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What does the “genetic basis” or simply “genet-
ics” of a trait mean? Two alternative definitions
are commonly used and sometimes confounded:
(1) The full set of genes and molecular pathways
underlying the expression of a trait. (2) The set of
variable DNA sequences in a population that con-
tribute to trait variation in that population. In any
population, only a subset of locations in the
genome that can potentially influence a trait are
variable and contribute to trait variation and trait
evolution. For this reason, while molecular biolo-
gists traditionally focus on characterizing the
molecular pathways underlying trait expression
(definition 1), geneticists and evolutionary biolo-
gists traditionally focus on elucidating how
genetic variation contributes to trait variation
and trait evolution (definition 2).

Social behavior has long and commonly been
regarded as being that part of the phenotype that is
furthest away from DNA [20]. Indeed, theory and
empirical studies indicate that both the molecular
mechanisms underlying the expression of social
behavior as well as the genetic variation underly-
ing variation in social behavior are more complex
than the corresponding genetic basis of traits that
are not influenced by social interactions. Here the

theoretical reasons why behavioral traits, and
social behaviors in particular, are expected to be
particularly genetically complex are explained,
and quantitative genetic, transcriptomic, and com-
parative genomic empirical studies of the genetic
basis of social behavior are summarized.

The Genetic Basis of Behavior Is Likely
Relatively Complex

When compared to many other types of traits (e.
g., morphological or physiological traits), all
behavioral traits may have added genetic com-
plexity in terms of the numbers of genes and
molecular pathways that influence them. Behav-
ioral outcomes are influenced by an array of
organismal processes and systems, including all
aspects of organismal physiology and develop-
ment, and involving many organismal systems,
including endocrine, nervous, and immune sys-
tems. For example, all the molecular pathways
that influence organismal metabolism are also
likely to influence overall activity rate as well as
specific behavioral outcomes. Overall, any gene
that influences any organismal trait may be
expected to influence behavioral traits to some
degree as well, so that the majority of genes in
the genome may be expected to influence the
expression of behavior to some degree. Thus, the
molecular mechanisms influencing behavior are
expected to be very diverse and widespread. The
relative contribution of genetic variation to
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phenotypic variation for behavior (i.e., the herita-
bility of behavior) is also likely different from that
of other traits, because animal behavior is funda-
mentally responsive to immediate internal and
external environmental conditions and in many
organisms includes learned components. Indeed,
estimates of heritability for behavioral traits
across animals are typically lower than morpho-
logical or physiological traits.

The Genetic Basis of Social Behavior Is
Especially Complex

By definition, social behavior involves interaction
between two or more individuals. Behavior, as
well as other traits, can be influenced by social
interactions or defined by them. For example, an
individual ant worker’s foraging or exploratory
behavior may be influenced by physical or chem-
ical interactions with nestmates. Some other
behaviors can only be defined in the context of
social interactions, such as dominance interac-
tions or collective behaviors, such as ▶ colony-
level defense or nest construction that emerge
from the collective activities of many individuals
in the colony.

As a result of the dependence on social inter-
actions, social traits are the property of the
genomes of multiple interacting individuals.
These complications are formally studied in the
interacting phenotypes framework, where an indi-
vidual’s traits are directly affected by its own
genotype and indirectly affected by the genotypes
of social partners [13, 21]. While this approach is
focused on characterizing the genetic contribution
to trait variation and trait evolution (definition 2 of
genetic basis), it is readily conceptually extended
to also include the full set of molecular pathways
underlying trait expression.

In social insect colonies, where multiple castes
and age classes of individuals interact and influ-
ence colony-level functions, a complex network
of genes existing in many interacting individuals
can potentially influence the expression of traits.
For example, the foraging behavior of an individ-
ual honey bee worker may depend on her own
current nutritional and physiological state, which

is influenced by the pattern of expression of genes
in many of her tissues (e.g., brain, gut, ovaries). In
addition, the individual’s foraging behavior is
likely strongly influenced by the current nutri-
tional state of nestmates and the colony as a
whole, as well as by local interactions with other
foragers (e.g., through physical interactions, the
▶waggle dance, etc.), and by▶ pheromones pro-
duced by nestmate ▶ brood, other workers, and
the queen [12]. Importantly, all these features of
the social environment experienced by the focal
individual result from the collective traits and
genes of nestmates.

As a result of the web of social interactions and
social interdependency of individuals within
social insect colonies, the molecular mechanisms
underlying the expression of social behavior – and
other traits – in social insect colonies are likely
much more complex, involving genes and path-
ways distributed across multiple interacting indi-
viduals, when compared to the traits of solitary
organisms that are at least less influenced by inter-
actions with conspecifics [4, 13]. Furthermore,
genetic variation in the genomes of both the indi-
vidual expressing the trait and her/his social part-
ners (i.e., through direct or indirect genetic effects,
respectively) may contribute to trait variation for
individual-level traits, as well as for colony-level
traits. Thus, even though ▶ social insect genomes
have a similar number of genes as the genomes of
solitary insects, the genetic basis of many social
insect traits is likely to be relatively more
complex.

Progress Toward Characterizing the
Genetic Basis of Social Insect Behavior

Given the daunting biological complexity of
social insect colonies surveyed so far, it may not
be surprising that researchers have typically used
reductionist approaches that seek to control or
ignore social complexity in order to study the
genetic basis of individuals’ social behavior. In
particular, researchers seeking to elucidate the
genetic basis of social insect traits have often
turned to approaches developed for solitary
organisms that do not explicitly consider the
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genetic contributions of the social environment,
and that only consider the direct links between
individuals’ traits and their own genes. That is,
most social insect genetic research has not
addressed the critical genetic contribution of the
social environment.

Despite this, a major finding that has emerged
from sociogenomic research over the past decade
is that the patterns of gene expression that charac-
terize the neurogenomic state of individuals (as
well as patterns of social behavior and other social
traits) critically depend on the details of the social
environment, including the precise genotypes of
nestmates and their traits, and the composition of
the colony [5]. This result provides a nice valida-
tion of the biological reality of the colony’s social
complexity. The remaining paragraphs survey
quantitative genetic, transcriptomic, comparative
genomic, and population genomic research
focused on elucidating the genetic basis of social
insect traits, in particular social behavior.

For several decades honey bee researchers
have used quantitative genetic approaches to char-
acterize how the genotype of individual workers
and the genetic composition of the colony influ-
ence honey bee foraging, defensive behavior, and
hygienic behavior. This research includes artifi-
cial selection studies that show how social behav-
ior is heritable and can rapidly evolve in response
to selection, as well as a series of studies identify-
ing variable regions of the genome (i.e., quantita-
tive trait loci; QTL mapping) and candidate genes
underlying this variation in social behavior [7, 8].
For example, these studies identify regions of the
genome that differ between honey bee lineages
with respect to colony-level aggression, degree of
pollen hoarding, or expression of hygienic behav-
ior. These studies have also found that the effect of
an individual’s genotype on its own behavior is
often conditional on the genotypes of nestmates,
and more generally the genetic composition of the
colony.

Even though these studies have made progress
in identifying candidate genes underlying varia-
tion in social behavior, the precise genetic details
have remained largely elusive. However, this is
not surprising: the precise genetic variants that
cause variation in behavior in any animal species

have only been characterized in a handful of cases
[3].

In the past two decades, social insect
researchers, starting with honey bees, have used
transcriptome sequencing technologies (e.g.,
RNA sequencing) to simultaneously quantify
expression levels of all genes in the genome in
order to gain insight into the molecular mecha-
nisms associated with the expression of social
insect division of labor [2, 19]. Comparing pat-
terns of gene expression between two types of
individuals (e.g., honey bee nurses versus for-
agers, or queens versus workers) identifies differ-
entially expressed genes that are putatively related
to functional differences underlying division of
labor. Note that this approach focuses on elucidat-
ing the molecular mechanisms of trait expression
(definition 1 of genetic basis) and does not by
itself identify which locations in the genome are
variable and can contribute to trait evolution.

That said, other studies have sought to make
evolutionary inferences about the molecular
mechanisms underlying social traits by compar-
ing sets of differentially expressed genes across
multiple species or lineages (e.g., between honey
bees and ants) [1, 18]. Some transcriptomic and
comparative transcriptomic studies have empha-
sized the importance of certain highly conserved
functional classes of genes and molecular path-
ways (e.g., those with inferred functions relating
to metabolism) and have found evidence for sig-
nificant overlap of these pathways between dis-
tinct social lineages, while others have
emphasized that novel genes that are not highly
conserved may also play major roles in the genetic
basis and evolution of social life, especially for
novel communication functions [9].

More recently, studies have begun to compare
the genomes of social insect species in order to
make inferences about evolutionary changes in
gene content and patterns of molecular evolution
that have occurred in social insect lineages [10,
15]. These studies have emphasized changes in
gene families with chemosensory functions,
which may underlie the complex system of chem-
ical communication found in insect societies.
These studies have also identified rapidly
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evolving genes that may be associated with the
evolution of social adaptations.

One limitation of these studies is that so far
they have been restricted to only a few species.
Because each species and lineage has a large
number of distinct genes scattered across the
whole genome, only some of which are causally
related to the phenotypic differences of interest (e.
g., related to differences in social behavior), it is
difficult to identify the genetic differences that
matter. Population genomic studies have also
made progress in identifying specific genes that
show signatures of positive selection, or relaxed
purifying selection, which may contribute to
genetic changes underlying the evolution of social
complexity [6, 17].

Genome-wide association studies (GWAS)
have begun to identify variable regions of the
genome that contribute to variation in social
behavior among individuals and colonies in natu-
ral populations [11]. These approaches, together
with traditional controlled crosses between line-
ages that differ for social traits of interest and
subsequent QTL mapping, can also be used in
concert with transcriptome profiling (i.e., expres-
sion QTL or eQTL mapping) to elucidate how
DNA sequence variation affects patterns of gene
expression and subsequently contributes to varia-
tion in social behavior and other traits.

Finally, with both traditional and newly devel-
oped genetic approaches, researchers have begun
to experimentally manipulate candidate genes to
confirm their effects on social behavior [14, 16].
Because the genetic bases of social behavior are
apparently very complex, these experimental
studies, which are typically limited to one or a
few genes that are a priori of interest, will need to
be coupled with the unbiased approaches
described above in order to gain a full understand-
ing of the genetic basis and evolution of social
behavior.
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