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SUMMARY

During Drosophila spermatogenesis, germ cells undergo
four rounds of mitosis, an extended premeiotic G2 phase
and two meiotic divisions. In males homozygous for
mutations in pelota, the germline mitotic divisions are
normal, but the cell cycle arrests prior to the first meiotic
division; pelota males are therefore sterile. Chromosomes
begin to condense in these mutants, but other meiotic
processes, including nuclear envelope breakdown and
spindle formation, do not occur. The arrest phenotype
closely resemblesthat of mutationsin the Drosophila cdc25

homolog twine. Although meiosis is blocked in pelota and
twine homozygotes, spermatid differentiation continues.
pelotaisalso required for patterningin the eye and mitotic
divisionsin the ovary. We have cloned the pelota locus and
show it encodes a 44x103 M, protein with yeast, plant,
worm and human homologs.
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INTRODUCTION

Meiosis plays a centra role in gametogenesis, producing the
haploid germ cells that become sperm and eggs. The special-
ized meiotic chromosome movements have been described in
great detail. In contrast, the regulation of meiosis, particularly
in higher eukaryotes, is poorly understood. We focus here on
the initiation of meiotic divisions in Drosophila males, since
spermatogenesis is well suited to such studies. All stages of
meiosis are present in the testis, whereas in females meiosis is
not completed during oogenesis. In addition, testis contents can
be easily examined using light microscopy, allowing both cells
undergoing meiosis and the products of meiosisto be analyzed.

Drosophila spermatogenesis begins with the generation of
spermatogonia from stem cells at the tip of the testis. Each
spermatogonium, encased within a cyst of two somatic cells,
undergoes four rounds of mitotic division to generate 16 sper-
matocytes. After a premeiotic G2 phase lasting more than 2
days, two rounds of meiotic division yield a cyst of 64 sper-
matids. Spermiogenesis, the differentiation of the spermatids,
involves development of specialized head and tail structures,
followed by sperm individualization, coiling and release into
the seminal vesicle (reviewed in Fuller, 1993).

Genes that regulate the first and second meiotic divisions
(meiosis| and 11) in Drosophila spermatogenesis have recently
been identified. The twine (twn) locus is required for meiosis
I in males; a loss-of-function mutation in twine results in
recessive male sterility (Alphey et al., 1992; Courtot et al.,
1992). Spermatogonia and spermatocytes are produced, but no
meiotic divisions occur and no mature sperm are formed. The

twine protein isahomolog of the S. pombe phosphatase cdc25,
a universal cell cycle regulator. In eukaryotes such phos-
phatases activate the p34°dc2-cyclin kinase complex in meiosis
and mitosis by removing inhibitory phosphates from p34cdc2
(Dunphy and Kumagai, 1991; Gautier et al., 1991; reviewed
by Coleman and Dunphy, 1994).

twine is required only for meiosis; a second Drosophila
cdc25 homolog, string, regulates mitosis (Edgar and O’ Farrell,
1990). The role of string is to control passage through the
mitotic G2/M transition. Similarly, twine controls the transition
from the extended Go phase that constitutes the meiotic
prophase to the onset of the first meiotic division. By analogy
to the role of string in mitosis, this control point in meiosisis
referred to as a Go/M transition (White-Cooper et ., 1993).

The roughex (rux) gene is a dose-dependent regulator of
meiosis Il (Gonczy et a., 1994). In roughex hemizygotes,
haploid germ cells attempt an extra second meiotic division,
while in flies carrying two extra copies of roughex the second
meiatic division does not occur. Lowering the gene dosage of
either cyclin A or twine rescues the roughex mei otic phenotype,
suggesting that roughex acts through the p34°dc2-cyclin A
kinase complex. Génczy and colleagues propose that roughex
functions before meiosis | to activate a target necessary for
meiosis || (Gonczy et a., 1994). roughex also plays arole in
the regulation of a mitotic cycle. In the Drosophila eye,
roughex is required to inhibit cell cycle progression in and just
anterior to the morphogenetic furrow (Thomas et al., 1994).
Thus, roughex acts as a negative regulator of the cell cycle in
both meiosis and mitosis.

We originaly identified the pelota (pelo) locus in a P



3478 C. G. Eberhart and S. A. Wasserman

element mutagenesis screen for male-sterile mutants (Castril-
lon et al., 1993). Here we analyze the pelota meiotic arrest
point. We show that pelota, like twine, is required prior to the
first meiotic division for spindle formation and nuclear
envelope breakdown, but not chromosome condensation. We
also show that pelota, like roughex, affects patterning in the
eye. Lastly, we have isolated genomic and cDNA clones for
pelota and demonstrate that it encodes a protein with wide evo-
lutionary conservation.

MATERIALS AND METHODS

Drosophila strains

All crosses were performed at 25°C on yeasted cornmeal molasses
agar. The twineB5> mutation (Alphey et al., 1993; Courtot et al., 1993)
and al pelota alleles were balanced with CyO; rux® (Gonczy et d.,
1994) was balanced with FM7c. pelota homozygotes are fully viable
at both 18°C and 25°C, but have reduced viability in crowded con-
ditions. Germlineless flies were generated as the progeny of females
homozygous for the oskar301 mutation. Flies lacking gonads (due to
transformation of the fifth abdominal segment) were the progeny of
iab4166/iah43092  trans-heterozygotes. All genetic mutations and
balancers are described and referenced by Lindsley and Zimm (1992),
except as noted.

Nucleic acid manipulations and analysis

Standard protocols were performed as described (Sambrook et al.,
1989). Genomic DNA from pelo! adult homozygotes was used for
isolation of DNA flanking the P element insertion (Ashburner, 1989).
The DNA was digested to completion with Xbal and Nhel, circular-
ized by self-ligation and transformed into competent XL1-Blue E.
coli. Colonies bearing the desired plasmid were selected by
kanamycin resistance. To isolate pelota clones, both a Drosophila
genomic library (EMBL3 vector) provided by J. Tamkun and a testis
cDNA library provided by T. Hazelrigg (Bluescript vector) were
screened with probes generated in a random priming reaction
(Megaprime, Amersham) from the rescued plasmid.

Sequencing was performed with a Amersham Sequenase kit; both
nested deletions and directed subcloning into M13 were used to
generate subclones. Sequences were assembled using Assemblylign
(IBI/Kodak); homology searches used the BLASTP and TBLASTN
programs (Altschul et a., 1990). A primer from the end of the P
element was used to determine the transposon insertion site in the
pelo! mutation. In vitro transcription/translation reactions used the
Promega TNT reticulocyte lysate system. For northern analysis, 2 ug
samples of poly(A)* RNA were subjected to electrophoresis in 1%
agarose gels containing 7% formal dehyde.

Remobilization of P element to generate new alleles

The pelo! P[ry*] chromosome was brought together with a trans-
posase source by crossing pelol/CyO ; ry/ry flies to flies carrying
the P[ry*, A2-3] transposase on the third chromosome (Robertson et
al., 1988). In the next generation, ry- derivatives of the pelo! chro-
mosome were segregated away from the P[ry*, A2-3] chromosome
and selected to establish lines. Molecular analysis of several fertile
excisant lines demonstrated precise excision of the P element (data
not shown), confirming that the transposon insertion is responsible for
the pelo! phenotype. Among the 241 ry~ lines, 17 are completely
blocked in meiosis, whereasin eight some aberrant meioses occur (see
Results). The phenotypes of each class of mutationsin trans to a defi-
ciency was similar to that of homozygotes for that class.

To screen ry” lines for large deletions, genomic DNA from
homozygotes was digested with EcoRI and Sphl, then subjected to
Southern analysis. Southern blots were probed with a 4.5 kb EcoRlI

fragment containing pelota exons 5' to the transposon insertion and a
1.5 kb Sphl fragment containing exons 3' to the transposon insertion.

Germline transformation

A 15 kb pelota genomic sequence (G15) was cloned into the
pCaSpeR4 w* P element vector (Pirrotta, 1988), then co-injected with
aplasmid containing P[ry*, A2-3] into w118 embryos using standard
protocols (Spradling, 1986). Genetic crosses were carried out to
generate pel o1 homozygotes carrying one copy of the Pfw*, G15] third
chromosome.

Analysis of live and fixed testes contents

All males analyzed were less than 24 hours old. Unfixed testes
contents were examined using previously described methods
(Ashburner, 1989); Hoechst 33342 (Sigma) was added to testis buffer
at 0.5 pg/ml. Fluorescent studies were carried out using a Zeiss
Axiophot microscope. Testes fixation and indirect immunofluores-
cence followed the method of Cenci et al. (1994). Tubulin staining
was done using Sigma a-tubulin monoclonal T9026 clone DM1 at
1:500. The anti-lamin monoclonal antibody T47 was the generous gift
of David Glover and was used neat. Cy3-conjugated donkey anti-
mouse antisera from Jackson Labs was used at a 1:200 dilution. 5-
bromodeoxyuridine (BrdU) labeling followed the method of Génczy
(1995); anti-BrdU monoclonal (Becton Dickinson; used at 1:10) was
provided by Dennis McKearin.

Analysis of ovaries and eyes
Newly eclosed females were incubated for 2 days at 25°C in wet
yeasted vials before dissection. Ovaries were removed in phosphate-
buffered saline (PBS), fixed for 5 minutes in PBS containing 4%
paraformal dehyde and 0.5 pg/ml Hoechst 33342, washed in PBS, then
mounted in PBS containing 25% glyceral.

To visualize eye defects, adult flies were subjected to critical-point
drying, mounted, then coated with palladium before analysis in the
scanning electron microscope.

RESULTS

Strong pelota alleles block meiotic divisions but not

spermiogenesis

In males homozygous for pelol, the cell cyclein spermatocytes
arrests either just before or very early in the first meiotic cell
division. The apical regions of a testis from a pelo! homozy-
gote appear normal, filled with visibly wild-type mitotic and
growth phase cysts. The rest of the testis, which usually
contains 64-cell spermatid cysts, is instead filled with 16-cell
cysts (Fig. 1B). The spermatocytes attain their mature size.
Furthermore, they undergo a premeiotic S phase, as evidenced
by the incorporation of bromodeoxyuridine into 16-cell cysts
in pelota testes (data not shown). However, meiotic figures,
which can be easily recognized in squashed preparations of
wild-type testes (Fig. 1A, open arrow), are never seen.

While meiotic divisions do not occur in pel ol spermatocytes,
other aspects of spermatogenesis continue, resulting in 4N
spermatids. In wild-type testes, the round, dark nebenkern is
the first major cytoplasmic structure to form after meiosis (Fig.
1A, arrowhead). It is made up of mitochondria and serves as a
marker for postmeiotic cytoplasmic development (Fuller,
1993). Germline cells in pelo! testes develop into 4N sper-
matids containing nebenkerne (Fig. 1B, arrowhead). As
nebenkerne form the pelo! nuclei shrink in size by one third to
one half. In asmall number of 4N pelo! spermatids additional
postmeiotic cytoplasmic differentiation occurs, resulting in
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Fig. 1. Meiosis defects in pelota spermatogenesis. Photographs are
of unfixed testis contents viewed by phase-contrast microscopy. All
micrographs except insert are at the same magnification; bar
represents 10 pum. (A) Wild-type testis contents. Spermatocytes
(closed arrow), cellsin meiosis | (open arrow) and onion stage
spermatids (arrowhead) with dark nebenkerne and pale nuclei can be
seen. (B) pelo! homozygote 16-cell cysts. The 4N spermatids each
contain a nucleus (arrow) and nebenkern (arrowhead). Due to their
4N chromosomal content, the spermatid nuclei are abnormally large.
(C) pelotaveak homozygote cysts. In these mutant spermatids, two
nuclel are often found in one cell (arrow), indicating cytokinesis has
failed. In some cells, the nuclei are of different sizes (insert, arrows),
asign of unequa chromosome complements.

spermatid head and tail structures. The content of testes from
flies trans-heterozygous for pelo! and Df(2L)30A;C, a defi-
ciency for the pelota region, are indistinguishable from those
of pelo! homozygotes. Thus, pelo! is a strong allele and
possibly a null.

The pelo? testis phenotype — limited spermatid development
in the absence of meiosis— closely resemblesthat of amutation
in the cell cycle gene twine (Alphey et al., 1992; Courtot et al.,
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1992). Although the proportion of 4N spermatids with head
and tail structures is greater for twineB5 than for pelol, other
pelota aleles, generated by remobilization of the pelo! P
element (see Materials and Methods) have a phenotype
identical to that of twineB5, the sole twine allele. The tails of
4N spermatids elongate significantly (Fig. 2E', arrow) and the
nuclei form wedge-shaped heads (Fig. 2E', arrowhead). The
heads are larger than in wild type, fail to cluster normally and
are not attached to the tails.

A wesker class of pelota mutations, in which some meioses,
albeit aberrant, occur, was also generated by mobilization of
the pelo! P element. Spermatids from weak pelota homozy-
gotes commonly contain two or four nuclei inasinglecell (Fig.
1C, arrow), indicating a failure of cytokinesis in one or both
meiotic divisions. Variations in nuclear size, reflecting defects
in chromosome segregation (Gonzalez et al., 1989), are also
seen (Fig. 1C insert, arrows). Defects within a given cyst are
usualy heterogeneous, with some cells displaying meiotic
defects while others appear wild type or are arrested before
meiosis I.

In summary, during spermatogenesis, the mitotic divisions
and subsequent growth phase appear normal in pelota mutants.
The first apparent defect is a failure of meiotic cell division,
resulting in the accumulation of arrested spermatocytes. The
cell cycle arrest occurs early in meiosis, as no metaphase or
anaphase figures can be seen. Some aspects of spermiogenesis
continue, resulting in 4N spermatids with head and tail struc-
tures, a phenotype identical to twine"B> homozygotes.

pelotais required in meiosis for spindle formation
and nuclear envelope breakdown, but not for
chromosome condensation

To define the arrest point of pelota in greater detail, we
analyzed three landmark events occurring at meiosis I: chro-
mosome condensation, spindle formation and nuclear envelope
breakdown. Our analysis of the pelota mutant phenotype was
facilitated by similar studies on twine (White-Cooper et al.,
1993) and by a recent detailed description of chromosome and
microtubule movements in spermatogenesis (Cenci et a.,
1994).

During the spermatocyte growth phase leading up to
meiosis, the two autosomes in each spermatocyte nucleus are
visible as diffuse, mesh-like structures (Fig. 2A', arrowheads),
while the sex chromosomes are associated with the nucleolus
and often appear more punctate (Fig. 2A’, open arrow; Cenci
et a., 1994). Chromosome condensation occurs rapidly late in
prophase; chromosomes condense on the periphery of the
nucleus, compacting until they appear as dots. After the chro-
mosomes have fully condensed they move inward to the center
of the nucleus, appearing as a single mass (Fig. 2A’, solid
arrow; Cenci et a., 1994). In arrested pelota spermatocytes,
the chromosomes partially condense, but never move away
from the nuclear periphery (Fig. 2D', arrowheads; see Fig. 2D
for outline of nuclear envelope). The same levels of DNA con-
densation are observed in arrested twine spermatocytes (Fig.
2F', arrowheads; White-Cooper et al., 1993). [Differences in
nuclear size between Fig. 2D and Fig. 2F are due to variahil-
ity in the squashing protocol used to generate the samples]

A second critical meiotic event is nuclear envelope
breakdown. The nuclear lamins are associated with the nuclear
envelope in mature spermatocytes (Fig. 2A, arrow). During
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meiosis, the nuclear envel ope breaks down and nuclear lamins ~ matids continue to develop, nuclear lamin staining islost (Fig.
disperse, forming diffuse clouds around the chromatin (Fig. 2C,C', open arrows).

2A, open arrow); after meiosis the nuclear lamins associate The nuclear envelope does not break down in arrested pel ota
with the reformed nuclear envelope (Fig. 2B, arrow). Assper-  spermatocytes. In strong pelota alleles, heavy nuclear staining




is seen in spermatocytes whose condensed chromosomes
indicate they have just arrested in late meiotic prophase.
Nuclear lamin staining is still present (Fig. 2D, arrow) after the
nebenkerne form (Fig. 2D’', arrow). In pelota 4N spermatids
that develop shaped head structures and elongate tails, lamin
staining becomes fragmented and disappears (Fig. 2E, open
arrow). The fate of nuclear lamins in twine resembles that in
pelota: the nuclear envelope remains intact at the initial arrest
(Fig. 2F, solid arrow), the nuclear lamins are then degraded in
conjunction with sperm head and tail formation (Fig. 2F, open
arrow).

Formation of the spindleisathird event central to meiotic cell
division. During the spermatocyte growth phase, microtubules
form a diffuse cytoplasmic network; this network persists until
the cells mature. Late in meiotic prophase the centrosomes
separate and move towards the poles (Fig. 3A, arrows); after
they reach the poles the cytoplasmic tubulin network breaks
down and aspindleisformed (Fig. 3B, arrow). In arrestedpelota

Fig. 2. Nuclear envel ope breakdown and chromosome condensation
in spermatogenesis. All photographs are of fixed testes contents. The
images are paired, showing staining with either antibodies to nuclear
lamin (A,B,C,D,E,F) or the DNA-binding dye Hoechst
(A',B',C',D',E',F) for the same region. Magnification is the same for
all panels; bar represents 10 um. (A,A") Wild-type cysts. The nuclear
envelope (shown in A) isintact in mature spermatocytes (closed
arrow). After nuclear envelope breakdown in meiosis |, nuclear
lamins form clouds around the condensed meiotic chromosomes
(open arrow). The cellsin the upper left corner are in meiotic
interphase. In the lower right corner are comet-stage spermatids —
named for their elongated tails — in which the nuclear lamins have
been degraded. The somatic cyst cell nucleus associated with the
spermatids provides a positive control for staining (arrowhead). The
autosomes in the mature spermatocytes (shown in A") are diffuse
(arrowheads), while the sex chromosomes are more punctate (open
arrow). Inthe meiosis | cells, some chromosomes are aligned on the
metaphase plate (closed arrow) while others have begun to separate
in anaphase. (B,B') Part of awild-type onion stage spermatid cyst.
The nuclear envelope (shown in B) has reformed in these post-
meiotic cells (arrow). The two large, bright nuclei are those of the
somatic cyst cells. Spermatid nuclei with condensed DNA (shown in
B’, arrow) and nebenkerne (arrowhead) can be seen. The nebenkerne
stain is due to mitochondrial DNA. (C,C') Wild-type early comet
stage spermatid cyst. The nuclear laminsin these spermatids (shown
in C) have been degraded as the heads mature (open arrow); staining
of the somatic cyst cell persists (arrow). (D,D’) pelo! homozygote
cyst of onion stage 4N spermatids. The nuclear envelopes (shown in
D) areintact in these cells. The chromosomesin these arrested cells
(shownin D) are partially condensed (arrowheads); nebenkerne
have formed (arrow). (E,E’) pelo? homozygote cyst of late comet-
stage 4N spermatids. The nuclear envelopes (shown in E) of the
somatic cyst cells are still intact (arrow), while those of the 4N
spermatids are fragmented or gone (open arrow). The characteristic
wedge-shaped sperm heads (shown in E') have begun to form
(arrowhead); these 4N heads are much larger than those in wild type.
Mitochondria associated with spermatid tails allow these elongated
structures to be visuaized (arrow). (F,F') twine homozygote cysts. At
theinitial spermatocyte arrest point in twine the nuclear envelope
(shownin F) is till intact (closed arrow); as the spermatid heads
continue to develop the nuclear lamins are degraded (open arrow).
The partially condensed chromosomes (shown in F') in the twine-
arrested spermatocytes indicate they are in late prophase
(arrowheads). Differences in nuclear size between D and F are due to
variability in the sguashing protocol used to generate the samples.
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spermatocytes, the microtubules remain in the cytoplasm (Fig.
3C). The centrosomes separate (Fig. 3C, arrows), but don't
complete their migration and nucleate no significant asters; a
spindleis never observed. Anidentical phenotypeisreported for
twine mutants (White-Cooper et al., 1993).

Our studies indicate that spermatogenesis in pelota and
twine homozygotes is normal until late meiotic prophase, at
which point the cell cycle arrests. No spindles form in these
mutants and the nuclear lamins do not disperse or degrade until
significant spermatid differentiation has occurred. Not all
meiotic events are blocked, however, since some chromosome
condensation is seen. Cytoplasmic structures that in wild type
form after meiosis — such as nebenkerne, shaped heads and
elongated tails — develop in these 4N spermatids.

pelotais active outside the testis

In flies homozygous for strong pelota alleles, the eyes are often
rough, with disordered ommatidial arrays and bristles (Fig. 4,
compare A and B). In addition, the eyes of pel ota homozygotes
are up to 30% smaller than those of heterozygous siblings. The
severity of the eye defects varies between flies and some homozy-
gotes have eyes that appear wild type. These results demonstrate
that pelota is required for Drosophila eye development.

Defects that we observed in females homozygous for strong
pelota mutations suggest a role for pelota in mitotic growth.
Such females are only weakly fertile — fewer than half lay eggs.
The ovaries of pelota homozygotes are very small. The mitotic
zone of the germarium appears disorganized and often contains
degenerating cells. Later stages of oogenesis are also affected,
as degenerating egg chambers of al stages are observed (data
not shown). These defects, like those in the eye, are variable.

Cloning and germline rescue of pelota

Plasmid sequences in the P element used to generate the pelo?
alele alowed cloning of genomic DNA adjacent to the
element’ sinsertion site (Mlodzik and Hiromi, 1992). We used
this approach to recover a 1.2 kb genomic insert. This fragment
was used to probe a genomic phage library and overlapping
genomic phage clones were isolated. Restriction enzyme
analysis defined 20 kb of DNA surrounding the P element
insertion (Fig. 5A).

The 15 kb genomic insert of phage AG-3 (Fig. 5E) was
subcloned into the germline transformation vector pCaSpeR4
(Pirrotta, 1988) and the resulting plasmid DNA was used to
transform w18 flies. A transgenic line containing the
sequences inserted on the third chromosome rescues al pelota
phenotypes.

Genomic probes from AG-3 detect transcripts of 0.5, 2.0 and
2.1kb. The 0.5 and 2.1 kb transcripts are fully contained within
AG-3, while the 2.0 kb transcript is also detected by probes
outside AG-3. The P element is inserted into the center of the
2.1 kb transcript (Fig. 5). Whereasin pelo the 0.5 kb transcript
is of wild-type size, the 2.1 kb trancript appears truncated (see
below). We therefore believe that the 2.1 kb transcript repre-
sents pelota.

The pelota transcript was present in all devel opmental stages
examined, but was most abundant in 0-2 hour old embryos and
adults (Fig. 6B, lanes 1 and 7). The larval transcript appeared
larger in some, but not all, northern blot experiments (Fig. 6B;
data not shown). The 2.1 kb transcript was present in the
germlineless progeny of oskar39! flies (Fig. 6A, lane 3) and in
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Fig. 3. Spindle formation and chromosome condensation in spermatogenesis. All pictures are of fixed testes contents. The images are paired
and show staining with either antibodies to tubulin (A,B,C) or the DNA-binding dye Hoechst (A’,B',C') for the same region. All micrographs
are at the same magnification; bar represents 10 um. (A,A") Wild-type spermatocytes in late meiotic prophase. Tubulin (shown in A) still forms
a cytoplasmic network, but the centrosomes have separated (arrows). The chromosomes of these spermatocytes (shown in A") have condensed
significantly, but have not yet moved away from the nuclear periphery. (B,B') Wild-type spermatocytes in metaphase and anaphase of meiosis
I. The spindles of these spermatocytes (shown in B) are fully formed (arrow). The chromosomes of these cells (shown in B') are till at the
metaphase plate (arrow) or just beginning to separate (arrowheads). (C,C') Arrested spermatocytes from pelo! homozygote. The tubulin
network in these cells (shown in C) resembles that of the mature spermatocytes. The centrosomes have separated but do not nucleate asters
(arrows). The chromosomes of the arrested cells (shown in C') have partially condensed.

iab* flies that lack a gonad (data not shown). Thus the pelota
transcript is not restricted to the germline or gonad. In pelo!
adults both genomic and cDNA probes detected only a 1.1 kb
transcript, presumably atruncation of the 2.1 kb transcript due
to insertion of the transposon (Fig. 6A, lane 4).

Molecular analysis of pelota revertants

All revertant lines were analyzed to determine which, if any,
contained deletions of pelota exons. This analysis reveaed
that, in revertant lines pelo? and pelod, exons 3' of the P
element insertion were deleted (Fig. 5D). Both of these pelota
alelesfall inthefirst revertant class, with aphenotypeidentical
to twine. In the other revertant lines of the first classimprecise
excision left several kilobases of P element sequences at the
insertion site. The weak pelota alleles of the second class also
contain residua P element sequences.

pelota cDNA isolation and sequence analysis

A cDNA for the 2.1 kb pelota transcript was isolated from an
adult testis library kindly provided by T. Hazelrigg. Sequenc-
ing of the 2028 bp cDNA revealed a single long open reading
frame (ORF) following sequences that match the Drosophila
trandational start consensus sequence (Cavener, 1987). The
encoded protein is 395 amino acids in length and has a
predicted My of 44x103 (Fig. 7). When the 2.1 kb cDNA was
used in an in vitro transcription/translation reaction, a protein
with an electrophoretic mobility corresponding to an apparent
M of 49x103 was generated (data not shown), confirming the
first methionine as the trandlational start site.

Sequencing of genomic DNA surrounding the P element
insertion sitein pelo! revealed that the transposon residesin an
intron; the insertion site lies 572 nucleotides 5' of an exon
which begins at amino acid 319. Northern analysis with probes
made from 3' pelota exons do not detect the 1.1 kb shortened
transcript (data not shown). Thus the highly conserved coding
region following amino acid 319 (see below) is amost
certainly absent in pelol.

Fig. 4. pelota eye defects. The images are scanning electron
micrographs of equal magnification. (A) pelol/CyO. Note the well-
ordered ommatidia and bristles. (B) pelo! homozygote. The eyeis
substantially smaller, with rough and disordered ommatidia and
bristles. The pelo! eye phenotype is variable.



Fig. 5. Schematic diagram of the pelota region. (A) Restriction
enzyme map of the pelota region (Sacl (Sc), EcoRI (E), BamHI
(B), Sohl (S), Nhel (N)). The pelo! P element is drawn to scale.
(B) The 4.5 kb EcoRI fragment and 1.6 kb Sphl fragment used
to analyze the revertant lines. (C) Genomic extent of the pelota
transcription unit, as determined by northern analysis and
hybridization of the pelota cDNA to genomic DNA. The B)
direction of transcription was determined by hybridization of 5'

and 3' cDNA fragments to genomic DNA. Intron/exon

boundaries of pelota are not al known, but at least two introns )
must exist based on the cDNA hybridization pattern.

(D) Genomic deletionsin revertant alleles. Boxes represent
sequences known to be deleted. Error bars represent fragments
which are polymorphic in revertant lines; a portion of these
fragments are deleted. (E) The 15 kb region contained in the A
G-3 phage (G15) used to construct the pelota transgene.

pelotahomologs in yeast, worms, humans and
plants

We compared the pelota protein sequence to protein sequences
in the NCBI database using the BLASTP program (Altshul et
a., 1990). This search resulted in two significant matches: S.
cerevisiae DOM34 and C. elegans R74.6. Dom34 was
described by Lalo and colleaguesin their analysis of sequences
duplicated between yeast chromosomes 3 and 14 (Lalo et al.,
1993) and is 33% identical to pelota with only one gap (Fig.
8). R74.6 was identified in the C. elegans genome sequencing
effort; it is 58% identical to pelota, with no gaps and an iden-
tically positioned start methionine (Fig. 8). All three proteins
feature a potential nuclear localization sequence in the N
terminal half (Fig. 8, asterisks), as well as an acidic domain at
the carboxyl terminus.

Searches of nucleotide databases trandlated in six frames
using the PBLASTN program reveal ed three cDNA expressed
sequence tags (ESTS) encoding predicted proteins with high
identity to pelota. Two H. sapiens polypeptide sequences, 110
and 93 amino acids in length, and a 96 amino acid A. thaliana
polypeptide are 70%, 53% and 55% identical to pelota, respec-
tively (Fig. 8). The two human sequences are non-
overlapping, but may represent portions of asingle
pelota homolog, since one contains the conserved
nuclear localization signal and the other the
carboxyl terminal acidic domain.

A
DISCUSSION pelo
Control points in spermatogenesis
Spermatogenesis in pelota homozygotes appears
wild type until spermatocytes mature; at this point, altub

the cell cycle arrests, blocking the meiotic
divisions. Spermatid differentiation continues in
the absence of meiosis, however, resulting in 4N
spermatids with head and tail structures. The
fraction of cysts containing elongated spermatids
is comparable in wild-type, twine and most strong
pelota aleles; fewer such cysts are seen in pelo!
testes. The reason for this difference is not known.
Nevertheless, the continued differentiation of 4N

spermatids after meiotic faillure suggests that  females.
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pelota is required only for meiotic cell division and not for
other aspects of spermatogenesis.

The Drosophila cdc25 homolog twine has a spermatogen-
esis phenotype identical to that of pelota. Three X-linked male-
sterile mutations, ms(1)413, ms(1)682 and ms(1)RD11, which
are probably allelic to one another, have a phenotype similar to
pelota and twine when analyzed by phase contrast microscopy,
but have not been anadyzed by immunocytochemistry
(Lifschytz and Hareven, 1977). Together with twn"B5 and the
strong pelota aleles, these mutations define a control point in
spermatogenesis specific for meiotic cell cycle regulation.

A more globa spermatogenesis control point, required for
both meiotic cell division and spermatid differentiation, has
also been identified (Fuller, 1993). Maes homozygous for
mutations in spermatocyte arrest (sa), always early (aly),
meiosis| arrest (mia) and cannonball (can) arrest at thisearlier
control point. This global block resultsin testes filled with 16-
cell cysts of arrested spermatocytes which do not undergo
further differentiation.

Analysis of the meiotic arrest in pelota and twine
In arrested pelota and twine spermatocytes no spindles form

W P
@ &% 4 g° \e\a‘%e\“ Gfo c‘?’ o &
(0’3' ((\ G QQ\ B Q’% q;b ;\\ rL\ \)Q
e -2 pelo . e e QY
- — 1
e e - — cltub S S—————
1 2 3 4 12 3 4 586 7

Fig. 6. Northern analysis of pelota region. Autoradiograph of northern blot probed
with pelota cDNA, then stripped and reprobed with a1 tubulin to control |oading.
Each lane was loaded with 2 pg of poly(A)* RNA. The pelota transcript sizes are
indicated in kilobases to the right of the figurein A. (A) Lane 1, wild-type males;
lane 2, wild-type females; lane 3, progeny of oscar30! females — these flieslack a
germline; lane 4, pelo! homozygotes. (B) All samples from wild-type flies. Lane 1,
embryos 0-2 hours old; lane 2, embryos 2-5 hours old; lane 3, first instar larvae;
lane 4, second instar larvage; lane 5, third instar larvae; lane 6, pupae; lane 7, adult
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and the nuclear envelope remains intact, yet the chromosomes
partially condense. Thus these genes are required for meiotic
spindle formation and nuclear envel ope breakdown, but not for
chromosome condensation. It was previously reported that
twine was not required for nuclear envelope breakdown in
meiosis (White-Cooper et d., 1993). We show here that in both
pelota and twine the nuclear lamins remain associated with a
spermatocyte nuclear envelope at the initial cell cycle arrest
and are only degraded later, as the spermatid heads develop.
The nuclear lamins are also degraded in wild-type spermatids
as they mature; the loss of lamin staining in pelota and twine
mutants is therefore probably due to the onset of the develop-
mental program for shaping the sperm head.

It is possible that the meiotic failure observed in pelota and
twine testes results from premature activation of spermatid
differentiation programs that then block meiotic division. Such
amodel was advanced to explain asimilar phenotype observed
in the Drosophila hydel ms(3)HB366 heterochron mutation
(Hackstein, 1991; Fuller, 1993). This explanation seems less

drial derivative, the spermatid’ s axoneme can elongate even if
the mitochondrial structures it associates with do not (Fuller,
1993). These parallel pathways are the likely basis for the
ability of flies with mutations in pelota, twine, or other genes
required for meiotic divisions to nonetheless proceed with
spermatid differentiation. In 82 tubulin mutants, for example,
the meiotic spindle does not form, but meiotic chromosome
condensation and differentiation of 4N spermatids still occurs
(Fuller, 1993).

Meiotic chromosome condensation may not be
regulated by p34°dc2-cyclin

The germline cell cycle appears to arrest during the meiotic
G2/M trangition in pelota and twine male homozygotes. The
absence of spindle formation and nuclear envelope breakdown
in arrested spermatocytes supports this hypothesis. Less con-
sistent with an arrest during the Go/M transition isthe existence
of partially condensed spermatocyte chromosomes in these
mutants (our results; White-Cooper et a., 1993). However,

plausible for pelota and
twine, since we see in
these mutants significant
numbers of spermato-
cytes that have arrested
in the meiotic prophase,
but have not yet formed
postmeiotic  structures.
The biochemical
evidence demonstrating
that cdc25 activates the
cell cycle apparatus by

dephosphorylating 541
p34cdcZ  (Dunphy and %6
Kumagai, 1991; Gautier g3,
etal., 1991) alsosupports 126
an activerolefor twinein 21
the initiation of meiotic 1556 "M T L V R S K |
cell divisions. It
therefore seems likely 811
that meiotic cell cycle 186 Y EQVMQSI
arrest is the primary 901
defect in pelota and 216
twine, while continued  ,
spermatid development 246 s S G F K HS L R E |
is due to the pardlel
nature of differentiation 195
programs in spermato-
genesis. 1171
During  Drosophila 306 Q@ A I E T L L |
spermatogenesis several 4561
developmental processes 33 | R D A G G E V K |
commonly function in
pardlel (Lifschytz and ‘3cr
Hareven, 1977). For
instance, the mitochon- Egi
drially derived 1557
nebenkern can elongate 1711
in the absence of afunc- 1801
tional flagellar axoneme 1557

(Hoyle and Raff, 1990);
while, in no mitochon-

GCCACGAGGTGAATGTCACT TGGECCGCCGAT TCTACT GACCACCACCAT TGCCACACCAT CCTGCCGAT TCGATCAGCGGTGTGAACTTA

GCAACT GCGT GAACCCAAT GACAACGATGCACCGCCGCCT TTGT GAACGGAGGGAAT TACT GGAAT CTGGGT GCAAGT GACAAGCGGCTA

GAGGAATAAACCACGCT GGTATAAAGGCAGT GCTGCGACGAAACAAAT ACCAAAT CT GACCAGCAACGAGACGGGATGAAGCTGCTGEEC
M K L L G

AAATACGT GGACAAGGGCATGCAGGGAAAT GTGACCCT GGT GCCGGAGGAGT CCGAGGATAT GT GGCACGCCTACAATTTGAT TGCGAAA
Ky vDKGMQGNYVYTLVPEESEUDMWHAYNTLI AK

GGCGACAGCGT GCGCAGCACCACT AT TCGCAAGGT GCAGAAT GAAACGGCTACT GGCT CCT CCACCAGCAGCCGGGT GCGCACCACACTA
GDSVRSTTI RKVAQNETATAGSSTSSRVRTTL

ACCATCGCAGT GGAGAGCATAGAT TTTGATACGCAGGCT TGT GT CGT CCGCCT TAAAGGCAGAAACAT CGAGGAGAACCAGTATGT CAAG
TI AV ESI DFDT QACVVRLIKGRNI EENA QYVK

ATGGGCGCCTATCACACCCT CGACCT GGAGCT GAAT CGCAAGT TCGAGCT GCGT AAGCCAGAAT GGGACACCAT TGCCCTGGAGCGCATC
M GAYHTULDLELNRIKE FELIRKPEWDTI AL ER/I

GAAAT GGCCTGCGAT CCCACACAGT CTGCGGAT GT GGCCGCCGT TGT GATGCAGGAGGGAT TAGCACACGT CTGCCTGATCACCGCCAGT
EMACDPTOQSADVAAVVMQEGLAHVCLI TAS

ATGACCCT GGT GCGGAGCAAGATAGAGGT CT CCATACCGCGCAAGCGCAAGGGECAGT GT CCAGCAACACGAGAAGGGACT GBCCAAGTTC
EVSI PRKRIKGSV QQHEIKGLAKF

TACGAGCAGGT TATGCAGAGCATCCTGCGGCACGT CGACT TCGATGT GGT CAAGT GTGT GT TGAT TGCGT CGCCGGGAT TCGT GCGCGAT
L RHVDFDVVKCVLI ASPGFVRTD

CAGTTCTACGACTACAT GT TCCAGCAGGCGGT CAAAAT GGAT TACAAGCT GCTGCTGGACAACAAGAGCAAGT TTATGCTGGTGCACGCC
QFYDYMFQQAVKMDYKULULILUDNIKSKFMLVHA

TCCTCGGGATTTAAGCACT CCTTAAGAGAAAT TCTACAGGAT CCCGCCGT GCTGGECCAAGAT GT CTGACACCAAGGCAGCTGGCGAGGTC
L QDPAVL AKMSIDTIKAAGEV

AAGGCCCTGGAACAAT TCTACATGATGCTGCAAT GT GAGCCCGCCAAGGCCT TCTATGGAAAGAAACATGT CCT CCAAGCCGCCGAGTCG
K AL EQFYMMLQCEZPAKAFYGKIKMHVLQAATES

CAGGCCAT CGAAACGCT GCTGATCTCGGACAACCT CTTTAGATGCCAAGACGT TAGT CTGAGAAAGGAATATGTCAATCTGGTCGAATCC
S DNLFRCQDVSLRKEYVNLVES

ATTCGCGAT GCTGGGGGAGAAGT CAAAAT CT TTTCGAGCATGCACAT CTCAGGAGAACAACT TGCTCAACTAACTGGAAT TGCAGCCCTC
FSSMHI S GEQLAQLTGI AAL

CTGCGCTTCCCGAT GCCCGAACT GGAGGACAGCGACGAT GAT GAT GAT GAGGAT GGAGCGGECAGGCEGEEECEECAGATAGCGATAGCGAC
L RFPMPELEDSDUDUDUDUDEUDGAAGGAADSTUDSTD

TAGGATCATAAATAGGAATAGCT TCATGGAATCT TGGCAT TTGATAACGGAAAAT TTTGACT TAGGAACT TAACTAGCGATCGATATACA
AGTAGACTAATAGGAACCACGACAGACT TGGACGT CAGGGCATATACAATATACATACATAGT GCTAATTCAATACAATATACACACAAA
TATCAGCTTAAGT TCACCCGT GGCTGGGCCTACAAATTCAACATTTTAGATTCTTTGTGT TCAAGTAAATGGT TAGGT TTCAATTATTGC
TTCATATGAGT TGCGT TAACTATAT TCGGCAAACTAAATTTCT TTCCGGCGCACT TAAATTCATTGT TCATTCATTTGTAAAATGGAAAA
CGGAGT TTGCAAAAT GATTACAACCGGCACATAATATAGT TATTTATCCAGT TTCGT TGT TTAAACCCGGATTTTATGCATCTTCAGAAC
GCTCTTAATGTTGCTTAACTTTATAAGATTTGTAATTATCATTTTATGCTGTAAACATAACCCT TTGTTAAACCCTACTAGT TGATACAG
AATGTAAGTAATTAACCATGCTGTAAATATATAAATGTAAATAATGCA 2028

Fig. 7. pelota cDNA sequence with predicted protein sequence (Genbank U27197).



Fig. 8. Alignment of full-length pelota, S. pelota
cerevisiae Dom34 (p33309) and C. elegans R74.6
R74.6 (z36238) protein sequences, as well pelota vaE
as predicted ORFs from expressed R74.6 %
sequence tags (EST) in Arabidopsis DOM34
(T20628) and Human (T30453, ArabEST
HUMGS01758). Slash marks indicate the pelota
end of the EST sequences. Boxed amino R74.6
acids indicate identity to the pelota DOM34
sequence; dots represent gaps generated in ﬁrigg
the alignment. Over the region of shown, v
pelotais 34% identical to Dom34, 58% pelota
identical to R74.6, 54% identical to R74.6
T20628, 70% identical to T30453 and 55% Hgg;fgfl{ EKZE
identical to HUMGS01758. The asterisks
over the pelota sequence PRKRK identify pelota
apotential nuclear localization sequence; R74.6
the + over the R & position 319 represents ~ POM>2
thefirst amino acid of the exon 3' of the
pelo! P element insertion. pelota iﬁvﬁ
R74.6
DOM34 S
HumEST
pelota BLRFP
R74.6 ICEAA LREP MP:
DOM34  iNejg me
HumEST jfeVEV

chromosomes also condense in sa, aly, mia and can arrested
spermatocytes (Fuller, 1993). Thus chromosome condensation
isacommon feature in spermatocytes arresting prior to meiotic
divisions, suggesting that in Drosophila meiosis at |east some
chromosome condensation is independent of p34°dc2-cyclin
activation during the Go/M transition.

There is precedent in other organisms for the initiation of
meiosis prior to the onset of the meictic cell cycle. In S cere-
visiae, for example, conditional mutations in Cdc28 (p34¢<dc?)
and several other Start genes cause meiotic arrest only after
homol og pairing and recombination (Shuster and Byers, 1989).
In Drosophila males no recombination occurs. The pairing of
autosomes in meiosis is mediated by a poorly characterized
mechanism, which may involve general homology between
chromosomes (McKee et al., 1993). Perhaps these meiotic
specializations require changes in the regulation of chromo-
some condensation prior to cell division, resulting in the partial
chromosome condensation observed during the Go/M transition.

It is possible that the initial meiotic chromosome condensa-
tion is mediated by a cyclin-dependent kinase activated before
the Go/M transition. However, such a kinase must not require
cdc25 phosphatase for activation, since no string message is
present in prophase spermatocytes (Alphey et al., 1992;
Courtot et a., 1992) and chromosome condensation occurs in
mutants lacking twine phosphatase (our results; White-Cooper
et a., 1993). Alternatively, a kinase that is not cyclin-
dependent may regulate the initial meiotic chromosome con-
densation. In this regard it is worth noting that chromosome
condensation is maintained during the meiotic interphase in
frog and starfish oocytes in the absence of p34°dc2-cyclin
kinase activity (for discussion, see Hunt and Murray, 1993).

Analysis of meiotic defects in weak pelota alleles

In weak pelota alleles the cell cycle sometimes proceeds
through the meiotic Go/M transition, but the meiotic cell
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divisions that occur are often aberrant, with defects in chro-
mosome segregation and cytokinesis. It is possible that pelota
plays separate rolesin the initiation of meiotic divisionsand in
specific meiotic processes such as spindle formation and
cytokinesis. We favor another possibility, that the chromosome
segregation and cytokinesis defects in weak pelota alleles are
linked to the initiation of meiotic divisions. Mutationsin other
genes regulating Go/M aso cause specific defects in cell
division. In Drosophila cyclin B mutants, for example,
embryonic cells transit from Gz to M, but form defective
spindles, resulting in improper segregation of chromosomes
(Knoblich and Lehner, 1993).

Conserved roles for pelota

Northern analysis of pelota expression suggests the gene is
active in processes other than spermatogenesis, for pelota
mMRNA is found throughout development and is not restricted
to the germline in adults. Embryos 0-2 hours old contain the
highest level of pelota mMRNA. Rapid waves of mitotic division
take place in these early embryos, so pelota may be required
for mitotic as well as meiotic divisions. Defects that we
observe in the ovary and the eye also suggest that pelota plays
arole in mitosis.

The pelota gene has yeast, plant, worm and human
homologs. A canonical nuclear localization sequenceis present
in at least four of these five proteins. Perhaps pelota and its
homologs are involved in p34°dc2 kinase function in the
nucleus. Alternatively, pelota may function outside the p34°dc2
signaling pathway and cause arrest at meiotic Go/M by acheck-
point mechanism.

DOM34, an S. cerevisiae protein with substantial sequence
similarity to pelota, functions in both mitotic and meiotic
divisions in yeast (JoAnne Engebrecht and Luther Davis,
personal communication). In dom34 mutants the mitotic cell
cycle is dowed. Meiatic divisions, in contrast, are too rapid
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and fewer spores are produced than in wild type. The yeast
mutants also fail to segregate chromosomes properly — a
phenotype similar to that of weak pelota mutants. Introduction
of the wild-type pel ota gene into a dom34 mutant provides sub-
stantial rescue of the dom34 growth defects (C. G. E., S. A.
W., L. Davis and J. Engebrecht, unpublished observations).
Thus, DOM34 and pelota are homologs and encode a
conserved activity for the regulation of cell division.
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