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Abstract

The Dmrt (doublesex and mab-3-related transcription factor) genes are transcription factors crucial for sex determination and sexual
differentiation. In some social insects, doublesex (dsx) exhibits widespread caste-specific expression across different tissues and
developmental stages and has been suggested as a candidate gene for regulating division of labor in social insects. We therefore
conducted a molecular evolution analysis of the Dmrt gene family in 20 ants. We found that the insect-specific oligomerization
domain of DSX, oligomerization domain 2, was absent in all ants, except for the two phylogenetically basal ant species (Ponerinae),
whose social structure and organization resemble the presumed ancestral condition in ants. Phylogenetic reconstruction and
selection analysis revealed that dsx evolved faster than the other three members of the Dmrt family. We found evidence for positive
selection for dsx in the ant subfamilies with more advanced social organization (Myrmicinae and Formicinae), but not in the
Ponerinae. Furthermore, we detected expression of two Dmrt genes, dsx and DMRT11E, in adult ants, and found a clear male-
biased expression pattern of dsxin most species for which data are available. Interestingly, we did not detect male-biased expression
of dsxin the two ant species that possess a genetic caste determination system. These results possibly suggest an association between
the evolution of dsx and social organization as well as reproductive division of labor in ants.
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Introduction The genetic pathways regulating the determination of the

Ants (Hymenoptera, Formicidae), which are one of the most
successful eusocial taxa (Gadau et al. 2012), display large var-
iation in the complexity of social organization, ranging from
some “primitive” ponerine species, whose workers have full
reproductive potential, to species where workers are totally
sterile and exhibit morphologically distinct subcastes
(Holldobler and Wilson 1990, 2009). In the majority of ants,
only queens can mate and reproduce, whereas workers are
incapable of mating, because they lack functional spermathe-
cae (Bourke 1988).

queen and worker castes include the insulin/insulin-like
growth signaling (IIS), target of rapamycin, epidermal growth
factor receptor, juvenile hormone (JH), and vitellogenin.
External environmental stimuli, such as nutrition and temper-
ature, are important inputs into these integrative pathways.
However, the downstream effector pathways connecting
these regulators to growth and differentiation remain largely
unknown (reviewed in Corona et al. [2016]).

In solitary insects, the sex-differentiation gene doublesex
(dsx) links development to nutrition and sex. For example,
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dsx regulates sex-specific mandible growth via JH signaling in
stag beetles (Gotoh et al. 2014). Drosophila melanogaster dsx
was the first Dmrt gene (doublesex and mab-3-related tran-
scription factor) identified. dsx encodes two sex-specific splice
variants that regulate transcription of target genes to trigger
sexual differentiation (Nagoshi et al. 1988). Both the male-
and female-specific protein products, DSX™ and DSXF, share
an N-terminal DM domain, which consists of a zinc finger-
related DNA-binding domain and an oligomerization domain
(OD1) (Erdman and Burtis 1993; An et al. 1996). Dmrt family
members are defined by the presence of the DM domain and
have been found in almost all eumetazoans (Wexler et al.
2014). There are eight Dmrt genes in Homo sapiens and 11
in Caenorhabditis elegans (Ottolenghi et al. 2002; Volff et al.
2003). In insects, four Dmrt genes are known (DMRTT1E,
DMRT93B, DMRT99B, and dsx) (Volff et al. 2003).

The C-termini of DSX™ and DSX" contain another oligo-
merization domain, OD2, which consists of both a shared
oligomerization sequence and sex-specific sequences. DSX
forms dimers to bind DNA and regulate the transcription of
target genes. The dimerization of the monomer DSXs is
caused by OD1 and OD2 independently (An et al. 1996;
ErdmAn et al. 1996). DSX™ and DSX™ bind to the same di-
morphic cis-regulatory-element, but the sex-specific OD2
domains may recruit different sets of regulatory proteins,
thereby regulating sex-specific expression of target genes
(reviewed in Verhulst and van de Zande [2015]).
Consequently, OD2 is important to the double-switch func-
tion of DSX in regulating sexual differentiation.

As a pleiotropic transcription factor, dsx controls a wide
range of downstream patterning genes responsible for the
development of sex-related traits. Among them, the most an-
cestral function of dsx was likely the determination of gonadal
sex (Matson and Zarkower 2012), including regulating the
differentiation of genital structures, such as the spermathecae
(Sanchez et al. 2001). dsx also regulates biosynthesis of pher-
omone (Shirangi et al. 2009) and sexual behaviors (Rideout
et al. 2010). Given the important roles dsx plays in multiple
aspects of reproduction, dsx may be involved in the polyphen-
ism of eusocial insects between and within sexes. In line with
this view, several studies have revealed caste-specific expres-
sion of dsx across different tissues in the honeybee Apis melli-
fera or development stages in the ant Cardiocondyla obscurior
and hypothesized that dsx may regulate polyphenism in social
insects (Johnson and Jasper 2016; Klein et al. 2016).

Compared with other eusocial insects, the gradient of so-
cial complexity (Holldobler and Wilson 1990, 2009) along
with their rich taxonomic diversity makes ants an ideal model
system for investigating the evolution of caste polyphenism. In
this study, we annotated Dmrt genes in 20 ant species and
predicted their conserved domains. Overall, the OD2 domain
is present in some phylogenetically basal ants that show weak
reproductive division of labor but is lost in several more ad-
vance ant lineages. We also found that the evolutionary rate

of dsx is relatively high among the four Dmrt genes, especially
in ants showing more advanced social organizations. These
results suggest that the coding sequences of dsx genes are
diverging congruently with variation in social organization.
We then used transcriptome data to analyze sex- or caste-
biased gene expression and alternative splicing of Dmrt genes,
and found that transcription of dsx was higher in males for
most examined Hymenopteran species, except for two
Myrmicinae ants, which are known for their peculiar caste-
determination mechanisms (Fournier et al. 2005; Ohkawara
et al. 2006). Furthermore, the exon-usage of dsx in these two
Myrmicinae species shows significant differences not only be-
tween sexes but also among castes. Taken together, the evo-
lutionary and expression analyses provide multiple lines of
evidence that the evolutionary characteristics of dsx map
well to the evolution of the caste determination in ants.

Materials and Methods

Identification of Dmrt Genes and Phylogenetic
Reconstruction

The annotated genes and genome assemblies of 48 insect
species, including 39 Hymenopteran species (20 ants and
19 nonant Hymenoptera) who were the only
Hymenopteran species with available genomes at the start
of this study, and nine representatives for non-
Hymenopteran species whose genomes were also available.
Besides, six Crustaceans whose Dmrt genes had been
reported (Kato et al. 2008, 2011; Toyota et al. 2013; Zhang
etal. 2014) were also included in our research as outgroups to
the insects. Our analysis was focused on 20 ant species. Four
D. melanogaster Dmrt genes (Dmel_DMRT11E, DMRT93B,
DMRT99B, and dsx) were used as queries in the BLASTp
search (Altschul 1997), with an E-value cutoff of 107>, We
reiterated a tBLASTn search in the genome assemblies using
each candidate Dmrt sequences as queries, with an E-value
cutoff of 1074, Then, a hidden Markov model (HMM)-based
tool FGENE SH+ (Buschinger 1968) in the SOFTBERRY pack-
age (http:/linux1.softberry.com; Last Accessed December 7,
2018) was used to improve the exon-intron boundaries.
Gene fragments without a full DM domain or with an open
reading frame (ORF) length <500bp were categorized as
pseudogenes.

Eighty-two amino acid sequences of Dmrt genes from 20
ant species and two outgroup Vespidae species were aligned
using MAFFT version 7 (Katoh and Standley 2013). The result-
ing alignment was analyzed using PROTTEST3 to predict the
bestfit substitution model of molecular evolution (Darriba
et al. 2011). The phylogenetic tree was constructed using
the PHYML3.0 program (Criscuolo 2011) with the Jones—
Taylor-Thornton model, gamma distribution of rates, opti-
mized equilibrium frequencies and invariant site categories,
with 100 bootstrap replications.
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Fic. 1.—Domain organization of ant DMRTs. Domains of DMRT proteins for 20 ant species, two outgroup Vespidae species, and D. melanogaster. Full-
length proteins for each of the four DMRT genes are shown as hollow boxes in four distinct colors. DM, DMA, and OD2 domains are illustrated as solid boxes
in black, gray, and red, respectively. OD2-like domains found in H. saltator and Di. quadriceps are shown as hashed red boxes. The branches belonging to the
subfamilies of Myrmicinae, Formicinae, and Ponerinae are colored in blue, green, and yellow, respectively. The phylogenetic relationship is based on Moreau
and Bell (2013) and Ward et al. (2015). The plus signs indicate the six branches undergone positive selection.

Selection Analysis

PAML analyses were performed based on the species tree
shown in figure 1. The ratios of nonsynonymous (dy) and
synonymous (ds) substitution rates (w = dy/ds) were evalu-
ated using CODEML in PAML version 4.5 (Yang 2007). For
each Dmrt subfamily, tests using different site models were
conducted: the basic model (MO: one ratio) assuming w is
invariable among sites and branches (Goldman and Yang
1994), the site-specific models assuming e varies among sites
but not branches, including M1a (neutral), M2a (selection),
M3 (discrete), M7 (beta), M8 (beta & w > 1), and M8a (beta &
o= 1) (Yang et al. 2000). Pairwise comparisons of MO versus
M3, M1a versus M2a, M7 versus M8, and M8a versus M8
were used to perform likelihood ratio tests (LRTs). For dsx
genes, subsequently analysis using the branch-site model,
allowing @ to vary both among sites and branches (model
= 2, NSsites = 2) (Zhang et al. 2005), was tested (df = 1)
against a null model (fixed @ of 1). LRTs using the pairwise
comparisons of branch-site model versus branch-site null
model were performed. Significance tests were performed
using the »? distribution. After, if the LRT was significant, a
Bayes empirical Bayes (BEB) analysis was conducted to identify
positively selected sites (P> 0.95).

Gene Expression Analysis

Solenopsis invicta colonies were collected in Guangdong
Province, South China, on October 16, 2017. We selected a
colony whose monogyne status was verified by using a poly-
merase chain reaction protocol previously described (Krieger
and Ross 2002). After being reared in the lab for 2 weeks,
three biological replicated samples were chosen from the
same three colonies. Total RNA was isolated from whole-
body adults of three castes, (workers, egg-laying queens,

and presumptive haploid males) separately, with three biolog-
ical replicates for each caste. For the RNA extraction, the
TransZol Up Plus RNA Kit (Transgen Biotech, Beijing, China)
was used in accordance with the manufacturer’s instructions.
These mRNA samples were then submitted to the Berry
Genomics Company (Beijing, China) for mRNA-seq library
construction and sequencing. The sequencing was conducted
using an lllumina HiSeq 4000 (lllumina, San Diego, CA) plat-
form, with a paired-end module (PE150 mode). The transcrip-
tome data of S. invicta have been deposited to the NCBI's
Sequence Read Archive (SRA) database (http:/Avww.ncbi.nim.
nih.gov/Traces/sra; Last Accessed December 7, 2018) and
given the accession number SRP143788. Fastq files for other
species (supplementary table S1, Supplementary Material on-
line) were downloaded from the SRA database. All the RNA-
sequencing (RNA-seq) data were then mapped against their
assembled genome sequences using Tophat (Trapnell et al.
2009) with default parameters. To estimate the transcript
level abundance in each sample, we calculated fragments
per kilobase of transcript per million fragments mapped
(FPKM) using CUFFLINKS (Trapnell et al. 2012). Genes with
FPKM >10 were used for subsequent analyses. For the dsx
gene which expressed multiple alternatively spliced tran-
scripts, FPKMs for each of the transcripts were calculated sep-
arately by CUFFLINKS and were then summed up to evaluate
the expression level of the gene. Only gene isoforms with a
DM domain were analyzed. In order to control for the differ-
ences caused by the different sequencing protocols, the ex-
pression levels of the housekeeping genes ribosomal protein
L18, elongation factor 1, and NADH dehydrogenase were also
determined for each caste, using the same method.
Evidence of differential exon-usage in the dsx and
DMRT11E genes was tested using the DEXSeq package's (ver-
sion 1.22.0) “exon-centric” differential splicing analysis
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(Li et al. 2015) in R (R Core Team 2000). Prior to analysis,
transcript models produced by CUFFLINKS were used as input
for the script to prepare the annotation used in DEXSeq. An
LRT was performed, comparing the full model (~sample +
exon + caste:exon) and reduced model (~sample + exon), to
detect differences in exon-usage.

Results

Gene Annotation

We searched the genome assemblies and the predicted gene
sets from 20 ant species and 19 other Hymenopteran species
(supplementary table S2, Supplementary Material online) for
Dmrt homologs. We combined these Hymenopteran Dmrt
genes with 45 additional Dmrts from nine representatives of
other insect orders and six Crustaceans as insect outgroup
and then built a phylogeny. Examination of the Dmrt tree
topology suggested a diversification of the four Dmrt subfa-
milies prior to the diversification of Crustacea and Hexapoda
(supplementary fig. S1, Supplementary Material online). We
used a nomenclature for insect Dmrt genes according to the
Dmrt genes in D. melanogaster (DMRT11E, DMRTO3B,
DMRT99B, and dsx) (Volff et al. 2003).

In Hymenoptera, lineage-specific gene duplication and loss
are rare (supplementary table S2, Supplementary Material on-
line). We annotated partial gene fragments on separated scaf-
folds as pseudogenes, but these are likely genome assembly
artifacts. Aside from these artificial pseudogenes, our analysis
suggests that all the clear cases of expansion and contraction
of Dmrt genes took place in the lineages giving rise to Atta
cephalotes, Pseudomyrmex gracilis, and Wasmannia auro-
punctata (bold in supplementary table S2, Supplementary
Material online).

Loss of OD2 Domain in Ants

We used the NCBI's Conserved Domain Detector (CDD)
(Marchler-Bauer et al. 2015) to identify conserved domains
of the Dmrt genes. All the examined genes had a DM domain
that is characteristic for the Dmrt gene family. All predicted
orthologs of DMRT11E, DMRT93B, and DMRT99B shared the
same domain organization as D. melanogaster, including the
presence of a DMA domain in DMRT93B and DMRT99B
(Ottolenghi et al. 2002; Volff et al. 2003).

Interestingly, the conserved domain composition of DSX
proteins was more variable (fig. 1 and supplementary fig.
S1, Supplementary Material online). We did not detect the
OD2 domain in any ant DSX, even when we relaxed the E-
value threshold to 0.01. To search for remote homologs, we
further queried the 20 ant genomic data sets via BLASTn/
tBLASTN (E-value = 1.0) with the OD2 sequence of A. melli-
fera. There was evidence for the presence of a DSX OD2 do-
main only in Harpegnathos saltator and Dinoponera
quadriceps, both of which are ponerine ants. The alignment

of Hsal_DSX and Dqua_DSX with other Hymenopteran DSXs
indicated an exclusive 5-amino acid insertion in the middle of
the OD2 domain in these two ponerine ant sequences (sup-
plementary fig. S2, Supplementary Material online). When
aligned pairwise with other Hymenopteran DSXs, the average
sequence identity was lower for Hsal_DSX and Dqua_DSX
(0.23) than other Hymenopteran DSXs (0.42). The high level
of sequence divergence was likely the reason why we could
not detect the OD2 domain using the CDD database.

To ascertain that the loss of OD2 domain was not an as-
sembly artifact, we queried the short-read sequencing data of
the 20 ants with the seed alignments for the OD2 (or OD2-
like) domain sequences of D. melanogaster, H. saltator, and
Di. quadriceps via SRA-BLAST (Camacho et al. 2009). In addi-
tion, an HMM profile (HMMER version 3.1) (Eddy 1998) was
created with the same alignment of OD2 domain sequences
as used in the SRA-BLAST search, and a profile nHMMER
search was carried out against the genome databases of
the 20 ants, with a threshold E-value of 0.01. Both of these
searches failed to detect OD2 domain homologs in the other
18 ant species.

We further examined the Hymenopteran dsx genes with
and without the OD2 domain for any additional structural
differences. We found that the 5'-terminal sequences of dsx
(DM domain coding sequences) are conserved among all the
species. In contrast, the 3'-terminal sequences of dsx are quite
variable, both for ants (without OD2) and for nonant species
(with OD2). We have aligned the OD2 domain of DSX in
different Hymenopteran species (with OD2 for nonant spe-
cies, and OD2-like domain for the two ponerine ants), as
shown in figure S2, Supplementary Material online. But it
seems impossible to align the 3’-terminal sequences of dsx
for “higher” ants (without OD2), because the sequence sim-
ilarity is too low.

Gene Phylogeny

Our phylogenetic analysis (fig. 2) revealed that the Vespidae
DMRT11E, DMRT93B, and DMRT99B genes form outgroups
to the Formicidae homologs, which is consistent with the
taxonomic relationship of these species. However, the pattern
was strikingly different for dsx, with the two Vespidae dsx not
forming an ancestral lineage to the Formicidae lineages. After
conducting a phylogenetic analysis with only DSX sequences,
the two Vespidae dsx sequences rooted basal to the
Formicidae dsx sequences (supplementary fig. S3,
Supplementary Material online), suggesting that the ingroup
placement of Vesipdae dsx in figure 2 was caused by long-
branch attraction (Felsenstein 1978). The branch lengths
separating taxa in the dsx clade were long, indicating high
evolutionary divergence of dsx across the different species
included in the analysis. A phylogenetic tree built with only
the DM domain showed a similar topological structure (sup-
plementary fig. S4, Supplementary Material online), indicating
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Fic. 2.—Maximum-likelihood phylogenetic analysis of the deduced amino acid sequences of Dmrt homologs in ants and two vespids using PHYML.

Bootstrap values are indicated for each node (of 100 resamplings).

that the evolutionary rate of the DM domain, which is
thought to be conserved among Dmrt homologs, is extremely
high in dsx. Taken together, these results indicate that the dsx
genes have the fastest rate of evolution among the four Dmrt
genes.

dsx Genes of Ants Have Evolved under Positive Selection

The finding that the tree topology of the Dmrt genes (fig. 2)
does not mirror that of the species tree (fig. 1) hinted that the
Dmrt genes might undergo lineage-specific selection in ants.
We further estimated the ratios of nonsynonymous (dj) and
synonymous (ds) substitution rates for the four Dmrt genes
using the PAML package (Yang 2007). Because of the

extreme divergence of the C-terminus of DSX, it was difficult
to determine homologous codon positions outside the DM
domain. So only the coding sequence for the N-terminus of
the DSX protein, which includes the DM domain, was used in
the PAML analysis. We analyzed the four Dmrt genes sepa-
rately under multiple site-specific models, which allow o =
dn/ds to vary among sites (table 1 and supplementary tables
S3-S5, Supplementary Material online). Under the basic
model (MO), which assumes @ to be invariable among sites
and branches (Goldman and Yang 1994), dsx showed a
higher @ (0.62) than the other three Dmrt genes (0.05-
0.16). To test whether o values among sites were variable,
we compared MO with the discrete model (M3) using LRTs.
Another two LRTs, which compared M1a (neutral) with M2a

3234 Genome Biol. Evol. 10(12):3230-3242 doi:10.1093/gbe/evy250


https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evy250#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evy250#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evy250#supplementary-data

Doublesex Evolution Is Correlated with Social Complexity in Ants

GBE

Table 1
Results of Site-Specific Positive Selection Analysis of the dsx Gene

Models P InL Parameters PS Sites Significant after LRT Correction

MO: One ratio 40 —4,240.610423 w=0.62265 None —

M1a: neutral 41 —4,131.232251 p0=0.33583, p1=0.66417 Not allowed —
®0=0.16958 , »1=1.00000

M2a: selection 43 —4,107.690927 p0=0.19604, p1=0.53092 BEB M1a-M2a: yes
(p2=10.27304), »0=0.10031 6 > 0.95
1=1.00000, ®2=3.19922 6 > 0.99

M3: discrete 44 —4,097.544406 p0=0.04743 (p1=0.52106) NEB MO-M3: yes
p2=0.43152, »0=0.00510 5> 095
®1=0.51352, ®2=1.46193 20 > 0.99

M7: beta 41 —4,110.962547 p=0.46067, g=0.25504 Not allowed —

M8: beta & w >1 43 —4,094.79483 p0=0.74246, p = 0.49554 BEB M7-M8: yes
q=0.36279 (p1=0.25754), 5> 0.95
o =2.53805 5> 099

M8a: beta & w = 1 42 —4,110.28144 p0= 0.57543, p=0.63016 Not allowed M8a-M8: yes

q=1.07704 (p1 = 0.42457), &= 1.00000

Note.—The table gives the number of sites predicted to be under positive selection for each site-specific model. Abbreviations are as follows. Models, site-specific models; P,
number of parameters; In L, log likelihood scores; p, proportion of sites under a particular omega value; o, ratio of nonsynonymous to synonymous substitution rates; PS sites,

number of positively selected sites; NEB, naive empirical Bayes analysis.

(selection), and M7 (beta) with M8 (beta & w), were also
conducted. For all four Dmrt genes, M3 was a significantly
better fit than MO, indicating that w is different among sites.
Using a BEB approach to identify positively selected sites (in
the case of models M2a and M8), we found no positively
selected sites for DMRT11E, DMRT93B, and DMRT99B (sup-
plementary tables S3-S5, Supplementary Material online). By
contrast, multiple amino acid sites of dsx (12 sites in M2a and
10 sites in M8) apparently underwent adaptive evolution, and
LRTs performed were significant for both of these models
(table 1).

The alignment of the DSX N-terminal coding sequences
was further analyzed using the branch-site model A in
PAML, which allows @ to vary both among branches and sites
(table 2). dsx genes from each of the ant species were tested
as foreground branches. Positively selected sites could be
detected in six species, four of which belong to the
Myrmicinae subfamily and the other two to the Formicinae
subfamily (fig. 1 and table 2). LRT analysis indicated that the
unconstrained model (model Hy) fitted the data sets signifi-
cantly better than the model fixing @ for the foreground
branches at 1 (model Hp) in all six cases. Interestingly, no
positively selected sites could be found in Ponerinae ants (ta-
ble 2). This suggests that among the four Dmrt genes, positive
selection occurred only in dsx, and that this occurred only in
the two “higher” ant subfamilies, but not in the “primitive”
Ponerinae.

Overall Male-Biased Expression of dsx in Ants

To test whether Dmrt genes show sex- or caste-specific gene
expression in ants, we gathered transcriptomic data for five

ant species (Camponotus floridanus, H. saltator, S. invicta,
Vollenhovia emeryi, and W. auropunctata). The expression
levels of the housekeeping genes as ribosomal protein L18,
elongation factor 1, and NADH dehydrogenase, which have
proven to be valid controls in Hymenopteran species
(Scharlaken et al. 2008; Cheng et al. 2013; Helmkampf
et al. 2015; Livramento et al. 2018), were used to normalize
gene expression across different samples. The expression of
these reference genes was consistent within species (coeffi-
cients of variation = 0.74), making them suitable reference
genes to compare Dmrt gene expression levels within species
(supplementary fig. S5, Supplementary Material online).

There were common features and also interesting species-
specific differences in Dmrt expression profiles. dsx and
DMRTT1E showed the strongest expression in ants, with
DMRT11E expression levels being generally lower than dsx.
The expression levels of the other two Dmrt genes were too
low to be detected in most cases (fig. 3). In contrast, dsx and
DMRTI9B, but not DMRTT 1E, were expressed at higher levels
than the other two Dmrt genes in three other nonant
Hymenopterans (supplementary fig. S6, Supplementary
Material online). In summary, among the four Dmrt genes,
dsx was widely expressed in all Hymenopteran species in-
cluded in this study, whereas DMRTT11E was expressed only
in the ant lineage.

We then tested whether Dmrt expression was sex- or
caste-biased in ants. We detected male-biased expression of
dsx in three out of the five ant species (fig. 3). The expression
of dsx was significantly higher in males than in queens and
workers in the fire ant S. invicta (one-way ANOVA, P-value <
0.01, followed by the Tukey’s Honestly Significant Difference
[HSD] post hoc test). dsx gene expression was similarly male-
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Table 2

Tests for Positive Selection on dsx Homologs in Ants Using the PAML Branch-Site Model A

Branch Ho: p2a (w2 =1) Ha: p2a, w2 PS Sites (BEB) Significant after LRT Correction
Myrmicinae
Atta colombica 0.00 0.02, 1.00 None No
Atta cephalotes 0.01 0.06, 2.61 None No
Acromyrmex echinatior 0.01 0.10, 999.00 4> 0.95 Yes
Trachymyrmex septentrionalis 0.07 0.07, 1.86 None No
Trachymyrmex cornetzi 0.05 0.04, 5.37 None No
Trachymyrmex zeteki 0.10 0.24, 1.00 1> 0.95 Yes
1>0.99
Cyphomyrmex costatus 0.00 0.03, 17.94 None Yes
Wasmannia auropunctata 0.08 0.08, 22.14 2> 095 Yes
1> 0.99
Vollenhovia emeryi 0.00 0.01, 18.18 None No
Cardiocondyla obscurior 0.00 0.03, 207.50 None No
Solenopsis invicta 0.06 0.07, 88.31 1>0.95 Yes
1> 099
Monomorium pharaonic 0.01 0.03, 13.05 None No
Pogonomyrmex barbatus 0.00 0.00, 1.00 None No
Formicinae
Lasius niger 0.13 0.09, 999.00 1> 0.95 Yes
Camponotus floridanus 0.11 0.13, 51.08 1> 0.95 Yes
2> 099
Cerapachyinae
Ooceraea biroi 0.02 0.04, 133.61 None No
Ponerinae
Dinoponera quadriceps 0.00 0.00, 1.00 None No
Harpegnathos saltator 0.00 0.00, 1.00 None No

biased in Cam. floridanus and H. saltator as well as the three
nonant Hymenopteran species examined, although statistical
tests were not possible in these species (fig. 3 and supplemen-
tary fig. S6, Supplementary Material online).

The other two ant species did not display male-biased
expression of dsx. In V. emeryi, dsx and DMRT11E were
expressed in all three castes, resembling the expression pro-
files of the other four ants (fig. 3). However, the expression
levels of dsx and DMRTT11E did not differ significantly among
the different castes (one-way ANOVA, dsx: P-value = 0.40;
DMRTT1E: P-value = 0.10). No difference in dsx expression
levels was detected even when queens and workers were
pooled as females in comparison to males (t-test, P-value =
0.24). In addition, DMRT11E expression levels were signifi-
cantly higher than dsx in queens (t-test, P-value = 0.04) and
males (t-test, P-value = 0.01). In W. auropunctata, dsx ex-
pression was significantly higher in queens than both males
and workers (one-way ANOVA, P-value < 0.01, followed by
the Tukey's HSD post hoc test), and DMRTT1E expression
was significantly higher in workers compared with queens
(one-way ANOVA, P-value = 0.02, followed by the Tukey's
HSD post hoc test). The queen-biased rather than male-
biased expression of dsx stands in contrast to the other spe-
cies (fig. 3) and is distinctive among all other insects included
in the analysis.

dsx Has Different Exon-Usage Patterns Compared with
DMRTTTE in Ants

The 3'-sequence of dsx, which includes the OD2 domain, is
alternatively spliced in a sex-specific manner in other insects
(Baker and Wolfner 1988; Cho et al. 2007). We were curious
as to whether ant dsx genes were alternatively spliced in the
condition of losing OD2. We applied DEXSeq to the RNA-seq
data to test for differential usage of dsx and DMRT11E exons
caused by the differentiation of castes. Common dsx tran-
scripts that are both expressed in females and males have
been found in several other insects (Cho et al. 2007; Duan
et al. 2013), and there are also some nonsense splice
forms that are possibly degraded by nonstop-mediated
decay (Duan et al. 2013). So with the existence of the
common transcripts and the nonsense transcripts, the ex-
pression patterns of dsx exons detected by DEXseq were
expected to overlap between the two sexes or among
castes. But still, the specific spliced exons could be de-
duced from the significant difference of the exon usage
abundance among the three castes. Unexpectedly, we
found significant differential usage of dsx exons in differ-
ent castes for all three ant species investigated (S. invicta,
V. emeryi, and W. auropunctata; fig. 4 and supplementary
table S6, Supplementary Material online). In contrast,
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Fic. 3.—Sex- and caste-specific gene expression levels of Dmrt genes in five ant species. Gene expression levels are shown in FPKM. The phylogenetic
relationship is based on Moreau and Bell (2013). For species with at least three biological replicates (W. auropunctata, V. emeryi, and S. invicta), error bars
represent standard error of the mean (SEM), and asterisks indicate P-value from a one-way ANOVA (P < 0.05), followed by the Tukey’s HSD post hoc test. Q,
queen; M, male; W, worker; MiW, minor worker; MaW, major worker (Cam. floridanus has two nonreproductive castes); G, gamergate (workers having the
ability to replace the queen when the queen dies [Peeters et al. 2000]). Genes that are not expressed in any caste are not shown in the graph.

there was no evidence of caste-specific alternative splicing In the transcript models deduced by DEXSeq, we observed
for the DMRTIT1E ORFs (supplementary fig. S7, that caste-specific alternative splicing events that affect ORFs
Supplementary Material online). occur predominantly in the 3’-ends of dsx via caste-specific
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Fic. 4—Estimated exon usage of dsxin S. invicta (A), V. emeryi (B), and W. auropunctata (C). Exon usage is color coded for the three castes. Annotated
transcript models are shown below for each species, with boxes representing exons and lines for introns. Significant differences in exon usage are shown in
purple (P-value < 0.05; supplementary table S6, Supplementary Material online). The positions of start codons are indicated by black arrowheads. The
predicted alternatively spliced C-terminus starting from the sex-specific skipped exon is highlighted in yellow. In these regions, exon-usage changes (absolute
value of log, fold-changes, >1) of male-to-queen and worker-to-queen are shown as blue and red numbers, respectively.

exon skipping, resulting in the production of alternative tran-
scripts containing different distal exons (fig. 4). The patterns
of alternative splicing were similar for the three species, with
the skipped exons (exons 9-11 in Sinv_dsx; exons 13-15 in

Veme_dsx; exon 6 in Waur_dsx) showing less expression in
males than in either the queens or workers, and the distal
exons (Sinv_dsx, exons 12-13; Veme_dsx, exons 16-18;
Waur_dsx, exons 7-9) showing the highest expression in
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males among the three castes (statistical analyses are given in
supplementary table S6, Supplementary Material online).
These results are consistent with the conserved splicing pat-
tern for insect dsx: Female-specific exons are skipped in males,
and the male-specific transcripts are more extended at the 3'-
terminus. For Sinv_dsx, there were no significant expression
differences for any exons between queens and workers. In
contrast, in Veme_dsx and Waur_dsx, exon usage between
gueens and workers for some exons was different (Veme_dsx,
exons 17 and 18; Waur_dsx, exon 7; fig. 4 and supplementary
table S6, Supplementary Material online).

Taken together, our results suggest that although dsx lacks
the OD2 domain, it is still alternative spliced in ants, producing
different C-terminal sequences with no similarity to known
proteins. Furthermore, it is notable that both Veme_dsx and
Waur_dsx exhibit caste-specific splicing between the two fe-
male castes.

Discussion

Evolution of Dmrt Genes in Ants

The Dmrt gene family is conserved among metazoans
(Bellefroid et al. 2013). Our survey of four Dmrt genes in
Hymenopterans by annotation and phylogenetic analyses
revealed variation in the degree of conservation for Dmrt
genes. All four Dmrt genes were primarily comprised single-
copy genes, but there may be more gene gains and losses in
ants than other Hymenopteran species.

Phylogenetic analyses of dsx in ants and vespids revealed
long branch lengths compared with the other three Dmrt
genes, indicating that dsx experienced the highest evolution-
ary rate among the four Dmrt genes. Accordingly, a selective
pressure test revealed positively selected sites in dsx but not in
the three other Dmrt genes. Moreover, the evolutionary rate
of dsx genes varies in different ant subfamilies. PAML results
suggest no positive selection on dsx in the phylogenetically
basal subfamily Ponerinae but positive selection in the “higher
ant” subfamilies Myrmicinae and Formicinae. Given that most
Myrmicinae and Formicinae display a clear reproductive divi-
sion of labor and a sophisticated communication systems
(Holldobler and Wilson 1990, 2009), in contrast to the
Ponerinae, this raised the possibility of a role of dsx in the
evolution of complex social organization.

Ant dsx Genes Are Alternatively Spliced despite Losing
0OD2

In our research, sequences homologous to the OD2 domain
were only found in the Poneroid clade, a basal lineage of ants
(Moreau and Bell 2013). Given that the OD2 domain was also
present in the outgroup Vespidae, we propose that the OD2
domain was lost prior to the early radiations of the two ad-
vanced ant subfamilies (Myrmicinae and Formicinae) (Moreau
and Bell 2013). Lineage-specific losses of OD2 have also been

reported in Hemiptera, Embioptera, Isoptera, and Blattaria,
which are hemitabolous insects (Geuverink and Beukeboom
2014; Price et al. 2015). However, there was no previous
evidence of the OD2 domain being lost in holometabola.

The OD1 and OD2 domains in DSX promote oligomeriza-
tion independently. OD1 and DNA-binding domain, which
together compose the DM domain, are often present in all
splice variants of DSX and together form a dimeric DNA-
binding unit (An et al. 1996; ErdmAn et al. 1996). OD1 di-
merization is important for DSX to bind to DNA, and OD2
provides additional dimerization energy, promoting and sta-
bilizing dimeric interactions between DSX monomers (Cho
and Wensink 1998).

The lack of OD2 in these ants may indicate that DSX in
these species interacts with target DNAs in a monomeric
form. However, although it has been reported that DSX could
bind to DNA in vitro as monomer (Zhu et al. 2000), DSX binds
to target DNA as dimer predominantly under conditions con-
taining enough free DNA (Cho and Wensink 1996; Zhu et al.
2000). An alternative hypothesis is that the ant DSXs may bind
to DNA in a dimeric form using the weak oligomerization
energy provided by OD1. But the OD1-0D1 interaction alone
may be insufficient to maintain an optimal dimeric structure,
reducing DNA-binding affinity and specificity. Further studies
are needed to investigate the consequence of the absence of
the OD2 domain in DSX on its functional structure.

OD2 has other important roles than dimerization. The sex-
specific OD2 confers upon Drosophila DSX the ability to reg-
ulate sex-specific gene expression. OD2 dimerization medi-
ates the recruitment of other transcriptional cofactors such
as Intersex (Garrett-Engele et al. 2002), increases DNA binding
of the DM domain (Cho and Wensink 1998), and enhances
binding site recognition (Cho and Wensink 1997). Changes
that abolish OD2 dimerization result in an intersexual pheno-
type (ErdmAn et al. 1996). As a result, it seems possible that
the absence of OD2 in ants may alter the specific transcrip-
tional regulatory activity of DSX on its target genes.

However, although the dsx of higher ants lacks OD2, it is
still alternatively spliced. There are sex- and caste-specific exon
usages of ant dsx genes, without the OD2 domain. These
results suggest that novel sex- or caste-specific DSX C-termini
are generated by alternative splicing in these ants. Rather than
completely losing their function, ant DSXs could have retained
the ability to recruit different regulatory complexes in different
sexes or castes. More functional experiments are needed to
explore how DSX protein—protein interactions may be differ-
ent in ants.

Unusual Expression of dsx in Two Genetic Caste
Determination Ants

Our comparative transcriptomic analysis across eight
Hymenopteran species revealed a male-biased expression pat-
tern of dsx in six species. Male-biased expression of dsx was
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also found in the ant C obscurior (Klein et al. 2016).
Homologs of dsx in arthropods outside of Hexapoda, such
as water fleas and mites, also display male-biased expression
(Kato et al. 2011; Pomerantz and Hoy 2015). However, the
ants W. auropunctata and V. emeryi did not show the typical
male-biased expression. In contrast to S. invicta and other
well-studied insects that only generate different dsx isoforms
between sexes, these two species express dsx transcripts dif-
ferently both between sexes (queen and male) and among
castes (worker and queen).

The distinctive dsx expression patterns in W. auropunctata
and V. emervi may be related to their special caste determi-
nation system. While most ants have an environmental caste
determination system where the queen and worker castes are
determined by environmental stimuli, W. auropunctata and V.
emeryi have a genetic caste determination system, where
caste differentiation is predicted by the individual’s genotype
(Schwander et al. 2010). In these two species, queens are
produced by ameiotic parthenogenesis while workers are pro-
duced through normal sexual reproduction. Moreover, in
both species males are produced clonally from their father,
possibly as a result of the elimination of the maternal genome
once the eggs have been fertilized (Fournier et al. 2005;
Ohkawara et al. 2006). It would be of interest to study
whether the noncanonical expression patterns of dsx in these
two species are associated with their unusual mode of caste
determination.

dsx May Be Related to Caste Differentiation in Ants

Another line of evidence that dsx may be associated with
caste differentiation in ants is the correlation between dsx
evolutionary patterns and the level of social organization. In
contrast to most other ants, the workers of the phylogenet-
ically basal ant species H. saltator and Di. quadriceps are able
to mate and lay fertilized eggs. Both of these species retained
the OD2-like domains in DSX, while all the more advanced ant
species analyzed here have lost the OD2 domain, raising the
possibility that changes in the ant dsx domain organization
were possibly associated with the evolution of some crucial
functions associated with eusocial life in ants, such as caste
determination.

It is well known that the network comprising IIS and other
pathways controls the development of different castes. These
pathways integrate the different external stimuli such as nu-
trition and temperature, and ultimately initiate the different
caste fates (queen and worker). However, the genetic mech-
anisms of developmental responses to IIS and other pathways
are still unclear (Corona et al. 2016). In stag beetles, dsx
interacts with nutrition-related pathways, such as the JH sig-
naling pathway, to regulate sex-specific mandible growth
(Gotoh et al. 2014). Recently, dsx was found to have sex-
and morph-specific expression at different developmental
stages in the ant C. obscurior (Klein et al. 2016). Similarly

RNA-seq data revealed that dsx was highly differentially
expressed across different tissues of honey bee nurses and
foragers, suggesting that dsx is a possible candidate gene
for the key regulator of caste-specific gene expression
(Johnson and Jasper 2016). Taken together, these studies
combined with our evolutionary analysis suggest that dsx
may function as a “connector” in the caste determination
cascade. dsx may be sensitive to hormones, and mediate
the signal transduction from the initial input of nutrition or
other environmental cues to effectors that control develop-
ment of different traits. Finally, this connector model indicates
that large evolutionary changes (e.g., caste differentiation)
can be achieved by changes in gene regulation without the
need to involve novel gene formation. However, it cannot be
ruled out that other mechanisms may be responsible for the
lack of OD2 domains in ants. Future functional experiments
will be needed to address the impact of the lack of the OD2
domain in ants.

In conclusion, this study suggests a specific pattern in the
evolution of dsx that correlates with the evolution of eusoci-
ality in ants. In the ant species displaying an early evolutionary
state of eusociality, dsx had ancestral gene structure. In con-
trast, the loss of the OD2 domain and positive selection on dsx
indicate an extraordinarily high evolutionary rate in the ad-
vanced ant species. Besides, there are some exclusive patterns
of expression of Dmrt genes in two genetic caste determina-
tion ants. All these results suggest that Dmrt genes may be
involved in the development of caste-specific morphological
features. More functional studies are necessary to more fully
understand the role of Dmrt genes in ants.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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