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The question of the heritability of behavior has been of
long fascination to scientists and the broader public. It is
now widely accepted that most behavioral variation has a
genetic component, although the degree of genetic influ-
ence differs widely across behaviors. Starting with Men-
del's remarkable discovery of “inheritance factors,” it has
become increasingly clear that specific genetic variants
that influence behavior can be identified. This goal is not
without its challenges: Unlike pea morphology, most natu-
ral behavioral variation has a complex genetic architec-
ture. However, we can now apply powerful genome-wide
approaches to connect variation in DNA to variation in
behavior as well as analyses of behaviorally related varia-
tion in brain gene expression, which together have pro-
vided insights into both the genetic mechanisms underlying
behavior and the dynamic relationship between genes and
behavior, respectively, in a wide range of species and for a
diversity of behaviors. Here, we focus on two systems to
illustrate both of these approaches: the genetic basis of bur-
rowing in deer mice and transcriptomic analyses of division
of labor in honey bees. Finally, we discuss the troubled rela-
tionship between the field of behavioral genetics and
eugenics, which reminds us that we must be cautious about
how we discuss and contextualize the connections between
genes and behavior, especially in humans.

Apis mellifera | burrow | division of labor | eugenics | Peromyscus

Gregor Mendel's greatest contribution—now known as
Mendel's laws of inheritance—stemmed from experiments
he conducted with garden pea plants (Pisum sativum; 1).
He chose peas, in part, because they are easy to grow,
can be sown each year, and can conveniently be cross-
pollinated by hand. In addition, peas have visible polymor-
phisms: Mendel focused on plants that varied in seed
color (green or yellow) and seed morphology (wrinkled or
smooth). Each trait had only two distinct forms, which
could easily be scored in the offspring of his crosses. By
calculating the ratios of each trait's form across several
generations, Mendel could identify consistent patterns,
based on dominance and recessivity, of inherited “factors”
(now called “genes”). It was the simplicity in the patterns of
trait inheritance—single genetic variants that cause simple
and specific phenotypic differences—that allowed Mendel
to gain key insights into genetic inheritance, laying the
foundation for modern-day genetics.

Built on this foundation, we now have a wealth of exam-
ples linking genetic variants to, for example, genetic dis-
eases in humans and morphological polymorphisms in a
wide diversity of species. Indeed, the genetic lesions for the
vast majority of common Mendelian diseases have been
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identified (2), and we have a rich and growing database of
major-effect genes contributing to variants in model organ-
isms (3), domestication traits (4), and adaptations in wild
populations (5).

However, it is also clear that not all inheritance patterns
follow Mendel's laws, not all traits have a “simple” genetic
basis, and not all are unaffected by environmental condi-
tions. The study of the genetic basis of behavior is faced
with all of these challenges—in particular, behavioral varia-
tion often (although not always) has complex patterns of
inheritance, involving the action and interactions of many
genes, and is often strongly influenced by environmental
variation. Nonetheless, even Darwin (Chapter 7 in ref. 6)
recognized that behavior, like morphological variation, could
evolve in the same way—through change over evolutionary
time—Ileading some to suggest that Darwin laid the founda-
tion for behavioral (and hence, behavioral genetic) research
for the next century (7).

The first attempt to dissect the genetic basis of behavior
was led by Seymour Benzer, who famously used forward-
genetic screens to localize chromosomal regions (and
ultimately genes) responsible for behavioral differences
in mutagenized Drosophila melanogaster, for example, the
period locus that affects circadian rhythm (8; reviewed in
ref. 9). Today, approaches that rely on ever more powerful
and cheaper genome sequencing technologies enable us
to efficiently interrogate all of an organism’s genes and the
natural variation therein, which means we can identify
DNA variation associated with inherited differences in
behavior, as a first step in elucidating the pathway from
genotype to phenotype through the nervous system.

New sequencing technologies also opened an additional
avenue of study: genome-wide studies of behaviorally related
gene expression. Behavioral transcriptomics differs from
behavioral genetics in that it does not necessarily focus on
inherited differences in behavior. Instead, these studies,
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especially when followed by functional manipulation, are use-
ful in identifying the neural and/or endocrine mechanisms
underlying particular behaviors and understanding how these
mechanisms are affected by the environment (10). Thus, the
behavioral-transcriptomic approach complements the behav-
joral genetics approach. Behavioral transcriptomics provides
insight into the more dynamic aspects of the relationship
between genes and behavior and, together with the more
deterministic aspects revealed by discoveries of causal behav-
ior genes, provides a more comprehensive understanding of
the relationships between genes and behavior.

To provide an overview of our current understanding of
the relationship between genes and behavior, here we
review some of the progress that has been made with both
approaches: a focus on DNA variation associated with varia-
tion in burrowing behavior in deer mice (Peromyscus sp.) and
studies of brain gene expression and gene regulatory net-
works (GRNs) as they relate to hormonally regulated division
of labor in honey bees (Apis mellifera). Readers interested in
broader surveys of the field can consult other recent reviews
(11-14). Because the study of genes and behavior is a com-
plicated and societally fraught subject, we conclude with a
brief discussion of the broader implications of how the leg-
acy of Mendel relates to our current understanding of the
relationship between genes and behavior.

Mendel’s Other Interests: Mice and Bees

In 1843, when Mendel joined a monastery in Brno at the
age of 21, he was drawn to both experimentation and the
natural world. Specifically, he was interested in under-
standing how variation—in what we now recognize as sim-
ple traits—is inherited from generation to generation to
give rise to differences between their offspring (Fig. 1). He
initially thought to conduct these experiments in mice,
which were popular among mouse fanciers at the time
and have a wide range of coat colors that could be easily

Fig. 1. Mendel's diverse interests. Other organisms, including house mice
and honey bees, piqued Mendel's interest but, for both biological and non-
biological reasons, his ability to perform genetic crosses on those species
was limited. Instead, it is from his elegant study of the progeny of pea
plants that he derived his laws of inheritance.
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tracked across generations. In fact, he started to cross
wild-type and albino mice in his monastery room (15).
However, he never saw the outcome, as once the bishop
caught wind of his idea to propagate mice (which, of
course, involved sexual reproduction) in the abbey, Men-
del's plans were quickly shut down (15, 16).

In the early 1900s, when Mendel's laws were first redis-
covered (17) and scientists scrambled to confirm his find-
ings in other organisms, Lucien Cuénot, a French biologist,
carried out the experiment that Mendel had started nearly
a half century earlier. Specifically, Cuénot crossed mice of
different coat colors but surprisingly, in one cross, was
unable to replicate simple Mendelian inheritance (18). It
was later determined that the pigment allele responsible
for the color difference between the focal strains was a
recessive lethal (19), resulting in a 2:1 ratio of color morphs
in offspring derived from a monohybrid cross (rather than
an expected Mendelian 3:1 ratio). The pigment allele segre-
gating in what had come to be known as “Cuénot’'s odd
mice” has since been identified—the Ay allele of the Agouti
signaling protein—and its molecular mechanism revealed
(20). Thus, the bishop's directive likely had a profound
effect on the nascent field that would later be known as
“genetics,” a term coined by W.B. Bateson, the chief popu-
larizer of Mendel's ideas following their rediscovery.

Mendel also was an avid beekeeper and tried to study
inheritance in honey bees (21). Mendel kept colonies of
honey bees at the monastery and was interested in several
topics of practical importance, including improving beehive
designs and honey production. He also likely performed
the first genetic studies of honey bees (22), crossing Cyp-
rian and Carniolan bees to observe effects on a variety of
behavioral and physiological traits. It is not exactly clear
how he performed the cross, however, because reproduc-
tion in honey bees is much more difficult to control than in
pea plants. Honey bee queens and drones mate outside in
flight; many have tried and failed to coax them to mate
in captivity, including Mendel (prompting the development
of instrumental insemination of queen bees in the mid-20th
century). Moreover, queen honey bees mate with multiple
drones, making it impossible for Mendel to have determined
the pedigree of the resulting worker bees. Nevertheless,
Mendel reported that the first-generation hybrid worker
bees were extremely industrious, and the queens were
extremely fecund. Given the difficulties, Mendel wisely did
not follow up on this early discovery of hybrid vigor, which
still today is not well understood at the molecular level, in
any species (e.g., 23). However, with the help of sophisticated
breeding paradigms, instrumental insemination, and one
of the first sequenced insect genomes (24-26), honey bee
genetics has made strong advances over the past three
decades. Notable discoveries include identifying genomic
regions contributing to variation in the propensity to forage
for nectar or pollen (27) and the identification and functional
validation of the c¢sd gene, which underlies haplodiploid sex
determination in honey bees (28).

Mendel did not only dodge the complexities of mouse
coat color and honey bee reproductive biology, but there
are many additional complexities, from a genetic perspec-
tive, that can obscure a simple connection between the
inheritance of a particular allele and a trait of interest. Such
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deviations can include peculiarities of specific alleles/genes
(e.g., codominance, incomplete dominance), the effect of
multiple loci and their interaction (e.g., epistasis, which can
lead to incomplete penetrance and/or variable expressivity),
or the interaction between an allele and the environment
(i.e., environmental effects) or gene-by-environment inter-
actions, to name a few. Most trait variation, including
behavior, is anything but simple.

Behavioral Genetics

The founding of behavior genetics—a field broadly inter-
ested in the question of how genetic (and environmental)
differences influence behavioral differences—has been
attributed largely to Francis Galton, a cousin of Charles
Darwin, who in the nineteenth century studied, among
other things, the inheritance patterns of “social and intel-
lectual achievement” in a large human pedigree of wealthy
British families, concluding there was statistical evidence
for a hereditary contribution to differences in achievement
among individuals (29). By acknowledging a role for the
environment, he also reignited the ongoing “nature versus
nurture” debate. The field and Galton’s contributions, how-
ever, were later undermined by his leading role in eugenics,
a term he coined to describe the idea that selective breed-
ing combined with knowledge about the inheritance of
behavior could improve the human species (30, 31). In addi-
tion to the deep racial prejudices associated with eugenics,
the idea is based on an overly simplistic and erroneous
understanding of the inheritance of behavioral variation.

It was not until the mid-20th century that behavioral
genetics reemerged as a respectable scientific field. It now
is widely accepted in the scientific community that varia-
tion in many, if not most, behaviors in animals (including
humans) has some genetic influence, although the size of
the genetic effect for any particular trait can differ widely.
At the time of this rebirth, the genetic contribution to
behavioral variation was most often explored either
through twin or family studies in humans or in a handful
of model animals, which could be studied in the labora-
tory. In recent years, with the advent of (affordable) geno-
mic approaches, it is increasingly possible to connect
genes and their expression to a wide diversity of behaviors
in a wide diversity of (even nonmodel) species, allowing for
exciting new insights into how behavior evolves in the wild.

Approaches to Connecting Genetic Variation
and Behavioral Variation

One goal of behavioral genetics is to identify the precise
genetic contributors to differences in natural behavior.
Over the last several decades, behavioral geneticists have
been estimating the number and location of genomic
regions (those harboring causal mutations) associated with
behavioral differences (e.g., 32, 33; reviewed in ref. 34),
whereas others focused on the specific roles of known
genes, such as neuropeptides, on behavior (e.g., 35, 36).
Both approaches—forward genetics, which focuses on
determining the genetic basis of a given phenotype, and
reverse genetics, which involves genetic manipulations to
elucidate gene function by examining changes to phenoty-
pes—have contributed to our understanding of the link
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between genes and behavior. Now, the field is well poised
to combine quantitative genetics and molecular genetics to
interrogate the entire genome (using unbiased approaches)
to identify specific genes that contribute to complex behav-
ioral variation from a molecular perspective.

The ability to easily score millions of genetic markers or
sequence entire genomes across hundreds or thousands of
individuals in almost any species (e.g., genotype-by-sequencing
approaches) has enabled researchers to more efficiently nar-
row in on causal genes through a variety of forward-genetic
approaches, such as quantitative trait locus (QTL) mapping,
genome-wide association studies, or comparisons of geno-
mic differentiation between behaviorally distinct populations
(reviewed in ref. 13). For example, using QTL mapping, Ding
and colleagues (37) identified an insertion of a retroelement
in the regulatory region of an ion channel in the slowpoke
locus that affects a specific aspect of courtship song (sine
song frequency) in Drosophila. By generating resequencing
data from sweat bees from social and solitary populations,
Kocher and colleagues (38) implicate a single genetic variant
in the cis-regulation of syntaxin-1, a gene that mediates syn-
aptic vesicle release, contributing to a social-behavior poly-
morphism. Or a genome-wide scan of genetic differentiation
between two warbler populations pointed to a strong candi-
date gene, Vacuolar protein sorting 13A (Vps13A), at which alle-
lic variation may contribute to a binary choice in winter
migration path (39). Clearly, new genome-wide genotyping
and sequencing approaches have enabled the identification
of (candidate) genes, and in some cases mutations, contrib-
uting to behavioral variation segregating within and between
species, adding to a set of classic examples of the genetics
of behavioral polymorphisms [e.g., colony structure in fire ants
(40); foraging behavior in Drosophila (41)]. These approaches
are also applicable to the dissection of even more complex
behavioral variation.

Behavioral Genetics in Deer Mice

While house mice (genus Mus), like those that Mendel once
considered studying, have long served as a premier model
for mammalian behavioral genetics, the study of additional
rodent species, which either express more extreme differ-
ences in behavior or even behaviors not performed by Mus,
can serve as a complementary model for the genetic dissec-
tion of complex behavioral variation. For example, deer mice
(genus Peromyscus) have well documented variation in
behavior (and other traits), often associated with their local
environment (42). This natural behavioral variation combined
with the ability to maintain these mice in the laboratory
allows for both estimates of the heritability as well as the
ability to conduct forward genetics, starting with genetic
crosses to document inheritance of behavioral differences.
In some cases, large behavioral differences observed in the
wild, such as differences in aggression between island and
mainland deer mice (43), show no heritable component when
offspring of wild mice were reared in a common laboratory
environment (44). However, other behaviors have a strong
genetic component, such as interspecific differences in paren-
tal care: forward-genetic dissection of the parental-care
behavior between two Peromyscus species, combined with a
high-resolution whole-genome sequence and RNA-sequencing
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data from the hypothalamus, resulted in the localization of a
specific gene, arginine vasopressin (Avp), whose difference in
allele-specific expression level leads to differences in paren-
tal nest building behavior (45). Still other heritable behavior
differences in deer mice have more lessons to share—
specifically the evolution of burrowing behavior (46)—thus
providing promising opportunities to apply modern molecu-
lar genetics to understanding the genetic basis of behavior
evolution.

Genetic Architecture of Burrowing

Many organisms build structures in their environment
(e.g., bird nests, spider webs, beaver dams), which requires
a suite of coordinated behaviors. Burrows represent one
such architecture, which can provide safety from preda-
tors, buffering from environmental fluctuations, and/or a
place to store resources (47). All Peromyscus use rhythmic
head and limb movements to dig their burrows, yet differ-
ent species consistently produce burrows of a particular
size and shape (48, 49). One species in particular, the old-
field mouse (Peromyscus polionotus), has an extremely long
and stereotyped burrow architecture, which includes an
entrance tunnel, nest chamber, and a secondary tunnel,
which radiates up toward the ground's surface but does
not penetrate the surface and is used as an escape tunnel
(50). It has been hypothesized that this burrow shape may
be key to their survival: these mice live almost exclusively
in an open habitat (e.g., oldfields, abandoned agricultural
fields, and coastal dunes), with little vegetative cover as
protection from predators or thermal fluctuations (51).
This burrow shape contrasts strikingly with the burrows

constructed by other species, which either do not build
burrows at all or build small, simple burrows (e.g., the deer
mouse, Peromyscus maniculatus), with one exception: the
Aztec mouse (Peromyscus aztecus), which constructs a long
burrow (49). Importantly, however, all lack an escape tun-
nel. Because Peromyscus burrowing behavior can be reca-
pitulated in the laboratory in a common soil environment,
and some sister-species pairs are interfertile and thus can
be intercrossed, this provides an opportunity to determine,
as Mendel did with his peas, the inheritance patterns of
specific burrow traits across hybrid generations (Fig. 2).
The burrows built by oldfield mice are remarkable, both
for their clever design and for the consistency with which
they are constructed. Several lines of evidence support
a strong genetic component for this particular behavior.
First, mice born in the laboratory, despite never witnessing
burrow construction or even experiencing soil, produce a
species-typical burrow (49, 52). Oldfield mice will even do
so when cross-fostered by short burrowing deer mouse
parents (53). Even more remarkable, young oldfield mice,
starting at 19 d of age (note that pups are weaned at 24 d
of age) produce burrows with species-typical shape, only
the overall burrow size is smaller; this contrasts with deer
mice that do not start building their simple burrows until
much later, at 27 d of age (53). In fact, the burrow size and
shape constructed by an individual mouse is highly repeat-
able across trials (49, 54). Both males and females dig bur-
rows, with no differences in burrow architecture between
the sexes (55). While it was originally proposed that preg-
nant females may be most motivated to dig natal burrows
(52), there is no evidence for differences in burrow con-
struction between virgin, mated, or pregnant females (56).
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Fig. 2. Simple versus complex inheritance. (A) Pea seed color, as studied by Mendel, exhibits a simple genetic basis. When pea plants that generate yellow-
and green-colored seeds are crossed (F0), the seeds of all progeny are green (F1). When F1 progeny are crossed, the resulting F2 progeny produce either yel-
low seeds or green seeds, fully recapitulating the FO parental phenotypes with no intermediates. These results can be explained by a single gene for seed
coat color, identified as staygreen (sgr; ref. 90), with a dominant green and recessive yellow allele. (B) Burrow architecture in Peromyscus mice exhibits a
more complex genetic basis. When oldfield mice are crossed with deer mice (F0), the resulting offspring dig burrows like oldfield mice (F1). However, when
F1 mice are backcrossed with deer mice, BC1 offspring display a continuous distribution of burrow length that spans parental species phenotypes. These
results are consistent with multiple, dominant loci from oldfield mice contributing to longer burrows.
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Burrow length is almost invariant even in the wild, even if
burrow depth varies with soil type (i.e., burrows built in
heavy loam are shallower than those built in loose sand;
ref. 55). Together these data are consistent with the com-
plex burrowing behavior of the oldfield mouse being
largely innate.

The burrows constructed by the oldfield mouse and its
sister species, the deer mouse (P. maniculatus), differ dra-
matically—both in size and shape (Fig. 2B). In the labora-
tory, oldfield mice produce burrows that are, on average,
40 cm in total length with a 20-cm entrance tunnel; by con-
trast, deer mice burrows have only a short entrance tunnel
of ~7 cm (49, 55). These two species are interfertile, which
offers the opportunity to dissect the genetic basis of these
differences in burrowing behavior. Indeed, first-generation
(F1) hybrids produce burrows that are statistically indistin-
guishable from the oldfield mice—long and including an
escape tunnel—suggesting the behaviors, and the underly-
ing causal alleles, act in a dominant fashion (Fig. 2B; 52,
55). Crossing these F1 hybrids to deer mice produced a
generation of backcross (BC1) hybrids, for which 25% of
alleles are inherited from oldfield and 75% from deer
mice, that resulted in a wide range of burrow architec-
tures, including burrows that matched the parental bur-
rows (i.e., long with an escape tunnel, or short without an
escape tunnel) as well as those that differed from the
parents (i.e., long without an escape, and short with an
escape; Fig. 2B). These BC1 burrow phenotypes suggest
that, like Mendel's peas, in which seed color and seed mor-
phology seemed to segregate independently, the major
genes affecting burrow length and burrow shape may be
unlinked (55). In other words, the complex burrow seems
to be subserved by distinct genetic modules.

The genetic architecture of Peromyscus burrow variation
also showed some clear differences from the simple inher-
itance patterns that Mendel observed in his peas (Fig. 2).
For example, in the BC1 hybrids, burrow length did not have
only two discrete states (e.g., long or short), but instead was
continuously distributed. This pattern suggested that allelic
variation at more than just one gene likely drives the differ-
ence in burrow length. Indeed, by genotyping the BC1 popula-
tion with thousands of markers across the genome, genomic
regions were localized in which particular genotypes were pre-
dictive of burrow phenotype. There were three regions on
three separate chromosomes that correlated with burrow
length, and notably a separate fourth chromosome was asso-
ciated with the presence and/or absence of escape tunnel
(55). Together, the three regions accounted for ~15% of the
variation in burrow length. Based on the repeatability of
burrowing behavior in the oldfield mice, ~24% of variation in
burrowing can be explained by genetics, suggesting that the
three regions account for a majority of the genetic effects;
nevertheless, these results also suggest that additional loci
and/or environmental effects likely also influence burrowing.
Indeed, a recent study intersected alleles that were differ-
entially expressed in the brain both between species and
between burrowing and nonburrowing animals with these
mapping results to implicate a role for additional small-effect
loci that contribute to burrowing difference (57).

These discoveries have been facilitated by high-resolution
linkage maps, enabled by efficient and cost-effective genotyping
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approaches, and, more recently, genome assemblies with
gene annotations for these species. Genome assemblies
improve the precision of genetic mapping and downstream
investigations of the possible causal genes and mutations.
Moreover, long-read sequencing now allows us to move
beyond surveying only single nucleotide mutations and dis-
cover larger structural genetic changes that have been asso-
ciated with multiple adaptive traits as in Peromyscus (58) as
well as behavioral polymorphisms [e.g., mating behavior in
ruffs (59, 60), reproductive behavior in white-crowned spar-
rows (61), and social organization in fire ants (62); reviewed
in Wellenreuther and Bernatchez (63)].

Simple versus Complex Genetics

Mendel's experiments were both elegant and powerful
because of their simplicity—the traits were simple and the
underlying genetics was simple. A single gene with just two
alleles fully explained the inheritance of an easily mea-
sured trait (e.g., color of a pea seed) (Fig. 2A). Most trait
variation, however, is more complex, as is often the case
for behavior. Nonetheless, sometimes what is most strik-
ing is the contrast between the degree of perceived com-
plexity at the phenotypic versus genotypic level. In the
case of burrowing, one can argue that the evolution from
a short, simple burrow to a long burrow with intricate
engineering (i.e., a well-designed escape hatch) is likely to
be complex. Nonetheless, the ability to map a handful of
regions in a relatively small mapping population is remark-
able, and the possibility of a small number of discrete
genetic modules (e.g., relatively large-effect loci that each
affect a different aspect of burrow size/shape) suggests a
relatively simple genetic architecture. However, this result
also does not preclude the contribution of allelic variation
at a few or even many small-effect loci to variation in bur-
rowing behavior. Much work remains (and is indeed ongo-
ing) to narrow in on causal genes within these regions,
which is arguably the most challenging and time-consuming
step of forward-genetic approaches, especially for behav-
ioral traits for which candidate genes may be obscure. In
the meantime, it is interesting to imagine what types of
genetic changes could lead to a longer burrow—perhaps
genetic changes leading to faster-acting or longer-lasting
muscle movements, changes in locomotory sequence, or a
change in motivation to dig, for example. In any case, what-
ever the allele(s) may be, it is unlikely that there is a gene or
genes “for burrowing.” Most genes are pleiotropic and play
multiple roles in organisms, at different timepoints and/or
in different tissues. Thus, even for very tractable behaviors,
the situation is not as simple as one gene-one trait. But the
power of genomics is now letting us investigate the genetic
basis of the vast majority of heritable traits, behavior
included, that are not as simple as traits in Mendel’s peas.

Behavioral Genomics

The advent of genomics, now almost 30 y ago, also
enabled the development of a new approach to study the
connection between genes and behavior, which comple-
ments the powerful forward-genetic approaches described
earlier. This involves measuring gene expression (most
often in the brain) associated with differences in behavior.

https://doi.org/10.1073/pnas.2122154119 5 of 10



Behaviorally related gene expression analyses certainly were
performed prior to the genomic era, but then they were usu-
ally restricted to one or a few genes at a time. Genomics ena-
bles entire transcriptomes to be interrogated—from whole
brains, brain regions, or individual brain cells—to provide
unbiased gene discovery (64, 65). Differences in gene expres-
sion associated with differences in behavior result in lists of
usually hundreds to thousands of differentially expressed
genes (DEGs). Sometimes these DEG lists provide candidate
genes for functional studies to go beyond correlation: for
example, RNA sequencing of mosquitoes that are attracted
to humans versus other mammals pointed to a candidate
olfactory receptor later shown with additional experiments
to cause difference in host preference (66). However, it is
important to note that using transcriptomics alone to find
causal genes is often difficult because even a single casual
genetic variant can affect the expression of thousands of
genes. Nonetheless, annotation tools such as Gene Ontology
can be used to provide suggestive insights into the pathways
or mechanistic themes that might characterize the differ-
ences in behavior. In addition, transcriptomics also can
serve as the basis for studies of mechanisms of gene regu-
lation via the modeling of GRNs, an approach discussed in
detail later in this work, and can be particularly powerful in
understanding the influence of the environment. Thus,
without needing to perform crosses, the traditional Mende-
lian starting point, genomics has dramatically expanded the
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scope of the study of genes and behavior, enabling many
naturally occurring and complex behaviors to be studied
(especially those not amenable to laboratory experiments)
in many different species at the molecular level.

Division of Labor in Honey Bee Colonies

The social behaviors of honey bees gave Charles Darwin
pause (67). Darwin struggled—for his theory of evolution
by natural selection to hold true, he needed to convince
himself that what he referred to as the “wonderful
instincts” of social insects could evolve through the accu-
mulation of small changes over time (Chapter 7 in ref. 6).
Indeed, the inheritance of such complex social behavior of
honey bees also fascinated Mendel, as discussed earlier.
Both scholars yearned to understand how complex, innate
social organization could be inherited over generations, a
question we are only now just beginning to unravel from a
genetic perspective.

One of the most important components of the intricate
organization of the honey bee colony is a division of labor
among worker bees, which is based on a process of indi-
vidual behavioral maturation (Fig. 3A; ref. 68). Adult worker
honey bees typically live for 4 to 7 wk during the active
season; they work in the hive sequentially performing a
series of tasks for the first 2 to 3 wk including brood care
(“nursing”) and honey processing, and then spend the
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Fig. 3. Gene expression networks underlie behavioral plasticity. (A) A honey bee worker will begin its adult life working inside the hive as a nurse and then
will transition through a middle-age phase of tasks before a shift to working outside the hive as a forager. (B) The behavioral changes associated with this
labor transition are tied to changes in brain gene expression in thousands of genes. The coordinated changes in brain gene expression result in markedly

different gene expression networks between nurse and forager worker bees.
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remainder of their lives defending the hive and searching
for nectar and pollen (“foraging”). In addition, honey bee
colonies cope with changes in health, age demography,
resource availability, and other factors through flexible
changes in division of labor based on worker bees accelerat-
ing, delaying, or even reversing their behavioral maturation
to serve the needs of their colony. This is usually determined
by measuring the age at onset of foraging because the tran-
sition from working in the hive to foraging outside the hive is
particularly sharp.

So far, about a dozen social, nutritional, hormonal, neu-
rochemical, and molecular determinants of age at onset of
foraging have been identified, including several genes (69).
Each determinant either speeds up or slows down behav-
ioral maturation to cause a precocious or delayed onset of
foraging, respectively; the focus here will be on endocrine-
related determinants. There also are inherited differences
in rate of behavioral maturation (70); while no specific
DNA variants have yet been identified, forward-genetic
mapping studies, like those described earlier, suggest that
the genetic architecture underlying variation in rate of
behavioral maturation is highly polygenic (27).

In an early study of division of labor-related brain gene
expression (71), and one of the first genome-wide surveys
of behaviorally related gene expression in any species,
nursing and foraging bees were compared. In addition to
their well-known differences in behavior, extensive research
has revealed that nurses and foragers differ the most in
physiology, brain structure, and brain chemistry relative to
all other groups of task specialists in honey bee colonies
(72). Given these differences, it was expected that at least
some genes will show differences in expression between
nurses and foragers. Nonetheless, it was surprising to learn
that almost 40% of the roughly 5,500 genes (with the early
technology available at the time) with measurable activity in
the brain were either up-regulated or down-regulated in
nurses compared to foragers. Though only correlative, the
differences measured in bees were so robust that it was
possible to computationally predict whether a bee was a
nurse or forager solely by its brain gene expression profile.
Since that report, many studies conducted in a wide range
of species report behavioral differences associated with
brain expression differences in hundreds or more often
thousands of genes.

Genes Involved in Hormonal Regulation of
Division of Labor

Many of the genes differentially expressed in the brain of
nurses and foragers are related to hormonal regulation of
division of labor (73). Division of labor among worker
honey bees has evolved by co-opting elements of the basic
insect reproductive system, especially juvenile hormone
(JH) and vitellogenin (Vg) (74). In most insect species, an
increase in the blood levels of JH is associated with the
onset of reproduction, but in honey bees it is associated
with the onset of foraging. Hormone treatments that mimic
this increase cause precocious foraging, while removal of
the JH-producing corpora allata delays it. In addition, Vg
inhibits JH production, JH inhibits Vg production, and the
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two of them together form a double repressor feedback
loop to control age at onset of foraging (75).

So far, four JH-related genes have been identified that
differ in expression between nurses and foragers and also
cause changes in behavioral maturation (however, no spe-
cific DNA variants in behaviorally related genes have yet
been identified in honey bees). The four are vg, ultraspiracle
(usp), broad, and fushi tarazu transcription factor 1 (ftz-f1).
The vg gene encodes Vg, a lipoprotein that is one of the
most abundant yolk proteins in insect eggs. In honey bees,
Amdam, Page, and colleagues (27) have demonstrated that
vg has evolved novel roles related to immune function, lon-
gevity, nutrition, and behavior; knockdown of vg in the
abdomen by RNA interference (RNAI) increases blood levels
of JH and leads to precocious foraging (75, 76). Usp is
involved in orchestrating the transcriptional response to JH;
it also is part of a gene family known to encode proteins
regulating metabolism and nutritional physiology in many
species. This gene was of particular interest because
changes in nutritional physiology are linked to honey bee
behavioral maturation; for example, starvation is a factor
that induces precocious foraging. Moreover, usp expression is
up-regulated in the fat body following JH treatment, and
knockdown of usp by RNAi causes a delay in the onset of
foraging (77). Broad and ftz-f1 also have been linked to JH
transcriptional effects: broad encodes a protein that integra-
tes signals from diverse endocrine pathways including JH
and Vg, while the expression of ftz-f1 itself is regulated by
broad. Knockdowns of the expression of broad or ftz-f1 in
the brain by RNAI also cause delays in the onset of foraging
(78). These four genes represent only a small fraction of the
molecular machinery underlying hormonal regulation of
division of labor, but studies about their regulation already
have yielded important insights into the dynamic relation-
ship between genes and behavior.

GRNs and Division of Labor

Genes and neurons work together to make brain function
possible, and both function within networks. GRNs are
located inside each cell in the brain (and other tissues) and
coordinate gene expression. Neuronal networks (NNSs)
coordinate the activity of neural circuits that transmit elec-
trochemical signals from one neuron to another. We are
only just beginning to understand how GRNs and NNs inte-
grate brain activity to control behavior (79).

It is assumed that the honey bee genome contains
a comparable number of transcription factors (TFs) to
Drosophila, roughly 700. How many TFs regulate the expres-
sion of each gene, and how many genes are regulated by
each TF? There is not yet enough information for firm num-
bers, but it is thought that each gene is regulated by about
5 to 100 TFs (80), and each TF regulates the expression of
tens to hundreds of genes, sometimes including other TFs.
It is thus very clear that gene regulation occurs in hierarchi-
cal, cascading, networks, with tiers of TFs working in combi-
nation to regulate the expression of their target genes.

Usp, broad, and ftz-f1 code for TFs, and as expected,
each of these TFs regulates many genes (Fig. 3B; refs. 69
and 81). vg RNAi abdomen knockdown results in changes
in the expression of thousands of genes, in both the fat
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body and brain (76). Vg, however, is not a TF; these effects
are thus indirect, due to interactions between Vg and asso-
ciated TFs. A computational analysis of the genomes of 10
different species varying in level of social complexity also
has implicated usp and broad in the evolution of social life
in bees (82).

Computational analyses enable genome-scale analyses
to find the location of all copies of DNA binding motifs
associated with each TF to identify the genes predicted
to be regulated by each TF. This approach has yielded
two important insights thus far. First, regulation of gene
expression by TFs involves complex and variable combina-
torial rules. Recall that honey bee behavioral maturation
is affected by a variety of social, nutritional, hormonal,
neurochemical, and molecular determinants, only some
of which were discussed earlier. A study of 11 of these
determinants showed that they collectively influence the
expression of overlapping sets of genes in the brain (73).
Using newly created bioinformatic tools, Ament and col-
leagues (77) showed that these overlapping genes are in
turn regulated by overlapping sets of TFs. But the precise
combination of TFs varied for the different determinants,
and the ways that TFs are involved appear to follow differ-
ent forms of computational logic (e.g., “and, “or,” and “not”
gates). For example, two cis-regulatory motifs together pre-
dict gene expression responses to the 11 determinants of
behavioral maturation but follow different Boolean combina-
torial rules. These findings hint at a highly complex regulatory
code that governs how the same genes regulate different
behaviors (Fig. 3B).

Second, regulatory relationships between TFs and target
genes are context dependent. Based on a meta-analysis of
brain gene expression profiles from 853 individual adult
worker honey bees exhibiting 48 distinct behavioral states
associated with division of labor, the manner in which a TF
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and its target genes are coexpressed in the brain is pre-
dicted to vary with behavioral state (e.g., whether the meas-
urements were made from a bee engaged in nursing or
foraging; ref. 80). Focusing on broad and ftz-f1, Hamilton
and colleagues (78) found results consistent with this pre-
diction: patterns of coexpression between broad and ftz-f1
and their respective targets indeed varied with behavioral
state, and also with experimentally induced changes in
broad and ftz-f1 brain expression due to RNAi. For example,
a brain GRN predicts a positive correlation between the
expression of broad and the target gene GB15608 for bees in
an aggressive behavioral state associated with hive defense,
but a negative correlation for bees engaged in foraging (78).
Changes in regulatory relationships between TFs and target
genes have already been discovered to occur at evolutionary
time scales (83). These new results now extend this concept
to shorter time scales associated with neurobiology and
behavior.

Behavioral Genetics and Genomics

A complete understanding of the relationship between
genes and behavior requires probing the consequences of
genetic variation at multiple levels: from DNA sequences
to brain gene expression, to brain connectivity, to neuronal
firing dynamics, to behavioral variation. Behavioral genetics
provides information on causal genes and alleles, whereas
behavioral genomics can help identify mechanistic roles of
these alleles through transcriptomic and GRN analyses; both
approaches are necessary to gain a complete picture of how
genes contribute to behavior (Fig. 4). While there are a grow-
ing number of examples in which allelic variation at genes is
associated with behavior, there are many fewer cases in
which we also have a clear understanding of how those
genes act in or on neural circuits to cause differences in
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behavior, especially in the context of evolutionary changes.
We do know that experience-dependent changes in brain
gene expression can help prepare individuals to adjust
their behavior to new environmental conditions (72, 84). The
use of transcriptomics to discover evolutionarily conserved
“genetic toolkits” for behavior is yet another approach to
facilitate a comprehensive understanding of the relationship
between genes and behavior (85).

Reconsidering the Relationship between
Genes and Behavior

Mendel's pioneering studies provided the foundation for
the science of genetics. His choice of traits with simple
inheritance eventually led others to adopt a “genes for”
shorthand for an expectation of a direct, specific, and
causal relationship between a gene and a trait. For behav-
ior, it is important to acknowledge that this perspective
has been all too easily misused to promote inequities, rac-
ism, and genocide (86). The studies reviewed here highlight
that the relationship between genes and behavior is more
complicated than suggested by the “genes for” shorthand.
To be sure, there are indeed excellent examples of individ-
ual genes that have DNA variants with specific and causal
relationships to a behavior, some of which affect the
expression of many other genes (e.g., 35, 45, 66, 87, 88;
reviewed in ref. 13). But the studies described in depth
earlier serve as examples of how “genes for” thinking is
misguided. There are no genes that specify behavior;
rather, genetic variation acts to change biochemical and
cellular pathways that alter neuronal circuits to result in
behavioral variation and, ultimately, behavioral evolution.
Because most genes are pleiotropic, changes in any one
gene often affect many traits. Moreover, even the most

fundamental elements of gene regulation are not fixed,
and we have as yet little knowledge of the dynamic and
context-dependent codes that govern the operation of
behaviorally related GRNs. In addition, human genome-
wide association studies reveal that associations between
specific alleles and behavioral variation are heavily depen-
dent on the populations that are studied (i.e., the genetic
background in which alleles are found), providing another
example of “context-dependent” connections between genes
and behavior (89). Given that behaviors are the product of
both nature and nurture, it is clear that both inherited and
environmental influences affect the precise and ever-changing
relationships between genes and behavior (Fig. 4).

Understanding the complex relationship between genes
and behavior—and how these connections may vary
among individuals, populations, and species—is a grand
challenge for both science and society. Studies such as
those reviewed here are pushing scientists to move past
the outdated “genes for” paradigm, and it is critically
important for scientists to work hard to enable the public
to recognize and understand the underlying science. In
this way, we can honor the legacy of Mendel's pioneering
discoveries, highlight the scientific and societal progress
we have made since, and identify the important work that
still must be done.
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