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Abstract

A key requirement for social cooperation is the mitigation and/or social regulation of
aggression towards other group members. Populations of the harvester ant Pogono-
myrmex californicus show the alternate social phenotypes of queens founding nests
alone (haplometrosis) or in groups of unrelated yet cooperative individuals (pleometro-
sis). Pleometrotic queens display an associated reduction in aggression. To understand
the proximate drivers behind this variation, we placed foundresses of the two popula-
tions into social environments with queens from the same or the alternate population,
and measured their behaviour and head gene expression profiles. A proportion of
queens from both populations behaved aggressively, but haplometrotic queens were
significantly more likely to perform aggressive acts, and conflict escalated more fre-
quently in pairs of haplometrotic queens. Whole-head RNA sequencing revealed varia-
tion in gene expression patterns, with the two populations showing moderate
differentiation in overall transcriptional profile, suggesting that genetic differences
underlie the two founding strategies. The largest detected difference, however, was
associated with aggression, regardless of queen founding type. Several modules of
coregulated genes, involved in metabolism, immune system and neuronal function,
were found to be upregulated in highly aggressive queens. Conversely, nonaggressive
queens exhibited a striking pattern of upregulation in chemosensory genes. Our results
highlight that the social phenotypes of cooperative vs. solitary nest founding tap into a
set of gene regulatory networks that seem to govern aggression level. We also present a
number of highly connected hub genes associated with aggression, providing opportu-
nity to further study the genetic underpinnings of social conflict and tolerance.
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individual is an interdependent effect of its own genetic

Introduction . .
architecture, as well as the social genotypes of other

The evolution of behavioural strategies occurs at the
interface between genetic variation, its expressed beha-
vioural outcomes and selection. Dissecting these interac-
tions for complex social behaviours can be difficult,
because the expression of social behaviour by an
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individuals in its group (Moore et al. 1997, 2002; Wolf
et al. 1998; Agrawal et al. 2001; Fewell 2003; Linksvayer
& Wade 2005; Bijma et al. 2007; McGlothlin et al. 2010;
Linksvayer 2015). To understand how genetic architec-
ture mediates social phenotype, we must additionally
consider how the social environments normally encoun-
tered by that genotype influence gene expression (Page
& Amdam 2007; Anholt & Mackay 2012; Linksvayer
2015). Aggression is an integral part of the fabric of
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social living, with a strong impact on individual and
group fitness (Edwards et al. 2006; Alaux et al. 2009;
Clark & Fewell 2014; Overson et al. 2014). In coopera-
tive groups, aggression is often used as a social strat-
egy, by determining differential access to reproduction
and other resources, or by modulating and policing
cooperative behaviours and reciprocity (reviewed by
Collias 1944; Francis 1988; Clutton-Brock & Parker
1995). In primitively eusocial societies, for example,
aggression is used in the formation of reproductive
dominance hierarchies, for example wasps (O’Donnell
1998; Toth et al. 2014), ants (Liebig et al. 1999; Monnin
& Ratnieks 2001; Hartmann et al. 2003) and naked mole
rats (Clark & Faulkes 2001; Dengler-Crish & Catania
2007). Similarly, in cooperatively breeding societies, it
determines differential mating opportunities and access
to other resources (Clutton-Brock & Parker 1995; Creel
& MacDonald 1995).

For aggression to be usefully employed as a social
strategy in cooperative groups, however, its expression
is generally coupled with downregulatory or conflict-
resolving behaviours to prevent escalation (de Waal
2000; Silk 2002). In groups or contexts for which these
mechanisms are absent, initial aggressive behaviours
have the potential to escalate into high-intensity conflict,
as the initiator is responded to with aggression by the
antagonist. These cases can have severe fitness effects,
but also serve as useful contexts in which to dissect the
roles of genetic architecture and social environment.
The strategy of cooperative nest founding by ant queens
provides one such test case for examining the genetic
mechanisms underlying aggression, and to explore the
interdependence of aggression with social context. In
most ant species, new colonies are established individu-
ally by recently mated queens (haplometrosis, Holl-
dobler & Wilson 1977, 1990). However, in several
species, queens will form cooperative associations with
nonrelatives during colony founding (pleometrosis,
Holldobler & Wilson 1977; Keller 1993; Bernasconi &
Strassmann 1999; Johnson 2004; Boomsma et al. 2009,
2014). In very few cases, including the California har-
vester ant Pogonomyrmex californicus, these alliances per-
sist through colony maturity, creating polygynous or
multifamily units functioning together as a single col-
ony (e.g. Cahan & Julian 1999; Overson et al. 2014).
Contiguous populations of P. californicus show distinct
differences in founding strategy. In one population,
almost all nests are founded by pleometrosis and
mature nests are often polygynous; in the other, most
nests are founded by single queens and mature nests
are monogynous.

One of the primary behavioural differences between
the haplometrotic and pleometrotic queens is in the
level of aggression. Some queens from both populations
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display aggression. However, the likelihood of aggres-
sion is much higher when the social group contains a
haplometrotic queen, which usually ends with the
death of one or both queens. Normally pleometrotic
queens, in contrast, show little aggression to other pleo-
metrotic queens (Clark & Fewell 2014; Overson et al.
2014). We therefore asked: (i) what are the gene expres-
sion correlates of these observed population differences
in queen founding strategy (haplometrotic vs. pleome-
trotic); and (ii) what is the relationship between gene
expression and social context (nesting alone vs. in pairs)
in the behavioural expression of aggression. To answer
these questions, we placed newly mated queens from
the two populations into social groups in the laboratory,
pairing them either with a queen from the same or
alternate social type. We then recorded aggressive beha-
viour and analysed whole-head gene expression pro-
files. Finally, we employed a systems biological
approach by analysing gene coexpression networks to
identify modules of coregulated genes and determine
major hub genes that govern aggressive behaviour in
P. californicus.

Materials and methods

Sample collection, behavioural observations and RNA
isolation

Newly mated queens from predominantly solitary
founding (haplometrotic) and predominantly coopera-
tively founding (pleometrotic) populations of Pogorno-
myrmex californicus were collected during the mating
flight season of 2013 at Lake Henshaw (33.233°N,
116.762°W) and Pine Valley (32.824°N, 116.528°W) in
San Diego County, California, respectively. Specimens
were placed as singletons or in pairs in standardized
observation nests containing sterilized soil from the col-
lection site and fruit flies and grass seeds as food ad libi-
tum. Only specimens of similar body weight (within
10% of each other, mean = 13.0 mg, total range = 10.0—
19.6 mg) were paired to avoid effects of body size on
group behaviour. Five experimental groups were estab-
lished in 48 replicates each: haplometrotic singletons,
pleometrotic singletons, purely haplometrotic pairs,
purely pleometrotic pairs and mixed pairs of both
founding types. Overt aggressive behaviour, defined as
grappling, biting and pursuing each other, was
recorded for 5 days by semi-continuous scan sampling,
that is each specimen was successively observed for
<30 s before moving on to the next specimen (see Hol-
brook et al. 2009). On average, ten rounds of observa-
tions were completed per day between 8 am. and
8 p.m. for a total number of 50 observations. During
this period, six specimens were collected immediately
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after they were observed killing their cofoundress fol-
lowing prolonged and intense antagonistic behaviour
(‘aggressive queens’). This included queens of both
populations and occurred between 4 h and 4 days after
the start of the experiment. Because aggressive beha-
viour generally began with one queen making aggres-
sive displays (flared mandibles, standing on top of the
other queen) and escalated to overt aggression (i.e.
fighting) over many hours, aggressive queens could be
clearly identified by scan sampling and monitored
specifically for overt aggression. In addition, specimens
were collected at the end of the five-day observation
period, including 24 specimens from pairs of all associa-
tion types that did not display aggressive behaviour
during the observation period (‘nonaggressive queens’),
as well as singletons of both populations. The total
number of specimens, their population of origin and
social environment thus amounted to (see also Table S1,
Supporting information):

+ Six haplometrotic singletons (Hs)

* Six pleometrotic singletons (Ps)

* Eight specimens in four haplometrotic pairs (Hh)

+ Eight specimens in four pleometrotic pairs (Pp)

* Eight specimens of each type in four mixed pairs
(Hp and Ph)

+ Six aggressive specimens in three haplometrotic
(HA) and three pleometrotic (PA) pairs

All 42 specimens were frozen in liquid nitrogen upon
collection and stored at —80 °C until total RNA was
obtained by TRIzol (Invitrogen, Thermo Fisher Scien-
tific) /chloroform extraction from whole heads.

RNA sequencing and assembly

After RNA extraction, cDNA was synthesized from
100 ng total RNA per sample using polyT oligos and
SuperScript II reverse transcriptase (Invitrogen, Thermo
Fisher Scientific). To control for variability in RNA yield
and assess the experiment’s sensitivity and dynamic
range, ERCC RNA Spike-In Mixes 1 and 2 (Ambion,
Thermo Fisher Scientific) were added alternately to
each sample during this step. Second-strand cDNA syn-
thesis was performed using 15 amplification steps, and
cDNA libraries were prepared using the Nextera XT
DNA Sample Preparation Kit (Illumina, San Diego, CA,
USA) to a final concentration of 2 nm. This included the
ligation of unique labels, allowing the identification of
each of the 42 libraries, corresponding to individual
samples, and fragment size selection to 300-700 bp (see
(Aird et al. 2015) for a more detailed description of
cDNA library preparation). After cluster generation, all
libraries were sequenced in parallel from both ends on

four flow cell lanes using the HiSeq 2000 Sequencing
System (Illumina) and v3 chemistry. This yielded
~18.7 million reads or 1.9 gigabases per library, 93% of
which achieved a quality score of at least 30 (=base call
accuracy of 99.9% or higher), a depth and quality at
which RNA sequencing has been shown to be compara-
ble to microarray technology (Wang et al. 2011). Reads
were quality-trimmed using TriM GALORE! (v. 0.3.1), and
assembled de novo using TRINITY (r20131110) (Grabherr
et al. 2011).

This assembly encompassed 799 megabases and con-
tained 311 726 transcripts. The assembly was compre-
hensive, in that 98% of the RNA-seq reads could be
mapped back to it as properly paired reads. However,
the overwhelming majority of the transcripts occurred
at low abundance and had to be filtered prior to differ-
ential gene expression analysis. We chose the FPKM
cut-off that optimized the average correlation between
expected and observed values for each library pair con-
taining different spike-in mixes (FPKM = 0.14, see
Fig. S1, Supporting information). Using the lower
bound obtained from spike-in data, we could detect
RNA concentrations as low as 0.12 attomoles/pL, and
over at least 12 orders of magnitude. Filtering in this
way, we kept 7890 transcripts (Appendix S1, Support-
ing information) for differential gene expression and
gene coexpression network analyses.

Genetic differentiation between populations

In order to estimate the extent of genetic differentiation
between the two populations, we mapped the transcrip-
tome to the Pogonomyrmex barbatus reference transcrip-
tome using Stampy (Lunter & Goodson 2011), allowing
for a substitution rate of 6%. After marking possible
PCR duplicate reads using Picard tools, we called
variants using FREEBAYES (Garrison & Marth 2012),
keeping variants with a quality score >20. We then used
vcFrooLs (Danecek et al. 2011) to compute the Weir
and Cockerham Fgr between populations (Weir &
Cockerham 1984).

Differential gene expression analysis

To quantify gene expression, reads were then remapped
to a reference file containing the assembly and ERCC
spike-in sequences, using BowTIE (v1.1.0), as part of the
rRsEM pipeline (v1.2.11) (Langmead et al. 2009; Li &
Dewey 2011). The rseM analysis was performed on TRIN-
ITY components, treating TRINITY sequences as isoforms.
PCR duplicates were filtered prior to the rRSEM expres-
sion calculation using Picard Tools. Transcript abun-
dance was measured in expected read counts and
FPKM values by RrseM (Appendices S2 and S3,
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Supporting information, respectively), and differences
in gene expression levels between samples statistically
tested with the r package EDGER (Robinson et al. 2009).
Differences in gene expression were considered to be
significant at a P-value level of 0.05 using false discov-
ery rate (FDR) adjustment for multiple testing, and a
minimum fold-change of 2 (log, = 1) to further increase
the specificity of the analysis. Similarity of gene expres-
sion profiles across all genes and samples was visual-
ized by the multidimensional scaling function
implemented in EDGER, using default parameters. Genes
were identified by BLAsT against NCBI's nonredundant
protein database, the P. barbatus Official Gene Set v1.2
(Smith et al. 2011), the Drosophila melanogaster translated
gene set 16.06, and/or the protein database UniProt (e-
value cut-off of 1 x 10e °). The latter and FlyBase pro-
vided functional annotation for genes of particular
interest, after verifying gene homology by reciprocal
BLAST. Gene sets were tested for enrichment in Gene
Ontology (GO) terms with respect to biological pro-
cesses with the R package Gostars based on D. me-
lanogaster GO annotation data obtained with BLAST2GO
(Conesa et al. 2005). Finally, cross-species comparisons
were conducted using TBLASTX against transcript data
sets provided by the authors of the respective studies
(e-value cut-off of 1 x 10e°) to determine gene overlap.
Gene lists were tested for nonrandom association by
Fisher’s exact test using the smallest of the following as
the total/background: best estimate available in the lit-
erature for the number of protein-coding genes in
P. californicus (17 177 based on P. barbatus, Smith et al.
2011) or the compared species, or the number genes
represented on the microarray used in the compared
study.

Gene coexpression network analyses

To describe patterns of interconnectedness between
genes that may represent biological pathways, we
employed two complementary approaches. First, the r
package wcena 1.51 (Langfelder & Horvath 2008) was
used to construct a network based on how gene expres-
sion correlates between genes. We chose an exponent of
9, the lowest value resulting in a scale-free network
topology, to transform a correlation matrix of variance-
stabilized FPKM values for all 7890 transcripts into an
adjacency matrix. After constructing the network, clus-
ters of highly interconnected genes, so called modules,
were identified by hierarchical clustering using a mini-
mum module size of 40 and a dendrogram cut height
parameter of 0.25. Modules were further characterized
by determining highly connected genes within each
module and testing each module for enrichment in GO
terms. Modules that were significantly associated with
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population, social context and aggression were identi-
fied by multiple linear regression. We considered these
traits as dichotomous, independent variables, coding
haplometrotic/pleometrotic, single/paired and nonag-
gressive/aggressive queens as 0/1, respectively. The
module eigengenes (each module’s gene expression
profile for each sample) served as dependent variables.
P-values were corrected for multiple testing by the Bon-
ferroni method. Additionally, a smaller data set limited
to 524 genes that were differentially expressed between
aggressive and nonaggressive queens was analysed
using WGCNA.

To construct a more detailed coexpression network of
genes associated with aggressive behaviour, we
designed a second approach based on the same limited
data set. For each pair of genes (nodes) i and j, the
correlation coefficient c(ij) was calculated from vari-
ance-stabilized FPKM values. From the resulting coex-
pression matrix, we computed the positive, negative
and total degree of each node—d,(i), d,(i) and d,(i)—as
the sum of all positive, negative and absolute correla-
tion coefficient values, respectively. Due to the size of
the network, and because by definition, each node is
connected to all other nodes in the network, these val-
ues can get quite large. In order to evaluate the ‘true’
weight of each node, we normalized the weight of each
node according to the size of the network. The average
positive, negative and total degree ad,(i), ad,(i) and
ad,(i) was thus defined as d(i), d,(i) and d.(i) divided
by the number of nodes positively correlated with node
i, negatively correlated with node 7, and all nodes in the
network, respectively. These values, together with the
ratio of positive or negative to total edges of each node,
provide a measurement for the connectivity and regula-
tory importance of a gene, and whether its function is
predominantly upregulating or downregulating based
on the ratio of its average positive and negative
degrees.

Results and discussion

Measuring aggressive behaviour

Of 144 founding associations including 48 purely hap-
lometrotic, purely pleometrotic and mixed pairs, a total
of 44 pairs showed at least one instance of overt aggres-
sion (i.e. fighting) during the 5-day observation period.
Haplometrotic pairs displayed aggressive behaviour sig-
nificantly more frequently than pleometrotic or mixed
pairs, both in terms of the number of nests in which
aggressive behaviour was observed (Fig. 1A, chi-square
test, P = 0.02), and in the absolute number of aggressive
acts (Fig. 1B). In 11 of the 21 haplometrotic pairs in
which aggression was observed, both queens acted
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Fig. 1 Frequency of aggressive acts observed in haplometrotic, pleometrotic and mixed associations of Pogonomyrmex californicus
founding queens. (A) Number of purely haplometrotic (HH), purely pleometrotic (PP) and mixed (HP) associations (‘nests’) in which
aggressive acts were observed. In mixed associations, the dashed line indicates the fraction of nests in which aggressive acts were
committed by the haplometrotic (Hp) or pleometrotic (Ph) queen, respectively. (B) Number of aggressive acts committed by hap-
lometrotic queens in purely haplometrotic associations (Hh), haplometrotic queens in mixed associations (Hp), pleometrotic queens
in mixed associations (Ph) and pleometrotic queens in purely pleometrotic associations (Pp). This analysis was based on 50 observa-
tions of 48 associations of each type. Haplometrotic P. californicus foundresses committed aggressive acts significantly more fre-
quently than pleometrotic queens in artificial associations (Chi-square test, P = 0.02).

aggressively (Fig. 1A). This phenomenon was almost
never observed in other types of associations. These
data demonstrate that aggression is amplified when
haplometrotic queens interact. The number of nests in
which aggressive interactions occurred was generally
low and did not differ between pleometrotic pairs and
mixed pairs. These data suggest that the presence of a
pleometrotic queen can have a dampening effect on
aggression, irrespective of the population identity of the
other queen.

These findings are consistent with previous studies
(Clark & Fewell 2014; Overson et al. 2014), but expand
on them to explicitly show conflict escalation—both the
number of aggressive acts, and the frequency with
which both parties engaged in conflict increased dra-
matically when haplometrotic queens were placed
together. The same studies also demonstrated that mor-
tality is highest in haplometrotic associations. Our data
support the hypothesis that the transition from solitary
to cooperative nest sharing requires some mechanism
for reduced aggression and increased tolerance towards
other queens. It is likely that reduced aggression is a
hallmark of transitioning both to eusociality and to
cooperative sociality. This transition has to be accompa-
nied or predated by changes at the genomic and tran-
scriptomic levels affecting developmental pathways.
However, we note that the fitness consequences of the

behavioural interactions captured by this study are
specifically different than for the transition to eusocial-
ity itself—these queens are adult nonrelatives who seek
each other out to construct nests, rather than adult off-
spring that remain at the nest (Boomsma et al. 2009,
2014).

Overall gene expression profiles

We examined overall gene expression profiles from
heads of 42 founding queens differing in population of
origin, social environment and level of aggression by
RNA sequencing. While the results presented here were
obtained from whole heads, we assume that observed
gene expression differences can be predominantly
attributed to the brain due to the focus on behavioural
traits. Dissecting brains, which would have reduced
bias from non-neuronal tissue in the head (e.g. glandu-
lar and muscular tissue), proved unfeasible due to the
number and size of specimens, and appeared to be inef-
fective in cleanly separating tissue types.

We obtained data on 7890 transcripts that were
expressed sufficiently to meet our detection thresholds.
Of those, 7530 matched 7017 unique genes in Pogono-
myrmex barbatus. This suggests the experiment covered
slightly less than half the genes expected in the P. cali-
fornicus genome (cf. Smith et al. 2011). Multidimensional
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scaling (MDS) analysis across all transcripts revealed
that aggressive behaviour had a stronger effect on gene
expression than either population or social context
(Fig. 2). Although spread out considerably in the multi-
dimensional scaling plot, most of the six aggressive
queens were separated from the other queens along the
first factor of the MDS analysis. Despite this variance
and the small sample size for aggressive queens, this
suggests that the physiological state associated with
aggression overrides the influence of population on
gene expression. As some of the aggressive queens
endured prolonged fights before disposing of the rival
queen, it is also possible that gene expression was
affected by latent injury. Consistent with our observa-
tions of the frequency of aggressive behaviour, the dif-
ference between the populations with regard to
aggression was not absolute (queens from both popula-
tions showed aggressive behaviour), but rather mani-
fested in the frequency and propensity to initiate and
escalate aggressive behaviour.

Considering the remaining queens (i.e. all but the six
chosen for high levels of aggression, including single-
tons), we found a clear separation between queens of
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Fig. 2 Similarity of whole-head gene expression profiles of
Pogonomyrmex californicus foundresses across all 7890 tran-
scripts. Individuals from the haplometrotic population (red)
are separated along the second MDS axis from individuals
from the pleometrotic population (blue) with a slight overlap.
In contrast, social context—whether individuals were nesting
alone (crosses), or with a member of the haplometrotic
(squares) or pleometrotic (circles) populations—does not lead
to a separation of samples. Aggressive individuals (triangles)
tend to separate from the other individuals along the first MDS
axis but do not form a distinct cluster.
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the haplo- and pleometrotic populations along the sec-
ond MDS factor (Fig. 2), despite the two populations
displaying relatively low genetic differentiation
(Fst = 0.056 based on 20 587 single nucleotide polymor-
phisms in our data set). While the haplometrotic queens
clustered very tightly, the pleometrotic queens showed
more variation along the second MDS axis (Fig. 2).

In contrast, the social environment, that is founding
nests alone or in association with an individual from
the same or other population, did not affect the overall
expression profile of abundantly expressed genes. This
suggests that underlying, fixed genetic differences
between the populations have a measurable effect on
gene expression. What makes this result especially note-
worthy is the fact that these queens exhibited similarly
low levels of aggressive behaviour during observations,
and were also matched in their developmental or life
history stage. Even in the absence of the most striking
behavioural difference, aggression, the population of
origin thus exerts its influence on the pattern of gene
activity in the heads of P. californicus founding queens.
This may be a reflection of differences between the two
queen types that extend beyond aggression to social
effects on behavioural coordination. In addition to
aggression, queens of the two populations show distinct
differences in their level of task differentiation (with
haplometrotic queens showing higher task specializa-
tion), propensity to engage in excavation (higher in
haplometrotic queens) and brood care activities (higher
in pleometrotic queens) (Helms Cahan & Fewell 2004;
Jeanson & Fewell 2008; Clark & Fewell 2014).

Differentially expressed genes—population and social
environment

To further illuminate the quantitative and qualitative
differences in gene expression, we looked at differen-
tially expressed genes across populations and social
contexts (Tables 1 and S4-517, Supporting information).
We found 209 unique, differentially expressed genes
across all samples excluding aggressive queens. This
represents about 1% of the total number of expected
genes in the genome of P. californicus (cf. Smith et al.
2011), using relatively high stringency parameters
(FDR = 0.05 and a minimum twofold expression differ-
ence). The highest number of differentially expressed
genes was found between haplometrotic and pleometro-
tic queens in pure pairs (Hh-Pp, n =135 genes;
Fig. S2A and Table S5, Supporting information). Genes
upregulated in pure-pair haplometrotic queens (Hh)
included genes presumably involved in immune
response, different metabolic processes and neuronal
development and function (e.g. neuroendocrine protein
7B2, which encodes a peptidase known to regulate the
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Table 1 Number of differentially expressed genes between
Pogonomyrmex californicus foundresses from two populations in
different social contexts

Hs(@®) Ps(®) Hh(@® Pp@® Hp@ Ph®

Hs (6) -

Ps (6) 20 -

Hh (8) 2 63 -

Pp (8 32 0 135 -

Hp@ 1 19 0 32 -

Ph (4) 29 14 19 15 11 -

Capital letters designate population of origin of focal queen: H,
haplometrotic; P, pleometrotic. Lower-case letters indicate
social context: h, paired with haplometrotic cofoundress; p,
paired with pleometrotic cofoundress; s, singleton (unpaired).
Numbers in parentheses designate the sample size of each
experimental group. Gene expression differences were consid-
ered significant at an false discovery rate-adjusted P-value cut-
off of 0.05 and a minimum fold-difference of 2. See Table S4-
517 (Supporting information) for detailed gene lists of each
comparison.

activation and secretion of neuropeptides in vertebrates
and insects, Hwang et al. 2000). Genes without homo-
logs in other ants or Hymenoptera were also common.
Such taxonomically restricted genes (TRGs) have been
shown to be widespread in ants and may be behind
many lineage-specific adaptations, including social traits
(Simola et al. 2013; Wissler et al. 2013; Jasper et al. 2015;
Kapheim 2016). For instance, TRGs are overrepresented
in differentially regulated genes between social pheno-
types in the primitively eusocial wasp Polistes canadensis
(Ferreira et al. 2013), and among genes more strongly
expressed in honeybee workers than queens (Johnson &
Tsutsui 2011). In line with these findings, our results
provide another indication that novel genes play an
important role in regulating social behaviour in P. cali-
fornicus.

In pure-pair pleometrotic queens (Pp), the four most
strongly expressed genes in comparison with Hh
queens were homologous to parts of the deformed wing
virus (DWYV) genome. This honeybee pathogen is trans-
mitted by Varroa mites and related to the Kakugo virus
found in the mushroom bodies of aggressive guard bees
(Lanzi et al. 2006). Contrary to expectations based on
the propensity for aggressive behaviour in the hap-
lometrotic queens, these viral transcripts were extre-
mely abundant (transcript group comp62327, FPKM
values 10 000-65 000) in seven of our pleometrotic
queens, but only one haplometrotic queen. Infection
with this virus thus does not seem to be correlated with
aggression in P. californicus, possibly because the host—
parasite relationship is unspecific. Genes particularly
strongly expressed in Pp queens also include several

taxonomically restricted, functionally unknown genes,
as well as various metabolic genes. Of particular note
are several genes homologous to Drosophila melanogaster
genes encoding transcription factors and neuropeptide
receptors, including Rho GTPase-activating protein 190—
which has been shown to play a role in insect olfactory
learning and mushroom body development (Billuart
et al. 2001)—G-protein-coupled receptor 161, and 5-hydro-
xytryptamine receptor 7, a serotonin receptor which is
required for courtship and mating behaviour in D. me-
lanogaster (Becnel et al. 2011). Based on their function in
other organisms, these genes may well contribute to the
behavioural differences observed between the two
P. californicus populations.

The gene expression differences between hap-
lometrotic and pleometrotic queens in pairs (Hh-Pp)
were almost an order of magnitude higher than those
between haplometrotic and pleometrotic queens that
were nesting alone (Hs-Ps, n = 20). Whereas the latter
represents population differences in the absence of a
social environment—the norm for haplometrotic queens
—the former compares the worst and best case scenario
for haplometrotic and pleometrotic queens, respectively.
Because pleometrotic queens predominantly found
nests cooperatively, this association (Pp) represents
their normal social environment. On the other hand, the
normally single-founding, haplometrotic queens do not
have an evolutionary history of cofounding and were
artificially forced into a social environment in this case
(Hh). Thus, the differentiation in gene expression across
these social contexts could indicate that the social envi-
ronment magnifies gene expression differences between
queens of the two populations, possibly through latent
stress brought about by dominance interactions even in
the absence of overt aggression. Similarly, comparing
the dominant founding strategies of each population
also revealed only a moderate number of differentially
expressed genes (Hs-Pp, n = 32). These results stand in
contrast to the thousands of differentially expressed
transcripts found between single haplometrotic and
paired pleometrotic foundresses in the monogyne form
of the fire ant Solenopsis invicta using microarrays (Man-
fredini et al. 2013). While we detected moderate overlap
(n = 40) between these genes and the differentially
expressed genes in haplometrotic and pleometrotic
pairs of P. californicus (Hh-Pp), it did not prove to be
significant (Fisher’s exact test, two-tailed P = 0.19, using
16 569 genes reported for the S. invicta genome as back-
ground). However, it is difficult to directly compare the
two experiments, which differ in the degree of replica-
tion and technology used. With that caveat, there are
also biological reasons that differences might exist
between the two studies. Manfredini et al. examined
whole-body gene expression patterns, which in contrast
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to head/brain gene expression patterns are expected to
be more broadly affected by physiological differences
between haplometrotic and pleometrotic queens. In
addition, fire ant queens of the monogyne form only
tolerate each other briefly during the colony founding
phase (Balas & Adams 1996), whereas pleometrotic
associations in P. californicus often continue to cooperate
throughout colony maturity, so the social phenotypes
are not entirely comparable between these two species.

Differentially expressed genes—aggression

Consistent with the results of the MDS analysis, queens
showed a strong transcriptional response to perfor-
mance of aggression: 524 genes (3% of all genes) were
differentially expressed between the six aggressive
queens and 24 nonaggressive queens in pairs (note that
this excludes all singletons) (Fig. S2B and Table S4, Sup-
porting information). Gene ontology (GO) term enrich-
ment analyses revealed an intriguing pattern: of the 243
genes upregulated in nonaggressive queens, signifi-
cantly more than expected by chance are involved in
sensory perception of smell (P <« 0.001). This enrich-
ment was due to an overrepresentation of odorant
receptor (OR) genes, which encode receptors initiating
the detection of odour molecules in the antennae and
other chemosensory organs in insects. Even more strik-
ingly, functional annotation by homology using BLAST
revealed that more than half of the 50 most strongly ele-
vated genes in nonaggressive queens are involved in
chemoreception, including genes encoding 20 ORs, two
gustatory receptors, four odorant binding proteins and
a homolog of the D. melanogaster Sensory neuron mem-
brane protein 1. In ants, these genes are crucial compo-
nents of the chemical communication system, allowing
them to discern nestmates, caste identity, fertility status
and other signals. Queens cooperating during nest
founding may express these genes at a higher level as
they interact more frequently and generally behave
more responsively to the activities of the other queen.
This finding could also hint at a potential mechanism to
reduce or dampen aggression. Less aggressive queens
may invest more heavily in communication ‘hardware’,
which in turn changes their sensitivity, reaction and
ultimately also the reaction of the interacting queen.

In contrast, the set of 281 genes upregulated in
aggressive queens, with respect to nonaggressive
queens, was enriched in genes involved in metabolic
processes according to GO term enrichment analyses
(52 genes, P <« 0.001). However, manual annotation of
the 50 most strongly differentially expressed of these
genes revealed a very heterogeneous picture. For
instance, the list contains genes related to immune sys-
tem function, nutrient storage and brain function,
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including homologs of Larval serum protein 2 (linked to
synapse formation in D. melanogaster embryos and pos-
sibly adults) (Benes et al. 1990; Inaki et al. 2007) and
Retinal rod rhodopsin-sensitive cGMP 3',5'-cyclic phosphodi-
esterase delta subunit (Kobayashi et al. 2006). Most genes
upregulated in aggressive queens relative to nonaggres-
sive queens, however, are implicated in various meta-
bolic processes, including several cytochrome P450s,
and mitochondrial function. The latter includes three
genes encoded on the mitochondrial genome that are
part of the oxidative phosphorylation (OXPHOS) path-
way, cytochrome c oxidase II and NADH dehydrogenase
subunits 1 and 4. As this pathway provides most of the
energy needs of eukaryotic cells in the form of ATP,
this finding correlates with a series of studies showing
that changes in metabolic gene expressions is a shared
trait for aggressive behaviour across the animal king-
dom (Gammie et al. 2007; Alaux et al. 2009; Ayroles
et al. 2009; Edwards et al. 2009; Anholt & Mackay 2012;
Li-Byarlay et al. 2014; Toth et al. 2014). However, other
studies with social insect workers have reported a
decrease in energy metabolic gene expression in brains
associated with aggression, for instance in honeybees
and paper wasps (Alaux et al. 2009; Toth et al. 2014). In
contrast, the expression of many genes related to meta-
bolism was found to be elevated in brains of mice dis-
playing maternal aggression (Gammie et al. 2007), and
whole bodies of D. melanogaster selected for aggressive
behaviour. Our results are more in line with the latter
two studies, as most genes upregulated in aggressive
queens are involved in general metabolic processes and
not energy metabolism in particular. Correspondingly,
we did not find any functional OXPHOS pathway genes
encoded in the nuclear genome to be elevated in
expression. While a causal relationship between
decreased brain energy metabolism and aggression has
been demonstrated in honeybees and D. melanogaster
(Li-Byarlay et al. 2014), we have no measures of the
metabolic rate in brains of aggressive queens and are
thus are unable to determine whether this upregulation
is linked with an increase or decrease of the metabolic
rate in founding queens of P. californicus.

Finally, we investigated whether the list of differen-
tially expressed genes between aggressive and nonag-
gressive P. californicus queens overlaps with genes
found to be associated with aggression in related spe-
cies. Of the 38 differentially regulated genes shared by
honeybees in three aggression-related contexts (heredi-
tary, alarm pheromone induced and age dependent,
Alaux et al. 2009), three were also found in our list of
genes associated with aggression: a gene of unknown
function (GB13501), and two encoding a P450 cyto-
chrome and potassium channel, respectively. A similar
fraction, six of 63 genes also overlap with brain



3724 M. HELMKAMPF ET AL.

dominance-associated transcripts identified in Polistes
metricus paper wasps (Toth et al. 2014). Finally, 132
genes are shared with the list of genes differentially
expressed in D. melanogaster lines selected for high and
low levels of aggression (out of 1539, Edwards et al.
2006). These overlaps, only the last of which is signifi-
cant (Fisher’s exact test, two-tailed: P <« 0.001), are lim-
ited in scale, which may be due in part to differences in
technology. All three studies above were based on
microarrays, and in the case of the honeybee and Polis-
tes, did not represent the entirety of genes in the gen-
ome. However, the scale of overlap found here is
similar to other cross-species comparisons (Toth et al.
2014). The fact that we could not identify a common set
of genes associated with aggression, as would be
indicative of a single, aggression-regulating gene net-
work conserved across insects, may thus also be attribu-
ted to different genetic, environmental and social
contexts of aggression. Even within the same species,
the overlap between aggression-related genes identified
in different contexts can be limited (Alaux et al. 2009).
In addition, gene networks controlling social behaviour
are likely to be different between unrelated species,
because they require the rewiring and combination of
disparate networks inherited from solitary ancestors
(Johnson & Linksvayer 2010). This hypothesis has
recently found empirical support (Kapheim et al. 2015;
reviewed in Kapheim 2016).

Gene coexpression network analyses

Using a weighted gene coexpression correlation net-
work approach (WGcNa), we detected eleven modules of
transcriptionally correlated genes among all 7890 tran-
scripts (Fig. S3 and Table S18, Supporting information).
The size of these modules ranged from 82 to 2079 genes
(Table 2), with another 2263 genes (29%) encompassing
a group that could not be assigned to any module. Six
of these modules were significantly associated with
aggressive behaviour (Table 2; modules 1, 3, 5, 8, 9 and
11). In contrast, the social context in nonaggressive
queens, that is whether foundresses were nesting alone
or in pairs, was not significantly correlated with any
module. Similarly, population was only associated with
the unassigned group of genes, but none of the mod-
ules. To functionally characterize the modules associ-
ated with aggressive behaviour, we performed GO term
enrichment analyses. The group of unassigned genes,
tending to be downregulated in pleometrotic individu-
als, was enriched in genes related to DNA metabolic
(37 genes, P < 0.001) and developmental processes (12
genes, P =0.009). Modules positively correlated with
aggressive behaviour, thus containing mostly genes
upregulated in aggressive individuals, were enriched in

Table 2 Modules of coregulated genes and their association
with population, social context and aggression

No. Social

Module genes Population context Aggression

o

2263 0.21 (<0.001) 0.04 (1.000) 0.03 (1.000)

1 2079 0.02 (1.000) 0.03 (1.000) —0.29 (<0.001)
2 1511 0.02 (1.000) 0.00 (1.000) —0.12 (1.000)
3 507  —0.04 (1.000) 0.03 (1.000)  0.30 (<0.001)
4 479 —0.05 (1.000) 0.06 (1.000)  0.01 (1.000)
5 369  —0.01 (1.000) 0.01 (1.000)  0.24 (0.016)
6 142 0.12 (0.200)  —0.11 (0.971) ~ 0.20 (0.053)
7 131 0.06 (1.000)  —0.05 (1.000)  0.20 (0.148)
8 115  —0.02 (1.000)  —0.04 (1.000) —0.27 (0.001)
9 114 0.03 (1.000)  —0.10 (1.000)  0.30 (<0.001)
10 98  —0.03 (1.000) 0.02 (1.000) —0.13 (1.000)
11 82 0.05 (1.000)  —0.06 (1.000)  0.28 (0.001)

Among all transcripts, 11 modules were identified by wceNa,
with a fraction remaining unassigned (“module” 0, in grey).
Shown are beta-coefficients and Bonferroni-corrected P-values
(in parentheses) from multiple linear regressions (signs are
with respect to pleometrotic, paired and aggressive queens).
Coefficients significantly differing from zero (in bold) were
only found between modules and aggression. See main text for
further characterization of correlated modules.

genes involved in metabolic processes (module 9, 31
genes, P < 0.001 and module 11, various sets of genes),
protein localization (module 3, 9 genes, P = 0.019) and
transport (module 5, 18 genes, P = 0.008). In contrast,
modules negatively correlated with aggressive beha-
viour were characterized by genes related to cell com-
munication (module 1, 63 genes, P =0.002) and the
perception of chemical stimuli (module 8, 9 genes,
P < 0.001). This is congruent with the finding that genes
involved in metabolism and chemoperception dominate
among the differentially expressed genes between
aggressive and nonaggressive queens. Such modules of
transcriptionally highly interconnected genes, enriched
in Gene Ontology categories and correlated with com-
plex phenotypes like aggression, are suggestive of
genetic networks that regulate these phenotypes. Such
networks are often characterized by common pathways,
tissue-specific gene expression and enrichment in tran-
scription factor binding sites (Ayroles ef al. 2009).

To further elucidate the gene regulatory network of
aggression, we repeated the wGcna analysis with the
subset of genes we found to be differentially expressed
between aggressive and nonaggressive queens. Of the
524 genes, 377 could be assigned to three modules, con-
taining 181 (module M), 127 (module C) and 69 (mod-
ule U) genes, respectively. GO analyses revealed these
modules to be enriched in genes pertaining to metabolic
processes (module M, P < 0.001, 23 genes) and the per-
ception of chemical stimuli (module C, P < 0.001, eight
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genes). Module U did not show enrichment in any
meaningful categories, most likely due to its small size.
As expected, the majority of genes in module M and C
overlap with the modules significantly correlated with
aggressive behaviour found in the comprehensive
WGCNA analysis.

The second, complementary network approach
revealed that on average, nodes (genes) in the coex-
pression network of genes associated with aggressive
behaviour have up- and downregulating interactions
with other genes in equal measure (the average ratio
of positive edges per node was 0.50). The average
total (both positive and negative) degree closely fol-
lowed a normal distribution with a mean of 0.32.
Network characteristics of all examined genes can be
found in the Table S19 (Supporting information).
Here, we discuss the 20 genes with the highest aver-
age total degree ad, in more detail (Table S2, Support-
ing information). These highly connected genes,
subsequently referred to as ‘hub genes’, are character-
ized by having very high average positive (0.42-0.55)
and negative degrees (—0.52 to —0.40), as well as a
higher ratio of positive edges in comparison with all
other genes in the network. While hub genes can be
classified by various methods (Sporns et al. 2007), we
chose to classify them based on their overall connec-
tivity along with average positive and negative
degrees, which are readily accessible measurements
providing information about the direction of
regulation.

Looking at the relationship between the modules and
hub genes of aggression determined by both network
approaches, we found that ten of the 20 hub genes each
are members of wgcNa modules M and C, respectively.
The majority of hub genes were also found among the
overall most highly connected genes according to
WGCNA (15 are among the top 25), emphasizing a high
level of concordance between both approaches. The
connectivity in mean average degrees between and
within hubs and modules is shown in Fig. 3 (see also
Table S3, Supporting information). As expected, the
highest connectivity was discovered between the hub
genes and modules M and C with a mean average total
degree of 0.57 each, and among the hub genes them-
selves in particular (mean average total degree = 0.75).
On average, there was a slight overrepresentation of
positive edges between nodes of these sets of genes,
indicating a higher occurrence of upregulating interac-
tions between those genes in the context of aggressive
behaviour. Connectivity was found to be slightly lower
between modules M and C as well as within these mod-
ules, and with a approximately equal ratio of positive
and negative edges. On the other hand, connectivity
proved to be less pronounced between module U and
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Unknown Chemoreception

Metabolism

Fig. 3 Mean average positive and negative connectivity
between and within hub und module genes identified among
524 differentially expressed genes between aggressive and
nonaggressive Pogonomyrmex californicus queens. Module M is
characterized by an overabundance of genes involved in meta-
bolic processes, while module C genes are mostly involved in
chemoreception (no functional enrichment was found in mod-
ule U). The highest connectivity is found within hub genes,
and between hub genes and module M and C genes.

all other sets, with lower average degrees and a higher
ratio of negative than positive edges. This suggests that
module U genes have mostly downregulating functions.

As expected of master regulatory genes, the orthologs
of most hub genes are known to fulfil complex and
diverse roles in other organisms (Table S2, Supporting
information), and presumably encode transcription fac-
tors, regulators of hormone metabolism, and neuronal
growth and function. Notably, seven of the 20 hub
genes encode proteins that are found in the membranes
and matrix of mitochondria, suggesting a role in cell
metabolism and growth. For instance, the ortholog of
the most highly interconnected hub gene we identified,
walrus, fulfils a function in the mitochondrial matrix
and is involved in the development of various organ
systems in D. melanogaster (Liu et al. 1999). Several hub
genes may be directly involved in the regulation of
gene expression, either at the level of transcription—like
the orthologs of mustard, extra-macrochaetae and Histone
H2A—or at the level of translation like peptidyl-tRNA
hydrolase 2. Other hub genes of note include orthologs
of nervous wreck, which controls neuromuscular synaptic



3726 M. HELMKAMPF ET AL.

growth as part of the Wnt and BMP signalling path-
ways in D. melanogaster (Rodal et al. 2011) and may thus
be pivotal for long-term changes in neural connectivity
underlying learning and memory in other organisms,
and unkempt, a morphogene with diverse roles includ-
ing the regulation of neuron differentiation as part of
the insulin receptor/TOR pathway (Avet-Rochex et al.
2014). The remaining hub genes encode enzymes in dif-
ferent metabolic pathways, membrane transporters and
proteins involved in protein targeting/excretion.
Finally, the list of hub genes contains a gene encoding a
putative ionotropic glutamate receptor, although the
similarity to known genes of this class is relatively low.
However, glutamate represents one of the most promi-
nent neurotransmitters in insects and is thus important
for many brain functions. While unlikely to directly
influence the transcription of many other genes, gluta-
mate receptors may be found downstream in many
genetic pathways affecting neural function and beha-
viour due to the ubiquity and versatility of glutamate.
Alternatively, glutamate-mediated neuronal activity
may indirectly affect the transcription of many other
genes.

Conclusions

We examined the effect of three variables on gene
expression in heads of Pogonomyrmex californicus found-
ing queens: population of origin, social environment
and aggressive behaviour. Overall gene expression pro-
files (Fig. 2), number of differentially expressed genes
(Table 1) and association with gene coexpression mod-
ules (Table 2) illustrate that the population of origin
more strongly influences gene expression than the social
environment. This suggests that underlying, fixed
genetic differences measurably affect gene regulation
between the two populations, although these differences
also appear to be influenced by social context in a com-
plex way. However, we detected the strongest tran-
scriptional changes with respect to aggressive
behaviour. Our behavioural analyses indicate a strong
gene—environment effect on the expression of aggres-
sion. Queens from a social background of solitary
founding were more likely to initiate aggression, and
aggression was more likely to escalate in the presence
of another haplometrotic queen. The high levels of mor-
tality from conflict escalation, especially in hap-
lometrotic pairs, suggest that this may be a barrier to
overcome in the evolution of cooperative nest founding;
we propose similar conflict escalation could provide an
issue for the transition to cooperative sociality more
generally. Our transcriptomic analyses suggest that the
shift in aggressive behaviour from solitary to coopera-
tive founding may be simply one of degree in gene

expression. Aggressive queens, whether from the pri-
marily pleometrotic or haplometrotic populations,
showed similar shifts in gene expression profiles away
from less aggressive queens of either population. This
supports the idea that the molecular mechanism under-
lying the upregulation of aggression is a shared trait
between both populations, which differ not in the abil-
ity to be aggressive, but rather the propensity to act
aggressively. Indeed, changes in gene regulation can
have even more profound effects on the expression of a
social phenotype, as was recently shown in ant social
parasites (Smith et al. 2015).

We further found that genes differentially regulated
between haplometrotic and pleometrotic foundresses
are predominantly involved in different metabolic pro-
cesses, immune response, transcription and neuronal
function, but also include many putative TRGs. This
could reflect hard-wired regulatory differences that
have evolved in response to different environmental
conditions, for instance with respect to pathogens,
microclimate, diet and population density, but also play
a role in the profound behavioural differences charac-
terizing the two populations. Similarly, differentially
regulated genes between aggressive and nonaggressive
foundresses were enriched in genes implicated in meta-
bolism, immune system and neuronal function. Most
strikingly, we found that a large fraction of differen-
tially regulated genes between these two groups are
involved in chemodetection. This may suggest that
nonaggressive foundresses (in which they were almost
exclusively upregulated) invest heavily in chemical
communication to regulate social interactions—a possi-
ble mechanism by which cooperation and reduced
aggression may have evolved in this system.

Despite different contexts and manifestations of
aggression being studied, the limited overlap of differ-
entially regulated genes in other insect species suggests
that gene networks regulating aggressive behaviour are
only partially conserved between species. Using a sys-
tem genetics approach, we found that genes differen-
tially regulated during the transition to an aggressive
state in P. californicus are highly interconnected and
form distinct modules of coregulated genes. The most
highly connected genes we identified within these mod-
ules are prime candidates for being master control
genes of aggressive behaviour in this species, and
include genes encoding putative transcription factors,
regulators of hormone metabolism, neuronal growth
and function, and mitochondrial function. For the
future, it will be interesting to further characterize these
genes, investigate whether and how they are causally
linked to aggression, and what role they may have
played during the evolution of tolerance and coopera-
tion in pleometrotic P. californicus.

© 2016 John Wiley & Sons Ltd
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