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The body axes of Drosophila are established during oogenesis through reciprocal interactions between the
germ line cells and the somatic follicle cells that surround them. The Notch pathway is required at two stages
in this process: first, for the migration of the follicle cells around the germ line cyst and, later, for the
polarization of the anterior-posterior (A-P) axis of the oocyte. Its function in these events, however, has
remained controversial. Using clonal analysis, we show that Notch signaling controls cell proliferation and
differentiation in the whole follicular epithelium. Notch mutant follicle cells remain in a precursor state and
fail to switch from the mitotic cell cycle to the endocycle. Furthermore, removal of Delta from the germ line
produces an identical phenotype, showing that Delta signals from the germ cells to control the timing of
follicle cell differentiation. This explains the axis formation defects in Notch mutants, which arise because
undifferentiated posterior follicle cells cannot signal to polarize the oocyte. Delta also signals from the germ
line to Notch in the soma earlier in oogenesis to control the differentiation of the polar and stalk follicle cells.
The germ line therefore regulates the development of the follicle cells through two complementary signaling
pathways: Gurken signals twice to control spatial patterning, whereas Delta signals twice to exert temporal
control.
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The Notch family of receptors play a central role in an
evolutionarily conserved signaling pathway that regu-
lates numerous cell fate decisions in many organisms
(Artavanis-Tsakonas et al. 1999). Notch encodes a large
transmembrane receptor for the ligands Delta (Dl), Ser-
rate (Ser), and related orthologs in other species (collec-
tively called DSL), which are also transmembrane pro-
teins with large extracellular domains, and signaling
therefore requires direct cell-cell contact. On ligand
binding, Notch receptor undergoes a presenilin-depen-
dent proteolytic cleavage to release the intracellular do-
main from the membrane (De Strooper et al. 1999; Struhl
and Greenwald 1999; Ye et al. 1999). This domain can
then translocate to the nucleus, where it acts as a tran-
scriptional activator in association with Suppressor of
Hairless (Su[H]; Bailey and Posakony 1995; Lecourtois
and Schweisguth 1995).
The best characterized function of Notch in Dro-

sophila is in lateral inhibition during the specification of

the neuroblasts and sensory organ precursors of the ner-
vous system (Lehmann et al. 1983; Campos-Ortega and
Knust 1990). In this process, one cell in a cluster of equi-
potent precursor cells expresses higher levels of a Notch
ligand, such as Delta, and activates the Notch pathway
in the neighboring cells to turn on the expression of the
E(spl) complex genes (Bailey and Posakony 1995; Lecour-
tois and Schweisguth 1995). As these transcription fac-
tors inhibit proneural gene expression, this prevents the
cells from adopting a neural fate (Oellers et al. 1994).
Mutants in this pathway therefore result in a neurogenic
phenotype in which too many cells adopt a neural fate at
the expense of epidermis. Although Notch signaling usu-
ally regulates cell fate determination, in a few cases it
has been shown to have other effects on other aspects of
cell behavior. For example, the Caenorhabditis elegans
Notch homolog, GLP-1, regulates the decision between
mitosis and meiosis in the germ line, whereas mouse
Notch homologs control neurite outgrowth in differen-
tiated cortical neurons (Berry et al. 1997; Kimble and
Simpson 1997; Sestan et al. 1999).
One place where Notch signaling plays an essential,

but ill-defined, role is in the process of axis formation in
Drosophila, which takes place during the development
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of the oocyte in the ovary (Ruohola et al. 1991). Oogen-
esis begins at the anterior of the germarium, when a
germ line stem cell divides asymmetrically to give rise to
another stem cell and a cystoblast, which then under-
goes four mitoses with incomplete cytokinesis to gener-
ate a cyst of 16 interconnected germ cells (Spradling
1993). As the germ line cyst moves down the germarium,
it becomes surrounded by somatically derived follicle
cells, which form an epithelium around the cyst, and a
stalk of six to eight cells that separates it from the pre-
ceding cyst. The first important function of Notch sig-
naling is in migration of the follicle cells, as adjacent egg
chambers are often fused in flies that are mutant for a
temperature-sensitive allele of Notch under nonpermis-
sive conditions, and this gives rise to giant compound
egg chambers that contain multiple germ line cysts in a
single follicular epithelium (Ruohola et al. 1991; Xu et
al. 1992; Goode et al. 1996a). This Notch-dependent en-
capsulation of the cyst by the follicle cells is required for
the initial polarization of the anterior-posterior (A-P)
axis. One of the 16 germ line cells is selected to become
the oocyte in region 2b and then moves to the posterior
of the cyst to generate the first A-P polarity, and this cell
rearrangement is driven by DE-cadherin–dependent ad-
hesion between the oocyte and the follicle cells that
migrate around the posterior (Godt and Tepass 1998;
González-Reyes and St. Johnston 1998).
Clonal analysis has revealed that the follicle cells are

already divided into two populations in the germarium.
One lineage gives rise to the stalk cells and the polar
cells, which are a pair of follicle cells at each end of the
egg chamber that connect to the stalk, and both cell
types never divide once the egg chamber has formed
(Tworoger et al. 1999). The rest of the follicle cells derive
from a separate lineage and form the epithelium around
the cyst (Margolis and Spradling 1995). These cells,
which we will refer to as epithelial follicle cells, go
through five further rounds of mitosis before switching
to the endocycle during stages 7 through 9, in which they
become polyploid by cycling through S phases without
intervening cell divisions (Calvi et al. 1998). It is unclear
exactly when and where the Notch pathway is required
for the migration of the follicle cells around the cysts,
but expression of a constitutively active form of Notch
results in the formation of extremely long stalks that can
contain stalk, polar, or undifferentiated cells (Larkin et
al. 1996). Thus, the early function of Notch may be to
induce the formation of the stalk by controlling the de-
termination or behavior of the stalk and polar cell popu-
lations.
Later in oogenesis, the Notch signaling pathway is re-

quired a second time, for the polarization of the A-P axis
of the oocyte itself (Ruohola et al. 1991). After the epi-
thelial follicle cells stop dividing at stage 6, they segre-
gate into two subpopulations: the main-body follicle
cells in the middle of the egg chamber and ∼ 200 terminal
follicle cells at each pole (González-Reyes and St. Johns-
ton 1998). The oocyte, which is now at the posterior,
then signals through the Gurken/EGFR pathway to in-
duce the adjacent terminal follicle cells to adopt a pos-

terior rather than an anterior fate (González-Reyes and
St. Johnston 1994, 1995; Roth et al. 1995). At around
stage 7, these posterior follicle cells signal back to the
germ line to polarize the microtubule cytoskeleton along
the A-P axis of the oocyte, and this defines the A-P axis
of the embryo by directing the localization of bicoid
mRNA to the anterior of the oocyte and the localization
of oskar mRNA and Staufen protein to the posterior
(Theurkauf et al. 1992; Clark et al. 1994; Lane and Kal-
deron 1994; Pokrywka and Stephenson 1995). In addi-
tion, this microtubule reorganization triggers the migra-
tion of the oocyte nucleus and gurken mRNA from the
posterior of the oocyte to the dorsal anterior corner,
where Gurken signals for a second time to specify the
dorsal-ventral axis of the future embryo (Koch and
Spitzer 1983; Neuman-Silberberg and Schüpbach 1993;
González-Reyes et al. 1995; Roth et al. 1995). It is not
clear where the Notch pathway acts in the process of
axis formation, but both Notchts and Deltats mutations
disrupt the polarization of the oocyte at stage 7 (Ruohola
et al. 1991). At restrictive temperatures, mutant egg
chambers develop a mirror-symmetric A-P axis, in
which bicoid mRNA localizes to both poles of the oo-
cyte; oskarmRNA and Staufen protein are transported to
the centre; and the oocyte nucleus often fails to migrate
from the posterior pole.
Although the phenotypes of Notchts and Deltats pro-

vided the first evidence that the follicle cells signal to
polarize the oocyte, the Notch pathway cannot be di-
rectly involved in the signaling itself because Notch
germ line clones form a normal A-P axis, indicating that
the receptor is required in the follicle cell layer and not
in the germ line (Ruohola et al. 1991). Furthermore,
Delta germ line clones have also been reported to have
no effect on axis formation, and several studies have sup-
ported the conclusion that Delta is required in the fol-
licle cells as well (Ruohola et al. 1991; Bender et al. 1993;
Larkin et al. 1999). Thus, Delta and Notch must act up-
stream of the signaling to the oocyte and presumably
play a role in the patterning of the follicle cells. In wild-
type ovaries, Fasciclin III (FasIII) expression becomes re-
stricted to the two polar follicle cells at each end of the
egg chamber by stage 4 of oogenesis, but Notchts egg
chambers contain many more FasIII positive cells at the
posterior pole (Ruohola et al. 1991; Goode et al. 1996a).
This has led to the suggestion that the defects in A-P axis
formation may be a consequence of forming too many
posterior polar cells at the expense of the stalk cells
(Tworoger et al. 1999). However, these egg chambers also
show defects in the specification and patterning of the
anterior and posterior terminal populations of epithelial
follicle cells (González-Reyes and St. Johnston 1998; Lar-
kin et al. 1999). Thus, an alternative model is that Notch
signaling is required for the formation of the terminal
follicle cells, which, unlike the main-body cells, are
competent to respond to Gurken by becoming posterior.
Despite the large amount of work on the Notch path-

way in oogenesis, the role of Delta/Notch signaling in
patterning the follicle cells is still obscure, largely be-
cause these studies have only examined females that are
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mutant for Notchts. Because this allele still retains some
activity at restrictive temperatures, the phenotype
caused by the complete loss of Notch function is un-
known, and these experiments have provided no infor-
mation on where and when Notch signaling occurs in
the follicle cell layer. Here we resolve these questions by
generating homozygous mutant clones of null alleles of
Notch, Delta, and other components in this pathway.
Our results rule out the existing models for the function
of Notch in oogenesis and reveal instead that this path-
way mediates a novel interaction between the germ line
and the soma.

Results

Notch mutant cells do not adopt the polar cell fate

To investigate the spatial requirements for Notch in the
follicle cell layer, we generated mutant clones marked by
the loss of GFP that were homozygous for either a null
allele of Notch, N55e11, or a strong hypomorphic allele,
NX81K1, and obtained identical results with both muta-
tions. As one of the clearest phenotypes of Notchts is an
increase in the number of FasIII positive cells at the pos-
terior of the egg chamber, we first examined the expres-
sion of this protein in mutant clones. In wild-type egg
chambers, FasIII is expressed in all follicle cells during
the germarial and early vitellogenic stages but becomes
restricted to the two polar follicle cells at each end of the
egg chamber by stage 4 (Fig. 1A). In contrast, follicle cells
that lack Notch continue to express FasIII at later stages,
and this ectopic expression is cell autonomous and is

independent of the position of the clone (Fig. 1B,C). FasIII
was always expressed in all mutant cells in the 200 mu-
tant clones that we have examined, although it some-
times seems to localize only to the sides of the cell that
contact other mutant cells. FasIII is never seen, however,
in any heterozygous or wild-type cells except the polar
cells. Thus, Notch signaling is required to repress FasIII
expression in all epithelial follicle cells of the egg cham-
ber.
The up-regulation of FasIII in Notch mutants has pre-

viously been interpreted as transformation to polar fol-
licle cell fate (Ruohola et al. 1991; Goode et al. 1996b;
Larkin et al. 1999). As pointed out by Zhang and Kal-
deron (2000), however, FasIII is also expressed by all fol-
licle cells earlier in oogenesis, and an alternative expla-
nation for this phenotype is that the mutant cells are
arrested in an immature state. To distinguish between
these possibilities, we analyzed the mutant clones using
two more specific polar cell markers that are not ex-
pressed by immature follicle cells: the enhancer-trap
lines A101 (neur-LacZ; Fig. 1A) and P{lArB}A77.1M3
(Bellen et al. 1989).
Irrespectively of the size or the location of the clones,

neither marker is up-regulated in Notch mutant cells
(Fig. 1B–D). Furthermore, the mutant clones can contain
>100 cells, indicating that the cells have gone through
multiple divisions after the clone was induced, whereas
the polar cells never divide after leaving the germarium.
Thus, Notch mutant epithelial follicle cells do not dif-
ferentiate as polar cells and may arrest instead at a pre-
cursor stage.

Figure 1. Notch mutant follicle cells are not trans-
formed into polar cells. (A) Expression patterns of Fas-
ciclin III (FasIII) (red) and A101 (�-Gal in blue) in a wild-
type ovariole. FasIII is expressed in all follicle cells up
until stage 3 and then becomes restricted to the polar
follicle cells, whereas A101 is expressed only by polar
cells. (B and C) Notch mutant cells maintain FasIII ex-
pression in a cell autonomous manner, regardless of the
position of the clone, but do not express A101. (D) The
specific polar follicle cell marker, P{lArB}A77.1M3
(blue), is also not expressed in Notch mutant cells. The
lower panels (B,C) show the positions of the clones,
which are marked by the loss of GFP (shown in green
above).
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To test this hypothesis further, we examined several
other enhancer trap lines that are expressed in either
immature follicle cells or specific differentiated follicle
cell types. In wild type, the 1387/16 enhancer-trap line is
expressed in all follicle cells from stage 1 to stage 7 of
oogenesis and is then turned off in all cells except the
polar and border follicle cells (Fig. 2A). In contrast,
Notch− follicle cells express this line cell autonomously
until stage 11, the latest stage examined (Fig. 2B,C). We
also obtained identical results with another early en-
hancer trap line, 679/15 (data not shown). Conversely,
late markers for differentiated follicle cells are not ex-
pressed in mutant clones. For example, the 608/07 and
998/12 lines, which label the posterior terminal follicle
cells from stage 8 onward, fail to come on in Notch mu-
tant cells (Fig. 2D,E; data not shown). Finally, when a
Notch clone falls in a region where the follicle cells nor-
mally undergo morphogenetic movements, these move-
ments do not occur. The stretched follicle cells fail to
flatten over the nurse cells; the centripetal cells do not
migrate between the oocyte and the nurse cells; and the
more posterior follicle cells fail to move over the oocyte
(Fig. 2F; data not shown). Taken together, these results
indicate that loss of Notch blocks the differentiation of
all epithelial follicle cells and causes them to remain as
undifferentiated precursors.
This function of Notch in follicle cell differentiation

provides a simple explanation for the defects in A-P axis
formation that have previously been observed in Notch
mutants. The follicle cells at the posterior of the oocyte
do not differentiate in the absence of Notch activity, as
shown by the lack of posterior marker gene expression
(Fig. 2E). As a consequence, these cells cannot signal to
polarize the A-P axis of oocyte, and the oocyte nucleus
therefore fails to migrate to the dorsal/anterior corner of
the oocyte (Fig. 2G).

Notch is required for the differentiation of the polar
and stalk follicle cells

The conclusion that loss of Notch activity does not lead
to the formation of extra polar cells raises the question of
whether Notch is actually required in the polar follicle
cells themselves. We therefore screened for Notch mu-
tant clones in these cells using the polar cell–specific
marker A101. In control experiments, we recover clones
that include the polar follicle cells in 18% of the egg
chambers, whereas we found no case in which a Notch
mutant cell expressed A101 out of 200 egg chambers
screened. In addition, we failed to recover any clones in
the stalk cells. Thus, the Notch pathway seems to be
required for the differentiation of the polar and stalk fol-
licle cells, as well as the epithelial cells.
Several lines of evidence indicate that the encapsula-

tion of the germ line cysts depends on the polar and stalk
cells (Larkin et al. 1996, 1999). Consistent with this, ad-
jacent egg chambers are often fused in ovaries containing
Notch mutant clones, and the polar cells and stalk cells
are always absent in these cases (Fig. 3A). In contrast,
large Notch mutant clones in the epithelial follicle cell

Figure 2. Follicle cells lacking Notch activity do not differen-
tiate. (A) The 1387/16 enhancer trap line is expressed by all
immature follicle cells and then becomes restricted to the polar
and border cells at stage 7. (B) Expression of Fasciclin III (FasIII)
(red) and 1387/16 (blue) in a stage 10 egg chamber containing a
Notch mutant follicle cell clone marked by loss of GFP (green).
The mutant cells continue to express both FasIII and 1387/16.
(C) shows the expression pattern of 1387/16 in this egg chamber
to highlight the cell autonomy of Notch mutant phenotype.
This marker is only expressed in the mutant cells, which lack
GFP in B. (D, E) The 608/07 enhancer-trap line (blue) is nor-
mally expressed in the posterior follicle cells from stage 8 on-
ward (D) but is not expressed in Notchmutant cells (marked by
loss of GFP in E). (F) A stage 10 egg chamber containing a Notch
mutant clone marked by the persistent expression of 1387/16
(red) and loss of GFP (green). Although the wild-type follicle
cells have moved posteriorly to cover the oocyte, the mutant
cells have failed to migrate. (G) A large posterior Notchmutant
clone in the follicle cell layer, which has blocked the polariza-
tion of the oocyte. The oocyte nucleus (arrow) has failed to
migrate to the dorsal/anterior corner and remains at the poste-
rior pole. This image was taken using a higher laser power than
the others in this figure to visualise the oocyte nucleus.
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layer have no effect on cyst encapsulation (Figs. 2B,C;
4A). In rare cases, adjacent egg chambers are only par-
tially fused, with a single or double layer of follicle cells
between them (Fig. 3B,B). In these examples, the bound-
ary between the partially fused cysts is covered by mu-
tant epithelial follicle cells, but there are no A101 posi-
tive cells where the polar follicle cells would be expected
to lie. In contrast, adjacent cysts are separated normally
when the polar cells are wild type but the epithelial cells
are mutant, as seen at the anterior of the younger cyst in
Figure 3, B and 3Bprime;. These results are consistent
with a model in which Notch pathway mutants disrupt
the encapsulation of the germ line cysts because Notch
signaling is required for the differentiation of the polar
and stalks cells that mediate this process.

Notch is required for the epithelial follicle cells
to exit the mitotic cell cycle

The differentiation of the epithelial follicle cells is first
apparent at stage 7 and occurs after the cells have exited
the mitotic cell cycle and entered the endocycle to be-
come polyploid. Because Notch mutations arrest these
cells at the precursor stage, we examined whether they

also prevent this switch in the cell cycle, by analyzing
the division patterns of mutant clones. At later stages of
oogenesis, mutant clones always contain many more
cells than the wild-type twin spot clones that were in-
duced at the same time (Fig. 4A). The mutant clones still
occupy the same area as the twin spot clones, however,
because the Notch mutant cells are much smaller than
their wild-type siblings. Thus, the loss of Notch causes
the cells to go through extra cell divisions, without a
corresponding increase in growth rate, to generate a
larger number of smaller cells.
To determine when these extra divisions occur, we

used an antibody against the phosphorylated form of the
Histone-H3, which labels cells in late G2 and mitosis but
not cells in the endocycle (Wei et al. 1999). Before stage
6, there is no obvious difference between the frequency
of mitoses in wild-type and mutant cells. Wild-type cells
never stain for phospho-Histone H3 after stage 6, how-
ever, whereas mutant cells continue to divide up until
stages 10B or 11 (Fig. 3B). Furthermore, mutant cells
have a lower DNA content and smaller nuclei than do
wild-type cells, as revealed by OliGreen staining (Fig.
3C). These results indicate that Notch mutant cells fail
to switch from the mitotic cell cycle to the endocycle,
and carry on dividing instead of becoming polyploid.

Mutations in other components of the Notch signaling
pathway display similar defects in the follicular
epithelium

To determine whether Notch signaling in the follicle
cells occurs through the canonical pathway described in
other cell types, we generated follicle cell clones of mu-
tants in downstream components in this signal transduc-
tion cascade. Follicle cells clones of null allele of prese-
nilin and Su(H) give rise to the same array of phenotypes
as Notch mutant clones. Large clones that presumably
include the polar cell precursors lead to fusions between
adjacent egg chambers, whereas mutant epithelial fol-
licle cells up-regulate FasIII in a cell autonomous man-
ner and continue to divide after stage 6 (Fig. 5A,B). When
the mutant clones include the follicle cells at the poste-
rior of the egg chamber, these cells cannot signal to po-
larize the oocyte, and the germinal vesicle therefore of-
ten fails to migrate and remains at the posterior pole (Fig.
5A,B). Thus, Notch signaling in the follicle cells seems
to act through the standard pathway, in which Notch
undergoes a presenilin-dependent cleavage to generate
Notchintra, which then translocates to the nucleus to
regulate transcription in association with Su(H) protein.
In lateral inhibition, Notchintra and Su (H) protein ac-

tivate the transcription of the genes of the E(spl) com-
plex, which then mediate the response to Notch by re-
pressing proneural gene expression. In contrast, follicle
cell clones of a deficiency that removes all of the E(spl)
complex transcription factors have no detectable pheno-
type. Mutant cells do not up-regulate FasIII and stop mi-
tosis at stage 6, as in wild type (Fig. 5C). Furthermore,
mutant posterior cells still signal to polarize the oocyte,
because GFP-Staufen localizes normally to the posterior

Figure 3. Notch is required the differentiation of the polar cells
and egg chamber encapsulation. (A) A fused egg chamber in
which all of the follicle cells are mutant for Notch. The mutant
follicle cells have not migrated between the germ line cysts,
resulting in the formation of a compound egg chamber in which
a single follicular epithelium surrounds several cysts. The oo-
cytes of two of the fused germ line cysts are visible in this
confocal section (asterisks). (B) A large Notch mutant follicle
cell clone marked by loss of GFP expression (B�) in an ovary in
which the polar cells are labeled by A101 (blue). Although the
mutant follicle cells have formed an epithelium between the
two egg chambers, the polar cells are absent, as shown by the
lack of A101 expression, and the stalk has failed to form. Note
that polar follicle cells at the anterior pole of the younger egg
chamber are not mutant (B) and express A101. This egg chamber
was able to form a stalk and did not fuse with the younger egg
chamber on the left (asterisk). All clones are double marked by
absence of GFP (green) and Fasciclin III expression (red).
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pole of the oocyte in the presence of large posterior fol-
licle cell clones. Thus, Notch signaling in the follicle
cells does not require the transcription factors of the
E(spl) complex, indicating that Notchintra and Su(H) ex-
ert their effects by regulating other target genes.
The final component of the Notch pathway that we

examined is Hairless, which acts as a negative regulator
of Notch signaling by binding to Su(H) protein (Brou et
al. 1994; Schweisguth and Posakony 1994; Bang et al.
1995; Schweisguth and Lecourtois 1998). Clones ofHair-
less cause a large expansion of the stalks between adja-
cent egg chambers (Fig. 5D). This phenotype is identical

Figure 4. Notch mutant follicle cells fail to switch
from the mitotic cell cycle to the endocycle. (A) Sur-
face view of a stage 10b egg chamber containing a
Notch mutant clone and a wild-type twin spot
clone, in which the cell outlines are revealed by
Rhodamine -Phalloidin staining of the actin cyto-
skeleton (red). The twin spot clone expresses higher
levels of GFP (green) because it contains two copies
of the transgene, whereas the mutant clone is
marked by the absence of GFP. The two clones are
similar in size, but the mutant clone contains many
more cells that are much smaller than the wild type
ones. (B) A stage 10B egg chamber containing a
Notchmutant clone stained for phosphoHistone-H3
(red) and �-tubulin (blue). One of the mutant cells is
P-Histone-H3 positive and has formed a mitotic
spindle (inset), indicating that the mutant cells con-
tinue to divide after stage 5. (C) OliGreen DNA
staining of the border between a Notch mutant
clone and wild-type cells. The mutant cells are
marked by the up-regulation of FasIII expression
(red), and have smaller nuclei with a lower DNA
content, indicating that they have not become poly-
ploid.

Figure 5. Notch signaling in the follicle cells requires
presenilin and Su(H) but not E(spl). (A) A stage 9 egg
chamber containing a large Su(H)mutant clone. Loss of
Su(H) in the follicle cells produces the same phenotype
as loss of Notch: The mutant follicle cells up-regulate
Fasciclin III (FasIII) (red) and adjacent egg chambers
fuse, and the oocyte is not polarized, as shown by the
failure of the oocyte nucleus to migrate from the pos-
terior pole (arrow). (B) A stage 10 egg chamber contain-
ing two psn mutant follicle cell clones, marked by loss
of nuclear GFP (green). The mutant cells up-regulate
Fas III (red) and remain mitotically active, as shown by
the P-Histone H3 staining (arrowhead). The oocyte
nucleus (arrow) has not migrated to the anterior, indi-
cating that the posterior follicle cell clone has disrupted
the polarization of the oocyte. (C). A posterior clone of
E(spl) mutant cells in a stage 10 egg chamber that has
been stained for FasIII (red) and P-Histone-H3 (blue) and
expresses GFP-Staufen in the germ line (green). The
mutant cells, which are marked by loss of nuclear GFP
(green), do not express FasIII or P-Histone-H3, and the
oocyte is polarized normally, because GFP-Staufen lo-
calizes to the posterior pole. The polar follicle cells are
not mutant and show the normal expression of FasIII.
(D) Hairless mutant follicle cells form very long stalks,
containing more than the usual number of 7 and 8 fol-
licle cells.
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to that produced by the expression of constitutively ac-
tive forms of Notch, consistent with the model in which
loss of Hairless leads to overactivation of the signaling
pathway (Larkin et al. 1996). In contrast, Hairless clones
in the epithelial follicle cells have no discernable pheno-
type. Thus, Hairless protein seems to be required to in-
hibit Notch signaling in the polar and stalk cell lineage,
but it is not necessary for the development of the epi-
thelial cells.

Delta activity is required in the germ line

The demonstration that Notch signaling is required for
the differentiation of all follicle cells implies that every
cell must be exposed to a DSL ligand that can activate
Notch, and this raises the question of where these sig-
nals are produced. It has previously been reported that
temperature-sensitive alleles of the DSL ligand, Delta,
cause many of the same phenotypes as Notchts, whereas
germ line clones ofDelta do not, suggesting that Delta is
required in the somatic follicle cell layer for the activa-
tion of Notch (Ruohola et al. 1991; Larkin et al. 1999).
We therefore generated follicle cell clones of a strong loss
of function allele, DlM1, to map which cells produce this
signal. Although we obtained occasional partial fusions
between the adjacent egg chambers, which we discuss
below, mutant clones cause no other obvious defects in
the follicular epithelium, even when they include sev-
eral hundred cells. In particular, follicle cells in the vi-
cinity of the mutant clones never show any of the phe-

notypes associated with loss of Notch signaling: The
cells do not up-regulate FasIII expression or go through
extra divisions, and posterior clones have no effect on
the polarity of the oocyte, as shown by the wild-type
localization of GFP-Staufen to the posterior pole (Fig.
6A,B). One explanation for this lack of a phenotype could
be that Delta functions redundantly with Serrate, the
other DSL ligand in Drosophila. To test this possibility,
we generated follicle cell clones homozygous for both
SerRX82 and Dlrev10 (Micchelli et al. 1997), which are
both null alleles, and again we observed none of these
phenotypes (Fig. 6C). Thus, neither of the DSL ligands is
required in the follicle cell epithelium, suggesting that
the signal that activates Notch in these cells is produced
elsewhere.
Delta and Serrate are both transmembrane proteins

that signal to Notch in adjacent cells, and the only other
cells that directly contact the follicle cells are the germ
line cells of the cyst. We therefore re-examined the re-
quirement for Delta in the germ line by generating germ
line clones, using the dominant female sterile mutation
ovoD (Chou and Perrimon 1996). Contrary to the previ-
ous report, these clones cause severe encapsulation de-

Figure 6. Delta is required in the germ line. (A, B) Delta mu-
tant follicle cells clones, stained for Fasciclin III (FasIII) (red) and
P-Histone-H3 (blue). The mutant cells, which are marked by
loss of nuclear-GFP (green), do not up-regulate FasIII or go
through extra divisions. GFP-Staufen has been expressed in the
germ line of the egg chamber in B and localizes normally to the
posterior pole of the oocyte, indicating that Delta mutant pos-
terior follicle cells can still signal to polarize the oocyte. (C) A
posterior follicle cell clone mutant for both Delta and Serrate.
The mutant cells develop normally and do not up-regulate Fa-
sIII. (D, E) Stage 10A egg chambers in which the germ line is
mutant for Delta (marked by the loss of green nuclear-GFP ex-
pression), but most of the follicle cells are wild type.The wild-
type follicle cells (nuclear-GFP positive) up-regulate FasIII (red)
and are positive for P-Histone-H3 (blue, arrowheads), indicating
that they are still dividing. In both cases, the oocyte nucleus
(arrows) has failed to migrate to the anterior, because the oocyte
is not polarized. The green staining in the cytoplasm of the germ
cells is GFP-Staufen, which does not localize as a tight crescent
to the posterior of the oocyte. (F) Fused egg chamber containing
a wild-type germ line cyst (bright green GFP expression, left)
and a Delta mutant germ line cyst (no GFP, right). The follicle
cells in contact with the Delta mutant germ cells do not differ-
entiate, and express high levels of FasIII (red),whereas those in
contact with wild-type germ cells down-regulate FasIII. (G, G�)
A magnified view of the boxed region of (F) showing GFP (G) to
mark the border between the wild-type and mutant gem cells,
and Fas III expression(G�). (H) A fused egg chamber containing a
wild-type (left) and a Delta mutant germ line cyst (right) that
express GFP-Staufen in the germ line (cytoplasmic green signal)
stained with Rhodamine Phalloidin (red) to label actin. GFP-
Staufen localizes to the posterior pole of the wild-type oocyte,
but is not localized in the mutant oocyte, because the surround-
ing follicle cells have not differentiated. (I) Large Delta germ
line clones (marked by the loss of nuclear GFP) lead to the
fusion of multiple germ line cysts. (The green signal in the
cytoplasm corresponds to GFP-Staufen). (J) Large Delta follicle
cell clones lead to the loss of the stalks between adjacent wild-
type cysts, but do not cause a complete fusion.
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fects, leading to the complete fusion of adjacent egg
chambers into a single large compound egg chamber that
contains multiple germ line cysts (Fig. 6I). Our previous
results have shown that Notch signaling is only required
in the polar and stalk cell lineage for cyst encapsulation,
and this phenotype therefore suggests that Delta signals
from the germ line early in oogenesis to activate Notch
in some or all of these cells.
The massive disruption of oogenesis caused by egg

chamber fusions in Deltamutant clones generated using
ovoD precludes the analysis of the behavior of the epi-
thelial follicle cells, and we therefore induced smaller
clones that were marked by the loss of nuclear GFP (Lus-
chnig et al. 2000). When the germ cells of a single egg
chamber are mutant forDelta, the wild-type follicle cells
that surround them show all of the phenotypes associ-
ated with loss of Notch activity in the follicle cell layer.
The whole epithelium up-regulates FasIII expression,
and the cells continue to divide well beyond stage 6, as
shown by phospho-Histone H3 labeling (Fig. 6D,E). Fur-
thermore, these egg chambers show a strong and highly
penetrant oocyte polarity defect, as the oocyte nucleus
remains at the posterior pole of the cell in 56 out of 61
cases (Fig. 6D,E). Thus, Delta is required in the germ line
for the activation Notch in all epithelial follicle cells,
and signals to control both the cell cycle and differentia-
tion of these cells.
Individual egg chambers bearing Delta germ line

clones usually fuse with an adjacent wild-type one (62/
89) to form a mosaic egg chamber in which a single fol-
licular epithelium surrounds both wild-type and mutant
germ cells. In these cases, the follicle cells that surround
the mutant germ cells fail to turn off a marker for im-
mature follicle cells at the appropriate stage, whereas the
cells in contact with wild-type germ cells develop nor-
mally (Fig.6F–G). These hybrid egg chambers also dem-
onstrate the requirement for Delta signaling in A-P axis
formation. In the wild-type cyst, GFP-Staufen localizes
normally to the posterior pole of the oocyte because the
overlying follicle cells differentiate and signal, whereas
the A-P axis is not polarized in the mutant oocyte be-
cause of the lack of a polarizing signal from the undif-
ferentiated follicle cells at the posterior pole (Fig. 6H).
Although Delta germ line clones reproduce all of the

phenotypes caused by loss of Notch signaling in the fol-
licle cells, Delta must also signal between follicle cells
during cyst encapsulation, because large mutant follicle
cell clones cause partial fusions between adjacent cysts
of wild-type germ cells (Fig. 6J). In these cases, the cysts
are still surrounded by follicle cells, but the stalk be-
tween them is completely absent. This observation is
consistent with the fact that the stalk cells are the only
follicle cells that do not contact the germ cells directly
and therefore cannot respond to Delta in the germ line.
The most likely source of this signal is the polar cells,
because the loss of Delta in the epithelial cells produces
no phenotype. This suggests that there is a relay of Delta
signaling during stalk formation, in which the germ line
signals to induce Delta in the polar cells, which in turn
signal to induce the stalk cells.

Timing of Delta/Notch signaling

Our results indicate that Delta signals from the germ
line to activate Notch in the somatic follicle cells twice
during oogenesis: once in the germarium to induce the
differentiation of the polar/stalk cell lineage and then
later to induce the differentiation of the epithelial fol-
licle cells. To see if this correlates with expression of the
two proteins, we stained wild-type ovaries for Notch and
Delta. Notch protein is expressed from the germarium
up to stage 7 and localizes to the apical membrane of the
follicle cells, in close contact with the germ line. This
apical localization disappears after this stage, leaving be-
hind a faint punctate cytoplasmic staining (Fig. 7A,B; Xu
et al. 1992). Delta protein expression shows a different
but complementary pattern of expression. Delta is ex-
pressed by the germ line and the soma, but it is particu-
larly abundant in the nurse cells and oocyte, where it
seems to accumulate at the plasma membrane, and in
large particles in the cytoplasm (Fig. 7C; Bender et al.
1993). Delta protein is present at low levels during early
oogenesis but increases in abundance from stage 5 on-
ward to reach its highest levels at stage 7, right at the
time when Notch protein disappears from the apical
membrane of follicle cells. This suggests that there is a
burst of Delta signaling during stages 5 through 7, which
removes most Notch protein from the membrane, either
because the receptor is cleaved on binding to Delta or
because Notch is down-regulated in response to the ac-
tivation of the pathway, as is the case for the secondary
mesenchyme cells of sea urchin embryos (McClay et al.
2000). In either case, the loss of Notch protein from the
follicle cell membranes should depend on Delta signal-
ing, and we therefore examined the distribution of Notch
protein in Delta germ line clones, using antibodies di-
rected against the extracellular and intracellular portions
of the receptor. Both antibodies reveal that Notch is not
down-regulated in Delta mutant egg chambers. This is
particularly clear in chimaeric egg chambers that con-
tain both wild-type and mutant germ cells, where Notch
remains associated with the apical membrane of all fol-
licle cells in contact with the mutant germ cells but
disappears from those overlying the wild-type germ line
cells (Fig. 7D,E). This suggests that the Delta signals to
the epithelial follicle cells at around stages 5 to 7, which
coincides with when these cells cease dividing and start
to differentiate.

Discussion

Our results lead to a simple model for the function of the
Notch pathway in oogenesis in which Delta signals from
the germ line twice to control the differentiation of the
two different lineages of follicle cells. The first signal is
sent in the germarium, where Delta is required in the
germ line for the encapsulation of the cysts by the so-
matic follicle cells in region 2b. The Notch receptor is
only required in the stalk and polar cells at this stage and
not in the epithelial follicle cells, indicating that Delta
regulates follicle cell migration by controling the behav-
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ior of the stalk/polar cell lineage. The direct target of this
germ line signal is presumably the polar cells, as these
cells are in contact with the germ cells, and the polar
cells may then respond by expressing Delta themselves
to relay this signal to the adjacent stalk cells.
The second round of Delta signaling occurs between

stages 5 to 7 of oogenesis and regulates the behavior of
other follicle cell population, the epithelial cells. Loss of
Delta from the germ line or of Notch, psn, or Su(H) from
the epithelial cells themselves blocks the differentiation
of these cells and causes them to arrest in an immature
state. Furthermore, mutant cells do not switch from the
mitotic cell cycle to the endocycle at stage 6 and con-
tinue to divide for the rest of oogenesis. Thus, Delta
signals to all follicle cells during the course of oogenesis
and is required for the differentiation of every follicle cell
type.
One question raised by these results is why the epi-

thelial cells do not respond to Delta in germarium,
whereas the polar and stalk cells do, as the epithelial
cells also contact the germ line. A possible explanation
for this difference in competence is that the stalk and
polar cells express high levels of fringe, which encodes a
glucosyltransferase that modifies Notch to make it more
sensitive to Delta signaling (Bruckner et al. 2000; Jordan
et al. 2000; Moloney et al. 2000; Munro and Freeman
2000; Zhao et al. 2000). Thus, these cells can presumably
respond to the low levels of Delta in the germarium,
whereas the epithelial cells, which do not express fringe
early in oogenesis, can only respond when Delta is ex-
pressed at much higher levels at stages 5 to 7.
The role of the Notch pathway in oogenesis has re-

ceived considerable attention because it is required for
the polarization of the A-P axis of the oocyte. Based on
the analysis of theNotchts allele, two conflicting models
have been proposed to explain the role of this pathway in
axis formation. The observation that extra posterior cells
express FasIII in mutant females has been interpreted to
show that a reduction in Notch activity leads to a trans-
formation of stalk cells into polar cells, which somehow
disrupts the signaling to polarize the oocyte (Ruohola et
al. 1991; Bender et al. 1993). Our results using more spe-
cific markers rule out this model, however, because they
reveal that the extra FasIII expressing cells are not polar
cells but epithelial cells that are arrested in an undiffer-
entiated state. In contrast, the second model proposes
that Notch is required for the determination and pattern-
ing of the terminal populations within the epithelial fol-
licle cell layer and is based on the fact that the expres-
sion of both anterior and posterior terminal follicle cell
markers is disrupted in Notchts (González-Reyes and St.
Johnston 1998; Larkin et al. 1999). The clonal analysis is
also inconsistent with this role for the pathway in pat-
terning specific follicle cell types, because the loss of
Notch causes an identical phenotype in all epithelial
cells, regardless of their position. Nevertheless, our re-
sults do agree with the conclusion that the A-P axis de-
fect is caused by the failure of the terminal cells to dif-
ferentiate. If a mutant clone includes the posterior ter-
minal cells, these undifferentiated cells are unable to

Figure 7. Localization of Notch and Delta proteins during oo-
genesis. (A) Wild-type ovariole stained with an antibody against
the intracellular portion of Notch protein. Notch accumulates
in the apical membranes of the follicle cells during stages 3
through 6 of oogenesis, but is down-regulated after this stage. (B,
B�) show a higher magnification view of the follicle cells at
stages 4 and 8 to the show the disappearance of Notch from the
apical membrane.(C) Wild-type ovariole stained with an anti-
body against Delta. Delta protein is expressed in both the germ
line and the follicle cells, and becomes highly enriched at the
surface of the germ cells during stages 5 through 7. The inset
shows a higher magnification view of a stage 5 egg chamber to
highlight the localization of the germ line–expressed Delta pro-
tein. (D) Notch staining of a partially fused egg chamber con-
taining a wild-type and a Delta mutant germ line cyst express-
ing GFP-Staufen. Notch protein remains associated with the
apical membrane of the follicle cells in contact with the Delta
mutant germ cells, but disappears from the cells that surround
the wild-type cyst (left, marked by nuclear -GFP; green). (E, E�)
Higher magnification view of the border between the wild-type
and mutant cysts in (boxed region in D) to show the mainte-
nance of apical Notch protein (E�) in the follicle cells in contact
with the mutant germ cells.
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respond to Gurken by becoming posterior and therefore
do not signal to polarize the oocyte. The requirement for
Notch in follicle cell differentiation therefore provides a
straightforward explanation for the defects in axis forma-
tion, and can account for all of the other phenotypes that
have been reported for Notchts.

A novel role for Notch in cell cycle control

The function of Notch in oogenesis is very different from
its well-characterized role in lateral inhibition, where it
acts to inhibit the determination and differentiation of
the cells in which it is activated (Greenwald 1998; Arta-
vanis-Tsakonas et al. 1999). In contrast, Notch signaling
in the follicle cells promotes differentiation rather than
inhibiting it, as neither polar, stalk, nor epithelial cells
are formed in mutant clones. Although we do not know
the fate of the mutant stalk and polar cell precursors,
loss of Notch signaling prevents the epithelial cells from
switching from the mitotic cell cycle to the endocycle.
Thus, the primary target of Notch signaling may be to
control proliferation, which then allows the cells to dif-
ferentiate. In general, cells stop dividing when they dif-
ferentiate, but the relationship between these two pro-
cesses is not well understood, and it is also possible that
Notch regulates both events in parallel or that it induces
differentiation, which in turn blocks division (Myster
and Duronio 2000).
Notch signaling has been shown to control the cell

cycle in several other contexts but usually acts to pro-
mote mitosis instead of inhibiting it. For example, acti-
vation of the C. elegans Notch homolog GLP-1 main-
tains germ cells in mitosis, while constitutive activation
of Drosophila Notch causes the overproliferation of
imaginal disc cells (Berry et al. 1997; Kimble and Simp-
son 1997; Go et al. 1998; Baonza and Garcia-Bellido
2000). Notch signaling has been reported to play a role in
inhibiting mitosis in one other case. In conjunction with
Wingless, activation of Notch at the dorsal-ventral
boundary of the imaginal wing disc arrests the cell cycle
at the G1 phase, to form a zone of nonproliferating cells
(ZNC; Johnston and Edgar 1998). However, this function
of Notch differs from its role in the follicle cells in sev-
eral respects. First, the cell cycle arrest in the wing disc
is absolutely dependent on Wingless signaling, which
does not seem to be required in the epithelial follicle cell
layer (Forbes et al. 1996). Second, Notch causes G1 arrest
in the ZNC by inhibiting the expression of the achaete-
scute complex, a function that presumably requires the
E(spl) complex genes. In contrast, the E(spl) complex is
not required in the follicle cells, where Notch must sig-
nal through other target genes. Finally, the follicle cells
do not arrest in G1 but continue to cycle through S phase
to become polyploid. Thus, signaling in the follicle cells
represents a new activity for Notch pathway, in which
Notch signaling leads to the repression of the M phase of
the cell cycle but allows cells to continue to replicate
their DNA.
The development of a complex structure requires a

high degree of coordination between the cells that com-

pose it, and the relative timing of development in differ-
ent cell types must therefore be regulated. The discovery
that Delta activity during oogenesis is germ-line depen-
dent provides a simple mechanism for coordinating the
development of the germ line and somatic cells of the
egg chamber. The up-regulation of Delta in the germ
cells during stages 5 through 7 controls when Notch is
activated in the epithelial follicle cells and can therefore
regulate the timing of the development of these cells, by
determining when they cease proliferation and differen-
tiate. Furthermore, this signal probably also synchro-
nizes the development of the whole follicle cell layer,
because the germ line syncytium can signal to all epi-
thelial follicle cells at the same time. This function is
remarkably similar to the proposed role of Delta/Notch
signaling in the presomitic mesoderm, where it is
thought to synchronize the cell cycle in adjacent cells so
that they coordinately differentiate into somites (Jiang et
al. 2000). It will therefore be interesting to see how uni-
versal this mechanism is and to know if other examples
of Notch signaling display a similar correlation between
cell fate determination and cell cycle progression.
The germ line has previously been shown to signal to

the soma twice during oogenesis to control the pattern-
ing of the follicle cell layer. At stages 6 and 7, Gurken
signals from the germ line to activate the Drosophila
EGF receptor in terminal follicle cells to induce them to
adopt a posterior fate, and at stages 9 and 10 Gurken
signals to main-body follicle cells to induce them to be-
come dorsal (Neuman-Silberberg and Schüpbach 1993;
González-Reyes et al. 1995; Roth et al. 1995). Our results
show that the germ line plays an even greater role in the
development of the follicle cells, because Delta also sig-
nals twice from the germ line to Notch in the soma.
These two pathways have complementary effects on the
follicle cells: Gurken/DER signaling exerts spatial con-
trol, whereas Delta/Notch signaling seems to exert tem-
poral control. In other respects, these processes are
rather similar. Like Gurken, Delta signals to two distinct
follicle cell types at different stages, in this case the po-
lar/stalk cells and then the epithelial cells. Furthermore,
the competence of the follicle cells to respond to both
signals appears to be regulated. The epithelial cells do
not respond to Delta when it signals to the polar and
stalk cells, perhaps because they lack fringe, and the
main-body follicle cells cannot respond to Gurken when
it signals to the terminal cells (González-Reyes and St.
Johnston 1998; Larkin et al. 1999). Finally, it is worth
noting that Gurken signaling is absolutely dependent on
Delta signaling, because the follicle cells cannot adopt
the correct cell fate in response to Gurken unless they
have already been rendered competent to differentiate by
Delta.

Oogenesis as a model system for Delta/Notch signaling

Drosophila oogenesis provides an excellent system in
which to analyze the Notch signaling pathway for sev-
eral reasons. First, Delta signals to activate Notch in a
large number of follicle cells at the same time, because
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∼ 1000 epithelial follicle cells receive the second signal
during stages 5 through 7. Second, the epithelial cells
constitute one of the rare examples where the down-
regulation of Notch in response to Delta can be observed
directly, and this allows one to see when and where sig-
naling takes place. Finally, the cells that send the signal
are clearly distinct from the cells that receive it, because
Notch is not required in the germ line, nor Delta in the
epithelial cells. The germ cells form a separate lineage
from the rest of the organism very early in embryogen-
esis, and it is therefore straightforward to determine
whether other genes in the pathway act in the signaling
or responding cells. Two other neurogenic genes, egg-
head and brainiac, have previously been shown to pro-
duce Notch-like phenotypes during oogenesis (Goode et
al. 1992; Goode et al. 1996a; Goode et al. 1996b). Because
both genes are required in the germ line, this leads to the
clear prediction that they are involved in the production
of functional Delta. Brainiac shows sequence similarity
to Fringe, and related mammalian proteins have been
characterized as glucosyltransferases (Yuan et al. 1997;
Amado et al. 1999; Bruckner et al. 2000). This raises the
interesting possibility that Brainiac is a glucosyltransfer-
ase that adds sugar residues to Delta, in much the same
way that Fringe modifies Notch.

Materials and methods

Fly stocks used in this study

As a wild-type stock, we used w1118 (Lindsley and Zimm 1992).
Mutant chromosomes used in this study are N55e11 FRT101/
FM7 (Couso and Martinez Arias 1994), NX81K1 FRT101/FM7
(Reddy et al. 1997), DlM1 FRT82B/TM6B (de Celis et al. 1991),
SerVx22 Dlrev10 FRT82B/TM6B (Micchelli et al. 1997), Su(H)del47

FRT40A/CyO (Morel and Schweisguth 2000), psnC1 FRT2A/
TM3 (Struhl and Greenwald 1999), E(spl)b32.2 FRT82B/TM6B
(Schrons et al. 1992). H25/TM3 (Maier et al. 1992) was obtained
from the Bloomington Stock Center and recombined onto an
FRT82B chromosome using standard genetic techniques.
The P-lacW enhancer-trap lines that label different popula-

tion of follicle cells (1387/16, 608/07, 998/12, 679/15) are inser-
tions on the 3rd chromosome from the Péter Deák collection
(Deák et al. 1997; Deng, Bownes, González-Reyes and St. Johns-
ton, unpubl.). A101 and PA77.1M3 (Bellen et al. 1989), were
obtained from the Bloomington Stock Center and are LacZ in-
sertions on the 3rd chromosome.
Maternal germ line–specific expression of a GFP-Staufen fu-

sion transgene was driven from the �4-tubulin promoter (Sch-
uldt et al. 1998). The GFP-Staufen fusion protein localizes to the
cytoplasm in nurse cells and at the posterior pole of the oocyte.

Generation of clones

To label homozygous clones in the follicle cells or germ line, we
used the FRT-FLP technique in combination with GFP as a
marker (the FRT and hsFLP stocks are described in Chou and
Perrimon 1996). Flies expressing ubi-nlsGFP (Davis et al. 1995)
show nuclear GFP expression in the follicle cells and in the
germ line. FRT chromosomes marked with ubi-nlsGFP (FRT2A,
FRT40A, and FRT82B) were kindly provided by Stefan Luschnig
(Luschnig et al. 2000). GFP FRT101 was provided by Alfonso
Martínez-Arias. Homozygous mutant clones in follicle cells

were generated by heat shocking pupae or newly hatched female
flies for 2 h at 37°C, during 3 consecutive days. Adult females
were placed on yeasted media at 25°C and dissected between 2
to 7 days after the last heat shock. Germ line clones were gen-
erated by heat shocking 3rd instar larvae and pupae using the
same regime describe above.
All the 3rd chromosome enhancer trap lines were crossed to

GFP FRT101, hsFLP22 flies. Male progeny of the genotype GFP
FRT101, hsFLP22/+ P-lacZ/ + was then crossed to N55e11

FRT101 females to generate females of the genotype N55e1

FRT101/ GFP FRT101; hsFLP22/+ P-lacZ/+. Sometimes we
used a hsFLP22 P[GFP-Staufen] to generate clones for the mu-
tations of the right arm of the 3rd chromosome.

Staining procedures

Ovary dissections, and antibody and rhodamine-phalloidin
stainings were performed as previously described (González-
Reyes and St. Johnston 1998). OliGreen (Molecular Probes)
staining was performed after the last wash for 10 min at 1/5000
dilution in FasIII-stained egg chambers. Antibodies were used at
the following concentrations: mouse monoclonal anti-FasIII
1/10 dilution (Patel et al. 1987); rabbit polyclonal anti-Phospho-
HistoneH3 1/1000 (Upstate Biotechnology); rabbit anti-�Gal
1/2000 (Cappel); mouse monoclonal anti-NICD (C179C6) 1/1000
(Fehon et al. 1991); mouse monoclonal anti-Dl (C594.9B) 1/100
(Diederich et al. 1994). Cy5– and Texas Red-conjugated second-
ary antibodies (Jackson) were used at 1/200 dilution. All
samples for confocal microscopy were mounted in Vectashield
(Vector Laboratories). All confocal micrographs were collected
using a BioRad MRC1024 scan head mounted on a Nikon E800
microscope. Adobe Photoshop and Micromedia FreeHand pro-
grams were used to process and assemble all figures.
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