Development 129, 3715-3725 (2002) 3715
Printed in Great Britain © The Company of Biologists Limited 2002
DEV7952

The transformer gene in Ceratitis capitata provides a genetic basis for

selecting and remembering the sexual fate

Attilio Pane, Marco Salvemini, Pasquale Delli Bovi, Catello Polito and Giuseppe Saccone*

Dipartimento di Genetica, Biologia Generale e Molecolare, Universita degli Studi di Napoli ‘Federico II', Via Mezzocannone 8,
80134 Napoli, Italy

*Author for correspondence (e-mail: saccone@biol.dgbm.unina.it)

Accepted 30 April 2002

SUMMARY

The medfly Ceratitis capitatacontains a gene €ctra) with expression in XX embryos by RNAI treatment can cause
structural and functional homology to the Drosophila  complete sexual transformation of both germline and soma
melanogaster sex-determining gene transformer (tra). in adult flies, resulting in a fertile male XX phenotype. The
Similar to tra in Drosophila, Cctra is regulated by male pathway seems to result whe@ctra autoregulation is
alternative splicing such that only females can encode a prevented and instead splice variants with truncated open
full-length protein. In contrast to Drosophila however, reading frames are produced. We propose that this
where tra is a subordinate target ofSex-lethal(Sxl), Cctra  repression is achieved by the Y-linked male-determining
seems to initiate an autoregulatory mechanism in XX factor (M).

embryos that provides continuous tra female-specific

function and act as a cellular memory maintaining the Key words:Ceratitis capitata Sex determinatioriransformer
female pathway. Indeed, a transient interference witlCctra  Autoregulation

INTRODUCTION all aspects of somatic sexual dimorphism via a short cascade
of subordinate regulatory genes (Nagoshi et al., 1988). When
A broad variety of genetic cues that determine the sexual fatee gene is active, it dictates female development; when it is
of a developing individual are known. Even within a minorinactive, male development follows. Once the gene is activated
taxonomic group, for example, dipteran insects (Marin andn females, its products initiate a positive autoregulatory
Baker, 1998; Schutt and Nothiger, 2000), we find malemechanism that guarantees the continuous production of SXL,
heterogamety with a male-determining Y chromosomehus forming a cell memory of the sex and maintaining the cells
(Musca Ceratitisy or with a single autosomal factor on the female pathway throughout development (Bell et al.,
(Megaselia Culey, female heterogamety M@sca  1991). In males, however, wheslis not activated, the gene
Chironomu$, chromosomal balance systemBrdsophila  will remain functionally OFF.Sxl produces sex-specific
Sciarg), and maternal effect€arysomya This variety raises mMRNAs by alternative splicing: the female-specific mRNAs
the issues of how these different mechanisms have evolved aedcode full-length functional SxI protein, while the male-
how much they differ at the genetic and molecular levelspecific ones have an additional stop-containing exon and
Comparative analyses of different species can be used émcode a truncated non-functional Sx| peptide. The ON/OFF
address these. We have chosen the economically importastate of Sxl activity is set early during embryogenesis by
medfly  (Mediterranean  fruitfly), Ceratitis capitata a complex combination of transcriptional and post-
(Tephritidag. In this species a Y-linked factadv], determines transcriptional gene regulation (Bell et al., 1991; Keyes et al.,
maleness, and absence Mf leads to female development 1992). The initial activation ddxlin XX embryos relies on the
(Willhoeft and Franz, 1996). However, how this signal isuse of an alternative XX-embryo-specific promoter that
relayed to genes responsible for expressing dimorphic traits issponds to the genes signaling ¥hA ratio (Parkhurst et al.,
completely unknown. 1990).SxIpre-mRNAs produced from this promoter have such
The genetic cascade regulating sexual development i structure that they are spliced in a female-specific mode by
Drosophilais well known down to molecular details (Cline, the spliceosome independently of additional trans-acting
1993; Cline and Meyer, 1996). In contrastQeratitis the factors, such as the Sxl protein itself (Horabin and Schedl,
primary signal irDrosophilais polygenic and is formed by the 1996; Zhu et al., 1997). The RNA-binding Sxl| proteins
ratio of X chromosomes to sets of autosomes, the so-calléchnslated from these early mRNAs then initiate the
X:A ratio. When this ratio is 1.0 (XX:AA), the geigex-lethal  autoregulatory loop by directing the female-specific processing
(Sx) is activated; with a ratio of 0.5 (X:AA)Sxl remains  of the pre-mRNAs produced from the |&&l promoter. The
inactive.Sxlnow acts as the key ON/OFF switch that controldate pre-mRNAs, in contrast to the ea8yl pre-mRNAs, can
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be spliced in the female-specific mode only in the presence &frst-Strand Synthesis System for RT-PCR (Gibco BRL). RT-PCR
Sx| protein. reported in Fig. 1B was performed with the following primers:

To execute the correct developmental progi@xitransmits 164+ (3-CAGTGGTTCGGTTCGGAAG-3 located in Cctra
the determined state tmnsformer(tra) (Boggs et al., 1997), €xonl )
the next gene in the cascade. At this le@allregulates the =~ 00— (S TCCATGATGTCGATATTGTCC-3) located in Cctra
choice between two alternativesplice sites in the pre-mRNA exon 4

of tra (Inoue et al., 1990; Valcarcel et al., 1993). In absence qjsﬁztrt?]??cljosve;cglfgi;lgrl]\léllglolﬂggg:M2 were amplified by RT-PCR

SXL, the more proximal site is used resulting itreamRNA F+ (3-CATGAACATGAATATTACAAAGGC-3')
that encodes a truncated inactive protein. When SXL is present,e— (3- TCGCGTTCTCTAATCTCGTC-3

it will bind to thetra pre-mRNA and enforce the use of the These primers were derived from female-spe@fitraF1 cDNA.

distal 3 splice site to produce an mRNA with a full-length ORFRT-PCR was performed on RNA from unfertlized eggs, using

(Sosnowski et al., 1989). The state of activitytraf is then ~ 164+/900- primers. Cycling conditions were denaturation at 94°C for

transmitted taloublesexdsy (Burtis and Baker, 1989), the last 5 minutes, followed by 35 cycles of 94°C for 1 minutes, annealing at

Component Of the pathway In femaIES, TRA, together WItI‘@OOC for 1 mlnute and extension at 72°C for 2.5 m|nutes, with af|na|

the constitutively expressed TRA-2, bindsdsx pre-mRNA 5| mlndute extenhsmré at 750' Tt.e PCR l?_ro?Aucts "‘;}ere ng)arI]-punfle_d,
: . : re [ oneda using the Sure one |gat|on It mersnam armacia

d'recgf‘g |t?hfemDa££spect:|f.|c s_pllcmg, sutcg thl_?t ahn]ature {anN iotech) and sequenced by T7 Sequencing Kit (Amersham Pharmacia

encoding the protein 1S generate (Hoshijima et al., Biotech). Y-specific repetitive elements were amplified from genomic

1991; Tian and Maniatis, '1993). In males, absence of TRA/NA by PCR using the following oligonucleotides:

causes male-specific splicing and the production of aMSX Y-specl (5 TACGCTACGAATAACGAATTGG-3)

protein. The two proteins, DSXand DS, are transcription Y-spec2 (5GCGTTTAAATATACAAATGTGTG-3)

factors that regulate the activity of sex-specific differentiation To perform positive control experimer@ctra-specific primers

genes (Burtis and Baker, 1989). 164+ (described above) and 481-C3 GGAATGGCACTGGTAT-
Previous studies have indicated that control of sexualG-3) were used. _

development in the medfly follows a different route. In RT-PCR experiments to analyZecdsx expression pattern were

: i formed using a mix of the followingcdsxspecific primers:
particular, theCeratitishomolog ofSxldoes not appear to have P& ¢ :
a switch function: the gene is expressed in both sexes Non-sex-specific 1400+ (B3 GCATCAAGGCGTATAGAAGA-3)

"Male-specific 1130— (SCTGGTGGTGACATCGTATCG-3

irrespective of whether the male-determining Y is present or Female-specific 2000— (ACGACGGCATGACCTTTAAC-3)
absent (Saccone et al., 1998), which is inconsistent with @ maingey the negative RT-PCR controls reverse transcriptase was not

sex-determining function. However, preliminary data suggeshcluded in the first strand cDNA synthesis reaction.

that the bottom-most component of the pathvely is not

only present irCeratitis (Ccdsy, but has conserved a role in Northern blot analysis

sexual differentiation (Saccone et al., 2000). The pre-mRNA dfVe separated 2ug polyA(+) RNA by formaldehyde gel
this gene is also alternatively spliced giving rise to sex-specifiglectrophoresis and transferred RNA onto a Hybond NX membrane
products that show a remarkable structural conservation whéer (Amersham Pharmacia Biotech). For hybridization, we
compared with the corresponding male and female products cubated filters at 42°C overnight in a buffer of 50% formamide,

. - xSSPE buffer, 8Denhardt solution and 1% SDS Qktraprobe was
Drosophila Sequence analysis Gtdsxrevealed the presence repared by nick-translation labeling of full-len@titraF1 cDNA in

of _putat.ive TRA/TR_A-Z-binding sites c!ose to the .regulatecfhe presence ofif2PdCTP (NEN: 3,000 Ci/mmol).

splice site, suggesting that the underlying mechanism of sex-

specific splicing is conserved and under the control of proteirRBNAi

homologous to TRA and TRA-2 (Saccone et al., 2000; Saccorgztra dsRNA was obtained and injected as describedfosophila

and Polito, 2002). To extend our comparative analysis, wgennerdel and Carthew, 1998).@ctraF1 fragment from positions
isolated theCeratitis homolog of theDrosophila transformer 164 to 900 was amplified with primers that introduced a T7 promoter
gene. sequence at each of the product ends. In vitro RNA transcriptions were
(Cctra), although highly diverged in sequence, is indeed?NAs were separately obtained and equal amounts of the two sSRNA

. - . . were mixed together, ethanol precipitated and resuspended in the
present in the genome of Ceratitis and that, d3resophila . injection buffer (Rubin and Spradling, 1982). Embryos were collected

Cctra has a female-dgtermlnlng master function. I_-|0weve.r, N hour AEL (after egg laying), hand dechorionated and microinjected

contrast to theDrosoph|Ia_1 tra Cctra'pla)_/s.an essential role in \ith either 5uM or 15 M dsRNA solutions. We set up 27 cages,

Ceratitis sex determination by maintaining the female sexuabach containing single apparently normal males chosen from the

cell state through a positive feedback loop and by forming aijected flies and three Benakeion females. Twenty cages produced

epigenetic memory of the sex of the organism (analogous tmsexual progenies, each consisting of a number of flies ranging from

Sxlin Drosophilg (Jablonka and Lamb, 1995). two to 51 individuals. Seven cages gave female-only progenies, each
consisting of a number of flies ranging from seven to 66 individuals
(7, 17, 20, 28, 33, 52 and 66).

MATERIALS AND METHODS Genomic and cDNA library screening
To identify Ceratitis [(3)73Ah genomic clones, we screened a
PCR and RT-PCR Ceratitis genomic library in the EMBL3 vector using standard

Total RNA was extracted, as described elsewhere (Andres andethods. A probe was obtained from a 500 bp RT-PCR product
Thummel, 1994), from adult individuals and from unfertilized eggs.(oligonucleotides: 1(3)981+, '"SFAACGTGCAAGATCTGCGGC-3
Oligo-dT-primed cDNA was made from DNasel-treated total RNA ofand 1(3)1581—, 5STTGGCCACCAGCTTCTTGAG-3 corresponding
unfertilized eggs, male and female flies using the SuperScriptTNb a conserved region ddrosophila melanogaster(3)73Ah gene
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(GenBank Accession Number, X84372). Genomic inserts wer: E L M F M cM F cF

subcloned in pBluescript (Stratagene) and sequenced using the 3

Sequencing Kit (Amersham Pharmacia Biotech). To clone the femal

specificCctra F1 cDNA we screened an adult female cDNA library

in Lambda-Zap vector (Stratagene), using a probe obtained from H -—21
s

Cctra 400bpHincll genomic fragment corresponding to a region of . }g:: -
the common exon 2. 11—
8t ' = R
Sequence analysis o__ .- 07
Protein alignment was performed by MACAW (http://www.ebi.ac.uk/ 1.8~ -
clustalw/) with default settings (NCBI, NIH, Bethesda, USA). The 16— =
TRA/TRA-2 bhinding sites were identified i@ctra, by MACAW
and by DNA Fasta sequence comparison betw€enatitis and
Drosophilasequences. - . -

GenBank Accession Numbers A B
Ccl(3)73Ah cDNA, AF436077;Cctra F1 cDNA, AF434936,Cctra
M1 cDNA, AF434937;Cctra M2 cDNA, AF4349378;Ccdsx F
cDNA, AF 435087; andCcdsxM, AF434935.

Fig. 1. Analyses ofCctratranscripts. (A) Northern blot analysis on
poly A+ RNA from embryos (E), larvae (L), and adult males (M) and
females (F), using as probe the F1 cDNA clone. In males, two
predominant transcripts 1.9 kb and 2 kb long are detected, while two
different transcripts 1.6 kb and 3 kb long are present in females. In
RESULTS embryqs, two transcripts are detected and.il_w Ia_rvae all four
transcripts are detected. (B) RT-PCR amplificatio@ctira on adult

. . . males (M) and females (F) total mMRNA samples. Three main
Isolation of tra in Ceratitis by synteny products are present in the female lane (F), which are 0.7 kb, 1.3 kb
Given the unusually high degree of sequence divergencand 2.1 kb long. In the male lane (M) four bands are detectable
amongtra homologs inDrosophila(O’Neil and Belote, 1992), which are 1 kb, 1.1 kb, 1.3 kb and 2.1 kb long. Male (cM) and
we decided to attempt the isolation of treegene in the medfly female (cF) RT-PCR negative controls (reactions without reverse
by exploiting its close linkage iDrosophila to a well-  transcriptase) are shown.
conserved genel(3)73Ah (Irminger-Finger and Nothiger,
1995). Hence, as a first step towards the isolatiomaofwe
isolated cDNA and genomi€eratitis sequences that cross- only in female adults, while two mRNAs, of 1.9 kb and 2 kb
hybridized to a 500 bprosophilacDNA fragment o1(3)73Ah  in size, appear only in male adults. In embryos two mRNAs
at reduced stringency. These isolates indeed contained age detected having sizes similar to those of the adult female-
structurally well conserved homolog I§8)73Ahas confirmed specific transcripts. In RNA sample extracted by larvae of
by sequencing and comparisorCc{(3)73AH. We then mixed sexes all four transcripts can be detected suggesting that,
continued to sequence a 4 kb long genomic region downstreaas in Drosophila Cctra sex-specific processing may already
of thel(3)73Ah homolog and identified a putative ORF that operate early itCeratitis development.
showed by Blast search significant sequence similarity at the A female-specific cDNA corresponding in size to the 1.6 kb
amino acid level tdra in Drosophila (ranging from 32% to transcript was isolated and entirely sequenced; a comparison
40% identity scattered over 120 amino acids) and containeslith partial genomic sequences revealed that it is composed of
an arginine-serine-rich domain (SR-rich region) commonlythree exons (Fig. 2). Using RT-PCR with various pairs of
found in splicing regulators (Manley and Tacke, 1996). As inCctra-specific primers, sex-specific amplification products
Drosophila the two genes are transcribed in oppositenvere recovered from RNA samples of adult flies (Fig. 1B). The
orientation and sequence analysis of corresponding cDNA64+/900— pair amplified (only in males) an abundant fragment
clones revealed that they overlap by about 200 bp (data nof 1.1 kb and three minor bands of 1 (faint), 1.3 and 1.5 kb,
shown). We conclude that this gene arrangement must hawereas in females, they amplified a prominent 0.7 kb long
already existed in the common ancestor of these fly specigsagment, and three minor bands of 1 (faint), 1.3 and 2.1 kb
Though the significance of this synteny is unknown, it providedFig. 1B). The size of the female-specific 0.7 kb cDNA product
an ideal entry point to the molecular identification of tta&e  corresponds to the one expected on the basis of the F1 cDNA

homolog inCeratitis (Cctra). structure. The non-sex-specific fragments of 1 and 1.3 kb, in
N ) other RT-PCR experiments, were sometimes undetectable.
Cctra produces sex-specific transcripts They most probably represent partially spliced and/or unstable

If this tra homologous gene indeed corresponds totthe Cctra RNAs. The 2.1 kb female-specific cDNA was isolated
switch gene irDrosophila we expect it to be regulated sex and entirely sequenced; a comparison with genomic sequences
specifically. A Northern blot containing poly(A)+ RNA from revealed that it is an unspliced product (data not shown). The
different developmental stages of the medfly was probed witkize of this cDNA product suggests that it is derived from the
a genomic fragment derived from t@etralocus. We find that 3 kb female-specific transcript.

Cctra transcripts are continuously present from embryonic The F+/Z1- pair of primers (Fig. 2A) amplified a male-
stages until adulthood (Fig. 1A). Furthermore, this probespecific 1.7 kb cDNA product, namedctraM1 (data not
detects sex-specific transcripts in samples from adult flies (Fighown). The nucleotide sequence alignmenCciraM1 and

1A). The Ceratitistra locus expresses four different mMRNA CctraF1 revealed that they are colinear with the exception of
variants: two products, of 1.6 kb and 3 kb in size, are fountivo additional exons present in the male-specific cDNA. The
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1 kb
164+ 481-
F+ —> E- 900- *— z1-
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atg tag
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00 0 0 0
13 8 2745 6
1 TCTACAATCAACA
ExL Ex2 Ex3 2 ACTACAATCAACA
s @9 g 3 ACTACAATCAACA
Female F1 I I /I — 4 ACTACAATCAACACeratitis
5 ACAACAATCAAL ra/lra2 putative
6 GTTTCAATCAAA ~ninostes
MEla  MELD 7 CATTCAATRAACT
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Fig. 2. Genomic organization of theeratitis capitata tragene. (A) The top line represents the genomic DNA encompassi@gtiadocus.

The positions of exons in tigctramRNAs are shown above the line, with Ex1, Ex2 and Ex3 representing exons in common between the male
and the female mRNAs, the blue boxes representing male-specific exons, the yellow box indicating a male-specific exon RN#e ditim

the red box representing a male-specific exon included in the M2 mRNA. Numbered green ovals indicate TRA/TRA-2-bindirgBjites (se
Introns are represented by solid lines. Open boxes represent the ORF of the female-specific 1.6 kb long mMRNA (Femaled-ttjeencodin
putative 429 amino acid TRA protein (see Fig. 3). Gray boxes indicatel untranslated regions. Arrows above the first line represent the
positions of the oligonucleotides used in the RT-PCR experiments. The bar indicates the scale of the figure. (B) Sequentcefaightne

putative TRA/TRA-2 binding sites found in ttragenomic sequence (see A). Conserved positions be@eratitisandDrosophilaare

indicated in bold.

male-specific exons are located between the first and thematurely the protein translation. Indeed partially different
second exon o€ctraF1 and they are 40 bp (MEla) and 203intronic sequences are retained in the M1 and M2 cDNA
bp (ME1b) in length (Fig. 2A). Another pair of primers, F+/E—clones, adding stop codons in different positions (Fig. 2A).
(Fig. 2A), amplified a male-specific fragment of 0.9 kb (datarhis finding suggests that a functional full-length TRA is only
not shown), name@ctraM2, that was cloned and sequenced,encoded by the female-specific transcripts. This mode of sex-
showing with respect ofCctraFl two additional exon specific regulation at the level of splicing is well documented
sequences of 210 bp (ME2a) and 176 bp (ME2b). ME2a is dor the tra gene inDrosophila(Boggs et al., 1997). Different
alternative exon including the previously described exons 1 arfdom Drosophila however, where sex-specific regulation is
ME1la, plus the intervening intronic region (Fig. 2A). Thisbased on the alternative use of twe@ice acceptor sites, sex-
‘composed’ new exon is produced by skipping the firspbce  specific regulation irCeratitis appears more complex and is
donor site. ME2b has an identical sequence to ME1b but &chieved by a combination of exon skipping and differential
lacks the first 27 bp because of the usage of a downstreamu3e of 5donor and 3acceptor sites.

alternative splice site (Fig. 2A). The long ORF in the female-specifiectraF1l encodes a
N ] ] putative protein of 429 amino acids. The CcTRA protein

Cctra female-specific transcript encodes a SR-rich exhibits a low degree of similarity to TRA proteins in

protein Drosophilaspecies and it is significantly larger in size in both

An alignment of CctraF1, CctraM1l and CctraM2 cDNA N and C termini. Sequence processing tools of MACAW led
sequences with the genomic sequence exposes the organizatiothe identification of five small blocks of sequence similarity
of tra in Ceratitis (Fig. 2A). The gene is composed of five dispersed throughout the longest ORF of the female-specific
exons. The first, fourth and fifth exons are included in théranscripts (Fig. 3). The regions with highest similarity
mature transcripts of both sexes, while the second and the thifidentified also by FastA analysis) are located between CcTRA
exons are male specific. The most important finding is that theositions 150-230, 286-292 and 332-342 (Fig. 3). The SR-rich
female-specific transcript has a long open reading frame, whikegion in Ceratitis TRA and possibly the other conserved
the male-specific mMRNAs contain stop codons that abodomains may confer specific RNA binding and protein-protein
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interactions consistent with a proposed role in splicingsuggested to us that this gene had an essential role in female
regulation (Manley and Tacke, 1996). The male-specificdevelopment of the medfly. To test its function, we employed
truncated protein isoforms lack the conserved boxes, the Skie RNAI technique that permits functional studies of genes in
rich region and do not show significant similarity with othergenetically less amenable organisms (Kennerdel and Carthew,

known proteins. 1998; Hunter, 1999). A 900 bp fragment@détraF1 was used
_ ) ) ) as a template to produce dsRNA that was then injected as a 15
tra is essential for female developmentin  C. capitata M solution into either the anterior or the posterior poles of

The confinement of transcripts with a long ORF to femaleembryos of two different laboratory strainBefiakeionand

Ex1 J Ex2
Cc mnMNITKASATTRKirieqnvpsgsvrkgpyaiersvnpsevvikrrfgegskplfqrdd 60
Dh —~=MDADSSSRSPROt-====— e e 13
De mkMDADSSCGADHRdshgsrsrsrrereghgrtsn--—-—-————————————————————— 35
Dm mkMDADSSGTQHROsrgsrsrsrrereyhgrsse———————————— e — 34
Ds mkMDADSSGTEHRIsrgsrsrswrerehhgrtse—-———-————————— 34
Dv —=MDADSSSRSPROt-==== = e e 13
Ex1/ Ex2
Cc ivvnpdnvvsnvgahfetgpkdrsnnskeevengwrkerhkstdsssperfrkhhssnks 120
Dh = e - 13
De = e e 35
DM e 34
DS e 34
DV = e 13
Cc ehsnsgnnittrhtkthhpsgenlntaskrrdsspptNRRHRTPEKVPYFIDEIRERDRI 180
Dh = e RTCARPKEKVPYFADEGRERDRV 36
De e RDSKKKEHKVPYFADEVREQDRV 58
DM e RDSRKKEHKIPYFADEVREQDRL 57
DS = e RDSRKKEHKIPYFADEVREQDRI 57
DV = e e RRRSRQREKMPYFADEVRERDRV 36
k ckskok skek skek skok
Cc RRkygkrstkspsppvmsskfRRRRSysrsis———-——-—-— RSRSHSparsknrthvygsl 232
Dh RNl-———m e RHRKTsitrpttshrgrpmRARSRSysaernccqgrrrrs 78
De R-—mmmmmmm RLRKRSprst----—---—-—- 69
Dm RR1-——— RORAHgstr---——-————--- RTRSRS—————————————— 75
Ds RSl1-————m = RORAHgStr-—-——————-- RTRSRS—====——emee e 75
Dv RNlpklkttgkrtptpp----RERRSrherp-------—-- RSRSRThspeqgsrcqrrlsr 83
Cc srrsssvdryigggrkrrrenlrterdrdggyrhhghRSEEQERSRRGRSPRARTRSRTR 292
Dh rscerrhsd---—-——————=———— TRHKLTTATVTKQRRRRSRSRSR 110
De e RRSASRSQSSDRRHRHRSRSRNR 92
DM RSQSSIRESRHRRHRQRSRSRNR 98
DS = e e RSQSSDRGSRHRRHRQRSRSRNR 98
Dv Syvrhrsg--————————— SROKTYSSSCSRRRRSRSRSRSR 114
EE S S
Cc SRERSKHVrarndernknlhgnhdeltnaelnqrnltgPQIITIPVPVPADFLnyayjstw 352
Dh SRSRT === = e e e e e e e e PRIITVPVPVPAADYpyayawp 137
De SRSRSSERrrrgrsprrynpp---—-—-—-——————————-— PKIINYYLQVPPQDF-—————-— 128
Dm SRSRSSERkrrqrsrsrsserrrrqrsphrynpp--—-PKIINYYVQVPPQDF ——————— 147
Ds SRSRSSERrrrqrsphrynpp--—-—-————————————— PKIINYYVQVPPQDF-—————— 134
Dv GRSRT === = = e e e e e e e iRilTVPVPVPAAEYsyaybwp 141
Kk
Ex2 ) Ex3
Cc ptatgwshpmtppprygapayhmptilpatvmppmrpal ppYGLPPQPMryggrgl———— 408
Dh pppdapgfnpmygavp-—————————————— - ——— YGMPSRPVypahpyfapyp 172
De 0 e GMSGMQOrfgyqrl-—-- 143
DI e QGMSGMQstqurl———— 162
DS = e e GMPGMRQs fgyqrl-——— 149
Dv pprphfnpmygalp--—-——--———==————— -~ FGMQPRPLnpyfgayar-- 172
Ex2 ) Ex3
Cc —-RFPQOHGPRPWRPNFRpkthk————-————c—— 429
Dh rpRLTFPYRAPPFRPHPR-—==———— FSYRNOQRPAPnN 201
De --PHPPPFPPAPYRFRQORppf1gaprFGYRNAWRPPY 178
Dm —--PRPPPFPPAPYRYRQORppf igvprFGYRNAGRPPY 197
Ds —--PRPPPFPPAPFRYRQRgpfmgapr FGYRNAGRPPY 184
Dv ——PPPFRYRAGEF%PHPE ———————— YSYRNDRQAPN 199

Fig. 3. Multiple sequence alignment of TRA protei@eratitis capitata(Cc), D. melanogaste(Dm), D. erecta(De), D. simulangDs), D.
virilis (Dv) andD. hydei(Dh). Asterisks indicate amino acid identity in all species. Intron/exon boundaries are indicated by vertical arrows.
Amino acid residues occurring in the conserved regions are indicated by capital letters.
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Fig. 4. Phenotypic analysis of RNAI intersexes. (A) Wild-
type female has long pigmented bristles on the femur
pointing towards the coxa of the foreleg (arrow in E) and
the ovopositor (A,l). (B) Wild-type male exhibits two
spatulated bristles on the head (B), a row of non-pigmented
bristles on the ventral part of the femur towards the coxa of
the foreleg, short pigmented bristles grouped on the dorsal
part of the femur (arrow in F) close to the coxa of the
foreleg (F) and male genitalia (B,0). (C,D) Intersexes
obtained by dsRNA injection into the anterior pole of the
embryos exhibit male-specific spatulated bristles on the
head (arrow in C), male-specific bristles (upper arrow in H)
and female-specific bristles (arrow in G; lower arrow in H)
mixed together on the femur of the foreleg (G,H) and
female genitalia (C,D). Some intersexes show various
degrees of abnormal gonadal development exhibiting bent
(arrow in D), deformed (L-N) or completely absent (arrow
in P) genitalia. Scale bar in D applies at A-D; scale bar in
H applies to E-H; scale bar in | applies to I; scale bar in L
applies to L; and scale bar in P applies to M-P.

anterior pole resulted in the formation of male-
specific spatulated bristles on the head of intersexes
(Fig. 4C,D), male-specific blue eye reflections (data
not shown), male-like bristles mixed with female-like
bristles on the femur toward the coxa of the foreleg
(Fig. 4G,H), but the genitalia at the posterior
remained female-like (Fig. 4C). Conversely, injection
into the posterior pole gave rise to mosaic adults with
male genitalia but with female bristles on the head and
female-specific green eye reflections (data not
shown). The intersexes showed also various degrees
of abnormal gonadal development, with abnormally
bent (Fig. 4D) or deformed ovopositor (Fig. 4L) and
with mixed male-like and female-like tissues (Fig.
4M,N). A few intersexes apparently lacked genitalia
(Fig. 4P).

Karyotypic analyses of RNAi-treated adults

To assess the sexual karyotype of affected flies, we
performed a PCR amplification of genomic DNA
using Ceratitis Y-specific primers (Anleitner and
Haymer, 1992). No products were detected in single
preparations of 10 randomly chosen intersexes (data
not shown) and six out of 10 phenotypic males did
not reveal the presence of a Y chromosome by this
test, indicating that all these animals have a female
XX karyotype (Fig. 5). These results are in agreement
with the expected loss of female-promoting activity
when tra function is impaired by RNAi. On the
contrary, male development of XY flies seems not to
be affected by RNAI ofra, suggesting that the gene,
white-ey¢. From a total of 900 injected embryos, 272 adultas inDrosophila is dispensable in this sex. The occurrence of
flies were recovered and grouped by their sexual phenotype.iAtersexes and of few females is most likely due to incomplete
strong sex ratio bias was observed in favor of males. Out gfenetrance of the RNAI effect. Indeed, when a lower
272, 231 flies (84.9%) showed a normal male morphology, 3@oncentration of dsRNA (pM versus 15uM) was injected
flies (13.6%) exhibited various degrees of intersexuality (Figinto the anterior embryonic region, we obtained 64 intersexes,
4) and the remaining four (1.4%) were the only flies recovere@6 males and four females out of 144 adult flies. Therefore the
with a normal female phenotype. All of the 37 intersexegpercentage of intersexes increased from 14% to 44%, while the
exhibited an anteroposterior pattern of intersexuality. Morgercentage of males decreased from 84% to 52%, suggesting
tellingly, the position of male tissues correlated exactly withthat XX individuals were only partially masculinized. From
the initial injection site in the embryo: injection into the these results, we conclude thiad is required for female
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1 2 3 45 6M 7 8 8 10 1112 13 14 1516 Fig. 5. Karyotypic analysis of RNAI treated individuals.
£ (A) PCR with Y-specific oligonucleotides carried on medfly
- 8 genomic DNA. From lane 1 to 10, PCR on single males
Hﬁ ” ' ——— 12 developed from dsRNA-injected embryos; lanes 11 and 12,
% (7] PCR on single wild-type females; lanes 13 and 14, PCR on
N T , single wild-type males. PCR on flies of mixed sexes and a
- negative control are shown, respectively, in lanes 15 and 16.
The PCR amplification patterns in lanes 1,2,6 and 7
correspond to those of wild-type males, indicating that the
analysed adults have an XY karyotype. By contrast, no
. - - bands are detected in lanes 3-5,8-10 indicating that these
- x i males lack a Y chromosome and therefore are XX sexually
transformed males. (B) Positive PCR control vitttra

A
; = = —-— = ] ] - specific primersCctral64+ andCctrad81-) showing that
".'.. — '.' . H“. H M. oo medfly genomic DNA is present in all samples. Lane M
B 2 - (A,B) presents the molecular weight marker.

development inCeratitis Moreover, it is conceivable that male fertility, as previously suggested by others (Willhoeft and
absence dfra activity constitutes a signal that triggers the maleFranz, 1996).

fate. Thus, as iDrosophilg Ceratitis tramay act as a genetic o ) o )

switch between female (when functionally ON) and maleActivity of tra is maintained by autoregulation

(when functionally OFF) development. The male-specific shoriNext, we wanted to investigate the mechanisms which control
peptides encoded by the alternatively spliced male-specifibe activity oftra in Ceratitis In Drosophilg regulation otra
transcripts seem to be non-functional, at least at earlgctivity is achieved at the post-transcriptional level based on 3
embryonic stages, because the RNAI has no evident effects eplice site selection (Boggs et al., 1997). When SXL protein is
the development of XY males. We cannot determine, howevepresent, it prevents the use of a distal acceptor site, thereby
whether they play a function at later stages, when the RNAiromoting the use of the next downstream availabkplice

- -

starts to lose its efficiency. site, and it shifts about 50% of the pre-mRNA molecules from
o a non-sex-specific splicing to a productive female-specific

Adult XX males developed from RNAi-injected MRNA (Sosnowski et al., 1989). It has been shown that this

embryos are fertile regulation requires the direct binding of SXL to a polys(U)

To investigate the fertility of the RNAI-treated adults, 27 malestretch upstream of the regulated splice site (Kanaar et al.,
obtained from embryos injected with M dsRNA solution  1995). Several findings argue against a similar mechanism for
were individually crossed with wild-type females. We conferring sex-specific splicing ¢fa in Ceratitis(Saccone et
predicted that if XX males are fertile than they should give al., 1998). FirstCctra splicing is based on a combination of
female-only progeny when crossed with wild-type virginexon skipping and'sand 3 splice site regulation, rather than
females. Indeed out of 27, seven crosses gave a unisexoa 3 splice site selection. Second, CcSXL protein is present
female-only progeny. The karyotype of these seven males was both sexes o€eratitis However, upon close inspection of
then analyzed by PCR, as previously described, confirminthe Cctra sequence, we made an important discovery: within
that they were XX fertile males. As expected, PCR karyotypithe two male-specific exons and the male-specifically retained
analyses of those males giving a bisexual progeny revealed thatron, eight repeats were found by DNA sequence comparison
they were XY males (data not shown). Our data demonstrathat are structurally related to the TRA/TRA-2 binding sites
that the Y-chromosome does not carry genes necessary fd3 nucleotides long) in thésxgene ofDrosophila(Tian and

RNAI Wild type RNAI Wild type Fig. 6. Analysis ofCctraandCcdsxsplicing
M1 cl 2 c2 3 c3 4 ca M 1 cl 2 c2 3 c3 4 ca patterns in adult individuals. (A) RT-PCR with
Cctraspecific primer<ctral64+ andCctra900—

i on XY and XX males from dsRNA-injected
” o 1 embryos (lanes 1 and 2) and on wild-type males
e 15 (lane 3) and females (lane 4). Lanes c1-c4 show RT-
2 g = 35 13 PCR negative controls. The dsRNA injection in XX
" » ) =11 06— ' embryos induces a permanent shift in the splicing
- ﬂé-g pattern ofCctrathat turns from a female to a male
’ 03 - - - - mode. (B) RT-PCR witlCcdsxspecific primers
(Ccds®400+,Ccdsx130— andCcds»®000-) on the
i . e same cDNA samples used in A. The 0.6 kb
A B fragment corresponds to a regionCafdsxfemale-

Cctra Cedsx specific transcript, while the 0.3 kb fragment
represents a region Gftdsxmale-specific
transcript. A consequence of tBetra-specific RNAI is a persistent changeGndsxregulation that turns from a female-specific to a male-
specific splicing mode. A molecular weight marker is also shown in lane M (A,B).
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Maniatis, 1993) (Fig. 2A,B). Similar repeats are i |

detected in the female-specific exon of tHex
homolog inCeratitis(Saccone et al., 2000). Their hi
sequence similarity toDrosophila TRA/TRA-2
binding sites (Fig. 2B) and peculiar localization wit
the Cctra gene led us to believe that these seque
are involved in the sex-specific splicing regulatiol
Cctra itself. In Drosophilg dsx and fru genes thes
cis-elements act as, respectively, éhd 3 splice
enhancers by recruiting the TRA/TRA-2 comple:
promote the use of the regulated splice site (Tiar
Maniatis, 1993; Heinrichs et al., 1998). The pres:
of potential TRA/TRA-2-binding sites in and arot
the male-specific exons suggests that the fer
specific CcTRA could inhibit their usage and led
investigate whether an autoregulatory functior
Cctra is involved in the process of sex-spec
splicing.

If female-specific splicing afa pre-mRNA indeet
depends ortra activity, we reasoned that a transi
depletion oftra activity should no longer be able
sustain the female mode of splicing. To test
supposition, we analysed sex-reversed XX m
recovered fronCctra dsRNA injections. By RT-PC
analysis, only male-specifidra products wer
detected in adult tissues of injected XX and
individuals, but no female-specific products (Fig. €
In addition, the same males contained predomin
male-specific splice variants oflsx a probabli
downstream target dfa also inCeratitis (Fig. 6B).
We infer from these results that early applicatiol
RNAI transiently eliminate€ctra mRNAs and, thus
prevents continued production of TRA protein. O
tra pre-mRNA production is resumed at a later s
in development, the unproductive male modetrat
splicing is launched because of the absenc
functional TRA. Likewise, absence of TRA cause:
direct targetisxto be spliced in the male mode. Th
results are compatible with our postulate tGatra
sustains the productive mode of its splicing by
autoregulatory feedback loop

and mediates

A XX embryo B XY embryo

maternal

7~ CctramRNA

maternal

T~ CctramRNA

g

)

Cctra®FH

l
S

Fig. 7.Model for sex determination i@eratitis capitata(A) In XX

embryos, a matern@lctramRNA provides full-length CcTRA protein that
initiates a positive feedback regulation. This protein drives a female-specific
splicing of the zygotically transcribetictra pre-mRNA so that new CcTRA
protein can be produced. The newly synthesized protein controls the
maintenance ofctraautoregulation and the female-specific splicing of
Ccdsxpre-mRNA. Therefore a CcDSXrotein is produced that induces, at
least in part, female development. (B) In XY embry@stra autoregulation

is impaired by the male determinidyfactor. TheM factor could prevent

the translation of the matern@ttratranscript (1) or inhibit the function of

the protein that is produced by this mRNA (2). It is also conceivable that the
M could interact with the spliceosome or repi€ssra transcription

initiation in the zygote (3). In any case, the result is always that a full-length
CcTRA protein is not produced in XY embryos and, thus, the autoregulatory
loop can not initiate. In absence of CcTRA prot€lndsxis expressed by
default to produce the CcD®Xsoform, which induces, in turn, male
development.

o (§)

femalerocessing its own mRNA, thus initiating an autoregulatory

differentiation, at least in part, by the control of its target genenechanism to continuously produce a full-length protein.
dsx The initiation of the autoregulatory loop in XX embryos Interference at this level, for example, by injectionCaftra
could be based on matern@ctra mRNAs that have been dsRNA, leads to a breakdown of the regulatory loop and to the
detected in unfertilized eggs by RT-PCR experiments (data nproduction of male-specific mRNAs encoding truncated
shown). These mMRNAs are spliced in the female mode ameptides. ThusCctra can be regarded as (1) an early binary
hence could provide a source of CcTRA activity that allowsswitch in the sex-determining pathway@ératitis when ON,

female-specific splicing of zygoti€ctra pre-mRNA.

DISCUSSION

We have isolated a gen€ctra, which is an ortholog of A comparison between

female development ensues, when OFF, male development
follows; (2) a key gene controlling an epigenetic cell ‘memory’
system ofCeratitis sex determination with evident analogies
with the Drosophila Sxigene.

Ceratitis tra gene and its

Drosophila traand acts as key regulator in sex determinatiofiomolog in - Drosophila : parallels and differences

of the medfly Ceratitis capitata Cctra is regulated, as in Our results show thatCeratitis and Drosophila sex-
Drosophila by sex-specific splicing and encodes a proteirdetermining cascades share a consertreddsx genetic
showing, as expected, low sequence conservation, whenodule to control sex determination and sexual differentiation

compared with TRA proteins ddrosophilaspecies (O’'Neill,

as well as thatra sex-specific splicing regulation differs in the

and Belote, 1992). We present evidence that femalBvo species. IDrosophilg TRA protein, together with TRA-

development depends on an acti@etra that, in XX

2, binds to the TRA/TRA-2 recognition sequences on the

individuals, seems to promote the productive mode obDrosophila dsxpre-mRNA and promotes the use of a nearby
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female-specific acceptor site. We show fBetrais needed to As zygotes that carry a Y chromosome do not acti@atea
impose the female-specific splicing ©Edsx most probably female-specific splicing and autoregulation, we propose that
by a similar mechanism as iBrosophila invoking the the Y-linked male-determininigl factor prevents this activation
existence of &ctra2homolog (Saccone et al., 2000; SaccongFig. 7). It is conceivable th&ctrais a direct target of this!
and Polito, 2002). This hypothesis is also supported by thiactor. Presence of thid factor in the zygote may prevent the
finding of TRA/TRA-2 recognition sequences located in closgroduction of CcTRA protein. Th€ctra positive feedback
vicinity to the female-specific acceptor site @Grtdsxpre- loop is a probable target for regulation, because of its
MRNA (Saccone et al., 2000). sensitivity (already shown by RNAI). An important question to
In Drosophilg tra female-specific splicing is promoted by be addressed is how autoregulatiorCofrais initiated in XX
SXL, which blocks the use of the non-sex-specific splice sitembryos ofC. capitataand how this is prevented in XY
present in thera pre-mRNA. InCeratitis, the presence of embryos. A possible explanation is suggested byGbia
multiple TRA/TRA-2-binding elements within th€ctra  female-specific mMRNAs encoding the full-length protein,
male-specific exonic sequences strongly suggests that CcTRahich have been detected in unfertilized eggs. Depositing these
and a hypothetical CcTRA-2 proteins could bind to themCctratranscripts in eggs may provide a source of activity that
mediating a direct autoregulation. The unusually strongan be used later for ‘female-specific’ processing wbetna
phenotypic effects of the RNAI against this gene also suppoi$ zygotically transcribed (Fig. 7). Once zygotically activated
this model ofCctraregulation. The localization of the putative in XX embryos, Cctra promotes its own female-specific
regulatory elements within thé&ctra gene indicates a splicing maintaining the female sex determination and the
repression mode by which CcTRA in females prevents théemale-specific splicing of the downstre&udsxgene. Taken
recognition of male-specific splice sites. The mechanism btogether, these events induce the female differentiation (Fig.
which Cctraseems to promote the female mode of processingA). In our model for sex determination of medfly, Méactor
of its own pre-mRNA by TRA/TRA-2-binding elements is directly involved in theCctra sex-specific regulation (Fig.
appears to be different also from the female-specific splicingB). Thus, in the presence ® Cctra, autoregulation is
of dsx Rather than activating a splice site nearby the regulatdalocked and the gene produces male-specific transcripts
exon, as in the case déx inclusion of male-specifi€ctra  encoding short and possibly non-functional CcTRA peptides.
sequences is suppressed when CcTRA is present. Althoudihe absence of CcTRA lea@xdsxto produce male-specific
this would be a novelty with the respect to knddnesophila  transcripts by default, promoting male differentiation (Fig.
TRA/TRA-2 activities, it has been previously shown that the7B). The control of thé/ factor uponCctra expression could
‘behavior’ of these cis elements is context dependent and thiaé exerted at different levels. The male determiesould,
changing the location of splicing enhancers can transforfor example, act at the pre-translational level blocking the
them into negative regulatory elements (Kanopka et al., 199@roduction of CcTRA protein from the maternal transcrilpts.

Lopez, 1998). could act at the post-translational level antagonising the
o B ) formation of protein complexes necessary for the female
A model for sex determination in  Ceratitis capitata splicing mode. OM could act as a transient transcriptional

In Drosophilg the presence of the Y chromosome is necessamgpressor ofCctra to reduce the amount of active CcTRA
for male fertility but not for male development (Hardy et al.,below a threshold needed to maintain the feedback loop. The
1981). By contrast, RNAi-treate@eratitis embryos with a proposed autoregulatory model ©€tra may also explain the
female XX karyotype can develop into fertile males, whichremarkable efficiency of sex reversal I@ctra RNAQ: a
indicates that transient repression Gttra by RNAi is transient silencing o€ctraby injecting dsRNA is sufficient to
sufficient to implement fully normal male development. Thelet the loop collapse. Furthermore, the sensitivity of this
cases of complete sexual transformation of ger@dim@titis  positive autoregulation could be an evolutionary widely
females (XX) into fertile males by RNAi demonstrate that theconserved pre-requisite to permit a ‘faster’ recruitment/
Y chromosome, except for the dominant male deterniher replacement of different upstream regulators and to easily
does not supply any other contribution to both somatic andvolve different sex determining primary signals, as observed
germline male development, as suggested by previous YA dipteran species.

chromosome deletion analysis (Willhoeft and Franz, 1996). Sex can even be determined by a maternal effect in dipteran
Other dipteran species, such Msisca domesticdHilfiker- species such asciara coprophila(Crouse, 1960) and
Kleiner et al., 1994) an@hrysomya rufifacie@llerich, 1984)  Chrysomya rufifaciegUllerich, 1984). Our hypothesis of a
show a female and male germline sex determination that Bctra maternal contribution to the activation of the zygotic
completely dependent on the sexual fate of the soma. Howevélctra gene has similarities to the model of sex determination
in Drosophilg the XX and XY germ cells seem to respondproposed forMusca domesticdDiibendorfer and Hediger,
differently to sex determining somatic cues (Waterbury et al1998). In the common housefly, the maternal product of the
2000; Steinmann-Zwicky et al., 1989). Indeed the XY gernkey switch gend- is needed to activate the zygotic function
cells have also an autonomous stage-specific sex determinatioihF in females. Musca male development results whenever
mechanism that probably integrates the somatic signal (JanZeicannot become active in the zygote. This happens when the
and Steinmann-Zwicky, 2001). I@eratitis Cctra could be male-determiningM is present in the zygotic genome, or
required in XX somatic cells to let them induce the XX germwhen maternalF is not functional because of either the
cells to differentiate as oogenic cells. AlternativeBgtra  presence oM or the mutational loss of function &f (F™an
could be required in XX germ cells to ‘feminize’ them. Thisin the germline (Dibendorfer et al., 2002). More
case would be a novelty with the respect of the knowinterestingly, embryonic RNAi against thklusca tra-2
Drosophila transformegene functions. homolog caused sex reversion Bfusca XX adults into
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