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ABSTRACT In Drosophila, the gene pipe is
expressed in follicle cells, the somatic cells that
surround the forming egg during maturation, spe-
cifically on one side of the egg chamber. This asym-
metry establishes the dorsoventral axis of the fu-
ture embryo. Through the action of pipe, the ligand
spätzle, that is located in the perivitelline fluid of
the embryo, is activated ventrally. This signal acti-
vates Toll, a membrane-bound receptor. According
to present knowledge, pipe encodes two different
transcripts, one of which restored ventral pattern
elements to embryos when introduced into mutant
pipe females. Here we show that pipe is far more
complex than previously reported. It encodes not
two, but at least ten different transcripts, two of
which are localized to ventral follicle cells. The
transcripts contain one of ten copies of a variable
domain, all homologous to heparan sulfate 2-sulfo-
transferase, an enzyme known to modify heparan
sulfate proteoglycans, which are molecules that
can bind ligands. The complex gene structure of
pipe thus evolved by duplications of one exon, a
strategy used by genes of the immunoglobulin su-
perfamily to generate molecular diversity. We
show that pipe transcripts can be eliminated by
RNAi, although in this method double-stranded
RNA is injected in embryos, while pipe transcripts
appear in the adult ovary. Our data suggest that at
least two different pipe transcripts redundantly
provide the ventralizing pipe function. 3* of pipe
we identified an enhancer element that drives a
lacZ reporter gene specifically in ventral follicle
cells. Since pipe transcripts are found in salivary
glands, and since expression of salivary gland
genes is dependent on signaling molecules, we
speculate that pipe became localized to ventral fol-
licle cells by a preexisting control system after ac-
quiring a follicle cell enhancer.
© 2001 Wiley-Liss, Inc.
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INTRODUCTION

In Drosophila, the dorsoventral axis of the embryo is
established by two subsequent signaling pathways.

During oogenesis, the nucleus of the oocyte moves from
a posterior to an anterior peripheral position. There,
localized Gurken (Grk) protein signals to the Egfr, the
Drosophila homolog of the human Epidermal growth
factor receptor, which is anchored in the membrane of
the follicle cells. This process, which induces the dorsal
follicle cell fate, defines the dorsoventral axis of both
the eggshell and the embryo (reviewed by Ray and
Schüpbach, 1996). The follicle cells, having assumed a
specific dorsal or ventral fate, signal back to the em-
bryo, and thereby initiate the second pathway (Neu-
man-Silberberg and Schüpbach, 1993). The second
pathway, which consists of 12 genes, controls the dor-
soventral polarity of the embryo only. Eleven genes,
collectively known as the “dorsal group,” are required
for the formation of ventral structures, one, cactus, for
the formation of dorsal structures (reviewed by Mori-
sato and Anderson, 1995; Belvin and Anderson, 1996).
In the embryo, a cascade of events is initiated, that
leads to local activation of the transmembrane receptor
Toll by the extracellular ligand spätzle on the ventral
side. This results in the translocation of the product of
the gene dorsal into the nucleus (Roth et al., 1989;
Rushlow et al., 1989; Steward 1989), where it regulates
the transcription of specific target genes.

At the top of the second pathway, there are three
genes, nudel (ndl), pipe (pip), and windbeutel (wind),
whose function is required in the follicle cells. The
products of nine other genes are produced in the germ-
line (Schüpbach et al., 1990; Stein et al., 1991). ndl,
which encodes a protease that is probably secreted into
the perivitelline space (Hong and Hashimoto, 1995),
does not act cell-autonomously, as even large clones of
ventral follicle cells that lack ndl do not disturb the
ventral pattern of the embryo (Nilson and Schüpbach,
1998). The Pip and Wind proteins, on the other hand,
act cell-autonomously. They are specifically required in
a stripe of ventral follicle cells (Nilson and Schüpbach,
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1998), which probably correspond to the cells that were
left unexposed to Grk signaling. The gene wind codes
for a transcript that is present in all follicle cells that
cover the oocyte at stages 9–10 (Konsolaki and Schüp-
bach, 1998). wind encodes a protein that shows homol-
ogies to vertebrate proteins of the endoplasmatic retic-
ulum (ER). Therefore, ER-bound Wind protein might
modify a product that will be secreted.

The third of the somatically required genes, pipe, has
also been described (Sen et al., 1998). A transcript
containing a domain of homology with mammalian
heparan sulfate 2-sulfotransferase was identified spe-
cifically in ventral follicle cells at mid-oogenesis. This
transcript was shown to provide ventralizing activity
when expressed in follicle cells. Thus pipe is the long-
searched-for localized ventralizing agent (reviewed by
Anderson, 1998). Tagged to the Golgi, Pip modifies a
yet unknown protein, that participates in the local
activation of the ligand Spätzle in the perivitelline
space.

We have independently cloned the gene pipe. Here
we report that this gene is more complex than previ-
ously reported. pipe evolved through duplications of
gene segments, which yielded ten different copies of a
domain homologous to mammalian heparan sulfate
2-sulfotransferase. A large primary transcript is pro-
cessed to yield different splice products, each of which
contains one sulfotransferase domain. At least two
such transcripts are present in ventral follicle cells at
mid-oogenesis. Our data suggest that the ventralizing
pipe function is provided redundantly by at least two
pipe transcripts.

RESULTS
Cloning and Sequencing of pipe Reveals at
Least Ten Different Domains With Homology to
Heparan-Sulfate 2-Sulfotransferase

While producing mutations in region 76A by mobi-
lizing the P-element of an enhancer trap line, we ob-
tained a mutation with a maternal dorsalizing pheno-
type among 112 tested revertant lines. Testing the new
mutation over existing dorsalizing mutations revealed
that we had isolated an allele of pipe. Since pipe is
specifically required in the somatic cells of the female
gonad, we searched for ovary-specific transcripts in the
chromosomal region surrounding the P element inser-
tion. Indeed, a female-specific transcript was detected
on Northern blots using a genomic fragment close to
the P insert as a probe. In situ hybridization confirmed
that this transcript is expressed in the ventral follicle
cells of the female gonad. This transcript was an excel-
lent candidate for the product of the pipe gene.

In the meantime, it was reported that pipe encodes
two isoforms of a heparan-sulfate 2-sulfotransferase,
one of which restored ventral structures to embryos
when introduced into mutant pipe females (Sen et al.,
1998). When, however, we sequenced the genomic re-
gion of the pipe gene and performed database similar-
ity searches, we found that pipe does not consist of

sequences coding for only two isoforms of a similar
protein as reported. Rather, the gene consists of at
least ten different domains that are highly conserved
when compared with each other (Figs. 1, 2). Over a
region encoding some 160aa, each of the ten domains
(boxes 1–10), shares homologies with a hamster pro-
tein, a heparan-sulfate 2-sulfotransferase with a type
II transmembrane topology as found in Golgi mem-
brane proteins (Kobayashi et al., 1997) and with ho-
mologous proteins of mouse and frogs (Bullock et al.,
1998), as well as with the Drosophila Segregation dis-
torter (SD) product (Powers and Ganetzky, 1991). From
this we conclude that the pipe gene is far more complex
than has previously been reported.

Expression Studies of Different pipe
Transcripts

To test which of the ten different boxes that show
homologies to heparan-sulfate 2-sulfotransferase code
for transcripts that are expressed in follicle cells we
performed in situ hybridization to ovaries using box-
specific RNA probes. Transcripts containing box 7 and
10 were detected in follicle cells (Fig. 3A, B). The box 10
transcript corresponds to ST2, which was reported to
code for the pipe function (Sen et al., 1998). At stages 9
or 10, both transcripts are found in follicle cells on one
side only, presumably ventrally. In embryos, tran-
scripts containing boxes 5 to 10 were specifically de-
tected in salivary glands (Fig. 3C). Indeed, (Sen et al.,
1998) reported the expression of transcripts containing
boxes 9 and 10 (called ST1 and ST2) in this tissue.

On RNA blots, a probe detecting box 1 and 2, another
detecting box 3 and 4 and probes detecting individually
the products of boxes 5 to 10 confirmed that transcripts
containing sequences of box 7 and 10 are present in
ovaries (Fig. 4). They also revealed that both boxes
yield transcripts of 1.7 kb, but that sequences from box
7 are also found in a second, slightly smaller transcript.
In embryos, transcripts detected by each of the probes
were present. The sizes of the transcripts, however,
differed slightly. Most transcripts had a size of 1.5 kb,
but box 7 seemed to be included in transcripts of dif-
ferent sizes, and transcripts containing box 8 and box 9
were smaller, with 1.2 and 1.4 kb respectively (Fig. 4).

A cDNA (LD12641) of 3 kb containing both boxes 9
and 10 can be ordered from the Berkeley Drosophila
genome project (BDGP) (Fig. 1). This is a partial splice
product as both Sen et al. (1998) and we show that in
ovaries and embryos, transcripts containing box 9 are
not colocalized with transcripts containing box 10 on a
Northern. Screening an embryonic cDNA library
kindly provided by Markus Noll, we could clone a
cDNA of approximately 1.4 kb derived from region
containing box 9, as well as a cDNA of 1.3 kb corre-
sponding to box 10. Both cDNAs were polyadenylated,
showing box 9 and 10 to in fact code for separate
transcripts. A cDNA of 1.7 kb containing only box 10
and two small upstream exons was reported by Sen et
al., 1998 (not shown in our Fig.1). Another cDNA
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(LP12067) containing box 3 can also be ordered from
the BDGP. At its 59 end, the same two small upstream
exons are found. Using rapid amplification of cDNA
ends (RACE) to define the 59 sequences spliced to em-
bryonic RNA from box 7, we found that this sequence is
also spliced to the same two upstream exons as RNA
from box 10. The data (Fig.1) thus reveal that a large
precursor transcript is spliced to yield ten different
splice variants of a similar size. This shows that the
locus is complex and that differentially spliced tran-
scripts are expressed in different tissues at different
stages during development.

pipe Is Not Expressed in Embryonic Gonads

It has been reported that pipe is expressed in embry-
onic gonads, which were speculated to be ovaries (Sen
et al., 1998). Using single-stranded RNA probes we are
unable to detect pipe transcripts in the embryonic go-
nad. Our sense control probe, however, detects a strong
hybridization signal in the embryonic gonad. This
probe detects transcripts from the gene falten that
partially overlaps and is transcribed from the opposite
strand (Sergeev P., Heller A., Hollmann M., Schäfer U.
and Steinmann-Zwicky M., manuscript in preparation;
Sergeev and Steinmann-Zwicky, 1999). Since Sen et al.
(1998) used a double-stranded DNA probe, it is likely
that they detected the falten transcript from the oppo-
site strand. Our results thus indicate that fal and pipe
are adjacent genes that are transcribed in opposite
direction, and that in the tissues examined their ex-
pression is mutually exclusive.

Analysis of pipe Mutants

Since pipe codes for ten different splice variants
which are highly homologous to each other and of
which at least two are expressed in follicle cells, we
wondered whether the transcript identified by Sen et
al. (1998) in fact provides the pipe function. A trans-
gene containing ST2 (our box 10) was shown to ven-
tralize embryos, when expressed in follicle cells. This
however, does not prove that ST2 has this function in
vivo or that it provides the pipe function alone. It is
likely that a homologous transcript that does not nor-
mally provide the pipe function could do so when over-
expressed in follicle cells. Thus, any of the 10 tran-
scripts we identified might be able to provide
ventralizing pipe function. Furthermore, different
transcripts from the pipe region might be redundant,
and provide the pipe function together. We reasoned
that if one of the transcripts provides the pipe function
alone, at least some pipe mutations should show DNA
alterations within the box coding for this transcript. To
our surprise, sequencing genomic DNA that included
the 10 different boxes and the two common 59 exons
from eight different pipe mutant alleles did not show
any nucleotide changes. Only in the DNA from our new
allele pipzh1 we detected a large deletion that removes
the 39 end of pipe including boxes 8–10 and at least
partially box 7 (see Experimental Procedures). Thus, in
this mutation the two transcripts of the pipe gene that
are expressed in follicle cells (box 10 and 7) and their
products are absent. This is consistent with the hy-

Fig. 1. Physical map of the genomic region encoding the various 39
exons of pipe. The region contains ten copies of a domain homologous to
heparan sulfate 2-sulfotransferase (black boxes), which together form a
variable 39 exon. Copy number 3, 7, and 10 were spliced to the same two
small constant upstream exons (see text). The region that yields the pipe

transcripts is designated by a line with an arrow. The region that is
deleted in the pipzh1 mutation is represented by a white box. The fragment
of DNA containing an enhancer element of pipe is designated with a black
line. P, Pst1; X, Xba1. [cDNA1(LD12641) and cDNA5(LP12067) are from
BDGP cDNA selection].
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pothesis, that the two transcripts might redundantly
provide the ventralizing pipe function together.

Removing pipe Transcripts by RNAi

To investigate the role of the different pipe tran-
scripts with respect to its ventralizing function we de-
cided to inactivate single or multiple transcripts using
RNA interference (RNAi). This reaction, which is be-
lieved to enable animals to fight virus infections, is
highly specific, as only RNA of the same composition as
the one injected as a double-stranded copy is elimi-

nated (reviewed by Hunter 1999; Sharp 1999). The
phenomenon was initially observed in C. elegans, but
more recently it was reported that RNAi also works in
Drosophila, such that phenocopies of mutations can be
obtained even in this organism (Kennerdell and
Carthew, 1998; Misquitta and Paterson, 1999). In Dro-
sophila, RNAi has been successfully used to inactivate
gene function during embryogenesis. If only one of the
sulfotransferase boxes provides the ventralizing pipe
function, we would expect to obtain pipe mutants by
injecting dsRNA for this box alone. If the pipe function

Fig. 2. Homologies between the different sulfotransferase boxes. Comparison of the predicted amino acid
sequence of the ten sulfotransferase boxes of pipe, the Segregation Distortion protein of D. melanogaster, and
proteins containing 2-O-sulfotransferase boxes from mouse, hamster, and Xenopus. Identical and similar
amino acids are pointed out with black and grey boxes respectively.
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is provided by several boxes redundantly, pipe mutants
would only be obtained when dsRNA corresponding to
several boxes are injected. Since pipe function is only
required in the adult ovary, and since double-stranded
RNA (dsRNA) is injected into early embryos, it was not
certain whether pipe transcripts could be inactivated
at all in follicle cells.

We injected embryos with dsRNA from each of the 10
sulfotransferase boxes individually. Furthermore, we
injected dsRNA covering the region containing boxes 7
to 10 and we injected two different dsRNAs covering a
region containing all 10 boxes together (Fig. 1). As a
control we injected a) only water, and b) dsRNA from a
region coding for wind (Konsolaki and Schüpbach,
1998), another gene from the dorsalizing cascade.

Adult females derived from injected embryos were al-
lowed to mate with wild-type males and to lay eggs.
Among the progeny, we counted the percentage of de-
fective embryos compared to vital larvae and prepared
the dead animals for inspection of the cuticle. Table 1
shows that dorsalized embryos can be obtained by
RNAi, although the mutant phenotpe is visible one
generation after the injection of dsRNA. Injecting
dsRNA corresponding to all 10 boxes was most effi-
cient, as 8.7% of the mutant embryos collected totally
lacked ventral structures (denticle belts and filzkörper;
Fig.5). dsRNA corresponding to boxes 7 to 10 also
yielded completely dorsalized embryos (6.9% of the de-
fective embryos). The percentage of dorsalized embryos
might seem small if one only considers the number of

Fig. 3. In situ hybridization of transcripts deriving from boxes 7 and 10
and staining of ovaries of transgenic flies containing an enhancer element
driving transcription specifically in ventral follicle cells. A, B. In situ
hybridization of stage-10 egg chamber with a dig-labeled RNA probe
antisense to A, box 7 and B, box 10. In ovaries, both probes detect a
transcript that is strongly expressed in ventral follicle cells, C. In embryos,

probe 7 detects staining in salivary glands. A similar picture was obtained
with probes detecting boxes 5, 6, 7, 8, 9, and 10. D. Expression of a
construct in which an enhancer element at the 39 end of pipe (c.f. Fig.1)
drives lacZ specifically in ventral follicle cells. E. The same egg chamber
was stained with DAPI to identify the localization of the oocyte nucleus
(arrow) on the dorsal side of the egg chamber.
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embryos totally lacking ventral structures. However,
since in total, some 3% of the collected embryos showed
at least some signs of dorsalization, our numbers can
be compared to a previous report in which 3% of the
adults obtained after injecting dsRNA from the gene w
had white spots in the eye (Misquitta and Paterson,
1999).

Ventral structures were present in all embryos de-
riving from mothers injected with dsRNA from only one
of the 10 individual boxes (boxes 1 to 10, in each case
about 4,000 embryos were tested). Injecting dsRNA
from the gene wind was extremely inefficient, as most
injected embryos died. This suggests that wind is re-
quired in the zygote, as was postulated previously
(Konsolaki and Schüpbach, 1998).

In summary, eliminating transcript 10 was not suf-
ficient to remove the ventralizing pipe function. Com-
plete lack of ventral structures, however, was obtained
when transcripts 7 to 10 were eliminated. Thus tran-
scripts 7 and 10, which are both expressed in the ovary,
must act redundantly to ventralize embryos. Our ex-
periment shows that RNAi can be used to eliminate
transcripts found in adult flies. Of particular interest is

the fact that the phenotype induced is observed a full
generation after dsRNA was injected, as the elimina-
tion of pipe from somatic cells of ovaries is only re-
vealed in progeny.

A Specific Enhancer Element Is Located at the
3* End of the pipe Gene

To test for the presence of pipe enhancer elements,
we fused stretches of DNA located 39 to pipe to a lacZ
marker gene and transformed flies with the constructs.
Female flies carrying one of the constructs showed
ovaries displaying b-galactosidase activity on one side
of the egg chambers, where pipe is expressed. To test
whether the gene product was in fact found on the
ventral side of the egg chamber, we double-stained egg
chambers with both X-gal to reveal the expression of
the transgene and DAPI to monitor the presence of the
nuclei. Since the oocyte nucleus is specifically localized
on the dorsal side of the egg chamber (Neumann-Sil-
berberg and Schüpbach, 1993), it is possible to score
where the transgene is expressed. In all analyzed cases
(n 5 30), the oocyte nucleus was found opposite to the
place where the lacZ gene was expressed (Fig. 3D, E).
This shows that the tested DNA region that is located
beyond the initial site of P insertion (Fig.1) contains an
enhancer element of the pipe locus.

DISCUSSION
The pipe Gene Is Highly Complex

The pipe gene shows a much higher degree of com-
plexity than has been previously reported. It consists of
ten different domains homologous to heparan sulfate
2-sulfotransferase, all highly conserved when com-
pared with each other. We show that the primary pipe
pretranscript is differentially spliced to yield 10 tran-
scripts each of which contains one such domain. Two
different transcripts are found in ovaries, in follicle
cells located on one side of the maturing egg. When the
cloning of pipe was reported (Sen et al., 1998), only two
transcripts, one of which is expressed in ovaries (here
called transcript 10), were detected.

Using RNAi, we show that single elimination of any
of the 10 pipe transcripts does not dorsalize progeny of
tested females. Embryos lacking ventral structures
were only obtained when both transcripts that are ex-
pressed in the ovary, 7 and 10, were eliminated. Con-
sistently with this, sequences coding for both tran-
scripts were deleted in the only pipe allele in which we
could identify a molecular alteration. Our results thus
suggest that the pipe function is not provided by the
transcript containing box 10 alone as was reported by
Sen at al. (1998), but that two transcripts, 7 and 10, act
redundantly to ventralize embryos. It has been re-
ported that expressing the transcript containing box 10
in dorsal follicle cells is sufficient to cause the appear-
ance of ventral structures (Sen et al., 1998). We now
propose that expressing transcript 10 is sufficient but
not necessary to induce ventral structures, because

Fig. 4. Northern analysis of transcripts deriving from the regions
containing the ten different sulfotransferase boxes. PolyA1RNA was
isolated from embryos and ovaries and probed with DNA fragments
corresponding to boxes 1–2; 3–4; 5; 6; 7; 8; 9 and 10. In ovaries, only
transcripts corresponding to sulfotransferase boxes 7 and 10 were found.
For sulfotrasferase 7, two transcripts with sizes 1.5 and 1.75 kb were
detected. For sulfotransferase 10 only one 1.7 kb transcript was found. In
embryos, probes of boxes 1–2, 3–4, 5, 6, and 10 detected transcripts of
about 1.7 kb. Box 7 was found in two transcripts of 1.3 and 1.7 kb
respectively, boxes 8 and 9 in transcripts of 1.4 and 1.6 kb respectively.
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redundant transcripts can perform the function as
well.

We find that pipe overlaps with a second gene we
named falten. This gene, which is expressed in embry-
onic prospective ovaries, is transcribed in the opposite
direction. Because Sen et al. (1998) used probes detect-
ing products from both DNA strands to detect pipe
transcripts, these authors have mistakenly reported
that pipe is expressed in embryonic ovaries.

39 of pipe, we identified an enhancer element that
drives the expression of a lacZ marker gene specifically
in ventral follicle cells. Another pipe enhancer had
previously been detected 59 of the gene (Sen et al.,

1998). Thus, pipe is a very complex gene whose tran-
scription is controlled by redundant enhancers (re-
viewed in Dorsett, 1999) located on either side of the
gene.

Function of pipe and Evolutionary
Considerations

Over a region encoding some 160aa, each of the ten
domains (boxes 1 to 10) share homologies with a ham-
ster protein, a heparan-sulfate 2-sulfotransferase with
a type II transmembrane topology as found in Golgi
membrane proteins (Kobayashi et al., 1997) and with
homologous proteins of mouse and frogs (Bullock et al.,

TABLE 1. Comparison of the Action of dsRNA Containing Different Sulphotransferase Boxes

Dorsalization Total number
of defective

embryos
Total number

of embryosStrong Medium Weak
dsRNA containing boxes from 1 to 10 14 58 89 161 5015

Percent of defective embryos 8.69% 36.02% 55.27% 100% —
Percent of total embryos 0.28% 1.16% 1.77% 3.21%

Boxes from 7 to 10 10 28 110 148 4691
Percent of defective embryos 6.89% 19.04% 75.87% 100% —
Percent of total embryo 0.21% 0.60% 2.34% 3.15%

The RNA was injected in embryos. Its effect was scored in embryos of the next generation.

Fig. 5. Different degrees of dorsalization obtained after dsRNA injec-
tion. Injecting dsRNA containing sulfotransferase boxes 1 to 10 or 7 to 10
yielded females that produced embryos displaying different dorsalization
effects. A, wild type; B, weakly dorsalized; C, medium dorsalized, arrow

points to narrow ventral denticle belts; D, strongly dorsalized, totally lacks
ventral dentical belts as well as filzkörpers. For the classification of the
dorsalized phenotype see Roth et al. (1991).
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1998), as well as with the Drosophila Segregation dis-
torter (SD) product (Powers and Ganetzky, 1991). The
sulfotransferases modify sugar chains of heparan-sul-
fate proteoglycans, which are known to play a crucial
role in a number of signaling processes. Because these
functions are so important, and because relatively few
mutations of genes that control the synthesis of hepa-
ran-sulfate proteoglycans are known, it has been spec-
ulated that these genes might be redundant (reviewed
in Lander and Selleck, 2000).

The structure of pipe, leads us to speculate that this
gene has evolved through a remarkable number of in-
ternal duplications. Duplications, which have occurred
for many genes, e.g., genes of the BX-C or Hox genes
(Duboule, 1998; Duboule and Morata, 1994; Mihaly et
al., 1998), make it possible that each family member
evolves a unique function, for example in a specialized
cell type (reviewed in Martienssen and Irish, 1999).
Many different enzymes that together form a family of
genes that arose through gene duplications are known
to be required to add sugar chains to core proteins
(Amado et al., 1999). In the case of pipe, however, it is
not the whole gene that was duplicated several times,
but the region that contains the heparan-sulfate 2-sul-
fotransferase domain. Thus, the possibility of produc-
ing a large variety of enzymes is given with minimal
duplications of sequences. A strategy in which mutu-
ally exclusive exons are used to obtain a large number
of different transcripts by alternative splicing, has long
been known to exist for immunoglobulin genes (Halaby
et al., 1999). DSCAM, an axon guidance receptor which
is a Drosophila homolog of human Down syndrome cell
adhesion molecule and a member of the immunoglob-
ulin superfamily is certainly an extreme example of a
gene displaying this strategy. Alternative splicing
can potentially generate more than 38,000 Dscam iso-
forms, as three variable exons exist in 12, 33, and 48
mutually exclusive copies, and as a fourth one, which
codes for a transmembrane domain exists in two copies
(Schmucker et al., 2000). In pipe we only find one
variable domain that exists in 10 copies, one of which is
spliced to two common upstream exons. So far only one
copy of the exon containing the transmembrane do-
main which targets the proteins to the Golgi has been
described. We cannot exclude, however, that more than
one copy of this exon exists, which might explain why
most pipe alleles could so far not be molecularly
mapped.

Primary Role of pipe

As all pipe transcripts seem to be expressed in the
embryonic salivary glands, we speculate that pipe was
required in the salivary glands, before it acquired its
ventralizing function. It has been shown that salivary
gland proteins can be modified by the addition of sugar
chains (Korge, 1977). Little, however, is known about
enzymes causing specific modifications of the sugars.
The null phenotype for the salivary gland function of
pipe is unknown, as homozygous pipzh1 mutants only

lack transcripts containing boxes 7 to 10. Several defi-
ciencies have been reported to have a breakpoint in
76B, removing distal sequences to the right of our
walk. Only one chromosome, however, is reported to
remove sequences of 76A and 76B (Df(3C) VW3). Test-
ing this chromosome, we found that it does not remove
pipe. This suggests that removing the whole pipe re-
gion might be haplo lethal. Haplo lethality has in fact
been demonstrated for the locus coding for division
abnormally delayed (dally), a gene providing the core
protein of a heparan sulfate proteoglycan (Lin and
Perrimon, 1999; Tsuda et al., 1999).

Two different signaling pathways control the expres-
sion of pipe in salivary glands. Correct formation of
salivary glands requires signaling by decapentaplegic
(dpp). This molecule controls the activity of the ho-
meotic gene Sex combs reduced (Scr), which determines
the salivary gland cell fate, by repressing this gene
where it should not be active (Panzer et al., 1992;
Andrew et al., 1994). In absence of dpp, an expansion of
salivary gland gene expression is found. In embryos
that overexpress dpp, salivary gland formation is
blocked (Panzer et al., 1992; Isaac and Andrew, 1996;
Henderson et al., 1999). Thus, regulating the expres-
sion of salivary gland specific genes, dpp determines
where pipe is expressed in the embryo. Within the
salivary glands, Egf signaling controls the fate of cells.
Together with Scr, Egf signaling determines salivary
duct cells. Alone Scr specifies a salivary secretory cell
fate (Kuo et al., 1996). Since pipe is expressed in the
salivary glands, but not in the salivary duct cells (Fig.
3C), we conclude that pipe might be repressed in cells
in which the Egfr is activated.

In the egg chamber, dpp is expressed anteriorly
(Twombly et al., 1996) and Egf signaling acts dorsally
(Nilson and Schüpbach, 1999). Since pipe expression in
salivary glands is repressed both by DPP and EGFR
signaling, it is interesting to speculate that due to the
simple acquisition of a follicle-specific enhancer, pipe
gene expression in follicle cells became subjected to
EGFR mediated repression, such that pipe became ex-
pressed in ventral follicle cells only.

EXPERIMENTAL PROCEDURES
Sequencing and RNA In Situ Hybridization

Sequencing reactions were performed on double-
stranded templates using the Sequenase2.0 kit (United
States Biochemical Corp., Cleveland, OH). Alterna-
tively the templates were submitted to the institute
sequencing facility which uses an “ABI PRISM™377
DNA Sequencer” (Perkin Elmer, Oak Brook, IL) with
the “Big Dye™ Terminator” chemistry (Applied Biosys-
tems, Foster City, CA).

RNA in situ hybridization was modified from Tautz
and Pfeifle (1989). Digoxigenin-labelled riboprobes
were synthesised by in vitro transcription using the
“DIG RNA Labeling Kit” (Boehringer Mannheim Bio-
chemicals, Indianapolis, IN). Embryos were collected
in water and rinsed in 0.1% Triton, dechorionated with
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7% sodium hypochlorite, washed in 0.1% Triton and
fixed in 4% paraformaldehyde in PBS (Sambrook et al.,
1989) for 20 min at room temperature (RT) in the
presence of an equal volume of heptane. The aqueous
phase was removed and the embryos were devitell-
inized with ice cold methanol and rinsed several times
in ethanol. The embryos were then rinsed in ethanol-
xylene 1:1 and incubated in xylene for 2 hr at RT. Then
the embryos were rehydrated by 5 min incubations in
70% , 50%, and 30% ethanol in PBS, fixed in 4% para-
formaldehyde in PBS for 1 hr at RT and washed twice
for 40 min in PBT (PBS 1 0.1% triton X100). Then the
embryos were incubated for 8 min in 10 mg/ml protein-
ase K in PBT. The reaction was stopped by washing
with 2 mg/ml glycine in PBT and the embryos were
refixed in 4% paraformaldehyde in PBS for 20 min at
RT. Dissected ovaries were fixed in 4% paraformalde-
hyde in PBS for 20 min, washed several times in PBS
and transferred into ethanol. From then on they were
treated as described above for embryos. The hybridiza-
tion was performed with 5 mg/ml DIG labelled anti-
sense RNA in 50% formamide, 5 SSC, 100 mg/ml yeast
total RNA, 50 mg/ml heparin, 0.1% Tween 20 for 20 hr
at 55°C. After the hybridization, embryos were washed
six times in PBT for 40 min at 60°C. The signal was
detected using the “DIG labeling and detection kit”
(Boehringer Mannheim) with NBT and either X-phos-
phate or BCIP as substrates. As the sequences of the
tested boxes are conserved but not identical, cross hy-
bridization is very unlikely.

RNA Isolation, Northern Analysis, and RT-PCR

Total RNA was isolated from embryos and adult flies
by the guanidnium-isothiocyanate method as described
by Chomcynski and Sacchi (1987) or using the corre-
sponding kit from Stratagene (La Jolla, CA). At the end
the RNA was precipitated with ethanol, washed with
70% ethanol, and resuspended in an appropriate vol-
ume of water. Poly(A)1 RNA was isolated with the
“Poly(A)1 RNA isolation kit” from Stratagene or the
“Ingenious message maker” kit from R&D Systems.
RNA concentrations were determined spectrophoto-
metrically. Northern analysis (blotting and hybridiza-
tion) was performed according to Sambrook et al.
(1989) using “GeneScreen Plus” nylon membranes from
NEN and random-primer 32P-labelled fragments of
genomic DNA corresponding to ST boxes as probes
(Fig.1). To determine the 59 region of the embryonic
transcript containing box 7, rapid amplification of
cDNA ends (RACE) was performed according to Boeh-
ringer (LaRoche) kit. Reverse transcription was primed
with oligo-dT and PCR was done with primers Pk1
(59CAGCTGGTTATATCTATAAC39), Pk2 (59GCACGT-
GCTCTATGTAGACCAG39) and Pk3 (59TCGTGAATC-
GGAACTC-AAGTGAAC39).

Molecular Analysis of pipe Mutants

DNA from flies homozygous for either of 8 different
pipe mutations (pip1, pip2, pip3, pip4, pip5, pip6, pip12,

and pip664; kindly provided by Kathrin Anderson) was
isolated. The regions coding for each of the ten sulfo-
transferase boxes and the regions coding for the two
upstream exons reported to be located at the 59 end of
the pipe transcript (Sen et al., 1998) were amplified
and sequenced. For each of the ten boxes, 500 bp flank-
ing the conserved region were sequenced both up and
downstream of the conserved region, to account for the
fact that transcripts are roughly 3 times the size of the
conserved boxes. No DNA alterations were found in the
corresponding regions.

The deletion in the mutation pipzh1 was detected by
Southern analysis. Genomic DNA isolated from ho-
mozygous pipzh1 flies was digested with the restriction
enzyme Xba1 and probed with DNA fragments corre-
sponding to a) sulphotransferase boxes 1 to 3, b) boxes
4 to middle of box 7, c) middle of box 7 to box 10. When
hybridized to the isolated DNA, the probes containing
boxes 1 to 3 gave the band that was expected from the
restriction map. The probes containing boxes 4, 5, 6,
and part of box 7 gave a band that was larger than the
one expected from the restriction map. No hybridiza-
tion was detected with probes corresponding to boxes 8,
9,10, and the 39 part of box 7. PCR amplification of box
6, however, gave a fragment of expected size. These
results show that the DNA region coding for boxes 8, 9,
and 10, and at least part of box 7 is totally absent, and
that the region coding for boxes 1, 2, 3, 4, 5, 6 is
unchanged.

We hybridized genomic DNA of pipzh1 after digestion
with EcoR1 and Pst1 restriction enzymes with a probe
corresponding to the EcoR1-Pst1 fragment located left
of the site of the initial P elemet insertion. This frag-
ment was present in the mutant, which shows that the
left breakpoint of the deficiency probably corresponds
to the site of P insertion.

RNAi Experiment

To prepare dsRNA containing all 10 sulphotras-
ferase boxes, the genomic region containing them was
subdivided into two subregions, 7.1 and 5.6 kb long.
These were subcloned into a pBS (SK) vector (Strat-
agene) and transcribed from T7 and T3 RNA poly-
merases. The dsRNAs were combined and injected to-
gether (Fig.1). dsRNA corresponding to each separate
ST box and dsRNA from boxes 7 to 10 were transcribed
from PCR fragments with linked T7 promoter. dsRNA
was injected at the posterior pole of G0 embryos 30 min
after egg laying. The concentration of injected dsRNA
was between 5 and 8 mg/ml. Adult females were col-
lected and crossed with wild-type males. The G1 em-
bryos were collected on agar plates partly covered with
yeast paste and left to develop for 48 hr at 25°C. Larvae
crawling towards the yeast were removed and fresh
yeast paste was added every 4 to 7 hr. The defective
embryos or unfertilized eggs were collected and pre-
pared for inspection of the cuticle. Scoring the cuticle
was done according to criteria found in Roth et al.
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(1991). Embryos scored as strongly dorsalized totally
lacked filzkörper and ventral denticle belts.
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