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Certain complex phenotypes appear repeatedly across diverse
species due to processes of evolutionary conservation and conver-
gence. In some contexts like developmental body patterning, there
is increased appreciation that common molecular mechanisms un-
derlie common phenotypes; these molecular mechanisms include
highly conserved genes and networks that may be modified by
lineage-specific mutations. However, the existence of deeply con-
served mechanisms for social behaviors has not yet been demon-
strated. We used a comparative genomics approach to determine
whether shared neuromolecular mechanisms could underlie behav-
ioral response to territory intrusion across species spanning a broad
phylogenetic range: house mouse (Mus musculus), stickleback fish
(Gasterosteus aculeatus), and honey bee (Apis mellifera). Territory
intrusion modulated similar brain functional processes in each spe-
cies, including those associated with hormone-mediated signal
transduction and neurodevelopment. Changes in chromosome or-
ganization and energy metabolism appear to be core, conserved
processes involved in the response to territory intrusion. We also
found that several homologous transcription factors that are typi-
cally associated with neural development were modulated across all
three species, suggesting that shared neuronal effects may involve
transcriptional cascades of evolutionarily conserved genes. Further-
more, immunohistochemical analyses of a subset of these transcrip-
tion factors in mouse again implicated modulation of energy
metabolism in the behavioral response. These results provide sup-
port for conserved genetic “toolkits” that are used in independent
evolutions of the response to social challenge in diverse taxa.
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Similar phenotypes can have a shared molecular basis, even
among distantly related species (1–3). This phenomenon has

been observed for an array of traits, including morphological
adaptations like coat color or wing patterning, rapid adaptations
like drug resistance, and artificially selected phenological traits like
flowering time (reviewed in ref. 2). Shared molecular mechanisms
can arise convergently as a result of de novo mutations at genetic
hotspots (2) or as a result of conservation. Both of these processes
result in “genetic toolkits” or genes that are repeatedly used over
evolutionary time to give rise to similar phenotypes (3). The
phenomenon of genetic toolkits challenges fundamental notions
about evolutionary convergence, conservation, and the origins of
biodiversity.
The role of genetic toolkits in shaping behavioral phenotypes is

unclear (4, 5). Behaviors are typically polygenic (6) and they show
great nuance and plasticity within a species, raising the possibility
that cross-species similarities in behavior are superficial. Social
behaviors in particular present a challenge to the genetic toolkit
concept: these behaviors are critical to survival and reproductive
success, but across species there is significant variation in the

contexts for and frequency of social interaction, the sensory mo-
dalities used to perceive the social landscape, and the structure and
function of the brain and endocrine systems that regulate behavior.
Nonetheless, due to genetic orthology and striking general simi-
larities in certain social behaviors, it is possible that shared genes,
gene networks, or functional processes have been reused to regu-
late presumably independent evolutions of certain types of social
behavior across diverse species.
We used a comparative transcriptomic approach to determine

whether shared neuromolecular mechanisms govern the response
to an acute social challenge. We focused on a single context, the
response to territory intrusion, which is biologically relevant for
our focal species and is also generalizable to many other species.
We evaluated mechanistic commonalities across a phylogenetic
distance that spans ∼650 My of evolution, comparing three species
with different ecologies and social organization: the house mouse
(male Mus musculus) and stickleback fish (male Gasterosteus
aculeatus), both of which are strongly territorial and somewhat
social, and the highly social honey bee (female Apis mellifera

Significance

In some cases similar molecular programs (i.e., conserved genes
and gene networks) underlie the expression of phenotypic traits
that evolve repeatedly across diverse species. We investigated
this possibility in the context of social behavioral response, using
a comparative genomics approach for three distantly related
species: house mouse (Mus musculus), stickleback fish (Gaster-
osteus aculeatus), and honey bee (Apis mellifera). An experience
of territory intrusion modulated similar brain functional pro-
cesses across species, including hormone-mediated signal trans-
duction, neurodevelopment, chromosome organization, and
energy metabolism. Several homologous transcription factors
also responded consistently to territory intrusion, suggesting
that shared neuronal effects may involve transcriptional cas-
cades of evolutionarily conserved genes. These results indicate
that conserved genetic “toolkits” are involved in independent
evolutions of social behavior.

Author contributions: C.C.R., A.M.B., J.M., S.S., G.E.R., and L.S. designed research; C.C.R.,
D.C.-A., A.C.-A., M.K., X.L., Y.O.S., P.A.W., and H.Z. performed research; C.C.R., S.A.B., L.G.S.,
J.M.T., D.C.-A., and S.S. analyzed data; and C.C.R., S.S., G.E.R., and L.S. wrote the paper.

Reviewers: D.K., Columbia University; and K.P.W., The University of Chicago and Argonne
National Laboratory.

The authors declare no conflict of interest.

Freely available online through the PNAS open access option.
1To whom correspondence may be addressed. Email: ccr22@illinois.edu, generobi@illinois.
edu, or ljstubbs@illinois.edu.

2S.A.B., L.G.S., and J.M.T. contributed equally to this work.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1420369111/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1420369111 PNAS | December 16, 2014 | vol. 111 | no. 50 | 17929–17934

EV
O
LU

TI
O
N

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1420369111&domain=pdf
mailto:ccr22@illinois.edu
mailto:generobi@illinois.edu
mailto:generobi@illinois.edu
mailto:ljstubbs@illinois.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420369111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1420369111/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1420369111


workers), which exhibits organized collective defensive behavior.
This broad comparison enabled us to identify core molecular
mechanisms in the brain associated with the response to
social challenge.

Results
We sequenced mRNA to compare brain transcriptomes of ter-
ritory holders exposed to either a conspecific intruder (experi-
mental) or a neutral object (control). We sequenced different
brain regions across the three species: honey bee whole brain
[which shows a robust transcriptomic signature across multiple
aggressive contexts (7)], stickleback diencephalon [which shows
intense neural activation in response to intrusion (8)], and mouse
ventral hypothalamus (VH) (9). We validated strong involvement
of the VH, using brain regional quantitative PCR (qPCR) anal-
ysis of several immediate early genes (IEGs) [Fos, Fosl2, Arc, and
Egr1 (early growth response protein 1); Fig. S1]. Following se-
quencing, we ranked all genes within a species based on the de-
gree of differential expression between experimental and control
conditions and generated lists of significantly regulated Gene
Ontology (GO) terms using a threshold-free rank-based gene set
enrichment analysis (GSEA) (10). This approach was applied
consistently to the single-species and homologous triplet analyses
(SI Materials and Methods and below).

Single-Species Brain Transcriptomic Responses to Territory Intrusion.
For each species, we derived clusters of related GO terms, using
the SimRel function in the program REVIGO (11), which clusters
and names groups of GO terms on the basis of semantic similarity,
uniqueness, and significance (Datasets S1–S3 and Fig. 1). All
species showed a general signature of gene regulatory dynamics,
and in mouse and stickleback, several clusters of terms were

associated with neural signaling and stimulus response. As
expected based on the brain regions assessed and the social context,
we found signatures of hormone signaling across all species.
For a subset of significant GO terms, we used post hoc analyses

(Materials and Methods and SI Materials and Methods) to determine
which genes were most responsible for enrichment of the term. For
example, G-protein–coupled receptor (GPCR) activity was signifi-
cantly enriched across all species and includes proteins integral to
the response to hormones and neurotransmitters that modulate
behavior (12). Mouse GPCRs included a dopamine receptor
(Drd1a) and an adenosine receptor (Adora2a) associated with
human panic disorders (13). Honey bee GPCRs included CcapR
and hormone receptor EthR, which are responsive to ecdysone
(14, 15) (Table S1). Fz2, a Wnt-activated receptor, was another
GPCR identified in honey bee. Our GSEA results in mouse also
implicated Wnt signaling, suggesting a conserved role for this
classic developmental signaling pathway (16) in the response to
territory intrusion.
Our analyses also highlighted several other developmental pro-

cesses, including muscle organ development, which was enriched
across all three species. A post hoc analysis showed that differen-
tially expressed genes annotated to muscle organ development in
mouse included genes also associated with synapse formation
(Col19a1) (17), activity-dependent dendritic outgrowth during de-
velopment (Mkl2) (18), and glial differentiation in the adult brain
(Msx1) (19). Thus, muscle organ development could be indicative
of synapse formation, neuronal outgrowth, and glial proliferation.
Furthermore, many genes related to muscle contraction in mouse
(e.g., Kcnma1, Adora2a, and Adra1d) are involved in vascular
muscle function. Though there are structural differences in verte-
brate and insect vascular systems, circulatory system development
is regulated by evolutionarily conserved gene networks (20), and

Fig. 1. Major biological processes (Top) and molecular functions (Bottom) regulated in response to territory intrusion for each species as revealed by Gene
Ontology analysis of genes differentially expressed in the brain in response to social challenge. Clustering analyses of single-species GSEA results (adjusted
P value < 0.05) are shown. Shading of circles indicates relative significance of the GO term (darker is more significant). Circle size corresponds to the number of
genes annotated to the term in the reference database. See Datasets S1–S3 for full lists.
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thus components of this apparent vascular response may represent
conserved features of the neural response to territory intrusion.

Cross-Species Core Processes in the Response to Territory Intrusion:
Chromosome Organization and Energy Metabolism. To identify highly
conserved (“core”) processes involved in the response to territory
intrusion, we analyzed orthologous and paralogous genes (Mate-
rials and Methods and SI Materials and Methods). Where possible,
we assigned genes to a metazoan evolutionarily orthologous group
(EOG) (21) and then filtered each species gene list to contain only
EOGs shared across all three species. For each shared EOG, we
identified a “homologous triplet” with one gene per species, cal-
culated a combined significance score for the triplet, and ranked
triplets on this basis (Dataset S4). Due to design, the GSEA of the
ranked triplets identified GO terms enriched within a limited subset
of conserved genes.
The GSEA of the triplets (Dataset S5 and Fig. 2) identified

a cluster of highly significant GO terms associated with chromo-
some organization, which was not as prominent in any single-
species analysis. Assessing only GO terms unique to the triplet
analysis, we also identified a cluster annotated as NF-κB signaling,
notable because it is a signal-transduction pathway associated with
stress response and energy metabolism in tissues including the
brain (22, 23).
We identified several other GO terms associated with energy

metabolism in the triplet analysis (Dataset S5). Because oxida-
tive phosphorylation, a key energy metabolism pathway, shows a
negative relationship with aggression in honey bee (24), we ex-
amined the direction of change for all oxidative phosphorylation
genes in each species and found they were consistently down-
regulated in mouse and honey bee and up-regulated in stickleback
(sign test, P < 0.0001; Fig. S2). These results suggest that energy
metabolism may be a core mechanism in the response to
territory intrusion.

Cross-Species Core Processes in the Response to Territory Intrusion:
Transcriptional Regulation. Transcription factors (TFs) regulate
large networks of genes and thus are predicted to play an impor-
tant role in modulating complex phenotypes like social behavior
(7, 23, 25, 26). The term sequence-specific DNA binding tran-
scription factor activity was enriched in mouse (Dataset S1 and
Fig. 1, “TF activity”), and a post hoc analysis identified 10 differ-
entially expressed TFs (Table S2). Three of these, Egr2, Foxg1
(forkhead box G1), and Pitx1 (paired-like homeodomain 1), have
been implicated in autism spectrum disorders (27–29), and Egr
genes are also known to be socially responsive in birds and honey
bees (30, 31). The same TF-related GO term was enriched in the
homologous triplet analysis (Dataset S5 and Fig. 2), and seven
significant homologous TFs were identified (“Tier 1” in Table 1).
Four known TFs (32) appeared high on the list of ranked homo-
logous triplets but were not annotated to a significant TF-relevant
GO term (“Tier 2”), and 14 other annotated TFs had a combined
P < 0.05, but failed to reach the stringent post hoc analysis threshold
(“Tier 3”), providing some suggestion of a common role in the
response to territory intrusion.
We also used a bioinformatics approach to identify TF binding

motifs that are significantly enriched in genomic regions near
differentially expressed genes (DEGs) [false discovery rate
(FDR) < 0.10, experimental vs. control, Dataset S6]. The “cis-
Metalysis” tool (33) was used to identify motifs that are consis-
tently associated with DEGs in more than one species (FDR <
0.2, Datasets S7 and S8). One motif, predicted to bind the nu-
clear receptor protein NR2E1 (a toolkit TF), was enriched in all
three species. Several others were enriched in two species, in-
cluding motifs for TFs involved in neuroendocrine signaling
[NR2A1, which was also associated with territorial intrusion in
a previous stickleback study (8); LEF1 (34); and DLX1 (35)].
Results also implicated the transcriptional repressor HIC1,
which is believed to act via chromatin remodeling (36), and the
IEG ZNF354C. We tested for pairs of motifs (in Boolean com-
binations;Materials and Methods) that are consistently associated
with DEGs and identified the pair EGR1 and AP2-A as the only
significant combination in all three species (Datasets S8 and S9).
This pair of TFs is known to regulate gene expression in the
context of synaptic plasticity (37). Other significant pairs in-
volved the toolkit TF FOXG1, as well as other TFs implicated in
autism spectrum disorder, e.g., PITX1 (also differentially expressed
in mouse, see above), TBX1 [which controls brain vascularization
(38)], and TFs involved in neuronal differentiation [OTX1 (39)]
and hormone signaling (ESR1).

Regional and Cell Type Specificity of Putative Toolkit TFs. Our
analysis highlights a role for developmentally active TFs in adult
territory response. To localize and further explore the functional
role of the toolkit TFs in the context of intruder response in
mouse, we used immunohistochemistry (IHC) to stain adjacent
brain sections with antibodies available for three toolkit proteins,
EMX1 (a homeobox transcription factor), FOXG1, and NR5A1 (a
nuclear receptor protein). These three TFs were colocalized in
groups of clustered neurons within the ventromedial hypothalamus
(VMH) in experimental animals (Fig. 3); NR5A1 was additionally
detected in scattered neurons within the neighboring arcuate hy-
pothalamic nucleus (AHN) (Fig. 3). These results indicate coex-
pression of these three proteins in adult hypothalamic neurons
following territory threat; previously they were considered pri-
marily in the context of embryonic development.

Discussion
We present to our knowledge the first comprehensive evaluation
of the molecular mechanisms of social challenge that are shared
across distantly related taxa. Even though many aspects of the
neuromolecular response to territory intrusion are likely taxon or
even species specific, we identified cross-species similarities at
several biological levels. Our results indicate that chromosome
organization and energy metabolism are core processes associ-
ated with the response to social challenge.

Fig. 2. Clustering analyses for the homologous triplet GSEA (adjusted P value
< 0.05). Triplets were groups of orthologous or paralogous genes as identified
by OrthoDB. (Left) Clustering analyses include all significant terms. (Right)
Analyses include only terms unique to the homologous triplet GSEA (not
identified in any of the single-species analyses). See Dataset S5 for full list.
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Changes in chromosome organization may be fundamental to the
response to social challenge because they affect DNA accessibility,
a prerequisite for transcriptional changes that may be further
modified by other mechanisms (40). We observed other types of
regulatory mechanisms, such as changes in RNA splicing (mouse),
transcription cofactor activity (stickleback), and DNA methyl-
transferase activity (honey bee), which may add species or context
specificity to the response to territory intrusion. Chromosome or-
ganization also may be a core mechanism because the processes
involved, e.g., histone modifications, are more evolutionarily con-
served compared with other epigenetic mechanisms (41).
Brain energy metabolism was the second core process modu-

lated in response to social challenge. A recent study demonstrated
a negative causal relationship between brain oxidative phosphor-
ylation activity and territorial aggression in honey bees and fruit
flies (24). Consistent with that study, we here specifically identified
modulation of NADH dehydrogenase, the oxidative phosphory-
lation enzyme complex with the best-known relationship to terri-
torial aggression (7, 24). Oxidative phosphorylation genes were
generally down-regulated in response to territory intrusion in
mouse and honey bee, as in previous studies (7, 24). The stickle-
back diencephalon showed the opposite pattern, possibly in-
dicative of brain regional heterogeneity or species-level variation
in the timing of the metabolic response. A change in energy me-
tabolism might affect a fundamental neural signaling property like
excitability and thus play a general and conserved role in modu-
lating behavior across species. Mouse IHC results further impli-
cated metabolism by localizing the molecular response to neurons
in the VMH and AHN, regions that interact to regulate food in-
take and glucose homeostasis (42). Thus, our results associate
aggressive social experience and behavioral response with shifts in
metabolism at both the cellular and organismal levels. Moreover,

AHN neurons are known to regulate metabolism of serotonin
(43), and DLX1, which was implicated in cis-motif analysis, is
expressed in GABAergic and dopaminergic neurons in the AHN
(35). Together these data suggest that metabolic plasticity is also
associated with the activity of known aggression-related neuro-
transmitter systems.
In addition to metabolism and chromosome organization, our

study highlighted transcriptional regulation as a significant com-
ponent of the response to territory threat. In particular, seven
homologous TFs were identified as putative “toolkit genes” for
social behavior (Tier 1). Several of these have been associated with
metabolism or social behavior in previous studies. Nr4a3 (a nuclear
receptor protein), Nr5a1, and Irx3 (a homeobox transcription fac-
tor) play key roles in energy homeostasis (44–47); Nr5a1, Emx1,
and Foxg1 have been associated with behavior and mood disorders
(48–50); Nr4a3 is up-regulated in response to novel song in birds
(51); and Nr5a1 is linked to social aggression in sticklebacks and
mice (8, 48).
Our results also implicated conserved gene networks associ-

ated with neuroendocrine signaling. The TF Egr1, implicated in
both the GSEA and motif enrichment analysis and known to be
involved in social behaviors in other species, is up-regulated by
gonadotropins in the brain (52). We identified other neuroen-
docrine-associated TFs, including three (Rax, Otp, and Nr2e1)
that are known to have consistent functions in all three species
(53, 54). Mouse and fly Nr2e1/tll proteins share a conserved
DNA binding motif, which we identified as significantly enriched
in the promoter regions of DEGs in all three species. These
results are consistent with previous studies showing that Nr2e1/tll
proteins have similar regulatory targets (55, 56) and are known
to play a conserved role in aggression (57). Portions of the mouse
hypothalamus and the stickleback diencephalon belong to the
vertebrate brain social behavior network, a series of connected
brain regions that control multiple social behaviors, including
aggression (58). Although the bee brain does not include a ho-
mologous anatomical correlate to the hypothalamus, the neuro-
endocrine centers of insects, fish, and mammals function similarly
and are thought to share common evolutionary origins (53). Thus,
our finding of a conserved role for neuroendocrine signaling
suggests that elements of the social behavior network in verte-
brates, a network defined by interconnected brain regions, may
also be conserved at the molecular level in insects, despite a lack
of brain structural homology. The neuromolecular overlap among
the three species, despite differences in starting brain material, is
striking and suggests the mouse VH captures the evolutionarily
conserved response. Additional work is needed to assess the
implications of this degree of overlap in terms of the distri-
bution of socially responsive regions in the brain, particularly
for honey bee.
NF-κB signaling also was part of the conserved response to

territory intrusion. Altered NF-κB signaling in white blood cells
has been implicated in the human response to social stress (59),

Table 1. Putative toolkit transcription factors shared across all
three species

Mouse Stickleback Bee Fly

Tier 1
Nr4a3 ENSGACG00000010788 GB49295 hr38
Lhx1 ENSGACG00000016592 GB45975 lim3
Nr5a1 ENSGACG00000018317 GB42142 ftz-f1
Irx3 ENSGACG00000016682 GB55198 mirr
Pou3f4 ENSGACG00000006709 GB53100 pdm2
Emx1 ENSGACG00000004860 GB54518 CG18599
Foxg1 ENSGACG00000011198 GB44229 slp2

Tier 2
Gata2 ENSGACG00000010218 GB50931 srp
Mycbp ENSGACG00000013676 GB51617 CG17202
Npas4 ENSGACG00000004132 GB49843 dys
Chd5 ENSGACG00000003717 GB43409 Various

Tier 3
Foxp1 ENSGACG00000018911 GB40150 foxP
Klf12 ENSGACG00000020841 GB52090 Various
Klf15 ENSGACG00000003717 GB43409 Various
Meis2 ENSGACG00000019665 GB48653 hth
Nfat5 ENSGACG00000016365 GB45138 nfat
Nr1h3 ENSGACG00000004938 GB48059 ecR
Nr2e1 ENSGACG00000017060 GB49738 hr51
Rax ENSGACG00000016453 GB52781 pph13
Tbx15 ENSGACG00000012454 GB55445 h15
Six6 ENSGACG00000019038 GB49751 optix
Bsx ENSGACG00000020120 GB49332 bsh
Rfx3 ENSGACG00000007541 GB41876 rfx
Nkx2-4 ENSGACG00000006999 GB47400 None
Otp ENSGACG00000015770 GB51584 otp

“Fly” lists the Drosophila melanogaster ortholog to each honey bee gene
(annotated using FlyBase; “Various” indicates more than one ortholog). See
Results for descriptions of tiers.

Fig. 3. Toolkit TF proteins, identified as responsive to social challenge in all
three species, localized in mouse brain with immunohistochemistry. Sagittal
sections from resident animals were treated with antibodies to EMX1,
FOXG1, and NR5A1. Antibodies, stained in red, detected very similar clus-
tered populations of neurons in the ventromedial hypothalamus (VMH);
NR5A1 was additionally detected in scattered neurons within the arcuate
hypothalamic nucleus (AHN).
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and this mechanism has been proposed to link chronic stress to
increased prevalence of diseases, including mental health dis-
orders, cardiac illnesses, and cancer (60). A model of a honey
bee brain transcription regulatory network identified NF-κB as
a global regulator of behaviorally related brain gene expression
in contexts including aggression (23). A conserved role of im-
mune and stress responses across multiple social contexts would
suggest that these pathways play a general role in social behav-
ioral modulation. The elements of these processes and the
contexts that contribute to adverse health outcomes remain to
be investigated.
Evidence for a shared neuromolecular response to territory in-

trusion spans multiple biological levels. We have identified evi-
dence for shared core processes, components of gene networks,
and single genes. Understanding the regulation and evolution of
social behavior across diverse species requires a comparative reg-
ulatory genomics approach at the network (and subnetwork) level
that goes beyond single genes. For instance, one toolkit TF, Pou3f4
(honey bee GB53100), is the ortholog to the Drosophila mela-
nogaster gene Pdm2, a target of the iconic insect transcription
factor fruitless, a master regulatory gene involved in social be-
haviors including aggression (61). Because there is no vertebrate
ortholog to fruitless, one implication of this finding is that some
of the gene networks regulated by fruitless may be involved in
social interactions in other species, despite the absence of the
specific upstream regulator gene.
Most of the behavioral toolkit TFs identified in our study

(Nr4a3, Lhx1, Nr5a1, Irx3, Emx1, and Foxg1) are involved in
brain or neural development, including postnatal neurogenesis
(62–64), and the involvement of developmental processes also
was revealed by both the GSEA and cis-motif analyses. Previous
studies have associated developmental gene expression in the
adult brain with plasticity in neural connectivity and the main-
tenance of regional boundaries (65, 66); other examples of ge-
netic toolkits also involve genes associated with developmental
patterning (3). Development genes may be ideal toolkit candi-
dates because their critical roles in the embryonic stage lead to
a high degree of conservation over evolutionary time. Our results
demonstrate an additional property of these genes, the ability to
show both highly canalized and highly plastic expression at dif-
ferent points in an organism’s life. Elucidating the regulatory
features that alternately constrain and facilitate plasticity in gene
expression within the lifespan of the organism will help explain
why some genes function as components of genetic toolkits, ul-
timately improving our understanding of the evolution of com-
plex traits like social behavior.

Materials and Methods
See SI Materials and Methods for details.

Behavioral Paradigms. Focal animals were allowed to establish a territory in
a closed container in the laboratory. Experimental individuals were exposed
to an intruder, which elicited an aggressive response from the focal animal
(confirmed by observation). Control individuals were exposed to an in-
animate object, which provoked exploration but did not elicit aggression.
Animals were exposed to the intruder or object for 5 min (honey bee and
stickleback) or 10 min (mouse) and then the intruder or object was removed.
Animals were killed after an additional 15 min (mouse) or 25 min (honey bee
and stickleback). These slight variations in timelines were required to keep
mouse and stickleback experiments consistent with previously published
protocols (8, 43, 67, 68). The protocol for honey bee was novel, so we fol-
lowed the stickleback timeline because expression differences for IEGs and
other socially responsive genes are generally best detected 30 min post-
stimulus (69, 70). We sampled three individuals per treatment for mouse and
stickleback and six groups per treatment for honey bees.

RNA Sequencing. Brains were dissected and RNA was extracted and quantified
following standard procedures. Poly-A RNAwas enriched from total RNA, using
Dynabeads Oligo(dT)25 (Life Technologies), and RNA-seq libraries were prepared
using the NEXTflex Directional RNA-seq Kit with Illumina-compatible adaptors
(Bioo Scientific). Single-end sequencing was performed on an Illumina HiSEq
2500 instrument by the W. M. Keck Center (University of Illinois).

Data Processing and Enrichment Analyses. RNA-seq reads were aligned to ref-
erence genomes (mouse, NCBI build 37.2; stickleback, Ensembl release 70; honey
bee, ref. 71), using TopHat and Bowtie, and HTSeq was used to calculate read
counts per gene. Within-species clustering analyses identified one mouse control
sample and two bee control samples as outliers, and these samples were ex-
cluded from further analyses (final sample sizes were 3/2, 3/3, 6/4 experimental/
control for mouse, stickleback, and honey bee, respectively). For each species, we
filtered out genes with extremely low expression levels. We assessed differential
expression between experimental and control, using the “exactTest” function in
EdgeR (72). We ranked all genes on the basis of raw P value. Ranked lists were
assessed for Gene Ontology enrichment, using the logistic regression function in
Babelomics 4.3 (73). This threshold-free analysis determines Gene Ontology
categories that are represented by genes near the top of a ranked list (10).

Homologous Triplets. EOGswere obtained fromOrthoDB (21) (accessed October
15, 2013). To use a broad criterion for homology, we retained all paralogs (74),
ultimately selecting the paralog showing the highest degree of differential
expression between experimental and control conditions as the species repre-
sentative for each homologous triplet. Homologous triplet combined signifi-
cance scores were calculated using Fisher’s method [R package MADAM (75)].

Gene Annotations. We used mouse GO annotations curated by the database
Babelomics 4.3 (73). For stickleback and honey bee, we derived Gene On-
tology assignments, using protein family annotations from the database
PANTHER (76). For the homologous triplets analysis, we assigned functional
enrichment on the basis of the mouse gene representative.

GSEA Post Hoc Analyses. Because the GSEA approach is threshold-free, it did
not identify specific genes that account for significant enrichment of a par-
ticular GO term. To identify these genes for a subset of significantly enriched
terms of interest, we performed a post hoc analysis consisting of iterative
hypergeometric tests to determine the threshold cutoff point within the
ranked list of genes that corresponded to the strongest significance for
enrichment of the GO term of interest.

cis-Motif Analysis. We used the Stubb algorithm (77) for genome-wide
scanning of motif matches in conjunction with cis-Metalysis to identify TF
motifs or pairs of motifs enriched in noncoding regions around up- and
down-regulated socially responsive genes. We used a collection of 368
motifs from JASPAR (78) and Jolma et al. (79). For “meta-associations,” i.e.,
motifs (or combinations of two motifs) enriched for DEGs across two or three
species, we corrected “meta P values” reported by cis-Metalysis for multiple
hypothesis testing, using an empirical FDR estimation.

Quantitative PCR. We generated cDNA from pools of RNA dissected from the
VH, the bed nucleus of the stria terminalis (BNST), and cortex of experimental
or control mice. Gene expression levels determined by qPCR were normalized
to the average expression of mouse 18S rRNA (primers are in Table S3).

IHC. We performed IHC on adjacent brain sections, using antibodies against
ARC, EMX1, NR5A1, and FOXG1. Alexa-Fluor goat-α-mouse or mouse-α-rabbit
(Molecular Probes, Invitrogen) was used as secondary antibody. Tissue was
counterstained using 10 μg/mL Hoechst 33342 nuclear staining (Invitrogen; no.
H3570). Fluorescent images were reviewed using an Olympus BX60 microscope
and images were captured using a NanoZoomer high-resolution scanner
(Hamamatsu) and an ApoTome Structured Illumination Optical Sectioning
System (Zeiss) incorporated into an Axiovert 200M microscope (Zeiss).
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