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Summary

A fundamental yet unexplored question in stem cell biology niche cells in the late larval ovary. Eventually, only these
is how the fate of tissue stem cells is initially determined contacting PGCs become GSCs, whereas non-contacting
during development. In Drosophila, germline stem cells PGCs directly differentiate into cystoblasts. The strong
(GSCs) descend from a subset of primordial germ cells preference of these ‘anterior PGCs’ towards contacting
(PGCs) at the onset of oogenesis. GSC determination may niche cells does not require DE-cadherin-mediated
occur at the onset of oogenesis when a subset of PGCs isadhesion and is not correlated with either orientation or
induced to become GSCs by contacting niche cells. rate of their divisions. These data suggest that the GSC fate
Alternatively, the GSC fate could be predetermined for is predetermined before oogenesis. The predetermination
a subset of PGCs before oogenesis, due to either their probably involves soma/pole-cell interaction in the anterior
interaction with specific somatic cells in the embryonic/ half of the embryonic gonad, followed by an active homing
larval gonads, or their inherently heterogeneous potential mechanism during PGC proliferation to maintain the
in becoming GSCs, or both. Here, we show that anterior contact between the ‘anterior PGCs’ and anterior somatic
somatic cells in the embryonic gonad already differ from cells.

posterior somatic cells and are likely to be the precursors

of niche cells in the adult ovary. Furthermore, only pole

cells in the anterior half of the embryonic gonad give rise Key words: Stem cell, Germline, Primordial germ cell, Somatic

to the PGCs that frequently acquire contact with nascent signalling,Drosophila

Introduction where some of them coalesce with somatically derived gonadal

Stem cells are characterized by their ability to self-renew angiesedermal cells to form two embryonic gonads (Williamson
to produce numerous differentiated daughter cells. These t'd Leéhmann, 1996). The gonadal pole cells are now generally
special properties enable stem cells to play a central role flled primordial germ cells (PGCs). During larval
generating and maintaining most adult tissues in higheqievelopm_ent, bot_h PGCs a_nd somatic gonadal cells proliferate
organisms. Embryonic stem cells give rise to all types of tissugdt remain relatively undifferentiated. At the larval-pupal
stem cells, whereas tissue stem cells are directly responsiff@nsition, ovarian morphogenesis takes place, transforming the
for generating and maintaining specific tissues in an orgafgrval gonad into the functional adult ovary (Godt and Laski,
Malignant proliferation of stem cells is the leading causel995; King, 1970). During this transition, a subset of PGCs
of cancer, whereas under-proliferation of stem cells lead8cquire the stem cell fate; they initiate asymmetric divisions to
to abnormalites such as tissue dystrophy, anemigroduce dlfferentlat_ed daughter cells called_ cystoblasts, which
immunodeficiency or infertility. Current research on stem cell§ventually develop into an egg chamber (King, 1970; Zhu and
has focused on how they self-renew and produce differentiatetie, 2003). The continued self-renewing division of germline
daughter cells. However, an equally important question is ho&tem cells (GSCs) in pupal and adult stages leads to the growth
the fate of stem cells in a tissue is initially established duringnd maintenance of the adult ovarian germline as a large and
development. At present, this question remains largelflynamic tissue. Thus, the ovarian germline is a typical stem
unexplored. cell-derived tissue, with stem cells established from a subset of
Germline development iBrosophilaprovides an excellent their embryonic precursors at the larval-pupal transition.
opportunity to study the establishment of the stem cell fate in Like stem cells in mammalian tissues, GSC®iosophila
individual tissues. This is because the germlinBrimsophila  reside in a defined locale, called the stem cell niche, in the
is well characterized as a tissue lineage. Moreover, germlirtegssue (Lin, 2002). In differentiating early pupal ovaries and
development typifies the development of a stem cell-derivedifferentiated adult ovaries, GSCs are located in the most
tissue. Thedrosophilagermline originates from pole cells that anterior tip of the ovariole, the functional unit of the ovary, in
form at the posterior pole of the syncytial blastoderm. Pola specialized structure called the germarium. Here, GSCs are
cells then migrate into the abdominal region of the embryan direct contact with somatic cap cells (Deng and Lin, 1997;
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King, 1970; Lin and Spradling, 1993; Lin and Spradling, 1997;1998) andw hs-FLP; FRTparm-lacZflies were used for germline
Zhu and Xie, 2003). GSCs divide asymmetrically with regarcatlonal analyses. All stocks were maintained at 25°C on standard
to cap cells, so that the daughter GSC remains in contact witosophilamedium.

cap cells while the cystoblast becomes displaced one cell aw, : .

(Deng and Lin, 1997). Recent studies have shown that sign S|r|19|e IF|>019 cell Itrantwstplantatlon ducted ar2as described
from cap cells and their neighboring terminal filament cells arg'€-¢€! lranspiantation was - conguctec a s describe

. . h Kobayashi et al., 1996). Donor eggs and host eggs were collected at
essential for GSC maintenance (Chen and McKearin, 200 0-minute intervals, and then allowed to develop to 150-200 minutes

Cox et al., 1998; Cox et al., 2000; King and Lin, 1999; KinGafter egq laying. Pole cells were isolated from donor embryos at the
et al, 2001; Song et al., 2004; Song et al., 2002; Xie angkular blastoderm stage and injected into the posterior pole of same
Spradling, 1998; Xie and Spradling, 2000). These somatic celigage host embryos. Only one to three donor pole cells (average 2.2
thus form the stem cell niche that ensures the self-renewinmle cells) from a single embryo were injected to a host embryo. This
ability of GSCs. The self-renewing ability of GSCs alsonumber of transplanted pole cells ensures that each host receives a
requires interplay between cell-autonomous genes thatngle donor pole cell in its gonads at a high frequency. The injected
promote stem cell division and those that drive differentiatiofpMPryos were kept at 18°C until embryonic gonads were formed
(Cox et al., 2000; Forbes and Lehmann, 1998; Lin an&etage 14-15). Each of these stage 14-15 embryos were transferred

; . : . . . to a small drop of silicone oil on the microscope slide, covered with
Spradling, 1997; McKearin and Spradling, 1990; Parisi an . . .
Lin, 1999; Wang and Lin, 2004). J;coversllp, and then examined under the fluorescent microscope to

. . locate the donor pole cell in the host embryonic gonad. After
Although much is known about mechanisms that goverfyamination, the host embryos were kept 4C1® a moist chamber

GSC maintenance, how the stem cell fate is initiallyyntil they hatched into larvae. The hatched larvae were collected and
determined during germline development remains unexploredivided into different groups according to the number and location of
It is known that four to seven PGCs are partitioned into eaclabeled pole cells in the gonads at stage 14-15. Each group of larvae
germarium during larval-pupal transition (King, 1970; Parisiwas transferred to standabdosophilamedium in individual 35-mm

and Lin, 1999). However, only two to three PGCs in direcgulture dishes (Becton Dickinson Labware, Franklin Lakes, NJ) and
contact with cap cells become GSCs in pupal and adult ovaridubated at 2% until pupation. The culture dishes were
(Deng and Lin, 1997; King, 1970; Zhu and Xie, 2003), and i\supplemented with TM6_—bear|ng larvae so that_ total number of the
remains elusiv,e how,these, two tEJ three PGCS, are se’lected;%vae was 15-17 per dish, as too few larvae in a dish causes low

) . viability. The pupae were transferred into vials with fr@sbsphila
contact cap cells and become stem cells. It is possible that 3lLjiim and raised at 5. The TM6-bearing larvae and the adults

PGCs have an identical potential to become stem cells. In thigre recognized by theifubby phenotype and the wild-type eye
case, the stem cell fate would not be determined until the ons@ior, respectively, and were eliminated. Ovaries and testes were

of oogenesis during the larval-pupal transition, when nich@issected from each host animal at the late third instar larval/prepupal
cells start to induce their adjacent PGCs to become GSGsge, or at the adult stage (within 24 hours after eclosion), and then
(herein called the late induction hypothesis). Alternativelyfixed and stained separately, as described below.

stem cell fate determination could occur before the onset of. i f | and adult . d test

oogenesis (herein called the predetermination hypothesis). TH&>€¢tion ot lafval and adult ovaries and testes
predetermination could be caused by interaction between T§1e dissection and_flxatlon of Iqrval and adult ovaries and testes was
subset of PGCs with specific somatic cells in the embryoni erformed as previously described for the adult ovary (Lin et al.,

. T ) . 994). After the 3-minute fixation and several washes, the adult
larval gonads (herein called predetermination by induction), Qamples were stained with fg/ml 4,6-diamidino-2-phenyindole

by the inherent heterogeneity of pole cells in developmentabapiy in 1xPBS for 10 minutes, then mounted in 50% glycerol in
potential, so that some of them are already destined to SstefRpBS and 2% anti-quenching agent DABCO, and examined by
cell fate when they are formed (herein called predeterminatiofuorescent microscopy to identify GFP-labeled cells. For larval
by lineage). Finally, both mechanisms may participate in thgonads, the GFP signal was weak, so the GFP expression was detected
predetermination process. Among these possibilities, both tHy indirect immunofluorescence microscopy (see below).

late induction and predetermination-by-induction hypotheses. . ) . -
are supported by the role of the stem cell niche in GsE Stochemical and immunological staining o
maintenance (Lin, 2002), whereas the predetermination-b -mbryos were flxeq and double-stained with X-gal and the rabbit anti-
lineage hypothesis is consistent with the heterogeneity of pol@S3 antiserum (1:200) (Hay et al,, 1990), as previously described

lls | | tent. mitoti t d splici tivit saoka-Taguchi et al., 1999). X-gal staining of ovaries and testes was
cells In polar granuie content, mitotic rate, and Splicing activity, o tormeq as described previously (Lin et al., 1994). Antibody

towards P-transposase pre-mRNA (Kobayashi et al., 1993jaining of larval/prepupal ovaries and testes were performed as
Sonnenblick, 1950; Technau and Campos-Ortega, 1986). Heifscribed previously (King and Lin, 1999). The following antibodies
we report experiments indicating that the GSC fate is specifiaglere used: rabbit anti-GFP antibody (1:1000, Molecular Probes),
by predetermination and not the late induction mechanistmouse anti-1B1 antibody (1:100; Developmental Studies Hybridoma
Furthermore, our data indicate the potential involvement oBank), guinea pig anfi-galactosidase antibody (1:1000, a gift from

somatic induction in the predetermination process. T. Isshiki), rat anti-DE-cadherin antibody DCAD2 (1:200, a gift from
T. Uemura), rabbit anti-Vasa antibody (1:200, a gift from Y. Jan)

and rat anti-Vasa antibody (1:2000, a gift from A. Nakamura). For

i confocal analysis, secondary antibodies conjugated with different
Materlgls and methods fluorophores — anti-rabbit Alexafluor-488 (1:200), anti-mouse Cy3
Drosophila culture and stocks (1:500), anti-mouse Cy5 (1:500), anti-guinea pig Cy3 (1:500), anti-
The lacZ enhancer-trap line3914 was as described previously rat Cy3 (1:500), anti-rabbit FITC (1:500) and anti-rat FITC (1:500)
(Asaoka et al., 1998EGFP-vagSano et al., 2002) arydwflies were  — were used. All the secondary antibodies were obtained from

used as sources of donor embryos and hosts for pole-celackson Immunoresearch Laboratories, except for Alexafluor-488-
transplantation, respectively. FRFshd®®JCyO (Godt and Tepass, conjugated anti-rabbit secondary antibody (Molecular Probes).
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Confocal images were collected using a Zeiss LSM510-METAeven in the newly formed embryonic gonad, anterior somatic
confocal microscope. cells are already different from posterior somatic cells.

For ovary staining with anti-DE-cadherin antibody, ovaries were The strong anterior expression3#14persists in both male
minutes, The staining procedurés and image collecion were the sarhe:. 100% Of embryosi=27). At this stage, although 80% of
as described above, except that a PBT solution containing 0.4% RN a:? embfryhos expalﬁir9114expre§5|on pos_terlo”rly tol coyerl
Triton X-100 was used instead of the standard PBT solution. o-thirds o t.e gonad, the posterior somatic ce S only display

weak expression. In all male embry8914expression is also
Germline clone analysis expanded posteriorly to cover two-thirds of the gonad.
The shotgun(shg germline clone was generated using the FLP-DFSHowever, unlike in female gonads, all of these cells maintain
technique, as described previously (Chou and Perrimon, 1898  a uniformly strong expression, with the strongest expression
FLP /Y; FRT parm-lacZmales were mated withRT,oshd®®YCyO  confined to the anterior tip area (data not shown). This pattern
virgin females. Egg collection was performed in the culture tubes fomay reflect the fact that male gonads initiate spermatogenesis

hours after egg laying) were heat shocked for 1 hour in a 37°C walglgy 4sitive somatic cyst progenitor cells in the posterior
bath to induce mitotic recombination. The ovaries of the heat-shock (gion (cf. Fig. 1D, and see below).

larvae were dissected at late third instar larval stage, and processe
for immunostaining and confocal microscope analysigy mutant Anterior somatic cells in the embryonic gonad are

clones and siblings were identified #mcZ-negative andlacz- . . .
overexpressed PGCs, respectively. I|kely to be the precursors of GSC niche cells in the
ovaries and testes

In adult ovaries and testes, anterior somatic cells constitute a

Resqlts ] . ] stem cell niche that plays a crucial role in maintaining GSCs
3914 is a marker for anterior somatic cells in both (Lin, 2002). In ovaries, niche cells include terminal filament
female and male embryonic gonads and cap cells, and possibly inner germarial sheath cells (Fig.

To distinguish between the Ilate induction andl1C). These cell types form in the anterior region of ovaries at
predetermination hypotheses, we reasoned that the lattére larval-pupal transition stage (Godt and Laski, 1995; King,
would predict certain differences among PGCs that would970). In testes, the niche is composed of hub cells, somatic
correlate with their fate as GSCs in the adult ovary. Suchyst progenitor cells, and, possibly, early somatic cyst cells
differences could occur as early as in the embryonic stage. (Rig. 1D). Testicular niche morphogenesis begins near the end
this case, if predetermination involves somatic induction, onef embryogenesis (Cooper, 1950). To determine whether the
would expect that the embryonic gonad would be compose8914enhancer activity correlates with the signaling ability of
of different subset of somatic cells, so that only those polsomatic cells, we examin@®14expression in larval and adult
cells adjacent to a particular subset of somatic cells werevaries, as well as in the adult testis.

induced to become GSCs. By contrast, if predetermination is In late third instar larval ovaries, tl#14enhancer trap is
solely due to a heterogeneous lineage mechanism, one wougpressed in the anterior somatic region, where forming
expect to see at least two types of pole cells in the embryonierminal filament and cap cells reside (Fig. 1B). Particularly,
gonad, with their positions in the gonad bearing no correlatiostrong expression was detected in developing terminal filament
with a particular subset of somatic gonadal cells. Previouand cap cells. However, expression was never detected in the
studies have shown that somatic cells in the anterior region afedial region that contains PGCs and somatic interstitial cells,
the gonad are different from posterior somatic cells. and

that, in the testis, the anterior tip of somatic gol p
appears to become hub cells that are equivale A B C 13 D o X
terminal filament and cap cells in the ovary (Boyle x

DiNardo, 1995; DeFalco et al., 2003; Gonczy et . ' N

-~

1992; Kiger and Fuller, 2001; Russell et al., 1992). |

we describe an enhancer-trap markg®l4 that ic

expressed specifically in somatic cells in the anteriol et
of both female and male embryonic gonads. As sho

Fig. 1, the enhancer-trap mark&8914 starts to b ' —

expressed in somatic cells of the embryonic go

immediately following gonad formation (stage Fig. 1. Anterior somatic cells in the embryonic gonad appear to be the
(Asaoka et al., 1998). In 95% of stage 14-15 emb  precursors of niche cells in larval and adult gonads |adi&staining (blue)
3914 is expressed in the anterior half of the son ©of enhancer traB914is specific to anterior somatic cells in embryonic
gonad (Fig. 1A). Expression in the posterior half of gonad (A), to nascent terminal filament (_TF) gnd cap cells in the late third
somatic gonad is detectable only in 11% of emb instar larval ovary (B), as well as to termlnal filament (TF), cap cells (CC),
(n=38). Even in these embryos, the anterior expre and inner germarial sheath cells (IGS) in the adult ovary (C). In the adult

is al h h h . . testis (D),3914is specifically expressed in hub cells (H), somatic cyst
IS always much stronger than the posterior expres  ,oqenitor cells (SCP) and somatic cyst cells (SCC). All panels are oriented

The anterior-specific expression 8914is observed i yjth the anterior side of the gonad up and the posterior side down. Pole
both sexes, as confirmed by staining for expression ' cells in A are stained with the anti-Vasa antibody (brown). Note that germ
SxI protein, which reveals the sex identity of indivic  cells in all panels, such as GSCs in the adult testis (D), are negatizeZor
embryos (data not shown). These results confirm  staining. Scale bars: 30n.

W Y IEsET
GS\’\ '.'-'.i:_
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or in the posterior region that includes the precursors of basambryonic gonad (anterior pole cells; Fig. 2A,B). Seven such
stalk cells. females still retained EGFP-marked germ cells in the ovary.
In the adult ovary3914is expressed strongly in cap cells, Twenty-four females developed from embryos with a marked
the central component of the niche, with weaker expression pole cell in the posterior half region of the embryonic gonad
terminal filament and inner germarial sheath cells (Fig. 1C)posterior pole cell; Fig. 2C,D). Ten such females still retained
The expression pattern 8914 in embryonic gonads, larval EGFP-marked germ cells in the ovary. Thus, the survival rates
and adult ovaries suggests that the anterior somatic cells in tfer the transplanted anterior and posterior pole cells are very
embryonic gonad are likely to be the precursors of stem cedimilar (37% versus 42%P>0.1). Finally, two females
niche cells in the larval and adult ovaries, and that they mageveloped from embryos with a marked pole cell on the exact
also have a signaling function. midline of the embryonic gonad were excluded from this
In the adult testig914was also expressed in the niche cells,analysis.
with strong expression in hub cells, the central component of Despite their similar survival rates, the fates of anterior and
the niche, and weaker expression in somatic cyst progenitposterior pole cells are very different. Out of seven labeled
cells and their daughter cells, the somatic cyst cells (Fig. 1Danterior pole cells, six gave rise to EGFP-labeled GSCs (86%,
This corroborates a previous enhancer-trap study that suggebig. 2E-H); only one directly differentiated into a cystoblast
that the hub precursors are a subset of cells located at tffég. 3). The presence of an EGFP-marked GSC in contact with
anterior tip of the embryonic gonad (Godnczy et al., 1992)cap cells is obvious (Fig. 2E-H). As expected, it had produced
Moreover, the broader expression patterB3i4 covering the multiple EGFP-labeled germline cysts and developing egg
entire anterior half of the embryonic gonad, suggests that theskambers by the adult stage. These labeled germline cysts

anterior somatic cells not only give rise to hub

cells, but also to somatic cyst progenitor cells
their daughter cyst cells that form the niche ir
apical region of the testis.

Anterior and posterior pole cells in the
embryonic gonad give rise to GSCs and
cystoblasts, respectively

Our analysis 0of3914 expression raises t
possibility that anterior somatic cells of
embryonic gonad are involved in determining
GSC fate, and that this fate could be deterrr
as early as in the early embryonic gonad. Tc
this possibility, we investigated whether o
those pole cells in contact with the ante
somatic cells in the embryonic gonad give ris
GSCs in the adult ovary. To this end, we tre
the position and fate of single pole cells from e
embryonic gonadal stage to the adult stage |
a vasa-EGFP gene that is specifically a
continuously expressed in the germline (Sar
al., 2002). The following strategy was used foi
lineage tracing (see Materials and methods
single EGFP-marked wild-type pole cell v
transplanted into the pole cell region of a w
type recipient embryo at the cellular blastod
stage. The recipient embryos then continue
develop to stage 14-15, at which time the pos
of the GFP-marked pole cells in the newly forr
embryonic gonad was examined and recol
The embryo was then allowed to develof
adulthood. Its ovaries or testes were then diss
and analyzed to determine the fate of the E(
marked pole cell.

We transplanted EGFP-marked pole cells
1425 cellular blastoderm embryos, 694 of wi
incorporated a marked pole cell in their gor
following gonadal formation (stages 14-15; |
2A-D). Eventually, 45 of such marked embr
developed into pupal-adult females. Of these
females were developed from embryos with
marked pole cell located in the anterior half of

Fig. 2. Pole cells located in the anterior half of the embryonic gonad develop into
GSCs in the adult ovary. (A-D) Embryonic gonads viewed as superimposed DIC and
EGFP images, showing representative locations of an EGFP-marked pole cell in the
embryonic gonad. All gonads are oriented with anterior to the left and posterior to
the right. The outline of the gonad is evident in DIC, with arrowheads pointing to

the gonadal border to assist viewing. A marked pole cell (white spheres) is located at
the anterior tip (A), anterior (B), posterior (C), or posterior tip (D). Dotted lines

show the midline of the gonads. (E,G) An ovariole with one EGFP-labeled GSC
(white arrow in G), as shown in DIC (E) and corresponding EGFP (G) images, from
a female developed from an embryo with a marked pole cell located in the anterior
half of the gonad. The EGFP-labeled GSC has produced multiple labeled germline
cysts and egg chambers, which form an alternating pattern of labeled germline cysts
and egg chambers in the ovariole. (F,H) An ovariole with both GSCs labeled by
EGFP (white arrows in H), as shown in DIC (F) and corresponding EGFP (H)
images, from a female developed from an embryo with a marked pole cell located in
the anterior half of the gonad. The EGFP-marked GSCs have produced a
continuously labeled string of labeled germline cysts and egg chambers in the
ovariole. Scale bars: in A, 5 um for A-D; in E, 20 for E-H.
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of embryonic gonad (Jenkins et al., 2003). Second, in the early
pupal ovary, a PGC in contact with newly formed cap cells
tends to divide along the plane of cap cells, generating two to
three GSCs that all contact cap cells within a germarium
[‘clonal expansion’ theory (Zhu and Xie, 2003)]. Third, in the
adult ovary, E-cadherin is essential for anchoring GSCs to cap
cells to maintain their stem cell fate (Song et al., 2002).

To examine whether PGCs derived from an anterior pole cell
adhere to each other and to anterior somatic cells during their
proliferation, we first looked at the distribution of daughter cells
of a single, labeled anterior pole cell in larval/prepupal ovaries.
We transplanted EGFP-labeled pole cells into 520 blastoderm
embryos, recorded the position of the single, labeled pole cell
in the newly formed gonad of the recipient embryos (stage

Fig. 3.Pole cells located in the posterior half of the embryonic gonag-4-12), allowed the embryo to develop to the late third instar
directly differentiate into cystoblasts. (A,C) An ovariole with an larval or prepupal stage, and then isolated ovaries for
EGFP-labeled germline cyst in the germarium, as shown in DIC (A) immunofluorescence analysis (see Materials and methods).
and corresponding EGFP (C) images, from a female that developedSuch ovaries were stained with anti-GFP antibody to identify
from an embryo with a marked pole cell located in the posterior halfPGCs derived from the marked pole cell, and with anti-1B1
of the gonad. Note that GSCs (white arrow in C) are not labeled by antibody, both to outline the developing terminal filament and
EGFP. The labeled cystoblasts have by now developed into germlin@ap cells and to label spectrosomes (Deng and Lin, 1997).
cysts. (B,D) An ovariole with three EGFP-labeled developing €99 g our surprise, only 14% of ovaries contained a clone of
](c:hambers in DIC (B) and corresponding I_EGFP (D) images, from a labeled germ cells in contact with one anotherld). By
emale that develope_d from an embryo with a marked pole cel! trast. in 72% of - labeled cell di d widel
located in the posterior half of the gonad. Note that GSCs (white contrast, in o 0T ovaries, 1abeled Cells were dispersed widely
arrow in D) are not labeled by EGFP, thus the labeled egg chamber&/OnNg both the anteroposterior and mediolateral axes, with
must have derived from three labeled PGCs that have directly some PGCs even passing across the midline into the posterior
differentiated into cystoblasts. Scale bar in Ap@@for A-D. region (17% of ovaries, Fig. 4C, Fig. 5A). In particular, in 43%
of ovaries, all labeled daughter cells were highly dispersed,
whereas a small number of labeled cells were associated in
and egg chambers were interspersed with their unlabelexhother 29% of ovaries. Even in these 29% of ovaries, most
counterparts derived from the unlabeled GSC(s) in the sani®GCs were dispersed several cells away from each other. The
germarium, forming an ovariole consisting of a string ofremaining 14% of ovaries had only one labeled daughter cell.
alternating ‘bright’ and ‘dark’ egg chambers (Fig. 2E,G).These results indicate that PGCs derived from an anterior pole
When a single labeled pole cell gives rise to both (or all threegell do not adhere to each other or to anterior somatic cells
GSCs in a germarium, then the entire ovariole is composed dfiring their proliferation. Instead, they become dispersed
uniformly ‘bright’ egg chambers (Fig. 2F,H). and intermixed with other pole cell progeny during larval
By contrast, among 10 labeled posterior pole cells, nindevelopment. Furthermore, as there was no difference in the
directly differentiated into cystoblasts (90%, Fig. 3). Only oneextent of dispersion between daughter cells derived from
generated a single EGFP-labeled GB&0(005, versus anterior anterior versus posterior pole cells, it can be surmised that
pole cells). The cystoblast fate can also be easily discernélGCs derived from a single pole cell are dispersed during
because the labeled cystoblasts, by the adult stage, have furthesliferation irrespective of the original position of the pole cell
developed into germline cysts (Fig. 3A,C), or even egg chambeirs the embryonic gonad.
(Fig. 3B,D). In these ovarioles, only a small fraction of cysts Similarly, in adult ovaries, GSCs derived from one pole cell
and/or chambers were labeled (1-7, average number/ovariolexere widely distributed to multiple niches. Single-labeled
2.22, number of ovarioles examined=74). Taken together, thanterior pole cells each produced 3-12 labeled GSCs (average
above observations indicate a strong tendency for anterior pofe3) that were distributed into 1-10 ovarioles (average 4.8)
cells in the embryonic gonad to give rise to GSCs, whereas thgthin an adult ovaryrj(ovariole)=122;n(ovary)=6]. Among
posterior pole cells tend to give rise to PGCs in the larval ovarthese ovarioles, 83% of them contained only one labelled GSC,

that directly differentiate into cystoblasts. as evident by the alternating pattern of the labeled egg
chambers (Fig. 2E,G). In only 17% of ovarioles were the two

PGCs derived from a single pole cell are not to three GSCs all labeled (Fig. 2F,H).

anchored to each other or to specific somatic cells A similar frequency of dispersion was observed for PGCs

during proliferation derived from posterior pole cells, as inferred from the labeling

How can an anterior pole cell in the embryonic gonad give rispattern in the adult ovary. A single, labeled posterior pole cell
to GSCs? Three recent findings suggest that anterior popgoduced 2-35 differentiated daughter cells (average 16.4) that
cells are anchored to anterior somatic cells in the embryonigere distributed into 1-13 ovarioles (average 7.4), which
gonad and that this anchorage is maintained during larvaépresents, on average, 31% of ovarioles in an ovary
development so that a pole cell gives rise to a clone of PG({s(ovariole)=236n(ovary)=10]. In 45% of these ovarioles, only
that are partitioned only into a few adjacent germaria duringne germline cyst or egg chamber was labefed4). These

the larval-pupal transition. First, E-cadherin is required in bothesults indicate that PGCs derived from a single posterior pole
pole cells and somatic gonadal precursor cells for the formatiorell are also dispersed during ovarian morphogenesis.
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PGCs derived from anterior pole cells preferentially though they are not anchored to anterior somatic cells in the
enter nascent stem cell niches gonad. To test this hypothesis, we determined whether only
As only anterior pole cells give rise to GSCs, we wouldPGCs derived from anterior pole cells would contact
expect their daughter PGCs to be much more accessible developing cap cells in late third instar larval and prepupal
nascent stem cell niches in larval/prepupal ovaries, eveovaries. As expected, 90% of PGCs derived from anterior
pole cells were in contact with developing cap cells [Fig.
4AA"; n(labelled PGC)=19n(ovary)=6]. Only 10% of the
PGCs were not in contact with developing cap cells. This

C embryonic

gonads
/ ‘ E Effect of s4g mutation on PGC dispersion in larval gonads
_! —_ J- Bl
P & 40%
s & 30
\ 2%
-—— 7— —p 10% -
~— e Contacting CpCs Anterior half Posterior haft ,onmcr!n_g pasterior
,G Location of maned PGCS in 3L ovary e cells
ra N
'[_' = ‘*‘ p— Fig. 5.E-Cadherin is not required for PGCs to enter nascent stem
@ 2/2 cell niches. (A) A clone of PGCs derived from a single, labeled
e posterior pole cell in the embryonic gonad are labeled with anti-GFP
antibody (green). The PGCs are distributed widely along both
'.' 5 " — anteroposterior and mediolateral axes in this late third instar larval
. Q/ 11 ovary. The cells of the ovary are outlined by anti-1B1 staining (red).

The dotted line traces the forming terminal filament/cap cells
Fig. 4. PGCs derived from anterior pole cells preferentially associate(TF/CpC). (B) A late third instar larval ovary containistggnull
with the nascent cap cells. (X)AA late third instar larval ovary PGCs and their wild-type siblings. All cells in the ovary are outlined
derived from an embryonic gonad containing a labeled anterior poleby anti-1B1 antibody staining (blue). All PGCs are labeled by anti-
cell viewed under low and high magpnification, respectively. The Vasa antibody (green). Tishignull PGCs (outlined by a thick white
ovary, with the anterior pole up, is stained with anti-1B1 antibody line) show nd3-Galactosidase expression, whereas their wild-type
(red) to outline somatic cells and spectrosomes in germ cells, and sibling PGCs (thin white line) show elevated expressids of
with anti-GFP antibody (green) to identify PGCs derived from the  Galactosidase (red). Note thaglagnull PGC (arrow) is in contact
marked pole cell. Note that the PGC marked by an arrow is in directwith nascent TF/CpCs (dotted line, TF). (C,D) A late third instar
contact with the base of two forming terminal filaments (TF). larval ovary triple-labeled for E-cadherin (green), Vasa (red), and
(B,B") A late third instar larval ovary derived from an embryonic 1B1 (blue). The dotted lines in D show forming TF/CpCs. In all
gonad containing a labeled posterior pole cell viewed under low andPGCs (arrowheads in C; red in D), either in the anterior or posterior
high magnification, respectively. The ovary, with the anterior pole uphalf of the ovary, E-Cadherin is concentrated on cell surface,
is stained with anti-1B1 (red) and anti-GFP (green) antibodies. Noteincluding at the interface between CpCs and the contacting PGCs,
that the PGC marked by an arrow is approximately six cells away irrespective of whether the spectrosome in the PGCs is apposed to
from the base of the forming terminal filaments (TF). (C) Summary CpCs (PGC pointed by a black arrow) or not (PGC pointed by a
of the location of PGCs (green) derived from marked anterior or  white arrow). (E) Theshgnull PGCs (red) and their wild-type
posterior pole cells (green). The fractional numbers at the lower righsiblings (orange) show similar distributions in the late third instar
corner of each third instar larval or prepupal (3°L/PP) ovary indicatefarval ovaries, except that more wild-type PGCs are in contact with
the number of ovaries with shown location of PGCs versus the total the posterior somatic cell®€0.005,t test); the biological
number of this class of 3°L/PP ovaries examined. Yellow cells are significance of which is not understood. Note that, nsbigenull
nascent TFs. Scale bars: in A, |20 for A,B; in A', 10um for A',B". than wild-type PGCs are in contact with CpCs.
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frequency corresponds well with the observation that 14% afompared with 6.1+3.2% of their sibling3<0.066t test, Fig.
anterior pole cells produce only differentiating germline cys6E). These data indicate that DE-cadherin is not required for
or egg chambers in the adult ovaries (see above). By contraB®GCs to enter the nascent niches, and that it might constrain
92% of PGCs derived from posterior pole cells were in noPGCs from actively reaching cap cells.

contact with developing cap cells in the larval/prepupal o .

ovaries [Fig. 4B,B n(labelled PGC)=38n(ovary)=8]. The The prefer_entlal niche occupancy of PGCs dgrlved

difference between the frequencies of anterior and posteri@iom anterior pole cells is not due to differential

pole cells in giving rise to cap cell-contacting PGCs (90%®rientation or rate of divisions

versus 8%, respectively) is highly significaf®<Q.0001). We next examined whether PGCs derived from anterior pole
These results show that PGCs derived from anterior pole celtlls preferentially enter the nascent stem cell niche as a result
have a strong tendency to become stem cells because ttaydifferential mitotic orientation or rate. In third instar larval
preferentially enter the nascent stem cell niche in the larvativaries, the divisional orientation of PGCs can be easily

pupal transitional ovaries. observed at the prolonged telophase/G1l phase, when the
o ) dividing GSC pair displays dumbbell morphology with an

DE-cadherin is not required for PGCs to enter the elongated spectrosome located in the neck region (Fig. 6A-D).

nascent stem cell niche Moreover, the frequency of the prolonged telophase/G1 phase

Then, how do PGCs derived from anterior pole cellSGSC pairs reflects the frequency of PGC divisions. The mitotic
preferentially enter the nascent stem cell niche? It may be dueientation of cap cell-contacting PGCs displays a random
to one of the following four mechanisms, or a particulardistribution that is very similar to anterior PGCs that are not in
combination of them. (1) Anterior pole cells and their progenyontact with cap cells and posterior PGCs (Fig. 6). These
PGCs are anchored to the anterior somatic gonadal cells arebults show that the strongly preferential entry of PGCs
their progeny via static cell-cell adhesion, such as adherens derived from anterior pole cells into the nascent stem cell niche
desmosomes junctions (static anchorage mechanism). (2) P@&not due to the differential orientation mechanism.
divisions occur more frequently along the niche cell/PGC Itis also unlikely that a slower mitotic rate of PGCs derived
interface, owing to somatic induction or mechanical constraintsom anterior pole cells confine them to the niche cell/PGC
of the ovary (differential mitotic orientation mechanism). (3)interface. First, these PGCs are widely dispersed throughout
PGCs derived from an anterior pole cell divide at a slower ratihe larval ovary irrespective of their mitotic rate (see above;
so that their progeny is more confined to the anterior regioRig. 4C, Fig. 5A). Second, the mitotic rate of these PGCs is
(differential mitotic rate mechanism). (4) The dispersed PGCsery similar to that of other PGCs in the same larval ovary. In
derived from the anterior pole cells actively home back to théhe third instar ovary, the frequency of telophase/G1 PGCs
niche cell/lPGC interface in response to somatic inductiom contact with cap cells is 8.9+7.9%n(PGC)=181;
(active homing mechanism). n(ovary)=13], very similar to that of the remaining PGCs in the
The static anchorage mechanism is unlikely to play a@vary [5.7+2.3%n(PGC)=787n(ovary)=13;P=0.173]. These
significant role, because, as described above, the progeny ofesults rule out the existence of the differential mitotic
single pole cell are widely dispersed in the larval gonad botmechanism in GSC determination.
laterally and anteroposteriorly, irrespective of the position of _ ) o
the original pole cell (see above; Fig. 4C, Fig. 5A). Thus, eveRoth anterior and posterior pole cells can give rise
though cell adhesion molecules such as E-cadherin are requif@dGSCs in the testis
for the association of pole cells and somatic cells in th&V/e also determined whether the anterior pole cells
embryonic gonad, and for the later anchoring of GSCs to cgmreferentially give rise to GSCs in the testis, by using the same
cells in adult ovaries (Jenkins et al., 2003; Van Doren et alexperimental approach described above (also see Materials and
2003; Song et al.,, 2002), such adhesion may not functiomethods). In male gonads, GSCs are established by the first
during PGC proliferation in the larval gonad. In support of thisnstar larval stage (Cooper, 1950). By the third instar larval
reasoning, DE-cadherin afidcatenin only start to accumulate stage, the testis contains 16-18 GSCs, all of which are anchored
at the interface between nascent cap cells and future GSCsaavund hub cells (Hardy et al., 1979; Lin, 2002). In the adult
the late third instar larval stage (Song et al., 2002). testis, the number of GSCs is reduced to five to nine (Hardy et
To determine whether DE-cadherin is required for PGCal., 1979). Similar to in the female gonad, anterior pole cells
even to enter the nascent stem cell niches, we used a FLR-the male embryonic gonad gave rise to GSCs with a 100%
mediated mitotic recombination technique to induce thdrequency in larval-adult testee=5). In these testes, labeled
production of PGCs that are null for the DE-cadherin gengerm cells included one to five GSCs, and many differentiated
shotgun(shg in theshg/+ first instar larvae (see Materials and germ cells ranging from gonialblasts to sperm (Fig. 7A-C).
methods). Thehg/shg PGCs and their +/+ sibling PGCs are However, unlike in female gonads, labeled GSCs were also
marked by zero and two copies of taeZ gene, respectively generated from posterior pole cells. Fifty percent of the
(Fig. 5). We then compared the locations of the marked DEexamined pole cells gave rise to GSCs, while the remaining
cadherin-deficient PGCs and their wild-type sibling PGCs ir50% differentiated directly into gonialblasts (Fig. 7DRES).
late third instar larval ovaries. The marked DE-caderin-These results are consistent with the observation3®a4
deficient PGCs and their wild-type sibling PGCs show similaexpressing somatic cells exist in the posterior region of late
distributions in the anterior and posterior regions of the ovarynale embryonic gonad (see above). These observations
with the wild-type PGCs actually distributed somewhat moréndicate that the GSC-inducing somatic cells may be present
in the posterior region (Fig. 5E). In particular, 16.8+4.6% ofin the posterior region of the male embryonic gonad (see
DE-cadherin-deficient PGCs were in contact with cap cells, d3iscussion).
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contalc)t(i;rf:gSCpCs Anterior PGCs Posterior PGCs

Fig. 6. PGCs proliferate with random divisional orientation. (A-D) Late third instar larval ovaries containing dividing PGCs (byttiniel
dotted lines). The ovaries were double stained with anti-Vasa antibody (green) to label all PGCs, and anti-1B1 antilwodig(edidpt
spectrosome orientation in PGCs and to outline somatic cells. Dividing PGCs in contact with TF/CpCs (outlined by thined)tsed i
oriented perpendicularly (A,C) or in parallel (B), or approximately 45° (D) to the cap cell-PGC interface. PGCs in conpastevitir
somatic cells also divide perpendicularly (C), or in parallel (A,B), to the soma-germline interface. (E) A quantitativesoarop#ie
divisional orientation of PGCs contacting CpCs, of those in the anterior half but not contacting cap cells (anterior PGfGehsanid the
posterior half (posterior PGCs). The CpC-PGC interface is assigned a value of 90°. Each red dot in the diagram repris&hialaample
(n=63).

Fig. 7. The fates of EGFP-marked single pole cells in larval and adult testes. (A,B) A late third instar larval testis derivedrfrbrgaanic
gonad containing a labeled anterior pole cell, viewed under low and high magnifications, respectively. The testis, with igoknte the
left, is stained with anti-1B1 antibody (red) that outlines somatic cells, as well as spectrosomes and fusomes (F), [y gachwagl anti-
GFP antibody (green) to identify germ cells derived from the marked pole cell. Note that GSCs, such as the one marked lry Bnaae in
direct contact with the hub (H; arrowhead), and have produced multiple germline cysts. (C) EGFP image of an adult tegtisshmlam
marking of GSCs (arrow) and their progeny. (D,E) A late third instar larval testis derived from an embryonic gonad cotdaislied a
posterior pole cell, viewed under low and high magnifications, respectively. The testis, with its anterior pole to thmieédiwith anti-1B1
(red) and anti-GFP (green) antibodies. Note that no GFP-labeled germ cells are near the hub (H). (F) EGFP image ofiarshdwiiigs
that the GSC position (white thin arrow) is not marked, while a two-cell germline cyst (white thick arrow) is marked by g, with
several other more advanced cysts. Scale bars: in Ayrbh@or A,B,D,E; in C, 50qum for C,F.
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Discussion Embryonic gonad exerts somatic induction in GSC

A fundamental question in stem cell biology concerns how thit€ predetermination

fate of tissue stem cells is determined during developmenthen, how does this positional cue determine the fate of future
GSCs in theDrosophila ovary represent an excellent model GSCs? Our study suggests that, at least, a somatic induction
to explore this essentially uncharted territory. It has beefechanism is involved in the process. Even if a subset of pole
documented that functional GSCs are established at the on&&lls is destined to become GSCs upon their formation as a
of oogenesis during larval-pupal transition (King, 1970; zZhuesult of the heterogeneous lineage mechanism, specific
and Xie, 2003). However, when and how the GSC fate i#teractions must occur between these ‘privileged’ pole cells

initially determined during pre-oogenic development remain@nd anterior somatic cells. Otherwise, such pole cells could
elusive. The study reported here represents the first effort t@cate to any region of the gonad. This signaling function of

investigate the process of GSC fate determination. the anterior somatic cells in the embryonic gonad is consistent
with their being the likely precursor cells of the future niche

The GSC fate is predetermined prior to GSC cells.

establishment The signaling from the anterior somatic cells to anterior

The process of cell fate determination is known to precede thole cells must be via direct cell-cell contact, because every
establishment of the determined cell type in a few studiegomatic cell in the embryonic gonads extends its cellular
systems. For example, the initial cue for the determination dirocesses to envelop individual pole cells (Jenkins et al., 2003;
the anteroposterior axis of tHrosophilaembryo lies in its Van Doren et al., 2003). Therefore somatic signalling via
remote ancestor, the 16-cell germline cyst that resides in tifdrect cell-cell contact would ensure that anterior pole cells
germarium of the ovary of the mother (Manseau andeceive the signal, while preventing posterior pole cells from
Schiipbach, 1989). The posterior location of the oocyte in th&ceiving the signal.

cyst determines the anteroposterior axis of the future embryo.

As another example, the initial determining cue for the oocyt&omatic induction may exist in the larval gonad for

fate within the 16-cell germline cyst appears to be alreadfGCs to enter the nascent niche by an active

present in its four-generation-removed precursor cell, thBoming mechanism

cystoblast (Lin and Spradling, 1995). The asymmetric retentioBven though somatic induction in the embryonic gonad, either
of the spectrosomal material in the daughter ‘cystoblast’ duringlone or together with a heterogeneous lineage mechanism, is
the subsequent four rounds of division determines its fate as &kely to be responsible for initiating the GSC predetermination
oocyte. Here, we have shown that the GSC fate is predeterminptbcess, this embryonic mechanism alone is not sufficient for
prior to oogenesis, with the predetermination apparentzSC fate determination. This is because different PGCs
occurring as a continuous process (see below), starting at leasrived from the same pole cells can adapt different fates. We
as early as in the newly formed embryonic gonad; the locatiofound that approximately 17% of single anterior pole cells gave
of a subset of pole cells in the anterior half of the gonad providesse to both PGCs that are in contact with cap cells in the late
the first positional cue that predetermines the strong preferendgrd instar larval ovary and PGCs that are distant to cap cells
of their progeny for entering nascent stem cell niches in the la{€ig. 4C). Correspondingly, approximately 14% of anterior
third instar larval ovaries, and eventually their fate as GSCs. pole cells gave rise to both GSCs and cystoblasts in the adult

heterogeneous  Step 1 Positional Cue to PGCs Step 2. Active Assortment of PGCs Step 3. Establishment of GSCs
pole cell? (embryonic gonad) (larval gonad) (prepupal gonad)

@?
Q-b

O anterior PGC <> anterior

somatic cell

. terminal preoogenic
O posterior PGC <> filament cell somatic induction
O GSC @ capeel l oogenic somatic
induction
adherens
Q cystoblast = junction j cell movement

Fig. 8. The somatic induction model for GSC fate determination. For details, see text.
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ovary (data not shown). These observations suggest thimtrmation, which might affect their initial choice of position
predetermination in the embryonic gonads is somewhah the embryonic gonad. If so, the lineage and somatic
flexible. Only those PGCs in contact with nascent niche cellmduction mechanisms would act in sequence to determine the
in the late third instar larval ovary appear to become GSCs. GSC fate.

How, then, do PGCs derived from anterior pole cells
maintain their contact with anterior somatic cells during larvaPifference between female and male GSC fate
development? Our study rules out any significant role of statigstablishment
anchorage, differential mitotic orientation or differential In male gonads, both anterior and posterior pole cells can give
mitotic rate in the process (see Results). One possibility is thaise to GSCs, which suggests that the male embryonic gonad
even though PGCs derived from an anterior pole cell beconteas a larger niche for GSC fate establishment than the female
passively dispersed during proliferation, they tend to populatgonad. This is consistent with the finding that @14
the anterior region. Our data do not rule out this mechanisnrenhancer trap becomes quite uniformly expressed in the
However, these data favor the active homing mechanisnanterior two-thirds of the male gonad towards the end of
Passively dispersed PGCs derived from an anterior pole caelmbryogenesis. As male GSCs are established by the end of
are selectively sorted out into the niche cell/PGC interface iembryogenesis, the GSC niche must have been established by
the larval gonad as a result of niche signaling, where thethis point. Specifically, hub cells, somatic cyst progenitor cells,
become anchored to newly formed cap cells during the larvaknd possibly their daughter cyst cells, have formed (Cooper,
pupal transition. Such somatic signaling could start in950). As somatic cyst progenitor cells and their daughter cyst
embryonic gonads. Consistent with this, a gap junction proteirtells express83914 (Fig. 1D), and occupy the posterior half
Drosophila Innexin 4, is present in pole cells in embryonic of the embryonic gonad, male gonads show post&@i4
gonads, even though its function at this stage is not cleataining. The fact that some posterior pole cells are also
(Tazuke et al., 2002). Regardless of when the somatic inductiaestined to become GSCs suggests that the hub cells extend to
is initiated, it probably plays an important role in ensuring thathe posterior half to contact some of the posterior pole cells
the progeny of anterior pole cells in the embryonic gonad wilduring embryogenesis.
sustain their proximity to the future stem cell niche.

Sex incompatibility of transplantation

Potential role of the heterogeneous lineage As we did not select donor and host embryos according to their
mechanism in GSC fate determination sex for transplantation, 50% of transplanted embryos should
This study does not directly address the role of thdnave received pole cells of the opposite sex. Previous studies
heterogeneous lineage mechanism in initial GSC fatbave shown that XY pole cells in female gonads never
determination during embryogenesis because we did nenhter oogenesis. They can sometimes survive to enter
distinguish individual donor pole cells for their intrinsic spermatogenesis, producing germline cysts containing 30-1000
properties, such as polar granule content or their initial positiocells. These cells include undifferentiated germ cells,
in the embryo. However, our study suggests that the lineaggpermatocytes and many degenerating cells (Steinmann-
mechanism is unlikely to play any significant role in theZwicky et al., 1989). In our experiments, however, no such cyst
maintenance phase of the predetermination process durimgas detected, suggesting that the transplanted male pole cells
larval development, because a labeled pole cell, either anteribave degenerated in female hosts before the adult stage.
or posterior, can produce both cap cell-contacting and norFhis degeneration could be due to the difference of hosts:
contacting PGCs in the larval ovary, as well as both GSC arfsteinmann-Zwicky et al. (Steinmann-Zwicky et al., 1989)
cystoblasts in the adult ovary (see Results). These resulimnsplanted multiple pole cells into germlineless embryos,
suggest that the lineage mechanism does not govern the fatendfereas we transplanted only a few pole cells into wild-type

pole cell progeny in the larval ovary. embryos containing a normal complement of endogenous pole
o _ cells. Thus, XY germ cells may be effectively out-competed

A model for the determination of stem cell fate in the by the XX poles cells in the female gonads.

female germline XX pole cells in male gonads can also enter an abortive

The discussion above allows us to propose a somatic inductiepermatogeneic pathway. However, most of them degenerate
hypothesis for GSC fate determination during female germlinbefore adult stage, even when they were transplanted into an
development (Fig. 8). In this model, the anterior positioningagametic gonad (Steinmann-Zwicky et al., 1989). As expected,
of pole cells in the embryonic gonad provides the initialwe saw no oogenic cells in the testis.

positional cue that predetermines the fate of future GSCs.

Such predetermination is initiated by cell-cell interactions We thank Drs Satoru Kobayashi and Yasushi Hiromi for discussions.
between somatic cells and pole cells in the anterior half of thEhey, and Dr Brigid Hogan, also provided valuable comments on the
embryonic gonad, and is maintained by signalling frommanuscript. We also thank Dr Akira Nakamura for EGFP-vas flies and
anterior somatic cells in the larval gonad. Such somatignti-vVasa antibodies, Dr Dorothea A. Godt for FRT shg[R69] flies, Dr
signaling would lead to the active homing of PGCs derived@dashi Uemura for anti-DCAD2 antibodies, Dr Takako Isshiki for
from the anterior pole cells to maintain their contact with théNti-B-galactosidase antibodies and Dr_Yuh-Nung Jan for anti-Vasa

. . . S ntibodies. Drs Brigid Hogan, Seth Findley, Miriam Rivas, Tora
signaling cells in the larval gonad. At the late third instar larva mulders-Srinivasan, and Zhong Wang, and Ms Heather Megosh and

stage, the developing terminal filament and cap cells expregg; rystle Nomie, are thanked for critical reading of the manuscript.
DE-cadherins and other molecules to anchor the adjacefhis research was supported by a Fellowship from the Japan Society
PGCs, transforming them into GSCs. Finally, it is possible thabr the Promotion of Science to M.A. and a NIH grant (HD33760) to
pole cells are heterogeneous in their potential upon theki.L.
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