GENETICS OF SEX

An Unusual Role for doublesex in Sex
Determination in the Dipteran Sciara

Maria Fernanda Ruiz,* Mercedes Alvarez,*' José M. Eirin-Lopez," Francesca Sarno,*? Leonor Kremer,*

José L. Barbero,* and Lucas Sanchez*-

*Centro de Investigaciones Biolégicas (Consejo Superior de Investigaciones Cientificas ), 28040 Madrid, Spain, TDepartment of
Biological Sciences, Florida International University, North Miami, Florida 33181, and *Department of Immunology and Oncology,
Centro Nacional de Biotecnologia (Consejo Superior de Investigaciones Cientificas), 28049 Madrid, Spain

ABSTRACT The gene doublesex, which is placed at the bottom of the sex-determination gene cascade, plays the ultimate discrim-
inatory role for sex determination in insects. In all insects where this gene has been characterized, the dsx premessenger RNA (pre-
mRNA) follows a sex-specific splicing pattern, producing male- and female-specific mMRNAs encoding the male-DSXM and female-DSXF
proteins, which determine male and female development, respectively. This article reports the isolation and characterization of the
gene doublesex of dipteran Sciara insects. The Sciara doublesex gene is constitutively transcribed during development and adult life of
males and females. Sciara had no sex-specific doublesex mRNAs but the same transcripts, produced by alternative splicing of its primary
transcript, were present in both sexes, although their relative abundance is sex specific. However, only the female DSXF protein, but
not the male DSXM protein, was produced at similar amounts in both sexes. An analysis of the expression of female and male Sciara
DSX proteins in Drosophila showed that these proteins conserved female and male function, respectively, on the control of Drosophila
yolk-protein genes. The molecular evolution of gene doublesex of all insects where this gene has been characterized revealed that
Sciara doublesex displays a considerable degree of divergence in its molecular organization and its splicing pattern with respect to the
rest of dipterans as suggested by its basal position within the doublesex phylogeny. It is suggested that the doublesex gene is involved

in Sciara sex determination although it appears not to play the discriminatory role performed in other insects.
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ALES and females are different at the morphological,

physiological, and behavioral levels. This sexual di-
morphism results from the integration of two processes:
sex determination and sexual differentiation. Sex determi-
nation refers to the developmental program that commits the
embryo to either the male or the female pathway. The genes
underlying this phenomenon are the sex-determination
genes. Sexual differentiation refers to the expression of
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the sex cytodifferentiation genes (which are controlled by
the sex-determination genes), the expression of which gives
rise to the formation of the sexually dimorphic structures
that characterize the male and female adults.

The animal kingdom possesses a wealth of mechanisms
by which sex is decided (Bull 1983; Beukeboom and Perrin
2014). These mechanisms can be classified into three main
categories, depending on the origin of the primary sex-
determination signal, which can be zygotic, maternal, or
environmental. These three primary signals occur and are
concatenated in the dipteran Sciara (for details see Sanchez
2010). Briefly, in Sciara, sex determination follows the
XX/X0 mechanism: XX zygotes will develop as females
and X0 zygotes will develop as males. Yet, the final chromo-
some constitution of the zygote, which starts as an XXX
zygote, depends on a maternal factor. This maternal factor,
controlling the number of X chromosomes that are elimi-
nated (either one or two), acts as the primary signal defining
the sexual development that the zygote will follow. This
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implies the existence of a concatenation of two primary sig-
nals: the maternal signal preceding and determining the
final zygotic signal. This occurs in monogenic species, such
as Sciara coprophila (nowadays Bradysia coprophila), where
the amount of maternal product deposited in the oocyte is
genetically determined and then independent of environ-
mental conditions (Moses and Metz 1928; Metz and
Schmuck 1929; Metz 1938). But in other digenic sciarids,
such as S. ocellaris, the amount of maternal factor depends
on the temperature at which the insects are raised (Metz
1938; Davidheiser 1943; Mori et al. 1979; Nigro et al.
2007). Hence, in these species the environmental signal
(temperature) determines the amount of maternal product
(maternal signal) placed in the oocytes, which in turn deter-
mines the number of X chromosomes to be eliminated in the
zygote and then its final chromosome constitution (zygotic
signal) that determines its sexual development. Conse-
quently, Sciara is unique in that it offers the possibility of
studying the evolutionary relationships between the three
main primary signals triggering sexual development (Sanchez
2010). Furthermore, the comparative study between the
monogenic and the digenic species will allow study of the cues
underlying the reciprocal changes between environmental and
genetic systems of determining sex. These are the reasons that
prompted us to choose Sciara as an experimental model for
exploring the evolution of sex-determination mechanisms.

Drosophila melanogaster has been the paradigm for un-
derstanding the genetic and molecular basis underlying sex
determination in insects. Briefly, in D. melanogaster, sex de-
termination is under the control of the gene Sex lethal (SxI)
(Cline 1978; reviewed in Penalva and Sanchez 2003).
The epistatic relationships between SxI and the other
sex-determination genes transformer (tra), transformer-2
(tra-2), and doublesex (dsx) have revealed that a hierarchical
interaction exists between them (Baker and Ridge 1980).
Their characterization has shown that sex-specific splicing
of their primary transcripts controls their expression during
development, the product of one gene controlling the sex-
specific splicing of the premessenger RNA (pre-mRNA) of
the downstream gene in the cascade (reviewed in Sanchez
2008 and citations therein). Thus, SxI controls the splicing
of the pre-mRNA from the downstream gene tra. This gene
is transcribed in both sexes, but its RNA follows sex-specific
alternative splicing pathways: in males, a mature mRNA is
formed that encodes a truncated, presumably nonfunctional
TRA protein, whereas in females, the presence of the SXL
protein determines the formation of an mRNA isoform that
encodes the functional TRA protein. The TRA product and
the product of the constitutively expressed gene tra-2 form
a complex, which controls the sex-specific splicing of pre-
mRNA from the gene doublesex (dsx). This gene is at the
bottom of the sex-determination cascade and is transcribed
in both sexes, but gives rise to two different mRNAs, dsxF
and dsxM, by sex-specific splicing of its primary transcript.
The dsxF and dsxM mRNAs encode, respectively, the female-
specific DSXF and the male-specific DSXM proteins. These
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two DSX proteins are transcription factors that control the
activity of the cytodifferentiation genes involved in sexual
differentiation. Both proteins share the N-terminal domain,
which contains a DNA-binding domain (DM domain). How-
ever, they differ in their C-terminal domains, which endow
specific functions to these proteins (Burtis and Baker 1989;
Hoshijima et al. 1991).

The search for genes orthologous to the sex-determina-
tion genes of D. melanogaster has been undertaken in other
insects (reviewed in Sanchez 2008; Gempe and Beye 2010;
Verhulst et al. 2010). This was a first task of our Sciara
project. We have characterized the gene Sx in the sciarids
S. ocellaris (Ruiz et al. 2003), S. coprophila, Rynchosciara
americana, and Trichosia pubescens (Serna et al. 2004), as
well as the gene tra-2 in S. coprophila and S. ocellaris (Martin
et al. 2011). Finally, the isolation and characterization of
the gene dsx of dipterans S. coprophila and S. ocellaris are
reported.

Outside the drosophilids, the gene dsx has been charac-
terized in the dipterans Megaselia scalaris (Sievert et al.
1997; Kuhn et al. 2000), Musca domestica (Hediger et al.
2004), Lucilia cuprina (Concha et al. 2010), Anopheles gambiae
(Scali et al. 2005), and Aedes aegypti (Salvemini et al. 2011);
in Bactrocera tryoni (Shearman and Frommer 1998), B. oleae
(Lagos et al. 2005), and Ceratitis capitata (Saccone et al.
2008) and in 12 Anastrepha species (Ruiz et al. 2005,
2007); in the lepidopterans Bombyx mori (Ohbayashi et al.
2001; Suzuki et al. 2001), Antheraea assama, and A. mylitta
(Shukla and Nagaraju 2010); in the hymenopterans Apis
mellifera (Cho et al. 2007) and Nasonia vitripennis (Oliveira
et al. 2009); in the coleopteran Tribolium castaneum (Shukla
and Palli 2012); and in the crustacean Daphnia magna (Kato
et al. 2011) and other cladoceran species (Toyota et al.
2013). The molecular organization of the dsx ORF varies
among these organisms, yet in all cases excluding the cla-
doceran species dsx produces male- and female-specific
mRNAs that encode putative male- and female-specific
DSX proteins as in Drosophila. In the cladocerans, the regu-
lation of dsx expression does not take place by sex-specific
splicing of its pre-mRNA but exhibits sexual differences in
the abundance of its transcripts. In Sciara, however, no sex-
specific dsx mRNAs but the same transcripts, produced by
alternative splicing of its primary transcript, were present in
both sexes. Nevertheless, only the female DSXF protein, but
not the male DSXM protein, was produced at similar
amounts in both sexes. It is suggested that the doublesex
gene is involved in Sciara sex determination although it
appears not to play the discriminatory role performed in
other insects.

Materials and Methods
Fly culture

Drosophila flies were cultured on Equation 4-24 Plain CS
Drosophila food from Carolina Biological Supply Company.
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For the description of the mutant alleles and GAL4 con-
structs see Lindsley and Zimm (1992) and FlyBase (www.
flybase.org). Sciarid flies were raised on “Compost Villacasa”
medium for culturing mushrooms. S. coprophila is a mono-
genic species with two types of females: gynogenic females,
which produce only females, and androgenic females, which
produce only males; whereas S. ocellaris is a digenic species,
where the female has both sex offspring.

Extraction of DNA and RNA

Total genomic DNA was isolated from flies according to
Maniatis et al. (1982). Total RNA extracts from frozen speci-
mens were prepared using the Ultraspec-II RNA isolation kit
(Biotecx) or Trizol (Invitrogen, Carlsbad, CA). Poly-A* was
isolated using the “mRNA Purification Kit” (GE Healthcare).
The GenomeWalker genomic libraries of S. coprophila and
S. ocellaris were synthesized using the BD GenomeWalker
Universal kit (BD Biosciences). The 3’- and 5’-RACE libraries
of S. coprophila and S. ocellaris were synthesized using the
“Marathon ¢cDNA Amplification Kit” (Clontech).

PCR and RT-PCR analyses

For long PCR, the “Expand Long Template Enzyme Mix”
(Roche) or the “Advantage 2 PCR Enzyme System” (Clontech)
was used. Total RNA was reverse transcribed with Super-
script II/III (Invitrogen) PCR and RT-PCR products were
analyzed by electrophoresis in agarose gels and the ampli-
fied fragments subcloned using the TOPO TA-cloning kit
(Invitrogen) or the pGEMT-easy vector (Promega, Madison,
WI). These subclones were then sequenced using universal
forward and reverse primers. In Supporting Information, Ta-
ble S1 and Figure S1 show the sequences of the primers and
their location, respectively. In all cases, PCR on RNA samples
was performed to guarantee that they were not contaminated
with genomic DNA (negative controls of PCR).

DNA sequencing

Sequencing was performed using an automated 377 DNA
sequencer (Applied Biosystems, Foster City, CA) at “Secugen,”
Madrid, Spain.

Comparison of DNA and protein sequences

All comparisons were made using Fasta v.3.0t82 (Pearson
and Lipman 1988) and ClustalW1.83 software (Thompson
et al. 1997).

Production of antibodies against the Sciara
DSX proteins

Peptides used to generate the antibodies were synthesized
at the Servicio de Protedmica del Centro Nacional de Bio-
tecnologia [Consejo Superior de Investigaciones Cientificas
(CSIC)], Madrid, Spain. The sequences of the peptides cor-
responded to the specific C-terminal domain of ScDSXF
protein (YARYNNLNIYDGGELRIDTKRG), to the specific
C-terminal domain of ScDSXM protein (QLYHFLNTRVIMN-
SYANENR), and to part of the common N-terminal region
(MVSNDISDWNDIMSDSEVTDT). The peptides were coupled

to the KLH carrier protein. Rabbits were immunized by peri-
odic subcutaneous injections of 0.3 mg of purified peptides,
following standard procedures (Harlow and Lane 1988).
Antibodies were purified using the antigenic peptide coupled
to HiTrap NHS-Activated HP columns (GE Healthcare) and
ProG 5-pl, 200-pl LTS Tips (Mettler Toledo).

Protein extracts and Western blots

Samples of total proteins from embryos, larvae, and adults
of S. coprophila and S. ocellaris and adults of D. melanogaster
were prepared by homogenization in STE lysis buffer on ice
(10 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA) with
protease inhibitor cocktail (Roche). The protein concentra-
tion was measured with a Nanodrop 2000 or the Bradford
method. Forty micrograms of total protein was separated on
SDS-PAGE gels (12%) (Laemmli 1970) and transferred
onto nitrocellulose membranes (Towbin et al. 1979). The
membranes were blocked for 1 hr at room temperature in
PBST (0.05% Tween-20 in PBS) containing 1% BSA and
10% nonfat dried milk and probed with the selected pri-
mary antibody [anti-C-terminal DsxM (a-ScDSXM), anti-C-
terminal DsxF (a-ScDSXF), and common anti-N-terminal
(a-ScDSXC)] overnight at 4°. After washing in PBST, mem-
branes were incubated for 1 hr at room temperature with an
anti-rabbit HRP-conjugated secondary antibody (Santa Cruz
Biotechnology). Finally, membranes were washed in PBST
and developed using the ECL Western blotting detection
reagents (GE Healthcare). As a loading control, the membranes
were stripped and subsequently reprobed with an anti-
a-tubulin monoclonal antibody (T6074, Sigma Aldrich).
The above procedure described to prepare the protein
extracts was the best one among others that were tested.

Immunoprecipitation

Samples of total proteins from adults of S. coprophila and S.
ocellaris were prepared by homogenization in STE lysis
buffer on ice (10 mM Tris, pH 7.4, 150 mM NaCl, 1 mM
EDTA) with protease inhibitor cocktail (Roche). Immuno-
precipitation with the purified a-ScDSXF, a-ScDSXM, and
a-ScDSXC antibodies was performed using the “Protein A
Sepharose 4 Fast Flow” (GE Heathcare).

Semiquantitative PCR of S. coprophila dsx transcripts

The transcript levels of both female ScdsxF and male ScdsxM
mRNA isoforms in Sciara larvae were quantified relative to
the level of rpl10 mRNA (encoding the ribosomal protein
RPL10) in the two sexes (Ramos-Onsins et al. 1998). The
primers used in this analysis were dsxSc1, located in the
common exon E1, and either primer dsxMSc (in the male-
specific exon E4) to detect the male ScdsxM mRNA or primer
dsxFSc (in the female-specific exon E3) to detect the female
ScdsxF transcript. RT was carried out on poly-A* mRNA of
male and female larvae, separately, with oligo-dT. The same
complementary DNA (cDNA) sample of male and female
larvae was used to carry out PCR to detect the male ScdsxM,
female ScdsxF, and rpl10 mRNAs. PCR products were loaded
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in agarose gels and the bands corresponding to the ampli-
cons were measured using the Quantity One program (Bio-
Rad, Hercules, CA). A set of PCR was initially performed to
decide the number of amplification cycles to prevent satu-
ration effects.

Quantitative analysis of the ScDSXF protein

The amount of ScDSXF protein in male and female larvae
was calculated by using tubulin for normalization. The
intensity of the bands was measured using the Quantity
One program (Bio-Rad), under nonsaturated conditions.

Construction of UAS::ScdsxM-cDNA, UAS::ScdsxF-cDNA,
and UAS::DScmg transgenes

For the construction of the UAS::ScdsxM-cDNA (MSc) and
UAS::ScdsxF-cDNA (FSc) transgenes, a fragment of 925
and 1118 bp, comprising the whole ORF of ScdsxM and
ScdsxF, respectively, was amplified by RT-PCR, using a com-
mon primer dsxSccom and a male-specific primer dsxMSc or
a female-specific primer dsxFSc at the corresponding 3'-UTR.
The amplicon was cloned in the TOPO-TA cloning vector
(Invitrogen). The cDNA fragments were then digested with
EcoRI and cloned in the pUAST vector. The microinjections
for generating the MSc and FSc transgenic D. melanogaster
lines were performed by Genetic Services (Sudbury, MA).
Standard genetic crosses determined the chromosomal loca-
tion of the transgenes. To ascertain that each transgenic line
was carrying the correct transgene and this was expressed,
RT-PCR on total RNA was used to amplify the whole trans-
gene and the amplicons were cloned and sequenced.

For the construction of the UAS::DScmg transgene (Fig-
ure S2), four genomic fragments E111, [1E2I2, I2E3I3, and
I3E4 from the Scdsx gene were generated by PCR on geno-
mic DNA of S. coprophila. The genomic fragment E111 (503
bp) that covers the exon E1/intron I1 junction and contains
276 pb from exon E1 plus 227 bp from intron I1 was gen-
erated by using the primers elil-1 and elil-2. The genomic
fragment I11E2I2 (770 bp) that is formed by exon E2 (211
bp) plus the adjacent upstream sequences (390 bp) of intron
1 and the adjacent downstream sequences (169 bp) of in-
tron 2 was generated using the primers i1e2i2-1 and ile2i2-2.
The genomic fragment I2E3I3 (1089 bp) that is formed by
exon E3 (515 bp) plus the adjacent upstream sequences
(451 bp) of intron 2 and the adjacent downstream sequen-
ces (123 bp) of intron 3 was generated using the primers
i2e3i3-1 and i2e3i3-2. The genomic fragment I3E4 (516 bp)
that is formed by the first 144 bp of exon E4 plus the adja-
cent upstream sequences (372 bp) of intron 3 was generated
using the primers i3e4-1 and i3e4-2. Primers were designed
to allow the joining of the four fragments in the order E111-
I1E212-12E313-13E4 and this construct was cloned in the
pUAST vector. To do this, the primers contained restriction
enzyme sites: elil-2 and ile2il-1 contained the Xbal se-
quence, ile2i2-2 and i2e3i3-1 contained the Pstl sequence,
i2e3i3-2 and i3e4-1 contained the Xhol sequence, and finally
elil-1 and i3e4-2 contained, respectively, Notl and Kpnl
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sequences that allowed the cloning of the construct in the
pUAST vector in a unique orientation. The amplified frag-
ments were cloned in the pGEM-T easy vector (Promega)
and sequenced. Each fragment was then obtained from the
vector by digestion with the enzymes whose restriction sites
were incorporated in the primers. The pUAST vector was
digested with Notl and Kpnl. The digestions of the vector
and the genomic fragments were resolved on a 0.8% aga-
rose gel and the corresponding bands were cut from the gel
and eluted from the agarose, using the “Geneclean Turbo”
kit (Qbiogen). Fifty nanograms of each fragment plus 10 ng
of the digested pUAST vector were ligated using the “DNA
Rapid Ligation” kit (Roche). The presence of the construct in
the vector was checked by a colony “cracking” procedure.
The cloned constructs were sequenced to ensure the correct
orientation.

Semiquantitative PCR of dsx transcripts from the
S. coprophila minigene in transgenic Drosophila

The GAL4-UAS system was used to express the DScmg trans-
gene (Brand and Perrimon 1993). The arm-GAL4 driver line,
which drives expression ubiquitously, was employed. Re-
verse transcription of total RNA from male and female Dro-
sophila adults was performed using the primer oligo-dT,
while PCR was performed with the primers dsxSc1, located
in the common exon E1, and either primer dsxM2Sc (in exon
E4) to detect the male ScdsxM mRNA or primer dsxFSc (in
exon E3) to detect the female-like ScdsxF transcript. PCR
products were loaded in agarose gels and the bands corre-
sponding to the amplicons were measured using the Quan-
tity One program (nonsaturated conditions were used).
Normalization was carried out using rp49, encoding the
Rp49 ribosomal protein (Ramos-Onsins et al. 1998). The
males yw/Y; DScmg/arm-Gal4[w*] and females yw/w;
DScmg/arm-Gal4[w™ ] were the offspring of crosses between
females yw; Dscmg and males yw/Y; arm-Gal4[w™]/CyO,Cy.

Comparison of the DSX proteins of Sciara with those of
other insects

The putative female ScDSXF and male ScDSXM proteins of
S. coprophila (Sciaridae, suborder Nematocera) were com-
pared to the DSXF and DSXM proteins from other dipterans
such as A. gambiae and A. aegypti (suborder Nematocera), B.
oleae, C. capitata, A. obliqua, D. melanogaster, M. domestica,
L. cuprina, and M. scalaris (suborder Brachycera); from lep-
idopterans B. mori and A. assama; and from the hymenop-
terans A. mellifera and N. vitripennis and the coleopteran
T. castaneum. The proteins were divided into the following
regions: N-terminal region, OD1 domain, OD1-OD2 linker
region, OD2 domain, and C-terminal region.

Molecular evolutionary analysis

The sequences of male- and female-specific doublesex genes
from 21 insect species and 1 outgroup were included in the
present work (sequence accession numbers detailed in Table
S2). Accession numbers for S. ocellaris DSX proteins are
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HG934388 (DSXF ) and HG934389 (DSXM ). Sequences
corresponding to the gene region common to both sexes
were aligned on the basis of the translated amino acid
sequences and edited for potential errors, using the BIOE-
DIT program (Hall 1999). Molecular evolutionary analyses
were performed using the computer program MEGA version
6 (Tamura et al. 2011). The phylogeny of doublesex proteins
was reconstructed following a maximum-likelihood ap-
proach. The models of evolution that best fit the set of
sequences analyzed were determined as James-Taylor-
Thornton (Jones et al. 1992), considering gamma-distributed
variation across sites (G) and invariant sites (I) for the case of
proteins, and the Hasegawa-Kishino-Yano model (Hasegawa
et al. 1985) with gamma-distributed variation across sites (G)
for the case of nucleotide sequences. The reconstructed phy-
logeny was rooted using the dsx gene from the cladoceran D.
magna, diverging from insects ~369.5 MYA (Hedges and
Kumar 2009). The reliability of the resulting topology was
assessed through bootstrap analyses (1000 replicates) and
further studied using Bayesian analyses implemented in the
program BEAST version 1.7 (Drummond et al. 2012). To this
end, three independent Markov chain Monte Carlo (MCMC)
runs of 10,000,000 generations each were performed, sam-
pling tree topologies every 1000 generations to ensure the
independence of successive trees and discarding the first
1000 trees of each run as burn-in.

Results and Discussion
Molecular organization of Sciara doublesex gene

The first step in the isolation of the S. coprophila dsx gene
(Scdsx) was to perform RT-PCR on total RNA from female
adults. Reverse transcription was performed using the
primer oligo-dT, while PCR was performed with two de-
generate primers dxsOD3 and dsxOD7 corresponding to
the conserved domains OD1 and OD2, respectively, of
D. melanogaster, M. scalaris, B. tryoni, B. oleae, M. domestica,
and B. mori. An amplicon of 475 bp was amplified, cloned,
and sequenced. The conceptual amino acid sequence of this
amplicon showed a high degree of similarity with the OD1
(90%) and OD2 (70%) domains of D. melanogaster DSX
protein, indicating that a fragment of the putative ScDSX
protein was isolated.

Nested PCR was then performed in 3'- and 5’-RACE anal-
yses of males and females, separately. The amplicons were
cloned and sequenced. In the 5'-RACE assay, a single frag-
ment of 596 bp was amplified in both sexes. This fragment
corresponded to the 5’-UTR region and the N-terminal do-
main of the putative ScDSX protein. In the 3'-RACE analysis,
four amplicons were produced in both sexes. A fragment of
648 bp corresponded to the region orthologous to the OD2
domain plus the C-terminal region of the female DSXF pro-
tein of D. melanogaster, as well as the 3'-UTR region. The
739-bp fragment corresponded to the previous fragment
containing a 91-bp insertion, which interrupted the sequence

encoding the OD2 domain by introducing a translational
stop codon that would give rise to a putative truncated ver-
sion of the ScDSXF protein. The 404- and 572-bp fragments
contained the sequence orthologous to the C-terminal re-
gion of the male DSXM protein of D. melanogaster, as well
as the 3'-UTR region. The dissimilar size of the two frag-
ments was due to the distinct length of their 3'-UTR sequences.
None of these two latter fragments contained the sequence
corresponding to the OD2 domain common to both DSXF
and DSXM proteins of other insects, suggesting that one of
the proteins encoded by the Scdsx gene might lack the
OD2 domain. To reject the possibility that we were missing
downstream male-specific exons, 3'-RACE assays were re-
peated using a downstream primer corresponding to the 3’
end of the C-terminal domain of the putative ScDSXM protein
orthologous to the DSXM protein of D. melanogaster. Two
fragments of 284 and 452 bp were amplified that were con-
tained, respectively, within the 404- and 572-bp fragments
previously amplified. Thus, no further downstream exons
were found.

GenomeWalker methodology was next applied to de-
termine the exon-intron junctions on S. coprophila genomic
DNA (see Materials and Methods). The sequences of the
generated genomic fragments were compared with the
S. coprophila cDNA sequences previously found to unambigu-
ously determine the exon-intron junctions. The complete
sequence of intron 3 (2106 bp) was confirmed by PCR on
genomic DNA with primers flanking the intron. The compar-
ison of the GenomeWalker sequences with those from the
5’-RACE assays indicated that the transcription start site
would lie 520 bp upstream of the beginning of the ORF.
The molecular organization of Scdsx is shown in Figure 1A.

The Scdsx gene is composed of five exons: E1, E2a, E2b,
E3, and E4. The primary transcript can follow four modes of
splicing (highlighted in red and blue in Figure 1A), produc-
ing four types of transcripts (Figure 1B). We followed the
nomenclature DSXF and DSXM after comparison of the pu-
tative DSX proteins of S. coprophila with those of other
insects. Union of exons E1-E2a-E3 produces the ScdsxF273
transcript (hereafter female ScdsxF), which encodes a puta-
tive ScDSXF273 protein of 273 amino acids (hereafter fe-
male ScDSXF) containing the OD1 and OD2 domains
present in the DSXF protein of other insects. Union of exons
E1-E2a-E2b-E3 produces the ScdsxF252 transcript, which
encodes a putative ScDSXF252 protein of 252 amino acids
that is similar to the ScDSXF273 protein except that the 3’
end of OD2 is missing due to the presence of a translational
stop codon in exon E2b. Union of exons E1-E3 produces the
ScdsxF226 transcript encoding a putative ScDSXF226 pro-
tein of 226 amino acids, which shares with the female
ScDSXF protein the N-terminal domain carrying the OD1
domain and the 5’ end of the OD2 domain encoded in exon
E3. Finally, union of exons E1-E4 produces the ScdsxM221
transcript (hereafter male ScdsxM), which encodes a putative
ScDSXM221 protein of 221 amino acids (hereafter male
ScDSXM) carrying OD1 but lacking the OD2 domain and

The Gene doublesex of Sciara 1185


http://flybase.org/reports/FBgn0000504.html

S. coprophila dsx

Male-mode of splicing
A —
ATG oD1

Female-mode of splicing

0D2TGA——_

TAA

AAA

B 0D2 UGA oD1 oD2
ScdsxF273 —> _.. ScDSXF273
E2aE3  app E1 E2aE3
002
QGAl UGA oD1 O_DZ
ScdsxF252 —» _. SCDSXF252
E1 €2a | E3 A E1 E2a
E2b 4
ATG  OD1 0D2 UuGA oD1 0oD2
ScdsF226 ——> _I ScDSXF226 Figure 1 (A-D) Molecular organization
EX E3:AAA E1 = of the dsx gene of S. coprophila (A) and
Unk op1 it; tsranscri/p/)ts‘arzgprotgir.\: (5) and 'dix
of S. ocellaris and its transcripts
_Eﬁ\micmwz — 7 *E ScDSXM221 and proteins (D). Exons (E) (boxes)
1 and introns (lines) are not drawn to
scale. The interrupted lines for introns
S. ocellaris dsx indicate that their lengths remain un-
known. The beginning and the end of
c STl TEg the ORF are indicated by ATG and TGA
o (UGA) or TAA (UAA), respectively. AAA
ATG __obt - —0D2 QD2TGA—_  TAA stands for poly-A*.

Female-mode of splicing

oD2

ii SoDSXF272
E2 E3

oD2

ATG oD1 op2 TGA 0D1
| — soanrz2—> |

Ela E2  E3  AAA Ela

ATG 0D1 TAA 0oDn1
Ela E4 AAA Ela E
a4

ATG oD1 op TGA 0D1

B MR e —
E3 AA

Ela Elb E

ATG oD TAA

E4 AA

Ela Elb

having the C-terminal region similar to that in the male
DSXM protein of other insects.

To isolate the whole ORF of dsx of S. ocellaris (Sodsx),
RT-PCR was performed on total RNA from males and
females, individually. GenomeWalking was used to identify
the exon-intron junctions. The molecular organization of
Sodsx is similar to that of Scdsx, with the exception of
a miniexon (exon E1b) between exon 1 and exon 2 (Figure
1C). Exon E1b encodes an extra 11 amino acids in females
and 13 amino acids in males. The Sodsx gene produces ba-
sically two mRNAs found in both sexes (Figure 1D): SodsxF
(composed of exons Ela, E2, and E3) encodes a putative
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SoDSXF283
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Elb E2

SoDSXM234

Elb E4

protein of 272 amino acids with a high degree of similarity
(95%) to female ScDSXF; and SodsxM (composed of exons
Ela, E1b, and E4) encodes a putative protein of 221 amino
acids with a high degree of similarity (91%) to male
ScDSXM. In both sexes, two further low-abundant dsx
mRNAs were found, which encode for putative SoDSXF
and SoDSXM proteins containing an additional 11 and 13
amino acids, respectively, corresponding to the incorpora-
tion of exon E1b (Figure 1D). In contrast to that observed
in S. coprophila, no mRNAs encoding the truncated version
of the SoDSXF protein were found; however, a putative
splicing site was found downstream of exon 2 that, if
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used, introduces a stop codon in the mRNA, which would
encode a truncated version of SoDSXF protein analogous
to S. coprophila.

Expression of dsx in Sciara: the transcripts

The isolation of the Sciara dsx gene revealed the presence of
the same transcripts in both sexes. To confirm this, RT-PCR
was performed on poly-A™ mRNA of male and female lar-
vae, separately. As shown in Figure 2A, the female ScdsxF
transcript (band of 358 bp in lanes 2 and 4), the female
ScdsxF252 transcript (band of 428 bp in lanes 2 and 4),
and the male ScdsxM transcript (lanes 1 and 3) were present
in both sexes. The ScdsxF226 transcript was visible only after
prolonged exposure, indicating that it is present in low
amounts (data not shown). The female ScdsxF isoform
encoding the full-length putative female ScDSXF protein
was more abundant than the female ScdsxF252 isoform
encoding the truncated version. Negative controls in all
PCR assays produced no amplicons (see Materials and
Methods).

The molecular organization of Scdsx, the complete se-
quencing of intron 3 flanked by exons E3 and E4, and the
failure to detect male-specific exons downstream of exon E4
suggested that the four dsx mRNA isoforms were produced
by alternative splicing of the same primary transcript. The
male ScDSXM protein lacked the OD2 domain, which has
been found in all DSXM proteins from dipterans where dsx
has been characterized. It could then be argued that a second
dipteran-like dsx gene containing the OD2-encoding se-
quence might exist in Sciara in addition to the described
Scdsx transcription unit. If so, an additional amplicon corre-
sponding to the larger size of the male-specific exon in the
putative second dipteran-like dsx gene should be expected.
This expectation, however, was not observed. RT-PCR was
performed on poly-AT mRNA from male and female larvae
separately. Reverse transcription was carried out with
a primer anchor-T made by an anchor sequence joined to
oligo-dT at its 3" end. PCR was performed using the anchor
primer and a primer dsxcoml located in the well-conserved
N-terminal region in exon E1. Reamplification with primer
dsxcom1 and either primer GW17 (located in the female-
specific exon E3) or primer GWI19 (located in the male-
specific exon 4) produced the expected amplicons of sizes
520 and 591 bp in both sexes, corresponding to the fe-
male ScdsxF and ScdsxF252 mRNAs, respectively, and the
expected amplicon of 422 bp corresponding to the dsxM
mRNA (Figure 2B). Cloning and sequencing of the ampli-
cons confirmed their origin. Negative controls for these
PCR assays produced no amplicons (see Materials and
Methods). Thus, the only amplicons generated were those
concurring with the characterized molecular organization
of Scdsx shown in Figure 1A.

The Scdsx gene is expressed in both sexes during embry-
onic and larval development as well as in the adult stage
(Figure 2, C-E). The presence of both male- and female-
Scdsx mRNA isoforms in the two sexes raised the question

about the possible regulation of dsx expression at a quanti-
tative rather than at a qualitative level, that is, whether the
two mRNAs would be produced at different amounts in
males and females. Thus, a quantitative-PCR assay was
attempted to determine the relative abundance of these
two transcripts in the two sexes. This investigation failed
because it was impossible to find a set of primers that pro-
duced neither double amplifications nor dimers. Therefore,
a semiquantitative PCR strategy was followed. This con-
sisted of measuring the levels of both female ScdsxF and
male ScdsxM mRNA isoforms relative to the level of rpl10
mRNA, which encodes the ribosomal protein RPL10 in the
two sexes (Ramos-Onsins et al. 1998). Details of the exper-
imental methodology can be found in Materials and Meth-
ods. The results are presented in Figure 2, F-H. The amount
of rpl10 mRNA did not significantly vary between males and
females (Figure 2F, Student’s t-test, P > 0.05), indicating
that the reverse transcriptase reaction was comparable in
both sexes so that the amount of rpl10 mRNA was used to
normalize the relative abundance of the male ScdsxM and
female ScdsxF mRNAs in both sexes. ScdsxF was significantly
more abundant than ScdsxM in females (Figure 2G, Student’s
t-test, P < 0.05), whereas ScdsxM was significantly more
abundant than ScdsxF in males (Figure 2H, Student’s t-test,
P < 0.05). Similar results were obtained with other male- and
female-specific primers to amplify ScdsxM and ScdsxF, respec-
tively (data not shown). Negative controls for these PCR
assays produced no amplicons (see Materials and Methods).

S. ocellaris is a digenic species and each female produces
both male and female offspring. Because of this, the individ-
ual analysis of Sodsx expression in males and females could
be evaluated only at the adult stage. For details see Materi-
als and Methods. Similar to S. coprophila, the dsx gene of
S. ocellaris was expressed during development and in adult
life. RT-PCR analysis for the control (rpl10) is shown in
Figure 2I. The female SodsxF (Figure 2J) and male SodsxM
(Figure 2K) mRNA isoforms were detected in embryos and
larvae. In adults, both isoforms were expressed in both sexes
(Figure 2, J and K), and they were also expressed in ovaries
(data not shown). The two bands of 210 and 170 bp ob-
served in the case of SodsxM depended on the inclusion
of miniexon Elb. Negative controls for these PCR assays
produced no amplicons (see Materials and Methods). To de-
termine the relative abundance of the female SodsxF and
male SodsxM mRNAs in the adult males and females, the
semiquantitative PCR strategy used for S. coprophila was
followed (see Materials and Methods). The SodsxF mRNA
was significantly more abundant in female than in male
adults, whereas the SodsxM mRNA was more abundant in
males than in females, although not significantly (data not
shown).

Expression of dsx in Sciara: the proteins

The above results suggested that the regulation of dsx func-
tion in Sciara was distinct from that observed in other
insects. It is conceivable that the sex-specific function of
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Figure 2 (A-K) Expression anal-
ysis of dsx of S. coprophila
(A-H) and S. ocellaris (I-K) dur-
ing development. (A) RT-PCR on
poly-A+ of male and female lar-
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and 3) or primer dsxFSc (lanes 2
and 4). (B) RT-PCR on poly-A+* of
male and female larvae with pri-
mers dsxSc1 and either primer
dsxM2Sc (lanes 1 and 3) or
primer dsxFSc (lanes 2 and 4).
(C) RT-PCR for rp/70 mRNA. (D)
RT-PCR for ScdsxF mRNA. (E)
RT-PCR for ScdsxM mRNA. (F-H)
Semiquantitative PCR for the
presence of ScdsxF and ScdsxM
mRNAs in male and female
larvae, separately. The bars in
the histograms represent the
95% confidence intervals cor-
responding to five replicates.
(F) Semiquantitative expression
of rp/T0 mRNA in male and
female larvae. (G) Semiquantita-
tive expression of ScdsxF mRNA
in male and female larvae,
using rp/10 to normalize. (H)
Semiquantitative expression of
ScdsxM mRNA in male and fe-
male larvae, using rp/10 to nor-
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to the absence (band 170 bp) or to the inclusion (band 210 bp) of exon E1b.

dsx was implemented by regulating the relative amount of
female ScDSXF and male ScDSXM proteins produced in both
males and females, as a direct consequence of the different
mRNA quantities in the two sexes: a greater amount of
ScDSXM than ScDSXF would determine male development,
whereas the reverse would cause female development. Al-
ternatively, the sex-specific function of dsx could be imple-
mented by controlling the translation of the male and
female mRNAs: in males the mRNA encoding the female
ScDSXF protein and in females the mRNA encoding the
male ScDSXM protein would not be translated. To explore
these two scenarios, an analysis of ScDSXM and ScDSXF
protein expression was undertaken. Peptides corresponding
to the female-specific and male-specific C-terminal regions
of ScDSXF and ScDSXM, respectively, were synthesized and
used for immunization of rabbits (see Materials and Meth-
ods). To test the specificity of the sera anti-ScDSXF (hereaf-
ter a-ScDSXF) and anti-ScDSXM (hereafter a-ScDSXM), an
ELISA against the two peptides was performed and results
showed that the two sera were specific for the antigens used
in immunization (data not shown). Subsequently, Western
blotting of purified GST-ScDSXF (full-length ScDSXF fused
to GST) and GST-ScDSXM (full-length ScDSXM fused to
GST) proteins was carried out and probed with the two sera,
demonstrating their specificity; i.e., a-ScDSXF recognizes
only ScDSXF (Figure S3A), whereas a-ScDSXM recognizes
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only ScDSXM (Figure S3B). For construction of these fusion
proteins, see legend to Figure S3.

The putative Sciara DSXF female protein is present in both
sexes: Western blots of total protein extracts from male and
female S. coprophila larvae were prepared and incubated
with a-ScDSXF serum or with the antigen affinity-purified
a-ScDSXF antibody (Figure 3A). A band corresponding to
the predicted female ScDSXF protein of ~30 kDa was ob-
served in both sexes. These results demonstrated that the
female ScDSXF protein is present in both males and females.

Next, the amount of female ScDSXF protein was quanti-
fied in male and female larvae. Western blots of total protein
extracts prepared from male and female larvae, separately,
were probed with the affinity-purified a-ScDSXF or a mono-
clonal antibody against tubulin, which was used as an in-
ternal protein-loading control (for experimental details, see
Materials and Methods). No differences were found in the
ratio of ScDSXF/tubulin in both sexes (Figure 3B), indicat-
ing that both males and females have similar amounts of
female ScDSXF protein. ScDSXF protein was also observed
in embryos and adults of both sexes (Figure 3C), demon-
strating that it was present during the development of both
males and females. The smaller bands observed in the lanes
M and F (Figure 3C) corresponding to larvae might cor-
respond to the predicted truncated ScDSXF221 protein


http://flybase.org/reports/FBgn0000504.html
http://flybase.org/reports/FBgn0000504.html
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177972/-/DC1/genetics.115.177972-3.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177972/-/DC1/genetics.115.177972-3.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177972/-/DC1/genetics.115.177972-3.pdf

A

P>0,05

T

Purified
-ScDSXF
M F

o-ScDSXF 0.75 =

M F

—_—

MW
37—

S——— S 5CDS)F
25—

0.50 =

ScDSXF/Tubulin

0.25"
50— - B » Tubulin

0.00

male female

MSc#1
HS-GAL4

HS

E

Mw  259C

37—
- I- a-ScDSXM
25— —
20—

a-ScDSXM

larvae

F

larvae

SB Pellet

M F

M M

i 4l
s R

25 —

MW F F Mw

37—
—— — —
—25

20 — —20—

o-5cDSXC w-ScDSXC

adults adults

GST-5cDSXM
GST-ScDSXF

MW
75—

50—
37—

a-ScDSXM  a-ScDSXM o-ScDSXF

— 50—

-tubulin
a-tupul 37 -

Western blots of soluble (SB) and nonsoluble (Pellet) protein extracts

rtubulin e s - 50— A ——

¥ L .

Figure 3 Expression analyses of
the S. coprophila (A-H) and S.
ocellaris (I-J) DSX proteins. (A)
Western blot of total protein
extracts from male (M) and fe-
male (F) larvae probed with the
«-SCDSXF  serum against the
DSXF peptide corresponding to
the specific C-terminal domain
of the putative ScDSXF protein
or with the antigen-affinity-purified
«-ScDSXF. (B) Semiquantitative
analysis of the amount of ScDSXF
protein in male and female lar-
vae, using tubulin for normaliza-
tion. The bars in the histograms
represent the 95% confidence
intervals corresponding to five
replicates. (C) Expression of the
ScDSXF protein during develop-
ment and in adults of males and
females of S. coprophila. (D)
Western blot of total protein
extracts of transgenic Drosophila
flies UAS-ScdsxMSc#1/HS-GAL4
without heat shock (lane 25°)
or after heat-shock treatment at
37° (lane HS). The arrow points
to the expected band correspond-
ing to the transgenic SCDSXM pro-
tein. (E) Western blots of total
protein extracts from embryos, lar-
vae, and adults of males (M)
and females (F), separately, probed
with the purified a-SCDSXM ' se-
rum. The lane MSc#1/HS-GAL4
carries total protein extracts of Dro-
sophila flies UAS-ScdsxMSc#1/HS-
GAL4 after heat-shock treatment
at 37° as a positive control for
the function of a-SCDSXM (arrow).
(F) Western blot of total protein
extracts from male (M) larvae and
female (F) larvae probed with the
purified «-ScDSXC serum. (G)
from male (M) and female (F) larvae probed with the purified a-ScDSXC
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serum. (H) Western blot of total protein extracts from male (M) and female (F) adults (lanes adults) and the corresponding immunoprecipitation

protein fraction with the affinity-purified a-ScDSXF serum and probed
ScDSXF protein. (1) Western blot of total protein extracts from a mixture

with this serum (lanes IP). The arrow points to the expected band for the
of male and female larvae (L), and from male and female adults, separately

probed with the purified a-SCDSXM or a-ScDSXF. GST-ScDSXM and GST-ScDSXF proteins were used as positive and negative controls, respectively,

for the function of a-ScDSXM. (J) Western blot of total protein extract:

s from male (M) and female (F) adults, separately probed with the affinity-

purified a-ScDSXC. The arrow points to the expected band corresponding to the ScDSXF protein.

(~25 kDa) or to the proteolysis of ScDSXF. The different
mobility of the ScDSXF band in adults might be due to post-
translational modifications in the protein. The alternative
possibility that it represented a specific splicing variant in
the adults can be rejected since the RT-PCR amplicon corre-
sponding to that putative splicing variant was never found.

The putative Sciara DSXM male protein does not seem to
be produced: The «-ScDSXM serum did not detect the pu-
tative Sciara male DSXM protein in Western blots of total
protein extracts from male and female S. coprophila larvae

(data not shown). This could not be attributed to a lack of
activity of the serum since it specifically recognizes the
ScDSXM protein in Western blots, using the purified fused
GST-ScDSXM protein as antigen (Figure S3B). The possibil-
ity that the C-terminal domain (the epitope) of ScDSXM was
not accessible to the serum seemed unlikely because of the
denaturation conditions used in Western blots. Neverthe-
less, it was imaginable that the a-ScDSXM serum was work-
ing in Western blots of the purified ScDSXM protein but
failed to detect this protein when total protein extracts were
used. To explore this possibility, we took advantage of
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Drosophila transgenic lines carrying the ScdsxM-cDNA trans-
gene encoding the male ScDSXM protein. The ScdsxM-cDNA
was linked to UAS sequences and the HS-GAL4 driver was
used for conditional expression of the transgene (see be-
low). A Western blot of total protein extracts from Drosoph-
ila XY transgenic flies is shown in Figure 3D. As expected,
the ScDSXM protein was not detected at 25° (lane 25°),
whereas the protein was detected after the adult flies were
subjected to heat-shock treatments (arrow in lane HS).
Thus, the a-ScDSXM serum was also correctly functioning
in Western blots of total protein extracts. Then, we per-
formed a Western blot with total protein extracts from S.
coprophila male (M) and female (F) embryos, larvae, and
adults, separately, and probed this with the antigen-affinity-
purified a-ScDSXM serum (Figure 3E). Total protein extract
from Drosophila XY adults expressing the transgenic
ScDSXM protein was used as a control for a-ScDSXM activ-
ity (Figure 3E, MSc#1HS-GAL4 lane). Whereas the ScDSXM
protein was detected in the control and in the embryos of
both sexes (Figure 3E, arrow), it was not present in the
larvae or in the adults of both males and females. It remains
to be determined whether the protein detected in embryos is
derived from the maternal ScdsxM mRNA (there is expres-
sion of Scdsx in ovaries, data not shown) or originates from
the expression of the zygotic Scdsx gene. The low-intensity
bands below 25 kDa observed in adults were also observed
with the secondary antibody alone and thus are probably
nonspecific. This failure to detect the ScDSXM protein in
larvae and adults cannot be attributed to the method used
to prepare the protein extracts since the same method was
used with Drosophila adults, as well as with embryos, larvae,
and adults of S. coprophila. Since the activity of sera varies
from rabbit to rabbit, a new serum was then obtained by
immunization of a second rabbit with the same peptide spe-
cific for the C-terminal region of the ScDSXM protein. This
second serum did not detect the ScDSXM protein in male
and female larvae of S. coprophila in spite of the fact that
ELISA confirmed its activity (data not shown).

An antibody against a synthetic peptide corresponding to
an amino acid sequence from the N-terminal region that is
common to both ScDSXF and ScDSXM proteins was pre-
pared. This serum (denoted as «-ScDSXC) was active in
ELISA against the common N-terminal peptide but did not
recognize the peptides corresponding to the specific C-terminal
domain of either ScDSXF or ScDSXM, as expected (data not
shown). In Western blots, the a-ScDSXC recognized the
purified GST-ScDSXF, GST-ScDSXM, and GST-ScDSXC
(the whole N-terminal region common to ScDSXF and
ScDSXM fused to GST) (Figure S3C). Western blots of total
protein extracts from distinct M and F S. coprophila larvae
probed with the antigen-affinity-purified a-ScDSXC serum
showed the expected band corresponding to ScDSXF pro-
tein (arrow) but not the band (~25 kDa) corresponding to
ScDSXM protein (Figure 3F). Of note, the a-ScDSXC serum
was generated against the same epitope present in both
ScDSXF and ScDSXM proteins. Hence, the failure to detect
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the ScDSXM protein cannot be attributed to a lack of ac-
tivity of the serum.

It could be argued that the male ScDSXM protein was
produced but not observed because the epitopes were post-
translationally modified, impeding their recognition by
a-ScDSXM and «-ScDSXC. If this putative modification
was endowing a sex-specific functional role to the ScDSXM
protein, this modification should also show sex specificity and
consequently ScDSXM would be detected only in one of the
sexes. This explanation, however, can be rejected since the
protein was observed neither in males nor in females.

Finally, two further approaches were attempted to detect
the ScDSXM protein. Total protein extracts from male and
female S. coprophila larvae, separately, were fractionated into
the soluble and the insoluble portion and analyzed by West-
ern blots probed with the a-ScDSXC serum. Results showed
that that ScDSXF but not ScDSXM was present in both frac-
tions of males and females (arrow in Figure 3G). The second
approach tested was immunoprecipitation. Thus, total protein
extracts from male and female S. coprophila adults, sepa-
rately, were immunoprecipitated with purified «a-ScDSXF;
the subsequent Western blot probed with this serum revealed
the presence of ScDSXF in males and females (arrows in
Figure 3H). The low-intensity bands in the lanes for adults
in Figure 3H might correspond to the predicted truncated
ScDSXF221 protein (~25 kDa) or to proteolysis of ScDSXF.
Immunoprecipitation with purified «-ScDSXM and subse-
quent Western blotting with this serum did not indicate the
presence of ScDSXM in both sexes (data not shown). Unfor-
tunately, a-ScDSXC did not function in immunoprecipitation

Western blots of total protein extracts from male plus
female larvae and from separated male and female adults of
S. ocellaris were prepared and probed with «-ScDSXM,
a-ScDSXF, and «-ScDSXM. Analogous to S. coprophila, the
female SoDSXF protein was detected in both M and F adults
(arrow in Figure 3, I and J), whereas the male ScDSXM protein
was not detected (Figure 3, I and J). The fusion GST-ScDSXM
and GST-ScDSXF proteins were used as positive and negative
controls, respectively, for the specific function of «-ScDSXM
serum (Figure 3D). Similarly, SoDSXF but not SoDSXM was
observed in Western blots of total protein extracts of a mixture
of male and female larvae (L in Figure 3I). We repeatedly
failed to detect the SODSXF and SoDSXM proteins in S. ocella-
ris embryos, for reasons unknown to us. Hence, as found in
S. coprophila, the female SoDSXF protein was expressed in
both sexes in S. ocellaris, but it appeared that the SoDSXM
protein was not produced although its mRNA was expressed.

Collectively, all these results suggested that the Sciara
DSXM male protein was not synthesized in Sciara or was
synthesized at lower amounts that precluded its detection
by Western blotting. Remarkably, this happens in both sexes.

Splicing regulation of the primary transcript of the
Sciara dsx gene

A search for sequences located at the regions involved in the
sex-specific splicing regulation of dsx primary transcript in
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other insects was undertaken in Sciara. Since Sciara is a dip-
teran, we searched for TRA-TRA2 binding sequences in the
Scdsx pre-mRNA that might explain the different amounts of
the male- and female-type Scdsx mRNAs in both sexes. Six
DsxRE-like sequences were found in the female-specific
exon E3 located ~300 nucleotides upstream of its 3’ end
(Figure 4B). In three of the six sequences, there are bases
(highlighted in red) in positions never found in the consen-
sus sequence, which is defined in the legend to Figure 4.
Two putative PRE elements between the penultimate and
final putative TRA-TRA2 binding sequences were also found
(marked in purple in Figure 4B). In the dipterans, RBP1,
a non-sex-specific SR splicing factor, is also required for
female-specific dsx pre-mRNA splicing by binding to target
sequences located within the purine-rich polypyrimidine
tract of the female-specific exon (Heinrichs and Baker
1995). Two types of RBP1-binding sequences have been
identified: DCADCTTTA (type A RBP1) and ATCYNNA (type
B RBP1) (Qi et al. 2007). No type A RBP1 sequences were
found in Scdsx pre-mRNA and several type B RBP1 sequen-
ces were localized in the female-specific exons, one in exon
E2 and the other in exon E3, plus numerous copies scattered
along all introns (Figure 4A). Salvemini et al. (2011)
reported the existence of TRAZ2-intronic splicing silencer
(TRA2-ISS) sequences in Aedes dsx primary transcript in
the region involved in its sex-specific splicing regulation.
These ISS sequences (CAAGR) are bound by TRA2, causing
suppression of splicing (Qi et al. 2007). Several TRA2-ISS
sequences were found in Scdsx pre-mRNA: several distrib-
uted in intron 1, one in intron 2 and several in intron 3
(Figure 4A). No putative NvdsxRE sites for TRA-TRA2 bind-
ing were found. These sequences, which have been found in
the hymenopteran Nasonia dsx (Verhulst et al. 2010), have
been also observed in the dsx gene of Aedes (Salvemini et al.
2011) and Tribolium (Shukla and Palli 2012). Finally, no
BmPSI-exonic splicing suppressor (BmPSI-ESS) sequences were
detected in Scdsx pre-mRNA. These ESS sequences are found in
dsx from the lepidopterans Bombyx (Suzuki et al. 2001) and
Antheraea (Shukla and Nagaraju 2010), which are targets for
the sex-specific factor BmPSI that leads to skipping of the
female-specific exons 3 and 4 in males (Suzuki et al. 2008).
Since the binding sequences of SR proteins, such as TRA
and TRA2, may be quite degenerate (Black 2003), and be-
cause the DsxRE sequences of Scdsx showed a high degree of
similarity with the consensus TRA-TRA2 binding sequences,
a possibility existed that a female-specific TRA-TRA2 com-
plex was involved in the quantitative differential splicing of
dsx pre-mRNA in Sciara males and females, with that com-
plex favoring the female against the male type. To test this,
a Scdsx minigene (DScmg) was constructed that contained
all the complete exons E2, E3, and E4 and 276 bp from the
3’ end of common exon El, together with their adjacent
intron sequences containing the binding sites surrounding
the exons described above (see Materials and Methods and
Figure S2 and its legend), and DScmg-transgenic Drosophila
flies were produced. The idea was to assess the splicing

pattern of DScmg pre-mRNA in transgenic Drosophila males
(with no TRA-TRA2 complex) and females (with TRA-
TRA2 complex). The results are presented in Figure 4C
(for details, see Materials and Methods). Only the amplicons
corresponding to the female-specific splicing pattern were
observed in both males and females. Note the presence of
two bands of 463 and 534 bp corresponding to the splicing
modes that give rise to female ScdsxF and ScdsxF252 mRNA
isoforms, respectively. In the “fc” lane in Figure 4C, there is
only one band because it corresponds to the PCR control
where the ScdsxF ¢cDNA was used as template. The absence
of amplicons generated by the male-splicing pattern in both
males and females could not be attributed to a failure of the
primers used since these functioned in the PCR control
where the ScdsxM c¢DNA was used as a template (lane
“mc” in Figure 4C). Negative controls in these PCR assays
produced no amplicons (see Materials and Methods). The
amount of rp49 mRNA did not significantly vary between
males and females (Student’s t-test, P > 0.05), indicating
that the reverse transcription reaction was similarly effective
in both sexes (Figure 4D). Thus, the amount of rp49 mRNA
was used to normalize the relative abundance of DScmgdsxF
mRNA in males and females. Results showed that this is
similar in both sexes (Figure 4D, Student’s t-test, P >
0.05). This result cannot be interpreted by considering that
the minigene did not carry relevant sequences for splicing
regulation as no aberrant splicing amplicons were detected.
Furthermore, the binding sequences around the sex-specific
exons known to be required for sex-specific splicing regula-
tion of the dipteran dsx primary transcript were present in
the DScmg minigene. It is not possible to reject, however,
that relevant yet not identified sequences to generate the
male isoform were not contained in the minigene construct.
An explanation for the finding that in Drosophila the
DScmg pre-mRNA follows the female- but not the male-splic-
ing pattern would be that splicing factors involved in the
Sciara dsx pre-mRNA splicing pattern were not present in
Drosophila. Whatever the molecular nature of the mecha-
nism underlying dsx pre-mRNA splicing in Sciara and the
factors involved, the dipteran sex-specific splicing pattern
of dsx pre-mRNA does not apply to Sciara since both dsxF
and dsxM transcripts are present in males and in females.
Furthermore, the TRA-TRA2 complex appears not to partic-
ipate in the differential splicing of Sciara dsx pre-mRNA. On
the other hand, direct proof of the role of tra-2 in Sciara sex
determination is lacking (see Martin et al. 2011).

Effect of the female ScDsxF and male ScDsxM proteins
of S. coprophila on the regulation of Drosophila yolk
protein genes

The yolk protein (yp) genes of Drosophila are coordinately tran-
scribed in the fat body of adult females under the control of dsx.
DSXF and DSXM act as activator and repressor, respectively, by
binding to the same regulatory sequences (reviewed in Bownes
1994). These genes are also expressed in the follicle cells of the
ovary, yet they are no longer under the control of dsx but

The Gene doublesex of Sciara 1191


http://flybase.org/reports/FBgn0000504.html
http://flybase.org/reports/FBgn0000504.html
http://flybase.org/reports/FBgn0000504.html
http://flybase.org/reports/FBgn0000504.html
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177972/-/DC1/genetics.115.177972-4.pdf
http://flybase.org/reports/FBgn0000504.html
http://flybase.org/reports/FBgn0000504.html
http://flybase.org/reports/FBgn0000504.html
http://flybase.org/reports/FBgn0000504.html
http://flybase.org/reports/FBgn0000504.html

Male-mode of splicing

Intron 1

B rrazaiss () Type B RBPL
Female-mode of splicing
~ DsxRE S
osition
B Female-specific exon E3 slements
o2 T6A 2.3 .4 5 6 07 &.9.10
DsxRESc1 UA G A CA A UA A
DsxRESc2 AU UUCAAUTCU
DsxRESc3 UG A A UACAG A
DsxRE DsxRESc4 U G A A U G G U C A
elements DsxREScS Uuu uaAaAaCAAUAU
DsxRESce G CUACCAUTCA
C dsxScl + dsxM25c dsxScl + dsxFSc
MW mc M F fe M

500 bp

P>0,05

P>0,05

Rp49
DsxF/rpd9

0.5+

0.0-

male female male

instead are regulated by tissue-specific factors present in those
cells (Bownes et al. 1990). In loss-of-function dsx mutant XX
flies lacking both DSXF and DSXM proteins, basal transcription
of the yp genes in the fat body (gonads are not developed) has
been reported (Bownes and Nothiger 1981), although in our
dsx! stock such remnant expression was not observed.

The effect of female ScDSXF protein (FSc transgene) on the
regulation of Drosophila yp genes was studied by monitoring
the expression of yp2 in transgenic Drosophila XX flies mutant
for dsx and either expressing or not the transgenic female
ScDSXF protein. As control, the expression of rp49, which
codes for the constitutive ribosomal protein 49, was used.
For the construction of the FSc and MSc transgenes, see Mate-
rials and Methods. The inducible HS-GAL4 driver was used to
express the transgenic protein. The results are presented in
Figure 5A (for details, see Materials and Methods and legend
to Figure 5). As expected, control females (FSc#1/+; dsx/+)
expressed the yp2 gene whereas intersexual flies (FSc#1/+;
dsxl/dsx?) did not, whether kept at 25° or subjected to heat
shock. The experimental females (FSc#1/HS-GAL4; dsx'/dsx™)
did not express the yp2 gene when maintained at 25°, al-
though yp2 was expressed after heat shock (lane 11 in Figure
5A). The three classes of females expressed the control rp49
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Figure 4 Splicing elements of the Scdsx pre-mRNA.
(A) Location of the putative TRA-TRA2 binding
sequences and TRA2-ISS (black rectangles) and type
B RBP1 (yellow ellipses) in Scdsx. (B) Distributions of
the DsxREs sequences and the PRE are marked by
yellow and purple stripes, respectively, in exon E3.
The red letters indicate nucleotides in positions
never present in the consensus sequence, which
was defined by comparison of putative TRA-TRA2
binding sequences found in dsx of D. melanogaster,
M. domestica, B. oleae, B. tryoni, A. obliqua,
C. capitata, M. scalaris, A. gambiae, and A. aegypti;
in the gene fruitless of D. melanogaster and A.
gambiae; and in the gene tra of C capitata, B.
oleae, and A. obliqua. To define the consensus se-
quence, the nucleotide present in each of the 13
positions independently of its frequency of appear-
ance was considered. (C) Effect of the TRA-TRA2
complex of D. melanogaster on splicing regulation
of DScmg pre-mRNA. For details of DScmg con-
struction see Materials and Methods and Figure
S1 and its legend; (mc) and (fc) denote the plasmid
carrying the ScdsxM or the ScdsxF mRNAs used as
positive controls of primer function. (D) Semiquan-
titative analysis of the amount of female-spliced
MRNA isoform from the Dscmg pre-mRNA with re-
spect to rp49 in Drosophila male (M) and female (F)
adults. The bars in the histograms represent the
95% confidence intervals corresponding to five
replicates.
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gene when maintained at 25° and after heat shock. Negative
controls in these PCR assays produced no amplicons (see
Materials and Methods). These results indicated that the fe-
male ScDSXF protein behaved as an activator of the Drosoph-
ila yp genes, analogous to DSXF of Drosophila.

The same experimental plan described above was followed
to determine whether the male ScDSXM protein (MSc trans-
gene) acts as an inhibitor of the yp genes. Both control
(MSc#1/+; dsx'/+) and experimental (MSc#1/HS-GAL4,;
dsxl/+) XX females produced the Drosophila endogenous
DSXF protein, while the experimental females additionally
produced the transgenic male ScDSXM protein when sub-
jected to heat shock. As expected, the control females
expressed the yp2 gene whether maintained at 25° or when
subjected to heat shock (Figure 5B). The experimental females
also expressed the yp2 gene when maintained at 25° or after
being subjected to heat shock (lane 7 in Figure 5B), in spite of
the fact that they expressed the transgene MSc#1 (Figure 5C)
and the protein was produced as mentioned above (Figure
3D). This absence of effect by the transgenic ScDSXM male
protein could be due to its inherent incapacity to successfully
compete with the endogenous Drosophila DSXF protein and
override its activating effect on expression of yp genes. As
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described earlier, ScDSXM lacks the OD2 domain found in the
male DSXM protein of Drosophila. Alternatively, the lack of
effect could be due to an insufficient amount of the transgenic
ScDSXM protein to override the endogenous DSXF protein. To
address this, the assay was repeated but this time the dsx/+

females carried two copies of

viously verified that the additional copy of the transgene
MSc#2 is expressed after the heat-shock treatment (Figure
5D). Therefore, the identical amount of endogenous Drosoph-
ila DSXF protein was now confronted with a greater amount
of transgenic male ScDSXM protein. In this setting, SCDSXM
protein overruled the activating function of endogenous DSXF,
causing the repression of the yp genes (lane 11 in Figure 5B).
Negative controls in these PCR assays produced no amplicons
(see Materials and Methods). These results indicated that the
male ScDSXM protein behaved as an inhibitor of the Drosoph-
ila yp genes, analogous to DSXM of Drosophila.

Collectively, these results indicated that the Sciara female
ScDSXF and male ScDSXM proteins showed conserved fe-
male and male sex-determination function, respectively, in
Drosophila, at least with respect to the control of yp genes.

Comparison of the DSX proteins of Sciara with those of
other insects and dsx phylogeny

The putative female ScDSXF and male ScDSXM proteins

of S. coprophila (Sciaridae,

the MSc transgene. It was pre-

domains.

suborder Nematocera) were

-~ yp2
«rp49

Figure 5 Expression of Drosophila yolk protein 2
gene in Sciara dsx transgenic Drosophila flies. (A)
Effect of the ScDsxF protein on the regulation of the
Drosophila yp2 gene. (B) Effect of the ScDsxM pro-
tein on the regulation of the Drosophila yp2 gene.
(C) Heat-shock-dependent expression of MSc#1
transgene. (D) Heat-shock-dependent expression
of MSc#2 transgene. yp2 and rp49 stand for the
yolk protein 2 and ribosomal protein 49 genes, re-
spectively. The term “25°C" indicates that the flies
were maintained at this temperature after eclosion,
whereas HS indicates that they were subjected to
two 3-hr heat-shock pulses (37°) per day for two
consecutive days with recovery at 25° between
pulses. PCR amplification of total RNA extracts
(without cDNA) yielded no amplification product,
indicating that the RNA sample was devoid of
DNA. The genotypes in A correspond to the off-
spring of females yw; FSc#1; dsx'/MKRS,Sb crossed
with males w/Y; HS-GAL4[ry*] CyO; dsx'/MKRS,Sb.
The genotypes in B correspond to the offspring of
females yw; MSc#1; dsx'/MKRS,Sb crossed with
males w/Y; HS-GAL4[ry*] CyO; dsx’/MKRS,Sb (B,
lanes 1-8) or to the offspring of females yw;
MSc#1; Msc#2 crossed with males w/Y; HS-GAL4
[ry*] CyO; dsx’/MKRS,Sb (B, lanes 9-12). The gen-
otypes in C correspond to the offspring of females
yw, MSc#1 crossed with males w/Y; HS-GAL4[ry*]
CyO; dsx?/MKRS, Sb. Finally, the genotypes in D cor-
respond to the offspring of females yw, MSc#2/
MKRS,Sb crossed with males w/Y; HS-GAL4[ry*]
CyO; dsx’/MKRS,Sb. For the construction of the
FSc and MSc transgenes see Materials and
Methods.

compared to the DSXF and DSXM proteins from dipterans,
lepidopterans, hymenopterans, and the coleopterans. For
methodological details, see Materials and Methods. The
comparisons are shown in Table S3. The higher degree
of variation in terms of number of amino acids and simi-
larity was located in the N- and C-terminal regions, as
well as in the linker region between the OD1 and OD2

The phylogenetic relationships among DSX proteins were
inferred on the basis of the non-sex-specific region of DSX
(including the complete oligomerization domain OD1 and
part of the OD2 domain), using sequences from 21 insect
species and 1 outgroup species (Table S2). For details, see
Materials and Methods. The tree was reconstructed by com-
bining maximum-likelihood and Bayesian approaches, pro-
ducing topologies that were not in conflict (Figure 6). The
resulting topology revealed an interesting fact: in spite of
the divergent nature of the dsx gene of Sciara in terms
of exon composition, splicing regulation, and production
of mRNAs with respect to other insects (especially dipter-
ans), the encoded protein is phylogenetically located
within the monophyletic group of DSX proteins from dip-
terans. This result indicates that, in Sciara, the differences
observed in gene organization and expression did not re-
sult in significant modifications in the DSX protein, prob-
ably because of its conserved role as a basal component of
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the sex-determination cascade (Sanchez 2008). This notion
is consistent with the presence of constant evolutionary
rates in several sex-determining proteins (including DSX)
across insects (FEirin-Loépez and Sanchez 2015).

A possible explanation for the divergence observed in the
Sciara dsx lineage may involve a complex pattern of evolu-
tion combining purifying selection (Ruiz et al. 2007) with
bursts of positive selection as recently described for mem-
bers of the Anastrepha fraterculus species group (Sobrinho
and De Brito 2012). Further analysis will be necessary to
decipher the role of positive selection during the evolution-
ary history of doublesex in insects and its relevance for sex
determination.

The gene dsx of insects shows a great variability with
regard to molecular organization and splicing regulation
(Figure 7):

1. Exon composition and organization. The dsx gene in all
dipterans contains male- and female-specific exons, ex-
cept in Anopheles (Scali et al. 2005), which has only a
female-specific exon and no male-specific exons as in the
lepidopterans Bombyx (Ohbayashi et al. 2001; Suzuki
et al. 2001) and Antheraea (Shukla and Nagaraju
2010), the hymenopterans Apis (Cho et al. 2007) and
Nasonia (Oliveira et al. 2009), and the coleopteran Tri-
bolium (Shukla and Palli 2012). An attribute common to
all dsx genes is the location of the female-specific exons
upstream of the male-specific exons or to the common
exons encoding the C-terminal domain of male and fe-
male DSX proteins.

2. Splicing regulation of dsx pre-mRNA. All dsx genes so far
characterized in insects, except Sciara, show sex-specific
regulation with the production of mature male- and
female-specific mRNAs. This condition corresponds to
the existence of sex-specific splicing factors (either
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activators or inhibitors), whose expression is related to
the default splicing regulation of the dsx pre-mRNA,
which can be either the male or the female mode of
splicing. Strictly speaking, it is not appropriate to talk
in terms of default dsx pre-mRNA splicing in Sciara be-
cause both male and female dsx mRNAs are simulta-
neously produced in the two sexes. Sciara could
parallel the situation hypothesized in Aedes (Salvemini
et al. 2011); that is, putative SR-M and SR-F splicing
factors, which would be functional in males and females,
respectively, are present in both sexes, but in Sciara these
factors would be simultaneously functional in both sexes.

3. The Dsx proteins. All dsx genes so far characterized in
insects, except Sciara, produce male- and female-specific
proteins. Sciara dsx seems to produce a single polypep-
tide, which is reminiscent of the situation encountered in
Daphnia (Kato et al. 2011), with the difference being that
in the latter the quantity of this protein, which is DSXM,
would differ between the two sexes whereas in Sciara,
which is DSXF, the quantity would be similar in males
and females.

It is proposed that the evolution of dsx would occur by
conversion of a single DSX polypeptide-encoding gene into
a two DSXF and DSXM polypeptides-encoding gene. The
diversity shown by the insect dsx had to be the result of different
evolutionary paths undertaken by this gene. These would
involve concomitant necessary coevolutionary novelties—sex-
specific splicing factors and their target sequences—during
insect evolution, allowing the transition toward the produc-
tion of sex-specific transcripts and their corresponding pro-
teins, thus converting dsx in the ultimately discriminatory
gene for sex determination. In this scenario, Sciara might
represent a path in dsx evolution characterized by retaining
the production of a single protein, a postulated feature of


http://flybase.org/reports/FBgn0000504.html
http://flybase.org/reports/FBgn0000504.html
http://flybase.org/reports/FBgn0000504.html
http://flybase.org/reports/FBgn0000504.html
http://flybase.org/reports/FBgn0000504.html
http://flybase.org/reports/FBgn0000504.html
http://flybase.org/reports/FBgn0000504.html
http://flybase.org/reports/FBgn0000504.html
http://flybase.org/reports/FBgn0000504.html
http://flybase.org/reports/FBgn0000504.html
http://flybase.org/reports/FBgn0000504.html
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177972/-/DC1/genetics.115.177972-6.pdf

the ancestral gene from which the extant insect dsx genes
evolved. The interested reader is addressed to the compre-
hensive overview of Verhulst and Van De Zande (2015) for
a discussion on the evolutionary relationship between gene
dsx and its many target genes.

Concluding remarks

The following results indicate that the dsx gene of Sciara
was successfully cloned and characterized. First, the puta-
tive Sciara proteins showed the highest degree of similarity
with DSX proteins from other insects. Second, the putative
Sciara female DSXF and male DSXM proteins shared the
amino-terminal region and differ in their C-terminal
regions, analogous to DSX proteins of other insects. Third,
the putative Sciara DSX proteins contained the two domains
(OD1 and OD2) required for DNA and protein—protein
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interactions, respectively, that characterize DSX proteins
(An et al. 1996; Cho and Wensink 1997). Moreover, OD1
contained the six amino acids Cys, His, His, Cys, Cys, and
Arg that are essential for the binding of DSX proteins to its
DNA-target sequences (Erdman and Burtis 1993). Fourth,
the putative Sciara DSX proteins were encoded in mRNAs
produced by alternative splicing of a single primary tran-
script. Fifth, the Sciara dsx gene was constitutively tran-
scribed during development and adult life of males and
females. Finally, the female DSXF and male DSXM Sciara
proteins showed conserved female and male function, re-
spectively, on the control of Drosophila yolk-protein genes.
There were, however, three fundamental differences be-
tween Sciara and the other insects where dsx has been char-
acterized. First, the putative male DSXM protein contained
OD1 but lacked the OD2 domain. Second, Sciara had no
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Figure 8 Scheme showing the putative role of dsx
on Sciara sex determination. It was assumed that
\ this gene produces only the female SCDSXF protein
\ at similar amounts in both sexes. Two hypotheses
v are proposed. The first one assumes that the de-
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interacts with DSXF, preventing its function, deter-

mining male development.
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bona fide sex-specific dsx mRNAs but the same transcripts
were present in both males and females although their rel-
ative abundance is sex specific. Third, the female DSXF pro-
tein, but not the male DSXM protein, was produced at
similar amounts in both sexes.

These findings suggest the existence in Sciara of a control
inhibiting the translation of ScdsxM mRNA. Is there any bi-
ological reason to justify such translation inhibition? It has
been reported that the simultaneous expression of male and
female DSX proteins produces sterile intersexual flies (Epper
1981; Nothiger et al. 1987; Jurnish and Burtis 1993; Alvarez
et al. 2009). In this respect, it is noteworthy that the putative
DSXM and DSXF proteins of Sciara share the very well-
conserved DM/OD1 domain that endows the DSX proteins
with the capacity to interact with DNA. In addition, it was
shown here that transgenic Sciara DSXM prevented the
endogenous Drosophila DSXF protein from activating the yp
genes in this species. This result indicates that the Sciara
DSXM protein maintains the capacity to interact with DNA
such that it can compete with DSXF for the same binding
sites. Hence, it is proposed here that a process had to evolve
with the simultaneous expression of the female ScdsxF and
the male ScdsxM mRNAs in Sciara to prevent the translation
of the ScdsxM mRNA; otherwise, the DSXM protein interferes
with the function of DSXF and the Sciara zygote would
develop as a sterile intersex. In the other insects, such trans-
lational inhibition is not required since the sex specificity of
the DSX proteins was stipulated by the sex specificity of
their mRNAs.

The surprising result of the present study was the finding
that the DSXF protein is present at similar amounts in Sciara
males and females, whereas the DSXM protein was not
detected in the two sexes. This result raises the question
of the requirement of dsx in Sciara sex determination, an
issue that can be undoubtedly addressed by analyzing the
effect of lack of dsx function on Sciara sex determination. It
is, however, difficult to provide an answer to this query.
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First, no dsx mutants are available in Sciara. Second, the
application of RNA interference (RNAi) technology to mod-
ulate endogenous dsx function is not so straightforward in
these insects due to the extreme fragility of their tiny eggs
(L. Sanchez and A. L. P. Perondini, unpublished results).
Moreover, RNAi would not be appropriate if DSXF, which
is expressed throughout the development and in the adult
life of Sciara, were continuously required for female devel-
opment, as in the other insects. Finally, the use of this
procedure to analyze the role of DSXF in vitellogenesis
(a female-sexual dimorphic feature) is not possible in Sciara
because oogenesis occurs only during metamorphosis in this
insect (Berry 1941). Hence, direct proof of the role of dsx in
Sciara sex determination remains elusive at present. Re-
gardless, it was shown here that the Sciara DSXF and the
DSXM proteins exhibited conserved female and male sex-
determination function, respectively, in the control of Dro-
sophila yp genes. In addition, the Sciara DSX proteins—
mainly DSXF—showed a high degree of conservation with
the orthologous proteins of other insects. Because of these
observations and due to the fact that the Sciara dsx gene
produces only one protein, present at similar amounts in
both sexes, it is suggested here that dsx is also involved in
Sciara sex determination although it appears not to play
the discriminatory role in this process, in contrast to what
has been observed in all insects where this gene has been
so far characterized.

The putative role of dsx in Sciara sex determination is
depicted in Figure 8. It is considered that the DSXF protein
was needed for female development and was the only one
produced by dsx in the two sexes. Two alternative scenarios
could be imagined. In the first one, it was assumed that the
default state of DSXF was to be inactive, requiring the pres-
ence of an activator (AC) that would interact with DSXF,
forming the functional DSXF-AC complex that would deter-
mine female development. This activator would be pro-
duced only in XX;AA individuals so that male development
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represented the default state. Under this scenario, Sciara
DSXF would “behave” as the Intersex protein in Drosophila.
This protein is found in both sexes and interacts with DSXF,
but not with DSXM, forming a complex to control female
development (Chase and Baker 1995; Waterbury et al.
1999; Garrett-Engele et al. 2002). The difference between
Drosophila and Sciara would be that DSXF supplies the dis-
criminatory function in the former but not in the latter,
where AC, which would be produced only in females, brings
the discriminatory function. In the second scenario, the de-
fault state of DSXF would be active, requiring the presence
of an inhibitor (IN) that would neutralize DSXF and conse-
quently the male development would ensue. This inhibitor
would be produced only in X0;AA individuals so that female
development represented the default state.
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Figure S1 Location of the primers used in this work. The prefix-dsx has been omitted in the name of the primers.
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Figure S2 Construction of the DScmg mini-gene. For details, see Materials and methods. (A) Exons (boxes, E) and introns (lines) are not drawn to scale.
The doted lines for introns 1 and 2 indicate that their lengths remain unknown. The beginning and the end of the ORF are indicated by ATG and TGA or
TAA, respectively. AAA stands for poly-A(+). Orange arrows indicate the location of the primers used. (B) The Dscmg construct. The dotted lines from A to
B indicate the regions of the whole primary transcript that is represented in DScmg, where the solid lines indicate now the intron sequences.
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Figure S3 Specificity of the anti-sera against the Sciara male and female DSX proteins. Western -
blots of GST-ScDSXM (lane M), GST-ScDSXF (lane F) and GST-DSXC (lane C) probed with o.-ScDSXF
serum (A), with o.-ScDSXM serum (B) and with a.-ScDSXC serum (C). To construct the GST-DSX fusion
proteins, the procedure of Smith and Johnson [Smith DB, Johnson KS (1988) Single-step purification
of polypeptides expressed in Escherichia coli as fusions with gluthanione S-transferase. Gene 67:31—
40] was followed with minor changes. To generate the GST-DSXF fusion, the whole ORF of S.
coprophila dsxF was amplified from cDNA with primers pGexDxsC and pGexdsxF containing a
restriction site for EcoRl and Hindlll, respectively. To generate the GST-DSXM fusion, the whole ORF
of S. coprophila dsxM was amplified from cDNA with primers pGexDxsC and pGexdsxM containing a
restriction site for EcoRl and Hindlll, respectively. To generate the GST-DSXC fusion, the fragment
corresponding to the common N-terminal region of S. coprophila dsx was amplified from cDNA with
primers pGexDxsC and pGexdsxC2 containing a restriction site for EcoRl and Hindlll, respectively.
The amplicons were cloned in pGEMT-easy (Promega) and sequenced. The DNA of the pGEMT-easy
vectors was digested with EcoRIl and Hindlll and the fragments were ligated in frame into the pGex-B
vector using the T4 DNA ligase (Roche). All the positive clones were sequenced to ascertain correct
orientation.
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Table S1 Sequence of primers.

Primer Sequence

dsxOD3 5 TGGARAARTGYCGMYTRACNGCSGAYCG 3’
dsxOD7 5" GTATCACATACATNARNGGC 3’

dsxSccom 5" GGTCAGAACATAAGCGAAGTG 3’

dsxScl 5" ATCGTCGGGATTCCCTTACG 3’

dsxMSc 5 TGTACTTCTAGGTAAAACGCAG 3’

dsxM2Sc 5 CACTCATGGCTTTTATCATAAT 3’

dsxFSc 5" GTCCGTTCCACAATTGACATG 3’

GW17 5'TCGTGTTATCATCCCCGTTTGGTATCG3’

GW19 5'TCAATCCATCGCATTCGCTTAATTAC3’
dsxcom1 5'CGTCACCGTCATTGACACCTGATCAG3’

elil-1 5" ATAAGAATGCGGCCGCCGTCATTGACACCTGATCAG 3’
elj1-2 5" GCTCTAGATGCTAATCACGACACAGACG 3’
ile2i2-1 5 GCTCTAGATGAAAGAAGGAAATCCTAAGTC 3’
ile2i2-2 5" TGCACTGCAGGTTTTAGGACCAGGATGAGC 3’
i2e3i3-1 5" TGCACTGCAGTTCTGACTGTACTTTTGTTAGC 3’
i2e3i3-2 5" CCCTCGAGGTCTCGATCAAGGATGTCTG 3’
i3e4-1 5" CCCTCGAGAATCAATACGATACTGAGCATC 3’
i3e4-2 5" GGGGTACCTAAATTCAATCCATCGCATTCG 3’
pGexdsxC 5  GGAATTCGAATGGTCTCTAATGATATATCTG 3’
PGexdsxC2 5'CCAAGCTTGTCAGCCAGGCTTATAATGAGTATCC3’
pGexdsxF 5'CCAAGCTTGGTCCGTTCCACAATTGACATG 3’
pGexdsxM 5" CCAAGCTTGTGTACTTCTAGGTAAAACGCAG 3’
DsxSo1 5" TATGCTCATCATCTCACAATAG 3’

dsxMSo 5" TGTAACTATAGTTGTAGAGTGC3’

dsxFSo 5" CAACAACCTCAACATATACGAC 3’

rp49.1 5’ ATCCGCCACCAGTCGGATC 3’

rp49.2 5 TGGCGCGCTCGACAATCTC 3’

rpl10.1 5" GAGTGCATCCATTCCACGT 3’

rpl10.2 5 GTATTTGACGTTGCAACCGT 3’

yp2Dm1 5 GTCGTTGAGGCCACCATGC 3’

yp2Dm2 5 GGAGTGGTTCGCTCGCATG 3’

M13 Forward 5" GTAAAACGACGGCCAG 3’

M13 Reverse 5" CAGGAAACAGCTATGAC 3’

Oligo d(T) 5’ TGC CAC GCT CGA CTA GTA CGTnz; 3’

T30 5 Tnzo 3’

AnchorT 5" GCCACGCGTCGACTAGTACGTn2, 3’

Anchor 5" GCCACGCGTCGACTAGTACG 3’

The highlighted black bases indicate the restriction sites used in the construction

of the DScmg mini-gen and GST fusion proteins of S. coprophila.
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Table S2 Insect species and GenBank accession numbers for the DSX sequences analyzed in the present work.

DSX Taxa Protein Acc#
Female-specific Male-specific
DIPTERA
Calliphoridae
1. Lucilia cuprina ADG37649 ADG37648
Culicidae
2. Aedes aegypti ABD96571 ABD96573
3. Anopheles gambiae AAX48939 AAX48940
Drosophilidae
4. Drosophila erecta XP_001979242 XP_001979242
5. Drosophila melanogaster NP_731198 NP_731197
6. Drosophila persimilis XP_002013146 XP_002013146
7. Drosophila pseudoobscura XP_003736648 XP_001359020
8. Drosophila sechellia XP_002038750 XP_002038750
9. Drosophila simulans XP_002102542 XP_002102542
10. Drosophila yakuba XP_002086778 XP_002086778
Muscidae
11. | Musca domestica | AAR23812 | AAR23813
Phoridae
12. | Megaselia scalaris | AF283695_1 | AF283696_1
Sciaridae
13. | Sciara coprophila | HG934386 | HG934387
Tephritidae
14. Anastrepha obliqua AAY25166 AAY25167
15. Bactrocera oleae CAD67986 CAD67987
16. Ceratitis capitata AAN63598 AAN63597
HYMENOPTERA
Apidae
17. | Apis mellifera | ABV55180 | ABV55178
Pteromalidae
18. | Nasonia vitripennis | ACI65508 | ACJ65511
LEPIDOPTERA
Bombycidae
19. | Bombyx mori | BAB13471 | BAB13472
Saturniidae
20. | Antheraea assama | ADL40848 | ADL40846
COLEOPTERA
Tenebrionidae
21. | Tribolium castaneum | AFQ62106 | AFQ62105
DIPLOSTRACA
Daphniidae
22. | Daphnia magna | BAI78307 | BAI78307
6 S| M. F. Ruiz et al.




Table S3 Comparison of DSX proteins in insects: n? of amino acids (degree of similarity = identical plus conserved amino acids)

0D1-0D2
Intermediate C-terminal region  C-terminal region
Species DSXF DSXM N-terminal region 0OD1 domain region 0OD2 domain DSXF DSXM

Sciara 273 221 41 46 111 61 14 23
Anophelex 241 (0,43) 283 (0,29) 37 (0,21) 46 (0,78) 82(0,23) 61 (0,50) 15 (0,42) 72 (0,16)
Aedex 278 (0,38) 548 (0,33) 34 (0,17) 46 (0,78) 123 (0,24) 60 (0,50) 15 (0,42) 300 (0,12)
Ceratitis 315 (0,44) 394 (0,38) 40 (0,42) 46 (0,80) 152 (0,22) 62 (0,54) 15 (0,57) 109 (0,12)
Bactrocera 321 (0,45) 400 (0,38) 40 (0,42) 46 (0,80) 158 (0,23) 62 (0,54) 15 (0,64) 109 (0,12)
Anastrepha 317 (0,45) 396 (0,38) 40 (0,42) 46 (0,80) 154 (0,22) 62 (0,54) 15 (0,64) 109 (0,08)
Drosophila 427 (0,43) 549 (0,38) 40 (0,40) 46 (0,80) 264 (0,24) 62 (0,50) 15 (0,64) 152 (0,12)
Musca 397 (0,46) 527 (0,39) 42 (0,41) 46 (0,82) 232 (0,28) 62 (0,50) 15 (0,57) 160 (0,08)
Lucilia 396 (0,44) 532 (0,38) 42 (0,41) 46 (0,80) 231 (0,25) 62 (0,50) 15 (0,57) 166 (0,08)
Megaselia 310 (0,41) 573 (0,40) 37(0,37) 46 (0,80) 151 (0,25) 61 (0,47) 15 (0,50) 293 (0,20)
Bombyx 264 (0,39) 266 (0,33) 31(0,16) 46 (0,78) 91 (0,35) 62 (0,49) 34 (0,42) 51 (0,04)
Antheraea 265 (0,43) 279 (0,33) 31 (0,06) 46 (0,80) 92 (0,35) 62 (0,54) 34 (0,42) 63 (0,16)
Apis 277 (0,24) 336 (0,23) 59 (0,14) 45 (0,60) 101 (0,14) 49 (0,32) 23 (0,07) 87 (0,12)

Nasonia 235 (0,23) 224 (0,18) 30(0,16) 45 (0,53) 100 (0,17) 47 (0,23) 13 (0,07) 5(-)
Tribolium 227(0,44) 322(0,30) 25(0,24) 46(0,76) 84(0,29) 61(0,52) 11(0,36) 125(0,27)
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