Copyright © 2009 by the Genetics Society of America
DOI: 10.1534/genetics.108.093112

Drosophila PCH2 Is Required for a Pachytene Checkpoint That Monitors

Double-Strand-Break-Independent Events Leading to Meiotic
Crossover Formation

Eric F. Joyce and Kim S. McKim'

Waksman Institute and Department of Genetics, Rutgers, the State University of New Jersey, Piscataway, New Jersey 08854-8020

Manuscript received June 25, 2008
Accepted for publication October 25, 2008

ABSTRACT

During meiosis, programmed DNA double-strand breaks (DSBs) are repaired to create at least one
crossover per chromosome arm. Crossovers mature into chiasmata, which hold and orient the homologous
chromosomes on the meiotic spindle to ensure proper segregation at meiosis I. This process is usually
monitored by one or more checkpoints that ensure that DSBs are repaired prior to the meiotic divisions. We
show here that mutations in Drosophila genes required to process DSBs into crossovers delay two important
steps in meiotic progression: a chromatin-remodeling process associated with DSB formation and the final
steps of oocyte selection. Consistent with the hypothesis that a checkpoint has been activated, the delays in
meiotic progression are suppressed by a mutation in the Drosophila homolog of pch2. The PCH2-
dependent delays also require proteins thought to regulate the number and distribution of crossovers,
suggesting that this checkpoint monitors events leading to crossover formation. Surprisingly, two lines of
evidence suggest that the PCH2-dependent checkpoint does not reflect the accumulation of unprocessed
recombination intermediates: the delays in meiotic progression do not depend on DSB formation or on mei-
41, the Drosophila ATR homolog, which is required for the checkpoint response to unrepaired DSBs. We
propose that the sites and/or conditions required to promote crossovers are established independently of
DSB formation early in meiotic prophase. Furthermore, the PCH2-dependent checkpoint is activated by
these events and pachytene progression is delayed until the DSB repair complexes required to generate
crossovers are assembled. Interestingly, PCH2-dependent delays in prophase may allow additional

crossovers to form.

EIOTIC crossovers promote genetic variation and
mature into chiasmata, which hold the homolo-

gous chromosomes together at metaphase I and direct
their segregation at anaphase I. In the absence of chi-
asmata, homologs may segregate randomly, resulting in
aneuploidy, which can lead to infertility, severe de-
velopmental consequences, or lethality. Therefore, it is
not surprising that crossover formation is a tightly
regulated process. The formation of crossovers depends
on the repair of programmed DNA double-strand breaks
(DSBs) through homologous recombination (McKim
and HavasHI-HAGIHARA 1998; KEENEY 2001). DSBs are
believed to be catalyzed by the Spol1 protein, asuspected
paralog of a type II topoisomerase from archaebacteria.
DSBs that do not become crossovers are repaired as
noncrossovers, often referred to as “gene conversions.”
The mechanism for repairing DSBs to generate
crossovers during meiotic prophase probably involves
some kind of double Holliday junction intermediate
(STaHL 1996; HEYER et al. 2003; HOLLINGSWORTH and
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BrirL 2004; WHiTBY 2005). By contrast, noncrossovers
can be generated by a combination of repair pathways
such as synthesis-dependent strand annealing. The mei-
otic DSB repair program involves proteins specialized for
the generation of crossovers as well as generic DSB repair
proteins. In Drosophila, the former group of “crossover
proteins” have been identified by mutations that cause
reductions in the frequency of crossovers but not non-
crossovers (reviewed in MEHROTRA et al. 2007). The latter
group includes proteins such as members of the Rad51
family, required to repair all DSBs (HorFMANN and
Borts 2004; Kunz and ScHAR 2004).

Drosophila genes required for crossing over have
been divided into two general classes: precondition and
exchange genes (SANDLER et al. 1968; CARPENTER and
SANDLER 1974). The distinction between the precondi-
tion and exchange classes has been based mainly on the
effects of mutations on the distribution of crossovers.
The few crossovers observed in the progeny of females
homozygous for precondition mutants show an altered
distribution, while the few crossovers generated by
mothers homozygous for exchange mutants show a
relatively normal distribution. Therefore, precondition
genes may have a role in establishing the crossover



40 E. F. Joyce and K. S. McKim

distribution, while exchange genes are required later to
carry out the reaction that generates crossovers.

Meiotic DSB repair in Drosophila is monitored by at
least one checkpoint. When there is a defectin repairing
meiotic DSBs in Drosophila females, the ATR/MEI-41-
dependent DSB repair checkpoint is activated (JANG
et al. 2003), resulting in a variety of developmental
defects, including the failure of the oocyte to establish
dorsal-ventral polarity (GHABRIAL and SCHUPBACH
1999). This checkpoint pathway may also have a more
direct role in DSB repair since mutations in the mei-41
gene cause a reduction in crossing over (BAKER and
CARPENTER 1972). In budding yeast, checkpoint pro-
teins may also have a role in determining whether repair
occurs using the sister chromatid or the homolog
(GrRuUSHCOW et al. 1999).

We have found evidence for a new meiotic prophase
checkpoint in Drosophila females. Mutations in DSB
repair genes and exchange genes cause delays in two
meiotic events: a chromatin-remodeling response to
DSBs and oocyte selection. Both of these phenotypes
may be a consequence of a general delay in pachytene
progression, suggestive of an activated checkpoint.
Surprisingly, the delay in pachytene progression in
DSB repair and exchange mutants is independent of
DSB formation but requires precondition genes like mei-
218 and rec. This suggests that the checkpoint is not the
canonical DSB-repair checkpoint that depends on
ATR/MEI-41 (GHABRIAL and ScHUPBACH 1999). In-
stead, we propose that this delay is the result of a second
checkpoint associated with the pathway leading to
crossovers. We show that this DSB-independent check-
point requires the Drosophila homolog of PCH2, an
AAA-adenosine triphosphatase.

In Saccharomyces cerevisiae and Caenorhabditis elegans, it
has been suggested that a PCH2-dependent checkpoint
pathway responds to synapsis defects independent of
DSBs (BHALLA and DERNBURG 2005; Wu and BURGESS
2006). However, some Drosophila mutants with PCH2-
dependent delays in pachytene do not have obvious
defects in synapsis. Thus, our results point to a defectin
the pathway leading to crossover formation as the
trigger that activates the checkpoint. Interestingly, the
synapsis mutants analyzed in other organisms also have
crossover defects, suggesting that there may be a
common mechanism related to crossover specification
for triggering the checkpoint in all three species.

MATERIALS AND METHODS

Fly stocks and genetic techniques: The following mutations
were used and have been previously described: hdm*’ (L1U et al.
2000; Jovck et al. 2009, accompanying article in this issue) ; mei-
W68"7? (BHAGAT et al. 2004); mei-P22' (L1u et al. 2002); okr's,
spn-A’, spn-B?", and spn-D’"’ (GHABRIAL et al. 1998; ABDU et al.
2003; JANG et al. 2003; STAEVA-VIEIRA et al. 2003); mei-41"°
(S1BON et al. 1999); mei-218' (CARPENTER and SANDLER 1974;
McKim et al. 1996); rec’ and rec? (BLANTON et al. 2005); mei-9¢,

mei-9*%, mei-9"%, and mei-9%"" (YiLpiz et al. 2004); and mus312"!
(YiLpiz et al. 2002). Experiments were done with both mei-9*
and mei-9*? since both are genetic null alleles. Experiments
with rec were done with rec’ /rec® heterozygotes. The deficiency
Df3R)p-XT103 deletes cytological bands 85A2-85C2, which
includes the pch2 locus. All crosses were raised at 25°. The
frequency of X-chromosome nondisjunction is calculated as
2(Bar® females + Bar males)/[2(Bar* females + Bar males) +
Bar females + Bar™ males].

Irradiation of oocytes: Females were exposed to a dose of
10 Gy of X rays (ata dose rate of 1 Gy/min) and were dissected
and fixed at 1, 5, or 24 hr after irradiation.

Cytology and immunofluorescence: For immunolocaliza-
tion experiments, females were aged at room temperature for
~16 hr and ovaries were dissected and fixed using using Buffer
A (BELMONT et al. 1989; McKiv et al. 2008). The antibody to
v-HIS2AV was described by MEHROTRA and McKiMm (2006) and
used at a 1:500 dilution. Additional primary antibodies in-
cluded mouse anti-C(3)G antibody used at 1:500 (PAGE and
Hawvrey 2001), rabbit anti-C(2)M antibody used at 1:400
(MANHEIM and McKim 2003), and a combination of two
mouse anti-ORB antibodies (4H8 and 6H4) used at 1:100
(LANTZ et al. 1994).

The secondary antibodies were Cy3-labeled goat anti-rabbit
(Jackson Labs) used at 1:250 and FITC-labeled goat anti-
mouse (Vector Labs) used at 1:125. Chromosomes were
stained with Hoechst at 1:5000 (10 mg/ml solution) for 7 min
at room temperature. Images were collected using a Leica TCS
SP2 confocal microscope with a X63, N.A. 1.3 lens. In most
cases, whole germaria were imaged by collecting optical sections
through the entire tissue. These data sets are shown as
maximum-intensity projections. The analysis of the images,
however, was performed by examining one section at a time.

Counting two oocytes and calculating P-values: The oocytes
were observed using an anti-C(3) G antibody. A cell was scored as
an oocyte if complete SC filaments were clear and distinct. P-
values were calculated using the Fisher’s exact test. The Pvalue
from the test compares the ratio of one-oocyte to two-oocyte
cysts thatwere observed in two genotypes. In experiments where
C(8) G staining was notvisible [such asin the ¢(3)Gnullmutant],
a concentration of ORB staining in the cytoplasm of a cell was
used to identify the oocytes (GONZALEZ-REYES ¢t al. 1997).

Counting y-HIS2AV foci: The y-HIS2AV foci were counted
from germaria where the foci were clear and distinct. Foci num-
bers in wild type were at a maximum in region 2a (early pachy-
tene) and few foci were visible by region 2b (mid-pachytene).
Therefore, to compare foci numbers in different genotypes, we
used a method that includes all cysts with y-HIS2AV foci, aver-
aging the number in each pair of pro-oocytes. We compared
the average number of foci in all the pro-oocytes or oocytes of
each germarium, starting with the youngest cysts at the
anterior end, by examining a full series of optical sections.

Plotting y-HIS2AV foci as a function of relative cyst age:
Since the position of a cyst in the germarium is only a rough
estimate of its meiotic stage, the foci were first counted in all
the pro-oocytes/oocytes [identified by C(8)G staining] in the
germarium. The meiotic stage of each pro-oocyte was then
normalized according to the relative position of the entire cyst
within the germarium since the relative position is more
important than the absolute position. The pro-oocytes from 13
wild-type germaria, 18 hdm#’, 6 mei-218', 5 hdm#” mei-218', 5 spn-
D}49’ 4 mei—2]8’; spn-D 349’ 5 pchzl-?YmmXa’ 6 hdmgﬁ’. pChZHYmm&', 5 mei—
942 and 5 mei-9%; pch2"""7¥% were arranged according to their
relative age. The average number of y-HIS2AV foci per pro-
oocyte at each stage was then calculated and plotted as a
function of relative cyst age.

Isolation of a pch2 insertion allele: We used an allele of pch2
in which the coding region was disrupted by 473 bp of a
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F1GUre 1.—SC formation and the two-oocyte phenotype in hdm mutants. (A and B) Maximum-intensity projections showing a
merge of all the confocal optical sections through a wild-type and Zdm mutant germarium stained for SC [C(3)G] in green and
DNA in blue. A cartoon of oocyte development in wild-type and ~dm mutant germaria is next to its corresponding image. Oocyte
development begins in the germarium, where four incomplete divisions form a 16-cell cyst (region 1, not shown). Two of the cells
in each cyst have four interconnections, or ring canals, and become the pro-oocytes. Changes in cyst morphology differentiate
regions 2a, 2b, and 3. In region 2a, both pro-oocytes enter meiosis, including zygotene and early pachytene, where the SC assem-
bles between homologs and meiotic recombination initiates. Region 2a cysts are round, region 2b cysts flatten out, and region
3 cysts become round again before leaving the germarium into the vitellarium (stages 2-14). (A) In some region 2b and most
region 3 wild-type cysts, one cell is identifiable as the oocyte by robust localization of the SC component C(3)G protein. The white
arrow indicates the “loser” pro-oocyte in region 2b, which shows trace amounts of C(3)G staining, and the white arrowhead in-
dicates a region 3 oocyte with robust C(3)G staining. (B) In Adm mutants, there are two late pachytene cells (oocytes) with robust

C(3)G staining in most region 3 cysts (white arrowheads). Bars, 10 pm.

partially deleted P element (P{EPgy2}CG31453[EY01788a])
inserted toward the end of the first exon (BELLEN et al. 2004).
This pch2°”7%% mutation causes a frameshift early in the
protein and is therefore likely a null allele. The original stock
contained two third-chromosome insertions (P{EPgy2}-
CG31453"70175% P{EPgy2}EY01788b). One insertion, £Y01788a,
was located inside the coding region of CG31453 at 85A3. The
otherinsertion, EY01788b, was located at 95F1 near CG5524. To
isolate the pch2 (CG31453) insertion, we crossed y' w”?;
P{EPgy2}CG31453"""7%% P{EPgy2}EY01788b males to cu e ca/
TM6Bfemales. The Th" female progeny were then crossed to cu
e Pr ca/TM6B males, and cu” ¢ ca recombinants were collected
and crossed individually to yw; Dr/TM3females. Five stocks were
made from crossing Pr" Sb females to their Pr* Sbbrothers. We
confirmed the presence of EY01788a by isolating DNA from
homozygote pch2°'7% ¢ ca females. In all five lines, PCR
revealed an ~500-bp insertion in the pch2 locus. Sequence
analysis showed that there was 473 bp of a deleted P{Epgy2/
element inserted into the coding region of pch2, which is
expected to cause a frameshift mutation.

RESULTS

Many of the exchange genes have been shown to en-
code proteins with informative biochemical functions.
MEI-9 and ERCC1 form an endonuclease, supporting
the hypothesis that exchange proteins play direct roles
in the recombination process. In contrast, the function
of precondition genes has been ambiguous and confus-
ing because their biochemical functions are not known.
Furthermore, the distinction between the precondition
and exchange type genes is based mostly on the dis-

tribution of crossing over in the mutants although the
mechanistic basis for this difference is not known.

To establish meaningful parameters to distinguish
precondition from exchange genes and gain insights
into how these genes promote crossover formation, we
used cytological tools to characterize synaptonemal
complex (SC) formation and DSB repair in mutations
required for crossing over. This was done by comparing
the progression through meiotic pachytene in wild-type
and mutant females. Whole-mounted ovaries were
stained with antibodies recognizing the SC components
C(3)G and C(2)M to observe synapsis, identify the pro-
oocytes, and estimate the meiotic stage of each nucleus.
DSB formation and repair was monitored using an
antibody to y-HIS2AV. Phosphorylation of HIS2AV (or
H2AX in mammals) is a rapid chromatin-remodeling
response to DSBs that appears during the pachytene
stage in Drosophila female meiosis (RoGakoU et al.
1999; MADIGAN et al. 2002; JANG et al. 2003).

Meiotic progression in wild-type females: During
wild-type oogenesis, oocytes differentiate within a 16-
cell germline cyst (see Figure 1 for description of
oogenesis). Several cysts are contained in each germa-
rium and are arranged in temporal order, with the
earliest cysts located in the most anterior positions.
These germarium cysts can be separated into three
stages on the basis of their morphology. First, within
region 2a cysts, two pro-oocytes initially appear equiva-
lent as both enter meiosis and reach early pachytene. At
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TABLE 1

Comparison of crossover-defective mutant phenotypes

Pachytene progression defects

Persistence Suppresses
SC Crossover Crossover Delayed of y-HIS2AV Two pachytene delay
Class Mutant  formation levels distribution  y-HIS2AV foci” oocytes phenotypes
Synapsis ¢(3)G No None None’ ND 0.0 No ND
DSB formation  mei-W68 Yes None None’ None’ None’ No No
mei-P22 Yes None None’ None’ None’ No No
Precondition mei-218 Yes Reduction  Abnormal No 0.0 No Yes
rec Yes Reduction  Abnormal No 0.0 No Yes
DSB repair spn-A Yes ND* ND- Yes 21.0 Yes NA?
spn-D* Yes Reduction ~ Abnormal Yes 20.9 Yes NA?
okra Yes Reduction®  Abnormal’ Yes 22.0 Yes NA?
Exchange mei-9° Yes Reduction ~ Normal Yes 1.3 Yes NA“
hdm Yes Reduction ~ Normal Yes 1.4 Yes NA?
Surveillance mei-41 Yes Reduction®  Abnormal’ Yes 21.0 Yes NA?
mechanisms  pch2 Yes Normal Normal No 0.0 No Yes

ND, not determined.

“Average no. of foci that persist into late pachytene (region 3) oocytes.
’Crossing over is eliminated by null alleles but the crossover distribution is altered by hypomorphic alleles (Liu et al. 2002;

BHAGAT et al. 2004).

‘ Crossover distribution in null mutants is not known because they are sterile. However, mei-#1 and okr hypomorphs are fertile
and have reduced crossing over with an altered distribution (BAKER and CARPENTER 1972; BHAGAT et al. 2004).

“These mutants exhibit delay phenotypes.

‘Results with spn-B were similar to spn-D and with mus312 were similar to mei-9.

this time the SC forms and is observed as complete
filaments of C(3)G or C(2)M staining in each pair of
pro-oocytes. Second, within region 2b cysts, one of the
two pro-oocytes begins to exit meiosis, converts to a
nurse cell fate, and loses staining of SC proteins. Third,
within region 3 cysts, located in the most posterior
position of the germarium, oocyte selection has oc-
curred. This is characterized by the presence of only a
single oocyte with SC staining (Figure 1).

In the progression from early (region 2a) to late
(region 3) pachytene, there is also a characteristic
pattern of y-HIS2AV staining in the pro-oocytes and
oocyte (MEHROTRA and McKim 2006). y-HIS2AV foci
are most abundant at early pachytene (region 2a) and
by late pachytene (region 3) no y-HIS2AV foci are
observed. We used cyst morphology, SC, and y-HIS2AV
staining to compare the relative timing of progression
through pachytene in wild-type and recombination-
defective mutants (summarized in Table 1).

Mutations in the exchange and DSB repair classes of
genes result in a delay in oocyte selection during
pachytene: Meiotic progression was examined in fe-
males homozygous for mutations in each of three ex-
change class genes: two previously characterized genes,
mei-9 and mus312, and hold’em (hdm), a new member of
the exchange class that we recently identified (Joyce
et al. 2009, accompanying article in this issue). Ovaries
from these exchange mutant females were stained for
C(3)G. As in wild-type, zygotene was an infrequently

observed stage, and complete threads of C(3)G staining
were observed in most region 2a pro-oocytes of each
exchange mutant (Figure 1). This indicates that SC
formation and synapsis occurred rapidly and without
notable delay, as expected from previous electron
microscopy studies of SC formation in mei-9 homozy-
gotes (CARPENTER 1979).

In all three exchange mutants, however, oocyte
selection was delayed; the choice between the two pro-
oocytes occurred later than in wild type. For example, in
hdm mutant females, two pro-oocytes were visible by
C(3)G staining in 62.5% of region 3 cysts (Figure 1;
Figure 2), which was significantly greater than the
frequency of 9.5% observed in wild type (P = 0.0005,
Fisher’s exact test). Similarly, both the mei-9and mus312
mutants showed a high frequency of two oocytes in
region 3 cysts (69.6%, P = 0.00006, and 75.0%, P =
0.00002, respectively; Figure 2). The presence of two
oocytes was associated with the failure of either pro-
oocyte to localize to the posterior end of the cyst and
frequently showed weaker C(3)G staining in region 3
compared either to wild-type region 3 oocytes or to
earlier-stage oocytes in the same mutant germarium
(Figure 3A). These two observations indicate that the
delay affects both pro-oocytes. The presence of two pro-
oocytes in region 3 cysts will be referred to as the “two-
oocyte” phenotype in this article.

All known exchange gene products have roles in both
somatic DNA repair and meiotic crossover production.
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To examine whether the two-oocyte phenotype re-
flected the loss of the meiotic recombination functions,
we tested two special mei-9 alleles (YILDIZ el al. 2004).
The mei-9"? mutant, which is defective for meiotic
crossover formation but proficient in somatic DNA
repair, had a high frequency of the two-oocyte pheno-
type (52.9%, P = 0.005). The mei-9""" mutant, which is
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proficient in meiotic crossover formation but is de-
fective in somatic DNA repair, had a low frequency of
the two-oocyte phenotype (28.6%, P = 0.21). These
results suggest that the delay in oocyte selection is due to
a defect in a meiotic function of the exchange genes.
We next examined mutations in four genes required
for meiotic DSB repair for the two-oocyte phenotype:
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the Rad5 1 ortholog spn-A, Rad5 1 paralogs spn-Band spn-
D, and the Rad54 ortholog okr. In all of these DSB repair
mutants, complete threads of C(3)G staining were ob-
served in most region 2a pro-oocytes, indicating that SC
formation and synapsis occurred normally. Like the
exchange mutants, each DSB repair mutant exhibited
a high frequency of the two-oocyte phenotype (52.5—
69.6%, each P < 0.05 compared to wild type; Figure 2).
Indeed, a two-oocyte phenotype has previously been de-

scribed in some of these mutants using different markers
for the oocyte, such as the cytoplasmic ORB protein
(GONZALEZ-REYES et al. 1997; MCCAF¥FREY el al. 2006) ora
different SC antibody (HuyNH and ST. JouNsTON 2000).

In all mutant females analyzed, SC staining was
limited to one cell at stage 2 of oogenesis, which is
shortly after a cyst leaves the germarium. Thus, one of
the two pro-oocytes does eventually become a nurse cell.
These results suggest that exchange and DSB repair
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mutations delay but do not block the pro-oocyte-to-
oocyte decision, causing region 3 oocytes to be in mid-
pachytene rather than late pachytene.

In contrast to exchange and DSB repair mutants, the
two precondition class mutants that we examined, mei-
218 and rec, showed a frequency of two oocytes in region
3 that was not significantly greater than wild type
(14.3%, P=1, and 18.5%, P= 0.44, respectively; Figure
2). Similarly, mutants with defects in DSB formation,
mei-W68 and mei-P22, also showed a low frequency of two
oocytes in region 3 (24.0%, P = 0.26, and 23.8%, P =
0.41, respectively). Taken together, our results indicate
that only mutations in DSB repair and exchange class
genes induce a significant delay in oocyte selection. In
contrast, neither defects in DSB formation or precon-
dition genes cause such a delay.

Delayed oocyte selection in crossover mutants is DSB
independent: The delay in oocyte selection caused by
mutations in exchange and DSB repair genes could be
caused by the activation of a checkpoint sensitive to the
accumulation of repair intermediates. This hypothesis
was tested by eliminating meiotic DSBs using mutants
defective in DSB formation. In Drosophila, the pro-
grammed DSBs that initiate meiotic recombination
require the genes mei-W68 (encoding a Spol1 ortholog)
and mei-P22 (McKim et al. 1998; L1u et al. 2002). A high
frequency of the two-oocyte phenotype was still ob-
served in hdm; mei-W68 (51.5%, P = 0.420 compared to
hdm) and mei-P22 spn-A (82.6%, P= 0.491 compared to
spn-A) double mutants (Figure 2). A similar result was
previously observed in a mei-W6S; mus301 double
mutant (mus301 is also required for meiotic DSB repair;
McCA¥rRrEY et al. 2006). These results demonstrate that
the delay in oocyte selection does not depend on the
induction of DSBs or persistent repair intermediates.

Exchange and DSB repair mutants exhibit a delay in
the chromatin-remodeling response to DSBs: To de-
termine if exchange and DSB-repair mutations, which
caused a delay in oocyte selection, delayed other aspects
of meiotic progression, we examined the dynamics of
DSB formation and repair by staining for yv-HIS2AV. In
wild-type oocytes, y-HIS2AV foci were most abundant at
early pachytene (region 2a, cyst 3 in Figure 3) and
absent by late pachytene (region 3, cyst 8 in Figure 3).
Interestingly, in the exchange mutants, hdm (Figure
3B), mei-9 (see supplemental Figure S1), and mus312
(data not shown), y-HIS2AV foci did not reach maxi-
mum numbers until cyst 5 (approximately the last cystin
region 2a). These mutants did not affect the total
number of y-HIS2AV foci (Joyck et al. 2009, accompa-
nying article in this issue), only the timing of their
appearance. Thus, exchange mutant females exhibited
adelay in the appearance of y-HIS2AV foci in region 2a.

MEHROTRA and McKiMm (2006) previously reported a
delay in the appearance of y-HIS2AV staining in DSB
repair mutants. To examine this in more detail and
compare to the exchange mutants, we examined the
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FIGURE 4.—hdm delays the response to X-ray-induced DSBs.
The average number of y-HIS2AV foci in mei-W68"7 (solid) and
hdm®’; mei-W68"7 (shaded) females at 1, 5, and 24 hr after irra-
diation. The dataat the 1-and 5-hr time points are from the first
cyst with pro-oocytes in pachytene (the first pair of region 2a
pro-oocytes with SC staining). At 5 hr after irradiation, hdm#’;
mei-W68”7 pro-oocytes had 18.9% of the y-HIS2AV foci found
in mei-W68”7. The data at the 24-hr time point are from the
third cyst with pro-oocytes in pachytene, which, due to move-
ment down the germarium, was approximately the first cyst
at the time of irradiation. Error bars denote the standard error
of the mean.

effect on y-HIS2AV staining of mutations in spn-D
(Figure 3C) and spn-B (data not shown). These and
other mutations in DSB repair genes, such as spn-A and
okr; have two effects on y-HIS2AV foci. First, they cause a
delayin the appearance of y-HIS2AV foci, much like that
observed in exchange mutants. Second, they cause large
numbers of y-HIS2AV foci to accumulate into late stages
of pachytene because DSBs are not repaired.

Exchange mutants show only the first phenotype
observed in DSB repair mutants: the delay in the ap-
pearance of y-HIS2AV foci. In contrast to what we ob-
served in DSB repair mutants, only a few y-HIS2AV foci
(1.4 foci/region 3 oocyte, n = 26) persisted into late
pachytene (region 3) oocytes in Admmutant cysts (Table
1). mei-9 mutants also showed the persistence of only a
few y-HIS2AV foci (1.3 foci/region 3 oocyte, n = 10). In
wild type, the persistence of yv-HIS2AV foci in region 3
oocytes was extremely rare (0.04 foci/region 3 oocyte,
n=26). These observations are consistent with the con-
clusion that mutants like spn-A and spn-B have a block in
DSB repair while exchange mutants like idm and mei-9
have a delay only in DSB repair.

Unlike the DSB repair and the exchange mutants,
precondition mutants mei-218 and rec did not exhibit a
delay in either the appearance or disappearance of
v-HIS2AV foci staining, with the exception of a re-
producibly tighter curve from cyst 2 through 4 (Figure 3
and data not shown).

The delayed appearance of y-HIS2AV foci in ex-
change and DSB repair mutants could represent either
a delay in DSB formation or a delay in the response to
DSBs. To test for a delayed response to DSB formation,
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we compared y-HIS2AV staining in hdm; mei-W68 double
mutants to mei-W68 single mutants following irradia-
tion. Because mei-W68 mutants do not generate meiotic
DSBs, the only DSBs in this experiment were induced by
irradiation. Furthermore, the X-ray treatment would
induce the same average number of DSBs in early
pachytene (region 2a) cells as in late pachytene (region
3) cells of the germarium, allowing for a direct compar-
ison of the y-HIS2AV response to DSBs at different
stages of meiotic prophase. Specifically, we examined
the effects of exchange mutations on X-ray-induced y-
HIS2AV foci in the first pachytene pro-oocytes (same as
cyst 1 in Figure 3). mei-W68 single-mutant pro-oocytes in
early pachytene (region 2a) showed a low number of y-
HIS2AV foci at 1 hr after irradiation and did not reach
maximum numbers until ~5 hr after irradiation (Figure
4; see supplemental Figure S2). This is in agreement
with MEHROTRA and McKiM’s observation (2006) that
early pachytene oocytes respond to X-ray-induced DSBs
more slowly than late pachytene oocytes or somatic cells
(MADIGAN et al. 2002).

If hdm mutations delayed only the formation of DSBs,
we would have expected the response time to X-ray-
induced breaks to be the same in Adm; mei-W68 and mei-
W68 single mutants at all time points. At 1 hr after
irradiation, the hdm; mei-W68 mutant had the same low
number of y-HIS2AV foci in early pachytene oocytes as
the mei-W68 mutant (Figure 4). At 5 hr after irradiation,
however, the number of y-HIS2AV foci in hdm; mei-W68
mutants was significantly reduced compared to mei-W68
mutants. At 24 hr after irradiation, the number of
v-HIS2AV foci in both me:-W68 and hdm; mei-W68
mutants was again similar throughout the germarium,
indicating that the same number of y-HIS2AV foci
develop in hdm mutants as in wild type, but take longer
to appear. A strikingly similar delayed response time to
X-ray-induced DSBs was previously found in the DSB
repair mutants spn-B and okr (MEHROTRA and McKim
2006). Thus, along with the delay in oocyte selection,
mutations in exchange genes such as Adm and mei-9 and
DSB repair genes such as spn-Band spn-D cause a delay in
the y-HIS2AV response to DSBs. It remains possible that
these mutations also cause delays in DSB formation, but
this cannot currently be tested.

Delays in meiotic progression require the precondi-
tion class of crossover genes: Mutations in the pre-
condition genes mei-218 and rec did not lead to a
significant increase in the frequency of the two-oocyte
phenotype or delayed y-HIS2AV response to DSBs.
Therefore, we examined whether precondition muta-
tions could suppress these delays in DSB repair and
exchange mutants. In all cases, mei-218and recmutations
suppressed the delay phenotypes of DSB repair or
exchange mutants. For example, a mei-218 mutation
reduced the frequency of the two-oocyte phenotype in
mei-9 and hdm mutants to 15.0% (P = 0.0006 compared
to mei-9) and 14.3% (P = 0.002 compared to hdm),

respectively, which is not significantly different from
wild type (Figure 2). Similarly, we observed a reduced
frequency of the two-oocyte phenotype in the hdm; rec
mutant (18.8%, P= 0.0097 compared to hdm). Further-
more, while adm; mei-W68 mutant females had a high
frequency of the two-oocyte phenotype, hdm mei-218;
mei-W68 mutant females did not (Figure 2; 20.7%, P =
0.033 compared to hdm; mei-W68), indicating that the
suppression of the two-oocyte phenotype by a mei-218
mutation did not depend on DSBs. Precondition muta-
tions also reduced the frequency of the two-oocyte
phenotype in DSB repair mutants, such as in rec spn-A
(16.0%, P=0.0003 compared to spn-A) and mei-218; spn-B
double mutants (21.4%, P = 0.039 compared to spn-B)
(Figure 2). Similar results were observed using <y-
HIS2AV staining. A mei-218 mutation suppressed the
delayed onset of y-HIS2AV foci in ~Admand spn-D mutants
(Figure 3, B and C). We have not determined why the
high numbers of persistent foci typical of DSB repair
mutants disappear in the mei-218; spn-D double mutant.

Precondition mutations could suppress the delay phe-
notypes indirectly by accelerating progression through
pachytene. This hypothesis was tested by ascertaining
the frequency of region 2b (mid-pachytene) cysts with
two oocytes in mei-218 mutants and wild type. If pro-
gression through pachytene was accelerated in a mei-218
mutant, we would expect a lower frequency of region 2b
cysts with two oocytes compared to wild type. Instead, we
found two oocytes in 75 and 87.5% of the wild-type and
mei-218 mutant region 2b cysts, respectively, indicating
no significant change in progression through pachytene
in mei-218 mutant females (P= 0.63). Furthermore, the
v-HIS2AV response in these mutants was not faster than
wild type (Figure 3). Therefore, precondition genes are
required for the mechanism, which delays pachytene
progression in exchange and DSB repair mutants.

pch2 is required for the pachytene delay observed in
DSB repair and exchange mutants: Mutations in DSB
repair but not the exchange genes activate a DSB repair
checkpoint pathway that requires the Drosophila ATR
homolog mei-41 (GHABRIAL and ScHUPBACH 1999).
However, the mei-41-dependent DSB repair checkpoint
pathway is not responsible for the delays that we
observed in pachytene progression because this pheno-
type occurs independently of DSBs. In support of this
conclusion, mei-41 mutants showed a high frequency of
the two-oocyte phenotype (73% region 3 cysts with two
oocytes; Figure 2) and also showed a pattern of +y-
HIS2AV staining in oocytes similar to that seen in DSB
repair mutants, including delayed onset and persistence
offociinto late pachytene (see supplemental Figure S3).
These results suggest that MEI-41 is required for the
repair of DSBs during meiosis in addition to its role
in the DSB repair checkpoint (see also LAROCQUE et al.
2007).

A DSB-independent surveillance mechanism has
been proposed to monitor pachytene events in S.
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TABLE 2

Crossing over in hdm and pch2 mutants

Nondisjunction and crossing over on the X chromosome

Total 3
Genotype % X-chromosome ND* pn-cv’ cv-m m-f oyt Total pny+  progeny”
Wild type 0.1 (2440) 15.3 (100) 21.6 (100) 19.1 (100) 6.9 (100) 62.9 (100) 1479
hdms” ¢ 7.2 (3524) 3.9 (25.5) 15.0 (69.2) 6.8 (35.3) 4.2 (60.1) 29.9 (47.5) 1656
pch201755/Df 0.3 (2098) 12.6 (82.4) 25.2 (116.7) 19.5 (102.1) 7.8 (113.0)  65.1 (103.5) 960
hdm®’; pch2°Y"17%5 /Df 15.0 (2305) 0.7 (4.6) 9.6 (44.4) 5.1 (26.7) 3.6 (52.2) 19.0 (30.2) 1107

For wild-type or pch2"7%%/Df, y/y pn cv m f- y* females were crossed to C(1:Y)1, v f B; C(4)RM, ci ey males. For hdm and hdm¢’;
Ppch2P017554 /Dy pnco hdm# /y hdmé” m fy* females were crossed to C(1:Y)1, v f B; C(4)RM, ci ey males. Only the male progeny counts

were used to calculate the crossover frequency.

“Nondisjunction and crossing over were measured in the same experiment. Total progeny for nondisjunction are shown in

arentheses. Total progeny for crossing over are only the male progeny from this experiment (see MATERIALS AND METHODS).
p progeny 8 y progeny p

’ Crossing over is expressed as map units across the intervals shown. Numbers in parentheses denote the percentage of wild-type

crossover frequency.

“Data on hdm single mutant are from JOYCE et al. (2009, accompanying article in this issue).

cerevisiaeand C. elegans. The conserved pch2 gene, which
encodes an AAA-adenosine triphosphatase, is essential
for a pachytene arrest in response to mutants with
synapsis defects in S. cerevisiae (WU and BURGEss 2006).
In C. elegans, pch-2 is required for a DSB-independent
checkpoint pathway that induces apoptosis in response
to mutations that cause synapsis defects (BHALLA and
DERNBURG 2005). The Drosophila ortholog of pchZ2 is
CG31453, which encodes a predicted protein that is
22.4% identical and 35.2% similar to S. cerevisiae Pch2,
and 34.4% identical and 48.3% similar to C. elegans PCH-
2 (see supplemental Figure S4).

We determined whether a mutation in pch2 could
suppress the delay in oocyte selection and the delayed +y-
HIS2AV response to DSBs in DSB repair and exchange
mutants. Females homozygous for a pch2null allele (see
MATERIALS AND METHODS) were fully viable and fertile
with a normal distribution and frequency of X-chromo-
some crossing over (Table 2), showing that pch2 is not
required for meiotic recombination. Furthermore, the
pch2 mutant did not exhibit a delay in oocyte selection
or the y-HIS2AV response to DSBs (Figure 5). However,
the frequency of the two-oocyte phenotype in the hdm;
pch2 double mutant was reduced to 23.3% (P = 0.003
compared to hdm and P = 0.31 compared to wild type)
(Figure 5A). Consistent with this result, hdm; pch2
mutants did not show the delayed onset of y-HIS2AV
staining observed in hdm single mutants (Figure 5B).
Similar results were found with mei-9; pch2 and okr; pch2
double mutants in which the pachytene delay pheno-
types observed in the mei-9 and okr single mutants were
suppressed (Figure bA; see supplemental Figure S1).
These results show that pch2is required for both of the
pachytene delay phenotypes observed in hdm, mei-9, and
okrmutants. In the course of these experiments, we also
found that okr; pch2 mutants had the same number of
v-HIS2AV foci (23.3 £ 6.9) in region 3 oocytes as okr

mutants (22.0 * 2.2), suggesting that pch2 mutations do
not affect the number of DSBs.

The pch2 mutation exacerbates the crossover re-
combination defect in hdm mutants: Checkpoints often
function to slow progression through the cell cycle so
that a problem can be corrected. Thus, a defective
checkpoint can increase the severity of a mutation that
would normally activate the checkpoint. This situation
was observed in the hdm; pch2 double mutant, in which
X-chromosome nondisjunction was increased from 7.2
to 15.0% and crossing over was reduced a further 36%
relative to the hdm single mutant (Table 2). Although
pch2 is not required for crossing over in a wild-type
background, this result demonstrates that it is required
for some of the crossovers that occur in zdm mutants.

Asynapsis does not activate the pch2-dependent
checkpoint: The pch2-dependent checkpoint in C.
elegans and S. cerevisiae has been proposed to respond
to defects in synapsis (BHALLA and DERNBURG 2005; Wu
and BURrGEss 2006). We tested whether asynapsis could
cause delays in Drosophila meiotic prophase by exam-
ining a ¢(3)G mutant. C(3)G encodes a transverse fil-
ament protein that may be the functional homolog of
S. cerevisiae Zipl (PAGE and HAwLEY 2004). Because
synapsis is abolished in ¢(3)G* mutant females, we used
ORB staining to mark the oocytes (LANTZ et al. 1994).
The oocyte isidentified by a concentration of cytoplasmic
ORB protein around 1 cell in the 16-cell cyst. To confirm
the efficacy of ORB staining at identifying the two-oocyte
phenotype, we assayed how often ORB protein concen-
trated in the cytoplasm of 2 cells rather than 1 cell in late-
pachytene hdm mutant cysts. We found a two-oocyte
phenotype in 20% (n = 30) of region 3 cysts in hdm
mutants, comparable to the frequencies previously re-
ported in some DSB repair mutants (GONZALEZ-REYES
et al. 1997; McCAFFREY et al. 2006). In contrast, we did not
observe any region 3 cysts with two oocytes in ¢(3)G*
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FIGURE 5.—A pch2mutation suppresses the pachytene delay
phenotypes in hdm, mei-9, and okr mutants. (A) For each geno-
type, the percentage of region 3 cysts with two oocytes is given
on the basis of C(3) G staining. pch2""*"7*** mutations have no ef-
fecton the frequency of the two-oocyte phenotype and suppress
the high frequency of two oocytes observed in hdm#”, mei-9*?, and
okr™ mutants. Asterisks above each bar correspond to amutant
giving a Pvalue <0.05 compared to wild type and the number of
cysts counted is at the bottom of each bar. (B) The average num-
ber of y-HIS2AV foci relative to oocyte age in hdm#’ and
pch2777 % mutants (see Figure 3B for details). pch2””' 7% muta-
tions do not alter the wild-type y-HIS2AV staining pattern and
suppress the delayed onset and persistence of y-HIS2AV in
hdm#” mutants. pch2°"'7% also suppressed the delayed onset
of y-HIS2AV in mei-9*? mutants (supplemental Figure S4). Error
bars denote the standard error of the mean.

mutant (0%, n = 71) or wild-type control females (0%,
n = 43), indicating that asynapsis does not cause
pachytene delay phenotypes in Drosophila.

DISCUSSION

Mutations in exchange class and DSB repair genes
cause delays in pachytene progression: As in most other
cell types, there is a checkpoint response to unrepaired
DSBs in Drosophila female meiosis (GHABRIAL and
ScHUPBACH 1999). Our results define a second and
distinct DSB-independent checkpoint that operates dur-

E. F. Joyce and K. S. McKim

ing pachytene. Mutations in exchange class (e.g., hdm,
mei-9, and mus312) and DSB repair genes (e.g., ok, spn-A,
spn-B, spn-D, and mei-41) cause a delay in the timing of at
least two events: the chromatin-remodeling response to
DSBs (phosphorylation of HIS2AV) and, through a
process thatis DSB independent, the selection of a single
oocyte. Both of the delay phenotypes that we have
observed can be explained if their timing is linked to
the progression through pachytene (Figure 6). A delayin
pachytene has also been proposed to explain why Rad51
foci, DSB response markers, persist into late pachytene
in synapsis-defective C. elegans mutants (CARLTON et al.
2006).

pch2 is required for a pachytene checkpoint that is
independent of DSBs: Our results show that the pro-
posed pachytene checkpoint depends on the Drosoph-
ila pch2 ortholog. In C. elegans and S. cerevisiae, pch?2 is
required for a DSB-independent checkpoint pathway
that responds to synapsis defects (BHALLA and DERNBURG
2005; Wu and BurcEss 2006). In Drosophila, however,
two sets of observations suggest that synapsis defects may
not be the trigger of the PCH2-dependent checkpoint.
First, our immunofluorescent studies using the SC com-
ponents G(2)M (data not shown) and C(3)G suggest that
exchange mutants (e.g., hdm and mei-9) and DSB repair
mutants (e.g., okrand spn-D) are able to form SC. Indeed,
complete reconstructions from electron micrographs
have shown that mei-9mutants synapse their chromosomes
normally (CARPENTER 1979). Second, ¢(3)G mutations,
which abolish synapsis in Drosophila, do not trigger
pachytene delays.

Because the exchange mutants have reduced cross-
over formation but no detectable synapsis defects, our
results point to a defectin the pathway thatleads to cross-
overs as the mechanism that triggers pachytene delays.
Interestingly, the synapsis mutants analyzed in C. elegans
and S. cerevisiae also have defects in crossover produc-
tion, suggesting there may be a common mechanism to
activate the PCH2-dependent checkpoint in all three
species. In fact, a non-null crossover-defective zip1 allele
in budding yeast was reported to exhibit normal synapsis
by immunofluorescence but still activated the PCH2-
dependent checkpoint (M1TRA and ROEDER 2007). In C.
elegans and S. cerevisiae, it could be a secondary conse-
quence of the synapsis defects on the crossover pathway
that triggers the pch2-dependent checkpoint pathway.

A model for the determination and monitoring of
crossover formation: As with most checkpoints, there
are two components to the PCH2-dependent check-
point. First, activation of the checkpoint signal must de-
pend on a specific substrate in the cell (such asa DSB in
the canonical DNA repair checkpoint). Second, there
must be a process that turns off the checkpoint signal.
The first component of the PCH2-dependent check-
point depends on the precondition genes, but not on
DSB formation. This is based on the observation that
mutations in the precondition genes mei-218 and rec
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Ficure 6.—Model for how precondition genes, the PCH2-
dependent checkpoint, and the exchange genes interact to
affect pachytene progression. Crossover determination re-
quires the precondition gene products MEI-218 and REC.
Crossover determination generates a substrate, which acti-
vates the PCH2-dependent checkpoint and delays pachytene
progression until the early functions of DSB repair and ex-
change proteins alleviate the activator of PCH2. This proc-
ess—from crossover determination to the early function of
the DSB repair and exchange genes—is DSB independent,
but the timing relative to DSB formation is not known. Since
the consequence of a DSB repair or exchange mutant is ob-
served in early pachytene (the y-HIS2AV response to DSBs),
their activity may turn off the checkpoint close to this time.
In DSB repair and exchange mutants, the PCH2-dependent
checkpoint remains active, which has several effects on pro-
phase events. Activation of the PCH2-dependent checkpoint
earlyin pachyteneleads to the delayed appearance of y-HIS2AV
foci observed in DSB repair and exchange mutants. In the case
of the two-oocyte phenotype, the transition into late pachy-
tene could be required for one of the two pro-oocytes to con-
vert to a nurse cell fate. When PCH2 remains active, the
transition into late pachytene is delayed. Finally, the active
PCH2-dependent checkpoint may prolong the “crossover de-
termination” phase, which in some cases can result in addi-
tional crossovers.

suppress the pachytene delay phenotypes while muta-
tions in the DSB formation genes mei-P22 and mei-W68
do not (Table 1). Similar to the original proposal by
CARPENTER and SANDLER (1974), precondition genes
such as mei-218 and rec may be required for establishing
the pattern of crossovers, such as their distribution and
frequency. Both MEI-218 and REC have homology to
MCM proteins (BLANTON et al. 2005) and recently a
hypomorphic allele of the Drosophila mcm5 gene has
been found to have a precondition mutant phenotype
(LAKE et al. 2007). In addition to their role in DNA
replication, MCM proteins affect chromosome structure
in as yet poorly defined ways (BaiLis and FORSBURG

2004) and may interact with checkpoint and recombi-
nation proteins (BA1Lis et al. 2008). Thus, the function
of precondition gene products could include modifying
the meiotic chromosome structure (see ZICKLER and
KLECKNER 1999), which in turn interacts with and is
required to activate the PCH2-dependent checkpoint
signal.

These data are also consistent with previous models
that place mei-218 function upstream of exchange genes
in the generation of crossovers (SEKELSKY et al. 1995;
BHAGAT et al. 2004). However, mei-218 and rec also
suppressed the pachytene delay phenotypes observed
in the DSB repair mutants, spn-A and spn-D, which pro-
vides evidence for precondition gene products func-
tioning early, during, or prior to the first steps of DSB
repair. While it is possible that the effects of precondi-
tion mutations on pachytene progression and crossover
formation are not related, the simplest model is that
precondition genes function early in the repair process,
close to the time of DSB formation, to commit a subset of
DSBs to the crossover pathway (Figure 6). Such an early
time for crossover decision has also been proposed in
budding yeast (Bisnop and ZickLER 2004; FUNG et al.
2004) and in C. elegans (CouTEAU and ZETKA 2005).

The second component, which turns off the check-
point signal, depends on a previously undescribed DSB-
independent function of the DSB repair and exchange
genes. If the initial activation of the checkpoint involves
precondition gene-dependent changes in chromosome
structure, then the DSB repair and exchange genes may
function to reverse these changes or block how they
interact with the checkpoint. Importantly, a defect in
any one of the DSB repair or exchange proteins can
trigger the checkpoint. One possibility is that all the
proteins required for meiotic recombination preassem-
ble for a “dry run” prior to the actual repair of DSBs.
The absence of a functional DSB repair or exchange
protein would result in a reduction or impairment of
DSB repair complexes capable of generating crossovers
and modifying the activity of the PCH2 checkpoint. In
support of this hypothesis, exchange gene products are
known to form a complex (SEKELSKY ¢t al. 1995; YILD1Z
et al. 2002; JoyCE et al. 2009, accompanying article in this
issue). Whether the exchange and DSB repair proteins
form one or multiple complexes has yet to be determined.
Preassembling repair complexes before programmed
DSB formation occurs could suppress alternative repair
pathways as well as provide a mechanism to ensure the
proper number of crossovers.

Another implication of the delay phenotypes is that
the exchange and DSB repair genes are required in
early pachytene before the phosphorylation of HIS2AV.
A function at this time is not surprising for the DSB
repair proteins, which are presumably recruited shortly
after the break is formed. It is surprisingly early, how-
ever, for the exchange genes, considering they are
thought to function in the resolution step, relatively
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late in the repair process (YILDIZ et al. 2004; JOYCE et al.
2009, accompanying article in this issue). However, if all
the proteins required for crossover repair preassemble
as proposed above, relatively early mutant phenotypes
could be the result.

Although Drosophila pch2 single mutants had no sig-
nificant change in crossover distribution or frequency,
the hdm; pch2 double mutant had fewer crossovers than
the hdm single mutant, establishing a functional link
between the checkpoint and generating crossovers. The
activated PCH2-dependent checkpoint may promote
crossover formation in some situations, such as when
crossover formation is compromised. Additional cross-
overs may form due to an extended “window of op-
portunity” to generate crossovers (LUCCHESI and SUZUKI
1968; CARLTON et al. 2006) (Figure 6) or the activation of
additional crossover-promoting gene products.

Despite the sequence conservation of PCH2 in many
organisms, a conservation of function is not clear. For
example, the PCH2-dependent checkpoint causes a
pachytene delay in flies and budding yeast (SAN-
SEGUNDO and ROEDER 1999) but apoptosis in nema-
todes (BHALLA and DERNBURG 2005). Most surprising,
the mouse PCH2 homolog is required to complete re-
combination events but may not have a checkpoint
function (L1 and ScHIMENTI 2007). One way to recon-
cile these differences may be that PCH2 has a role in
regulating the timing of important transitions during
pachytene. PCH2 may be constitutively active in early
pachytene until turned off by activities of proteins in-
volved in crossover formation. This is supported by the
observation that mutations in budding yeast pch2 cause
delays in the progression of both the crossover and non-
crossover pathways but do not affect the final frequency
of these events (BORNER et al. 2008). In the future, it will
be important to identify what the PCH2-dependent
checkpoint responds to. In Drosophila, for example, it
will be interesting to know if the proposed interaction of
the precondition or repair gene products with the
PCH2-dependent checkpoint is restricted to DSB sites
or more generally dispersed along the chromosome.
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