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ABSTRACT

Double-strand breaks (DSB) initiate meiotic recombination in a variety of organisms. Here we present
genetic evidence that the mei-P22 gene is required for the induction of DSBs during meiotic prophase in
Drosophila females. Strong mei-P22 mutations eliminate meiotic crossing over and suppress the sterility
of DSB repair-defective mutants. Interestingly, crossing over in mei-P22 mutants can be restored to almost
50% of wild-type by X irradiation. In addition, an antibody-based assay was used to demonstrate that DSBs
are not formed in mei-P22 mutants. This array of phenotypes is identical to that of mei-W68 mutants; mei-
W68 encodes the Drosophila Spoll homolog thatis proposed to be an enzyme required for DSB formation.
Consistent with a direct role in DSB formation, mei-P22 encodes a basic 35.7-kD protein, which, when
examined by immunofluorescence, localizes to foci on meiotic chromosomes. MEI-P22 foci appear tran-
siently in early meiotic prophase, which is when meiotic recombination is believed to initiate. By using
an antibody to C(3) G as a marker for synaptonemal complex (SC) formation, we observed that SCis present
before MEI-P22 associates with the chromosomes, thus providing direct evidence that the development of
SC precedes the initiation of meiotic recombination. Similarly, we found that MEI-P22 foci did not appear
in a ¢(3) Gmutant in which SC does not form, suggesting that DSB formation is dependent on SC formation
in Drosophila. We propose that MEI-P22 interacts with meiosis-specific chromosome proteins to facilitate

DSB creation by MEI-W68.

EIOTIC crossovers mature into chiasmata and
thereby direct the segregation of homologs at
the first meiotic division. It is now commonly accepted
that, in many organisms, meiotic recombination is initi-
ated with a double-strand break (DSB), which is then
repaired by using the homolog as a template. This pro-
cess results in either a noncrossover (simple gene con-
version) or a crossover (SzosTAK et al. 1983; LICHTEN
2001). In support of this model, DSBs (reviewed in
GoLDMAN and LicHTEN 1996) and double Holliday
junctions (ScHWACHA and KLECKNER 1995) have been
detected during meiotic prophase in Saccharomyces cere-
visiae. While it is not known how DSB sites are chosen,
several genetic and epigenetic factors are known to have
important roles. For example, at least 10 known gene
products are required for DSB formation in S. cerevisiae
meiosis, and 7 of these are presumed to be meiosis
specific (reviewed in ROEDER 1997). Some of these pro-
teins could have a role in choosing the DSB site, but
one of these proteins, Spoll, is believed to be the en-
zyme that generates the DSB break. After the DSB has
been made, a combination of meiosis-specific and gen-
eral DSB repair proteins are required for the production
of crossovers or gene conversions.
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Few homologs of these DSB-inducing genes have been
identified in higher eukaryotes. The significant exception
to this observation is Spoll, for which homologs have
been identified in several species. Strong mutations in the
Drosophila Spol1l homolog, mei-W68, eliminate all meiotic
recombination, both simple gene conversion and crossing
over, from which it has been inferred that the wild-type
allele is responsible for making meiosis-specific DSBs
(McKiM et al. 1998). In yeast and mice, DSBs are needed
not only for meiotic recombination but also for formation
of the synaptonemal complex (SC), a proteinaceous struc-
ture that forms between aligned homologs in meiotic pro-
phase (reviewed in ROEDER 1997; LicHTEN 2001). In Dro-
sophila and Caenorhabditis elegans, however, SC formation
is normal in strong mutants of their Spoll homologs,
implying that in some organisms meiotic recombination
is not required for synapsis (DERNBURG ¢t al. 1998; McKim
et al. 1998). Further studies and direct observations of DSB
formation in higher eukaryotes have technical limitations
due to the rarity of DSBs at any given site. Therefore,
experiments to determine the time course of key events
in a wild-type meiosis such as SC formation, in DSB forma-
tion, and in DSB repair have not been possible.

mei-P22 mutants have an identical phenotype to mei-
W68 in that they eliminate meiotic recombination but
form normal SC (McKiM et al. 1998). Here we present
genetic evidence that mei-P22 is required for the initiation
of DSBs. Consistent with this function, we have found



246 H. Liu et al.

that MEI-P22 localizes to foci on meiotic chromosomes,
suggesting that MEI-P22 may have a close relationship
with DSB formation. Observing the expression pattern of
MEI-P22 provides an opportunity to study the regulation
of DSB formation in a higher eukaryote. We have found
that the binding of MEI-P22 to chromosomes is restricted
to a brief period of meiotic prophase and occurs after SC
formation. In support of the conclusion that DSB forma-
tion is dependent on SC formation, we have found that
MEI-P22 localization requires the SC component C(3)G.

MATERIALS AND METHODS

Genetic techniques: All fly crosses to measure X chromosome
nondisjunction or crossing over were raised at 25°. The original
mei-P22 mutation, mei-P22', was recovered in a screen for meiotic
mutants caused by insertion of a w" Pelement (P{lacW}; SEKEL-
SKY et al. 1999). X chromosome nondisjunction was assayed by
crossing females to C(L;Y)1, v [ B/0; C(4)RM, ey* ¢i males. From
this cross, progeny resulting from normal X chromosome dis-
junction were B/+ females and wild-type males. Nondisjunction
of the X chromosome resulted in Bar males and wild-type fe-
males. Crossing over on the second chromosome was assayed
by generating females homozygous for a mei-P22 mutant and
heterozygous for an al dp b pr cn chromosome. Crossing over on
the third chromosome was assayed by recombining a mei-P22
mutation onto a th st cu e ca chromosome and then backcrossing
to make the mei-P22 mutation homozygous. To assay for radia-
tion-induced crossing over, 2- to 5-day-old virgin females of the
genotype mei-P22'”/ mei-P22'"” th st cu e ca were exposed to 4000
rad of X rays at a dose of 114 rad/min.

Screen for new mei-P22 alleles: Males were fed 25 mm ethyl
methanesulfonate in 1% sucrose for 24 hr and then transferred
to yeasted bottles for 1 day to recover. The cross was conducted
as follows:

Py y/ATY, +/+ 3 X yw/y w; Dr/TM3 ?
Fiiy w/™Y: +%/Dror TM3 3 X y w/y w; mei-P22'/TM39
Fo: y w/A"Y; any thirds 3 X y w/y w; +%/ mei-P22" ?

The F, cross was brothers to sisters to avoid the requirement
for virgins. Normal progeny from this cross were yellow females
and wild-type males, whereas the presence of a mutant on the
+% chromosome was indicated by yellow males and wild-type
females. If these were observed, the cross was set up again for
confirmation and a stock made by crossing the white-eyed males
and females (y w/y+Y; +%/TM3 8 X y w/y w, +*/TM3%).
We could select against the mei-P22' chromosome because it
is associated with a Pelement insertion carrying the mini-white
marker gene.

Molecular analysis of mei-P22 expression and mutations: Geno-
mic sequences flanking the Pelement insertion site in mei-P22!
were isolated and sequenced. An EcRI fragment containing
~1.3 kb of DNA flanking the 3" end of the P{lacW} insertion
was isolated by plasmid rescue (ASHBURNER 1989). The Pele-
ment was inserted between two open reading frames (ORFs)
and could have affected either or both transcripts. The nondis-
junction phenotype was rescued by constructs that contained
only one of the ORFs. Using the rescue fragment as a probe to
screen a Drosophila A-DASHII genomic library (FINELLI el al.
1994), we identified three overlapping clones encompassing the
mei-P22 locus. Subclones from one of these were sequenced
(GenBank accession no. AF199369). Our sequence differs from
that of the genome project by 13 amino acids, perhaps because
of different backgrounds (MYERSs et al. 2000 and Figure 3). For in
situ hybridization, digoxygenin-labeled RNA probes were made
from a linearized mei-P22 clone (pNH4) using the Boehringer

Mannheim (Indianapolis) RNA labeling kit and hybridized using
a procedure modified from the protocol for embryos (TauTz
and PrerrLE 1989).

To sequence our new alleles, some of which were on chromo-
somes with extraneous lethal mutations, genomic DNA was made
from females homozygous for a mei-P22allele or that were hetero-
zygous to the original mei-P22" allele. PCR was used to amplify the
entire mei-P22 gene. The primers flanked the site of the Pele-
mentinsertion in mei-P22'; therefore, in heterozygotes only the
DNA from the EMS allele was amplified. Amplified fragments
were cloned using the Perfectly Blunt Cloning system (Nova-
gen) and prepared for sequencing by alkaline lysis minipreps
and polyethylene glycol precipitation. In some cases, the PCR
products were directly sequenced following PCR and isolation
from an agarose gel. Sequencing was performed by the Univer-
sity of Medicine and Dentistry of New Jersey sequencing facility
and analyzed using the Wisconsin Package Version 9.1 (Genet-
ics Computer Group, Madison, WI). Sequences from different
mutant DNAs were compared to identify the nucleotide
changes.

Construction and analysis of the mei-P22 epitope-tag fusion
gene: The vector containing the triple hemagglutinin (HA)
epitope was constructed by cloning double-stranded oligonu-
cleotides into pBluescript. To make an amino-terminal fusion
of mei-P22 to the epitope tag, the entire coding region, includ-
ing 1 kb after the stop codon, was amplified by PCR. A Clal
site at the amino terminus (introduced in the PCR reaction)
and a Sadl site were used to clone the fragment into the
pBluescript vector containing the epitope tag. The hsp83 pro-
moter was inserted as a 900-bp Kpnl/Sall fragment into the
epitope tag/mei-P22 construct cut with Kpnl and Xhol. The
whole construct was then transferred to the transformation
vector pCaSper 4 using the Kpnl and Sadl sites. We chose to
use the hsp83 promoter because in previous experience it has
reliably driven gene expression in the germline. When the
hsp83 promoter was used to drive expression of mei-218, we
found that every transgenic rescued the me:i-2]§ mutant pheno-
type and produced detectable amounts of protein in the germ-
line when examined by immunofluorescence and Western
blot (MANHEIM et al. 2002).

With an antibody to the HA tag, we detected approximately
equal amounts of MEI-P22"%"4 in each of the hsp83::mei-P227X™
transgenics by Western blot of ovarian protein (data not
shown). However, in many of these lines, the protein was not
detectable in the germline by immunofluorescence and did
not rescue the mei-P22 mutant phenotype. It appeared that
certain transgenic lines expressed MEI-P22™%"4 in the germline
although for unknown reasons it was not visible in the nucleus.
An interesting explanation for this finding is based on the
observation that the hsp83::mei-218 transgenic lines differed
in the timing of the earliest protein expression. Some lines
expressed MEI-218 in early region 2a, whereas in others the
protein was not observed until region 2b. Of the transgenics
where MEI-P22 was observed, staining was limited to region
2a. Unlike mei-218, the timing of MEI-P22 expression appears
to be critical for its function: If not present early in the develop-
ment of the 16-cell cysts, it may be unable to aggregate at
potential DSB sites into complexes that are visible by fluores-
cence. These considerations suggest that the transgenic lines
that failed to produce foci expressed MEI-P22 too late in
pachytene.

Cytology: For immunolocalization experiments, virgin fe-
males were aged for 16 hr at room temperature, dissected,
and fixed using the “Buffer A” protocol (BELMONT et al. 1989).
Young females were used to optimize for early germarium
stages without the complication of the much larger stage 14
oocytes. All the experiments were performed without heat
shock because the basal level of AspS83 expression is similar to
the pattern of mei-P22 in the germarium. To detect the HA
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epitope-tagged MEI-P22, the primary antibody used was either
the monoclonal mouse anti-HA 12CA5 (1:20) or the mono-
clonal rat anti-HA “high affinity” 3F10 (1:100; Roche Biochem-
icals). The guinea pig anti-C(3) G antibody (PAGE and HAwLEY
2001) was used at 1:500, and a combination of two Orb anti-
bodies (4H8 and 6H4; LANTZ et al. 1994) was used at 1:150.
Secondary antibodies were FITC-labeled goat anti-guinea pig
(Vector Laboratories, Burlingame, CA) used at 1:300, Cyb-
labeled goat anti-mouse (Amersham-Pharmacia) used at 1:40,
and Cy3-labeled goat anti-rat (Amersham-Pharmacia or Jack-
son ImmunoResearch) used at 1:250. Chromosomes were
stained with 4',6-diamidino-2-phenylindole (0.2 pm) for 10
min or Hoechst (0.1 wl/ml of a 10 mg/ml solution) for 5
min. For immunolocalization of DSBs, the anti-phospho-
H2AX (Ser139) rabbit polyclonal antibody (Upstate Biotech-
nology, Lake Placid, NY; Rocakou et al. 1999) was used at
1:100 and the secondary Cy3-labeled goat anti-rabbit (Amer-
sham) was used at 1:300.

For BrdU staining, ovaries were incubated with 10 mm BrdU
(Sigma, St. Louis) in Grace’s insect cell culture medium (Life
Technologies) for 1 hr. The ovaries were then fixed as de-
scribed above and washed 2 X 15 min in PBS + 0.6% Triton-
X100 and 2 X 15 min in Dnasel buffer (Life Technologies)
and then incubated in 25 units Dnasel (in 0.5 ml Dnasel
buffer) at 37° for 30 min. Monoclonal mouse anti-BrdU (Bec-
ton-Dickinson, San Jose, CA) was used at 1:20.

Most of the images were collected using a Leica TCS SP2
confocal microcope or a Zeiss Axioplan Il imaging microscope
equipped with a Cooke Sensicam CCD camera. All images
were collected using a X63 or X100 objective. For analysis by
deconvolution, the images were collected with a DeltaVision
restoration microscopy system (Applied Precision) equipped
with a Nikon X60 N.A.1.4 oil immersion objective. The restora-
tion and modeling was performed with softWoRx software
(Applied Precision) on an Octane Workstation (Silicon
Graphics).

RESULTS

The effect of mei-P22 on chromosome disjunction and
crossing over: Previous studies found that the mei-P22!
mutation caused a reduction in the frequency of gene
conversion, which is evidence that mei-P22 has a role in
initiating meiotic recombination (McKim et al. 1998).
This mutation was not ideal for further studies because
it is not a null allele (see below). We isolated four addi-
tional mei-P22 mutations (MATERIALS AND METHODS)
and characterized their effects on X chromosome non-
disjunction (Table 1) and crossing over (Table 2). Two,
mei-P22?” and mei-P22°%, were weaker alleles and had
relatively low X chromosome nondisjunction. Crossing
over in mei-P22*” homozygotes was decreased to ~50%
of wild type in the cu-e and e-ca regions. In the st-cu
region, however, crossing over was increased to 156%
of wild type. The st-cu region includes the centromere
and in wild type exhibits crossover suppression relative
to the genome average. Therefore, these results show
that the crossover reductions in mei-P22*” were accom-
panied by a change in the distribution of residual events
along the chromosome. In Drosophila, many, although
not all, recombination-defective mutants also change
the distribution of crossing over relative to wild type
(“precondition mutants”; BAKER and HaLL 1976).

TABLE 1

Transgenic rescue of X chromosome nondisjunction
in mei-P22 mutants

Genotype ND (%) Total progeny
mei-P22'/ + 0.4 1414
mei-P22' /mei-P22' 38.5 577
mei-P22'% /mei-P22'% 37.4 1182
mei-P22°” /mei-P22*” 15.8 501
mei-P22°% /mei-P222% 3.2 4374
mei-P22"" /mei-P22M 41.6 1267
P{hsp83::mei-P22°X"} 9/+ | mei-P22" 2.9 621
P{hsp83::mei-P22°X" ) X1/+ ; mei-P22"" 8.3 555
P{hsp83::mei-P22°%"4) 4/ ; mei-P22! 5.0 947
P{hsp83::mei-P22°X") 2/+ ; mei- P22V 36.4 638

ND, nondisjunction.

The other two mutations, mei-P22'% and mei-P22V,
caused higher levels of X chromosome nondisjunction
and drastically reduced the frequency of crossing over.
mei-P22"” may be a null allele because it reduced cross-
ing over to extremely low levels (0.3% of wild type)
similar to the mei-W68 mutant phenotype. mei-P22Y' had
a low level of crossing over on the third chromosome
(13% of wild type), suggesting that it reduced but did
not eliminate the initiation of recombination. Crossing
over was more severely affected on the second chromo-
some in mei-P22V" females (4.2% of wild type), sug-
gesting thatin this mutant the recombination frequency
was sensitive to the chromosome or genetic background.
The mei-P22Y" second chromosome crossover frequency
was similar to our observations with the original allele
mei-P22!, suggesting that this mutation is also not a null
allele.

mei-P22 mutants lack DSBs: The initial step in meiotic
recombination is the formation of DSBs. To examine
whether mei-P22 is required before or after establish-
ment of DSBs, we performed two experiments. The first
experiment was to determine if an exogenous source
of DSBs, X rays, could rescue a strong mei-P22 mutant
phenotype. The second experiment was to determine
if a mei-P22 mutation could suppress the phenotype of
a mutant defective in the repair of DSBs.

Previous experiments have shown that X-irradiation
partially rescues the meiotic recombination defect in
mutants unable to generate DSBs, including spoll ho-
molog mutants of S. cerevisiae (THORNE and BYERS
1993), C. cinereus (CELERIN et al. 2000), C. elegans (DERN-
BURG el al. 1998), and Drosophila (R. BHAGAT and K.
McKiM, unpublished results). Conversely, irradiation
has no effect on mei-218 mutants that act after DSB
formation or in ¢(3)G mutants (ROBERTS 1969; R. BHA-
GAT and K. McKiM, unpublished results). We exposed
mei-P22'” mutant females to 4000 rad of X-irradiation,
crossed them with males to score either crossing over
or X chromosome nondisjunction, and then transferred
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TABLE 2

Third chromosome crossing over (cM) in mei-P22 mutants

Third chromosome
genetic interval (cM)

Total map Total
Genotype st cut cu e eca (% of wild type)” progeny
+/+ 3.2 17.3 30.4 50.9 618
mei-P22%%/ mei-P22°" 5.0 6.7 17.6 29.3 (57.6) 1511
mei-P22" / mei-P22V! 3.5 1.2 1.6 6.3 (12.4) 487
mei-P22'%/ mei-P22'" 0.06 0.06 0.06 0.2 (0.3) 1703
mei-P22'” / mei-P22'” (X-ray)" 6.2 7.4 7.6 21.2 (41.6) 434
P{mei-P22°X") 9/ + ; mei-P22'" 1.0 33.2 23.1 57.3 (112.6) 1309

Second chromosome genetic interval

Total map Total
Genotype al-dp dp-b bpr pr-cn’ (% of wild type)® progeny
+/+ 13.3 18.1 4.0 0.7 36.1 955
mei-P22" / mei-P22V 0.5 0.5 0.5 0 1.5 (4.2) 937
mei-P22'/ mei-P22! 0.2 0.8 0.2 0.3 1.5 (4.2) 2590

For the third chromosome, th st cu e ca/+++++ females were crossed to ru h th st cu e Pr ca/TM6B males.
For the second chromosome, al dp b pr cn/+++++ females were crossed to al dp b pr cn males.

“This interval includes the centromeric region.

" The map distance between th and ca or aland cn. The percentage of the wild-type control is in parentheses.
‘Data are from the 4- to 6-day brood, the most sensitive to X-irradiation (see text). In this experiment, and
in the others in this table, approximately equal numbers of the reciprocal crossover progeny were recovered.

them to new vials every 3 days. Crossing over was induced
by as much as 120-fold compared to unirradiated con-
trols, almost half of wild-type levels (Table 2 and Figure
1), demonstrating that exogenously induced DSBs
could compensate for the mei-P22 defect. Nondisjunc-
tion was also decreased, as was expected if the induction
of crossing over resulted in chiasmata that could direct
the segregation of homologous chromosomes. The most
significant increases in crossing over and decreases in
X chromosome nondisjunction were observed in the
offspring derived from oocytes fertilized 4-6 days after
radiation treatment. In these offspring, for example, X
chromosome nondisjunction was reduced to 7.9% in
contrast to 34.6% in unirradiated mutant females. These
oocytes were in pachytene when their mothers were
exposed to X rays (KING 1970; SPRADLING et al. 1997),
suggesting that there is a limited time frame in oogenesis
during which DSBs efficiently generate crossovers.
The st-cu region of the third chromosome was more
sensitive to radiation-induced crossing over than were
other regions. In the 4- to 6-day brood, crossing over
in the st-cu interval occurred at 194% of wild type,
whereas in the more distal cu-ca region crossing over
occurred at 31% of wild type. The st-cu region was also
significant because crossing over was induced by radia-
tion at relatively high levels through all broods. In con-
trast, an increased frequency of crossing over in the cu-e
and e-ca regions occurred only in the 4- to 6- and 7- to
9-day broods (data not shown). From the markers used,

we cannot determine if these interval-specific effects of
the st-cu region are a result of heterochromatic cross-
overs or if X-ray-induced crossovers exhibit the same
changes in distribution observed with endogenously in-
duced crossovers in mei-P22 hypomorphs.

As a second test of the relationship between mei-P22
function and DSB formation, we constructed a double
mutant with spnB*. spnB encodes a meiosis-specific
Rad51 homolog and is required for meiotic DSB repair.
spnB mutants are sterile because defects in meiotic DSB
repair cause the oocyte to develop abnormally (GHA-
BRIAL et al. 1998). Mutants that eliminate DSBs, such
as mei-Wo68, suppress the oogenesis defects and partially
restore fertility to spnB (GHABRIAL and SCHUPBACH
1999; R. PATEL and K. McKim, unpublished results).
In females homozygous for both mei-P22¥" and spnB™,
fertility was increased more than threefold compared
to those for spnB™ alone (Figure 2). While the spnB*
mutant females are completely sterile by the time they
have been laying eggs for 3 days, the mei-P22¥ spnB™
double mutants continued to produce progeny as they
aged. This increase in fertility was similar to that ob-
served with mei-W68'; spnB* homozygotes and is consis-
tent with a failure to create DSBs in mei-P22 mutants.
The fact that the fertility in the double mutants was not
restored to mei-P22 (or mei-W68) single-mutant levels
indicates that spnB might have additional roles during
oogenesis.

Finally, we employed a cytological assay of DSB cre-
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ation by using an antibody to the phosphorylated form
of human H2AX (y-H2AX), which detects a histone
modification that occurs at DSBs in meiotic cells of male
mice (MAHADEVAIAH et al. 2001). We have shown that
this antibody detects DSB-dependent foci during mei-
otic prophase of Drosophila females (D. SHERIZEN, J. K.
Janc and K. McKim, unpublished results). In mei-P22"
and mei-P22'"” mutants, these foci were not observed
(data not shown). This result is most striking, however,
when a spnB double mutant is examined because the
foci of y-H2AX staining persist longer in DSB repair-
defective mutants than in wild type (D. SHERIZEN and
K. McKiym, unpublished results). An example of this is
shown in Figure 2B; all oocytes from spnB™ females
accumulate y-H2AX foci late in meiotic prophase. In a
mei-P22Y' spnB™ double mutant, however, these foci
were not observed. It is likely that y-H2AX foci are
absent in the double mutant because DSBs are not cre-
ated in a mei-P22 mutant.

mei-P22 encodes a small, novel, basic protein: Geno-
mic sequences flanking the P-element insertion site in
mei-P22" were used to clone the gene (MATERIALS AND
METHODS). The assignment of the mei-P22 coding region
was confirmed by rescuing mutants with transgenes and
the sequencing of mutations. The original P-element
mutation inserted 52 bp upstream of the ATG. For each
of the mei-P22 EMS alleles, we identified a single nucleo-
tide sequence change within the coding region (Figure
3). The two severe EMS alleles mei-P22"" and mei-P22'%

were found to be stop codons while the hypomorphs
mei-P22*” and mei-P22%" were missense mutations. Sur-
prisingly, some genetic tests showed mei-P22Y' to be a
weaker allele than mei-P22'” (e.g., Table 2). Hypomor-
phic alleles that are stop codons have been observed
in the meiotic recombination genes mei-9 and mei-217
(MANHEIM et al. 2002; J. SEKELSKY, personal communi-
cation). In this case, it is possible that in some genetic
backgrounds there may be a low frequency of transla-
tional readthrough of the mei-P22"" stop codon. Geno-
mic sequence analysis and RT-PCR (data not shown)
showed that mei-P22 encodes a 954-bp ORF with no
introns. MEI-P22 is predicted to be 318 amino acids
with a potential bipartite nuclear localization sequence
(NLS) between amino acids 145 and 162, has a pre-
dicted isoelectric point of 10.23, and has no homologs
in the sequence databases (Figure 3).

We used the Zsp83 promoter to express the transgene
because its expression pattern in the germarium is simi-
lar to that of mei-P22 (see below), and we experienced
difficulties achieving transgenic rescue of the mutant
phenotype with the endogenous promoter, presumably
due to position effects. Fused to the 5’ end of the mei-
P22 coding region was an epitope tag encoding three
hemagglutinin (3XHA) peptide sequences to facilitate
immunolocalization of the protein (see below). Several
hsp83::mei-P22°*" (ransgenic lines that rescued the mei-
P22 mutant phenotype were isolated as well as some
that did not (Table 1 and MATERIALS AND METHODS).
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FIGURE 2.—mei-P22 is epistatic to spnB mutants. (A) spnB*

mutants are sterile after the first 2-3 days of mating (blue).
This effect is suppressed by mutations that reduce DSBs such
as mei-W68" and mei-P22V'. (B) Unrepaired DSBs are present
in a spnB” mutant but not a mei-P22"" spnB* double mutant.
In each image the oocyte was recognized due to the enrich-
ment of the ORB protein in the cytoplasm (green). Region
3 and stage 2 oocytes are in a relatively late stage of meiotic
prophase (see also Figure 4). In wild type the y-H2AX foci
are usually absent because the DSBs have been repaired. In
a spnB mutant, however, the y-H2AX antibody stains numer-
ous foci because the DSBs are not repaired (D. SHERIZEN and
K. McKiM, unpublished results). In the mei-P22V" spnB* double
mutant no foci were visible, suggesting that the DSBs were
never formed.

Analysis of mei-P22 expression: overview of Drosoph-
ila oogenesis: Our analysis of mei-P22 RNA and protein
expression was performed using whole mounted ova-
ries. Not only did this approach maintain the three-
dimensional structure of the meiotic cells, but it also
allowed us to determine the time course of MEI-P22
expression since cells in the ovary are arranged in order
of developmental age. An overview of Drosophila oocyte
development is described below, and a schematic of the
germarium and summary of our results are shown in
Figure 4A.

Drosophila females have two ovaries, each composed

of 10-15 ovarioles containing chains of developing oo-
cytes. At the anterior end of each ovariole is the ger-
marium, where four rounds of incomplete mitotic divi-
sions produce a 16-cell cyst with intercellular junctions
termed ring canals. Although each cyst will eventually
contain just one oocyte, several cells enter meiosis. Spe-
cifically, the SC first develops in the two cells with four
ring canals (the pro-oocytes) and later SC develops to
variable extents in the other cells with fewer ring canals.
Eventually, all cells but the oocyte exit the meiotic pro-
gram and SC is maintained in only one cell, the oocyte
(CARPENTER 1975a, 1979).

The cysts move down the germarium as they mature
but their absolute position does not equate to a specific
stage in meiotic prophase (CARPENTER 1975a). More
significantly, the cysts are usually arrayed in order of
developmental age such that a cyst in a posterior posi-
tion is usually at a later stage of meiotic prophase than
that of a cyst in a more anterior position. There can be
exceptions to this arrangement, but relative cyst position
is a useful tool to identify and compare oocytes in differ-
ent stages of meiosis (Figure 4A). The germarium is
divided into four regions on the basis of the morphology
of the 16-cell cysts, which we distinguished using an
antibody to the ORB protein (LANTZ et al. 1994). ORB
is a cytoplasmic protein that first appears in early region
2a and becomes enriched in the oocyte by region 2b.
In region 2a of the germarium, meiotic prophase begins
and recombination is initiated (CARPENTER 1979).

mei-P22 RNA is expressed in the germarium: We were
able to detect mei-P22 mRNA in the Drosophila ovary
using ¢n situ hybridization with an antisense RNA probe.
mei-P22 RNA was specifically observed in the postmitotic
region of the germarium, in regions 2 and 3 where
meiotic prophase occurs (Figure 4B). No staining was
observed in later stages of the vitellarium. In contrast,
we were unable to detect the transcript by Northern
blot of ovary total RNA or by screening two ovarian
cDNA libraries, suggesting that the transcript is rare
(data not shown).

MEI-P22 protein is detected during early meiotic pro-
phase: To gain further insights into the function of mei-
P22and its relationship to DSB formation, we examined
the localization of the protein. Since two attempts at
raising antibodies to the endogenous protein failed, we
used the rescuing transgenes (described above) con-
taining the mei-P22 coding region fused at the amino
terminus to three copies of the HA epitope tag. For
most immunolocalization experiments we used the
transformant line P{hsp83::mei-P22*""} 9 because it pro-
vided the best rescue of the mei-P22 mutant defects in
disjunction (Table 1) and crossing over (Table 2). The
efficient rescue was possible because the hsp83 promoter
drives expression without heat shock throughout re-
gions 2 and 3 of the germarium (DING et al. 1993; MAN-
HEIM et al. 2002).

When Drosophila ovaries carrying the P{hsp83::mei-
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1 MDRATVVPSP ASTYCSFMGG SQHSPLRRSQ RLIDKENRDL
51 QLFGNTEDDY SELLLQQGKV VHLKPAAKLV PVRSSDNLVH

101 KTSNRIVHLK PSYKIIHLKS LDEVEKTVKK KNNTQKEVHQ
stop (N1)
151 TPKKRGRKPK QPAKKLQOSRI STDQLGNTPS PSKLPAKYPA

201 PAMQLSDLSL TPDEIQTPER RGEIVNKSPS DLDSDVSLNI
I1(206) stop (103)
251 GTKDISSILT MQRPRQYILL EEHLPTLATM LNVDLERLRC

301 EQILRFPIKH EEDELEVS

P22°X11) 9 transgene were stained with an anti-HA anti-
body, MEI-P22 fusion protein was detected in region 2a
of the germarium (Figures 4 and 5). This staining pat-
tern was observed whether the transgene was in a wild-
type or mei-P22 mutant background. On the basis of
a comparison to ORB staining, MEI-P22 staining was
restricted to region 2a (i.e., early pachytene) and usually
disappeared by the end of region 2a (Table 3), sug-
gesting that relative to other events in the oocyte, MEI-
P22 staining is short lived. In addition, MEI-P22 staining
appeared as numerous foci, and because it always over-
lapped with the DNA stain, it appears to be a nuclear
protein (Figure 5A). Similar patterns were observed with
other transgenic lines that rescued the mei-P22 mu-
tant phenotype, such as P{hsp83::mei-P22°"}4 and
P{hsp83::mei-P22°" 4} X1. No staining was observed in
transgenics that failed to rescue the mutant phenotype
such as P{hsp83::mei-P22°X™} 2 (data not shown).

Evidence for post-transcriptional regulation of mei-
P22: The MEI-P22 expression pattern may be the result
of post-transcriptional regulation. The mRNAs of mei-
P22 (Figure 4) and hsp83 (DING et al. 1993) are ex-
pressed throughout regions 2 and 3 of the germarium.
Furthermore, when the hsp83 promoter was used to
drive expression of mei-218, protein was observed in re-
gions 2 and 3 of the germarium (MANHEIM ¢t al. 2002).
Thus, we suspect that the mRNA from the P{hsp83::mei-
P22°X14) 9 transgene is expressed throughout regions 2
and 3. In contrast, MEI-P22 was detected in a more
restricted pattern and was never observed in region 3
cells.

In addition to expression in the germarium, using
the Asp83 promoter resulted in expression of mei-P22
protein in a subset of the somatic follicle cells (Figure
5C). Because the follicle cells are asynchronously divid-
ing, this result suggests that MEI-P22 levels or nuclear
entry are regulated at a post-transcriptional level by the
cell cycle. Therefore, the mechanism that causes MEI-
P22 to be present for only a limited portion of meiotic
prophase could also be functioning in mitotic cells. In
contrast to this similarity in regulation, the pattern of
nuclear staining in the meiotic (germline) and mitotic
(follicle) cells differed in appearance. Unlike the dis-
crete foci observed in the germline meiotic cells, mitotic

QKIPPKSLSP
LGSRDKVVEL Ficure 3.—Sequence of MEI-P22 including the
changes in the EMS mutants. The sequence
shown corresponds to our sequence from the
RNSQRRSTIQC . .
Q—*—% A-DASHII library. In the published genome se-
HFVHQLPPAA  quence, there is an insertion (arrowhead) encod-
ing 13 amino acids (EDSSCAT RRRSLS; MYERs
s1spsIceTF e al. 2000). The positions of EMS-induced muta-
A(205) tions are shown in boldface type, the predicted
vipITocLsH  BP-NLS is underlined, and the region predicted

to form an a-helix is shown in italic.

cell nuclear localization was uniformly spread along the
chromosomes. This difference suggests that there must
be meiosis-specific factors that restrict the binding of
MEI-P22 to a small number of chromosomal sites during
meiotic prophase.

MEI-P22 appears after SC formation begins: To accu-
rately relate MEI-P22 localization to meiotic events in the
oocyte, we compared the localization of MEI-P22 to
the development of the SC. To detect the presence of
the SC, we used an antibody to the ¢(3)G protein, which
is proposed to be a component of the transverse ele-
ments (PAGE and HAwLEY 2001). Prior to ORB localiza-
tion, SC formation is the earliest indicator of the oocyte.
C(3) G antibody staining was observed in at least the two
pro-oocytes in each region 2a cyst. In addition, C(3)G
stained transiently in additional cells of some region 2a
cysts but was usually limited to the oocyte by region 3
(Figure 4).

In ~50% of the germaria, there was one early region
2a cyst with C(3)G staining but no MEI-P22 foci or ORB
staining (Figure 4C). These cysts are probably a normal
stage in ovary development but were not observed in
all germaria because they persist for a short period of
time. These cells also stained lighter for C(3)G, sug-
gesting that they are at the zygotene-pachytene transi-
tion. As noted by CARPENTER (1975a), zygotene is a
relatively brief stage of prophase in Drosophila. In the
remaining germaria, the earliest MEI-P22 was observed
simultaneously with the appearance of ORB and C(3)G
staining (Figures 4D and 5A). MEI-P22 was never
observed in a cyst that did not have C(3)G staining in
the oocyte. On the basis of these data, we conclude
that SC forms first and is rapidly followed by MEI-P22
accumulation.

There is probably an indirect relationship between
C(3)G and MEI-P22. That is, although the MEI-P22 lo-
calization occurred after and was dependent on C(3)G,
these proteins may not directly interact. Three-dimen-
sional reconstructions of deconvolved image stacks re-
vealed that MEI-P22 usually occupied a space that was
separate from SC, although the foci always overlapped
the DNA staining (Figure 6). These observations suggest
that SC development alters the chromosomes to allow
MEI-P22 binding.
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MEI-P22 foci transiently associate with pachytene
chromosomes: Compared to the other cells in each
16-cell cyst, C(3)G staining is the strongest and forms
the most threadlike structures in the two pro-oocytes
(PaGce and HAwLEY 2001). Abundant MEI-P22 foci were
observed in the nuclei of these cells but usually in only
two to four cysts per germarium (Table 3). Some pachy-
tene pro-oocytes in late region 2a and all in region 2b
had no MEI-P22 staining, however, suggesting that the
appearance and disappearance of MEI-P22 foci in the
pro-oocytes is rapid. For example, MEI-P22 foci were
usually observed in the pro-oocytes at the earliest stages
of pachytene, whereas oocytes that appeared to be in
later stages of pachytene, such as those in more posterior

located cysts of region 2a and 2b, lacked MEI-P22 foci
(Figure 4D). The nurse cells in region 2a cysts usually
contained MEI-P22 foci as well. These MEI-P22 positive
nurse cells often had punctate C(3)G staining, sug-
gesting that they had partially entered the meiotic pro-
gram. In fact, in late region 2a cysts MEI-P22 foci com-
monly were still present in the nurse cells even though
they had disappeared from the pro-oocytes. Further-
more, the foci were more abundant in some nurse cells
than in the pro-oocytes. These observations of the nurse
cells suggest that MEI-P22 accumulated for a longer
time in those cells where SC did not fully develop (Fig-
ure 4D).

While initially surprising, the presence of MEI-P22 in

regions 2-3

stage 2 egg
chamber
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TABLE 3
MEI-P22 staining in different mutant backgrounds

Genetic MEI-P22 positive Germaria with MEI-P22 MEI-P22 foci per Total
background cysts per germarium® in region 2b’ SC containing cell’ germaria
Wild type 3.8 0 8.7 12
spnB*Y 6.8 7 13.6 7
mei-W68°7 6.0 8 10.3 8
¢(3)G* 0 — 0 13

ND, not determined.

“The average number of cysts per germarium that contained MEI-P22-staining nuclei in nurse cells and/
or pro-oocytes. In wild type usually only one cyst had pro-oocyte staining whereas in the mutants most cysts
had pro-oocyte staining.

"The number of germaria that had MEI-P22 staining in at least one region 2b cyst.

“The average number of foci in the two cells in each region 2a cyst with four-ring canals and complete SC
formation (pachytene) that also had MEI-P22 foci.

cells fated to become nurse cells can be explained in
the context of germline cyst development. While some

below, that delays in DSB repair alter the dynamics of
the MEI-P22 foci.

of the nurse cell staining could be due to abnormally
high expression levels from the transgene, there is also
good evidence based on the appearance of recombina-
tion nodules (CARPENTER 1994) and the detection of
DSBs with antibodies (D. SHERIZEN and K. McKiMm, un-
published results) that the nurse cell progenitors experi-
ence double-strand breaks. Given that SC develops in
several cells of the 16-cell cyst, but then rapidly degrades,
and that ¢(3)Gis required for MEI-P22 localization, one
possibility is that MEI-P22 accumulates only in regions
of the chromosomes where SC previously developed.
Cells with punctate C(3)G staining may have persistent
MEI-P22 foci because the completion of SC formation
(pachytene) and/or DSB repair in the pro-oocytes may
hasten the removal of MEI-P22 from the chromosomes.
This conclusion is supported by our findings, described

The relationship of MEI-P22 localization to double-
strand-break repair: To determine if DSB repair plays
arole in removing MEI-P22 from meiotic chromosomes,
we stained for foci in mutants where DSBs either do
not form or are not correctly repaired. We constructed
hsp83::mei-P22°X" mei-W68”7 females to observe MEI-
P22 localization when DSBs do not occur (meiotic re-
combination is eliminated in a mei-W68”7? mutant) and
hsp83::mei-P22°X™ ; spnB* females to observe MEI-P22
when there is a defect in DSB repair (GHABRIAL et al.
1998). In both types of females, we found that MEI-P22
foci appeared at the normal time in region 2a, but
there were two important differences from the wild-type
dynamics of the foci. First, in both mei-W68 and spnB
mutants, the MEI-P22 foci usually persisted into region
2b cysts (Figure 7). Second, based on double staining

FIGURE 4.—Expression of mei-P22 in the germline. (A) Schematic diagram of the Drosophila germarium showing the stages
of development, SC formation (green), and MEI-P22 foci dynamics (red). Not all 16 cells in each cyst are shown. In region 1,
four rounds of mitotic divisions create the 16-cell cysts. Cytoplasmic ORB staining (blue) is initially equal in all 16 cells and then
localizes to the oocyte late in region 2a. The first SC forms in the 2 cells with four intercellular connections or ring canals, the
pro-oocytes. Later, more cells form SC, with the 2 three-ring canal cells forming extensive amounts, although distinguishable
from the 2 four-ring canal cells by comparatively lighter staining with C(3)G. In region 2b cysts, the cells flatten out. Finally, all
cells but the oocyte exit the meiotic program and lose their SC. On the basis of cyst position and ORB, C(3)G, and MEI-P22
staining, we propose four stages of meiotic prophase in region 2a cysts (labeled I-IV). In temporal order they are: (I) cysts with
no SC, ORB, or MEI-P22; (II) cysts that stain with C(3)G but lack cytoplasmic ORB and nuclear MEI-P22 staining; (III) cysts
with cytoplasmic ORB and MEI-P22 in the nucleus of the 2 cells with C(3)G, the pro-oocytes; (IV) cysts with G(8)G staining in
additional cells, such as those with three- or two-ring canals; MEI-P22 persists in these cells and may be absent from the 2 four-
ring canal cells; and (V) cysts with SC, which is beginning to be restricted to the oocyte, but in which MEI-P22 is absent. (B)
mei-P22 is expressed during meiosis in the Drosophila ovary. In situ hybridization using an antisense RNA probe for the mei-P22
coding region is shown. The figure is labeled to show how the transcript is enriched in the germarium. Stage 2 cysts are the
first stage of the vitellarium. The staining on the edge of some vitellarium cysts is nonspecific. (C) MEI-P22 (red) appears early
in the germarium. The anterior of the germarium, and hence the earlier stages of development, is at the top in B-D and is
shown by an arrow. In this volume projection of a confocal stack of images, C(3)G (green) appears prior to the earliest appearance
of ORB (blue) and MEI-P22 (asterisk). Late region 2a and region 2b cysts have no MEI-P22 foci. (D) Volume projection of
confocal images showing MEI-P22 (red) closely associated with C(3)G (green). A white outline shows the approximate shape of
four region 2a cysts, two with MEI-P22 staining. The logically inferred developmental order of the cysts is indicated by a number.
In cyst 1, MEI-P22 appears in the two nuclei with the strongest C(3)G staining (pro-oocytes) but also in nuclei with weaker
staining (nurse cells). In cyst 2, MEI-P22 is present at low levels in the pro-oocytes and is most abundant in cells with punctate
C(3)G staining. In later stage cysts (3 and 4) the oocytes still have C(3)G staining but no MEI-P22.



254 H. Liu et al.

A) wild-type B) ¢(3)G

8.0 um

C) wild-type follicle cells

Frcure 5.—MEI-P22 is localized to the nuclei of wild type but not of ¢(3)G mutants. (A) Wild-type germarium with MEI-P22
(red) appearing in the nuclei (DNA in blue) of the earliest cyst in region 2a with cytoplasmic ORB (green) staining. (B) MEI-
P22 is absent in ¢(3)G mutant oocytes. Volume projection of a ¢(3)G mutant germarium with ORB to show these are region 2a
cysts where MEI-P22 would normally be. The few nuclei with red staining are follicle cells. In A and B, an arrow indicates the
anterior end of the germarium. (C) MEI-P22 in the mitotically dividing somatic follicle cells. The focal plane of this image is
the outside edge of an ovarian stage 3 cyst. This cyst is located in the vitellarium, the region after the germarium. BrdU
incorporation experiments showed that this expression pattern did not correspond to S-phase (data not shown). Within the
nucleus of these cells, MEI-P22 colocalizes with the DNA and has a fibrous appearance, suggesting that it is binding to the

chromosomes, although there are no discrete foci. Bars, 8 wm.

with C(3)G in these mutants, there were more cysts per
germarium with MEI-P22 foci in the two pro-oocytes.
In wild type, approximately four cysts with MEI-P22
staining were in the pro-oocytes, whereas in these mu-
tants approximately six cysts with MEI-P22 staining were
in the two pro-oocytes (Table 3). Both mutants and wild
type had a similar number of cysts in each germaria and
the increase in the mutant germaria could be attributed
to an increased number of consecutive cysts with pro-
oocyte MEI-P22 staining. One explanation for these re-
sults is that DSB repair may increase the rate at which
MEI-P22 is removed from the chromosomes. Even in
the absence of DSB repair, however, MEI-P22 foci were
not observed later in prophase (region 3). Therefore,
other factors must have a role in regulating MEI-P22
chromosome binding.

If DSB repair increases the rate at which MEI-P22 is
removed from chromosomes, the relatively high abun-
dance of MEI-P22 foci in pro-nurse cells can be ex-
plained. In the cells that never complete SC formation
(pro-nurse cells), the rate of DSB repair may be lower
than that in the cells where SC forms completely (pro-
oocytes). The low rate of DSB repair in the pro-nurse
cells could occur because they only partially enter the
meiotic program. Consistent with this hypothesis, in the
mutants without DSB repair the MEI-P22 foci appeared
and then disappeared with similar dynamics in both the
pro-oocytes and the pro-nurse cells.

The frequency of MEI-P22 foci: We counted the num-
ber of MEI-P22 foci in nuclei with the strongest C(3)G
staining, the two cells with four ring canals. We focused
on these cells for two reasons: first, they are the only

cells in each cyst that reliably achieve full synapsis of
the homologs (pachytene) and second, one of these
cells will become the oocyte for which genetic data on
recombination frequencies are available for compari-
son. In wild type, we counted an average of 8.7 foci per
cell whereas, on the basis of limited data, we estimate
~15 per DSB per nucleus [on the basis of the estimate
of one crossover every five gene conversions at the rosy
locus (HILLIKER and CHOVNICK 1981) that the crossing
over at the 7osy locus is less frequent (~1/2) than the
genome average and that there is an average of 1.2
crossovers per chromosome arm]. It is likely that the
lower number of MEI-P22 foci was due to their dynamic
and transient nature in the pro-oocytes.

MEI-P22 localization on the chromosomes is ¢(3)G
dependent: In ¢(3)G mutants, SC does not develop
(SmrtH and KiNnG 1968; RAsMUSSEN 1975) and meiotic
recombination is drastically reduced (CARLsSON 1972;
HarL 1972). To investigate the possibility that C(3)G is
required to recruit proteins required for DSB formation
to meiotic chromosomes, we constructed hAsp83::mei-
P227X14: (3)G* females. In these females, we did not
detect MEI-P22 foci in the germline (Figure 5B, n = 13),
providing a strong correlation between the presence of
the foci and meiotic recombination. It is possible that
MEI-P22 stability or localization to meiotic chromo-
somes requires the SC.

DISCUSSION

What do the MEI-P22 foci represent? Several lines of
evidence support the conclusion that mei-P22is required
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for an early step in recombination during Drosophila
meiosis. First, both gene conversion and crossing over
are eliminated in strong mei-P22 mutants (McKiMm et al.
1998 and this article). Second, mei-P22 mutants suppress
the sterility phenotype of DSB repair-defective mutants
such as spnB™. Third, crossing over is restored by an
exogenous source of double-strand breaks, implying
that mei-P22 mutants lack them. Finally, the staining by
an antibody that detects histone modifications at DSB
sites, y-H2AX, is eliminated in mei-P22 mutants. From
the similarity of these phenotypes to those observed in
mei-W68 mutants, we hypothesize that mei-P22 is re-
quired for DSB formation.

Our most significant and novel finding is that MEI-
P22 is found as chromosome-associated foci early in
meiotic prophase. In our results, the strong correlation
between the presence of MEI-P22 foci and meiotic re-
combination suggests that these foci are relevant to DSB
formation. The MEI-P22 foci are present at a narrower
window of time during pachytene than is the pattern
of RNA expression, making it likely that the appearance
and disappearance of the foci are unrelated to the pro-
moter used and instead are a product of post-transcrip-
tional regulation. During this portion of pachytene, the
early recombination nodules appear on the chromo-
somes (CARPENTER 1975b). Early recombination nod-

FIGURE 6.—MEI-P22 is
nuclear and co-localizes with
the DNA butnot C(3)G. (A)
Image following deconvolu-
tion and projection of the
stack with MEI-P22 (red)
and C(3)G (green). The
frequent presence of red
and infrequent presence of
yellow staining indicate that
most of the MEI-P22 stain-
ing does not overlap with
C(3)G. Bar, 1 pm. (B) A sim-
ilar type of image from a
different nucleus showing
MEI-P22 (red) is always asso-
ciated with the DNA (blue).
(C and D) A model of the
nucleus shown in A with the
two images rotated 90° rela-
tive to each other to show
that the MEI-P22 foci are ad-
jacent to the SC. As is typical
for wild type, 10 foci are visi-
ble (see text).

ules are the structures proposed to be associated with
early stages of meiotic recombination and are observed
at the same time, early pachytene (region 2a of the
germarium), as the MEI-P22 foci are observed. This
correlation suggests that there may be a relationship
between the MEI-P22 foci and DSB formation.

Several additional observations support a functional
significance between the MEI-P22 foci and DSB sites.
For instance, the MEI-P22 foci are influenced by muta-
tions in other meiotic recombination genes. The MEI-
P22 foci are absent in a ¢(3)G mutant in which the SC
does not form, and they persistin the oocyte for alonger
time in mutants that do not induce or repair DSBs.
Also, MEI-P22 foci form only in the germline and their
numbers are similar to the predicted number of recom-
bination events in the genome. Finally, there was a per-
fect correlation between the transgenes that rescued
the mei-P22 mutant phenotype and the presence of the
foci. In combination with the genetic results summa-
rized above, and on the basis of these cytological obser-
vations, we suggest that the MEI-P22 foci represent the
sites along the chromosomes where DSBs will form.

Similar examples in other systems of proteins re-
quired for DSB formation to be found localized to mei-
otic chromosomes are limited. In S. cerevisiae, the
Mrell/Rad50/Xrs2 complex has been observed, but is
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A) mei-w684572
A

visible only in a rad50S mutant where DSBs accumulate
because they are not resected and repaired (Usul ef al.
1998). This complex was also observed in male mouse
meiosis but there was no correlation with DSB sites
(EgypE et al. 2000). More relevant to our findings is the
Rec102 protein. This S. cerevisiae meiosis-specific protein
is required for DSB formation and has been observed as
foci on meiotic chromosomes by immunofluorescence
(KEE and KEeNEY 2002).

MEI-P22 foci and DSB formation are dependent on
chromosome structure: If we assume that MEI-P22 foci
respond to the same factors that regulate meiotic recom-
bination, our observations provide a view of the regula-
tory mechanisms that ensure that only a small number
of DSBs are generated in each cell. We propose the
following sequence of events for regulating MEI-P22
and DSB formation in Drosophila female meiosis (Fig-
ure 4A). First, the homologs align and form SC. Second,
SC-dependent changes in chromatin structure provide
the conditions that promote MEI-P22 accumulation at
discrete chromosome sites. If MEI-P22 is not expressed
early enough, it may not be able to gain access to the
chromosomes. Third, MEI-P22, and likely other pro-
teins, promote the DSB activity of the Spoll homolog
MEI-W68. The observation that MEI-P22 foci are ob-
served in the absence of DSB activity (i.e., a mei-W68
mutant) demonstrates that MEI-P22 is not recruited to
chromosomes in response to a breakage event. Finally,
the MEI-P22 foci begin to disappear, first from the
pachytene cells and later from the other cells that form
partial SC.

The dependence of MEI-P22 localization on C(3)G
is consistent with genetic studies in Drosophila females
where meiotic recombination does not occur in the
absence of SC (CArRLsSON 1972; HALL 1972; PAGE and
HawLEey 2001) and SC can form normally between ho-

B) mei-w684572

%, FIGURE 7.—Expression of

MEI-P22 (shown in red) in
meiotic mutants. MEI-P22 is
present in mei-W68 (A and
B) and spnB (C) mutants.
(A) A volume projection of
a germarium showing nor-
mal appearance of MEI-P22
(red) in region 2a along
with C(3)G (green) and ORB
(blue) but unusual persis-
tence into region 2b (indi-
cated by an asterisk). (B and
C) Single confocal sections
showing that MEI-P22 is as-
sociated with the C(3)G of
region 2b cysts.

mologs in the absence of recombination (McKim et al.
1998). C(3) G and SC formation are not sufficient, how-
ever, for MEI-P22 localization. In later stages of pachy-
tene, regions 2b and 3, C(3) G is still assembled between
the homologs but MEI-P22 foci are never present. The
disappearance of MEI-P22 is not due to transcriptional
regulation and demonstrates that the SC has an essential
but not sufficient role in regulating MEI-P22 accumula-
tion. In fact, the completion of synapsis may have a
negative influence on the foci (see below).

Limiting the time when MEI-P22 binds to chromo-
somes may regulate DSB formation: The brief appear-
ance of MEI-P22 in region 2a cells demonstrates that
its expression is tightly controlled. Our evidence sug-
gests that the rapid removal of MEI-P22 foci may be
related to DSB repair activities, which for a number
of reasons could be more efficient in the oocyte. For
example, complete SC formation might stimulate DSB
repair. Alternatively, and akin to SC formation in the
16-cell cyst, DSB repair proteins might be present in
the greatest concentration in the two prospective oo-
cytes. The ultimate inhibition or removal of MEI-P22
foci, however, occurs even in the absence of DSBs and
therefore is unrelated to DSB repair. Our observations
are consistent with two nonexclusive processes that may
have a role in the final removal and/or inhibition of
MEI-P22 chromosome binding. First, the nuclear local-
ization and chromosome binding of MEI-P22 in the
germline may be regulated by a mechanism involving
cell-cycle controls that also function in mitotic cells.
This has an obvious evolutionary attraction, given that
meiosis is thought to have evolved from a mitotic cell
cycle. Second, not only is the SC required for the forma-
tion of MEI-P22 foci but also its maturation and/or
complete synapsis may contribute to their disappear-
ance. This inhibition of foci formation may correspond
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to changes in SC morphology previously noted by CAR-
PENTER (1975a). As the cells reach pachytene, the SC
progressively shortens and thickens. The corresponding
structural changes to the SC could modify the chromo-
somes such that MEI-P22 can no longer bind and there-
fore prevent further DSB formation.

There are two reasons to regulate DSB formation
within the cell. First, the timing of DSB formation is
important for its meiotic function. The analysis of X-ray-
induced crossing over shows that for DSBs to effectively
induce crossovers, they must occur during pachytene.
Second, once a sufficient number of DSBs have been
induced, the activity of generating breaks must then be
attenuated. Failure to stop the induction of breaks could
lead to excessive chromosomal breakage and cell lethal-
ity. It is reasonable to conclude from the foci dynamics
that MEI-P22 is under the control of a system regulating
DSB formation. The ability to directly observe MEI-P22
localizing to potential DSB sites will facilitate further
studies on the mechanisms that regulate DSB formation.
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