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José M. Eirı́n-López‡ and Lucas Sánchez*,1

*Centro de Investigaciones Biológicas, 28040 Madrid, Spain, †Departamento de Biologı́a, Instituto de Biociências,
Universidade de São Paulo, 05508-090 Sao Paulo, Brasil and ‡Departamento de Biologı́a Celular y Molecular,

Universidade da Coruña, Campus de A Zapateira, 15071 A Coruña, Spain

Manuscript received May 14, 2004
Accepted for publication July 2, 2004

ABSTRACT
This article reports the cloning and characterization of the gene homologous to Sex-lethal (Sxl) of

Drosophila melanogaster from Sciara coprophila, Rhynchosciara americana, and Trichosia pubescens. This gene
plays the key role in controlling sex determination and dosage compensation in D. melanogaster. The Sxl
gene of the three species studied produces a single transcript encoding a single protein in both males
and females. Comparison of the Sxl proteins of these Nematocera insects with those of the Brachycera
showed their two RNA-binding domains (RBD) to be highly conserved, whereas significant variation was
observed in both the N- and C-terminal domains. The great majority of nucleotide changes in the RBDs
were synonymous, indicating that purifying selection is acting on them. In both sexes of the three Nemato-
cera insects, the Sxl protein colocalized with transcription-active regions dependent on RNA polymerase
II but not on RNA polymerase I. Together, these results indicate that Sxl does not appear to play a
discriminatory role in the control of sex determination and dosage compensation in nematocerans. Thus,
in the phylogenetic lineage that gave rise to the drosophilids, evolution coopted for the Sxl gene, modified
it, and converted it into the key gene controlling sex determination and dosage compensation. At the
same time, however, certain properties of the recruited ancestral Sxl gene were beneficial, and these are
maintained in the evolved Sxl gene, allowing it to exert its sex-determining and dose compensation
functions in Drosophila.

IN Drosophila melanogaster, the gene Sex-lethal (Sxl) con- et al. 1992). Once the state of activity of Sxl is deter-
trols the processes of sex determination, sexual be- mined—an event that occurs at the blastoderm stage—

havior, and dosage compensation (the products of the the X/A signal is no longer needed and the gene’s
X-linked genes are present in equal amounts in males activity is fixed (Sánchez and Nöthiger 1983; Bach-
and females; reviewed in Penalva and Sánchez 2003). iller and Sánchez 1991).
Sxl regulates the expression of two independent sets of Three male-specific and three-female specific tran-
genes (Lucchesi and Skripsky 1981): the sex determi- scripts form the late set of Sxl transcripts, which appear
nation genes (mutations in which affect sex determina- slightly after the blastoderm stage and persist through-
tion but have no effect on dosage compensation) and out development. The male transcripts are similar to
the male-specific lethal genes (msls; mutations in which their female counterparts, except for the presence of
affect dosage compensation but have no effect on sex an additional exon (exon 3), which contains a transla-
determination). tion stop codon. Consequently, male late transcripts give

Sxl produces two temporally distinct sets of transcripts rise to presumably inactive truncated proteins. In fe-
corresponding to the function of the female-specific males, this exon is spliced out and functional Sxl protein
early and non-sex-specific late promoters, respectively is produced (Bell et al. 1988; Bopp et al. 1991). There-
(Salz et al. 1989). The early set is produced as a response fore, the control of Sxl expression throughout develop-
to the X/A signal, which controls Sxl expression at the ment occurs by sex-specific splicing of its primary tran-
transcriptional level (Torres and Sánchez 1991; Keyes script. The ability of Sxl to function as a stable switch is

due to the positive autoregulatory function of its own
product (Cline 1984), which is required for the female-
specific splicing of Sxl pre-mRNA (Bell et al. 1991).Sequence data from this article have been deposited with the EMBL/

GenBank data libraries under accession nos. AY538250 for Sciara The gene Sxl encodes an RNA-binding protein that
coprophila, AY538251 for Rhynchosciara americana, and AY538252 for regulates its own RNA splicing (Sakamoto et al. 1992;Trichosia pubescens.

Horabin and Schedl 1993). The Sxl protein controls1Corresponding author: Centro de Investigaciones Biológicas Ramiro
de Maeztu, 9, 28040 Madrid, Spain. E-mail: lsanchez@cib.csic.es sex determination and sexual behavior by inducing the
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Figure 1.—Phylogenetic rela-
tionships of the dipterans whose
Sxl genes have already been char-
acterized.

use of a female-specific 3� splice site in the first intron duction of this protein is prevented by the Sxl protein,
which is exclusively expressed in this sex. In fact, ectopicof the transformer (tra) pre-mRNA. Use of the alternative,

non-sex-specific 3� splice site results in a transcript that expression of msl-2 in females is sufficient to assemble
the Msl complex (Bashaw and Baker 1997; Kelley et al.encodes a nonfunctional truncated protein, while use

of the female-specific site allows the synthesis of full- 1995, 1997).
The order Diptera is composed of two suborders:length functional Tra polypeptide (Boggs et al. 1987;

Sosnowski et al. 1989; Hoshijima et al. 1991; Valcárcel Brachycera and Nematocera. Outside the genus Dro-
sophila (suborder Brachycera), Sxl has also been charac-et al. 1993).

Sxl is also required for oogenesis (reviewed in Oliver terized in insects of the suborder Brachycera: Chrysomya
rufifacies (Müller-Holtkamp 1995), Megaselia scalaris2002). 2X; 2A germ cells lacking Sxl protein do not enter

oogenesis but follow an abortive spermatogenesis path- (Sievert et al. 1997, 2000), Musca domestica (Meise et
al. 1998), and Ceratitis capitata (Saccone et al. 1998) (seeway characterized by the formation of multicellular cysts

(Schüpbach 1985; Nöthiger et al. 1989; Steinmann- Figure 1). In none of these species does Sxl show sex-
specific regulation, and the same Sxl protein is foundZwicky et al. 1989). The onset of Sxl expression occurs

later in germ cells than in somatic cells. By the time in males and females. It is worth mentioning that sex
determination in these species is regulated differentlythis gene is activated in the somatic cells (around the

blastoderm stage), the pole cells (the precursors of the than that in Drosophila. In Megaselia, Musca, and Cera-
titis, gender does not depend on chromosome constitu-germ cells) still do not express Sxl (Bopp et al. 1991).

Expression of this gene in germ cells is first detected tion (i.e., the number of X chromosomes and au-
tosomes) but on the presence of a male-determiningin 16- to 20-hr-old embryos (Horabin et al. 1995). A

female germ-line-specific Sxl transcript has been identi- factor in the Y chromosome (although in Musca it may
be located on a single autosome). In Chrysomya, thefied (Salz et al. 1989).

In Drosophila, dosage compensation takes place in sexual development of the zygote depends on the geno-
type of the mother, owing to a maternal factor depositedmales by hypertranscription of the single X chromo-

some and is mediated essentially by a group of genes in the oocyte. Dosage compensation has not been re-
ported in these species.known as male-specific lethals [msl 1, 2, 3, and maleless

(mle)]. Three additional genes are involved in dosage The gene Sxl has been also isolated and characterized
in the sciarid Sciara ocellaris, which belongs to the Nema-compensation: mof, roX1, and roX2. The products of all

these genes form a heteromultimeric complex, known tocera suborder. As in D. melanogaster, S. ocellaris (order
Diptera, suborder Nematocera) gender depends onas Msl, which associates preferentially with many sites

on the male X chromosome. This chromosome acquires chromosome constitution: females are XX and males
are XO (reviewed in Gerbi 1986). Dosage compensa-a chromatin structure, reflected by its pale bloated ap-

pearance, that allows hypertranscription of the genes tion in S. ocellaris also appears to be achieved by hyper-
transcription of the single male X chromosome (dalocated on it (reviewed in Akhtar 2003; Andersen and

Panning 2003). The msl, mof, and roX genes are tran- Cunha et al. 1994). The cloning and characterization
of the Sxl gene of S. ocellaris indicated that this genescribed in both males and females. However, a stable

Msl complex is formed only if the products of all these appears not to play the key discriminative role in con-
trolling sex determination and dosage compensationgenes are present. This occurs exclusively in males, since

only males express Msl-2 protein. In females, the pro- that it plays in Drosophila (Ruiz et al. 2003).
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branes were performed as described by Maniatis et al. (1982)Thus, the gene Sxl has been cloned and characterized
and Campuzano et al. (1986). S. coprophila blots were hybrid-in dipteran insects belonging to different families of
ized with a probe containing the RBD domains of the S. ocellaris

the suborder Brachycera and in the dipteran S. ocellaris, Sxl gene. R. americana and T. pubescens blots were hybridized
a member of the suborder Nematocera. To better un- with a PCR fragment spanning exons 3–7 of Sxl cDNA from

R. americana. The hybridization conditions were those de-derstand the evolution of gene Sxl we undertook its
scribed by Ruiz et al. (2000), except that 19% formamide wascloning and characterization in other insects of the sub-
used.order Nematocera—S. coprophila, Rhynchosciara americana,

RT-PCR analyses: Ten micrograms of total RNA from S.
and Trichosia pubescens—which represent three different coprophila, R. americana, and T. pubescens larvae and adults (males
genera of the Sciaridae (see Figure 1). In these species, and females separately), previously digested with RQ1 RNase-

free DNase (Promega, Madison, WI), were reverse transcribedgender also depends on chromosome constitution, as
with AMV reverse transcriptase (Promega). Twenty percent ofin D. melanogaster : females are XX and males are XO.
the synthesized cDNA was amplified by PCR. RT-PCR productsDosage compensation in Rhynchosciara also appears to
were analyzed by electrophoresis in agarose gels, and the am-

be achieved by hypertranscription of the single male X plified fragments were subcloned using the TOPO TA-cloning
chromosome (Casartelli and Santos 1969). Although kit (Invitrogen, San Diego) following the manufacturer’s in-

structions. These were then sequenced using the universaldosage compensation has not been directly demon-
forward and reverse primers.strated in Trichosia, its sex determination mechanism

DNA sequencing: DNA genomic fragments and amplified(based on chromosome differences as in Sciara and
cDNA fragments from RT-PCR analyses were sequenced using

Rhynchosciara) argues in favor of the existence of dos- an automatic 377 DNA sequencer (Applied Biosystems, Foster
age compensation by hypertranscription of the sex chro- City, CA). The accession numbers for the ORFs and protein

sequences are: AY538250 for S. coprophila, AY538251 for R. ameri-mosome in males.
cana, and AY538252 for T. pubescens. For S. coprophila the prim-The comparative analysis of Sxl from insects that be-
ers used to sequence the genomic region containing the wholelong to the suborders Brachycera and Nematocera indi-
ORF were: S1, 5�-ATAATCTATCCAGTATATGC-3�; S2, 5�-

cates that Sxl was coopted and modified in the phyloge- TAATTGTTAACTATTTACCG-3�; S3, 5�-TAATAACTATTGT
netic lineage that gave rise to the drosophilids to become ATACCGC-3�; S4, 5�-GCCCTAATGACCGAATGTAC-3�; S5, 5�-
the key element in controlling sex determination and CTTTAATGTTGACTTAGCGC-3�; S6, 5�-AGAGTTGTCACA

CATACCGC-3�; S7, 5�-GGCCCACAGATCTGCATAGG-3�; S9,dosage compensation in these insects.
5�-ATCCTTCGTGATAATTGTGC-3�; S10, 5�-GACTTGAATT
TTACATAAGC-3�; S11, 5�-GTAATGGCATAAACCTTTCG-3�;
S12, 5�-AATGTTTGATGTTGCGTGCG-3�; S13, 5�-TGTTGTCAC

MATERIALS AND METHODS TAGTCACTAGC-3�; S14, 5�-AACGTGTTACACACGGCAGG-3�;
S15, 5�-GGCCGAAGAGCATGGCAAGC-3�; and S16, 5�-CAAGFly culture: S. coprophila was raised in the laboratory at 18�
TTTCACCTGACGCAGC-3�. For R. americana, the primers usedfollowing the procedure of Perondini and Dessen (1985).
to sequence the genomic region containing the whole ORFSince no established laboratory cultures of R. americana and
were: R1, 5�-ACGCAGGTGAGAAAATAGTC-3�; R2, 5�-CTTACT. pubescens were available, larvae, pupae, and adults were
TGTGTAACAAATGGC-3�; R3, 5�-TGTTGGGAGACACTTCGcollected in the banana plantations of Mongaguá, Sao Paulo,
CAC-3�; R4, 5�-TTCGATGCACTATCCACCGC-3�; R5, 5�-AATBrazil.
CGGAATCTTGCTCTACC-3�; R6, 5�-TTGTGATTACTCTACGConstruction of a genomic library from S. coprophila : This
CGCG-3�; R7, 5�-ACGTCTAACACGATATCAGG-3�; R8, 5�-ACAwas performed using the � DASH II/EcoRI vector kit (Stra-
ACGCATTGTCTCAAGGC-3�; R9, 5�-CTCTAAGCTCAACTAGTtagene, La Jolla, CA), following the manufacturer’s instruc-
TGG-3�; R10, 5�-CTCTGTTGTTTAAGATGGATC-3�; R11, 5�-tions. The R. americana and T. pubescens genomic libraries used
GTAACATTAATATCGGCAGC-3�; R12, 5�-GGTGAGACCTGCwere synthesized by da Silveira (2000) and Penalva et al.
ACATAATG-3�; R13, 5�-GCCAGTTAGTGAACTAGTGC-3�; R14,(1997).
5�-TACCAGGACACAGATTTCTC-3�; R15, 5�-TTACTTTAATCCloning of the gene Sxl of S. coprophila, R. americana, and
CGTTTATTGCG-3�; R16, 5�-CTCGAGTTTCATTTGCTCGG-3�;T. pubescens : The S. coprophila, R. americana, and T. pubescens
R17, 5�-TCGTCTCAATATGGACTTATG-3�; R18, 5�-GGATCCGAgenomic libraries were screened with full-length S. ocellaris Sxl
TAATTTGAAGTG-3�; R19, 5�-GCGAGTATGCTCCACACGC-3�;cDNA (Ruiz et al. 2003). The hybridization conditions were
R20, 5�-CGTACAGTGCATGCAGGAAC-3�; R21, 5�-CCTGATAT42� for 18–20 hr in 5� SSC, 0.1% SDS, 25% formamide, 1�
GGCTCCGTGCG-3�; and R22, 5�-ATGTACAACAAGAATGGCTDenhardt, and 0.1 mg/ml of denatured salmon sperm DNA.
ATCC-3�. For T. pubescens, the primers used to sequence the geno-Washes were repeated three times (20 min each) at 50� in
mic region containing the whole ORF were: T1, 5�-TCCTGAGTC0.5� SSC and 0.1% SDS. The identification of positive clones,
AAATTTCTCCC-3�; T1.5, 5�-TATTAAGACGCTTCATGGCG-3�;plaque purification, the preparation of phage DNA, Southern
T2, 5�-AAGTAGGTCTCCATAGTAG-3�; T3, 5�-CGACCGTTGAblot analysis, the identification of cross-hybridization frag-
AAGTCTTTCG-3�; T4, 5�-CTTTCCGCATTATTTGCGTA-3�; T5,ments, the subcloning of the restriction fragments into plas-
5�-ATACAACAAGCGAGAGGAAG-3�; T6, 5�-TACGCAAATAATmid pBluescript KS�, and the isolation of plasmid DNA were
GCGGAAAG-3�; T7, 5�-CTGATTAGGTTTACAGCTTC-3�; T8, 5�-performed using the protocols described by Maniatis et al.
AATCCAGCCGAATCATGAGG-3�; T9, 5�-CGATTGCCAACTCC(1982).
GGGACG-3�; T10, 5�-GCACATTGGCCATTGATCAAAG-3�; T11,Transcript analyses: Total RNA extracts from frozen adult
5�-CTTTGATCAATGGCCAATGTGC-3�; T12, 5�-CATAAGTCCAmales and females were prepared using the Ultraspec-II RNA
TATTGAGACG-3�; and CORHY, 5�-ATGTACAATAAGAATGGGisolation kit (Biotecx, Houston, TX), following the manufac-
TATCC-3�.turer’s instructions. Poly(A)� RNA was prepared using the

Western blots: Samples of total proteins from adult S.mRNA purification kit (Amersham Pharmacia Biotech), also
coprophila, R. americana, and T. pubescens males were preparedfollowing the accompanying instructions for use. Electropho-

retic fractionation of total RNA and blotting on nylon mem- by homogenization in RIPA lysis buffer (150 mm NaCl, 1%
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NP-40, 0.5% DOC, 0.1% SDS, 50 mm Tris, pH 7.5) or NP-40 (no bias), while the lowest (20) shows that only one codon is
used.lysis buffer (150 mm NaCl, 1% NP-40, 50 mm Tris, pH 8.0)

with 2 mm PMSF, 1 �m IAA, and 100 �g/ml of leupeptin, Comparison of DNA and protein sequences: This was per-
formed using the Fasta program (version 3.0t82; Pearson andpepstatin, aprotinin and benzamidine. SDS-polyacrylamide

gels (12%; Laemmli 1970) were blotted onto nitrocellulose Lipman 1988).
(Towbin et al. 1979); blocked with 5% BSA, 10% nonfat dried
milk, and 0.05% Tween-20 in PBS; and hybridized with anti-
Sxl [1:5000; a polyclonal antibody against the S. ocellaris Sxl RESULTSprotein (Ruiz et al. 2003)] for 3 hr at room temperature.
After washing in 0.05% Tween-20 in PBS (TPBS), filters were The gene Sxl of S. ocellaris, R. americana, and T. pu-
incubated with the secondary antibody [anti-rabbit IgG conju- bescens : The S. coprophila, R. americana, and T. pubescensgated to alkaline phosphatase (1:3000) from Bio-Rad (Rich-

genomic libraries were screened with full-length S. ocel-mond, CA)] for 2 hr at room temperature. Filters were washed
laris Sxl cDNA (Ruiz et al. 2003). A positive phage wasin TPBS and developed with the ECL Western blotting analysis

kit (Amersham Pharmacia Biotech). isolated for each library, and a PCR fragment was ob-
Immunostaining analysis of polytene chromosomes: Salivary tained from each using degenerated primers corre-

glands were dissected in Ringer’s solution and transferred to sponding to one of the well-conserved RNA-binding do-a drop of fixative containing 5 �l acetic acid, 4 �l H2O, 1 �l
mains (RBD) that characterize the Sxl proteins. The37% formaldehyde solution, and 1 �l 10% Triton X-100 in

PBS. After squashing in the same fixative and freezing in liquid PCR fragments were subcloned and subsequently se-
N2 to remove the coverslips, the slides were postfixed in 3.7% quenced and corresponded to the predicted protein
formaldehyde in PBS for 10 min at room temperature. After fragment of one of the Sxl protein RBDs. From these
fixation, they were washed in PBS (3 times for 5 min) and

we proceeded to sequence in the 5� and 3� directionsthen in PBS containing 1% Triton-X and 0.5% acetic acid for
through overlapping sequencing to determine the se-10 min. They were then incubated with 2% BSA for 1 hr

at room temperature. Primary anti-Sxl antibody (1:10) was quence containing the entire ORF of the Sxl gene for
incubated at 4� overnight. After washing in PBS (3 times for each species (the primers used are specified in materi-
5 min) they were incubated with a secondary Cy3-conjugated als and methods, under DNA sequencing). A total of
anti-rabbit antibody (1:500) at 4� for at least 4 hr. DNA was

9631 bp were sequenced for S. coprophila, 9550 bp forvisualized with DAPI staining (0.1 �g/ml) and preparations
R. americana, and 5684 bp for T. pubescens. Comparisonwere mounted in anti-fading solution. Observations were

made under epifluorescence conditions using a Zeiss axiophot of these genomic sequences with that of the S. ocellaris
microscope equipped with a Photometrics CCD camera. Sxl gene suggested that, for S. coprophila and R. ameri-

Immunostaining analysis of embryos: Embryos at different cana, the phage appeared to contain the whole ORF
developmental stages were collected, processed, and immuno-

of the Sxl gene. For T. pubescens, however, the regionstained with anti-Sxl serum against the S. ocellaris Sxl protein
corresponding to the 5� end was missing (see below).as described by Ruiz et al. (2003).

Nucleotide substitution numbers and phylogenetic analyses: No genomic phages of T. pubescens containing the 5�
Multiple alignments of nucleotide and amino acid sequences end of the Sxl gene could be obtained, probably because
were conducted using Clustal X software (Thompson et al. that part of the genome was not represented in the
1997), employing the default parameters of the program. The

library. A PCR strategy was therefore adopted, whichalignment of the nucleotide sequences was constructed on
consisted of amplifying a fragment from the genomicthe basis of the amino acid sequence. Further alignments with

different gap penalizations were performed to estimate the DNA of T. pubescens. One primer corresponded to the
stability and validity of the final alignments. beginning of the Sxl-ORF of S. ocellaris, S. coprophila, and

The proportions of synonymous (pS) and nonsynonymous R. americana and the other to the beginning of the Sxl
(pN) differences per site were calculated by the modified Nei-

sequence of T. pubescens in the isolated genomic phage.Gojobori method (Zhang et al. 1998). In addition, the extent
This PCR fragment of �1 kb was subcloned and se-of overall nucleotide sequence divergence was estimated by

means of the Kimura two-parameter model (Kimura 1980). quenced. Therefore, we were in possession of the entire
Phylogenetic trees were reconstructed from these distances genomic sequence of the ORF of gene Sxl belonging
using the minimum evolution (ME) method (Rzhetsky and to T. pubescens.
Nei 1992). The reliability of the inferred topologies was exam-

A cDNA library of R. americana was screened using ained by the bootstrap method (Felsenstein 1985) and by the
PCR fragment containing the Sxl-RBDs of this speciesinterior branch test (Rzhetsky and Nei 1992) to provide the

bootstrap probability (BP) and confidence probability (CP), as a probe. Four phages were isolated that corresponded
respectively. Values of BP � 95% and CP � 95% were assumed to the same partial cDNA. Repeated screenings of the
to be significant, but since bootstrap is known to be conserva- cDNA library failed to provide a full Sxl-cDNA. Owing
tive, a BP 	 80% was interpreted as significant support for the

to this failure, and because of the lack of cDNA librariesinterior branches. Phylogenetic and molecular evolutionary
of S. coprophila and T. pubescens, the following procedureanalyses were conducted using the MEGA program (version

2.1; Kumar et al. 2001). The Sxl gene from the phorid M. was undertaken to characterize the ORF of Sxl in each
scalaris was used to root the trees. species. First, to determine the putative ORF encoded

The amount of codon bias shown by the Sxl genes in the by the genomic sequence of each species, a theoretical
analyzed species was estimated using the DnaSP 4 program

analysis of the more frequent splicing sites of these(Rozas et al. 2003). Codon bias is referred to as the “effective
sequences was performed. Each sequence was then sub-number of codons” (ENC; Wright 1990): the highest value

(61) indicates that all synonymous codons are equally used jected to different putative splicing site pathways. Each
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Figure 2.—The molecular organiza-
tion of the S. coprophila, R. americana,
and T. pubescens Sxl genes and compari-
son with Sxl of D. melanogaster and S.
ocellaris. L and E stand for D. melanogaster
and the sciarid Sxl exons (boxes), respec-
tively, and e1 stands for the first exon
found only in the early D. melanogaster Sxl
transcripts. The dotted lines represent
introns. They are not drawn to scale. The
uppercase letters on the top of each
gene represent the amino acids corre-
sponding to the exon/intron junctions.
The beginning and the end of the ORF
are indicated by ATG and TGA respec-
tively. RBD1 and RBD2 symbolize the
RNA-binding domains.

spliced product was translated and compared to the Sxl Exon 5 of S. coprophila and R. americana is homologous
to exon L7 of D. melanogaster, which is also homologousprotein of S. ocellaris to find the largest ORF for each

species homologous to the Sxl protein of S. ocellaris. to exon 5 of T. pubescens. Exon L8 of Drosophila corre-
sponds to the fusion of exons E6 and E7 of S. coprophilaSecond, to ascertain the molecular organization of Sxl

in each species, overlapping RT-PCR fragments span- and R. americana ; its homolog in T. pubescens lies within
exon E5. No sequences in the gene Sxl of S. coprophila,ning the largest ORF were synthesized from male and

female adult total RNA. These were subsequently cloned R. americana, and T. pubescens were homologous to the
male-specific L3 exon of the D. melanogaster Sxl gene.and sequenced.

The molecular organization of the D. melanogaster Sxl Neither were any sequences homologous to the first
exon e1 of the early D. melanogaster Sxl transcripts or togene is characterized because it has two promoters, the

so-called early and late promoters, which produce two the first exon L1 of the late Sxl transcripts, found in the
gene Sxl of S. coprophila or R. americana (the point upseparate sets of early and late transcripts. In females,

the early promoter is activated around blastoderm stage to which sequences upstream of the 5� end of the ORF
were available; data not shown).by the X/A signal, which controls Sxl at the transcrip-

tional level. The late Sxl promoter is activated in both Transcript analysis of the S. coprophila, R. americana,
and T. pubescens Sxl gene and its expression pattern:sexes after the blastoderm stage, and the production of

the late transcripts persists throughout the remainder The Sxl gene of D. melanogaster basically produces three
transcripts in adult females (4.2, 3.3, and 1.9 kb) andof development and adult life. Nothing is known about

the regulation of the late Sxl promoter (reviewed in three transcripts in adult males (4.4, 3.6, and 2.0 kb).
Another transcript of 3.3 kb is expressed in the femalePenalva and Sánchez 2003, and references therein).

The first exons of the early and late Sxl transcripts are germ line (Bell et al. 1988; Salz et al. 1989). Different
Sxl-spliced variants have been also reported in D. subob-exons e1 and L1, respectively, shown in the D. melanogas-

ter Sxl scheme in Figure 2. This figure shows also the scura (Penalva et al. 1996), D. virilis (Bopp et al. 1996),
Ch. rufifacies (Müller-Holtkamp 1995), M. domesticamolecular organization of Sxl in S. coprophila, R. ameri-

cana, and T. pubescens, and compares it with that of S. (Meise et al. 1998), C. capitata (Saccone et al. 1998),
and M. scalaris (Sievert et al. 2000). To characterizeocellaris and D. melanogaster. There is an extraordinary

degree of conservation in the molecular organization the transcripts from the Sxl gene of the sciarids, North-
ern blots of either poly(A)� RNA (S. coprophila) or totalof gene Sxl in the species studied. All three are com-

posed of seven exons and their splicing sites match RNA (R. americana and T. pubescens) from both male
and female adults were performed and subsequentlyexactly at the amino acid level. Gene Sxl of T. pubescens

contains five exons; the first four are homologous to hybridized with a cDNA fragment encompassing the
two RBDs (see Figure 3 legend). A single Sxl transcriptthose of S. ocellaris, S. coprophila, and R. americana, but

exon 5 corresponds to the fusion of exons E5, E6, and of �1.4 kb is present in both male and female adults
(Figure 3). In male and female larvae the same tran-E7 of these species. Exons E1, E2, E3, and E4 of S.

coprophila, R. americana, and T. pubescens are homologous script was also present in similar amounts to those found
in adult males (data not shown). The quantity of Sxlto D. melanogaster exons L2, L4, L5, and L6, respectively.
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Figure 3.—Northern blots of poly(A)� RNA
from males and females of S. coprophila probed
with the cDNA fragment encompassing the two
RBDs of S. ocellaris Sxl cDNA, and Northern blots
of total RNA from males and females of R. ameri-
cana and T. pubescens probed with the cDNA frag-
ment encompassing the two RBD domains of R.
americna Sxl cDNA. Hybridization with the actin
RNA probe (Fyrberg et al. 1981) for S. coprophila,
or the D. melanogaster rDNA probe (pDm238;
Roiha et al. 1981) for R. americana and T. pu-
bescens, was used as a loading control for poly(A)�

or total RNA, respectively.

RNA was higher in female adults than in male adults. the size of putatively different Sxl transcripts in males
and females, overlapping RT-PCRs were performed inThis cannot be attributed to a higher content of poly(A)�

or total RNA loaded in the female lanes; this is indicated the three species (Figure 4). For details, see the Figure
4 legend.by the hybridization signal of the actin (S. coprophila)

or the rDNA (R. americana and T. pubescens) used as a With respect to S. coprophila, the existence of a single
transcript corresponding to the largest ORF found inloading control. Thus, it appears that gene Sxl in S.

coprophila, R. americana, and T. pubescens has a high ma- the theoretical analysis was confirmed.
With respect to R. americana, the transcript corre-ternal expression. These results suggest that it produces

a single transcript in both sexes, as in S. ocellaris (Ruiz sponding to the largest ORF in the theoretical analysis
of the more frequent splicing sites was found, as wellet al. 2003). This is different, however, from the Sxl

spliced variants found in the other species in which Sxl as another transcript that also carried the sequence en-
coding the stretch of amino acids SQYAYQ, correspond-has been characterized. To detect minor differences in

Figure 4.—Sxl transcription
at different developmental
stages. The molecular organi-
zation of each Sxl gene is pro-
vided at the top, showing the
products of the RT-PCR reac-
tions. Boxes represent exons
(indicated by E), thin lines rep-
resent introns, and the loca-
tions of the primers are shown
by short arrows and identified
by Roman numerals. The pre-
dicted size of the amplified Sxl
fragments is indicated in paren-
theses under the long arrows.
The RT-PCR products were
subcloned and sequenced (four
subclones for each RT-PCR
product were analyzed). The
sequence revealed that in those
cases where two RT-PCR frag-
ments were produced, only one
corresponded to gene Sxl (in-
dicated by the long arrow); the
second was nonspecific.
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Figure 5.—Alignment of S.
coprophila, R. americana, and T. pu-
bescens Sxl proteins with the Sxl
protein of S. ocellaris and of D. mel-
anogaster, used here for reference.
The RNA-binding domains RBD1
and RBD2 are underlined. Dots
indicate the matching of amino
acids. Gaps were introduced in the
alignments to maximize similarity.

ing to the sequence at the splice junction of exons gree of conservation between these Sxl proteins and to
analyze the distribution of the conservative changes, theL4/L5 in Drosophila, Ceratitis, Musca, Megaselia, and

Chrysomya Sxl transcripts. Of the 48 RT-PCR subclones proteins were divided into three regions: the N-terminal
region, the RBDs, and the C-terminal region (Figure 5).analyzed, only one was found to lack the sequence corre-

sponding to exon 2 and the first 63 bp of exon 3. The The Sxl protein of D. melanogaster was used as reference.
The Sxl proteins of the species belonging to the sub-conceptual translation of this transcript would yield a

protein lacking 42 amino acids at the N-terminal do- order Nematocera were very conserved at the N- and
C-terminal domains and in their RBDs. The Sxl proteinsmain of the full-length Sxl protein, which corresponds

to the 1.4-kb transcript. If such a small transcript is not of the species that belong to the suborder Brachycera
were very conserved in the RBDs, but variations werethe product of an abnormal RT-PCR reaction, it must

correspond to a transcript that is not very abundant. seen in their N- and C-terminal domains. The highest
degree of conservation among all the Sxl proteins wasWith respect to T. pubescens, the existence of a single

transcript was confirmed, corresponding to the largest seen for the RBDs, not only with respect to the number
of amino acids but also in terms of the types of aminoORF found in the theoretical analysis of the more com-

mon splicing sites. This transcript also contained the acids making up these domains. Neither insertion nor
deletion of residues was detected in comparisons amongsequence encoding the stretch of amino acids SQYAYQ

found in R. americana. The overlapping RT-PCR analyses different species. By classifying the amino acid residues
in regard to their lateral (R) chains as polar, nonpolar,showed that Sxl is expressed during development in S.

coprophila, R. americana, and T. pubescens. acid, and basic, it was found that polar and nonpolar
residues represent almost 75% of the whole RBDs (38.77The Sxl proteins of S. coprophila, R. americana, and

T. pubescens and their comparison with other Sxl proteins: and 35.7%, respectively), where the great majority of the
amino acid replacements involved residues belonging toThe biggest Sxl-ORF found in S. coprophila, R. americana,

and T. pubescens encoded Sxl proteins of 289, 293, and the same functional group, maintaining the chemical
properties of these protein segments.293 amino acids, respectively, all of which showed a

high degree of homology to other characterized Sxl Association of the Sxl protein with polytene chromo-
somes in S. coprophila, R. americana, and T. pubescens :proteins. The number of amino acids varies among the

Sxl proteins of the Brachycera species—to which D. melano- Due to the strong conservation of the Sxl proteins in
the species of the suborder Nematocera, it was expectedgaster belongs—whereas in the Nematocera species the

number was very conserved. To better compare the de- that the antibody to the Sxl protein of S. ocellaris might
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Immunofluorescence analysis of S. coprophila, R. ameri-
cana, and T. pubescens polytene chromosomes showed
the anti-Sxl antibody to associate with numerous regions
of all the chromosomes (Figure 7). To investigate whether
the chromosomal Sxl location was related to transcrip-
tion-active regions, double immunofluorescence with
anti-Sxl and anti-RNA polymerase II antibody was per-
formed. The Sxl protein always colocalized with RNA
polymerase II in all the chromosomes, except for a few
regions that showed only the presence of RNA polymer-
ase II. Sxl protein was not detected at chromosome
regions bearing rDNA genes where RNA polymerase IIFigure 6.—Western blots of total protein extracts from S.

coprophila, R. Americana, and T. pubescens. The anti-Sxl against is known to be absent. The same pattern was found in
the S. ocellaris Sxl protein was used (Ruiz et al. 2003). The both sexes.
preimmune serum does not give any signal in Western blots

Distribution of the Sxl protein in S. coprophila em-(data not shown). For S. coprophila : lane 1, female post-blasto-
bryos: The male and female embryos of S. ocellarisderm embryos; lane 2, male post-blastoderm embryos; lane 3,

salivary glands of female larvae, lane 4, salivary glands of male showed maternal Sxl protein restricted to the polar re-
larvae; lane 5, head an thorax of adult females; and lane 6, gion surrounding the germ-line nuclei (Ruiz et al.
head and thorax of adult males. The identification of sexual 2003). The distribution of the Sxl protein in S. coprophilaphenotype of embryos and larvae of S. coprophila is straightfor-

embryos, whether male or female, was the same as forward because this species is composed of female-producer
S. ocellaris (Figure 8). The same pattern was observed(gynogenic) and male-producer (androgenic) females. In ad-

dition, the different size of the male and female gonads can in nonfertilized eggs, indicating that the Sxl protein
be also used for sexing the larvae. For R. americana : lane 1, detected in the polar region of the embryo is of maternal
abdomen of adult females; lane 2, abdomen of adult males;

origin and that no maternal Sxl protein associates withlane 3, head and thorax of adult females; and lane 4, head
the somatic cells. Thus, the Sxl protein observed inand thorax of adult males. For T. pubescens : lane 1, abdomen

of adult females; lane 2, abdomen of adult males; lane 3, head postblastoderm embryos of both sexes was of zygotic
an thorax of adult females; and lane 4, head and thorax of origin (Figure 6, S. coprophila). Unfortunately, it was not
adult males. easy to obtain Rhynchosciara and Trichosia embryos

from their natural environments, so this analysis could
be performed only on S. coprophila embryos.recognize those of the other three species. This was

The phylogeny of gene Sxl in dipteran species: Thetested by performing Western blots of total protein ex-
extent of the overall nucleotide sequence divergencetracts from S. coprophila, R. americana, and T. pubescens
in the gene Sxl among dipteran species was substantiallyprobed with the anti-Sxl antibody. The antibody indeed
higher than that of protein sequence divergence, wheredetected a protein of �32 kD in the males and females
most of the nucleotide variation is synonymous. Conse-of the three species (Figure 6), which corresponds to
quently, most of the nucleotide variation is in the formthe size of the Sxl protein predicted from transcript

analysis (see above). of synonymous substitutions. On average, the synony-

Figure 7.—Distribution of Sxl protein and its
colocalization with RNA polymerase II in S. copro-
phila, R. americana, and T. pubescens polytene chro-
mosomes.
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mous divergence (0.562 
 0.012 substitutions/site) was
significantly greater than the magnitude of nonsynony-
mous variation (0.199 
 0.013 substitutions/site; P �
0.001, Z-test). With respect to the different dipteran
families, the nucleotide variation shown by the members
of the Drosophilidae (pS � 0.338 
 0.021; pN � 0.040 

0.007) was greater than that of the Sciaridae members
(pS � 0.252 
 0.019; pN � 0.015 
 0.004). Although
nucleotide substitution numbers reach high magnitudes
in some cases, the effect of multiple substitutions has
been minimized by correcting distances and by compar-
ing total nucleotide substitution numbers with those
obtained by estimating synonymous and nonsynonymous
divergence.

The Sxl protein shows a tripartite structure with a cen- Figure 8.—Distribution of Sxl protein in preblastoderm
tral conserved RBD composed by two segments (RBD1 stage embryos of S. coprophila. (A and B) DAPI staining and
and RBD2), flanked by two terminal arms (N- and C-ter- indirect immunolabeling with anti-Sxl antibody (in red) of a

whole embryo showing the germ nuclei (arrow) and the so-minal segments). The RBDs endow the Sxl protein with
matic nuclei (arrowhead). (C) Partial view of germ nucleithe capacity to bind to RNA, whereas the N-terminal
surrounded by Sxl protein.

domain is implicated in protein-protein interaction (Sxl
multimerization; reviewed in Penalva and Sánchez
2003, and references therein). The analysis of the indi-

reconstructed from complete nucleotide-coding regionsvidual domains revealed a total absence of insertions
belonging to all the species analyzed. A first phylogeneticand deletions (indel events) of nucleotides in the RBDs,
tree was reconstructed from Kimura’s two-parameter evo-supporting the conserved status of this RNA-binding
lutionary distances (Figure 10A). Taking into accountregion among species. In contrast, both the N- and
the high contribution of synonymous substitutions toC-terminal regions showed many indel events, generat-
the overall variation, an additional phylogeny was re-ing gaps in the sequence alignments. By estimating the
constructed from modified Nei-Gojobori pS evolutionaryaverage proportions of nucleotide differences per site
distances (Figure 10B). Both topologies showed thefor each domain in all the species analyzed, it was found
presence of high proportions of total and synonymousthat, although highly conserved at the amino acid level,
nucleotide substitutions, as revealed by the long branchthe RBDs showed a synonymous divergence (pS � 0.596 

lengths in the trees. Also in both cases, Sxl genes from0.015), which was significantly greater than the nonsyn-
species belonging to the families Calliphoridae and Musci-onymous divergence (pN � 0.110 
 0.013; P � 0.001,
dae share the more recent common ancestor, as in theZ-test; Figure 9). The same was observed when discrimi-
case of species belonging to the genus Sciara and in thenating between RBD1 (pS � 0.578 
 0.023, pN � 0.130 

case of D. melanogaster and D. subobscura. Additionally,0.021) and RBD2 (pS � 0.623 
 0.022, pN � 0.084 

both topologies set ancestral points of divergence that0.018). In both cases, pS was significantly greater than
differentiate the gene lineage that gives rise to the SxlpN (P � 0.001, Z-test). The N- and C-terminal domains
genes from sciarids. An important difference observedalso showed pS values (0.508 
 0.022 and 0.516 
 0.036,
between the two topologies refers to the branching pat-respectively), which were again significantly greater
tern involving Sxl genes from species belonging to thewhen compared with the estimated pN values (0.277 

families Drosophilidae and Tephritidae. In the tree0.025 and 0.362 
 0.035, respectively; P � 0.001, Z-test).
shown in Figure 10A, Sxl genes from both families areCodon bias values were estimated for each species
more closely related to Sxl genes belonging to the fami-using the ENC index (Wright 1990) and showing Sxl
lies Calliphoridae and Muscidae, sharing a commonto be a medium-low-biased gene (50.039 
 4.242 as
ancestor that is different from the more recent commonaverage). The tephritid C. capitata showed the lowest
ancestor shared by members of the family Sciaridae.codon bias of the 11 species analyzed (56.756); in con-
This pattern matches perfectly the taxonomic relation-trast, the four sciarid species showed the highest ENC
ships among the dipteran species analyzed, as shown invalues (from 42.322 for R. americana to 49.026 in T. pube-
Figure 1. All the groups defined by the topology arecens). Discriminating among the three protein domains,
strongly supported by significant bootstrap and interiorthe lowest ENC values were found in the RBDs (50.119 

branch-test values. The topology reconstructed from5.549 as average). These results show an absence of
synonymous substitutions (Figure 10B) also showed sig-strong selective constraints acting at the nucleotide level
nificant values for both tests, but in this case Sxl genesin this gene, which is otherwise mainly under a strong
from the families Drosophilidae and Tephritidae arepurifying selection at the amino acid level.

A phylogeny for the Sxl gene in dipteran species was more closely related to Sxl genes from sciarid species.
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Figure 9.—Comparison of all dipteran Sxl proteins characterized so far and nucleotide substitution numbers in the three
domains in which the proteins were subdivided: N-terminal, RNA-binding domains (RBD1 and RBD2) and C-terminal domains.
Amino acid alignments for the RBDs were performed using D. melanogaster Sxl protein as a reference. The dots indicate the
matching of amino acids. The numbers on the left and right of the RBDs indicate the number of amino acids composing the
N- and C-terminal domains, respectively. Synonymous (pS) and nonsynonymous (pN) substitution numbers are placed above
the corresponding protein domains. The accession numbers for the Sxl ORFs are: AY178581 for S. ocellaris, M59448 for D. melanogaster,
X98370 for D. subobscura, communicated by Paul Scheld’s group for D. virilis, AF026145 for C. capitata, AF025690 for M. domestica,
S79722 for Ch. rufifacies, and AJ245662 for M. scalaris.

DISCUSSION ences between D. melanogaster and the sciarids also exist
with respect to the genes controlling dosage compensa-This article reports the isolation and characterization
tion: in S. ocellaris, analysis of the genes homologous toof the gene Sxl of other Nematocera insects belonging
the dosage compensation genes mle, msl-1, msl-2, msl-3,to the genera Sciara, Rhychosciara, and Trichosia of
and mof of Drosophila has shown that different proteinsthe family Sciaridae. The results indicate that this gene
control dosage compensation in Drosophila and Sciaraproduces a single protein in S. coprophila, R. americana,
(Ruiz et al. 2000). Together, these results on the natureand T. pubescens, and that this is the same in males and
of Sxl in the Brachycera and Nematocera dipterans indi-females. Hence, Sxl does not appear to play the key
cate that it was coopted during the evolution of thediscriminating role in controlling sex determination
drosophilid lineage and modified to become the keyand dosage compensation in sciarids that it plays in
regulatory gene controlling sex determination and dos-Drosophila. This is so despite the fact that in the present
age compensation.sciarids—as in Drosophila—gender depends on chro-

For the Drosophila Sxl gene to exercise its function, itmosome constitution. Dosage compensation in Sciara
had to acquire sex-specific regulation so that only females(da Cunha et al. 1994) and Rynchosciara (Casartelli
could produce functional Sxl protein. Thus, the ances-and Santos 1969) also appears to be achieved by hyper-

transcription of the single male X chromosome. Differ- tral Sxl gene was modified in the Drosophila lineage to
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Figure 10.—Phylogenetic relationships among Sxl genes from dipteran species. Bootstrap values (BP, boldface type) and
interior branch test values (CP, regular type) are provided at the corresponding nodes. (A) Minimum-evolution tree reconstructed
from complete nucleotide-coding sequences using Kimura’s two-parameter distances; (B) the minimum-evolution tree recon-
structed using modified Nei-Gojobori distances (pS). All nodes are significantly supported by BS and CP values in both phylogenies,
except in the Sciaridae where the node was collapsed. Tree topologies gather together members of the same families and fit
the taxonomic classification of these dipteran species.

acquire a promoter that specifically responds to the X/A is the primary genetic signal determining gender. The
target gene of this signal is not Sxl but another genesignal formed in females, a male-specific exon with transla-

tion stop codons that prevents formation of functional that in the sciarids has the same function as Sxl in the
drosophilids—the control of sex determination and dos-Sxl protein in males and a positive autoregulatory func-

tion that endows on Sxl the capacity to function as a age compensation. Nevertheless, it cannot yet be ruled
out that these two processes do not share a commonstable switch (on the basis of the requirement of Sxl

protein for female-specific splicing of its own primary genetic control through an Sxl-like gene as in Drosoph-
ila. It is possible that sex determination depends on thetranscript). In this respect, no sequences homologous

to the male-specific exon of the Drosophila Sxl gene absolute number of X chromosomes, where an X-linked
gene(s) present in two doses causes female developmenthave been found in the Sxl of the other Brachycera

and Nematocera species in which this gene has been and a single dose determines male development. In
this scenario, a gene(s) other than that controlling sexcharacterized. In addition, the same Sxl protein is found

during development and in adult life in males and fe- determination would control dosage compensation.
The positive autoregulatory function of Drosophilamales, indicating the absence of an early promoter of

Sxl in non-drosophilid insects. It has been proposed that Sxl is based on the capacity of Sxl protein to bind RNA:
the Sxl protein requires its two domains for site-specificthe X/A signal in Drosophila coevolved with its target,

the early Sxl promoter (Saccone et al. 1998). RNA binding (Wang and Bell 1994; Kanaar et al. 1995;
Sakashita and Sakamoto 1996; Samuels et al. 1998).As mentioned above, sex determination in the sciarids

depends on chromosome constitution: XXAA insects The characterization of Sxl protein in sciarids and its
comparison with the Sxl proteins of the other dipterandevelop as females and XOAA insects as males. This is

supported by the existence of gynandromorphs in Sciara species showed the RBDs to be highly conserved. This
conservation is reflected in the exact number and the(Mori and Perondini 1980). Thus, it may well be possi-

ble that an X/A signal exists in the sciarids, and that it class of amino acids that compose these domains, which
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contrasts with the variable number and different amino transcriptionally active sites in the polytene chromo-
somes of females (Samuels et al. 1994). And third, ec-acids of both the N- and C-terminal domains (Figure 9).

This high degree of conservation at the amino acid level topic expression of Ceratitis (Saccone et al. 1998) and
Musca (Meise et al. 1998) Sxl protein in Drosophila isis not reflected at the nucleotide level, indicating that

the great majority of nucleotide changes are synony- lethal in both sexes, presumably by interfering with certain
cellular functions since Drosophila, Ceratitis, and Muscamous (Figure 9), and that purifying selection is acting

on the RBDs. These results support the contention that Sxl proteins have conserved RNA-binding domains.
In this work, the distribution of the Sxl protein in thethe RNA-binding capacity of the Drosophila Sxl protein

was a property already present in the ancestral Sxl pro- sciarids S. ocellaris (Ruiz et al. 2003) and in S. coprophila,
R. americana, and T. pubescens revealed Sxl is found intein of the insects from which the dipterans evolved.

The Drosophila Sxl protein is abundant in the ovaries polytene chromosome regions of all actively transcrib-
ing chromosomes, and that it colocalizes with RNA poly-but is not detectable in unfertilized eggs (Bopp et al.

1993) even though these contain large amounts of Sxl merase II but not with RNA polymerase I. This was
observed in both sexes. Further, comparison of the dif-mRNA (Salz et al. 1989). The blockage of the translation

of these mRNAs is necessary. After the blastoderm stage, ferent Sxl proteins showed their two RNA-binding do-
mains to be highly conserved. These results agree withthe late Sxl promoter starts functioning in both sexes and

produces the late Sxl transcripts. The presence of maternal the proposition that, in the non-drosophilids, Sxl works
as an inhibitor of translation of mRNAs. However, theSxl protein in male embryos demands that late Sxl RNA

be processed by the female-specific splicing pathway, lead- alternative, nonmutually exclusive possibility that Sxl is
a general splicing factor cannot be ruled out since bothing to the production of late Sxl proteins. The feedback

loop is thus established. This causes male-specific lethality functions are exerted through its two RNA-binding do-
mains. Nevertheless, all the results point to the idea thatsince the presence of Sxl protein prevents hypertranscrip-

tion of the single X chromosome in males. In other words, the ancestral Sxl gene was involved in general non-sex-
specific gene regulation at the splicing and/or transla-dosage compensation does not occur.

In the Brachycera species Musca (Meise et al. 1998) tional levels. Therefore, during the phylogenetic lineage
that gave rise to the drosophilids, evolution modifiedand Ceratitis (Saccone et al. 1998), and in the sciarids

S. ocellaris (Ruiz et al. 2003) and S. coprophila (data not the coopted Sxl gene to convert it into a specific splicing
factor and/or translation inhibitor for controlling sexshown), Sxl is also abundantly expressed in the ovaries.

Its expression has also been reported in male and female determination and dosage compensation, profiting from
certain properties of the recruited gene that are main-embryos of these species. In Musca, Sxl protein first

appears in blastoderm embryos in the somatic cells—but tained in the evolved Drosophila Sxl gene.
With regard to the modifications that endow the Dro-never in the pole cells, the precursors of the germ line

(Meise et al. 1998). The same is seen in Drosophila sophila Sxl protein with its functional specificity, it has
been shown that Sxl multimerization is essential for(Bopp et al. 1991; Penalva et al. 1996). Hence, it appears

that in Musca there is no Sxl protein of maternal origin. proper control of Sxl RNA alternative splicing (Wang
and Bell 1994; Wang et al. 1997; Lallena et al. 2002).In Ceratitis, Sxl protein is already observed in syncytial

blastoderm embryos and in the pole cells (Saccone et There is, however, some conflict concerning the ele-
ments required for protein-protein interaction and,al. 1998). Whether this protein is of maternal origin or

corresponds to the first transcription of the zygotic Sxl consequently, the cooperative binding of Sxl. It has been
claimed that the amino terminus of the Sxl protein isgene remains unknown. In S. ocellaris (Ruiz et al. 2003)

and in S. coprophila (this article), maternal Sxl protein is involved in protein-protein interactions (Wang and
Bell 1994; Wang et al. 1997; Lallena et al. 2002). Thisseen in the embryo, but it is restricted to the cytoplasmic

regions surrounding the germ-line nuclei; it is not seen domain, which is very rich in glycine, also mediates
interactions with other RNA-binding proteins that con-in the somatic nuclei. Thus, in Brachycera and Nemato-

cera species there is no maternal Sxl protein in the tain glycine-rich regions (Wang et al. 1997). According
to Samuels et al. (1994), protein-protein interaction issomatic cells of the early embryo. This suggests that the

absence of maternal Sxl protein in Drosophila embryos, mediated by the RNA-binding domains and not by the
amino-terminal region and can occur in the absence ofdespite it being abundant in the oocytes, is a property

inherited from the ancestral Sxl gene. additional, exogenous RNA. Sakashita and Sakamoto
(1996) also reached the same conclusion on the impor-It has been proposed that outside the drosophilids,

the primary or even exclusive function of Sxl is to modu- tance of RNA-binding domains for Sxl-Sxl interaction,
but unlike Samuels et al., and in agreement with Wanglate gene activity through inhibition of mRNA transla-

tion in both sexes (Saccone et al. 1998). This suggestion and Bell (1994), they indicate that homodimerization
of Sxl is RNA dependent. There is also some controversyis based on the following observations. First, Sxl controls

dosage compensation in Drosophila through the regula- concerning the function of the N-terminal region of
the Sxl protein in transformer RNA sex-specific splicingtion of translation of the mRNA of gene msl-2 (Kelley

et al. 1997). Second, Sxl protein accumulates at many regulation. It has been proposed that this region is not
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necessary for tra pre-mRNA splicing regulation (Gra- purifying selection acting at the protein level on RBDs,
preserving the mechanism of action of all these Sxlnadino et al. 1997)—but just the opposite has been
proteins, further suggesting that the Sxl protein has aproposed, too (Yanowitz et al. 1999). With respect to
very important general function in these insects.the control of dosage compensation by Sxl protein, the

N-terminal domain is not required for preventing msl-2 We are grateful to D. Mateos for her technical assistance. This work
expression (Gebauer et al. 1999; Yanowitz et al. 1999). was financed by grant PB98-0466 y BMC2002-02858 awarded to L.S.

by Dirección General de Investigación Cientı́fica y Técnica.The two Sxl RBDs by themselves are able to control in
vitro msl-2 mRNA translation (Gebauer et al. 1999).
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Granadino, B., L. O. F. Penalva, M. R. Green, J. Valcárcel and rangements and rearrangements of sequences flanking the two
types of rDNA insertion in D. melanogaster. Nature 290: 49–53.L. Sánchez, 1997 Distinct mechanisms of splicing regulation

in vivo by the Drosophila protein Sex-lethal. Proc. Natl. Acad. Sci. Rozas, J., J. C. Sánchez-DelBarrio, X. Messeguer and R. Rozas,
2003 DnaSP, DNA polymorphism analyses by the coalescentUSA 94: 7343–7348.

Horabin, J. I., and P. Schedl, 1993 Sex-lethal autoregulation requires and other methods. Bioinformatics 19: 2496–2497.
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