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Summary

Many of the genes in the regulatory hierarchy control-
ling sex determination in Drosophila melanogaster are
known. Here we examine how this regulatory hierarchy
controls the expression of the structural genes encod-
ing the female-specific yolk polypeptides. Tempera-
ture shift experiments with a temperature-sensitive
allele of the sex determination regulatory gene
transformer-2 (tra-2) showed that tra-2* function is re-
quired in the adult for both the sex-specific initiation
and maintenance of YP synthesis. Controi of the YP
genes by this regulatory hierarchy is at the level of
transcription, or transcript stability. The results of
temperature shift experiments with abdomens iso-
lated from tra-2's homozygotes support the notion
that the tra-2* function acts in a cell-autonomous man-
ner to control YP synthesis. These results provide a
paradigm for the way this regulatory hierarchy con-
trols the terminal differentiation functions for sexually
dimorphic development.

Introduction

Many regulatory genes responsible for sexual develop-
ment in Drosophila melanogaster have been identified.
Genetic analyses of these genes suggest that they func-
tion together as parts of a regulatory hierarchy (for review
see Baker and Belote, 1983). The earliest acting genes in
this hierarchy control both somatic and germ-line sex de-
termination, as well as dosage compensation (Maroni and
Piaut, 1973; Van Deusen, 1976; Cline, 1979, 1983, 1984,
Lucchesi and Skripsky, 1981). After these initial steps the
regulation of these processes diverges. There are four
known genes (transformer, tra; transformer-2, tra-2; inter-
sex, ix; and doublesex, dsx) that function after this diver-
gence in a single regulatory circuit, in which the tra* and
tra-2* products act to control the expression of the bifunc-
tional dsx* locus (Figure 1), to bring about sexual differen-
tiation in somatic cells (Baker and Ridge, 1980).
Genetic studies have also established some of the ba-
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sic properties of the mechanism by which this regulatory
hierarchy acts during development to control the expres-
sion of the structural genes whose products are directly
responsible for the sexually dimorphic phenotypes of
differentiated cells. All the sex determination regulatory
genes examined thus far (including fra, tra-2, and dsx) act
in a cell-autonomous manner (i.e., none make diffusible
products) (Baker and Ridge, 1980). The times during de-
velopment when the products of this hierarchy have func-
tioned sufficiently for normal sexual differentiation to oc-
cur have been investigated using temperature-sensitive
(ts) fra-2 mutants. In chromosomal females the absence
of tra-2* function throughout development leads to male
somatic sexual differentiation. Temperature shifts with ts
tra-2 mutants showed that in cells producing the cuticular
structures of the adult this regulatory gene does not deter-
mine sex at a discrete time, but rather is needed at several
times within single cell lineages to control different
aspects of sexual differentiation (Belote and Baker, 1982).
This suggested that the different times at which function-
ing of this regulatory hierarchy is required reflect the
different times at which the structural genes under its con-
trol are normally expressed in a cell lineage.

The present study is aimed, in part, at testing this hy-
pothesis by examining at a molecular level how this hierar-
chy regulates the expression of specific structural genes.
We have chosen for analysis the three genes that encode
the major yolk polypeptides (YPs) (for review see Postle-
thwait and Jowett, 1981). These genes are normally ex-
pressed only in females producing YPs throughout adult-
hood by two tissues: the adult fat body cells (Gelti-Douka
et al., 1974) and the ovarian follicular epithelium (Brennan
et al., 1982). The YPs made in the fat body are secreted
as vitellogenin into the hemolymph (Hames and Bownes,
1978, Postlethwait and Kaschnitz, 1978), from which they
are sequestered by maturing oocytes (Mahowald, 1972).

All three YP genes have been cloned (Barnett et al.,
1980; Hovemann et al., 1981) and studies of their expres-
sion suggest that their coordinate control occurs at the
level of transcription (Barnett and Wensink, 1981; Hung et
al., 1982). Two sets of trans-acting regulatory functions
that control YP gene expression have been identified.
First, YP synthesis is hormonally regulated. Both 20-
hydroxyecdysone and juvenile hormone have been found
to promote YP synthesis (Postlethwait and Handler, 1979),
and YP transcript levels are increased in female fat body
treated with either hormone (Shirk et al., 1983; Postle-
thwait and Shirk, personal communication). It is likely that
a signal at eclosion triggers the hormonal events resulting
in YP gene expression and ovarian maturation (Handler
and Postlethwait, 1977). Although YP synthesis does not
normally occur in males, a low level of synthesis can be
stimulated by very high fevels of 20-hydroxyecdysone,
(Bownes, 1982; Shirk et al., 1983). Second, YP synthesis
is also controlled by the regulatory genes governing so-
matic sexual differentiation (FPostlethwait et al., 1980:
Bownes and Néthiger, 1981, Ota et al., 1881). That the
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Figure 1. Model for the Roles of the tra, tra-2*, ix*, and dsx* Loci in Sex Determination

The bifunctional dsx* locus can express either of two functions: dsx™ is expressed in males and represses female differentiation. The tra* and tra-2*
loci function in females to allow the expression of dsx’. The ix* locus acts in conjunction with dsx’ in females to repress male differentiation.

functioning of this hierarchy is necessary for the synthesis thesize yolk proteins). Alternatively, tra-2* function could
of YPs in females is shown by the observation that chro- be required in the adult at the time of YP synthesis to regu-
mosomal females that have been transformed into males late the expression of these particular sexual differentia-
as the result of homozygosity for a null mutation at either tion functions. These possibilities can be distinguished by
the tra or tra-2 locus do not synthesize YPs. The normal determining when the synthesis of YPs is temperature-
activity of this regulatory hierarchy is also required in chro- sensitive in diplo-X flies homozygous for a temperature-
mosomal males to prevent YP synthesis: loss-of-function sensitive allele of tra-2.
mutations at the dsx locus (which transform both males Chromosomal females homozygous for tra-2%2 de-
and females into intersexes) result in the synthesis of YPs velop as phenotypic females when reared throughout de-
in chromosomal males. The available data are all consis- velopment at the permissive temperature of 16°C, where-
tent with the view that these regulatory genes interact with as they develop as males if reared at the restrictive
one another to control YP synthesis in the same manner temperature of 29°C (Belote and Baker, 1982). YP synthe-
that they interact to control the terminal differentiation sis in individuals raised entirely at one temperature corre-
functions responsible for the sexually dimorphic adult cu- lates with their cuticular sex. In tra-252 homozygous adult
ticle (Figure 1; Ota et al., 1981). females raised and kept at 16°C, YP synthesis occurs at
The results presented here show that the sex determi- a level comparable to that seen in the tra-2%%/+ control fe-
nation regutatory hierarchy functions in the adult both to males (Figures 2A and 2B). In XX; tra-2%? homozygotes
turn on and to maintain the synthesis of yolk proteins raised and kept at 29°C there is essentially no YP synthe-
when they are being synthesized. In addition, these data sis detectable and the general synthetic profile of hemo-
show that control of YP gene expression by these regula- lymph proteins is nearly identical with that seen in XY con-
tory genes occurs through the regulation of either YP trol males (Figures 2C and 2D). These results confirm the
gene transcription or YP transcript stability. Finally our findings of previous studies of null tra-2 mutants, which
results suggest that these regulatory genes control YP showed that ira-2* function is necessary for YP synthesis
gene expression via their functioning within the fat body in females (Bownes and Néthiger, 1981; Ota et al., 1981).
cells of the adult fernale where the YPs are synthesized. To study when wild-type ira-2 function is needed to syn-
thesize YPs, XX; #ra-2%5? homozygotes were reared at
Results 29°C until they were 2 day old adults, shifted to 16°C for
various periods of time, and assayed for YP synthesis. In
influence of ra-2' on Yolk Protein Synthesis these individuals synthesis of all three YPs is initiated
There are two ways we could envision the fra-2* function within 24 hr following the shift to the permissive tempera-
(and the sex determination regulaiory hierarchy) acting to ture (Figure 3, A-E). Thus, even in individuals that have
allow the synthesis of YPs in aduit females but not males. followed the male developmental pathway throughout de-
One possibility is that at some time during developiment velopment, the initiation of fra-2* activity in the adult is suf-
it acts in the progenitae cells of the adult fat body and ovas- ficient 1o turn on YP synthesis and, in at least this regard,

ium 1o determine irreversibly their sex o reverse their sesxwal commitment.
sndanis (e, their ability 10 syn- in wild-type flies YP synthesis is initiated near the time

ian foliicular epiil
and ths sex of thei
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Figure 2. Hemolymph Yolk Protein Synthesis

Yolk protein synthesis was monitored by injecting adults of the indi-
cated genotype and sexual phenotype with *S-methionine and, after
3 hr, separating the hemolymph proteins on a gradient SDS-
polyacrylamide gel, followed by autoradiography. Lane A: XX; tra-
2's2/+ control females. Lane B: XX; tra-2's? females raised and kept at
16°C. Lane C: XY; tra-2'%%/+ control males. Lane D: XX; tra-2s%
transformed females raised and kept at 29°C.

of eclosion in response to appropriate endocrine signals
(Jowett and Postlethwait, 1980). To determine whether the
initiation of YP synthesis by tra-2* product is limited to
a discrete phase (e.g., early adulthood), XX; tra-2!s?
homozygotes were reared to adulthood at 29°C and kept
at that temperature for periods ranging from 2 to 14 days
before being shifted to 16°C. Three days after the shift to
the permissive temperature, YP synthesis was assayed.
Levels of YP synthesis comparable to those observed in
2 day old wild-type females were initiated by a shift to the
permissive temperature even after 12 days at 29°C (Figure
3, F-J). The strength of response in the 14 day sample was
decreased but still detectable (not shown). These results
demonstrate that tra-2* maintains its regulation over the
sexual state throughout much of adulthood, as do all other
functions necessary for the initiation of YP synthesis.
To determine whether tra-2* function was needed to
maintain, as well as initiate, YP synthesis, XX; tra-2's?
homozygotes were reared at the permissive temperature
of 16°C until 2 days after eclosion, and then shifted to
29°C. YP synthesis was assayed after varying lengths of
time at the restrictive temperature. In such shifted individ-

A B 5% D E
T s = Zyp2
~YP3

F G H | J

Figure 3. Induction of YP Synthesis in XX; tra-2'*? Homozygotes fol- -
lowing a Temperature Shift from 29°C to 16°C

Yolk protein synthesis in adults of indicated genotype and sexual
phenotype was assayed as in Figure 2. Lane A: XX; trg-2's%
transformed females raised and kept at 29°C. Lanes B-E: XX; tra-2's-
transformed females raised and kept at 29C until 2 days after eclosion
and then shifted to 16°C for 2.5 hr (B), 21 ar (C), 3 days (D), or 4 days
(E). Lane F: XX; tra-2*%/+ control females. Lanes G-J: XX; tra-2's2
transformed females shifted to 16°C for 3 days after having been
raised and kept at 29°C until 2 days (G), 5 days (H), 9 days (1), or 12
days (J) after eclosion.

uals YP synthesis is maintained a: a significant level for
several days, but noticeably decreased by 3 days, and
reached a very low level by 13 days at 29°C (Figure 4a).
The most straightforward interpretetion of these results is
that tra-2* function is required to maintain YP synthesis,
but once YP synthesis is initiated removal of tra-2* activity
only gradually leads to a cessation of YP synthesis. Such
a gradual attenuation of YP synthesis could, for example,
be due to the presence of long-lived YP mRNAs. An alter-
native possibility is that once YP synthesis is initiated, tra-
2* function is not required for its maintenance and the
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Figure 4. Turning off YP Synthesis in XX, tra-2? Females following Temperature Shift to 29°C

(a) Yolk protein synthesis in adults of indicated genotype and sexual phenotype assayed as in Figure 2. Lane A: XX; tra-2's? females raised and
kept at 16°C. Lanes B-D: XX; tra-2'5? females raised and kept at 16°C until 2 days after eclosion and then shifted to 29°C for 2 days (B), 8 days

(B}, and 13 days (D).

(b) YP synthesis plotted as the percentage of total hemolymph protein synthesis in XX; tra-22 females and wild-type control females. Flies were
raised and kept at 16°C until 2 days after eclosion and then shifted to 29°C for the indicated times. Hemolymph proteins were labeled in vivo and
separated on a gradient SDS-polyacrylamide gel as in Figure 2. Autoradiograms were scanned using a Kontes integrating densitometer.

decreasing rate of synthesis seen in this experiment is an
artifact resulting from prolonged maintenance of flies at
29°C. This latter possibility does not appear to be the
case: although YP synthesis in wild-type control females
shifted to 29°C does decline as a function of time, it is still
relatively high at 13 days following the shift, whereas YP
synthesis is greatly reduced in XX; tra-2%? homozygous
females by this time (Figure 4b). Together the above ex-
periments show that tra-2* function is required in the adult
female both to initiate and to maintain synthesis of yolk
proteins.

Since YP synthesis is under endocrine control, one
mechanism by which tra-2* could control YP synthesis is
indirect, via regulation of anteriorly located endocrine tis-
sues or the hormonal milieu (Handler and Postlethwait,
1978). Alternatively, tra-2* activity could be necessary
within the cells of the fat body that synthesize YPs. To dis-
tinguish hetween these possibilities we examined abdo-
mans of X tra-2? hornozygotes that have been sepa-
rated from the anterior endocrine organs, to see if YP
synthesis rermains temperature-sensitive. Abdomens
were isolated from XX; {ra-2192 homozygotes reared at
29°C uniil 1 day afier eclosion. These abdomens either
ware kapt at 29°C or were shified to 16°C for 24 1o 36 hr.
Groups of 12 abdamens wers subsaquently left untreated,
thy gither 1078 M 20-0H ecdysone or 1073

M ZR-515, a juvenile hormone analog. Such hormone
treatments have been shown sufficient to restore nearly
normal levels of YP synthesis in isolated wild-type female
abdomens (Handler and Postlethwait, 1978; Postlethwait
and Handler, 1979). After an additional 12 hr incubation,
abdomens were injected with 3*S-methionine and YP syn-
thesis was analyzed (Figure 5). YPs were not produced in
either untreated or hormonally treated abdomens kept at
29°C. After a shift to 16°C, unireated abdomens also failed
to produce YPs, whereas shifted abdomens treated with
either 20-OH ecdysone or juvenile hormone analog
showed appreciable levels of YP synthesis. In these ex-
periments synthesis of YP3 was noticeably lower than
synthesis of YP1 and YP2. This difference is also seen in
wild-type female abdomens that have been similarly
treated with hormones (Postlethwait and Handler, 1979).
The above results show that without tra-2* activity the
presence of hormone by itself is insufficient to stimulate
YP synthesis in the abdomen. This establishes that tra-2*
activity is required in the abdomen, possibly within the
cells of the fat body itself, for YP synthesis, and for modu-
lation of this synthesis by hormones. This is consistent
with the idea that tra-2* controls YP synthesis in a cell-
autonomous manner, as it does all other previously exam-
ined aspects of sexuat differentiation (Baker and Ridge,
1980; Wieschaus and Néthigar, 1982).
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Figure 5. Yolk Protein Synthesis in Isolated Abdomens.

Abdomens were isolated by ligation from 1 day old XX; tra-2/5? adults
that had been raised at 29°C. Abdomens were then either kept at 29°C
(lanes A-C) or shifted to 16°C (lanes D-F) for 1 day before hormone
treatment (see Experimeantal Procedures). YP synthesis was subse-
quently assayed as in Figure 2. Lanes A and D: no hcrmone treatment.
Lanes B and E: abdomens treated with 20-hydroxyecdysone. Lanes C
and F: abdomens treated with the juvenile hormonz analog ZR-515.

Control of Yolk Protein RNA Levels
To determine whether the requirement of tra-2* function for
YP synthesis reflected regulation of the YP genes at the
RNA level, the amounts of YP RNAs were measured fol-
lowing temperature shifts of XX; tra-2%52 homozygotes.
Flies were reared until 2 days after eclosion at either 16°C
or 29°C and were then shifted to the other temperature for
varying periods of time. Total RNA from whole flies was
prepared for each time point and analyzed on Northern
blots. The results closely parallel those obtained when YP
synthesis is monitored (Figure 6). Females homozygous
for tra-2152 kept continuously at 16°C have YP RNAs of
the same sizes and amounts comparable to those of het-
erozygous female siblings. On the other fand, XX; tra-
2152 homozygotes kept continuously at 29°C have little or
no YP RNAs, as seen in wild-type males. This result is
consistent with our observation that in chromosomal fe-
males homozygous for a non-ts allele of tra-2, YP RNA is
not detected (data not shown). Following a shift from 29°C
to 16°C an increase in YP3 RNA was detectable by 6 hr
after the shift, and after 24 hr at 16°C reached levels seen
in control females. Similar results were obtained for YP1
and YP2 except that the increase in RNA was not detect-
able until 24 hr following the shift to 16°C (Figure 8, A-I).
When fra-2's2 homozygous females were shifted from
16°C 10 29°C the amount of YP RNA decreased gradually,
analogous to what was seen when monitoring protein syn-
thesis, After 1 day at the restrictive temparature the
amount of YPP RNA was comparable 1o the preshift levels,
vihareas by the third day amounts decreased substan-
iiafly, reaching very low levels of YP RNA by 10 days at
29°C (Fiqure 6, Janes J-N).

These results indicate that the conirol of 7P synihesis

by the tra-2 gene occurs through the regulation of either
YP gene transcription or YP transcript stability.

Cell-Type Specificity of tra-252Induced

YP Gene Expression

Previous organ culture studies showed that there are at
least two sites of YP synthesis in adult females: in cells
of the abdominal fat body and in some cells within the
ovary (Gelti-Douka et al., 1974; Hames and Bownes, 1978;
Postlethwait and Kaschnitz, 1978; Warren et al., 1979;
Postlethwait et al., 1980). More recent experiments have
shown that the follicular epithelium of vitellogenic oocytes
is responsible for ovarian YP production (Brennan et al.,
1982). YPs are also synthesized by cells in the thorax of
adult females, presumably those of the thoracic fat body.

To ensure that the YP gene expression induced by tem-
perature shifts of tra-2'S homozygotes exhibited normal
tissue specificity, *H-labeled YP DNA probes were hybrid-
ized in situ to RNA in sections of XX; tra-2t2 individuals.
These flies had been reared to adulthood at 29°C and
then either maintained at 29°C or shifted to 16°C 2 days
after eclosion for periods of 1 or 3 days. As positive and
negative controls for YP gene expression, a heterozygous
female and a heterozygous male were sectioned with
each experimental fly and hybridized with probe on the
same microscope slide. Following autoradiography, the
number of silver grains appearing over a given tissue
provided a measure of the amount of RNA in those cells
capable of hybridizing to the YP DNA probe.

Wild-type females exhibited a high level of silver grains
over most, if not all, of the fat body cells in the abdomen,
thorax, and head as well as the follicular epithelium of
stage 10 follicles (Figure 7A). Adjacent sections of wild-
type males had much lower levels of grains distributed
uniformly over all tissues examined, providing a measure
of nonspecific background labeling {(Figure 7B). Consis-
tent with the results of the RNA blot hybridizations de-
scribed above, XX; tra-2%? homozygotes kept continu-
ously at 29°C exhibited low levels of silver grains over all
their tissues, as is seen in wild-type males (Figure 7C),
confirming that these flies do not accumulate significant
amounts of YP RNA. In contrast, sections of XX; tra-22
homozygotes shifted as adults to 16°C for 1 or three days
show substantial labeling over abdominal, thoracic, and
head fat body cells, while other tissues remain labeled at
the background level (Figure 7D). The degree of hybridiza-
tion to fat body cells in the latter individuals is lower than
that seen in wild-type females, suggesting that synthesis
or accumulation of YP RNA is not as great as in normal
females. Nonetheless, following hybridization with YP3
DNA probe the number of grains over the abdominal fat
bodies of XX:tra-2%2 flies shifted to 16°C was 4 to 6 fold
greater than that seen in genetically identical flies kept at
29°C. Similar results were obtained when YP2 DNA was
used as the hybridization probe {not shown).

The distribution of labeling in both wild-type and mutant
fernales appearec to be uniform across all fat body cells
in head, thorax, and abdomen. These results confirm
previous findings that YP genes are transcribed in fat
vody celis of the abdomen and thorax as well as in the fol-
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licular epithelium surrounding the oocyte (Brennan et al.,
1982) and show, in addition, that they are expressed in the
fat body of the head. Our observations also indicate that
there are no conspicuous additional sites of YP RNA syn-
thesis in shifted XX; tra-2'°2 homozygotes. Thus, with the
exception of YP synthesis by stage 10 follicular epithe-
lium, which is not present as a differentiated tissue in XX;
tra-2s2 homozygotes reared at 29°C, the tissue specific-
ity of YP gene expression in down-shifted XX; tra-2%? in-
dividuals appears to be normal.

Discussion

Yolk protein genes of Drosophila are typical of many eu-
karyotic structural loci in that their expression is tem-
porally and spatially regulated during development. In ad-
dition, they are regulated in a sex-specific manner.
Studies on control of YP synthesis by the endocrine sys-
tem and sex determination regulatory loci have identified
a number of components responsible for the temporal and
sexual regulation of YP gene expression. However, rela-
tively little is known, as yet, about the regulatory pro-
cesses acting during development to restrict YP gene ex-
pression to cells of the adult fat body and the ovarian
follicular epithelium.

Here we have focused on the manner in which the
regulatory hierarchy governing somatic sexual differentia-
tion acts to produce the female-specific expression of the
YP genes. The aim of these studies has been not only to
elucidate this particular aspect of the control of YP gene
expression but also to provide a paradigm of regulatory hi-
erarchy control over axpression of sexual differentiation
functions.

Our experimenis show that the function encoded by the
tra-2 locus is needed by the adult for YP synthesis at a
time that coincides with YP gene expression. Moreover,

d-type tra-2 function is neaded both fo initiate and to
i synthesis of YPs. Dy shifting termperatures with
ts ra-2 mutants, YP synthesis can be induced at its nor-
3 shorily losion, and maintained for up to

2

mal i

M N O

Yot »&WW

Figure 6. RNA Blot Hybridization of Nick-
Translated YP1 DNA to Total RNA from Flies of
the Indicated Genotype and Temperature
Treatment

RNA samples are from flies of the following
genotypes and sexual phenotypes. Lane A:
XX; tra-2'52* control females. Lane B: XX; tra-
252 females raised and kept at 16°C for 9
days. Lanes C-H: XX; tra-25%transformed fe-
males raised and kept at 29°C untit 2 days after
eclosion and were then shifted to 16°C for (C)
& days, (D) 2 days, (E) 1 day, (F) 75 hr, (G) 5 hr,
ar (H) 25 hr. Lane |: XX; tra-22 transformed
fernales raised and kept at 29°C until 5 days
after eclosion. Lanes J-N: XX; tra-2'52 females
raised and kept at 16°C until 2 days after eclo-
sion and then shifted to 29°C for (J) 10 days, (K)
5 days, (L) 3 days, (M) 2 days, (N} 1 day. Lane
Q: XY, tra-2%%* males at 29°C. The same filter
hybridized to a probe containing an actin gene
coding sequence (see Experimental Proce-
dures) showed similar levels of hybridization
across all lanes (not shown).

at least 2 weeks. The products of the sex determination
regulatory genes, as well as all other components neces-
sary to control the initiation of YP synthesis, appear to be
present or inducible throughout much of adulthood.
These results strongly suggest that the sex determination
regulatory hierarchy acts by controlling these three genes
and, by inference, potentially all other genes encoding
sex-specific differentiation functions at the time they are
expressed rather than at an earlier stage of development.
These results are consistent with previous findings on the
control of cuticular differentiation by the tra-2 locus, which
showed that tra-2* function was needed at different times,
even within single cell lineages, for different aspects of
sexual differentiation to occur (Belote and Baker, 1982).

The results described here also establish that tra-2*
controls the expression of YP genes and, by analogy, per-
haps other loci encoding sexual differentiation functions
by affecting YP RNA levels. Both Northern blot analysis
and in situ hybridizations to RNA in tissue sections show -
that without tra-2* function, YP transcripts are not accu-
mulated, but following a restoration of tra-2* function, YP
transcripts are detectable within 24 hr. The effect of a
removal of tra-2* function on YP synthesis and YP RNA
accumulation is less immediate: YP synthesis persists for
up to 1 week after tra-2152 females are shifted to the re-
strictive temperature. Previous experiments indicated that
the tra-2%52 gene product probably becomes nonfunc-
tional within 1 to 2 days at 29°C (Belote and Baker, 1982),
suggesting that YP synthesis maintained after this time is
caused by a persistent YP mRNA produced at 16°C. Whiie
this hypothesis is not exclusive, it has been suggested that
YP mRNA is relatively stable based on the observation
that YP synthesis occurs prodigiously in adult females
without amplification of YP genes (Barnett et al., 1380).
These results show that functional tra-2 gene product is
required both to initiate and to maintain the transcription
{or increase the stability of transcripts) of these female-
speciiic genes.

These data also show that cells of the adult fai body can
change their sex {at least with respect to YP synthesis)
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Figure 7. In situ Hybridization of 3H-l.abeled YP3 DNA Probe to RNA in Frozen Sections of Adult Flies

(A) XX; tra-2'5* control female. (B) XY; tra-2!5%* control male. (C) XX; tra-2'*2 transformed female raised and kept at 29°C. (D) XX; tra-2'S? trans-
formed female raised and kept at 29°C until 2 days after eclosion and then shifted to 16°C for 3 days. fb = fat body. m = muscle. Bar = 25 um.

quite readily, without extensive rounds of cell division.
Aduilt fat body cells, like those of most somatic tissues, do
not appear to undergo division in the adult (Rizki, 1978),
although some DNA synthesis in these cells (which may
be polyploid) is detected by 3H-thymidine incorpora-
tion (J. M. Belote and B. S. Baker, unpublished data).
Moreover, XX; tra-252 individuals are capable of initiating
YP synthesis when shifted to 16°C, even after extensive
y-irradiation, which prevents cell division (A. M. Handler,
unpublished data). YP synthesis results from a change in
the sexual state of fat body cells and not from some other
tissue, as fat body cells are the major, if not the only, site
of YP gene expression in tra-252 individuals induced by
ternperature shift o synthesize YPs.

Previous work suggested that the tra-2 locus does not
act directly to control genes encoding terminal sexual
differentiation functions but, ratner, does so indirecily by
controlling the expression of another regulaiory gene in
this higrarchy: the doublesex (¢ locus (Baker and

Galker, 1982), Genstic analysis

has suggested that the dsx locus is bifunctional and acts
in a negative manner to control sexual differentiation (Fig-
ure 1). In males (1X:2A) dsx* functions to repress female
differentiation; in females (2X:2A), dsx* represses male
ditferentiation. The tra-2* and transformer (tra*) gene prod-
ucts are thought to act in chromosomally female individu-
als to maintain the dsx* locus in the female mode of ex-
pression. In chromosomal males the tra* and tra-2* loci are
not expressed; as a consequence dsx* is expressed in the
male mods.

That tra-2* functions to control YP synthesis via its regu-
lation of the dsx* locus is consistent with the finding that,
when YP synthesis is used as a diagnostic phenotype for
sex, a pattern of epistalic interactions between sex deter-
rination mutants is observed o be identical with the one
that led to the zbove model (Ota et al., 1981). These data
are consisient with the hypothesis that active control of YP
gene expression occurs in males in which the expression
of dsx*in the male mode leads to repression of YP synthe-
sis. i females the ra-2* furction acts to switch dsx* from
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the male mode to the female mode of expression thereby
removing the repression of YP synthesis. Thus, functional
tra-2 product is needed to switch dsx* from a male-specific
to a female-specific expression mode thereby initiating YP
synthesis in XX; tra-2% individuals that had developed as
males. Simitarly, continuation of YP synthesis requires a
continuation of functional tra-2* product to prevent expres-
sion of dsx* in the male mode, which would shut off YP
synthesis. The dsx* locus has been cloned (B. S. Baker
and M. F. Wolfner, unpublished data) and the available
data on its expression are consistent with this model. In
particular, transcripts homologous to dsx* are found in
adult males (B. S. Baker, unpublished data).

As is evident from what we know about the regulation
of YP genes, a structural gene concerned with a particular
aspect of sexual differentiation must have information not
only about the sex of the cell it is in, but also about the
cell type and developmental stage, in order to be properly
expressed. Thus, at some level information from regula-
tory hierarchies controlling different aspects of develop-
ment must be communicated to each gene encoding a
differentiation function. The regulatory loci, such as tra-2,
that control sexual differentiation share many formal
genetic properties with the homeotic genes that regulate
other aspects of Drosophila development (Garcia-Bellido,
1977; W. K. Baker, 1978; Lewis, 1978; Baker and Ridge,
1980; Belote and Baker, 1982). The result reported here
that tra-2* function is needed both to turn on and to main-
tain expression of the YP genes may reflect how sex deter-
mination regulatory genes and possibly other homeotic
loci, function to regulate the genes under their control. If
s0, it suggests that hierarchies controlling various aspects
of development interact to regulate the expression of
differentiation functions at the level of the loci, which
themselves encode final differentiation functions. Under
this hypothesis each particular structural gene encoding
a terminal differentiation function would require a specific
combination of signals from these regulatory hierarchies
to render it expressible.

Regulation of the expression of YP (vitellogenin) genes
has also been studied in oviparous vertebrates, notably
frogs (Ryffel et al., 1977; Westley, 1979; Wahli, et al., 1981)
and chickens (Lazier, 1978; Elbrecht et al., 1981; Burch
and Weintraub, 1983). In both species the phenomenon is
quite analogous to that of Drosophila since vitellogenin
genes are normally expressed only in female liver and are
controlled by the steroid hormone estrogen (Ryffel et al.,
1977; lLazier, 1978). However, the vertebrates and Dro-
sophila differ significantly in how they achieve sex-
specific vitellogenin synthesis. During vertebrate develop-
ment the vitellogenin genes in the liver cells of both sexes
become commitied to expression in the adult, but only in
femalss do estrogen and estrogen-receptor levels reacn
the concenirations needed o induce expression (Lazier,
1978; Westley, 1979). Thus the sex-specific control of vitel-
legenin synthesis in vertebraies is achieved by modulat-
ing the functioning of the endocrine system. In Drosophila
ihis does not appaar to be the case. Titers of horrmone (20-
yaedysone) are not appreciably different between

FErox
medas and ferns any time during gostlarval develop-

ment (Handler, 19€2). Moreover, only limited YP synthesis
can be stimulated in males by exogenously supplied 20-
hydroxyecdysone and even then only with exceptionally
high tevels of this hormone (Bownes, 1982; Postlethwait et
al., 1980). YP synthesis in males cannot be stimulated at
all with juvenile hormone (Postlethwait et al., 1980; Shirk
et al., 1983). Thus, Drosophila does not appear to bring
about the sex-specific regulation of YP synthesis by
modulating hormorie levels. Instead, in Drasophila the sex
specificity of YP gene expression appears to be brought
about by the sex determination regulatory hierarchy act-
ing in the fat body of males to render the YP genes unable
o express regardless of hormone induction, whereas in
females the YP genes are not repressed and can thus re-
spond to hormone.

Experimental Procedires

Drosophila Cultures and Mutant Phenotypes

Drosophila melanogas-er were grown at 16°C or 29°C on corn-
meal-molasses-yeast-agar medium containing propionic acid and
supplemented with live yeast. Adults were collected within 12 hr after
eclosion, classified acccrding to phenotype, and stored at the tempera-
ture of culture for 2 days. They were then transferred to fresh food and
either kept at that same temperature or shifted to the other temperature
until used.

The tra-2? mutation was induced by ethyl methanesulfonate (Be-
tote and Baker, 1982). X(; tra-2' flies raised continuously at 29°C de-
velop as phenotypic meles with rudimentary gonads. Such fiies are
indistinguishable from chromosomal females that have been trans-
formed into males by a null tra-2 mutation. Flies of the same genotype
raised at 16°C develop as morphologically normal females that are
marginally fertile. XY; tra-21? individuals are morphologicaily normal
males that are sterile when raised at 29°C but fertile when raised at
16°C (Belote and Baker, 1983).

The chromosome bearing the tra-2%52 mutation was marked with
mutation brown (bw) and balanced over the In(2LR) CyO, dp™ Cy pr
cn? chromosome. Chrorr osomal males (XY) carried the dominant eye
shape marker Bar of Stone (BS) as a small duplication on the Y chro-
mosome. XX; tra-252 homozygotes could thus be unambiguously
identified independently of their sexual phenotype as non-Bar®, non-
Cy, brown-eyed flies. Descriptions of other genetic markers used can
be found in Lindsley and Grell (1968).

Yolk Protein Synthesis

Animals were injected with 1 uCi **S-methionine (1100 Ci/mmol; Amer-
sham) dissolved in Drosophila Ringers. They were then incubated at
the appropriate temperat are for 3 hr. Hemolymph was extracted by in-
jecting their abdomens with approximately 0.3 ul Ringers solution and
then puncturing the abdo men and withdrawing as much fluid as possi-
tle with a drawn-out micracapiltary. The hemolymph was then diluted
in 0.4 ml distilled water and proteins precipitated with trichloroacetic
acid (Bensadoun and Weinstein, 1976). The acetone-washed precipi-
tate was dissolved in 40 ul of sample buffer (Hames and Bownes, 1978)
and run on a 9%-12% soclium dodecyl sulfate polyacrylamide gradient
slab gel prepared accord ng to O'Farrell (1975). After electrophoresis,
the gel was stained with “oomassie blue, dried down on filter paper,
and autoradiographed for periods ranging from 12 to 48 hr. For some
experiments gels were prapared for fluorography with Enhance solu-
tion (New England Nuclear) and film exposed at -70°C. For some
samples, YPs were quant fied by scanning densitometry of autoradio-
grams using a Kontes integrating densitometer following the one-
dimensional separation o° hemolymph proteins.

VP Synihesis in Isolated Abdomens

Abdomens were ligated by tying nylon monofitament thread between
the thorax and first abdominal segment, whereupon ihe thorax and
head were cut away with iridectomy scissors. Isolated abdomens were
maintained at 29° or 16°C in humid chambers io drevent desiccation.
For hormone treaimeants abdomenrs were either injected with approxi-
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mately 0.2 ul of 105 M 20-OH ecdysone (Rohto Pharm.) dissolved in
10% ethanol-Ringers solution, or received topical application of 10
M juvenile hormone analog (ZR-515, a gift from Zoecon Corp.) dis-
solved in acetone. Twelve hours after hormone treatment, synthesis of
hemolymph YP was assayed as described for intact animals.

RNA Extraction and Analysis

For each time point, 20-30 adult flies were frozen in liquid nitrogen and
stored at —-70°C until extracted. Frozen flies were extracted by
homogenization in 2 ml of 0.1 M Tris (pH 8.9), 0.1 M NaCl, 30 mM EDTA,
1% sarcosyl, 0.4% diethylpyrocarbonate, 1.5 ml phenol, and 1.5 ml
chloroform: isoamyl alcohol (24:1). The resulting aqueous phase was
made 0.1 M in sodium acetate (pH 5), and ethanol-precipitated at
—20°C. RNA was pelleted at 17,300 xg for 10 min, washed once with
70% ethanol, dried under vacuum, and resuspended in 100 ul sterile
H,O. Yields were approximately 250 nug of RNA.

For Northern transfers, 66 ug RNA was denatured in formaldehyde
as described by Mehdy et al., (1983). Sixty micrograms of this RNA was
run on a formaldehyde/1.4% agarose gel, transferred to nitrocellulose,
and baked (Thomas, 1980). The remaining 6 ug was run on a parallel
gel and stained with ethidium bromide to monitor the guality and quan-
tity of the RNA.

Probes for hybridization were synthesized from DNA fragments cor-
responding to the YP1, YP2, or YP3, or to actin coding sequences (to
confirm comparable loadings of each RNA sample). The YP genes
cloned in pBR322 (Barnett et al., 1980) were kindly provided by Dr. P.
Wensink (Brandeis Univ.}, and actin probes were from a cDNA clone,
aDm108D11 {(Wolfner, Ph.D. Thesis, Stanford, Univ. 1980). Drosophila
sequences were excised from the vector using appropriate restriction
enzymes. The fragments were separated by electrophoresis on .7%
agarose gels and purified using DE81 paper (Dretzen et al., 1981). DNA
fragments were labeled with 32P by nick translation (Rigby et al., 1977;
Maniatis et al., 1976) and hybridized to the filters overnight at 42°C in
50% formamide, 5x SSPE, 0.25 mg/ml denatured salmon sperm
DNA, 10% wiv sodium dextran sulfate (Wahl et al., 1979), 0.1% SDS,
and 0.02% each polyvinylpyrolidone, Ficoll, bovine serum albumin.
Filters were washed in 0.1x SSPE, 0.1% SDS for 3 hr at 50°C and au-
toradiographed at -70°C using an intensifying screen and Kodak
XARS5 film.

For reuse of the filters, hybridized counts were removed by a 2-3 hr
incubation at 80°C in 0.1% SDS, 1 mM EDTA. Filters were autora-
diographed to check for residual radioactivity.

In Situ Hybridization to RNA in Tissue Sections

The hybridization of labeled DNA probes to RNA in tissue sections fol-
lowed the procedure of Akam (1983). A wild-type control female, a
shifted or unshifted XX;tra-2%2 fly, and a wild-type control male were
etherized, placed side by side in a drop of OCT embedding compound,
and quick-frozen with CO,. Ten to twelve micron-thick sections were
cut such that all three flies were concomitantly sectioned. The sections
were fixed, dehydrated, stored, and treated just prior to hybridization
as described (Akam 1983).

Cloned YP DNAs (Barnett et al., 1980) were 3H-labeled by nick
translation using *H-dCTP, *H-dGTP, and *H-dTTP (New England Nu-
clear; specific activity 25.0, 9.5, and 40.0 Ci/mmol, respectively) as ra-
diolabeled nucleotides in the reaction. Probes having specific activi-
ties in the range of 1-2 x 107 cpm/ug were obtained. These probes
were digested with pancreatic DNAase | to yield molecules that, when
denatured, average about 100~-200 nucleotides in length as deter-
mined by polyacrylamide gel electrophoresis.

Tritiated DNA (2 x 10% cpm/ud) was resuspended in hybridization sc-
lution, denatured, applied to slides, and hybridized (for 24 hr) as de-
scribed by Akam (1983). Coverslips were then floated off in posthybrid-
ization wash buffer consisting of 50% formamide, 600 mM NaCl, 1t mM
EDTA, 10 mM Tris-C!, pH 7.5, and slides were washed repeatedly in this
buffer (eight changes over 18 hr) at 25°C. Sections were then de-
hydrated by passing the slides once through 70% ethano!/300 mM am-
monium acetate, pH 7.0, for 5 min and twice through 90% ethanol/300
mM ammonium acetate, pH 7.0, for 5 min. After air drying, slides were
dipped in Kodak NTB2 nuclear track emuision, and autoradiographed
at 4°C for 2-5 weeks. After developing the autoradiograms, the tissug
was stained with Azure B and coverslips affixed with Permount.
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