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Abstract

Within many species, some individuals are consistently more aggressive than others. We examine 

whether there are differences in brain gene expression between aggressive versus nonaggressive 

behavioural types of individuals within a natural population of male three-spined sticklebacks 

(Gasterosteus aculeatus). We compared gene expression profiles of aggressive male sticklebacks to 

nonaggressive males in four regions of the brain (brainstem, cerebellum, diencephalon and 

telencephalon). Relatively few genes were differentially expressed between behavioural types in 

telencephalon, cerebellum and diencephalon, but hundreds of genes were differentially expressed 

in brainstem, a brain area involved in detecting threats. Six genes that were differentially expressed 

in response to a territorial intrusion in a previous study were also differentially expressed between 

behavioural types in this study, implying primarily non-shared but some shared molecular 

mechanisms. Our findings offer new insights into the molecular causes and correlates of 

behavioural plasticity and individual variation in behaviour.
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1. Introduction

Within many species, some individuals are consistently more aggressive than others, and it 

has been proposed aggressiveness is a fundamental axis of behavioural variation (Reale et 

al., 2007). For example, some individuals vigorously attack an intruding conspecific, while 

other individuals retreat. Successful territory defence via aggression can be a key 
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determinant of fitness, but aggression can also be costly in terms of time, energy and the risk 

of injury (Huntingford et al., 1987). Studies in diverse organisms from fruit flies (Dierick & 

Greenspan, 2006; Wang et al., 2008; Edwards et al., 2009; Shorter et al., 2015) to mice 

(Sluyter et al., 1995) and rats (Heyne et al., 2014) and chickens (Buitenhuis & Kjaer, 2008) 

have shown that there is a heritable component to aggressiveness, and have suggested that 

aggressiveness is influenced by thousands of loci. Aggressiveness is also influenced by the 

early environment (Arnold & Taborsky, 2010), including the environment provided by 

parents (Curno et al., 2009; Bentz et al., 2013).

One tactic for understanding the molecular mechanisms contributing to heritable and 

environmental causes of aggressiveness is to measure the dynamic side of the genome (Bell 

& Robinson, 2011) by measuring gene expression on a genome-wide scale. Indeed, there is 

now a decent literature measuring genome-wide gene expression associated with 

aggressiveness in a wide range of taxa (Table 1). A common result of such studies is that 

there are hundreds to thousands of genes that are differentially regulated as a function of 

aggression, many of which have novel functions, i.e., they have not previously been 

identified as ‘candidate genes for aggression’ (Edwards et al., 2006). Another generality is 

that the identity and type of genes associated with aggressiveness are highly tissue-specific, 

depending on whether expression is measured in whole body, brain, head or brain area. 

Some studies seeking to identify molecular mechanisms related to aggression have measured 

gene expression in response to a stimulus that elicits aggressive behaviour, e.g., a territorial 

intruder. The molecular responses to a territorial challenge likely involves waves of 

transcription associated with various types of behavioural plasticity (detecting an intruder, 

assessing the intruder, responding to the intruder, maintaining a response to the intruder, 

recovering from the intrusion, and preparing to modify future behaviour after the intrusion 

(Aubin-Horth & Renn, 2009)). Therefore the particular gene expression profile at a specific 

point in time is probably just a snapshot of very a dynamic process. Gene lists produced by 

such experiments can be difficult to interpret without additional controls to tease apart gene 

expression associated with movement, responding to novelty, responding to a conspecific, 

responding to a same-sex conspecific, etc.

Other studies interested in the molecular causes and correlates of aggressiveness have 

compared gene expression between individuals that differ in aggressiveness in a ‘resting’ 

state, e.g., between genetic lines selected for aggressiveness, or between alternative 

phenotypes that differ in aggressiveness. Differences in resting gene expression between 

behavioural types are likely to reflect processes that are involved in maintaining rather than 

generating a particular neurogenomic state (Zayed & Robinson, 2012; Cardoso et al., 2015). 

For example, genes that are differentially expressed between alternative phenotypes that 

differ in aggressiveness (e.g., sneakers vs territory holders) likely reflect processes involved 

in maintaining the molecular machinery associated with morphological and life history 

differences between the phenotypes, such as reproductive maturation (Aubin-Horth et al., 

2005).

There is disagreement in the literature about whether and why we might expect to observe 

commonalities between gene expression associated with plasticity, i.e., the response to an 

intruder, and with gene expression associated with differences between individuals. On the 
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one hand, we might expect there to be little overlap between them. Differences in gene 

expression following an aggressive interaction, for example, might be more likely to reflect 

the molecular consequences of aggression, while differences in gene expression between 

different behavioural types in a resting state is more likely to reflect the causes of 

aggressiveness. Cardoso et al. (2015) suggested that the particular types of genes associated 

with transitions between states (plasticity) versus traits (individual differences) are likely to 

be different. For example, transitions between states are more likely to involve activation of 

pre-existing proteins such as phosphorylation or intracellular signalling pathways, 

immediate early gene expression and transcription of miRNA genes, while epigenetic 

processes are more likely to be involved in maintaining differences among individuals. On 

the other hand, we might expect to observe commonalities because theory of the evolution of 

plasticity predicts that both variation and plasticity are mediated by the same mechanisms 

(West-Eberhard, 2003; Fraser et al., 2014), and indeed some studies have looked for and 

detected commonalities at the molecular level between plasticity and variation in 

aggressiveness, e.g. (Wang et al., 2008; Alaux et al., 2009; Chandrasekaran et al., 2015).

In this study, we compare differences in brain gene expression between aggressive and 

nonaggressive male three-spined sticklebacks, a species famous for their territorial 

aggression (Tinbergen, 1972; Wootton, 1984). During the breeding season, male 

sticklebacks defend nesting territories, attract females to spawn and vigorously defend their 

nest and its contents from rival males and predators. Previous studies have shown that there 

is a heritable component to aggressiveness in this species (Bakker, 1986), and that a 

territorial intrusion elicits the differential expression of thousands of genes in different parts 

of the brain (Sanogo et al., 2012), some of which are deeply conserved (Rittschof et al., 

2014). Interestingly, the expression of differentially expressed genes in response to an 

intruder was correlated at the individual level with levels of aggressiveness, suggesting that 

differences in gene expression reflect, in part, individual differences in behaviour (Sanogo et 

al., 2012). These results are consistent with previous studies that found associations between 

individual differences in aggression and candidate gene expression (Aubin-Horth et al., 

2012) and neurotransmitters such as serotonin (Bell et al., 2007) in sticklebacks. Here, we 

look for further molecular causes of this variation in aggressiveness by measuring natural 

variation in ‘resting’ brain gene expression on a genome-wide scale in males of known 

behavioural type. We compare differences in resting brain gene expression between 

aggressive and nonaggressive individuals with changes in gene expression that are provoked 

by a territorial intrusion.

2. Methods

2.1. Overview

The behavioural response of wild-caught male sticklebacks to a territorial intruder was 

recorded on four occasions. Consistently aggressive and consistently nonaggressive males 

were selected for brain gene expression profiling using microarrays. Gene expression was 

compared between aggressive and nonaggressive males in four brain areas.
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2.2. Collecting and housing sticklebacks

Juvenile fish (mixed sex) were collected from Navarro River in Summer 2011. Sticklebacks 

were captured via dip net, seines and minnow traps and shipped to the lab overnight in 

insulated boxes; mortality was minimal during transport and acclimation to the lab (<5%). 

Fish were maintained in groups in 83-l tanks (107 × 33 × 24 cm) under a naturally-changing 

photoperiod controlled by a timer and temperature (between 16 and 18°C). The water was 

filtered through particulate, UV, biological and charcoal filters in a partially recirculating 

system that maintains optimal water quality. The fish were fed ad libitum once/day with a 

mixture of bloodworms, brine shrimp and mysis shrimp. Fish were maintained in lab until 

the following summer, when males (N = 60) were placed individually in 9-l tanks (34 × 22 × 

19.5 cm) and provided with nest building material (filamentous algae and sand). We induced 

breeding conditions by changing the photoperiod to 16:8 h light/dark and increased the 

temperature to 18°C. All of the males in this experiment had prior mating and breeding 

experience as part of a separate study.

2.3. Behavioural phenotyping

The goal of this experiment was to compare brain gene expression between aggressive and 

nonaggressive behavioural types of individuals. Aggressiveness in sticklebacks is 

continuously-distributed, therefore to identify the extremes at the end of the distribution we 

repeatedly measured the aggressive behaviour in response to a territorial intrusion in a 

sample of N = 60 individuals, and then selected N = 12 individuals that were consistently 

aggressive or consistently nonaggressive. Non-selected males were used for other 

experiments in the lab. Males’ aggressive behaviour was tested repeatedly and recorded in 

different environments in order to identify behavioural types while controlling for short-term 

differences in state or the immediate environment. Males were killed via decapitation for 

gene expression profiling three days after their last confrontation by an intruder and were 

kept visually isolated in order to prevent social interactions among neighbours. We found no 

evidence for sensitization, i.e., a systematic increase in aggression with repeated testing 

(Figures 1 and 2). We interpret differences in brain gene expression between behavioural 

types as variation in a resting state, i.e., not in response to an aggression-eliciting stimulus.

After a male completed his nest and exhibited territorial behaviour (Wootton, 1984) he was 

presented with an intruder confined to a flask (as in (Rittschof et al., 2014)). After the focal 

male oriented to the intruder, we recorded the latency to bite (latency to bite) and the number 

of times that the focal male bit at the intruder (number of bites), which we interpret as 

aggressiveness. The flask was removed after 5 min. If the male did not bite within 5 min, he 

was assigned the maximum latency (300 s). Two days later, the aggressive behaviour of each 

male was recorded again following the same procedure. Based on these data, we selected 

males that exhibited either extremely high or low aggressiveness for further behavioural 

phenotyping (N = 24). The extreme males were then transferred individually to new tanks 

(26 l, 36 × 33 × 24 cm) and provided with nesting material. The rationale behind moving 

males to new tanks was to identify males that were consistently aggressive and 

nonaggressive regardless of their immediate environment. One week after transfer to the new 

tanks, when all of the males started to exhibit territorial behaviour, the aggressive behaviour 

of the extreme males was recorded for a third time following the methods described above. 
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Males were measured again two days later for the fourth and final time. The N = 12 most 

extreme males were selected for microarray gene expression profiling and were sacrificed by 

decapitation three days later at 10:00 am. Decapitation was used in order to kill the fish and 

dissect brain regions as quickly as possible and to maintain RNA integrity. Decapitation was 

performed as quickly as possible (within 1 min) and was followed by a second method of 

euthanasia (brain removal). Four brain regions (telencephalon, diencephalon, cerebellum and 

brain stem) were macroscopically dissected from the head on dry ice. These experiments 

were approved by the Animal Care and Use Committee of University of Illinois (protocol 

No. 09204).

2.4. Microarray oligo design

The microarray probes were designed using the Agilent eArray 4.6 software (Agilent 

Technologies, Palo Alto, CA, USA) as in Sanogo et al. (2012). Briefly, we used all 27 623 

known stickleback transcripts from Ensembl Stickleback Assembly Broad S1, database 

version 52.1 (http://www.ensembl.org/Gasterosteus_aculeatus/index.html) and included 

5000 stickleback genescan predictions chosen based on their differential expression in 

another study (Sanogo et al., 2011). Unique probes per transcript were designed using the 

base composition methodology and the 3′ bias option. The oligonucleotides were printed on 

an Agilent 4 × 44K platform.

2.5. Microarray sample labelling and hybridization

Total RNA from each sample was reverse transcribed into complementary DNA (cDNA) 

using T7-promoter primer and MMLV reverse transcriptase. The cDNA was subsequently 

transcribed into complementary RNA (cRNA), during which it was fluorescently labelled by 

incorporation of cyanine (Cy)-3-CTP (Cy3) or cyanine (Cy)-5-CTP (Cy5). Samples 

representing individual brain regions were labelled using either Cy3 or Cy5 dyes and 

competitively hybridized to the arrays (for the hybridization scheme, see Table A5 in the 

online edition of this journal, which can be accessed via http://

booksandjournals.brillonline.com/content/journals/1568539x). The microarray slides were 

scanned on an Axon 4000B scanner (Molecular Devices Corporation, Sunnyvale, CA, USA) 

and expression feature were extracted using GenePix Pro 6.0 software (Molecular Devices). 

The microarray data were deposited in GEO under accession number GSE78861.

2.6. Statistical data analysis and functional enrichment

We used separate channel analysis in limma to analyse the microarray dataset (Smyth, 2005; 

Smyth & Altman, 2013). We used loess normalization to correct gene expression intensities 

with a background correction offset of 50. For the between array normalization, we used the 

Aquantile normalization. A linear model was fit to the data that took into consideration the 

effect of behavioural type, dye, fish, and brain region. We focus on pairwise contrasts 

between behavioural types within each brain region. For false discovery rate (fdr) correction 

we used ‘global’ method in limma, which considers all the contrasts of a single vector of 

unrelated t-statistics and corrects the p-value accordingly. A major advantage of this 

approach is consistent FDR correction across all the contrasts. We consider results that are 

significant at the FDR < 0.1 level in order to improve our power to detect functional 

pathways that might not appear in functional enrichments with strict FDR cut-offs like <0.05 

Bell et al. Page 5

Behaviour. Author manuscript; available in PMC 2017 October 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.ensembl.org/Gasterosteus_aculeatus/index.html
http://booksandjournals.brillonline.com/content/journals/1568539x
http://booksandjournals.brillonline.com/content/journals/1568539x


or <0.01. For functional enrichment we used classic algorithm with a Fisher exact test in 

TopGO (Alexa & Rahnenfuhrer, 2010) and used all the available transcripts in our array as 

the universe. A p-value cut off of <0.05 was used to select for significantly enriched 

functional terms. Finally, REVIGO (Supek et al., 2011) was used to summarize and 

visualize significantly enriched gene ontology categories.

3. Results

Extreme males selected for brain gene expression profiling were consistently different from 

each other with respect to aggressive behaviour. Aggressive males began biting the intruder 

faster than nonaggressive males (mean ± SE 28 ± 5.33 versus 174 ± 44 s, p = 0.026, Mann–

Whitney U, Figure 1). Aggressive males also bit the intruder more often (mean ± SE 146 

± 17.2 versus 5 ± 2.1 bites, p = 0.004, Mann–Whitney U, Figure 2).

Relatively few genes were differentially expressed between aggressive and nonaggressive 

behavioural types in the cerebellum, telencephalon and diencephalon, with comparable 

numbers of up- and down-regulated genes, and little overlap between brain regions (Figure 

3, Table 2).

In contrast, there were hundreds of differentially expressed genes between aggressive and 

nonaggressive individuals in brainstem. A complete list of the differentially expressed genes 

between aggressive and nonaggressive individuals in each region can be found in Tables 

A1–A4 in the online edition of this journal, which can be accessed via http://

booksandjournals.brillonline.com/content/journals/1568539x.

Many genes that have been implicated with aggressiveness in other species were 

differentially expressed between aggressive and nonaggressive sticklebacks, suggesting 

conserved molecular responses. For example, ependymin, which was expressed at a higher 

level in nonaggressive individuals relative to aggressive individuals in brainstem, was 

differentially expressed between dominant and subordinate rainbow trout (Sneddon et al., 

2011), zebrafish (Sneddon et al., 2011) and Atlantic salmon (Aubin-Horth et al., 2005). 

Consistent with other studies (Feldker et al., 2003; Renn et al., 2008), ionotropic glutamate 

receptors were differentially expressed between aggressive and nonaggressive sticklebacks. 

Vasoactive intestinal peptide (VIP) is another important candidate gene related to 

aggressiveness and mating behaviour (Goodson & Adkins-Regan, 1999; Mukai et al., 2009; 

Goodson et al., 2012). The vasoactive intestinal peptide receptor 1b was differentially 

expressed between aggressive and nonaggressive sticklebacks in both brainstem and 

cerebellum, although interestingly in opposite directions in the two brain regions. Arginine 

vasopressin and its receptors are other important molecules involved in social behaviour in 

vertebrates (Filby et al., 2010; Santangelo & Bass, 2010; Oldfield & Hofmann, 2011; 

Godwin & Thompson, 2012; Huffman et al., 2015; Lema et al., 2015; Oldfield et al., 2015; 

Yokoi et al., 2015), including sticklebacks (Kleszczynska et al., 2012). The arginine 

vasotocin receptor 2a was downregulated in aggressive individuals in brainstem, although 

several studies have pointed to the importance of the V1a receptor in fishes, e.g. (Oldfield et 

al., 2015). Other differentially expressed candidate genes related to aggressiveness from 

other studies include bdnf (Muhie et al., 2015; Oliveira et al., 2016), cnot3b (Schunter et al., 
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2014), chga (Renn et al., 2008), dmrt3a (Edwards et al., 2006), igf2a (Aubin-Horth et al., 

2005; Kroes et al., 2006), syt14b (Feldker et al., 2003; Aubin-Horth et al., 2005), TLN2 
(Muhie et al., 2015), and wnt8a (Rittschof et al., 2014).

Functional enrichment of the differentially expressed genes in brainstem is in Figure 4.

Functional enrichment analysis points to the importance of G-protein coupled receptors 

(v1pr1b, avpr2a), wnt signaling and transcription factors (dmrt3a, ‘regulation of 

transcription’) in differentiating between aggressive and nonaggressive individuals. GO 

analysis also confirms the importance of glutamatergic transmission (gria1a, GRIK3, 

‘glutamate-ammonia ligase activity’, ‘glutamine biosynthetic process’, ‘monocarboxylic 

acid transport’, ‘ionotropic glutamate receptor activity’) and suggests that there are 

developmental (wnt, bdnf, fkbp5 ‘chordate embryonic development’), brain structural 

(TLN2, bdnf ‘cytoskeleton’, actin binding’, ‘dopaminergic neuron differentiation’) and 

epigenetic differences (‘chromatin binding’) between aggressive and nonaggressive 

individuals.

In a previous study we measured brain gene expression 30 min after male sticklebacks were 

confronted by a territorial intruder (Sanogo et al., 2012). There are five genes that were both 

differentially expressed in response to a territorial intrusion in Sanogo et al., 2012 and 

between aggressive and nonaggressive individuals in this study (fkbp5, dbnla, dkk3b, casq2 
and unk ENSGACT00000000074). fkbp5 is particularly interesting because it was 

downregulated in both experiments and has been linked to depression and PTSD (Zannas & 

Binder, 2014). Dkk3b is another potentially interesting shared gene involved in wnt 

signalling and development (Untergasser et al., 2011).

4. Discussion

In this study, we show that natural variation in aggressiveness is associated with differences 

in brain gene expression within a natural population of sticklebacks. Previous studies 

examining differences in gene expression between behavioural types have compared 

selected lines or discrete alternative phenotypes (Table 1). Here we show evidence for gene 

expression differences associated with variation in aggressiveness that is maintained within a 

natural population. Indeed, all but two of the males in this study (one nonaggressive, one 

aggressive) successfully reproduced before this experiment, which suggests that even though 

we selected extreme individuals for gene expression profiling, this extreme variation is 

adaptive. Many of the genes that were differentially expressed between aggressive and 

nonaggressive individuals are familiar and have been linked to aggressiveness in other 

studies. The causes of differences between aggressive and nonaggressive behavioural types 

are not known, and may include genetic variation (e.g., Bakker, 1986; Anholt & Mackay, 

2012), epigenetic modifications (e.g., Provencal et al., 2015) or developmental plasticity 

(e.g., Edenbrow & Croft, 2013).

The strongest differences in gene expression between nonaggressive and aggressive 

individuals was observed in brainstem. At first glance, this result is surprising because the 

brainstem is not a brain region typically associated with aggression; conventional wisdom is 
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that the hypothalamus (Lin et al., 2011) and forebrain (Giancola, 1995) are important for 

aggression. Indeed, most differential gene expression in response to a territorial intrusion in 

sticklebacks was observed in diencephalon, which includes the hypothalamus (Sanogo et al., 

2012). One possible explanation for this finding is that the brainstem is relatively 

homogenous compared to the other brain areas sampled. However, the literature on anxiety 

and fear suggest that the brain-stem, together with the amygdala, is involved in an adaptive 

neural alarm system for rapidly alerting to potential threats (Liddell et al., 2005). For 

example, noradrenergic neurons within the locus coereleus in the brainstem have been 

associated with anxiety, fear and aggression (Redmond & Huang, 1979; Takahashi et al., 

2012). It has been suggested that activation of the brainstem functions as an alternative 

pathway for sensory information about fear to reach the amygdala (Liddell et al., 2005). This 

suggests that differences in resting gene expression in the brainstem between aggressive and 

nonaggressive individual sticklebacks could reflect differences in arousal, or in the ability to 

detect and anticipate threats (Harris, 1996; Misslin, 2003; Miczek et al., 2007; Takahashi et 

al., 2012).

It has been proposed that the neurogenomic mechanisms that lead to differences in 

behavioural states are different from those that maintain differences between behavioural 

states (Cardoso et al., 2015). Consistent with this hypothesis, some of the types of genes that 

differed in expression between aggressive and nonaggressive sticklebacks include those that 

could be involved in maintaining differences between individuals (e.g., genes associated 

with epigenetic modifications or neurodevelopment) rather than plasticity. If different 

molecular mechanisms contribute to plasticity and variation, then we are unlikely to observe 

commonalities between studies measuring gene expression associated with plastic shifts, 

e.g., responding to a territorial intruder, versus individual differences. Indeed, we observed 

relatively little overlap between the lists of genes associated with different behavioural types 

and with the response to a territorial intrusion in sticklebacks (Sanogo et al., 2012). 

Although there were relatively few shared genes between plasticity and variation in 

aggressiveness in sticklebacks, one of the genes that is common (fkbp5) has been well-

studied for its role in PTSD and depression in humans (Binder et al., 2008; Klengel et al., 

2013; Zannas & Binder, 2014), suggesting that it could be a key general player. Indeed, 

perhaps it’s not the number of genes that are shared between plasticity and variation, but 

their function that is of greater interest. It will be fascinating for future studies seeking to 

understand the molecular mechanisms contributing to plasticity and variation in behaviour to 

compare the transcriptomic response to a territorial intrusion (plasticity) between individuals 

that differ in aggressiveness (variation).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Differences in aggressive behaviour (latency to bite the intruder) between aggressive (red) 

and nonaggressive (green) individuals. Each line represents the behaviour of a different 

individual across the four observation periods. This figure is published in colour in the 

online edition of this journal, which can be accessed via http://

booksandjournals.brillonline.com/content/journals/1568539x.
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Figure 2. 
Differences in aggressive behaviour (number of bites at the intruder) between aggressive 

(red) and nonaggressive (green) individuals. Each line represents the behaviour of a different 

individual across the four observation periods. This figure is published in colour in the 

online edition of this journal, which can be accessed via http://

booksandjournals.brillonline.com/content/journals/1568539x.
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Figure 3. 
Venn diagram showing numbers of differentially expressed transcripts between aggressive 

and nonaggressive individuals within each brain region, and the overlap between them. BS: 

brainstem; C: cerebellum; D: diencephalon; T: telencephalon. This figure is published in 

colour in the online edition of this journal, which can be accessed via http://

booksandjournals.brillonline.com/content/journals/1568539x.
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Figure 4. 
GO results. Molecular functions and biological processes enriched in the set of genes that 

were differentially expressed between aggressive and nonaggressive individuals in 

brainstem. The bubble scatter plots show GO clusters with representatives noted. Similarity 

within clusters represents functional similarity computed among two GO terms using 

‘simRel’ scores (Supek et al., 2011). The X and Y axes were calculated by applying 

multidimensional scaling to a matrix of the GO terms’ similarities. Color represents −log(p-

value), whereas size corresponds to GO size (frequency) in the GOA database. This figure is 

published in colour in the online edition of this journal, which can be accessed via http://

booksandjournals.brillonline.com/content/journals/1568539x.
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Table 1

Studies measuring gene expression associated with aggression on a genome-wide scale.

Reference Species Tissue BT or response Comparison

Alaux et al. (2009) Honey bee Brain Both Highly aggressive vs more docile 
subspecies; response to alarm 
pheromone

Aubin-Horth et al. (2005) Atlantic salmon Brain BT Sneaker males vs immature males vs 
females

Chandrasekaran et al. 
(2015)

Honey bee Brain Both Highly aggressive vs more docile 
subspecies, older more aggressive 
adults vs younger, response to alarm 
pheromone

Dierick & Greenspan 
(2006)

Drosophila Head BT Lines selected for high vs low 
aggressiveness

Edwards et al. (2006) Drosophila Whole body BT Lines selected for high vs low 
aggressiveness

Edwards et al. (2009) Drosophila Whole body BT 40 wild derived inbred lines differing 
in aggressiveness

Feldker et al. (2003) Rat Hippocampus BT Lines selected for high vs low 
aggressiveness

Fraser et al. (2014) Sailfin mollies Whole brain BT and response Small vs intermediate males in 
different social contexts

Kanarik et al. (2011) Rat Dorsal raphe, 
hippocampus, 
frontal cortex

BT Individuals that did or did not show 
stress in response to repeated social 
defeat

Kroes et al. (2006) Rat Neocortex Response Winners vs losers

Kukekova et al. (2011) Red fox Frontal cortex BT Lines selected for tameness

Muhie et al. (2015) Mouse Hippocampus, 
amygdala, medial 
frontal cortex, 
ventral striatum, 
septal region, 
corpus striatum

Response Repeatedly defeated vs control over 
time, and after variable number of 
defeats

Mukai et al. (2009) Song sparrow Hypothalamus Response Response to intruder in breeding vs 
nonbreeding season

Oliveira et al. (2016) Zebrafish Brain Response Response to an intruder (winner vs 
loser), mirror vs control

Renn et al. (2008) Cichlid (burtoni) Brain BT Dominants vs subordinates vs 
females

Rittschof et al. (2014) Honey bee, stickleback, 
mouse

Diencephalon 
(stickleback), brain 
(honeybee), ventral 
hypothalamus 
(mouse)

Response Response to an intruder vs control

Sanogo et al. (2012) Three-spined sticklebacks Telencephalon, 
cerebellum, 
brainstem, 
diencephalon

Response Response to an intruder vs control

Schunter et al. (2014) Black-faced blenny Brain BT Territorial males vs sneaker males vs 
females

Sneddon et al. (2011) Rainbow trout Brain Both Dominant vs subdominant, 
submissive; subdominant becoming 
dominant

Stiver et al. (2015) Ocellated wrasse Brain BT Nesting males vs satellite males vs 
females
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Reference Species Tissue BT or response Comparison

Schumer et al. (2011) Cichlids Brain BT Two species that differ in 
aggressiveness vs females

Wang et al. (2008) Drosophila Head Response Socially isolated vs group housed

Studies are categorized according to whether they compare gene expression in response to an aggressive interaction (response) or between 
behavioural types that differ in aggressiveness (BT).
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Table 2

Number of differentially expressed transcripts between aggressive and nonaggressive individuals within each 

brain region at FDR < 0.1.

Higher in nonaggressive Higher in aggressive

BS 353 272

C   20   24

T   16   16

D   14     9
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