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Abstract

Developmental plasticity allows for the remarkable morphological specialization of individuals into castes in eusocial
species of Hymenoptera. Developmental trajectories that lead to alternative caste fates are typically determined by
specific environmental stimuli that induce larvae to express and maintain distinct gene expression patterns. Although
most eusocial species express two castes, queens and workers, the ant Cardiocondyla obscurior expresses diphenic females
and males; this provides a unique system with four discrete phenotypes to study the genomic basis of developmental
plasticity in ants. We sequenced and analyzed the transcriptomes of 28 individual C. obscurior larvae of known devel-
opmental trajectory, providing the first in-depth analysis of gene expression in eusocial insect larvae. Clustering and
transcription factor binding site analyses revealed that different transcription factors and functionally distinct sets of
genes are recruited during larval development to induce the four alternative trajectories. In particular, we found complex
patterns of gene regulation pertaining to sphingolipid metabolism, a conserved molecular pathway involved in devel-
opment, obesity, and aging.
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Introduction

Developmental plasticity is a core biological phenomenon
through which a genotype can produce a variety of pheno-
types in response to different environmental cues (West-
Eberhard 2003; Gilbert and Epel 2009). This responsiveness
requires a sensitivity to (external) environmental input and
affects most, if not all, complex developmental processes
(Gilbert 2005). Furthermore, in a fluctuating environment,
developmental plasticity can induce phenotypic variation of
different magnitude that can be either nonadaptive (e.g, ter-
atogenesis; Hamdoun and Epel 2007) or adaptive (e.g, pred-
ator-induced defenses in Daphnia; Boersma et al. 1998)
(West-Eberhard 1989; DeWitt et al. 1998; Gilbert 2001;
Ghalambor et al. 2007; Beldade et al. 2011). One specific
form of developmental plasticity called polyphenism allows
for the generation of two or more distinct phenotypes and
underlies the evolutionary success of eusocial insects (ants,
bees, wasps, and termites). Eusocial insect colonies are
founded on the principle of division of labor (Holldobler
and Wilson 1990), where morphologically and behaviorally
specialized individuals are produced from the same genotype
due to gene-by-environment interactions. In this way, the
ontogeny of a superorganism (i.e, a eusocial insect colony)
parallels the differentiation of cells or organs in a multicellular
organism (Bourke 2011). Such polyphenism is a prime exam-
ple of the flexibility of an organism’s genetic makeup
(Schlichting and Pigliucci 1998; West-Eberhard 2003).

The stable differentiation of individual eusocial insect
larvae into distinct adult castes is known to be affected by
external stimuli (e.g, temperature, pheromones, nutrition,
and tactile interactions; Holldobler and Wilson 2009; Penick
and Liebig 2012), but we are only beginning to understand
how such stimuli are transduced into neuronal, endocrine,
and metabolic signals that ultimately regulate gene expression
to control caste fate. This molecular cascade is best resolved
for the honeybee Apis mellifera, where development of the
queen caste is induced by feeding larvae with “royal jelly”, a
special glandular secretion produced by worker bees.
Components of this secretion, including Royalactin, Major
Royal Jelly proteins, and a fatty acid Histone Deacetylase in-
hibitor, likely activate epidermal growth factor receptor
(EGFR) signaling in the larval fat body (Kamakura 2011),
which in turn activates downstream pathways that directly
or indirectly affect developmental trajectories (e.g, insulin-like
signaling, PI3K/TOR/S6K, Ras/Raf/MAPK; Patel et al. 2007;
Kamakura 2011; Mutti et al. 2011; Wolschin et al. 20171;
Badisco et al. 2013). Experimental gene knock-downs, as
well as comparative transcriptome and methylome studies,
performed mostly in honeybees, have revealed extensive
caste-dependent changes in gene expression and epigenetic
regulation (Kucharski et al. 2008; Elango et al. 2009; Bonasio
et al. 2012; Shi et al. 2012; Simola, Ye, et al. 2013) for a wide
range of genes, for example, hexamerins (Hoffman and
Goodisman 2007; Hunt et al. 2007; Cameron et al. 2013),
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cytochrome P450s, spliceosomal genes (Cameron et al. 2013),
the hypoxia pathway (Azevedo et al. 2011), and several other
metabolic and developmental genes (Evans and Wheeler
20071; Barchuk et al. 2007; Hoffman and Goodisman 2007; Li
et al. 2010; Begna et al. 2011).

The mechanisms regulating caste polyphenism in the evo-
lutionarily independent lineage of ants are expected to be
more sophisticated, owing to generally greater diphenism be-
tween queens and workers and the presence of extensive
worker subcaste differentiation or queen polyphenism in
some species (Holldobler and Wilson 1990; Ruppell and
Heinze 1999; Johnson and Linksvayer 2010). Furthermore,
caste diphenism may be accompanied by striking morpho-
logical variation among males (Kugler 1983; Yamauchi et al.
1991; Heinze and Holldobler 1993; Oettler et al. 2010).

Though transcriptomes (Feldmeyer et al. 2013), methy-
lomes (Bonasio et al. 2010, 2012), and chromatin structure
(Simola, Ye, et al. 2013) have been compared among different
adult castes of ants, detailed studies about the molecular
regulation of gene expression during larval ontogeny have
not yet been conducted. This is partly due to an inherent
difficulty in most ant species, as an individual’s caste-fate re-
mains elusive until a late larval instar or the pupal stage. Yet, it
is hypothesized that many of the key differences between
adult castes emerge during larval development. Therefore,
characterizing genes that are involved in this initial phase of
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caste divergence will help to unravel the ontogenetic and
evolutionary underpinnings of caste determination and dif-
ferentiation in eusocial insects.

Here we used Cardiocondyla obscurior, a minute myrmi-
cine ant, as a model to study genome-wide gene expression
variation among larvae of known caste fate within a replicated
experimental design based on individual whole larval samples.
Colonies of C. obscurior can be reared easily in the laboratory,
and in this controlled setting we are able to induce larval
development along the desired caste-fate trajectory in a re-
producible manner.

Furthermore, C. obscurior offers a particularly promising
system to unravel the mechanisms underlying developmental
plasticity in both female and male sexes. In addition to female
queens (QU) and workers (WO), C. obscurior colonies regu-
larly express wingless males (ergatoid [literally “workerlike”]
males, EM) and occasionally also winged disperser males
under laboratory conditions (WM) (fig. 1, table 1) (Heinze
and Holldobler 1993; Cremer and Heinze 2003; Schrempf and
Heinze 2006; Cremer et al. 2011). The phenotypes of these
two male forms differ substantially in many aspects (table 1).
Winged males resemble typical males of other ant species in
morphology, physiology and behavior, whereas ergatoid
males have smaller eyes, a slender thorax, smaller brains, an
unusually long life span and—unique for males of social
Hymenoptera—a life-long spermatogenesis (Kugler 1983;
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Fic. 1. Phenotypes of Cardiocondyla obscurior. Fertilized, diploid eggs develop either into (a) queens (QU) or (b) workers (WO), whereas unfertilized
eggs remain haploid and develop into males of either the (c) winged (WM) or (d) wingless, ergatoid phenotype (EM). (e) Development of a C. obscurior
worker larva from egg to pupa. The red box indicates the approximate sampling period for RNAseq experiments.
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Table 1. General Features of the Four Different Adult Phenotypes Expressed in Cardiocondyla obscurior.

QU wo WM EM
Sex Female Female Male Male
Winged Yes No Yes No
Average life span (weeks) 24 8 2 6
Average size (mm) ~2 ~17 ~2.1 ~17
Fertility High Sterile Low High®
Individuals per colony 5 28 o 1
Number of ocelli 3 0 3 0
Antennae Elbowed, long scape Elbowed, long scape Short scape Elbowed, long scape
Gaster pigmentation Dark Dark Dark Light
Eye size Medium Medium Large Small
Mandible type Normal Normal Reduced Enlarged

?Life long spermatogenesis.
®Winged males are only produced under lab conditions.

Heinze and Holldobler 1993). EMs also feature enlarged,
sickle-shaped mandibles that are deployed in lethal fights
with rival males over reproductive rights (Kinomura and
Yamauchi 1987; Stuart et al. 1987).

To deepen our understanding of the mechanisms under-
lying polyphenism in ants, we characterized the developmen-
tal transcriptomes of C. obscurior larvae by high throughput
mRNA sequencing (RNAseq) using seven early third instar
larvae from each of four known developmental trajectories
(caste fate), rendering this study the first analysis of genome-
wide gene expression differences of individual ant larvae. By
analyzing gene expression patterns based on caste fate, we
identified the genes that are putatively functional during the
early stages of caste divergence.

Transcriptional regulation of gene expression is achieved
through many factors, including transcription factors (TFs),
DNA methylation, histone posttranslational modifications
and histone variants, and noncoding RNAs. Among these
factors, TFs are perhaps the most well studied and are estab-
lished regulators of development and phenotypic plasticity in
eukaryotes (Carroll 2000; Gilbert and Epel 2009; Latchman
2010). By binding to canonical and often evolutionarily con-
served binding sites (transcription factor binding sites
[TFBSs]) typically located in intergenic sequence proximal
to genes (promoters) and in tandem groups of TFBSs distal
to genes (enhancers), TFs can coordinately regulate transcrip-
tion for groups of target genes, thereby driving specific devel-
opmental pathways. It was previously shown that there are
significant evolutionary changes in the genome-wide TFBS
landscape between solitary and eusocial insect genomes, sug-
gesting that the regulation of gene transcription by TFs is a
major mechanism facilitating caste differentiation in eusocial
insects (Simola, Wissler, et al. 2013). In support of this, we
found enrichment of different TFBSs in promotor regions of
genes exhibiting differential expression by caste fate, thereby
relating specific TFs to early developmental divergence of ant
castes.

Sphingolipids are versatile structural compounds of cell
membranes and have gained increasing interest in cancer
research and developmental biology for their activity as
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second messengers affecting highly conserved molecular
pathways, thus regulating cell growth, proliferation, differen-
tiation, and apoptosis (Spiegel and Merrill 1996; Adachi-
Yamada et al. 1999; Lebman and Spiegel 2008; Gault et al.
2010; Hamel et al. 2010; Kraut 2011; Pepperl et al. 2013;
Sasamura et al. 2013; Zhu et al. 2013). Intriguingly, the sphin-
golipid metabolism is tightly interwoven with several path-
ways implicated in caste differentiation (TOR [Zhu et al.
2013], Wnt [Pepperl et al. 2013], and Notch/EGF [Baker
and Thummel 2007]) and is also involved in the regulation
of CytP450 expression (Merrill et al. 1999) and JH metabolism
(Yang et al. 2010). These interactions led us to analyze expres-
sion patterns for genes involved in sphingolipid metabolism.
We found differential regulation in all expressed key genes
(Walls et al. 2013), indicating that developmental plasticity
in ants is in part regulated by changes in sphingolipid
homeostasis.

Together, our findings confirm that significant gene ex-
pression differences emerge early in larval development, prim-
ing larvae for the vast morphological reorganization during
metamorphosis as pupae. Furthermore, such changes likely
are controlled by a specific set of TFs and prominent in de-
velopmental toolkit genes (e.g, Wnt, EGFR, Notch), metabolic
pathways (e.g, sphingolipids, oxidative phosphorylation), and
cell-cycle processes (e.g, ribosomal and proteasomal
proteins).

Results

To assess gene expression differences at an early stage of caste
fate divergence, we performed high throughput sequencing of
mMRNA complements (RNAseq) from 28 individual and mor-
phologically indistinguishable early third instar larvae, sam-
pled shortly after their commitment to each of the four
mature phenotypes (fig. 1e) (Schrempf and Heinze 2006).
By sequencing seven independent biological replicates per
treatment, our experimental design explicitly incorporates
interindividual biological variation (Auer and Doerge 2010)
(fig. 2a—c), which increases the sensitivity and specificity of
our analyses (Liu et al. 2014).


-
)
)
-
-

Transcription Factors and Sphingolipid Metabolism Underlie Developmental Plasticity - doi:10.1093/molbev/msv039

MBE

(b)

Density
04 06 08 10 12 14 16

Sqrt(standard deviation)

|
S 5 10

% |
% |

SRR
PSS M LU SR S S
R AR AR A AR A

# reads mapped

log2(count size + 0.5)

(©) 3 @ =-
4 N
0 _] o NS
o wo NS
oo —
wo I
N e 1)
o EM c
£ ) av - S
(S o d 2
% e - o
EM EM QU o
o
T
au °
I T T T T I ST S AORQO
A
15 -10 -05 00 05 1.0 & SO
Dim 1

Fic. 2. (a) Distribution of raw read coverage per gene. The red dashed line indicates mean read count per gene. (b) Genewise mean—variance
relationship suggesting high levels of biological variation between samples (Law et al. 2014). (c) MDS plot for the top 500 most variable genes. (d) Mean
Euclidean distances (=SE) of MDS-scaled samples between all samples (overall) and within each caste fate.

Differential Gene Expression and Gene Set
Enrichment Analyses

The current official gene set of C. obscurior includes annota-
tions for 17,552 protein-coding genes (Schrader et al. 2014). In
our larval RNAseq data, 10,012 of these genes (57%) were
expressed with a mean raw coverage of 9,058.43 reads per
gene (fig. 2a) and high-level biological variation as suggested
by the mean-variance relationship (fig. 2b, Law et al. 2014).
To assess whether transcriptome samples cluster according to
their developmental trajectory, we performed a multidimen-
sional scaling (MDS) analysis with limma (Law et al. 2014) of
the 500 most variable genes across all samples (fig. 2¢) and
calculated mean Euclidean distances between MDS-scaled
data points (fig. 2d). This calculation of distance is conserva-
tive, as it relies on a lower dimensional projection of the data
that do not account for the total variance. Compared with
mean distances between pairs of all 28 samples, distances
between EM and QU samples did not differ significantly
(t-tests, EM: df=222, P=067, QU: df=2258 P=023).
However, among WM and WO samples distances were sig-
nificantly smaller (t-test, WM: df=2295 P=0.01, WO:
df =36.18, P < 0.0001). In addition, we found strong overlap
between groups in the MDS analysis, in particular for QU
and EM.

Using a false discovery rate (FDR) of 0.05 (fig. 3a), 5,172
genes showed differential expression in at least one of the six
pairwise comparisons (EM/QU, EM/WO, EM/WM, QU/WO,
QU/WM, and WO/WM,; fig. 3b). As we were interested in
phenotype-specific gene expression profiles, we retrieved the
subsets of differentially expressed genes (at FDR < 0.05) that
showed consistent changes in one group compared with the
three others (fig. 3¢ and supplementary tables S1-S4,
Supplementary Material online), for example, 311 genes
showed significantly higher and 217 genes showed signifi-
cantly lower expression in QU in each of the three pairwise
comparisons with WO, EM, and WM (fig. 3d).

In the different gene sets, we assigned Drosophila orthologs
to 69.70% (QU), 74.24% (WO), 62.46% (EM), and 53.79%
(WM) of the genes using a reciprocal best alignment ap-
proach. When orthology was not resolved clearly, we assigned
the closest homolog (BLASTp e value < 1e-10). We then

performed functional enrichment analyses using Gene
Ontology (GO) terms (see supplementary material,
Supplementary Material online) and DAVID’s (Database for
Annotation, Visualization and Integrated Discovery)
Functional Annotation Clustering (v6.7), which combines en-
richment scores from different resources (e.g, GO terms, pro-
tein-protein interactions, homologies) based on common
biological themes. DAVID analysis returned 25 distinct
Annotation Clusters on the 152 EM-specific genes and
fewer clusters for the other gene sets (QU 12 [199 genes],
WO 5 [53], WM 0 [0]) (table 2). In QU, most clusters are
associated with cell-cycle processes (e.g, mitosis, DNA repli-
cation, nucleosome organization; table 2a). Furthermore, we
found clusters associated with transcript splicing and diacyl-
glycerol kinase activity. The functionally clustered gene set in
QU contains 12 stronger expressed RpS, 14 RpL (13 over-
expressed), and 4 mitochondrial ribosomal protein genes,
which are significantly downregulated in QU. Furthermore,
seven different histone genes (four H2A, one H1/H5, one H2b,
and one H3) and the proteasome subunits a3, -6, -7 as well as
B2, -4, -6, and -7 are expressed to a significantly lower level in
the QU gene set (supplementary table S1, Supplementary
Material online). As histone occupancy generally inhibits TF
binding to DNA (Boyle et al. 2008; Neph et al. 2012; Wang
et al. 2012), these results are consistent with a model of caste
differentiation in which queen destined larvae increase chro-
matin accessibility to increase gene expression and cell
proliferation.

In WO, each of the five Annotation Clusters is associated
with energy generation in mitochondria (e.g, oxidative phos-
phorylation, ATP metabolism, or valine, leucine, and isoleu-
cine degradation; table 2b). We found stronger expression of
five mRp genes (L20, L21, L32, S14, and S28) and three protea-
some genes (06, B3, and 7). In addition, four different cyto-
chrome oxidase C subunits (IV, Vb, VIb, and Vlic) were
expressed significantly higher in WO (supplementary table
S2, Supplementary Material online).

Many of the 20 functional clusters in EM are associated
with basic development (e.g, neurogenesis, imaginal disc de-
velopment, exocrine system development; table 2¢). In addi-
tion, we found clusters indicating substantial changes in core
molecular pathways (e.g, Wnt, EGFR) (Hurlbut et al. 2007).
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Fic. 3. (a) Number of differentially expressed genes for the six possible pairwise comparisons at different FDR cutoffs. (b) Summary of differential gene
expression calls with six pairwise comparisons at an FDR of 0.05, NE, not expressed; NS, no significant difference in expression; 1-6; Number of genes
with significant expression differences in 1-6 pairwise comparisons. (c) MA plots showing the mean expression across all 28 samples on the x-axis and
the log-fold change for one over three other groups. Each dot represents one expressed gene, red dots show genes included in the compiled gene sets.
Density plots show frequency distribution of all genes (blue) and of genes in the set genes (red). (d) Venn diagrams comparing phenotype-specific
expression differences in WM, EM, QU, and WO. Each Venn diagram shows the number of genes with significantly higher (upper numbers) or lower
expression (lower numbers) at an FDR < 0.05 in one, two, or three pairwise comparisons per caste fate. For each caste fate, sets of genes differentially
expressed in all three pairwise comparisons (i.e, the central intersection) were used for enrichment analyses.

For example, six of eight annotated Wnt homologs (wg
Wnt10, 3 homologs of Wnt2, Wnt5, and a homolog of
Wnit6) in the C. obscurior genome are significantly overex-
pressed in EM. In addition, orthologs of the Wnt receptors
f22 and fz4, the coreceptor arr, and associated genes like stan,
arm, nkd, and four different Cadherins (ft, Cad87A, Cad74A,
and a homolog to Cad96Ca) are upregulated. Apart from Wnt
pathway genes, we found differential regulation in various
genes involved in Notch (N, DI, H, Ser, shg, and heph) or
EGFR signaling (Egfr, Hh, and Ptc) and also in three Toll-
receptor homologs (Toll-6 and two Tollo homologs). In addi-
tion, differential expression in EM was abundant in TFs, for
example, abd-b, castor, twist, Sp1, vielfaltig, jumeau, jim, and
homeobox genes (e.g, dll, en, smo) (see supplementary table
S3, Supplementary Material online).

There were no significant Annotation Clusters for WM.
However, some individual candidate genes might be of par-
ticular interest in the WM-specific gene set. For instance a
homolog to Edem1, a gene coding for an alpha-mannosidase
affecting life span in Drosophila melanogaster and
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Caenorhabditis elegans (Liu et al. 2009), is strongly down-
regulated in WM. In addition, we found differential expres-
sion in well-characterized developmental genes such as
headcase, visgun, eyegone, as well as homologs to engrailed,
prospero, AGO3, and capricious (supplementary table S4,
Supplementary Material online).

Together, the enrichment analyses revealed strong func-
tional differences between the gene sets, suggesting that de-
velopment of the discrete phenotypes is regulated by distinct
developmental programs in cell division (QU), energy gener-
ation (WO), and developmental toolkit genes (EM).

TF Binding Site Enrichment

As TFs function as important regulators of developmental
plasticity, we tested whether gene expression may be regu-
lated by distinct sets of TFs for each caste fate (fig. 4).
Significant binding sites (TFBSs) for 59 factors were predicted
by scanning 2-kb promoter sequences using available position
weight matrix models. Caste-biased gene sets were
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Table 2. Functional Enrichment of Genes Significantly Differentially
Expressed in (a) Queens (QU), (b) Workers (WO), and (c) Ergatoid
Males (EM).

Cluster Enrichment Description
Score
(@) QU
AC 1 14.85 Mitosis 1
AC 2 10.29 Mitosis 2
AC 3 6.20 DNA replication
AC 4 3.95 Protein-DNA interaction
AC 5 3.76 Nucleotide binding
AC 6 3.65 Proteasome
AC 7 3.38 Mitosis 3
AC 8 3.15 Nucleosome organization
AC 9 2.83 Prereplicative complex
AC 10 2.71 Spindle organization
AC 11 2.71 Splicing
AC 12 2.56 Kinase activity
(b) WO
AC 1 11.34 Oxidative phosphorylation
AC 2 6.69 Energy generation
AC 3 4.01 ATP metabolism
AC 4 2.86 Oxidoreductase activity
AC 5 2.46 Valine, leucine, and isoleucine degradation
(c) EM
AC 1 11.70 Neurogenesis
AC 2 10.12 Organogenesis
AC 3 8.51 Cellular morphogenesis
AC 4 7.47 Respiratory system development
AC 5 6.61 TF activity
AC 6 5.83 Imaginal disc differentiation
AC 7 5.54 Exocrine System development
AC 8 5.46 Limb & Wing morphogenesis
AC 9 5.06 Organismal development & organogenesis
AC 10 4.87 Axon guidance
AC 1 4.68 Whnt pathway
AC 12 4.67 Eye morphogenesis
AC 13 4.64 Cell adhesion involved in morphogenesis
AC 14 4.47 Homeobox
AC 15 4.00 Cell-cell junction
AC 16 3.80 EGF signaling
AC 17 3.60 Gliogenesis
AC 18 3.28 Compound eye pigmentation
AC 19 3.02 Genitalia development
AC 20 292 Vesicle formation
AC 21 2.84 Immunoglobulin-like proteins
AC 22 2.64 Frizzled
AC 23 2.52 Metal ion binding
AC 24 2.42 Gene expression
AC 25 2.19 Apoptosis

Note.—Annotations by DAVID; AC, Annotation Cluster; ES = —log(Penrichment)-

subsequently analyzed for enrichment of each TFBS model
individually using two measures (enrichment probability pE
and presence probability pP). In the QU gene set, 13 TFBSs
were either significantly enriched (pP < 0.01, Bonferroni cor-
rected) or overrepresented (pP < 0.01, Bonferroni corrected),
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Fic. 4. Transcription factor binding site enrichment for caste specific
gene sets. The heat map shows the proportion of genes in the different
gene sets that have at least one of the respective TFBSs in their pro-
moter sequence. Numbers for significantly enriched/overrepresented
TFBSs give the percentage of genes having the respective TFBS in
their promotor. Asterisks indicate whether we found significant enrich-
ment (pE <001, asterisk at first position), overrepresentation
(pP < 0.01, asterisk at second position), or both (two asterisks).
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with five TFBSs being significant for both measures. Of eight
significant TFBSs in the WO gene set, six were significant in
both tests. The highest number of significantly enriched
TFBSs was found in EM, with 19 TFBSs being significantly
enriched (pE < 0.01, Bonferroni corrected) or overrepre-
sented (pP < 0.01, Bonferroni corrected). Of these, ten
TFBSs were significant in both tests. In contrast, we did not
find any TFBSs to be significantly overrepresented in the WM
gene set and only one TFBS (OVO) was significantly enriched
(pE < 0.01, Bonferroni corrected).

Sphingolipids

Based on previous evidence suggesting that sphingolipid me-
tabolism regulates pathways involved in caste differentiation,
we analyzed expression of sphingomyelin cycle genes in our
data set. Interestingly, we found significant expression differ-
ences in all eight key genes (Walls et al. 2013) involved in the
metabolic cycle (fig. 5 and supplementary table S5,
Supplementary Material online). Lace, which codes for a
serine-palmitoyltransferase responsible for de novo synthesis
of sphingolipids, was weakly expressed in WO. Following the
formation of dihydrosphingosine, the dihydroceramide
synthase schlank (significant differences in expression:
WM >WO, WM>QU, WM>EM, and QU>WO) and the
sphingosine desaturase infertile crescent (ifc) (QU>EM)

catalyze the production of the bioactive lipid ceramide. The
conversion of ceramide to sphingosine involves different cer-
amidases coded by brain washing (bwa, with two homologs in
C. obscurior. BwaT: not expressed, bwa2: QU>WM), and
ceramidase (CDase), which has two homologs in C. obscurior
of which both show stronger expression in QU (CDaseT:
QU>EM, QU>WM and CDase2: QU>EM, QU>WM,
QU>WO). Sphingosine is then converted to sphingosine-
1-phosphate (S-1P) through the activity of a kinase coded
by Sk2 (QU>EM, QU>WM, and QU>WO). The mem-
brane-bound S1P-lyase Sply, which is downregulated in EM,
converts S-1P to an aldehyde and phosphoethanolamine,
thus removing S-1P irreversibly from the cycle.

In addition to the eight key genes of the sphingomyelin
cycle, we also analyzed expression of downstream genes
affected by cellular sphingolipid levels. For example, we
found differences in slipper (QU>WO), hemipterous
(QU>WO, QU>WM) and basket (EM>WO, WM>WO),
three genes that form a ceramide-sensitive MAP I3 — JNK
pathway involved in stress response and apoptosis in
Drosophila (Kraut 2011).

Discussion

The pronounced differences between queen and worker
castes make ants and other social insects compelling
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Fic. 5. Schematic representation of the sphingomyelin cycle (central box) and its involvement with other developmental pathways and mechanisms
(left and right boxes). (a) The central metabolism in sphingolipid biosynthesis (Walls et al. 2013) with the involved genes (left of arrows) and metabolic
products (between arrows). (b) Differential expression of key genes of the sphingomyelin cycle. The heat map shows significant (FDR < 0.05) positive
(dark blue) or negative (light blue) log fold changes for each of the six pairwise comparisons in sphingomyelin cycle and downstream genes (basket [bsk],
hemipterous [hep], slipper [slpr]). CDase2 and bwa2 are homologs to the Drosophila CDase and bwa genes, respectively. NH, no homolog identified in C.
obscurior; NE, not expressed; NS, no significant difference.
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models to study the regulation of developmental plasticity.
However, genetic and molecular studies focusing on the
divergence during larval and pupal development are still
rare (Abouheif and Wray 2002; Ometto et al. 2017;
Chen et al. 2012; Berens et al. 2014). Studies on queen deter-
mination in different ant species have revealed differences in
developmental switch points in caste differentiation during
larval development, suggesting that the extent of queen—
worker diphenism correlates with the timing of developmen-
tal divergence (Abouheif and Wray 2002; Penick et al. 2012).
Furthermore, as shown in A. mellifera, caste determination
might be a progressive process not controlled by a single fixed
time point in development (Cameron et al. 2013). In
the polyphenic ant C. obscurior, queen/worker and winged/
ergatoid male determination has been studied in cross-
fostering experiments and by juvenile hormone analog
application(Schrempf and Heinze 2006; Du et al. 2007), indi-
cating that in both males and females, caste fate is deter-
mined late in second larval instar development. In this
study, we characterized gene expression during larval devel-
opment shortly after the mature phenotype has been deter-
mined with high likelihood to unravel the genetic framework
directing specific morphological differentiation into four dis-
tinct adult phenotypes.

Gene Expression Patterns

The great number of genes found to be differentially ex-
pressed in our comparison shows that distinct phenotypes
adopt largely different gene expression profiles already during
larval development, preceding morphological differentiation
that occurs during metamorphosis. Therefore, the specific
morphologies of queens, workers, ergatoid males, and
winged males likely depend on gene expression patterns
that are pre-established, as opposed to emerging first
during pupation.

Furthermore, despite the apparent morphological similar-
ities between alate and wingless phenotypes between sexes
(e.g, female workers and ergatoid males), we did not find
consistent overlap in gene expression profiles (fig. 3d) or
TFBS enrichment (fig. 5) comparing these phenotypes.
Assessing whether analogous morphological traits (e.g, wing-
lessness) do in fact emerge by separate developmental routes
however requires detailed studies on the vestigial imaginal
discs of EM and WO.

Though an RNAseq experiment with whole body samples
does not allow for a deeper analysis of tissue-specific expres-
sion profiles, it did allow for the identification of systemic
gene expression changes. Furthermore, by sampling during
early larval development when morphological differences
have not yet emerged, we are able to minimize allometric
bias in cell number or proportion of tissues.

Functional enrichment analysis revealed substantial onto-
genetic differences between EMs and the other three pheno-
types, driven by changes in pleiotropic and interconnected
signaling networks (Notch, EGFR, Wnt, etc.). The general im-
portance of Wnts in development and morphogenesis in ar-
thropods is well-known (e.g, in CNS, eye, genitalia, imaginal

discs, mouthparts; Murat et al. 2010) and it is also likely to be
involved in wing loss in ants (Abouheif and Wray 2002;
Rajakumar et al. 2012). The great number of differentially
expressed Wnt, Notch, and EGFR pathway genes in EM
thus indicates that changes in timing and/or orchestration
of gene expression in such evolutionarily conserved develop-
mental circuits underlie the evolution of the ergatoid male
phenotype in Cardiocondyla.

In addition, absence of developmental toolkit pathways in
DAVID analyses of the three other gene sets suggests that,
during the particular period of sampling, basic developmental
mechanisms experience differential regulation specifically in
EM:s. This is likely a consequence of strong sexual selection on
EM-specific traits. EMs attack and kill young rivals upon their
eclosion, resulting in an evolutionary arms-race over produc-
tion of the first male in multiqueen colonies (Yamauchi et al.
2006; Suefuji et al. 2008). Consequently, selection is predicted
to favor the early emergence of EMs; accordingly, EMs do
exhibit reduced developmental time compared with the
other male phenotype (Schrempf and Heinze 2006). Thus,
phenotype-specific expression profiles in our analysis might
emerge from alternative developmental rates that are set by
upstream changes in developmental signaling pathways, for
example, through Notch and Wnt signaling. In support of this,
a recent study also found DNA methylation differences in
Wnt genes between queen- and worker-destined honeybee
larvae, indicating a prominent role for these networks in plas-
tic development of eusocial insects (Shi et al. 2012).

The prevalence of genes involved in mitosis and nucleo-
some organization in QU implies specific changes in cell cycle
and chromatin structure. Many mitosis-related genes are
downregulated in QU, potentially reflecting a state of arrested
cell division. In fact, restrained growth in queen larvae is
known from honeybees, where queen-destined larvae
remain smaller during early differentiation and only later out-
grow their worker-destined siblings (Stabe 1930). Conversely,
the high frequency of overexpressed ATP metabolic genes in
the WO-specific gene set indicates an increased energy re-
quirement in worker larvae during early third instar.

This is in contrast to studies done in A. mellifera that sug-
gest an increase in energy generation in queen-destined larvae
(Corona et al. 1999; Li et al. 2010; Begna et al. 2011; Cameron
et al. 2013). However, in honeybees, growth rates of queen-
destined larvae predominantly increase late in development
and queens develop faster than workers (Page and Peng
2001). In C. obscurior (Schrempf and Heinze 2006) and
likely other ants (Bowsher et al. 2007), queens develop at
the same rate than workers but for a longer period. Thus,
caste-specific energy requirements of larvae might not be
conserved across these two distant taxa.

TF Binding Sites

Testing for enrichment of TFBSs in cis-regulatory regions, we
again found specific differences between QU, WO, EM, and
WM. The lack of a single TFBS enriched in all four phenotypes
suggests that larval development is not controlled by
common TFs, but instead that each developmental
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phenotype recruits its own set of TFs to produce the respec-
tive gene expression signatures. Yet, we found five TFBSs
(antennapedia [ANTP], bric a brac 1 [BAB1], fork head
[FKH], giant [GT], and TATA-binding protein [TBP]) with
significant enrichment in both QU and WO, potentially re-
vealing TFs specifically recruited to female larval develop-
ment, for example, as shown for bab1 in Drosophila (Kopp
et al. 2000). We did not find a similar overlap between the
two male phenotypes, as WMs showed only one TFBS (OVO/
Shavenbaby, a germline expressed factor shared with queens).
How the interplay of different TFs directs gene expression and
development in each caste remains elusive, in particular since
significant overabundance of binding sites did not correlate
with stronger TF gene expression in the respective larvae.

Sphingomyelin Cycle

We discovered significant differences in the expression of
most sphingolipid metabolism genes comparing all four phe-
notypes, suggesting a role for the sphingomyelin cycle in caste
differentiation. In addition, previous studies revealed that mu-
tations in sphingolipid metabolism genes in Drosophila and
Caenorhabditis produce phenotypes that strikingly resemble
differences observed between castes in eusocial insects, in
particular concerning fecundity and longevity. For example,
loss of bwa decreases longevity and increases larval develop-
mental time in Drosophila, and pharmacological inactivation
of Bwa increased Juvenile Hormone acid methyltransferase
activity (Yang et al. 2010). Sterility was observed in ifc deficient
Drosophila (Phan et al. 2007). Deletion of sply leads to flight
muscle degradation and apoptosis in reproductive organs
(Herr et al. 2003); similar defects were found in Sk2 mutants
(Herr et al. 2004). Schlank” mutant flies show defects in fat
storage and larval growth, and corresponding mutants in
C. elegans (hyl-1; lagr-1, hyl-1, and hyl-2) show significant life-
time extension (Tedesco et al. 2008; Menuz et al. 2009;
Mosbech et al. 2013).

Similarly, the four phenotypes of C. obscurior are charac-
terized by considerable differences in longevity, fecundity,
larval development, and morphology (table 1). The distinct
differential expression in most key genes in C. obscurior and
their established regulatory functions and roles in Drosophila
development strongly suggest previously unappreciated role
for sphingolipids in caste fate differentiation in ants. We
therefore propose to extend the current model of caste de-
termination and differentiation in eusocial insects to include
sphingolipids as important mediators of developmental
plasticity.

Conclusion

Eusocial insect castes illustrate the concept of developmental
conversion (Smith-Gill 1983), in that plastic responses in de-
velopment are not continuous reaction norms proportional
to the environmental stimulus, but threshold dependent dis-
crete phenotypes. Previous studies on caste differentiation
and developmental plasticity in eusocial insects already
showed that evolutionarily conserved developmental path-
ways are involved in this process and that the initial
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environmental signal is transduced to substantially alter
gene expression profiles during development. In accordance,
our comparison of gene expression patterns in early larvae of
C. obscurior revealed that a large number of genes are differ-
entially expressed between larvae of different caste-fate and
that many developmental pathways and TFs appear to be
involved in caste differentiation. Caste differentiation can be
considered as active, regulatory plasticity involving versatile
developmental and physiological changes rather than passive
plasticity, a (largely nonadaptive) direct response to environ-
mental influences (Schlichting and Pigliucci 1995, 1998;
Whitman and Agrawal 2009; Forsman 2014). Eusocial insects
evolved from monophenic ancestors and the worker—queen
diphenism thus likely evolved from passive plasticity ex-
pressed by the solitary ancestors (Hunt and Amdam 2005).
This transition from putatively non- or even mal-adaptive
plasticity to highly adaptive plasticity is expected to occur,
if the ancestral plasticity produces phenotypes that are close
enough to a new phenotypic optimum for directional selec-
tion to act upon (Ghalambor et al. 2007), allowing for the
evolution of a stable queen—worker diphenism as we see it
today. In Cardiocondyla, a similar mechanism might have also
enabled the evolution of male diphenism, in that the extant
male phenotypes evolved from a single, merely passively plas-
tic winged male phenotype (Tsuji et al. 1994). Intriguingly, the
extent of male phenotypic plasticity is highly variable in the
genus Cardiocondyla, with several species producing ergatoid
males exclusively, others producing both morphs (Oettler
et al. 2010), and some species additionally producing inter-
morphs between winged and wingless males (Cremer et al.
2002; Yamauchi et al. 2005; Heinze et al. 2013). Hence it ap-
pears that phenotypic plasticity in males evolved under spe-
cies-specific selection regimes in Cardiocondyla, potentially
rendering this genus a showcase for the role of genetic ac-
commodation in the evolution of novelty (West-Eberhard
1989, 2005; Pfennig et al. 2010; Moczek et al. 2017;
Schlichting and Wund 2014).

Materials and Methods

Organism

Cardiocondyla obscurior is a cosmotropical tramp ant species
with a presumed native range in Southeast Asia (Seifert 2003).
Our experimental colonies used in this study are derived from
colonies that were originally collected in an introduced pop-
ulation in Brazil (permitted by the Brazilian Ministry of Science
and Technology [RMX 004/02]) and thereafter propagated in
the lab for several years. Experimental colonies were reared at
12 h 28°C light/12 h 23 °C dark in plastered petri dishes and
fed twice a week with parts of cockroaches or Drosophila and
honey-soaked shreds of paper. Water was provided ad libitum.
All animal treatment guidelines applicable to ants under in-
ternational and German law have been followed.

Larvae Sampling

Experimental colonies of C. obscurior were treated to
exclusively produce only one of the four different phenotypes.
Production of worker larvae (WO) was achieved by
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establishing colonies comprised one fertilized queen, one
ergatoid male, and ten workers. Larvae produced within the
first 2 months after colony foundation will develop into work-
ers (Suefuji et al. 2008). Queen larvae (QU) were produced by
treating eggs from worker-producing colonies (see above)
with the juvenile hormone analog methoprene (Schrempf
and Heinze 2006). Collected eggs were rinsed twice with
1 mg/ml methoprene dissolved in acetone and transferred
to a queen-less colony of 20 workers. To produce males, we
reared virgin queens that only produce haploid eggs, which
develop either into either ergatoid or winged males. Under
standard conditions (see above), colonies produce ergatoid
males. Winged males are rare. However, stressful environmen-
tal conditions can induce their production (Cremer and
Heinze 2003). We established colonies consisting of two
unfertilized queens and ten workers and reared these at a
constant 23 ° (colder than normal; see above). Some of these
colonies ceased production of ergatoid males and exclusively
produced winged males, especially in the later stage of their
queens’ life (>30 weeks; Heinze and Schrempf 2012), which
allowed us to sample winged male larvae (WM).

We sampled larvae that had chitinized mandibles, a char-
acteristic feature of the third instar (Schrempf and Heinze
2006), and were smaller than 800 um (fig. 1e). All colonies
that were used for sampling larvae were screened twice a
week from 2 weeks before the first larva was sampled until
3 weeks after the last larva had been sampled to confirm the
exclusive production of workers, queens, ergatoid males, or
winged males. For RNAseq studies, sampled larvae were
placed individually in 1.5-ml Eppendorf tubes, snap-frozen
in liquid nitrogen, and stored at —80 °C.

Gene Expression Analysis with RNAseq

Total RNA was extracted from 28 individuals during the early
third larval instar with the RNeasy Plus Micro kit (Qiagen),
yielding 27-270 ng per individual larvae.

Starting from 20 ng input RNA, double strand, unstranded,
multiplexed cDNA libraries for single-end sequencing of the
28 separate samples were generated. Briefly, cDNA was gen-
erated by reverse transcription using pseudorandom and
oligo-dT priming. Using single-primer isothermal linear am-
plification, double-stranded DNA was generated and ampli-
fied (Ovation RNAseq system V2, NuGEN). After clean up
with QlAgen’s MinElute cleanup kit, 1.5 ig cDNA was frag-
mented to 100-300 bp by shearing (Covaris S2 AFA). Libraries
from 150 ng cDNA were prepared with the Encore Rapid DR
Multiplex System (NuGEN), quantified (KAPA library quan-
tification kit), and distributed randomly across four different
lanes (Auer and Doerge 2010). Sequencing was carried out at
the in-house sequencing center (KFB, University of
Regensburg, Germany) on an lllumina HiSeq1000. Raw se-
quencing reads have been deposited in the NCBI short read
archive (accession no. SRX879674, SRX879676, SRX879678).

Sequencing reads produced from QU were published pre-
viously (Schrader et al. 2014; SRX692538). Sequencing yielded
approximately 532 M raw reads that were filtered for adapter
contamination (cutadapt; Martin 2011), parsed through

quality  filtration  (Trimmomatic ~ v0.27,  options:
LEADING:10 TRAILING:10 SLIDING:4:10 MINLEN:15), and
mapped against the reference genome (Schrader et al.
2014) using the tophat2 (v2.0.8) and bowtie2 (v 2.1.0) pack-
age (Phan et al. 2007; Langmead and Salzberg 2012; Kim et al.
2013; —b2-sensitive, default settings). On average, a mapping
rate of approximately 55% was obtained. De novo assembly
of unmapped reads with velvet (Zerbino and Birney 2008)
and subsequent BLAST analyses did not yield contigs of
traceable origin, suggesting that the unmapped reads are
of no biological significance. Indeed, similar mapping rates
have been reported by other studies using the same or very
similar library preparation protocols (Beane et al. 2011; Chen
et al. 2011; Malboeuf et al. 2012; Burruel et al. 2013; Leal et al.
2013; Sun et al. 2013). Gene expression analysis was per-
formed with limma (Smyth et al. 2002), DEseq (Anders
and Huber 2010), and DEseq2 (Love et al. 2014) based on
count tables produced with HTseq (Anders 2010; Yang et al.
2010) against the Cobs1.4 official gene set (Schrader et al.
2014). Even though limma was originally designed for mi-
croarray data, it outcompetes some recently published soft-
ware in RNAseq analysis (Rapaport et al. 2013). In addition, it
more extensively supports modeling multisample compari-
sons in the underlying generalized linear model, so that we
chose limma for the analysis of gene expression differences
in this particular experiment. Read counts were converted to
log2 counts per million (library size normalization), quantile
normalized and precision weighted with voom (Law et al.
2014) for subsequent modeling in limma.

Functional Clustering and Gene Set Enrichment

We performed a reciprocal BLAST analysis against Drosophila
annotated proteins (r5.39) to retrieve the ortholog or closest
homolog (BLASTp, e value cutoff 1e-10) for each C. obscurior
gene. Caste-specific gene sets were tested for functional clus-
tering by parsing lists of the respective Drosophila closest
homologs/orthologs through DAVID 6.7 (http://david.abcc.
ncifcrf.gov, last accessed February 22, 2015) at an EASE cutoff
of 0.01 (Huang et al. 2008, 2009). Each retrieved Annotation
Cluster received a descriptive name summarizing the anno-
tation terms.

TF Enrichment Analysis

TFBS annotations were obtained in promotor regions (0-2 kb
upstream) of all 17,552 annotated protein-coding genes for 59
different TFs using pwm_scan and a P value cutoff of 2e-04
(Levy and Hannenhalli 2002; Simola, Wissler, et al. 2013).
Caste-specific gene sets were then analyzed for enrichment
of each TF individually using two measures (enrichment prob-
ability pE and presence probability pP) to identify TFs likely to
be involved in the regulation of the query gene set (Veerla
et al. 2010). The enrichment probability pE was estimated by
bootstrap analysis using the total number of occurrences of a
given TFBS in the promotors of a given gene set. A back-
ground distribution of occurrences was generated by ran-
domly sampling gene lists of the same length as the query
list (10° iterations). The probability pE of obtaining the
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number of occurrences of a TFBS by chance in the query gene
set was then calculated as the percentile of the observed
number compared with the background distribution
(1/10° < pE < 1). Similarly, the presence probability pP was
also estimated by bootstrap by computing the proportion of
genes in a gene set (query or background) that contains at
least one occurrence of a given TFBS in their promoters.

Supplementary Material

Supplementary material and tables S1-S5 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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