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Abstract

Behavior is a complex phenotype thatis plastic and evolutionarily labile.
The advent of genomics has revolutionized the field of behavioral ge-
netics by providing tools to quantify the dynamic nature of brain gene
expression in relation to behavioral output. The honey bee Apis mel-
lifera provides an excellent platform for investigating the relationship
between brain gene expression and behavior given both the remarkable
behavioral repertoire expressed by members of its intricate society and
the degree to which behavior is influenced by heredity and the social
environment. Here, we review a linked series of studies that assayed
changes in honey bee brain transcriptomes associated with natural and
experimentally induced changes in behavioral state. These experiments
demonstrate that brain gene expression is closely linked with behav-
ior, that changes in brain gene expression mediate changes in behavior,
and that the association between specific genes and behavior exists over
multiple timescales, from physiological to evolutionary.
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Behavioral state:
performance of a
distinct and
quantifiable behavior
or a set of related
behaviors for a
measurable period of
time

Brain gene
expression: whole-
brain transcriptome,
assayed in the
BeeSpace Project by
microarray

Neurogenomic state:
a distinct pattern of
gene expression in the
brain revealed by
contrasting brain
transcriptomes of
individuals across
different behavioral
states

Eusocial: a society
with reproductive
division of labor,
overlapping
generations, and
cooperative brood care

INTRODUCTION

Opver their lifetimes, animals perform different
types of behavior related to feeding, reproduc-
tion, and care of offspring. Relative to mor-
phological traits, behavior exhibits a great deal
of plasticity in real time and lability over evolu-
tionary time (125, 126). Behavior is enigmatic
because itis both stable and flexible; animals can
occupy a specific behavioral state at any given
time but can transition into different behavioral
states if needed. What molecular processes are
responsible for the stability and flexibility of
behavior? Although it is well known that both
hereditary and environmental factors interact
to influence behavior (16, 90, 91), we still
lack a comprehensive understanding of how
genes and the environment act on the brain to
orchestrate changes in behavior.

Behavioral plasticity is coordinated, at least
in part, by dynamic genomic processes, such as
transcription, and a growing body of evidence
demonstrates that changes in the expression of
specific genes in the brain affect behavior (24,
90, 91). With increased availability of genomic
resources, it is now possible to quantify the
dynamic nature of brain gene expression in

relation to its behavioral output in a broader
range of species than ever before, including
model social species (91) selected for their
compelling and experimentally accessible
social behavior. This portrait of a brain’s neu-
rogenomic state provides an introduction to
understanding the relationship between genes,
the brain, and behavior (91). Development of a
deeper understanding of the general paradigms
that govern behavioral plasticity and shape the
evolution of behavioral traits is one of the fron-
tiers in the study of neurobiology and behavior.

Here, we review a large-scale series of ex-
periments that assayed global gene expres-
sion in the brain of the eusocial honey bee
(Apis mellifera) in association with naturally
occurring behavioral states. We draw primarily
upon the BeeSpace Project, a series of linked
studies that assayed the brain transcriptomes of
nearly 1,000 individuals, using the same mi-
croarray platform, laboratory, and statistical
techniques (Figure 1). The BeeSpace exper-
iments utilized an oligonucleotide microarray
targeting 12,777 known and predicted tran-
scripts in the honey bee genome, including
10,206 targeted predictions from version 1.0 of
the honey bee genome project’s official gene

Figure 1

The BeeSpace experiments examined environmental and hereditary influences on brain gene expression and
behavior in the honey bee. Hereditary influences were examined by comparing brain gene expression and
behavior among the following honey bee subspecies: Africanized honey bees in the New World
(predominantly Apis mellifera scutellata), the German bee A. mellifera mellifera, and the Italian bee A. mellifera
ligustica, which are represented here by bees with orange, black, and yellow abdomens, respectively. Some
experiments utilized managed European bees, which are predominately derived from A. mellifera ligustica or
A. mellifera carnica (yellow abdomens). The number of differentially expressed genes is indicated for each
contrast. (#) Maturation: Experiments assessed the effects of nutrition, queen mandibular pheromone
(QMP), brood pheromone (BP), and maturation state on brain gene expression (contrasts 7 to v). Hereditary
influences on maturation were examined by comparing brain gene expression among genotypes with
intermediate rates of behavioral maturation (A. mellifera ligustica) relative to genotypes with fast (Africanized)
or slow (A. mellifera mellifera) rates of maturation (vi to ix). Behavioral maturation is commonly measured in
honey bees by determining the age at which bees start foraging. (b) Foraging: Experiments examined the
relationship between brain gene expression and activity state (anticipating food or inactive), distinct
spatiotemporal memories, the propensity of foragers to scout or send vibration signals, and distance
perception (x to xiv). Hereditary foraging preferences were examined by comparing A. mellifera ligustica
foragers with Africanized foragers; the latter exhibit a preference for pollen and lower sucrose response
thresholds (xv). (c) Aggression: Manipulative experiments examined the effect of alarm pheromone (AP) and
colony environment on brain gene expression and behavior (xvi to xviii ). Hereditary and environmental
influences on aggression were examined in parallel by comparing brain expression between aggressive
Africanized bees and docile European bees across different behavioral states (vix to xx). For brevity, not all

BeeSpace experiments are illustrated.
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Caste: a group of
individuals in a
eusocial society that
specialize in
performing specific
tasks

Division of labor:
workers show
age-related tendencies
to specialize in
performing sets of
activities related to
colony growth,
development, or
reproduction

Behavioral
maturation: a worker
bee’s transition from
in-hive tasks (e.g.,
nursing) to foraging
outside

Dance language:
highly stereotyped
movements that
symbolically convey
information on the
distance, direction, and
quality of a profitable

food resource

Social environment:
the colony’s
environment, which
encompasses both
physical and biological
attributes (i.e.,
genotype, physiology,
demography, behavior,
and pheromones of
nestmates)
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set (49). The experiments studied 48 distinct
behavioral states related to one or more of
three ecologically important behavioral cate-
gories: aggression (hive defense), maturation
(from working in the hive to foraging outside),
and foraging predisposition or type of experi-
ence (36). We also include earlier studies utiliz-
ing a bee brain cDNA microarray that targeted
7,329 transcripts (127). The massive scope of
the BeeSpace Project provides unprecedented
power (5) to study the relationship between
brain gene expression and naturally occurring
social behavior.

Through synthesis of the BeeSpace results,
we deduced three general insights that shape
the relationship between brain gene expression
and social behavior. First, differences in behav-
ior are closely linked with changes in the ex-
pression of many genes in the brain. Second,
changes in brain gene expression are caused by
both hereditary and environmental factors, and
both result in changes in behavior. Third, there
are parallels in the effects of some genes over
physiological, developmental, and evolutionary
timescales.

ATTRIBUTES OF HONEY
BEES FOR STUDIES OF GENES
AND BEHAVIOR

Honey bee societies represent one of the pin-
nacles of animal behavior (75, 104, 112, 132). A
honey bee colony is composed of reproductive
(queens and male drones) and nonreproductive
(workers) castes, each with a remarkably distinct
behavioral repertoire. Worker bees in particu-
lar exhibit striking patterns of division of labor
and behavioral maturation that are crucial for
colony survival and growth (29, 88) and are the
subject of this review.

After emergence as adults, worker bees typ-
ically spend a period of approximately two to
three weeks performing in-hive tasks, such as
feeding larvae (nursing) and tending the queen,
as well as tasks related to building honeycombs
and storing and processing food. Bees then
transition to working outside the hive, primar-
ily as foragers for nectar and pollen. Foragers
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themselves exhibit an extensive range of behav-
ioral traits and specializations, including one of
the most fascinating behaviors in animals—the
dance language (104, 121). The older (forager-
age) bees also defend the hive; guard bees warn
their nestmates of intruders by releasing alarm
pheromone, and a subset of older individu-
als (soldiers) are the first to sting intruders,
sacrificing themselves in the process (132).
Honey bee behavior is remarkable because
it exhibits both extreme specialization and flex-
ibility. Because of division of labor, each indi-
vidual bee performs only a limited portion of
its repertoire at any one time; for example, a
nurse bee engages only in brood care activities
and not foraging, and vice versa for a forager,
despite the fact that both nurses and foragers
are exposed to stimuli associated with both ac-
tivities. However, despite the strength of these
behavioral states, bees show flexibility and can
drastically shift their state in response to cues
present in their social environment (89, 104,
132). This flexibility allows bees to adaptively
shift their behavior to best fulfill colony needs
(99, 104, 131). These strong, yet flexible, be-
havioral states are well described and in some
cases analyzed at the physiological level (104,
121, 132), making the honey bee a good ex-
perimental model for studying the relationship
between brain gene expression and behavior.
The honey bee brain has been well charac-
terized, and it has approximately one million
neurons and several functionally distinct re-
gions (75); it can be readily dissected, allowing
for molecular biology analyses of hundreds
to thousands of individual brains. Early bee
microarray studies demonstrating extensive
differences in whole-brain gene expression
as a function of behavioral state (35, 46,
130) suggested that brain gene expression
profiles can provide reasonable reflections of
behaviorally related transcriptomic activity,
thus facilitating the BeeSpace analyses, which
were mostly done at the whole-brain level.
Honey bee colonies can be easily manipu-
lated to expose individuals to different social
conditions, such as changes in population
demography, size, and genetic structure. For
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example, bees can be readily cross- and cofos-
tered in different colonies in the field, allowing
classic common garden paradigms to be used
to study effects of heredity and environment
on brain gene expression and behavior. Other
genetic attributes include (#) many genetically
and behaviorally distinct subspecies (98, 128,
137), which provide ample opportunities to
examine naturally occurring hereditary dif-
ferences in behavior; (b)) a sequenced genome
enabling transcriptomic and proteomic studies
(49) as well as manipulative experiments involv-
ing RNA interference (RNAI) (80) or targeted
pharmacology (28, 110); (¢) a haplodiploid
genetic system, which allows closely related
bees (average coefficient of relatedness for
full sisters = 0.75) to be studied to minimize
variation; and (d) instrumental insemination
for controlled breeding. Together, these
useful attributes facilitate experimental genetic
studies of complex and ecologically relevant
behaviors under natural conditions.

CLOSE RELATIONSHIP
BETWEEN BRAIN GENE
EXPRESSION AND
BEHAVIORAL STATE

Gene expression in the brain provides the first
measure of the interaction between the genome
and the environment—the first phenotype (90).
It also is the phenotype most distal from be-
havior, considering the layers of complexity
separating the two, including posttranslational
modification, neuronal development, neuro-
physiology, and neurochemistry. Despite ear-
lier studies of learning, memory, and circadian
rhythms in laboratory paradigms (25, 76), it is
not known whether there is a close relation-
ship between behavior and brain gene expres-
sion for naturally occurring behavior. However,
previous studies showing such a relationship
for a few genes in vertebrates and invertebrates
(24,76, 90-92) motivated investigation into the
relationship between brain transcriptomes and
naturally occurring behaviors in the honey bee

(Figure 2a).

Behavioral Maturation

Honey bees specialize in different behaviors as
they get older, but their maturation also is flex-
ible. Manipulation of the social environment
can hasten, delay, or even reverse the pace of
maturation, causing precocious foraging, over-
age nursing, or reversals from foraging to nurs-
ing (88). Behavioral maturation in honey bees
provided the first glimpse of the surprisingly
close relationship between neurogenomic state
and behavioral state in an animal. Whitfield
et al. (130) reported that 2,670 genes (39%)
on a cDNA microarray were differentially ex-
pressed in the brains of nurses and foragers
(130).

Were the observed shifts in brain gene ex-
pression associated more with age or behavioral
state? Separating the effects of age and behavior
is typically very difficult in animals but can be
done under controlled experimental conditions
with honey bees by studying single-cohort
colonies experimentally composed initially of
approximately 1,500 one-day-old bees and a
laying queen. The absence of older bees in
single-cohort colonies results in a proportion
of the young bees becoming precocious
foragers. Similarly, an eventual delay in the
emergence of young adult bees in such colonies
due to reduced egg laying and brood rearing
necessitates that some bees continue nurse
duties for several weeks past the norm (i.e.,
overage nurses). Whitfield et al. (130) showed
that young and old foragers shared similar
brain profiles distinct from those of young
and old nurses, thereby demonstrating that
behavior, and not age, was the major driver
in patterns of brain gene expression. The
nurse and forager neurogenomic states were
so different that an unsupervised clustering
algorithm was able to predict the behavioral
state of individual workers with 95% accuracy
given their brain profiles (130).

This profound shift in brain gene expression
accompanying behavioral maturation was inde-
pendently validated by several BeeSpace exper-
iments using the oligo microarray platform (2,
36, 136). It was also confirmed by treating bees
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Haplodiploid:

females are diploid and
develop from fertilized
eggs, whereas males
are haploid and
develop from
unfertilized eggs
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with substances (pheromones, hormones, and
intracellular signaling molecules) known to ei-
ther speed up or slow down behavioral mat-
uration, which induced brain gene expression
profiles that were either more forager-like or
nurse-like, respectively (129).

a Close relationship

: 00l IlrI

Nurse state Forager state

C Evolutionary relationship

Insulin/Insulin-like signaling
NPY/NPY-like signalling
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Aggression

Honey bee colony defense involves a complex
blend of social, maturational, and genetic
factors. Bees defend their colonies by releasing
alarm pheromone and stinging intruders
(132). Guard bees, which are approximately

b Causal relationship

Older forager

Foraging honey bees Foraging paper wasps
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two to three weeks old (132), patrol the hive
entrance and release alarm pheromone upon
encountering intruders. All older bees are more
likely to respond to alarm pheromone when
compared with hive-age bees, but a subset of
the oldest bees, soldiers, are the first to respond
by stinging intruders. The most famous hered-
itary difference in bee aggression involves the
African subspecies A. mellifera scutellata and its
derivative in the new world (i.e., Africanized
“killer” bees), which are far more aggressive
relative to European subspecies (51, 53).
Alaux et al. (4) reported hundreds of differ-
ences in brain gene expression associated with
aggression in honey bees. They found many
differences in brain gene expression between
Africanized and European bees, and they also
found that the magnitude of these differences
was a function of involvement in nest defense;
soldier bees exhibited the largest differences in
brain gene expression between Africanized and
European bees, followed by guards and then
foragers. In addition to this correlative exper-
iment, Alaux et al. (4) also determined the ef-
fects of alarm pheromone on brain gene expres-
sion, after first showing that alarm pheromone
causes an aroused behavioral state that persists
for several hours, in addition to its well-known

acute effects on behavior (3). Alarm pheromone
causes changes in the expression of hundreds
of genes (4), which shows that even behav-
ioral states of shorter duration can be charac-
terized by distinct neurogenomic states. Alaux
et al. (4) also found a significant overlap in the
list of differentially expressed genes generated
from the Africanized versus European bee com-
parisons and the genes induced by exposure
to alarm pheromone, suggesting that at least
some of these genes are involved in causing bees
to become more aroused and more prone to
aggression.

Gene Ontology (GO) analysis (19) revealed
that differentially expressed genes associated
with aggression were enriched for the well-
fitting GO terms “response to stimulus” and
“visual perception” (4). The neurogenomic
state associated with aggression was also en-
riched for molecular functions involved in ox-
idative phosphorylation: Aggressive bees have
relatively lower brain expression of oxidative
phosphorylation genes (4). This counterintu-
itive result was validated via in vitro assays of
mitochondrial activity from brain preparations
(4). Several genes identified in this study
were previously associated with aggression in
vertebrates (NMDA receptor 2, metabotropic

Figure 2

(@) The close relationship between behavior and neurogenomic state. Changes in behavioral state in the
honey bee are associated with shifts in brain gene expression defined by changes in the expression of
hundreds to thousands of genes in the brain. The heat map represents only a few hundred (out of thousands)
genes that shift from high expression (ye/low) in brood care nurse bees to low expression in foragers (blue),
and vice versa (136). Using transcriptomic data, distinct brain neurogenomic states associated with nursing
and foraging can be defined. () Changes in brain gene expression are caused by both hereditary and
environmental factors, and both result in changes in behavior. Italian honey bee workers (ye/low) manifest a
forager-like neurogenomic state at a much earlier age relative to German honey bee workers (black),
concordant with heritable differences observed for the ontogeny of foraging between the two subspecies.
Treatments that accelerate the ontogeny of foraging [e.g., juvenile hormone (JH) analog] also induce a
forager-like neurogenomic state, whereas treatments that inhibit the ontogeny of foraging [e.g., queen
mandibular pheromone (QMP)], induce a nurse-like neurogenomic state. The evidence suggests that
hereditary and environmental influences on behavioral state are mediated through changes in neurogenomic
state. (c) The close relationship between behavior and neurogenomic state over evolutionary time. Recent
findings have indicated that the genes and pathways controlling feeding behavior and energy balance in
vertebrates are also causally involved in the behavioral maturation of worker honey bees; nurses have ample
abdominal lipid stores, whereas foragers are nutritionally deprived. Despite independent origins of social
behavior, the neurogenomic state associated with foraging in honey bee workers is similar to that of foragers

from the primitively eusocial paper wasp.
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Quantitative trait

loci: genomic regions

that causally affect a
quantitative
phenotypic trait

glutamate receptor B, moody) and invertebrates
(Cyp6QI) (40, 108, 119). The expression of 14-
3-3¢ is upregulated in brains of self-sacrificing
soldier bees as well as in the brains of human
suicide victims (135). Other differentally
expressed genes had no previous associations
with aggression in other species (as with all
other behaviorally related lists of differentially
expressed genes mentioned in this paper).

Foraging Specialists

Exploiting the behavioral richness of the honey
bee foraging system, the BeeSpace experiments
uncovered distinct neurogenomic states asso-
ciated with several different types of foraging
specialists.

Scouts. A relatively small fraction of a colony’s
foragers (5% to 25%) act as scouts by indepen-
dently searching for novel food sources even
when plentiful flower patches have been found.
Recruits do not search for novel food sources
and instead rely on information from scouts,
communicated via dance language, to guide
their foraging. By constantly discovering new
flower patches, scouts help ensure that their
colony is able to exploit profitable food sources
whenever possible, despite the ephemeral na-
ture of each patch. After training bees to forage
on a feeder for several days in a large enclosure
in the field, Liang et al. (67) introduced a
novel feeder, marked with unique scent, while
keeping available the original training feeder.
Repeating this procedure, the authors were able
to identify scout bees (i.e., those who repeatedly
discovered novel feeders during the course of
the experiments after being trained initially
to the training feeder) and to contrast their
brain gene expression with recruits. Scouts and
recruits differed in brain expression for a sub-
stantial (16%, 1,216) portion of the genes repre-
sented on the microarray (67), including several
catecholamine and glutamate receptors known
to be involved in novelty-seeking behaviors in
vertebrates (22). Pharmacological experiments
revealed a causal relationship between individ-
ual differences in neurotransmitter signaling
and the likelihood of becoming a scout (67).

Zayed o Robinson

Vibration signalers. These are another group
of specialized foragers that generally make
up less than 14% of a colony’s foraging force
(102). They perform a stereotypical vibratory
signal that modulates the behavior of recipi-
ents. Vibration signalers hold other nestmates
and vibrate dorsoventrally, which often results
in increased task performance of recipient bees
(1, 102). Alaux et al. (1) found changes in brain
expression for 903 genes associated with vi-
bration signaling after examining age-matched
foragers with high or low affinity for perform-
ing this behavior. Genes underlying the distinct
neurogenomic state associated with vibration
signaling were enriched for locomotory behav-
iors, and several genes associated with vibration
signaling in bees were orthologous to genes in-
volved in Parkinson’s Disease in humans (e.g.,
D7-1, SUMO-1, UBC7, EAAT?) (1, 31, 71).

Nectar and pollen specialists. Another well-
known form of foraging specialization involves
the tendency to collect pollen or nectar. High
pollen— and high nectar—collecting strains of
bees have been produced by artificial selection
(82), which demonstrates the presence of strong
additive genetic variation for these behaviors.
There has been extensive quantitative genetic
analysis of these strains for more than 20 years,
resulting in the identification of several major
quantitative trait loci and candidate genes (51,
54, 82-85, 95-97). A detailed transcriptomic
analysis of these strains has not yet been done,
but a proteomic study revealed differences in
brain abundance of several neuropeptides (33),
and expression differences in a few genes have
been reported (13). These results suggest that,
as with scouts and vibration signalers, nectar
and pollen foragers are characterized by distinct
neurogenomic states.

Effects of Foraging Experience
on Brain Gene Expression

Foraging-related behavior also was used to
show the striking effects of experience on
brain gene expression that, similar to the
alarm pheromone study described above (4),
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demonstrate that neurogenomic states can be
associated with behavioral states of shorter
duration. Evidence for this comes from the
following two additional
BeeSpace experiments.

foraging-related

Spatiotemporal memories. Honey bees can
learn to associate floral cues with food rewards
over space and time, which allows them to re-
member both the location of profitable flowers
and the time of day at which floral resources
are most abundant. Naeger et al. (78) trained
bees from the same colony to forage in either
the morning or the afternoon and found exten-
sive differences in brain gene expression. Of the
1,329 genes differendally expressed between
the two groups with different spatiotemporal
memories, 352 genes were not affected by time
of collection/training or state of food antici-
pation, revealing a unique transcriptional sig-
nal that reflects the existence of spatiotemporal
memories. Particularly prominent in these 352
genes were those involved in synaptogenesis,
highlighting this neurobiological process in the
formation of short-term memory-related for-
aging specializations. Naeger et al. (78) found
624 genes that varied in expression between the
morning and afternoon, hinting at an influence
of circadian rhythm on brain gene expression.
Using a time-course experiment, Rodriguez-
Zas et al. (94) found that the expression of
541 genes exhibited circadian oscillations in the
brains of foragers, but only 160 genes showed
oscillations in nurses; the latter group is char-
acterized by attenuated circadian rhythms in
behavior (30). These two studies suggest that,
similar to mammals, changes in the expression
of clock genes and their targets in the brains
of foragers are related to their circadian food
anticipatory behavior (78).

Distance measurement. Implicit in the
ability of bees to form spatiotemporal floral
memories is the ability to measure the distance
of a floral resource from the hive and retain this
information in the brain long enough to com-
municate it to nestmates via dance language.
Honey bees measure distance using optic flow,

i.e., the extent to which images of the world
move on a bee’s eyes during flight (43). Taking
advantage of an elegant behavioral manipula-
tion developed earlier (44, 109), Sen Sarma etal.
(105) tricked two groups of bees into perceiving
that they had flown either a short or a long
distance even though both groups flew exactly
the same distance. Specific brain regions were
analyzed because the behavioral differences are
more subtle than in most BeeSpace studies, sug-
gesting that a whole-brain analysis would have
been too coarse. Because perception of distance
is likely coordinated between the optic lobes,
which process visual information from the eye,
and the mushroom bodies (MBs), which are
involved in higher-order processing and in-
tegration of sensory information and learning
and memory, these two brain regions were
targeted. Sen Sarma et al. (105) reported that
52 genes (0.5 %) were differentially expressed in
association with perceiving either short or long
distances in either the MBs, the optic lobes,
or both. The majority of these genes showed
consistent changes in both the MBs and the
optic lobes (105), suggesting the possibility of
coordinated changes in both of these regions.

General foraging experience and mush-
room body gene expression. More evidence
that short-term behavioral states bring about
distinct patterns of brain gene expression is
provided by a BeeSpace study that examined
the relationship between foraging experience
and gene expression in the MBs. Lutz etal. (72)
quantified gene expression in the MBs of bees
with 4, 8, 12, or 16 days of foraging experience.
Nearly 500 genes were differentially expressed
in association with foraging experience. The
authors also found massive MB differences
(i.e., 5,839 genes) between hive bees and
foragers, echoing the previously discussed
differences found at the whole-brain level. It
is not known what aspects of foraging caused
these changes; possibilities include effects of
individual experience while foraging or social
effects associated with returning to the hive
and sharing food and information. This study
foreshadows the potent effects of experience

www.annualreviews.org o Brain Gene Expression and Bebavior

599



Annu. Rev. Genet. 2012.46:591-615. Downloaded from www.annualreviews.org
by 50.129.100.45 on 03/18/13. For personal use only.

and the social environment on brain gene
expression, which we explore more fully below.

Meta-Analyses

The above studies demonstrate that different
behavioral states are associated with distinct
patterns of brain gene expression. Results from
the following two meta-analyses of honey bee
brain gene expression studies extend this insight
by demonstrating that this relationship is based
on a tight connection between transcriptional
regulation and behavior.

Chandrasekaran et al. (36) performed a
clustering of most of the brain gene expression
profiles from the BeeSpace Project involving
853 bees sampled across 48 distinct behavioral
states. They found that the profiles fitinto three
distinct clusters corresponding to maturation,
aggression, and foraging. These were the orig-
inal three behavioral categories that framed the
BeeSpace Project, but whatis noteworthy is that
Chandrasekaran etal. (36) used an unsupervised
clustering algorithm to achieve this result.

Chandrasekaran etal. (36) went on to use the
same aggregated data set to reconstruct a brain
transcriptional regulatory network (TRN),
which aimed to predict large-scale patterns of
gene expression in the brain given knowledge
of the expression of transcription factors (TFs).
It was possible to predict the expression of
more than 2,000 genes (approximately 25% of
the genes tested) as modules each tied to a
single TF. Only four TFs (broad, lilli, di, and
GB13780) were globally active, meaning that
their expression was able to predict the expres-
sion of a module of genes across all three be-
havioral categories, whereas other TFs were ac-
tive only in one behavioral category and not the
other two. Other TFs playing key roles in this
TRN include well-known regulators of neural
and behavioral plasticity, e.g., creb, as well as
TFs better known in other biological contexts,
e.g., NF-k B (immunity). These results demon-
strate that the neurogenomic states underly-
ing different behaviors rely upon both shared
and distinct transcriptional modules, and de-
spite the complexity of the brain, simple linear
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relationships between individual TFs and
their putative target genes are a surprisingly
prominent feature of the networks underlying
behavior (36).

Although the brain TRN emphasized the ef-
fects of individual TFs on behaviorally relevant
brain gene expression, results of another meta-
analysis revealed more complex relationships
among TFs in behavioral regulation while still
highlighting the strong connection between
transcriptional regulation and behavior. Ament
et al. (11) used BeeSpace brain transcriptome
profiles to scan promoter regions for cis regula-
tory motifs. They focused on profiles from ap-
proximately 400 individuals from experiments
related to behavioral maturation. They showed
bioinformatically that 11 different known de-
terminants of behavioral maturation, some
hereditary and some environmental, rely on
specific, shared combinations of TFs to exert
their effects. Similarly, in other honey bee stud-
ies, binding sites for a relatively small number
of TFs were enriched in upstream sequences of
differentially expressed genes (2, 4, 106), sug-
gesting that differentially expressed genes are
coherently regulated by the actions of TFs.

Summary

These results clearly demonstrate that behav-
ioral states in the honey bee are associated
with distinct brain gene expression profiles, that
shifts in neurogenomic state involve changes in
the expression of functional gene groups, and
that these shifts are coherently regulated by the
actions of a relatively small number of TFs. The
close association between brain gene expression
and behavioral state is especially remarkable
given that transcription represents the most ba-
sic form of gene regulation. The honey bee
has an active CpG methylation system (123),
and ongoing research has demonstrated links
among methylation, brain gene expression, and
behavior (see sidebar, Methylation, Alternative
Splicing, and Behavior in the Bee). The causes
and ramifications of this intimate relationship
between brain gene expression and behavior are
discussed below.
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NEUROGENOMIC STATES
MEDIATE BEHAVIORAL STATES

The close association between brain gene
expression and behavioral state does not in
itself suggest a causal relationship between
the two; distinct neurogenomic states may be
either a cause or a consequence of behavior.
Experimental manipulations of honey bee
genetics, physiology, brain gene expression,
behavior, and the social environment have
been conducted to directly examine the degree
of causality between brain gene expression
and behavioral state. We review studies that
show that both heredity and the environment
influence behavior by affecting brain gene
expression (Figure 2b).

Genes Affect Neurogenomic State
to Influence Social Behavior

Evidence for the idea that changes in expres-
sion of candidate genes bring about causal shifts
in behavior is treated briefly here because the
idea is so well established for animals and prior
studies in honey bees have been reviewed else-
where (107). The honey bee studies have largely
focused on behavioral maturation, using both
pharmacological and RNAi manipulations, and
include studies of foraging (27, 28), malvolio (26),
vitellogenin (80), ultraspiracle (14), and insulin-
signaling genes (12, 124). In addition to these
experiments, the above-mentioned BeeSpace
study on scouts also led to pharmacological ma-
nipulations that established causal relationships
between glutamate and catecholamine signal-
ing and the probability of becoming a scout (67).

Itis relatively easy to demonstrate causal re-
lationships between brain gene expression and
behavior for individual candidate genes, but
how can we determine if changes in the neu-
rogenomic state—which is defined by changes
in the expression of hundreds to thousands of
genes in the brain—causally affect behavior?
Several lines of evidence suggest that much of
the observed changes in brain gene expression
are actively and coherently regulated by factors
that are known to regulate behavior and that

METHYLATION, ALTERNATIVE SPLICING,
AND BEHAVIOR IN THE BEE

The honey bee was the first insect found to possess a func-
tional CpG methylation system (123). DNA methylation is im-
portant for the regulation of gene expression (111), and bioin-
formatic and molecular analyses have implicated methylation as
an important process in caste determination in the honey bee
(41, 64). Functional studies have uncovered a great deal of dif-
ferentially methylated genes in the brains of queens, workers,
and drone bees (73). A candidate gene study found differences
in methylation in the brains of nurses and foragers (70), sug-
gesting that dynamic patterns of methylation can contribute to
shifts in brain gene expression and the behavioral state of work-
ers. The location of methylated CpGs within honey bee genes
suggests that methylation plays an important role in alternative
splicing (73). Jarosch et al. (58) provide a strong example of how
alternative splicing of a single gene can affect major phenotypic
traits. They found that alternative splicing of the transcription
factor gemini underlies selfish reproductive behaviors of honey
bee workers by controlling both ovary activation and thelytokous

parthenogenesis.

shifts in brain gene expression precede shifts in
behavioral state.

One study that shows that shifts in brain
gene expression precede shifts in behavioral
state involved microarray analysis of bees
treated with juvenile hormone (JH), a key in-
sect developmental hormone that plays a major
causal role in honey bee behavioral maturation.
Foragers have higher circulating blood JH
titers, hive bees treated with a JH analog forage
precociously (50, 89), and surgical removal of
the glands that produce JH results in delayed
maturation, a deficit that is rescued by ex-
ogenous hormone treatment (110). Hive bees
treated with a JH analog manifest a brain gene
expression profile very similar to that of for-
agers even when kept in the laboratory and de-
nied the opportunity to forage (129). Similarly,
hive bees treated with cGMP and manganese—
two treatments that increase the onset of for-
aging owing to effects on foraging and malvolio,
respectively—also manifest a forager-like
neurogenomic state in the absence of foraging
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Heritability:

the proportion of
phenotypic variance
that is genetically
determined

experience (129). In addition, bees treated with
RNAI to knock down the expression of the
JH-related TF ultraspiracle show a delay in
behavioral maturation, and this manipulation
affects the expression of many genes (14). Sim-
ilar effects on behavioral maturation and gene
expression have been obtained for nutritional
manipulations (15). These results indicate that
physiology alters brain gene expression, which
in turn brings about shifts in behavior.

Additional evidence for the idea that shifts
in brain gene expression precede shifts in
behavioral state comes from microarray studies
that compare different subspecies of honey bees
with known differences in both behavioral mat-
uration and aggression. There are genotypic
differences in the rate of behavioral maturation
in honey bees (51, 85, 96, 97). For example, bees
of the Italian A. mellifera ligustica shift from hive
work to foraging at a younger age than do bees
of the German A. mellifera mellifera, even when
the two are cofostered in the same hive (129).
Differences in brain gene expression of A. mzel-
lifera mellifera and A. mellifera ligustica recapitu-
late those observed at the behavioral level. Bees
from both subspecies exhibit large differences
in brain gene expression when cofostered in the
same colony, even at ages prior to the onset of
foraging. These results suggest that brain gene
expression is partially heritable; up to 30% of
the genes in the honey bee genome showed sig-
nificant differences in expression between the
two subspecies in common garden experiments.
Further, A. mellifera ligustica hive bees exhibited
a forager-like neurogenomic state at an earlier
(preforaging) age than A. mellifera mellifera,
which is consistent with an earlier onset of
foraging in the former (129).

There are also genotypic differences in
aggressive behavior that are measured in terms
of the speed and extent to which a colony
will defend itself against an intruder, with
Africanized bees much more aggressive than
European subspecies (17, 18, 47, 52, 69).
Again, bees from both subspecies show clear
differences in behavior and brain gene expres-
sion when cofostered in the same environment
(4). Differences in individual bee genotype (i.e.,
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Africanized versus European) accounted for
30% of the variation in gene expression profiles
across the experiment. Furthermore, 18 genes
that showed differential brain expression in
association with behavior were localized within
previously identified quantitative trait loci
affecting aggression in an Africanized x
European honey bee cross (51), suggesting that
heritability of aggression is partly caused by
heritability of brain gene expression. Studies
of several model genetic organisms have
demonstrated a great deal of heritability in
patterns of gene expression (34, 37, 42, 93,
101). The above two examples indicate that
different honey bee genotypes exhibit heritable
differences in both brain gene expression
and behavior; future studies need to find the
specific allelic differences to show how these
hereditary influences on behavior are mediated
through changes in brain gene expression.

The Social Environment Affects
Neurogenomic State to Influence
Social Behavior

The genome was once thought to be a rela-
tively passive blueprint guiding organismal de-
velopment. Studies of single genes revealed
that genomes in fact remain highly responsive
throughout life to a variety of stimuli associ-
ated with social behavior. Microarray analyses
of honey bees were the first to demonstrate that
brain responses to social stimuli can be massive,
involving hundreds or thousands of genes (91).
Social information can lead to changes in brain
gene expression and behavior.

Honey bee behavior is tightly regulated by
the social environment. BeeSpace experiments
have demonstrated that the social environment
plays a major role in regulating brain gene ex-
pression to alter behavior, as evidenced by the
degree to which exposure to pheromones and
different colony environments brings about
causal shifts in neurogenomic and behavioral
states.

Queen mandibular pheromone (QMP) has
a strong inhibitory effect on worker behavioral
maturation (60, 86, 132) and the development
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of the antennal lobes (120). In cage experi-
ments, the chronic exposure of young bees to
QMP for several days caused a large shift in
brain gene expression involving several hun-
dred genes (36, 46). QMP treatments induced
a nurse-like neurogenomic state consistent
with its inhibitory effects on age at onset of for-
aging behavior (46). Brood pheromone (BP),
secreted by bee larvae, also affects behavioral
maturation but in an age-dependent manner.
BP delays foraging in young bees but stimulates
foraging in older bees (66). As with QMP, BP
treatments caused distinct neurogenomic states
in young and old bees as well as nurse-like
changes in brain gene expression in young bees
(2). Acting on a shorter timescale, exposure to
alarm pheromone also brings about changes in
the expression of several hundred genes in the
bee brain, as discussed above (4). These results
suggest that pheromone regulation of behavior
is mediated in part by changes in brain gene
expression.

Honey bee colonies have distinct behavioral
personalities arising from the collective behav-
ioral norms of their individual colony members
(134). For example, there are striking and con-
sistent differences between colonies in terms of
foraging activity, aggressive behavior, corpse
removal behavior, and comb repair (134).
Many BeeSpace experiments have documented
very strong colony differences in brain gene
expression (4, 129, 136), and cross-fostering
experiments related to aggression have revealed
that these colony differences are due, in part,
to the effects of the social environment on
brain gene expression and behavior. Although,
as stated above, a bee’s genotype (Africanized
versus European) has strong effects on brain
gene expression, the effect of colony genotype
is also massive, accounting for approximately
25% of the variance across all individuals (4).
European bees cross-fostered in Africanized
colonies exhibit an Africanized-like neuroge-
nomic state and are more aggressive, whereas
Africanized bees cross-fostered in European
colonies exhibit a European-like neurogenomic
state and become less aggressive (4, 53). Large
colony effects on whole-body gene expression

were also discovered in the social fire ant
Solenopsis invicta (122). It is clear that extrinsic
factors present in the social environment can
alter brain gene expression to affect worker
behavior.

Comparing the Imprints of Nature
and Nurture on Neurogenomic State

The BeeSpace experiments demonstrate that
distinct behavioral states are associated with
distinct neurogenomic states and that heredi-
tary and environmental influences on behavior
are mediated through shifts in brain gene ex-
pression. But do nature and nurture affect the
same brain transcriptional networks to alter be-
havior? The BeeSpace Project is uniquely po-
sitioned to address this question because it em-
ployed experimental designs that emphasized
both intrinsic and extrinsic factors that relate
to common behaviors.

Intrinsic and extrinsic determinants of
behavior can influence some of the same
genes, although often they act on different
gene sets. For example, as discussed above,
aggression and behavioral maturation are
heritable traits that are also influenced in the
short term by pheromones present in the
social environment. The BeeSpace experiment
(4) dissecting aggressive behavior clearly
showed some overlap between hereditary
and environmental influences on brain gene
expression and behavior. For example, 5%
to 10% of the genes that were significantly
differentially regulated by alarm pheromone
exposure also exhibited significant differences
in expression between Africanized and Euro-
pean bees. There was also a moderate degree
of correlation between changes in brain gene
expression caused by alarm pheromone treat-
ments and those affected by genotype across
all assayed genes (4). Similar patterns were
observed for behavioral maturation. Heritable
differences in rate of behavioral maturation
between A. mellifera ligustica and A. mellifera
mellifera were associated with large differences
in brain gene expression (129), and these
differences were correlated with differences in
the brain profiles of nurses and foragers as well
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as with differences caused by JH treatment
(129). Similarly, the cis-regulatory meta-
analysis described above (11) showed bioin-
formatically that 11 different determinants of
behavioral maturation, some hereditary and
some environmental, rely on specific, shared
combinations of TFs to exert their effects.
These results demonstrate that hereditary
and social influences can sometimes result in
common changes of brain gene expression.

Hereditary and environmental factors also
affect distinct sets of genes. Chandrasekaran
et al.’s (36) unsupervised clustering of the gene
expression profiles not only demonstrated
strong similarities within the behavioral cate-
gories of maturation, aggression, and foraging
but also revealed the influence of timescales.
Experiments with short environmental influ-
ences (i.e., hours to days) clustered separately
from those with long environmental influences
(i-e., weeks to months) (36). Experiments with
environmental influences also clustered sep-
arately from those with hereditary influences
(36). These findings indicate that environmen-
tal and hereditary influences on brain gene
expression act on a mixture of common and
distinct populations of genes.

We speculate that this may result in better
integration of long-term hereditary influences
and short-term environmental influences on
the brain. Heredity may set a specific neuroge-
nomic state and a behavioral tendency over the
lifetime of an individual, which can then be fine-
tuned by social influences in the short-term.
This hypothesis is consistent with the observa-
tion that the social environment can modulate
hereditary influences but does not completely
override heredity; aggressive Africanized bees
move toward a more docile neurogenomic and
behavioral state when fostered in colonies of
European bees, but they still exhibit aggressive
behavior and large differences in brain gene
expression because of genotype.

Summary

The neurogenomic state acts to mediate
hereditary and environmental influences on
the behavioral state. Manipulative experiments
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provide strong evidence that intrinsic and
extrinsic factors bring about coherent shifts in
brain gene expression prior to shifts in behavior,
and shifts in brain gene expression are regulated
by hierarchical and modular transcription regu-
latory networks. These results demonstrate the
prominent role played by brain transcriptomes
in regulating behavioral plasticity.

RELATIONSHIP BETWEEN
BRAIN GENE EXPRESSION AND
BEHAVIORAL EVOLUTION

The BeeSpace experiments demonstrate that
brain gene expression is closely associated
with behavioral state over diverse timescales.
Responses to some pheromones reveal asso-
ciations over short, physiologically relevant
timescales, i.e., hours to days. Studies of plastic-
ity in behavioral maturation reveal associations
over developmentally relevant timescales of
an intermediate nature, i.e., weeks to months.
Genotypic differences in brain gene expres-
sion, i.e., between subspecies or strains of bees,
reflect associations over longer, evolutionary
timescales. An emerging insight is that these
associations involve changes in expression of
the same genes acting over different timescales.
The deep conservation of most gene fam-
ilies suggests the hypothesis that honey bee
social behavior evolved, in part, through the
co-option of conserved genes for novel func-
tions. Studies in bees have identified several
such conserved genes that have evolved novel
functions in social behavior and characterized
many more that have undergone accelerated
sequence evolution in lineages of related
eusocial insects. We review these findings
and their implications for understanding the
evolution of social behavior (Figure 2c).

Common Molecular Underpinning
of Behavior Across Social and
Solitary Organisms

Most of the constituent endophenotypes
underlying social behavior in honey bees,
such as nest construction, foraging, associative
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learning, and aggression (65, 77), are present
in solitary species, but the motivations are
different. For example, worker honey bees
forage for their whole colony, which consists
primarily of siblings; they determine the needs
of their colony in addition to their own and in
some cases communicate with each other. By
contrast, a solitary insect forages for itself or its
offspring. Similarly, relative to worker honey
bees, the pace of male honey bee maturation
appears to be more stereotyped and not sen-
sitive to changes in colony environment. We
review findings from experiments that exploit
some of these differences to provide evidence
for evolutionary commonalities for gene
action, brain gene expression, and behavior.

Analysis of the foraging gene in honey bees
clearly shows that the relationship between
genes and behavior spans multiple timescales.
foraging, which encodes a cyclic G-dependent
protein kinase, affects feeding and food
gathering-related activities in both honey bees
and Drosophila melanogaster (27, 28, 38, 61,
81), demonstrating conserved gene action over
approximately 300 million years. The same is
true for malvolio, which encodes a manganese
transporter active in neurons (26). foraging
and several other genes involved with division
of labor in honey bees are also associated
with division of labor in other insects with
independent origins of eusociality (56, 57, 63,
113, 117, 118). The results of these compar-
ative studies indicate that the independently
derived behaviors in different insect societies
share common molecular and neurogenomic
underpinnings.

A BeeSpace experiment that compared
worker and male brain gene expression as a
function of behavioral maturation (136) showed
that most of the transcriptional changes ob-
served during worker behavioral maturation
are also observed during male behavioral mat-
uration, despite the differences noted above.
This finding suggests that worker social be-
havior was built upon a common platform for
behavioral maturation in insects (136). There
is a growing body of literature documenting
common molecular underpinnings of homol-

ogous or analogous behavioral traits (87) in
animals.

The BeeSpace experiments provide a
wealth of new evidence demonstrating deep
conservation for genes, gene networks, and
behavior. For example, both Neuropeptide
Y-like signaling and insulin-like signaling,
which regulate food searching and intake
in vertebrates and invertebrates, have been
found to be associated with foraging behavior
and maturation in honey bees (12, 13, 33).
Nutrition is a strong determinant of behavioral
maturation in honey bees; hive bees lose half
of their abdominal lipids prior to the onset of
foraging, and experimental inhibition of fatty
acid synthesis leads to precocious foraging
(114). Additional studies have uncovered
common molecular underpinnings for novelty
seeking in honey bees, nematodes, and humans
(67); aggression in honey bees, other inver-
tebrates, and vertebrates (4); and vibratory
communication in both honey bees and fruit
flies (1). These commonalities extend to the
level of transcriptional regulation. Both the
target genes and the regulatory sites involved
in the wltraspiracle regulatory network are
conserved in both honey bees and fruit flies
(14). In addition, many key TFs in the bee
brain TRN described above are well-known
regulators of neuronal and behavioral plasticity
in invertebrates and vertebrates (36). The
BeeSpace studies indicate that the molecular
machinery that produces behavior can be sim-
ilar across taxa, lending support to the concept
that particular genes and networks represent
a basic toolkit that has been used repeatedly in
the evolution of behavior (115, 116).

Modularity of Neurogenomic States
and the Evolution of Social Behavior

How can we account for the highly derived
behavior of honey bees if the molecular un-
derpinnings of behavior are conserved across
animals? Also, how can the behavior of the
worker bee caste evolve without compromising
that of its reproductive kin (e.g., queens and
males)? As discussed above, many of the
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behavioral endophenotypes displayed by honey
bees are present in their solitary ancestors as
well as in their reproductive conspecifics. We
suggest that the uniqueness of worker honey
bee behavior is based on the coexpression
of specific endophenotypes and their regula-
tion by the social environment. Within this
framework, it has been possible to envision
how co-option of preexisting genes and gene
networks along with novel regulatory coupling
(or decoupling) of behavioral modules in a
caste-specific manner can give rise to the
complex behavioral phenotypes exhibited by
bees while still retaining the basic behavioral
repertoire displayed by the reproductive castes
(6,55, 68,115, 116, 126).

The BeeSpace experiments provide strong
support for the existence of transcriptional
modules (Figure 3) that influence behavior by
altering brain gene expression (36), and the hi-
erarchical nature of such modules (14, 15, 36)
can theoretically account for both behavioral
plasticity and evolutionary lability. For exam-
ple, results from the bee brain TRN described
above led to the prediction that changes in the
expression of one or several TFs can influence
local or global aspects of bee behavioral state,
depending on their position in the TRN (36).
It will be important in the future to develop
an approach that allows for large-scale testing
of predictions of this type under natural condi-
tions. If these predictions prove to be correct,
then we might be able to deduce that evolu-
tionary changes in the regulation of a few key
TFs (by pheromones or hormones, for exam-
ple) lead to evolutionary changes in behavioral
regulation.

Neurogenomic State, Behavior,
and Adaptation

The honey bee has more than 20 different
subspecies that differ at the genetic (48, 128),
neurogenomic (4, 129), and behavioral levels
(98, 132), providing ample opportunities
for genetic analyses of naturally occurring
variation in brain gene expression and behavior
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and of its role in facilitating adaptation in
social organisms. For example, despite their
geographic proximity, the German A. mellifera
mellifera and Italian A. mellifera ligustica are the
two most divergent honey bee subspecies, as
they were derived from independent expan-
sions out of the ancestral African population
(128). Patterns of genetic differentiation
across the honey bee genome suggest that
these out-of-Africa expansions were associated
with bouts of adaptive evolution at coding or
nearby regulatory sequences (137). Indeed,
A. mellifera mellifera and A. mellifera ligustica
differ in several aspects of behavior, including
aggression and behavioral maturation (8, 32,
132), in a presumably adaptive way. The two
subspecies also exhibit distinct neurogenomic
states when cofostered in the same colony. Is
local adaptation in the honey bee mediated
through genetic polymorphisms that affect
brain gene expression and behavior?

The apparent heritability of brain gene
expression in itself does not imply that a large
number of cis-acting polymorphisms affecting
brain gene expression are fixed between
A. mellifera mellifera and A. mellifera ligustica.
Alternatively, this heritability can be the result
of pleiotropic effects upstream of TRNs in the
brain. Cofostered bees of A. mellifera mellifera
and A. mellifera ligustica also show significant
differences in JH titers in a manner that is
consistent with their known differences in
behavioral maturation (32, 129). Given that
JH can drastically affect brain gene expression
and behavior (129), heritability of brain gene
expression may be caused by polymorphisms
that regulate aspects of hormone signaling that
then act on the brain.

This suggestion is consistent with results
from a molecular evolution analysis of the egg
yolk protein vitellogenin (Vg), which has taken
on novel functions in honey bee workers related
to immunity, brood feeding, and behavioral
maturation (7, 10, 80). Vg exhibits a mutually
repressive relationship with JH and causally af-
fects behavioral maturation (6, 9, 80); vg RNAi
leads to precocious foraging, as predicted by
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Figure 3

Brain transcriptional regulatory network (TRIN) associated with behavior in the honey bee (36). Expression data from the BeeSpace
experiments were used to reconstruct a TRN that predicts large-scale patterns of gene expression in the brain (sguares) given knowledge
of the expression of transcription factors (TFs, triangles). This TRN successfully predicted the expression patterns of 2,176 genes
(approximately 25% of the genes on the microarray) that were differentially expressed in the honey bee brain in association with
behavioral state given knowledge of the expression of approximately 190 TFs. The TRN is modular, with most TFs affecting
behavior-specific gene subnetworks associated with behavioral maturation, foraging, or aggression. Several TF's affect subnetworks
across two behavioral categories, and only four TFs act globally by affecting targets across all three behavioral categories.
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Vg’s and JH’s dual repressive action (9). Up to
88% of the functional (i.e., nonsynonymous)
mutations in vg have been driven to fixation
by positive selection in the genus Apis (62).
Further, there is an excess of amino acid-
replacing mutations with outlier levels of
genetic differentiation within Apis mellifera
subspecies—a hallmark of local adaptation (62).
These results suggest the possibility that func-
tional mutations at vg affect fitness in honey
bee populations by modulating division of la-
bor through its interactions with JH.

Another gene implicated in behavioral mat-
uration, the mitogen-activated protein kinase
erk7, also shows strong signs of positive selec-
tion in honey bees. Brain expression of erk7 rep-
resents one of the best biomarkers of foraging
in honey bees: erk7 is expressed in the brain at
higher levels in foragers versus nurses and in
A. mellifera ligustica versus A. mellifera mellif-
era (129, 130). ERK7 has remarkably high rates
of adaptive protein evolution in honey bees,
and the selection coefficient estimated for erk?
exceeds that of vg by 50% (62).

A broad molecular evolution analysis also
suggests that the evolution of eusociality in
insects involves adaptive evolution of genes
implicated in honey bee behavioral regulation
in transcriptomic studies. Woodard et al. (133)
compared the brain transcriptomes of ten bee
species that encompass solitary, primitively eu-
social, and advanced eusocial lifestyles and rep-
resent three independent origins of eusociality.
They discovered several hundred genes with
patterns of rapid and likely adaptive molecular
evolution associated with the rise of eusociality.
Genes with signs of positive selection were
enriched for roles associated with neuronal
development and metabolism in primitively
eusocial and advanced eusocial bees, respec-
tively. Genes in both of these categories are
commonly found to be differentially expressed

SUMMARY POINTS

in the honey bee brain as a function of behavior
@, 4, 136).

Summary

These studies demonstrate that the molecular
bases of social behavior share many common
elements with those affecting simpler behav-
iorsin solitary animals. The modularity of brain
TRNSs suggests that rewiring conserved mod-
ules may provide a general mechanism for the
evolution of novel behavior through coupling
of specific behavioral phenotypes under new or
different physiological or environmental regu-
lators. These studies also establish a link be-
tween neurogenomic and behavioral state and
adaptation in social insects and set the stage for
more direct tests of adaptive significance.

CONCLUSIONS

The studies reviewed here have helped pro-
vide an initial framework for understanding
how heritable and environmental factors exert
their effects on brain gene expression and be-
havior. These studies demonstrate that brain
gene expression is closely linked with behavior,
that changes in brain gene expression mediate
changes in behavior, and that the association
between specific genes and behavior exists over
multiple timescales, from physiological to evo-
lutionary. We still know little about how social
factors are transduced to ultimately affect gene
expression in cells in the brain, and this infor-
mation is necessary to begin to develop a broad
synthesis of behavior, which will involve both
the social and life sciences and be imbued with
evolutionary insight. Bees are excellent mod-
els to contribute to such a synthesis because
of their rich behavioral repertoire, amenability
to social manipulation, and diversity of related
species with different kinds of social and solitary
lifestyles.

1. Brain gene expression profile is closely linked with behavioral state, suggesting that

distinct behaviors are facilitated by distinct neurogenomic states.
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2. Heredity, social environment, and physiology act on the brain by modulating brain gene
expression and behavior.

3. The close relationship between brain gene expression and behavior spans physiological,
developmental, and evolutionary timescales.

4. Complex behaviors of social insects likely evolved by using behavioral modules and ge-
netic toolkits present in solitary ancestors.

5. Several genes underlying neurogenomic and behavioral state in the honey bee and other
social insects evolve adaptively.

FUTURE ISSUES

1. How do changes in brain gene expression interact with brain circuits to influence be-
havior? It is not clear why whole-brain analyses provided such robust results given the
strong functional differences that exist in all brains. Future studies need to measure gene
expression at ever finer levels of neural organization.

2. What are the roles of epigenetics, alternative splicing, and miRNA in regulating brain
gene expression and bee behavior?

3. What s the relative contribution of ¢is- versus trans-acting polymorphisms to heritability
of brain gene expression in the honey bee?

4. What is the degree to which changes in gene regulatory and protein-coding sequences
facilitate adaptive changes in behavior?

5. How do changes upstream of TRNS affect behavior, and how can these changes result
in behavioral shifts during the evolution of sociality?

6. How do behaviorally related conserved and novel genes interact in mechanistic and
evolutionary contexts? We focused on conserved genes because they are easier to identify,
but as more genomes are sequenced and orthology analyses improve, it should be possible
to identify novel genes associated with social behavior (59).

7. Is a close relationship between neurogenomic state and behavior a general phenomenon?
A burgeoning literature has linked changes in brain gene expression to changes in behav-
ior in several species (20, 21, 23, 24, 39, 45, 74, 79, 91, 100, 103, 117, 122), but further
work is needed.
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