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ABSTRACT
Male gametes are produced throughout reproductive life by a classic stem cell mechanism. However,

little is known about the molecular mechanisms for lineage production that maintain male germ-line stem
cell (GSC) populations, regulate mitotic amplification divisions, and ensure germ cell differentiation.
Here we utilize the Drosophila system to identify genes that cause defects in the male GSC lineage when
forcibly expressed. We conducted a gain-of-function screen using a collection of 2050 EP lines and found
55 EP lines that caused defects at early stages of spermatogenesis upon forced expression either in germ
cells or in surrounding somatic support cells. Most strikingly, our analysis of forced expression indicated
that repression of bag-of-marbles (bam) expression in male GSC is important for male GSC survival, while
activity of the TGF� signal transduction pathway may play a permissive role in maintenance of GSCs in
Drosophila testes. In addition, forced activation of the TGF� signal transduction pathway in germ cells
inhibits the transition from the spermatogonial mitotic amplification program to spermatocyte differentia-
tion.

THE mechanisms that control maintenance of stem (Watt and Hogan 2000; Spradling et al. 2001). Discov-
ery of the mechanisms that regulate stem cell self-renewal,cells and amplification and differentiation of cells

derived from stem cell lineages play a critical role in amplification divisions, and differentiation is crucial to
the effort to maintain stem cell function in disease andtissue homeostasis for short-lived but highly differenti-

ated adult cell types such as blood, skin, and intestinal aging and to harness the potential of stem cells for
regenerative medicine.epithelium. Stem cells must reliably both self-renew and

produce differentiating daughter cells, and these alter- The male germ line in Drosophila has emerged as a
powerful genetic system in which to study mechanismsnate fates must be kept in balance to produce popula-

tions of differentiating cells over the lifetime of an indi- that regulate tissue replenishment from stem cells. As
in mammals, differentiating male gametes are producedvidual. In addition, the number of transit-amplifying

divisions that daughter cells committed to differentia- from a relatively small stem cell population. In Drosoph-
ila testes, the outcome of a stem cell division is usuallytion undergo before ceasing mitosis and entering termi-
asymmetric: one daughter self-renews stem cell identitynal differentiation plays a profound role in the ability
while the other daughter becomes a gonialblast andof relatively small numbers of stem cells to produce the
initiates differentiation (Figure 1A). As in many otherhuge number of differentiated progeny typical in many
stem cell systems, the stem cell daughter committed tostem cell lineages. Stem cell behavior can be regulated
differentiation (the gonialblast) goes through a seriesby both extrinsic signals from the surrounding microen-
of transit-amplifying mitotic divisions before differentia-vironment and intrinsic mechanisms mediated by mole-
tion. Cytokinesis is incomplete during the amplifyingcules that act in the stem cells or their descendants
mitotic divisions, so that the resulting spermatogonia
remain interconnected by cytoplasmic bridges and di-
vide and differentiate in synchrony. In wild-type Drosoph-1Present address: Cold Spring Harbor Laboratory, Cold Spring Har-

bor, NY 11724. ila melanogaster, the number of amplifying mitotic divi-
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Recent work has demonstrated that Drosophila male germ cells caused accumulation of cells with stem cell
characteristics (Kiger et al. 2001; Tulina and Matunisgerm-line stem cells (GSCs) are maintained by signals

produced by a somatic support cell niche, the hub, 2001). Conversely, genes that normally act to induce
early germ cells to differentiate may force differentia-located at the apical tip of the testis. In young adult

males, an average of nine GSCs lie in a rosette sur- tion or induce a mixed identity and apoptosis if forcibly
expressed in GSCs, leading to stem cell loss.rounding and contacting the cluster of somatic hub

cells (Figure 1B; Yamashita et al. 2003). The hub cells Here we identify a number of genes that cause defects
in the GSC lineage when forcibly expressed either spe-express a ligand, unpaired (upd), that activates the JAK-

STAT signal transduction pathway in the adjacent GSCs cifically in early male germ cells or in cyst progenitor
cells and cyst cells surrounding male germ cells by utiliz-and induces the cells to maintain male GSC identity

(Kiger et al. 2001; Tulina and Matunis 2001). When ing a collection of previously generated EP lines carrying
random P-element insertions (Rørth 1996; Rørth eta GSC divides, the mitotic spindle orients perpendicular

to the hub (Yamashita et al. 2003) so that one daughter al. 1998) to drive expression of nearby genes. Strikingly,
forced expression of bam in germ cells caused GSC loss,maintains contact with the hub and self-renews stem

cell identity. The GSCs are flanked by somatic stem cells, while forced expression of the TGF� class signaling mol-
ecule decapentaplegic (dpp) in germ cells increased num-the cyst progenitor cells, which also divide asymmetri-

cally, resulting in self-renewal of cyst progenitor cells and bers of germ-line stem cells and blocked the transition
from the spermatogonial transit-amplifying divisions toproduction of differentiating somatic cyst cells (Figure

1A). Two somatic cyst cells surround the gonialblast and the spermatocyte differentiation program.
In the Drosophila female germ line, bam is required forits progeny during all the remaining stages of germ cell

differentiation (Hardy et al. 1979) and codifferentiate stem cell daughters to initiate differentiation (McKearin
and Spradling 1990), and forced expression of bam in fe-with the germ-line cells that they enclose (Gönczy et al.

1992; Gönczy and DiNardo 1996). Signaling between male GSCs led to differentiation (Ohlstein and McKearin
1997). TGF� class signaling from the somatic niche ap-germ cells and surrounding somatic cyst cells is required

for the normal program of spermatogonial-amplifying pears to maintain the female GSC population by sup-
mitotic divisions (Kiger et al. 2000; Tran et al. 2000; pressing bam (Chen and McKearin 2003a,b). In male
Schulz et al. 2002), as well as for the switch from the germ cells, wild-type function of bam and TGF� class sig-
spermatogonial mitotic division program to spermato- naling were previously shown to be required at a later
cyte differentiation (Gönczy et al. 1997; Matunis et al. step for the transition from the spermatogonial-ampli-
1997). fying mitotic division program to the spermatocyte fate

Although outlines of the events that regulate stem (Gönczy et al. 1997; Matunis et al. 1997). Our data
cell behavior, the transit-amplifying divisions, and the suggest that bam and TGF� class signaling also play a
switch from mitosis to terminal differentiation in the role in maintenance of male GSCs. We find that forced
Drosophila male germ line are beginning to emerge, premature expression of bam in early male germ cells
the underlying molecular mechanisms remain largely (stem cells, gonialblasts, and spermatogonia) leads to
unknown. Some of the important players are germ-line accumulation of male germ cells at the single-cell stage
specific and have been identified in screens for viable and then death of the early male germ cells. Thus,
but sterile mutations (Gönczy et al. 1997; Schulz et al. expression of bam must be tightly regulated for survival
2002; Tazuke et al. 2002). However, many of the path- of male GSCs. Loss-of-function analysis suggests that
ways implicated play crucial roles at multiple earlier stages TGF� class signaling is required for long-term mainte-
of development, so null mutants are lethal (Matunis nance of the stem cell population, possibly by sup-
et al. 1997; Kiger et al. 2001). In addition, animals car- pressing bam. However, the phenotype of bam loss of
rying loss-of-function mutations in genes required for function clearly shows that bam plays a different role
stem cell maintenance may undergo initial rounds of in the male vs. female germ lines. In females, TGF�
successful gametogenesis and so may not be sterile. To signaling, via repression of bam, appears to instruct fe-
circumvent these limitations, we have carried out a gain- male GSCs to self-renew rather than to differentiate. In
of-function screen as an alternative approach for identi- male GSCs, repression of bam expression, possibly under
fying genes with potential roles in the regulation of control of TGF� signaling, appears to play a permissive
male GSC maintenance, GSC division, and the early role by allowing GSC survival.
stages of germ cell differentiation, including the transit-
amplifying divisions and the switch to spermatocyte dif-
ferentiation. Genes that normally specify stem cell self- MATERIALS AND METHODS
renewal or the mitotic program in transit-amplifying

Fly strains: Flies were raised on standard cornmeal-molasses-cells may cause accumulation of early germ cells at the
agar medium. The EP collection was obtained from the Berke-

expense of differentiation when forcibly expressed in gon- ley Drosophila Genome Project (unpublished data; Rørth
ialblasts or spermatogonia. Indeed, previous studies 1996; Rørth et al. 1998), flies carrying a tubulin-green fluores-

cent protein (tub-GFP) construct were obtained from A.showed that forced expression of the upd ligand in early
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Spradling, an UAS-bam-GFP and a Pro-bam-GFP were obtained plasmid-containing glass bottom boat cDNA was obtained from K.
Wharton, and plasmid-containing bam cDNA from D. McKearin.from D. McKearin, dpp temperature-sensitive alleles hr2, hr56,

and e90 were obtained from K. Wharton, and UAS-heph lines Clonal analysis: Males carrying the FRT-G13-sax chromo-
some and control animals carrying the FRT-G13 chromosomewere generated in our laboratory as follows: a heph cDNA was

isolated from a testes library and cloned into the pUAST vector were crossed to females carrying the flippase recombinase
gene under control of a heat-shock promotor and a FRT-G13(Brand and Perrimon 1993). The UAS-heph transgene was

introduced into flies by P-element-mediated germ-line trans- chromosome marked with a nuclear-targeted GFP (FRT-G13-
GFP). Progeny were heat-shocked as adults for 2 hr in a 37�formation (Spradling 1986). A total of 10 lines were made

and tested for effects when forcibly expressed in testes. All water bath. Testes from adult males were dissected 3, 7, and
10 days after heat shock.other Drosophila mutants, marker, and balancer chromo-

somes are as described in FlyBase Consortium (2003) and
were obtained from the Bloomington stock center.

Gain-of-function screen and gal4; UAS expression studies: RESULTS
To test the effects of forced expression, flies carrying one of

A gain-of-function screen of 2050 EP lines (materialstwo gal4 transgene drivers, nanos-gal4-VP16 (Van Doren et al.
1998) and patched-gal4 (Hinz et al. 1994), were crossed to and methods) identified 55 EP lines that affected pro-
flies from the collection of 2050 strains carrying EP inserts liferation, differentiation, or survival of early male germ
described in Rørth et al. (1998). For EP inserts on the second cells when forcibly expressed either in early germ cells
and third chromosome, males bearing the EP insert were

or in surrounding somatic support cells (Table 1). Ex-crossed to females carrying the gal4 transgene driver. For EP
pression of nearby genes from the EP inserts was achievedlines on the first chromosome, females bearing the EP insert
in separate crosses to two different transgene drivers:were crossed to males carrying the gal4 transgene driver.

Crosses were set and the resulting progeny were initially raised nanos-gal4-VP16 (nos-gal4) and patched-gal4 (ptc-gal4). To
at 18�. Crosses involving the nanos-gal4-VP16 transgene driver avoid possible lethality due to forced expression of tar-
were shifted to 29� after 7 days. Crosses involving the patched- get genes during development (especially an issue withgal4 transgene driver were shifted to 29� after 10 days. Testes

the ptc-gal4 transgene driver), the level of activationfrom 5–10 males from each cross were dissected 7–10 days after
was controlled temporally by temperature shifts: crossesthe temperature shift. Flies carrying UAS-cDNA constructs were

raised at 18� and shifted to 29� as adults. However, phenotypes were set and flies were initially grown at 18�, where
upon forced expression of target genes from cDNA constructs activity of the gal4 transgene driver is relatively low, and
were also obtained when flies were kept at 18�. then shifted to 29� to induce high levels of expression.Testes squashes, immunofluorescence, and histochemistry:

The expression pattern of the gal4 transgene driversTestes were dissected in testis buffer (10 mm Tris-HCl, pH
in testes was first characterized by crossing flies carrying6.8, 180 mm KCl) and examined for a phenotype with a Zeiss

Axiophot microscope in phase and fluorescent microscopy. the gal4 transgene driver to flies carrying a UAS-GFP
Images were taken with a CCD camera using IP-LabSpectrum reporter transgene and monitoring GFP expression.
software. Immunofluorescence on whole testes was performed The nos-gal4 driver activated expression of GFP in germ
as in Ashburner (1989). Testes used for anti-mitogen-acti- cells at the testis apical region, including GSCs visiblevated protein (anti-MAP) kinase immunohistochemistry were

as single GFP-positive cells directly adjacent to the hubdissected in testes buffer with phosphatase inhibitors (50 mm
(Figure 1B, large arrow), gonialblasts visible as the nextNaF, 10 mm NaVO4, 10 mm �-glycerophosphate) prior to the

staining procedure. Immunofluorescense experiments on tier of single GFP-positive cells (Figure 1B, small arrow),
squashed testes were performed as described in Hime et al. and spermatogonia, visible as clusters of 2, 4, or 8 cells
(1996). The hybridoma/monoclonal antibodies mouse anti- (Figure 1B, large arrowheads) displaced from the apical
�-spectrin 3A9 (1:5) developed by D. Branton and R. Dubreuil,

tip. GFP was also detected in early spermatocytes, visiblemouse anti-fasciclin III 7G10 (1:10) developed by C. Good-
as 16-cell clusters of larger cells (Figure 1B, small arrow-man, and mouse anti-Armadillo N27A1 (1:10) developed by
head), although the GFP signal faded during the earlyE. Wieschaus were obtained from the Developmental Studies

Hybridoma Bank developed under the auspices of the Na- stages of spermatocyte differentiation. The ptc-gal4 trans-
tional Institute of Child Health and Human Development gene driver activated expression of GFP in the cytoplasm
and maintained by The University of Iowa, Department of of somatic cyst progenitors and cyst cells (Figure 1C,Biological Sciences. The monoclonal rat anti-E-cadherin anti-

arrows) during all stages of spermatogenesis. The ptc-body was obtained from T. Uemura. The monoclonal mouse
gal4 transgene driver may also produce some expressionanti-MAP kinase antibody (Sigma-Aldrich, clone MAPKyt) was

used at 1:200, and polyclonal rabbit antiphosphorylated his- of target genes in early germ cells, as low levels of GFP
tone-H3 antibody (Upstate Biotechnology, Lake Placid, NY) were occasionally detected in germ cells. To demon-
was used at 1:100. Secondary antibodies (Jackson ImmunoRe- strate that the gal4 drivers strongly activated expression
search Laboratories, West Grove, PA) were used at 1:200. 4�, of target genes from the EP lines, we probed embryos6-Diamidino-2-phenylindole (DAPI; Sigma-Aldrich) was used

carrying the ptc-gal4 activator and an EP insert in bamat 1 �g/ml, acridine orange (Sigma, St. Louis) at 5 �g/ml.
(EP(3)0667bam) for expression of bam mRNA in em-In situ hybridization: Whole-mount in situ hybridizations

were performed as described in Tautz and Pfeifle (1989), bryos by in situ hybridization. Although bam mRNA was
with the modifications for RNA probes described in Klingler not detected in somatic cells of control embryos lacking
and Gergen (1993). Ribonucleotide probes were generated the EP insert (Figure 1D), bam mRNA was strongly ex-
from linearized plasmid using the Roche Molecular Biochemi-

pressed in the segmental striped pattern characteristiccals (Indianapolis) RNA-labeling kit. Drosophila expressed
of the ptc gene in EP(3)0667bam; ptc-gal4 embryos (Fig-sequence tag clones containing cDNAs of TGF� homologs

were obtained from Research Genetics, Invitrogen (San Diego), ure 1E, arrows).
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TABLE 1

EP lines causing defects at early stages of spermatogenesis when forcibly expressed

nos-gal4 (germ cell driver) ptc-gal4 (somatic cyst cell driver)

EP lines causing a reduced number of early germ cells
EP(X)1457: CG14447 EP(X)0325: CG1583
EP(2)0605: wunen2 b EP(X)1547: BcDNA: LD22118
EP(3)0416: CG11520 EP(2)0303: CG13211
EP(3)0610: Limpet EP(2)0639: CG630
EP(3)0667: bag-of-marbles a,b EP(2)2031: Glutathione S transferase S1
EP(3)0775: cortob EP(2)2182: l(2)06655
EP(3)0917: EST: RE29262 EP(2)2198: mastermind b

EP(3)1230: CG3308 EP(2)2363: spinster
EP(3)3204: hephestus a,b EP(2)2431: CG8704 b

EP(3)3252: CG6783 EP(2)2506: ABC transporter expressed in trachea
EP(3)3281: CG10164 EP(2)2522: CG15161
EP(3)3629: lama ancestor EP(2)2622: bunched b

EP(3)3662: CG6328 EP(3)0569 (nearby locus not identified)
EP(3)3690: CG8121 EP(3)0809: Neurexin

EP(3)0410: Gliolectin
EP(3)0500: Malic enzyme
EP(3)0648: SNF4/AMP activated protein kinase gamma subunit
EP(3)0659: Cysteine string protein
EP(3)0709: CG5376
EP(3)1230: CG3308
EP(3)3015 (nearby locus not identified)
EP(3)3091: Protein kinase 61C
EP(3)3187: Ubiquitin-specific protease 64E b

EP(3)3252: CG6783
EP(3)3260: CG18005
EP(3)3269: CG10823
EP(3)3289: Ets at 97D
EP(3)3365: CG8833
EP(3)3367: CG12313
EP(3)3455: BcDNA:GH12663
EP(3)3582 (nearby locus not identified)
EP(3)3683: BcDNA:32148
EP(3)3740: CG1475

EP lines causing cell death at the end of mitotic amplification divisions
EP(3)3645a (nearby locus not identified)
EP(3)3652: gilgamesha

EP(3)3658: cyclin H a

EP lines causing an increased number of early germ cells
EP(3)3519: tribbles a,b EP(3)0746: squid a,b

EP(3)35191: tribbles a,b EP(X)1388 c (nearby locus not identified)
EP(2)2232: decapentaplegic a,b,c

EP(3)0581: dally c

EP(2)2505: numb c

a Displayed defects in at least 50% of testes examined.
b A role in male or female gametes has previously been shown for this line.
c Appeared to cause an increase in the number of stem cells and/or gonialblasts. Nearest open reading

frame based on sequence data (FlyBase Consortium 2003).

Testes from adult EP line; gal4 transgene driver males stereotypical number of germ cells per cyst. Testes from
newly eclosed wild-type males have a developmental gra-were dissected and assessed by phase-contrast micros-

copy to score effects on early male germ cells. This dient of differentiating germ cells along the apical to
basal axis of the testis. GSCs and mitotically amplifyingmethod allows rapid scoring of alterations in quantity

and/or quality of multiple germ cell stages on the basis spermatogonia appear as small cells near the apical tip
of the testis (Figure 2, A and B, arrowheads). Spermato-of observed differences in cell size and shape and the
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(Table 1). For example, EP(3)3629; nos-gal4 males,
which carry an EP insert near the lama ancestor gene,
had very few early germ cells (Figure 2D, arrowhead)
compared to EP(3)3629; TM6 control siblings (Figure
2C, arrowhead). Spermatocytes and later germ cell
stages were commonly present (Figure 2D, arrow), possi-
bly due in part to the temperature-shift regimen used
to temporally control forced expression. Mature sper-
matocytes and later-stage germ cells may have derived
from early germ cells that initiated differentiation while
the animals were still at 18�, where the gal4 transgene
driver is less active. In many such lines, reduction in
the number of early germ cells was accompanied by
signs of cell death, indicating that forced expression of
the target genes in germ line or soma may adversely
affect early germ cell viability.

Among the 45 EP lines resulting in reduced numbers
of early male germ cells in the testis, 14 caused a reduc-
tion in the number of early germ cells when forcibly
expressed in male germ cells using the nos-gal4 trans-
gene driver, consistent with a germ cell intrinsic effect.
Target genes in this class may normally affect early germ
cell proliferation or survival. However, it is possible thatFigure 1.—Expression from EP lines. (A–C) Modified from
forced expression of some of these genes may be detri-Kiger and Fuller (2001). (A) Schematic of the cell types at
mental to cell division and/or survival no matter whatthe apical tip of wild-type testes. Somatic hub cells, H; GSC,

S; cyst progenitor cell, CP; gonialblast, G; spermatogonia, SG; the cell type and that the loss of early germ cells is a
and cyst cell, C. (B and C) Apical, top; magnification �400. trivial consequence of forced expression specifically in
Expression of UAS-GFP at the testes tip is shown in (B) germ early germ cells. Strikingly, 31 EP lines caused reducedcells under control of the nos-gal4 transgene driver, single

numbers of early germ cells when forcibly expressedGSC (large arrow), gonialblast (small arrow), spermatogonia
using the ptc-gal4 transgene driver. As the ptc-gal4 trans-(large arrowheads), spermatocytes (small arrowhead), and in

(C) somatic cyst cells (arrows) under control of the ptc-gal4 gene driver activates expression primarily in somatic
transgene driver. (D and E) Anterior, left; magnification cells (Figure 1C), it may be that defects in somatic sup-
�200. In situ hybridization with bam mRNA to (D) wild-type port cells have a non-cell-autonomous adverse affect onembryos and (E) embryos from EP(3)0667bam; ptc-gal4 flies is

early male germ cell survival or proliferation. Alterna-shown. Note expression of bam in stripes (arrows).
tively, effects on early germ cell survival or proliferation
could be due to low levels of early germ-line expression
under control of the ptc-gal4 transgene driver. This sec-cytes appear as increasingly larger cells, arranged in

clusters of 16 cells per cyst, and are displaced away from ond possibility is unlikely for most of the EP lines, how-
ever, as all lines were tested with both gal4 transgenethe apical tip (Figure 2A, black arrow; Figure 2B, white

outlines indicating increasingly more mature spermato- drivers and most that had defects with the ptc-gal4 trans-
gene driver did not show defects with the nos-gal4 trans-cyte cysts). Germ cells at later stages of terminal differen-

tiation normally fill the middle and basal part of the gene driver (Table 1). Only two EP lines, EP(3)1230
(inserted in CG3308) and EP(3)3252 (inserted in CG6783),testis, with elongating spermatids extending up the testis

lumen (Figure 2A). both underlined in Table 1, caused reduced numbers
of early germ cells when forcibly expressed in eitherIn the initial screen, 182 of the 2050 EP lines exam-

ined were associated with defects at early stages of sper- germ-line or somatic cells.
Among the 14 EP lines causing a reduction in thematogenesis in at least two testes of 5–10 EP line; gal4

transgene driver progeny when crossed to one or the number of early germ cells when forcibly expressed in
male germ cells, two lines [containing an insert up-other of the gal4 transgene drivers. When these 182

lines were retested under the same conditions, 55 EP stream of hephestus (heph) and an insert upstream of
bam] caused complete loss of early germ cells. This sug-lines (Table 1) caused reproducible defects in spermato-

genesis, although usually with variable penetrance. gests that the products of these genes may have strong
adverse effects on stem cell survival or promote stem cellGenes causing reduced numbers of early male germ

cells upon forced expression: The most common defect daughter differentiation. Effects of forced expression of
bam are presented in detail below (Figures 3 and 4).(45 EP lines) caused by forced expression of target genes

was a reduction in the number of early germ cells (stem Forced expression of heph in early germ cells from line
EP(3)3204 or from a UAS-heph cDNA construct undercells, gonialblasts, and spermatogonia) at the apical tip
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the temperature-shift regimen of the screen caused loss with clusters of �16 small cells (Figure 2F, circled area),
suggesting that heph may also play a role in the transitionof early germ cells. Affected testes contained mostly
from the spermatogonia to spermatocyte differentiationdifferentiated spermatids and lacked early germ cells
program.(Figure 2E, elongated spermatid bundles commonly ex-

Genes affecting the spermatogonia-to-spermatocytetended all the way up to the testis tip). Surprisingly,
transition upon forced expression: Among the 55 EPthe effect of forced expression of heph in germ cells
lines causing a phenotype in the GSC lineage whenappeared to be different, depending on the expression
forcibly expressed, 10 lines appeared to affect the transi-level. When UAS-heph; nos-gal4 animals were shifted to
tion from the spermatogonia to spermatocyte differenti-21� rather than to 29�, we occasionally observed testes
ation program. EP inserts upstream of two known genes,
gilgamesh (gish) and cyclin H, and one unknown locus,
(EP(3)3645), caused 16-cell spermatogonial cysts to un-
dergo cell death rather than to differentiate into sper-
matocytes (Figure 2G). Strikingly, forced expression
from these EP lines caused germ cell death only when
activated by the somatic cell driver, but not upon activa-
tion by the germ cell driver (Table 1). This is consistent
with previous work indicating a requirement for certain
genes expressed in somatic cyst cells for survival and
differentiation of early spermatocytes (Fabrizio et al.
2003).

In contrast, forced expression from seven EP lines
caused spermatogonia to continue mitotic proliferation
at the expense of differentiation. Two EP lines, EP(3)
0746 (inserted upstream of squid) and EP(X)1388 (an
insert for which a downstream gene has yet to be identi-
fied), caused spermatogonia to proliferate beyond the
16-cell stage when expressed in somatic cyst cells, indi-
cating a potential role in signaling between germ cells
and surrounding somatic cyst cells. This is consistent
with previous data showing that signals from somatic
support cells regulate the transition from spermatogo-
nia to the spermatocyte stage (Matunis et al. 1997;
Kiger et al. 2000). Five EP lines, EP(3)3519 and
EP(3)35191 (both inserted upstream of tribbles),
EP(3)0581 (inserted upstream of dally), EP(2)2505, and

Figure 2.—Gain-of-function screen phenotypes. (A–H)
Phase-contrast microscopy images, apical to the left; magnifi-
cations: (A) �50; (B, G, and H) �200; (C–F) �400. (A) Whole
wild-type testes, small early germ cells (arrowhead) at the
apical tip, larger-sized spermatocytes (black arrow) displaced
away from the tip, differentiating round spermatids (white
arrow) along the coil of the testis, and bundles of elongated
spermatids (ST are shown). (B) Wild-type apical testes region:
developing germ cell clusters are indicated by circles, small
early germ cells by arrowhead. (C) Apical testes tip of a control
animal containing many small early germ cells (arrowhead).
(D) Few early germ cells (arrowhead) at the apical testes tip
from an EP(3)3629lama ancestor; nos-gal4 animal; spermato-
cytes, arrow. (E) Example for loss of all early germ cells: whole
testes from an UAS-heph; nos-gal4 animal. Note sperm bundles
(arrow) near the apical tip. (F) Cluster of �16 small germ
cells (circle) in testes from an UAS-heph; nos-gal4 animal raised
at 21�. (G) Cell death at the end of the mitotic proliferation
area (arrows) in testes from an EP(3)3652gish; ptc-gal4 animal.
(H) Apical testes region from an EP(X)1388; ptc-gal4 animal.
Note many small germ cells (arrowheads).
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EP(2)2232 (inserted upstream of dpp, discussed in detail
below; Figures 5 and 6), caused spermatogonia to un-
dergo additional rounds of transit mitotic amplification
division when forcibly expressed in early germ cells.

Among the seven EP lines that caused spermatogonia
to continue mitotic proliferation at the expense of dif-
ferentiation, four lines (inserts upstream of dally, numb,
dpp, and EP(X)1388) appeared to also affect the number
of GSCs and/or gonialblasts when forcibly expressed.
On the basis of phase-contrast microscopy, many of the
accumulating small cells at the apical tip from EP(X)
1388; ptc-gal4 animals appeared to occur singly, charac-
teristic of stem cells and gonialblasts, rather than in
clusters as do the more differentiated spermatogonia
(Figure 2H).

To explore possible mechanisms underlying effects
on early male germ cell survival, proliferation, and dif-
ferentiation caused by forced expression of candidate
genes identified in the screen, we carried out more in-
depth analysis of two genes, bam, which causes loss of
early germ cells, and dpp, which causes massive overpro-
liferation of spermatogonial cysts when forcibly ex-
pressed in the germ line.

Forced expression of bam in early male germ cells
causes stem cell loss: Testes from males carrying EP(3)
0667, an insert in the bam locus, and the nos-gal4 trans-
gene driver frequently showed loss of early male germ
cells (Figure 3, A and C; Table 1). Control siblings from
the same cross and temperature regimen had abundant
early germ cells at the testis apical tip on the basis of
phase-contrast microscopy (Figure 3B) and expression
of a UAS-GFP transgene marker in early germ cells un- Figure 3.—Forced expression of bam causes early germ cell

loss. (A–E) Apical testes tips (asterisks); magnifications: (Ader control of nos-gal4 (not shown). In contrast, in EP(3)-
and D) �200, (B, C, and E) �500. (A) Whole testes from an0667bam; nos-gal4; UAS-GFP males, 40% of the testes
EP(3)0667bam; nos-gal4 animal filled with sperm bundles. (Bscored 8 days after the shift to 29� and 70% of the testes
and C) Apical testes tip from (B) a wild type with small germ

scored 10 days after the shift to 29� showed elongated cells (arrowhead) at the tip and (C) an EP(3)0667bam; nos-
spermatid bundles extending almost all the way up into gal4 animal 10 days after the shift to 29�. Note sperm bundles

at apical tip in C (arrowhead). (D and E) bam expressionthe testis apical tip and few or no detectable spermato-
in spermatogonia (arrows) of wild-type testes by (D) in situcytes (Figure 3, A and C) or GFP-positive early germ
hybridization with bam mRNA and (E) immunofluorescencecells (data not shown).
with anti-BamC antibody. The testis in E is also labeled with

To better understand why forced expression of bam anti-fasciclin III antibody to point out the apical hub cells
in early male germ cells might cause GSC loss, we charac- (below asterisk). (F) Accumulation of bam expression in sper-

matogonia. GSC, S; gonialblast, G; spermatogonia, SG; hub,terized the normal expression pattern of bam in wild-
asterisk.type testis. In situ hybridization to wild-type testes re-

vealed high levels of bam mRNA in spermatogonia in
the region of mitotic amplification divisions (Figure 3D,

cell cysts, with levels apparently increasing in later-stagearrow). Strikingly, bam transcripts were not detected at
spermatogonia (Figure 3, E and F). BamC disappearedthe apical tip, in the position of the GSCs, and did
abruptly in the region of the testis where spermatogonianot appear to accumulate substantially until a few cell
transition to spermatocyte differentiation. Most strik-diameters away from the tip. Some signal also appeared
ingly, BamC was not detected in the cytoplasm of malein spermatocytes and throughout the testes, although
GSCs or in gonialblasts in wild-type testes (Figure 3E).this was not different from background levels detected
The strict, cell-type-specific high-level expression of bamin control testes labeled with sense mRNA. Immunoflu-
mRNA and BamC in spermatogonia but not in stemorescence staining with anti-BamC antibody revealed
cells or gonialblasts raises the possibility that high levelsaccumulation of BamC protein in the cytoplasm of sper-
of expression of bam may be incompatible with malematogonia starting a few cell diameters away from the

hub. Accumulation of BamC was first detected in four- GSC identity or survival.
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TABLE 2

Loss of early germ cells upon forced expression of bam in the germ line

Increased no. of cells at single-cell stage (%)
Normal Few or no early

Time appearing (%) �degeneration 	degeneration germ cells (%)

Day 1 100
Day 2 40 60
Day 3 20 60 20
Day 4 20 60 20
Day 5 0 70 30
Day 6 20 45 35
Day 7 10 40 50
Day 8 15 45 40
Day 9 10 35 55
Day 10 10 20 70

100% 
 30 testes.

To investigate the cause of loss of male germ cells the influence of forced expression of bam, early germ
cells may arrest in a single-cell state rather than differen-upon forced germ-line expression of bam, we carried

out a time course experiment, dissecting testes from tiate as spermatogonia.
Analysis of dividing cells by staining with antiphos-EP(3)0667bam; nos-gal4; UAS-GFP males each day after

the shift to 29� for a period of 10 days (Table 2). Our phorylated histone-H3 antibody also suggested that
forced expression of bam did not channel early germobservations suggest that upon forced expression from

the bam EP insert, early male germ cells first arrest in cells into spermatogonial divisions. In wild type, male
GSCs and gonialblasts divide as single cells, while sper-differentiation, accumulate as single cells, and then die.

At day 1 after the temperature shift, test animals were matogonia divide synchronously in groups of two, four,
or eight. Control siblings from the cross 2 days after theindistinguishable from their TM6; nos-gal4; UAS-GFP sib-

ling controls by both phase-contrast microscopy and shift to 29� commonly displayed single antiphosphory-
lated histone-H3-positive cells directly adjacent to theexpression of GFP in the germ line. However, by 2 days

after the temperature shift, 60% of testes from EP(3)066- somatic hub (stem cell position) or slightly displaced
from the hub (gonialblast position), as well as groups of7bam; nos-gal4; UAS-GFP animals contained increased

numbers of single GFP-positive cells and decreased cells staining for phosphorylated histone-H3 (dividing
spermatogonia) more distant from the hub (Figure 4C).numbers of GFP-positive spermatogonial cell clusters at

the apical tip compared to sibling control testes. Stain- In testes from EP(3)0667bam; nos-gal4; UAS-GFP animals
2 days after the temperature shift, single antiphosphory-ing with the molecular marker �-spectrin confirmed

that testes from EP(3)0667bam; nos-gal4; UAS-GFP ani- lated histone-H3-positive cells were detected next to the
hub and displaced away from the hub (Figure 4D), butmals contained increased numbers of cells with a ball-

shaped spectrosome at the apical tip 2 days after the shift clusters of antiphosphorylated histone-H3-positive cells
were rarely detected.to 29�. In wild type, �-spectrin localizes to a spherical

subcellular structure called the spectrosome in male The effects of forced expression of bam became more
severe over time (Table 2). By 5 days after the tempera-GSCs and gonialblasts. In contrast, in spermatogonia

and spermatocytes, �-spectrin localizes to the fusome, ture shift, 70% of the testes from EP(3)0667bam; nos-
gal4; UAS-GFP animals showed an increased numbera branched, linear structure that extends through the

intercellular bridges that connect the mitotically related of single GFP-positive cells at the tip (Figure 4F) and
decreased numbers of GFP-positive spermatogonial cellgerm cells within a cyst. Testes from control siblings

contained on average 14 (ranging from 10 to 18) spec- clusters. In addition, by 3–5 days after the temperature
shift, early germ cells in many testes had abnormal mor-trosome dots next to and close to the hub at the apical

tip (Figure 4A), as in wild type. In contrast, 2 days after phology and appeared refractile in phase contrast, char-
acteristic of dying cells. Staining with acridine orangethe temperature shift, 60% of testes from EP(3)0667bam;

nos-gal4; UAS-GFP animals had increased numbers of revealed many dying cells and cell clusters in testes from
EP(3)0667bam; nos-gal4; UAS-GFP animals (Figure 4H).cells with a single spectrosome dot in the apical region

(Figure 4B; on average 22 spectrosome dots, ranging In contrast, in testes from sibling controls, only a few
dying germ cells were commonly detected near the api-from 10 to 32; 30 testes examined). Strikingly, many

of the testes with increased numbers of spectrosomes cal tip by acridine-orange staining (Figure 4G). By 10
days after the temperature shift, the majority of thecontained either no or only a few (1–5, compared to

�10 in wild type) small fusomes, suggesting that under testes from EP(3)0667bam; nos-gal4; UAS-GFP animals
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lacked all earlier-stage germ cells on the basis of phase- lost from the testes. At 2 days after the shift to 29�, the
contrast microscopy (Figure 3, A and C), GFP, and lack hub appeared to be only slightly enlarged in testes from
of staining with anti-�-spectrin (Figure 4J). EP(3)0667bam; nos-gal4 males (Figure 4D) compared to

In addition to loss of early germ cells, forced expres- sibling controls (Figure 4C).
sion of bam in male germ cells also caused massive in- Forced expression of bam in early germ cells from a
crease in the size of the somatic hub. Apical hub cells UAS-bam-GFP cDNA construct encoding bam protein
in testes from sibling control males expressed the cell- fused to GFP caused an even more dramatic loss of early
surface marker fasciclin III (Figure 4A) and formed a male germ cells than did forced expression of bam from
tight cluster �15 �m in diameter, as in wild type. In the EP insert. Testes from UAS-bam-GFP; nos-gal4 ani-
contrast, in testes from EP(3)0667bam; nos-gal4 animals, mals were tiny and had no detectable germ cells on the
cells displaying the cell-surface marker fasciclin III were basis of phase-contrast microscopy or GFP staining (data
detected in a broad area at the apical tip 10 days after not shown). Staining with antifasciclin III and anti-
the temperature shift (Figure 4J). In many cases, the E-cadherin revealed that the somatic apical hub was
hub appeared enlarged up to 20 times compared to the greatly enlarged in testes from UAS-bam-GFP; nos-gal4
hub in testes from sibling controls subjected to the same males (data not shown), as in EP(3)0667bam; nos-gal4
temperature-shift regimen (Figure 4I). The dramatic males shifted to 29� for several days.
enlargement of the hub was mainly observed several Forced expression of dpp in early male germ cells
days after the temperature shift to induce high levels blocks the transition from spermatogonial amplification
of bam expression, after most early germ cells had been divisions to spermatocyte fate: Forced expression of the

TGF� homolog dpp either from the EP(2)2232 insert or
from a UAS-dpp cDNA transgene under control of the
early germ-cell-specific nos-gal4 transgene driver pro-
duced testes filled with large numbers of early germ
cells, as seen in phase contrast microscopy (Figure 5B),
and in DAPI-stained preparations (Figure 5D). Testes

Figure 4.—Single early germ cells initially accumulate in
testes from EP(3)0667bam; nos-gal4 animals. (A–J) Apical testes
tips; magnification: �500; apical, left. (A and B) Immunofluo-
rescence with anti-fasciclin III (red arrows) and anti-�-spectrin
antibodies 2 days after the shift to 29�. (A) Testis from a TM6;
nos-gal4 animal showing spectrosome dots (arrows) at the api-
cal tip and small fusomes (arrowhead) displaced away from
the tip. (B) Testis from an EP(3)0667bam; nos-gal4 animal with
many spectrosome dots (arrows) in the apical region and
lacking small fusomes. Note large fusomes (arrowhead) con-
necting spermatocytes. (C and D) Immunofluorescence with
anti-fasciclin III (red) and antiphosphorylated histone-H3
(green) antibodies 2 days after the shift to 29�. (C) Testis from
a control animal with single antiphosphorylated histone-H3-
positive cells (arrowheads) close to the hub and a cluster
of eight antiphosphorylated histone-H3-positive cells (arrow)
displaced away from the hub. (D) Testes from an EP(3)0667-
bam; nos-gal4 animal with single antiphosphorylated histone-
H3-positive cells (arrowheads) next to the hub and displaced
away from the hub. (E and F) Expression of UAS-GFP in early
germ cells 2 days after the shift to 29�; single cells (arrows)
in testes from (E) a TM6; nos-gal4 animals and (F) an EP(3)
0667bam; nos-gal4 animal. Note increased number of single
cells in F. (G and H) Acridine orange staining 5 days after
the shift to 29� in testes from (G) a TM6; nos-gal4 animals
with (arrows) few dying cells at the tip and (H) an EP(3)0667-
bam; nos-gal4 animal with single and clusters (arrows) of dying
cells. (I) Immunofluorescence with anti-fasciclin III to testes
from a TM6; nos-gal4 animal 10 days after the shift to 29�;
hub, arrow. (J) Immunofluorescence with anti-fasciclin III
and anti-�-spectrin to testes from an EP(3)0667bam; nos-gal4
animal 10 days after the shift to 29�. Note large hub (arrows;
compare to A and I) and lack of anti-�-spectrin-positive cells
(compare to A).
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Figure 5.—Forced expression of dpp
causes spermatogonial overproliferation
and cell death. (A–O) Apical, left; mag-
nifications: (A–F) �200; (G and H)
�2000; (I and J) �1000; (K and L)
�300; and (M–O) �230. (A and B)
Phase-contrast microscopy images. Note
small early germ cells (arrowheads in A)
at the apical tip in testes from a CyO;
nos-gal4 animal and (B) filling the apical
region of testes from an UAS-dpp; nos-
gal4 animal. Note dying cells (arrow in
B). (C and D) DAPI-stained prepara-
tions. Small bright staining nuclei (ar-
rowheads in C) at the apical tip in testes
from a CyO; nos-gal4 animal and (D) fill-
ing the entire testis from a UAS-dpp; nos-
gal4 animal. (E and F) Immunohisto-
chemistry with anti-MAP kinase (brown)
outlining the somatic cyst cells sur-
rounding early germ cells (E) at the api-
cal tip of testes from a CyO; nos-gal4 ani-
mal and (F) throughout testes from an
UAS-dpp; nos-gal4 animal. (G and H) Im-
munofluorescence with anti-Armadillo
antibody (red) to outline one germ cell
cluster and antiphosphorylated histone-
H3 antibody (green). (G) Cyst from a
testis from a CyO; nos-gal4 animal with
eight antiphosphorylated histone-H3-
positive cells undergoing mitosis in syn-
chrony (only five antiphosphorylated
histone-H3-positive cells are in the plane
of focus). (H) Cyst from a testis from an

UAS-dpp; nos-gal4 animal with 16 antiphosphorylated histone-H3-positive cells (only 11 antiphosphorylated histone-H3-positive
cells are in plane of focus). (I) Immunofluorescence staining with anti-�-spectrin antibody (red) to a cluster of germ cells in
testes from an UAS-dpp; nos-gal4 animal; note branched fusomes (arrows). ( J) Same cluster of germ cells shown in I double
labeled for anti-�-spectrin antibody (red) and DAPI (green); note �16 DAPI-positive small nuclei interconnected by fusome.
(K) Testes from an animal expressing UAS-tkv* in early germ cells are filled with bright-staining DAPI-positive cells (arrowheads).
(L and M) Expression of a Pro-bam-GFP reporter gene construct (arrowheads) in testes from (L) a TM3; nos-gal4 animal and
(M) a UAS-tkv*; nos-gal4 animal. Note much broader GFP-positive region in M; dying cells, arrow. (N) Phase-contrast image of
the testis in M. Note small germ cells in region of Pro-bam-GFP expression (arrowheads) and dying cells (arrow). (O) Same testis
shown in M but taken in another channel to visualize autofluorescing, dying cells (arrow). (P) Model demonstrating the effect
of forced dpp expression. High levels of dpp block the transition from spermatogonia to spermatocyte stage and eventually push
the cells into death.

from sibling controls raised under the same tempera- revealed somatic cyst cells surrounding clusters of devel-
oping germ cells. Staining of testes from UAS-dpp; nos-ture regimen had the normal gradient of a few small

cells with brightly DAPI-staining nuclei at the apical gal4 animals with anti-activated MAP kinase (Figure 5F)
or anti-Armadillo (Figure 5H) revealed large numberstip transitioning to clusters of spermatocytes, which are

much larger cells with more diffuse nuclear DAPI stain- of clusters of germ cells surrounded by somatic cyst
cells.ing (Figure 5, A and C). In contrast, testes from UAS-

dpp; nos-gal4 animals contained massive numbers of The dramatic increase in number of early germ cells
in testes from UAS-dpp; nos-gal4 animals appeared tosmall early germ cells with brightly DAPI-staining nuclei

(Figure 5, B and D). The affected testes had fewer be largely due to failure of spermatogonia to exit the
amplifying mitotic divisions and initiate differentiationspermatocytes than normal and abundant signs of cell

death, visible as refractile regions by phase-contrast mi- as spermatocytes. Immunofluorescence staining with an
antibody against anti-phosphorylated histone-H3 to de-croscopy, distal to the accumulating early germ cells

(Figure 5B, arrow). The bulk of the early germ cells tect dividing cells revealed that testes from UAS-dpp; nos-
gal4 animals frequently contained clusters of more thanaccumulating in testes from EP(2)2232dpp; nos-gal4 or

UAS-dpp; nos-gal4 males were clustered in cysts (Figure eight cells undergoing synchronous mitosis and pack-
aged in a single cyst surrounded by anti-Armadillo-posi-5D) and surrounded by somatic cyst cells. In sibling

control testes, as in wild type, staining with anti-activated tive cyst cells (Figure 5H). In contrast, testes from sibling
controls had clusters of two, four, and eight cells butMAP kinase (Figure 5E) or anti-Armadillo (Figure 5G)
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never more spermatogonia undergoing synchronous di- a cell death program. Examination by phase-contrast
microscopy (Figure 5N), by autofluorescence in thevision (Figure 5G), as in wild type. Staining with DAPI

and anti-�-spectrin revealed that cysts containing �16 non-GFP channels (Figure 5O), or by acridine-orange
staining (data not shown) revealed signs of massive cellspermatogonia interconnected by highly branched fu-

somes (Figure 5, I and J) were common in testes from death in the more distal regions of the testes from freshly
hatched UAS-tkv*; nos-gal4 or UAS-dpp; nos-gal4 males.UAS-dpp; nos-gal4 animals. Thus, forced expression of

dpp in early germ cells caused spermatogonia to con- In testes from older males, often only dead or dying
material was detected, suggesting that high levels oftinue the amplifying mitotic division program beyond

the fourth mitosis instead of becoming spermatocytes. TGF� signaling ultimately cause cell death (Figure 5P),
perhaps due to failure of spermatogonia to proceedThe same effect on accumulation of early germ cell

clusters was detected upon forced expression of an acti- to the spermatocyte differentiation program. Loss of
function of bam also leads to continued proliferationvated form of the TGF� type I receptor thick veins (tkv)

(UAS-tkv*) in early germ cells, as assessed by phase- of spermatogonia, failure to proceed to spermatocyte
differentiation, and eventually germ cell death (Gönczycontrast microscopy (not shown), DAPI staining (Figure

5K), and labeling with early germ cell markers as de- et al. 1997).
The TGF� signal transduction pathway affects GSCscribed above (data not shown).

As the continuing proliferation of spermatogonial number and the size of the stem cell niche: In addition
to blocking the transition from spermatogonial mitoticcysts observed in testes from UAS-dpp; nos-gal4 or UAS-

tkv*; nos-gal4 males resembled the phenotype of loss of amplification divisions to spermatocyte differentiation,
forced expression of dpp or tkv* in early male germfunction of bam (Gönczy et al. 1997) and bam has been

shown to be negatively regulated by TGF� pathway sig- cells also resulted in a mild increase in GSC number.
Immunofluorescence staining with anti-�-spectrin re-naling in female germ cells (Chen and McKearin

2003a,b), we assayed expression of a reporter transgene vealed increased numbers of cells with a spectrosome
dot next to the apical hub, a characteristic of stem cellcarrying genomic regulatory sequences of bam driving

expression of GFP (Pro-bam-GFP). In control animals, identity, in testes from UAS-dpp; nos-gal4 animals (Figure
6B) compared to sibling controls (Figure 6A). Examina-the Pro-bam-GFP transcriptional reporter was expressed

in spermatogonia in the region of mitotic amplification, tion of testes from UAS-dpp; nos-gal4; UAS-tub-GFP flies
confirmed the increased number of germ cells in thebut not in male GSCs, gonialblasts, or differentiating

spermatocyte cysts (Figure 5L), reflecting the accumula- stem cell position next to the hub. The UAS-tub-GFP
construct allows visualization of germ cells around thetion of bam transcript in wild-type testes (Figure 3D).

Similarly, the Pro-bam-GFP transcriptional reporter was apical hub (Figure 6, C and D). As the somatic hub was
often displaced away from the tip in adult testes fromnot expressed in early germ cells in the stem cell or

gonialblast region in testes from UAS-tkv*; nos-gal4 (Fig- UAS-dpp; nos-gal4 animals (see below), we examined tes-
tes from third instar larvae grown at 18�. Larval testesure 5M) or UAS-dpp; nos-gal4 (data not shown) males.

Expression of the Pro-bam-GFP reporter was detected in from sibling controls had an average of nine tub-GFP-
positive male germ cells around the hub at the testisspermatogonial cysts in testes from freshly hatched UAS-

tkv*; nos-gal4 (Figure 5M) or UAS-dpp; nos-gal4 (data apical tip (500 testes examined), compared to an aver-
age of 12–13 tub-GFP-positive male germ cells aroundnot shown) animals, although the signal was frequently

variable and often weak. Even within the same testis, the apical hub in UAS-dpp; nos-gal4 animals of the same
age (100 testes examined, Figure 6E). The differenceoften some spermatogonial cysts expressed the Pro-bam-

GFP reporter while other spermatogonial cysts did not. in the number of stem cells in testes from UAS-dpp; nos-
gal4 and control animals was statistically significant (P �The observed expression from the Pro-bam-GFP reporter

suggests that TGF� signaling may suppress bam expres- 0.0001)
The increase in GSC number may be due to an in-sion in early germ cells; however, a cell- or stage-specific

mechanism may exist in spermatogonia to counter- crease in the size of the stem cell niche. The diameter
of the somatic apical hub was increased in larval andact repressive effects of TGF� signaling on transcription

of bam. adult testes from UAS-dpp; nos-gal4 and UAS-tkv*; nos-
gal4 animals, on the basis of the expression of hubExpression of the Pro-bam-GFP reporter commonly

faded in the more distal spermatogonial cysts that accu- markers such as anti-Fasciclin III (Figure 6, A and B)
or upd mRNA (data not shown). Expansion of the so-mulated in UAS-tkv*; nos-gal4 (Figure 5M) or UAS-dpp;

nos-gal4 (data not shown) testes. It is possible that the matic hub was less extreme in adult testes from UAS-
dpp; nos-gal4 and UAS-tkv*; nos-gal4 animals than in adultaberrant spermatogonial cysts that accumulate in the

affected testes have passed beyond the stage at which testes from EP(3)0667bam; nos-gal4 animals (see above).
In addition, in 38% of the adult testes from UAS-dpp;the proposed mechanism counteracts repressive effects

of TGF� signaling on transcription of bam. Alternatively, nos-gal4 animals (N 
 100), the somatic hub was dis-
placed away from the apical tip. In some cases (6/100),the aberrant spermatocyte cysts may not express the Pro-

bam-GFP reporter because they have already initiated two somatic hubs were detected at different positions
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Figure 7.—The TGF� signal transduction pathway may play
a role for stem cell maintenance. (A) Wild-type testis tip in
situ hybridized with a Maverick mRNA probe. Note strong
staining (arrow) in early germ cells in the apical region. (B
and C) sax-mutant germ cell cluster (circle) lacking (B) GFP
expression and (C) showing large spermatocytes in phase-
contrast microscopy. Magnification: (A) �200; (B and C
�500).

(compare Figure 6A and 6B). The increase in the num-
ber of differentiating gonialblasts and spermatogonia
could be due to either increased stem cell number or a
delay in differentiation during the mitotic amplification
stage.

To further assess the possible role of TGF� signaling
in early male germ cell differentiation, we analyzed the
expression pattern of TGF� family members in testes
and the effects of mutants in components of the signalFigure 6.—Forced expression of dpp causes an increase in
transduction pathway on spermatogenesis. In situ hy-the number of cells in the stem cell position. (A–D) Apical
bridization of wild-type testes with antisense-mRNAtestes tips; magnification: �500. (A and B) Immunofluores-

cence staining with anti-fasciclin III and anti-�-spectrin anti- against the TGF� homologs dpp, glass bottom boat, screw,
bodies, showing spectrosome dots (arrows) next to the apical or Myoglianin did not reveal expression in early germ
hub (red arrows) and small fusomes (arrowheads) displaced cells at the tip of wild-type testes. However, mRNA foraway from the hub in testes from (A) a CyO; nos-gal4 animal

the TGF� homolog Maverick was detected in early maleand (B) an UAS-dpp; nos-gal4 animal. (C and D) A single row
germ cells of wild-type testes (Figure 7A), raising theof tub-GFP-positive cells around the hub (asterisks). Note (C)

seven tub-GFP-positive cells in testes from a CyO; nos-gal4 ani- possibility that a TGF� homolog, other than dpp, might
mal and (D) 10 tub-GFP-positive cells in testes from an UAS- play a role in early germ cell behavior.
dpp; nos-gal4 animal. (E) Number and frequency of tub-GFP- Testes from males carrying dpp temperature-sensitivepositive cells in the stem cell position of larval testes from

alleles showed displacement of the somatic hub andcontrol animals (blue bars) and UAS-dpp; nos-gal4 (black bars)
reduction in the number of early germ cells (data notanimals. P-value of Student’s test: P � 0.0001.
shown). However, these effects were observed in dpp/	
heterozygotes as well as in dpp/dpp animals, and at both
permissive and restrictive temperatures, making it diffi-within the same testes from adult UAS-dpp; nos-gal4 ani-

mals. In larval testes from UAS-dpp; nos-gal4 animals, cult to interpret their meaning.
As an alternative approach to explore possible re-the somatic hub had an average diameter of 18 �m,

compared to 15 �m in larval testes from sibling controls. quirements for TGF� class signaling for normal early
male germ cell behavior, we analyzed germ cell clonesIn addition to an increased number of GSCs, testes

from UAS-dpp; nos-gal4 animals had mildly increased homozygous mutant for a loss-of-function allele of the
TGF� type I receptor component, saxophone (sax). Germ-numbers of germ cells with a spectrosome dot displaced

away from the hub characteristic of gonialblasts, as well line clones were generated using the FLP-FRT mitotic
recombination system (Xu and Rubin 1993) and identi-as increased numbers of early germ cells interconnected

by small fusomes, characteristic of spermatogonial cysts fied by lack of expression of a nuclear-targeted GFP
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TABLE 3 somatic cyst cells. Genes that reduced the number of
early germ cells when forcibly expressed comprised theMosaic analysis of wild-type and sax mutant germ cell clones
most common class. For some, forced expression may
simply be toxic. However, some genes, such as bam, mayGenotype
play important regulatory roles in germ cell differentia-

FRT-wt FRT-sax tion that compromise GSC or gonialblast survival when
they are forcibly expressed in earlier stages. Strikingly,3 days after heat shock

No. of testes 50 50 many of the EP lines that caused early germ cell loss
Testes with clones 50 7 did so when expressed in somatic cells but not when
Clones/testes �5 1 (6 testes) expressed in the germ line, reinforcing the emerging

2 (1 testis) picture of dependency of early germ cells on sur-
rounding somatic support cells (Matunis et al. 1997;7 days after heat shock
Kiger et al. 2000; Schulz et al. 2002; Tazuke et al. 2002).No. of testes 100 94

A particularly interesting set of genes caused stage-Testes with clones 90 13
Clones/testes �10 1 (8 testes) specific loss of cysts of spermatogonia at or around the

2 (4 testes) time of the transition from spermatogonial to spermato-
3 (1 testis) cyte identity. Of the three EP lines in this class identified

in the screen, all resulted in the death of spermatogonial10 days after heat shock
cysts when expressed in somatic cells but not when ex-No. of testes 40 40
pressed specifically in early germ cells. EP(3)3652 is lo-Testes with clones 35 2
cated near gish. In eye development, gish acts in combi-Clones/testes �10 1
nation with the transcription factor sine oculis (so) to
regulate glial cell migration (Hummel et al. 2002). Func-
tion of so in somatic cyst cells has recently been shown

carried on the chromosome bearing the wild-type sax to be required for survival of germ cell cysts at the
allele (materials and methods). In control animals, spermatogonia-to-spermatocyte transition (Fabrizio et
clones of marked, GFP-negative germ cells wild type for al. 2003). As the three EP lines affect a similar specific
sax were induced at high frequency (90–100% of testes step in spermatogenesis, they may drive expression of
examined had at least one germ-line clone) under the genes that either inhibit so expression or function or
heat-shock conditions utilized. Marked GSCs wild type interfere with the pathway downstream of this transcrip-
for sax persisted and continued to produce abundant tion factor in somatic cyst cells.
cysts of differentiating germ cells for 3 days, 1 week, With only two exceptions among the 55 EP lines that
and 10 days after heat shock (Table 3). In contrast, caused a phenotype under the conditions of the screen,
clusters of marked differentiating germ cells homozy- phenotypes were observed only when forcibly expressed
gous mutant for sax were detected in only 15% of the in one of the two tissues tested. The exceptions, EP
testes examined. In each case, the sax mutant germ cells inserts near the predicted genes CG3308 and CG6783,
developed normally into spermatocytes (Figure 7, B and both caused germ cell loss when forcibly expressed un-
C), suggesting that sax is not required cell autonomously der control of either the nos-gal4 (germ-cell-specific)
for spermatogonia to make the transition to spermato- or the ptc-gal4 (expressed mainly in somatic cyst cells)
cyte fate. However, wild-type function of sax may be transgene driver. If the proteins encoded by CG3308
required in germ cells for GSCs to divide at a normal and CG6783 are secreted into or affect molecules se-
rate. Whereas control testes containing marked, GFP- creted into the extracellular space, it may not matter
negative GSC clones wild type for sax routinely had in which cell type the gene is forcibly expressed for
several differentiating marked, GFP-negative germ cell there to be an effect on germ cell behavior. However,
cysts of differentiating germ cells, testes with persistent no motifs or predicted structural features suggesting
sax-mutant germ cell clones normally had only one or that either CG3308 or CG6783 encode secreted proteins
two cysts of differentiating sax-mutant germ cells (Table have been identified. Alternatively, as the ptc-gal4 trans-
3). GSCs homozygous mutant for sax may either be lost gene driver may also activate low-level expression of
over time or divide less frequently than wild-type stem target genes in germ cells, the effects of forced expres-
cells. sion of CG3308 and CG6783 could be cell autonomous

in the germ line, with germ cells being particularly sensi-
tive to the products of these genes.

DISCUSSION
One technical caveat was that the majority of the

lines tested showed a high degree of variability in bothA gain-of-function screen led to identification of a
number of candidate genes that affect early male germ penetrance and expressivity. One source of variability

may be the temperature-shift regimen employed forcell differentiation, division, or survival when forcibly
expressed either in early germ cells or in surrounding temporal control. As vials contained progeny at differ-
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ent stages of development at the time of the shift, one by 6 days after the temperature shift. By 10 days after
the shift, early germ cells were often completely lost,may expect differences in phenotype among males from

the same vial. For example, as discussed in detail below, indicating that high levels of bam expression are lethal
to early germ cells and that spermatogonia are moretestes in which bam was forcibly expressed displayed

different phenotypes, depending on the time after the sensitive to this lethal effect, possibly because they also
express bam protein intrinsically. Although early maleshift to high temperaure. Also, different levels of expres-

sion may cause different phenotypes, as seen for forced germ cells are sensitive to forced expression of bam, it
appears that high levels of forced bam expression areexpression of heph. The heph gene, which encodes a

predicted RNA-binding protein of unknown function, necessary to have an effect. Contrary to the female germ
line, where pulses of bam expression under the controlis normally expressed in early germ cells of wild-type

testes (C. Schulz, unpublished data). Forced expres- of a heat-shock promotor forced differentiation of
GSCs, no strong effects on male germ cells were notedsion of high levels of heph in early germ cells appeared

to cause early germ cell loss, while forced expression in initial experiments where pulses of heat shock were
applied to male flies carrying the same hs-bam transgeneof lower levels of heph in early germ cells blocked the

transition from the spermatogonial mitotic division pro- (Ohlstein and McKearin 1997).
We propose that sustained ectopic expression of highgram to spermatocyte differentiation, resulting in cysts

containing clusters of �16 spermatogonia. For future levels of bam in early germ cells blocks gonialblasts from
initiating or carrying out the spermatogonial differentia-screens, use of a system that drives forced expression

at consistently higher levels may alleviate some of the tion program, perhaps by eliciting prematurely the
mechanism through which bam normally causes cessa-variability we observed and may also lead to identifica-

tion of a higher relative number of genes that have tion of the spermatogonial mitotic amplification divi-
sions at the 16-cell stage. Alternatively or in addition,effects when forcibly expressed.

Mechanisms that repress bam in male GSCs may per- forced expression of bam may prematurely activate as-
pects of the spermatocyte differentiation program thatmit stem cell maintenance: Expression of the bam gene

is normally tightly controlled. bam mRNA is expressed in are incompatible with survival of stem cells, gonialblasts,
and spermatogonial cysts.mitotically amplifying spermatogonia and accumulation

of the protein in the cytoplasm (BamC) was detected The effects of forced expression of bam suggest that
the mechanisms that keep bam expression turned off inonly in clusters of spermatogonia and not in male GSCs

or gonialblasts. BamC protein normally disappears early male germ cells may play a role in maintenance
of the stem cell population by shielding stem cells fromabruptly as germ cells make the transition to spermato-

cyte differentiation. Wild-type function of bam is re- the effects of inappropriate expression of a gene in-
volved in the differentiation pathway for the lineage.quired cell autonomously in the male germ line for

spermatogonia to cease mitotic amplification divisions Recent studies in the female germ line have identified
a silencer element located just downstream of the bamand initiate the spermatocyte differentiation program.

In males lacking bam function, spermatogonia fail to start of transcription that is required to block bam tran-
script expression in female GSCs (Chen and McKearincease mitosis, producing cysts of 32, 64, and more sper-

matogonia before eventually undergoing cell death 2003a). If this same silencer element blocks expression
of bam in stem cells and gonialblasts in the male germ(Gönczy et al. 1997). For some alleles, even testes from

bam/	 heterozygous males often contained many clus- line, then the factors that bind to it are likely to play a
role in maintenance of the stem cell population. Tran-ters of �16 small germ cells (Gönczy et al. 1997; Fly-

Base Consortium 2003; C. Schulz, unpublished data). scriptional and post-transcriptional mechanisms that
negatively regulate expression of differentiation genesThe bam expression pattern and loss-of-function mutant

phenotype suggest that in males bam acts primarily to may be a general feature of the mechanisms that main-
tain stem cell populations in many adult stem cell sys-limit the number of mitotic spermatogonial amplifica-

tion divisions and that a certain threshold level of bam tems.
TGF� signaling and the transition from spermatogo-function may be required to trigger the switch to sper-

matocyte fate (Gönczy et al. 1997). nial to spermatocyte fate: The TGF� signal transduction
pathway clearly plays a role in regulating the transitionOur data on the effects of forced bam expression

suggest that regulation of the bam expression pattern is from the spermatogonial-amplifying mitotic division
program to spermatocyte differentiation. However, ex-important for both maintenance of GSCs and differenti-

ation of gonialblasts and spermatogonia. When expres- actly how TGF� signaling acts to govern this transition
remains a puzzle. Mosaic analysis by Matunis et al.sion of bam in early germ cells was forced under control

of the nos-gal4 transgene driver, early germ cells initially (1997) demonstrated that cysts of wild-type spermatogo-
nia undergo extra rounds of mitotic divisions and failaccumulated as single cells at the apical testes tip.

Longer or higher forced expression of bam in early germ to become spermatocytes when associated with a somatic
cyst cell mutant for either punt, the TGF� type 2 recep-cells resulted in early germ cell death, first apparent in

spermatogonial clusters but also occurring in single cells tor, or schnurri, a transcription factor downstream of
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TGF� signaling during embyrogenesis (Arora et al. genes previously known to be required cell autono-
mously in the germ line for spermatogonia to exit the1995). These data suggested that receipt of a TGF� class
spermatogonial division program and become sperma-signal by somatic cyst cells induces the somatic cells to
tocytes are bam and its partner, bgcn (Gönczy et al.send a signal of unknown nature to the germ cells that
1997). As discussed above, the phenotype of malesthey enclose, either inducing or permitting the sper-
haplo-insufficient for bam suggests that the level of bammatogonia to initiate differentiation as spermatocytes.
expressed in male germ cells is important for the correctHere we find that forced expression of the TGF� class
transition from spermatogonia to spermatocytes. Onesignaling molecule dpp specifically in germ cells has
model proposed for the female germ line is that dppeffects similar to loss of function of the signal transduc-
secreted from somatic cap cells at the tip of the germar-tion pathway in somatic cyst cells: failure of spermatogo-
ium blocks expression of bam in GSCs, allowing stemnia to stop mitotic divisions and become spermatocytes.
cell maintenance (Chen and McKearin 2003a,b). Strik-Similar findings were recently described by Shivdasani
ingly, the Pro-bam-GFP reporter was expressed at re-and Ingham (2003). This result was surprising, as one
duced levels in spermatogonia from males in which UAS-would expect that forced expression of a ligand might
tkv* or UAS-dpp were forcibly expressed in early malecause a phenotype opposite from loss of function of a
germ cells under control of the nos-gal4 germ-line-spe-receptor. One explanation might be that precise levels
cific transgene driver, suggesting that activated Tkv orof the dpp ligand may be critical, for example, for proper
Dpp may suppress bam expression in males as well. It istemporal or spatial control of activation of the pathway
tempting to speculate that, in the male, forced expres-in somatic cyst cells. Another possibility is that dpp may
sion of dpp in spermatogonia may alter levels of bamnot be the normal ligand, but that high levels of dpp
expression so that bam protein does not reach a criticalsecreted from germ cells may bind to TGF� receptors
threshold required for the transition to spermatocyteon cyst cells and block their ability to respond to the
differentiation. However, consistent with the produc-normal ligand. Consistent with this hypothesis, the
tion of many cysts of differentiating interconnectedTGF� type II receptor punt and both TGF� type I recep-
spermatogonia in UAS-tkv*; nos-gal4 and UAS-dpp; nos-tors sax and tkv have been demonstrated to bind dpp in
gal4 males, some expression of the Pro-bam-GFP reportertransfected Cos cells (Letsou et al. 1995). The TGF�
was detected. The expression of the Pro-bam-GFP re-homolog Maverick, rather than dpp, may be the ligand
porter even in the presence of the activated tkv receptornormally expressed in spermatogonia for activation of
suggests that there may be mechanisms at work in sper-the TGF� signal transduction pathway in surrounding
matogonia that can override silencing of bam expressioncyst cells, as we detected Maverick mRNA but not dpp
by the TGF� signaling pathway. Because the Pro-bam-

mRNA in early germ cells in wild-type testes by in situ
GFP transcriptional reporter was expressed in spermato-

hybridization. gonia even in cells expressing the activated tkv receptor,
Alternatively, TGF� signaling may be required in these mechanisms are likely either to interfere with the

germ cells. Indeed, forced expression of the activated TGF� signal transduction pathway downstream of re-
tkv receptor in early germ cells also caused spermatogo- ceptor activation or to act independently of and/or
nia to continue mitotic proliferation rather than differ- override the TGF� signaling effect. Forced expression
entiate as spermatocytes. The apparently cell autono- of activated tkv in spermatogonia may also somehow
mous effect of forced expression of the activated tkv affect expression or stability of Bam protein, as Shivda-
receptor in germ cells suggests a direct role for the sani and Ingham (2003) did not detect accumulation
TGF� signaling pathway in germ cells. However, our of BamC protein in spermatogonial cysts in testes from
results that marked clones of germ cells mutant for the UAS-tkv*; nos-gal4 animals.
TGF� receptor sax differentiate as spermatocytes, along TGF� signaling and male GSCs: Forced expression
with similar findings by Matunis et al. (1997) and Shiv- of the TGF� class signaling molecule dpp or the activated
dasani and Ingham (2003) that marked clones of germ tkv receptor in early male germ cells led to a mild in-
cells mutant for punt, schnurri, or Mothers against dpp crease in the number of male GSCs and gonialblasts
differentiate as spermatocytes with the normal number around the apical hub and to reduced expression levels
of 16 spermatocytes per cyst, indicate that the TGF� signal- of the Pro-bam-GFP transcriptional reporter in spermato-
ing pathway may not normally be required in germ cells for gonia. If TGF� signaling normally acts on the silencer
proper execution of the spermatogonia-to-spermatocyte element in the bam gene to repress expression of bam
transition. These observations raise the possibility that in male GSCs, as has been shown for female GSCs (Chen
forced expression of dpp or the activated tkv receptor in and McKearin 2003a,b), then forced activation of
early germ cells blocks the transition from the spermato- TGF� signaling in male early germ cells might delay
gonial mitotic division program to spermatocyte differ- the transition from stem cell to spermatogonial differen-
entiation by artificial and abnormal interference with tiation by delaying the accumulation of bam protein.
the germ cell autonomous mechanisms that regulate However, the effect of activation of TGF� class signaling

on male GSCs was much more subtle than the effectsthis critical cell fate transition. The only Drosophila



722 C. Schulz et al.

Burroughs Wellcome Fund to S.I.T., a Japan Society for Promisingnoted in female germ cells (Xie and Spradling 1998).
Science fellowship to Y.M.Y, a Stanford Graduate Student FellowshipThe difference between the sexes in this regard may
to L.C.P.-F., a Lilly Fellowship of the Life Sciences Research Founda-reflect the fundamental difference in the role of bam tion and a Stanford Reproductive Biology Training Program fellowship

in male vs. female early germ cells discussed above. Loss (HD07493) to D.L.J., and NIH grant 1P01 DK53074, subproject no. 4,
of function of TGF� class signaling in male GSCs had to M.T.F.
a subtle, but opposite, effect. Germ-line clones homozy-
gous mutant for the TGF� class receptor sax appeared
at lower frequency and tended to produce fewer differ-

LITERATURE CITEDentiating cysts compared to control clones. Of course,
Arora, K., H. Dai, S. G. Kazuko, J. Jamal, M. B. O’Connor et al.,data from clonal analysis must always be interpreted

1995 The Drosophila schnurri gene acts in the Dpp/TGF beta signal-with caution because of the possibility of effects from ing pathway and encodes a transcription factor homologous to
secondary recessive mutations on the chromosome arm. the human MBP family. Cell 81: 781–790.

Ashburner, M., 1989 Drosophila: A Laboratory Manual. Cold SpringHowever, given our observations on the effects of forced
Harbor Laboratory Press, Cold Spring Harbor, NY.expression of bam, it is tempting to speculate that loss Brand, A. H., and N. Perrimon, 1993 Targeted gene expression as a

of function of sax from germ cells allows bam to be means of altering cell fates and generating dominant phenotypes.
Development 118: 401–415.expressed too early in male GSCs and gonialblasts, slow-

Chen, D., and D. M. McKearin, 2003a A discrete transcriptionaling or arresting differentiation of spermatogonial cysts silencer in the bam gene determines asymmetric division of the
and eventually leading to early germ cell loss. We note Drosophila germline stem cell. Development 130: 1159–1170.

Chen, D., and D. M. McKearin, 2003b Dpp signaling silences bamthat some sax mutant germ-line clones did persist over
transcription directly to establish asymmetric divisions of germ-time, again suggesting that male GSCs appear less sensi- line stem cells. Curr. Biol. 13: 1786–1791.

tive than female early germ cells to either loss of func- Fabrizio, J. J., M. Boyle and S. DiNardo, 2003 A somatic role for
eyes absent (eya) and sine oculis (so) in Drosophila spermatocytetion of TGF� signaling or overactivation of the receptor.
development. Dev. Biol. 258: 117–128.Although parallels between the male and female GSC FlyBase Consortium, 2003 The FlyBase database of the Drosophila

systems are beginning to emerge, bam and the TGF� genome projects and community literature. Nucleic Acids Res.
31: 172–175 (http://flybase.org).signaling pathway appear to play fundamentally differ-

Fuller, M. T., 1993 Spermatogenesis, pp. 71–148 in The Developmentent roles in male vs. female early germ cells. In both of Drosophila melanogaster, edited by M. Bate and A. Martinez
cases, male GSCs appear to be less sensitive than female Arias. Cold Spring Harbor Laboratory Press, Cold Spring Har-

bor, NY.GSCs to perturbations . We propose that this difference
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