Downloaded from genesdev.cshlp.org on August 22, 2022 - Published by Cold Spring Harbor Laboratory Press

A novel class of evolutionarily conserved
genes defined by piwi are essential
for stem cell self-renewal

Daniel N. Cox, Anna Chao, Jeff Baker, Lisa Chang, Dan Qiao, and Haifan Lin’

Department of Cell Biology, Duke University Medical Center, Durham, North Carolina 27710 USA

Germ-line stem cells (GSCs) serve as the source for gametogenesis in diverse organisms. We cloned and
characterized the Drosophila piwi gene and showed that it is required for the asymmetric division of GSCs to
produce and maintain a daughter GSC but is not essential for the further differentiation of the committed
daughter cell. Genetic mosaic and RNA in situ analyses suggest that piw i expression in adjacent somatic cells
regulates GSC division. piw i encodes a highly basic novel protein, well conserved during evolution. We
isolated piwi homologs in Caenorhabditis elegans and humans and also identified Arabidopsis piw i-like
genes known to be required for meristem cell maintenance. Decreasing C. elegans piw i expression reduces the
proliferation of GSC-equivalent cells. Thus, piw i represents a novel class of genes required for GSC division in

diverse organisms.
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The ability of stem cells to self-renew and to produce a
large number of differentiated progeny is critical for the
development and maintenance of a wide variety of tis-
sues in organisms ranging from insects to mammals (for
review, see Lin 1997; Lin and Schagat 1997; Morrison et
al. 1997; Potten 1997). This self-renewing ability is con-
trolled both by extrinsic signaling and by cell-autono-
mous mechanisms (for review, see Lin and Schagat 1997;
Morrison et al. 1997). Cell-autonomous mechanisms
have been elucidated in a few stem cell models such as
neuroblasts and germ-line stem cells (GSC) in Dro-
sophila (Deng and Lin 1997; Lin and Schagat 1997),
whereas the role of extrinsic signaling in controlling
stem cell division has been implicated in several systems
(Morrison et al. 1997). For example, the proliferation and
differentiation of mammalian stem cells in the hemato-
poietic, epidermal, and nervous systems depend on ex-
trinsic signals that act on specific receptors on the stem
cell surface (Morrison et al. 1997). In diverse organisms
ranging from invertebrates to mammals, the prolifera-
tion of germ cells, some of which possess stem cell prop-
erties, has been postulated, and, in some cases, shown to
be regulated by neighboring nonmitotic somatic cells
(Lin 1997). Particularly, in Caenorhabditis elegans, cell—-
cell interactions between the somatic distal tip cell
(DTC)at the end of each gonadal arm and the underlying
mitotic germ-line nuclei via the lag-2/glp-1 signaling
pathway provides a paradigm for soma-germ-line inter-
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action (for review, see Kimble and Simpson 1997). The
glp-1 pathway is required to maintain a population of
mitotically active nuclei in the germ line. However, few
molecules and/or mechanisms identified in a particular
type of stem cells have been shown to be applicable to
other stem cell systems. For example, the glp-1 equiva-
lent pathway in Drosophila does not appear to play an
obvious role in regulating GSC division and mainte-
nance (Ruohola et al. 1991; Xu et al. 1992).

Drosophila has been an effective model for studying
mechanisms that are conserved among diverse develop-
mental systems. We show here that this is also the case
for the study of stem cells. In Drosophila, stem cells
exist in the germ line at the apical tip of the ovariole, the
functional unit of the ovary. In the ovariole, GSCs are
located in a specialized structure called the germarium,
as first proposed by Brown and King (1962, 1964). The
existence of GSCs was strongly supported by germ-line
clonal analysis (Schupbach et al. 1978; Wieschaus and
Szabad 1979) and directly verified by laser ablation (Lin
and Spradling 1993). In each germarium, two to three
GSCs contact the somatic basal terminal filament cells.
GSCs undergo oriented asymmetric divisions to produce
a daughter stem cell that remains associated with the
terminal filament and a differentiated daughter, the cys-
toblast, that becomes displaced one cell away from the
terminal filament (Deng and Lin 1997; Lin and Spradling
1997). The germ-line cyst then becomes enveloped by
follicle cells produced by somatic stem cells (Margolis
and Spradling 1995) to form an egg chamber, which buds
off the germarium, joins pre-existing egg chambers in a
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linear array to form an ovariole, and eventually develops
into a mature egg (for review, see King 1970; Spradling
1993). This assembly line organization, with each egg
chamber representing a differentiated stem cell product
whose position along the ovariole corresponds to its
birth order, provides a unique opportunity to study stem
cell division.

The self-renewing asymmetric division of GSCs in the
Drosophila ovary is known to be controlled both by an
intracellular mechanism (Deng and Lin 1997) and by
cell—cell interactions (Lin and Spradling 1993). The in-
tracellular mechanism involves a cytoplasmic organelle
termed the spectrosome that controls the orientation of
GSC division (Lin et al. 1994; Deng and Lin 1997). The
cell—cell interaction mechanism involves terminal fila-
ment cells, as shown by laser ablation studies (Lin and
Spradling 1993). Recently, dpp has been shown as a key
signaling molecule required for GSC division and main-
tenance (Xie and Spradling 1998). It is possible that the
dpp signal emanates from somatic cells. Alternatively,
the dpp signal may originate from the germ line or even
within GSCs, like its mammalian homologs (Zhao et al.
1996). Thus, it remains to be determined what genes are
expressed in somatic signaling cells to regulate GSC di-
vision and maintenance.

To explore further the stem cell mechanism in the
germ line, three additional genes, piwi, pumilio (pum),
and fs(1)Yb (Yb) have been recently identified to be es-
sential for GSC maintenance in Drosophila (Lin and
Spradling 1997; Forbes and Lehmann 1998; F.J. King and
H. Lin, unpubl.). Among these genes, piwi is defined by
recessive mutations that cause failure in GSC mainte-
nance in both females and males (Lin and Spradling
1997). piwi mutant gonads contain a normal number of
GSCs at the onset of gametogenesis. However, mutant
adult gonads are devoid of GSCs and contain only a very
small number of gametes that is approximately equal to
or less than the wild-type number of GSCs. These obser-
vations reveal that piwi is essential for GSC mainte-
nance in both males and females.

To investigate the nature of the piwi-mediated mecha-
nism, we report here that piwi mediates a somatic sig-
naling mechanism essential for the division and mainte-
nance of GSCs in Drosophila. Moreover, we show that
piwi encodes a novel basic protein well conserved in C.
elegans and humans, and also conserved in A rabidopsis,
in which two piwi-like genes are known to be required
for meristem cell maintenance (Bohmert et al. 1998;
Moussian et al. 1998). We demonstrate that the C. el-
egans piwi homolog is also required for germ-line prolif-
eration and maintenance. Thus, piwi represents an es-
sential stem cell gene existing in diverse organisms.

Results

piwi mutations eliminate the self-renewing division
of germ -line stem cells

Previous studies showed that piwi’ mutant ovaries con-
tain a normal number of mispositioned GSCs at the on-
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set of oogenesis at the late third instar larval stage,
which, however, leads to an equal or somewhat smaller
number of gametes in the adult gonads that no longer
contain GSCs (Lin and Spradling 1997). This failure of
germ-line maintenance could be due to the following: (1)
the differentiation of GSCs without self-renewing divi-
sions; (2) a defect in the asymmetry of GSC division,
producing aberrant germ cells that eventually degener-
ate; and/or (3)a secondary defect influenced by abnormal
ovary differentiation.

To examine whether the failure of germ-line mainte-
nance is a secondary defect due to abnormal ovary de-
velopment, we examined the ovarian morphology of
piwi? and piw i’ mutants that also fail to maintain GSCs.
The examination relied on Nomarski optics as well as
markers that specifically identify germ cells, somatic
cells, and spectrosomes/fusomes, germ-line specific or-
ganelles that indicate individual stages of germ cell de-
velopment (Lin et al. 1994; Lin and Spradling 1995; see
Materials and Methods). These mutant ovaries show
normal morphology at the third instar larval stage (Fig. 1,
cf. Eand A). Their germ-line cells are normal in number
and are correctly positioned along the medial plane of
the ovary. Moreover, the expected number of terminal
filaments are forming, so that at the pupal stage, the
ovary differentiates normally, partitioning GSCs and
their daughter cells correctly into individual germaria
and ovarioles (Fig. 1, cf. Fand C). GSCs are able to divide
several times to provide a normal complement of germ
cells to the germarium. Yet, GSCs subsequently fail to
continue self-renewing divisions, and the existing germ-
line cysts often degenerate during the late pupal stage
(Fig. 1G) so that the adult ovarioles contain germaria
lacking germ lines and fewer egg chambers than ex-
pected (Fig. 1H). These observations suggest that the fail-
ure of GSC maintenance in piwi mutants is not a sec-
ondary defect due to abnormal ovary development.

To examine whether the failure of GSC maintenance
is due to differentiation without self-renewing divisions
or due to aberrant divisions followed by degeneration, we
examined more closely the ovarian development of the
piwi’ mutant. As shown previously (Lin and Spradling
1997), the piwi’ third instar larval ovaries contain a nor-
mal number of 50-70 presumed GSCs that are misposi-
tioned (Fig. 1I). However, these GSCs still seem to, and
must have, partitioned during subsequent pupal devel-
opment (Fig. 1J,K), because the number of ovarioles
formed in most adult ovaries is within the normal range
(I3 +3 in mutant versus 15 +3 in wild type). Hence, the
effect of piwi’ on GSC mispositioning is not essential for
oogenesis.

The main oogenic defect of the piwi’ mutant is the
differentiation of GSCs without self-renewing divisions
immediately following the initiation of oogenesis. At
this stage in wild-type ovaries, GSCs in 16-23 newly
formed germaria have initiated asymmetric divisions to
generate multiple developing germ-line cysts (Fig. 1B).
However, in mutant ovaries, GSCs and their immediate
differentiated daughters, cystoblasts, are undetectable,
as indicated by the absence of spectrosome-containing
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Figure 1. piwi is required for the self-re-
newing division of GSCs during oogenesis.
(A ,E,I) Confocal images showing third in-
star larval ovaries from wild-type, piwi?,
and piwi’ mutant flies, respectively,
stained for a germ-line-specific marker
VASA in green and spectrin in red to mark
somatic cells and spectrosomes/fusomes.
GSCs are positioned medially along the an-
terioposterior axis in the wild-type (A) and
piwi? ovary (E); however, GSCs are mispo-
sitioned in the piwi’ mutant ovary (I). Spec-
trosomes (Sp) appear as red dots in germ
cells. (B,J) Confocal images of 24-hr pupal
ovaries from wild-type and piwi’ mutant
flies, respectively, with B stained solely for
VASA and Jis stained for both VASA in
green and spectrin in red. At this stage, the
wild-type ovary has partitioned into indi-
vidual germaria (Ge), which contain GSCs
and early germ-line cysts. In piwi’ mutant
ovaries, germ cells still appear to have been
partitioned, although the partition is dis-
torted by the highly differentiated large
germ-line cysts containing elaborate fu-

somes (Fu). The number of cysts does not exceed the number of GSCs. (C,F,K) Confocal images of 48-hr pupal ovaries from wild-type,
piwi? and piwi’ mutant flies, respectively, stained with VASA in green and spectrin in red. By this stage, in both wild-type (C)and piwi?
mutant ovaries (F), germaria have developed fully and stage 1 egg chambers (S1) have budded off the germarium in synchrony because
of continued GSC division. However, in piwi’ mutant ovaries (K), the number of germ-line cysts remains unchanged despite their
continued differentiation. (G) Confocal image of a 72-hr pupal ovary from piwi? mutant flies stained with VASA in green and spectrin
stained in red. At this stage, GSCs fail to self-renew and some existing germ-line cysts begin to degenerate. (D,H,L), DAPI images of
0-to-1-day old adult ovarioles from wild-type, piwi?, and piwi’ mutant flies, respectively. Both piwi’ (L)and piw i’ (H) mutant ovarioles
typically contain two normal or abnormal egg chambers connected to a germaria lacking germ lines (Ge). In contrast, wild-type
ovarioles contain a long string of developing egg chambers produced continuously by the germarium (D). piwi® phenotype is indis-
tinguishable from that of piwi? (data not shown). Bars in all panels, 50 um.

germ cells (Fig. 1J). Instead, most ovaries contain differ-
entiated germ-line cysts whose number approximately
equals that of GSCs. These cysts are much larger in size
and contain two- to multicell stage fusomes, indicating
their differentiating state (Fig. 1J,K). By the adult stage,
most ovarioles contain only two normal or abnormal egg
chambers derived from these cysts, but no other germ-
line cells (Fig. 1L). This defect contrasts the development
of wild-type ovaries, in which ovarioles contain a fully
developed germarium and a stage 1 egg chamber by
the 48-hr pupal stage (Fig. 1C) and have produced mul-
tiple egg chambers by the adult stage (Fig. 1D). This ob-
servation indicates that the mutant GSCs have differen-
tiated into germ-line cysts without self-renewing divi-
sions (Fig. 1J, K).

The abnormal fusome morphology often seen in cysts
suggest that they contain more or less than the normal
number of 16 cells (Fig. 1J), which we saw in adult egg
chambers (Fig. 1L). This is consistent with previous ob-
servations of the piwi’ phenotype and the conclusion
that piwi may have an additional function in subsequent
cyst formation (Lin and Spradling 1997).

Molecular cloning of Drosophila piwi

To study the molecular nature of the piwi-mediated
mechanism, a 15-kb genomic region flanking the piwi

insertions was cloned (see Materials and Methods). Can-
didate transcripts in the region were identified, and a
6.8-kb genomic fragment (pRcl12) containing a 3.1-kb
transcript interrupted by piwi mutations (transcript c12)
was able to rescue the piwi phenotype completely (Fig.
2A.,B, Table 1). An overlapping 3.9-kb genomic fragment
(pRLD) containing a 1.43-kb transcript immediately ad-
jacent to the piwi mutations fails to rescue the piwi phe-
notype (Fig. 2A; Table 1). Therefore, we conclude that
the c12 transcript is the piwi mRNA.

Drosophila PIWI represents a novel class
of conserved proteins

To study the structure of the piwi gene, we isolated and
sequenced two overlapping cDN A clones that together
represent the 3.1-kb full-length c12 mRN A (see Materi-
als and Methods). The c12 cDNA sequence contains a
large ORF starting at +84 bp and encoding a protein of
843 amino acid residues with a predicted molecular mass
of 97.2 kD (Fig. 3A). Multiple stop codons in all three
frames are present upstream of the putative start codon
(data not shown). Downstream of the ORF is a 432-bp 3’
untranslated region (UTR) followed by a 55-bp poly(A)
tail not encoded in the genomic sequence.

The PIWI protein is a highly basic (pI 9.6)novel protein
with no obvious similarity to other known proteins or
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Figure 2. Molecular map of the piwilocus and piwi Northern analyses. (A) Molecular map of the piwi region. Restriction enzyme map
for 15 kb of genomic DN A surrounding the piwi mutations is shown. Three transcripts are represented by thick arrows indicating their
relative positions, sizes, splice sites, and direction of transcription. The relative insertion sites of the P-element alleles are indicated
above the restriction map with orientation of insertion indicated by black (5') and white (3') boxes. The P elements are not shown
according to scale, with piwi? insertion partially mapped. (R) EcoRI; (H) HindIll; (P) Pst1; (S) Sall; (X) Xhol. (B) piwi RN A is present in
piwi’/CyO adult males and females. The female and male lanes contain (10 and 1.5 ug of poly(A)" RN A, respectively. They are

exposed for 3.5 and 12 hr, respectively.

functional motifs in the databases. It is characterized by
alternating basic and acidic regions and is particularly
basic over the carboxy-terminal 100 amino acid residues.
Hydropathy analysis indicates that the PIWI protein con-
tains no significant local hydrophobic regions that could
be potential signal peptide or transmembrane domains
(data not shown). PSORT analysis (Nakai and Kanehisa
1992) predicts nuclear localization of the PIWI protein.
The protein has 21 conserved protein kinase C phos-
phorylation sites, 14 casein kinase 2 phosphorylation
sites, and 4 tyrosine phosphorylation sites, indicating its
potential as a phosphorylation target.

To determine whether the PIWI protein is conserved
during evolution, we searched for its homologous se-
quences at the protein level (see Materials and Methods)
and identified two ORFs of unknown function from C.
elegans and an expressed sequence tag (EST, GenBank
accession no. AA430311) from a human testis cDNA li-

Table 1. piwi' rescue results by pRcl2 and pRLD
piwil/ piwil/ pRcl12 pRLD
piwi’ CyO (piwi'/piwi’)  (piwi'/piwi’)
Females 0 (136) 100 (45) 100 (39) 0@81)
Males 0(119) 97.8@47) 88.4 (43) 0 (64)

The percentage of fertile flies for each genotype and sex are
indicated. The number of individuals tested for fertility (n)is in
parentheses. Data are pooled from six and four independent in-
sertion lines on the X and third chromosomes for pRLD and pRc¢
12, respectively. Not included are two other pRc12 rescue lines
that showed sex-specific restoration of fertility, presumably due
to position effects stemming from the insertion site.
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brary. We obtained and sequenced cDN As for the two C.
elegans genes, herein named prg-I and prg-2 (piwi-re-
lated gene) to verify their homology to Drosophila piwi.
The prg-1 and prg-2 genes share 40.1% and 38.5% amino
acid identity to piwi, respectively, over their entire
length. In the carboxy-terminal 104 amino acid region,
the homology increases to 55.8% and 56.7%, respec-
tively. Moreover, prg-I and prg-2 are 90% identical to
each other over their full length and 98% identical at the
carboxyl terminus. This high degree of homology sug-
gests that prg-1 and prg-2 may represent a gene duplica-
tion event. The two clones differ primarily in that prg-I
is 60 amino acids longer at the amino terminus than
prg-2. Using ACeDB (Thierry-Mieg and Durbin 1992), we
mapped prg-1 to chromosome I between unc-15 and
gld-1 in cosmid D2030 and prg-2 to chromosome IV, be-
tween unc-44 and smg-7 on cosmid CO1G5. To isolate
human piwi homologs, the human EST (0.9 kb) clone
was sequenced and used to screen a human testis cDNA
library. A resulting 2.3-kb partial cDN A, herein named
hiwi (for human piwi), shows 47.1% identical amino
acid sequence to the Drosophila piwi over its full length,
with 58.7% identity at the carboxyl terminus (Fig. 3A).
Interestingly, we did not find any piwi-related sequences
from bacteria or yeast genomes whose entire sequences
are known. This is consistent with the stem cell-related
function of piwi and potentially of piwi-like genes spe-
cific for multicellular organisms.

In addition to the above piwi homologs, we identified
a large number of putative and known proteins from
various animals and plants that share significant homol-
ogy with piwi solely at their respective carboxyl termini.
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This indicates that piwi is a member of a large novel

gene family. Within this family are 13 additional puta-

tive C. elegans proteins and three Arabidopsis thaliana
proteins, two of which are required for meristem cell
divisions (Bohmert et al. 1998; Moussian et al. 1998).
Particularly, between piwi and the three Arabidopsis
genes, ZWILLE (ZLL), argonaute (ago), and argonaute-

like (Bohmert et al. 1998; Moussian et al. 1998), an over-

all homology of [R0% amino acid identity was observed.
The homology increases to 32%—-52% identity in four
regions, 30-100 amino acid residues each, located
throughout the length of the PIWI protein, including the
highly conserved carboxy-terminal region. Given the
role of ZLL and ago in meristem cell division (Bohmert
et al. 1998; Moussian et al. 1998), this homology may
have important implications for a conserved stem cell
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piwi in germ-line stem cell maintenance
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Figure 3. Alignment of predicted PIWI protein sequence with its
homologs. (A) Sequence alignment of predicted PIWI proteins from
Drosophila (PIWI), C. elegans (PRG-1 and PRG-2) and human
(HIWI). The full-length amino acid sequence of PRG-1 and PRG-2
was deduced from the nucleotide sequence of two independent
cDNA clones. Partial amino acid sequence of HIWI was deduced
from the nucleotide sequence of a partial cDNA clone from a hu-
man testes library. The alignments were produced with CLUST-
ALW software (DN AStar). Identical residues to a consensus are
highlighted. (B) The piwi box domain in 22 different proteins. The
alignments were generated by Block Maker analysis (Henikoff et al.
1995) against amino acids 740-782 of the predicted piwi sequence.
The amino acid sequences were deduced from genomic DNA se-
quences for C. elegans (Ce G)or from cDN A (EST)sequences (E) for
Rattus sp. Rs)and Oryza sativa (Os). GenBank accession numbers
and cosmid designations (Ce) are indicated for each sequence. Resi-
dues identical to the consensus are highlighted. Shown below the
alignments: Residues that are absolutely conserved are shown as
uppercase letters and residues that are 80% or more conserved are
shown as lowercase letters; dashes indicate spacing.

mechanism (see Discussion). PIWI, PRG-1, PRG-2, and
HIWI differ from ZLL and AGO proteins, and especially
from the 13 additional putative C. elegans proteins, pre-
dominantly at the amino terminus, suggesting that this
region may be involved in piwi-specific function. The
carboxy-terminal conservation suggests that this region
of PIWI may contain a novel functional domain that
plays an important role for the general activity of these
proteins in diverse biochemical processes, with the
amino terminus rendering the specificity of the activity.

To examine the carboxy-terminal region of homology
more closely, we aligned these sequences using Block
Maker, which reveals characteristic regions of protein
families (Henikoff et al. 1995). Block Maker analysis
identified a 43 amino acid domain conserved among all
22 proteins, within which 5 residues are absolutely con-
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served with defined spacing. Eight more residues are also
conserved with defined spacing among all known genes
across the phyla except for several C. elegans ORFs with
unknown function (Fig. 3B). We refer to this region as the
PIWI box and suggest that this protein signature repre-
sents a novel conserved functional motif. PIWI thus rep-
resents a novel class of evolutionarily conserved proteins
with potentially conserved functions.

Drosophila piwi m RNA is present in both germ line
and soma during oogenesis

To investigate in which cells piwi is expressed to regu-
late GSC division, we examined the expression pattern
of piwi during oogenesis by in situ hybridization of
whole mount Drosophila ovaries with DIG-labeled DN A
probes prepared from the piwi cDNA clone (see Materi-
als and Methods). piwi mRN A is detected in the somatic
terminal filament cells apical to GSCs in the germarium
and anterior sheath cells (Fig. 4B) as well as in the germ
line. In the germ line, it is first abundantly expressed in
region 2 of the germarium in which 16-cell germ-line
cysts are formed, persists at a lower level through stages
1-6 of oogenesis, is at its lowest level between stage 7-9,
becomes strongly expressed again at stage 10, and even-
tually accumulates in early embryos (Fig. 4A,C; for stag-
ing, see King 1970). Given that removing sheath cells
does not affect oogenesis, whereas the terminal filament
cells play arole in regulating GSC division (Lin and Spra-
dling 1993), it is likely that the somatic expression in the
terminal filament is responsible for piwi function in
regulating GSC division.

piwi expression in apical somatic cells regulates GSC
division while its expression in the germ line provides
a maternal component forembryogenesis

To examine the roles of somatic and germ-line piwi ex-
pression, we conducted genetic clonal analyses on piwi’

Figure 4. piwi mRNA expression in Drosophila
ovaries. (A) A complete Ore-R ovariole showing
germ-line piwi expression in region II of the ger-
marium (Gell), and in early stage egg chambers up
to stage 10 (S10). (B) In the germarium, the piwi
RN A is also detected in the terminal filament cells
(TF) and epithelial sheath cells (ES) apical to GSCs.
(C) The piwi RNA is uniformly present in early
embryos. Bars, 50, 10, 50 um for A, B, and C, re-
spectively.
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and piwi’ mutations. We first tested the germ-line re-
quirement of piwi by germ-line clonal analysis using the
FLP-DFS technique (Chou and Perrimon 1996; see Ma-
terials and Methods). The ovo”’ dominant mutation
blocks oogenesis at the very beginning stage in a cell-
autonomous manner, so that piwi* ovo®’ females con-
tain germ cells that never differentiate beyond the ger-
marium (Fig. 5A,B). In this ovo®’ background, we gener-
ated germ-line cells homozygous for either the piwi’ or
piwi? mutation by applying a heat-shock treatment at
the second and early third instar larval stage. The result-
ing adult females developed some completely normal
ovarioles in which germ-line cells at all stages of oogen-
esis were observed (Fig. 5A,B) and mature eggs were con-
tinuously being produced (see Table 2). This result dem -
onstrates that removing the piwi* ovo”’ chromosome
from the germ line allows oogenesis, including GSC di-
vision, to occur normally. Thus, the requirement of piwi
for GSC division does not reside in the germ line but in
somatic cells.

Eggs produced from homozygous piwi’ or piwi* GSC
clones are arrested in embryogenesis, not rescuable by
the paternal piwi* gene (see Table 2). Approximately
30% ofthe arrested embryos show severe mitotic defects
during cleavage stage. The remaining embryos show
various morphological defects during late embryogen-
esis, including a high frequency of severe deformation of
the head region (data not shown). These defects demon-
strate that piwi expression in the germ line provides an
essential maternal contribution for embryogenesis.

To determine whether piwi is required in somatic cells
outside the ovary for GSC maintenance, we transplanted
wild-type germaria into the abdominal cavity of homo-
zygous piwi’? females (see Materials and Methods),
which produced 17 £ 0 egg chambers (n = 13) after 7 days
of incubation in the host. Parallel transplantation into
wild-type host yielded 16 +2 egg chambers (n =5), indi-
cating that the wild-type germaria continued oogenesis
at a normal rate in the piwi’ females. Hence, piwi is not
required in extra-ovarian cells for GSC maintenance.
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Figure 5. piwi function is dispensable in
the germ-line and differentiated follicle
cells for GSC division. (A,B) piwi is dis-
pensable in the germ line. A pair of ovaries
containing ovarioles with homozygous
piwi~ germ-line clones and ovarioles with
piwi* ovo®’ germ line stained for DAPI to
mark DNA (A) and for VASA to mark
germ cells (B). The piwi* ovo®’ germ-line
cells are arrested at the beginning of oo-
genesis in the germarium because of the
ovoP! mutation. In contrast, in ovarioles
in the left ovary containing piwi~ germ-
line clones, GSCs have divided normally,

giving rise to a progression of morphologically wild-type egg chambers that eventually develop into mature eggs. This indicates that
piwi is not required in the germ line for GSC division and subsequent steps of oogenesis. Bar in A, 100 um. (C-F) piwi~ clones in
differentiated follicle cells do not effect normal GSC division and egg chamber development. Egg chambers were stained with DAPI
(C,E) and a monoclonal anti-MYC antibody (D,F). Absence of Myc staining is indicative of homozygous piwi~ clones. Induction of
somatic clones around an entire early stage egg chamber such as the ones in C and D (see arrow) had no effect on GSC division and
oogenesis. Similarly, removal of piwi function from some follicle cells of later stage egg chambers also had no effect on oogenesis (E,F).
Therefore, piwi function is dispensable in differentiated follicle cells for oogenesis including GSC division. Bars in C and E, 50 um.

To determine in which group of ovarian somatic cells
piwi is required for GSC maintenance, we used a similar
FRT-mediated technique for somatic clonal analysis of
piwi’ and piwi?, marking the piwi* chromosome with a
transgenic Myc tag so that homozygous piwi~ somatic
cells are identified by their lack of Myc epitope expres-
sion (Xu and Rubin 1993; Fig. 5C-F; see Materials and
Methods). By inducing mitotic recombination at the sec-
ond and third instar larval stages, we generated piwi~
somatic clones throughout ovarioles, with some egg

Table 2. piwi function in GSC division is soma-dependent
while function in embryogenesis is germ line dependent

FLP/FRT Avg. no. Embryos
ovo”’-induced Heat of eggs hatched
germ-line clones shock N laid/female (%)

piwi’ FRT/ovo”’, FRT

x Ore-R males + 37 50.4 0
piwi? FRT/ovo”’, FRT

x Ore-R males + 26 66.7 0
piwi’ FRT/ovo”!, FRT

x Ore-R males - 44 0 N.A.
piwi® FRT/ovo?!, FRT

x Ore-R males - 26 0 N.A.
ovo®!, FRT/CyO x

Ore-R males + 20 0 N.A.
ovo®!, FRT/CyO x

Ore-R males - 10 0 N.A.

In all tester and control crosses, a number (V) of newly eclosed
females were allowed to lay eggs at 25°C for 2 days. In both
piwi’ and piwi® testers, germ line develops beyond that of ovo®’
mutant ovarioles only following heat shock, giving rise to nu-
merous eggs. This indicates the generation of piwi~ germ-line
clones and the dispensability of piwi function in the germ line
for normal GSC division. However, none of the eggs develop
beyond embryogenesis, indicating that germ line piwi expres-
sion is required as a maternal component for embryogenesis.
The ovo”’, FRT control females lay no eggs either with or with-
out heat shock. (N.A.) Not applicable.

chambers completely covered by piwi mutant follicle
cells, (Fig. 5C,D). These egg chambers developed nor-
mally, indicating that piwi function is not required in
follicle cells for egg chamber development. Because fol-
licle cells are derived from their precursor cells in region
II of the germarium (Margolis and Spradling 1995), this
suggests that piwi is not required in somatic cells from
germarial region II on for GSC division and ovarian de-
velopment. These results, together with the piwi expres-
sion pattern in situ, suggest that piwi is required in so-
matic cells in the anterior-most tip of the germarium to
regulate GSC division.

piwi-like genes in C. elegans are also required
for germ -line self-renewal

The high degree of sequence homology between piwi and
its homologs in other organisms suggests a potential
functional conservation. We first tested this hypothesis
in C. elegans. Guo and Kemphues (1995) have shown
that the injection of specific antisense RN A into the
germ-line syncytium of C. elegans eliminates maternal
and zygotic gene activity, producing a gene-specific loss-
of-function effect that may persist through several gen-
erations. This technique, as refined by Fire et al. (1998)
and termed RN A-mediated interference (RN Ai), was
used to assess the function of prg-1 and prg-2. Given the
extremely high homology between prg-I and prg-2, we
used an anti-prg-I RN A for injection to interfere with
the function of both genes (see Materials and Methods).
Herein, we designate the F, progeny of the injected
worms as prg-RNAi worms for simplicity.

In wild-type C. elegans, two germ-line precursor cells,
72 and Z3, give rise to J2000 germ cells in the adult
hermaphrodite. Germ-line proliferation occurs through-
out most of larval development (L1-L4) and continues in
the adult. This proliferation and maintenance of the
germ line requires signals from the DTC at the tip of
each gonadal arm (see introductory section). During go-
nadal development, DTC migration results in the forma-
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tion of two U-shaped gonadal arms by the L4 stage.
Germ-line proliferation is limited to the distal end of
each arm, forming a mitotic proliferation zone (MPZ),
which serves as the GSC equivalent in C. elegans (Fig.
6B). Moving proximally, near the U turn of the gonad,
germ cells enter meiotic prophase and then further dif-
ferentiate into gametes at the proximal half of each arm,
producing sperm in L4 and then oocytes in young adults.

We examined the phenotype of prg-RNAi worms both
by quantitating their fertility and by assessing their go-
nadal and germ-line development via DAPI staining and
Nomarski optics. As controls for RN A injection, worms
were injected with BlueScript plasmid RN A sequences
(see Materials and Methods).

The prg—RNAi worms show three major aspects of
germ-line defects. First, as indicated by the distribution
of the number of progeny per F, animal (Fig. 6A), the
fertility difference between the prg—RNAi and control
worms is highly significant (¢ value =7.93, P <0.0001).
On average, prg—RNAi worms produced 92 + 53 progeny
(n =99), with 75.5% of prg-RNAi worms giving rise to
<125 progeny. In contrast, control RN Ai animals on av-
erage produced 191 £40 progeny (n =20), with 90% of
these animals giving rise to >125 progeny. The signifi-
cant reduction of the fertility, as well as other defects

A
30

25

20 B

15 -

described below, may still only reflect a partial loss of
prg-1 and prg-2 function, because the RN Ai technique is
known to phenocopy partial rather than complete loss-
of-function mutants (Kuwabara 1996).

Second, DAPI staining reveals a dramatic shortening
of the MPZ in prg—-RNAi worms (Fig. 6B). On average,
adult prg—RNAi worms exhibited a 50% reduction in the
number of mitotic nuclei as compared with control ani-
mals. Associated with the reduction of the mitotic zone
is a gonadal shortening (Fig. 6B). Fifty-seven percent of
prg—RNAi worms (n =287) exhibited a moderate to se-
vere shortening. In the most severe case, the gonadal arm
never made the U turn. The number of sperm produced
in these worms is greatly reduced as well (data not
shown). In contrast, only 7% of the BlueScript—-RN A-
injected control animals (n =548) exhibited a mild go-
nadal shortening. The above observed gonadal defects in
prg—RNAi worms suggest that prg-/ and prg-2 are essen-
tial for germ-line proliferation and maintenance. Because
the gonadal shortening may be due to a defect in DTC
migration, it is also possible that prg-/ and prg-2 may
play a role in proper gonadogenesis.

Third, in addition to the MPZ shortening, the mitotic
index in the remaining mitotic zone is further reduced
by 5.5-fold from 7.1 +2.2% (n =1,339 nuclei, n =10
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Figure 6. prg—RN Ai significantly reduces
germ-line proliferation in C. elegans. (A)
Reducing prg activity affects fertility. The
graph indicates the number of progeny pro-
duced by a single F;, worm from an RN Ai
prg-1 or pBST-injected mother vs. the per-
centage of F, animals that produced that
given number of progeny. Comparison of
prg—RNAi (hatched bars) with pBST RN Ai
(solid bars) animals reveals two distinctive
distributions. (B) Reducing prg activity re-
sults in reductions in both the MPZ and
the mitotic index. Variable defects in both
the size of the MPZ and the mitotic index
were observed by DAPI staining. The MPZ
in each micrograph is denoted in white
brackets. In moderate to severely defective
animals, a 50% reduction in the number of
mitotic nuclei and a concomitant fivefold
reduction in the mitotic index were typi-
cally observed. Bar, 100 um for all panels.
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worms) in the control RNAi-injected worms to
1.3+£0.8% (n=1,409 nuclei, ny,=10 worms) in prg-
RNAi worms with mildly to moderately shortened go-
nads (see Materials and Methods). This indicates the im-
portant role of prg-1 and prg-2 in maintaining the mitotic
ability of the germ-line nuclei.

Discussion

The ability of stem cells to self renew remains a mystery
in modern biology. In this paper, we have presented the
genetic and molecular analysis of piwi, a gene essential
for stem cell self-renewal and maintenance in the Dro-
sophila germ line. We have extended our analyses to its
homologs in C. elegans, isolated a human homolog, and
identified two piwi-like genes in Arabidopsis that are
known to maintain meristem cells. This work reveals a
new class of genes that may be essential for stem cell
division in multicellular organisms ranging from inver-
tebrates to humans and plants.

Drosophila piwi is required for the self-renewing
divisions of stem cells in the germ line

The piwi gene has been shown previously to be required
for both female and male GSC maintenance (Lin and
Spradling 1997). In this study, we provide evidence that
piwi achieves this predominantly by promoting the self-
renewing division of GSCs. In a germarium, it normally
takes at least 10 hr for a GSC division to occur and 5 days
for a cystoblast to develop into a stage-one egg chamber
(King 1970; Lin and Spradling 1993). Necrosis and apop-
tosis during oogenesis are also easily detectable. Thus,
our examination of the piwi mutant phenotype at 24-hr
intervals immediately prior to the onset of oogenesis is
sufficient to monitor every major event in germ-line pro-
liferation, differentiation, or cell death. Under these con-
ditions, GSC divisions would have been detected as an
increased number of germ-line cysts, whereas cell death
would have been easily detected by looking for pyknotic
nuclei and necrotic bodies via DAPI staining and Nomar-
ski optics (Lin and Spradling 1993; Forbes et al. 1996a,b;
Lin and Spradling 1997). Numerous cases of GSC divi-
sions and cell death in the germ line during Drosophila
oogenesis have been detected by use of these criteria (Lin
and Spradling 1993; Forbes et al. 1996a.,b; Lin and Sprad-
ling 1997). However, the current study, even though
more systematic, did not detect either GSC division or
cell death in piwi mutants (see Results). Instead, imme-
diately following the onset of oogenesis, only differenti-
ating cysts were detected in piwi’ mutant ovaries, with
the cyst number generally corresponding to the number
of GSCs. Although this does not rule out the possibility
that infrequent GSC divisions or cell death might have
been missed, which might account for the smaller-than-
expected number of gametes sometimes observed in
adult piwi mutants, these factors do not weaken the con-
clusion that the predominant defect of piwi mutants is
the differentiation of GSCs without accompanying self-
renewing division.

piwi in germ-line stem cell maintenance

A number of elegant studies have identified genes that
regulate germ-line proliferation. In mammalian systems,
mechanisms mediated by paracrine factors such as the
Steel factor (the ligand of the c-Kit receptor tyrosine ki-
nase), leukemia inhibitory factor (LIF), and basic fibro-
blast growth factor (tFGF), control the proliferation and
survival of primordial germ cells, that is, the precursors
of GSCs (for review, see Lin 1997). In C. elegans, the
LAG-2/GLP-1 pathway is essential for the self-renewal
of a stem-cell equivalent population of germ-line nuclei
in the gonad (for review, see Kimble and Simpson 1997).
In the Drosophila ovary and testis, the BAM-mediated
mechanism is involved in the further development of the
differentiated GSC daughter (McKearin and Ohlstein
1995); the dpp pathway plays a similar role in testis (Ma-
tunis et al. 1997). More recently, this pathway has been
shown to be essential for GSC division and maintenance
in the ovary (Xie and Spradling 1998). Among these dis-
coveries, piwi is the first gene known to mediate a so-
matic signaling mechanism to regulate the division and
maintenance of GSCs in Drosophila (see introductory
section). It therefore provides an important entry point
for studying the somatic control of stem cell division in
the germ line.

At present, we do not know if piwi is required for stem
cell division in somatic tissues, because existing piwi
mutations are strong, yet may not be null. Even if piwi is
specific for GSCs, other piwi-like genes, however, may
function in other stem cell systems (see below).

The piwi gene family and the conservation of a stem
cell self-renewing mechanism during evolution

Our identification of prg-1 and prg-2 in C. elegans and
hiwi in humans suggest that piwi represents a novel
class of evolutionarily conserved genes with potentially
important functions in GSC self-renewal. Among this
class of genes, the significantly higher homology be-
tween piwi and hiwi as compared with that between
piwiand prg-1/prg-2 suggests that hiwi function is closer
to piwi. Consistent with this, GSC division and game-
togenesis in humans are much more similar to that in
Drosophila than that in C. elegans whose gonads contain
syncytial mitotic germ-line nuclei that divide symmetri-
cally and are capable of self-renewing only as a popula-
tion. Our RN Ai experiments, which presumably inter-
fered with the activity of both prg-/ and prg-2 because of
their extremely high homology, caused germ-line deple-
tion similar to that in piwi mutants. This suggests that
the piwi-mediated mechanism in germ-line self-renewal
is conserved even in this evolutionarily distant organism
without stereotypic GSCs.

The conservation of the piwi-mediated mechanism ap-
pears to extend to the plant kingdom as well. The overall
homology between PIWIand ZLL and AGO (see Results)
is worth noting. Intriguingly, ZLL is essential for main-
taining stem cells of the shoot meristem in an undiffer-
entiated state during the transition from embryo-specific
development to repetitive organ formation through the
self-perpetuating shoot meristem divisions (Moussian et
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al. 1998). AGO also plays an important role in maintain-
ing normal apical shoot meristem function (Bohmert et
al. 1998). Thus, the homology between piwi and ZLL and
ago further suggests the existence of a family of novel
genes essential for stem cell division in diverse organ-
isms.

Given the functional conservation of the piwi family
genes between distant species such as Drosophila, C.
elegans, and Arabidopsis, it is tempting to speculate that
the piwi-mediated mechanism is also conserved in mam -
mals and humans less distant from Drosophila. Given
that C. elegans and Drosophila are separated by >1000
million years of evolution (Vanfleteren et al. 1994), and
human and Arabidopsis are even further apart, this func-
tional conservation could reflect the existence of a very
ancient mechanism for stem cell maintenance and pro-
liferation in a multicellular ancestor.

The conserved piwi mechanism may mediate cell-cell
interactions. In Drosophila, genetic mosaic and piwi ex-
pression analyses together suggest that piwi function is
required in the apical nonmitotic somatic cells to con-
trol GSC division. Similarly, in A. thaliana, it is thought
that ZLL is required to maintain the undifferentiated
state of shoot meristem stem cells by relaying positional
information, possibly by mediating cell-cell interactions
within the center of the shoot meristem (Moussian et al.
1998). Further analysis of PIWI should shed light on this
evolutionarily conserved cell—cell interaction mecha-
nism.

Stem cells are characterized by two common proper-
ties that extend across diverse species: the capacity for
self-renewal and the ability to give rise to numerous
progeny that are fated for further differentiation (for re-
view, see Lin 1997; Morrison et al. 1997). Although sig-
nificant progress has been made in identifying genes im-
portant for stem cell function, no common molecular
mechanism shared by diverse stem cell types in diverse
organisms has been characterized with respect to those
two basic stem cell properties. The piwi gene family may
represent the first class of such genes. The analysis of the
piwi gene family, therefore, provides an important first
step towards the elucidation of molecular mechanisms
underlying stem cell divisions.

Materials and methods

Drosophila strains and culture

All strains were grown at 25°C on yeast-containing molasses/
agar medium. The piwi’, piwi® (Lin and Spradling 1997), and
piwi4 mutations are single PZ insertional mutations, whereas
the piwi’ mutation is a single P-ry’/ transposable insertion. Or-
egon R (Ore-R)serves as the wild-type strain for all experiments.

Phenotypic analysis of piwi mutants

piwi mutations were balanced over CyO—y* and introduced into
the y/y genetic background. The homozygous and heterozygous
larvae were separated at the late third instar stage by scoring
mouth hooks and denticle belts for y. They were then dissected
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to obtain the ovary immediately or were aged at 25°C to desired
pupal stages (see Results) before dissection. Dissected ovaries
were analyzed by immunofluorescence microscopy for defects
in ovary differentiation and GSC division.

Immunocytochemistry and immunofluorescence microscopy

Wild-type and mutant ovaries from larval, pupal, or adult stages
were dissected, fixed, and stained as described in Lin et al.
(1994). For immunofluorescence staining, anti-VASA antibodies
(Hay et al. 1990) were used to specifically mark germ cells at
1:2000 dilution. Anti-a-spectrin antibodies (Byers et al. 1987)
were used to outline somatic cells and to mark spectrosomes
and fusomes (Lin and Spradling 1995) at 1:200 dilution. The
monoclonal anti-MYC epitope antibody 1-9E10.2 was described
by Evan et al. (1985) and was used at 1:2 dilution. All the fluo-
rescence-conjugated secondary antibodies were from Jackson
ImmunoResearch Laboratory and were used at 1:200 dilution.
Immunofluorescently labeled samples were also counterstained
with the DN A-specific dye DAPI as described in Lin and Sprad-
ling (1993). The immunologically labeled samples were exam -
ined by Nomarski and epifluorescence microscopy under a
Zeiss Axioplan microscope equipped with a Star-1 cooled CCD
camera (Photomatrics). Selected samples were further analyzed
by confocal microscopy with a Zeiss LSM410 confocal micro-
scope mounted on an Axiovert 100. Images from the Zeiss Ax-
ioplan were collected by IP Lab software and confocal images
were processed by use of the LSM410 software. All images were
processed by the Adobe Photoshop program.

Cloning of piwi and mapping of its mutations

piwi maps to the left arm of the second chromosome within
polytene band 32C, as defined by insertions of single transpos-
able elements (Lin and Spradling 1997). DN A fragments flank-
ing the piwi’, piwi’, and piwi* insertions were recovered by a
plasmid rescue method (Wilson et al. 1989). Genomic DNA in
the rescued plasmid was used to isolate additional genomic
clones from a A genomic DN A library (Maniatis et al. 1978) to
constitute a 36-kb region of overlapping walk clones. The in-
sertion sites for piwi’, piwi’, and piwi* were first mapped by
Southern blots of EcoRI-digested walk clones, and then pre-
cisely determined by DN A sequencing. The site of the piw i’
insertion was determined by sequencing its flanking DN A frag-
ments isolated by inverse PCR of piwi’ genomic DNA with
primers specific to the P-element termini (Ochman et al. 1990).

Genomic DNA fragments derived from the piwi locus were
used to probe Northern blots of poly(A)" RNA from wild-type
male and female flies. Three nonoverlapping transcripts, o (1.1
kb), 3 (0.64 kb), and c12 (3.1 kb) were identified in the region and
only c12 was interrupted by piwi mutations (Fig. 2A; cand B not
shown). Genomic DN A (9.36 kb)that encompasses the c12 tran-
scription unit was sequenced either with a Sequenase kit (U.S.
Biochemical) or an ABI 377 Prism DNA Sequencer (Perkin-
Elmer, Applied Biosystems). All sequence data was analyzed by
the DN ASTAR software package (DN AStar, Madison, WI). Two
additional transcripts, LD08487 (1.43 kb) and LD13681, were
identified on the right side of the P insertions by BLAST analy-
sis (Altschul et al. 1990) of genomic sequence.

Two overlapping cDN A clones, which together represent the
3.1-kb full-length ¢12 mRNA and the LD08487 cDNA were
sequenced. Comparison between the genomic and the cDNA
sequences precisely determined the intron—exon organization of
these two transcription units. The LD 13681 transcription units
were also mapped by partial sequencing.
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Standard molecular biology techniques were carried out ac-
cording to Sambrook et al. (1989).

Transgenic rescue

The 6.8-kb HindIlI-EcoRV (pRc12; piwi) and 3.9-kb PstI (pRLD;
LD08487) genomic fragments were subcloned into the P-ele-
ment transformation vector pCaSpeR4 (Pirrotta 1988). Trans-
genic flies were produced according to Spradling and Rubin
(1982), using w; A2-3 Sb ¢/TM6 e (Robertson et al. 1988) em-
bryos as recipients. Transgenes were then separated from the
A2-3 transposase and introduced into the homozygous piwi’
background for fertility tests by genetic crosses. Six indepen-
dent pRcl2 inserts and eight independent pRLD inserts were
recovered. Rescue crosses were carried out at 25°C.

Northern blot analysis and piwi cDNA isolation

Poly(A)* mRNA isolation, Northern blot preparation, and *?P-
labeled probe preparation by random-hexamer extension were
according to Sambrook et al. (1989). For Figure 2B, the probe was
made from a 5.4-kb HindIll genomic fragment encompassing
the piwi transcription unit. The same probe was used to isolate
a 2.1-kb partial cDNA from the pNB40 third instar library of
Nick Brown (Brown and Kafatos 1989). By use of the sites within
the polylinker (HindIIl at the 5" end and NotI at the 3’ end), the
2.1-kb cDN A was subcloned into pBlueScript KS(+) (Stratagene),
resulting in a construct denoted pDC1. A primer (pDC1 5'REV;
5'-ACGATAAGTTCTGTTAT-3") was designed downstream of
the 5’ end of pDC1 and was used in combination with library-
specific primers to screen the Tulle Hazelrigg ovarian cDNA
library (Friedman et al. 1990). A partially overlapping 500-bp
PCR product was isolated, cloned into the pGEM-T vector (Pro-
mega), and used to probe the same library. An overlapping 1-kb
cDNA clone was isolated and subcloned into the Sall site of
pDC1 to produce a full-length 3.1-kb piwi cDN A construct de-
noted pDC2.

Characterization of piwi homologs from C. elegans
and Homo sapiens

The BLAST algorithm (Altschul et al. 1990) was used to search
the nonredundant databases at the National Center for Biotech-
nology Information (NCBI) at the National Library of Medicine.
The Prosite Protein Motif Database (DN AStar) was also
searched to identify domains shared between piwi and other
known proteins. The PIWI ORF was used to query the SWISS-
Prot database by BLASTp for homologous proteins. Signifi-
cantly, the search identified two C. elegans-predicted proteins
of unknown function. ESTs corresponding to these two gene
products were then identified as D2030.6 (prg-1; GenBank ac-
cession no. Z73906)and C01G5.2 (prg-2; GenBank accession no.
U50068) from GenBank. Dr. Yuji Kohara (National Institute of
Genetics, Japan) kindly provided N ZAPII phagemid clones cor-
responding to prg-1 and prg-2.

The piwi cDNA was further used to query the NCBI dbEST
database and identified an EST, zw68h01.r1, isolated from a
human testes cDN A library of Bento Soares (GenBank accession
no. AA430311). This 0.9-kb EST clone was sequenced and used
to screen an oligo-(dT)-primed human testis cDNA library
(Clontech), which allowed a 2.3-kb cDN A clone corresponding
to hiwi to be isolated and sequenced.

Whole-mount tissue in situ hybridization

Ovarian whole-mount tissue in situ hybridization was per-

piwi in germ-line stem cell maintenance

formed as described in Yue and Spradling (1992) with DIG-la-
beled (Genius Kit, Boerhinger Mannheim) full-length piwi
cDNA from pDC2 as a probe. For detecting RNA in surface
cells, ovaries were digested 5 min with 50 ug/ml proteinase K.
Under this condition, only terminal filament cells and anterior
sheath cells, but not any other surface cells, were stained with
the piwi cDN A probe. The pBST control probe did not show any
significant signal. For detecting RN A in inner germarial cells,
the digestion was 7-10 min. Under this condition, the piwi
probe revealed a hybridization pattern as shown in Results, the
pBST control probe did not show any significant signal, whereas
the positive control oskar probe showed specific staining in
presumptive oocytes (Ephrussi et al. 1991; data not shown).
Staging of egg chambers is according to King (1970).

Genetic clonal analyses and germ arial transplantation

The piwi’ and piwi? germline clones were generated with the
FLP-DFS technique as described in Chou and Perrimon (1996).
y w P[hsFLP]I12; Plovo”' PX, FRT*°*/CyO males were crossed to
w;piwi’ FRT?°4/CyO virgin females to produce y w P[hsFLP]'?;
Plovo®' PX, FRT***/piwi’, FRT*** progeny. Identical crosses
were performed with w; piwi?, FRT***/CyO virgin females. The
genotype of the flies were verified both by Southern analysis for
the presence of piwi P insertion and the FRT as well as by
sterility tests by backcrossingto the original piwi allele. Crosses
were carried out for 2 days to produce transheterozygous prog-
eny. After 2 days, adults were transferred to fresh vials. Larvae
were heat shocked on days 3 and 4 for 1 hr in a 37°C water bath
to induce mitotic recombination. The heat-shocked females
with germ-line clones were crossed to Ore-R males for fertility
tests and their ovarian phenotype examined by immunofluores-
cence microscopy.

To generate somatic clones of piwi’ and piwi’ the above de-
scribed piwi’ FRT*°/CyO and piwi? FRT**/CyO strains were
crossed to w PfhsFLP]’"; P[w*; hs=NM ] FRT***/CyO males as
described in Xu and Rubin (1993). Females of the genotype w
P[hsFLP"; Plw*; hs—-NM ], FRT***/piwi, FRT*** were crossed
to Ore-R males for fertility tests. Clonal induction was carried
out as described above except that females of the appropriate
genotype were subjected to an additional 20-min heat shock at
37°C 90 min prior to dissection to induce the expression of the
Myc tag. Germarial transplantation was carried out as described
by Lin and Spradling (1993).

RNAi experiments

Templates for in vitro transcription were cloned into pBlue-
script KS(+) and transcribed by either T7 or T3 RN A polymer-
ases according to the manufacturer’s protocol (Megascript T7
and T3 kits, Ambion). prg-1 cDN A served as the experimental
RN A for injection, whereas pBluescript KS(+) RN A was used as
a negative control. RN A integrity was determined by gel elec-
trophoresis; concentration was determined by a combination of
UV spectrophotometry and ethidium bromide staining. Injec-
tions used an equimolar mixture of uncapped sense and anti-
sense RN A at a concentration of 10 mg/ml. Gonadal injections
of wild-type N2 Bristol hermaphrodites was done as described in
Mello and Fire (1995). After recovery and transfer to standard
solid medium, injected animals were transferred to fresh culture
plates at 24-hr intervals to facilitate the identification of phe-
notypic differences. Germ lines of progeny produced between 6
and 48 hr after injection were examined for gamete differentia-
tion either by DAPI staining or fertility. For DAPI analysis,
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adult hermaphrodites displaying RN Ai-induced phenotypes
were fixed overnight in Carnoy’s solution (60% ethanol; 30%
acetic acid; 10% chloroform; Sulston and Hodgkin 1988). The
mitotic index is defined as the ratio between the number of
prophase, metaphase, anaphase, and telophase nuclei and the
total number of nuclei in the MPZ.
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