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A prominent theory states that animal phenotypes arise by evolu-
tionary changes in gene regulation, but the extent to which this
theory holds true for behavioral evolution is not known. Because
‘‘nature and nurture’’ are now understood to involve hereditary and
environmental influences on gene expression, we studied whether
environmental influences on a behavioral phenotype, i.e., aggression,
could have evolved into inherited differences via changes in gene
expression. Here, with microarray analysis of honey bees, we show
that aggression-related genes with inherited patterns of brain ex-
pression are also environmentally regulated. There were expression
differences in the brain for hundreds of genes between the highly
aggressive Africanized honey bee compared with European honey
bee (EHB) subspecies. Similar results were obtained for EHB in re-
sponse to exposure to alarm pheromone (which provokes aggression)
and when comparing old and young bees (aggressive tendencies
increase with age). There was significant overlap of the gene lists
generated from these three microarray experiments. Moreover, there
was statistical enrichment of several of the same cis regulatory motifs
in promoters of genes on all three gene lists. Aggression shows a
remarkably robust brain molecular signature regardless of whether it
occurs because of inherited, age-related, or environmental (social)
factors. It appears that one element in the evolution of different
degrees of aggressive behavior in honey bees involved changes in
regulation of genes that mediate the response to alarm pheromone.

Changes in gene regulation are believed to underlie the evolution
of novel animal phenotypes (1–4). Emerging from studies of

animal development, evidence for this theory consists largely of
differences in temporal or spatial patterns of gene expression
related to morphological evolution (see ref. 5 for a review). The
extent to which this theory holds true for the evolution of other
complex traits such as behavior is largely unknown (6). However,
the underlying process is consistent with the idea that phenotypic
evolution proceeds by Waddington’s “genetic assimilation” of plas-
tic responses to the environment (7, 8), which should hold widely
true for behavior.

We explored this theory for behavior by taking advantage of a
new perspective on the effects of ‘‘nature and nurture.’’ With the
advent of routine transcriptomic profiling, it is now possible to study
nature and nurture in terms of hereditary and environmental
effects on brain gene expression, respectively (9). We used this
perspective to determine whether environmental influences on a
behavioral phenotype could have evolved into inherited differences
via changes in gene regulation. One indication of this would be
hereditary and environmental influences on the expression of
common genes. For that purpose, we studied whether changes in
gene regulation could be involved in the evolution of differences in
aggressive behavior in the honey bee (Apis mellifera).

We used honey bee aggression because extensive prior analysis
has shown that it is a rich and intricate behavioral system complete
with well-defined environmental, maturational, and inherited com-
ponents (10, 11). All honey bee colonies respond aggressively when
their colony is disturbed or attacked, but there is striking variation

in the intensity of their response. In docile colonies only a few bees
may respond, whereas in more aggressive colonies, the response
may involve hundreds or even thousands of stinging individuals.
Colony defense begins when ‘‘guard’’ bees detect a disturbance at
the hive entrance and release alarm pheromone, which alerts the
entire colony. Older bees (who mostly forage for nectar and pollen)
are more likely to respond aggressively than younger bees, but a
subset of the colony’s older bees, ‘‘soldiers,’’ are the first to seek out
and attack an intruder. The most prominent example of inherited
differences in honey bee aggression is the extremely aggressive
disposition of Africanized honey bees (AHB) compared with
European honey bees (EHB). AHB have spread through most of
the New World after the introduction in 1957 of the African
subspecies, A. m. scutellata (12), causing deaths of humans and
animals in some parts of their newly inhabited range due to massive
stinging responses. AHB derive from hybridization between A. m.
scutellata and EHB (predominantly A. m. ligustica in the New
World). AHB mostly have A. m. scutellata-like behavioral traits,
especially a highly aggressive colony defense (13).

Aggression is a complex, polygenic trait (14). An appropriate test
of the idea that there is a common molecular basis for differences
in aggression due to environmental, maturational, or inherited
factors thus requires analysis of multiple genes in different path-
ways. We therefore obtained transcriptional profiles with microar-
ray analysis.

Results and Discussion
Hereditary Influences. There were hundreds of differences in brain
gene expression between three groups of co- and cross-fostered
AHB and EHB: guards, soldiers and foragers, all under typical field
conditions (Table 1). The number of genes differentially expressed
between AHB and EHB increased with increased involvement in
colony defense (foragers � guards � soldiers), suggesting that some
of these genes are involved in the regulation of aggressive behavior
even though AHB and EHB differ in several behavioral traits (10,
12). Several genes differentially expressed in the brains of AHB and
EHB (‘‘AHB list’’) are implicated in the regulation of aggression in
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other organisms, e.g., NMDA receptor 2 and metabotropic glutamate
receptor B (15).

Bees were cross-fostered to explore the effects of both individual
worker and colony genotype on brain gene expression. Principal
component analysis (PCA) revealed clear effects of both (Fig. 1).
Differences in individual genotype (AHB or EHB) accounted for
�30% of the variation in brain gene expression (PC2), whereas
differences in host colony genotype accounted for �25% (PC3).
The colony effects agree with previous findings showing that EHB
reared in AHB colonies are more aggressive than when reared in
EHB colonies, whereas AHB reared in EHB become less aggres-
sive (16). These results also emphasize the close relationship
between brain gene expression and aggression. Similar findings of
genotype–environment interactions (17) results reflect an emerg-
ing appreciation of the potent influences of social environment on
both brain gene expression and naturally occurring behavior (9).

Alarm Pheromone Influences. Prior research has shown that the alarm
pheromone isopentyl acetate induces both an instantaneous ag-
gressive response and a longer-term sensitization, which is associ-
ated with an up-regulation of the immediate early gene and
transcription factor c-Jun in the antennal lobes (18). Consistent with
these results, exposing EHB to alarm pheromone at the hive

entrance for 1 min affected brain expression of hundreds of genes,
measured 1 h later (Table 1). Among the genes significantly
up-regulated were several involved in biogenic amine signaling
(Dopa decarboxylase, Tyramine receptor, and Octopamine receptor
beta-2), which have been implicated in the regulation of aggression
in both vertebrates (19) and invertebrates (20, 21). c-Jun was also
up-regulated again [false discovery rate (FDR) adjusted P value �
0.1]. These results demonstrate strong effects of a very brief
environmental stimulus on brain gene expression, which might be
related to behavioral sensitization.

Common Brain Transcriptional Networks Associated with Inherited and
Environmentally Induced Differences in Aggression. Aggression shows
a robust brain molecular signature regardless of whether it occurs
because of inherited or environmental factors. Three results dem-
onstrate similarities in the genes differentially regulated between
AHB and EHB (AHB list) and in response to alarm pheromone
(‘‘alarm pheromone list’’). First, �5–10% of the genes on each
AHB list (guard, soldier, and forager) were also regulated by alarm
pheromone, �2–3� higher than predicted by chance (P � 0.01,
hypergeometric test; See Table 1, Table 2, and Table S1). Second,
AHB and alarm pheromone brain gene expression profiles were
significantly positively correlated (guard: r � 0.14, P � 0.004;
soldier: r � 0.23, P � 0.001; forager: r � 0.16, P � 0.001; Table S2).
Alarm pheromone thus causes AHB-like changes in brain gene
expression in EHB. Third, seven of the genes on the alarm pheromone
list are located within previously identified quantitative trait loci for
AHB aggression, as are 12 from the AHB list (21) (Table S3). Among
them, 14-3-3�, a gene up-regulated in the brains of human suicide
victims (22), was up-regulated in AHB soldier brains in this study and
also in a relatively aggressive EHB strain (21). These and other genes
that appear on one or more of our gene lists are good candidates for
effectors of honey bee aggression. Their number and diversity
underscore the complexity and polygenic nature of this behavioral
trait.

We also compared the AHB and alarm pheromone lists with a
previously published list of genes differentially expressed in the
brain between young and old EHB (23) (Table 1). Aggressive
tendencies increase with age in honey bees, because old individuals
are more easily aroused by alarm pheromone (24). We again
detected significant overlap of gene lists; 3–7� higher than was
predicted by chance for AHB, alarm pheromone, and genes that
were differentially expressed in old and young bees (Table 3).
Among the genes regulated in all three contexts were moody and
Cyp6Q1 (Table S4), which have been implicated in aggression in
rodents (25) (the mammalian ortholog of moody is the Melatonin
receptor 1A, whose ligand increases aggressiveness) and in repro-
ductive competition in Drosophila (26), respectively. There were
also significant positive correlations among the AHB, alarm pher-
omone, and old bee brain gene expression profiles, with the
strongest results for AHB soldiers (Table S2).

Bioinformatic analysis of cis-regulatory motifs provided addi-

Fig. 1. PCA reveals effects of individual and colony genotype on aggression-related brain gene expression. Co- and cross-fostering produced the following four
groups of soldiers, guards, and foragers: AA, AHB reared in AHB colony; EA, EHB in AHB colony; AE, AHB in EHB colony; and EE, EHB in EHB colony. Groups with
similar expression coefficients are more similar to each other in terms of brain gene expression. The first pattern (PC1) reflects variation in brain gene expression
that is similar across the four groups; PC2 is associated with differences in individual (AHB or EHB) genotype; PC3, with differences in colony genotype; and PC4,
with differences in cross-fostered vs. non-cross-fostered bees.

Table 1. Aggression-related brain gene regulation in honey bees
as a function of heredity, alarm pheromone exposure, and age

Experiment No. of genes Raw P value

AHB/EHB Guard
Individual genotype (I) 249 �0.0015
Colony genotype (C) 494 �0.0025
I � C 64 �0.0005

AHB/EHB Soldier
Individual genotype (I) 538 �0.0025
Colony genotype (C) 830 �0.005
I � C 114 �0.0055

AHB/EHB Forager
Individual genotype (I) 58 �0.00025
Colony genotype (C) 346 �0.0015
I � C 190 �0.001

Alarm pheromone 437 �0.0025
Old/Young 1396 �0.0055

Number of genes differentially expressed in each experiment. A false
discovery rate (FDR) adjusted P value �0.05 was used as the threshold to
determine statistical significance. I, differences due to individual genotype
(AHB/EHB); C, differences due to colony genotype. Gene lists are in Dataset S1.
Results based on individual brain gene expression profiles for 230 bees,
involving a total of 332 microarrays (178, 64, and 90 for AHB/EHB, alarm
pheromone and young/old experiments, respectively). For AHB/EHB, n � 5
bees per behavioral group per colony, except in one AHB and one EHB colony
where 4 soldiers were analyzed, n � 2 colonies each of AHB and EHB; for alarm
pheromone, n � 10 bees per group per colony, n � 2 colonies; for young/old
bees, n � 12 bees per group per colony, n � 3 colonies.
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tional support for the notion that hereditary and environmental
influences on aggression share a common molecular basis. Several
motifs were found in the promoter regions of up-regulated genes on
all three gene lists (AHB, alarm pheromone, and old bee; Table 4).
In addition, the extent to which the three gene lists share the same
motif association(s) is statistically significant (P � 0.001, see SI Text,
Extreme Value Distribution). The motifs included Deaf1, which
targets a transcription factor associated with biogenic amine sig-
naling (27) that has been implicated in aggression in vertebrates
(19) and invertebrates (20, 21), and Trl (GAGA-binding factor), a
motif previously found to be associated with differences in brain
gene expression between young and old bees (28). Remarkably,
these same results occurred even when all genes common to the
three gene lists were removed (Table 4). These findings suggest that
genes associated with hereditary and environmental influences on
aggression share a common brain transcriptional network.

Functional Insights for Genes Associated with Inherited and Environ-
mentally Induced Differences in Aggression. Gene Ontology (GO)
analysis was used to explore what some of the functional
components of a brain transcriptional network for aggression
might be. The number of common GO molecular process and
biological function categories enriched for genes on all three
gene lists (AHB, alarm pheromone, and old bee) was signifi-
cantly higher than predicted by chance (P � 0.05) for AHB
soldiers and guards, but not for foragers (Table 3). These

included ‘‘response to stimulus’’ and ‘‘visual perception,’’ which
makes sense because bees that are aroused by alarm pheromone
visually search for intruders in the vicinity of the hive, and
perception of movement stimulates stinging (10, 29) (Fig. 2).
Cyp6a20 has been reported to be involved in both hereditary and
environmental regulation of aggression in Drosophila melano-
gaster (30); its expression in olfactory sensory organs also
suggests a function in response to aggression-related stimuli.

The most striking functional component of the brain transcrip-
tional network for aggression suggested by GO analysis relates to
brain metabolism. Genes involved in metabolism-related GO cat-
egories were significantly overrepresented on the AHB soldier,
alarm pheromone, and old bee gene lists, all down-regulated.
Down-regulation of brain metabolism genes, previously reported
for old bees with a different microarray (31), was confirmed by
enzyme assays performed on bee brain mitochondrial preparations
(Fig. 3). Aggressive bees had lower brain mitochondrial activity in
specific assays for Complex I, IV, and V of the oxidative phosphor-
ylation pathway, which were the complexes represented most
prominently on the gene lists (Table S5). Because oxidative phos-
phorylation is a major pathway in brain metabolism, mRNA
abundance and enzyme activity in this pathway likely provide a
good indication of brain metabolic activity. These whole-brain
results may mask increased brain metabolism in some brain regions,
but because the integration of information from multiple sensory
modalities required for colony defense involves some of the largest

Table 2. Aggression-related brain gene regulation in honey bees: Number of genes overlapping between gene sets and regulated in
the same direction

Old bee AHB guard AHB soldier AHB forager

Experiment Expected
Observed

no. RF
P

value Expected
Observed

no. RF
P

value Expected
Observed

no. RF
P

value Expected
Observed

no. RF
P

value

Alarm pheromone 55.3 139 2.5 �0.0001 10 14 1.4 0.13 21.8 41 1.9 �0.0001 2.3 4 1.7 0.16

Old bee 28.8 27 0.9 0.41 63.7 105 1.6 �0.0001 6.8 14 2.1 0.006
AHB guard (I) 11.6 75 6.5 �0.0001 1.2 24 19.5 �0.0001
AHB soldier (I) 2.7 29 10.7 �0.0001

Alarm pheromone 55.3 139 2.5 �0.0001 19.8 18 0.9 0.4 33.6 47 1.4 0.011 13.9 19 1.4 0.1

Old bee 57.1 70 1.2 0.04 98.3 162 1.5 �0.0001 40.3 57 1.4 0.004
AHB guard (C) 35.4 151 4.3 �0.0001 14.6 87 6.0 �0.0001
AHB soldier (C) 24.9 97 3.9 �0.0001

Data are from the following: Experiment 1, AHB vs. EHB (guards, soldiers, and foragers); Experiment 2, alarm pheromone induced; and Experiment 3, old vs.
young bees. Expected, the number of genes expected to overlap in all three experiments by chance alone; RF, representation factor; I, individual genotype; C,
colony genotype. The statistical significance of the overlap between two lists was determined using an exact hypergeometric test and an extended version of
the hypergeometric test for the overlap between three lists (see SI Text).

Table 3. Aggression-related brain gene regulation in honey bees: Number of genes and GO categories overlapping in all
three experiments

Genes GO categories

Genotype Expected Observed no. RF P value Expected Observed no. RF P value

Indivdual
Alarm pheromone � old bee � AHB guard 1.3 4 3.1 0.04 0.4 3 8.2 0.006
Alarm pheromone � old bee � AHB soldier 2.8 13 4.6 �0.0001 0.6 8 13.4 �0.0001
Alarm pheromone � old bee � AHB forager 0.3 2 6.7 0.036 0.2 0 0 1

Colony
Alarm pheromone � old bee � AHB guard 2.5 7 2.7 0.015 0.6 3 4.6 0.023
Alarm pheromone � old bee � AHB soldier 4.3 19 4.4 �0.0001 0.9 16 17 �0.0001
Alarm pheromone � old bee � AHB forager 1.8 11 6.1 �0.0001 0.6 6 9.9 �0.0001

Data are from the following: Experiment 1, AHB vs. EHB (guards, soldiers, and foragers); Experiment 2, alarm pheromone induced; and Experiment 3, old vs.
young bees. Expected, the number of genes expected to overlap in all three experiments by chance alone; RF, representation factor. The statistical significance
of the overlap between two lists was determined using an exact hypergeometric test and an extended version of the hypergeometric test for the overlap between
three lists (see SI Text).

15402 � www.pnas.org�cgi�doi�10.1073�pnas.0907043106 Alaux et al.

http://www.pnas.org/cgi/data/0907043106/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0907043106/DCSupplemental/Supplemental_PDF#nameddest=ST5
http://www.pnas.org/cgi/data//DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data//DCSupplemental/Supplemental_PDF#nameddest=STXT


regions in the bee brain (mushroom bodies and optic lobes), the
results likely accurately reflect the global neurogenomic state of the
aroused bee brain.

We did not expect to find an association between increased
behavioral arousal and decreased brain metabolism. Behavioral
arousal is associated with increased whole body metabolic activity
in honey bees (32).

The association was all the more surprising considering that the
alarm pheromone experiment demonstrated a causal relationship:
Exposure to alarm pheromone increases behavioral arousal (18)
and we showed that it decreased brain metabolism. Alarm phero-
mone exposure also is known to increase metabolic activity in honey
bees (33) and higher cytochrome c oxidase activity is associated with
increased aggressive behavior in rodents and lizards (34). However,
a correlation between reduced metabolism and aggression has been
reported for some regions of the human brain (35).

We speculate that decreased brain metabolism in aroused bees,
if reflective of reduced background neural activity, could function
as a ‘‘contrast enhancement’’ mechanism to enhance the bees’
ability to locate or respond to a threat. Decreased brain metabolism
reflects decreased neural activity in rats (36) and monkeys (37), and
decreased neuronal activity in the human visual cortex has been
reported to lead to improved visual representations of salient
shapes (38). Another possibility is that our findings relate to some
sort of energy tradeoff between the brain and the rest of the body.
This notion is based on the (untested) assumption that, as in
vertebrates (39), the insect brain consumes a disproportionately
large share of the body’s total glucose utilization. According to this
idea, arousal-related increases in metabolic rate require a decrease
in brain metabolism, at least for a ‘‘fight or flight’’ type of innate
behavior. This tradeoff might not exist for a behavior that must be
learned; learning is associated with increased brain metabolism
(40–42). The relationship between brain metabolism and behav-
ioral performance deserves more study.

Conclusion
Previous research has shown that there are striking differences in
aggression between honey bee colonies, and our research has shown
that aggression-related brain gene expression in honey bees is
subject to strong inherited and environmental influences. AHB and
EHB differed in the expression of hundreds of genes, with the
strongest differences seen in those bees most-strongly engaged in
colony defense. Environmental effects were seen both in terms of
effects of alarm pheromone and colony environment on brain gene
expression. Based on these findings we find support for the idea that
changes in gene regulation underlie the evolution of behavioral
diversity.

Fig. 2. GO functional analysis of genes associated with aggression: GO
biological process and molecular function categories that were significantly
enriched among the genes associated with aggression in all three experiments,
i.e., as a function of heredity, alarm pheromone, and age (Table 4). Diagram
represents GO categories hierarchically from top to bottom. Each box represents
a GO category. Blue, up-regulation; red, down-regulation. Significantly enriched
categories: (2) response to stimulus, (3) metabolic process, (6) electron carrier
activity, (8) structural molecule activity, (13) oxidation reduction, (15) protein
binding, (16) isomerase activity, (17) oxidoreductase activity, (18) structural con-
stituent of ribosome, (21) detection of external stimulus, (29) inositol-3-
phosphatesynthaseactivity, (33) regulationofSphase, (35)visualperception, (36)
inositol biosynthetic process, (37) regulation of S phase of mitotic cell cycle, (38)
monovalent inorganic cation transmembrane transporter activity, (39) positive
regulation of S phase of mitotic cell cycle, and (40) hydrogen ion transmembrane
transporter activity. Other GO terms given in SI Text.

Table 4. cis-regulatory motifs (and corresponding transcription factors) consistently associated with up-regulated gene sets from all
three experiments in Table 1

Motif
Transcription

factor
Combined
P value (�c)

AHB soldier
P value

Alarm pheromone
P value

Old bee
P value

All differentially expressed genes
CACGCG Hairy (Dmel) 1.35E-05 0.00012 0.00016 0.007
Trl Trl (Dmel) 4.49E-05 0.00058 0.004 0.0088
WHWWWWWW unknown 8.69E-05 0.00035 0.0063 0.0119
V_AHR_Q5 AHR (Hs) 0.00015 0.00035 0.0138 0.011
V_ETF_Q6 ETF (Hs) 0.00035 0.0066 0.0037 0.027
Deaf1 Deaf1 (Dmel) 0.00048 0.0149 0.028 0.00067
MGAAD Hsf (Dmel) 0.00074 0.0107 9.21E-05 0.043

As above, minus those common to two or more gene lists
CACGCG Hairy (Dmel) 0.00043 0.00025 0.0085 0.032
MGAAD Hsf (Dmel) 0.00058 0.0099 0.00027 0.038
V_CDPCR1_01 CDP (Hs) 0.00062 0.038 0.0085 0.0028
Ap ap (Dmel) 0.0009 0.0019 0.0073 0.05
Trl Trl (Dmel) 0.00097 0.0017 0.04 0.02
Klf4 Klf4 (Hs) 0.0012 0.042 4.5E-05 0.026
CACNNG unknown 0.0017 0.0064 0.045 0.031
Deaf1 Deaf1 (Dmel) 0.0018 0.0098 0.072 0.00055

Shown are the P values of association for each experiment (Fisher exact test, see SI Text). The significance of each motif association across all experiments is
shown in Column 3 (�c), based on the combined measure Pc from Columns 4–6. The corresponding empirical P value �c(Pc

(o)) and its FDR for multiple hypothesis
correction was calculated (see SI Text). Only motifs with FDR �0.001 are reported. The bottom half of the table shows eight most-significant motifs discovered
from the same procedure if the gene sets were purged of any genes that belonged to two or more gene sets. Only soldiers were analyzed because their brain
gene expression profiles were most similar to those of alarm-pheromone-exposed and old bees. Transcription factor motifs from: Dmel, Drosophila melano-
gaster; Hs, Homo sapiens.
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We suggest that environmental influences on aggression, i.e.,
responsiveness to alarm pheromone, could have evolved into the
inherited differences in aggression exhibited by AHB and EHB—
nurture begets nature. Evolutionary changes in brain gene expres-
sion may have resulted in an increase in arousal for AHB, a decrease
in arousal for EHB, or both. Alarm pheromone has two behavioral
effects: A rapid response, quicker than any transcriptionally based
mechanism could possibly generate, and a slower, more long-term,
sensitization (18). Given known differences in aggressive behavior
between AHB and EHB (10, 11), our proposed scenario would have
to involve molecular components of alarm pheromone’s slower
effects that then result in heritable changes in both the quick and
slow responses.

Relating changes in the regulation of gene expression to mor-
phological trait evolution usually involves targeted manipulation of
single genes (1, 5). Because the regulation of complex behavioral
phenotypes involves many genes and pathways, the transcriptomic
and informatic approaches presented here provide an accessible
entrée for exploring the relationship between gene regulation and
behavioral evolution in other species as well.

Materials and Methods
AHB Experiment. This experiment was performed near Ixtapan de la Sal, Mexico
(19° N, 99° W), which has been part of the range of the AHB for 20 years. Bees (n
�1,000–1,300), paint-marked for genotype upon adult emergence, were co- and
cross-fostered and placed in two EHB and two AHB colonies, each composed of
�5,000 bees with typical age structures. Foragers, guards, and soldiers were

identified according to established methods. Briefly, guards were identified as
bees at the hive entrance either patrolling or standing with an alert posture (43).
Foragers were identified as bees returning to the hive with a pollen load. Soldiers
were collected in a specially designed trap after waving a leather patch with 10
�L isopentyl acetate over the top of an opened hive at a rate of 1 circuit/s for 10 s
(44). Bees were collected into liquid nitrogen upon identification in the field and
transferred to a �80 °C freezer. Brain dissection was as described in ref. 45. Some
of our results (up-regulation of the visual perception GO category) may represent
the contribution of small amounts of peripheral visual tissue adhering to the
brains after dissection, but all samples were handled identically and there is
evidence for brain expression of some of the genes in this GO category in insects
(opsins and arrestins) (46).

Alarm Pheromone Experiment. This experiment was performed at the University
of Illinois Bee Research Facility, Urbana, IL; the bees in this region are a mixture of
European subspecies, predominantly Apis mellifera ligustica. After presenting a
piece of filter paper with 2.5 �L isopentyl acetate diluted in mineral oil (1:10)
(Sigma–Aldrich) for 60 s at the hive entrance (18), the most aroused-looking bees
at the entrance were caged for 60 min and frozen; the response to alarm
pheromone increases for 60 min and then levels off (10). Control bees were
collected at the hive entrance before alarm pheromone presentation and imme-
diately frozen. Bees were not caged because this can cause alarm pheromone
release.Thisnecessaryconfoundinexperimentaldesignwasconsideredtolerable
because our main goal was to compare gene expression across the different
experiments. Levels of c-Jun mRNA in the antennal lobes 30 min after exposure
toalarmpheromonewereusedto identify themost responsivecolonies (18);bees
from Colonies 24 and 27 were chosen (Fig. S1). Unlike in ref. 18, not all colonies
showed significant c-Jun induction (Fig. S1).

Microarray Procedures. The microarray has been characterized in previous studies
(23, 47). It contains 28,800 oligos (including 2,000 control sequences) based
largely on annotation from the honey bee genome sequencing project (48). Loop
designs were used, with a total of 332 microarrays used to profile 230 individual
brains in the three studies (AHB, alarm pheromone, old bee). Microarray proce-
dures were performed as in ref. 23 (Fig. S2). To quantify gene expression from
individual brains, RNA was amplified according to manufacturer instruction with
the Amino Allyl MessageAmp II aRNA Amplifcation kit (Ambion) starting with
500 ng RNA. Each microarray hybridization used 2.5 �g RNA. Dye coupling and
labeled aRNA cleanup was performed with the Amino Allyl MessageAmp II aRNA
Amplifcation kit as in ref. 23. Slides were scanned with an Axon 4000B scanner,
and images were analyzed with the GENEPIX software (Agilent Technologies).

Microarray Data Analysis. Analysis was performed as in ref. 23. Genes abundantly
expressed in hypopharyngeal glands (a potential source of tissue contamination
in brain samples) were filtered as in ref. 23. A Loess transformation was per-
formed using Beehive (http://stagbeetle.animal.uiuc.edu/Beehive) to normalize
expression intensities. A linear mixed-effects model implemented by using re-
stricted maximum likelihood was used to describe the normalized log2 trans-
formed gene intensities values, including the effects of dye, treatment (alarm
pheromone or behavioral group), bee, and microarray. Effects were evaluated
withanF-test statisticandthePvalueswereadjustedformultiple testingbyusing
a FDR criterion. Results from four genes from AHB/EHB lists (Uvop, G�e, trp, and
tpnCI) were validated with quantitative RT-PCR (Fig. S3; for a list of primers used,
see Table S6). PCA was performed on the results from the AHB experiment with
GeneSpring (Agilent) by using zero-centered, log2-transformed normalized val-
ues of expression data for all genes expressed on the oligoarrays. PCA was
performed on guards, soldiers, and foragers independently, with individual bees
from all four groups (AHB and EHB bees in AHB and EHB colonies).

Functional Analysis. GO enrichment analysis was performed with Drosophila
orthologs to bee genes (Dataset S1). Enrichment was determined by using
GOToolBox (49) with a hypergeometric test followed by FDR correction for
multiple testing (GO categories at P � 0.05 shown). For each experiment the
reference gene set corresponds to the total number of genes analyzed on the
microarray. Lists of GO functions are provided in Dataset S2.

Statistical Analysis to Determine Overlap on Gene Lists. To determine whether the
number of genes that overlapped on two gene lists (AHB, alarm pheromone, old
bee) was statistically significant, a ‘‘representation factor’’ was calculated. This
factor is the number of observed overlapping genes divided by the expected
number of overlapping genes. The denominator is calculated as the product of
the number of oligos differentially expressed in each experiment divided by the
total number of oligos analyzed (50). Overlap for three experiments and for GO
categories from the three gene lists was calculated similarly. We tested statistical
significance by using an exact hypergeometric test (1-tailed) for the overlap

Fig. 3. Aggression-related decrease in brain metabolism as a function of
heredity, alarm pheromone exposure, and age. Results of assays of enzyme
activity for Complex I (NADH dehydrogenase), IV (cytochrome c oxidase), and
V (ATP synthase) performed on mitochondrial preparations from bee brains.
n � 4 biological replicates for each of the six groups labeled on the x axes of
the three graphs; two pools of five brains per colony per behavioral group
from two colonies. n � 3 technical replicates per sample. Statistical analysis:
1-way ANOVA with Tukey HSD posthoc. EHB, EHB bees in EHB colonies; AHB,
AHB bees in AHB colonies. See SI Text for methods. Means � SD are shown.
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between two gene lists and an extended version of the hypergeometric test for
the overlap between three gene lists. For a universe of N items and three
randomly sampled subsets of sizes n1, n2, and n3, respectively, we calculated the
probability of an overlap of size l as per the formula below, by summing over all
possible values of the overlap k (�l) between the first two sets. This probability
was then used to calculate a P value for the test, by summing over values of l that
are greater than or equal to the observed overlap of the three sets.

�
k�1

mint�n1,n2�
� n1

k � �N � n1

n2 � k � � k
l � �N � k

n3 � l�
� N

n2
� � N

n3
�

cis-Regulatory Analaysis: Motif Collection. Motifs representing experimentally
characterized binding specificities were collected from FlyREG (D. melanogaster),
Transfac (D. melanogaster, Homo sapiens), and Jaspar (H. sapiens). Computa-
tionallypredictedmotifs (D.melanogaster) fromXieetal. (51)werealso included.
We had a compendium of 602 motifs.

cis-Regulatory Analaysis: Determining Genes Targeted by a Transcription Factor
Motif. To determine whether a gene has a motif in its promoter, we considered
the 5 Kbp upstream region of the gene, by using the A. melliferra genome
(Amel_v2.0) and Release 1 of the official gene set (48). Methods were performed
as in ref. 23 (see SI Text).

Measurements of Brain Mitochondrial Enzyme Activities. Each sample consisted of
mitochondrial preparations from a pool of five brains, with bees from two
colonies per behavioral group per experiment. Mitochondrial activities were

measured 60 min after alarm pheromone exposure. Brain metabolism of AHB
soldiers from AHB colonies was compared with EHB soldiers from EHB colonies.
Brains were homogenized at 4 °C in ice-cold SET buffer (0.25M sucrose, 0.5 mM
potassium EGTA, 10 mM Tris, pH 7.4) by using a Dounce homogenizer, then
centrifuged for 3 min at 2,000 � g at 4 °C. The pellet was then centrifuged again
for 3 min at 2,000 � g at 4 °C, and the resulting supernatant was centrifuged at
12,000 � g at 4 °C for 15 min to obtain a crude mitochondrial fraction. The
mitochondrial pellet was subsequently resuspended in 200 �L ice-cold 3% Ficoll
solution and layered onto 800 �L ice-cold 6% Ficoll solution, then centrifuged for
10 min at 11,500 � g at 4 °C. The final pellet was resuspended to a final volume
of 1 mL in MSH buffer (210 mM mannitol, 70 mM sucrose, 5 mM Hepes, pH 7.4) or a
hypotonicbuffercontaining25mMKH2PO4,pH7.2and5mMMgCl2, thenstoredon
ice until use. Samples were used within 4 h of isolation. Total protein concentration
was determined by using a Pierce Micro BCA Protein Assay Kit (ThermoFisher
Scientific). See SI Text for measurement of mitochondrial enzyme activities.
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