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ABSTRACT

A pair of muscles span the fifth abdominal segment of male but not female Drosophila melanogaster
adults. To establish whether genes involved in the development of other sexually dimorphic tissues
controlled the differentiation of sex-specific muscles, flies mutant for five known sex-determining
genes were examined for the occurrence of male-specific abdominal muscles. Female flies mutant for
alleles of Sex-lethal, defective in sex determination, or null alleles of transformer or transformer-2 are
converted into phenotypic males that formed male-specific abdominal muscles. Both male and female
flies, when mutant for null alleles of doublesex, develop as nearly identical intersexes in other somatic
characteristics. Male doublesex flies produced the male-specific muscles, whereas female doublesex flies
lacked them. Female flies, even when they inappropriately expressed the male-specific form of
doublesex mRNA, failed to produce the male-specific muscles. Therefore, the wild-type products of
the genes Sex-lethal, transformer and transformer-2 act to prevent the differentiation of male-specific
muscles in female flies. However, there is no role for the genes doublesex or intersex in either the

generation of the male-specific muscles in males or their suppression in females.

O accommodate the change in form, locomotion
and behavior of the adult holometabolous in-
sect, the musculature of the vermiform larva is histo-
lyzed and replaced (for review, CROSSLEY 1978). Dur-
ing metamorphosis, the adult abdominal musculature
is constructed de novo from several clusters of meso-
dermal precursors, which found particular muscles in
each hemisegment (BATE, RUSHTON and CURRIE
1991; BROADIE and BATE 1991). These precursors, in
association with nerves innervating the hemisegment,
attach to sites on the newly formed pupal cuticle to
create individual abdominal muscles (CURRIE and
BaTE 1991). Fusion of nearby myoblasts with the
developing muscle contribute to the final syncytial cell
(CURRIE and BATE 1991). A similar pattern of abdom-
inal muscles is present in both sexes except for a pair
of large dorsal muscles in the fifth abdominal segment
of male flies that are absent in female flies (also called
the muscle of Lawrence) (LAWRENCE and JOHNSTON
1984; COURCHESNE-SMITH and TORBIN 1989; GAILEY,
TAYLOR and HALL 1991).

While the developmental processes involved in
adult myogenesis are becoming clearer, the genetic
and molecular mechanisms that specify the identity of
muscles is still poorly understood. Experimental stud-
ies on muscle development in other insects have sug-
gested that the presence of attachment sites in the
cuticle and innervation by motorneurons are impor-
tant components in the normal development of mus-
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cles (for review, NUEscH 1985). In Drosophila, ex-
amination of larvae homeotically transformed by Ul-
trabithorax mutations have shown that the influence
of the cuticle on muscle pattern is not a simple induc-
tion, since the musculature transformations are not in
register with the cuticular transformations (HOOPER
1986). Homeotic mutations can affect both the muscle
pattern and the overlying ectoderm in concert, such
as the formation of the male-specific muscle in other
abdominal segments transformed to the fifth abdom-
inal segment by mutations in the Abdominal B portion
of the bithorax complex (LAWRENCE and JOHNSTON
1984). The source of muscle patterning information,
in at least one case, clearly derives from the central
nervous system. From elegant experiments using sex-
ually mosaic flies, the formation of the male-specific
muscle was found to be dependent on the innervation
of muscles by male-specific motorneurons and not a
cell autonomous decision by the muscle-forming cells
themselves or dependent on the sexual or segmental
identity of the cuticle (LAWRENCE and JOHNSTON
1984, 1986). These sexually dimorphic muscles are a
tractable system in which to study the mechanisms
responsible for determining muscle identity in Dro-
sophila.

In Drosophila, the initial chromosomal assignment
of sexual identity, the X chromosome to autosome
ratio, is translated into the proper sex-specific differ-
entiative signal within cells of sexually dimorphic so-
matic tissues by the activity of a small number of
genes. Five genes have been identified as belonging
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FIGURE 1.—Model of the transfer of information from the chro-
mosomal assessment of sexual identity through the genes of the
somatic arm of the sex-determining hierarchy (see also BAKER and
BeroTE 1983; CLINE 1985; NOTHIGER and STEINMANN-ZWICKY
1985; WOLFNER 1988; BAKER 1989; SLEE and BowNEs 1990;
STEINMANN-ZWICKY, AMREIN and NOTHIGER 1990). The first gene
shown in this hierarchy is Sxi, the maternal and zygotic genes that
transmit the chromosomal signal to Sx{ are not shown. In chromo-
somally female flies, the action of Sx! on the primary transformer
transcript results in the production of a female-specific tra protein
which in combination with the ¢ra-2 protein directs the female-
specific splicing of the dsx primary transcript and the generation of
a female-specific dsx protein. In chromosomally male flies, the only
functional product is derived from the default splicing of the dsx
primary transcript and results in the formation of a male-specific
dsx protein. The dsx proteins are transcriptional regulators of
downstream genes (BURTIS ¢t al. 1991) and have the effect of
blocking the expression of sexual characteristics of the opposite sex
(BAKER and RIDGE 1980; BAKER and BELOTE 1983) or activating
the proper sexual pathway (TAYLOR and TRUMAN 1992).

to the sex-determining cascade that regulates sexual
development: Sex-lethal (Sxl), transformer (tra), trans-
Jformer-2 (tra-2), doublesex (dsx) and intersex (ix). The
organization of these genes into a genetic hierarchy,
as shown in Figure 1, has been established by genetic
and molecular experiments (for reviews, BAKER and
BELOTE 1983; CLINE 1985; NOTHIGER and STEIN-
MANN-ZWICKY 1985; ToMPKINS 1986; WOLFNER
1988; BAKER 1989; SLEE and BOwNES 1990; STEIN-
MANN-ZWICKY, AMREIN and NOTHIGER 1990).

The current state of our understanding of the ge-
netic and molecular aspects of the sex-determining
hierarchy is summarized below. In female zygotes, the
X chromosome to autosome ratio is interpreted by the
products of several maternal and zygotic genes (CLINE
1978, 1986, 1988; OLIVER, PERRIMON and MAHOW-
ALD 1988) leading to the transcriptional activation of
Sxl with subsequent maintenance by autoregulation
(CLINE 1984). Expression of a functional Sx/ protein
causes the production of a female-specific tra product
by the promotion of a sex-specific splice of tra pre-
mRNA (NAGOsHI ¢t al. 1988; INOUE et al. 1990).
Female differentiation depends on the combined ac-
tivity of the female-specific tra product and the tra-2
protein. Chromosomally female flies (X/X) expressing
Sx! alleles, mutant for sex determination functions, or
null alleles of ¢ra or tra-2 develop somatically as phe-
notypic males. In these mutants, all somatic tissues
that have been examined are affected including fat
body cells (BOWNES and NOTHIGER 1981; OTA et al.

1981; BELOTE et al. 1985; BOWNES, SCOTT and BLAIR
1987; BOWNES, STEINMANN-ZWICKY and NOTHIGER
1990), external cuticle and genital disc (STURTEVANT
1945; WATANABE 1975; BAKER and RIDGE 1980;
WIESCHAUS and NOTHIGER 1982; BELOTE and BAKER
1982; EpPER and BRYANT 1983; CLINE 1984; DIBE-
NEDETTO ¢t al. 1987; MONSMA and WOLFNER 1988;
CHAPMAN and WOLFNER 1988; TAYLOR 1989; FENG,
ScHIFF and CAVENER 1991), nervous system and male-
specific courtship behaviors (MCROBERT and Tomp-
KINS 1985; ToMPKINS 1986; ToOMPKINS and Mc-
RoOBERT 1989; TAYLOR and TRUMAN 1992). Thus,
the wild-type differentiative function of the Sxl, tra
and tra-2 genes in female somatic tissue is to suppress
masculine development. In contrast, the somatic de-
velopment of chromosomally male flies (X/Y) is unaf-
fected by null mutations in these three genes.

The dsx* gene plays a pivotal role in the cascade
since it is the only gene that provides functional pro-
teins in both sexes, which act as transcription regula-
tors of target genes involved in terminal differentia-
tion processes (BAKER and RIDGE 1980; BAKER and
WOLFNER 1988; BURTIS and BAKER 1989; BURTIS et
al. 1991). In females, under the direction of the
female-specific tra product and the tra-2 protein, the
primary dsx transcript is spliced into a female-specific
dsx mRNA (BAKER and WOLFNER 1988; NAGOSHI et
al. 1988; BURTIS and BAKER 1989; RYNER and BAKER
1991; HEDLEY and MANIATIS 1991; HOSHIJIMA et al.
1991). The resulting female dsx product has been
proposed to cause female sexual differentiation in
most sexually dimorphic tissues by repressing male
differentiation (BAKER and RIDGE 1980; BAKER and
BELOTE 1983) and in a portion of the nervous system
by activation of the female pathway (TAYLOR and
TRUMAN 1992). In males or in females missing ¢ra or
tra-2 function, the dsx pre-mRNA is spliced into the
male-specific form of dsx mRNA (NAGOSHI et al.
1988). The male-specific dsx product, then, mediates
somatic male differentiation in most tissues by the
suppression of female differentiation (BAKER and
RIDGE 1980; BAKER and BELOTE 1983) or in a part of
the nervous system by an activation of the male path-
way (TAYLOR and TRUMAN 1992). In the absence of
dsx function, both chromosomally male and female
flies develop into phenotypic intersexes (HILDRETH
1965; BAKER and RIDGE 1980; POSTLETHWAIT,
BowNES and JOwETT 1980; O1A et al. 1981; BOWNES
and NOTHIGER 1981; NOTHIGER, ROOST and SCHUP-
BACH 1980; CHAPMAN and WOLFNER 1988; FENG,
ScHIFF and CAVENER 1991). In addition, suppression
of male sexual development in X/X flies requires x™
gene function (KROEGER 1959; BAKER and RIDGE
1980; CHAPMAN and WOLFNER 1988).

This paper examines the role of the known sex-
determining genes in directing the development of
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TABLE 1

Number and genotype of abdomens examined for the presence
of the male specific muscle

Genotype X/X X/Y
Control
cs 45 (0%) 34 (100%)
Single loss-of-function mutations
Sex-lethal
SxlP7M1 [y M ifm3 21 (ytwrem* v;
100)
Sx 7M1 12 (y* em v; 100)
Sx(Min? 3 (yw; 100)
transformer
tra'ftra’ 19 (y; 100) 5 (y* Y; 100)
tra’/DF(3L)st” 20 (100) 13 (B’ ¥; 100)
tra*/Df(3L)st” 19 (100) 18 (B' Y; 100)
tra’/Df(3L)st” 15 (100) 8 (B'Y; 100)
transformer-2
tra-2"/tra-2' 7 (y; 100) NT
tra-28/tra-2° 23 (100) 5 (B° Y; 100)
tra-2°/Df(2R)trix 15 (y*; 100) 18 (y; 100)
tra-2"'[tra-2*" (26°) 7 (y; 100) 5 (y* Y; 100)
tra-2"!/tra-2"* 74 (y; 100) 11 (y*Y; 100)
(16, 18, 25, 29°)
tra-2"*/tra-2"* 29 (y; 100) NT
(16, 25°)
doublesex
dsx!/dsx’ 17 (y; 0) 7 (y* ¥; 100)
dsx!/dsx"® 13 (y; 0) 12 (y* ¥; 100)
dsx'[dsx "’ 4(y50) 2 (y; 100)
dsx!/dsx'® 8 (y% 0) 13 (y; 100)
dsx?/dsx!? 24 (y*; 0) 14 (y; 100)
dsx'%/dsx"’ 25 (y*; 0) 6 (y; 100)
Df(3R)dsx"’/dsx® 40 (0) 14 (B ¥; 100)
intersex
! i 22 (0) 8 (100)
ix? i 21 (0) 27 (100)
ixDlOO)Sa/ixDIGO%a* 18 (0) 17 (100)
ix/Df(2R)en® 36 (w*; 0) 15 (w; 100)
ix?/Df(2R)en® 7 (w*; 0) 5 (w; 100)
kP13 DRI 9 (w*; 0) 8 (w; 100)

Double loss-of-function mutations

tra’ dsx'/tra’ dsx’ 10 (y; 100) 10 (y* Y; 100)

ix!fix ', D(3R)dsx "’ /dsx** 21 (0) 15 (B* Y; 100)
Single gain-of-function mutations
Sex-lethal
SxMifFare (95 ) 5 (0) 21 (100)
transformer

hstra* Df(3L)st’/tra’ 12 (100)
transformer-2
tra-28/tra-25; tra-2* 25 (0)
TxL3/tra-2% TxL3
tra-2* TxF4/tra-2* 22 (0)
TxF4; tra-2%/tra-

10 (B’ Y; 100)
10 (B' Y; 100)

11 (B ¥; 100)

28
doublesex
dsxP/dsx* 53 (0) 10 (B’ Y; 100)
dsxcM/dsx* 25 (0) 10 (B* Y; 100)
dsx®/Df(3R)dsx "’ 56 (0) 38 (B°Y; 100)
dsx?/dsx! 24 (0) 9 (B°Y; 100)
Double gain-of-function mutations
ix!fix!; dsx®[dsx* 14 (0) 7 (B°Y; 100)
ix'/Df(2R)en®; dsxP/dsx* 11 (0) 4 (B Y; 100)

The percentage of preparations with segment spanning muscles
is given in parentheses after the designation of the visible markers
used to score the chromosomal sex of the adults. The complete

sexually dimorphic skeletal muscles. The presence or
absence of the male-specific muscle was assayed in
abdominal cuticle preparations from flies whose phe-
notypic sex had been altered by mutations in these
genes. Due to the nonautonomous nature of the male-
specific muscle, the presence or absence of the muscle
is a reflection of sex determination decisions made in
another tissue, the central nervous system. The
proper sexual expression of sex-specific muscles is
regulated by the activity of Sxl, tra and tra-2 genes
but not by the dsx or ix genes. This genetic analysis
suggests that additional genes in the sex-determining
hierarchy, as yet unidentified, occupy a position anal-
ogous to that of dsx in the suppression of the appear-
ance of the male-specific muscle in female flies.

MATERIALS AND METHODS

Muscle visualization: Dorsal abdomens were dissected
from 1-4-day-old adults. The abdominal half-shells, com-
posed of the dorsal cuticle and underlying muscles, were
fixed in 4% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4) for 0.5-1 hr. Tissues were incubated in anti-myosin
antisera (a gift from D. KIEHART) (KIEHART and FEGHALI
1986) at a dilution of 1:200 in 0.1 M phosphate buffer,
containing 0.5% Triton-X and 1% heat-inactivated normal
goat serum. An anti-rabbit secondary antibody conjugated
to rhodamine (Cappel) was used for visualization of the
muscles. Incubation times ranged from overnight to 2 days,
depending on the quantity of subcutaneous fat body. Muscle
lengths were measured using camera lucida tracings made
under either polarized light or fluorescent optics.

Fly stocks: Animals were raised on a standard diet of
molasses, cornmeal and agar supplemented with live yeast.
All flies were maintained at room temperature except for
the temperature-sensitive mutants of ¢ra-2. Flies mutant for
one or more of the sex-determining genes were generated
from standard crosses. The mutations of the sex-determin-
ing genes used in this study are described below. Descrip-
tions of all other mutations are found in LINDSLEY and Z1MM
(1992). Wherever applicable, new allele designations con-
form to those used in LINSDLEY and ZiMM (1992).

Since many of the mutations used alter the phenotypic
sexual differentiation with respect to the chromosomal sex-
ual identity, chromosomally female and male flies, in most
cases, were distinguished through the use of genetic markers
on the X or ¥ chromosome as listed in Table 1. Chromo-
somally male flies were distinguished from female flies in
four ways. Male flies that carry a Bar (B%) ¥ chromosome
have small eyes compared to their wildtype sisters. Females
that are yellow (y) or white (w) homozygotes when crossed to
males with normal X and Y chromosomes have y or w sons

genotype of the flies listed below is provided in MATERIALS AND
METHODS. Abdominal muscles were stained with the anti-myosin
antibody and viewed under fluorescent optics or visualized under
polarized light. Female and/or male flies, when mutant for some of
the sex-determining genes, express sexual phenotypes that differ
from their chromosomal sexual identity. The chromosomal consti-
tution of individual flies was established with the following ¥ chro-
mosome markers Bar-stone (B°), which causes small eyes, or y*, in a
yellow (y) background, or the X chromosome markers in crosses
between y homozygous females and y* males or between white (w)
females and w* males.

* Flies were sexed by phenotype rather than with genotypic
markers.
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and daughters wild type for these markers. When homozy-
gous y females are crossed to y/y* ¥ males, the daughters are
y and the sons are wild type in color.

Three Sx! alleles (provided by T. CLINE) were used. In
transheterozygotes, two alleles, cm SxV™™' ¢t® v, and y w
SxI™3 ¢t® v, have sufficient X chromosome dosage compen-
sation to permit the survival of chromosomally female flies
but transform them into phenotypic males (CLINE 1984). A
temperature-sensitive allele cm SxI™/7*™ ¢t v causes male
flies to develop as external intersexes at 25° (MAINE et al.
1985).

Three tra loss of function alleles (provided by J. M.
BELOTE, F. M. HOFFMAN and B. S. BAKER) were used: th st
tra' in ri p* (STURTEVANT 1945), tra® kar ry red, and tra’ kar
ry red (BELOTE et al. 1990). The tra’ allele is a small defi-
ciency of the coding region (MCKEOWN, BELOTE and BAKER
1987). The deficiency Df(3L)s¢” (73A1-2; 73B1-2), Ki roe p*
(McKEOWN, BELOTE and BAKER 1987; BELOTE et al. 1990)
uncovers the tra locus. The hstra™ female strain used in this
study (a gift from M. MCKEOWN) converts chromosomally
male flies and X/X tra null females into externally female
flies at room temperature (BoGGs et al. 1987; MCKEOWN,
BELOTE and BoGGs 1988). This strain carries a P element-
induced transposition of the female-specific tra* cDNA un-
der a heat shock promoter which has been recombined onto
the Df(3R)s#” chromosome (BOGGsS et al. 1987).

Four loss of function tra-2 alleles were used (gifts of J. M.
BELOTE and B. S. BAKER): tra-2 (WATANABE 1975), cn tra-
2% bw (BELOTE and LuccHESsI 1980; MATTOX and BAKER
1991), cn tra-2"' bw (BELOTE and LuccHESI 1980; AMREIN,
MANIATIS and NOTHIGER 1990) and ¢n tra-2“? bw (BELOTE
and BAKER 1982; AMREIN, MANIATIS and NOTHIGER 1990).
A small deficiency Df(2R)trix; 51A1-2;51B6 (GORALSKI, ED-
STROM and BAKER 1989) uncovers the ¢ra-2 locus. Two lines
carrying an insert of tra-2* cDNA, TxF4M8F8 (TxF4) and
TxL3M3M2 (TxL3) (gifts from T. GORALSKI and B. S.
BAKER) in a tra-2® mutant background were used. In the
TxF4tra-2* line, the tra-2® masculinization of the genitalia
of female flies or male sterility was not fully rescued (T.
GORALSKI, unpublished results), both phenotypes were com-
pletely rescued in TxL3tra-2* (GORALSKI, EDSTROM and
BAKER 1989).

Four point mutations of dsx were used (provided by B. S.
BAKER): dsx’ p* (HILDRETH 1965), dsx’* (dsx”'°**") and dsx"®
(dsxP1%°#2 both isolated by 1. DUNCAN), and dsx'*® (dsx*"*,
isolated by T. HAZELRIGG). The heteroallelic combination
of chromosomal rearrangements dsx? (In(3R)dsx"**’, bx sr
¢)/Df(3R)dsx"’> (Df(3R)dsx™**"’) (DuNcAN and KAUFMAN
1975; BAKER and WOLFNER 1988; BAKER et al. 1991) elim-
inates all dsx sex-specific transcripts on Northern blots (R.
NAGOSsHI, personal communication). Two dominant muta-
tions (provided by B. S. BAKER and R. NAGOsHI), dsx” Sb ¢*
(FuNG and GOWEN 1957; GOwEN and FuNG 1957; DENELL
and JACKSON 1972) and dsx™ (MiscHAIKOW 1959; No6-
THIGER, R0OOST and ScHUPBACH 1980) were tested.

Three loss of function alleles at the ix locus were exam-
ined (provided by B. CHASE and B. S. BAKER): pr cn ix’
(MORGAN, REDFIELD and MORGAN 1943), ix? (MEYER and
EDMONDSON 1951), ix?!?%6 (isolated by 1. DUNCAN). The
deficiency Df(2R)en® (47E3-6;48 A4) (EBERLEIN and RUSSELL
1983) (provided by B. CHASE), uncovers the ix gene (B.
CHASE, personal communication).

The following double mutant combinations were con-
structed using standard genetic crosses from single mutant
stocks: (1) BY; pr cn ix' /SM1; Df(3R)dsx"’/TM2, (2) pr cn ix'/
SM1; In(3R)dsx*’/TM2 and (3) pr cn ix'/SM1; dsx” Sb e/ TM2.
The tra’ dsx" p*/TM6B stock was a gift from B. S. BAKER.

FIGURE 2.—Photomicrographs of the fourth and fifth dorsal
abdominal segments of Canton-S flies that were stained with the
anti-myosin antibody. The heart demarcates the dorsal midline and
is tethered to the tergites by alary muscles which insert laterally
(arrowheads). (A) In the male abdomen, the large male specific
muscles (MSM, arrow) are located medial to the alary insertions.
More lateral portions of the abdomen have been dissected away.
(B) In the female abdomen, muscle fibers medial to the alary
insertions were the same size as those positioned closer to the dorsal
midline. 4, Fourth abdominal tergite; 5, fifth abdominal tergite; H,
heart. Anterior is to the top in this and all subsequent figures.

RESULTS

Sexually dimorphic abdominal muscles in control
flies: In the fifth abdominal segment of male flies, the
dorsal midline is flanked by a pair of large multifiber
muscles (LAWRENCE and JOHNSTON 1984; COUR-
CHESNE-SMITH and SMITH 1989; GAILEY, TAYLOR and
HALL 1991; Figure 2A; Table 1). These male-specific
muscles were always found medial to the alary muscle
insertions that anchor the heart to the dorsal cuticle
(Figure 2A). Each muscle is composed of around five
to six closely associated fibers (Table 2), that insert
into the cuticle as a coherent bundle. For a more
detailed physical characterization of the male-specific
muscle, the insertion sites of this muscle were com-
pared to those of the fifth abdominal internal oblique
muscle, a retained larval muscle present transiently in
newly eclosed flies (MILLER 1950; CROSSLEY 1978;
KiMURA and TRUMAN 1990). The posterior insertion
site of the male-specific muscle is apposed to the
attachment site of the interior oblique muscle, which
marks the fifth/sixth segmental boundary. The ante-
rior insertion point of the male-specific muscle was
close to, but not coincident with, the insertion site of
the interior oblique muscle, which demarcates the
fourth/fifth segmental boundary (data not shown).
Thus, the male-specific muscle spans nearly the entire
dorsal width of the fifth abdominal segment.

In the fifth abdominal segment of female flies, small
dorsal longitudinal muscles occupied a position com-
parable to that of the male-specific muscle in male
flies (MILLER 1950; LAWRENCE and JOHNSTON 1984;
CuRRIE and BATE 1991; GAILEY, TAYLOR and HALL
1991; Figure 2B). Two to four individual muscle
fibers were located medially near the alary insertions;
one or more of these fibers may represent the female
replacements of the male-specific muscle (Figure 2B).
Each of these muscle fibers in a female had a posterior
insertion within the intersegmental cuticle near the
margin of the fifth abdominal tergite and an anterior
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TABLE 2

Average number of muscle fibers in male specific muscles

No. of muscle fibers in the

Genotype X/X X/Y
Control
CS 0.0 5.7+0.2
Single loss-of-function mutations
Sex-lethal
Sxtfm7M1 [ Sy MVm3 5.6 £ 0.2¢9 NT
transformer
tra/Df(3L)st” 54+0.2¢ 5.4+0.29
tra’/Df{3L)st” 5.8+ 0.2¢ 5.8+0.2¢
tra’ | Df(3L)st” 55+0.32 49+0.2
transformer-2
tra-2%[tra-2° 2.9 +0.2°¢ NT
tra-2"/Df(2R)trix 45+0.20 45+0.30
tra-2*!tra-2"? (18°) 5.0%0.12 4.9+0.1°
tra-2"'/tra-2"* (29°) 5.6+ 0.29 4.8+0.3%
doublesex
dsx'/dsx" 0.0 5.4 £ 0.3¢
dsx'/dsx"® 0.0 4.8 +0.10
dsx"’[dsx" 0.0 4.9 +0.2%
dsx'/dsx" 0.0 5.0 £ 0.3¢
dsx?’/Df{3R)dsx"’ 0.0 5.6 + 0.2¢
intersex
ix!fix! 0.0 5.4 +0.2¢
Double loss-of-function mutations
tra’ dsx'/tra’ dsx’ 5.5+ 0.2¢ 5.5 +0.29
ix/ix; dsx? /[DF(3R)dsx"’ 0.0 4.6 +0.20
Single gain-of-function mutations
transformer
hstra, D 3L)st” [tra’ 46+0.1>° 42+0.1°
doublesex
dsx”/Df3R)dsx"’ 0.0 5.3 £0.2¢

@ Not significantly different from CS control male value (paired
two-tailed t-test, STATVIEW: p < 0.05).

b Significantly different from CS control male value (paired two-
tailed t-test: p > 0.05), but not from the BY; tra’/Df{3L)st’ value
(paired two-tailed t-test: p < 0.05). These mutant tra males were
able to copulate efficiently even though they have fewer muscle
fibers (B. TAYLOR, unpublished results).

¢ Significantly different from both the CS control male and the
B'Y; tra’/D3L)st” values (p > 0.05).

insertion about halfway into the fifth tergite, aligned
with the attachments of other sex-nonspecific muscle
fibers located next to the midline in both sexes.

To establish the normal size range for control male
and female muscles in the cuticle preparations used in
this study, the length of sex-specific muscles found in
male abdomens and the comparable muscles in female
abdomens were determined. The ratio of the length
of the male-specific muscle, or the analogous muscles
in females, to the length of a more medial nonsex-
specific longitudinal muscle was computed from meas-
urements of camera lucida drawings of the muscles
(see Figure 7 for details). In control males, the sex-
specific muscles ranged from 1.6 to 2.8 times as long
as neighboring nonsex-specific muscles (Figures 2A
and 7). This range of values for the relative length of
male-specific muscles in different preparations prob-

FIGURE 3.—Photomicrographs of the fifth abdominal dorsal
hemisegment in mutant X/X flies stained with the anti-myosin
antibody. The dorsal midline is to the right in each photograph.
White arrows mark the expected position of the anterior and
posterior insertion sites of the male-specific muscle. As in Figure 2,
a white arrowhead indicates the lateral attachment site of the alary
muscle. Only in the X/X; tra~ mutant abdomen was there a muscle
that reached the anterior or posterior insertion sites expected for
the male-specific muscle. (A) X/X; tra’/Df(3L)st’’; (B) X/X; dsx'/
Df(3R)dsx"’; (C) X/X; ix' /Df(2R)en®; (D) X/X;ix'/ix";dsx"/dsx*.

ably reflects variations in stretching incurred during
mounting and/or unequal degrees of post-fixation
contraction. In control females, the muscles found at
the same medial location as the male-specific muscle
were identical in size to the neighboring nonsex-spe-
cific dorsal muscles, with a proportional length be-
tween 0.9 and 1.0 (Figures 2B and 7).

Sexually dimorphic abdominal muscles in Sx/, tra
and tra-2 loss-of-function mutant flies: Female flies
mutant for Sx/ alleles, defective in sex-determination,
tra or tra-2 loss-of-function alleles differentiate into
flies expressing male characteristics in their somatic
tissues (STURTEVANT 1945; WATANABE 1975; BAKER
and RIDGE 1980; POSTLETHWAIT, BOWNES and Jow-
ETT 1980; BOowNES and NOTHIGER 1981; OTA et al.
1981; BELOTE and BAKER 1982; CLINE 1984; BELOTE
etal. 1985; MCROBERT and TOMPKINS 1985; SCHAFER
1986; DIBENEDETTO et al. 1987; CHAPMAN and WOLF-
NER 1988; MonsMA and WOLFNER 1988; FENG,
ScHIFF and CAVENER 1991). To determine whether
sex-specific muscles were masculinized in these trans-
formed females, the dorsal abdominal musculature
was examined in the transheterozygote X/X; Sxt/™"™!/
SxIMm3 (Sxl™) flies as well as four tra (tra”) and six tra-
2 (tra-27) null allele combinations. In every case, seg-
ment-spanning muscles were present in the fifth ab-
dominal segment indicative of a transformation to the
male-specific muscle phenotype (Table 1). Camera lu-
cida drawings of the muscles in the fifth abdominal
dorsal hemisegment of representative X/X SxI~ (Fig-
ure 4A), tra” (Figures 3A and 4B) and tra-2" (Figure
4C) mutant adults show that the male-specific muscles
produced in these phenotypic males were similar to
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FIGURE 4.—Camera lucida drawings of the fifth abdominal dorsal
hemisegment from X/X and X/Y Sx{", tra” or tra-2~ mutant animals.
Drawings of the fifth hemitergite of chromosomally male flies are
on the right and those from chromosomally female flies are on the
left of the dorsal midline. The horizontal lines mark the anterior
and posterior boundary of the fifth segment. The arrowhead indi-
cates the position of the lateral alary insertion site in a hemisegment.
Arrows point to the male-specific muscle in each of the mutant male
and female hemisegments. (A) X/X; Sxi™'™3/Sxi™! and X/Y;
Sx#™! (B) X/X and X/Y; tra' /Df(3L)s¢’. (C) X/X and X/Y; tra-2°/
Df(2R)trix.

the male-specific muscles produced by their X/Y sib-
lings (Figure 4, A-C).

In order to demonstrate that the sex-specific mus-
culature was completely masculinized in female flies
that developed as phenotypic males, the length and
fiber number of male-specific muscles from chromo-
somally female SxI”, tra™ and tra-2" flies were com-
pared to those in their X/Y siblings and control flies.
Segment-spanning muscles of the fifth abdominal seg-
ment in X/X Sxt"™MISxiM3 tra! IDA(3L)s¢” or tra-28/
Df(2R)trix abdomens had the same range of muscle
lengths as those in X/Y control, SxI~, tra™ or tra-2~
mutant abdomens (Figures 4 and 7). As judged by the
composition of the male-specific muscle, the sex-spe-
cific abdominal muscles in X/X Sx{™ and tre” mutants
were completely transformed, since muscles in these
mutants had the same number of fibers as in control
or X/Y tra” males (Table 2). The fiber composition of
male-specific muscles in X/X tra-2” mutants was more
variable. However, in all of the tra-2 mutant genotypes
examined except one, tra-28, the number of fibers
present in the male-specific muscle was within the
range found in X/Y flies that exhibit normal courtship
and copulatory behaviors (BAKER and RIDGE 1980;
MCcROBERT and TOMPKINS 1985; B. TAYLOR, unpub-
lished observations).

In chromosomally female flies mutant for three
different tra-2 alleles, the sex-specific differentiation
of the male-specific muscle did not parallel the devel-
opment of other sexually dimorphic somatic charac-
teristics. Female flies homozygous for the tra-2° allele
did not produce a completely masculinized male-spe-
cific muscle since these muscles were composed of

only 2.9 muscle fibers (Table 2). Furthermore, some
of these fibers had an appropriate posterior insertion
site but fail to reach the appropriate anterior insertion
site, attaching only slightly farther anteriorly than the
insertion sites of neighboring nonsex-specific muscles
(data not shown). By other criteria, such as external
morphology, these mutant tra-2° flies appeared to be
completely male-like (BELOTE and BAKER 1983; TAy-
LOR 1989). The characterization of the tra-22 allele as
a hypomorphic allele for the sexual transformation of
abdominal muscles is supported by the strengthening
of the mutant phenotype when the tra-2? allele is
placed over a deficiency. In X/X tra-2°/Df(2R)trix, the
number of fibers found in the male-specific muscle
increased to the lower range of muscle fibers found
in males (Table 2) and the proper male-specific muscle
anterior insertion sites and muscle length were re-
stored (Figure 7). In contrast, the temperature sensi-
tive tra-2 alleles, tra-2*' and tra-2*2, behaved as tra-2
null alleles for the expression of the male-specific
muscle. Male-specific muscles were present in chro-
mosomally female flies bearing any combination of
tra-2* alleles reared under constant temperatures re-
gimes that varied from the female-specifying temper-
ature, 16°, to the male-specifying temperature, 29°
(Tables 1 and 2). This finding differs from the well
documented temperature dependence for the mascu-
linization or feminization of sexually dimorphic tissues
in these X/X mutant flies (BELOTE and BAKER 1982,
1987; EPPER and BRYANT 1983; BELOTE et al. 1985;
BOowNES, ScotrT and BLAIR 1987; CHAPMAN and
WOLFNER 1988; FENG, SCHIFF and CAVENER 1991).

Loss-of-function mutations of Sx/, tra and tra-2 ap-
pear to have no effect on the sexual development of
somatic tissues in male flies (STURTEVANT 1945; Wa-
TANABE 1975; BAKER and RIDGE 1980; POSTLETH-
WAIT, BowNES and JoweTT 1980; BowNEs and N6-
THIGER 1981; OTA et al. 1981; BELOTE and BAKER
1982; CLINE 1984; BELOTE ¢t al. 1985; MCROBERT
and ToMPKINS 1985). The male-specific muscles pres-
ent in Sx¥™"M! or Sx/™'/> male abdomens have the
same insertion sites (Figure 4A) and muscle length
(Figure 7) as found for male-specific muscles from
Canton-S males. Similar results, including the number
of fibers present in the male-specific muscle, were
obtained for males flies mutant for ¢tra™ (Figures 4B
and 7; Table 2) and tra-2~ (Figures 4C and 7; Table
2). In one of the tra~ genotypes, tra’/Df(3L)s¢’, the
X/Y flies had fewer fibers per muscle than X/Y control
or the other X/Y tra~ males. This difference in fiber
number did not seem to have any functional conse-
quences, since males of this genotype exhibited nor-
mal courtship and copulatory behaviors with females
(B. TAYLOR, unpublished observations).

Sexually dimorphic abdominal muscles in Sx, tra
and tra-2 gain-of-function mutant flies: If null mu-
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tations of tra and ¢ra-2 in chromosomally female flies
result in the differentiation of a male-specific muscle,
then the expression of the female-specific tra* prod-
ucts as well as the tra-2* product in the appropriate
null mutant background should restore normal female
abdominal muscles. To test for this possibility, X/X
flies carrying a molecularly generated dominant allele
of the tra* gene (hstra™) in a tra” mutant background
(BOGGS et al. 1987) were examined for the presence
or absence of the male-specific muscle. These mutant
females exhibit female external morphology when
raised at 25° without exposure to any heat pulses
(McKeowN, BELOTE and BoGGs 1988). However, in
these same flies the sex-specific muscle phenotype
remained male-like (Table 1) with the number of
muscle fibers within the normal range for male-spe-
cific muscles (Table 2). The appearance of the male-
specific muscle could not be prevented by any of
several heat pulse regimes conducted throughout de-
velopment (data not shown). This failure to feminize
the male-specific muscle in X/X ¢ra” flies by the pres-
ence of the hstra® construct may be due to insufficient
levels or inappropriate expression in the necessary
cells as has been postulated for the failure to make
functional germ cells (MCKEOWN, BELOTE and BOGGS
1988).

Similar experiments were conducted using tra-2*
insertions in a ¢ra-2% mutant background. The expres-
sion of tra-2* in this, admittedly hypomorphic, mutant
background completely feminized the abdominal mus-
culature. For one of these genotypes, X/X; tra-
2*TxF4/tra-2*TxF4; tra-28/tra-28, the differentiation
of the external genitalia was intersexual (T. GORALSKI,
personal communication) suggesting that there may
be a tissue-specific regulation of this insertion or dif-
ferent levels of tra-2* gene product are needed to
suppress the development of male tissue in other
somatic tissue like the genitalia compared to sex-
specific muscles.

Chromosomally male flies are transformed into phe-
notypic females by gain-of-function mutations of Sx/
and tra (MAINE et al. 1985; McKrowN, BELOTE and
BoGGs 1988). A complete transformation to female
morphology should also include the replacement of
the male-specific muscle by muscles with female mor-
phology. Male flies bearing the SxI*’"*"* mutation
have a temperature-sensitive transformation from
male to female external cuticle phenotype (MAINE et
al. 1985). X/Y; SxI™P+™ flies raised at 25° contained
a normal male-specific muscle (Table 1; data not
shown) although the genitalia showed intersexual dif-
ferentiation (MAINE et al. 1985). Expression of the
female specific hstra* product even in the absence of
any heat pulses causes the external, sexually di-
morphic cuticle of male flies to develop with a female
morphology (MCKEOWN, BELOTE and BoGGs 1988).

However, in these chromosomally male flies, the mus-
cle phenotype remained male-like (Table 1). As was
noted before, the failure to feminize the sex-specific
abdominal musculature in X/Y tra~ flies may also be
due to inadequate quantity or improper spatial and/
or temporal expression of the Astra* product.

In the case of tra-2, somatic cells in male flies
normally express tra-2* mRNA so that production of
ectopic tra-2* in a null background would not sexually
transform male flies to phenotypic females (AMREIN,
GORMAN and NOTHIGER 1988; GORALSKI, EDSTROM
and BAKER 1989; MATTOX, PALMER and BAKER
1990). As expected, male flies with a tra-2* insert in
a tra-2° mutant background produced a normal male-
specific muscle (Table 1).

Sexually dimorphic abdominal muscles in dsx and
ix loss-of-function mutant flies: Previous genetic
analyses showed that null mutations of dsx (dsx™)
caused similar intersexual transformations of sexually
dimorphic tissues in both chromosomally male and
female flies (HILDRETH 1965; BAKER and RIDGE 1980;
NOTHIGER, ROOST and SCHUPBACH 1980; POSTLETH-
waIT, BOWNES and JOweTT 1980; OTaA ¢t al. 1981;
BowNES and NOTHIGER 1981; NOTHIGER et al. 1987).
Unexpectedly, no sexual transformation of the dorsal
musculature occurred in either chromosomally male
or female dsx™ flies. In X/X dsx™ flies, the dorsal
musculature of seven different homozygous or trans-
heterozygous dsx null allele combinations was char-
acteristically female in morphology (Figure 3B; Table
1). As depicted in the camera lucida drawings of dorsal
muscles from a dsx trans-heterozygote dsx*’/
Df(3R)dsx"’, which produces no sex-specific transcripts
as judged by Northern blot analysis (R. NAGOSHI,
personal communication), only fibers with the inser-
tion sites of dorsal longitudinal muscles were present
in the fifth abdominal segment (Figure 5A). These
fibers were same size as those of control female mus-
cles (Figure 7).

In X/Y flies, the male-specific muscle was present in
all flies mutant for any of the seven dsx™ homozygous
or heterozygous combinations examined (Table 1;
Figure 5A). When muscles from several different dsx~
mutants were examined, the average number of fibers
per male-specific muscle did not differ from the num-
ber found in muscles of other male genotypes com-
petent for courtship and copulation (Table 2). The
range of muscle lengths in X/Y dsx*’/Df(3R)dsx'’ ab-
domens was the same as found in Canton-S males or
those males expressing dsx male-specific mRNA, gen-
erated from a dominant dsx allele, with or without a
normal dsx* allele (Figure 7). Although there appears
to be no difference between the male-specific muscles
in X/Y; dsx~ and other males, it was not possible to
test directly whether the male-specific muscle in X/Y;
dsx~ mutants performed normally in copulation, since
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FIGURE 5.—Camera lucida drawings of the
fifth abdominal dorsal hemisegment from
dsx” and/or ix™ mutant flies as in Figure 4. A
male-specific muscle is not found in chromo-
somally female flies that are mutant for null

1,10

alleles of dsx or ix alone or in combination.
(A) X/X and X/Y; dsx®/Df(3R)dsx*". (B) X/X
and X/Y; tra’ dsx'/tra’ dsx'. (C) X/X and X/Y;
ix'/Df(2R)en®. (D) X/X and X/Y; ix'/ix'; dsx®/
Df(3R)dsx".

these flies are unable to copulate because of the ab-
normal differentiation of their genitalia (HILDRETH
1965).

As a further test of the role of the dsx gene in
muscle development, the relationship between tra and
dsx was examined using double mutants. Both male
and female tra’ dsx’ (tra” dsx™) homozygotes exhibit
intersexual characteristics, such as the simultaneous
expression of both male and female genitalia, similar
to flies mutant for dsx alone, suggesting that dsx is
epistatic to ¢tra (OTA et al. 1981; BAKER and RIDGE
1980; Baker and BetoTe 1983). In contrast to the
expression of other sexually dimorphic characteristics,
female tra’ dsx’ homozygotes have male-specific mus-
cles that conformed to those of Canton-S males when
judged by the location of insertion sites (Figure 5B),
relative muscle length (Figure 7) and average number
of fibers making up the male-specific muscle (Table
2). Thus, the loss of dsx function in female flies does
not circumvent the masculinization of the male-spe-
cific muscle caused by loss of tra function.

Although the dsx* gene, through the expression of
an active dsx* female specific product, was the most
likely candidate for the tra™ and tra-2* dependent
regulation of sex-specific muscle development, several
other possibilities are implicit in the genetic model
presented in Figure 1. The first possibility tested was
that the wild-type product of the ix gene might act to
suppress the male specific muscle in female flies. In-
deed, ix, has been shown to be needed for the suppres-
sion of male sexual differentiation in sexually di-
morphic tissues in females (MORGAN, REDFIELD and
MORGAN 1943; MEYER and EDMONDsON 1951; KROE-
GER 1959; BAKER and RIDGE 1980; OTa et al. 1981;
SCHAFER 1986; CHAPMAN and WOLFNER 1988). The
position of ix in the genetic hierarchy is compatible
with a potential role in controlling the sexual differ-
entiation of abdominal muscles in females, although
there is no indication from previous genetic analysis
that ix is a target for tra* and tra-2* activity (BAKER
and RIDGE 1980). Female flies lacking ix function (ix™)
have dorsal musculature appropriate for female flies
(Table 1). The muscles in the fifth abdominal segment
have insertion sites (Figures 3C and 5C) and muscle

lengths (Figure 7) that completely correspond to the
female pattern of muscles. This finding is inconsistent
with the hypothesis that the ix gene functions to
prevent the development of the male-specific muscle
in females. The loss of ix gene function also appeared
to have no effect on the production of the male-
specific muscle in X/Y; ix™ flies (Figure 5C and 7;
Tables 1 and 2).

A second possibility for the genetic control of sex-
specific muscles in females was that the wild-type dsx
and ix gene products had redundant functions in
females; thus, either gene product acting alone would
be capable of suppressing male-specific muscle devel-
opment. In the double mutant combination con-
structed to test this hypothesis, ix'/ix’; dsx*’/
Df(3R)dsx"*, only muscles similar to female muscles
formed in the fifth abdominal segment (Table 1,
Figures 5D and 7). Loss-of-function of either or both
loci appears to have no effect on the ability of female
flies to prevent the male-specific muscle from forming.

Sexually dimorphic abdominal muscles in dsx
gain-of-function mutant flies: Male-specific muscles
appeared in chromosomally female flies mutant for
tra” or tra-2~ alleles; these flies inappropriately ex-
press male-specific dsx mRNA (NAGOSHI et al. 1988).
The formation of this sex-specific muscle in females,
then, could depend on the presence of the male-
specific dsx protein (BURTIS and BAKER 1989). Domi-
nant dsx alleles, such as dsx” and dsx", have dsx pre-
mRNA which can only be spliced into male-specific
dsx mRNA (BAKER and WOLFNER 1988; NAGOSHI et
al. 1988; NaGosHI and BAKER 1990). Several geno-
types of chromosomally female flies making only male-
specific dsx mRNA, dsx”/Df(3R)dsx"’, dsx"/dsx' or
dsx™/dsx', were examined. The ectopic expression of
male-specific dsx mRNA is insufficient to cause any
segment-spanning muscles to be formed in these mu-
tant females (Table 1). The dorsal muscles present in
the fifth abdominal segment of X/X; dsx”/Df(3R)dsx"’
have the female pattern of attachment sites (Figure
6A) and the length of the muscles conformed to the
size of muscles in normal females (Figure 7). Further-
more, there was no change in the appearance of
female dorsal musculature in mutant females that had
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FIGURE 6.—Camera lucida drawings of the fifth abdominal dorsal
hemisegment from dsx gain-of-function mutants as in Figure 4.
Chromosomally female flies that ectopically express the male dsx
product do not produce the male-specific muscle. (A) X/X and X/Y;
dsx®/Df(3R)dsx"’. (B) X/X and X/Y; dsx"/dsx*. (C) X/X and X/Y; ix'/
ix!; dsxP/dsx*.

the capacity to make both male and female-specific
dsx mRNAs, dsx”/dsx* and dsx™/dsx* (Figures 6B and
7). Even under conditions where the suppression of
male differentiation is reduced by loss-of-function at
the ix locus, as in X/X; ix!/ix’; dsx”/dsx*, the abdominal
muscles developed with female morphology and size
(Table 1; Figures 6C and 7). Thus, the ectopic expres-
sion of the male-specific dsx product in females does
not cause the male-specific abdominal muscle to be
produced.

DISCUSSION

The primary finding of this paper is that the genetic
cascade responsible for translating the initial chro-
mosomal signal of sexual identity into the differentia-
tion of sex-specific abdominal muscles is composed of
only a subset of the previously identified sex-deter-
mining genes operating in other sexually dimorphic
tissues. As summarized in Figure 8, the male-specific
abdominal muscle developed in chromosomally fe-
male flies mutant for Sx/ alleles, defective in sex-
determining gene functions, or null alleles of tra or
tra-2. Thus, the wild-type activity of these three genes
is instrumental in preventing the development of the
male-specific muscle in female abdomens, similar to
their role in the suppression of masculine traits in
other sexually dimorphic tissues (STURTEVANT 1945;
WATANABE 1975; BAKER and RIDGE 1980; BOWNES
and NOTHIGER 1981; OTA et al. 1981; WIESCHAUS
and NOTHIGER 1982; BELOTE and BAKER 1982; EPPER
and BRYANT 1983; CLINE 1984; BELOTE et al. 1985;
McROBERT and TOMPKINS 1985; SCHAFER 1986;
ToMPKINS 1986; BOWNES, ScoTT and BLAIR 1987;
DIBENEDETTO et al. 1987; MONsMA and WOLFNER

1988; CHAPMAN and WOLFNER 1988; TOMPKINS and
MCROBERT 1989; BOWNES, STEINMANN-ZWICKY and
NOTHIGER 1990; TAYLOR 1989; FENG, SCHIFF and
CAVENER 1991; TAYLOR and TRUMAN 1992).
Downstream of tra and tra-2, at the next tier of the
regulatory hierarchy, dsx, in males, and both dsx and
ix, in females, function to transfer the signal of sexual
identity into the appropriate terminal differentiation
of sexually dimorphic tissues (Figure 1). The pheno-
type of the abdominal musculature in dsx and ix
mutants was not consistent with a role for these two
genes in the development of sex-specific abdominal
muscles. In chromosomally female flies, neither the
absence of dsx gene activity, the ectopic expression of
the male-specific dsx product or the concomitant loss
of ix function caused the male-specific muscle to form.
Indeed, the abdominal muscle phenotype in all dsx
and/or ix mutant females tested had female morphol-
ogy (Figure 8). The inability of the dominant dsx
alleles to masculinize female abdominal musculature
could be ascribed to inadequate levels or improper
temporal or spatial expression of the dsx male protein,
similar to the argument already presented for the
failure of heat shock in males and females carrying a
hstra allele to feminize the male-specific muscles in
male and female tra~ mutants or the SxiM/P™ (o
feminize the abominal musculature of male flies. How-
ever, this explanation for the results of the dsx domi-
nant alleles in females seems unlikely due to the nor-
mal male-specific muscle phenotypes of male flies with
either null or dominant alleles of dsx. In chromo-
somally male flies, the loss of dsx function did not
eliminate or alter the size or number of fibers of the

‘male-specific muscle (Figure 8). Male and female dsx

mutants expressed two muscle phenotypes which cor-
responded to their chromosomal constitution. Muta-
tions in dsx did not hinder the proper transmission of
the chromosomal signal of sexual identity into the
development of the expected sexual phenotype of
male or female abdominal muscles in stark contrast to
their effect on other sexually dimorphic tissues caus-
ing identical intersexual development in both males
and females (HILDRETH 1965; BAKER and RIDGE
1980; PoOSTLETHWAIT, BOwWNEs and JowerT 1980;
NOTHIGER, RooST and SCHUPBACH 1980; POSTLETH-
wAIT, BOWNES and JOwETT 1980;0TA et al. 1981;
BowNEs and NOTHIGER 1981; SCHAFER 1986; No-
THIGER et al. 1987, CHAPMAN and WOLFNER 1988;
FENG, ScHIFF and CAVENER 1991).

No muscle phenotypes were observed in any of the
dsx or ix mutants examined that were intermediate in
the number of fibers or locations of the anterior and/
or posterior insertion site. Muscles that display inter-
mediate attachment sites, potentially intersexual mus-
cles, have been observed in the male-specific muscles
of male flies with certain mutant combinations in the
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«.URE 7.—Anterior-posterior length of the male-specific muscle or its homolog in different mutants. To correct for differences in muscle
cuiitaction in individual preparations, the relative length of the male-specific muscle or its homolog was calculated as a ratio of its length to
that of nonsex-specific muscles closer to the midline. For each genotype, the lengths of each muscle were measured from camera lucida
drawings of the muscles present at positions A and B, as illustrated in the cartoon inset for 20 X/X and X/Y hemisegments. The dorsal midline
passes between the two cartoon illustrations. SxI™ (X/X; Sxi™7/§xIMY™ and X/Y; Sxt/™"™" or SxI"'™%), tra~ (X/X and X/Y; tra’/Df(3L)st’"),
tra-2" (X/X and X/Y; tra-2%/Df(2R)trix), dsx™, (X/X and X/Y; dsx® [Df(3R)dsx"’), tra~ dsx™ (X/X and X/Y; tra’ dsx'[tra’ dsx?), ix™ (X/X and X/Y;
ix'/ 13 2R)en®), ix™; dsx™ (X/X and X/Y; ix’fix"; dsx®’ |Df(3R)dsx"’), dsx”/dsx™ (X/X and X/Y; dsx”/Df(3R)dsx"’), dsx*/+ (X/X and X/V; dsx/dsx*),

i dex”/+ (X/X and X/Y: ix'fix'; dsx”dsx*).
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o, 2E 8.—Summary of the sex-specific muscle phenotypes in
e -..ious sex-determining mutants. Null mutations at either the

oM, i.a or tra-2 loci resulted in the appearance of a male-specific
nuuscie in chromosomally female flies. However, X/X flies that were
mutai-t for either null alleles of dsx and/or ix, or dominant alleles
of dsx .:ad only the female form of the muscles in the fifth abdominal
segment and did not produce the male-specific muscle. The dorsal
midline passes between the cartoons depicting the dorsal abdominal
hemisements of X/X and X/Y flies.

fruitless locus and in females mutant for the tra-2°
allele.

From the results presented in this paper, the genetic
model of the sex-determining cascade controlling sex-
specific muscle development diverges from the model
presented in Figure 1. This divergence appears at the
level where information about sexual identity is trans-
mitted to genes involved in the terminal differentia-
tion of tissues (BAKER and BELOTE 1983; BURTIS et al.
1991). The genetic pathway leading to sexually di-
morphic muscle development could take either of two

forms: shortened or branched. If the cascade for
muscle development is truncated at the level of the
dsx gene, then the female-specific tra protein with the
tra-2 protein would be expected to interact directly
with downstream genes involved in terminal differ-
entiation. The only molecular mechanism ascribed to
these genes is the control of differential splicing of
primary transcripts of several different genes. Both
tra and tra-2 proteins are needed to mediate the
splicing of the dsx pre-mRNA into the female-specific
dsx mRNA, whereas, tra-2 protein in the absence of
the tra protein is able to regulate the splicing of its
own primary transcript and that of another gene,
exuperantia, in the male germline (NAGOSHI et al.
1988; HEDLEY and MANIATIS 1991; HOSHIJIMA et al.
1991; RYNER and BAKER 1991; MATTOX and BAKER
1991). For the genetic hierarchy controlling the de-
velopment of sex-specific muscles to be truncated,
then, the role of these two genes would be postulated
to cause the sex-specific splicing of a bank of primary
transcripts from downstream differentiation genes.
The alternative hypothesis, a branched pathway, in-
tercalates at least one intermediary regulatory gene
between the tra and tra-2 level and the terminal
differentiation genes leading to sex-specific muscle
development. This postulated regulatory gene would
be analogous to dsx in the hierarchy that regulates
muscle development and expected to exhibit some
form of sex-specific slicing of its primary transcript.
Although the presence of an unidentified sex-deter-
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mining gene is the more likely of the two alternatives,
only further genetic and molecular identification and
characterization will distinquish between them.

The male-specific muscle in the fifth abdominal
segment of male flies appears to replace one or more
of the dorsal longitudinal muscles normally found in
the same segment of females. The differentiation of
this male-specific muscle has been shown not to de-
pend on the sex of the cuticle where the muscle
attaches or on the sex of the myoblasts that coalesce
into the mature muscle but on the sex of the inner-
vating motorneuron (LAWRENCE and JOHNSTON 1984,
1986). These male-specific motorneurons may be res-
pecified larval neurons that are retained from the
larval cohort of motor neurons or newly generated
postembryonic neurons; sex-specific motor neurons in
the moth, Manduca sexta, are generated by both mech-
anisms (GIEBULTOWITZ and TRUMAN 1984; THORN
and TRUMAN 1989; R. THORN personal communica-
tion). If the sex-determining pathway branches, then
the site of action of the sex-determining hierarchy
may then be in these male-specific motor neurons or
their counterparts in females.

Other potential sites of action in the central nervous
system for non-dsx-dependent sexual differentiation
are the courtship centers of the brain and thorax
(HaLL 1977, 1979; TompkINs and HAaLL 1983). Fe-
male flies mutant for loss of sex-determining function
alleles of Sx!, or null alleles of ¢ra or tra-2 courted and
copulated like normal male flies (STURTEVANT 1945;
WATANABE 1975; BAKER and RIDGE 1980; Mc-
ROBERT and TOMPKINS 1985; BELOTE and BAKER
1987; ToMPKINS and MCROBERT 1989; B. J. TAYLOR,
unpublished results). However, females mutant for
null alleles of dsx or ix did not exhibit any male
courtship behaviors (MCROBERT and TOMPKINS 1985;
B. J. TAYLOR, unpublished results). Thus, the trans-
mission of sexual identity into the proper sexual dif-
ferentiation of the central nervous system may be
more diverse compared to other sexually dimorphic
tissues, since some neurons or their precursors depend
on the activity of dsx (TAYLOR and TRUMAN 1992)
and other neurons, such as the male-specific motor
neurons, may require another sex-determining gene.

JaMEs TRUMAN and BRUCE BAKER contributed many helpful
comments and thought-provoking criticisms on an earlier draft of
this manuscript. I am grateful for the gift of fly stocks made by
BRUCE BAKER, ToM CLINE, ROD NAGOSHI, BRUCE CHASE, MICHAEL
MCKEOWN, JoHN BELOTE and THOMAS GORALSKI. The anti-myosin
antibody was generously supplied by DaN KIEHART. This work was
supported by an National Institutes of Health postdoctoral fellow-
ship, 1F32NS08618.

LITERATURE CITED

AMREIN, H.,, M. GorMaN and R. NOTHIGER, 1988 The sex-
determining gene tra-2 of Drosophila encodes a putative RNA
binding protein. Cell 55: 1025-1035.

AMREIN, H., T. MANIATIS and R. NOTHIGER, 1990 Alternatively
spliced transcripts of the sex-determining gene ¢ra-2 of Dro-
sophila encode functional proteins of different size. EMBO ]J.
9: 3619-3629.

BAKER, B. S., 1989 Sex in flies: the splice of life. Nature 340: 521-
524.

BAkER, B. S., and J. M. BELOTE, 1983 Sex determination and
dosage compensation in Drosophila melanogaster. Ann. Rev.
Genet. 17: 345-93.

BAKER, B. S., and K. A. RIDGE, 1980 Sex and the single cell. I.
On the action of major loci affecting sex determination in
Drosophila melanogaster. Genetics 94: 383-423.

BAKER, B. S., and M. W. WOLFNER, 1988 A molecular analysis of
doublesex, a bifunctional gene that controls both male and
female sexual differentiation in Drosophila melanogaster. Genes
Dev. 2: 477-489.

BAKER, B. S., G. HorF, T. C. KAUFMAN, M. W. WOLFNER and T.
HAZELRIGG, 1991 The doublesex locus of Drosophila melano-
gaster and its flanking region: a cytogenetic study. Genetics
127: 125-138.

BaTE, M., E. RusHTON and D. A. CURRIE, 1991 Cells with per-
sistent twist expression are the embryonic precursors of adult
muscles in Drosophila. Development 113: 79-90.

BELOTE, J. M., and B. S. BAKER, 1982 Sex determination in
Drosophila melanogaster: Analysis of transformer-2, a sex-trans-
forming locus. Proc. Natl. Acad. Sci. USA 79: 1568-1572.

BELOTE, J. M., and B. S. BAKER, 1983 The dual functions of a sex
determination genes in Drosophila melanogaster. Dev. Biol. 95:
512-517.

BELOTE, ]. M., and B. S. BAKER, 1987 Sexual behavior: Its genetic
control during development and adulthood in Drosophila mel-
anogaster. Proc. Natl. Acad. Sci. USA 84: 8026-8030.

BELOTE, J. M., and J. C. LuccHesi, 1980 Male-specific lethal
mutations of Drosophila melanogaster. Genetics 96: 165-186.

BELOTE, J. M., A. M. HANDLER, M. W. WOLFNER, K. J. LIvAK and
B. S. BAKER, 1985 Sex-specific regulation of yolk protein
gene expression in Drosophila. Cell 40: 339- 348.

BELOTE, J. M., F. M. HorFMAN, M. McKEOWN, R. L. CHORSKY and
B. S. BAKER, 1990 Cytogenetic analysis of chromosome re-
gion 73AD of Drosophila melanogaster. Genetics 125: 783-793.

BoGas, R. T., P. GREGOR, S. IDRIsS, J. M. BELOTE and M. Mc-
KEOowN, 1987 Regulation of sexual differentiation in D. mel-
anogaster via alternative splicing of RNA from the transformer
gene. Cell 50: 739-747.

Bowngs, M., and R. NOTHIGER, 1981 Sex determining genes and
vitellogenin synthesis in Drosophila melanogaster. Mol. Gen.
Genet. 182: 222-228.

BowNESs, M., A. ScotrT and M. BLAIR, 1987 The use of an
inhibitor of protein synthesis to investigate the roles of ecdyste-
roids and sex-determination genes on the expression of the
genes encoding the Drosophila yolk proteins. Development
101: 931-941.

BowNEs, M. A., M. STEINMANN-ZwICKY and R. NOTHIGER,
1990 Differential control of yolk protein gene expression in
fat bodies and gonads by the sex-determining gene tra-2 of
Drosophila. EMBO J. 9: 3975-3980.

BROADIE, K. S., and M. BATE, 1991 The development of adult
muscles in Drosophila: ablation of identified muscle precursor
cells. Development 113: 103-118.

BurrTis, K. C., and B. S. BAKER, 1989 Drosophila doublesex gene
controls somatic sexual differentiation by producing alterna-
tively spliced mRNAs encoding related sex-specific polypep-
tides. Cell 56: 997-1010.

BurTis, K. C., K. T. COSCHIGANO, B. S. BAKER and P. C. WENSINK,
1991 The doublsex proteins of Drosophila melanogaster bind
directly to a sex-specific yolk protein gene enhancer. EMBO J.
10: 2577-2582.

CHAPMAN, K. B, and M. F. WOLFNER, 1988 Determination of



190 B. J. Taylor

male-specific expression in Drosophila accessory glands. Dev.
Biol. 126: 195-202.

CLINg, T. W., 1978 Two closely linked mutations in Drosophila
melanogaster that are lethal to opposite sexes and interact with
daughterless. Genetics 90: 683-698.

CLINg, T. W, 1984 Autoregulatory functioning of a Drosophila
gene product that establishes and maintains the sexually deter-
mined state. Genetics 107: 231-277.

CLINE, T. W,, 1985 Primary events in the determination of sex
in Drosophila melanogaster, pp. 301-327 in Origin and Evolution
of Sex, edited by H. O. HALVORsON and A. MONROY. Alan R.
Liss, New York.

CLINE, T.W,, 1986 A female-specific lesion in an X-linked positive
regulator of the Drosophila sex determination gene, Sex-lethal.
Genetics 113: 641-663 (corrigendum 114: 345).

CLINE, T. W., 1988 Evidence that sisterless-a and sisterless-b are
two of several discrete “numerator elements” of the X/A sex
determination signal in Drosophila that switch Sx/ between two
alternative stable expression states. Genetics 119: 829-862.

COURCHESNE-SMITH, C. L., and S. ToBIN, 1989 Tissue-specific
expression of the 79B actin gene during development. Dev.
Biol. 133: 313-321.

CrossLEy, C. A, 1978 The morphology and development of the
Drosophila muscle system. pp. 499-560 in The Genetics and
Biology of Drosophila, Vol. 2b, edited by M. ASHBURNER and T.
R. F. WRIGHT. Academic Press, New York.

Currig, D. A, and M. BATE, 1991 The development of adult
abdominal muscles in Drosophila: myoblasts express twist and
are associated with nerves. Development 113: 91-102.

DENELL, R. E,, and R. JACKsON, 1972 A genetic analysis of trans-
Sformer-dominant. Drosophila Inform. Serv. 48: 44-45.

DIBENEDETTO, A. J., D. M. LAKICH, W. D. KRUGER, ]J. M. BELOTE,
B. S. BAKER and M. F. WOLFNER, 1987 Sequences expressed
sex-specifically in Drosophila melanogaster adults. Dev. Biol. 119:
242-251.

DuNcaN, 1. W, and T. C. KaurMmaN, 1975 Cytogenetic analysis
of chromosome 3 in Drosophila melanogaster: mapping of the
proximal portion of the right arm. Genetics 80: 733-752,

EBERLEIN, S., and M. A. RUSSELL, 1983 Effects of deficiencies in
the engrailed region of Drosophila. Dev. Biol. 100: 227-237.

EPPER, F., and P. ]J. BRYANT, 1983 Sex-specific control of growth
and differentiation in the Drosophila genital disc, studied using
a temperature-sensitive transformer-2 mutation. Dev. Biol. 100:
294-307.

FENG, Y., N. M. ScHIFF and D. R. CAVENER, 1991 Organ-specific
patterns of gene expression in the reproductive tract of Dro-
sophila are regulated by the sex-determining genes. Dev. Biol.
146: 451-460

FuNG, S. C., and J. W. GOwEN, 1957 The developmental effect
of a sex-limited gene in Drosophila melanogaster. J. Exp. Zool.
34: 515-532.

GALEY, D. A, B. J. TaYLOR and J. C. HaLL, 1991 Elements of
the fruitless locus regulate the development of the muscle of
Lawrence, a male-specific structure in the abdomen of Dro-
sophila melanogaster adults. Development 113: 879-890.

GIEBULTOWICZ, J. M., and J. W. TRUMAN, 1984 Sexual differen-
tiation in the terminal ganglion of the moth Manduca sexta:
role of sex-specific neuronal death. J. Comp. Neurol. 226: 87—
95.

Goratski, T. J., J.-E. EDsSTROM and B. S. BAKER, 1989 The sex
determination locus transformer-2 of Drosophila encodes a poly-
peptide with similarity to RNA binding proteins. Cell 56: 1011~
1018.

GOWEN, J. W, and S. C. Fung, 1957 Determination of sex
through genes in a major sex locus in Drosophila melanogaster.
Heredity 11: 395-402.

HALL, J. C., 1977 Portions of the central nervous system control-

ling reproductive behaivor in Drosopkila melanogaster. Behav.
Genet. 7: 291-312.

HaLy, J. C., 1979 Control of male repreoductive behavior by the
central nervous system of Drosophila: dissection of a courtship
pathway by genetic mosaics. Genetics 92: 437-457.

HEDLEY, M. L., and T. MANIATIS, 1991  Sex-specific splicing and
polyadeylation of dsx pre-mRNA requires a sequence that binds
specifically to tra-2 proteins in vitro. Cell 65: 579-586.

HILDRETH, P. E., 1965 Doublesex, a recessive gene that transforms
both males and females of Drosophila into intersexes. Genetics
51: 659-678.

HOOPER, J. E., 1986 Homeotic gene function in the muscles of
Drosophila larvae. EMBO J. 5: 2321-2329.

HosHijima, K., K. INoUE, I. HiGucH1, H. SaAkaMoTO and Y. SHI-
MURA, 1991  Control of doublesex alternative splicing by trans-
Sformer and transformer-2 in Drosophila. Science 252: 833-836.

INoug, K., K. HosHyimMa, H. SakamMOoTO and Y. SHIMURA,
1990 Binding of the Drosophila Sex-lethal gene product to
the alternative splice site of transformer primary transcript.
Nature 344: 461-463.

KIEHART, D., and R. FEGHALI, 1986 Cytoplasmic myosin from
Drosophila melanogaster. J. Cell Biol. 103: 1517-1525.

KiMURA, K.-1,, and J. W. TRUMAN, 1990 Postmetamorphic cell
death in the nervous and muscular systems of Drosophila. J.
Neurosci. 10: 403-411.

KROEGER, H., 1959 The genetic control of genital morphology in
Drosophila. Wilhelm Roux’s Arch. Entwicklungsmech. Org.
151: 301-322,

LAWRENCE, P. A, and P. JoHNSTON, 1984 The genetic specifica-
tion of pattern in a Drosophila muscle. Cell 36: 775-782.
LAWRENCE, P. A, and P. JoHNSTON, 1986 The muscle pattern of
a segment of Drosophila may be determined by neurons and

not by contributing myoblasts. Cell 45: 505-513.

Linpstey, D. L., and G. ZiMM, 1992 The Genome of Drosophila
melanogaster. Academic Press, San Diego, Calif.

MAINE, E. M., H. K. SaLz, P. ScHEDL and T. W. CLINE, 1985  Sex-
lethal, a link between sex determination and sexual differentia-
tion in Drosophila melanogaster. Cold Spring Harbor Symp.
Quant. Biol. 50: 595-604.

MATTOX, W., and B. S. BAKER, 1991 Autoregulation of the splic-
ing of transcripts from the transformer-2 gene of Drosophila.
Genes Dev. 5: 786-96.

MaTTOX, W., M. J. PALMER and B. S. BAKER, 1990 Alternative
splicing of the sex- determination gene transformer-2 is sex-
specific in the germ line but not in the soma. Genes Dev. 4:
789-805.

McKEOwWN, M., J. M. BELOTE and B. S. BAKER, 1987 A molecular
analysis of transformer, a gene in Drosophila melanogaster that
controls female sexual differentiation. Cell 48: 489-499.

McKeown, M., J. M. BELOTE and R. T. BoGGs, 1988 Ectopic
expression of the female transformer gene product leads to
female differentiation of chromosomally male Drosophila. Cell
53: 887-895.

MCROBERT, S. P., and L. TompKINs, 1985 The effect of trans-
former, doublesex and intersex mutations on the sexual behavior
of Drosophila melanogaster. Genetics 111: 89-96.

MEYER, H. U., and M. EDMONDSON, 1951 New mutants. Drosoph-
ila Inform. Serv. 25: 73

MILLER, A., 1950 The internal anatomy and histology of the
imago of Drosophila melanogaster, pp. 420-534 in Biology of
Drosophila, edited by M. DEMEREC. Wiley, New York.

MiscHalkow, E., 1959 New mutants. Drosophila Inform. Serv.
33: 98.

MONSMa, S. A., and M. F. WOLFNER, 1988 Structure and expres-
sion of a Drosophila male accessory gland gene whose product
resembles a peptide pheromone precursor. Genes Dev. 2:
1063-1073.

MorcaN, T., H. REDFIELD and L. V. MORGAN, 1943 Maintenance



Male Muscle in Sex-Altered Flies 191

of a Drosophila stock center in connection with investigations
of the constitution of germinal material in relation to heredity.
Carnegie Inst. Washington Year Book 42: 171-174.

NAGOsHI, R. N., and B. S. BAKER, 1990 The regulation of sex-
specific RNA splicing at the Drosophila doublesex gene: cis-
acting mutations in exon sequences alter sex-specific RNA
splicing patterns. Genes Dev. 4: 89-97.

NacosHI, R. N., M. McKeowN, K. C. BURTIs, J. M. BELOTE and
B. S. BAKER, 1988 The control of alternative splicing at genes
regulating sexual differentiation in D. melanogaster. Cell 53:
229-236.

NOTHIGER, R., M. RoosT and T. SCHUPBACH, 1980 Masculinizer
is an allele of doublesex. Drosophila Inform. Serv. 55: 118.
NOTHIGER, R., and M. STEINMANN-ZWICKY, 1985 Sex determi-

nation in Drosophila. Trends Genet. 1: 209-215.

NOTHIGER, R., M. LEUTHOLD, N. ANDERSEN, P. GERSCHWILER, A.
GRUTER, W. KELLER, C. LEIST, M. RoosT AND H. ScHMID,
1987 Genetic and developmental analysis of the sex-deter-
mining gene ‘double sex’ (dsx) of Drosophila melanogaster. Ge-
net. Res. 50: 113-123.

NUEscH, H., 1985 Control of muscle development, pp. 425-452
in Comprehensive Insect Physiology Biochemistry and Pharmacology,
Vol. 11, edited by G. A. KERKUT and L. I. GILBERT. Pergamon
Press, New York.

OLIVER, B., N. PERRIMON and A. P. MAHOWALD, 1988 Genetic
evidence that the sans fille locus is involved in Drosophila sex
determination. Genetics 120: 159-171.

Ota, T., A. FUKUNAGA, M. KawaBE and K. OisHI,
1981 Interactions between sex- transformation mutants of
Drosophila. I. Hemolymph vitellogenins and gonad morphol-
ogy. Genetics 99: 429-441.

POSTLETHWAIT, J. H., M. BowNEs and T. JoweTT, 1980 Sexual
phenotype and vitellogenin synthesis in Drosophila melanogaster.
Dev. Biol. 79: 379-387.

RYNER, L. C,, and B. S. BAKER, 1991 Regulation of doublesex pre-
mRNA processing occurs by 3’-splice site activation. Genes
Dev. 5: 2071-2085.

SCHAFER, U., 1986 The regulation of male-specific transcripts by

sex determining genes in Drosophila melanogaster. EMBO ]. 5:
3579-3582.

SLEE, R., and M. BownEs, 1990 Sex determination in Drosophila
melanogaster. Q. Rev. Biol. 65: 175-204.

STEINMANN-ZWICKY, M., H. AMREIN and R. NOTHIGER,
1990 Genetic control of sex determination in Drosophila.
Adv. Genet. 27: 189-237.

STURTEVANT, A. H., 1945 A gene in Drosophila melanogaster that
transforms females into males. Genetics 30: 297-299.

TAYLOR, B. J., 1989 Sexually dimorphic neurons of the terminalia
of Drosophila melanogaster. 11. Sex-specific axonal arborizations
in the central nervous system. J. Neurogenet. 5: 193-213.

TAYLOR, B. ., and J]. W. TRUMAN, 1992 Commitment of abdom-
inal neuroblasts in Drosophila to a male or female fate is
dependent on genes of the sex-determining hierarchy. Devel-
opment 114: 625-642.

THORN, R. S., and J. W. TRUMAN, 1989 Sex-specific neuronal
respecification during the metamorphosis of the genital seg-
ments of the tobacco hornworm moth Manduca sexta. J. Comp.
Neurol. 284: 489-503.

Genet. 4: 333-337.

TOMPKINS, L., 1986 GENETIC CONTROL OF SEXUAL BEHAVIOR IN
Drosophila melanogaster. Trends Genet. 6: 14-17.

Tompekins, L., and J. C. Haly, 1983 Identification of brain sites
controlling female receptivity in mosaics of Drosophila melano-
gaster. Genetics 103: 179-195.

ToMPKINS, L., and S. P. MCROBERT, 1989 Regulation of behav-
ioral and pheromonal aspects of sex determination in Drosoph-
ila melanogaster by the Sex-lethal gene. Genetics 123: 535-541.

WATANABE, T. K., 1975 A new sex-transforming gene on the
second chromosome of Drosophila melanogaster. Jpn. J. Genet.
50: 269-271.

WEISCHAUS, E., and R. NOTHIGER, 1982 The role of the “trans-
former” genes in the development of genitalia and analia of
Drosophila melanogaster. Dev. Biol. 90: 320- 334.

WOLFNER, M. F., 1988 Sex-specific gene expression in somatic
tissues of Drosophila melanogaster. Trends Genet. 4: 333-337,

Communicating editor: T. SCHUPBACH



