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SUMMARY

During Drosophila oogenesis two distinct stem cell Finally, dais a genetic regulator of an early checkpoint for
populations produce either germline cysts or the somatic germline cyst progression: Loss ofda function inhibits
cells that surround each cyst and separate each formed normally occurring apoptosis of germline cysts at the
follicle. From analyzing daughterless (dajoss-of-function,  region 2a/2b boundary of the germarium, while da
overexpression and genetic interaction phenotypes, we have overexpression leads to postmitotic cyst degradation.
identified several specific requirements foda® in somatic ~ Collectively, theseda functions govern the abundance and
cells during follicle formation. First, da is a critical diversity of somatic cells as they coordinate with germline
regulator of somatic cell proliferation. Also,dais required  cysts to form functional follicles.

for the complete differentiation of polar and stalk cells, and

elevated da levels can even drive the convergence and Key words: OogenesisaughterlesshHLH, E protein Drosophila
extension that is characteristic of interfollicular stalks. melanogaster

INTRODUCTION reduced or eliminated in the peripheral nervous system
precursors (Hassan and Vaessin, 1997). In larval eye di&cs,
A fundamental question in developmental biology is howmutant clones in the posterior region of the morphogenetic
broadly expressed multifunctional regulators can effect diversiirrow do not accumulate cyclin B, indicating that the cell
and specific morphogenetic events throughout development. éycle is blocked in g(Brown et al., 1996). In the larval optic
good example of such a regulator is theughterlessgene lobes overexpression of the Class 2 Hasknse (aseg Da
product inDrosophila Da is an E protein, or Class 1 helix- binding partner (Jarman et al., 1993), results in reduced mitotic
loop-helix (HLH) transcription factor (Murre et al., 1994), activity, while loss of function causes an increase in mitotic
which heterodimerizes with various Class 2 HLH proteins tactivity (Wallace et al., 2000). Overexpression ad in
form transcriptional activation complexes involved in manyembryonic mesodermal tissue culture cells driesitilus
developmental processes, including sex determinatiomependent cell cycle arrest and concomitant differentiation into
neurogenesis, myogenesis, and oogenesis (Caudy et al., 1988)scle (Wei et al., 2000). Finally, numerous observations that
Cummings and Cronmiller, 1994; Deshpande et al., 1993he Da-related E proteins in mammals affect cell proliferation
Gonzalez-Crespo and Levine, 1993; Keyes et al., 1992). land/or cell cycle progression (Pagliuca et al., 2000; Peverali et
some specific cases the mechanismdadiinction have been al., 1994; Zhao et al., 2001) suggest that cell cycle control may
elaborated, such that Da binding partners and/or targets have an inherent functional activity of this evolutionarily
been identified. For example, during sex determination Daonserved protein family, of which Da is the only member in
heterodimerizes with Scute (Sc/Sis-b) to activesxl Drosophila
transcription in females, and during neurogenesis Da pairs with One morphogenetic process for whadfunction is critical
Sc or Achaete (Ac) in subsets of cells to promote neuras ovarian follicle formation, which requires the coordinated
differentiation (Cabrera and Alonso, 1991; Yang et al., 2001)control of the proliferation and differentiation of both germline
In other casedais known to be required for the expression ofand somatic cells. Stem cells for both the germline and soma
specific genes in fully differentiated cell types (King-Jones eteside in the germarium, at the anterior end of each ovariole
al., 1999; Misquitta and Paterson, 1999). For mostiasd of the ovary (see Fig. 1A). At the anterior of the germarium,
developmental roles, however, the specific regulated processagerlying somatic cells create a niche to maintain the germline
have not been detailed. stem cells (Spradling et al., 2001; Xie and Spradling, 2000).
Several lines of evidence suggest that a general ralaisf  One of the two germline stem cells undergoes an asymmetric
to regulate proliferation and cell cycle progression.dm  division to produce another stem cell and a cystoblast. The
mutant embryos transcription of several cell cycle genes isystoblast undergoes four rounds of mitotic division with
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incomplete cytokinesis to produce a germline cyst, containin

Table 1. Fly stocks used in this study

one oocyte and fifteen interconnected nurse cells, within regic

. . - oo . Stock* Source

2a of the germarium. Morphologically unidentifiable somatic daallel
stem cells reside in region 2 of the germarium and give rise | cladaaZ?ce;o
mesenchymal somatic cells that surround each germline cy cn dahcyo
and compress it into the characteristic lens shape of region ; cl das23Cy0
of the germarium. As the somatic cells continue to envelop th cl da’ b pr cn/CyO

; ; ; ; ; . Dp(2;2)da 20
cyst, they differentiate into an epithelial monolayer to form & Dp(2-Y)B231
follicle. Each follicle is separated from the previously (and Enh ’ .
subsequently) formed follicle by additional somatic cells, rowe e b Adler
which form a stalk. Ilaloss-of-function mutants, phenotypes y w; B1-93F H. Ruohola-Baker

include absence of interfollicular stalks, compound follicles ir cn; 1(3)01344/TM3, r§K Sb A. Spradling
which two cysts are incompletely separated by somatic cell: Transgenic lines
bicyst follicles in which two cysts are neatly packaged inside w; P(w", hsp70-da) A. Singson
an epithelial monolayer, and more extreme compound follicle hs-hhM11 H. Lin
in which multiple cysts are improperly packaged and cai Used in genetic interactions _
include the contents of an entire ovariole (Cummings an SetainELICy. InR)CY :BIgc;an;r:)gr:oﬁ
Cronmiller, 1994). The consequence of all of these defects ec di Bloomington
loss of egg production, and this sterility can be trace: ed Su(d® Bloomington
conceptually back to defects in the morphogenetic sequen hop?/FM7a Bloomington
that leads to follicle formation in the germarium. Stsﬁﬁgfesyg'\;m ¢ Deha.‘.mg N
In this paper we identify specific morphogenetic events the g:kwencc?] b"xgg,%yo T gghggb2§h
are regulated bgla during oogenesis. From analyzing bdthn spAl4Cy0 N. Perrimon
loss-of-function and overexpression phenotypes, as well ¢ SpPPE9ICyO N. Perrimon
genetic interactions, we demonstrate a roledfn somatic top”92 cn bw sp/CyO J. Price
cell proliferation. We also show thdis required for complete ts‘;’f;zt_’g:%(flc o JG Pé'lft‘;n
differentiation of stalk and polar cells. Finally, we document & sev2 So§4G,C§,/O; ry G. Rubin
somatic requirement fatafor the germline cyst apoptosis that sev2, Ras850318TM3 G. Rubin
is a component of the cyst progression checkpoint in th w phF P{FRT(w[hs])}101/FM7 N. Perrimon
germarium that has been previously described (Drummont ﬁg?{;};éﬁ;’?g\gssl:\/’%alzﬁR) g Eﬂgm
Barbosa and Spradling, 2001). DhIC1I0 b ey E Hafon
pnt’825TM3, Sb G. Rubin
o
ao . DINarao
MATERIALS AND METHODS w gr rfs-l%?FM3 A Mahowald
) ) y w brn-8P§FEM7a A. Mahowald
Drosophila stocks and genetics sew? G. Rubin
Flies were raised on either a yeast-agar-dextrose or molasse h boss; ry G. Rubin

cornmeal-yeast medium (details available on-line: http:/ I ) ) ) )
dev.biologists.org/supplemental/) at approximately 25°C. The wild, “Additional information on alleles is available at

type strain used was OregonR; other stocks are listed in Table 1. httf:”ﬂyb"."se'bio'i”dia”a'ed“/ (FlyBase, 2002).
Bloomington Stock Center.

Heat shock treatments
da overexpression

Flies carrying four copies of thmsp7zeda® transgene in an otherwise FITC- or TRITC-conjugated secondary antibodies (1:300, Jackson
wild-type background were given a pulse of 30 minutes at 37°C foummunoresearch).
times per day for 6 days. Flies carrying two copies ofpHagreda* o
transgene in theladY" mutant background were reared at 25°C andAcridine Orange
shifted to 32°C for 6 days. Acridine Orange is a vital stain for apoptotic nuclei, which are visible
i ) with a filter for green fluoresence, and for lysosomes that associate

ectopic hh expression with fragmenting nuclei, which are visible with a filter for red
Flies carrying one copy of thgaspzehh* transgene received pulses of fluorescence (Mpoke and Wolfe, 1997). Ovaries were dissected in
1 hour at 37°C twice daily for 5-6 days; the regime began 24-48 houShields and Sang M3 insect medium (Sigma), stained for 15 minutes
after eclosion. in Acridine Orange (5ug/ml in M3 medium), and washed for 15

o minutes in M3 medium. Similar results were obtained using PBS;
Staining germarium staining was dose- and site-dependent, with considerably
Ovaries were fixed and DAPI stained as previously describetbwer intensity in the germarium compared to apoptotic stage 13 nurse
(Cummings and Cronmiller, 1994). Enhancer trap lines were stainezklls or occasional stage 8 apoptotic follicles in which the follicle
using X-gal substrate or immunostained using Rigalactosidase maturation checkpoint had been activated. A dramatic enhancement
(1:10,000; Cappel) as previously described (Cummings andf the germarial staining was observed when samples were dissected
Cronmiller, 1994). Monoclonal mouse anti-FaslIl 2D5 (1:10) (Patelin PBS, stained with Acridine Orange {§/ml) or Nile Blue A (100
et al., 1987), monoclonal mouse anti-Hts 1B1 (1:10, Developmentalg/ml) in hypotonic 0.1 M sodium phosphate buffer, pH 7.2, and
Studies Hybridoma Bank) (Zaccai and Lipshitz, 1996) and polyclonalvashed 15 minutes in PBS [based on Abrams et al. (Abrams et al.,
rabbit anti-Vasa (1:1000) (Styhler et al., 1998) were detected usint®93)]. For our standard Acridine Orange staining protocol (Fig. 5D
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and supplemental data: http://dev.biologists.org/supplementali
ovaries were dissected from flies reared on molasses-cornmeal-ye
medium at 25°C, placed in Acridine Orangeuml in 0.1 M sodium
phosphate buffer, pH 7.2) for 1-2 minutes, transferred to PBS on
slide and immediately scored.

A germline somatic stalks
stem cells stem cells

TUNEL

TUNEL reagents (Roche Molecular Biochemicals) were used as 1 2a 2b 3 follicle
independent means of detection of apoptotic cells, since TUNE
preferentially labels apoptotic cells relatively late in the apoptoti
process (Barrett et al., 2001; Gold et al., 1994). Ovaries were dissec
in PBS, fixed in 4% paraformaldehyde (in PBS), and processe
according to manufacturer’s protocol.

Image processing
All images were either captured on film or with a MagnaFire Camer
(Optronics) on a Zeiss (Axiophot/Axioskop) microscope. Capture:
images were processed and annotated in Adobe Photoshop. Ima
depict FITC as green and TRITC as magenta (overlap white) to ma
the images color-blind-accessible.

RESULTS

da is required for somatic cell proliferation

To identify specific cellular processes that are regulated
daughterlessn the ovary, we examined the complete loss-of
function phenotype using the ovary-specific null allg#yh
(Smith and Cronmiller, 2001). Mutant ovaries were staine
with antibodies against Vasa, a germline-specific marker, at
Hts, a marker for the somatic cytoskeleton and the specializ:
germline organelles, the spectrosome and fusome.

At eclosion everyda ovariole was already defective (Fig.
1C-E, compare to 1B). Normal follicles were generally no
observed, except in an occasional ovariole that contained rior end of an ovariole, including terminal filament (tf),

most a single properly formed follicle. By examining ovariesgpgivided germarium (with regions indicated), and early follicles of

at eclosion and noting the presence of the basal stalk on eagB vitellarium. Somatic cells (gray), polar cells (purple) and stalks
ovariole, we were able to ensure that we scored the phenotypg indicated. Wild-type (B, Fiia/da2 (C), day"/davh (D,E,G,H)

of every germline cyst produced within an ovariole. Eaclovaries were costained for Hts (Hu li tai shao; green) and Vasa
follicle attached to a basal stalk contained a single germlin@nagenta). At eclosion modanull ovarioles (C,D) have no distinct
cyst, the first generated in that ovariole. In 90% of thenterfollicular stalks; in 10% of ovarioles (E), the posteriormost
ovarioles, the second and third germline cysts produced wef@llicle is separated by a stalk, but always at the expense of the
likewise individualized into follicles; however, follicles in follicular epithelium of the second germline cyst produced. (G) Older
these ovarioles were never separated by interfollicular stal mutant ovaries, despite extensive defects within the vitellarium,
(Fig. 1C.D). Follicles containing the first germline Cystfave typical germarium morphology. Interfollicular stalks do not

duced I I v th orm, even when sufficient somatic cells accumulate (arrow) adjacent
produced were generally complete, namely the cyst wag fojicles with multiple cysts. (H) In more extreme examples,

surrounded by a continuous epithelium, as indicated by th@gions 2b and 3 are lost within the compound follicles that
presence of two discrete epithelial layers between the first ar@nstitute the remainder of the ovariole. (I) A typical DAPI-stained
second cysts. Such a double epithelial layer was less commornigh ovariole. Images B-E are at the same scale, as are images F-H.
observed between the second and third cysts, which instead

appeared to share a disorganized layer of somatic cells that

more closely resembled undifferentiated mesenchymal celtsells to surround the second germline cyst. This suggests that
than differentiated epithelial cells. Similarly appearing cellshe number of available somatic cells located between the
also separated the next youngest cysts in the ovariole, whigifst and second cysts was sufficient to contribute to an
would correspond to the germarium/vitellarium junction ininterfollicular stalk in this position only at the expense of the
wild type. In the remaining 10% of the ovarioles, the firstepithelium of the second cyst. Finally, the frequency of
germline cyst was contained in a properly formed follicle thatompletely normal follicles is consistent with the fecundity of
was separated from the next youngest cyst and its folliculatay" females, each of which can lay up to 5 eggs before
epithelium by an interfollicular stalk: these were the onlycompletely ceasing oviposition; thus, follicles not separated by
completely normal follicles observed (Fig. 1E). Invariably, instalks never give rise to functional eggs.

such ovarioles, the second and third cysts were containedin maturing females, although tlin mutant phenotype is
within a single continuous epithelium. These bicyst folliclesso severe that follicular structure is almost completely
appeared to have arisen because there were insufficient somatisrupted (Cummings and Cronmiller, 1994; Smith and

1 2a 2b 3 wildtype

EE' 1.Thedaloss-of-function phenotype. (A) Diagram of the
te
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Cronmiller, 2001), we found that the overall organization of A W C

the germarium appeared to be undisturbed. Based on t \ & & % &
appearance of spectrosomes, fusomes and germline cysts, % ‘

four regions of the germarium generally could be distinguishe . -

in dayh mutants, and their arrangement was indistinguishabl : L. g »
from wild type (Fig. 1F,G). IrdaYh germaria, however, there ‘t s
was an increased distance between regions 1 and 2b relative ! g

wild type, suggesting the presence of an increased number v

germline cysts in region 2a (Fig. 1G). Also, in region 3 of the .

germarium, where somatic cells normally differentiate into ar

epithelial monolayer to envelop each germline cyst, there we

no evidence of constriction by somatic cells in the posterio

region to complete follicle individualization. This could be D. E

due to insufficient somatic cells to form the necessan .

interfollicular stalk, consistent with our observations of ovaries %
from newly eclosed females. However, even in germaria the = %
were connected to multicyst follicles, where the somatic cel k,
number was greater than in wild type (arrow, Fig. 1G), stalk -
still failed to form. Thus, the absence of a distinct junctior
between the germarium and vitellariumda mutant ovaries F
results not only from defective cell nhumber but also from
aberrant cell behavior. In the extreme, as mutant defec
accumulated with age, even previously organized regions of tt 4‘ »
germarium were lost, as regions 2b and 3 were no longt
distinguishable (Fig. 1H).

da regulates differentiation

Because aberrant somatic cell behavior appeared to contribt
to theda mutant phenotype, we examined the expression c
cell markers to determine whether specific cell types wer
affected. For interfollicular stalk cells, we examined two
markers,B1-93F (Fig. 2A) andl(3)01344 (Ruohola et al., Fig. 2. The effect ofdaon polar and stalk cell markers. (A) Enhancer
1991; Forbes et al., 1996a). Even though stalks were notpBl1-93Fmarks interfollicular stalks, presumptive stalk cells and
evident indamutant ovaries, cells expressing stalk cell markergerminal filament in wild type. Ida’/das22(B) andda¥" (C) ovaries

were still presenB1-93Fexpressing cells formed either smalll .the enhanper trap stains cluste(s of cells that are sometlmes arranged
clumps on the edge of a junction of two follicles that were nofto rope-like patterns. Expression®i-93Fis weaker ida
separated by a stalk (data not shown) or small clusters or roéggrtﬁgrﬁ' ((g :gtg\?il?l?)aqr?i;eelit;]\;en::%rtqfagvigrgl);%OZSSr;irsrggl?r:

like strings of cells within the_ epithelium in conjunction with ﬂsgrading somatic cells often present at the posterida sfutant
more extreme phenotypes (Fig. 2B,C). Expression of the stal{arioles (B, asterisk). (D) In wild type, enhancer #dp1lstains

cell marker was drastically reduced in both the strongyojar cells in each follicle; initial expression may include up to 4
hypomorphic and null mutant genotypes, such that stainingelis at either pole (3 shown in inset), but by stage 4 staining is
was consistently detectable only with two copies of theimited to 2 cells at each pole. (E)dia’/daS22mutant ovaries,
enhancer trap reporter. Identical observations were made withusters of 3 or 4 somatic cells are found throughout ovarioles,
1(3)01344 (data not shown). Sala may be a transcriptional apparently corresponding to ends of each cyst in a compound
traps; however, this regulation would have to be cell specifidUmber ofA10kpositive cells are found throughout a region that is
since enhancer trap expression in the terminal filament W@terlo_r.t(_) extensive degradation. (G) In wild type, Faslil protein is
not affected (Fig. 2C). Alternativelyla may be required for ound initially in all somatic cells in regions 2b and 3 of the

. o L = . germarium; levels subsequently diminish in all but the polar cells.
complete differentiation of stalk cells, resulting in an indirect |y |n damutants, clusters of 3 or 4 FasllI-positive cells are found

effect upon enhance_r trap_expression, which is only ongiong compound follicles, corresponding to cyst poles.
characteristic of the differentiated state.

For polar cells we also examined two markers, the

neuralizedenhancer trag\101 and Faslll protein. Generally, accumulate in a section of the ovariole anterior to the gross
A101 marks a pair of polar cells at both the anterior andlegeneration that is typical of the extredaphenotype (Fig.
posterior ends of each follicle (Johnson et al., 1995), althoudghF). UnlikeA101, Faslll is initially expressed at high levels in
initial expression at the beginning of the vitellarium oftenall somatic cells in region 3 of the germarium; the expression
encompasses polar clusters of up to 4 cells (Fig. 2D). Ipattern gradually refines to resemble that of Ah®1 marker
moderately severda mutant ovariesA101was expressed in (Fig. 2G). The pattern of Faslll-staining-cells da mutants
clusters of 3 or 4 cells in positions that corresponded to theas similar to that 0A101, namely clusters of 2-4 strongly
poles of germline cysts (Fig. 2E). In severely disruptedstaining cells at the polar boundaries of cysts (Fig. 2H,1). Both
ovarioles, larger numbers &10ZXpositive cells seemed to polar cell markers indicate that there is no loss of this class of
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somatic cells irda mutants; in fact, mutant polar cell clusters Elevated Da levels also produced germline defects in older
included one or two extra cells. One possible explanation fdemales. As we previously reported, Da overexpression can
the extra cells is thatla is required for the narrowing of lead to germaria that attach directly to mid-to-late stage
polar cell number that normally accompanies polar celfollicles (Smith and Cronmiller, 2001). In the overexpression
differentiation. Alternatively, ifda is required for timely genotype, DpB231;d&h, every germarium showed loss of

terminal differentiation of polar cells, then one extra cellregion 2b and 3 cysts by two weeks of age (arrow, Fig. 4F).
division in the mutant would account for the increased polakoss of cysts could result from a cessation of both cyst

cell cluster size. production and posterior progression or from the degradation
) of cysts. The latter appeared to be the case here, since dying
Effects of increased Da levels cysts (identified by decreased Vasa staining) were found in the

The consequences of increagstddose on follicle formation posterior of the germarium (arrows, Fig. 4F,G) and in newly
also demonstrated a role fda in somatic cell proliferation. formed follicles (arrow, Fig. 4H). Occasionally, faint Vasa
Ovaries from flies that carry an extra copydaf in a tandem staining was found within long stalks, indicating the presence
duplication Pp20 have normal ovariole morphology, but the of cyst remnants just prior to their complete degradation
interfollicular stalks are longer (Fig. 3B, compare with 3A)(arrow, Fig. 4l). In the germarium, degradation and loss of
(Smith and Cronmiller, 2001). In flies that carried an extra copgermline cysts permitted the spread of mitotically active cysts,
of da* in a chromosomal transpositioBB23J), in addition  normally confined to region 2a, to more posterior regions of
to longer stalks we observed an increased number dlfie germarium (Fig. 4G,H). Consequently, cysts that were still
previtellogenic follicles (Fig. 3C-E). The average number ofdividing slipped to the posterior end of the germarium,
stage 2-7 follicles per ovariole was significantly higher inresulting in their premature envelopment by somatic cells
DpB231ovaries relative to wild type: 5.4+0.07 (s.e.m.) versugarrowhead, Fig. 4J). Similarly, at the anterior end stem cells
4.8+0.04 P<0.01,t-test). Thus, the rate of follicle production occasionally slipped out of the germline niche completely and
in DpB231was higher than in wild type. The increases in stalkvere lost, as evidenced by the lack of any characteristically
length and rate of follicle formation indicate that excéas round spectrosomes at the very anterior of the germarium
leads not only to increased somatic cell proliferation, but alsarrowhead, Fig. 4K). In rare cases the germline component
to either increased germline cyst production or reducedias completely lost from the germarium (Fig. 4L). Thus,
germline cyst loss at the region 2a/2b checkpoint. Thelevated Da levels resulted in degradation of post-mitotic
additional ovarian phenotype BpB231can be accounted for germline cysts and led indirectly to loss of germline stem cells.
by the higher level adlat function it provides relative tbp20; )
this was corroborated by the strength of their geneti¢/a loss-of-function mutants suppress normal
interactions withda" (data not shown). germline apoptosis in the germarium

Using additional genetic tools, we were able to generate flidea da loss-of-function mutants we found the converse
with even higher levels ofla", and we found that greater relationship betweenda function and germline viability,
overexpression led to aberrant somatic cell behavior. Thesamely, reducedaprotected germline cysts from degradation.
higher levels were obtained by combinations of heat-inducibl@lthough cyst degradation has not been reported in wild-
da* transgened)pB231anddayh, which upon transactivation type germaria [except under nutrient-deprived conditions
produces higher than wild-type levelsdd* function (Smith  (Drummond-Barbosa and Spradling, 2001)], we observed
and Cronmiller, 2001). Sustained elevatked levels resulted apoptosing cysts in region 2a/2b of wild-type germaria (from
in the occurrence of what appeared to be ectopic stalks thilies reared on either of two nutrient-rich media) when we
formed at the expense of follicular epithelium; these stalkassayed cell death by two different methods, vital staining
were stretched superficially along germline cysts that werfAcridine Orange and Nile Blue) and TUNEL. Acridine
incompletely enveloped by a somatic epithelium (Fig. 4A,B)Orange staining was detected with filters for green
We never saw an incompletely enveloped germline cydtuorescence, where apoptotic cells were visible as bright spots
without an ectopic stalk associated with it, and conversely wagainst diffuse background staining (Fig. 5A); however,
never saw an ectopic stalk unless it was in direct contact witktaining was most dramatic with filters for red fluorescence,
a germline cyst that lacked substantial somatic epitheliunwhere the highest concentrations of Acridine Orange
Thus, elevated Da protein was capable of driving stalk cefluoresced with no general background staining (Fig.).5A
differentiation. Even intermittendla® overexpression led to Localized within region 2 of the germarium, the largest bright
follicular defects: pulsatile induction @hspzeda* transgenes spots could often be correlated with blebs on the germarium
resulted in an elongation of the germarium (Fig. 4D,E). Severalurface that were visible under DIC or phase contrast (data not
morphological flaws contributed to the protracted appearancghown). At a low frequency, smaller punctate fluorescence was
of these germaria: failure of cysts in region 2b to compress intwas observed as an outline of the germarium, apparently
their characteristic lens shape, retention of intact older folliclegestricted to the space between the germarium and the
that never individualized, and narrowed and elongatedverlying epithelial sheath; this distinct acellular background
posterior regions. All of these flaws likely resulted fromstaining did not reflect apoptosis, since it was never observed
aberrant somatic cell behavior and may indicate defects ifollowing TUNEL. Because apoptosis in wild-type germaria
differentiation. Cells anterior to unbudded follicles (asteriskswas unexpected, we repeated the vital stain analyses numerous
Fig. 4D,E) failed to differentiate into stalks. The Da-times, varying the dissection and staining solutions (phosphate
overexpressing somatic cells throughout regions 2b and 3 ahdffer, PBS, M3 insect medium), and in spite of minor trial-
surrounding the attached follicles appeared to squeeze thetrial variation, Acridine Orange fluorescence in region 2 of
underlying germline cysts. the germarium was always observed. Establishing a standard
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A >0 @ v —pw stributi : ic folli
a ° e % _ ; Distribution of previtellogenic follicles
.'l g 4 mwild-type
: 4 3 (=307} H
wild-type - i

C

DpB231,+/+

Number of stage 2-7 follicles per ovariole

Fig. 3. Chromosomatia® duplications produce excess somatic cells. Ovaries &+da" flies (B, C) have longer interfollicular stalks than
wild-type ovaries (A). (D) Enlargement of the anterior end of ovariole shown in C. (E) Ovaries with the B231 duplicatiom@iideksda*)
also produce more follicles than wild type, as indicated by the number of previtellogenic follicles per ovariole and ge}lineegle
length. Staining: Hts (green), Vasa (magenta).

Fig. 4.Elevatedda* levels were achieved with several genotypes and environmental conditions: (A,B) homatajawith phspzodat, 6

days at 32°C; (D,Epnsproda’, 37°C pulses; (F-L) homozygoash with DpB231 (A,B) High levels ofda* drive formation of ectopic stalks
at the expense of epithelium; partially exposed germline cy5B')Aave stalk-like somatic cells (demarcated with black dots in A, B) that
stretch along the cyst. (D,E) Pulses of Da result in aberrant somatic behavior; new cysts are elongated and initialpafatetérem the
germarium (asterisks, compare to wild type, C). (F-L) Elevdéddvels result in germline cyst degradation. Cyst remnants with decreased
Vasa are seen in regions 2b and 3 of the germarium (arrows, F,G), in newly formed follicles (arrow, H) and in long stalls Degcading
compound follicles, with extensive Vasa staining'(l)lare identifiable by DAPI (inset I,L). (H-J) In germaria depleted of mature cysts, still-
dividing germline cysts, normally confined to region 2a, spread posteriorly and become surrounded by somatic cells. phizde dresll
cyst (arrowhead, J) in region 3 is identifiable by its fusome structure (de Cuevas and Spradling, 1998) and DAPI (datd.not shown

(K) Spreading germline cells occasionally fall out of the germline stem cell niche (gray arrowhead points to empty ni€HeDAPIL
staining (L) and (L-L"") different focal planes through a germlineless germarium. Germarium (bracket) without any gerfi)liise (L
identifiable by the terminal filament (asterisk in L). Staining: DAPI (grayscale), Hts (green), Vasa (magenta). Yellow ttlerhaaii

images same magnification as G except |, J and K.
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Fig. 5. Visualization of the A
cyst progression checkpoin
Acridine Orange staining
(A,A',B,C) and TUNEL
(E,E,F) identify apoptotic
germline cells in region 2 of
the germarium. Vital
Acridine Orange staining of
wild-type germaria in M3
medium is visible as green
(A) or red (A) fluorescence;
signal is localized to region
of the germarium. (B-C) In
phosphate buffer, where
Acridine Orange signal is
amplified,daYh mutants (B)
show dramatically reduced
fluorescence relative to wilc
type (C). (B,C are shown at
the same magnification; line
indicate the positions of the
germaria for comparison.)
(D) Apoptosis as measured by vital Acridine Orange staining of germaria from 2- to 4-day old adult wild-tgtpenaaint females. Blue
numbers indicate total number of germaria scored; bars show the average percentage per femate-1$.tondal/das?2 n=10 for all
others). (E,B TUNEL (green) labels cells at the region 2a/2b boundary; staining corresponds with decreased DAPI irtgnsity (E
(F,F) Reduced Vasa (magenta) identifies apoptotic cells as germline and corresponds with smaller punctate DAPI staining.
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staining protocol, we quantified the frequency of apoptosis istaining relative to both the wild-type strains and the sibling
wild-type germaria of typical laboratory strains (OregonR,controls (Fig. 5D). Inda mutants, the effect of age on the
CantonS, and the commonly used transformation hodtequency of Acridine Orange staining could not be assayed,
white!118  (Fig. 5D and supplemental data: http:/ since flies older than 2-4 days had extensive degradation within
dev.biologists.org/supplemental/). Each strain had a higthe ovarioles that precluded scoring in the germarium. In
frequency of Acridine Orange staining in the germaria, yet thgermaria ofday® mutants of any age, TUNEL-positive cells
specific frequency varied with each genotype. Additionally, thevere never seen. Thus, lossdaf function reduces normally
frequency increased with age.g. in OregonR females the occurring apoptosis of germline cysts at the region 2a/2b
frequency of Acridine Orange-staining germaria increased tboundary.

over 90% (supplemental and unpublished data). Evidence of o ) .

apoptosis was even more dramatic from TUNEL assays, whichenetic interactions between  da and signal

were routinely more consistent than the vital staining method$ansduction pathways

and allowed costaining for Vasa and DNA (DAPI). TUNEL- Since many aspects of tda mutant phenotype detailed here
positive cells were restricted to the region 2a/2b boundarjyave been described previously for mutants in several signal
often transecting the germarium and indicating the apoptostsansduction pathways, we examined genetic interaction
of the entire interconnected cyst (Fig. 5&,Bs with Acridine  phenotypes to identify which specific pathway(s) incldde
Orange, TUNEL-positive cells often corresponded to blebs ofunction. This approach has already been used to identify a
the germarium surface (data not shown); the label also ofteronnection betweeda and theNotch (N) signaling pathway
coincided with either reduced DAPI intensity (Fig."$0r  (Cummings and Cronmiller, 1994), and we extended this by
bright punctate DAPI staining (Fig. 9F Colocalization of showing similar interactions betweesta and deltex (dx)
Vasa protein with TUNEL indicated that the apoptotic cellsSuppressor of deltexSu(dx), or Suppressor of Hairless
were germline in origin (Fig. 5F), and the level of Vasa in thes§Su(H] (Table 2). In addition to thi pathway, we also found
degrading cells was markedly lower than in the neighboringnteractions with another regulatory pathway that is similarly
viable cysts, reminiscent of the reduced Vasa seen in degradirgguired for differentiation of specific somatic cell types,
cysts ofda-overexpressing ovaries (Fig. 4F). In contrast to wildnamely the a@hus _Kinase/$jnal Transducer and &ivator of
type, da loss-of-function mutant germaria rarely containedTranscription (JAK/STAT) pathway (Baksa et al., 2002;
apoptotic cells, when assayed by either vital staining oMcGregor et al., 2002). Females doubly heterozygous for
TUNEL. Various mutant genotypeslah", da¥/Df(da) and  mutations irdaand eithehopscotci{encoding thérosophila
da’/das23 consistently showed a drastic reduction or completdAK) or Stat92Eshowedda-like ovarian defects (Table 2, Fig.
absence of Acridine Orange and Nile Blue staining in th&A-C). These genetic interactions are consistent with a role for
germarium under various conditions (Fig. 5B-D and data nada in differentiation, but they could also resultd& helps
shown). Again using our standard Acridine Orange stainingegulate somatic proliferation.

protocol, we quantified the frequency of apoptosis in germaria We obtained additional support fde involvement in the

of da mutant females and their heterozygous siblings, thusontrol of cell proliferation from genetic interactions with
controlling for genetic background effects. Bai'/da22and ~ mutants in the epidermal growth factor receptor (EGFR)
dalyh ovaries showed a dramatic reduction in Acridine Orang@athway. Most mutants in this pathway exhibited simple
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Table 2. Genetic interactions betweeda and several signa
transduction pathways result in follicle formation defects

Frequency of ovarioles
with follicular defects

Genotype (number scored)

Notch pathway

Su(H)/d& 30% (308)

dxSIM+; da?/+ 58% (142)

dx/+; da2/+ 37% (363)*

Su(dx§/da? 64% (324)

JAK/STAT pathway

hop/+; da?/+ 26% (223)*

de?/+; Stat92E68Y+ 78% (311

EGFR pathway

grkHK36/da2 27% (249)

grkWe4yda2 15% (167)

spil4da? 51% (213)

SpPE9Yda? 52% (331)

topY/top'P92 da? 93% (94)

topP02 da?/+ 2% (61)

topl/top' P02 2% (53)

drke04yda? 58% (54)

so$4Gda? 53% (93)

da?/+; Ras85318+ 43% (79)

phl7/+; da2/+ 71% (119)

Dsor15-122}+; da2/+ 37% (86)

rS-139da2 41% (73§

rl Semde? 73% (209%

da?/+; pnt7825+# 55% (192)

aopP/da?* 0% (259)

aop'S/da?* 0% (371)

brnt-6Pbrnfs-10% da2/+ 53% (127

brnt-6P§brnfs-107 CyO/+ 14% (140%

brnfs-107prnfs-107 dg2/+ 36% (47)

brnfs-107prnfs-10% CyO/+ 3% (31f

seWZ+; daz/+ 1T 0% (80)

boss/daft 0% (150)
Fig. 6. Genetic interactions with mutants in the JAK/STAT and Full gene namesSuppressor of HairlegSu(H], deltex(dx), Suppressor
EGFR pathways. DAPI-stained ovarioles from flies doubly tdrzlrgi)é[ris;;igﬁ)ﬁ)rt])?gicgg(zrgé;ggagll-ltjrrigf\?gfkir:r?i?z?scg:)vigﬁ)ggo (top)

. 681 HK36 ' , ' ,
?Sigg%’g?g?gﬂiﬁ(?g% d(?é?r?gh(gég;ggt:ég as, e(lDd)ogr:i(nan t, downstream of receptor kinagdrk), Son of sevenle$So9, Ras oncogene at
' PO, 107l 6P6 85_D (Ras85D), pqlg hole(phl), Downstream of raf{Dsor1), rolled (rl), _

enhancer ofopP0%topt (H) andbrn's-2%fbrn (1,J). The ovary pointed(pnt), brainiac (brn), anterior open(aop), sevenlesgésey, and bride
interaction phenotypes are indistinguishable from thoskaafone, of sevenlesghosy.
except for the round ovariole morphology witn. *Targets of the EGFR pathwdyFrom an independent receptor tyrosine

kinase pathway. Ovaries from mated females at room temperature were
examined 4-6 days after eclosion except as foll§#€ days after eclosion;

second site noncomplementation witeenull allele (Table 2,  *8-11 days after eclosion9 days after eclosiofi7 days at restrictive

Fig. 6D-G). One puzzling set of interactions involved the gentémperature (18°C).

encoding MAP kinase. In combination witla, both loss-of-

function and gain-of-functiorrolled (rl) alleles produced

morphologically indistinguishable mutant ovaries, althoughthe da-brn mutant ovaries, while most ovarioles were
the frequency of defects was higher with the gain-of-functiorsimply da-like, occasional ovarioles consisted of large
allele (1Se. This observation could mean that both EGFRcompartmentalized spheres attached to germaria. The
pathway activation states are functional, albeit at differentompartments within these structures appeared to be delineated
points in the cell cycle, as is the case in the eye (Baker and Yoy follicular epithelium that separated groups of germline cells.
2001). Fortorpedo (top)and brainiac (brn) which did not Finally, we tested thehedgehog (hh)pathway for
show mutant phenotypes as double heterozygotesiadiila  involvement withda, since this pathway has been shown to
did act as a dominant enhancer of heteroallelic mutantegulate somatic cell proliferation by acting as a stem cell
genotypes in each case. All of the observed mutant phenotypkestor. By conferring stem cell properties on multiple somatic
were morphologically indistinguishable frorda loss-of-  cells, ectopic overexpression lofi leads to overproduction of
function phenotypes with the exception that those involiapg somatic cells, resulting in long interfollicular stalks (Forbes et
andbrn had additional defects not normally associated déth al., 1996a; Zhang and Kalderon, 2001). We founddbatvas

(Fig. 6H-J). Theda-top mutant ovarioles had occasional required forhhinduced somatic cell overproliferation. The
discontinuities in the follicular epithelium (not shown) similar phenotype produced by induced ectoplt expression was

to those previously reported faop (Goode et al., 1992); partially suppressed when females were also heterozygous for
however, thisop-specific defect was not enhancedday In a da null allele: interfollicular cell populations were notably




da functions during follicle formation 3263

smaller (compare Fig. 7A with 7B,C). Moreover, the completecyst envelopment, demonstrates a roled@in proliferation.

elimination of da from the somatic ovary was epistatic to The genetic interactions betweda and every component of

inducedhh: the phenotype was indistinguishable from dae the EGFR pathway, which is also known to regulate somatic
null phenotype alone (Fig. 7D). Apparently, the extra somatiproliferation through mid-oogenesis, suggest tefnd the

stem cells induced by ectopich, or their own mitotic EGFR pathway cooperate to control cell division. Gurken has
derivatives, requiredla® to proliferate. Conversely, elevated been identified as the germline-localized ligand for this
da* levels enhanced thghinduced increase in interfollicular proliferative function (Goode et al., 1996; Neuman-Silberberg

cells (Fig. 7E,F). In addition to causing surplus cells, theand Schupbach, 1996); howeverk null ovaries have a

increasedda’ dose also affected the behavior of those cellstelatively low frequency of follicle formation defects (Goode

resulting in the formation of branched stalks (Fig. 7F-H). Eaclet al., 1996) (our unpublished data). The genetic interaction
stalk branch usually terminated with an apparently normahat we observed betwedaandspiimplicates Spi as a second

follicle, producing a novel ‘lollipop’ structure (Fig. 7F-H). ligand for EGFR in proliferation, although this must be a

Presumably, formation of ‘lollipops’ arose by interfollicular somatic signal, sincepi expression is restricted to somatic

cell rearrangements, which only occurred after some criticatells (Wasserman and Freeman, 1998). Finally, although there

mass of supernumerary cells was attained, since ‘lollipopss no evidence foda acting during specification of the somatic
were observed only in the vitellarium at some distance frorstem cells (step 1), it may control their proliferation once
the germarium. Thus, elevateda conferred behavioral founded. Alternatively,da control of proliferation may be
changes to the excess interfollicular somatic cells, causingnited to the progeny of the stem cells. Either possibility is
them to carry out the convergence and extension procesensistent with suppression of the ectdpiigohenotype irda

that is characteristic of normal stalk cells (Godt and Laskiheterozygotes and the complete epistasisabif.

1995). Althoughdas role in the control of somatic proliferation is
unknown, it probably involves regulation of cell cycle
progression. Connections between EGFR signaling and cell

DISCUSSION cycle progression have already been established in the R2-R5
photoreceptor cells in the morphogenetic furrow of the eye,

We have shown thata has at least three distinct roles duringwhere EGFR signal transduction is required fop/M5

ovarian follicle formation. Firsiais an essential regulator of progression, but signal inactivity is necessary fot/SG

the proliferation of somatic cells. Secodd,is required for the progression (Baker and Yu, 2001). Coincidentally, Da protein
complete differentiation of interfollicular stalk cells. Thidh  levels are high in those cells, add function is required for

is the first identified genetic regulator of a checkpoint for cystheir Gi/S progression (Brown et al., 1996). A similar

progression in region 2b of the germarium. connection betweeda and cell cycle control in the ovary is
) . implicated by our observation thada exhibits genetic
An expanded model for follicle formation interaction phenotypes with both loss of functiatr)(and

Integrating this information abouta activities with several persistently activatedrl€e") MAPK alleles. Loss of EGFR
published models of early oogenesis leads to the followingignaling would be expected to delay cell cycle progression at
outline for the sequential steps required for the iterativéhe G/M transition, but persistent MAFR™activity, being a
production of follicles (Fig. 8). (1) Signaling by Hh protein poor substrate for the inactivating phosphatase (Karim and
from the terminal filament creates a somatic stem cell niche &ubin, 1999), would delay the cell cycle at thgS3ransition.
the region 2a/2b boundary (Zhang and Kalderon, 2001). (2h either situation additionally reducing tlia dose, which
Somatic stem cells produce undifferentiated mesenchymébelf would slow G/S progression, would lead to the mutant
cells that surround the germline cyst and compress it into thghenotype we observed in genetic interactions, and the higher
characteristic lens shape (King, 1970). (3) EGFR-mediateftequency of defects witH SeMis consistent with botda and
signaling from the germline cyst provides a continuouslSeMimpacting on the same stage of the cell cycle.
proliferative signal to somatic cells (Goode et al., 1996; Goode There is probably no role fatain induction of polar cells
et al.,, 1992). (4) A second germline-to-soma signal, Dlpr the differentiation of follicular epithelium (steps 4 and 5). It
induces the somatic cells, located between adjacent cystsismclear from clonal analysis that bdthandfringe (fng)are
region 2b/3, to begin differentiating as polar cells (Lopeztequired in the soma for induction of polar cells in response to
Schier and St. Johnston, 2001). (5) Other somatic cells, whidbl signaling from the germline (Grammont and Irvine, 2001;
contact only a single germline cyst, differentiate as cuboiddlopez-Schier and St. Johnston, 2001). Theesponse is
epithelial cells. (6) The differentiating polar cells signal tolocalized to a thin stripe of cells in region 2b of the germarium
neighboring cells to refine polar cell number, recruit stalk cell§Jordan et al., 2000). This single layer of cells will eventually
and promote local somatic cell proliferation. (7) The stalk cellgive rise to two sets of polar cells, one for the anterior pole of
migrate between the polar cells associated with each cyst atite older adjacent cyst and one for the posterior pole of the
converge and extend to form a single column of cells as theyounger adjacent cyst. Because these cells are sandwiched
terminally differentiate. In this schemda function appears to between two germline cysts, their exposure to DI should be
contribute to steps 2, 3, 6 and 7. higher (assuming uniform distribution of the protein) than the
The initial requirement foda during follicle formation is exposure to neighboring cells that contact only a single
somatic cell proliferation during steps 2 and 3. Thegermline cyst. ThusN-mediated polar cell induction occurs
straightforward observation that one extra copyafresults only between two germline cysts, where DI signaling is
in excess somatic cell production, whda loss of function highest. Sincdng expression is also high in these cells, it is
leads to an insufficient number of somatic cells for germlindikely that fng sensitizes N to respond to DI, as it does in
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Fig. 7. Genetic interactions with ectopit. (A) Ectopic expression dth produces excess somatic cells and long stalks. (B,C) Edtbpic
phenotype is partially suppressed ideg heterozygous genotype; follicles are often compressed into an elongated shape (C).d@) The
mutant genotyped@"/da?) is completely epistatic to ectodit. (E-H) Elevatedla® (DpB231; d&") enhances the ectogit phenotype:

(E) interfollicular cell number is increased (inset: loss of region 3 cyst characteristic of @xtegs) Frequent branched stalks usually
terminate with otherwise detached follicles to form ‘lollipop-like’ structures. (G,H) Enlarged view of ‘lollipops’. Staitingrelen), Vasa
(magenta), DAPI (grayscale).

imaginal discs (Grammont and Irvine, 2001; Jordan et alfunctions. The first function of differentiating polar cells is
2000). In the absence of sufficiently high DI levels, cells instalk cell recruitment. Clonal analysisfafjyandN has shown
contact with the germline contribute to the overlyingthat the function of these genes is required in the polar cells to
epithelium of that cyst. No specific genes have been identifiefdrm interfollicular stalks (Grammont and Irvine, 2001; Lopez-
that affect the morphological differentiation of the follicular Schier and St. Johnston, 2001). fhg~ clones in which no
epithelium; howeveiN mutant clones in the epithelium fail to distinct stalk is visible, the stalk-specific enhancer Ba3F
lose Faslll expression after entering the vitellarium and fail tags expressed in a peripheral cluster of cells at the junction
switch from a mitotic cycle to an endocycle at stage 6between two incompletely separated follicles (Grammont and
indicating that later aspects of differentiation of these epithelidrvine, 2001); we observed the same clusterltfd mutant
cells are dependent upon low levelsbDifgermline signaling ovaries (data not shown). This arrangement would result if the
(Deng et al.,, 2001; Lopez-Schier and St. Johnston, 2001
Initially, however, for undifferentiated mesenchymal cells to
become epithelial, a different germline-to-soma signal may b Tin
involved. Alternatively, these cells may only require polarizing \
contact with the germline, mediated by cell adhesior
molecules. Step 2

Complete polar cell differentiation (step 6) dependsian
and is required for several non autonomous polar ce

Step 1 e

Step 3
Fig. 8. An expanded model for follicle formation. Step 1: signaling @
by hhfrom the terminal filament (red) creates a somatic stem cell

niche at the region 2a/2b boundary, conferring stem cell
characteristics on 2 somatic cells (green). Step 2: somatic stem cells
produce undifferentiated mesenchymal cells (green) that surround the
germline cyst and compress it into a lens shape in region 2b Step 3:
EGFR signaling from the germline (yellow) provides a continuous
proliferation signal to somatic cells. Step 4: DI signaling (blue)
induces somatic cells between adjacent cysts in region 2b to initiate
polar cell differentiation (purple stippling). Step 5: Somatic cells that
physically contact only one germline cyst differentiate as cuboidal
epithelial cells (beige). Step 6: differentiating polar cells provide a
‘booster’ proliferative signal, while recruiting remaining somatic

cells in region 2b to form stalks (straight purple arrows); these could
be distinct signals. In region 3 lateral inhibition (curved purple
arrows) eventually refines the polar cell number to two. Step 7:
differentiating stalk cells (orange stippling) converge and extend
(arrows) between polar cells of adjacent cysts to form an
interfollicular stalk. Steps 2, 3, 6 and 7 require disatdate

functions.
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differentiating polar cells normally recruit stalk cells from theby an epithelial layer, the ‘stalk cells’ did not converge and
periphery, where a population of undifferentiated somatic cellextend to form a stalk, as wild-type stalk cells would. This
is not in contact with any germline cyst. Likkandfng, da  failure to form stalks could result from defects in recruitment
interferes with recruitment of stalk cells from the peripheryof stalk cells by polar cells (step 6), in stalk cell differentiation,
since similar ‘stalk cell' clusters were often observed inor both. Consistent with a proactive role fia in stalk cell
hypomorphic mutant ovarioles. ttamutant ovaries with more differentiation, genotypes with elevatdd levels occasionally
extreme defects, the ‘stalk cells’ were actually integratedormed stalk-like structures at the expense of the follicular
within the follicular epithelium, suggesting that there wereepithelium. Indeed, Da protein levels normally remain high in
insufficient somatic cells to complete the epithelium. Thusthe stalk and polar cells, even after they have dropped in the
when there are sufficient somatic epthelial cells to covefollicular epithelium (Cummings and Cronmiller, 1994).
the germline cyst completely (weakla- phenotype), Additionally, stalk-like differentiation of the excess somatic
differentiating stalk cells never touch the germline; howevercells generated by ectopith was da-dependent: reduceda
when there are not enough somatic cells (strateg  resulted in more aggregation (i.e. less convergence and
phenotype), differentiating stalk cells consequently makextension) and increased resulted in more convergence and
contact with the germline and become incorporated intextension (i.e. less aggregation). In this context, the ‘lollipop’
the epithelium. We propose that a second function ophenotype reflects the acquisition of a stalk-like characteristic
differentiating polar cells is the production of a ‘booster'by excess somatic cellshhrinduced somatic cells that
proliferative signal to ensure sufficient somatic cells to form aearrange in the vitellarium to form cables running along the
stalk. A number of genetic manipulations [elevadapectopic  sides of follicles, as shown by Forbes et al. (Forbes et al,,
Ninta Dl unpaired(upd) or hh; and clones opatched or of ~ 1996a), converge and extend to form a ‘lollipop’, whiaris
double mutanProtein kinaseA (PKA/Pka-C) Suppressor of increased. Relatively high Da levels appear to be required to
fused (Su(fu)] lead to overproduction of somatic cells within drive convergence and extension in differentiating stalk cells.
the germarium, and in every case the result is excesghis darequirement may involve transcriptional activation of
interfollicular cells (Forbes et al., 1996a; Forbes et al., 1996tstalk-specific genes, since the expression of two stalk cell
Larkin et al., 1996; Larkin et al., 1999; McGregor et al.,markers is reduced in stronda- phenotypes. However,
2002; Zhang and Kalderon, 2000). (To what extent theseeduced marker expression could result indirectly from
interfollicular cells organize into recognizable stalks likelyincorporation of ‘stalk cells’ into the follicular epithelium,
reflects each genotype’s impact on stalk cell differentiation.jvhere stalk-specific gene expression may be repressed.
These phenotypes implicate all of these genes in proliferation ) ) .
control: theN pathway N, DI), the JAK/STAT pathwayupd), A checkpoint for germline cyst progression
and thehh pathway bh, ptc, PKA, Su(f)) A proliferative role  Successful follicle formation requires the right balance of
for the N pathway is substantiated by reconsideration of thaomatic cells per germline cyst, such that ratios that are too low
loss-of-function phenotypeNEl, fng), in which ‘stalk cells’ activate germline apoptosis to abort cyst progression in the
are observed within the follicular epithelium (Grammont andgermarium; the function of this cyst progression checkpoint
Irvine, 2001) (our unpublished data); tNepathway may be was first demonstrated in nutrient-deprived flies (Drummond-
generally required for somatic proliferation, lide. However, Barbosa and Spradling, 2001). The mechanism for assessing
for the JAK/STAT pathway, whose only known ligand isthe soma-to-germline ratio is completely unknown; however,
encoded byipd(Harrison et al., 1998), expression of the ligandthe relative balance of cells is evaluated as each 16-cell cyst
is restricted to the polar cells in the ovary (McGregor et al.enters region 2b of the germarium. Thus, environmental
2002). Although other studies have demonstrated roles for thariables such as nutrition could lead to activation of the cyst
JAK/STAT pathway that are limited to polar and stalk cellprogression checkpoint either by increasing germline cyst
specification and/or differentiation during follicle formation production or retarding somatic cell production. If these two
(Baksa et al., 2002; McGregor et al., 2002), the effects afell populations (germline and soma) have different nutritional
ectopicupd together with the genetic interaction phenotypegequirements, cyst apoptosis might be activated only at
betweenda and JAK/STAT pathway mutants, suggest thatnutritional extremes: at one extreme (low nutritional values),
JAK/STAT is also a regulator of proliferation in the ovary, asslackened somatic cell proliferation does not keep pace with
it is elsewhere (Dearolf, 1999). If so, this would requirenormal cyst production, resulting in aborted cyst progression,
expression ofipdin region 2b, earlier than previously detectedwhile at the other extreme (high nutritional values), accelerated
(Silver and Montell, 2001; McGregor et al., 2002). Finally,cyst production outpaces normal somatic cell proliferation,
complete polar cell differentiation includes refinement to twaresulting in a similar termination of cyst progression. Only in
polar cells; a number of markers [Faslll (Ruohola et al., 1991 kituations in which the rates of cyst production and somatic cell
A101 (Johnson et al., 1995)ng (Jordan et al., 2000RZ80  proliferation are balanced (e.qg., intermediate nutritional values)
(McGregor et al.,, 2002)] show that variable numbers (4-8ould activation of the cyst progression checkpoint be
between adjacent germline cysts) of polar cells form but alwaysnnecessary. Age could affect the proliferation rate of either of
refine to 2 per pole by the time a follicle matures to stage 4. lihese two cell populations, and we have observed that the
a number of mutants, includindg, excess polar cells often frequency of cyst apoptosis in the germarium does increase
persist past stage 4 (McGregor et al., 2002; Johnson et akijth age. Other environmental conditions that have been shown
1995; Ruohola et al., 1991), suggesting a failure in refinemenb affect egg production, such as temperature, humidity, prior
The differentiation of stalk cells (step 7) also requitasin ~ anesthesia, adult crowding, mate abundance and dessication
weakda phenotypes where cells expressing stalk cell markerstate (reviewed by King, 1970; Ashburner, 1989), should be
were seen in clusters physically isolated from the germline cystxamined similarly for effects on cyst progression. Checkpoint
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Supplemental Table. Vital Acridine Orange staining of germaria

Genotype Days after % Acridine Orange-positive germaria
eclosion Overall By female
Wild-type: OregonR 4-6 85.5:1€269) 85.5+1.6r(=10)
Wild-type: OregonR 2-4 59./¢€308) 59.2+2.61§=10)
Wild-type: CantonS 2-4 69.31€381) 69.4+2.21(=10)
Wild-type: whitel118 4-6 61.9 (=63) 61.9+2.61(=2)
Wild-type: whitel118 2-4 51.5 (=297) 51.2+2.91{=10)
da’/das2? 2-4 4.2 (=356) 4.1+1.214=11)
da’/CyOsisters 2-4 61.7n=334) 61.4+3.01(=10)
dayhdalyh 2-4 13.1 (=252) 13.2+2.01=10)
dayh/CyOsisters 2-4 82.4nE335) 82.1+3.31{=10)

FLY FOOD RECIPES
Yeast-agar-dextrose medium

(Source: Carpenter, J. M. (1950). A new semisynthetic food medium for Drosdpioig&a.Inf. Serv24, 96-97.)
100 g Brewer’s yeast

30 g Agar

200 g Dextrose

2 g KkKHPOy

Mix dry ingredients and add:

1.6 | Water

50 ml Solution X (20 mg/ml Cag)

50 ml Solution Y (20 mg/ml FeS¥HO)

50 ml Solution Z (16 g potassium sodium tartrate, 1 g NaCl, 1 g 4@ in 0.3 )

Stir, autoclave for 5-25 minutes, allow to cool enough that when swirled will not boil over, and then add:
20 ml Tegosept solution (10% (w/v) methyl p-hydrobenzoate in 95% ethanol)

Pour vials.

Molasses-cornmeal-yeast medium

(Source: Applied Scientifidyiolet's Tasty Treals

1 | Molasses (unsulfured)

14 | Water

148 g Agar

11 Corn meal

412 g Baker’s yeast

225 ml Tegosept solution (10% (w/v) methyl p-hydrobenzoate in 95% ethanol)
80 ml Proprionic acid

Instructions for steam kettle

1. Add molasses and hot water to the kettle and turn on steam.

2. Measure and mix together the dry ingredients.

3. Turn on stirrer in the kettle, and add mixed dry ingredients.

4. Bring the mixture to a boil.

5. Turn down the steam halfway and boil for 10 minutes.

6. Turn off the steam and slowly add the Tegosept and proprionic acid.
7. Mix well and begin pouring vials.



