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Summary

The transformer (tra) and doublesex (dsx) genes pro-
duce sex-specific transcripts that are generated by
differential RNA processing. We have examined the ef-
fects of mutants in other regulatory genes controlling
sexual differentiation on the patterns of processing of
the tra and dsx RNA transcripts. Our resulis demon-
strate that the genes suggested by genetic studies to
act upstream of tra or dsx in the sex determinaticn hi-
erarchy regulate these two loci at the level of RNA pro-
cessing. Qur data suggest that the order of interaction
of the factors controlling sex is X:A>Sx[>tra>tra-
2>dsxzix>terminal differentiation. While these resuits
cannot preclude regulatory interactions at other lev-
els, the regulation of RNA splicing revealed by these
experiments is sufficient to account for all of the known
functional interactions between the regulatory genes
in this hierarchy.

Introduction

The control of sexual differentiation in Drosophila melano-
gaster is brought about by one of the best understood
regulatory hierarchies in higher eukaryotes. The primary
determinant of sex is the X:A ratio, the number of X chro-
mosomes relative to the number of sets of autosomes. The
evaluation of the X:A ratio initiates a regulatory cascade
that controls both somatic sexual differentiation and dos-
age compensation. This binary decision between male
and female development is mediated by at least 12 regula-
tory genes whose positions in this regulatory cascade
have been deduced from genetic studies (for reviews see
Baker and Belote, 1883, Cline, 1985; Baker et al., 1987).
Included among these loci are genes that regulate both
somatic sexual development and dosage compensation, as
well as genes that regulate either just sexual development
or dosage compensation. Here we are concerned with
just the part of the regulatory cascade that controls so-
matic sexual differentiation; this includes the Sex lethal
(Sxi). transformer (tra), transformer-2 (tra-2), doublesex

(dsx), and intersex (ix) loci. Genetic experiments suggest
amodel for the order in which these genes interact (Figure
1; for reviews see Baker and Belote, 1983; Cline, 1985).

Female development is elicited by an X:A ratio of 2:2
that results in the active expression of the Sx/ gene (Cline,
1985, 1986). The fra and tra-2 genes are believed to act
after (downstream of) the Sx/ locus, although the genetic
studies that suggest this (Cline, 1979) do not preclude the
possibility that tra and Sx/ act in parallel. Both the tra and
tra-2 loci are necessary in females for all aspects of so-
matic sexual differentiation; apparent null mutations in ei-
ther gene transform chromosomally female individuals
into phenotypic males. Both the tra and tra-2 genes func-
tion to control the activity of the dsx locus (Baker and
Ridge, 1980). The dsx gene is unique in the hierarchy in
that it actively controls both male and female sexual differ-
entiation. This regulation is negative; in females the dsx
gene functions to repress male differentiation, whereas in
males, the dsx gene functions to repress female differenti-
ation. The dsx locus therefore acts as a bifunctional switch
whose state of expression is determined by the activity of
the tra and tra-2 genes. Female differentiation also de-
pends on the expression of the ix locus that has been sug-
gested to act downstream of the dsx gene (Baker and
Ridge, 1980).

The control of sexual differentiation in males differs
from that in females in that many of the genes in the
regulatory hierarchy are inactive (Figure 1). In XY flies
only one sex determination regulatory gene, dsx, is known
to function. The male-specific dsx function acts to repress
the genes involved in female sexual differentiation. The
genes specifying male-specific terminal differentiation
are not repressed, thereby leading to male development.
No regulatory functions are known that are necessary
only in males for dsx to be expressed in this manner. This
suggests that the expression of the dsx male function is
the default state of expression of this gene, a condition
that occurs in the absence of regulation by the rest of the
sex determination hierarchy (Baker et al., 1987).

Genetic studies have also delimited when and how the
various components in this hierarchy function in the es-
tablishment and maintenance of sexual differentiation
during development. The reading of the X:A ratio that ini-
tially determines sex occurs once early in development,
and that determination is remembered by each cell there-
after (Sanchez and Néthiger, 1982; Baker and Belote,
1983). One proposed mechanism for this cellular “mem-
ory” is the positive autoregulation of the Sx/ gene (Cline,
1984). in contrast to the early and irreversible reading of
the X:A ratio, somatic sexual differentiation requires the
active and continual functioning of the sex determination
regulatory genes throughout much of development (Baker
and Ridge, 1980; Sanchez and Négthiger, 1982; Cline,
1985; Wieschaus and Néthiger, 1982; Belote and Baker,
1987). For example, studies done with temperature-sen-
sitive fra-2 alleles show that wild-type tra-2 function is
needed from at least second instar until the late pupal
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Figure 1. Modei for the Sex Determination Regulatory Hierarchy

Genetic experiments have defined a regulatory hierarchy for sexual dit-
ferentiation (Baker and Belote, 1983; Cline, 1985). Those parts of the
hierarchy relevant to this study are shown. The initial signal for this pro-
cess is the XCA ratio that is proposed to regulate the activity of the Sx/
locus in females via the da and sis-a genes (Cline, 1985, 1986). Sx/ is
believed to activate the tra and tra-2 genes, which in turn regulate the
bifunctional dsx locus. The ix locus acts with the dsx female function
to allow female differentiation. An X:A ratio of 1:2 results in male devel-
opment by keeping the Sx/ locus inactive. This in turn does not allow
the expression of the tra and tra-2 female-specific functions. In the ab-
sence of upstream regulation, the dsx male function is expressed.

period for normal sexual differentiation of adult cuticular
structures (Belote and Baker, 1987). The tra-2 product is
also necessary in adults to maintain the sexually differen-
tiated state of at least some sexually dimorphic tissues.
Thus, in aduit females both the occurrence of yolk protein
synthesis and absence of male courtship behavior require
the continued presence of the wild-type tra-2 product (Be-
lote et al., 1985; Belote and Baker, 1987). Taken together,
these results suggest that this regulatory hierarchy is
functioning throughout much of development to both
bring about and maintain sexual differentiation.

Some insights into the molecular basis of the sex-
specific functions of these regulatory genes have come
from the cloning and characterization of the Sx/ (Maine et
al., 1985), tra (Butler et al., 1986; McKeown et al., 1987),
and dsx (Baker and Wolfner, 1988} loci. In each case, a
complex transcription pattern is found that includes one
or more sex-specific RNA species, as well as nonspecific
RNAs. In the case of the fra gene, there is both a female-
specific and a sex-nonspecific transcript. These two
RNAs arise via differential splicing that generates a long
open reading frame in only the female-specific product
(Boggs et al., 1987). The dsx locus produces both male-
specific and female-specific RNAs, consistent with the
need for dsx expression in both sexes, which we believe
represent the functional dsx products on the basis of the
locations of dsx mutations and the time of expression of
these RNAs (Baker and Wolfner, 1988). These sex-
specific dsx transcripts contain long open reading frames
that would encode different proteins; they share common
5" exons but differ in the pattern of splicing and polyade-
nylation at their 3'ends (K. B. and B. B., unpublished data).

This suggests that a major aspect of the control of tra and
dsx expression occurs at the level of RNA processing.

We examined at the molecular level how the tra and dsx
genes are controlled by the other regulatory loci in the sex
determination hierarchy. Our results demonstrate that mu-
tations at some of these other loci alter the processing of
the tra* and dsx” transcripts in a manner sufficient to ac-
count for all the functional interactions between these
genes that are seen in genetic studies. In addition, we
show that in aduit females, the female-specific pattern of
the dsx transcripts is dependent on the continual pres-
ence of functional tra-2 product. This suggests that the
maintenance of the sexually differentiated state in the
adult is mediated by the dsx locus that requires continual
regulation by the genes upstream of it in the sexual hier-
archy.

Results

We are interested in determining the manner in which the
expression of the tra and dsx genes is controlled by other
reguiatory genes in the sex determination hierarchy. The
tra and dsx loci produce different RNAs in males and fe-
males that result, at least in part, from differential RNA
processing. Presumably, these sex-specific patterns of
RNA processing are mediated by one or more of the sex
determination regulatory genes that act prior to tra and
dsx. However, not all regulation of tra and dsx need occur
through RNA processing as there could alse be transla-
tional and/or posttranstational control. Genes that regu-
late at levels other than RNA transcription or processing
would not be expected to affect the sex-specific patterns
of the tra and dsx RNAs. Additional regulation of tra or dsx
could occur via feedback or cross-regulation by genes
that are either downstream of or parallel to them in the hi-
erarchy. To distinguish among these possibilities, we have
examined the patterns of transcripts produced by wild-
type copies of both the tra and dsx genes in flies carrying
mutations in other sex determination regutatory loci.

Regulation of the transformer Gene

The tra tocus gives rise to a 1.1 kb transcript that is found
in both sexes, and a 0.9 kb RNA that is present only in fe-
males (Figure 2; McKeown et al., 1987; Boggs et al., 1087).
These two RNAs are produced by alternative splicing of
a common precursor RNA (Boggs et al., 1987; Boggs and
McKeown, unpublished data). To determine whether the
occurrence of the female-specific splice is controlled by
other sex determination regulatory genes, we have exam-
ined the pattern of transcripts produced by wild-type tra
genes in chromosomally female flies mutant at either the
Sxl, tra-2, or dsx loci. As a probe for tra transcripts in these
experiments, we used a cONA that hybridizes to both the
female-specific and sex-nonspecific tra transcripts {Figure
2A).

Since null Sx/ mutations are lethal in females, we exam-
ined tra expression in flies carrying a heteroallelic combi-
nation of leaky Sx/ alleles that allows viability of some
diplo-X progeny. These flies undergo complete male so-
matic differentiation (Cline, 1984). Blots prepared from
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Figure 2. The Expression of tra RNAs in Different Mutant Back-
grounds

The sex-specific tra RNA patterns in different mutant backgrounds are
shown.

(A) Diagram of the female-specific and sex-nonspecific transcripts
from the tra locus. The probe was a nick-translated ¢cDNA of the sex-
nonspecific tra RNA. (B-D) Two to five micrograms of poly(A)” RNA
from wild-type and mutant adult flies were electrophoretically sepa-
rated and blotted to nitrocellulose. Filters were hybridized first with a
probe derived from a tra cDNA {top panels). As a control for loading
variations, the filters were reprobed with a nick-translated sequence
from the ribosomal protein gene rp49 (bottom panels; O'Connell and
Rosbash, 1984).

(B) Canton S represents the wild-type tra RNA pattern. Sx/fmiaiii
SxfMALImET - GumITMELY and SxiM* 1 ME3)Y are phenotypic males.

(C) Both XY and XX; tra-28itra-2° flies are sterile phenotypic males.
(D) Both XY and XX; dsx/dsx flies are intersexual. Smudges below the
tra transcripts are nonspecific background. These flies were produced
by the following crosses: (B) cm SxI™ ™M1 ct8 v; Dp(1,3jsn'%" x y w
SxIMILImIE otE Y. (C) BRYi +; cn tra-28 bwiCyO x '/+; cn tra-28
bwICyO; (D) BSY/ +; pPldsxITMBb x '/+; pP dsx/TMGb.

RNA from such flies were probed with a tra cDNA and the
results are shown in Figure 2B. A reprobing of the same
blot with a ribosomal protein mRNA (rp49) specific probe
(O'Connell and Rosbash, 1984) is included as a control for
variations in both the mobility between lanes and in the
amount of RNA loaded. This figure demonstrates that XX,
SxI~ flies display the male-specific pattern of fra tran-
scripts rather than the female-specific pattern, indicating
that the wild-type function of the Sx/locus is necessary for
the production of the female-specific tra transcript. In
chromosomally male (XY) flies carrying either of these Sx/
alleles, only the sex-nonspecific transcript is produced
and there is no discernable change in the amount of tra
RNA present. Therefore, while the transcription of the tra
precursor RNA is independent of the Sx/ gene, the female-
specific processing of the tra precursor RNA depends on
SxI* expression. This demonstrates that the Sx/ product
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Figure 3. Models for the Interactions of tra, tra-2, dsx, and ix

The possible sex determination regulatory pathways that are consis-
tent with the genetically derived hierarchy described in Figure 1 are di-
agrammed. (A) Possible interactions between tra and tra-2. (B) Possi-
ble interactions between dsx and ix. The molecular data in this paper
disprove the pathways placed in cross-hatched boxes. The remaining
two pathways describe the order of gene interactions at the RNA level,
but they do not take into account possible transtational or posttransla-
tional controls. The dotted arrow between Sxi and tra-2 indicate the
possibility that tra-2 may be directly or indirectly regulated by Sx/ or
may act independently of Sxf control. The existing data do not preclude
either possibility.

acts upstream of the tra gene in the regulatory hierarchy
as suggested by genetic studies (Cline, 1979) and pre-
cludes the possibility that the two genes act in parallel
pathways.

In order to determine if tra-2 controls fra at the RNA
level, we examined tra’ expression in flies mutant for tra-
2. Figure 2C shows that diplo-X, tra-2~ flies, which de-
velop as morphological males, express the female pattern
of tra® RNAs that is consistent with their chromosomal
sex and Sx/* genotype. There is also no effect of the tra-2
genotype on fra* expression in XY flies. This indicates
that, at the RNA level, tra-2 neither regulates tra nor is in-
volved in the Sx/ dependent female-specific processing of
the tra* RNA. These data are consistent with the hypoth-
esis that the Sx/ product acts directly on the tra RNA.

Genetic studies suggest that dsx acts after tra and tra-2
in the regulatory hierarchy that controls sex. In accord
with this expectation, we find that the pattern of RNAs pro-
duced by the tra locus is independent of the functioning
of the dsx locus (Figure 2D). Thus, both XX, dsx ™ and XY,
dsx flies express the tra RNA pattern consistent with
their chromosomal sex. This indicates that the control of
the sex-specific tra RNA patterns by Sx/ is neither medi-
ated by, nor requires, the presence of any dsx product.

The finding that dsx mutations do not affect the pattern
of RNAs produced by the tra locus precludes the possibil-
ity of a feedback loop in which the dsx products, either
directly or indirectly, regulate the expression of the tra
RNAs (Figure 3). Moreover, we show below that in diplo-X
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Figure 4. The Expression of the Male and Female-Specific dsx RNAs in Different Mutant Backgrounds

The sex-specific dsx RNA patterns in different mutant backgrounds are shown. The two autoradiograms in each set represent separate blots derived
from the same RNA preparations and prepared in parallel.

(A) Diagram of the sex-specific portion of the dsx transcripts and the location of the dsx sequences used as probes. (B-E) Ten to twenty micrograms
of total RNA from wild-type and mutant adult flies was electrophoretically separated and blotted to nylon filters. Filters were hybridized first with
a single-stranded dsx probe, then, with the exception of Figure 4E, reprobed with a nick-translated sequence from rp49. We believe that any differ-
ences in band intensities in Figure 4E are due to variations in the amount of RNA loaded per lane, as subsequent studies show no detectable differ-
ence in the level of dsx RNA expression in ix mutants versus wild-type (data not shown).

(B) Wild-type dsx RNA patterns.

(C) Sxf25%3Y flies are male while SxP5%3Sx/?5%3; Dp(1,3)SxI* flies are female (Dp[1.3]Sxi* connotes Dp{1,3]sn387). Sx125%3)Sx|?5%3 flies are intersexual
in phenotype. In the filter probed with the male-specific sequence, a high molecular weight band is seen in the SxP5%/Y and the Sx/?59%/Sx/2593;
Dp(1,3)SxI* lanes but not in the Sx/25% mutant RNA. Bands of this size are infrequently seen in other RNA preparations, including wild-type, and
could represent a rare or unstable precursor RNA species.

(D) All tra-2 and tra mutant flies are phenotypic males. Higher molecular weight bands present in some of the lanes are only occasionally seen in
these genotypes and could represent relatively rare or unstable precursor RNA species.

(E) XX; ix "Jix~ flies are intersexual in phenotype. Flies of the above genotypes were produced by the following crosses: (C) y Sx/299% ctbsnfy Sxi?5%3
ctsn; Dp(1,3)sn%" x y SxI?5%3 ctPsnly *Y. (D) FM6/y w cin; tra-2/Cy0 x y w cinly *Y: tra-21Cy0 and FM6/y w cin; tralTM6b x y w cinly ' Y: trai TM6b.
(E) BSYI +; ixTJCyO x '/+; ix~ICyO (ix™ = prcn ix, ix?, or jxD100.36)

flies, fra-2 mutations alter the expression of the dsx locus sponding to these transcripts indicate that they differ from
such that only the male-specific dsx transcript is produced each other as a consequence of differential RNA splicing
without affecting tra expression (Figure 2C). This result and poly-A addition sites. The presence of sex-specific
demonstrates that the presence of the dsx male product exons in these dsx RNAs has enabled us to make probes
does not prevent the expression of the female-specific tra specific for the male and female dsx transcripts (Figure
RNA and that the presence of the dsx female product is 4A). The wild-type dsx RNA patterns detected by these
not necessary for the female-specific pattern of tra RNAs. probes are shown in Figure 4B. The male-specific dsx

probe detects two sex-specific transcripts. Both Northern
Regulation of the doublesex Gene and cDNA analyses indicate that the larger, more abun-
The dsx locus express both male-specific and female- dant transcript, and probably the smaller one as well, un-
specific RNAs that are first detectable at the end of the dergo the male-specific splice at dsx (K. B. and B. B., un-
larval period (Baker and Wolfner, 1988; K. B. and B. B., un- published data). In Figures 4C and 4D, the smaller band
nublished datal Seniienre analucic af ~NNAe ~area.

ie vicihla nnlvu aftar lnna avmnciirn Wi Ada nak halinca thain
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difference in the relative abundance of the two transcripts
is due to the Sxi, tra, or tra-2 mutations tested since RNA
from phenotypically wild-type males in these autoradio-
graphs also shows reduced levels of this transcript (i.e.
Sx/2593)Y, XY; tra-2, and XY; tra) and we have found simi-
lar variability in the relative abundance of these two tran-
scripts in wild-type males. This may reflect a differing sen-
sitivity in the expression of the two transcripts to the age
of the adults tested andlor the genetic background. Be-
cause of these considerations, we will refer only to the
larger male-specific dsx transcript in the following analyses.

Our current understanding of the hierarchy controlling
sex determination in flies (Figure 1) suggests that the Sx/,
tra, and tra-2 loci are all necessary in females to switch the
dsx locus from expressing its male-specific function to ex-
pressing its female-specific function. To determine if this
regulation occurs at the RNA level, we examined the pat-
tern of dsx transcripts in flies homozygous for mutants in
these other regulatory genes.

Because null mutations at Sx/ are lethal when homozy-
gous in females, we examined the effects of a hypo-
morphic allele of Sx/ {(Sx/?59%) on the pattern of RNAs pro-
duced by a wildtype dsx gene. When homozygous,
Sx/?593 allows some diplo-X flies to survive and they dis-
play an intersexual phenotype (Marshall and Whittle,
1978; Cline, 1984). Diplo-X flies homozygous for Sx/2393
produce both the male and female dsx transcripts, consis-
tent with the hypomorphic nature of Sx/?%% and the ob-
served intersexual phenotype (Figure 4C). In contrast,
phenotypically normal females that carry one copy of
Sxi* express only the female dsx RNA (Figure 4C).
These results indicate that the wild-type Sx/ function is
necessary to prevent the formation of the male-specific
dsx RNA. We interpret these results to mean that in the
leaky $x/2593 mutants there is insufficient functional Sx/*
product to convert all of the dsx transcript into the female-
specific RNA, instead, some dsx transcript is processed
into the male-specific form. The fact that the male-specific
dsx transcript is produced in this genotype is consistent
with the view that the expression of the dsx male function
is the default form of dsx expression. This default state will
occur in either chromosomally male or female individuals
whenever the upstream female-specific controls are ab-
sent or inadequately expressed (Baker et al., 1987). The
pattern of dsx transcripts in XY flies is not affected by the
Sx/2593 mutation, a result expected since neither Sx/ null
alleles nor Sx/2583 cause a detectable mutant phenotype
in XY flies.

Genetic studies suggest that the tra and tra-2 ioci are
necessary for the expression of the female-specific func-
tion of the dsx locus; in the absence of either wild-type fra
or tra-2 activity, the dsx male-specific function is active (for
review see Baker and Belote, 1983). The results in Figure
4D show that the wild-type products of both genes are
necessary in females for the generation of the female-
specific dsx transcript. In both XY and XX flies homozy-
gous for tra or tra-2 mutations, only the male dsx RNA is
produced. These results indicate that the wild-type func-
tions of the tra and tra-2 loci are required for the female-
specific processing of the dsx transcript, whereas the ab-

sence of wild-type activity of either of these genes results
in the male-specific RNA splicing pattern.

Epistasis experiments indicate that the ix gene acts
downstream of the tra and tra-2 loci. However, the similar
phenotypes produced by ix and dsx mutants make it diffi-
cult to order these two genes in the hierarchy (Baker and
Ridge, 1980). Examination of three different ix mutant
combinations show that despite the substantial amounts
of male differentiation occurring in these dipio-X, ix~ flies,
only the female-specific dsx transcriptis produced (Figure
4E). Thus, the ix gene does not regulate the expression
of the dsx gene at the RNA level.

in Figure 2 and Figure 4, occasional bands can be seen
that do not correspond with known tra or dsx transcripts.
These do not correlate with any mutant genotype, are of
relatively low abundance, and are not consistently re-
produceable. We suggest that they could be rare or un-
stable precursor RNAs or cross-homologies with other
Drosophila transcripts. The latter possibility is particularly
relevant to dsx since cognate sequences have been iden-
tified by low-stringency hybridizations with dsx probes to
genomic DNA libraries (Andrew, 1987). We do not pre-
clude the possibility of novel transcripts arising as a con-
sequence of these mutations, however, we see no evi-
dence for them in our experiments.

The Role of the doublesex Gene in Maintaining

the Sexually Differentiated State of the Fly

The regulatory hierarchy described in Figure 1 controls
the differentiation of sexually dimorphic adult cuticular
structures, a process completed by the end of the pupal
period (Baker and Belote, 1983). That these regulatory
genes interact in the same hierarchical manner to estab-
lish at least some of the sexually dimorphic internal char-
acteristics of the adult has been shown by studies on the
control of expression of the female-specific yolk protein
genes (Ota et al., 1981). Furthermore, even in the adult
stage after sexual differentiation has occurred, yolk pro-
tein synthesis and female mating behavior require the
continuous expression of the tra-2 gene (Belote et al,,
1985; Belote and Baker, 1987). However, it is not known if
the tra-2 gene maintains the sexually differentiated state
in the adult via the same cascade of regulatory interac-
tions that establishes the pattern of sexual differentiation
during development. Alternatively, it is possible that the
action of tra-2 in the maintenance of sexual differentiation
in the adult occurs independently of the rest of the hier-
archy.

To distinguish between these possibilities, we examined
the pattern of dsx transcripts produced in response {0 tem-
perature shifts of adult flies carrying a temperature-
sensitive tra-2 allele. Diplo-X individuals homozygous for
the tra-2's? allele were raised at the semipermissive tem-
perature of 18°C until eclosion. These flies were pheno-
typically female, although occasionally a female-like inter-
sex was found. The adults were maintained either at 18°C
or placed at 29°C for 2 days, at which time their RNA was
isolated and analyzed (Figure 5). Flies maintained at 18°C
showed significant amounts of the female dsx transcript
and low, though noticeable, levels of the dsx male tran-
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Figure 5. Changes in dsx Expression in XX; tra-2/5? Females Follow-
ing Temperature Shift to 29°C

The sex-specific dsx RNA patterns in XX, tra-2%52 flies are shown. XX;
tra-2'2 bw females were raised and kept at 18°C until 2448 hr after
eclosion, then either kept at 18°C for 2 days or shifted to 29°C for 2
days before analysis by Northern blotting. Total RNA (10--20 ngflane)

from adult flies were electrophoretically separated and blotted to a ny-
lon filter. The two autoradiograms represent separate blots derived
from the same RNA preparations and prepared in parallel. Blots were
hybridized first with single-stranded probes prepared from sequences
spectfic for either the male or female dsx transcripts (see Figure 4A).
Blots were subsequently reprobed with nick-translated sequences
from rp49.

script. After a shift to the restrictive temperature of 29°C,
the opposite result was seen; these flies had reduced lev-
els of the fernale dsx transcript relative to the amount of
male-specific transcript. These results indicate that even
after sexual differentiation is established, dsx expression
is still under the control of the tra-2 gene product. Thus,
the expression of the dsx gene is not irreversibly fixed at
the time of sexual differentiation. Instead, the continuous
regulation by the tra-? gene, and by inference the rest of
the sex determination loci, is needed to maintain the sex-
specific pattern of dsx expression. This result is consistent
with tra-2 acting together with the rest of the sex regulatory
hierarchy to maintain the sexually differentiated state of
the adult.

Discussion

The cloning of the tra and dsx loci has allowed the analy-
sis of the regulation of sexual differentiation at the molecu-
lar level. Transcriptional studies at tra (Butler et al., 1986;
McKeown et al., 1987) and dsx (Baker and Wolfner, 1988)
have identified RNAs for both genes that are specific to
the sex in which these genes are known to be active. The
molecular data presented here demonstrate that the for-
ration of these sex-specific RNAs is controlled by the sex
determination regulatory hierarchy through the alternative
splicing of sex-specific exons.

We have used our molecular data to order the sex

regulatory genes in an epistatic hierarchy. By assuming
that loci affecting the tra or dsx RNA patterns act prior to
these genes, while loci that fail to do so function either in
parallel with or downstream of tra and dsx, an epistasis
pattern of Sxf>traztra-2>dsxzix is derived (Figure 3) that
is consistent with the hierarchy deduced from genetic
studies. It is particularly striking that in every case where
genetic studies infer that a gene acts prior to tra (or dsx),
mutations in that gene alter the tra (or dsx) RNA process-
ing pattern. While these results obviously cannot preciude
regulatory interactions at other levels, the regulation of
RNA splicing revealed by these experiments is sufficient
to account for all of the known functional interactions be-
tween tra or dsx, and the other regulatory genes in this hi-
erarchy.

We find no evidence for feedback regulation of the tra
or dsx genes by downstream functions. Specifically, our
data show that neither ectopic expression of the dsx male
product (occurring in XX, tra-2- flies) nor the absence of
wild-type dsx activity affects tra expression. Similarly, the
production of the dsx transcripts is independent of ix mu-
tations; in diplo-X, ix~ flies only the female-specific dsx
transcript is produced. Therefore, the ix product is not
needed to maintain the expression of the dsx female RNA
nor to prevent the formation of the dsx male transcript.

These data demonstrate that everything necessary for
the male-specific processing of the dsx RNA is normally
present in diplo-X individuals. The failure to produce the
male-specific dsx RNA in females is due to the sequential
functioning of the wild-type products of the Sx/, tra, and
tra-2 genes, which impose the alternative (female-spe-
cific) pattern of RNA processing. This is in keeping with
our suggestion (Baker et al., 1987) that the expression of
the dsx male function is a default state of gene expression
that depends solely on the basic housekeeping machin-
ery of the cell and not on any sex-specific controls.

Our experiments have also provided insights into some
previously ambiguous aspects of the sex determination
regulatory hierarchy. The similarity in the phenotypes pro-
duced by tra and fra-2 mutations, as well as by dsx and
ix lesions, precludes a determination based on genetic ex-
periments of the order in which these genes function
(Baker and Ridge, 1980). We found that the regulation by
Sxl of tra RNA processing is not mediated by the tra-2 lo-
cus, indicating that either the tra-2 gene functions down-
stream of, or parallel to, the tra locus (Figure 3A), or that
it regulates tra at some level other than transcription or
RNA processing. Similarly, the ix gene must act down-
stream of, or in parallel with, the dsx locus in females (Fig-
ure 3B).

These results provide experimental support for a re-
cently proposed molecular model that attempts to consoli-
date several important features of this regulatory hierar-
chy. Boggs et al. (1987) proposed that Sx/ regulates the tra
gene by controlling sex-specific alternative splicing. In ad-
dition, they suggested that the positive autoregulation of
the Sx/locus (Cline, 1984) could be mediated via the same
RNA splicing activity. The female-specific product of the
Sx/locus could both result from as well as cause a female-
specific pattern of splicing on the primary Sx/ transcript.
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This would potentially provide a molecular explanation for
the cellular “memory” of the X:A ratio that Cline (1984)
suggested was mediated by the autoregulation of the Sx/
gene. An intriguing possibility raised by this model is that
the other proposed function of Sx/, the regulation of dos-
age compensation through the control of the male-specit-
ic lethal genes (msls; Uenoyama et al., 1982; Lucchesi
and Skripsy, 1983), might also be regulated by alternative
splicing. For example, the wild-type action of the Sx/ prod-
uct in preventing the expression of the msi genes in fe-
males could occur by its mediating the splicing of the msi
transcripts into nonfunctional RNAs. This model would
therefore consolidate the regulation of such genetically
and functionally distinct processes as the establishment
of the sexually determined state, the “memory” of the X:A
ratio in individual cells, and the establishment of dosage
compensation, to a single RNA splicing activity that is en-
coded at or regulated by Sx/. The data in this paper di-
rectly demonstrate the validity of one crucial aspect of
this model: that the Sx/ locus functions in females to direct
the formation of the female-specific tra RNA. The molecu-
"lar analysis of the Sxfand the msl genes should allow simi-
lar testing of the rest of this hypothesis.

Experimental Procedures

Fly Strains

The Sx! alleles used in these studies are partially functional mutations
that allow the survival of diplo-X flies but result in sexual transforma-
tion. SxiM7HM3 and SxI"* M gre described in Cline (1984), and
Sxi*%9% i described in Marshall and Whittle (1978) and Cline (1984).
Dp(1,3)sn' is acm”, Sxi*, ct’ duplication (Cline, 1978). Three tra-2
alleles were used in these studies: tra-2 (Watanabe, 1975), tra-2° (Be-
lote and Lucchesi, 1980), and tra-2'? (Belote and Baker, 1983). The
ixPi0238 gllele is an EMS-induced recessive mutation obtained from
lan Duncan. Descriptions of mutants and rearrangements not referred
to in the text are found in Lindsley and Grell (1968). Flies were raised
on a standard cornmeal, molasses, yeast, agar media containing
propionic acid as a mold inhibitor and supplemented with live yeast.

RNA Preparation

RNAs for experiments on the tra locus were made as described in
McKeown et al. (1987) with the exception that flies were neither frozen
nor ground prior to homogenization. All RNAs are poly(A)* and were
prepared by batch purification in microfuge tubes. RNAs for the dsx
experiments were obtained as follows: 10-50 adult flies were
homogenized in a Dounce homogenizer in 10 mi of 1:1 hormogeniza-
tion buffer: phenol (homogenization buffer: 015 M NaCl, 15 mM
MgClp,, 10 mM Tris-HCI [pH 8,0], 0.5% sodium dodecyl sulfate). The
supernatant was extracted twice with 1.1 phenol:chloroform then etha-
nol precipitated. The nucleic acid precipitate was resuspended in 10
mi Tris-HC! (pH 8.0), 1 mM EDTA, and the concentration was deter-
mined by OD 260.

RNA Blotting and Hybridization

For the Northern analysis of the tra locus, blots and probes were as
described in McKeown et al. (1987) and Boggs et al. (1987). For the
analysis of the dsx gene, 10-20 ng of total RNA were loaded par lane
in a formaldehyde gel and blotted to Nytran (Schleicher and Schuell)
as described in Maniatis et al. (1982). Single-stranded DNA probes
were derived from dsx genomic and ¢cDNA sequences subcloned into
the M13 vector utilizing primed synthesis from a 17/mer M13 primer.
Hybridizations were done in 5x SSPE (or 5x SSC), 5x Denhardt solu-
tion, 50 pg/ml salmon sperm DNA, 0.2% SDS at 42°C. To control for
variations in loading, the filters were reprobed with the ribosomal pro-
tein gene rp49 (O'Connell and Rosbash, 1984), which appears to be
uniformly expressed in both sexes.
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