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We investigated the structure and developmental pattern of expression of two genes clustered at the janus
locus, located at 99D.3R. Data obtained from genomic and cDNA sequencing and from a combination of SI
mapping and primer extension experiments indicated a very unusual organization of this locus, which appeared
to be composed of two partially overlapping genes, designated janA and janB. These two genes were found to
be transcribed in the same direction. janA encoded one minor and two major transcripts. The 5' end of thejanB
mRNA mapped within the 3' untranslated region of thejanA transcribed sequence. The overlapping region was
118 bases long. Similarities observed between these two genes with respect to both peptidic sequence and intron
position strongly suggested that this locus originated from the duplication of an ancestral transcription unit.
However, each of the resulting genes has acquired its own specificity of expression linked to sex determination.
ThejanB transcript was detected only in males, and its expression at the adult stage was restricted to germ line
cells. The janA gene displayed a much more complex expression; one of the major mRNAs was found in both
sexes and at all stages, whereas the two other janA transcripts were expressed only in males.

In Drosophila melanogaster, the X/A ratio is the basic
signal of sex determination (8). It controls both dosage
compensation and sex differentiation of germ line and so-
matic cells. On one hand, pole cell transplantation experi-
ments (24, 33, 34) have demonstrated that sex differentiation
of germ cells is under the control of the X/A ratio and of the
Sxl gene, independently of the state of activity of the other
sex-determining genes, tra, tra-2, ix, and dsx. On the other
hand, genetic and, more recently, molecular studies have
shown that at least eight genes govern the expression of
sex-specific functions in somatic cells. Briefly, the X/A ratio,
the zygotic products of the sis-a and sis-b genes (12, 13), and
the maternal product of the da gene (14) determine the ON or
OFF state of the key gene, Sxl, which in turn regulates a
small cascade of sex-determining genes: tra, tra-2, ix, and
dsx (for reviews, see references 1 and 26). The products of
the sex-determining genes regulate the expression of somatic
sex differentiation functions (realisator genes) (2, 6, 10, 11,
16, 32).
A molecular genetic approach, i.e., isolation of male- or

female-specific realisator genes (16, 25, 31), should help to
identify the mechanisms of control of gene expression by the
X/A ratio, identify the factors involved, and assess the
function of these products.
We report here on the structure and expression of two

sex-regulated genes at the newly identified janus locus.
These two genes, janA and janB, give rise to partially
overlapping transcripts encoding proteins with strong se-
quence similarities. Our data suggest that janA and janB
originated from the duplication of a common ancestral
transcription unit and have acquired separate specificities of
expression through the use of both posttranscriptional and
transcriptional regulatory elements.

* Corresponding author.

MATERIALS AND METHODS

Drosophila stocks. The Canton S stock of Drosophila
melanogaster was used throughout. Germ line-less flies were
obtained by crossing tiud' hbt spitiud' bit' sp (5) virgin females
with wild-type males of the Canton S stock.
RNA isolation. Embryos, sex-differentiated larvae, pupae,

and adult flies grown on a standard sucrose-agar-yeast-corn
meal medium were frozen in dry ice and homogenized in
extraction buffer (100 mM Tris hydrochloride [pH 9], 50 mM
NaCl, 0.5% sodium dodecyl sulfate) in a Dounce homoge-
nizer. The homogenate was extracted three times with
water-saturated phenol at 68°C and twice with phenol-
chloroform (1:1) and then ethanol precipitated. Poly(A)+
mRNA was isolated by oligo(dT)-cellulose chromatography
as described by Marcu et al. (23).

Northern (RNA) blot analysis. Formaldehyde-gel electro-
phoresis was performed by using 1 or 1.2% agarose gels as
described by Maniatis et al. (22). RNA was transferred to
nitrocellulose filters as described by Thomas et al. (36) in
20x SSC (SSC is 0.15 M NaCl plus 0.015 M sodium citrate)
for 24 h. After baking at 80°C for 2 h, the filters were
prehybridized for 4 h at 42°C, hybridized at the same
temperature for 24 h, and washed as described by Wahl et al.
(41). Exposure to Kodak X-Omat S or X-AR film (Eastman
Kodak Co., Rochester, N.Y.) was done at -70°C with
intensifying screens.

Radiolabeling of nucleic acids. Double-stranded gel-pu-
rified fragments (40 to 80 ng) were labeled by random primer
labeling (17), using 30 ,uCi each of [32P]dATP and [32P]dCTP
(>3,000 Ci/mmol; Amersham Corp., Arlington Heights, Ill.).
Single-stranded pEMBL recombinant bacteriophage DNAs
were labeled by Klenow extension, using the 17-mer M13
universal hybridization probe primer (New England Bio-
Labs, Inc., Beverly, Mass.) as described by Hu and Messing
(19), with the following modifications. The annealing mixture
containing 3 ,u1 (7.5 ng) of primer, 2 ,ul of single-stranded
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DNA template (300 ng), and 2 ,ul of lOx NT buffer (500 mM
Tris hydrochloride [pH 7.2], 100 mM MgCl,, 1 mM dithio-
threitol) in a final volume of 10 ,u1 was incubated at 70°C for
30 min and slowly cooled at room temperature for 30 min.
The probe synthesis reaction was allowed to proceed for 15
min at 20°C in a 20-,ul final volume after addition of cold
dGTP and dTTP (10 ,uM) and 5 U of Kienow enzyme.
DNA isolation and cloning. XDm janus phages were iso-

lated from libraries prepared from poly(A)+ RNA of em-
bryos and adult males, kindly provided by L. Kauvar (28).
Inserts were gel purified after digestion by suitable restric-
tion enzymes and subcloned in both orientations in pEMBL
18+ and 19+ plasmids (15).
DNA sequencing. Both genomic DNA and cDNAs were

sequenced by the chain termination method of Sanger et al.
(30). The genomic DNA sequence was obtained from sub-
clones generated after digestion of large DNA fragments,
using six-cutter restriction enzymes.

Transcript mapping by Si nuclease protection assay and
primer extension. For Si protection experiments (3), 10 ,ug of
poly(A)+ RNA was hybridized with purified labeled restric-
tion fragments in 100 mM piperazine-N,N'-bis(2-ethane-
sulfonic acid) (PIPES; pH 7.8)-10 mM EDTA-400 mM
NaCl-70% formamide in a final volume of 20 ,u1. DNA was
denaturated for 3 min at 75°C, and hybridization was carried
out for 3 h at 50°C. The reaction mixture was then diluted
with 10 volumes of ice-cold Si buffer (280 mM NaCl, 50 mM
sodium acetate [pH 4.5], 4.5 mM ZnSO4, 20 mg of denatur-
ated salmon sperm DNA per ml) and digested with Si
nuclease (1,000 U/ml) for 30 min at 30 or 37°C. Digestion
products were analyzed by electrophoresis in 8% denaturing
polyacrylamide gels.
Primer extension experiments were carried out essentially

as described by Calzone et al. (9), with minor modifications.
p331, a 22-mer oligonucleotide (5'-TTTTCATT1TTATTTAA
CCAAAG-3') complementary to both janus transcription
units between positions +862 and +883, and p429, a 21-
mer oligonucleotide (5'-TTGATCATGACATACTTGAAG-3')
complementary to the janA transcript between positions
+186 and +206, were used as primers. 32P-5'-end-labeled
oligonucleotide (10 nmol; 5 x 106 cpm/pmol of ends) was
coprecipitated with 5 ,ug of poly(A)+ RNA. Pellets were
dissolved in 20 ,ul of 15 mM Tris hydrochloride (pH 8)-i mM
EDTA. Mixtures were heated for 3 min at 85°C, incubated
for an additional 3 h at 65°C after addition of NaCI to 400
mM, and then diluted to 100 p.1 in reverse transcriptase
buffer containing 200 U of Moloney murine leukemia virus
reverse transcriptase (Bethesda Research Laboratories,
Inc., Bethesda, Md.). Extension products were analyzed by
electrophoresis in 8% denaturating polyacrylamide gels.

Determination of mRNA poly(A) tail length with RNase H.
For RNase H digestion, 25 p.g of total RNA was incubated
for 20 min at 37°C in a 30-,ul reaction mixture containing 100
mM KCl, 20 mM Tris hydrochloride (pH 7.5), 10 mM MgCl,,
1 mM dithiothreitol, 1.4 U of RNase H (Bethesda Research
Laboratories), and 200 p.g of oligo(dT) (Boehringer Mann-
heim Biochemicals, Indianapolis, Ind.) per ml. Control ex-
periments were performed by omitting RNase H and oli-
go(dT) or oligo(dT) alone. RNAs were then phenol extracted
and subjected to Northern blot analysis.

RESULTS

Developmental Northern blot analysis of Drosophila
poly(A)+ RNAs, using probes adjacent to the serendipity
(sry) locus, initially identified a transcription unit showing
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FIG. 1. (a) Partial transcriptional map of the 99D region. Sym-
bols: _, genes (the corresponding mRNAs are indicated by
arrows pointing in the direction of transcription); rzi, introns.
Position of the BB genomic subclone used as the hybridization
probe in panel b is shown (see precise position in Fig. 2a). (b)
Transcriptional profile of the janus locus throughout development.
Samples (1.5 p.g) of poly(A)+ RNA from different developmental
stages (0- to 12- and 10- to 20-h-old embryos [E], third-instar larvae
[L], brown pupae [P], and adult males and females [A]) were
electrophoresed, transferred to nitrocellulose, and hybridized to
single-stranded BB DNA. EcoRl-HindlIl-digested A phage DNA
was run in parallel as a molecular weight marker (not shown).

sex specific expression at 99D (38, 40). Figure la shows the
approximate position, relative to the sry locus, of this
transcription unit, previously termed Y and redesignated
here as janus.
To delineate more precisely the janus transcription unit(s)

and direction of transcription, Northern blots of mRNA
extracted from various stages were hybridized with a single-
stranded probe generated from a 1-kilobase (kb) genomic
BamHI-BamHI (BB) fragment (see position of Fig. 2a). The
results showed that the janus region is transcribed through-
out development in an orientation opposite to that of the sry
genes. The reproducible widespread appearance of the band
detected in males compared with that observed in females
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FIG. 2. Genomic and cDNA sequences of the janus locus. (a) Simplified restriction map of the janus locus (Ss, Sstlu; C, Clal: M, Mspl;
A, ApaLI; B. Ba,nHI: D, Dral; Sc, Scal: X, X,tnl: Sm. Sniala H, Hiaidlll) and positions of genomic subclones and cDNA clones. Arrows
indicate extent and direction of sequencing. (b) Nucleotide sequence of the janus locus and deduced amino acid sequences starting from the
first AUG in each of the three cDNA clones Jan 1. Jan 2. and Jan 4. Symbols: -, cDNA sequences identical to those of genomic DNA except
for two polymorphic nucleotides at positions +9 and +350: - - -, 5'- and 3'-end region of the Jan 2 cDNA. Putative TATA boxes are boxed;
AUG initiating codons are underlined. The genomic sequence from positions -270 to +285 was previously determined by Vincent et al. (38).

w I--I --I //--j,,I

MOL. CELL. BIOL.



SEX REGULATION OF JANUS GENES 2529

(Fig. lb) suggested the existence of more than one transcript
in males. Further analysis with subclones of the BB fragment
(results not shown) suggested that these male transcripts
originated from two closely linked but separate transcription
units.
janA and janB, two genes with partly overlapping tran-

scripts. To confirm the existence of separate classes of jalzl
mRNAs, cDNA clones were isolated by screening cDNA
libraries made from poly(A)4 RNA from 0- to 12-h-old
embryos or adult males (28), using the 1-kb BB fragment as
a probe. Three independent embryonic (referred to as Jan 1,
2, and 3) and one male (Jan 4) cDNA clones were isolated
and sequenced. A 1,500-base-pair (bp) genomic DNA frag-

SRY P
S C C N A B D Sc

I I I I
D

ment encompassing the janus cDNAs was also sequenced by
the strategy summarized in Fig. 2a.
Comparison of the genomic and cDNA sequences shows

that Jan 1 cDNA consists of four exons with respective sizes
of 44, 162, 125, and 335 bp; the corresponding introns are 66,
58, and 106 bp long. The Jan 2 cDNA starts at position +72
on the genomic sequence (with position + 1 corresponding to
the Jan 1 cDNA 5' end), i.e., inside the first intron of Jan 1,
and is composed of three exons of 201, 125, and 340 bp,
respectively; the corresponding introns are 58 and 106 bp
long. Thus, the Jan 1 and Jan 2 cDNAs differ in their 5' ends.
The poly(A) addition sites are at position +891 for Jan 1 and
position +895 for Jan 2. The cDNA clone Jan 3 is only 402 bp
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FIG. 3. Mapping of the 5' end of the jinA mRNAs. (a) Positions of the Jan 1 and Jan 2 cDNA clones (IZJ) and introns (-.-----), of several
genomic subclones or DNA fragments used as probes for Northern blot experiments or S1 nuclease protection assay (_) and of the primer
p429 with respect to the genomic DNA sequence shown at the top. *, 32P-labeled 5' ends of the Sstl-ApaiLl (SA) and Clal-ApaLl (CA) probes.
(b) Northern blot analysis ofjanA transcripts, using the oligonucleotide-labeled CIlI-BainHI (CB) fragment as a probe. A 10-,ug sample of
poly(A)+ RNA from adult males and females was loaded per slot; the molecular weight marker (M) was as in Fig. lb. (c) S1 nuclease
protection pattern obtained with the Sstl-ApaLl (SA) or Clal-ApaLI (CA) "P-5'-labeled fragment used as a probe. Sizes (in nucleotides) were

determined by reference to Hpall-digested pBR322 (panel d). Yeast tRNA was used as a control (C). Reproducibly observed were additional
faint bands corresponding to fragments of approximately 100, 120. and 150 bases. which could correspond to minorjanA mRNA species, as

also suggested by the sequence of the Jan 2 cDNA. (d) cDNA extension products with the p429 primer and poly(A)+ RNA from 0- to 20-h-old
embryos (E) and adult males and females. Control RNA (C) and size markers (M) were as in panel c.
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long, and its sequence confirms the 3'-end structure of the
Jan 1 and Jan 2 cDNAs between positions +367 and +827.
The Jan 4 cDNA is completely different from the other

cDNAs; it is composed of four exons with respective sizes of
152, 157, 125, and 152 bp; the corresponding introns are 58,
57, and 60 bp long. Moreover, Jan 4 overlaps with Jan 1 and
Jan 2 at its 5' end. Indeed and surprisingly, the 5' end of Jan
4 maps within the 3' region of the embryonic cDNA clones,
at position +778. It possesses a poly(A) tail starting at
position + 1536.
These sequencing data show that the janus locus encom-

passes two separate but partly overlapping transcription
units. One, corresponding to the embryonic cDNAs, is
referred to asja(izA; the other. corresponding to male cDNA,
is referred to as janB.

Transcription of janA gives rise to both sex-specific and
non-sex-specific transcripts. Because the heterogeneity of the
5' ends of the embryonic cDNAs raised the possibility that
there are several janiiA transcripts, a more detailed Northern
blot analysis of poly(A)+ RNA extracted from adult flies of
both sexes was carried out with short genomic probes
mapping between positions -175 and +752 (Fig. 3a).
The Clal-BanflHI (CB) fragment hybridized to a single,

0.8-kb-long mRNA species in females. In males, however, it
hybridized to three transcripts, 0.8, 0.95, and 1.1 kb long
(Fig. 3b), which differed also in relative abundance. The
0.95-kb mRNA was the most abundant, the 1.1-kb transcript
was barely detectable, and the 0.8-kb transcript showed an
intermediate level of accumulation. Similar results were
obtained with probes corresponding to the Dral-Dral,I.
BamHI-DraI, and ClaI-MspI fragments (not shown). How-
ever, the Clal-Clal probe (positions -175 to -33) detected
only the 1.1-kb mRNA (not shown), whereas probes derived
from regions upstream of the Clal site at position -175 did
not detect any of the jantA transcripts.

Initiation of the majorjanA mRNAs at the same positions in
males and females. The structures of the 5' ends of Jan 1 and
Jan 2 cDNAs (Fig. 2a and b) and the Northern blot analysis
(Fig. 3b) suggested that janA was transcribed into several
mRNAs with alternate initiation or splice sites. The 5'-end
structures ofjanA transcripts were determined by SI nudle-
ase protection and primer extension analysis.

Fragments 5' end labeled at position + 168 (probes CA and
SA; Fig. 3a) were used as probes for S1 mapping. Three
sources of poly(A)+ RNA, adult males, adult females, and 0-
to 20-h-old embryos, were used. With the CA and SA
probes, 5' end labeled at a site internal to both Jan 1 and Jan
2 cDNAs, a major fragment of 58 + 2 bases was protected
with either source of poly(A) ' RNA (Fig. 3c). The size of
this fragment confirmed the 5'-end structure of the second
janiA exon deduced from the Jan 1 cDNA sequence.

The janA mRNA transcription initiation site was mapped
by primer extension, using a synthetic oligonucleotide, p429.
as a primer (Fig. 3a) and four sources of poly(A) RNA:
adult male, adult female, and 0- to 10- and 10- to 20-h-old
embryos. Two major extension products, 123 and 141 nudle-
otides long, were reproducibly observed with either mRNA
template (Fig. 3d). The 141-nucleotide product indicated a 5'
end at an adenine residue at position +1, which was the
expected site with Jan 1 cDNA being a full-length copy of the
janA messenger. At 34 bp upstream from this A residue is
found the sequence TACATAA, which is reminiscent of a
TATA box element. However, the presence of the 123-
nucleotide-long fragment together with the sequence of the
Jan 2 cDNA suggested the existence of alternative structures
of janlA transcripts. These structures, including that corre-
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FIG. 4. Determination of the size of the poly(A) tail of the jainA
transcripts. Total RNA (25 ,ug) from adult males or females was
incubatted with no addition (control), in the presence of RNase H
alone, and in the presence of RNase H plus oligo(dT). The resulting
RNAs were analyzed by Northern blot hybridized to the oligonu-
cleotide-labeled CB fragment. Sizes were determined as described
in the legends to Fig. la and 3b. An additional male-specific
transcript. 0.85 kb long after deadenylation. which might correspond
to the minor 1.1-kb mRNA revealed by the CC probe. was observed.

sponding to the 1.1-kb transcript complementary to the
Cl/il-Clal probe (see above), have not yet been definitely
determined.

Altogether, the transcript-mapping data suggest that the
major jantA transcripts initiate at the same positions and
display the same exon-intron structures (see also the 3'-end
structure in Fig. Sb) in males and females. This was some-
what unexpected. since the non-sex-specific mRNA was 0.8
kb long and the male-specific mRNA was 0.95 kb long.

Differences in polyadenylation are mainly responsible for
the variation in length of the janA transcripts in adult males.
Since no major differences in initiation or splicing sites could
account for the higher complexity ofjaniA mRNAs in males
than in females (Fig. 3b), the possibility of a difference in the
length of poly(A) tail remained. To test this hypothesis, adult
male and female RNA samples were hybridized to oligo(dT)
and treated with RNase H before analysis by Northern blot
with a janIA-specific probe. Removal of the poly(A) tail
abolished the difference in length between the 0.8-kb tran-
script found in both males and females and the 0.95-kb
male-specific transcript (Fig. 4), which indicated that these
mRNAs differ only in the discrete sizes of their poly(A) tails.

Initiation ofjanB mRNAs within the 3' transcribed region of
janA. The jatnB transcription initiation site was mapped by
S1 nuclease protection analysis of poly(A) ' RNA extracted
from either male or female adults, using uniformly labeled
single-stranded DNA fragments (see genomic position in
Fig. 5a) as probes.
With the ScalI-SmnaI probe, four mRNA protected frag-
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FIG. 5. Mapping of the 5' end of thejonB mRNA. (a) Strategy for mapping the 5' termini of thejanB transcripts. liil. Locations of cloned
janus cDNAs with respect to their genomic positions (top). Positions of the uniformly labeled probes Scal-SmaI (SS) and Scal-XmnII (SX)
(see Materials and Methods) and of primer p331 are shown below. (b and c) S1 nuclease-protected fragments detected after electrophoresis
in denaturating 6% polyacrylamide gels. using the SS (b) or SX (c) fragment as a probe. (d) cDNA extension products primed by the
32P-5'-labeled p331 oligonucleotide. Sizes (in nucleotides) were determined as in Fig. 3c and d (Si protection assay) or according to sequencing
ladders generated by using the same primer and an appropriate DNA template (primer extension assay). Poly(A)+ RNA was from adult males
and females. Yeast tRNA was used as a control (C).

ments with respective sizes of 335. 152. 45, and 27 bases
were detected (Fig. Sb); the 152- and the 45-base fragments
were detected only with RNA from adult males. With the
ScaI-XrnnI probe, three fragments of 330. 107, and 27 bases.
respectively, were observed (Fig. Sc). The 107-base frag-
ment was detected only with adult male RNA. A protection

pattern identical to that obtained with adult female RNA was
observed with embryonic RNA (data not shown). These S1
mapping data confirmed the exon-intron structure of the
janitA 3' end and the jan1B 5' end as deduced from genomic
and cDNA sequencing (see Fig. 3a). The sizes of the
male-specific fragments (152 and 107 nucleotides) are con-
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FIG. 6. Developmental pattern of transcription of the janus genes. (a) Summary of transcript-mapping data. Liii.Putative open reading
frames. Only the structure of the most abundant janiA mRNA is represented. (b) Expression of janiA and janB throughout development.
Samples (10 ,ug) of poly(A)' RNA from 0- to 10- and 10- to 20-h-old embryos (E). sex-differentiated third-instar larvae (L), and adults (A) or
2 p.g of poly(A)+ RNA from sex-differentiated brown pupae (P) were analyzed by Northern blotting. The same blot was successively
hybridized with the CB oligonucleotide-labeled fragment (janA specific) and the SB Klenow-labeled DNA (janB specific) as probes (see
positions in Fig. 2b).

sistent with the hypothesis that Jan 4 is a full-length copy of
janB mRNA.

To confirm the 5'-end position of janiB mRNA, a primer
extension reaction was carried out by using a 5'-end-labeled
synthetic oligonucleotide primer (p331) complementary to
thejanB transcript (positions +863 to +884 on the sequence;
Fig. 5a). A major elongation product, 107 bases long, was
observed only with male poly(A)4 RNA (Fig. Sd). Its size is
fully consistent with the Si protection data and maps the
transcription initiation site ofjanB at an adenine residue at
position +778 of the sequence (Fig. 2b). Moreover, 28 bp
upstream of this A residue is found the sequence TTTA
AAA, which is reminiscent of a TATA box element.
Both the Jan 4 cDNA sequence and the transcript mapping

data reported above support the conclusion thatjanB mRNA
initiates within the janA 3' transcribed but untranslated
region. The janA-janB overlapping region would thus extend
over 118 bp. The structures of these two transcription units
are summarized in Fig. 6a.
janA and janB encode sequence-related polypeptides. The

sequences of the janus genomic region and cDNAs showed
that janA and janB each contain a single long open reading
frame. The janA open reading frame predicts a polypeptide
of 115 amino acids (12 kilodaltons) with an isoelectric point

of 7.8. A second protein could be encoded by janA, as
determined from the structure of the Jan 2 cDNA. These two
polypeptides would differ only in their NH,-terminal ends by
a short additional sequence of 16 residues for the second
predicted protein (Fig. 7). The presence of six highly hydro-
phobic amino acids in this additional sequence, five leucines
and one isoleucine, suggests that it could act as a signal
peptide. The janlB open reading frame predicts a protein of
140 amino acids (15 kilodaltons), much more basic than the
janA product since its isoelectric point is 9.8. Searches in
NBRF and GENEBANK data bases did not reveal any
significant sequence similarity to any known protein.
On the other hand, computer comparison of the predicted

jtl/IA and janB polypeptides revealed a large sequence sim-
ilarity between these two proteins, with 37% of the amino
acid residues found to be identical at homologous positions.
The significance of this sequence similarity is reinforced by
the fact that it is not interrupted by the last two 3' introns,
which are located at identical positions (Fig. 7) with respect
to the jantiA and jianB protein-coding sequences. This result
suggests that these two genes resulted from a tandem dupli-
cation of an ancestral transcription unit already containing at
least the two end-most 3' introns.

Sex-specific expression of janus transcripts throughout de-
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jan A
jan B

jan A
jan B

MMinor poll4peptide r Major poliipeptide
MNRLQLLSKGLRLIHKMS.--------EEALAGUPLUHISPEGIFKYVM 40

m mmm m m m m m m
MKMF ---- KSLRLLPH IVSPFQKCYSTDL ISLVGVPRUKTI.TKGQNRYLL 44

V
INUF-DGGDASKAVI-RGFADCTWHADIFEREEEVFKKLGLRAECPGGGR
UNIHTHGFTKYGRITURGA5DUDNHLAVFDSILEELEPEGICAKILLOGR

A

88

94

V
jan A IEHNPEKKYMKUYGYSQGFGKADHAQTKRIL.A.TKYPDYTIEISDEGY 135
jan B ILNEAENKKlKIYGTSRTFGGADHTRTRNTILQWTTYKDFKITUKQ 140

A
FIG. 7. Sequence alignment of the predicted jtanA and jtatnB polypeptides. Positions of identical amino acids (U) and introns (A. V) are

indicated. Amino acid numbers are indicated on the right.

velopment. Expression of the two janus transcription units
throughout development and in each sex was studied by
Northern analysis of RNA samples from 0- to 12- and 10- to
20-h-old embryos, sex-differentiated larvae and pupae, and
adult males and females by using successively probes CB
and SB (Fig. 2a and 3a), each of which is specific for one of
the two genes. This analysis confirmed both the abundance
of the 0.8-kb janA mRNA in females and early embryos and
its presence at a lower level at all other stages studied in both
sexes. In contrast, the 0.95-kbjanA messenger was detected
only in males from the third-instar larval stage (Fig. 6b).
Similarly, the janB transcript was present only in males.
from third-instar larval to adult stage, with a peak of accu-
mulation in adults. In first- and second-instar larval stages.
none of the male-specific janus transcripts were detected
(not shown).
The male-specific janus mRNAs are germ line specific in

adults. To determine whether the sex-specific expression of
janA and janB transcripts is restricted to either germinal or
somatic tissues, the presence of the transcripts was exam-
ined in germ line-less adult progeny of homozygous tudor
females. Neither the 0.95-kb janA mRNAs nor the janB
transcript was detected in germ line-less males (Fig. 8). We
can therefore conclude that expression of these two male-
specific transcripts is also strictly germ line specific. Con-
versely, the non-sex-specific 0.8-kb janA transcript was
detected in germ line-less adults of either sex and must
therefore be expressed in somatic tissues. The level of
accumulation of this transcript was nevertheless consider-
ably lower in germ line-less than in wild-type females.
whereas in adult males the level appeared to be less affected
by the lack of germinal tissues. These results were also
independently confirmed by in situ hybridization to sections
of adult abdomen of both sexes (not shown).

DISCUSSION

The 99D region of D. inelanzogaster is a densely tran-
scribed region that has been shown to contain the sn- ox. sry
1, and srv 8 (38) and rp49 (37) genes within a span of 8 kb of
genomic DNA. Expression of each of these genes appears
autonomous with respect to transcript accumulation at dif-
ferent periods of development (38, 39). Besides these four
well-characterized genes, another transcription unit. previ-
ously designated Y, has been shown to map in the same
region, upstream of and very close the the s*v 1 gene (38.
40).

Organization of the janus locus. We show here that the
locus designated janus displays an unusual organization. It

encompasses two partly overlapping genes, janA and janB,
transcribed in the same direction. The 5' end of the jainB
mRNA maps within the 3' untranslated region ofjanA, and
the overlap region between the janA and janB transcribed
regions is 118 nucleotides long. Few examples of overlap-
ping transcription units encoding separate protein products
have been reported in D. inelanogaster. In the Ddc (35) and
tr-a (4) genes, the overlapping region encompasses short
segments of the 3' region of each of the two genes. In
contrast,jatnB and the Actin SC overlapping gene (29) remain
the only examples in which transcription initiates within the
transcribed region of an upstream gene.

Similarities between the janA and jatnB genes include a
significant identity of the predicted peptidic products and of
the positions of the introns; this finding strongly suggests
that these two genes originated from the tandem duplication
of an ancestral transcription unit. A similar duplication event
is probably at the origin of the sn- 1 and srv 8 genes located

Cs tudorprogeny

*e

-~a

Jan A

Jan B

RP 49

FlG. 8. Expression of janus in germ line-less flies. Northern
blots of poly(A)+ RNA from adult males and females of the
wild-type Canton S stock (CS) and adult male and female progeny of
a cross between t,id' bit, spltiid' bwt sp females and wild-type CS
males (tudor progeny) were probed sequentially as described in the
legend to Fig. 6b. To confirm that all lanes contained similar
amounts of RNA. the same blot was further hybridized to an
oligonucleotide-labeled probe specific for the rp49 gene. Since
ribosomal proteins are accumulated during oogenesis. the rp49
transcript is more abundant in adult females than in adult males. In
males. the intensity of the 0.95-kb mRNA on Northern blots was
usually greater than that of the 0.8-kb transcript, although the
0.95-kb transcript occasionally gave a weaker signal. as on this RNA
blot, possibly as an effect of aging.
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janB AGTTAGTCTGTA CTTTGCAACTGCTCOCACTAAACCTTTTCGGATCTAAATTA
mst ATTATTATTTGTC TTTCGGCCTGAACACATCAAAATTTGTCG CTAGTCTCAA

.1
*103

janB ATCAGTTTGTACACAAATTTCG TTCTTTTCCTTTGGTTAAATA iATG
mst ATTA fTTCTTTTTGTTCGGTTCAAAAI TAATCATG

FIG. 9. Sequence alignment of the 5' untranslated region of the janB (positions +778 to +886 in Fig. 2a) and nst(3)gl-9 (20) mRNAs. + 1
indicates the start of transcription. The AUG initiating codons are underlined. Positions of identical nucleotides are indicated (_). Boxes
I and Il delimit regions of higher sequence similarity which display 60 and 78%. respectively, identical nucleotides at homologous positions.

at the adjacent sty locus (40). Unlike what is observed for the
sty genes, however,janA andjanB have diverged not only in
their protein-coding sequences but also through the acquisi-
tion of a specific pattern of developmental expression. This
raises the interesting questions of the structure and speci-
ficity of expression of the putative common ancestor and the
identity of the regulatory elements, if any, that are still
shared by janA and janB. Whereas the janA gene is ex-
pressed in both sexes and in somatic and germ line cells,
expression ofjanB is restricted to germ line tissues of adult
males. We recently showed, by P-element-mediated trans-
formation, that no more than 175 bases upstream from the
janB transcription initiation site are required to drive the
testis-specific expression of this gene (C. Yanicostas, manu-
script in preparation). This result indicates that the 5'-
flanking sequence and most of the coding sequence of the
janA gene are dispensable for correct regulation of the janB
gene.

In adult females, the janA gene is predominantly tran-
scribed in ovaries, as is the sry f gene located immediately
adjacent on the chromosome and transcribed in the opposite
orientation (as described above and in reference 38). More-
over, no more than 200 bases separate the janA and so 1B
transcription initiation sites. This kind of gene organization
and expression is reminiscent of that observed for the yolk
protein genes YP1 and YP2, which are both transcribed in
adult fat body and ovarian follicle cells and share transcrip-
tional cis elements (18). By analogy, it raises the interesting
possibility that thejanA and sry 1 genes also share transcrip-
tional regulatory elements. Moreover, we have some evi-
dence supporting the presence of another transcription unit
less than 1 kb downstream of thejanB gene, which gives rise
to two male-specific transcripts (data not shown). This
finding suggests that thejanB gene consists of a larger cluster
of genes specifically expressed in males from the third-instar
larval stage to the adult stage.

Sex-specific transcriptional and posttranscriptional regula-
tion of the janus genes. As an approach to investigate the
mechanisms of sex-specific gene expression, genes encoding
either male- or female-specific products have been identified
by screening of genomic libraries, using sex-specific cDNAs
as probes (16, 25, 31). One of the best studied of these genes
is the testis-specific gene tnst(3)g1-9 (32). Kuhn et al. have
shown that a cis-acting element mediating spermatid-specific
translational control of Inst(3)gl-9 is located within the first
120 bases of the 5' region of the mRNA, including the entire
untranslated leader plus 10 nucleotides following the AUG
codon (20). A striking sequence similarity is observed be-
tween the janB untranslated leader and this 120-base-long
region (Fig. 9). That the region of homology between janiB

and mst(3)gl-9 might be a consensus sequence involved in
testis-specific translational regulation is an exciting possibil-
ity.

Precise sizing of janA transcripts in adult males and
females showed that the poly(A) tail of the male-specific
transcript is, on average, 180 residues longer than that of the
non-sex-specific transcript. The involvement of the poly(A)
tail length in posttranscriptional regulation of mRNAs is well
documented. Variation in poly(A) tail length may affect both
mRNA translational efficiency (27) and stability (7, 42). That
a long poly(A) tail serves to increase mRNA stability in the
Drosophila testis is a reasonable hypothesis, since mRNAs
synthesized in premeiotic spermatocytes must be stored for
at least 3 days before translation during the spermatocyte
maturation process (21).

Together, our data show that both transcriptional and
posttranscriptional elements contribute to the differences in
expression of the janus genes in males and females. Because
it contains two duplicated transcription units with overlap-
ping sequences, the janus locus represents a unique model
system for the study of sex-specific regulation of gene
expression.
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