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SUMMARY

Stem cell niches are specific regulatory microenvironments become GSCs. Our lineage tracing study confirms that one
formed by neighboring stromal cells. Owing to difficulties PGC can generate two or three GSCs to occupy a whole
in identifying stem cells and their niches in many systems, niche (‘clonal expansion’). decapentaplegic(dpp), the
mechanisms that control niche formation and stem cell Drosophilahomolog of human bone morphogenetic protein
recruitment remain elusive. In theDrosophilaovary, two or ~ 2/4, is expressed in anterior somatic cells of the gonad,
three germline stem cells (GSCs) have recently been shown including TFs/cap cells.dppoverexpression promotes PGC
to reside in a niche, in which terminal filaments (TFs) and proliferation and causes the accumulation of more PGCs in
cap cells are two major components. We report that signals the gonad. A single PGC mutant forthick veing encoding
from newly formed niches promote clonal expansion of an essential dpp receptor, loses the ability to clonally
GSCs during niche formation in the Drosophila ovary.  populate a niche. Therefore,dpp is probably one of the
After the formation of TFs and cap cells, anterior mitotic signals that promote the clonal expansion of GSCs
primordial germ cells (PGCs) adjacent to TFs/cap cells can in a niche. This study also suggests that signals from newly
develop into GSCs at the early pupal stage while the formed niche cells are important for expanding stem cells
rest directly differentiate. The anterior PGCs are very and populating niches.

mitotically active and exhibit two division patterns with

respect to cap cells. One of these patterns generates two

daughters that both contact cap cells and potentially Key words: Germline stem cell, Nichyosophila Ovary

INTRODUCTION Spradling, 2001). Each ovary is composed of 12-16 individual
ovarioles, in which both germline and somatic stem cells are

Adult stem cells are defined by their ability to self-renew andocated at the tip of the ovariole also known as the germarium.
to yield differentiated cells that replace lost cells. Upon sterifwo or three somatic stem cells are located at the middle of
cell division, one daughter cell goes through self-renewal andach germarium and are responsible for producing somatic
retains stem cell identity. The other daughter cell differentiatefllicle cells that surround germline cells in developing egg
into one or more terminal cell types that maintain adult tissueshambers (Margolis and Spradling, 1995; Zhang and Kalderon,
Stem cell self-renewal and differentiation have recently beeR001). Two or three GSCs that situate at the tip of each
shown to be controlled by microenvironments or niches (Watjermarium generate differentiated germline cysts (Wieschaus
and Hogan, 2000; Spradling et al., 2001). However, it appeaend Szabad, 1979; Lin and Spradling, 1993). These GSCs have
that the proper functioning of niches also depends on thecently been shown to be located in a niche, which is
continued presence of stem cells and that empty niches azemposed of three differentiated somatic cell types: terminal
likely to degenerate (Xie and Spradling, 2000). Therefore, itilament (TF) cells, cap cells and inner germarium sheath (IGS)
may be necessary to rejuvenate or replace niches as well @dls (Cox et al., 1998; Cox et al., 2000; King and Lin, 1999;
stem cells in stem cell-based therapies. Understanding hadting et al., 2001; Xie and Spradling, 1998; Xie and Spradling,
niches form and what signals control this process will provid2000). A GSC divides asymmetrically to generate one stem cell
novel insights for future medical applications. Unfortunately,and one cystoblast daughter. The cystoblast divides precisely
the difficulty in identifying and manipulating stem cells andfour times to produce 16 interconnected cystocytes that are
their nichesin vivo is a major obstacle for answering thesethen encapsulated by a layer of follicle cells to form an egg
important stem cell questions in many systems. chamber (Spradling, 1993).

The Drosophilaovary is an excellent system to study stem Germline stem cells in each niche can be easily recognized
cells and their relationships to niches (Lin, 1998; Xie andy their size, location and the presence of a special intracellular
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organelle known as a spectrosome. Spectrosomes, like th€lyBase or as otherwise specifi@&im-GFP(a generous gift from D.
counterparts in differentiated germ cell cysts known as fusomeWicKearin before publication) (Chen and McKearin, 2008);lacZ
are rich in cytoskeletal proteins such as Huli-tai shao (Hts) (LifiForbes et al., 1996); X-15-29 and X-15-8&xlacZlines) (Harrison

et al., 1994). The spectrosome is found in GSCs and cystobladfd_Perrimon, 1993); FRix armadillolacZ (Lecuit and Cohen,
usually as a spherical structure; the fusome in cysts is brancnr‘lfk%m);(:%?'gam(a generous gift from D. Drummond-Barbosa and

C ; . Spradling),UAS-GFP UAS-dpp FRT40a tk\® (Das et al., 1998);
thereby connecting individual cystocytes. In the germariu andDad-lacZ (Tsuneizumi et al., 1997). All stocks were maintained

GSCs are in direct contact with cap cells, and their spectrosonie >z o standard medium except the C587-4#&-dppstrain
is invariably anchored to the cap cell contact site. Adherengnich was kept at F€. ’ ’

junctions exist in the interface between cap cells and GSCs,

and their disruption causes GSC loss (Song et al., 2002pevelopmental staging of larvae and pupae

Furthermore, GSCs divide along the anteroposterior germari®lorphological definitions of the developmental stageBrofophila

axis so that the anterior GSC daughter remains anchored to dajtowed those of King (King, 1970). In this study, late third instar
cells and maintains stem cell identity, while the posteriofarvae were referred to as the third instar larvae that remained in food.
daughter that fails to contact cap cells differentiates into At this stage, terminal f}lament stacks started to form. The larvae at
cystoblast. However, when one of the GSCs in a niche is lodpe larval-to-pupal transition were referred to as the larvae that moved
its neighboring stem cell divides perpendicular to the germari&m of food but pupation had not started. At this stage, most of TFs

. - were still forming and cap cells were starting to form. The early pupal
axis, causing both daughter cells to contact cap cells and to ret ge was the stage at which pupation had already started but pupae

stem cell identity and thus repopulate the niche (Xie angere still pale and clear. At this stage, all TFs were finished and a few
Spradling, 2000). Consistently, it has been shown that in theyp cells had already formed.

adult ovary, TFs/cap cells express many genes that are known to

be important for maintaining GSCs, sucthaggehoghh), piwi, ~ Immunohistochemistry and microscopy

fs(1) Ybanddpp (Cox et al., 1998; Cox et al., 2000; King and Ovary dissection, fixation and immunohistochemistry were performed

Lin, 1999; King et al., 2001; Xie and Spradling, 1998; Xie andas described previously (Song et al., 2002). The following antibodies

Spradling, 2000). Therefore, direct interactions with niche celIé"’ﬁjrgiel{:‘aj;br:i‘ggr?]‘zogg'nI’z‘r:t'"t"htz ?Jnr:il\t/)gl‘i)i/tyl%%(IJ(-):V?IL)('DI;\{elaOnQimBe;rtr?l

especially cap cells, are essential for maintaining GSC identit tibody (1:100) (McKearin and Ohlstein. -1995) bolvclonal ;nti-

fomcively It s known about gt cel deveopent n e giacoidae (afni(igg;i{M(llzlool) (ol Probe) pocone ai
: . 3 antibo : olecular Probes); and monoclonal anti-Br

Drosophilaovary originate from embryonic pole cells. The pole gpipody (1:%/0) (Oncogene). All micrographs were taken using a

cells proliferate and migrate from the posterior end of thgeica confocal NT Il microscope.

embryo to the gonadal mesoderm to form the primitive gonad

(Mueller, 2002). In females, the primordial germ cells (PGCs{-lonal analysis and calculations

and somatic cells in the gonad increase dramatically in numb&e generate positively marked germ cells toypulin-lacZ in the

during the larval period. Individual TFs that consist of eight odeveloping female gonads, larvae from the cross between X-15-29

nine disc-shaped cells are formed 2 hours before pupatidfimales anchsFLP. X-15-33/CyO males were heatshocked at or

(King, 1970). With the aid of molecular markers, it has beertl)efore the late third instar larval stage in &3Water bath for 4 hours,

. . . d were then allowed to develop into adults. The ovaries from one-
shown that TFs form in a progressive manner from medial t n .
lateral across the ovary, with the number of terminal filame two-day-old females disFLR X-15-33/X-15-29 were dissected

. - . ~and immunostained with anti-Hts and gBviral antibodies. The
cells increasing gradually during the second half of the thirdhe centage of germaria containing only marked GSCs was determined
instar larval stage (Sahut-Barnola et al., 1995). We have recenly dividing the number of germaria containing only marked GSCs by
shown that adherens junctions establish between cap cells aRg number of germaria containing any marked GSCs.

newly formed GSCs during early pupation (Song et al., 2002). To generate marked germ cells by losarafiadillo-lacZexpression

A genetic study suggests that the establishment of GSCs takesthe developing female gonads, larvae from the cross between
place during the early pupal stage (Bhat and Schedl, 1997). ARTaa males andhsFLP, FRTsa armadillo-lacZ females were
there are more PGCs than needed for the formation of 12-1@atshocked at or before the late third instar stage if@ ®ater
ovarioles, each of which contains two or three GSCs, it has be@ﬁth' and were then allowed to develop into adults. The ovaries from
proposed that the extra PGCs directly enter the germ ce['s; 10 two-day-old females &fSFLP FRTaos/FRTs0a armadillo-

. e . - cZwere dissected and immunostained with anti-Hts and Bugfi
differentiation pathway without passing through the stem ce ntibodies. For generating the marked mutiangerm cells at the late

stage (King, 1970; Bhat and Schedl, 1997). However, nothingirq instar larval stage, the Fgh tkv8 strain was used instead of the
is known about how PGCs are selected to become GSCs 0rgRT,0, strain.

differentiate directly, or how the selected PGCs populate the

niche. In this study, we show that PGCs are selected to becoY¥hole-mount mRNA in situ hybridization

GSCs based on their juxtaposition to TFs/cap cells. We furth@ihe dpp probe was labeled with digoxigenin following the DIG RNA
demonstrate that GSCs in a niche can come from one PGC drbeling Kit instruction (Roche). The mRNA in situ hybridization was

thatdpp signaling probably controls the proliferation of GSCshperformed accc_)rding to the protocol described by Tautz and‘ Pfeifle
in the niche. (Tautz and Pfeifle, 1989), except fluorescent tyramide detection was

used. The combination of immunostaining with an anti-Hts antibody
and fluorescendpp mRNA in situ hybridization was performed

MATERIALS AND METHODS according to a published protocol (Wilkie and Davis, 2001).

BrdU and TUNEL labeling

Fly culture and stocks BrdU labeling was performed for 1 hour in Grace’s medium as
The following fly stocks used in this study were described either imlescribed previously (Lilly and Spradling, 1996). The TUNEL cell
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death assay was performed following the ApopTag apopt
detection kit manual (Intergen Company).

RESULTS

GSCs develop from the anterior PGCs that are
adjacent to TFs/cap cells

Even though previous studies suggest that some of the P
develop into GSCs while the rest differentiate during the et
pupal stage (King, 1970; Bhat and Schedl, 1997), it reme
unclear how PGCs are selected to develop into GSCs.
answer this question, we examined the expressidmgfof
marbles(ban) in the female gonads at the stages from late tt
instar larvae to early pupae usingbam-green fluoresceni
protein (GFP) transgene (GFP expression controlled by t
bam promoter). Thebam-GFPtransgene is expressed at hig
levels in differentiating germ cells but at background or ve
low levels in GSCs (Chen and McKearin, 2003), consist
with the role obamin germ cell differentiation (McKearin anc
Spradling, 1990; McKearin and Ohlstein, 1995; Ohlstein ¢
McKearin, 1997). The female gonads of ttem-GFPstrain
were labeled with anti-GFP and anti-Hts antibodiesn-GFP
was expressed at background levels in all the PGCs at the
third-instar larval stage like in adult ovarian GSCs, sugges!
that all PGCs at this stage have not begun to differentiate
retain the potential to become GSCs (Fig. 1A). At the lary
pupal transition stage, we observed thmEm-GFP was
sporadically expressed in a posterior region of PGCs (Fig. :
At the early pupal stage, only the anterior PGCs adjacent w o )
somatic cells maintained background levels of GFP expressidid: 1. Related developmental timing between GSC establishment
like GSCs, although almost all of the remaining pgc<@nd TF/cap cell formation during ovarian development. The female

; ; : ot -gonads in A-C were labeled for Hts (red) and GFP (green). D was
expressed GFP at high levels like differentiating germ cells 'ﬁabeled ;or BamW(red) o GED (greén) )E nd F we(?e Iabc)eledvaor
the adult ovary (Fig. 1C). '

. . . . lacZ (red) and GFP (green). All the images represent one confocal
To further confirm this observation, we also examined th€gtion and the anterior end is towards the left. (BpM-GFP

expression of .the cytoplasmic form Of Bam protein using agonad at the late third-instar larval stage showing no significant GFP
anti-BamC antibody andwasaGFP strain that labels all germ expression in PGCs. The arrowhead indicates an anterior PGC and
cells with GFP (Ohlstein and McKearin, 1997; Nakamurahe arrow indicates a posterior PGC. (Bpam-GFPgonad at the

et al.,, 2001). Thevasa gene, encoding an RNA helicase, larval-pupal transition stage showing sporadic GFP-positive PGCs.
is expressed only in germ cells throughoDtosophila The arrow_head indicates one anterior PGC negative for GFP, while
development (Lasko and Ashburner, 1988; Hay et al., 1988} arrow indicates a posterior PGC positive for GFP. (Gjuh-

The expression of the cytoplasmic form of Bam protein FP gonad at th_e early pupal stage sh_owmg that all posterior PGCs
(BamC) is correlated with germ cell differentiation (McKearin (3/"0W) are positive for GFP and anterior PGCs (arrowhead) are

. . S egative for GFP. (D) Aasa-GFPgonad at the early pupal stage
and Ohlstein, 1995). Consistently, BamC protein is nOEhowing that some of the posterior PGCs (arrow) are BamC-positive

expressed in PGCs at the late third-instar larval stage (data nQfy anterior PGCs (arrowhead) are BamC-negatasa-GFPlabels
shown). BamC is present in some of the posterior PGCs, byji germ cells. (E) Ah-lacZbam-GFPgonad at the late third instar
remains absent in anterior PGCs at the early pupal stage (Figrval stage showing TF stacks (brackets) forming in a progressive
1D). These results indicate that only the anterior PGCmanner across the gonad andoam-GFPexpression in PGCs
juxtaposing the anterior TFs/cap cells can become GSCs, whifarrow). The TF stack indicated by the bottom bracket has more cells
the rest of them differentiate. In the adult ovary, signals fronthan the ones indicated by the upper brackets. (ff)-facZbam-
TFs/cap cells are essential for maintaining the undifferentiatedFP gonad at the early pupal stage showing that posterior PGCs
state of GSCs (Cox et al., 1998; Cox et al., 2000; King an rrow) arebam-GFRpositive and anterior PGCs close to TFs
Lin, 1999: King et al., 2001: Xie and Spradling, 1998: Xie an ra(.:kets) and cap cells (arrowhead)zam-GFRnegative. Scale
Spradling, 2000). Possibly, signals from newly formed TFs/caparS' 204m.
cells prevent the anterior PGCs from differentiation and thus
from expressindgpam line (the bacterialacZ gene expression controlled by thie

To determine whether TF/cap cell formation correlategpromoter),lacZis specifically expressed in TFs and cap cells
with initial PGC differentiation duringDrosophila ovarian  of the adult ovary (Forbes et al., 1996). As expedibdacZ
development, we usedhd-lacZline to mark TFs/cap cells in was expressed in newly formed TF cells and cap cells (Fig.
the developing female gonads in addition to usinghbiw®-  1E,F). Ashh-lacZwas expressed in both TF cells and cap cells,
GFP as a marker for germ cell differentiation. In thie-lacZ  we distinguished them based on their morphology. Eight or
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nine oval shaped TF cells were packed very tightly against eagthile the other pattern generated two daughters that were both
other in each stack, while cap cells were rounder and did nat contact with cap cells. To exclude the possibility that two
line up with TF cells. Consistent with previous studies (Kinggerm cells connected by an elongated fusome in either division
1970; Sahut-Barnola, 1995), TF cells started to form at the lafmttern are a two-cell cyst, we examined the expressioanof
third-instar larval stage, and the number of TF cells in
developing stack increased gradually in a progressive mal
across the ovary until early pupal stage (Fig. Bn-GFP
was not expressed in the PGCs at the late third instar la
stage regardless of their location (Fig. 1E; 12 female gon
examined). During the larval-pupal transitidlm-GFPwas
expressed in 1.5% of the PGCs adjacent to TFs/cap cells
its expression in the rest of the PGCs was heterogen
ranging from 3.5% to 99.0% with an average of 71.5% (
female gonads examined). After TF formation, cap c¢
differentiation occurred from the larval-pupal transitional sta
to the early pupal stage (about 0-4 hours after pupation) (
1F). At the early pupal stage, all eight or nine oval TF ce
were packed tightly against each other along th
anteroposterior axis, and round&cZ-positive cap cells
accumulated at the posterior end of TFs. By tham-GFP
had been expressed at high levels in 93.0% of the germ «
that were not in contact with TFs/cap cells, but only 2.7%
the PGCs that were close to TFs/cap cells exprdsaadGFP
(Fig. 1F; 12 female gonads examined). The remaining 7.0%
the posterior germ cells probably represented newly produ
germ cells from anterior PGCs. Consistent with tF
interpretation, newly produced cystoblasts also fail to expr
bam-GFP at high levels in the adult ovary (Chen a
McKearin, 2003). The formation of TF/cap cells priotm
expression during early ovarian development suggests
signals from TFs/cap cells are important for preventing ante
PGCs from differentiating (Bam expression) and for th
allowing them to become GSCs.

GSCs in one niche can originate from one PGC

To gain further evidence supporting GSC establishment %g. 2.The establishment of GSCs during the early pupal stage. All

the early pupal stage, we carefully examined spectrosomages represent one confocal sectigin-lacZis expressed in the
positioning and division patterns of PGCs that were in contafclei of TFs/cap cells, whereas Hts staining highlights fusomes in
with cap cells. Owing to the lack of a definitve GSC markergerm cells and membranes of TEs/cap cells and other somatic cells.
two criteria are often used to determine GSC identity in th&helacz-positive disc-like cells that are packed against each other in
adult ovary (Lin, 1998; Xie and Spradling, 2001). One is thaa line with their longitudinal axis are TFs, whereas the posterior

the spectrosome of GSCs is anchored to the cap cell contdggZ-positive cells that do not align with TFs are cap cells. The

site; the other is that a GSC divides asymmetrically angonads in A-D are labeled fcZ (red) and Hts (green); the gonads
generates two daughters with only one of them remaining iy E and F are labeled ftacZ (blue), GFP (green) and Hits (red).
contact with cap cells. At the larval-pupal transitional stage?"B) A hi-lacZgonad at the larval-pupal transition stage showing

- . only TFs. B shows two tightly packédh-lacZpositive TFs
most of the female gonads did not have obvious cap cells b ackets) without the appearance of cap cells at a higher

had only eight or nine precisely packed oval TF cells, and theynification in the boxed area in A. (C) Part bhalacZfemale
spectrosome of the germ cells in the anterior row was nfonad at the transitional stage from larva to pupa showing finished
positioned to the anterior side (Fig. 2A,B). This observatiornTr cells (bracket) and newly formed cap cells. The fusome (arrow) in
indicates that before the early pupal stage, GSCs have not yeie of the PGCs moves close to the interface (white line) with the
been established. At the early pupal stage, cap cells weagjacent cap cell (arrowhead). (D) Part tihalacZfemale gonad
evident by a few roundetacZ-positive cells that were also at the transitional stage showing two different PGC division
positioned posterior to the eight or nine nicely packed TF cellgatterns. In the top part, only one of the two PGC daughter cells
(Fig. 2C,D). After cap cell formation, spectrosomes in some nbroken outline) contacts cap cells (a_rrowhead); in the lower part,
the PGCs that were juxtaposed with cap cells started to igth of the PGC daughters (broken outline) contact cap cells

: - : - arrowheads). (E,Mh-lacZbam-GFPgonads showing that the two-
anchored to the anterior side that was in contact with cap ce Il clusters close to cap cells (arrowheads) are not two-cell cysts but

(Fig. 2C), suggesting that the establishment of GSCs takgz, pGc/GSC daughters. Only one of the two GSC daughters
place during this period. Furthermore, the putative GSCginbroken lines) is in juxtaposition to TFs/cap cells (arrowhead) in E,
juxtaposing cap cells continued to divide (Fig. 2D), exhibitingwhereas both the GSC daughters (broken lines) are in close contact
two distinct division patterns: one division pattern generatedith TFs/cap cells (arrowheads) in F. Scale bargiriin A; 10pm

two daughters in which only one was in contact with cap cellsp B-F.
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GFP in the gonad in which TFs/cap cells were identified

hh-lacZ expression. The differentiated cysts always expr:
bam-GFPin the adult ovary (Chen and McKearin, 2003
Interestingly, the two cells generated by either division patt
failed to expresvam-GFP(Fig. 2E,F), indicating they were
two daughters of a newly established GSC rather than a t
cell cyst. The division pattern that generates two daugh
contacting cap cells that then become two GSCs can be

in the adult ovary during stem cell replacement (Xie a
Spradling, 2000). Therefore, we predicted that GSCs in sc
niches might come from one PGC.

To investigate whether GSCs in a niche can originate fr
one PGC, we examined the integration of marked PGCs
niches before niches are occupied. Two nonfunctional
complementarytubulin (tub)-lacZ (nuclear) alleles were
induced by FLP-mediated FRT recombination to generat
functional tub-lacZ gene (Harrison and Perrimon, 199:
Margolis and Spradling, 1995) and thus positively mark PC
at or before the late third instar larval stage (see Mater
and Methods). The marked PGCs were incorporated i
individual ovarioles and their progeny in one- to two-day-c
ovaries were identified byacZ expression (Fig. 3A). We
predicted that all progeny would be marked if GSCs in t

same niche came from one marked P,GC; othgrwise only F"}g 3.Two mechanisms used by GSCs for populating their niches.
fraction of progeny would be marked if GSCs in the Samea) An explanatory diagram for two potential mechanisms

niche came from multiple PGCs. PGCs were positiveljyopulating GSC niches: GSCs in one niche come from one PGC
marked at a very low frequency (to prevent two individually(top); GSCs in one niche come from multiple PGCs (bottom). PGCs
marked PGCs from entering the same niche) before PGGse marked by gain ¢écZ (nuclear) expression (B,C) or losslatZ
gained their stem cell identity. Our results showed that 50.6%guclear and cytoplasmic) expression (D,E) before the late third
of the one- to two-day-old ovarioles that had marked GScCi#star larval stage. (B-E) Germaria are labeledeoZ (red), Hts
were wholly populated by marked germ cells, while the restdreen) and DNA (blue). (B) A germarium with diaeZ-positive
contained a fraction of marked germ cells (Fig. 3B,C; total 7 uﬁ[)'j%?(;soit(lgg)kz“eoc“)trl'lnes)oar‘;‘g’agfztﬁ:%ag‘ée ‘igmear:kil‘ieGrﬁacrke g
IaCZ'pOS|t'V.e GsC Clon_e_s examined), |nd|cat|ng that GSCs i lacZ expression). -(C.) A éermarium with threg GgSCZ (their
the same n'Ch? can originate from one or multiple PGCs. Th&e ctrosomes indicated by arrowheads) and their progeny are marked
clonal expansion of GSCs cannot be accounted for by thg, jacz expression (an overlaid image). (D) A germarium with one
accidental recruitment of two or three marked PGCs into thgicz-negative marked GSC (broken outline) and la-positive
same niche because, in our experiment, only 2.0% of the totahmarked GSC (unbroken outline) (i.e. only a fraction of
ovarioles carried one or more marked GSCs (total 3958ifferentiated germ cells are marked by lostao¥ expression). (E)
ovarioles examined). GSCs in one niche can develop from orfegermarium with three GSCs (broken outline) marked by the loss of
PGC, indicating the existence of clonal GSC expansion duringcZ expression, in which all differentiated germ cellslan
niche formation. negative. Scale bar: 10m.

To rule out the possibility that the clonal expansion of GSCs
in a niche was due to the specific genetic background we used, o . i
we marked PGCs by the loss aimadillo-lacZ (nuclear and  DpPPp signaling is capable of stimulating PGC
cytoplasmic) expression under a different genetic backgrounifoliferation
(Xie and Spradling, 1998; Song et al., 2002). Consistently, aftékmong many possible explanations for clonal expansion of
randomly marking PGCs at or before the late third-instar larveBSCs in a niche, the most attractive is that mitogenic signals
stage, 36.5% of the ovarioles carrying marked GSCs containdm TFs/cap cells stimulate PGCs to divide and produce two
only marked germ cells (total 126 marked GSC cloneslaughters that will directly contact cap cells and become GSCs
examined) (Fig. 3D,E). In this experiment, only 8.7% of totalbefore other PGCs enter the niche. If this prediction is correct,
ovarioles carried one or more marked GSCs (total 145@&e would expect that the PGCs adjacent to TFs/cap cells are
ovarioles examined). Note that the percentage of clonal nich@sore mitotically active than the rest of the PGCs. To determine
in this experiment is lower than that of the previousthe mitotic activity of PGCs during niche formation, we
experiment. We reason that this may be due taathelacZz  examined the distribution of PGCs in the S phase of the
genetic background having a slightly bigger GSC nichecell cycle after the incorporation of a nucleotide analog,
Because more GSCs in one niche require more divisions fsromodeoxyuridine (BrdU), into the gonads ranging from the
populate, there is less chance for clonal GSC expansiolate third instar larval stage to the early pupal stage. The gonads
Alternatively, this would make it less likely for a given nascentwere further immunostained with anti-BrdU and anti-Vasa
niche to receive only one GSC precursor during organizatioantibodies to visualize BrdU-positive cells and germ cells,
of the germarium. These results demonstrate that GSCs in orgspectively. The presence of BrdU in the nucleus indicates a
niche originate from either one PGC or multiple PGCs. cell in the S phase of the cell cycle. At the late third-instar
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larval stage, a few PGCs were positive for BrdU and wer
randomly distributed in the PGC zone (data not shown). At th
early pupal stage, we observed that more PGCs were positi
for BrdU and that those cells were located preferentially clos
to TFs/cap cells (Fig. 4A,B). Of the PGCs that were adjacer
to TFs/cap cells, 31.1+5.5% were BrdU-positive, in contrast t
only 11.6+1.6% for the remaining PGCs (total of nine gonad
examined), indicating that the anterior PGCs are mor
mitotically active than the rest of the PGCs. Interestingly, man
of the somatic cells throughout the gonads, including th
somatic cells mingled with the PGCs, were positive for BrdU
indicating that the somatic cells are also very active ir
proliferation at this developmental stage (Fig. 4A,B). Thest
results suggest that a mitogenic signal(s) from TF/cap cel
stimulates PGC division during niche formation.

To identify the signals involved in stimulating the division
of anterior PGCs during the process of niche formation, w
examined the expressiondiip. dpphas been shown to prevent
GSCs from differentiation and stimulate GSC division in the
adult ovary (Xie and Spradling, 199&)pp is also known to
stimulate cell proliferation in the developing wing (Burke
and Basler, 1996). Owing to the lack of suitable anti-Dpg
antibodies to determine the distribution of Dpp protein, we
applied fluorescent MRNA in situ hybridization to determine
wheredpp mRNA is expressed at the early pupal stage. Th: |
female gonads were also immunostained with an anti-Ht 8%
antibody to visualize TFs/cap cells and spectrosordpp.
MRNA was present in TFs/cap cells and other somatic cells
the anterior half of the gonad (Fig. 4C,D), suggestingdppt
is a candidate signal to stimulate PGC division. To determin
whether dpp directly acts on PGCs, we examined the [
expression pattern @&aughters against dp(ad), one of the
dppresponsive genes. Tiad-lacZline is commonly used to Fig. 4.dppdirectly signals to anterior PGCs at the early pupal stage
determineDad expression and to indicatippactivity in many of ovarian development. All female gonads were isolated from early
different developmental processes in whigp is known to ~ Pupa. (A,B) A wild-type gonad labeled for BrdU (green, nuclei) and
play a role (Tsuneizumi et al., 199D)ad-lacZwas expressed Vasa (red, cytoplasm), showing that the PGCs close to TFs/cap cells

. . - -have a higher tendency to be BrdU-positive than the other PGCs.
at higher levels in the anterior PGCs than the other PGCs (F'Several BrdU-positive somatic cells in the germ cell zone are

4E,F). InterestlnegDad-Iac_Zheterozygous gon_ads app_eamdindicated by arrows. (B) Area in A outlined by broken lines, showing
to have more PGCs than wild type (compare Fig. 4E with 4Chnterior BrdU-positive PGCs (arrowheads) and a BrdU-positive
The germ cells also had a tendency to spread throughout tBematic cell (arrow). (C,D) A gonad labeled épmRNA (red) and
posterior half of théad-lacZgonad instead of staying in the Hts (green), showing the expressiordppmRNA in anterior
PGC zone in the middle of the wild-type gonad (Fig. 4E). Theomatic cells. (D) Boxed area in C at higher magnification, showing
Dad-lacZline contains a P-element insertion in Badlocus, = dppmRNA in TFs and cap cells (arrowhead) but not in PGCs
and thus is @ad mutant (Tsuneizumi et al., 1997Mad is  indicated by spectrosomes (arrow). (E,FPAd-lacZ+ gonad
directly induced bylppbut negatively regulatedppsignaling.  labeled fodacZ (red) and Hits (green), showing ttizad s
The increase in the PGC number in fresl-lacZheterozygous E)I?)afg(r)ire]t(ljazglyezxiﬂrgsgfgié;nhtek:engr?izcc;g(s)i chTo I\:/vsi/rl(i:gz-%(aollssifive
gonads is _probably caused by the |.ncreasipmS|gnaI|ng N pGc (outlined by an unbroken line) adjaceﬁt to TFs/cap cells and a
PGCs. Th's_ result suggests tlub.up dlregtly s!gnals tc_) PGCs Dad-negative PGC lying more posterior (outlined by a broken line).
and potentially regulates their proliferation during earlyscale bars: 2am for A,C,E.
ovarian development.

To investigate further whethedpp can stimulate PGC
proliferation, we used the GAL4-UAS expression system tdacZ to be expressed in all the somatic cells and PGCs,
overexpresgpp in the somatic cells of female gonads andindicatingdpp activity everywhere in the gonads (Fig. 5C,D).
examined PGC proliferation. The GAL4 liné587-gal4 was It appeared that the somatic cells expre$sadtlacZat higher
used to overexpresipp in the somatic cells throughout the levels than the germ cells aftdpp was overexpressed (Fig.
developing female gonad. Th&587-gal4 line drives 5C,D). However, most of the somatic cells normally express
expression of UAS-GFP in most of the somatic cells but not iDad-lacZat much lower levels than anterior PGCs (Fig. 4E),
germ cells in the developing female gonads (Fig. 5A,B). To testuggesting that the somatic cells are more sensitive to elevated
whether we could achiewdpp overexpression throughout the dpp expression. This also raises a possibility tihap could
developing female gonads, we usedBiael-lacZline to detect indirectly affect germ cell proliferation by regulating the
dpp action in gonadal cellslpp overexpression causéhd-  production of other signals that are important for germ cell
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examined), in contrast to 136126 (total of 14 gonads examined)
observed in control female gonads. These results indicate that
the increase idppsignaling causes the accumulation of more
PGCs in the developing female gonads.

To rule out the possibility that the increase in PGC numbers
in thedpp-overexpressing gonad is due to the abilitgppto
promote PGC survival rather than to stimulate proliferation, we
also examined PGC death in wild-type gonads using the
TUNEL assay. No significant levels of PGC death were
observed in the gonads at the stages from the late third-instar
larvae to the early pupae. For example, we were able to detect
on average only one dying PGC per gonad at the early pupal
stage (total of 10 gonads examined; Fig. 5E). The dying
somatic cells in the anterior tip of the gonad at this stage were
readily detected, suggesting that cell death might help get rid
of extra somatic cells in the anterior gonad. This result
indicates thatpp overexpression increases PGC numbers in
the developing gonads by promoting PGC proliferation rather
than by inhibiting cell death. To confirm further thdpp
overexpression increases the mitotic activities of PGCs, we
quantified PGCs in S phase by BrdU incorporation and also
examined the distribution of BrdU-positive PGCs in tpg-
overexpressing gonads. The gonads from the early pupae
overexpressingdpp were incubated with BrdU and then
immunostained with anti-BrdU and anti-Vasa antibodies to
visualize BrdU-positive cells and germ cells, respectively. In
the early pupal gonad that overexpresdpd 20.5+3.2% of
PGCs were BrdU-positive (total of 13 gonads examined), in
comparison with 15.8%+2.0% of BrdU-positive PGCs in the
control gonad (total of 9 gonads examined), indicating that
there is a 30% increase of BrdU-positive PGEs0(005).
Even though the gonad overexpressiamgp has 80% more
Fig. 5.dppis capable of stimulating PGC proliferation during early PGCs than does wild type, the 30% increase of PGC mitotic
ovarian development. (A,B) £587-gal4/UAS-GFRjonad labeled activity could account for the increase in PGC numbers during
for GFP (green) and Hts (red), showing the expression pattern of a g long period of time becausppis continuously expressed.
target gene controlled by the GAL4 line in the majority of the Interestingly, even though the mitotic activity of anterior PGCs
somatic cells. (B) The boxed area in A, showing that GFP is only  4acreased (25.8+6.0% of BrdU-positive anterior PGCs in the

expressed in most of the somatic cells (arrowhead) but not in the . : - - o i
PGCs (outlined) that are identified by the presence of spectrosomesgonad overexpressingpp in comparison with 31.1+5.5% in

(arrow). (C,D) AC587-gal4/UAS-dppDad-lacZ/+gonad labeled for W'_ld type, P<Q‘05)’ the posterior PGCs did become more
lacZ (red) and Hts (green), showing that overexpregpgdnduces mltpucally active whendpp was expresseq _throughout thg
expression obad-lacZin all the PGCs as well as somatic cells. entire gonad [18.6+2.0% were BrdU positive (Fig. 5F) in
(D) The boxed area in C, showing that all the PGCs (some PGCs ndtomparison with 11.6+1.6% in wild typef<0.005).
adjacent to TFs/cap cells are outlined) and somatic cells (arrowhead)verexpressedipp slightly lowered the mitotic activity of
expresPDad. (E) An early pupal wild-type gonad labeled for dead  anterior PGCs possibly by inducing unknown local inhibitory
cells by ApoTag (green, nucleus) and Vasa (red, cytoplasm), showingiechanisms. As in tHead-lacZheterozygous gonad, the germ
a dying germ cell (arrow) and dying somatic cells in the anterior cells were also found throughout the posterior half ofifhye

(arrowhead). (F) A°587-gal4/UAS-dpgonad at the early pupal overexpressing gonad (Fig. 5F). All of these results indicate
stage labeled for BrdU (green, nucleus) and Vasa (red, cytoplasm), thatdppis capable of stimulating PGC proliferation
showing that in thelpp-overexpressing gonad BrdU no longer ’

preferentially labels anterior PGCs (arrowhead) and also labels mor . . A .
posterior PGCs (arrows) than in the control. Scale bargn2fbr fhv is essential for GSC clonal expansion in a niche

A.C.EF. Owing to the stringent requirement oflpp during
embryogenesis, it is difficult to test directly the effecdpp
mutations on the PGC proliferation and clonal expansion of

proliferation. To determine quantitatively the effectaddp GSCs. To determine whethdppis required for GSC clonal

overexpression on the accumulation of PGCs in the gonad, vexpansion, we tested the requirementdpp downstream
counted PGCs based on the number of spectrosomes in ttmponentsthick veins(tkv) andmothers against dpfmad),

gonad. The female gonads of the early pupae overexpressify populating adult GSC nichegkv, which encodes a

dppor GFP (control) byC587-galdwere labeled with an anti- serine/threonine kinase receptor, is essential for transducing

Hts antibody to visualize the spectrosomes. In female gonadsedppsignal in all tissues that requidep(Nellen et al., 1994;

overexpressingdpp, the number of PGCs per gonad wasPenton et al.,, 1994; Brummel et al., 1994). Mad is a

increased, averaging 245+92 per gonad (total of 10 gonadisnscription factor that is phosphorylated upimp signaling
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and is responsible for activatingpp target genes (Sekelsky et GSCs. Therefore, a mutakt PGC cannot effectively populate

al., 1995; Newfeld et al., 1997). To test the requiremetkwf a niche by itself probably because of its proliferation defects.
andmadfor clonal GSC expansion, we removed their functionThis result demonstrates thdkv is essential for GSC
from PGCs just before they were recruited into their niches bgxpansion, thus allowing one PGC to populate a niche. It also
using the FLP-mediated FRT recombination and sttkwmgnd  further suggests thalppsignaling is required for this process.
mad alleles, tk® and mad2. In the control, 11.2% of the

ovarioles carried marked wild-type GSC clones (total 331

ovarioles examined). Under the exactly same conditions, onISCUSSION

2.5% of the ovarioles carried mutatktv GSC clones, and

instead many marked mutatitv GSCs were lost before Our study has, for the first time, demonstrated how an adult
adulthood, which was evident by the presence of mukant GSC niche is populated with stem cells in hmsophila
cysts but the absence of marked mutikwt GSCs in the ovary. Before niche formation, all PGCs proliferate as pre-stem
germarium (total 937 ovarioles examined; Fig. 6A,B). Nocells and are undifferentiated. As niche formation starts, PGCs
ovarioles carrying mutanhad2 GSC clones were recovered divide into two distinct subpopulations: anterior PGCs adjacent
but the ovarioles with mutanmad? germ cells in egg to cap cells start to acquire stem cell identity, and the remaining
chambers were observed (total 500 ovarioles examined,GCs directly proceed to differentiation. GSCs in one niche
indicating that markednad2 GSCs could not be maintained can come from one PGC. We further show that Dpp is likely
before adulthood. These results suggestdpasignaling may involved in stimulating clonal expansion of GSCs during niche
be involved in maintaining GSCs before adulthood. In thdormation. This study suggests that signals from newly formed
ovarioles that carried marked wild-type GSC clones (total ohiches are important for expanding GSCs and most likely for
37 marked GSC clones examined), 36.5% of them containgmbpulating nascent adult GSC niches.

only marked GSCs, indicating the clonal expansion of GSCs.

By contrast, none of the ovarioles that carried martked Positional information hE|pS select stem cells from

mutant GSC clones were clonally populated (total of 23>SC precursors

markedtkv GSC clones examined; Fig. 6Blv mutant GSCs How stem cell identity is established initially remains elusive
divide slower than the wild type in the adult ovary (Xie andeven in the well-studied stem cell systemsosophilaovary
Spradling, 1998). The mitotic potential thfy mutant PGCs in  and testis. In the primitive female gonads before the pupal
the developing gonad is probably also compromised. A slowtage, PGCs appear to undergo symmetric division to generate
division rate of mutartkv PGCs allows more time for adjacent germ cells with the identical pre-stem cell fate. Several studies
wild-type PGCs to contact cap cells directly and becomsuggest that GSCs were established at the early pupal stage
(Bhat and Schedl, 1997; Song et al., 2002). At the early pupal
stage, there are 136 germ cells on average in each gonad. The
adult ovary, which is composed of 12-16 ovarioles with two or
three GSCs per ovariole (average of 2.5), contains about 30 to
40 GSCs. Therefore, at the most, 20-30% of PGCs in the early
pupal gonad are recruited to niches and turn into GSCs.

How is a particular germ cell selected and recruited to
niches, and how does it become a GSC? Positional information
is known to be very important for cell-fate determination in
various developmental processes. In this study, we have taken
a developmental approach to investigate when key niche
components form, and how PGCs are subdivided into GSCs
and differentiated germ cells. The expressionbain is
associated with germ cell differentiation in the adult ovary
(McKearin and Ohlstein, 1995; Ohlstein and McKearin, 1997).
Using bam expression as an indicator for germ cell
differentiation, we have shown that no PGCs in late third instar
larval gonads have differentiated. In early pupal gonads (about
0-4 hours after pupation), all the PGCs that are not in contact
with TFs/cap cells are differentiated; therefore, the PGCs that
Fig. 6. The requirement akv for clonal expansion of GSCs during  contact newly formed cap cells remain undifferentiated and

niche formation. Both germaria are labeled|é&mZ (red), Hts become GSCs (Fig. 1F). Possibly, newly formed TFs/cap cells
(green) and DNA (blue)acZ-negative mutartkv PGCs were directly prevent the most anterior PGCs from differentiation
generated before the late third instar larval stage, and ntkiant when an unknown developmental signal triggers PGC

GSCs in the adult ovary were subsequently identified by ldssof
expression. (A) A germarium carrying thieeZ-positive wild type
GSCs (outlined by unbroken lines) dadZ-negativetkv mutant
germline cysts (outlined by a broken line). The mutant tkv cysts wer
most likely derived from a lost mutatkv GSC. (B) A germarium -
carrying alacZ-negativetkv mutant GSC (outlined by a broken line), Stem cells can originate from one GSC precursor by
alacZ-positive wild type GSC (outlined by an unbroken line), and a ¢lonal expansion

mutanttkv cyst (arrow). Scale bar: 30n. The next important question is how these anterior PGCs

differentiation around the larval-pupal transition stage. Our
study demonstrates that the stem cell fate of PGCs is
getermined by their position, i.e. juxtaposition to TFs/cap cells.
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populate niches. In this study, we show that the PGCs idivision (King et al., 2001). Wingless (Wg) protein is
contact with newly formed cap cells at the early pupal stagexpressed in terminal filaments and cap cells (X. Song and
divide more frequently than the rest of the PGCs. The divisiofi.X., unpublished). Its expression in developing female gonads
patterns are very interesting: one division pattern generates tvias not been examined. Becausg, dpp and hh often
daughters that are both in contact with cap cells; the othevork together to regulate many developmental processes in
pattern generates only one daughter that is in contact with c&posophila it is possible thalhh andwg could also cooperate
cells. As in the adult ovary, two daughters that are in contaetith dpp to regulate PGC proliferation and modulate GSC
with cap cells can both become GSCs. This is verified by thelonal expansion in niches.
observation that one marked PGC in the gonad at the late third- ) .
instar larval stage can generate two or three GSCs in a nich&hat signal(s) keeps anterior GSC precursors from
Our results also indicate that the stem cells in a niche can corfléferentiation?
from multiple PGCs. Whether GSCs in a niche come from onPGCs in the gonad do not show any signs of differentiation until
or multiple PGCs probably depends on whether one or multipléne larval-to-pupal transition. At the early pupal stage, only the
PGCs directly contact cap cells within the developing niche. IPGCs in the anterior row remain undifferentiated, but the rest
only one PGC contacts cap cells, it probably has an opportunibave already differentiated. It seems that a developmental
to generate two or three germ cells that contact cap cells asiynal(s) starts to appear and then induces the differentiation of
become GSCs. This study shows that newly formed niches d®GCs during the transition from larva to pupa. Such a
not simply recruit existing PGCs and turn them into GSCs, budevelopmental signal could be mediated by a steroid-like
also stimulate PGCs to proliferate and produce more GSCs.hormone ecdysone. Interestingly, during most of the third instar
The orientation of stem cell divisions seems to be veryarval stage, the ecdysteroid levels are very low but begin to rise
important for self-renewal and expansion of a stem cell pooand peak just before pupation (Riddiford, 1993). The
This strategy does not seem unique toDin@sophilaovarian  ecdysteroid peak could be potentially responsible for the initial
GSCs. In the ventricular zone of the developing mammaliadifferentiation of germ cells in the gonad of the larva ready for
brain, neural stem cells divide either parallel or perpendiculgoupation. It is also possible that the hormone is not a direct
to the ventricular surface (Chenn and McConnell, 1995)signal but controls the production of the signal(s). Somehow,
Normally, neural stem cells are in close contact with thehe signals from the anterior somatic cells antagonize the
surface of the ventricular zone, and differentiated daughteudifferentiating signals and thus prevent the anterior row of the
move away from the ventricular zone. It has been suggest&GCs from differentiation. One of the signals that prevent PGCs
that the stem cell divides along the ventricular surface to givieom differentiation could be encoded dgp. Dpp is known to
rise to two stem cells, while the perpendicular divisionprevent GSCs from differentiation in the adult ovary (Xie and
generates one stem cell and one differentiated neuronal ceéfipradling, 1998). In this study, 2.5% of the markkedmutant
Controlling the orientation of the stem cell division plane couldGCs and none of the markathd mutant PGCs before the
be a general mechanism for maintaining stem cell homeostagigrd instar larval stage were recruited to niches or were

and generating needed differentiated cells. maintained as GSCs before adulthood. The failurkwénd
S . . mad mutant GSCs to be maintained in niches could be

BMP-like signaling stimulates clonal expansion of explained by the role ofdpp in preventing PGCs from

GSCs during early ovarian development differentiation. It could also be explained by other possibilities,

The clonal expansion of GSCs in a niche clearly requires th&uch as defects in the formation of adherens junctions between
newly established stem cell to divide rapidly and generate @ap cells and GSCs. Whethdpp is a signal for maintaining
daughter that occupies the same niche, which further preverttee undifferentiated state of PGCs during early ovarian
other neighboring precursor cells from entering it. Consisterdevelopment remains undetermined. Therefore, the signals that
with this prediction, we observed that the anterior row of gernmaintain the undifferentiated state of PGCs from TFs/cap cells
cells at the early pupal stage was more mitotically active tharemain to be identified.

the rest of the germ cells based on the BrdU incorporation

assaydppis known to be important for maintaining GSCs and We thank D. Drummond-Barbosa, S. Cohen, S. Kobayashi, P.
stimulating their division in the adult ovary (Xie and Spradling,l-askol D. McKearin, A. Spradling, tHerosophilastock center for
1998). We show thatipp is expressed in TFs/cap cells and pro(\:/ll,lilgignre;’]gdenctfi}:iCtgle Cé:ﬁﬂ:gﬁgraé%rymgﬁggﬁasfo_rrhsi;'mvb’c')‘";ﬂ”%
other anterior somatic pells, and that PGCs close to Cap Ceﬂéspported by Stowers Institute for Medical Research and NIH (1R01
are capable of respondingdpp. Furthermore, overexpressing GM64428-01).

dpppromotes PGC proliferation. To demonstrate the necessity

of dppsignaling in stimulating GSC clonal expansion, we have

shown that a PGC mutant ftkv, an essentiadlpp receptor,
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