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Abstract

Plastic gene expression underlies phenotypic plasticity and plastically expressed genes evolve under different selection
regimes compared with ubiquitously expressed genes. Social insects are well-suited models to elucidate the evolutionary
dynamics of plastic genes for their genetically and environmentally induced discrete polymorphisms. Here, we study the
evolution of plastically expressed genes in the ant Cardiocondyla obscurior—a species that produces two discrete male
morphs in addition to the typical female polymorphism of workers and queens. Based on individual-level gene expression
data from 28 early third instar larvae, we test whether the same evolutionary dynamics that pertain to plastically
expressed genes in adults also pertain to genes with plastic expression during development. In order to quantify plasticity
of gene expression over multiple contrasts, we develop a novel geometric measure. For genes expressed during devel-
opment, we show that plasticity of expression is positively correlated with evolutionary rates. We furthermore find a
strong correlation between expression plasticity and expression variation within morphs, suggesting a close link between
active and passive plasticity of gene expression. Our results support the notion of relaxed selection and neutral processes
as important drivers in the evolution of adaptive plasticity.
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Introduction

Organisms are able to adaptively adjust gene expression in
response to environmental conditions, resulting in changes to
the phenotype (Schlichting and Pigliucci 1998; West-Eberhard
2003). This phenotypic plasticity plays a fundamental role in
adaptive evolution (West-Eberhard 2005a,b; Schlichting and
Wund 2014). Paradoxically, whereas decreasing the necessity
for mutation-based genetic adaptation through phenotypic
accommodation (West-Eberhard 1998, 2003), phenotypic
plasticity (including sexual dimorphism) appears to play a
role in accelerating sequence evolution. Genes that are ex-
pressed at different levels in different morphs or sexes are
referred to as biased or “plastic” genes and tend to evolve
faster than uniformly expressed genes (Helantera and Uller
2014). This correlation also remains significant if potentially
confounding factors, such as expression level, expression
breadth or DNA methylation patterns, are controlled for
(Grath and Parsch 2012; Warnefors and Kaessmann 2013).
The positive correlation of gene expression bias and molecu-
lar evolutionary rates in the context of phenotypic plasticity
has been demonstrated in different study systems. Sex-biased
genes in mammals and fruit flies evolve faster than unbiased
genes (Ellegren and Parsch 2007; Parsch and Ellegren 2013).
Likewise, studies in fire ants (Hunt et al. 2011, 2013), honey
bees (Hunt et al. 2010; Harpur et al. 2014), polymorphic

aphids (Purandare et al. 2014), and horn beetles (Snell-
Rood et al. 2011) have revealed a positive correlation between
morph bias and evolutionary rates, and similar patterns
have been observed in phenotypically plastic Spea toads
(Leichty et al. 2012).

Disentangling the causes and consequences of faster evo-
lution of plastic genes is challenging, due to possible simulta-
neous contributions from neutral and adaptive processes,
and both purifying and positive selection. Accordingly, several
mutually nonexclusive processes could explain the observa-
tions (Helantera and Uller 2014). First, it is possible that
morph-biased expression patterns in many cases reflect a
history of weak purifying selection rather than positive selec-
tion on expression regulation. In accordance, morph-biased
genes in the fire ant Solenopsis invicta evolved faster due to
relaxed selection before the morphs had even evolved (Hunt
et al. 2011). Similarly, biased genes in the toad Spea bomb-
ifrons were found to have evolved faster in the nonplastic
ancestral lineages and other nonplastic extant Spea species
(Leichty et al. 2012). The rationale is that genes under relaxed
selection in terms of sequence should also evolve under re-
laxed selection in terms of expression regulation. Thus, they
should more likely drift towards biased expression patterns
and become co-opted to a plastic trait. Second, plastic ex-
pression itself is expected to result in a relaxation of selection.
A plastic gene is more likely to be expressed only by a subset
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of individuals in a population at a given time than a uniformly
expressed gene (Snell-Rood et al. 2010; Van Dyken and Wade
2010). Third, where expressed, biased genes can also experi-
ence increased positive selection, simply because advanta-
geous mutations will be selected for (Harpur et al. 2014).
Finally, a gene can exert different fitness effects in different
morphs, potentially resulting in antagonistic directional selec-
tion, thus hampering the evolution of the gene (Innocenti
and Morrow 2010). For example, an allele increasing wing
muscle development in ants may be beneficial for queens
but not workers (Hall et al. 2013). By evolving plastic expres-
sion patterns, pleiotropic conflicts can be alleviated, allowing
directional selection to accelerate sequence evolution (Mank
et al. 2008). In general, each of these four factors is expected to
contribute to the evolution of plastic genes to some extent, as
selection pressures on plastic genes change over evolutionary
time and with context.

Another difficulty in unraveling the evolutionary history
and trajectory of plastic genes is the lack of a formal model for
neutrality of gene expression evolution. Genetic drift is a
mathematically well-understood process, and synonymous
sites offer a reasonable benchmark for neutrality in sequence
evolution of protein-coding genes. Defining a comparable
model for the evolution of expression regulation is however
difficult, particularly in the context of polymorphic species
with intraspecific adaptive expression differences. A possible
approach towards a neutral evolutionary model of gene ex-
pression is to assess the level of expression variation across
biological replicates. This is based on the assumption that a
large proportion of the observed variation in gene expression
between individuals is a result of neutral processes, when
environmental and genetic factors have been controlled for
(Nuzhdin 2004; Gilad et al. 2006; Whitehead and Crawford
2006; Romero et al. 2012; Rohlfs et al. 2014). In this context,
individual-level gene expression data is crucial to approximate
neutral rates of expression variation. Such data is particularly
scarce in polymorphic animals due to the common practice
of pooling samples, which has hampered empirical studies of
evolutionary consequences of phenotypic plasticity and
morph-biased expression.

In eusocial insects, the foundation of phenotypic differen-
tiation into discrete castes lies in different developmental
trajectories (Wheeler 1986), making them a prime example
for studying the effects of developmental expression bias on
the molecular evolution of genes. In the ant Cardiocondyla
obscurior, reproductive queens (QU) and sterile workers
(WO) occur next to winged (WM) and ergatoid (i.e, from
Greek “worker-like” and wingless) males (EM), providing a
complex tetraphenic system of four distinct morphs
(Schrader et al. 2015). The female castes (QU and WQO) de-
velop from fertilized diploid eggs. QU are long-lived (average
life span ~24 weeks (Oettler and Schrempf 2016)) and fully
devoted to the production of WO and sexual offspring. In
contrast, WO have a much lower life expectancy (~8 weeks)
during which they perform a wide range of tasks related to
colony maintenance (e.g, foraging, nest construction, defense,
and brood care). In Cardiocondyla, two discrete male morphs
with opposing life histories have evolved (Oettler et al. 2010).
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The WM resemble males of most other ant species, with fully
developed wings and large eyes for dispersal and a rather
short life span (~2 weeks). The smaller EM have small eyes,
no ocelli, and in contrast to WM exhibit lifelong spermato-
genesis (Heinze and Holldobler 1993). They furthermore have
highly specialized mandibles that are deployed in mortal con-
flicts with other EM over the reproductive monopoly in a
colony.

Both differences (Schrader et al. 2015) and similarities
(Klein et al. 2016) between morphs during the plastic onto-
genesis of C. obscurior have been studied on a transcriptomic
level. Here, we address the relationship between plastic gene
expression during larval development and molecular evolu-
tion in C. obscurior, using data from individually sequenced
third instar larvae of known developmental trajectory
(Schrader et al. 2015). Most studies on the correlation of
gene expression bias and sequence evolution in polymorphic
insects have been conducted on adults and only a single study
has so far focused on larvae (Vojvodic et al. 2015). Extending
such studies to the developmental life stages is important
because larval expression bias can have a different effect on
evolutionary rates of genes than adult expression bias. For
example, in Drosophila, genes with female-biased expression
in larvae evolve more rapidly than genes that are female-
biased in adults (Perry et al. 2014). Focusing on the early
developmental stage offers an additional, substantial advan-
tage for our transcriptomic study. Using gene expression data
from individuals sampled at the onset of developmental di-
vergence (Schrempf and Heinze 2006), reduces confounding
effects of morphological differences during later life stages
which can introduce biases in whole-body transcriptomic
comparisons (Harrison et al. 2015).

Based on sequence divergence between two populations
of C. obscurior and sequence divergence between C. obscurior
and the closest related sequenced ant species (Monomorium
pharaonis), we determine evolutionary rates of protein-
coding genes in C. obscurior and show that these are positively
correlated with gene expression plasticity during ontogenesis.
We furthermore reveal a strong correlation of expression
plasticity between morphs and expression variation within
morphs, suggesting a strong link between active and passive
plasticity of gene expression. We discuss our findings and
argue in favor of the importance of relaxed selection in the
evolution of adaptive plasticity from ancestrally merely pas-
sively plastic traits.

New Approaches

Differences in gene expression between two groups are usu-
ally quantified as logarithmic ratios of expression level
(“logFC”), providing a pairwise measure of expression bias.
For comparing expression variability across more than two
groups, other methods have to be applied that quantify and
summarize gene expression differences across multiple sam-
ples (Kryuchkova-Mostacci and Robinson-Rechavi 2016).
These methods are most commonly used to specifically iden-
tify genes that are overexpressed in a single tissue and they
could similarly be used for assessing morph-specific
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Fic. 1. Correlation of the specificity index 15 and the plasticity index 7.
The specificity index ts and the plasticity index 7 are moderately
correlated for the analyzed dataset. However, several genes have a
relatively higher 7 than ts, indicating differences in the performance
of the two measures. The top four genes showing the strongest de-
viation from the correlation are labeled (larger red dots, see fig. 2).
1« = Kendall’s correlation coefficient, p = P-value of Kendall’s corre-
lation between 75 and 7.

expression bias in polymorphic species. Abandoning this fo-
cus on specificity, we aimed to apply a method to quantify
the general plasticity and versatility of gene expression across
multiple contrasts. We use a geometric approach that de-
scribes a gene’s expression pattern across n contrasts as a
vector in Euclidean n-space. For summarizing the versatility
and plasticity of expression in a single measure for each gene,
we then calculate the Euclidean length of each gene’s
vector (Formula 1) resulting in the plasticity index Pi
(1), a single combined measure of gene expression plastic-
ity (supplementary fig. S1, Supplementary Material online).
We here use 7 to quantify gene expression plasticity across
larvae of the four different morphs of C. obscurior. For our
experimental design with the four groups QU, WO, EM,
and WM and thus six possible pairwise contrasts, we con-
structed the following six dimensions in Euclidean space:
logFC QU/WO, logFC QU/EM, logFC QU/WM, logFC
EM/WM, logFC EM/WO, and logfFC WO/WM.

M

Using the equation for the Euclidean distance across all six
contrasts, we provide a simple and coherent way for calcu-
lating 7. Including all and not only a subset of pairwise com-
parisons in the calculation of 7 results in a balanced design
and an unbiased measure, even though the different contrasts
are not independent. However, because the six different
logFC measures are interrelated (supplementary equations
1-3, Supplementary Material online), © can in principle also
be calculated using only three of the six logFC measures (sup-
plementary equations 413, Supplementary Material online).

Results

The “specificity index” Tau (ts) (Yanai et al. 2005) is the most
commonly used method to quantify expression specificity
and it outperforms most other measures of expression

specificity (Kryuchkova-Mostacci and Robinson-Rechavi
2016). 75 and 7 are moderately correlated (Kendall's rank
correlation, P <2e—16, Tgendat=0.765, fig. 1), indicating
that the two measures overlap in their performance to quan-
tify expression variability. However, we manually inspected
expression patterns of four genes most strongly deviating
from the correlation, indicating that their expression pattern
is considered highly variable based on 7 and less so based on
Ts. These genes show patterns of morph-specific underexpres-
sion (Cobs_02055, Cobs_12086, and Cobs_12224) and sex-
specific overexpression (Cobs_17732) (fig. 2), demonstrating
that m captures more complex patterns of expression than ts.
The low expression levels of the first three examples preclude
assumptions about the biological significance of the observed
differences in expression variation but adequately illustrate
differences between 7 and 75 as measures of expression var-
iation. We have screened more strongly expressed genes re-
vealing similar yet less pronounced differences between 7 and
75 (e.g, Cobs_04700, Cobs_06687, Cobs_09630, Cobs_12556,
Cobs_17048, Cobs_18086, Supplementary Table.tsv). s is ex-
plicitly designed to detect overexpression in a single group (i.
e, expression specificity) and it is thus not surprising that it
performs less well in detecting underexpression and that it is
less sensitive to more versatile patterns of expression.

We furthermore compared the Euclidean distance-based
measure with a similar measure based on the mean of the
absolute logFC values. They are highly correlated (Kendall’s
T=0.95 P<2e—16), suggesting that differences are only
small. Conceptually, both approaches answer how much a
gene’s expression deviates from uniformity, i.e, how strongly
the different logFC values deviate from 0. The absolute mean
is calculated by summing the absolute values of each logFC.
When using the Euclidean distance, we sum the squares of
each logFC (Formula 1). Due to the square included in the
calculation of Euclidean distances, high logFC are given more
weight, i.e, resulting in relatively higher 7 for genes with
higher expression in a single morph. Therefore, 7 is better
suited for our purpose to quantify expression plasticity.

The gene expression data used for this study was generated
from 28 individually sequenced larvae of C. obscurior
(Schrader et al. 2015). Seven larvae per morph were selected
for RNA sequencing at an approximate age of ten to eleven
days; i.e, at the beginning of the third and last instar, when
morph determination is fixed (Schrempf and Heinze 2006).
The use of independent individual biological replicates sub-
stantially increases statistical power and allowed us to assess
individual-level variation in gene expression as a proxy for
neutral rates of gene expression variation. To quantify expres-
sion variation within morphs, we calculated the coefficient of
variance (Cy) for each gene. Cy is defined as the ratio of the
standard deviation to the mean of normalized read counts
across the seven biological replicates per morph. We also
calculated the mean Cy across all four morphs for each gene.

Among the 17,552 genes annotated in the C. obscurior
genome (Schrader et al. 2014), 10,012 were expressed in lar-
vae. The overall distributions of gene expression levels were
not significantly different between the four morphs (supple-
mentary fig. S2a, b, Supplementary Material online).
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Fic. 2. Comparison of the performance of 15 and 7 to dissect complex gene expression patterns over multiple contrasts. Gene expression (in log2
normalized read counts) in each morph and corresponding specificity index s and plasticity index 7 values for four genes expressed in C. obscurior.
Genes were selected based on their strong deviation from the mean ratio of 75 and 7 to assess performance differences of the two measures
(independent of their average expression level). Three of the selected genes show morph-specific downregulation (Cobs_02055, Cobs_12086,
Cobs_12224) and Cobs_17732 shows female-biased overexpression. Boxplots show the median, inter-quartile ranges (IQR) and 1.5 x IQR and red
dots show mean expression across seven replicates. QU = queens, WO = workers, EM = ergatoid males, WM = winged males.

Significant differences between morphs occurred in the var-
iation of expression, where genes in EM (median C, = 0.12)
and QU (median G, = 0.13) showed higher variation in ex-
pression compared with genes in WO and WM (median
Cy=0.09 each) (supplementary fig. S2¢, d, Supplementary
Material online). Whereas some genes showed several fold
differences in expression in pairwise comparisons, most genes
differed only mildly (supplementary fig. S3, Supplementary
Material online). Accordingly, the distribution of expression
plasticity as measured by 7 is skewed towards 0, with only a
few genes showing very strong overall plasticity (median
7= 0.83, fig. 3A).

To quantify levels of molecular evolution of protein-coding
genes, we used two different measures. First, we estimated
inter-specific AN/dS rates between C. obscurior and M. phar-
aonis, based on alignments of single-copy orthologs of
protein-coding genes. The distribution of dN/dS rates (fig.
3B) suggests that the majority of genes evolved under puri-
fying selection (dN/dS < 1) and that no gene evolved strictly
under positive selection (dN/dS > 1). Second, single nucleo-
tide variant (SNV) annotations from a genomic comparison
between a Brazilian (BR) and a Japanese (JP) population were
used to calculate intra-specific evolutionary rates (Schrader
et al. 2014, data available at hymenopteragenome.org/cardi-
ocondyla/). The two populations show significant phenotypic
divergence (Schrader et al. 2014) and the gene expression
data used in this study was generated from one laboratory
colony of the BR strain that was kept under strict inbreeding
for several generations. We generated estimates of evolution-
ary rates between populations as dN,/(dN,, + dS,,), a measure
that allowed us to include genes that are not separated by
synonymous substitutions (Stoletzki and Eyre-Walker 2010).
The comparison revealed that 33% of the expressed genes
contain no synonymous variants (ngsp — o = 3,303, fig. 3C). In
6,459 of the 7,452 genes for which rates of population diver-
gence could be calculated, rates of dN,, were lower than dS,,
(dNp/(dN,, +dS,,) < 0.5), indicating that purifying selection
acts on the majority of protein coding genes between the
populations (fig. 3D).
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Fic. 3. Distribution of expression plasticity (1), species divergence
(dN/dS), rates of synonymous substitutions (dS,), and population
divergence (dN,/(dN,+dS,)). Violin plots showing the distribution
of different quantitative measures of gene expression and sequence
evolution for all 10,012 genes expressed in larvae of Cardiocondyla
obscurior. (A) Distribution of 7 as a measure of gene expression plas-
ticity. (B) Distribution of dN/dS ratios for 1-to-1 orthologs between
Cardiocondyla  obscurior and Monomorium  pharaonis. (C)
Distribution of the rate of synonymous substitutions (dS,) separating
two populations of C. obscurior from Brazil (BR) and Japan (JP). (D)
Distribution of the ratio of nonsynonymous substitutions per non-
synonymous site (dN,,) and the sum of dN, and nonsynonymous
substitutions per nonsynonymous site (dS,) separating the BR and
JP populations [dNp/(dN,+dS,)]. Boxplots show the median, inter-
quartile ranges (IQR) and 1.5 x IQR.

Based on this data set, we tested for correlations between
plasticity of gene expression (1) and rates of molecular evo-
lution. Overall, T and average gene expression levels (EXpraye)
are negatively correlated (Tkendat = —0.116, P < 1e—16, fig.
4A, supplementary table S1, Supplementary Material online);
i.e, highly plastic genes tend to be expressed at a lower level.
Note however, that the LOWESS function applied to the data
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Fic. 4. Correlation of gene expression plasticity during development
with average gene expression, gene expression variability, and gene
sequence evolution in Cardiocondyla obscurior. (A) Negative correla-
tion between plasticity index 7 and expression level (Expraye). (B)
Positive (semi-partial) correlation between 7 and intraspecific rates of
nearly neutral synonymous substitutions (dSp). (C) Positive (semi-

suggests that the correlation is non-monotonic and that the
correlation is in fact weak positive for genes with high expres-
sion plasticity. To control for the known effect of expression
level on sequence evolutionary rates (Pal et al. 2006), we
conducted all subsequent correlation analyses using semi-
partial correlations, with Expra,. as the excluded factor. The
semi-partial correlation for neutral evolutionary rates (dS,)
with 7 was positive (Tgendat = 0.022, P < 0.0012, fig. 4B, sup
plementary table S1, Supplementary Material online), sug-
gesting that plastic genes accumulate synonymous substitu-
tions faster than unbiased genes. The semi-partial correlation
between expression plasticity () and dN,/(dN,, +dS;) was
significant with P < 5.54e—11 (Tkendan = 0.051). Similarly, dN/
dS rates between M. pharaonis and C. obscurior (Figure 4c, d,
supplementary table S1, Supplementary Material online)
were positive correlated with 7T (Tkengan = 0.057,
P < 2.51e—11). To confirm that the significant correlations
of m and evolutionary rates are independent of gene length,
we divided genes in five groups based on size and repeated
the analyses for each bin separately. These analyses yielded
similar results, indicative of only a minor effect of gene length
(supplementary fig. S4, Supplementary Material online).

Overall, the strongest positive correlation in our analysis
was found between gene expression plasticity (7) and gene
expression variation (Cy) (fig. 4E, supplementary table S7,
Supplementary Material online, Tgengan = 0.366, P < 2e—16),
showing that the strongest expression differences between
morphs occur predominantly in genes that also show high
expression variation between individuals of the same morph.
At low expression levels, technical noise can be a significant
component of Cy (Law et al. 2014). To rule out that the
correlation of  and Cy is predominately a result of technical
noise rather than biological variation, we tested whether the
relationship persists if we restrict the analysis to genes with
high expression. For genes with Expraye> 10, @ and Cy are
positively correlated at Tye,qa1 = 0.463 (supplementary fig. S5,
Supplementary Material online, P < 3.1e—12).

To verify our findings, we performed permutation tests. To
this end, we compared genes with high and low 7 and found
stronger differences in evolutionary rates between those genes
than between randomly drawn genes (N = 500, 10° permuta-
tions, dN/dS: P < 0.003, dN,/(dN, + dSp,): P < 0.018). Similarly,
permutation tests also confirmed the correlation between

partial) correlation between 7 and dN/(dN+-dS,) as a measure of
divergence between a Japanese (JP) and Brazilian (BR) population of
C. obscurior. (D) Positive (semi-partial) correlation between 7 and
gene-wise dN/dS rates for C. obscurior and M. pharaonis. (E)
Positive (semi-partial) correlation between 7 and average expression
variation (Cy). Each dot represents one gene. The red-blue gradient
shows the density of data points at the respective position in the plot.
A LOWESS-smoothed line illustrates a generalized trend of the rela-
tionship (red line, smoother span = 0.9). Correlation coefficients (t)
and P-values for Kendall’s correlation between 7 with Expraye (A) and
for Kendall's semi-partial correlations between 7 with dSp,, dN,/
(dNp+-dS,), dN/dS, and Cy, respectively (B—E), are given in the top
right corner. Additional statistics are available in supplementary table
S1, Supplementary Material online.
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Fic. 5. Principal component analysis of gene expression contrasts and average expression level in Cardiocondyla obscurior. (A) Loadings of gene
expression contrasts (blue dots) and average expression level (Expraye red dot) on PC 1and PC 2. (B-E) Kendall’s rank correlation of the first two
PCs with dS,,, dN,/(dN,-+dS,,), dN/dS, and C,,. Stacking of the barplots shows the relative contributions of the different gene expression contrasts
and Expraye to the two different PCs. Asterisks indicate significant correlations with P < 1e—5, ns = not significant (P > 0.05). Additional
information is provided in the Supplementary Material online. QU = queens, WO = workers, EM = ergatoid males, WM = winged males.

gene expression levels and 7 (P < 1e—5) and the correlation
between G, and 7 (P < 1e—5). The permutation test for dSp
was not significant (P > 0.05). Note however that these per-
mutation tests are sensitive to the number of genes N sampled
in each permutation (supplementary fig. S6, Supplementary
Material online), most likely due to large variances of the data.

Following a previously established approach to disentangle
effects of expression bias and expression level on sequence
evolutionary rates (Hunt et al. 2011), we performed a princi-
pal component analysis on average expression levels (EXpraye)
and the six different gene expression contrasts. PC1, which
explains 43.3% of the variance in the data, is dominated by
the six different gene expression contrasts that contribute to
similar extent (fig. 5A, supplementary fig. S7a, Supplementary
Material online). Expra,e loads heavily on PC2. We tested for
significant (Kendall's rank) correlations between evolutionary
rates and principal components. dS;, was significantly corre-
lated with PC2 but not PC1 (fig. 5B; supplementary fig. S7b
and supplementary tables S2-S3, Supplementary Material
online). dN,/(dN,+dS,), dN/dS, and C,, were each signifi-
cantly correlated with both PC1 and PC2 (fig. 5C-E; supple
mentary fig. S7b—e and supplementary tables S2-S3,
Supplementary Material online). Correlations with PC1
were negative and correlations with PC2 were positive.
These results, together with the weak contribution of
EXprave to PC1 thus confirm an independent effect of expres-
sion bias on evolutionary rates.

Discussion

This study on larval gene expression in the ant C. obscurior
reveals correlations between developmental expression pat-
terns and gene evolution. Our results corroborate that relaxed
selection and neutral processes are important contributors to
the evolution of adaptive plasticity. In accordance with pre-
vious studies on polymorphic species, we find a positive cor-
relation between evolutionary rates and expression plasticity.
Albeit providing only a single snapshot into development,
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here we show that this correlation extends to gene expression
plasticity early after the critical stage of morph determination.

As any organismal trait, phenotypic plasticity is subject to
selection and evolutionary change. It is important to assess
how plasticity of a trait has been shaped by selection and
whether the plasticity itself is adaptive (Borenstein et al. 2006;
Fitzpatrick 2012). For example, the queen-worker polymor-
phism found in ants is highly adaptive, as it underlies the
reproductive division of labor that has been key to the ants’
evolutionary success (Smith and Szathmary 1995). Such adap-
tive forms of phenotypic plasticity are referred to as active
plasticity. They involve anticipatory changes in physiological
and highly integrated developmental networks (Forsman
2014). Caste determination in social insects for example in-
volves many conserved developmental and physiological
pathways (Corona et al. 2016; Klein et al. 2016). In contrast,
passive plasticity as an unspecific physical response to envi-
ronmental conditions can often be considered neutral and
nonadaptive (Forsman 2014). Given that both active and
passive plasticity are driven by changes in gene expression,
these changes in expression will accordingly be shaped by
different evolutionary constraints: whereas gene expression
variation underlying passive plasticity should evolve under
relaxed selection, variation associated with active plasticity
should involve positive or purifying selection.

The strong correlation between expression variation (C)
and 7 suggests that expression variation between and the
variation within morphs largely follow the same dynamics,
suggesting a close relationship of active and passive plasticity
with regard to gene expression. Under the assumption that
within-morph variation is largely neutral, the acceleration of
sequence evolution will be the result of relaxed selection. Only
relatively few genes show a strong variation between morphs
and low variation within morphs (fig. 4E). Genes showing this
pattern might be particularly interesting, because this expres-
sion pattern suggests involvement in active plasticity. Thus,
these genes should be the ones where adaptive processes
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underlie the changes in evolutionary rates (Helantera and
Uller 2014). Intriguingly, one such gene is doublesex
(Cy =039, m=4.54), which has been co-opted for male
and female morph differentiation in C. obscurior (Klein et al.
2016). Similarly, only few genes show the inverse pattern, with
high variation within morphs but low variation between. This
is in accordance with the assumption that similar sets of genes
are involved in generating actively and passively plastic phe-
notypes and also that genes showing fluctuating expression
are more likely to be co-opted to the expression of an actively
plastic trait (Helantera and Uller 2014).

Cy is composed of technical and biological variation, which
could compromise this argument. To detect and control for
technical variation in gene expression data, synthetic
transcript-mimicking RNA molecules at known concentra-
tions (spike-ins) can be added to the RNA samples (e.g,
ERCCs (Jiang et al. 2011) or the recently developed sequins
(Hardwick et al. 2016)). However, in datasets lacking spike-ins
levels of biological variation can be reliably quantified at high
expression levels, where the contribution of technical varia-
tion to Cy is small (Law et al. 2014). Replicating the analysis
using highly expressed genes confirmed the significant corre-
lation between 7w and C, (supplementary fig. S5,
Supplementary Material online).

The analysis of expression variation (Cy) also revealed sig-
nificantly higher variation in the QU and EM morphs.
Compared with the sterile WO and the rarely produced
WM there is higher potential for evolutionary change in
the reproducing morphs, potentially driven by a combination
of passive plasticity and alternative strategies within sexes.
This increased expression variation in QU and EM larvae
might also be linked to passive plasticity of adult morphs.
However, it remains to be tested whether this higher C,, also
translates into higher variation of larval or adult traits in the
different morphs of C. obscurior.

The correlation between expression plasticity 7 and pop-
ulation divergence demonstrates that plastically expressed
genes continue to evolve faster even after their recruitment
to the expression of a plastic trait. Assuming similar selection
pressures on larvae in the two populations, the continuing
divergence of genes can be attributed largely to relaxed se-
lection. In general however, whereas relaxed selection appears
to be ancestral to the evolution of plastic expression and
phenotypic plasticity (Hunt et al. 2011; Leichty et al. 2012),
subsequent changes in the selection regime can accelerate
the evolution of plastic genes once plasticity has been estab-
lished, and caste-antagonistic pleiotropy alleviated.

Positive selection can explain the observed divergence be-
tween populations to some extent, if differences between hab-
itats in Brazil and Japan invoked genetic adaptations. However,
whereas the data presented in this study provides evidence for
evolutionary divergence of the populations from Brazil and
Japan, it does not allow for specifically dissecting contributions
of relaxed and positive selection and genetic drift. To do so,
future analyses of inter-population divergence should include
several colonies per population for assessing standing levels of
polymorphism and genetic diversity, which would allow for
intraspecific tests of selection (Vitti et al. 2013).

We furthermore found that expression plasticity and rates
of synonymous mutations are weakly correlated. It is likely
that this correlation reflects the fact that synonymous
changes are not fully neutral but can also be targeted by
positive or purifying selection (Chamary et al. 2006). This
effect is likely to be even stronger in eusocial insects for their
low effective population size (N.) (Chamary et al. 2006;
Romiguier et al. 2014). Alternatively, assuming nearly neutral
evolution of synonymous sites, the observed pattern could
indicate that biased expression patterns are more likely to
evolve at genomic locations with increased mutational activ-
ity. Intriguingly, such mutational rate differences in the
genome are remarkably prominent in C  obscurior
(Schrader et al. 2014).

In general, small N, might also lead to stronger neutral (or
nearly neutral) variation in gene expression (i.e, passive plas-
ticity) in social insect than in nonsocial insects. Such neutral
variation in expression could then be targeted by positive
selection under changing environments, leading to pheno-
typic innovation and adaptation (Ghalambor et al. 2007). It
is tempting to speculate that higher regulatory drift due to
small N, is an important driver in the remarkable phenotypic
diversification within and across eusocial insect species.

Complex phenotypes such as the elaborate polymor-
phisms found in extant eusocial insects are unlikely to evolve
de novo, independent from ancestral traits. It is thus likely
that, prior to the evolution of reproductive division of labor in
eusocial insects, nonadaptive passively plastic traits in the
solitary ancestors preceded the evolution of the actively plas-
tic caste system (Nijhout 2003; Linksvayer and Wade 2005;
Amdam et al. 2006). Consequently, it seems feasible that the
decisive step towards the transition from passive to active
plasticity lies in establishing morph-specific expression pro-
files from genes that are under relaxed selection and already
show an increased level of expression variation (Ghalambor
et al. 2007; Hunt et al. 2011; Ruden et al. 2015). The correlation
of within and between morph variation provides further sup-
port for this hypothesis, by showing that genes involved in
passive plasticity are likely to produce active plasticity. In ac-
cordance, environmentally and in particular stress-induced
variation in gene expression (i.e. passive plasticity) is consid-
ered to be positively correlated with the evolvability of dis-
crete expression profiles of genes (Lopez-Maury et al. 2008).

Several theoretical and empirical studies suggest that pas-
sive plasticity producing a phenotype close enough to a new
fitness optimum can form the basis for the evolution of adap-
tive and eventually active plasticity (Denver 1997; Nijhout
2003; Ghalambor et al. 2007, Gomez-Mestre et al. 2008;
Leichty et al. 2012; Ghalambor et al. 2015). This process in-
volves genetic accommodation of plastic traits, release from
pleiotropic constraint, and an increase in directional positive
selection of genes co-opted for morph-specific function (Levis
and Pfennig 2016). Accordingly, release from pleiotropic con-
straint and increased positive selection most likely contribute
to the observed acceleration of sequence evolution in our
study as well. A study on adaptive evolution in honey bees
revealed that genes with worker-biased brain expression
evolve under strong positive selection (Harpur et al. 2014),
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challenging the conception of relaxed selection as the main
driver of molecular evolution of biased genes (Hunt et al.
2011). Similarly, studies in Drosophila showed signatures of
strong positive selection in sex-biased genes (Ellegren and
Parsch 2007). The results from these studies show that relaxed
selection is not the only driver in the molecular evolution of
plastic genes and that positive selection can be particularly
strong during the evolution of novel traits involving biased
genes (Jasper et al. 2015). It is thus important to recognize
that genes evolving under relaxed selection might become
both subject to directional and purifying selection, following
their recruitment to the expression of plastic traits, either
through selective co-option or through regulatory drift
(Helantera and Uller 2014). However, the general route to
active phenotypic plasticity most likely lies in the co-option
of genes under relaxed selection that are ancestrally involved
in the expression of passively plastic traits. Whereas an in-
crease in relaxed selection appears to be a precursor to the
evolution of actively plastic gene expression patterns, positive
selection likely only follows once such plastic patterns have
evolved. By combining population data of monomorphic and
polymorphic species with phylogeny-based ancestral recon-
structions of expression patterns, it should be possible to
more specifically tease apart neutral and adaptive contribu-
tions to the evolution of plastic genes in future studies.

Methods

Sampling and Gene Expression Analysis

Samples for RNA sequencing were collected from a strain of
C. obscurior from Brazil (BR) (Heinze et al. 2006) that has been
kept under strict inbreeding over several generations in the
lab. Detailed protocols for sample collection, sample prepa-
ration and sequencing as well as the sequencing data have
been published previously (Schrader et al. 2015). In brief, four
sets of experimental colonies were set up under different
conditions, allowing for the production of only QU, WO,
WM, or EM individuals, respectively. Reads were mapped
using bowtie2 and tophat2 (v2.0.8, v.2.1.0, -b2-sensitive, de-
fault settings) against the C. obscurior reference genome (ver-
sion Cobs1.4) (Schrader et al. 2014). Genes with 20 or fewer
reads per million reads were removed from the subsequent
gene expression analysis with limma (Ritchie et al. 2015),
which allows for appropriate modeling of multi-sample com-
parisons (Rapaport et al. 2013). We performed TMM normal-
ization and subsequent variance stabilization with the voom
function implemented in limma (Law et al. 2014). Gene ex-
pression values produced by limma are reported as normal-
ized logarithmic read counts, with average expression
(Exprave) being the mean of all 28 samples, and gene expres-
sion differences between treatment pairs as logarithmic fold-
changes (logFC) as calculated by limma.

Estimating Rates of Expression Regulation and
Sequence Evolution

We used the GATK's FastaAlternateReferenceMaker
(McKenna et al. 2010) to generate a JP genome sequence
including the homozygous SNV annotations from a genomic
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comparison between BR and JP. Genes where SNVs intro-
duced premature stop-codons in the JP population were re-
moved from the analysis. We then extracted coding
sequences of each gene for both the BR and JP genome
and used PAML’s yn00 algorithm (Yang and Nielsen 2000)
to calculate the number of nonsynonymous substitutions per
nonsynonymous site (cross-population dN =dN,) and the
number of synonymous substitutions per synonymous site
(cross-population dS = dS,,) values for each gene. dS, values
were used as an estimate of neutral evolutionary rates in C.
obscurior protein-coding genes. We subsequently calculated a
relative measure of non-neutral population divergence be-
tween the JP and BR populations as dN,/(dN,+dS,,) (the
equivalent to the first term in the “Direction of Selection” test
(Stoletzki and Eyre-Walker 2010)), allowing us to calculate
evolutionary rates for genes without synonymous differences
as well.

To assess divergence between species, we calculated pair-
wise dN/dS ratios for single-copy orthologs between C. obscu-
rior and the most closely related ant for which genome
sequences were available, M. pharaonis (Mikheyev and
Linksvayer 2015). Genomic sequences, protein sequences,
and gene annotations were downloaded from NCBI for M.
pharaonis (genome assembly id 231934) and from hymenop-
teragenome.org for C. obscurior. For each gene, we extracted
the longest predicted protein isoform and corresponding
CDS sequence using bioperl (Stajich 2002). Single copy ortho-
logs were inferred with the orthoDB software (v1.6, http://
www.orthodb.org/?page=software; last accessed November
8, 2016), which uses a best-reciprocal-hit clustering algorithm
based on Smith-Waterman protein alignments. For each of
the 7,802 single-copy ortholog pairs, we produced consensus
pairwise protein alignments with MCoffee, combining results
from mafft, muscle and clustalw. Protein alignments were
subsequently back-translated with TCoffee (Notredame
et al. 2000). About 1,226 alignments were removed from
downstream analyses, either because their CDS sequence
translation differed from the corresponding predicted pro-
tein, CDS sequences did not start with a start codon, did
not end in a stop codon, or were not a multiple of three.
After removing poorly aligned positions and divergent regions
of the alignments with Gblocks (Castresana 2000), we calcu-
lated pairwise and gene-wide dN/dS rates with yn00 (PAML 4.
8, Yang and Nielsen 2000). We excluded genes from down-
stream analyses with too short alignments (less than 100
bases), dS =0 and very high dS rates (larger than the 1.5 x
IQR of all calculated dS values) potentially indicating muta-
tional saturation. This resulted in a final set of 6,076 genes.

Statistical Analysis

To analyze correlations between expression bias and the dif-
ferent measures of molecular evolution and expression regu-
lation, we used Kendall’s rank correlation coefficient 7, testing
for positive or negative correlations. As expression levels are
known to be negatively correlated with evolutionary rates
(Drummond et al. 2005; Zhang and Yang 2015), we used
semi-partial correlations with Kendall's coefficients (R pack-
age “ppcor”) to exclude effects of expression level from
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correlations of expression bias and sequence evolution and
expression regulation (Kim and Yi 2006). To further test
whether median levels of gene sequence evolution [i.e,
dS,, dN/dS, dN,/(dN,+dS,)] and expression regulation
(i.e., Exprave Cy) differ significantly more strongly between
highly and weakly biased genes than between randomly
selected genes, we performed permutation tests (see
Supplementary Material online). For this, we calculated
medians (dS,, dN/dS, dN,/(dN,+dS,), Exprase and Cy)
for two gene sets of size N sampled from the top 25% of
genes with the highest and lowest . We then calculated
the medians for two groups of N randomly selected genes.
These calculations were performed for 10° permutations. If
expression bias (as measured by 7) correlates with rates of
evolution and regulation, we expect that the distance (i.e,,
the absolute differences) between medians are larger for
the high-vs.-weak bias gene sets than for random gene sets.
We calculated the probability P as the proportion of iter-
ations, where differences of medians for random gene sets
were equal to or larger than those observed in the high-vs.-
weak bias gene sets. Statistical tests were considered sig-
nificant at P < 0.05.

Data Accessibility

Additional data and scripts used for this study have been
uploaded as part of the Supplementary Material online.
Raw reads are available at the NCBI short read archive under
the accession numbers SRX879674, SRX879676, SRX879678
and SRX692538.

Supplementary Material

Supplementary tables S1-53 and figures S1-S7 are available at
Molecular Biology and Evolution online.
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