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Phenotypic diversity is frequently generated by differ-
ences in gene expression. In this study, we addressed
the relationship between homology in gene expres-
sion and phenotype among four species of eusocial
wasps. Specifically, we investigated the evolution of
caste-specific and sex-specific gene expression pat-
terns associated with caste polyphenisms and sexual
dimorphisms. We also identified several genes with
functions relevant to their phenotype-specific roles.
Our results suggest that gene expression profiles
associated with caste polyphenisms may evolve
rapidly relative to those associated with sexes. Thus,
caste-biased genes may undergo less regulatory
constraint or be subject to greater neutral variation in
expression than sex-biased genes.
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Introduction

Understanding the molecular basis of phenotypic diversity
is one of the fundamental challenges of evolutionary
biology. In recent years, a surge of attention and debate
has focused on the relative evolutionary roles played by
protein-coding sequence, cis-regulatory elements, epige-
netic inheritance, and developmental processes (West-
Eberhard, 2003; Pigliucci et al., 2006; Hoekstra & Coyne,
2007; Moczek, 2007; Carroll, 2008; Jablonka & Raz,
2009). This attention has not been in vain. Among other
findings, a large body of research now demonstrates
that phenotypic diversification frequently arises through

changes in the spatial and temporal expression of func-
tionally conserved proteins (Carroll, 2008).

Polyphenisms, which arise when environmental differ-
ences give rise to discrete phenotypic classes from a
single genotype, provide an opportunity to study pheno-
typic divergence in the context of a shared genetic back-
ground. Insects, in particular, provide numerous examples
of polyphenisms marked by the canalization of highly
elaborate, plastic phenotypes (Evans & Wheeler, 2001;
Nijhout, 2003). Examples include beetle horns (Moczek
et al., 2007), female aphid dispersal and parthenogenetic
morphs (Brisson & Stern, 2006) and eusocial insect
castes (Wilson, 1971; Wheeler, 1986). In each of these
cases differences in gene expression, rather than differ-
ences in genotype, are associated with the presence of
alternate phenotypes (Sumner, 2006; Brisson et al., 2007;
Goodisman et al., 2008; Smith et al., 2008; Kijimoto et al.,
2009). In addition, sex-specific differences in phenotype,
although often triggered by genetic differences, are also
associated with widespread differences in gene expres-
sion (Jin et al., 2001; Ellegren & Parsch, 2007; Ayroles
et al., 2009). Thus gene regulation has been widely linked
to the developmental fate and adult function of distinct
phenotypic classes.

Many comparative evolutionary studies have investi-
gated the degree of similarity in the molecular basis of
independently arising, convergent phenotypes. For
example, discrete queen and worker castes have arisen
multiple times independently in eusocial insects and
exhibit limited, but notable, convergence in their underly-
ing gene expression patterns (Toth et al., 2007; Smith
et al., 2008). Interestingly, many studies have also
observed surprising flexibility in the molecular basis of
similar phenotypes with a shared evolutionary origin in
different species, such as gene expression patterns asso-
ciated with sexual dimorphisms (Zhang et al., 2007) and
caste polyphenisms (Abouheif & Wray, 2002; Weil et al.,
2009). An important set of evolutionary questions thus
concerns the levels of functional drift and neutral variation
influencing gene expression profiles associated with
homologous phenotypes (Wray & Abouheif, 1998; True &
Haag, 2001; Khaitovich et al., 2004).
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In this study, we sought to understand how gene
expression patterns evolve in homologous phenotypic
classes of eusocial insects. Hymenopteran eusocial
insects, which include ants, some bees, and some wasps,
are attractive candidates for studying the association
between variation in phenotype and gene expression for
several reasons. First, the caste system that defines euso-
ciality has arisen at least nine independent times within
the Hymenoptera (Wilson, 1971; Hughes et al., 2008).
Specifically, in all hymenopteran eusocial insects, labour
is divided within a colony such that queens and males
reproduce and female workers engage in tasks related to
brood rearing and colony defence (Wilson, 1971). Thus,
queen and worker castes, which often exhibit extreme
polyphenism, are prime targets for studying the evolu-
tionary maintenance of alternate phenotypes arising in a
single sex. Second, hymenopterans do not exhibit chro-
mosomal sex determination. Instead, males are generally
produced by unfertilized, haploid eggs (arrhenotokous
parthenogenesis) and females are produced by fertilized,
diploid eggs (Heimpel & de Boer, 2008). Thus, males and
females possess the same genes, and sex differences,
like caste differences, develop in large part through varia-
tion in gene expression associated with differential gene
activation and differences in ploidy (Aron et al., 2005;
Hoffman & Goodisman, 2007). Finally, although castes
and sexes are both examples of dramatic dimorphisms,
castes have arisen far more recently than sexes during
the course of evolution. Our study takes advantage of the
unique characteristics of eusocial hymenopterans to
reveal the potential evolutionary consequences of differ-
ences between caste polyphenisms and sexual dimor-
phisms on the evolution of caste-specific and sex-specific
gene expression patterns.

We focused our investigation on wasps of the family
Vespidae because they exhibit wide variation in social
complexity. For example, wasps in the subfamily Vespinae
exhibit dramatic polyphenisms and have large colony
sizes, whereas wasps in the subfamily Polistinae tend to
exhibit relatively small colony sizes and behaviorally-
defined castes (Hunt, 2007). In this study, we examined
relative gene expression levels for 21 genes in castes and
sexes of four vespid wasp species with a common euso-
cial ancestor (Hines et al., 2007; Hunt, 2007) using quan-
titative real-time PCR. Two of the four species were
informative of differences arising between female castes
and sexes, whereas the other two species provided infor-
mation on sex differences alone, due to partial sampling of
female castes. We predicted that gene expression profiles
specific to a given female caste would evolve as fast or
faster than gene expression profiles specific to a given sex
(Jin et al., 2001; Khaitovich et al., 2004; Cutter & Ward,
2005; Zhang et al., 2007; Ayroles et al., 2009). Gene
expression associated with castes may be particularly

fast-evolving because castes are relatively recent evolu-
tionary innovations (Hughes et al., 2008), in contrast with
sexes, and recent experimental evidence suggests that
castes exhibit flexible underlying patterns of gene regula-
tion across taxa (Weil et al., 2009).

Results

We analysed gene expression in three vespine wasps,
Vespula maculifrons, Vespula squamosa (commonly
known as yellowjackets; Macdonald & Matthews, 1981,
1984) and Dolichovespula maculata (hornets; Archer,
2006), as well as one polistine wasp, Polistes exclamans
(paper wasps; Turillazzi & West-Eberhard, 1996; Hunt,
2007). Relative levels of gene expression were deter-
mined for adult queens, workers and males in V. maculi-
frons and V. squamosa, in adult workers and males in D.
maculata, and in adult females (caste undetermined) and
males in P. exclamans (Table 1, Figs 1, 2). Data were
collected for up to 21 genes in each species (Fig. 1, see
Experimental procedures).

We first investigated whether sexes or castes showed
more conserved patterns of gene regulation across taxa.
Comparisons of relative gene expression levels for the
nine genes with data from sexes and castes of all four
species revealed an overall clustering of male and female
profiles across taxa (Fig. 2A). Comparisons of relative
gene expression levels for the 14 genes with data from
sexes and castes of both Vespula species revealed that
seven genes (contigs 61, 155, 350, 446, 504, 506, and
677) were consistently expressed more highly in females
than males (with statistically higher expression in female
castes of at least one taxon; Fig. 2B, C). Meanwhile, two
of 14 genes (contigs 339, and 626) were consistently
more highly expressed in males than females in both
species (with statistically higher expression in males of at
least one taxon; Fig. 1 and 2B, C).

We next determined whether genes showed conserved
expression relationships between queen and worker
castes in both Vespula species. Comparisons of relative
gene expression levels in queens and workers revealed
that some genes were consistently differentially
expressed between castes in both species. Specifically,
four of 14 genes (contigs 350, 504, 506, and 583) were
more highly expressed in queens than workers in V. macu-
lifrons and V. squamosa (with statistically significant
queen upregulation in one species in all four cases; Fig. 1
and 2D). In contrast, seven of 14 genes had divergent
relationships with respect to queen and worker gene
expression differences in V. maculifrons and V. squa-
mosa, demonstrating the labile nature of caste-biased
gene expression over evolutionary time (Figs 1 and 2D).
Five of these genes (contigs 61, 339, 446, 626, and 677)
exhibited statistically different expression levels between
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queens and workers within at least one taxon. Further-
more, queen and worker gene expression profiles had
qualitatively different relationships in V. maculifrons and V.
squamosa – queen and worker gene expression profiles
clustered together more closely in V. maculifrons than in V.
squamosa (Fig. 2A, B). Together these results suggest

that relative gene expression levels between castes vary
widely among taxa, and gene expression profiles associ-
ated with sexes are less labile than those associated with
castes.

We further tested whether Vespula genes in our study
were convergent, with respect to caste-specific regulation,

Table 1. Gene annotation and relative expression patterns among males (M), queens (Q), and workers (W) in Vespula squamosa and Vespula
maculifrons, between workers and males in Dolichovespula maculata, and between late-season females (F) and males in Polistes exclamans

Contig ID

Gene ontology similarity* Relative expression pattern† Gene ontology annotation‡

Putative orthologue V. squamosa V. maculifrons D. maculata P. exclamans Biological process terms

Contig52 regucalcin W ª M > Q – W > M – Cellular calcium ion
homeostasis, positive
regulation of ATPase
activity, regulation of
calcium-mediated signalling

Contig61 Ribosomal protein L13 Q > W ª M NS W > M – Mitotic spindle elongation,
mitotic spindle organization,
translation

Contig88 Vitellogenin-2 – Q > W ª M W > M – Determination of adult life
span

Contig155 Ribosomal protein L32 NS Q ª W > M W > M F > M Mitotic spindle elongation,
mitotic spindle organization,
translation

Contig170 lipoma HMGIC fusion
partner-like 3

NS M > Q ª W – F > M biological process

Contig272 Ribosomal protein L8 NS – W > M – Mitotic spindle elongation,
mitotic spindle organization,
translation

Contig339 Tropomyosin 2 M > W > Q M > Q ª W M > W – Heart development
Contig350 Stubarista Q > M Q ª W > M W > M F > M Mitotic spindle elongation,

mitotic spindle organization,
translation

Contig422 Ribosomal protein S18 – Q > W ª M W > M F > M Mitotic spindle organization,
translation, translational
initiation

Contig430 Twinstar W > Q ª M W ª M > Q W > M F > M Actin filament organization,
axonogenesis, leg
segmentation

Contig446 Elongation factor 1alpha100E W > M W > Q > M W > M F > M Translation, translational
elongation

Contig462 Ribosomal protein L15 – Q ª W > M W > M F > M Translation
Contig498 string of pearls NS – W > M – Translation
Contig504 CG4692 NS Q > W > M NS NS Proton transport
Contig506 Ribosomal protein L23 NS Q > M – F > M Mitotic spindle elongation,

mitotic spindle organization,
translation

Contig531 Ribosomal protein LP0 – – W > M F > M DNA repair, translation
Contig583 Ribosomal protein L17 W > M Q ª W > M NS F > M Mitotic spindle elongation,

mitotic spindle organization,
translation

Contig626 wings up A W ª M > Q M > W ª Q NS F > M Muscle maintenance, muscle
organ development, skeletal
muscle tissue development

Contig644 Superoxide dismutase NS NS W > M F > M Aging, determination of adult
life span, removal of
superoxide radicals

Contig664 40S ribosomal protein S27 NS NS NS F > M Cell proliferation, translational
elongation

Contig677 60S ribosomal protein L23a W > Q Q ª W > M W > M – Translational elongation

*BLAST similarity scores and hit species information given in Table S3.
†A caste’s level of expression was designated as less than or greater than another if P < 0.05. When a caste had intermediate but nonsignificant
expression differences from two significantly different groups, it was not included in the Table. – = no data, NS = nonsignificant differences (see Fig. 1).
‡Where more than three gene ontology(GO) biological process terms existed for a gene, only three terms were chosen. A full list of matching GO terms
and accessions are presented in Table S3.
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Figure 1. Relative expression differences between castes and sexes in vespid wasps. Normalized least square means of relative expression levels are
plotted with 95% confidence intervals for four vespid wasp species. P-values denote the outcome of an ANOVA test of differences between castes.
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Figure 2. Gene expression profiles associated with castes and sexes in vespid wasps. Increasing or decreasing block saturation indicates higher or
lower relative levels of expression for a particular gene in a given caste. (A) Normalized gene expression intensities in four species illustrate that male
and female gene expression profiles cluster across taxa; all genes with data from every phenotypic class in all four species are shown. (B) Normalized
gene expression intensities in Vespula squamosa (Vsqu) and Vespula maculifrons (Vmac) illustrate that female queen and worker gene expression
profiles cluster in V. maculifrons but not V. squamosa. (C) Differences in normalized gene expression intensities between females and males indicate that
male-biased and female-biased genes cluster among Vespula species. (D) Differences in normalized gene expression intensities between queens and
workers indicate that a limited proportion of genes exhibit conserved differences with respect to caste. All genes with data for queens, workers and males
in both Vespula species are shown in panels B–D.
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with the independently eusocial honeybee Apis mellifera
(Table 2; Barchuk et al., 2007; Grozinger et al., 2007).
Two of the seven genes we compared had convergent
relationships between expression pattern and caste, both
of which were upregulated in queens. These were ortho-
logues of vitellogenin and CG4692 (see Discussion).
These results are consistent with the presence of few
genes showing convergent caste-specific expression pat-
terns in distantly related, independently eusocial taxa.

Finally, we examined the variability of gene regulation
among castes and sexes to see if relative gene expres-
sion levels differed among these phenotypic classes
within each taxon. We found that all 21 genes exhibited
significant differences in expression among some pheno-
typic classes for at least one species, suggesting that
gene expression differences are widespread among
dimorphic adult phenotypes (Fig. 1). We also observed
widespread differences in gene expression between indi-
viduals of the same caste, even for V. squamosa samples,
which were all collected at a single time point, providing
additional support to the finding that gene expression is
highly variable between individuals (Table S1; Oleksiak
et al., 2002).

Discussion

Evolution of gene expression in castes and sexes

One of the most striking patterns that emerged from our
analysis is that caste-biased gene expression profiles
appear to have undergone greater rates of change than
sex-biased gene expression profiles in the Vespula genus
(Fig. 2B, C, D). Previous studies have demonstrated that
sex-biased genes undergo elevated gene expression
divergence between taxa relative to non-sex biased genes
(Meiklejohn et al., 2003; Ranz et al., 2003). However, our
data suggest that caste-biased gene expression may
evolve at even faster rates than sex-biased gene expres-

sion. The observation that caste-biased gene expression
patterns are largely species-specific agrees with recent
work comparing caste-biased gene expression patterns
among closely related termites (Fig. 2D; Weil et al., 2009).
Considering the flexibility in caste-specific gene expres-
sion patterns we observed within a single genus (Fig. 2B,
D), the fact that we observed little convergence between
vespid wasps and A. mellifera is not surprising (Table 2).
Together, these results suggest that only a limited subset
of caste-biased genes may contribute to a common
‘genetic toolkit’ underlying the evolution of eusocial castes
(Toth & Robinson, 2007). However, we also caution that
differences observed between Vespula and A. mellifera
gene expression patterns likely arise, in part, because the
honeybee data were generated from adult brains (Groz-
inger et al., 2007) and whole-body larvae (Barchuk et al.,
2007), while our Vespula data were generated from
whole-body adults (Table 2).

Because female caste dimorphisms are relatively recent
innovations, whereas sexual dimorphisms are widespread
and ancient among animals, it is possible that greater
resolution has been achieved in intralocus conflict over
phenotypic optima arising between sexes than between
castes (Bonduriansky & Chenoweth, 2009). This may help
to explain the labile gene expression patterns observed
among castes of different species. Alternatively, genes
that exhibit caste-biased expression patterns may simply
be subject to fewer pleiotropic constraints or exhibit higher
dispensability, and a lower impact on fitness, than genes
associated with sex-bias (Mank et al., 2008; Mank &
Ellegren, 2009). Accordingly, although prior transcriptomic
studies have revealed that variation in gene expression is
not inherently neutral (Denver et al., 2005; Rifkin et al.,
2005), the flexibility in caste-biased gene regulation could
represent a larger role for neutral variation in shaping
caste-specific patterns of gene expression relative to
sex-specific gene expression (Khaitovich et al., 2004).

Table 2. Comparison of gene expression between Apis mellifera queens (Q) and workers (W) and two species of Vespula wasps

Contig ID A. mellifera gene name (ID)

BLAST
E-value
(score)

A. mellifera
expression

Vespula
squamosa
expression‡

Vespula
maculifrons
expression‡

Contig88 Vitellogenin (GB13999-PA) 6e-63 (236) Q > W* – Q > W
Contig350 Similar to stubarista CG14792-PA, isoform A (GB19082-PA) 1e-149 (524) W > Q* Q ª W W � Q
Contig430 Similar to Cofilin/actin-depolymerizing factor homologue

(Protein D61) (Protein twinstar) (GB18917-PA)
3e-82 (299) Q ª W* W > Q W > Q

Contig446 Elongation factor 1-alpha (GB16844-PA) 6e-74 (274) Q ª W*, Q > W† W � Q W > Q
Contig498 Ribosomal protein S2e (GB10861-PA) 1e-151 (530) Q > W* Q ª W –
Contig504 Similar to CG4692-PB, isoform B (GB18417-PA) 4e-30 (126) Q > W* Q ª W Q > W
Contig644 CuZn superoxide dismutase (GB10133-PA) 6e-43 (170) Q > W* Q ª W Q ª W

>Indicates significantly higher expression, ª indicates nonsignificant expression difference, – indicates no data.
*Data comparing expression levels in adult queen and worker brains (Grozinger et al., 2007).
†Data comparing 4th instar queen-destined and worker-destined larvae; other genes in Table 2 are unreported (either due to nonsignificant expression
differences or technical issues) in comparisons of queen- and worker-destined 3rd, 4th, and 5th instar larvae (Barchuk et al., 2007).
‡According to a post-hoc Tukey’s HSD analysis for the effect of caste in our whole-body expression analysis (Table S1; see experimental procedures).
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We also observed that queen and worker gene expres-
sion profiles clustered together more closely in V. macu-
lifrons than in V. squamosa (Fig. 2A, B). This may reflect
species-level differences in the degree of dimorphism
between queen and worker castes because V. squamosa
castes are among the most dimorphic of vespid wasps
(Greene, 1991). Alternatively, the clustering of worker and
male phenotypes in V. squamosa may be an effect of the
limited number of loci used in our study (Hoffman & Good-
isman, 2007). Thus, the relationship between levels of
caste-biased gene expression and the degree of caste
dimorphism should be more fully addressed on a
transcriptome-wide scale in the future.

There were readily apparent differences in the gene
expression profiles of males and females in our data
(Fig. 2A), as has been observed previously in taxa such
as Drosophila melanogaster (Ayroles et al., 2009). In
hymenopteran insects, where males are haploid and
females are diploid, differences in gene expression
between the sexes arise both as a function of differential
gene activation and differential gene dosage related to
ploidy levels (Birchler et al., 2005; Mileyko et al., 2008;
Mank, 2009). Based purely on ploidy levels, one would
expect many genes to be more highly expressed in
females than males. However, hymenopterans may
undergo dosage compensation, sometimes only in limited
tissues (Aron et al., 2005) or genes (Mank, 2009). Further-
more, recent theory suggests that changes in gene copy
number may result in disproportionally large changes in
gene expression levels in the context of biological gene
interaction networks (Mileyko et al., 2008). Thus, it
remains unclear precisely how gene dosage in haplodip-
loid organisms alters gene regulation in males and
females.

It is notable that we observed widespread female-
biased gene expression at the loci we assayed (Fig. 2A,
C). This is particularly evident for P. exclamans, which
exhibited increased female bias relative to the three
vespine species in our study (Fig. 2A). This is consistent
with prior research demonstrating that sex-specific gene
expression patterns change in line with increasing evolu-
tionary divergence (Zhang et al., 2007). However, we do
not expect that female bias in our data could arise from
differences in ploidy levels because the total numbers
of gene transcripts were held constant for each of our
samples using global cDNA normalization. Thus, this
female bias potentially reflects differences in the variance
in gene expression levels among genes within sexes,
where relatively few male-biased loci contribute dispropor-
tionately to the total pool of male gene transcripts. Alter-
natively, this could reflect our limited sampling of loci.

As with ploidy, effects of experimental design must be
considered in order to interpret our results appropriately.
In particular, given the limited number of genes in our

study our conclusions must be vetted against the possible
effects of ascertainment bias. First, our methods prefer-
entially favoured genes with high levels of sequence
conservation because we selected only those loci with
enough conservation to facilitate the design of cross-
species primers (see Experimental procedures). For
example, 12 of the 21 genes were chosen as candidates
for primer development based on sequence similarity to
genes in an ant with developmental gene expression
data (Table S2; Goodisman et al., 2005). Accordingly, we
cannot say whether the observed differences in regulatory
lability between caste-biased genes and sex-biased
genes would hold true for rapidly evolving genes. Second,
expressed sequence tag (EST) sequences used for
primer development in this study were chosen based on
preliminary analysis according to diverse biological inter-
ests, including differential expression between queen and
worker castes (Table S2). Specifically, nine genes in our
dataset had preliminary gene expression data for V. squa-
mosa (Table S2; Hoffman & Goodisman, 2007). Of these,
four genes were previously found to exhibit caste-biased
gene expression patterns and five had no a priori predic-
tions with respect to caste (Table S2). None of the genes
in our study had a priori predictions with respect to sex
(Table S2). Regardless, we do not believe that the selec-
tion of genes previously shown to display caste-biased
expression has spuriously given rise to more labile regu-
lation for caste-biased genes than sex-biased genes
because two of the three predicted caste-biased genes
analysed in both Vespula species exhibited conserved
expression patterns among castes (contigs 504 and 583;
Figs 1 and 2D).

Functional significance of gene expression

Several genes in our study displayed particularly informa-
tive patterns of expression in the context of functional
annotation and prior studies of the molecular differences
underlying eusocial insect castes. For instance, ortho-
logues of a few genes have previously been linked to the
division of labour in eusocial insects. Namely, vitellogenin
is a yolk protein believed to play an important role in egg
production and antioxidant function related to queen lon-
gevity and is strikingly upregulated in queens of diverse
eusocial insect taxa (Table 2; Scharf et al., 2005; Sumner
et al., 2006; Corona et al., 2007; Graff et al., 2007). Here
we find that vitellogenin is dramatically upregulated in
queens relative to workers and males in V. maculifrons
and upregulated in D. maculata workers relative to males
(Fig. 2). Although V. squamosa data is not presented for
vitellogenin because its dilution curve did not meet our
standards (see Experimental procedures), V. squamosa
vitellogenin expression patterns were qualitatively similar
to V. maculifrons, with dramatically higher expression in
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queens than males or workers. The upregulation of vitel-
logenin in D. maculata workers relative to males may be
explained by high levels of worker reproduction in this
species (Foster et al., 2001). In contrast, V. maculifrons
and V. squamosa workers rarely reproduce (Kovacs &
Goodisman, 2007) and workers and males in these
species show limited vitellogenin expression (Fig. 1).

Superoxide dismutase (SOD) is another well-studied
gene that has been hypothesized to play a key role in
aging because of its association with longevity in Droso-
phila (Orr & Sohal, 1994). Although SOD is upregulated in
brains of queens in the honeybee A. mellifera (Table 2;
Grozinger et al., 2007), a SOD orthologue was found to be
down-regulated in queens relative to workers and males in
the ant Lasius niger (Parker et al., 2004). In V. maculifrons
and V. squamosa, SOD is not significantly differently
expressed among queens, workers and males (Fig. 1).
However, SOD expression likely varies among tissues
and over time. We did not investigate variation in expres-
sion in different tissues or developmental stages. Thus,
we can only state that our results generally support the
view that antioxidant activity by SOD does not contribute
to longevity in social insects (Parker et al., 2004), but
further work is needed to address this question fully in
vespid wasps.

Finally, CG4692, which has been found to be upregu-
lated in A. mellifera queens, is also upregulated in queens
of V. maculifrons (Table 2; Grozinger et al., 2007).
CG4692 is associated with proton transport, which may
bear functional significance to caste differences in line
with the widely observed queen upregulation of metabolic
genes (Cristino et al., 2006; Grozinger et al., 2007; Smith
et al., 2008).

A few male-biased genes in our study also had note-
worthy functions. Two genes associated with musculature
appear to be consistently upregulated in males of vespine
wasps: orthologues of wings up A and, most strikingly,
tropomyosin 2 (Table 1). Remarkably, haploid males in
hymenopteran social insects have doubled the nuclear
DNA content of muscles to effectively restore diploidy in
these tissues (Aron et al., 2005; see above). This impor-
tant evolutionary innovation, known as endoreduplication,
may have occurred in response to the demands of flight
for dispersal and mating. Our results are consistent with a
scenario in which endoreduplication results in higher
levels of transcription (Edgar & Orr-Weaver, 2001).

Conclusion

To our knowledge, this is among the first studies to inves-
tigate evolutionary variation in gene expression among
both castes and sexes. Our results suggest that caste-
biased gene expression may be more labile than sex-
biased gene expression and demonstrate the utility of

social insects in addressing questions of the molecular
evolution of phenotypic dimorphisms. Several directions
for future investigations are suggested by our study.
Firstly, differences in gene regulation that give rise to
sexual dimorphism in hymenopteran eusocial insects
should be more intensively studied (e.g. Hoffman & Good-
isman, 2007). Secondly, more detailed comparisons of
caste-biased gene expression in taxa with different levels
of morphological differentiation between castes (such as
vespines and polistines) will provide valuable insight into
the evolutionary elaboration of eusociality (Hunt, 2007;
Toth et al., 2007, 2009). Finally, we recognize that our
study is limited in the number of loci examined. With the
rapid advancement of comparative genomic resources for
eusocial hymenopterans, future studies can test our
hypotheses on a transcriptome-wide scale (Smith et al.,
2008). Indeed, our hope is that this study will act as an
impetus for others to further examine patterns of gene
expression in the castes and sexes of vespid wasps and
other eusocial insects.

Experimental procedures

Wasp samples

We sampled adult wasps from colonies collected in the metro
Atlanta, Georgia (USA) area from October to November 2007,
with the exception of one D. maculata colony collected in August
2007. We sampled three males, three pre-reproductive queens
(gynes, referred to as ‘queens’ throughout the manuscript), and
three workers from one V. squamosa and two V. maculifrons
colonies. We also sampled individuals from two D. maculata
colonies. Three workers were sampled from one of these colo-
nies, and three males and three workers were sampled from the
other. Finally, we collected two P. exclamans colonies and
sampled three late-season females and three males from each
colony. Live wasps were flash frozen using liquid nitrogen and
stored at -80°C.

Expressed sequence tag sequencing and primer development

Gene-specific PCR primers were designed to assess gene
expression levels. ESTs for putative target genes were
sequenced from V. squamosa cDNA libraries following Hoffman &
Goodisman (2007). Chromatogram files were trimmed for quality
and vector contamination using Sequencher (Gene Codes,
Ann Arbor, MI, USA). Contigs were assembled from a com-
bination of ESTs described in Hoffman & Goodisman (2007;
GenBank accession numbers EG325041–EG327184) and
ESTs sequenced thereafter (GenBank accession numbers
GW787760–GW792031) using CAP3 (Huang & Madan, 1999)
with default settings other than percent identity (set to P = 90) and
overlap (set to O = 40). EST sequences used for primer devel-
opment in this study were chosen based on preliminary analysis
according to diverse biological interests, including differential
expression between gyne and worker castes, differential expres-
sion between larvae and adults, genes upregulated in multiple
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developmental stages and castes (Hoffman & Goodisman, 2007),
and those with orthologues previously studied in ants (Goodis-
man et al., 2005) (Table S2).

Gene-specific primers were designed with the goal of universal
amplification among orthologues in vespid wasp taxa. BLAST
alignments (Altschul et al., 1997) between V. squamosa
sequences and the honeybee A. mellifera were used to identify
putatively conserved regions for primer placement. Primers were
designed using Primer3 (Rozen & Skaletsky, 2000) after masking
repeats with RepeatMasker (Smit et al. 1996–2004). We used
primers that amplified in all four taxa during non-quantitative
PCR tests.

We annotated EST sequences from V. squamosa based on
sequence similarity using gene ontology (GO) terms. Each
sequence served as a query to search the GO database (release
2009-06-23) using the AmiGO search tool (Carbon et al., 2009)
with a similarity threshold of 1e-5 and BLAST filtering enabled. If
a hit with D. melanogaster was found, its annotation was used.
Otherwise, the best hit with GO biological process annotation in
another, more distantly related species was used. GO biological
process terms and gene names were assigned to each
V. squamosa EST.

Quantitative real-time reverse transcription PCR

We measured the level of gene expression in each sample using
quantitative real-time reverse transcription PCR (QRT-PCR; Heid
et al., 1996). First, RNA extraction was performed using whole
bodies. Briefly, tissue was homogenized using a liquid nitrogen-
chilled mortar and pestle immediately following removal from
freezer. RNA was extracted using TRI Reagent (Molecular
Research Center, Inc., Cincinnati, OH, USA) following standard
RNA isolation protocol. For large individuals, a fraction of the
homogenate was used so as not to exceed ~10% of TRI Reagent
volume. Total RNA concentration was determined by UV spectro-
photometry and normalized across samples. RNA was then
treated with DNase to remove genomic DNA contamination using
the TURBO DNA-free kit (Ambion, Austin, TX, USA). Removal of
genomic DNA was verified by PCR and DNase treatment was
repeated if necessary.

We synthesized first strand cDNA using SuperScript III reverse
transcriptase (Invitrogen, Carlsbad, CA, USA) and a poly dT14–18

primer mix in a 50 ml reaction volume. cDNA concentration was
normalized across samples using agarose gel electrophoresis
(Goodisman et al., 2005) because no empirically verified exog-
enous controls exist for vespid wasps. Briefly, we loaded three
different volumes of each sample (6 ml, 4 ml, and 2 ml) into a
192-well agarose gel. cDNA intensity was measured from gel
images using the ImageJ program (Rasband 1997–2009). A
linear regression was generated based on the dilutions of each
sample (Mean R2 = 0.99), and the intensity predicted from the
linear regression model at a 6 ml volume was used to normalize
cDNA concentrations across samples. Nine samples with low
cDNA concentrations had to undergo a second cDNA synthesis
and subsequent normalization to a subsample of previously nor-
malized cDNA. We used the intensity of size-standard ladders
distributed throughout the gel to ensure uniform background
intensity. A 1:10 dilution of normalized cDNA was aliquoted,
stored at -20°C, and used for quantitative PCR within 2–3 days of
thawing.

We performed QRT-PCR on StepOnePlus and Prism 7000
sequence detection systems from Applied Biosystems (Foster

City, CA, USA). All samples of V. maculifrons and V. squamosa
for a given gene were run in triplicate on the same 96-well plate.
Samples on every plate were run alongside one species-specific
dilution curve consisting of five to six dilutions (1:2, 1:4, 1:8, 1:16,
1:32, 1:64) of cDNA with a higher starting concentration than
those used for expression analysis. This curve was used to
control for differences in PCR efficiency between species and to
generate a standard curve for relative quantification between
samples within a species (Applied Biosystems, 2001). We did not
make direct comparisons in intensity across species or genes.
For a given primer set, all samples of D. maculata and P. excla-
mans were run in the same manner on a second 96-well plate.

Statistical analysis

The starting transcript abundance for each sample, relative to
other samples from the same species for the same gene, was
estimated from cycle threshold (Ct) values (calculated by Ste-
pOnePlus and Prism 7000 sequence detection system software)
and the applicable standard curve (Applied Biosystems, 2001). In
order to ensure that standard curves were of acceptable technical
quality and that cDNA amplification was of acceptable efficiency,
only data calibrated with standard curves exhibiting R2 values >
0.90 are presented.

A nested ANOVA was used to test for significant differences in
gene expression between castes and between individuals within
castes for each species, treating males as a ‘caste’ to incorporate
sex differences. Relative gene expression levels (the relative Ct
values for samples of a given species after making intensity
adjustments according to the species- and plate-specific standard
curve) were used to calculate least square means for each caste
using a standard least squares model. For visualization and sub-
sequent analysis, least square means of each caste within a
species were normalized such that the highest relative expres-
sion level for a given gene was assigned a value of 1.0 and
expression levels of other castes became a fraction thereof. For
Vespula species, which had three sampled castes, a post-hoc
Tukey HSD test on least square means was used to determine
which castes differed significantly in expression level for a given
gene. ANOVA, standard least square calculations, and post-hoc
tests were performed using the JMP statistical software package
(SAS Institute Inc, Cary, NC).

Heatmaps with dendrograms were generated from normalized
relative expression levels using R (R Development Core Team,
2008). Euclidean distances between rows and columns were
used to generate heatmaps, and dendrograms were computed by
performing a hierarchical cluster analysis using a set of dissimi-
larities for the n objects being clustered, according to the
‘complete’ method.

Apis mellifera orthologue analysis

We compared gene expression differences observed between
Vespula queens and workers to gene expression differences
observed between A. mellifera queens and workers (Barchuk
et al., 2007; Grozinger et al., 2007). A. mellifera orthology was
determined by sequence similarity; BLASTX was used to deter-
mine sequence similarity of V. squamosa sequences to those in a
database composed of proteins representing the complete A.
mellifera official gene set (version 1; Honeybee Genome
Sequencing Consortium, 2006). The best hit for each V. squa-
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mosa sequence was taken and the corresponding A. mellifera
gene identifier was used to assign a gene name. We then used A.
mellifera gene IDs to assign relative gene expression in brains of
A. mellifera queens and sterile workers (Grozinger et al., 2007)
and in A. mellifera whole-bodies of queen-destined and worker-
destined larvae (Barchuk et al., 2007).
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