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Abstract

Reproductive and worker division of labour (DOL) is a hallmark of social insect socie-
ties. Despite a long-standing interest in worker DOL, the molecular mechanisms regu-
lating this process have only been investigated in detail in honey bees, and little is
known about the regulatory mechanisms operating in other social insects. In the fire
ant Solenopsis invicta, one of the most studied ant species, workers are permanently
sterile and the tasks performed are modulated by the worker’s internal state (age and
size) and the outside environment (social environment), which potentially includes the
effect of the queen presence through chemical communication via pheromones. How-
ever, the molecular mechanisms underpinning these processes are unknown. Using a
whole-genome microarray platform, we characterized the molecular basis for worker
DOL and we explored how a drastic change in the social environment (i.e. the sudden
loss of the queen) affects global gene expression patterns of worker ants. We identified
numerous genes differentially expressed between foraging and nonforaging workers
in queenright colonies. With a few exceptions, these genes appear to be distinct from
those involved in DOL in bees and wasps. Interestingly, after the queen was removed,
foraging workers were no longer distinct from nonforaging workers at the transcrip-
tomic level. Furthermore, few expression differences were detected between queenright
and queenless workers when we did not consider the task performed. Thus, the social
condition of the colony (queenless vs. queenright) appears to impact the molecular
pathways underlying worker task performance, providing strong evidence for social
regulation of DOL in S. invicta.
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Introduction

Social groups often exhibit a division of labour (DOL),
characterized by a differentiation in the tasks performed
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by the group members, a process that is believed to
enhance the overall efficiency of the group (Duarte et al.
2011). While DOL is found in social groups of many
species, including birds (Arnold et al. 2005), meerkats
(Manser 1999), dolphins (Gazda et al. 2005) and humans
(Durkheim & Coser 1997), the most sophisticated and
best studied cases of DOL are found among highly
eusocial insects, namely bees, ants, wasps and termites
(reviewed in Smith et al. 2008). These insect societies
exhibit a reproductive DOL, where a few individuals
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develop into the reproductive caste, while most of the
colony members become nonreproductive workers and
perform all tasks related to colony maintenance and
growth (Robinson 1992). In addition, social insects dis-
play worker DOL, where different individuals special-
ize on particular colony tasks such as brood care, nest
building, defence and foraging (Wilson 1971). Recent
studies suggest that similar molecular pathways
involved in core biological processes (i.e. reproduction,
nutrition and metabolism) are responsible for DOL in
different insect lineages with independent origins of
eusociality, such as honey bees (Amdam et al. 2004),
ants (Corona et al. 2013) and wasps (Toth et al. 2007).
This concept, known as the ‘groundplan” hypothesis
(reviewed in Johnson & Linksvayer 2010), postulates
that these molecular pathways derive from physiologi-
cal traits present in the solitary ancestors that were
co-opted and selected to evolve into the queen and
worker castes of eusocial insects. However, more stud-
ies are needed to test this hypothesis in other systems
and to confirm its validity at a broader scale.

Many factors can influence DOL in insect societies,
including morphology, genetic variation, developmental
and nutritional factors and experience (reviewed in
Duarte et al. 2011). Further, in many social insect spe-
cies, pheromones play an important role in regulating
both reproductive and worker DOL (Wyatt 2003). Pher-
omones may have a primer or releaser effect: primer
pheromones affect long-term physiological or endocrine
processes in the recipient followed by delayed changes
in behavioural responses, whereas releaser pheromones
elicit immediate behavioural responses (Vander Meer
et al. 1998; Blomquist & Bagneres 2010). The social
insect in which pheromones have been characterized
most extensively is the honey bee Apis mellifera
(reviewed in Grozinger accepted; Slessor et al. 2005). The
pheromones released by the honey bee queen and the
developing larvae (brood) can act as primer phero-
mones, inhibiting worker ovary activation and worker
behavioural maturation from nursing/brood care to for-
aging (Pankiw ef al. 1998; Hoover et al. 2003; Le Conte
et al. 2006). Both pheromones also may act as releaser
pheromones, stimulating attraction in the case of queen
pheromone and brood feeding or pollen foraging in the
case of brood pheromone (Dreller et al. 1999; Keeling
et al. 2003). Recent microarray studies have revealed
that exposure to either queen pheromone or brood
pheromone can alter the expression of thousands of
genes in the brains of worker honey bees, and these
genes are associated with behavioural maturation/
worker DOL (Grozinger et al. 2003; Alaux et al. 2009).
Thus, these studies suggest that genomic approaches
can be used to both identify primer pheromones and
characterize their impacts on behaviour and physiology.

Little is known about the molecular and social mech-
anisms that regulate worker DOL in ant colonies
(reviewed in Libbrecht et al. 2013; Lucas et al. 2010;
Lucas & Sokolowski 2009). One of the best studied ant
species is the fire ant Solenopsis invicta. The broad
knowledge about the basic biology of this insect
(reviewed in Tschinkel 2006), together with the under-
standing of the genetic regulation of social organization
(Wang et al. 2013) and the recent sequencing of the gen-
ome (Wurm et al. 2011), makes S. invicta an emerging
model in the field of sociogenomics (reviewed in Robin-
son et al. 2005). Fire ants live in large colonies with
either a single queen (monogyne form) or multiple
queens (polygyne form), and tens of thousands of
workers organized in several behavioural phenotypes
that are associated with size and age (Mirenda & Vin-
son 1981). Queens produce a pheromone that seems to
regulate many of the same behavioural and physiologi-
cal processes as queen pheromone in honey bees, elicit-
ing both primer and releaser responses. As a primer
pheromone, it prevents virgin queens from shedding
wings and activating ovaries (Fletcher & Blum 1981;
Vargo 1998), it affects caste determination of female lar-
vae (Vargo & Fletcher 1986a,b, 1987), and it may alter
aggression levels of workers towards nestmates and
acceptance of newly mated queens (Klobuchar & Des-
lippe 2002; Vander Meer & Alonso 2002). As a releaser,
it elicits worker attraction to the queen and induces
workers to groom and feed the queen (Vander Meer
et al. 1980). Finally, in polygyne colonies, the individual
egg-laying rate decreases as the number of queens
increases owing to a primer pheromone produced by
the various queens (Vargo 1992). The active chemical
components of queen pheromone have not been charac-
terized, but queens in different reproductive states dif-
fer in their venom alkaloid and hydrocarbon profiles
(Eliyahu et al. 2011). However, the impacts of fire ant
queen pheromone on worker DOL and the molecular
mechanisms by which queen pheromone alters worker
behaviour and physiology are unknown. In particular,
given that fire ant workers are permanently sterile, the
mode of action of the queen primer pheromone might
be significantly different from the honey bee system
where workers can activate their ovaries in the absence
of a functional queen (Hoover et al. 2003).

In this study, we used whole-genome fire ant micro-
arrays (Manfredini et al. 2013) to examine (i) the molecu-
lar basis for DOL in fire ant workers by comparing
foraging and nonforaging workers and (ii) the impact of
queen presence on worker gene expression patterns in
these two behavioural groups. We hypothesized that
similar genes/gene pathways that have been described
in other genomic studies to be major regulators of worker
DOL, specifically in-nest behaviours vs. foraging, in
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social insects such as honey bees and wasps (Alaux et al.
2009; Toth et al. 2010; Ament ef al. 2011) would be
involved in fire ant worker DOL. We also hypothesized
that primer effects of queen pheromone would be evi-
dent at the gene expression level and that these effects
would differ between the two behavioural groups.

Materials and methods

Insect collection, rearing and sampling

Monogyne colonies of Solenopsis invicta were collected
near Athens (GA, USA) in April 2008 for Experiment 1
and in the surroundings of Gainesville (FL, USA) in
April-May 2010 for Experiment 2. Fire ant colonies
were kept under standard laboratory conditions (Jouve-
naz etal. 1977) for 3 months before sampling. For
Experiment 1, we sampled two groups of ants, that is,
foraging (out) and nonforaging (in) workers, while for
Experiment 2 the treatment groups were 4: queenright
nonforaging (QRin), queenless nonforaging (QLin),
queenright foraging (QRout) and queenless foraging
(QLout). See Fig. S1 and Appendix S1 (Supporting
Information) for a detailed description of rearing condi-
tion, group assignment and sampling methodology.

Sample preparation for molecular analyses

Total RNA was extracted from pools of 10 worker ants
(whole bodies) using the PicoPure RNA Isolation kit
(Applied Biosystems — Life Technologies, Grand Island,
NY, USA) combined with an RNase-Free DNase step
(Qiagen, Valencia, CA, USA) to remove any possible
contamination by genomic DNA. Subsequent steps in
the microarray analysis were performed at the Penn
State Genomic Core Facility as in Manfredini et al.
(2013) and see Appendix S1 (Supporting Information).

Microarray analysis

Our microarray, recently developed and validated
(Manfredini et al. 2013), includes 51 531 probes that
match unique transcripts obtained from the sequencing
of the S. invicta genome (Wurm et al. 2011) plus addi-
tional sequences from transcriptome studies. Probes
were printed in pairs on two 12-plex microarrays (each
array had a 135 000 probe capacity, Roche NimbleGen,
Inc., Madison WI, USA). We used a loop design with
dye swaps incorporated. For Experiment 1, we used 6
arrays of a 12-plex microarray slide which allowed us
to hybridize 12 RNA samples: these corresponded to 6
pools of foraging and 6 pools of nonforaging workers
from six different colonies (Fig. S2, Supporting Informa-
tion). For Experiment 2, we used all 12 arrays of a

12-plex microarray slide to hybridize 24 RNA samples:
again, we used six different colonies, and for each
colony, we processed 1 pool of QRin, 1 of QLin, 1 of
QRout and 1 of QLout (Fig. S3, Supporting Informa-
tion). Array data were analysed using two statistical
software packages, namely r 2.11.1 (Team 2009) and sas
(Cary, NC, USA), for both experiments (Appendix S1,
Supporting Information).

Gene ontology and comparative analyses

Hierarchical clustering using the Ward method and
principal component analysis (PCA) for global patterns
of gene expression were performed in jvMp 9.0.2 (SAS,
Cary, NC, USA), while K-means clustering was per-
formed in Genesis (Sturn et al. 2002). Gene ontology
(GO) analyses were performed using functional anno-
tation clustering in paviD version 6 (Huang et al.
2009a,b) with medium stringency and a cut-off of
P < 0.05. Fire ant genes were matched to their puta-
tive Drosophila orthologs in FlyBase (Marygold et al.
2013). To identify the most overrepresented biological
functions (enrichment analysis), we compared the
annotation composition in our list of differentially
expressed genes to that of a population background
composed by all the fire ant transcripts with Drosoph-
ila orthologs that were included in the statistical
analysis. For comparative studies, we used Venny
(Oliveros 2007) to overlap lists of differentially
expressed genes (only those provided with FlyBase
numbers) and we used a hypergeometric test (http://
nemates.org/MA /progs/overlap_stats.html) to assess
whether genes overlapping between studies occurred
significantly more often than expected by chance. Lists
of significantly enriched GO terms obtained with func-
tional annotation chart in pAviD (medium stringency
and P <0.05) from different experiments were also
overlapped in Venny.

Validation of differential expression of candidate genes
using quantitative real-time PCR

We examined gene expression levels of seven candidate
genes that were differentially expressed in one or both
of the two microarray experiments and are known for
regulating interesting biological functions in model
organisms: foraging (for, food-related behaviour and
polyethism), hymenoptaecin (Hym, antibacterial response),
myofilin (mf, muscle development), myosin heavy chain
(mhc, locomotion), ornithine aminotransferase precursor
(oat, neurogenesis), serine protease immune response integra-
tor (spirit, innate immune response) and synaptotagmin 1
(syt1, neurotransmitter secretion). Expression levels were
assayed in QRin, QRout and QLin groups by means of
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quantitative real-time PCR as in Manfredini ef al. (2013),
see Appendix S1 (Supporting Information).

Results

Experiment 1: gene expression patterns associated with
task performed

The number of differentially expressed transcripts in
Experiment 1 between foraging and nonforaging work-
ers (‘out’ and ‘in’, respectively) was 1387 at False Dis-
covery Rate (FDR)<0.05 (Table S1, Supporting
Information), representing only 2.7% of the 51 531 tran-
scripts included in the analysis. The global analysis of
patterns of expression revealed that the major driver
was the task performed by workers. A hierarchical clus-
tering analysis of the 12 individual pools of workers
grouped them into two distinct macroclusters, the first
encompassing 6 pools of foraging ants and the second 6
pools of nonforaging ants (Fig. 1A). A principal compo-
nent analysis on the same data set confirmed this result,
with the first component (which was associated with
the task performed by the workers) accounting for
57.2% of the difference in gene expression. Overall, for-
aging and nonforaging ants clustered separately into
two different portions of the space (Fig. 1B).

We performed gene ontology analysis on the differen-
tially expressed transcripts that have Drosophila ortho-
logs with FlyBase annotations (735 of 1387) using DAVID
(Huang et al. 2009a,b). Six GO terms and 3 KEGG path-
ways were significantly enriched at P <0.05 (functional
annotation clustering, Table S2, Supporting Informa-
tion): generation of precursor metabolites and energy,
myofibril assembly, muscle cell differentiation, multior-
ganism process, response to oxidative stress, monocar-
boxylic acid metabolic process, oxidative
phosphorylation, pentose and glucuronate interconver-
sions and lysine degradation.

Experiment 2: effect of the presence of the queen on
gene expression patterns

We compared gene expression levels between four
groups of ants for this experiment: foraging and nonfor-
aging workers from queenright (QRout and QRin,
respectively) and queenless colony fragments (QLout
and QLin, respectively). Four-hundred transcripts were
significantly differentially expressed across the four
groups (FDR < 0.05). Because the analysis with sas in
this case detected very few transcripts differentially
expressed across treatments (see Appendix S1, Support-
ing Information), we performed a global analysis of
patterns of expression on the whole set of transcripts
that were initially included in the analysis. A hierarchi-

cal clustering analysis revealed that, similarly to Experi-
ment 1, the task performed was the major driver of
gene expression: nonforaging ants (QRin and QLin)
formed a separate cluster from foraging workers
(QRout and QLout), independent of the presence or
absence of the queen (Fig. 2A). This result was con-
firmed by a principal component analysis, in which the
first component corresponded to the task performed
(foraging vs. nonforaging) and explained 54% of the dif-
ferences in gene expression, whereas social environment
(presence or absence of the queen, second component)
accounted for 25% of the differences. A third compo-
nent, explaining 21% of the variation, revealed an inter-
action between task and social environment (Fig. 2B).

Pairwise comparisons of the four groups identified
395 transcripts that were differentially expressed
between QRin and QRout at FDR < 0.05 (Table S3, Sup-
porting Information), while there were very few tran-
scripts differentially expressed in the other contrasts at
this FDR (Table 1). We performed gene ontology analy-
sis on the set of 395 transcripts significantly differen-
tially expressed between QRin and QRout workers: of
these, 248 have Drosophila orthologs with FlyBase anno-
tations and were included in the functional annotation
clustering in pavib. We found that 7 GO terms and 2
KEGG pathways were significantly enriched (Table S4,
Supporting Information). Among significant GO terms,
ageing and cellular respiration survived the Benjamini
correction (Benjamini and Hochberg 1995) at P < 0.05;
the others were skeletal myofibril assembly, aerobic res-
piration, organic acid metabolic process, signal trans-
duction and larval central nervous system remodelling.
Significant KEGG pathways were citrate cycle (TCA
cycle), which survived the Benjamini correction at
P < 0.05, and starch and sucrose metabolism.

Because our analyses did not reveal a significant dif-
ference between queenright and queenless workers, we
performed a second analysis where we pooled the tran-
scripts that were differentially expressed either in the
QRin/QLin or in the QRout/QLout comparisons and
used a less stringent FDR (<0.1). This analysis revealed
27 transcripts, of which 22 had Drosophila orthologs
with FlyBase annotations (Table S5, Supporting Infor-
mation). Among these genes were oat, hym, syt1, aspartyl
beta-hydroxylase (Asph), cuticular protein 49Aa, Niemann-
Pick type C-2 (Npc2a) and twin of eyeless (toy).

Comparisons of significantly regulated transcripts in
Experiments 1 and 2

Interestingly, the only contrast that produced differen-
tially expressed transcripts at FDR <0.05 in Experiment 2
was the comparison between foraging and nonforaging
workers in queenright colonies, which is analogous to
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Fig. 1 Molecular regulation of worker division of labour. Global analyses of significantly differentially expressed transcripts in pools
of workers from individual colonies (Experiment 1) show that patterns of gene expression were shared among nonforaging (in) and
foraging (out) workers. (A) Heatmap of log,-transformed and normalized expression values and hierarchical clustering of worker
pools according to expression patterns; (B) principal component analysis.

what we tested in Experiment 1. This allowed us to per-
form an overlap of transcripts that were differentially
expressed in Experiments 1 and 2 (Fig. S5, Supporting
Information). The overlap analysis identified 89 tran-
scripts that were shared between the two experiments
(Table S6, Supporting Information), a number signifi-
cantly higher than expected by chance (hypergeometric
test: representation factor: 8.4, P < 7.16e ). This group

includes several genes that are well characterized in
Drosophila, such as mf, mhc, oat, spirit, sytl, adipokinetic
hormone receptor (Akhr), I'm not dead yet (Indy), cuticular
protein 47Ef, cytochrome P450 (Cyp4 g1 and Cyp4c3),
centrosomin (cnn), supercoiling factor (scf) and TBP-associ-
ated factor 8 (Taf8). A gene ontology analysis on the 63
transcripts with Drosophila orthologs and FlyBase annota-
tions revealed that none of the 11 clusters produced by
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Fig. 2 Effect of social environment on the regulation of worker division of labour. Global analyses of the complete set of transcripts
from Experiment 2 (foraging and nonforaging workers from queenright or queenless colonies). Hierarchical clustering (A) and princi-
pal component (B) analyses reveal that patterns of gene expression were more similar in nonforaging workers (‘in” groups) and for-
aging workers (‘out’ groups) independently on the presence/absence of the queen. QRin, queenright nonforaging; QRout, queenright

foraging; QLin, queenless nonforaging; QLout, queenless foraging.

the functional annotation clustering in DAVID was signifi-
cantly enriched. We performed another overlap analysis
on this same data set, this time using significantly
enriched GO terms from each experiment instead of
individual genes. Twelve GO terms were shared between
the two experiments (Table S7, Supporting Information).

The lack of any significant difference in gene expres-
sion between foraging and nonforaging workers in
queenless colonies from Experiment 2 suggests that in
the absence of the queen, there is a breakdown in the
performance of defined tasks (foraging vs. nonforaging)
in workers. In honey bees, loss of the queen results in
accelerated behavioural maturation, and workers enter
the foraging state faster (Pankiw & Page 2001). We
investigated whether the gene expression patterns in
queenless workers from Experiment 2 were more simi-
lar to foraging or nonforaging ants from Experiment 1
by using a directional overlap analysis of lists of tran-
scripts obtained with the sas protocol. We overlapped

the complete set of 17 960 transcripts that were upregu-
lated (but not necessarily statistically significant) in
queenless workers in Experiment 2 with significantly
upregulated transcripts in nonforaging and foraging
workers from Experiment 1 (Table S8, Supporting Infor-
mation). For the queenless/foraging workers compari-
son, 292 transcripts were upregulated in both groups,
while 351 were not (total of 643 transcripts); for the
queenless/nonforaging workers comparison, 243 tran-
scripts were upregulated in both groups, while 470
were not (total of 713 transcripts). This difference was
highly significant (chi-square, P < 0.0001), indicating
that queenless workers were more ‘forager-like’ in
terms of gene expression.

Comparative studies across species

To investigate whether mechanisms of division of
labour are conserved across social insects, we performed
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Table 1 Pairwise comparisons of transcripts that were differ-
entially expressed in the four groups of workers at two differ-
ent False Discovery Rate (FDR) after analysis with r

FDR < 0.05 FDR < 0.1
Up Down Up Down
Nonforaging
QL vs. QR 0 0 14* 1*
Foraging
QL vs. QR 0 4 7* 5%
Queenright
In vs. out 89 306 256 681
Queenless
In vs. out 1 0 26* 2%

Up = transcripts upregulated in the first term of the compari-
son; Down = transcripts downregulated in the first term of the
comparison; *for these comparisons, the LIMMA method
‘nested’” was used instead of ‘separate’ to control for multiple
testing across comparison because it was more powerful in
detecting significantly regulated transcripts.

overlap analyses between all significantly differentially
expressed genes from Experiment 1 (foraging vs. non-
foraging ants in queenright colonies, 735 transcripts
with FlyBase numbers) and the differentially expressed
genes from previous studies on honey bees (Alaux et al.
2009; Ament et al. 2011) and paper wasps (Toth et al.
2010) that also investigated transcriptomic differences
between foraging vs. nonforaging workers. Statistical
analysis revealed that in both cases there was less over-
lap than expected by chance (see Appendix S1 and
Table S9, Supporting Information). Only 16 genes were
shared between S. invicta, A. mellifera and Polistes metri-
cus, including mf, thiolester-containing protein II (Tep2),
Rab-protein 7 (Rab7), probable cytochrome P450 6 g2, larval
serum protein 2 (Lsp2), histone (His3.3A and His3.3B) and
epidermal stripes and patches (Esp) (Fig. 3). We can add to
this list for and syt1, both of which were differentially
expressed in our study and in wasp (Toth et al. 2010)
and in other honey bee studies (Ben-Shahar et al. 2002;
Whitfield et al. 2003). The patterns of expression of
these 16 genes in foraging and nonforaging workers
were not consistent across the three social insects (data
not shown).

Discussion

We investigated the molecular and social mechanisms
underpinning worker division of labour (DOL) in the
fire ant Solenopsis invicta. Our first major finding con-
firms that worker DOL in fire ants is associated with
important changes at the transcriptomic level: 1387 tran-
scripts in Experiment 1 and 395 transcripts in Experi-

ment 2 were differentially expressed between foraging
and nonforaging workers, and there was a significant
overlap in the suites of differentially expressed tran-
scripts between the two experiments. Furthermore, pools
of ants from individual colonies clearly clustered into
one of two groups based on expression profiles in Exper-
iment 1. It is worth noting that despite the significant
overlap, there were clear differences in the suites of
genes differentially regulated between foraging and non-
foraging workers in the two experiments. These differ-
ences are likely due to extrinsic factors related to the
experimental conditions (e.g. year and site of collection
in the field, colony genetic backgrounds, nest design,
time of sampling) which were similar but not identical in
the two experiments (see ‘Insect collection, rearing and
sampling’ in the Appendix S1, Supporting Information).

Interestingly, the transcriptional differences between
foraging and nonforaging workers completely disap-
peared in queenless conditions (Experiment 2), where
only one gene (hypothetical protein SINV_01841) was dif-
ferentially expressed between foraging and nonforaging
workers. Despite the fact that social environment (pres-
ence/absence of the queen) contributed to 25% of the
variation in gene regulation at a genomic scale, there
were only a handful of genes significantly differentially
expressed between queenless and queenright workers.
Overall, these results suggest that DOL is transcription-
ally regulated in fire ants and is associated with easily
distinguishable behavioural (foraging/nonforaging) and
spatial (inside/outside the nest) phenotypes. Further-
more, the queen does have primer effects on workers
and appears to impact DOL, because because a queen’s
results in a more ‘forager-like” gene expression patterns
in workers.

Finally, comparative studies across species revealed a
large variability in the proportion of transcripts differ-
entially expressed according to foraging/nonforaging
behaviour: these were 2.7% in fire ant whole bodies
(Experiment 1), 4% in paper wasp brains, 13% in honey
bee brains and 20% in honey bee fat bodies. Compara-
tive studies also suggest that there is no substantial con-
served suite of ‘DOL genes’ across these three species:
overlap analyses were not supported by statistical sig-
nificance and the directionality of the expression pat-
terns of the 16 common genes varied from species to
species. However, our results show some conservation
of gene ontology categories when comparing fire ants
with honey bees, while no GO terms were shared with
paper wasps, possibly because for paper wasps only
brain tissue was used. An alternative explanation for
the negative results of our comparative analyses across
social insects could be associated with the methodology
of analysis itself. In fact, in order to directly compare
gene regulation in different species of insects, we rely
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Fig. 3 Comparative analysis of tran-
scripts associated with worker division
of labour across social insect species.
Overlap analysis of FlyBase numbers cor-
responding to transcripts that were dif-
ferentially expressed between foraging
and nonforaging workers in Apis mellifera
(brain tissue, Alaux et al. 2009 and fat
bodies Ament et al. 2011), Polistes metri-
cus (brain tissue, Toth et al. 2010) and
S.invicta  whole-body samples from
Experiment 1. *These genes were not
listed in Alaux ef al. 2009 and Ament
etal. 2011, but were differentially
expressed in A. mellifera based on differ-
ent studies (Ben-Shahar et al. 2002;
Whitfield et al. 2003).
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on annotations from Drosophila melanogaster, and while
doing this, we might miss groups of genes that have
specific functions in social insects or gene families that
are expanded in this group but have not been character-
ized in D. melanogaster. Finally, comparisons between
more closely related species (other ants) would likely
reveal greater conservation of DOL genes.

Molecular regulation of worker division of labour

Gene ontology analyses in foraging and nonforaging
workers revealed that muscle structure development
and metabolic process recurred as differentially regu-
lated across both experiments. Muscle activity is likely
associated with differential motility and locomotory
behaviour in the two groups of ants, where foraging
workers actively search for food sources in the foraging
area, while nonforaging workers perform nursing tasks
within the nest. Muscle development also depends on
the size and the age of an ant and these two features

are good predictors for foraging and nonforaging
behaviours in fire ant workers (Mirenda & Vinson
1981). However, the correlation of size and age with
foraging behaviour is not straightforward, because age
of foraging largely depends on size, whereby minor
workers are recruited as foragers much earlier than
majors, but they are short-lived so that the total amount
of time spent foraging by the two types of workers is
similar (Tschinkel 2006). Interestingly, in a recent study
on the ant Camponotus fellih where individual workers
were monitored for 41 days with a tracking system, it
has been observed that there is great overlap among
groups of workers, with some nurses being older and
some foragers being younger than the average workers’
age (Mersch et al. 2013). As for metabolism, differential
regulation of metabolic genes in workers with different
tasks has been found in previous studies on other social
insects such as honey bees (Whitfield ef al. 2003; Ament
et al. 2008; Alaux ef al. 2009) and paper wasps (Sumner
et al. 2006). In particular, Ament et al. (2011) observed
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that honey bee nurses maintain high levels of lipid and
protein metabolism which presumably relate to brood
food production, whereas carbohydrate and energy
metabolism are held consistently high in foragers to
support energy expenses due to flight behaviour. In
support of these observations, we found that several
GO terms and KEGG pathways related to carbohydrate
and energy metabolism varied with foraging/nonfor-
aging behaviours across our two experiments (Table S2
and S4, Supporting Information). For a discussion of
genes of interest associated with the metabolism of lip-
ids and carbohydrates, see Appendix S1 (Supporting
Information).

Whitfield et al. (2003) reported that honey bee nurses
had higher expression of genes associated with neuro-
genesis, probably due to their role in changing brain
structure before the shift to foraging activity, and that
nurses and foragers differed for the regulation of genes
involved in intracellular signalling in the brain. Consis-
tent with this hypothesis, we found that S. invicta work-
ers with foraging/nonforaging tasks significantly
differed in expression of genes associated with larval
central nervous system remodelling and signal trans-
duction [see Appendix S1 (Supporting Information) for
a discussion of some of these genes].

Effect of social environment on regulation of worker
division of labour

Interestingly, the distinction between the two worker
phenotypes was no longer visible at the transcriptional
level in queenless colonies, despite the fact that
behaviourally and spatially the two phenotypes were
still recognizable (see Fig. S1B, Supporting Information).
One possible explanation for this apparent contradiction
is that queenless workers were not performing the two
behaviours reliably, as a result of a loss of specialization
and/or spatial organization. Under this scenario, some
foraging workers may have spent time inside the nest
(therefore, they were assigned to the nonforaging
group) and, vice versa, some nonforaging workers may
have occupied the outside portion of the nest; hence,
they were assigned to the foraging group. Alternatively,
after removing the queen (and potentially interrupting
the direct effect of primer pheromone on gene regula-
tion in workers), the behavioural and spatial differences
between foraging and nonforaging workers may no
longer be regulated at the level of gene expression, but
rather rely on other factors such as neuropeptides or
metabolites that were previously secreted in the hemol-
ymph. An additional interpretation is that the two phe-
nomena are uncoupled, that is, the differences in gene
expression associated with queen removal are not
directly involved in the regulation of task behaviours:

however, our analysis of gene expression levels in
queenright vs. queenless workers independently of the
task performed does not support this hypothesis
because no significant differences between the two mac-
rogroups were detected. This analysis instead suggests
that there might be increased foraging behaviour in
queenless workers because their patterns of gene
expression were most similar to those found in queen-
right foragers (see Table S10, Supporting Information).
Similar effects are observed in honey bees, where work-
ers exhibit accelerated behavioural maturation (.e.
increase in the number of workers performing foraging)
in the absence of the queen or brood (Page et al. 2012).
Finally, it is possible that the observed changes in gene
expression are not a direct result of the loss of the
queen on workers, but rather on the brood, because the
brood in queenless colonies is likely reduced and
skewed towards an older age distribution. Regardless
of the exact mechanism, the results suggest that the
sudden loss of the queen can impact the social and spa-
tial organization of a fire ant colony. Additional studies
will be necessary to confirm that loss of the queen does
indeed result in behavioural changes in workers in fire
ant colonies.

Surprisingly, despite this effect on DOL, the presence
of the queen had little effect on gene expression pat-
terns in general. Only a handful of genes were differen-
tially expressed between queenright and queenless
workers at FDR < 0.1 [see Appendix S1 (Supporting
Information) for a discussion of these genes]. Our
results suggest that while queen presence may impact
fire ant worker DOL, the effects at the transcriptional
level are still quite limited in comparison with the
effects of queens on honey bee workers. In honey bees,
exposure to queen pheromone triggers changes in
expression of thousands of genes in the worker brain
(Grozinger et al. 2003). However, in honey bees, there
are several profound primer effects of queen phero-
mone on workers, including inhibition of ovary activa-
tion (Hoover et al. 2003) and reduction in juvenile
hormone titres (Pankiw et al. 1998), in addition to
reduced behavioural maturation. In fire ants, the queen
pheromone has significant effects on gynes within a 24-
h window, resulting in large-scale changes in gene
expression (Wurm et al. 2010) and physiology (wing
shedding and ovary activation, Fletcher & Blum 1981),
but no primer effects have been reported in workers.
Because caste differences are highly canalized in fire
ants, the primer effects of queen pheromone in this sys-
tem may have been reduced. The presence of a worker
caste that is irreversibly sterile prevents the occurrence
of mechanisms of queen-worker conflict for the produc-
tion of males, as observed in other social insects (Bul-
mer 1981). This fundamental life history trait
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might have selected for a reduction in the direct control
of the queen over the workers’ physiology through
pheromones. Alternatively, it is possible that other
social cues, such as brood presence, compensate for the
loss of the queen. Brood (in particular fourth-instar lar-
vae) are known to play an important role in regulating
the pace of colony activity in fire ants (including
queen’s egg-laying rate, Tschinkel 1988) and the pres-
ence of equal amounts of brood in both colony frag-
ments in Experiment 2 may have masked or buffered
the impact of queen loss. Indeed, in honey bees, brood
pheromone has similar primer effects as queen phero-
mone (reviewed in Grozinger accepted). Finally, it is pos-
sible that the treatment time (5 days) was not long
enough to see differences in workers at the transcrip-
tional level, although changes in gynes are observed
within 24 h (Wurm et al. 2010) and behavioural changes
in workers are observed after 48 h (Klobuchar & Des-
lippe 2002) and within 5 days (Vander Meer & Alonso
2002) after queen removal.

Conclusions

Our results indicate that there are indeed consistent
transcriptional differences associated with DOL in fire
ant workers. Interestingly, there was no significant
overlap in the sets of genes associated with DOL in fire
ant, honey bee and paper wasp workers, although there
is some indication that core physiological processes,
such as carbohydrate, protein and lipid metabolism, are
similarly regulated across these species. We also pro-
vide evidence for the first time that social context,
namely presence or absence of the queen, can impact
worker DOL in fire ants. While the effect of queen pres-
ence on gene expression was limited, it nonetheless
suggests that the queen may be producing a primer
pheromone that impacts worker behaviour and physiol-
ogy. These findings further confirm the power of a
genomic approach for identifying the subtle effects of
primer pheromones. In future, it would be of great
interest to test whether the addition of a queen extract
(which presumably would contain the queen phero-
mone) is able to ‘rescue’ expression profiles in queen-
less workers and make them more similar to queenright
workers. Furthermore, it will be necessary to extend
this type of approach to encompass the complex social
structure of fire ant colonies, where both monogyny
and polygyny occur and are determined by two alterna-
tive variants of the same genomic element (Wang et al.
2013). In particular, it will be noteworthy to examine
how the interaction between social structure and genetic
background impacts worker DOL and gene expression
in both monogyne and polygyne colonies and in work-
ers of different size and age.
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Fig. S1 Experimental set-up for Experiment 2. A) Four mother
colonies were split into 2 colony fragments each. All colony
fragments were provided with a nesting chamber, a foraging
area with a cricket, water and sugar water, and equal amounts
of workers and brood. B) Queenless colony fragment. The
queen is no longer inside the nesting chamber, but some work-
ers continue to perform in-nest tasks. QR = queenright; QL =
queenless; in = nonforaging workers; out = foraging workers.

Fig. S2 Microarray hybridization scheme for Experiment 1. For
each group of workers, 6 pools were hybridized in a loop
design: 3 pools were labelled with the Cy3 dye and other 3
with the Cy5 dye. We used 6 arrays of a 12-plex array slide
with 135 000 probe capacity designed by Roche NimbleGen,
Inc. (Madison WI).

Fig. S3 Microarray hybridization scheme for Experiment 2. For
each group of workers, 6 pools were hybridized in a loop
design: 3 pools were labelled with the Cy3 dye and other 3
with the Cy5 dye. We used a whole 12-plex array slide with
135 000 probe capacity designed by Roche NimbleGen, Inc.
(Madison WI).

Fig. S4 Validation of analysis of gene expression with R in
samples from Experiment 1. Analysis with R produced almost
twice the number of transcripts differentially expressed
between foraging and nonforaging workers at FDR<0.05 than
analysis with sas (1387 vs. 771, respectively). However, a com-
parative analysis between the two set of transcripts revealed
large overlap confirming that the choice of either analysis
would not affect the biological significance of the results.

Fig. S5 Comparative analysis of sets of transcripts differentially
expressed at FDR <0.05 in both Experiments 1 and 2. A pool of
89 transcripts were shared (more than expected by chance,
hypergeometric test: representation factor: 8.4, P < 7.16e-55),
but these did not produce any significantly enriched GO terms.
GO terms indicated in the figure refer to the two sets of tran-
scripts analysed separately.

Fig. S6 Quantitative real-time PCR validation of expression lev-
els of genes of interest. A) Expression levels of the following
genes associated with GO terms of interest were analysed
using quantitative real-time PCR (see Table S10 for detailed
information about these genes and the primers we used): For
(food-related behaviour and polyethism), Hym (antibacterial
response), mf (muscle development), mhc (locomotion), oat
(neurogenesis), spirit (innate immune response) and sytl (neu-
rotransmitter secretion). Mean expression levels in QLin and
QRout were normalized to levels of expression in QRin work-
ers. We used 9 pools for QLin, 8 for QRin and 5 for QRout,
each pool being composed by 10 workers from the same colo-
nies used for Experiment 2 (but different individuals). Statisti-
cal analysis was performed with nonparametric Wilcoxon
comparisons for each pair of treatments: * = P < 0.05; ** =
P < 0.01. #For a better visualization of the results, the bar asso-
ciated with the gene Hym is not represented in full length in

Published 2013. This article is a U.S. Government work and is in the public domain in the U.S.A.



672 F. MANFREDINI ET AL.

QRout: average relative expression for this gene was 3.95 with
S.E. £0.94; QRin = queenright nonforaging workers; QLin =
queenless nonforaging workers; QRout = queenright foraging
workers. B) Log,-transformed and normalized expression val-
ues for the same genes as above after microarray analysis.

Table S1 Experiment 1: differentially expressed transcripts
between foraging vs. nonforaging workers at FDR <0.05.

Table S2 Experiment 1: significantly enriched GO terms and
KEGG pathways (functional annotation chart, P < 0.05).

Table S3 Experiment 2: differentially expressed transcripts
between queenright nonforaging (QRin) and foraging (QRout)
workers at FDR <0.05.

Table S4 Experiment 2: significantly enriched GO terms and
KEGG pathways (functional annotation chart, P < 0.05).

Table S5 Experiment 2: differentially expressed transcripts
between queenright and queenless workers at FDR <0.1. The
list includes transcripts that were differentially expressed
either in the QRin-QLin or in the QRout-QLout comparisons.

Table S6 Differentially expressed transcripts that were shared
at FDR <0.05 between Experiment 1 and Experiment 2.

Table S7 Comparisons of significantly enriched GO terms from
Experiment 1 and Experiment 2 (P < 0.05).

Table S8 Overlap analysis between 17 960 transcripts upregu-
lated in queenless workers and transcripts that were upregulat-
ed in foraging and nonforaging workers.

Table S9 Comparative analysis of the 735 transcripts provided
with FlyBase annotations that were differentially expressed in
foraging vs. nonforaging workers in Experiment 1 and in other
previous transcriptome studies.

Table S10 Quantitative real-time PCR validation of expression
levels of genes of interest in workers from Experiment 2: gene
lists and primers’ sequences.

Appendix S1 Supporting information for online publication
including further details (with relevant references) on the fol-
lowing aspects: insect collection, rearing and sampling; sample
preparation for molecular analyses; protocols for microarray
analysis; validation of differential expression of candidate
genes using quantitative real-time PCR; comparative studies
across species; discussion of genes of interest.
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