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The female-sterile ovarian tumor gene, otu, is located in cytological region 7F1 on the Drosophila
melanogaster chromosome map. We have mapped the gene at the molecular level by using four dysgenic alleles
and two revertant derivatives of these alleles as well as an ethyl methanesulfonate-induced allele. The
insertional (dysgenic) changes were all associated with one restriction fragment, and its size was restored after
phenotypic reversion. One ethyl methanesulfonate-induced allele had a deletion in the restriction fragment
adjacent (distal) to the fragment altered in the insertional alleles. These two restriction fragments were
immediately adjacent to the s38 chorion gene. Associated with the two altered restriction fragments were two
RNA species, an abundant 3.2-kilobase (kb) poly(A)+ RNA and a minor 4.0-kb RNA. Several other
less-abundant RNA species were detectable with more-sensitive single-stranded RNA probes. The otu gene was
transcribed proximal to distal relative to the centromere; this was opposite to the direction of transcription of
the adjacent s38 gene. During development, the 3.2-kb RNA was absent in larvae, first appeared in the pupal
stages, and persisted in adult females, in which it was most prevalent in the ovaries. The DNA that hybridized
to the 3.2-kb ovarian RNA hybridized to four different RNAs found in the testes but not in the rest of the adult
male. These testis-enriched RNAs were transcribed from the same strand of DNA as the ovarian transcripts.

Our understanding of germ cell determination and differ-
entiation in Drosophila melanogaster oogenesis is derived
largely from morphological and genetic studies. During
oogenesis, a single apical ovarian cell, the germarial cysto-
blast, undergoes four incomplete cell divisions to produce a
syncytium of 16 interconnected cystocytes. One of these
cystocytes differentiates into an oocyte (19), while the re-
maining 15 become the nurse cells that nourish the growing
oocyte via intercellular cytoplasmic bridges (8, 26-28) and
provide it with RNAs and proteins that will be required
during early embryogenesis (30).
Of central interest in germ cell development is the mech-

anism by which 1 cystocyte develops into an oocyte and the
other 15 cystocytes develop into nurse cells. Within a 16-cell
syncytium, the number of intercellular bridges varies from
one to four per cell, with only 2 of the 16 cystocytes having
four bridges. Immediately after the formation of the 16-cell
cluster, both four-canal cells enter meiotic prophase (27, 28).
However, one of these cells subsequently enters the nurse
cell developmental pathway, while the other develops as an
oocyte. It therefore appears that four cytoplasmic bridges
are a necessary but not sufficient prerequisite for determina-
tion of oocyte development.
We are interested in the early events of oogenesis and

specifically in genes that regulate the morphogenesis of the
germ cells themselves. The otu gene is one of several genes
whose products are required for the determination and
differentiation of oocytes and nurse cells (19, 21, 22, 25).
Homozygous mutant otu females are sterile and display a
variety of abnormalities with respect to oocyte and nurse cell
development. Heterozygous (otulotu+) females, hemizygous
mutant males, and hemizygous wild-type [otu+/Df(otu)] fe-
males are fertile (6, 21, 23-25, 37). Clonal analysis studies of
a mutant allele of this gene, fs(J)116 (otu), showed that the
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gene is expressed, and its product is required, in the germ
cells of the ovary (48). Two independent studies have also
shown that the alleles otu4 and otu7 are germ cell autono-
mous (unpublished data [21]).
The otu locus has been mapped to position 23.2 on the

genetic map and in region 7F1 on the cytological map by
using the allele otu? (21). A total of 17 recessive alleles (otu'
through otu'7) have been generated by ethyl methanesulfo-
nate (EMS)-induced mutagenesis in different laboratories
(13, 21, 24; M. E. Digan, Ph.D. thesis, Indiana University,
Bloomington, 1980). In addition, we have generated four otu
alleles (otu"' through otu'4) via hybrid dysgenesis-induced
mutagenesis. otu alleles have been divided into the following
three major classes on the basis of the behavior of the
stem-line oogonia in homozygous mutant females (21). (i)
The quiescent (QUI) class contains otu alleles which are
defective in oogonial proliferation and contain chamberless
ovarioles. (ii) Alleles in the oncogenic (ONC) class produce
cystoblasts and cystocytes which fail to differentiate into
oocyte and nurse cells. Females homozygous for the ONC
alleles develop ovarian tumors made up of hundreds to
thousands of dividing cystocytes. (iii) In the differentiated
(DIF) class are alleles which produce cystocytes which
differentiate into pseudonurse cells, nurse cells, or oocytes,
but in which the egg chambers never complete development.

This study is aimed at improving knowledge of the molec-
ular events associated with early oogenesis in D. melano-
gaster. Since mutations at the otu locus effect a variety of
phenotypic changes in the ovary, the otu+ gene product may
be required not only for female germ cell formation but also
for other events, such as cessation of cystocyte division and
the differentiation of the oocyte and nurse cell nuclei. As a
first step toward gaining an understanding of how this gene
acts during oogenesis, we have identified a genomic DNA
segment containing otu+ and have examined the expression
of this gene during development and in a variety of tissues.
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MATERIALS AND METHODS

Stock and culture conditions. Flies were reared on a
high-yeast medium (10) at 25°C and on a standard cornmeal-
molasses-brewer's yeast-agar medium with propionic acid to
inhibit mold growth at 18°C for genetic and molecular
studies, respectively. Each otu allele was maintained in a
balanced stock, and homozygotes were obtained from cul-
tures of the respective strains.

Hybrid-dysgenic mutagenesis and screening for otu P al-
leles. The otuP mutations were recovered in the descendants
of MxP matings. The P strains were obtained from William
Engels and are identified as rr2, Inbred cage 3, 8.31.15, and
78.61. The M strains were from stocks synthesized at Iowa
and were sn3IZr0e in experiment 1 and an attached-X strain
with C(J)A,y in experiment 2. For mutagenesis studies, F1
dysgenic flies from the MxP crosses were mated to yield
male progeny (hybrid dysgenic), each with the potential of
carrying new sex-linked female-sterile mutations. To detect
any new female-sterile mutations which occurred at the otu
locus and its close neighbors and to establish balanced
strains of such mutations, each male was mated to females
carrying DflJ)RA2 and a Bar-marked balancer (B). The
progeny of this mating included B+ females and Bar-eyed
females. The B+ females were tested for fertility to reveal
any new female-sterile mutations in the region uncovered by
the deficiency, which is 7D10 through 8A4.5. The B siblings
were used to make the balanced stocks of each new muta-
tion. In experiment 1, the MxP F1 dysgenic parents of the
hybrid dysgenic males were females; in experiment 2, they
were males.
Two fertile alleles were derived as reverse mutations from

otut and otu'2. They were discovered as fertile females
from test matings of otu-xotu" made shortly after these
mutations were first discovered. The revertant alleles are the
following: (i) otu"RJ from four y cv otu- IZ50eIsn3 otup'
females and (ii) otuPR2 from a single y cv otu2 lzi50eIsn otuP2
lZ-5Oe female. Because otuw appeared first in females with
mosaic ovaries, the mutation presumably arose in the course
of the germ line development of that female. The mutation of
otu" apparently happened no later than in the male parent
of the tested females. Stocks of each mutation were estab-
lished from appropriately marked individuals in the progeny
of the fertile females. To control for the possibility that otu2
was inadvertently chosen, each presumptively revertant
allele was later tested in the genotype DftJ)RA2IotuPR. In
each case, the females were fertile, which would not be so of
DflJ)RA2Iotu2 contaminants.

Preparation of nucleic acids. Genomic Drosophila DNA
was prepared from frozen adult flies by the method of Kidd
et al. (18). Plasmid DNA was purified on cesium gradients by
standard methods (9, 15), and recombinant phage DNA was
prepared from plate lysates on cesium chloride step gradi-
ents (45). The recombinant phage clones X15, X403, and
X1406 were generously provided by A. Spradling (43) and
originally were from the Maniatis Drosophila genomic li-
brary (32).
RNAs were prepared from adults, sexed larvae, pupae,

and hand-dissected adult tissues (ovary, testis, head, and
thorax) by homogenization in glass tissue grinders (Wheaton
Industries), followed by RNA purification as previously
described (47). Poly(A)+ and poly(A)- RNAs were obtained
by oligo(dT)-cellulose (type 3; Collaborative Research, Inc.)
column chromatography (1).

Filter hybridizations. DNA was digested with restriction
enzymes (New England BioLabs, Inc.), resolved on 1%

agarose gels, transferred to nitrocellulose filters (BA85;
Schleicher & Schuell, Inc.) by the method of Southern (42),
and hybridized to heat-denatured nick-translated probes.
The filters were hybridized at 65°C in a mixture containing
2x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium
citrate, pH 7.0), 8x Denhardt solution (11), 50 mM sodium
phosphate (pH 6.8), 0.1% sodium dodecyl sulfate, 100 ,ug of
denatured salmon sperm DNA per ml, and 1 x 106 to 5 x 106
cpm of nick-translated probe per ml for more than 16 h.
Filters were prehybridized for at least 4 h in hybridization
buffer lacking the labeled probe. After hybridization, filters
were washed at 65°C for 4 h in several changes of 0.5x
SSC-0.1% sodium dodecyl sulfate, air dried, and exposed to
X-ray film (Kodak XAR-5; Eastman Kodak Co.) at -80°C.
The RNAs were size fractionated by electrophoresis on

1% agarose gels with formaldehyde as described previously
(17, 36). RNA was transferred to nitrocellulose filters in 20x
SSC without pretreatment of the gels, essentially as de-
scribed previously (46). RNAs were hybridized to nick-
translated probes under the prehybridization and hybridiza-
tion conditions described previously (36), except that 8x
Denhardt solution was substituted for 5 x Denhardt solution
in the buffer. After hybridization, the filters were washed at
65°C and exposed to X-ray film.

Prehybridization and hybridization of RNA filters to sin-
gle-stranded RNA probes and the subsequent washes were
done by the methods of Zinn et al. (49), except that dextran
sulfate was omitted from the hybridization buffer.

Preparation of radiolabeled nucleic acids. Single-stranded
[32P]RNA was made by the method of Melton et al. (34) with
some modifications. Plasmid templates were linearized with
restriction enzymes, phenol extracted, and ethanol precip-
itated before transcription with RNA polymerases. DNA
was transcribed at 37°C for 1 h in a 20-,ul reaction mixture
containing 1 ,ug of DNA; 0.5 mM each of ATP, UTP, and
GTP; 100 ,uCi of [a-32P]CTP (800 Ci/mmol; Amersham
Corp.); 40 mM Tris (pH 7.5); 6 mM MgCl2; 2 mM spermi-
dine; 10 mM dithiothreitol; 100 ,g of bovine serum albumin
per ml; 20 U of RNasin; and 5 U of SP6 or T7 RNA
polymerase (Promega). After RNA synthesis, the DNA
template was digested with 10 ng of RNase-free DNase
(Worthington Diagnostics) per RI for 5 min at 37°C. The
reaction mixture was extracted with phenol-chloroform, and
the radiolabeled RNA was purified from unincorporated
nucleoside triphosphate by Sephadex G-50 chromatography
(31). Specific activities of 2 x 108 to 8 x 108 cpm/lpg were
routinely obtained by this method.
DNAs were nick translated by standard techniques (33,

38).

RESULTS
Generation of hybrid-dysgenic alleles of otu. To identify the

DNA from the otu locus, we used P-element mutagenesis to
create mutations with elements inserted at the locus (5, 12,
40). In the mutagenesis experiments (Table 1), of seven
female-sterile mutations found in 4,724 tests, four were new
otu alleles. The otu" and otu2 alleles from the first exper-
iment were found in different lines of descent, so they were
independent in origin. Similarly, the otuP3 and otuP4 alleles
were of independent origin (see Materials and Methods).
These mutations were shown to be in the otu gene by their

homozygous and hemizygous ovarian phentoypes and by
complementation tests with other otu alleles. The results of
the complementation tests of the otu" alleles and the EMS-
induced alleles, representing all three phenotypic classes
(QUI, ONC, and DIF), are shown in Table 2. The otu"' and
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TABLE 1. New sex-linked female-sterile mutations arising from hybrid dysgenesis
Expt 1 Expt 2

P-mutation No. of new fsa No. of new fs New otu
strain Sample size mutations Sample size mutations alleles

otu Other otu Other

'r2 1,125 0 0
Inbred cage 3 691 2 1 222 0 1 OtUP", OtUP2
8.31.15 370 0 0 216 0 0
78.61 755 0 0 1,344 2 1 OtUP3, OtUP4

a fs, Female-sterile.

otu"2 alleles did not complement the EMS-induced alleles in
virtually all combinations. As homozygotes, each had a

tumorous-ovary (ONC) phenotype. The otu"3 flies were

fertile as homozygotes, though their productivity was only
30% of that of otu31otu+ females. The otuw31DflJ)RA2
females were sterile, whereas otu"3 partially complemented
all EMS-induced alleles used. In these heteroallelic combi-
nations, the productivity of otu"3 heterozygotes decreased
as the severity of the otu allele tested increased. The otu"4
allele (a DIF allele) partially complemented otUw3 and otu4.
In summary, all four P mutations were hypomorphic (leaky)
alleles of the otu locus.

Localization of otu close to the chorion gene cluster in 7F1.
Genetic mapping of the otu2 allele placed it 0.06 map units
proximal to cor-36, a mutation in the s36 chorion gene
(Digan, Ph.D. thesis; J. D. Mohler, unpublished results).
The s36 chorion gene resides in the most distal, 4.0-kilobase
(kb) EcoRI restriction fragment, shown on the genomic
restriction map at 7F1 (43; Fig. 1). Given the short genetic
distance between the otu gene and the s36 chorion gene, we
decided to look for alterations in the genomic restriction
fragments of the otu mutants by using clones X15, X403, and
X1406 and the subclones derived from them as probes (Fig.
1).

In each otuP allele, the 0.89-kb fragment covered by
p15-0.89 (Fig. 1) and present in the parental strains was

replaced by one or more larger fragments that differed in size
from those of the other otu" alleles (Fig. 2). The restriction
fragments surrounding the 0.89-kb fragment were the same
sizes as in the wild type for all P alleles, suggesting that a

transposable element (presumably P) had jumped into the
0.89-kb fragment under dysgenic conditions, causing the
inactivation of otu+.
Two fertile revertants, otuwR and otUPR2, were derived

from otup' and otuP2, respectively (see Materials and Meth-
ods). To correlate further the presence of P-element se-

quences in the 0.89-kb fragment with sterility in the otup
alleles, we analyzed genomic DNAs from both revertants
(Fig. 2) and found that the 0.89-kb EcoRI fragments had been
restored in both cases, suggesting the complete excision of
P-element sequences from this region (Fig. 2).
A similar genomic analysis of the 17 EMS-induced alleles

of otu showed that the 2.9-kb EcoRI fragment adjacent to the
0.89-kb fragment (Fig. 1) also changed in one EMS-induced
allele, otu" (Fig. 3). This allele contains a deletion of
approximately 2.0 kb in an 8.7-kb HindIlI fragment that
spans the distal EcoRI site of the 2.9-kb fragment (Fig. 3).
The alleles otu'5 and otu" (Digan, Ph.D. thesis), which were
induced in the same genetic background as otu"7, are normal
with respect to these fragments. These results indicate that
otu+ extends into the 2.9-kb fragment as well. We also
detected some cases of restriction-fragment-length poly-

morphisms apparently unrelated to otu+ function. Their
locations are shown in the summary figure (Fig. 7).

Hybridization of 2.9- and 0.89-kb fragments to ovarian
RNAs. The subcloned fragments identified by genomic hy-
bridization as being important for otu+ function were used to
generate hybridization probes to identify filter-bound ovar-
ian transcripts. The subclone p15-2.9 (Fig. 1) hybridized
very intensely to a 3.2-kb poly(A)+ transcript and, to a lesser
extent, to a 4.0-kb poly(A)+ RNA (Fig. 4). The same-sized
transcripts were detected with p15-0.89 (Fig. 1), although the
intensity of the signal was approximately 50 times lower.

Hybridization of proximal DNA fragments to a 3.2-kb RNA.
To determine the extent of the otu+ transcription unit, we
also hybridized the DNA proximal to p15-0.89 to filter-bound
ovarian RNA (Fig. 4). Faint hybridization to a 3.2-kb RNA
species was detected with radiolabeled probes generated
from p15-2.2 and p15-3.2 (Fig. 1 and 4). In addition, a
high-molecular-weight RNA was detected by probes gener-
ated from the more-proximal subclones of X15.

Developmental regulation of otu' RNA. Poly(A)+ RNAs
from male and female larvae, pupae, male and female adults,
and adult ovaries were screened by Northern (RNA) blot
hybridization to a single-stranded RNA probe made from
pSP64-2.9 (Fig. 1 and 5). A 3.2-kb transcript was first
detected in late pupae (Fig. 5). Two transcripts of 1.3 and 1.1
kb were also detected at this time, and the smaller of these
two transcripts was found in adult males but not in adult
females. The 3.2-kb transcript was also detected in RNAs
from adult females, as expected, and the adult ovary con-
tained this transcript in heavy abundance and a 4.0-kb
transcript in lower abundance (Fig. 5). Several additional
minor transcripts were detected with the single-stranded
probe that were not detected with the nick-translated DNA
probe. Surprisingly, a 3.2-kb transcript was also detected in

TABLE 2. Productivity of otuplotuEMS and otu"lotu+
heterozygous females

No. of females tested/no. of female
EMS-induced offspring' for allele:

allele
P1 P2 P3 P4

otu'0 QUI 13/0 13/0 13/8 13/0
otu' QUI 10/0 10/0 8/5 10/0
otU'3 ONC 12/0.1 11/0.2 13/62 13/15
otu9 ONC 5/0 5/0 5/148 5/0
otu4 DIF 5/0 5/0 5/148 5/4
otu7 DIF 13/0 13/0 13/64 13/0
otu5 DIF 13/0 9/0 13/128 13/0.2
Otu14 DIF 13/0 13/0.2 13/129 12/0
otu+ wild type NDb ND 5/310 5/279
a Mean number of female offspring from an 8-day egg-laying period.
b ND, Not done.
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FIG. 1. EcoRI sites of the 7F region of the X chromosome. The EcoRI sites (vertical lines) are shown on the genomic map of the 7F region
(43). Fragment sizes are indicated in kilobases above the horizontal line which indicates the genomic DNA. The wavy arrows show the
positions of three clustered transcripts and their directions of transcription. s36 and s38 are chorion gene positions. The genomic clones are
shown beneath the genomic map. X15, X403, and X1406 were isolated previously by Spradling (43; see Materials and Methods). The subclones
derived from these clones are shown under the genomic fragments and above the clones from which they are derived.

the adult male in addition to the smaller 1.1-kb male-specific
transcript. The 1.1-kb transcript was first detected during the
early pupal stage. Two RNAs in the 3.6- to 4.0-kb range were
also present in early pupae. Since all of these transcripts
were detected by a single-stranded RNA probe, all were
transcribed by the same strand, and the direction of tran-
scription was as shown in Fig. 1.

Adult-tissue-specific expression of otu+ transcripts. To an-
alyze the tissue specificity of otu+ transcription, RNAs
isolated from a variety of male and female tissues were
analyzed by filter hybridization with the single-stranded
2.9-kb RNA probe (Fig. 6). This probe hybridized to
poly(A)+ transcripts from ovaries and testes. The 3.2-kb
transcript present in the ovaries was absent in the testes.
Instead, the testes showed a 1.1-kb transcript and three to
four other transcripts in the 3.5- to 4.5-kb range, resembling
the early pupal transcription pattern shown in Fig. 5. Several
poly(A)+ transcripts were also detected in male and female
heads and thoraces, including a 3.2-kb species, although
their abundance was at least 3 orders of magnitude lower
than the amounts of the transcripts in the ovaries (Fig. 6).
Since the tissues were dissected by hand before RNA
extraction, the low levels of transcripts detected in the heads
and thoraces were not the result of contaminating RNA from
other tissues.

DISCUSSION

Molecular characterization of the otu+ gene region. We
have detected the insertion of transposable sequences in a
0.89-kb EcoRI fragment in the hybrid-dysgenesis-induced
otu' alleles, and we have observed that excision of these
sequences is correlated with the restoration of fertility in two
independent revertants of otup' and otuP2 (Fig. 2 and 7).
These results clearly indicate that the 0.89-kb EcoRI frag-
ment in region 7F1 is part of this gene.
The molecular analysis of an additional mutation has

allowed us to better define the location of otu+ within the
cloned 7F region DNA. An EMS-induced allele, otu'7,
contains a deletion of about 2 kb in the 2.9-kb EcoRI
fragment immediately distal to the 0.89-kb fragment which
enters the 4.7-kb EcoRI fragment distal to it (Fig. 3 and 7).
The 4.7-kb EcoRI fragment contains the s38 chorion gene.
Therefore, the 3' end of the gene lies immediately proximal
to the s38 chorion gene.

The 5' end of the gene is not yet defined. Our Northern
hybridization studies (Fig. 4) suggest that a small exon or
exons exist upstream from the 0.89-kb fragment, since very
weak hybridization to a 3.2-kb RNA is detected with two
subclones 5' to the 0.89-kb EcoRI fragment.
Our molecular results are consistent with the genetic

recombination and deficiency mapping experiments which
have placed the otu? allele approximately 0.06 centimorgan
proximal to cor-36 (Digan, Ph.D. thesis), a mutation in the
s36 chorion gene (Mohler, unpublished results [21]), and

U,

,< OOOcv-Oo.
Q C

Cu Cu
_ 0\

ON

0.89-h

FIG. 2. Genomic restriction patterns of otu' alleles, their P
parent lines, and wild-type revertants. Genomic DNAs (approxi-
mately 3 ,ug) from whole flies and DNA from the recombinant phage
X15 were restricted with EcoRI and electrophoretically fractionated
on 1% agarose gels. The DNA was transferred from the gels to
nitrocellulose (42), and the filter was hybridized to nick-translated
p15-0.89. The genotypes are indicated. Lane CS is from Canton S
wild type, OR is from Oregon R wild type, and P1 to P4 are from flies
carrying the alleles otu"', otu"2 otu3, and otu"4, respectively.
Lane parent 1 is from strain 78.61, which was the P parent of otu"3
and otu4. Lane parent 2 is from strain Inbred cage 3, which was the
P parent of otup' and otuP2. Lanes PRI and PR2 are from the
wild-type revertants of otup' and otuP2, respectively. The sizes of
the altered fragments in the P3 and P4 lanes are 1.6 and 1.5 kb,
respectively. The 0.89-kb position is indicated at the left.
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FIG. 3. Structural analysis of otu". Wild-type and otu'7 genomic
DNAs (3 F±g of each) were digested with either Hindlll (H3-
digested) or EcoRI (Ri-digested), and the mutant DNA was com-
pared with the wild-type DNA in the genomic regions drawn at the
top by using radiolabeled p103.47 (43) to probe the left-hand panel
and radiolabeled p15-2.9 as a hybridization tag for the two panels on
the right. Pertinent restriction fragments are shown on the map at
the top of the figure, and the regions that were used as probes are
indicated by thick lines below the region they come from. The sizes
in kilobases of the restriction fragments are given above the map for
EcoRI fragments and beneath the map for HindlIl fragments. The
0.89-kb EcoRI fragment (not shown) lies to the right of the 2.9-kb
fragment. OR (Oregon R), CS (Canton S), and 17 (otu") DNAs are
indicated above their lanes.

distal to 1(1)B4 (Digan, Ph.D. thesis). I(I)B4 is allelic to the
inversion In(J)RA35, which has a breakpoint at 7F. A
molecular analysis of the In(J)RA35 breakpoint will help
define a 5' limit for the otu gene. Since all In(J)RA35otu-
combinatiohs that have been tested are fertile (21; Digan,
Ph.D. thesis), the breakpoint must lie 5' to the gene.

It is interesting that the otu+ DNA lies so close to another
cluster of genes transcribed in the ovaries, including the
X-chromosome chorion genes. The cluster of genes tran-
scribed in the ovaries extends distally beyond s36 as well as
proximally beyond s38, although the more-distal genes that
have been analyzed are transcribed in the follicle cells (35,
36) as the chorion genes are. Consistent with studies which
suggested otu+ expression in germ cells (48), recent in situ
studies show that otu+ RNA, called transcript K, is present
in the nurse cells in stage 8 to stage 10 egg chambers and that
otu+ RNA is contributed to the ooplasm through the cyto-
plasmic bridges (35). Although the 16-fold amplification in
the follicle cells of the DNA surrounding the chorion genes
(43) includes the 2.9- and 0.89-kb EcoRI fragments of the
otu+ locus, the amplification is probably fortuitous, since
there is no evidence that otu+ is transcribed in the follicle
cells.
Complex otu+ tiranscripts. We used subclones from the

DNA segment containing the otu+ gene as hybridization
probes to identify otu+ RNA and to determine which restric-
tion fragments from the otu+ region are homologous to otu+
transcripts. Our results indicate that subclones from the
distal region of X15 detect a predominant 3.2-kb ovarian

transcript and a minor 4.0-kb transcript, whereas those from
the proximal region detect additional high-molecular-weight
transcripts (Fig. 4). With single-stranded RNA probes, the
sensitivity of detection is increased and even the 2.9-kb
fragment hybridized to several higher-molecular-weight ova-
rian species (Fig. 5). One possibility for the origin of these
multiple and apparently overlapping transcripts is that some
of these fragments share homology with RNA transcribed
from genes outside the 7F region. Since the recombinant
DNA clones and subclones used in this study hybridized as
single-copy sequences, we do not feel that this is likely. The
data in Fig. 4 and 7 imply that the 3.2-kb ovarian transcript
extends at least as far as the 2.2-kb EcoRI fragment which
ends 9.2 kb from the left or distal end of the 2.9-kb EcoRI
fragment. Other ovarian Northern blots probed with more-
proximal (5') probes derived from X403 and X1406 also
hybridized to 3.2- and 4.0-kb RNAs as well as to more RNA
species (data not shown), and this result leaves open the
possibility that the locus extends as far as 35 kb. While 35 kb

A 1o*!1j1|* 7!,
I\\\~iL I /I

- + - +-_+-_+ -+_+

4.3
3.6

2 W
2

Exp. lx lOx 40x 40x 40x

-4.0

-3.2

: 40x

Probe: pDnTcrxl

FIG. 4. Determination of the sizes of the ovarian transcripts
from the otu locus. (A) Ovarian RNA was prepared from wild-type
(Canton S) flies, and 4 ,ug of RNA per lane was electrophoresed on
formaldehyde-agarose gels. The nucleic acids were transferred to
nitrocellulose, and each set of poly(A)- and poly(A)+ RNA was
hybridized with probes generated by nick translation of the sub-
cloned EcoRI fragments from Xi5 (Fig. 1). The filters were exposed
to X-ray film, and the autoradiograms are shown. The sizes in
kilobases of the subcloned plasmids used as hybridization probes
are indicated above the map of X15. Sizes in kilobases of RNAs are
given at the left of the autoradiograms and are based on double-
stranded DNA restriction fragment markers. Symbols: -, poly(A)-
RNA; +, poly(A)+ RNA. The relative exposure time for each RNA
strip is given below the autoradiogram. (B) The same strips were
washed by boiling in distilled H20 and rehybridized to the nick-
translated plasmid subclone pDmTal (16), which contains an a-
tubulin gene, to verify that the amounts ofRNA loaded in each lane
were constant and that the RNA was intact.
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FIG. 5. Developmental profile of otu+ transcripts. Poly(A)+
RNA was prepared from male and female larvae (10 ,ug each), early
(white) and late (dark) pupae (10 ,ug each), adult females and males
(4 ,ug each), and ovaries (1 ,ug). e, Early; 1, late. These RNAs were
separated electrophoretically on formaldehyde-agarose gels and
were then transferred to nitrocellulose paper. 32P-labeled RNA
complementary to the otu+ message was prepared from pSP64-2.9
and was hybridized to the filter. On the basis of the genomic
restriction map, the direction of transcription from the SP6 promoter
is opposite to the direction of transcription shown in Fig. 1. Lengths
in kilobases, based on double-stranded DNA standards, are shown
at the left, and the sizes of the transcripts are shown on the right.
Lanes with adult female and adult ovary were exposed for 4 h,
whereas the remaining lanes were exposed for 45 h. The signal in the
ovarian lane at 1.8 kb is also apparent if RNA made from plasmid
SP64 alone is used as a probe and may represent nonspecific binding
in the region of the rRNA.

is large for a Drosophila gene, other regulatory loci, includ-
ing the homoeotic genes, are quite large (2, 14, 41). Alterna-
tively, the RNAs detected by these proximal probes may be
unrelated to the otu+ gene. We are currently isolating and
sequencing cDNAs to locate the 3' and 5' endpoints of the
gene.

Tissue and stage specificity of otu+ gene expression. One of
the surprising findings of this study is that transcripts de-
tected by the 2.9-kb probe were expressed not only in the
ovaries but also in the testes of wild-type flies. The sizes and
relative abundances of the transcripts differed in the ovaries
and the testes (Fig. 6 and 7). The major transcripts in the
ovaries were 3.2 and 4.0 kb, and those in the testes were 1.1
kb and 3.5 to 4.5 kb. Both sets of RNAs were transcribed
from the same strand, although we have not yet determined
the extent of the testis-specific transcription unit. Although a
3.2-kb transcript was detected in blots of whole male flies,
this message was not found in testes and must therefore have
come from the body of the male.

In D. melanogaster, the earliest stages of gametogenesis
in both sexes are remarkably similar, in that germ cells of
both sexes give rise to cystoblasts, which undergo incom-
plete cytokinesis to generate clusters of interconnected cells
(19, 29). Our results show that transcripts homologous to the

2.9-kb probe are first detected in the gonads of wild-type flies
at developmental times when germ cells are giving rise to
clusters of interconnected cells, suggesting that the otu+
gene product(s) may work in a similar manner during early
gametogenesis in both sexes. However, whereas cystocyte
cytokinesis is disrupted in females homozygous for many of
the otu alleles, it appears to occur normally in hemizygous
otu males. All otu males are fertile, and cytological analyses
of otu' suggested that the testes of hemizygous males are
mhorphologically normal, containing normal numbers of
sperm per sperm bundle and normal numbers of bundles
(20). Because the genetics involved in screening for female-
sterile otu mutations requires fertile males, a class of sterile
males may have been lost in the genetic screens for the otu+
alieles. The transcripts detected in testes may or may not be
required for normal spermatogenesis to occur. Analysis of
testis cDNAs will reveal the amount of overlap between the
male and female transcripts, whereas analysis of testis RNA
from our deletion mutant (otu'7) may tell us whether the
absence of any of the testis RNAs can occur and still allow
normal fertility.

otu+-specific transcripts were also detected in the heads
and thoraces of wild-type male and female flies, although in
very low amounts. The significance of these findings is
unclear. However, since mutations in the otu+ gene disrupt
normal function only in the ovaries, these RNAs are either
unnecessary in the other tissues or these tissues are much
less sensitive to decreased amounts of the product or to
less-active forms of the proteins.
The occurrence of more than one otu+ transcript may

arise from the use of multiple sites of initiation, polyadeny-
lation, exon splicing, or any combination of these to give rise
to multiple, partly overlapping final products. Several Dro-,_

I l

kb

4.0- to
3.2- O

*

V4

a

I.I- 4

FIG. 6. Distribution of otu+ RNA in the adult. Poly(A)+ (+) and
poly(A)- (-) RNA from male and female heads (3 ,ug each), female
thoraces (5.5 ,ug), male thoraces (4.3 ,ug), ovaries (0.5 Rg), and testes
(1.5 ,Lg) were prepared, electrophoresed, transferred, and hybrid-
ized as described in the legend to Fig. 5. The lane containing ovary
RNA was exposed for 2 h, the lane containing testis RNA was
exposed for 24 h, and the lanes containing RNA from heads and
thoraces were exposed for 7 days. Molecular sizes (in kilobases) are
indicated on the left.
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HEAD AND
THORAX
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polymorphism

6.0 1.0,1.3. 1.9, 6.5 .1.71

polymorphism polymorphism

FIG. 7. Summary of genomic and transcription data. The genomic map of the otu+ locus is shown, with the EcoRI sites and fragment sizes
marked as in Fig. 1. Below the map, the positions of the genetic alterations are given. Symbols: ( ), deletion; A, insertions. The
polymorphic EcoRI fragments are shown below the map. Wavy arrows just above the map reflect the positions of the transcripts and the
direction of transcription. The sizes of the major RNAs (in kilobases) detected by the subclones or fragments used in this study are shown
directly above the map region that bears homology to them. To the left of these numbers are indicated the adult organs or parts that contained
the various transcripts. Only ovarian RNA was probed with DNA proximal to the 2.9-kb EcoRI fragment; the transcripts detected from other
tissue sources may therefore extend beyond the 2.9-kb EcoRI fragment. Several other ovarian transcripts have been detected proximal to X15
along the length of the genomic map shown. These additional RNAs are not included in this figure or presented in the study, since their
relevance to otu+ has not been determined.

sophila genes transcribe multiple mRNAs, including myosin
heavy chain (4, 39), 5C actin (7), and alcohol dehydrogenase
(3). The alternative RNA products from these genes are
often expressed differentially in specific tissues or develop-
mental stages and serve to generate diverse gene products
from a single transcription unit.
The observation of nearly complete complementation be-

tween some otu alleles (44) suggests another possible expla-
nation for the existence of multiple transcripts: the produc-
tion of more than one otu+ protein. Comparative analyses of
ovarian RNAs and protein products from mutant and wild-
type ffies will provide a clearer understanding of the molec-
ular events associated with otu function.
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