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ABSTRACT

The transformer (tra) gene of Drosophila melanogaster occupies an intermediate position in the
regulatory pathway controlling all aspects of somatic sexual differentiation. The female-specific
expression of this gene’s function is regulated by the Sex lethal (Sxl) gene, through a mechanism
involving sex-specific alternative splicing of tra pre-mRNA. The tra gene encodes a protein that is
thought to act in conjunction with the transformer-2 (tra-2) gene product to control the sex-specific
processing of doublesex (dsx) pre-mRNA. The bifunctional dsx gene carries out opposite functions in
the two sexes, repressing female differentiation in males and repressing male differentiation in
females. Here we report the results from an evolutionary approach to investigate tra regulation and
function, by isolating the tra-homologous genes from selected Drosophila species, and then using the
interpecific DNA sequence comparisons to help identify regions of functional significance. The tra-
homologous genes from two Sophophoran subgenus species, Drosophila simulans and Drosophila erecta,
and two Drosophila subgenus species, Drosophila hydei and Drosophila virilis, were cloned, sequenced
and compared to the D. melanogaster tra gene. This comparison reveals an unusually high degree of
evolutionary divergence among the ¢ra coding sequences. These studies also highlight a highly
conserved sequence within intron one that probably defines a cis-acting regulator of the sex-specific

alternative splicing event.

HE transformer (tra) gene of Drosophila melano-

gaster is one of a set of major regulatory loci
controlling somatic sexual differentiation (reviewed
by BAKER 1989; STEINMANN-ZWICKY, AMREIN and
NOTHIGER 1990). Like most of the other genes that
have been identified in this regulatory pathway, the
tra gene is expressed in a sex-specific manner. In
chromosomally male individuals (i.e., XY), the tra gene
is functionally “off,” resulting in the fly following the
default pathway of male differentiation. In chromo-
somally female flies (i.e., XX), the ¢ra gene is function-
ally “on,” where it acts to direct proper female differ-
entiation of all sexually dimorphic somatic tissues.
Loss-of-function mutations of the tra gene are, there-
fore, female-specific in their effects, with XX; tra™
individuals being transformed to maleness, and XY;
tra” being unaffected.

Molecular genetic studies of the tra gene have given
us insight into how this sex-specific expression is
achieved (BUTLER et al. 1986; MCKEOWN, BELOTE and
BAKER 1987; BELOTE et al. 1989). Although the tra
gene is transcribed from the same promoter in both
sexes, the pre-mRNA is subjected to sex-specific alter-
native splicing of the first intron (BoGas et al. 1987).
In males, the ¢ra pre-mRNA is spliced in such a way
that the mature transcript contains no long open
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reading frame (ORF), and can encode only a trun-
cated, inactive ¢ra polypeptide. In females, about half
of the tra pre-mRNA that is made is spliced in a
different manner, to yield an mRNA with an ORF
encoding a polypeptide of 197 amino acids, repre-
senting the functional ¢ra gene product. The alterna-
tive splicing of tra pre-mRNA is regulated by the
functioning of the Sex lethal (Sxl) gene (NAGOSHI et
al. 1988; BELL et al. 1991). This gene is also expressed
in a female-specific manner, and it encodes an RNA
binding protein that is thought to act directly on tra
pre-mRNA to influence its splicing (BELL et al. 1988;
INOUE et al. 1990). It does this by inhibiting the use
of the non-sex-specific 3’ splice site and allowing the
use of the downstream female-specific 3’ splice site
(SosNowsKI, BELOTE and McKEOWN 1989). In males,
no Sxl protein is produced, and tra pre-mRNA is
spliced using the preferred non-sex-specific 3’ splice
site by default.

Genetic and molecular analyses of tra suggest that
its gene product acts in conjunction with the trans-
former-2 (tra-2) gene product to control the sex-spe-
cific expression of the doublesex (dsx) gene (BAKER and
RIDGE 1980; NAGOSsHI et al. 1988; MCKEOWN, BELOTE
and BoGGs 1988). The dsx gene is a bifunctional locus
that has active, but opposite, functions in males and
females (BAKER and RIDGE 1980; NOTHIGER et al.
1987; BAKER and WOLFNER 1988). In males, dsx acts
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to repress female-specific differentiation of the sex-
ually dimorphic somatic tissues, thereby leading to
normal male development, and in females it acts to
repress male differentiation of the soma, resulting in
normal female development. The sex-specific expres-
sion of dsx is achieved by sex-specific alternative proc-
essing of dsx pre-mRNA, yielding different dsx gene
products in the two sexes (BURTIS and BAKER 1989).
It has been proposed that the tra and tra-2 gene
products affect dsx pre-mRNA splicing by activating
the female-specific 3’ splice site in the dsx transcript
(BURTIS and BAKER 1988; NaGcosHI and BAKER 1990;
HosHijIMA et al. 1991; HEDLEY and MANIATIS 1991;
RYNER and BAKER 1991).

Among the important questions concerning the tra
gene’s expression and function are (1) how is the sex-
specific splicing of tra pre-mRNA regulated by factors
such as the Sx/ gene product? and (2) what is the exact
function of the tra protein? With respect to the first
question, one relevant topic of inquiry deals with the
cis-acting sequences that are responsible for the sex-
specific control of intron 1 splicing. Work to date has
focused on using site-directed mutagenesis procedures
to manipulate the tra gene in vitro, and then examin-
ing the effects of those changes on the sex-specific
splicing of the pre-mRNA in either transgenic flies
(Sosnowski, BELOTE and McKEoOwN 1989), or in
transgenic cell lines (INOUE et al., 1990). As an alter-
native approach, we have examined the tra gene in
other Drosophila species, in order to identify con-
served sequence elements within the regulated intron
that might identify important regulatory sequences
controlling the alternative splicing event. With respect
to the second question stated above, it was hoped that
the interspecific comparison of the tra gene’s coding
region would reveal conserved domains of the protein
and help focus future studies of the fra protein on
regions of functional significance. Because the species
chosen for our study have been estimated to have
diverged approximately 60 million years ago, se-
quence conservation should be limited to functionally
relevant regions of the gene.

MATERIALS AND METHODS

Fly strains: Drosophila hydei flies were obtained from a
stock provided by DAVID SULLIVAN, Syracuse University,
Drosophila erecta flies from a stock provided by DONAL
HICKEY, University of Ottawa, and Drosophila virilis from a
stock provided by LARRY SALKOFF, Washington University
School of Medicine. Flies were maintained at 22° on corn-
meal-molasses-yeast-agar media containing propionic acid as
a mold inhibitor. Mutations of Drosophila melanogaster are
described in LINDSLEY and GRELL (1968) or in LINDSLEY
and Z1iMM (1985, 1986, 1987, 1988, 1990).

Genomic libraries: The Drosophile simulans and D. hydei
libraries were constructed by ligating size-fractionated ge-
nomic DNA that had been partially digested with Mbol into
the BamHI site of the bacteriophage AEMBL4 vector (FRIs-

CHAUFF et al. 1983). The recombinant DNA was packaged
into phage particles using the Gigapack Bacteriophage A
Packaging Kit from Stratagene according to the supplier’s
protocol, and plated on Escherichia coli strain Q359. An
additional D. hydei library, similar to the one described
above, but amplified, was provided to us by DAVID SULLI-
VAN, Syracuse University.

The D. erecta and D. virilis libraries were amplified librar-
ies constructed by DoNAL HIckEY, University of Ottawa,
and RONALD BLACKMAN, Harvard University, respectively,
using the bacteriophage AEMBL. 3 vector (FRISCHAUFF ¢t al.
1983).

Screening of the recombinant A phage libraries was done
essentially as described in MANIATIS, FRITSCH and SAM-
BROOK (1982). For each library, 15 plates containing 10*
plaque-forming units (pfu)/plate were prepared, and plaques
lifted onto nitrocellulose filters (Millipore) and prepared for
hybridization according to the method of BENTON and
Davis (1977). Probes were made by random-primed label-
ling of agarose gel-purified restriction fragments of cloned
D. melanogaster transformer gene sequences using the Boeh-
ringer Mannheim Random Primed Labelling Kit. The tro
clones used as probes in this study included pIBItra3.9R, a
3.9-kb EcoRI fragment, derived from a recombinant A phage
isolated from the Canton-S genomic library of MANIATIS et
al. (1978), cloned into the plasmid vector pIBI76 (Interna-
tional Biotechnologies, Inc.), and two cDNA clones,
plBI6.5.1 and pIBItra3.1P containing inserts derived from
recombinant phage isolated from embryonic and pupal
c¢DNA libraries, respectively, of POOLE et al. (1985), and
subcloned into the pIBI76 vector. pIBI6.5.1 represents a
full-length female-specific tra transcript and plBItra3.1P
represents a full length non-sex-specific transcript. See
McKeowN, BELOTE and BAKER (1987) and BoGas et al.
(1987) for the molecular map and sequences of the D.
melanogaster tra gene region and its transcripts. Hybridiza-
tion was carried out overnight at 42° in 5 X SSPE, 0.1%
sodium dodecyl sulfate (SDS), 1 X Denhardt’s solution, 0.1
mg/ml sheared salmon sperm DNA, and 50% formamide
(for the normal stringency hybridizations}, or either 29% or
39% formamide (for the reduced stringency hybridizations).
Filters were washed at 50° in three changes of wash buffer
(0.1 X SSPE, 0.1% SDS for normal stringency hybridiza-
tions, or 0.5 X SSPE, 0.1% SDS for reduced stringency
hybridizations). Identification of positive clones, plaque pu-
rification, preparation of phage DNA, DNA fragment iso-
Jation, Southern blot analysis, 1dentification of cross-hybrid-
izing fragments, subcloning of the restriction fragments into
the plasmid vector pIBI76 and isolation of plasmid DNA
was carried out using the protocols described in MANIATIS,
FRITSCH and SAMBROOK (1982).

Southern blot analysis of fly DNA: Drosophila genomic
DNA was isolated as described in BENDER, SPIERER and
HOGNESsS (1983). Restriction digestion, agarose gel electro-
phoresis and transfer of the DNA to GeneScreen Plus mem-
brane (NEN, Du Pont) was carried out as described in
MANIATIS, FRITSCH and SAMBROOK (1982). Hybridization
and wash conditions were the same as those described above
for screening of the libraries.

DNA sequencing: For each of the cloned tra-homologous
genes, a series of nested deletions were generated by ExoIll
digestion according to the method of HENIKOFF (1987) using
the Erase-A-Base kit from Promega. Plasmid DNA was
purified by the ammonium acetate method of MORELLE
(1989). Double stranded DNA templates were sequenced
by the dideoxynucleotide chain termination method of SAN-
GER, NICKLEN and CoursoN (1977) using [*>S]dATP (New
England Nuclear). Primers for the sequencing reactions
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were either the T7 or SP6 promoter oligonucleotides pur-
chased from Promega. Reaction products were electropho-
resed according to the electrolyte gradient method of SHEEN
and SeeD (1988). DNA sequence data was managed using
the programs of DNA STAR (Madison, Wisconsin). Com-
parisions of nucleotide sequences were performed by the
algorithm of WILBUR and LipMAN (1983).

In situ hybridization: Salivary glands from late third
instar larvae were dissected in 0.7% saline, incubated for 10
sec in 45% acetic acid, and placed in a drop of 1 part lactic
acid, 2 parts H,O, and 1 part acetic acid for 5 min. A
siliconized coverslip was then applied and the glands were
squashed. After freezing the slide in liquid nitrogen, the
coverslip was removed and the chromosomes dehydrated
through an ethanol series. Hybridization of the chromo-
somes was carried out according to the procedure of PLILEY,
FARMER and JEFFERY (1986). Probes were prepared for in
situ hybridization by random primed labelling of gel purified
restriction fragments. The modified deoxynucleotide used
was either biotinylated dUTP (Bethesda Research Labora-
tories) or digoxigenin-substituted dUTP (Boehringer Mann-
heim). Signal detection was done using a Detek-I-hrp Kit
(ENZO) following the procedure of ASHBURNER (1989), for
the biotinylated probes, or using the Genius Kit (Boehringer
Mannheim) detection procedure for the digoxigenin-labeled
probes (TAuTZ and PFEIFLE 1989).

P element-mediated germline transformation: D. mela-
nogaster embryos were collected within 30 min of egg dep-
osition, dechorionated manually and injected with DNA as
described in SPRADLING (1986). The injected DNA was
cesium banded plasmid DNA consisting of a 2.8 PstI frag-
ment containing the D. virilis tra-homologous gene region
inserted into the pW8 transformation vector of KLEMENZ,
WEBER and GEHRING (1987) which carries the white* (w*)
eye color gene as a marker. Recipient flies were from the w;
ry’ " Plry*A2-3](99B) strain of ROBERTSON et al. (1988). Since
this strain carries a genomic source of transposase, no helper
plasmid was used. Go survivors were mated to w; TM3,7 p*
sep Sb bx’* ¢/TM6B, Hu Tb ¢ ca flies, and progeny scored
for pigmented eyes to identify transformants. Such trans-
formants were then crossed to w; D{3L)s¢’, Ki roe p*/TM6B,
Hu Tb e ca mates and the Df{3L) s#’, Ki roe p*/Balancer
progeny with pigmented eyes were mated to w; th st tra cp
in ri p*/TM6B, Hu Th ¢ ca or w; th st tra cp in ri p*/TM3,ri p*
sep Sb bx’* ¢'. From this and subsequent crosses, flies were
generated that were hemizygous or homozygous for the tra
mutation and carried one or two copies of the virilis tra-
homologous gene. In all of these crosses, males carried the
B’ Y chromosome that allowed us to distinguish XX and XY
individuals on the basis of the dominant phenotype associ-
ated with B®. Flies of interest were mounted between cover-
slips according to the method of SzaBAD (1978) and exam-
ined under bright field optics using a Zeiss Axioplan micro-
scope.

Transcript analysis: Preparation of poly(A*) RNA and
Northern blot analyses were carried out as described in
MCcKEOWN, BELOTE and BAKER (1987). DNA probes were
made by random primed labelling of gel purified restriction
fragments as described above. The procedure used for the
generation of strand-specific RNA probes (i.e., riboprobes)
was a modification of MELTON et al. (1984). Template DNA
was linearized by restriction digestion and T7 RNA polym-
erase was used to create the run-off transcri};ts from the T7
promoter of plasmid vector pIB176. The [a-**P]CTP (NEN,
Du Pont)-labeled transcripts were electrophoresed through
a 5% native polyacrylimide gel in 0.5 X TBE buffer (89 mm
Tris-base, 89 mM boric acid, 2 mM NasEDTA). After elec-
trophoresis, the gel was exposed to Kodak X-OMAT AR

film for 15 min at room temperature. After development,
the film was aligned with the gel with the positive exposure
denoting the position of the riboprobe transcript. This
region was then cut out of the gel, placed in a 1.5-ml
Eppendorf tube containing 0.38 ml 2 M NH,OAc, 0.1%
SDS and rocked for 2 hr at 37°. The supernatant was then
precipitated with 10 ug yeast tRNA and 2.5 X volume
absolute ethanol for 15 min at —70°. The RNA pellet was
resuspended in 25 ul of 0.2 M NaPIPES, pH 6.4, 2 mM
NaCl, 5 mMm Na,EDTA. _

For the amplification of reverse-transcribed RNA by po-
lymerase chain reaction poly(A*) RNA was prepared as
follows. Flies (0.5—1.0 g) were ground to a powder in liquid
nitrogen and added to 4.0 ml of 5 M guanidine isothiocya-
nate, 10 mM EDTA, 50 mm HEPES, 5% - mercaptoethanol
and homogenized in a Dounce tissue solubilizer. After brief
centrifugation at 4° the supernatant was transferred to 1
ml of 5.7 M CsCl in HE buffer (10 mM HEPES, 1 mM
EDTA). Dry Sarkosyl was added to 4% and the samples
heated to 60° for 5 min. This solution was then layered
over 1 ml of 5.7 M CsCl and centrifuged at 20° for 36 hr at
36,000 rpm in an AH650 rotor (Du Pont) to pellet the
RNA. The RNA pellet was resuspended in 8 M urea in HE
and then extracted several times with an equal mixture of
phenol:chloroform. The RNA was then precipitated with a
0.1 X volume of 2.5 M NaOAc and a 2 X volume of absolute
ethanol at —20°. The RNA was resusPended in diethylpy-
rocarbonate-treated H;O, and poly(A™) RNA was selected
by passage over an oligo-dT-cellulose column as described
in MANIATIS, FRITSCH and SAMBROOK (1982).

Polymerase chain reaction amplification of cDNA (cDNA-
PCR) was carried out as described by KaAwasaki and WaNG
(1989). cDNA was synthesized in a 20-ul total volume reac-
tion mixture of 10 mM Tris-HC! (pH 8.3), 50 mM KCl, 1.5
mM MgCly, 0.01% gelatin, 1 mM each dNTP, 1 unit/ul
RNasin (BRL), 100 pmol random hexamers (Pharmacia),
0.5 ug poly(A*) RNA isolated from D. virilis adult males or
females, and 200 units MuLV reverse transcriptase (BRL).
Samples were incubated 10 min at room temperature, then
1 hr at 42°, and reactions stopped by heating to 95° for 5
min, Polymerase chain reaction amplification was carried
out using the GenAmp DNA Amplification Reagent Kit
(Perkin Elmer Cetus). Reaction mixtures consisted of 10
mM each dNTP, 01 mm Tris-HCI (pH 8.3), 50 mm KCl, 1.5
mM MgCl;, 0.01% gelatin, 1 ul of cDNA template, prepared
as above, 0.5 unit AmpliTaq polymerase (Perkin Elmer
Cetus), and 20 uM of each primer, in a total volume of 20
ul. The primers used for the amplification of D. wvirilis
cDNAs were: primer Dvir2-5’ GACGCACATAGCTTC-
TGG 3’, and primer Dvir5’-5° ATGGACGCCGACA-
GCAG 3’. Primers were synthesized by the Syracuse Uni-
versity DNA/Protein Core Facility using a Coder 300 DNA
Synthesizer (Du Pont). The polymerase chain reaction was
carried out using a Techne thermal cycler for 50 cycles,
each cycle consisting of 1 min at 94°, 30 sec at 48°, and 2
min at 72°. PCR products were electrophoresed through
2% agarose gels, transferred to Gene Screen membrane
filters (Du Pont), and probed with random primed *°P-
labeled restriction fragments of the D. virilis tra-homologous
gene. Autoradiograms were developed after about 1 or 2
weeks of exposure.

RESULTS

Isolation of tra-homologous genes from D. simu-
lans, D. erecta, D. hydei and D. virilis: As a prelimi-
nary step toward the isolation of tra-homologous
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FIGURE 1.—Phylogenetic relationships of the Drosophila species
used in this study. Estimates of divergence times from THROCKMOR-
TON (1975), BEVERLEY and WILSON (1984), and LACHAISE et al.
(1988). Mya, millions of years ago.

genes, we carried out genomic Southern blot analyses
on DNA isolated from four Drosophila species rep-
resenting various degrees of divergence from D. mel-
anogaster. The Drosophila species selected for our
study included two species from the melanogaster
subgroup of the Sophophora subgenus, D. simulans
and D. erecta, and two species from the Drosophila
subgenus: D. hydei of the repleta radiation, and D.
virilis of the wvirilis radiation. Figure 1 shows the
phylogenetic relationships, and the estimated diver-
gence times, among these species. Southern hybridi-
zations were carried out under either normal or re-
duced stringency hybridization conditions, using as
probes the cloned tra gene region from D. melano-
gaster (see MATERIALS AND METHODS for details). Hy-
bridization of the tra cDNA probe pIBItra3.1P under
normal stringency conditions allowed the detection of
a single cross-hybridizing region in the Sophophoran
species, while no hybridization signal was detected in
the more distantly related species (data not shown).
Reducing the stringency of the hybridization condi-
tions, by lowering the amount of formamide in the
hybridization solution from 50% to 29%, allowed us
to detect cross-hybridizing regions in all of the Dro-
sophila species. For all of the species there were more
than one cross-hybridizing region detected under
these conditions, but the one strongest hybridization
signal was presumed to be the best candidate for the
tra-homologous gene region, with the weaker cross-
hybridizing regions possibly being #ra “cognates,”
DNA regions that share sequence similarity with ira
but that do not represent the tra-homologous gene.
Having thus defined the hybridization conditions
that should allow the isolation of tra-homologous
genes from the other Drosophila species, we next

screened genomic A phage libraries of these four
species under the appropriate conditions, using the
tra region genomic probe pIBItra3.9R. For each li-
brary screened, the recombinant A phage that were
isolated by molecular cloning were then restriction
mapped and aligned. The phage DNAs were then
subjected to Southern blot analysis using a melano-
gaster tra cDNA clone as probe to further delimit the
tra cross-hybridizing regions. For each species, two or
more overlapping recombinant phage were isolated.
Figure 2 shows the restriction maps of representative
phage corresponding to the tra-homologous region of
each species.

DNA sequences of the tra-homologous genes of
the Sophophoran species, D. simulans and D. erecta:
Because the simulans and erecta tra-homologous se-
quences were isolated by screening under normal
stringency conditions, and because only a single ge-
nomic region is detected under those same conditions
in the Southern blot analysis, it is assumed that the
recombinant phage that were isolated in these screens
contain the tra-homologous genes. Southern blot
analysis of the recombinant A phage clones ADs24,
from D. simulans, and A Del08.3, from D. erecta,
using the D. melanogaster tra cDNA clone plBItraP3.1
as a probe, revealed that the tra-homologous genes
were contained within a 2.0-kb EcoR1/BamHI frag-
ment of the simulans phage, and within a 3.0-kb
BamHI fragment of the erecta phage. These fragments
were therefore subcloned into plasmid vectors and a
portion, corresponding to the fra transcribed region,
of each was sequenced. Figure 3 shows the nucleotide
sequence comparisons of the Sophophoran species
examined.

The structure of the tra gene has been extensively
characterized in D. melanogaster (MCKEOWN, BELOTE
and BAKER 1987; BoGGs et al. 1987). The ira tran-
scription unit is relatively small, about 1100 base pairs
in length, with two introns. The first intron exhibits
sex-specific alternative RNA splicing. One type of
splice is seen in both sexes and involves the removal
of a 73-nucleotide long intron, from the 5’ splice site
to the non-sex-specific 3’ splice site shown in Figure
3. The RNA resulting from this splice has no long
ORF, and is assumed to be nonfunctional due to the
production of a truncated ¢ra protein. In females,
about half of the transcripts undergo an alternative
splice in which a different 3’ splice site is used (labeled
female-specific 3’ splice site in Figure 3). The RNA
resulting from this splice has a long ORF encoding
the functional tre protein. Thus, this sex-specific splic-
ing event provides the basis for the female-limited
function of the tra gene.

The nucleotide sequences of D. simulans and D.
erecta can be aligned with that of D. melanogaster to
give the same gene structure. The initiation and ter-
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FIGURE 2.—Restriction maps of representative recombinant X phage containing the tra-homologous regions of D. simulans (X Ds24), D.
erecta (N Del08.3), D. hydei (A Dh107.1), and D. virilis (\ Dv3). Bacteriophage vector arms are not shown. Cross-hatched regions represent
restriction fragments that hybridize to the D. melanogaster tra cDNA pIBItra3.1P probe. The arrow shows the inferred position and direction
of transcription of the tra-homologous genes, as inferred from using strand-specific tra probes on Northern blots, and from subsequent DNA

sequence analysis. B = BamHI; H = HindIIl; R = EcoRI; S = Sall.

mination codons are in similar positions, although the
termination codon is UAA in D. erecta, and UGA in
D. simulans and D. melanogaster. All three species have

two in-frame methionine codons at the beginning of

the ORF. It is not known which of these is used as the
initiation codon in vive. The exon/intron arrange-
ment has been preserved: the splice junction se-
quences are conserved, and they occur in the same
reading frame positions in all three species. While the
occurrence of the alternative splice of intron 1 has
not been directly demonstrated in these other species,
the conservation of the 5" and 3’ splice junctions, and
the conserved female specific ORF, strongly suggest
that the expression of tra in these species is very similar

to that in D. melanogaster. Northern blot analysis of

tra expression in D. erecta shows that there is a sex-
specific pattern of tra transcripts indistinguishable
from that seen in D. melanogaster (data not shown).
Additional Northern blot analyses using strand spe-
cific probes, also show that the arrangement of the
flanking transcription units is similar to that in D.
melanogaster; i.e., the 5" flanking gene is transcribed
from the same strand as tra and has its 3’ end near
the start of the tra transcription unit, and the 3’
neighboring gene is transcribed from the opposite
strand as tra and has its 3" end very near the 3’ end
of the tra gene (data not shown). In D. melanogaster,
the 3’ neighboring gene, {(3)73Ah, corresponding to
a complementation group defined by a late pupal
lethal mutation, has been shown to actually overlap
the tra transcription unit by about 75 bases at the 3’
ends of both genes (BoGGs et al., 1987). Given the
degree of sequence conservation in the 3’ untrans-
lated region of tra (e.g., 59 continuous bases identical

among all three species, the longest stretch of nucleo-
tide sequence identity in the entire sequenced region),
it is likely that this overlapping gene organization is
present in these other species, as well.

Table 1 shows the nucleotide sequence conservation
among these three species. As expected from the
known phylogenetic relationships, the degree of sim-
ilarity is higher when melanogaster and simulans are
compared (93.6% identity) than when either of these
species is compared to erecta (86.0% and 85.6% iden-
tity). The higher degree of conservation of sequences
in intron 1 than in intron 2 is not unexpected, since
intron 1 exhibits sex-specific alternative splicing while
the splicing of intron 2 is presumably not regulated.
In D. melanogaster it has been shown that the sex-
specific splicing of intron 1 is controlled by sequences
contained within the intron itself (SOSNOWSKI1, BELOTE
and McKEowN 1989), and these regulatory sequences
are likely conserved. The close relationship between
these members of the melanogaster subgroup, how-
ever, precludes using these comparisons to accurately
delimit any well defined region of the intron that
might be implicated in this regulation, since not
enough time has passed for the nonimportant se-
quences to have diverged.

One obvious difference between the coding region
of tra in D. melanogaster and that of the other two
species is the presence of a 39-base pair sequence in
the central exon of D. melanogaster that is missing in
D. simulans and D. erecta. Given the phylogenetic
relationships of these three species, the most parsi-
monious explanation is that there has been a duplica-
tion of this sequence in the lineage leading to D.
melanogaster rather than two independent deletions
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erecta ATTT-AAAAAGTAACGTTTTTGGCAGCGATAGTTAATCTAARAGGGAGTGAGCGGGCACACTTT - - -GTGCAAGC - GGAATACGGGCACACTGAGGAAAGTGCAT 100
simulans T ¢ C A TT cG 6 T G A T GCAAG c- A T
melanogaster c AA T- cG G T TG T GCAAG c 6 T
5 )
e
. gA’I"PTiA’I‘T’I‘CCAGCA’P'I"I"I‘CCGAIGAAAATGGACGCCGACAGI‘AGT’I‘G’I‘GGAGCCGATCATCGAGGTACCCAC’I'A’I‘ATAGTATATCCTA’I‘CTGA’I‘CAGAATCT 204
c --—- A G [e] A G T
m c A T ¢ --- A CG A G T
. 3 '* non-sex-specific
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m c c T G G ¢ ¢ ACCAGACAG A
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. G A c ACA T c A G TG cT TC A-- TC
m A A c AC T c A T CG A cT C G ACA --
3'¢ temale-specific
: ATAGA'P'rccchGGCTCAAGGTcccGA'rcccGGCGAGAAAGAGAACAGCATGGGCGAACGAGCAACAGGGACAGCAAAAAGAAGGAGCACAAGGTTCCTTATTT 507
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FIGURE 3.—Comparison of the DNA sequences of the tra genes from the Sophophoran subgenus species D. erecta, D. simulans and D.
melanogaster. The complete nucleotide sequence is shown only for D. erecta. For D. melanogaster [taken from Bocgs et al. (1987)]} and D.
simulans, only those bases that differ from the D. erecta sequence are shown. Dashes represent deletions in the sequence relative to the other
species. The numbers refer to the nucleotides in the D. erecta sequence. The two rightward facing arrows show the sites where transcription
is initiated in D. melanogaster (BOGGs et al. 1987; MCKEOWN, BELOTE and Bocgs 1988). The other arrows show the 5’ and 3’ splice sites for
the two introns. The first intron shows sex-specific alternative splicing, with the more distal 3 splice site being used only in females (BoGGs
et al. 1987). The underlined sequences represent the translation start and translation stop (with asterisk) sites. The boxed sequence is the
consensus polyadenylation signal. These sequences have been aligned using the algorithm of WILBUR and LipManN (1983).

occurring in the D. simulans and D. erecta lineages.
This is supported by the fact that in D. melanogaster,
these extra 39 bases exist as an almost perfect tandem
repeat (37/39 identity) of the adjacent sequence. This
duplication occurs in the very arginine-serine-rich re-
gion of the tra gene (see below, Figure 8), and its
presence in either one or two copies is presumably
not critical for the functioning of the tra protein.

Other smaller deletions/insertions also are seen
when the coding regions of these three species are
aligned (Figures 3 and 8). For example, D. erecta has
an extra three nucleotides, encoding a cysteine, in
exon 1 that are not seen in D. melanogaster and D.
simulans. In exon 2 there are two sites where an extra
six nucleotides, encoding R S, and an extra 15 nucle-
otides, encoding R E/G S R H, are present in D.
melanogaster and D. simulans, but not in D. erecta.
These differences among the coding regions yield
different size tra proteins in the three species: 197,
184 and 178 amino acids, for D. melanogaster, D.
simulans and D. erecta, respectively.

Because of the relatively close relationship among
these three species, information about what regions
of the tra gene are conserved and what regions are
not conserved is limited. To better examine this,
comparisons of these Sophophoran species with the
Drosophila group species, D. hydei and D. virilis, was
carried out.

Characterization of the tra-homologous genes of
D. hydei and D. virilis: The reduced stringency con-
ditions that were used for the isolation of the tra-
homologous regions of D. hydei and D. virilis allow
cross-hybridization of more than one genomic region,
although in each of these cases there is one predomi-
nant cross-hybridization signal that is noticeably
stronger than the others. Characterization of the three
recombinant phage isolated from the virilis library
showed that they all corresponded to the same ge-
nomic region. Restriction mapping of these clones
yielded a map that matched our expectations based
on the pattern of the most strongly hybridizing restric-
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TABLE 1

Interspecific comparisons of the transformer gene

Percentage
Gene region melanogaster simulans erecta hydei virilis
Entire gene®® melanogaster — 93.6 86.0 62.5 63.3
simulans — — 85.6 58.7 62.1
erecta — — — 57.9 62.1
hydet — — — — 73.5
Coding region melanogaster — 93.1 87.7 60.6 63.5
simulans — — 88.0 59.9 61.2
erecta — — — 59.8 65.0
hydei — — — — 72.5
Intron 1 melanogaster — 94.3 86.0 54.7 54.5
simulans — — 84.4 52.0 55.6
erecta — — — 56.7 57.6
hydei — — — — 73.3
Intron 2 melanogaster — 92.7 67.8 ihf i.h.
simulans — — 1.h. i.h. i.h.
erecta — — — i.h. 62.5
hydei — — — — i.h.
Protein sequence’ melanogaster — 86.3 77.3 31.3 35.8
simulans — — 81.1 31.8 34.1
erecta — — — 31.7 42.0
hydei — — — — 62.6

“ All DNA sequence comparisons were done using the algorithm of WILBUR and LipmaN (1983). Percentages refer to the nucleotide

sequence similarity index.

The entire gene includes coding regions, the two introns, 100 base pairs of sequence 3’ to the end of the coding region, and 100-150

base pairs of DNA 5’ to the start of the coding region.

“i.h. indicates that there was insufficient homology for a meaningful comparison to be made.
“ Protein sequence comparisons were done using the algorithm of NEEDLEMAN and WUNsCH (1970). Percentages refer to the amount of

amino acid identity in the aligned sequences.

tion fragments in reduced stringency genomic South-
ern blots. This suggests that these recombinant phage
carry DNA corresponding to the tra-homologous re-
gion and that they do not represent tra “cognate” loci.
The recombinant phage isolated from the hydei library
could be grouped into five classes based on their
restriction maps and each class cross-hybridized to the
tra probe with differing strengths. When the strin-
gency conditions were increased by raising the form-
amide concentration to 39%, only the most strongly
hybridizing class of clones still hybridized to the probe.
The class of clones that cross-hybridized most strongly
to tra, which included clone A Dh107.1 (see Figure
2), had a restriction map that matched the pattern
seen for the most strongly hybridizing fragments seen
in genomic Southern blots, and is presumed to be the
tra-homologous region. The other classes of weakly
cross-hybridizing clones could be related to the tra
cognate loci that have been characterized in D. mela-
nogaster and that show only limited sequence similarity
to tra DNA (J. R. EBERLE and J. M. BELOTE, unpub-
lished).

Chromosome localization of the tre-homologous
genes of D. virilis and D. hydei: Since the putative
tra-homologous genes from D. hydei and D. virilis were

isolated using reduced stringency hybridization con-
ditions, and since such conditions permit cross-hybrid-
ization to more than one gene region in genomic
Southern blots, it is conceivable that the primary
candidates for the ¢ra-homologous genes were not
really the true tra homologs. To provide supporting
evidence for our assumptions that the A Dh107.1
clone and the A Dv3 clone represent the tra-homolo-
gous regions from D. hydei and D. virilis, respectively,
we mapped their chromosomal positions by in situ
hybridization to salivary gland chromosomes. The
chromosomal position of the ¢ra gene in D. melano-
gaster is 73A9.10 on the left arm of chromosome
three (BUTLER et al. 1986; McKEOWN, BELOTE and
BAKER 1987). If chromosome linkage arrangements
are conserved among these three species, as is sug-
gested by several studies involving i situ hybridization
of cloned genes to polytene chromosomes of related
species (BROCK and ROBERTS 1983; Loukas and Ka-
FATOS 1986; WHITING et al. 1989; TONZETICH, HAY-
AsHI and GRIGLIATTI 1990), then we would expect
the tra-homologous gene of D. virilis to map to chro-
mosome three (ALEXANDER 1976) and that of D. hydei
to map to chromosome four [using BERENDES’ (1963)
chromosome numbering system].
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FIGURE 4.—In situ hybridization of tra-homologous genomic
clones to third instar larval salivary gland chromosomes from (a) D.
virilis and (b) D. hydei. Sketches above the photomicrographs show
the map positions as determined by the hybridization signal. The
D. virilis map, showing the tip of chromosome 3, is drawn from the
photomicrographs of GUBENKO and EVGEN’EV (1984), and the D.
hyder map, showing the tip of chromosome 4, is redrawn from
BERENDES (1963) and ANANIEV AND BARSKY (1982). The approxi-
mate map position of the D. virilis intersex gene, ix, as determined
by recombinational mapping experiments (LEBEDEFF 1939; Gus-
ENKO and EVGEN'EV 1984), is also indicated.

When a 2.8-kb Pst]l fragment containing the tra
cross-hybridizing sequences from D. virilis was used as
probe to D. wvirilis salivary gland chromosomes, hy-
bridization was detected at a single site, band 30F3.4
of chromosome 3 on the map of GUBENKO and Ev-
GEN’EV (1984) (Figure 4a). This site is well separated
from the site of hybridization of the probe 521 used
by WHITING et al. (1989) in their comparisons of
chromosome homologies between D. melanogaster and
D. wvirilis. In that study, they found that this probe,
which hybridizes to chromosome region 73DE in D.
melanogaster hybridizes to region 32D on chromosome
3 of D. wvirilis. Similarly, NEUFELD, CARTHEW and
RUBIN (1991) in their interspecific study of the sina
locus mapped this gene to 73D in D. melanogaster and
32C-D in D. wvirilis. Given that the tra gene of D.
melanogaster is at 73A9.10, only about two letter
divisions (corresponding to about six dark bands) away
from 73C-D, our observation that the ¢tra-homologous
gene of D. virilis at 30F is at least 20 dark bands away
from the sites of the 521 and sina loci at 32C-D
demonstrates that during the evolutionary histories of
these two species there have been chromosome re-
arrangements that have changed the colinearity of the
chromosome banding maps in that region. It is inter-
esting to note that the site of the tra-homologous gene
coincides with the published map position of the inter-
sex (1x) locus of D. virilis (LEBEDEFF 1934, 1938, 1939;
GUBENKO and EVGEN’EV 1984). Mutant alleles of this
gene have a phenotype similar to ¢tra mutants in D.
melanogaster: chromosomally female D. virilis individ-
uals homozygous for ix mutations are shifted pheno-

typically toward maleness while chromosomally male
flies are unaffected. In fact, the strong alleles of ix
transform XX flies into phenotypically normal-looking
males, just like tra does in D. melanogaster. Given these
similarities in phenotype and map position, it is a
reasonable possibility that the ix gene of D. wvirilis
represents the D. melanogaster tra-homologous gene.

Hybridization of a probe containing the putative D.
hydei tra-homologous gene (i.e., p3.0H1.7S, a subclone
of the 3.0-kb HindlIl fragment from X Dh107.1) to
D. hydei salivary gland chromosomes resulted in a
single hybridization signal at position 93A on chro-
mosome 4 (Figure 4b). As with the D. wvirilis tra-
homologous clone, the chromosome linkage of the D.
hydei clone is consistent with our expectations based
on the assumption that it represents the tra-homolo-
gous gene.

While these experiments do not prove that these
clones represent the tra-homologous genes, they do
provide good supporting evidence that this is the case,
and taken together with the results presented below,
it is almost certain that these genes from D. hydei and
D. virilis represent the tra-homologous genes.

P element-mediated germline transformation of
D. virilis tra DNA into D. melanogaster: As an addi-
tional test to confirm that the tra-cross-hybridizing
clones from the Drosophila subgroup species repre-
sent the tra-homologous gene, we used P element
germline transformation methods to introduce the
putative tra gene from D. virilis into D. melanogaster,
and then tested the transduced gene for its ability to
provide tra* function in ¢ra mutant flies. The 2.8-kb
Pstl fragment containing the tra cross-hybridizing re-
gion from D. virilis was subcloned into the P element-
transformation vector pW8 (KLEMENZ, WEBER and
GEHRING 1987) and introduced into the D. melano-
gaster genome by germline transformation. One trans-
genic line was obtained, which was then crossed to the
appropriate stocks to construct chromosomally female
flies that were homozygous for the tra mutant allele.
This allele is a deletion of the tra coding region
(McKEowN, BoGGs and BELOTE 1988). These trans-
genic flies should be phenotypically male unless the
transduced virilis tra DNA is able to supply tra™ activ-
ity, and thus shift the flies’ phenotypes towards fe-
maleness. As shown in Figure 5, the D. wirilis tra-
homologous transgene is able to supply tra* function.
This is most evident in the genital region of the adult,
where there is a marked reduction in the development
of male genital structures, such as parts of the penis
apparatus and the claspers, and the appearance of
female-specific structures, such as vaginal plates and
thorn bristles. The shift toward femaleness is also
apparent in the altered pigmentation patterns of the
abdominal tergites, as well as in the structure of the
anal plates. Additional evidence of a shift toward
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FIGURE 5.—Partial rescue of the tra mutant phenotype in trans-
genic D. melanogaster carrying the tra homologous gene from D.
virilis. Terminalia (a) and basitarsus of the foreleg (d) of an adult
XX; tra/tra fly showing normal male sexual phenotype. Terminalia
(b) and basitarsus of the foreleg (e) of an adult XX; tra*/tra* fly
showing normal female sexual phenotype. Terminalia (c) and basi-
tarsus of the foreleg (f) of a transgenic XX; tra/tra fly that is
homozygous for an X chromosome carrying a transduced copy of
pW8Dv2.8P, a P element vector containing the tra homologous
gene region from D. virilis. AP, anal plates; C, clasper; P, penis;
TB, thorn bristles; T-6, sixth abdominal tergite; VP, vaginal plate.
The arrows in d, e, and f point to the sex comb regions.

female development is seen in the sex-comb region of
the foreleg, where the transgenic flies have bristles
resembling what is seen in females, rather than the
thick, blunt bristles characteristic of the male sex
comb. While the shift toward femaleness is not com-
plete in this transgenic line, it has been observed that
even the D. melanogaster tra gene is frequently unable
to completely rescue the tra mutation when trans-
duced into the genome by P element-mediated germ-
line transformation. In fact, in most of the reported
experiments where transgenic flies carrying trans-
duced tra™ genes have been produced, only a minority
of the lines showed complete phenotypic rescue of tra
mutants (BUTLER et al. 1986; MCKEOWN, BELOTE and
BAKER 1987; FENG, ScHIFF and CAVENER 1991; J.
BELOTE and M. McKEOwN, unpublished observa-
tions). This lack of complete rescue in these experi-
ments is likely due to the tra transgene being especially
sensitive to chromosomal position effects. Regardless
of the reason for the failure of complete female de-

velopment of XX; tra/tra flies in our transgenic line,
the observation that there is substantial female differ-
entiation shows that the tra-homologous gene from D.
virilis is able to function quite well in D. melanogaster.
The fact that chromosomal males carrying this trans-
duced wvirilis tra gene are normal and fertile further
suggests that the sex-specific alternative splicing of the
first intron is being properly carried out, since other
studies on the D. melanogaster tra gene show that the
loss of the non-sex-specific splice site most frequently
leads to default splicing of the tra pre-mRNA at the
female-specific 3’ splice site in XY individuals, leading
to male sterility and/or sex transformation toward
femaleness (SosNOwsKI, BELOTE and MCKEOWN 1989;
B. A. SosNowskl, R. T. BoGGs and M. MCKEOWN,
personal communication).

DNA sequences of the tra-homologous genes of
the Drosophila species, D. hydei and D. virilis: South-
ern blot analysis of the recombinant A phage clones
ADh107.1, from D. hydei, and ADv3, from D. virilis,
using the D.melanogaster tra cDNA clone pIBItraP3.1
(BOGGS et al. 1987) as a probe indicated that the tra-
homologous genes were located within a 3.0-kb
HindIII fragment of the hydei phage and within a 2.8-
kb Pstl fragment of the virilis phage. These fragments
were therefore subcloned into plasmid vectors and a
portion, corresponding to the tra transcribed region,
of each was sequenced. Figure 6 shows the nucleotide
sequences of these two species, and Table 1 indicates
the degree of similarity among all of the species ex-
amined. The alignment of the sequences with each
other, and with that of D. melanogaster, suggests that
the approximate size and structure of the tra gene is
fairly well conserved among all of the species exam-
ined. The protein-coding regions and the positions of
the introns were deduced by comparison with the
melanogaster sequence. Unlike the case with the So-
phophoran species, there is only one methionine co-
don at the beginning of the ORF in these two Dro-
sophila species and it corresponds to the second ATG
seen in the Sophophoran species. The exon/intron
structure is similar in all species examined: the splice
junctions of both introns are conserved at the 5" and
3’ ends, and the introns interrupt the tra reading
frame in similar ways. Intron 1 occurs between the G
and the A of a conserved GAT aspartate codon, and
intron 2 occurs just after a conserved tyrosine codon
TAC, in all five species.

Northern blot analysis of D. hydei poly(A*) RNA
shows a sex-specific pattern of tra transcripts similar
to what is seen in D. melanogaster (data not shown). In
order to confirm that there is sex-specific alternative
splicing of the first intron in flies from the Drosophila
subgenus, PCR primers flanking intron 1 were syn-
thesized, and a ¢cDNA-PCR analysis was carried out
on RNA isolated from male and female D. wirilis
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virilis TGCATCAGCG-CAACACGTAACCTTGGCCTTGTATGCTTC- - —ATGAAAA’I"I‘GCAAGTGCGCAAATAGCGTAAAATTTTTATC’I‘C‘T‘A'I‘ATATA'PATA ——————— 93
hydei ™ G - C CA GATTT T A ATC —--m-mmmmmmmmmoeee GTAAGTG
\a
v - - - AAATAZGGACGCCGACAGCAGTTCCCGTTCACCAAGAGGTCCGTATTGTGTTA- AATATAATTATTAAGCATATTGTGCATACAATA TR T TIGPTGTERTT | 193
h CAT A T A T TC GGCT T A A A A G
3 t non-sex-specific
v TTTCTAGTGACAAATTGTGTGAAAAGTGATTTACAATGGAACGCACAAAATGGACGCGTAAACGAAGCAT - TTCCGTAACCAAAACGCAGACGCCGGAAG- - - - 292
h A G c GC-- A C------ A AA GGT T C --~- GATC
female-specific 3°'

v - -CTAAACAAGAGGAAATGAATGAAAACCTAACAACACGCCGAGCC - - - - - - AAGCAACACGCCTAATACTGAAAATGCCCTTTTTAATGTGTATTGCATGTAG 388
h TA GC TATTC G AT G T - AGATATGTA  TT ------- TG AGAT C TG AR

v ATACAAGGCGGCGTTCACGCCAAAGGGAGAAGATGCCATATTTCGCAGACGAGGTGCGGGAACGGGATCGGGTGCGCAATCTGCCGAAGCTAAAAACAACACAG 492
h G AACT G CCA A G T G T  GAA T A AG GC TAGG T GATA

v AAACGCACACCAACACCGCCCAGAGAGCGCCGGTCTCGCCATGAACGTCCGCGTTCCCGATCTAGAACCCATTCGCCGGAGCAGAGCCGCTGCCAGCGACGGCT 596
B c C A T AAT  GAA A-------- AT------- G A CCTT AT AG A GT ATT T G

v - - ~TTCCAGAAGCTATGTGCGTCATCGCAGCGGCAGCCGCCAGAAG- - ~ACCTACTCATCCAGCTGCTC- - - - - - - = - = GCGTCGCCGGCGTAGTCGCAGTCGA 684
R ccG G GCAA G A A CT T CTA A------- AA AGTTACAAAGCA AT CoC c c

vs:
v AGTCGGAGTCGGGGTCGCTCTCGAACGCCACGAATTATAACGGTGCCCGTGCCAGTGCCTGCGGCAGAGTATTCGTATGCCTACGTGAGTA - - - ~GCTCTGGTG 784
A - - T A T CT CA G GAAT  AATCT
3 *

v A---TCCTTCCTCGGCGTTAATCAATTAATTAATGAACTTTGTTTTTCAGGGCTGGCCGCCGCCGCG-- -~ - - TCCACACTTTAATCCCATGTATGGCGCGCTGC 8717
B AGC GAG ATIGT G CC  TGCT C G-- cT A CGCAGGC A

v CATTTGGAATGCAGCCGCG-- -~ -=~~ TCCTTTGAATCCATACTTTGGGGCCTATGCGCGACCTCCGC - - - CGTTTCGATACCGTGCCGGGCCGTTCCGTCCGT 969
h AC T CAT CCCTGTGTA GCC T T CTCT CCA GG TAAA CT T A TCCT A T A

° =

v ATCCGCGCTATAGCTATAGGAATGATCGGCAGGCGCCGAATTQAGTTTTT AAACATTACAT) CTCAACTGCTATATATCATTCGTGTG 1072
h c ATC C A Ca aca T T -

v TG---- GGTTTTGTACATTCAAC’I‘TGTAAAACACATGAAACTCAA’I‘TTAAAMAAAAAAACATACAAAAATA’I"PGCATTTCT 1157
h TGTG TGAG AT -- ™  AA AA memmmmm—meoe- GCAA TA

FIGURE 6.—Comparison of the DNA sequences of the tra genes from the Drosophila subgenus species D. virilis and D. hydei. These

sequences have been aligned using the algorithm of WILBUR and L1PMAN (1983). The complete nucleotide sequence is shown only for D.
virilis. For D. hydei only those bases that differ from the D. virilis sequence are given. Dashes represent deletions in the sequence relative to
the other species. The numbers refer to the nucleotides in the D. virilis sequence. The arrows show the 5" and 3" splice sites of the two
introns, as inferred from comparisons with the more completely characterized D. melanogaster tra gene. The underlined sequences represent
the translation start and translation stop (with asterisk) sites. The boxed sequence is the consensus polyadenylation signal. The shaded
sequences are the only two regions greater than ten base pairs that show perfect matches with the sequence of the Sophophoran species’ tra

genes (see Figure 3).

adults. As shown in Figure 7, D. virilis shows a sex-
specific pattern of ¢ra transcripts consistent with their
having an alternative splicing event at intron 1 similar
to what is operative in D. melanogaster. While the
exact splice sites have not been determined for the D.
virilis gene, comparison of the sequence with that of
D. melanogaster strongly suggests that the non-sex-
specific and female specific splice sites are as shown in
Figure 6. Northern blot experiments, using strand
specific probes also show that the sizes and orienta-
tions of the two transcription units flanking tra are
similar to what is seen in D. melanogaster (data not
shown). Specifically, the 5" flanking gene is tran-
scribed from the same strand as tra and specifies a
major transcript of about 1.6 kb, and the gene 3’ to
tra is transcribed from the opposite strand and lies
very close to, and possibly overlapping, the 3’ end of
the tra transcription unit. This gene specifies a tran-
script of about 1.4 kb.

The most striking aspect of the tra interspecific
sequence comparison is the high degree of divergence
shown by this gene (see Table 1). This is especially
apparent when the Drosophila subgenus species are
compared with the Sophophorans. Because of the high
degree of divergence between these two groups of
species, an unambiguous alignment of the sequences
is impossible. At the level of nucleotide sequence
comparisons, the tra gene region similarity among
these species is only about 60% identity, too low for
the DNA sequences of all five species to be reliably
aligned. When the noncoding regions are discounted,
the sequence similarity is still only about 60%. In fact,
the two longest stretches of nucleotide sequence iden-
tity are in intron 1, 23 base pairs corresponding to
the sequence immediately upstream and flanking the
non-sex-specific 3" splice site (see below), and in the
3’ untranslated region, 21 base pairs surrounding the
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FIGURE 7.—Sex-specific expression of the D. virilis tra-homolo-
gous gene as shown by ¢cDNA-PCR analysis. The locations of the
primers are indicated by the arrows below the diagram of the tra
transcript, and represent sequences located at positions 98-114
(Dvir 5") and 599-516 (Dvir 2) on the sequence shown in Figure 6.
The non-sex-specific and female-specific cDNA-PCR products are
expected to be 449 base pairs and 261 base pairs in length, respec-
tively.

sequence ATTTATTTA, a sequence which has been
suggested to play a role in RNA turnover (SHAwW and
KAMEN 1986) (Figure 6). While the comparison of D.
hydei and D. virilis shows a few stretches of sequence
identity in the 5’ upstream region, comparison with
the Sophophoran species fails to reveal any obvious
conserved sequence elements in this region of the
gene. One remarkable feature of these sequence com-
parisons is the high level of deletion/insertion changes
that are observed when the protein coding sequences
are compared. For example, when D. hydei and D.
virilis are aligned, there are ten regions within the
coding regions in which a deletion or insertion is
postulated to have occurred. This suggests that there
is an unusual degree of flexibility in the protein’s
structure that still allows function, since if there was
not this flexibility, such deletions or insertions would
be selected against.

Given the high degree of divergence at the level of
the DNA, it is not surprising to see a correlative high
level of divergence when the protein sequences are
compared (Table 1 and Figure 8). When the tra
proteins of all five species are aligned, there are only

a few limited stretches of amino acid sequence iden-
tities. The longest stretches of conservation among all
five species are two regions of six contiguous amino
acids: MDADSS in the first exon and PYFADE in the
second exon. The functional significance of these two
conserved regions is not known. A search of the
GenBank database for proteins with such regions
failed to turn up any meaningful homologies. In ad-
dition to these regions, the tra genes in all species
were found to contain extensive regions of arginine-
serine, or serine-arginine, dipeptides interspersed
throughout the central exon. While the high arginine-
serine content of the tra gene is conserved, the num-
ber and spacings of these dipeptides is quite variable
among the species examined. It has been observed
that several proteins that play roles in pre-mRNA
splicing, e.g., the gene products of the su(w”) and tra-
2 genes of D. melanogaster, and the 70K Ul snRNP
and SF2/ASF splicing factors of humans, exhibit sim-
ilar arginine-serine rich domains (BINGHAM et al.
1988; AMREIN, GORMAN and NOTHIGER 1988; GOR-
ALSKI, EDSTROM and BAKER 1989; QUERY, BENTLEY
and KEENE 1989; GE, Zuo and MANLEY 1991; KRAI-
NER et al. 1991). Since the tra gene product is thought
to interact with the tra-2 gene product to influence
the female-specific splicing of the doublesex gene’s pre-
mRNA, this common feature of these gene products
may relate to a general role in pre-mRNA splicing. In
fact, recent experiments by LI and BINGHAM (1991)
have suggested that such arginine-serine domains help
target proteins to a subnuclear compartment involved
in RNA splicing.

Another interesting feature revealed by the inter-
species comparisons of tra is that the carboxy-terminal
one-third of all five proteins are very rich in proline
residues (16/67 = 24% for D. melanogaster, 17/67 =
25% for D. simulans and D. erecta, 26/74 = 35% for
D. hydei, and 20/68 = 29% for D. wvirilis), while the
primary sequences of this part of the protein are not
all that well conserved. Inspection of Figure 8 reveals
that throughout most of the coding sequence, the only
parts of the tra protein that can be aligned among all
five species are short and scattered regions consisting
of only a few contiguous amino acids. This lack of
conservation among the different species’ tra proteins
represents one of the most extreme cases of rapid
protein evolution, and is made more remarkable by
our observation that the D. wirilis tra-homologous
gene can function reasonably well when expressed in
D. melanogaster transgenic flies.

Conservation of a presumptive regulatory se-
quence within the alternatively spliced first intron:
As mentioned above, the longest stretch of nucleotide
sequence conservation occurs within intron 1, flank-
ing the regulated non-sex-specific 3” splice site (Figure
9). This conserved sequence is contained within the
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melanogaster -GTQHEPR EREYHGRGls e
simulans - GTEHJR EREHHGRTSE
erecta C A_D H R EREQHSRTSN
hydelt -p ------------------- T
virilis - BEREEHP R DI~ = = = @ = 2 o o o c o o @ o = = = = T
m KEH|KIPYPADEIIR EQS TR -------- -
s KEH|NIPYPADE(IR B TR - - - - - - - - -
e KEHKVPYPADEIIR pﬁ-p .........
h PKE|NVPYPFPADERI|G]R TsITIRR--PTT
v QRE[KMPYPADEIV]R TTQKRTPTPP
‘: R Q R K RRQ
. R Q R RRROQ
2 R H R R RRQ
- R R s KL - -
R R Y QK - -
-] N P NYYV
s N P NYYV
e Y NP NYYL
L TTATV -IR TVPV
L TYSSS S R VPV
m QW PIPQDP - - -G MS - - - - = - = = = = - - - - - - - QQS8FGYQ
s QW PIPQDP - - -[YGMP- - - - - - - - - - - - - - - - - RQSPGYQ
e QVPIPQDP---[YyGMS - - - - = - = = = = = = - - - - - QQRPGYDQ
h PVPIAADYPYA|YAWPPPPQAPQPNPMKYGAVPY ppvvp
v PN RPIAABYSYAYGWPPPR--PHPNPMYGALPPI]MIQPRPLNTP
» RLPRPPPFHPAPYRYROQRP-|PPI GV RIPG|IY RN[AGRP|HY 197
s RLPRPPPPHPAPPRY[RORQ-|PPMGAIRPG|Y RN[AGRP|HY 184
e RLPHPPPPHPAPYRPROR/P-|PPILGAI RPG|IY RN[AWRPIHY 178
h AHPYPAPYHRPRLTP[YRAP|PPRPH[RPS[YRNQRPAMPN 200
v YPGAYARPIHP ----pPRYRAGPPIRPHPR|YSKRNIDROQARN 199

FIGURE 8.—The predicted amino acid sequences for the tra proteins of D. melanogaster, D. simulans, D. erecta, D. hydei and D. virilis . The
dashes represent deletions in the sequence relative to the other species. Nonshaded boxes indicate amino acid identity among the five species.
Shaded boxes highlight the arginine-serine, or serine-arginine, dipeptides found in all of the species. For some regions, especially in the
central exon, the alignment shown is only one of many possible alignments consistent with the interspecific comparisons. The arrows indicate
the sites of the two introns. It should be noted that it is not known whether translation is initiated at the first or the second methionine codon
in the Sophophoran species.

Intron 1 Intron 2

'

melanogaster «..a.as.ttctgatccagtgCcATc| TTTTTGTTGTTTTTTTTCTAG TGtCAtAtTGTGtgAAAtGTGA|aaTggAtgagAAtga < <<ss-
simulans <~~~~~ ttctgatccagtgCcATc| TTTTTGTTGTTTTTTTTCTAG TGtCAtAtTGTGtgAAAtGTGA|aaTggAtgagAAtaa caaaa-

erecta .~ ==~ atctgatcaagtgCaATc| TTTTTGTTGTTTTTTTTCTAG TGgCAtAtTGTGtaAAAtGTGA|aaTggAtgaaAAtta (.aa.
virilis = e=e=catattgtgcataCaATal TTTTTGTTGTTTTTTTTCTAG TGaCAaAt TGTGtgAAAaGTGA|ttTacAatggAACGe < www~
hydei <~~~~~-caaaatgtgcaaaCaATg| TTTTTGTTGTTTTTTTTCTAG TGaCAaAaTGTG--AAA-GTGA|ttTgcAatgcAAgce ~ss<~

FIGURE 9.—Comparison of the non-sex-specific 3" splice sites of the alternatively spliced intron 1 of D. melanogaster, D. simulans, D. erecta,
D. hydei and D. virilis. The arrow indicates the position of the 3" splice site. The upper case letters represent nucleotides that are conserved
among all five species. The boxed sequence represents the region of tra that shows the highest degree of conservation (38/43 = 88% identity)
as compared to the rest of the gene.

region of the tra gene that has been implicated in the One point that needs to be emphasized here is that
sex-specific regulation of the alternative splice event the conserved intron sequences do not necessarily
that controls the female-specific expression of tra identify only those sequences of tra that interact with
function in D. melanogaster (SOSNOWSKI, BELOTE and Sxl to control the female-specific splicing event (i.e.,
McKEOWN 1989; INOUE et al. 1990). While most of by interfering with the use of the non-sex-specific 3’
intron 1 shows very little conservation, similar to the splice site). While the sequences that interact with Sx(
nonconserved, unregulated intron 2, there is conser- should be among the conserved sequences, it is also
vation of the 21 bases immediately upstream, and the critical for normal sexual differentiation and fertility
18/22 bases immediately downstream, of the non-sex- that the non-sex-specific splice site be highly favored

specific 3" splice site across all species examined. over the female-specific splice site in the absence of
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FIGURE 10.—Comparison of the predicted amino acid sequences potentially encoded by the open reading frames of the non-sex-specific
tra transcripts of D. melanogaster, D. simulans, D. erecta, D. hydei and D. virilis. The dashes represent deletions in the sequence relative to the
other species. The arrow denotes the site of the non-sex-specific intron.

regulation by Sx/ (i.e., in males). It has been shown
that even partial use of the female-specific splice site
in males leads to partial sex transformation, with an
accompanying sterility phenotype (SOSNOwWsKI, BE-
LoTE and MCKEOWN 1989). Therefore, it is important
that the female splice site virtually never be favored
over the non-sex-specific splice site in males. Any
change in the sequence that reduces the ability of the
non-sex-specific splice site to be used in preference to
the downstream female-specific splice site would likely
be selected against. Thus, the conserved sequences
highlighted in Figure 9 should include not only (1)
sequences that interact with Sx/ protein to cause block-
age of the non-sex-specific 3" splice site in females,
but also (2) sequences that ensure that this non-sex-
specific 3 splice site is highly favored over the down-
stream female-specific 3’ splice site in the absence of
Sx! function.

Interspecific comparison of the non-sex-specific
transcript’s ORF: In D. melanogaster, a deletion of
the tra gene has no detectable phenotypic effect in XY
males, suggesting that the non-sex-specific transcript
has no necessary function in males (MCKEOWN, BE-
LOTE and BoGGs 1988). Additional studies in this
species have further suggested that the non- sex spe-
cific transcript may not be required in females either,
and that it might represent a truly nonfunctional
transcript. This conclusion is based on experiments
involving XX female flies that were deleted for their
endogenous tra loci but that carried minigene con-
structs consisting of the female specific tra cDNA
sequence driven by the hsp70 heat shock promoter
(McKEOwWN, BELOTE and BocGs 1988). Such flies
constitutively express the female-specific tra tran-
script, but are missing the non-sex-specific tra tran-
script. The observation that these flies develop as
females with normal sexual morphology demonstrates
that the non-sex-specific transcript plays little if any
role in causing female differentiation (McKEOWN, BE-
LOTE and BoGGs 1988). However, the observation
that these transgenic flies were sterile left open the
possibility that the non-sex-specific gene product is
responsible for some subtle function necessary for
female fertility. An alternative explanation for the
above result is that the female-specific minigene con-
struct is not being expressed in the proper develop-

mental or tissue-specific pattern for normal fertility to
occur, perhaps due to the exogenous promoter, and
that the lack of the non-sex-specific tra gene product
in these flies is unrelated to their sterile phenotype.
This latter explanation is supported by the observa-
tion that forced expression of the non-sex-specific tra
transcript, from a non-sex-specific hsp70-tra cDNA
minigene, in transgenic flies carrying the female-spe-
cific minigene, did not rescue the female sterility
phenotype (MCKEOWN, BELOTE and BoGGs 1988).
Interspecific comparisons of the tra gene sequences
provides us with an independent approach for ad-
dressing the question of whether or not the non-sex-
specific transcript encodes a necessary function in
either sex. If this transcript is not functional in either
sex, but is simply a “by-product” of this gene’s partic-
ular mode of regulation (sex-specific alternative splic-
ing), then one would not expect to see any significant
conservation of the polypeptide potentially encoded
by the non-sex-specific transcript’s ORF, at least in
that portion of the reading frame that is not shared
with the female specific transcript’s ORF. If, on the
other hand, this transcript does encode a functional
protein that plays a subtle, but real, role in some
aspect of male or female development, then the non-
sex-specific ORF might show some conserved fea-
tures. Figure 10 shows the potential protein products
encoded by the non-sex-specific transcripts of the five
species examined in this study. As can be readily seen,
there is extemely rapid divergence in the putative
protein coding sequence starting in the second exon.
(Conservation of exon one is expected since that is
shared by the functional female-specific message.) For
example, there is a large difference in the size and
composition of the putative protein products of the
closely related sibling species D. melanogaster and D.
stimulans (36 amino acids for D. melanogaster vs. 94
amino acids for D. simulans). Moreover, when the two
subgenera are compared, it is seen that other than
exon one, the amino acid sequences cannot be aligned
across all species. The few conserved positions behind
the splice site in D. virilis are most likely a consequence
of the conservation of the non-sex-specific 3’ splice
Jjunction regulatory region discussed in the previous
section and shown in Figure 9, and do not reflect
conserved protein coding capacity. The simplest inter-
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TABLE 2

Amino acid sequence identity between genes of D. melanogaster
and their homologous genes in species of the Drosophila

subgenus
Species compared  Amino acid
Gene with D. melanogaster  identity (%) References®
transformer D. hydei 31 1
transformer D. wirilis 36 1
period D. virilis ~55 2
sevenless D. virilis 63 3
E74 D. virilis 65 4
hunchback D. virilis ~80 5
engrailed D. virilis ~80 6
1(3)Ai D. virilis ~80 7
Adh D. hydei 82 8
Ultrabithorax D. funebris 85 9
mastermind D. virilis 88 10
Rh4 D. virilis 94 11
sina D. virilis 97 11
hsp82 D. virilis 97 12

“ The references are (1) this report; (2) CoLot, HALL and Ros-
BASH (1988); (3) MICHAEL, BOWTELL and RUBIN (1990); (4) JONEs,
DarToN and TowNLEY (1991); (5) TREIER, PFEIFLE and TauTz
(1989); (6) Kassis et al. (1986); (7) K. SAVILLE and J. M. BELOTE,
unpublished; (8) SULLIVAN, ATKINSON and STARMER (1990); (9)
WILDE and AkaM (1987); (10) NEWFIELD, SMOLLER and YEDVOB-
Nick (1991); (11) NeureLp, CARTHEW and RUBIN (1991); (12)
BrackMaN and MESELSON (1986).

pretation of the extreme lack of conservation of the
non-sex-specific ORF is that the non-sex-specific tran-
script is either not translated, or if it is, it encodes a
nonfunctional polypeptide.

DISCUSSION

The most surprising finding to come out of this
study was the unusually high degree of divergence
shown by the tra coding region, when compared with
other genes that have been examined by interspecific
sequence comparisons among these Drosophila spe-
cies. For example, published values of amino acid
sequence identity between genes of D. melanogaster
and their homologs from species of the Drosophila
subgenus (e.g., D. virilis, D. hydei and D. funebris) range
from about 535% for the period gene (CoLoT, HALL
and RosBASH 1988; THACKERAY and KYR1acou 1990)
to 97% for the hsp82 (BLACKMAN and MESELSON 1986)
and sina (NEUFELD, CARTHEW and RUBIN 1991) genes,
with typical values in the range of 80-90% (see Table
2). In contrast, the tra gene coding region shows only
31-36% amino acid identity when the genes of these
two subgenera are compared.

While there are examples of genes that exhibit
rapidly evolving domains interspersed within more
highly conserved domains, for example, the period
(CoLoT, HALL and RosBasH 1988; THACKERAY and
KYRIACOU 1990), sevenless (MICHAEL, BOWTELL and
RUBIN 1990), mastermind (NEWFIELD, SMOLLER and
YEDVOBNICK 1991), engrailed (KassIS et al. 1986), and

hunchback (TREIER, PFEIFLE and TAuTz 1989) loci, in
these cases the rapidly evolving sequences make up a
small (i.e., <30%) part of the overall coding region,
and they frequently are regions of relatively simple
sequence motifs. Moreover, within the conserved por-
tions of these genes there are reasonably long stretches
(e.g., 20-90, or more, in a row) of identical amino
acids. The tra gene is remarkable in that the rapidly
evolving sequences constitute most of the coding re-
gion, and the longest contiguous stretch of identity is
only nine amino acids, when the D. melanogaster and
D. virilis genes are aligned, or six amino acids, when
D. melanogaster and D. hydei are compared.

Because of the rapidly evolving nature of the tra
coding region, and since transformation studies show
that the D. wvirilis gene can function in transgenic D.
melanogaster, this interspecific comparison is particu-
larly useful in delimiting domains of the tra gene that
are of functional significance. Molecular genetic anal-
yses in D. melanogaster have suggested that the tra
gene product acts in concert with the tra-2 gene
product, perhaps involving a physical interaction be-
tween these two proteins, in order to activate the
female-specific splicing of dsx pre-mRNA, thereby
causing female differentiation. In the experiments
reported here, the D. virilis tra transgene is able to
act in a reasonably normal manner to direct female
development, implying that this transgene encodes a
tra protein that is able to act together with the D.
melanogaster tra-2 protein to direct the female-specific
splicing of the melanogaster dsx pre-mRNA. Thus, the
rather limited sequence conservation of the tra coding
region highlights the elements of the protein that are
sufficient for these functions, and this information
should provide guidance for further studies aimed at
a more detailed dissection of the tra protein’s func-
tion.

While the present study was confined to compari-
sons within the genus Drosophila, future studies of a
more practical nature might involve the isolation of
the tra-homologous genes from other insect species
(e.g., certain insect pests), with the long-range goal of
using them as agents for the manipulation of sexual
development, or in schemes for the generation of
unisexual laboratory populations. The results pre-
sented here suggest that strategies involving cross-
hybridization might be problematic for the isolation
of this particular gene, due to its unusually high
evolutionary divergence. However, this interspecific
sequence comparison does highlight a few sequences
within the ¢ra gene that are conserved, and that can
therefore be used for designing primers that might
facilitate the isolation of the tra homologous genes
from other, more distantly related dipterans, by PCR
amplification methods.
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