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Abstract

A central goal of biology is to uncover the genetic basis for the origin of new phenotypes. A particularly effective approach
is to examine the genomic architecture of species that have secondarily lost a phenotype with respect to their close
relatives. In the eusocial Hymenoptera, queens and workers have divergent phenotypes that may be produced via either
expression of alternative sets of caste-specific genes and pathways or differences in expression patterns of a shared set of
multifunctional genes. To distinguish between these two hypotheses, we investigated how secondary loss of the worker
phenotype in workerless ant social parasites impacted genome evolution across two independent origins of social par-
asitism in the ant genera Pogonomyrmex and Vollenhovia. We sequenced the genomes of three social parasites and their
most-closely related eusocial host species and compared gene losses in social parasites with gene expression differences
between host queens and workers. Virtually all annotated genes were expressed to some degree in both castes of the host,
with most shifting in queen-worker bias across developmental stages. As a result, despite > 1 My of divergence from the
last common ancestor that had workers, the social parasites showed strikingly little evidence of gene loss, damaging
mutations, or shifts in selection regime resulting from loss of the worker caste. This suggests that regulatory changes
within a multifunctional genome, rather than sequence differences, have played a predominant role in the evolution of
social parasitism, and perhaps also in the many gains and losses of phenotypes in the social insects.
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Introduction One area that has benefited immensely from genomic

A goal of the genomic revolution is to understand the genetic
architecture underlying phenotypic diversity. Genomic stud-
ies have been instrumental in helping to integrate the con-
tributions of distinct mechanisms for generating alternative
phenotypes, including coding sequence variation, regulatory
changes, and gene by environment interactions (Anholt and
Mackay 2004; Jones et al. 2012). In addition to answering
mechanistic questions for individual species, comparative
genomic approaches made possible by advances in high-
throughput sequencing and bioinformatics have added
a novel perspective on the evolutionary processes that
generate both diversification and convergence of organismal
phenotypes.

approaches is the study of sociality, particularly in the social
insects (Robinson et al. 2005; Page and Amdam 2007; Smith
et al. 2008; Gadau et al. 2012). In the ants, the evolution of
reproductive division of labor between queens and workers
was accompanied by pronounced phenotypic shifts in work-
ers from the ancestral hymenopteran female body plan. There
are two primary hypotheses to explain the origin of worker-
specific traits. First, queen-worker divergence may result from
disruptive selection on ancestral gene regulation patterns, co-
opting, and exaggerating preexisting regulatory changes
across life history stages (West-Eberhard 1987, Gadagkar
1997; Amdam et al. 2006; Toth et al. 2007). More recently,
however, studies of gene expression have consistently
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identified caste-specific “social” genes that are overexpressed
in either workers or reproductive individuals (Grozinger et al.
2003; Toth et al. 2007; Bonasio et al. 2010; Wurm et al. 2011;
Feldmeyer et al. 2014; Berens et al. 2015; Mikheyev and
Linksvayer 2015; Schrader et al. 2015), and comparative geno-
mics studies have revealed that these include an overabun-
dance of evolutionarily novel genes (i.e, “orphan” genes
without apparent homology in related organisms) (Bonasio
et al. 2010; Johnson and Tsutsui 2011; Feldmeyer et al. 2014).
This work has led to an alternate hypothesis that the pheno-
typic distinctiveness of queens and workers extends to the
genetic level (Hunt et al. 2011; Sumner 2014), which releases
genes from universal evolutionary constraints and facilitates
worker specialization.

Studies investigating the genetic architecture of the worker
phenotype generally focus on comparing gene expression of
queens and workers within species. However, a potentially
more powerful approach is to investigate the genomic im-
pacts of evolutionary losses of the worker phenotype using
phylogenetically informed comparisons (Lahti et al. 2009; Cini
et al. 2015). Although the vast majority of ant species produce
both reproductive and worker castes, there have been mul-
tiple independent secondary losses of the worker caste during
the transition to a socially parasitic life style, particularly in the
ant subfamily Myrmicinae (Holldobler and Wilson 1990).
Workerless social parasites (inquilines) obligately invade
host colonies where the parasitic queen cohabits the nest
with the resident host queen, and produces exclusively repro-
ductive winged male and female progeny who are reared by
the host workers (Buschinger 1986; Buschinger 2009). Like
other evolutionary transitions to a parasitic lifestyle, the ob-
ligate dependence on a host species to provide all or many
vital functions is expected to relax selection on portions of the
parasite genome associated with those functions. This may be
detectable as genome reduction (Tsai et al. 2013), structural
or functional gene loss, or shifts in evolutionary signatures,
e.g, from purifying to relaxed selection.

In this study, we examined the genomic effects of the loss
of the worker caste in two independent transitions to social
parasitism in the myrmicine genera Pogonomyrmex and
Vollenhovia. In the seed harvester ant genus Pogonomyrmex,
social parasitism has evolved at least once, giving rise to a
clade of two parasitic species, Pogonomyrmex anergismus and
Pogonomyrmex colei (Johnson et al. 1996; Parker and Rissing
2002), which form a monophyletic group with their two host
species, Pogonomyrmex rugosus and Pogonomyrmex barbatus
(fig. 1). In the genus Vollenhovia, the workerless species
Vollenhovia nipponica parasitizes the closely related species,
Vollenhovia emeryi (Kinomura and Yamauchi 1992) (fig. 1).
Fossil-calibrated phylogenetic dating suggests that the
Pogonomyrmex social parasites and hosts separated ~1.7
Ma, while the Vollenhovia host-parasite pair diverged ~1.3
Ma (fig. 1, supplementary fig. S1, Supplementary Material
online). We coupled genome sequencing of the three social
parasites (P. anergismus, P. colei, and V. nipponica) and their
hosts (P. barbatus, P. rugosus, and V. emeryi) with gene ex-
pression data from different developmental stages for both
queens and workers of two of the host species (P. barbatus
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and V. emeryi), to determine the genomic changes that are
associated with the loss of the worker phenotype. We pre-
dicted that, if the queen and worker castes were produced by
differentiated sets of worker and queen-specific genes, we
should detect signatures of relaxed selection (including accel-
erated evolutionary rate, accumulation of damaging muta-
tions, or gene loss) in the parasite genomes. In particular, we
expected a strong effect in genes homologous to those in
their host species that are exclusively expressed, or have
biased expression, in the worker caste.

Results and Discussion

Genome Sequencing

We sequenced the genomes of P. anergismus, P. colei, and
V. nipponica, representing two independent origins of para-
sitism, and the genomes of two host species, P. rugosus and
V. emeryi. A third host species, P. barbatus, had already been
sequenced and annotated (Smith et al. 2011), and served as
the mapping reference for P. rugosus, P. anergismus, and
P. colei. Vollenhovia nipponica was mapped to the assembled
genome of V. emeryi. Our analyses only include genes with at
least 90% of the coding region covered by mapped reads. The
mapped genomes covered 98-99% of annotated genes in
P. barbatus and 93% in V. emeryi (supplementary table S1,
Supplementary Material online). Therefore, at least at the
level of the protein-coding genome, there is no evidence of
major genomic loss in social parasites as is the case in some
non-social parasites (e.g, tapeworms) relative to their free-
living ancestors (Tsai et al. 2013).

By using paired-end sequencing reads that generally
mapped uniquely within a genome, we established explicit
orthologous relationships between genes in the host and par-
asite species and limited accumulation of assembly and an-
notation errors to those present in the reference genomes.
This approach may, however, have had less power to detect
major structural variation relative to comparing assembled
genomes, though independent genome assemblies would
each have errors, which would then amplify error rates in
genome comparisons.

In Search of “Worker Genes”

To test the prediction that genes that primarily function in
the worker caste would degrade in the social parasites due to
relaxed selection (Linksvayer and Wade 2009), we performed
RNA sequencing (RNAseq) on the two host species, P. bar-
batus and V. emeryi, to establish the degree of queen-worker
gene expression bias. For Pogonomyrmex, we used the genetic
caste determining J-lineages of P. barbatus, which allowed us
to identify the caste fate of larvae prior to morphological
differentiation (Anderson et al. 2006; Schwander et al.
2007a; Smith et al. 2012). We generated RNAseq from four
different developmental stages with two biological replicates
for each caste (queen and worker) per developmental stage
(supplementary table S2, Supplementary Material online):
adults, pupae, and two sizes of larvae, small (workers and
queens of equal mass and equal head capsule width) and
large (queens much more massive than workers, but equal
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Fic. 1. The evolutionary relationships, and divergence dates (with 95% Cl), for the two monophyletic groups of host and parasites in the subgenus
Myrmicinae which are included in this study. The images represent the known castes present in each species; social parasites are those lacking an image

for the worker caste. Images from antweb.org.

in head capsule width). Only adult workers and gynes were
sampled in V. emeryi (supplementary table S3, Supplementary
Material online).

We found that gene expression differences between
worker and queen castes are rarely absolute. To filter out
spurious caste-specificity resulting from low expression, we
looked for genes with at least 100 reads in one caste, but
completely lacking in expression in the other caste; 100
reads is near the median number of reads (44th to 65th per-
centile) per sample across data sets. Using the RNAseq data
from P. barbatus and V. emeryi, we found only three genes
with caste-exclusive expression, one uniquely expressed in
workers of P. barbatus and the other two in queens of
V. emeryi. The worker-exclusive gene (PB25546, likely a histi-
dine-rich glycoprotein) is expressed in all developmental
stages of P. barbatus workers but primarily in pupae. Both
V. emeryi queen-exclusive genes had no homology in other
ants and may be non-coding RNA (Supplement). To examine
whether our finding of few caste-exclusive genes was anom-
alous, we did the same search using the published RNAseq
data sets of Camponotus floridanus and Harpegnathos saltator
(Bonasio et al. 2010). We found three genes exclusively ex-
pressed in queens of C. floridanus, though none with a clear
function with regard to caste-specific development or func-
tion (Supplement). Thus, genes expressed in only one caste

appear to be largely absent in ant genomes, roughly only one
in ten thousand genes.

Even at a quantitative level, the transcriptomic data from
both P. barbatus and V. emeryi showed an excess of genes
with little expression difference between castes relative to
what would be expected if gene expression bias was normally
distributed (Kolmogorov-Smirnov: D=0.112 and 0.0704,
P <0.001, for P. barbatus and V. emeryi, respectively)
(fig. 2A and C). Fewer than 1% (30 genes) were differentially
expressed between P. barbatus queens and workers when all
developmental stages were analyzed together (supplemen-
tary table S4, Supplementary Material online). For V. emeryi,
roughly 58% (5,909) of genes showed statistically significant
caste bias toward either adult queens or workers (supplemen-
tary table S5, Supplementary Material online). However, even
some genes with only a small difference in expression be-
tween castes were statistically significant in V. emeryi; the
average log fold change for genes with false discovery rate
(FDR) < 0.05 was 1.2.

The low level of caste specialization observed across all
samples in P. barbatus may reflect the comprehensive devel-
opmental comparison afforded by genetic caste determina-
tion, which uniquely allows the caste fate of developing larvae
to be identified genetically prior to the development of mor-
phological differentiation (Smith et al. 2012). Despite the
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Fic. 2. Gene expression data for Pogonomyrmex barbatus (top, A-B) and Vollenhovia emeryi (bottom, C-D). On the left (A, C) are the observed and
expected normal distributions of logFC (fold change) between queens and workers; negative values represent queen bias, and positive worker bias. Both
species show a slightly positive mean (horizontal line) with reads near zero and reads with a more extreme worker-bias being overrepresented relative to
the expected normal (a small number of extreme values are excluded from this graph for the purpose of visualization). The right panels (B, D) show
NMDS plots coded by caste (triangles are queens and circles are workers) and/or developmental stage (color). Only adults were sequenced in V. emeryi
but multiple developmental stages of queens and workers were sequenced for P. barbatus (adult, pupa, large, clearly differentiated, larvae, and small,

undifferentiated, larvae).

much lower biological replication, there were more genes in
P. barbatus identified as differentially expressed between
castes at particular developmental stages, such as adults
(109 genes), pupae (174 genes), large larvae (200 genes), or
small larvae (568 genes) (supplementary table S4,
Supplementary Material online, fig. 2, supplementary fig.
$2-9, Supplementary Material online). Comparisons between
developmental stages, however, revealed up to 45-times more
genes with expression differences compared with compari-
sons between castes (supplementary table S4, Supplementary
Material online, supplementary fig. S9, Supplementary
Material online). There were few genes (18%, 177 of 972)
with caste-biased expression that were not also different
among developmental stages (supplementary fig. S9,
Supplementary Material online). Inclusion of multiple, dis-
tinct, developmental stages revealed considerable shifts in
both the extent and direction of caste bias across develop-
ment, such that genes that appeared to be strongly biased at
one particular stage were not biased when considered across
all stages (fig. 3). For example, across caste comparisons
within each developmental stage, there were 27 genes that
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were significantly (FDR < 0.05) upregulated in both workers
and queens, but in different developmental stages. Figure 3
shows the seven most variable such genes. Furthermore, 89%
(11,151 of 12,460) of genes changed their direction of expres-
sion (fold change) between queen and worker across devel-
opment. This finding is congruent with recent work in
evolutionary developmental biology showing that individual
genes and gene regulatory networks are reused in different
contexts during different developmental stages and tissues.
This result also strongly supports the more classic notion of
co-option of preexisting genes and networks to produce
novel phenotypes (True and Carroll 2002; Monteiro 2012).
Although genes with worker-biased expression represent a
small proportion of the overall transcriptome (supplementary
table S4, Supplementary Material online), worker traits may
still be disproportionately produced by recruitment of novel,
taxonomically restricted genes (Simola et al. 2013; Feldmeyer
et al. 2014; Jasper et al. 2015; Sumner 2014). From previous
phylogenomic analyses on sequenced arthropod genomes, a
list of 2,036 taxonomically restricted “orphan” genes was avail-
able for P. barbatus (Wissler et al. 2013). Orphan genes are
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Fic. 3. Seven of the 27 genes with significant differential expression between castes in multiple developmental stages. Each color represents a different
developmental stage (S-Larva and L-Larva refer to small and large larvae, respectively). The y-axis is log fold change where positive values represent
upregulation in workers and negative values upregulation in queens. Asterisks denote significant differential expression with FDR < 0.05.

genes that lack homologs in other species (with sequenced
genomes). At least in the ants it was found that most orphan
genes arise de novo from intergenic regions (Wissler et al.
2013). In our analyses, orphan genes in P. barbatus were
not enriched among those genes with higher expression in
workers, or in genes with any caste bias (P > 0.13 in all cases,
supplementary table S6 and S7, Supplementary Material
online). However, orphan genes were disproportionately un-
derrepresented in our RNAseq data compared with genes
without RNAseq coverage (orphan genes represented 7% of
expressed genes, but 25% of unexpressed genes, x’=977,
df, =1, P < 0.0001), and overall expression levels were lower
in orphan compared with non-orphan genes (3.36 vs. 4.57
log[copies per million]: tos4 = 14.3, P < 0.0001). This suggests
that many orphan genes may be non-functional or were im-
properly annotated, and that those that are expressed may be
differentially regulated compared with more conserved genes.
In agreement with previous analyses (Domazet-Loso and

Tautz 2003; Wissler et al. 2013), P. barbatus-specific orphan
genes are evolving at a significantly faster rate than other
genes in P. barbatus (F39s94 = 16.83, P < 0.0001, P. barbatus
orphan genes evolved faster than all other groups of genes,
Tukey's HSD P < 0.05 in all comparisons, supplementary fig.
S10, Supplementary Material online). Genes unique to ants,
and shared among ant lineages (ant-specific orphan genes),
evolved at a rate similar to non-orphan genes (supplementary
fig. S5, Supplementary Material online, Tukey HSD P > 0.75
in all cases), suggesting that the rapid evolution of P. barbatus-
specific orphan genes is the result of their recent evolutionary
history and possibly relaxed selection (assuming that all de-
scribed orphan genes are true genes). Pogonomyrmex barba-
tus orphan genes are not evolving at different rates in the
social parasites compared with the hosts (t = —1.2, df = 1170,
P=03, supplementary fig. S11, Supplementary Material
online), suggesting that they are not playing a major role in
the evolution of workerless social parasites.
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Genes expressed primarily in the worker caste are also
expected to evolve more rapidly, even when they are not
novel, because selection on them is indirect (Linksvayer and
Wade 2009). Additionally, some studies have found that
genes that are differentially expressed in polyphenisms, in
solitary and social taxa alike, tend to have higher evolutionary
rates, even prior to the evolution of novel phenotypes (Hunt
et al. 2011; Leichty et al. 2012; Purandare et al. 2014). In
Pogonomyrmex, genes with worker-biased expression,
queen-biased  expression, or unbiased expression
(FDR < 0.05 for worker-queen bias in any developmental
stage comparison) did not significantly differ in their evolu-
tionary rate (ANOVA: F, 9678 = 2.1, P = 0.12, supplementary fig.
S12, Supplementary Material online). When evolutionary
rates are examined between caste-biased and non-biased
genes across different developmental stages, there is no
clear pattern (supplementary fig. S13, Supplementary
Material online). For example, worker-biased genes do show
an accelerated evolutionary rate in adults (Fy976,=7.3,
P <0.001), but in pupal and larval stages queen-biased
genes evolved faster (F,976,=6.5 and 7.2, P <0.005 and
P <0001, respectively;  supplementary fig.  S13,
Supplementary Material online). That our data do not
show a clear pattern suggests that the relationship between
evolutionary rate and caste-bias may be much more compli-
cated than previously theorized (Helantera and Uller 2014),
and that the inclusion of multiple developmental stages may
be necessary to capture the overall role of genes in polyphenic
development. Discerning morph-bias from a single stage may
in fact yield incorrect conclusions about evolutionary pattern.

Parasite Genes and Domain Loss

Although the gene expression results suggest that the major-
ity of genes across the genome are likely to be under selection
in both castes, RNAseq and differential expression analysis
capture only a subset of the predicted transcriptome (72%
in P. barbatus and 38% in V. emeryi after filtering), and even
genes with universal expression may only be functionally im-
portant for one caste, while in the other the gene is expressed
as a correlated response. To address these limitations, we also
looked for the expected effects of worker loss on the evolu-
tion of worker-specific genes due to relaxed selection. To test
whether we had sufficient statistical power to detect genomic
effects of worker loss for each host-parasite pair, we used
coalescent simulations to simulate two alternative scenarios
representing the two extremes of a continuum of caste-
specificity: purifying selection, where all genes are universal
and remain under the same selection regime even when the
worker caste is lost, and relaxed selection, where genes are
worker-specific and become effectively non-functional with
the loss of the worker caste, such that the parasite lineage
evolves without codon bias and at an accelerated rate char-
acteristic of introns. The in silico results suggest that there is
sufficient power to detect an effect of relaxed selection on
genes specialized for worker function. For Pogonomyrmex,
when selection was relaxed there was a high likelihood
(67.8% of simulation runs) that a frameshift or stop-codon
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mutation within the gene would become fixed given the di-
vergence time estimate for the P. colei/P. anergismus clade
from P. barbatus. Simulation results were similar in
Vollenhovia, though with a lower probability (24% of simula-
tion runs; 95% Cl: 0-50) that damaging mutations become
fixed in V. nipponica; the lesser likelihood compared with
Pogonomyrmex probably reflects the more recent divergence
between the Vollenhovia host and parasite (fig. 1).

In the Pogonomyrmex system, we were able to compare
observed patterns of gene loss in the parasites with those in
the second host P. rugosus, thus not confounding true gene
loss with potential artifacts of mapping to the genome of
P. barbatus. This also allowed us to estimate the amount of
“normal” gene loss between closely related eusocial species
(no worker loss), although the divergence time between
P. barbatus and P. rugosus is slightly greater than that between
the social parasites and their hosts (fig. 1). Contrary to our
expectation, the social parasites did not have an elevated rate
of damaging mutations relative to their hosts. Genes with
damaging mutations were marginally worker-biased in all
Pogonomyrmex species (ANOVA: F, g6, = 4.4, P < 0.05) but
the Pogonomyrmex parasites did not differ in the extent of
this bias from their host P. rugosus (Tukey HSD: P =045,
supplementary fig. S14, Supplementary Material online).
Similarly, there was no difference between V. emeryi and
V. nipponica in queen-worker gene expression bias between
genes with damaging mutations and those without
(t;;=091, P=0.37, supplementary fig. S14, Supplementary
Material online), though the number of genes with differential
loss between these species was very small (n = 22). In addition
to examining damaging mutations across the entire gene
length, we also conducted an analysis restricted to functional
protein domains. Again, genes in Pogonomyrmex with lost
domains were worker-biased, in both social parasites and
P. rugosus (fig. 4, ti4, > 3.8, P<0.0005 in all cases). No
domain differences were detected between V. emeryi and V.
nipponica. Taken together, these results indicate that worker-
biased genes, or protein domains, are more likely to be lost,
regardless of species and life-history strategy. Indirect selec-
tion may cause more losses of genes with worker-biased ex-
pression even when such losses are weakly maladaptive. High
turnover of genes with caste-biased expression, especially
those biased toward the worker caste, is consistent with
recent comparative transcriptomic data suggesting that or-
ganisms that evolved sociality independently have relatively
few genes with common responses during caste determina-
tion, despite the fact that a similar set of broader functional
processes are consistently implicated in caste differences
(Berens et al. 2015). Developmental regulatory networks are
expected to contain considerable functional redundancies to
maintain developmental homeostasis; different elements of
which may be modified to produce and shape polyphenisms
(Ohno 1970).

Evidence for Selection

In addition to losing worker-specific functions (e.g, for-
aging, nest maintenance, defense, etc.), social parasites
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Fic. 4. Gene expression (logFC, fold change—positive is worker bias, negative is queen bias) in genes that have lost protein domains in each of three
lineage pairs, Pcol-Pane (social parasites), Pcol-Prug (parasite-host), and Pane-Prug (parasite-host), where Pcol=Pogonomyrmex colei,
Pane = Pogonomyrmex anergismus, and Prug = Pogonomyrmex rugosus. Genes with lost domains have a greater than average worker-biased expression
in parasite-host comparisons (t > 2, df > 75, P < 0.05 in all cases), regardless of whether the loss was in the host or parasite. The horizontal line is the

mean logFC value for all genes; bars and whiskers are means £ 95% Cl.

require a set of novel traits that may also be reflected at
the genomic level (Cini et al. 2015). Social parasite queens
are smaller than their respective hosts, have reduced
mating flights and/or intranidal mating, and have to
evolve novel behaviors to infiltrate host colonies and
evade host defenses (Buschinger 2009). We therefore ex-
pected to see signatures of positive selection in genes that
are responsible for changes in life history traits in the
social parasites. We used a branch-site model to detect
genes under positive selection in the social parasites com-
pared with their hosts. There were only three genes with a
signature of positive selection in the harvester ant social
parasites, and none in Vollenhovia (Supplement).
Although this would seem a surprisingly small number
of genes under selection in the parasites, this result is
broadly in agreement with the simulation data in

suggesting that the majority of the genome is under pu-
rifying selection. Despite the simulations predicting that
genes under relaxed selection would increase in evolu-
tionary rate (ANOVA, F; 195 =59.22, P <0.0001; fig. 5A),
in actuality, genes in the social parasites show no signifi-
cant acceleration in evolutionary rate relative to their
hosts, even for genes with worker-biased expression
(One-sided t-tests: Overall, tyy35 = 2.56, P = 0.99; Worker-
biased only, tios=1.54, P=0.94; fig. 5B). Genes with
queen-biased expression did show evidence of accelerated
evolution in the hosts relative to both unbiased and
worker-biased genes (ANOVA: F,9735=5.22, P<0.01;
Tukey’s HSD: queen-biased vs. unbiased, P < 0.005,
queen-biased vs. worker-biased, P <0.01; fig. 5B). This
result may reflect the loss of worker-associated trade-
offs in the social parasites that normally act on such
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Fic. 5. Simulated and observed evolutionary rates (host-parasite branch length) of genes in Pogonomyrmex barbatus. Simulations (left) demonstrate
that genes under relaxed selection are expected to evolve rapidly (and accrue deleterious mutations). Observed results in P. barbatus (right) suggest that
genes, regardless of whether they show a caste bias in gene expression, are evolving consistently under purifying selection.

genes and would enhance the effect of purifying selection
for queen function (Hall et al. 2013).

Conclusions

The evolution of complex societies is considered one of the
major transitions of life (Maynard Smith and Szathmary
1995). In stark contrast to the prediction that novel eusocial
phenotypes are generated by caste-specific gene sets, our re-
sults suggest that few, if any, genes involved in generating the
worker phenotype have been lost or released from purifying
selection in workerless social parasites. Instead, eusocial insect
genomes appear to be largely multifunctional: genes serve
multiple roles that differ between the castes and among de-
velopmental stages, suggesting that differential regulation of
genes, rather than coding sequence change, is the major
driver of caste evolution. Subtle changes, such as responsive-
ness to nutrition or hormones, may be sufficient to alter the
expression of genes within regulatory networks and lead to
drastically different phenotypes. The vast majority of genes
are expressed in both castes and shift in their direction of
expression bias between castes over development. Given this,
greater caution should be given to inferring evolutionary pat-
terns from expression studies of single developmental stages,
and more emphasis should be given to the generation of gene
expression studies that span the life history of each species
and are comparable between species.

A major implication of regulatory control is that once
evolved, phenotypic plasticity may be easily lost via a
change in the environment which fails to trigger an alterna-
tive pathway, or a change in the regulatory response to the
environment, which might explain why social parasitism has
evolved many times independently. There are similar exam-
ples of mating incompatibilities between genotypes or genetic
lineages producing significant caste bias or complete loss of

2926

one phenotype, such as in species with genetic caste deter-
mination (Anderson et al. 2008; Smith et al. 2008; Schwander
et al. 2010; Libbrecht et al. 2011). It has been speculated that
both genetic caste determination and social parasitism are
related phenomena that could arise from dysregulation as a
result of genomic mixing during interspecific hybridization
(Helms Cahan and Keller 2003) or the formation of caste-
biasing supergenes (Linksvayer et al. 2013). Notably, along
with social parasitism, examples of genetic caste determina-
tion occur in both Pogonomyrmex and Vollenhovia (Helms
Cahan and Keller 2003; Ohkawara et al. 2006; Anderson et al.
2008).

Given that regulatory changes are not protein-coding, phe-
notypes may also be recovered because the underlying ge-
netic architecture is not lost with the phenotype (Rajakumar
et al. 2012), and therefore, some genomes may harbor many
unexpressed, cryptic, phenotypes that were favored under
bygone environments but are currently inaccessible due to
changes in either regulatory machinery or the absence of
necessary environmental cues. It is likely that the ability to
produce workers is not lost in Pogonomyrmex and
Vollenhovia social parasites, but instead that developmental
plasticity is cryptic, such as has been demonstrated previously
for the super-soldier caste in some Pheidole ants (Rajakumar
et al. 2012). Studies have documented a nearly complete loss
of phenotypic plasticity in genetic caste-determining
Pogonomyrmex ants (Helms Cahan et al. 2004); however,
interlineage queens (Schwander et al. 2007; Anderson et al.
2009) and intralineage workers (Helms Cahan et al. 2004)
have all been detected, though rare. Similarly, sexually pro-
duced queens are known from Vollenhovia (Okamoto et al.
2015). With such great diversity of worker phenotypes in the
social insects, it is not beyond reason that even species with
monomorphic workers harbor the capacity to produce
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multiple worker phenotypes if the selective environment
changes (Rajakumar et al. 2012).

Materials and Methods

Phylogenetic Analysis

We inferred phylogeny and divergence dates with BEAST
v2.1.2 (Drummond et al. 2012) under an uncorrelated lognor-
mal relaxed clock model (Drummond et al. 2006). As a frame-
work for this analysis, we used molecular data from a
phylogenetic study of Myrmicinae (Ward et al. 2015) that
included five Pogonomyrmex species and one Hylomyrma
species (which is nested within Pogonomyrmex). We assem-
bled sequences from the nine protein-coding genes generated
by Ward et al. (2015) and added the homologous loci from
the four Pogonomyrmex and two Vollenhovia genomes, re-
sulting in 5,490 bp of aligned nucleotides. The nine genes used
were abdominal-A (Abd-A), elongation factor 1-alpha F1
copy (EF1aF1), elongation factor 1-alpha F2 copy (EF1aF2),
long wavelength rhodopsin (LW Rh), arginine kinase (ArgK),
topoisomerase 1 (Top1), ultrabithorax (Ubx), wingless (Wg),
and rudimentary (CAD). Data partitioning (by gene and
codon position) and substitution models were determined
using PartitionFinder v1.1.1 (Lanfear et al. 2012). Substitution
models were unlinked and clock and tree models were linked
among partitions. The tree prior was a Yule process. We used
two a priori age distributions to calibrate our analysis. The first
prior calibrated the stem-group node of the most recent
common ancestor (MRCA) of Pogonomyrmex (striatino-
dis + subdentatus) based on Florissant Formation fossils
(Carpenter 1930), using a lognormal distribution with an
offset (minimum bound) =34 Ma, median=50 Ma, and
95% quantile=73 Ma (equating to a log-transformed
mean=277 and a log-transformed standard devia-
tion =0.54). The second prior calibrated the MRCA of
Pogonomyrmex and Vollenhovia using a normal distribution
with a mean = 95.4 Ma and 95% confidence interval of 85.2—
106.0 Ma, based on the results of Ward et al. (2015). We
conducted multiple BEAST runs, each for 500 million gener-
ations with a burn-in of 100 million generations. Stationarity
and burn-in were determined by observing high ESS values
and the consistency of likelihood values and other results
among independent runs. We combined results from five
independent runs (totaling 2 billion post—burn-in genera-
tions) and visualized the resulting topology and divergence
times using FigTreev1.4.0 (http://tree.bio.ed.ac.uk/software/
figtree/, last accessed August 9, 2015).

Genome Sequencing, Assembly, Annotation, and
Mapping

Pogonomyrmex Genome Sequencing

Shotgun libraries for the three Pogonomyrmex genomes were
prepared from single-male samples using TruSeq library prep-
aration kits (lllumina), according to the manufacturer’s in-
structions, and sequenced on the llluminaHiSeq 2000. The
reads were then mapped to the P. barbatus reference
genome using bowtie2 (Langmead and Salzberg 2012).
Variants were called simultaneously on all three samples

using UnifiedGenotyper in GATK (v. 2.2-16) (McKenna
et al. 2010) in haploid mode. We followed the GATK best
practices recommendations, including realignment of reads
around indels, variant, and base quality recalibration (Van der
Auwera et al. 2002; DePristo et al. 2011). The coordinates of
the P. barbatus annotation were then adjusted to accommo-
date insertions and deletions introduced by the variant calling
pipeline. We filtered any gene models from the P. barbatus
reference genome where all of the other species were pre-
dicted to have a stop codon or a frame shift, and were sug-
gestive of incorrect assembly or annotation of the reference
genome. Many of these sites were in homopolymer regions,
and were consistent with the error profile of Roche 454 se-
quencing technology, which was used for the P. barbatus
genome (Smith et al. 2011).

RNA Extraction

For P. barbatus, DNA and RNA were extracted from 16 indi-
viduals, from both queen and worker castes, and representing
four developmental stages (supplementary table S2,
Supplementary Material online) of J-lineage P. barbatus. All
pupae and adults were sampled at the same time from a lab
colony reared from a single mated queen (~5 years old); the
colony was collected north of Lordsburg, NM (N 32.44250,
W108.66605). Larvae were collected from two field colonies
(label numbers 41 and 44 in supplementary table S2,
Supplementary Material online) near Portal, AZ (N
313193180, W 109.20538). Larval mass and head size in
P. barbatus (Smith, unpublished data) suggest that all of
these larvae were in the last (fourth) instar despite their
major difference in wet mass (supplementary table S2,
Supplementary Material online). DNA and RNA were ex-
tracted using TRIzol (Life Technologies). The manufacturer’s
protocols were used with the following modifications, 1)
100 | was used as the starting volume of TRIzol and all
subsequent reagent amounts were adjusted according to
the protocol and 2) two sodium citrate washes were used
to clean the DNA. The extracted DNA was used for micro-
satellite genotyping of larvae (adults and pupae were not
genotyped because caste can be morphologically deter-
mined) using the following loci: Myrt3, Pb8, Pr1, and L18
(Evans 1993; Foitzik et al. 1997; Volny and Gordon 2002;
Gadau et al. 2003). The former three loci have no allele over-
lap and the protocols for PCR and polyacrylamide gel elec-
trophoresis were as in (Smith et al. 2012). The conditions used
for Pr1 were as in (Schwander et al. 2007b), though we used
modified primers to shorten the locus length (PriaF: AAGTG
GGTCACGAGAACGAG, Pr1aR: ATGCCAAGTGAAAGGATT
CG). For V. emeryi, RNA was extracted using RNAqueous-
Micro Total RNA Isolation Kit (Ambion) according to the
manufacturer’s specifications; five specimens were pooled
per sample. For V. emeryi, RNA was extracted from pools of
5-15 individuals from populations collected in Tokyo,
Ishikawa, and Toyama areas in Japan, using RNeasy Micro
Kits (QIAGEN).

RNA-Seq Library Preparation and Sequencing
Extracted RNA was used for cDNA generation using the RACE
protocol from Aird et al. (2013), except that we added
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ERCC92 spike-in controls (Invitrogen) alternately to each li-
brary, according to the manufacturer’s specification. Four
hundred nanograms of RNA and 13 cycles of PCR were
used for each P. barbatus sample. For V. emeryi, five replicate
libraries were sequenced for workers and queens using pools
of five individuals for each. One hundred nanograms of total
RNA was used for each library, and 12 cycles of PCR. The
samples were sequenced on the llluminaHiSeq 2000 in
paired end 200-cycle configuration.

Vollenhovia Genome Sequencing

V. emeryi has an unusual reproductive system, where males
exist as a single clonal lineage. The V. emeryi reference
genome was sequenced from a single male clone, using a
shotgun library for Roche 454 FLX+ (454 Life Sciences), pre-
pared according to the manufacturer’s instruction. These
were assembled using the Newbler assembler using large
genome mode (v. 2.6) (454 Life Sciences). The genome was
annotated using MAKER (v.2.1) (Cantarel et al. 2008; Holt and
Yandell 2011), using protein predictions from other ants, and
RNA-seq data from V. emeryi that were mapped to the ref-
erence genome using TopHat (Trapnell et al. 2009), and ex-
tracted using Cufflinks (Trapnell et al. 2012). This resulted in a
higher number of predicted genes than found in other ants.
Because Vollenhovia is only distantly related to other se-
quenced ant species (Ward et al. 2015), we kept these pre-
dictions to increase the number of possible targets. The
V. nipponica genome was sequenced using lllumina technol-
ogy. The library preparation, sequencing, and variant calling
were as described above for the Pogonomyrmex samples.

Reference-Guided Gene Expression Analysis

Read counts were obtained by mapping the reads to the
predicted transcript sequences using RSEM (Li and Dewey
2011), which were then used to find significantly differentially
expressed genes using edgeR (Robinson et al. 2010). Prior to
differential expression analysis, we used the svseq function
(Leek 2014) of the sva package (Leek et al. 2015) to identify,
estimate, and account for unknown sources of variation. Data
were filtered in two ways and the results compared. With
conservative filtering, genes without at least 100 reads in at
least two of the samples were filtered out. With liberal filter-
ing, genes without at least two reads in at least four of the
samples were filtered out. The results were similar and the
total number of differentially expressed genes from each filter
are highly correlated (r = 0.97, P < 0.001) with a slope of 0.34
(i.e, the conservative filter detects one third the number of
differentially expressed genes as compared with the liberal
filter) (supplementary table S4 and S5, Supplementary
Material online). The reported results are from the liberal
filter. Libraries were normalized using the trimmed mean of
M-values (TMM) method (Robinson and Oshlack 2010).
Differential expression was compared between castes and
developmental stages using linear models with contrasts
(and the surrogate variables from sva, above, as a factor).
Reported statistical significance is after correction for FDR
using a 0.05 threshold because this is the most common
practice, and thus the results we present will be comparable
with other studies.
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Damaging Mutations and Domain Losses

Data Generation

Reciprocal best hit BLAST was used to establish ortholog re-
lationships between the P. barbatus sequences and six other
sequenced ant species (H. saltator, Linepithema humile,
C. floridanus, Acromyrmex echinatior, and Atta cephalotes).
Pogonomyrmex barbatus genes were projected onto the
genome alignments. The CDSs were then extracted for each
gene and translated into amino acids. On encountering a stop
codon the translation was stopped. Therefore, the extracted
genes of P. rugosus, P. colei, and P. anergismus can be shorter
but not longer than the reference genes of P. barbatus.
Domains for all genes were predicted using the Pfam database
(v27) (Finn et al. 2014). Two domain annotations were gen-
erated using pfam_scan.pl, one with standard threshold and
one with relaxed thresholds (e-value threshold = 10).

Domain Counting
The considered species were divided into two sets: hosts
(P. barbatus/P. rugosus) and parasites (P. colei/P. anergismus).
A gene was then considered to be changed if a change has
been occurring in all species of a group, meaning that the
minimum number a domain occurs in one set is higher than
the maximum number in the other. To be more specific:
Given 2 sets of species (H and P) and the counts of a
specific domain of a specific gene in a given species x using
standard threshold (¢;(x)) and the relaxed threshold (cr(x)),
the domain is considered to have a group specific change if:

min(cs(h) : h € H) > max(cs(p) : p € P)min(cs(h) : h
€ H) > max(c,(p) : p € P)

or

max(cs(h) : h € H) < min(cs(p) : p € P)max(c,(h) : h
€ H) < min(cs(p) : p € P)

To avoid counting exchanges between very similar do-
mains (e.g, IG,—1G3), domains that belong to the same
clan were treated as being the same.

Loss Analysis

Wagner parsimony was used to analyze the domain family
changes in the hosts and parasites in case of repeat number
changes. For complete loss of domain types in one of the
groups Dollo parsimony was used. For this the losses after
the split of host and parasite species were calculated. This
analysis was performed for all genes for which a 1-1 ortholog
relationship could be determined, including at least one spe-
cies inside the six outgroup species. The same procedure was
repeated for the Vollenhovia species.

Coalescent Simulations of Damaging Mutations in
Social Parasites

To estimate the expected probability of loss-of-function mu-
tations (stop codons and frameshifts) for worker-specific
genes in the social parasite clade, as well as to test the
power to detect relaxed selection associated with loss of
worker function, we conducted coalescent simulations of
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gene evolution with Indel-Seq-Gen, a flexible DNA simulator
that can model lineage-specific shifts in selection for both
point mutations and insertion/deletions (Rambaut and
Grassly 1997; Strope et al. 2007). Mutations evolve along a
user-provided guide tree, with evolutionary rates defined by
the branch lengths and distributed according to specified
codon usage rates, insertion/deletion frequencies, and
length distributions. Two scenarios were simulated, represent-
ing the two extreme ends of a continuum of gene caste-
specificity: in the first, genes were fully functional in both
castes and thus retained their function even when the
worker phenotype was lost. In the second, genes lost their
functional expression in the clade leading to the two social
parasites and thus became effectively neutral. This was re-
flected in the simulations for the clade leading to the social
parasite(s) by a shift of substitutions across codon positions
from a third-position bias to a uniform rate, retention of
indels of up to 6 bp in length at one-tenth the rate of substi-
tutions drawn from a Chang & Benner length distribution,
and an overall accelerated substitution rate for novel muta-
tions. The expected substitution rate of social parasite genes
relative to host genes under relaxed selection was estimated
by comparing the mean substitution rate of the introns and
exons of each gene across the annotated transcriptome of
P. barbatus (=2X the rate of exons). To generate a guide tree
for the host and parasite taxa, we used the majority-rules
scaffold topology, with branch lengths averaged from those
scaffolds that matched that topology. One hundred replicates
of each scenario were conducted for each species with sim-
ulated gene sequences equaling the median gene length
across the transcriptome (P. barbatus=699bp, V. emer-
yi=535bp) (Smith et al. 2011). Confidence limits around
the resulting estimates were generated by scaling branch
lengths to the relative rates of the bottom and top 5% of
genes. Simulated sequences were aligned and assessed for the
presence of stop codons and frameshift indels.

Supplementary Material

Supplementary figures S1-S14 and tables S1-S7 are available
at Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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