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Stromal cells are thought t o  generate specific regulatory microenviroments or 
"niches" that control stem cell behavior. Characterizing stem cell niches in  vivo 
remains an important goal that has been difficult t o  achieve. The individual 
ovarioles of the Drosophila ovary each contain about two  germ line stem cells 
that maintain oocyte production. Here we show that anterior ovariolar somatic 
cells comprising three cell types act as a germ line stem cell niche. Germ line 
stem cells lost by normal or induced differentiation are efficiently replaced, and 
the ability t o  repopulate the niche increases the functional lifetime of ovarioles 
in  vivo. Our studies implicate one of the somatic cell types, the cap cells, as a 
key niche component. 

Stem cells are defined by their ability to ginning of each developing egg string (or 
self-renew and to generate cell populations ovariole) within the ovary reside about two 
that differentiate to maintain adult tissues germ line stem cells (GSCs) whose progeny 
(1-3). Changes in stem cell behavior may differentiate into eggs within 8 days as they 
contribute to aging and tumor formation, move at predictable rates along the ovariole. 
while stem cell populations will likely have These stem cells are surrounded by three 
therapeutic applications if their growth and differentiated somatic cell types-terminal 
differentiation can be controlled in vitro (4- filament, cap, and inner sheath cells-that 
6 ) .  However, their rarity and lack of distinc- help make up an anatomically simple tubular 
tive characteristics make it difficult to study structure known as the germarium (Fig. 1). 
stem cells in their natural context within tis- GSCs are easily identified by size, location, 
sues. Stem cell behavior is thought to be and the shape of the fusome, an intracellular 
controlled by neighboring stromal cells that structure rich in membrane skeleton proteins. 
create special microenvironments known as Stem cells usually contain a round fusome, 
stem cell "niches" whose regulatory potential but display a distinctive elongated fusome 
persists even when stem cells are absent. after division when they remain transiently 
Until specific, individual niches can be iden- connected with their daughter cell (9,  10). 
tified and characterized, however, it will re- Under appropriate conditions, GSCs divide 
main difficult to unravel their molecular reg- about once per day and are randomly lost by 
ulatory mechanisms. differentiation with a half-life of 4 to 5 weeks 

The Dr-osophilu ovary is a tissue where (11, 12). Recently, it was proposed that the 
stem cells can be studied at the cellular and somatic cells at the tip of the ovariole are 
molecular level in vivo (7, 8) . Near the be- organized into a niche that maintains and 

controls GSCs (12). 
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tomical asymmetry may ensure that equiva- 
lent stem cell daughters receive different fate- 
determining signals. GSCs require a signal 
mediated by Dpp, a homolog of human bone 
morphogenetic proteins 2 and 4, in order to 
remain as stem cells and to divide at a normal 
rate (12) Two other proteins needed to main-

tain GSCs, Piwi and Fs(1)Yb (Yb). act out- 
side the germ line (13. 1 4 )  However. a re- 
quirement for intercellular signals does not 
by itself indicate the presence of a niche. ,A 
true niche should function independent11 of 
resident stem cells and be able to reprogram 
newly introduced cells to become stem cells. 
Consequently, we investigated whether the 
microenvironment at the ovariolar tip can 
specify cells to become GSCs. 

Ovarioles normally lose GSCs by differen- 
tiation, but the low rate of GSC loss and the 
possibility that rapid replacement quickly re- 
stores the original GSC configuration conipli- 
cate observing such events. To study gennaiia 
with recently lost stem cells, we genetically 
marked and destabilized individual GSCs. We 
used FRT-mediated recombination (12) to gen- 
erate mutant clones of sch~zzll-~i (shrz), a gene we 
postulated would reduce GSC lifetime by dis- 
rupting dpp signaling (15,16), under conditions 
where the mutant cells also lose an umludillo- 
lucZ marker (Fig. 2A). Because cystoblasts re- 
quire 4 to 5 days to exit the germarium, the on11 
remaining lacZ- cells 1 week after translent11 
activating the hs-FLP transgene by means of a 
heat shock will be clones consisting of ~ i n i  
mutant stem cells and their progeny of 4 to 5 
days. With this marking system, marked shn 
GSCs that differentiate during the last 4.5 days 
can be recognized because l a c Z  germ cells 
will remain in the germaiium: moreover, the 
developmental age of the least mature such cell 
will indicate the elapsed time since GSC loss. 

The results demonstrated that shn mutant 
stem cells are lost at an increased rate and are 
rapidly replaced bq wild-type cells (17, IS). 
Seventy-nine germaria were found that retained 
lacZ- germ cells, revealing that a skrz stem cell 
had been recently lost (Fig. 2, B and C). In 
every case they contained two wild-type stem 
cells, indicating that the lost l a c Z  stem cell 
had been replaced by a wild-type stem cell. 
Even when the stem cell was lost so recentlq 
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that it remained a cystoblast, two lacZ+ stem 
cells were present at the tip (Fig. 2D). These 
stem cells were connected by an elongated fu- 
some, indicating that they were recently divided 
sister cells in early interphase (4); the fusome 
was oriented in an unusual manner, perpendic- 
ular to the anteriorlposterior (dp) axis (10). 
These observations suggest a specific model for 
GSC replacement (Fig. 2E). After one GSC is 
lost, its neighboring stem cell divides perpen- 
dicular to d p  axis, causing a daughter cell to 
occupy the environment recently vacated by the 
departed GSC. For this mechanism to work, the 
environment at the site of the lost GSC must be 
capable of programming the incoming cell to 
become a GSC rather than a cystoblast. Our 
observations indicate that it is capable of doing 
so, and hence that GSCs reside in a true stem 
cell niche. 

The ability of the ovariole tip to act as a 
stem cell niche is likely to be biologically im- 
portant. Females produce eggs for months, de- 
spite the 4- to 5-week half-life of an individual 
stem cell (11). To investigate whether stem cell 
replacement occurs normally, we measured the 
number of stem cells and somatic niche cells in 
aging females (Fig. 3). During the first 5 weeks 
of adult life the average number of GSCs per 
germarium declined from about 2.5 to 2.0 (Fig. 
3A), significantly less than the 50% reduction 
expected in the absence of replacement (P < 
0.01). Replacement stem cells must function 
efficiently because the rate of stem cell loss 
does not increase with age (11,12). Some of the 
ovarioles that did lose a stem cell started with 
three GSCs, because the number of such ova- 
rioles declined over the same period. 
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One of the three somatic cell types, cap 
cells, interacted with stem cells in a manner that 
suggested they play a role in niche function. 
Over the 36-day period, the number of cap cells 
and GSCs remained closely correlated at about 
2.5 cap cells per GSC (Fig. 3A). Moreover, 
GSCs were observed to always make special 
contacts with cap cells that characteristically 
align with the 'dp axis of the ovariole. The 
GSC's hsome remains adjacent to the GSCI 
cap cell interface dwing.most of the cell cycle. 
In contrast, the behavior of inner sheath cells 
and terminal filament cells did not correlate 
closely with GSCs. As germaria aged, terminal 
filament cells decreased in number from an 
average of 9.2 (3 days) to 5.0 (36 days) (Fig. 
3A) and changed from a linear to a ball-like 
arrangement (Fig. 3, B to D) (19). Likewise, the 
relative number of inner germarium sheath 
(IGS) cells and GSCs varied (Fig. 3E). How- 
ever, the number of IGS cells was closely cor- 
related with the number of differentiating germ 
cells (r = 0.88). A functional connection be- 
tween IGS cells and germ cell cysts has been 
previously suggested, because ovariole tips that 
develop without germ cells lack IGS cells (I I). 

To investigate the role of IGS cells in adult 
geharia we studied females carrying a hs-barn 
transgene, whose stem cells can be induced to 
differentiate (20). Over the course of several 
days after heat shock, GSCs were lost and all 
germ line cysts completed development and left 
the germarium. Such germaria also lost all IGS 
cells, further indicating that developing germ 

cells control IGS cell number (Fig. 3, F and G). 
In contrast, terminal filament and cap cells did 
not change in the absence of germ cells. Somat- 
ic cell divisions continued in their vicinity as in 
germaria that form in the absence of germ cells 
(21). Despite their presence near the GSC 
niche, these dividing somatic cells did not be- 
come GSCs. 

Because the number of cap cells correlates 
closely with the number of GSCs, we inves- 
tigated whether they might function by pref- 
erentially sending a dpp signal. Suitable an- 
tibodies to Dpp are unavailable, so we used 
whole-mount in situ hybridization to deter- 
mine which cells at the ovariole tip express 
dpp mRNA. These experiments detected low 
levels of dpp mRNA in both cap cells and 
inner sheathcells, as well as higher levels in 
prefollicle cells farther posterior in the ger- 
marium. No dpp mRNA was seen in terminal 
filament cells or in any germ line cells, in- 
cluding GSCs (Fig. 4A). These results show 
that cap cells are one of several cell types 
located near the GSCs that express dpp. 
Moreover, it does not appear to be the ab- 
sence of contact with a dpp-expressing cell 
that causes the posterior stem cell daughter to 
differentiate as a cystoblast. 

Our studies suggest a working model for a 
GSC niche (Fig. 4B). We propose that cap cells 
are critical to the formation, maintenance, and 
regulation of the GSC niche. Cap cells and 
terminal filament cells form a characteristic 
structure with sufficient internal surface area to 

Fig. 1. Germarium structure and stem cells. (A) 
Diagram of a Drosophila germarium in cross 
section indicating germ Line stem cells (CSCs, 
red), differentiating germ cells (pink), terminal 
filament cells (TF, brown), cap cells (CPC, 
green), inner germarium sheath cells (ICS, or- 
ange), somatic follicle cells (FC, blue), and fu- 
somes (yellow). Fusome shape correlates with 
germ cell stage. (B) Asymmetric location of 
stem cell and cystoblast relative to  somatic 
cells. C, germ line cyst; CB, cystoblast; EF, elon- 
gated stem cell fusome; RF, round stem cell 
fusome. 

Fig. 2. A niche at the ovariolar tip can replace lost stem cells. (A) Generation of marked shn mutant 
GSC clones. All cells (ovals) express arm-lacZ marker (red), except shn mutant clones generated by 
FRT-mediated recombination as shown. (B to  D). Cermaria with a recently lost shn GSC, analyzed 
7 days after a heat shock to  induce recombination, display two CSCs (numbered), indicating 
replacement. For details of arm-lacZ marker (anti-IacZ, red), germ cell fusomes, and somatic cell 
membranes (anti-Hts, green), see (78). The Lost stem cell has differentiated into a young 16-cell 
cyst (B and C, dotted ovals), but is still a cystoblast (large dotted circle) in (D), indicating a recent 
loss. A new cell (2) occupies the position of the lost GSC and is still connected to  the remaining 
wild-type GSC (1) by an extended fusome. (E) An explanatory model for GSC replacement. A GSC 
differentiates and moves away from the cap cells (Left). The other GSC divides perpendicular to  the 
alp axis (center). Both daughters become GSCs, whereas the lost CSC is now a four-cell cyst (right). 
Bar (B), 10 pm. 
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Fig. 3. Changes in 
niche-associated cells 
during aging. (A) The 
average numbers per 
germarium of various 
types are shown as a 
function of age. CSCs 
(O), CSG expected on 
the basis of a half-life 
of 4.6 weeks (A), cap 
cells (+), and terminal 
filament cells fW1. fB to 
D) Cap cells itah; as- 
sociate with CSG 
through special junc- 
tions (arrows) located 
near the fusome. Ter- 
minal filament organi- 
zation changes from an 
ordered stack (B) to a 
ball-like structure (C, 
open arrowhead) t i  a '3 10 17 22 29 36' 
disordered clump at- 
tached to  cap cells by 

Age (days) 

a thin cellular process 
(D, arrowhead). Anti- 
IaminC staining (green) 
labels terminal fila- 
ment and c a ~  cells: 

cells -per germarium 
(0) and germ cell cysts (A) as a function of age. (F and C) Germ cells maintain inner sheath cells. 
Cermaria from hs-barn females heterozygous for PZ1444 enhancer trap (7) before (F) or 72 hours after 
(C) a I-hour heat shock Loss of the germ line in (C) is associated with loss of virtually all ICS cells 
(arrowhead). Cap cells [open arrowheads in (F) and (G)] remain unchanged. Anti-lacZ (red) labels ICS 
cells, whereas anti-Hts (green) labels fusomes. See (78). Bar (B), 10 pm. 

contact two or three GSCs. A special cell-cell 
junction is likely to form between GSCs and 
cap cells to explain their intimate juxtaposition 
throughout adult life. Such a junction likely 
holds a GSC at the anterior and prevents i t  from 
moving away from the ovariolar tip where i t  
might receive differentiation cues. An intercel- 
lular signal, possibly dpp, would be needed to 
maintain this junction and control the rate o f  
GSC division, but need not be spatially graded. 
Additional signals appear to be involved in 
niche function as well. Terminal filament cells 
andlor cap cells express hedgehog, wingless, 
and armadillo, although roles for these signal- 
ing molecules in regulating GSCs remain un- 
clear (19,22). Yb and piwi function outside the 
germ line in maintaining GSCs. The combined 
action o f  these genes ensures that precisely one 
o f  the GSC daughters loses cap cell contacts 
and differentiates. 

Our experiments show that a small group o f  
stromal cells located at the tip o f  the Drosophila 
ovariole acts as a stem cell niche. Stem cells in 
many different tissues and organisms may be 
regulated in a similar manner. In the Drosoph- 
ila testis, five to seven stem cells are anchored 
on terminally differentiated somatic hub cells, 
suggesting that both the ovary and testis could 
use similar strategies to regulate their stem cells 
(23). In Caenorhabditis elegans, distal tip cells 

have been directly implicated in the mainte- 
nance o f  the GSC population (24). In the Ara- 
bidopsis shoot meristem, an organizing center 
located nearby is required to maintain meristem 
stem cells (25). The reported plasticity o f  some 
mammalian stem cells may result from the 
existence o f  niches that can reprogram stem cell 
identity (26-28). Our studies provide a basis for 
detailed comparisons between the structure and 
regulatory properties o f  niches supporting dif- 
ferent stem cells and wi l l  assist efforts to elu- 
cidate the molecular signals that control stem 
cell division and differentiation. 

References and Notes 
1. C. 5. Potten and M. Loeffler, Development 110. 
lOOl(1990). 

2. S. J. Morrison, N. M. Shah, D. J. Anderson, Cell 88,287 
(1997). 

3. F. M. Watt and B. L. M. Hogan, Science 287, 1427 
(2000). 

4. M. J. Shamblott et al.. Pmc. Natl. Acad. Sci. U.S.A. 95. 
13726 (1998). 

5. 0. Brustle et dl., Science 285, 754 (1999). 
6. 1. L. Weissman. Science 287, 1442 (2000). 
7. A. Spradling et al.. Cold Spring Harbor Sym. Quant. 

Biol. 62, 25 (1997). 
8. H. Lin, Curr. Opin. Cell Biol. 10, 687 (1998). 
9. M. de Cuevas and A. Spradling, Development 125 
2781 (1998). 

10. W. Deng and H. Lin, Dev. Biol. 189, 79 (1997). 
11. J. Margolis and A. Spradling, Development 121, 3797 

(1995). 
12. T. Xie and A. Spradling, Cell 94, 251 (1998). 

IGS + 
Fig. 4. Model of the stem cell niche and its 
relation to  dpp expression. (A) A germarium 
hybridized in situ with an antisense probe spe- 
cific for dpp mRNA. A dpp sense probe did not 
show any labeling under these conditions (29). 
Cap cells and inner sheath cells (arrow) are 
labeled in an apparently uniform manner. 
Strong dpp expression is observed in develop- 
ing follicle cells, but none can be detected in 
terminal filament or germ line cells. (B) A mod- 
el of niche structure and function. The postu- 
lated junction between cap cells and the CSCs 
is shown as a black box. Genes that are known 
or thought to  be involved in niche function are 
indicated within the cells where they are ex- 
pressed, and arrows show potential intercellular 
signals. Other abbreviations are as in Fig. 1. 

13. D. Cox, A. Chao, H. Lin, Development 127, 503 
(2000). 

14. F. J. King and H. Lin, Development 126, 1833 (1999) 
15. K. Arora et al., Cell 81, 781 (1995). 
16. N. C. Crieder et al., Cell 81, 791 (1995). 
17. The half-life of shn04738 CSCs was measured to be 

2.3 weeks as described (72). Using mothers against 
dpp, Medea, thick veins, or punt to destabilize stem 
cells yielded similar results (78). Clone induction and 
stem cell loss were independent of the number of 
stem cells initially present in a germarium. Thus, at 
least half the mutant stem cells were present in 
germaria containing only one other stem cell. 

18. Supplementary data are available at Science Online 
at www.sciencemag.org/featureldata11052793.shl. 

19. A. J. Forbes. H. Lin. P.W. Ingham. A. C. Spradling, 
Development 122, 1125 (1996). 

20. B. Ohlstein and D. McKearin, Development 124,3651 
(1997). 

21. C. J. Fielding. I. Embryol. Exp. Morphol. 17, 375 
(1967). 

22. A. J. Forbes. A. C. Spradling, P. W. Ingham. H. Lin. 
Development 122, 3283 (19%). 

23. M. Fuller, in Development of Drosophila melano- 
gaster (Cold Spring Harbor Laboratory, Cold Spring 
Harbor, NY, 1993), p. 71. 

24. J. Kimble and P. Simpson, Annu. Rev. Cell Dev. Biol. 
13, 333 (1997). 

25. K. F. X. Mayer et al., Cell 95, 805 (1998) 
26. P. H. Jones, BioEssays 19, 683 (1997) 
27. C. Ferrari et al., Science 279, 1528 (1998) 
28. C. R. R:Bjornson et al., Science 283. 534 (1999). 
29. T. Xie and A. C. Spradling, data not shown. 
30. We thank S. Cohen, R. Dubreuil, D. McKearin, M. 

Sanders, and the Bloomington stock center for anti- 
bodies and fly stocks, and members of the Spradling 
and Xie laboratory for discussions. 

2 June 2000; accepted 22 August 2000 

13 OCTOBER 2000 VOL 290 SCIENCE www.sciencemag.org 


