because of the important
role the developmental environment has on shaping the mech-
anisms underlying social behavior (see above). By integrating
across proximate and ultimate explanations at a historical
timescale, we can ask how developmental plasticity evolves,
and in turn, the role of developmental plasticity in evolution
(Fig. 1b).

How does developmental plasticity evolve?

One of the fundamental features of the origins of eusociality
from a solitary ancestor is the acquisition of developmental
plasticity. Whether caste-determination is more influenced by
environmental variation during larval stages or in early adult-
hood, the evolutionary origins of castes are tantamount to

origins of novel responses to environmental cues. For exam-
ple, the evidence reviewed above suggests that at least some
caste-biasing, if not complete caste determination, is the result
of variation in larval nutrition. However, this type of variation
in the developmental environment is not unique to social in-
sects. In fact, many insect species experience variation in lar-
val nutrition under some conditions, and the molecular path-
ways that link nutrition to reproductive potential are highly
conserved (Badisco et al. 2013). Larval nutrition is a principal
factor in many insect polyphenisms that are unrelated to soci-
ality (e.g., reproductive strategy and morphology in dung bee-
tles (Reaney and Knell 2015), dispersal morphs in aphids
(Müller et al. 2001)). Moreover, these polyphenisms are gen-
erated through highly conserved molecular pathways
(Kijimoto et al. 2014; Kijimoto and Moczek 2016;
Vellichirammal et al. 2016, 2017). Yet, caste differentiation
as a response to larval diet restriction is unique to only a few
lineages within the Hymenoptera. This highlights that the or-
igins of social castes from common sources of environmental
variation and highly conserved molecular pathways require a
novel response to developmental cues.

One way to investigate the evolutionary origins of this
novel plasticity is by comparing the response to environmen-
tal variation in closely related solitary and social species.
There is very little known about how factors important in caste
differentiation, such as nutritional, endocrine, and social cues,
influence reproductive potential in solitary bees and wasps
(Jandt and Toth 2015; Kapheim 2017). However, the follow-
ing studies have begun to shed light on how developmental
plasticity related to social behavior evolves.

Sensitivities to larval nutrition are also responsible for
developmental plasticity associated with diapause in a broad
range of species, including social insects (Hahn and
Denlinger 2011). This observation has given rise to the dia-
pause ground plan hypothesis for the origins of castes, which
posits that the molecular pathways that regulate diapause in
solitary insects have been co-opted for reproductive caste
determination in social insects (Hunt and Amdam 2005).
Evidence for this hypothesis comes from paper wasps
(P. metricus), where future queens overwinter as adults prior
to nest-founding and reproduction, and thus have larger fat
stores, higher levels of storage proteins, longer development
times, and inactivated ovaries at emergence (Hunt et al.
2007, 2010). Conversely, workers are smaller, with fewer
nutrient stores, and are thus more similar to a non-
diapausing phenotype. A recent study with the solitary alfal-
fa leafcutting bee (Megachile rotundata) provided additional
evidence that facultative diapause is regulated by variation in
larval diet (Fischman et al. 2017). This study is noteworthy,
because the authors also showed that facultative diapause, as
mediated by larval nutrition, has significant consequences on
adult reproductive success. Thus, selection is free to act in-
dependently on diapausing and non-diapausing phenotypes,
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and this provides a potential pathway for the evolution of
castes. Further investigation of the molecular mechanisms
underlying this nutritionally induced plasticity in
M. rotundata and other solitary bees and wasps is necessary
to determine how developmental plasticity related to dia-
pause may have facilitated developmental plasticity associ-
ated with reproductive castes.

Social cues are another important source of developmental
caste-biasing, but how sensitivity to these cues evolved is also
unknown. Experimental co-housing of some otherwise soli-
tary bees can result in division of labor and reproductive sup-
pression in some species (Sakagami and Maeta 1977, 1984,
1989, 1995). However, most of these species are secondarily
solitary, and these results may reflect vestigial, rather than pre-
existing plasticity. A more recent study with an ancestrally
solitary halictid bee (Nomia melanderi), demonstrated that
unlike social halictid bees (e.g.,M. genalis), reproductive mat-
uration is robust to cues from the social environment
(Kapheim and Johnson 2017). This suggests that in the ~ 75
million years since social bees shared a common ancestor with
N. melanderi, gene regulatory networks that function in de-
velopment shifted such that they became sensitive to the social
environment. Additional research in this area is critical to
understand the molecular basis for the evolutionary acquisi-
tion of developmental plasticity related to social behavior.

What is the role of developmental plasticity
in evolution?

Developmental plasticity is one of the hallmarks of social
evolution, with multiple castes evolving from highly similar
genomes. Studies of caste differentiation have focused pri-
marily on the causes of plasticity. However, developmental
plasticity is also likely to shape the trajectory of social evo-
lution, and it is thus also important to understand the
consequences of plasticity (Fig. 1b). Hymenopteran insects
are characterized by holometabolous development and
ploidy-based sex determination. Each of these traits is asso-
ciated with extensive plasticity in gene expression through
development. These ancient forms of developmental plastic-
ity predate the origins of eusociality, and may have primed
certain molecular pathways for co-option by social evolu-
tion. This priming may be the result of one or more corollar-
ies of developmental plasticity.

First, phenotypes serve as the conduit between the genetic
code and natural selection, and genes with reduced or condi-
tional expression are thus less exposed to selection. Genes
with reduced expression associated with developmental plas-
ticity are therefore likely to harbor elevated amounts of genet-
ic variation, because slightly deleterious mutations will be less
effectively shed from the population via purifying selection.
Relaxed selective constraint stemming from sex- or stage-
specific developmental plasticity can lead to the accumulation

of cryptic genetic variation that may become co-opted for
social function and subsequent adaptive evolution. This hy-
pothesis generates at least two testable predictions. First, ex-
pression plasticity during development should be positively
correlated with genetic diversity in solitary species that repre-
sent the ancestors of eusocial species. Second, these genetic
variants should show signatures of adaptive evolution associ-
ated with social behavior. To my knowledge, this hypothesis
has not been tested directly in social insects, but indirect sup-
port comes from the finding that expression patterns of caste-
biased genes have diverged more than sex- or stage-biased
genes in eusocial vespid wasps (Hoffman and Goodisman
2007; Hunt and Goodisman 2010). One potential explanation
for this finding is that genes involved in caste dimorphism are
under positive selection in social wasps, as a result of genetic
variants that accumulated under conditional expression asso-
ciated with sexual dimorphism. More explicit tests of this
hypothesis are required to understand the degree to which
developmental plasticity produces genetic variants that are
co-opted for social evolution.

The second way that developmental plasticity may influence
social evolution is through the creation of gene networks that
are primed for novel regulatory controls. Regulatory elements
involved in sex differentiation pathways are sensitive to envi-
ronmental cues, and are thus spring-loaded to develop sensitiv-
ities to novel cues, such as those associated with regulating
caste differentiation (Klein et al. 2016). In support of this,
sex-biased genes also tend to be differentially expressed among
social castes of the ant Cardiocondyla obscurior (Klein et al.
2016). In C. obscurior, and perhaps others, high tier regulatory
elements that function in endocrine response and nutrient-
sensing (e.g., juvenile hormone pathways) can generate pheno-
typic novelty, such as that of social castes, with minor changes
in spatio-temporal expression via downstream effects of tran-
scriptional cascades (Klein et al. 2016). Additional tests of this
hypothesis should include comparisons of gene regulatory net-
works associated with sex-, stage-, and caste-specific develop-
ment to test the prediction that there are a significant portion of
shared elements in these networks which function as master-
regulators of environmentally sensitive pathways.

Finally, genes that function in developmental plasticity as-
sociated with stage or sex differentiation are likely to have
high levels of inter-individual variation in expression. For
inter-individual variation to be maintained in populations,
they must be part of robust gene regulatory networks capable
of absorbing fluctuation in response to environmental change.
Gene networks associated with sex or stage related develop-
mental plasticity are thus more likely to absorb variation as-
sociated with novel developmental phenotypes, such as
castes, without significant fitness costs (Klein et al. 2016). In
support of this, genes that are differentially expressed among
social castes also tend to have high variability in expression
within social castes in fire ants (Solenopsis invicta; (Hunt et al.
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2013)) and tetraphenic ants (C. obscurior; (Schrader et al.
2017)).

Ultimate analysis of contemporary
and historical influences on social behavior

The origins and elaborations of sociality involve evolutionary
changes in the genome that include a combination of new
genes and new patterns of gene regulation. Incipient forms
of eusociality are characterized by the decoupling of a solitary
life cycle among colony members engaged in division of la-
bor, with queens specializing on reproduction and workers
specializing on brood care. It has been hypothesized that novel
regulatory patterns of existing gene networks are likely to be a
primary mechanism of social origins (West Eberhard 1987;
West Eberhard 1996; Johnson and Linksvayer 2010). The
genetic toolkit required for all aspects of incipient social life
is likely to be present in the ancestral genomes from which
sociality arose, and can be thought of as the Bsocial anatomy^
(Johnson and Linksvayer 2010). The elaborations of eusoci-
ality from simple societies to superorganisms, however, are
expected to require the evolution of new genes or novel gene
networks that function in the emergent properties necessary
for coordination of a Bsocial physiology^ at the group level
(Johnson and Linksvayer 2010). Comparative genomics stud-
ies in bees and ants, as well as detailed studies of tissue-
specific expression patterns, have provided an accumulating
base of support for the mechanistic aspects of this hypothesis
(reviewed in Kapheim 2016).

However, many of the ultimate aspects of this hypothesis
remain unaddressed. That is, genes that make up the social
anatomy and social physiology have been identified in several
lineages with social species, but it is not clear why these genes
or gene networks have been the targets of social evolution. To
fill this gap, it is necessary to ask why certain gene networks,
such as those involved in metabolism, endocrine function, or
nutrient sensing are repeatedly the site of regulatory changes
associated with social origins. We can also ask how novel
social functions that arise from regulatory changes influence
the evolution of emergent properties at the colony level. To
address ultimate explanations for the genomic anatomy and
physiology associated with social origins and elaborations, it
is thus necessary to ask how historical patterns of selection
prime the ancestral genome for current function in social be-
havior, and how social function in turn affects the trajectory of
social evolution (Fig. 1b).

How does evolutionary history influence current
utility?

A spate of comparative genomics and transcriptomics studies
in the past several years have produced lists of genes with

current social utility in a broad range of social insect species.
These studies have revealed that key sets of genes or gene
pathways have shared social function in multiple species.
However, it is unclear why these particular genes have repeat-
edly evolved social function. In order to address this question,
it is necessary to ask how ancestral conditions set the stage for
current utility (Fig. 1b).

One way that evolutionary history may shape genes that
function in social behavior is via processes that generate ge-
netic diversity in solitary ancestors of social species. Selection
on pre-existing genetic diversity is likely to be an important
component of social evolution, because adaptive evolution is
faster and more effective when acting on standing genetic
variation than on new mutations (Barrett and Schluter 2008).
Testing this hypothesis requires understanding patterns of ge-
netic diversity in species that represent the solitary ancestors
from which sociality evolved. If social function is derived
from pre-existing genetic variation, then orthologs of genes
involved in social behavior are expected to have elevated nu-
cleotide diversity or fast evolutionary rates in solitary relatives
of social insect species. A dearth of population genetic studies
on solitary species has left this prediction largely untested, but
other forms of evidence support this hypothesis more
generally.

First, an early test of this hypothesis showed that
orthologous genes which are differentially expressed be-
tween fire ant and honey bee castes have significantly higher
rates of evolution in the parasitoid wasp, Nasonia vitripennis
(Hunt et al. 2011). This result is consistent with the hypoth-
esis that genes under relaxed selective constraint are more
likely to be co-opted for social function. However, this result
may alternatively stem from shared genetic mechanisms un-
derlying a parasitoid and eusocial lifestyle. Female parasit-
oid wasps, like queens of eusocial colonies, outsource the
care of their offspring. This reduction in maternal care in
favor of increased fecundity is expected to lead to reduced
constraint on genes associated with the non-reproductive as-
pects of offspring production in eusocial ants and bees
(Gadagkar 1997), but a similar pattern may result from se-
lection on parasitoid lifestyle. In this case, elevated rates of
evolution in N. vitripennis orthologs of caste-biased genes in
social insects may stem from shared expression-bias due to
adaptive evolution, rather than standing genetic variation.
Differentiating between these alternatives will require
documenting the evolutionary rate and genetic diversity of
orthologs of genes with social function in solitary species
that engage in brood care and are more closely related to
social bees and wasps.

A second line of evidence for this hypothesis comes from a
recent study of gene duplication patterns. Among ten bee spe-
cies that vary in social behavior, increasing rates of gene du-
plication were associated with increasing social complexity
(Chau and Goodisman 2017). A closer examination of the
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consequences of gene duplication in honey bees showed that
genes with biased expression between queens and workers
were overrepresented among duplicated genes (Chau and
Goodisman 2017). Together, these results could suggest that
gene duplication precedes co-option for social function.
Because duplication allows the accumulation of genetic vari-
ation in the duplicated copy of the gene, this could provide
support for the hypothesis that social function arises from
standing genetic variation in a solitary ancestor. However, this
is likely to be filtered through adaptive evolution associated
with sexual and cellular differentiation, as similar patterns of
gene duplication were found for sex-biased and tissue-biased
genes (Chau and Goodisman 2017).

Another potential source of standing genetic variation is
recombination. Recombination is an important source of ge-
netic diversity in the honey bee genome, as mismatches gen-
erated by crossing-over events are often imperfectly repaired,
and this produces genetic variants (Yang et al. 2015).
Evidence for the hypothesis that social function has been co-
opted from genetic diversity produced by recombination
stems from the finding that genes with higher expression in
honey bee workers tend to be found in regions of the genome
with high recombination (Kent et al. 2012; Liu et al. 2015).
Understanding the role of recombination in priming the ge-
nome for co-option by social evolution requires comparisons
of recombination rate across the genomes of closely related
solitary and social species (Kapheim 2016). The finding that
recombination generates genetic diversity in orthologs of
worker-biased genes in solitary species would provide support
for the hypothesis that elevated levels of genetic diversity
preceded, and perhaps facilitated, adaptive evolution associat-
ed with social function.

How does current utility influence evolutionary
trajectory?

Eusociality is expected to play a significant role in shaping
the evolutionary trajectory of traits within populations. This
role can best be understood by focusing on genes which
function in social behavior, particularly genes with caste-
biased patterns of expression. Genes with social function
are expected to have increased rates of evolution and an
accumulation of genetic variation, because they operate pri-
marily through kin selection, and their effects on fitness are
therefore indirect (Linksvayer and Wade 2009, 2016; Hall
and Goodisman 2012). Due to these indirect fitness effects,
the evolutionary trajectory of social genes is expected to
differ from sex-limited or other conditionally-expressed
genes with direct fitness effects (Linksvayer and Wade
2016). In accordance with these theoretical predictions,
worker-biased genes have been shown to have reduced se-
lection and higher rates of molecular evolution than queen-
biased genes in bumble bees (Harpur et al. 2017) and ants

(Monomorium pharaonis; (Warner et al. 2017)). In honey
bees, however, genes with signatures of adaptive evolution
are more enriched for worker-expressed genes than queen-
expressed genes (Harpur et al. 2014). This finding is in con-
trast with the null expectations of the effects of kin selection
on molecular evolution, and could suggest that worker traits
have significantly larger effects on colony fitness than do
queen traits.

It is notable that sociogenomic predictions of kin selection
theory have been tested exclusively within obligately eusocial
species, characterized by a moderate or high degree of social
complexity. However, kin selection is not likely to be as strong
at the origins of eusociality, where conflict between individu-
al, kin, and group fitness is likely to be higher. The predictions
for how kin selection should impact the molecular evolution
of genes with social effects are based on the assumption that
all else is equal (Linksvayer andWade 2016). However, many
genes with caste-biased expression are also conditionally
expressed with regard to sex, tissue, or developmental stage
(Klein et al. 2016). In highly derived, obligately eusocial spe-
cies like ants and bumble bees, the strength of kin selection is
apparently strong enough to supersede the potentially antago-
nistic direct effects of developmental plasticity. However, this
may not be the case in species with incipient or facultative
forms of sociality, such as M. genalis or C. calcarata. It will
be necessary to disentangle the effects of developmental plas-
ticity and social plasticity to fully evaluate how social function
influences evolution at the origins of sociality. One potential
outcome of this disentanglement could be the finding that the
effects of other sources of plasticity have a larger role in shap-
ing the earliest stages of social evolution than does kin selec-
tion (see above).

Eusociality may also influence the evolution of traits within
populations via the effects of phenotypic plasticity. It has long
been recognized that plasticity may precede and facilitate
adaptive evolution (West-Eberhard 2003; Pfennig et al.
2010; Moczek et al. 2011; Gilbert et al. 2015), but there are
few empirical tests of this Bplasticity-first^ hypothesis (Levis
and Pfennig 2016). Evidence for effects of phenotypic plas-
ticity on social evolution could include evidence of adaptive
evolutionary change in the regulation of genes that function in
social behavior (Aubin-Horth and Renn 2009; Levis and
Pfennig 2016). Opportunities to look for such patterns can
be found among families of bees and wasps which include
closely related lineages or populations of both social and sol-
itary species (Rehan and Toth 2015).

Comparative genomic studies in bees have provided the
first evidence for a leading role of plasticity in social evolu-
tion. First, a comparative study of European honey bees and
derived populations of highly aggressive Africanized bees
evaluated the degree of overlap between plastic and evolved
responses to alarm pheromone, which is an important signal
for colony defense and social cohesion (Alaux et al. 2009).
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Remarkably, many of the genes for which changes in expres-
sion are induced by alarm pheromone in European honey
bees have evolved differences in baseline expression be-
tween European and Africanized bees. This provides support
for the idea that plastic responses to alarm pheromone pre-
ceded evolved differences in aggressive social behavior in
honey bees.

A more recent study provides evidence of genetic accom-
modation that spans a broad taxonomic range. Species which
exhibit facultative eusociality, such as the sweat bee
M. genalis, can be studied as proxies for the ancestral state
from which sociality evolved. Jones et al. (2017) used this
approach to identify environmentally induced plasticity that
may have preceded adaptive social evolution. They found that
genes which are differentially expressed in one or more repro-
ductive and social castes in M. genalis significantly overlap
with caste-biased genes in obligately eusocial bees from dif-
ferent lineages, spanning multiple origins of sociality.
Moreover, socially expressed genes in M. genalis were
enriched for orthologs of genes undergoing positive selection
in distantly related obligately eusocial species. This suggests
that genetic accommodation of environmentally induced plas-
ticity may be a mechanism of evolution that is common to
multiple independent origins of eusociality.

Concluding remarks and the future
of sociogenomics

In establishing the framework for the study of behavior,
Tinbergen identified four questions that could be asked to
explain behavioral phenotypes. These questions span multiple
timescales and two levels of analysis. Tinbergen made it clear,
however, that these questions should not be answered in iso-
lation of one another, and that ethological research would be
most valuable when approached from an integrative perspec-
tive. I propose that few areas of research have been as suc-
cessful in achieving this level of integration as the study of the
social lives of insects. We now have the capacity to answer
reciprocal questions about how contemporary and historical
processes influence mechanisms and evolutionary outcomes
(Fig. 1).

Integrative research has provided the insight that the early
stages of social evolution likely operate through maternal ma-
nipulation, which becomes transformed into sibling-directed
caste determination with the evolution of increasing social
complexity. This transformation is coupled with a temporal
shift in the relative importance of nutrition such that nutrition-
al effects on caste are perhaps more relevant during the larval
stage in highly eusocial species than they are in species with
incipient or facultative forms of eusociality. More research is
needed to identify the mechanisms that cause mothers and
sisters to direct the differential development of queens and

workers. Comparative studies that include solitary insects will
help fill gaps in our understanding of how developmental
plasticity evolves in solitary ancestors, as well as how genes
involved in other aspects of developmental plasticity may
have been co-opted for social evolution. Additional research
on solitary insects will also enable more complete tests of the
hypothesis that social function emerged from standing genetic
variation, and will help to identify the mechanisms that pro-
duce this variation. Comparative studies of selection patterns
in closely related solitary and social species will also be nec-
essary to evaluate the degree to which plasticity precedes so-
cial evolution. Finally, kin selection is expected to be weaker
in species at the earliest stages of social evolution, and so
molecular evolution studies in these species will improve
our understanding of how social function influences
evolution.

Filling some of these gaps in our understanding of eu-
sociality will require new resources. This includes new
genomic resources, particularly for solitary species from
lineages with independent origins of sociality. However,
natural history resources are also a critical component for
the future of sociogenomics. This is particularly true for
behaviors like social complexity that are best defined by a
suite of traits, and are multidimensional in nature (Fig. 2).
Tinbergen also stressed the need for observation in studies
of ethology. In devoting an entire section of his treatise to
the importance of observation, he delivered the following
admonition, BHowever, if we overdo this in itself justifi-
able tendency of making description subject to our analyt-
ical aims, ...we might forget that naïve, unsophisticated, or
intuitively guided observation may open our eyes to new
problems. Contempt for simple observation is a lethal trait
in any science, and certainly in a science as young as
ours,^ (p. 412). Our comparative genomic analyses are
only as good as the natural history data that supports our
comparisons. Complex phenotypes like eusociality encom-
pass a suite of nuanced traits that cannot be easily com-
partmentalized into discreet categories. Detailed knowl-
edge of life histories is thus exceedingly valuable. Yet,
the amount of genomic knowledge we have about social
insect species is rapidly verging upon that which we know
about variation in behavior. The future of sociogenomics,
and the insight promised by its integrative approach, thus
depends in part on good observation.
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