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ABSTRACT

Proteins of the RAD52 epistasis group play an essential role in repair of some types of DNA damage and
genetic recombination. In Schizosaccharomyces pombe, Rad22 (a Rad52 ortholog) has been shown to be as
necessary for repair and recombination events during vegetative growth as its Saccharomyces cerevisiae
counterpart. This finding contrasts with previous reports where, due to suppressor mutations in the fbh1
gene, rad22 mutants did not display a severe defect. We have analyzed the roles of Rad22 and Rti1, another
Rad52 homolog, during meiotic recombination and meiosis in general. Both proteins play an important
role in spore viability. During meiotic prophase I, they partially colocalize and partially localize to Rad51
foci and linear elements. Genetic analysis showed that meiotic interchromosomal crossover and
conversion events were unexpectedly not much affected by deletion of either or both genes. A strong
decrease of intrachromosomal recombination assayed by a gene duplication construct was observed.
Therefore, we propose that the most important function of Rad22 and Rti1 in S. pombe meiosis is repair of
double-strand breaks with involvement of the sister chromatids. In addition, a novel mating-type-related
repair function of Rad22 specific to meiosis and spore germination is described.

HOMOLOGOUS recombination (HR) is an impor-
tant process in DNA metabolism. It is the pref-

erential pathway for the repair of various DNA lesions,
including single-stranded gaps, double-stranded breaks
(DSBs), and collapsed replication forks (reviewed in
Rothstein et al. 2000). It is also essential for crossing
over (CO) and hence the proper segregation of chro-
mosomesduring meiosis I (reviewed inRoeder1997). In
Saccharomyces cerevisiae, HR has been shown to involve
replication protein A (RPA) and the proteins of the
RAD52 epistasis group Mre11, Rad50, Rad51, Rad52,
Rad54, Rad55, Rad57, Rad59, Rdh54 (also known as
Tid1), and Xrs2 (reviewed in Symington 2002). The
corresponding genes are well conserved. Mutants ex-
hibit an increased sensitivity to DNA-damaging agents
and defects in mitotic and meiotic recombination.
Rad51 is the eukaryotic homolog of Escherichia coli RecA
and is responsible for homologous DNA pairing and
strand exchange through nucleofilament formation, the
central activity of HR (Shinohara et al. 1992; Sung and

Robberson 1995; Sung et al. 2003; Sauvageau et al.
2005). In Schizosaccharomyces pombe meiosis, it is required
forhigh spore viability, as well as CO and gene conversion
(Muris et al. 1997; Grishchuk and Kohli 2003). Dmc1,
another RecA homolog, is meiosis specific and also im-
portant forrecombinationandprogressionthroughmei-
osis (Bishop et al. 1992; Grishchuk and Kohli 2003).

In S. cerevisiae, the rad52 mutants show the most severe
phenotype of the epistasis group (Malkova et al. 1996).
Rad52 interacts with Rad51 to promote the strand ex-
change activity of Rad51 in the presence of RPA (Sung

1997a; Benson et al. 1998; New et al. 1998). It associ-
ates with RPA and stimulates its replacement by Rad51,
thus avoiding competition between the two proteins
for binding of single-stranded DNA (Sugiyama and
Kowalczykowski2002).TwoparaloguesofRad51, form-
ing the Rad55/Rad57 heterodimer, fulfill a similar re-
combination mediator activity and stabilize the Rad51
nucleofilament (Sung 1997b). While it has been re-
ported in mouse and chicken that Rad51 deletion results
in cell death and an early arrest of embryonic develop-
ment (Tsuzuki et al. 1996; Sonoda et al. 1998), para-
doxically, Rad52�/� mice are viable and the cells exhibit
only moderate sensitivity to DNA-damaging agents, as
well as only a slight impairment in HR (Rijkers et al.
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1998). A commonly accepted assumption proposes
functional redundancy of Rad52 with other proteins in
vertebrates (Yamaguchi-Iwai et al. 1998). However, the
possibility of a more fundamental difference of the roles
of Rad52 in different organisms cannot be excluded.

Previous results have suggested that most recombina-
tion pathways described in S. cerevisiae are conserved in S.
pombe (Osman and Subramani 1998). In the fission yeast,
two homologs of Rad52 have been identified: Rad22 and
Rti1 (also known as Rad22B; see van den Bosch et al.
2001). These two proteins show sequence similarity
(supplemental Figure A1), and a former study proposed
that Rad22 is not required for all recombination path-
ways because of overlapping functions with Rti1 (van

den Bosch et al. 2002). More recent work, however, has
led to the conclusion that Rad22 is as critical for vege-
tative cell survival as its S. cerevisiae counterpart (Doe et al.
2004). This discrepancy has been attributed to the fact
that rad22 mutant strains frequently acquire suppressor
mutations. The suppressor gene was identified as the
F-box helicase Fbh1 (Osman et al. 2005), which has also
been found in vertebrates, but not in budding yeast
( J. Kim et al. 2002; Kohzaki et al. 2007).

Rad52 and most of the members of the RAD52 epis-
tasis group in S. cerevisiae have also been reported to be
involved in the processing of collapsed and stalled rep-
lication forks caused by DNA lesions, such as single-
stranded gaps (Merrill and Holm 1998; Kuzminov

2001). Another type of lesion, thought to initiate mating-
type switching in S. pombe, results from a DNA modifica-
tion at the mat1 locus, which then leads to recombination
of the mat1 cassette with an intact donor cassette at mat2
or mat3 (Arcangioli 1998; Dalgaard and Klar 1999;
Egel 2005). A rad22 mutant allele has been shown to
cause deletions in the mating-type region (Ostermann

et al. 1993). It is therefore likely that recombination events
involved in mating-type switching depend on Rad22.

Since previous accounts of the meiotic defects of
S. pombe rad22 and rti1 mutants were compromised by
the fbh1 suppressor mutations mentioned above, we
have assessed the roles of S. pombe Rad52 homologs in
meiotic recombination in a controlled genetic back-
ground. Here, we demonstrate that both proteins are
expressed during meiosis and partially colocalize during
prophase by immunostaining of spread meiotic nuclei.
Results on partial colocalization with Rad51 (also called
Rhp51; see Jang et al. 1994) foci and linear elements
(Rec10 and Hop1 proteins; see Lorenz et al. 2004) are
also presented. Genetic analysis shows that, unlike in S.
cerevisiae, most CO and noncrossover (NCO) events
between homologs (interchromosomal recombination)
do not depend on Rad22 and Rti1. On the other hand,
intrachromosomal recombination (i.e., recombination
between sister chromatids or between loci within a chro-
matid) measured in a heteroallelic duplication construct
with the ade6 gene (Schuchert and Kohli 1988) is con-
cluded to be strongly dependent on Rad22 and Rti1.

MATERIALS AND METHODS

Strains and media: The general genetic methods and media
have been described in Gutz et al. (1974) and Moreno et al.
(1991). The S. pombe strains used in this work are listed in
supplemental Table A1. Cells were grown at 30� and the crosses
were carried out at 25�. Vegetative cells were cultured in rich
liquid (YEL) and on solid (YEA) media. Crosses were
performed on malt extract agar (MEA). For antibiotic re-
sistance or auxotrophy determination, rich YEA or GMA and
MMA minimal media were used. Nutritional supplements were
added at 100 mg/liter. Liquid synthetic minimal media PM and
PM-N (lacking NH4Cl) were used for meiotic time-course
experiments. For media preparation, see Watanabe et al.
(1988), Parisi et al. (1999), and Forsburg and Rhind (2006).

C-terminal tagging of the rti1 gene: The PCR-targeting
method described by Bähler et al. (1998) was used to fuse a
3HA tag to the C-terminal end of the rti1 gene. Briefly, 90-bp-
long PCR primers were generated, consisting of 20 bp
homologous to the kanMX6 module in pFA6a plasmids and
70 bp homologous to the targeted locus (the 39-end of the rti1
sequence and the flanking region directly downstream, re-
spectively, at positions 1449–1519 and 1533–1603, relative to
the position of the start codon). The sequences were 59-
TGATCCTCAG-TCGGCAATGAGGTCGCGAGAAAACTACGA
TGCTACGGTGGATAAGAAAGCCAA-AAAAGGAGCTGAAGC
TTCGTACGCTGCA-39 and 59-TAAACAAATCATTAGTCATA
AAACAGAAAATACTTGGTAAAAAACAAGTTGCCAATCATC
ACATTTTGCCATAT-CATCGATGAATTCGA-GC-39 for the up-
stream and downstream primers, respectively. The primers
were designed to delete a region of 14 bp, including the stop
codon of the rti1 gene, to avoid truncations of the fusion
protein. PCR reactions were subsequently performed using
these two primers and the pFA6a-3HA-kanMX6 plasmid as a
template. The products contained the epitope tag and the
kanMX6 G418-resistance cassette, flanked by two 70-bp regions
homologous to the C-terminal end of the rti1 gene. They were
used to transform the h� wild-type strain 972, and the trans-
formants that had integrated the kanMX6 cassette were se-
lected by plating on YEA plates supplemented with 100 mg/
liter G418. The integration was confirmed by PCR and by
sequencing of the junction region between the 39-end of the
rti1 gene and the 3HA cassette. The functionality of the tagged
protein was tested by measuring spore viability and interchro-
mosomal recombination frequencies at conventional test loci
in wild-type and rad22D backgrounds.

Meiotic time courses and chromatin spreading: The meth-
ods used for synchronous meiosis induction in h1/h� diploids,
chromatin spreading, and immunostaining were the same as
previously described (Bähler et al. 1993; Molnar et al. 2003;
Lorenz et al. 2004). Briefly, 200 ml of PM diploid cultures were
grown at 30� to a density of 107–108 cells/ml. The cells were
then harvested, washed in H2O, and resuspended in 200 ml
PM-N to induce meiosis. Samples of 5 ml were taken at hourly
intervals for chromatin spreading, together with 2-ml samples
that were used to check meiotic progression by DAPI staining
of the nuclei and FACS analysis.

Chromatin spreading of the nuclei was performed as
follows: cells of sporulating cultures were harvested and
incubated at 30� for 25 min in 1 ml of spheroplasting enzyme
solution consisting of 0.65 m KCl containing 1.5 mg/ml of
lysing enzymes from Trichoderma harzianum (L-2265, Sigma,
St. Louis), 0.2 mg/ml of zymolyase 100T (Seikagaku, Tokyo),
10 mm DTT, and a 25-fold-diluted stock solution of complete
protease inhibitor cocktail (Roche). Twenty microliters of the
spheroplast suspension was mixed on a clean microscope slide
with 40 ml of a fixative solution (4% paraformaldehyde, 3.4%
sucrose) and 80 ml of Lipsol detergent (LIP). Opening of the
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cells and subsequent spreading of the nuclear chromatin
content was terminated after 30–45 sec by addition of 80 ml of
the fixative solution. The slides were then air dried and stored
at �20� for further use.

For immunostaining, the slides were washed three times in
PBS 1 0.05% Triton X-100. Excess liquid was drained and the
slides were incubated overnight at room temperature with
20–25 ml of the primary antibody at the adequate dilution.
The following primary antibodies were used at the indicated
dilutions: mouse monoclonal antirecombinant Rad51 anti-
body at 1:50 (clone 51RAD01, NeoMarkers), guinea pig
polyclonal anti-S. pombe-Hop1 antibody at 1:50 (described in
Lorenz et al. 2004), rabbit polyclonal anti-Rec10 antibody at
1:200 (described in Lorenz et al. 2004), mouse monoclonal
anti-HA antibody at 1:100 (clone 12CA5, Roche Applied
Science), rabbit polyclonal anti-Rad22 and anti-Rti1 at 1:100
(described in van den Bosch et al. 2002). After incubation,
the slides were washed as indicated above and incubated in the
dark for at least 4 hr at room temperature with the appropriate
Cy3-, FITC-, and Alexa-conjugated secondary antibodies. After
a final washing step, the slides were mounted with �8 ml of
Vectashield mounting medium (Vector Labs) containing 49,6-
diamino-2-phenylindole (DAPI).

Immunofluorescence was detected with the same micro-
scope setup as for whole-cell immunostaining experiments
and black-and-white pictures were taken using a Nikon
DXM1200 digital camera. False color assignment and merging
of the pictures was done using Photoshop CS2 (Adobe) and
ImageJ v. 1.35s (NIH) software. For each time point, 50 spread
nuclei were scored.

DAPI staining and FACS analysis: To determine meiotic
stages, cells were washed with water, and aliquots were mixed
with an equal amount of DAPI (2.5 mg/ml). Cells showing one
nucleus, two or more nuclei, or a horsetail nucleus were
scored. At least 200 cells were examined at every time point.

For FACS analysis, samples were washed twice in 50 mm Na–
citrate (pH 7.0). For time points 0, 1, and 2 hr the cell titer was
determined by counting. Cells were diluted to 4 3 106 cells/ml.
Twenty-five microliters of RNAse A (10 mg/ml) was added to
1-ml samples, which were incubated at 37� for 1 hr. The cells
were then transferred to 5-ml Falcon tubes and stained with a
1-ml propidium iodide solution (2.5 mg/ml in 50 mm Na–
citrate). Samples were stored on ice in the dark for 3 days to
allow diffusion of propidium iodide. Before subjecting them
to FACS (FACS Scan, Beckton-Dickinson), samples were
sonicated at 10% intensity with a Branson sonifier for 8 3
0.5 sec with 0.5-sec breaks after each cycle. Data were analyzed
with the CellQuest program (BD Biosciences).

Determination of spore viability and meiotic recombina-
tion frequencies: The parental strains for each cross were
grown to an OD600 of �0.5 (�2–6 3 106 cells/ml, mid-
logarithmic phase). For each parent, equal amounts of cells
(�4 3 107 cells) were then washed in H2O, mixed in 0.85%
NaCl, plated onto MEA, and incubated at 25� for 3 days.
Material from the MEA plates was then incubated overnight at
30� in a solution of 1:500 snail digestive enzymes (Helix pomatia
gastric juice, Biosepra) and 100 mg/liter of lysing enzymes
(lysing enzymes from T. harzianum, Sigma) to digest cells. The
spores were harvested, counted, and then used to determine
spore viability and recombination frequencies.

Spore viability was determined by plating 104–105 spores on
YEA plates. The plates were incubated at 30� for 24–30 hr, and
the number of germinating spores vs. dead spores was counted
by microscopic scoring. Spores forming microcolonies of at
least four cells were counted as living. A minimum of 400
spores or microcolonies were counted for each cross.

For intergenic recombination analysis, an appropriate
dilution of spores was germinated on YEA plates at 30�. Spore

colonies were randomly picked, grown on YEA master plates,
and replica plated to supplemented GMA plates for genotype
determination. The recombination frequency (RF) was calcu-
lated as the ratio of recombinant colonies vs. total colonies
scored. Genetic distances in centimorgans (d) were calculated
according to the formula d ¼ �50 3 ln(1 � 2 3 RF) (Munz

1994).
For determination of intragenic recombination frequen-

cies, appropriate dilutions of spores were plated on selective
(GMA) and nonselective (YEA) plates and incubated at 30�.
Prototrophic recombinants were counted as growing colonies
on the GMA plates. Prototroph frequencies were expressed as
the number of prototrophs per 106 viable spores (ppm). Viable
spore titer was determined by plating on YEA.

For determination of intrachromosomal recombination
frequencies, appropriate strains carrying the heteroallelic
ade6 duplication PS1 (Schuchert and Kohli 1988) (ade6-
469 and ade6-M26, respectively) were crossed with strains
carrying full deletions of the ade6 and ura4 genes (ade6-D20
and ura4-D18 alleles, respectively). Appropriate dilutions of
spores were plated on selective (supplemented GMA lacking
adenine) and nonselective (YEA) media and incubated at 30�.
Recombinants prototrophic for adenine were counted and
their number per 106 viable spores (ppm) was calculated. To
determine the ratio between prototrophs still carrying the
ura41 marker and those that had lost it (Figure 8, A and C), 130
colonies were replicated on selective media (supplemented
GMA lacking uracil) for each cross. Uracil auxotrophic and
prototrophic recombinants were counted, and their relative
percentages calculated.

RESULTS

Vegetative growth phenotypes of strains carrying rad22
and/or rti1 deletions: The two S. pombe proteins Rad22
and Rti1 show extensive similarity to each other and to
Rad52 proteins from other organisms at both the nu-
cleotide and the amino acid sequence levels. The two
fission yeast proteins share 39% similarity and are iden-
tical for 30% of their amino acids. Rad22 shows 35%
similarity and 24% identity with Rad52 of S. cerevisiae,
while Rti1 shows 32 and 19%, respectively (supplemen-
tal Figure A1). Both fission yeast proteins display sig-
nificant homology to Rad59, but unlike Rad59, both
carry a C-terminal domain for interaction with Rad51
(Bai and Symington 1996; van den Bosch et al. 2002;
Feng et al. 2007). Conservation is strongest in the N-
terminal region, which contains the Rad52/22 homol-
ogy domain common to all members of the RAD52 su-
perfamily (Iyer et al. 2002), whereas the C-terminal ends
of the proteins show more variability (Figure 1 and sup-
plemental Figure A1). The N-terminal ends of Rad52
homologs are required for self-interaction, DNA bind-
ing, and annealing and thus play a key role in the func-
tion of these proteins (Asleson et al. 1999). The C-terminal
regions are required for interaction with Rad51 and
are more species specific (Milne and Weaver 1993;
Kagawa et al. 2002; W. J. Kim et al. 2002) (Figure 1).

The mitotic generation times of rad22 and rad22 rti1
deletion mutants were found to be approximately two-
fold longer than in wild type. A large part of these
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mutant cells showed elongation and aberrant septation.
None of these phenotypes were found in rti1D strains
(data not shown; see van den Bosch et al. 2001; Osman

et al. 2005). These observations suggest that the lack of
Rad22 significantly slows cell cycle progression before
the onset of M phase. Previous studies led to the same
conclusion and showed that progression at late S to G2

phase was slowed or arrested (Suto et al. 1999).
The strains initially used for the study of genotoxin

sensitivity were derived from previously published
strains (van den Bosch et al. 2001) (supplemental Table
A1) and showed low sensitivity to camptothecin, methyl
methanesulfonate, and hydroxyurea (supplemental Fig-
ure A2) due to the accumulation of suppressor mutations.
Suppressor mutations have previously been assigned to
the fbh1 gene (Osman et al. 2005). After backcrossing
with a wild-type strain, rti1 and unsuppressed rad22, as
well as unsuppressed rad22 rti1 deletion mutants, were
isolated. The unsuppressed rad22 and rad22 rti1 mutants
displayed pronounced hypersensitivity to low doses of
the above-mentioned DNA-damaging agents (supple-
mental Figure A2). However, the sensitivity of rti1D cells
remained comparable to wild-type and suppressed
strains. As expected, the deletion of fbh1 in a rad22D

unsuppressed background restored damage resistance
to wild-type levels. Interestingly, the fbh1D mutant also
showed sensitivity to DNA-damaging agents, but only to
higher doses (data not shown; see Morishita et al. 2005;
Osman et al. 2005). These previous studies demonstrated
that deletion of fbh1 impaired growth and viability, prob-
ably due to chromosome segregation defects. rad22 mu-
tant strains gave rise to genotoxin-resistant derivatives
after only a few rounds of subculturing. Careful check-
ing of rad22 deletion strains was required to avoid sup-
pressor accumulation.

Rad22 is expressed during mitotic growth and local-
izes to the nucleus: The expression of Rad22 and Rti1
was analyzed during vegetative growth. The Rad22 pro-
tein was detected by Western blot analysis with poly-
clonal direct antibodies (van den Bosch et al. 2002) in

wild-type cells and in rti1D mutants (data not shown),
but no band was observed in rad22D and rad22D rti1D

mutants, confirming the specificity of the antibody. In
accordance with a previous report (van den Bosch et al.
2002), Western blot analysis did not detect Rti1 in
vegetative cells (data not shown).

Next, the subcellular localization of the two proteins
was analyzed by whole-cell immunostaining. In a wild-
type strain, nuclear localization of Rad22 was observed
(supplemental Figure A3A). A faint punctate pattern
was also observed in the cytoplasm. In rad22D or rad22D

rti1D mutants, these cytoplasmic structures were de-
tected again, but no signal was in the nucleus. Therefore,
the latter are considered to be unspecific background.
When the Rti1-specific antibody was applied, no nuclear
staining was detected, but punctate cytoplasmic staining
was again observed (supplemental Figure A3B). In this
case, it may also reflect unspecific binding of the primary
or secondary antibodies to cytoplasmic structures. As an
additional piece of evidence for the lack of Rti1 in veg-
etative nuclei, it should be mentioned that Rti1 foci were
detected in spread meiotic nuclei (see below), while
HA-tagged Rti1 was still not observed in spread nuclei
1 hr after the induction of meiosis (data not shown).

Taken together, these results indicate that Rad22 is
expressed in vegetative cells and localizes to the nucleus,
while Rti1 is not or is only weakly expressed.

Rad22 and Rti1 form nuclear foci during meiosis
and partially colocalize: Chromatin spreads were pre-
pared from diploid strains expressing wild-type Rad22
protein and an HA-tagged version of the Rti1 protein
upon induction of meiosis. Distinct nuclear foci were
observed after immunostaining of Rad22 and Rti1-HA
(Figure 2A). To assess the meiotic stages of the cells that
were positive for Rad22 and Rti1 immunostaining, par-
allel cell samples were stained with DAPI (Figure 2B).
The lowest percentages of cells exhibiting two or more
nuclei were counted at the time points 2–6 hr, corre-
sponding to the stages of G1 after the last mitotic division
and initiation of S phase. FACS analysis (Figure 2C)

Figure 1.—Protein domain alignment of Homo
sapiens, S. cerevisiae, and S. pombe Rad52 homologs
(van den Bosch et al. 2002; Bi et al. 2004). The
full-length amino-acid sequences of the different
genes are shown in supplemental Figure A1.
Here the open reading frames are represented
as open boxes, approximately to scale. The
Rad52/22 homology domain required for pro-
tein multimer formation and interaction with
DNA is indicated by hatching (Boundy-Mills

and Livingston 1993; Asleson et al. 1999; Iyer

et al. 2002; Singleton et al. 2002). The domains
for interaction with RPA (Park et al. 1996; Hays

et al. 1998; Gasior et al. 2001) and Rad51 (Milne

and Weaver 1993; Song and Sung 2000) are lo-
cated toward the C terminus. The end points of
the various interaction domains are given below
the boxes.
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showed that the bulk of DNA synthesis occurred after 5
hr, the time point with the lowest 4C peak. Spread nuclei
displaying foci of Rad22 and Rti1 were most frequent
from 4 to 8 hr after the switch to sporulation medium
(Figure 2B). This corresponds with meiotic prophase I,
as indicated by the abundance of horsetail nuclei at
these time points even though Rad22 and Rti1 foci
already accumulate during meiotic S phase. No Rti1 foci
were detected in spread meiotic chromatin at 0 hr and
only very few at 2 hr, while Rad22 foci were detected in

�40% of cells at 0 and 2 hr. Since a final mitotic division
occurs �1 hr after meiosis induction (Doll et al. 2005),
this observation confirms that Rad22, but not Rti1, is
expressed during the mitotic cell cycle (see above). The
number of Rad22 foci per nucleus was rather stable
throughout the time course from 0 to 10 hr. It fluctuated
between 12 and 16 on average (Figure 2A). For Rti1, the
average number increased from zero foci at 0 hr to 12
foci at 8 and 10 hr (Figure 2A). When spread meiotic
nuclei of an rti1D diploid were stained, no Rti1 foci were

Figure 2.—Comparison of the localizations of Rad22 and Rti1 on immunostained meiotic chromatin spreads. (A) Pictures of spread
nuclei representative of the different time points are shown. The chromatin was stained in blue by DAPI (top). Overlaid Rad22 and Rti1
foci appear in green and red, respectively (bottom). Fifty nuclei showing foci were analyzed per time point and the average number of
Rad22, Rti1, and Rad22-Rti1 colocalization foci are given below the photos. No Rti1 foci were detected at 0 hr (ND). The respective
colocalization percentages are also given, with the percentage of Rad22 foci that colocalized with Rti1 at the left of the double arrow,
and the percentage of Rti1 foci that colocalized with Rad22 at the right. (B) Meiosis progression was assayed by DAPI staining. Cell
samples were collected at the indicated times after induction of meiosis and stained with DAPI. The cells were classified with respect
to the number and shape of their nuclei (one nucleus, open circles; two or more nuclei, open squares; horsetail nuclei, open triangles).
The peak of cells with two nuclei at 1 hr is due to the last mitotic division before meiosis. At 5 hr, only 2% of the cells had more than two
nuclei, indicating that the meiotic divisions occurred largely after this time point. The dashed lines indicate the percentage of nuclei
containing at least one focus of Rad22 (solid circles), Rti1 (solid squares), and Rad51 (solid triangles). (C) The meiotic time courses
performed for the immunostaining experiments showed the expected FACS profile (Doll et al. 2005). The cells started with a 4C DNA
content(G2).After the lastmitosis, theyenteredG1 (2CDNAcontent).The4Cpeak increasedagain,whenbulkDNAsynthesisoccurred
in S phase. The arrow at 5 hr indicates the lowest number of cells with 4C DNA content.
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observed (data not shown). Thus, the Rad22 and Rti1
proteins are expressed during meiotic S phase and
prophase I and localize in nuclear foci. Unfortunately,
diploid strains homozygous for the rad22 deletion were
not sufficiently stable for the performance of meiotic
time-course experiments and visualization of foci.

The distribution pattern for Rad22 and Rti1 signals
indicated partial colocalization, as determined from
partial or total overlay of foci. The ratio of colocalizing
foci increased early in the time course (Figure 2A): on
average, only one colocalization focus per nucleus was
observed 2 hr after meiotic induction, but four to five
colocalization foci were found at 4 hr and later. A precise
analysis of this colocalization pattern revealed that 2 hr
after the shift into sporulation medium, on average only
4.9% of Rad22 foci also contained Rti1 (Figure 2A). This
percentage increased to reach a peak of 48% at 8 hr. On
the other hand, 22% of Rti1 foci were already colocaliz-
ing with Rad22 at 2 hr after meiotic induction, and this
ratio increased to a maximum of 65% at 10 hr.

Rad22 and Rti1 colocalize with Rad51: To check
whether Rad22 and Rti1 proteins colocalize with Rad51
in S. pombe, as Rad52 does in S. cerevisiae (Shinohara

et al. 1992; Milne and Weaver 1993; Gasior et al. 1998),

an antibody directed against Rad51 was used in combi-
nation with the Rad22- and Rti1-specific antibodies
described above (Figure 3). No Rad51 foci were ob-
served in spread meiotic chromatin at meiosis induction
(t ¼ 0 hr), and only very few were observed during the
last mitotic division and prior to prophase I (t¼ 2 and 4
hr) (Figure 2B). The majority of the foci were detected
at 6–10 hr, during meiotic S phase and prophase I, with a
maximum of 40% of the spread nuclei showing Rad51 at
t ¼ 8 hr. On average, 10–20 foci per Rad51-positive
nucleus were observed from 6 to 10 hr after meiosis
induction.

The foci of Rad51 colocalized to a fair extent with
those of Rad22 and Rti1. The frequency of Rad51
colocalization with Rad22 was highest at 6 hr (72.5%)
and then decreased to 45–50% at 8 and 10 hr. At the
same time, the amount of Rti1 foci colocalizing with
Rad51 remained stable at �58%.

Rad22 and Rti1 localize to the linear elements:
S. pombe Rec10, a distant homolog of S. cerevisiae Red1,
has been shown to be a component of linear elements,
filamentous structures that are likely to be related to the
axial/lateral elements of the synaptonemal complex in
other eukaryotes (Molnar et al. 2003; Lorenz et al.

Figure 3.—Colocalization of Rad51 with Rad22 and Rti1. The photos show representative spread nuclei, where the chromatin
was stained in blue by DAPI and Rad51 foci appear in red. For each time point, Rad22 foci appear in green in the left photo and
Rti1 foci in green in the right photo. Fifty nuclei were analyzed per time point, and the average number of Rad51 foci per nucleus
is given below the photos. No Rad51 foci were detected at 0 hr, and only a few at 2 and 4 hr. The colocalization percentages of
Rad51 with Rad22 and Rti1 are also given, with the percentage of Rad51 foci that colocalized with Rad22 at the left of the top
double arrows, the percentage of Rad22 foci that colocalized with Rad51 at the right of the top double arrows, the percentage of
Rad51 foci that colocalized with Rti1 at the left of the bottom double arrows, and the percentage of Rti1 foci that colocalized with
Rad51 at the right of the bottom double arrows.
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2004; Loidl 2006). Hop1 has been shown to associate
with Rec10 and thus to be a marker for linear elements
as well (Lorenz et al. 2004). Since several recombina-
tion proteins (including Rad51) localize to linear ele-
ments (Lorenz et al. 2004, 2006), the localizations of the
Rad22 and Rti1 proteins was compared with those of
Rec10 and Hop1.

The Rec10 and Hop1 immunosignals observed at 5
and 7 hr after the shift to sporulation medium (Figure
4) were similar to those observed in previous studies
(Lorenz et al. 2004, 2006), revealing the most prevalent
classes of linear elements: mostly interconnected net-
works and then threads and dots. The Hop1 staining
(Figure 4, A and C) was more discontinuous, in com-
parison to Rec10 staining (Figure 4B). Hop1 staining
was more often found in spread nuclei with long linear
elements. In every case, virtually all the Rad22 and Rti1
foci colocalized with Rec10 or Hop1 staining (indicated
by white arrows in the final picture of each row in Figure
4). However, not all of the linear elements were deco-
rated with Rad22 or Rti1 foci, and the ratio of Rad22-
and Rti1-containing linear elements vs. free linear
elements was estimated to be �1:1 for both proteins.
In rare cases, Rad22 or Rti1 foci were not localized to
linear elements (indicated by red arrows).

Deletion of rad22 and rti1 affects mating and meiosis
and causes spore death: As mentioned in the Introduc-
tion, previous studies have shown that rad22 mutants

tend to rapidly acquire suppressor mutations in the fbh1
gene. Therefore, all the parental strains from the crosses
described below were derived from newly constructed
rad22 and rti1 deletion mutants (strains MCW1285 and
MCW1686; see Osman et al. 2005 and supplemental
Table A1) and carried an smt-0 deletion. The smt-0 dele-
tion at the mat1 gene makes cells unable to perform
mating-type switching by prevention of mat1 DNA breaks,
which initiate the switching process (Klar 1990 and see
below). The genotoxin sensitivity of the parents was then
carefully checked during construction of the strains and
before each experiment to ensure that suppression ac-
quired during vegetative growth remained as low as
possible.

The aberrant mitotic growth phenotypes and DNA-
damage sensitivity of rad22D and rad22D rti1D strains
were similar to those of rad51D (Grishchuk et al. 2004)
and rad50D strains (Hartsuiker et al. 2001). Since mat-
ing efficiency was also reduced in rad51D (Grishchuk

et al. 2004) and rad50D (Hartsuiker et al. 2001) strains,
the mating efficiency of cells carrying single and double
deletions of rad22 and rti1 was measured (supplemental
Table A2). In a rad22D strain, mating efficiency was re-
duced�4-fold compared to wild type, while the rti1 mu-
tants exhibited wild-type mating efficiency. The rad22
rti1 double mutant showed a stronger (10-fold) reduc-
tion in mating efficiency than the rad22 single mutant.
Thus, although Rti1 seems to have a limited role in

Figure 4.—Spread meiotic nuclei showing localization of Rad22 and Rti1 to linear elements. Chromatin was stained by DAPI
(blue in the final photo of each row). (A) Localization of Hop1 (red) and Rad22 (green) in a representative ‘‘network’’ (7 hr, top)
and a ‘‘thread’’ (7 hr, bottom) nucleus. (B) Localization of Rec10 (green) and Rti1 (red) in a ‘‘dot’’ (6 hr, top) and a ‘‘thread’’ (6
hr, bottom) nucleus. (C) Localization of Hop1 (red) and Rti1 (green) in a ‘‘thread’’ (5 hr, top) and a ‘‘dot’’ (5 hr, bottom) nucleus.
For definition of the different types of spread nuclei, see text. Most of the Rad22 and Rti1 foci colocalized with linear elements
(indicated by white arrows). Red arrows indicate Rad22 and Rti1 foci away from linear elements.
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mitotic cells (supplemental Figure A2; van den Bosch

et al. 2001, 2002), it has partially overlapping functions
with Rad22 during the mating of cells.

The viability of spores obtained from crosses homo-
zygous for rad22D, rti1D, and the double mutant was
measured using the microscopy method described in
materials and methods (Figure 5). These measure-
ments revealed a 2-fold reduction of spore viability in the
rad22D mutant. The viability of rti1D spores remained at
wild-type level. A striking 20-fold decrease of viability was
observed in the rad22D rti1D mutant. These results in-
dicate a crucial role for Rad22 and Rti1 in the produc-
tion of viable spores.

In S. pombe, Rec12 is the homolog of the Spo11 protein
required for formation of meiotic DSBs and recombi-
nation (Keeney et al. 1997; Cervantes et al. 2000).
Therefore, the rec12-Y98F catalytic site mutation (de-
scribed in Sharif et al. 2002) was crossed into a rad22D

rti1D double-mutant background to test whether spore
lethality depends on DSB formation. A fourfold increase
of spore viability was observed in the triple mutant, to a
level similar to that of rec12-Y98F mutants (Sharif et al.
2002). The very low spore viability in the rad22D rti1D

double mutant thus depends on DSB formation and
indicates that spore lethality at least partially arises from
missing or aberrant processing of DSBs.

Deletion of rad22 and rti1 only slightly impairs meio-
tic recombination between homologous chromosomes:
To clarify the contribution of Rad22 and Rti1 to meiotic
recombination, auxotrophy markers were crossed into
rad22 and rti1 deletion backgrounds, and the segrega-
tion of these markers was analyzed in the progeny by
random spore analysis. Intergenic recombination in the
leu2–lys7 (chromosome I) and ade1–lys4 (chromosome
II) intervals was measured (Figure 6 and supplemental
Table A4), as well as intragenic recombination at the

ade6 locus between the ade6-M375 and ade6-469 alleles
and at the ade7 locus between the ade7-50 and ade7-152
alleles (Figure 7 and supplemental Table A5).

Surprisingly, the rad22 deletion showed no effect on
intergenic recombination in the two intervals analyzed
(Figure 6). This indicates that Rad22 plays no significant
role in CO formation. In addition, no effect of the rti1
deletion was observed. Finally, deletion of rad22 and rti1
led to only a 1.3-fold reduction in the ade1–lys4 interval.
Taken together, these results indicate that Rad22 and
Rti1 play only a minor role in CO formation between
homologous chromosomes.

With respect to intragenic recombination, the rad22
deletion exhibited a twofold reduction of intragenic
recombination at the two loci analyzed (Figure 7). This
result suggests that Rad22 also plays only a minor en-
hancing role in meiotic gene conversion. The rti1 dele-
tion showed no effect. Deletion of both rad22 and rti1
genes led to a small reduction of intragenic recombina-
tion similar to that observed in the rad22 single mutant.

Reduction of intrachromosomal recombination in
rad22 and rti1 mutants: Since the reduction of recom-
bination between homologs was small after deletion of
rad22 and rti1, we asked whether Rad22 and Rti1 may be
involved in other meiotic recombination processes, and
assayed the effect of the deletions on intrachromosomal
recombination. For that purpose, the heteroallelic du-
plication of the ade6 gene (Schuchert and Kohli 1988)
was crossed into the rad22 deletion mutants (Figure

Figure 5.—Reducedsporeviability incrosseshomozygousfor
the rad22deletion.Theprogenyofcrosses involvingwild-typepa-
rents(1-11and3-99), rad22Dparents(GO123andGO126), rti1D
parents (GO179 and GO181), rad22D rti1D parents (GO228and
GO243), rad22D rti1D rec12-Y98F parents (GO247 and GO248),
and finally rec12-Y98F parents (KLY144 and GO244) were tested.
For details, see supplemental Table A3. The error bars represent
the standard error of the mean. A 2-fold reduction of spore via-
bilitywasobservedfor rad22D,while the rad22D rti1D doublemu-
tant displayed a 20-fold reduction.

Figure 6.—Intergenic recombination in single and double
rad22D and rti1D mutants. The genetic distance in centimor-
gans was calculated as indicated in materials and methods.
The error bars represent the standard error of the mean. For
primary data, see supplemental Table A4. (A) Genetic distan-
ces measured at the leu2–lys7 interval. (B) Genetic distances
measured at the ade1–lys4 interval. (C) Approximate location
of the intervals on chromosomes I and II.
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8A). Briefly, the construct consists of two repeats of the
ade6 gene separated by a wild-type copy of the ura4 gene
and is heterozygous over a full deletion of the ade6 gene.
In a rad221 background, an average recombination fre-
quency of 80,800 ppm (Figure 8B) was observed. The
parts-per-million values measured in rad22D and rti1D

backgrounds were 6-fold and 3-fold lower, respectively.
A synergistic 100-fold reduction was observed in the dou-
ble mutant (Figure 8B; for detailed data, see supple-
mental Table A6).

The assay system used does not allow a distinction
between unequal sister chromatid exchange and intra-
chromatid recombination, but NCOs can be distinguished
from COs and single-strand annealing (SSA) events (Fig-
ure 8A and see Schuchert and Kohli 1988). A minority
of ade1 recombinants (14%) were uracil-prototrophic
NCOs in the rad221 rti11 cross (Figure 8C). An increase
of NCOs was observed in the rti1D cross, while the rad22D

cross was not significantly different from the wild-type
cross. Deletion of both genes led to a fivefold decrease of
NCOs.

Crosses heterozygous for the rad22 deletion lead to
mating-type-specific death of the rad22 deletion prog-
eny: During the construction of the strains needed for
the genetic experiments, some combinations of mating
types and rad22 or rad22 rti1 double deletions were ex-
tremely difficult to obtain when only one of the parents
was carrying the rad22 deletion. The rad22 gene is lo-
cated on the left arm of chromosome I, while the mat
genes are on the right arm of chromosome II, so this
phenomenon could not be explained by genetic link-
age. For further investigation, the mating-type frequen-
cies of rad22D colonies resulting from heterozygous
crosses were analyzed (Table 1).

The rad22D progeny of such crosses largely lacks the
mating type of the rad221 parent (Table 1, crosses 1 and
2). One of the rare rad22D colonies showing the under-
represented mating type (h� in cross 1) was then crossed
with a wild-type strain. The resulting rad22D colonies
again mostly showed the mating type of the rad22D par-
ent, in this case h� (cross 2). To assess whether the ob-
served mating-type discrepancy was related to initiation
of mating-type switching, an h� rad221 parent carrying a
deletion of the smt region (smt-0) at mat1 was crossed
with a rad22D h1 smt1 strain (Table 1, cross 3). From
this cross, both mating types were obtained rather fre-
quently. When similar experiments were carried out
with a strain carrying a rad22 deletion and the suppres-
sor fbh1D, the mating-type ratio of the rad22D progeny
was normal, irrespective of the presence of the smt-0
deletion in the rad221 parent (Table 1, crosses 4 and 5).

To verify the observed discrepancies of the frequency
of mating types in crosses 1 and 3 of Table 1, 40 tetrads
from each cross were dissected. In cross 1, homozygous
for smt1, none of the rad22D colonies were h�, the mating
type of the rad221 parent. The mating-type ratio among
the rad221 progeny colonies did not deviate from 1:1.
Only 5% of the tetrads had four viable spores; the re-
maining tetrads formed only two or three colonies. This
was due to lethality of the h� rad22D and also to lethality
of some of the h1 rad22D spores. The observation of
the partial lethality of h1 rad22D spores indicates that the
statistically significant but weaker bias observed in the
random spore experiment (cross 3 in Table 1) most
likely was not a real deviation from a 1:1 ratio, but rather
an effect of this lethality. Forty-five percent of tetrads of
cross 3 formed four colonies, and 17 h� rad22D segre-
gants were recovered vs. 10 h1 rad22D segregants. The
ratio of mating types among the rad221 progeny was 1 to 1.

In summary, when the rad22 deletion is recombined
into spores with a smt1 mating type derived from the
rad221 parent, the viability is strongly reduced. Micro-
colonies of two to four cells resulted from rad22D spores
with the ‘‘lethal’’ smt1 mating type. Since the Rad22 pro-
tein is present throughout meiosis of crosses heterozy-
gous for rad22D, it is proposed that a specific lesion
causing lethality needs to be repaired at spore germina-
tion when Rad22 is missing in rad22D spores. The lethal

Figure 7.—Intragenic recombination in single and double
rad22D and rti1D mutants. The number of prototrophic re-
combinants per 106 viable spores (ppm) was determined as in-
dicated in materials and methods. The error bars represent
the standard error of the mean. For primary data, see supple-
mental Table A5. (A) Conversion frequencies in crosses of
theade6-M375andade6-469alleles. (B)Conversion frequencies
were also measured between the ade7-50 and ade7-152 alleles.
(C) Location of the ade6 and ade7 alleles in the respective genes
on chromosomes II and III.
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lesion may form during DNA replication in the germi-
nating spore.

DISCUSSION

Rad22 is important for the survival of vegetative cells
and for successful meiosis, while Rti1 plays only a role in
meiosis. Immunofluorescence microscopy revealed that
the rise of Rti1 foci (Figure 2) coincides with the peak of
mRNA concentration (Mata et al. 2002). The upregu-
lation of rti1 expression in later prophase is paralleled
by increased colocalization of Rti1 with Rad22. The
substantial number of Rad22 and Rti1 foci not showing

colocalization may be due to transient association, to
independent functions at different sites, or to incom-
plete immunodetection. The early presence of Rad22
foci in meiosis is compatible with a role of Rad22 in
meiotic S phase (see below).

At the time points with maximal numbers of Rti1 foci,
the number of Rad51 foci exceeded that of Rad22 and
Rti1 foci by about one-third (Figures 2 and 3). The
observed number of foci colocalizing suggests that they
may have contained all three proteins at a certain point
or that a majority of Rad51 foci may have contained only
one of the Rad52 homologs. Interaction between Rad22
and Rti1 has been reported (van den Bosch et al. 2002)

Figure 8.—Intrachromosomal recom-
bination in single and double rad22D and
rti1D mutants (A) Diagram of the con-
struct used in the PS1 assay (Schuchert

and Kohli 1988). Two repeats of the
ade6 gene are separated by a copy of the
ura41 gene. One of the ade6 alleles carries
the 469 mutation, the other the M26 mu-
tation. Strains carrying the construct in
single and double deletion backgrounds
were constructed and then crossed with
strains carrying a full deletion of the
ade6 gene. In the progeny of such crosses,
adenine prototrophic spores arise from
unequal sister chromatid exchange
(right) or from intrachromatid recombi-
nation events (left) of the duplication.
(B) Prototrophic recombinant frequen-
cies in the different genetic backgrounds.
The bars represent the standard errors of
the means. For primary data, see supple-
mental Table A6. (C) ade1 prototrophs
from the four crosses were assayed for re-
tention (open) vs. loss (shaded) of the
ura41 marker.

TABLE 1

Mating-type segregation of rad22D progeny in crosses heterozygous for rad22 and fbh1 deletions

Genotype of the parents
and strain designationsa

No. of rad22D colonies of each mating typeb

Total no. of
colonies analyzedCross h1 h� h90

1 h1N rad22D (MCW1285) 60 4 0 64
h�S smt1 (EPY5)

2 h� rad22Dc 6 89 0 95
h1N smt1 (EPY17)

3 h1N rad22D (MCW1285) 16 48 0 64
h� smt-0 (EPY51)

4 h1N fbh1D rad22D (MCW1553) 25 38 1 64
h�S smt1 (EPY5)

5 h1N fbh1D rad22D (MCW1553) 30 32 2 64
h� smt-0 (EPY51)

a All rad22D strains were not characterized with respect to the smt locus.
b Since the deletion of rad22 is followed by the insertion of a ura41 marker (complete genotypes are indicated

in supplemental Table A1), progeny spores were germinated on uracil-containing minimal medium to select for
rad22D colonies.

c Strain obtained from cross 1.
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and indicates that some Rad51-dependent repair mech-
anisms are enhanced by the presence of both Rad52
homologs.

The timing of appearance of Rad22 and Rti1 foci and
their colocalization with linear elements is consistent
with a role in DSB repair (Figure 4), similar to what
was reported for Rad51 (Lorenz et al. 2006). However,
sometimes Rad22 and Rti1 foci were not associated with
linear elements (Figure 4). As previously suggested, this
might be caused by linear elements disintegrating at a
certain step or by late recombination intermediates
being no longer associated with linear elements but oc-
curring in the chromatin loops (Lorenz et al. 2006).

Gamete viability is the final readout for successful
completion of all meiotic processes. Compared to wild
type, deletion of rad22 and rti1 reduced spore viabilities
to 44 and 88%, respectively. The double mutant retained
only 4% viability, indicating that the Rad22 and Rti1
proteins partially substitute for each other (Figure 5).

Crossovers between homologous chromosomes are
required for formation of intact gametes in many organ-
isms. In S. cerevisiae, Rad52 is essential for formation of
CO and NCO (Klein 1988). Thus, it was very surprising
to find that Rad22 and Rti1 in S. pombe are largely dis-
pensable for intergenic and intragenic recombination
in meiosis (Figures 6 and 7). Our data agree with results
obtained by another group at the ura4-aim2–his3-aim
interval (Osman et al. 2003) for intergenic recombi-
nation and at ade6 for intragenic recombination (M.
Whitby, personal communication). What other func-
tion of Rad22 and Rti1 then ensures high spore viability?

With help of an ade6 duplication construct (Schuchert

and Kohli 1988; see Figure 8), intrachromosomal recom-
bination, including unequal pairing of sister chromatids

and intrachromatid events, was assessed. The occurrence
of recombination between homologs was excluded by
crossing the construct with an ade6 deletion strain. Sig-
nificant reductions of prototrophic recombinants were
detected in rad22D and rti1D crosses (Figure 8). The dou-
ble mutant showed an even greater reduction, indicating
that Rad22 and Rti1 partially substitute for each other. We
suggest that Rad22 and Rti1 have a vital function in meiotic
DNA repair involving sister chromatids.

Since we reckoned that spore lethality in the rad22
and rti1 mutants might be caused by a defect in DSB
processing, experiments were performed with the rec12-
Y98F mutation that abolishes meiotic DSB formation
(Sharif et al. 2002). In this mutant, spore viability
amounted to 22% (Figure 5). This still high spore via-
bility in the absence of CO has been attributed to ran-
dom segregation and backup systems for segregation of
achiasmate chromosomes (Molnar et al. 2001; Sharif

et al. 2002; Davis and Smith 2003). Introduction of rec12-
Y98F into the rad22D rti1D double mutant restored spore
viability to a level only 5% lower than that of the rec12-Y98F
single mutant (Figure 5), strongly suggesting that Rad22
and Rti1 act downstream of DSB formation. This is con-
sistent with the interpretation that functions of Rad22
and Rti1 not involved in the repair of Rec12-dependent
DNA DSBs do not contribute much to overall spore
viability. Such additional functions may involve repair of
stalled replication forks in meiotic S phase (Figure 9),
consistent with the role of Rad22 in vegetative S phase
(Noguchi et al. 2004; Coulon et al. 2006).

The results described above led to the hypothesis that
Rad22 and Rti1 contribute to meiotic DSB processing
that largely does not result in CO formation, but in the
repair of DSBs by interaction between sister chromatids

Figure 9.—Hypothesis on the roles of Rad22
and Rti1 in S. pombe meiosis. The little understood
early functions in meiotic S phase are proposed to
contribute much less to spore viability than the
roles in intrachromosomal repair of meiotic
double-strand breaks. In contrast to S. cerevisiae
Rad52, the role of Rad22 and Rti1 in meiotic re-
combination between homologous chromosomes
isnegligible.Thisparallels theobservationofapre-
ponderance of Holliday junctions between sister
chromatids (Cromie et al. 2006).
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(Figure 9). The identification of intrachromosomal
recombination as the major meiotic function of Rad22
and Rti1 is in line with the observation that meiotic
Holliday junctions in S. pombe involve sister chromatids
four times more often than homologs (Cromie et al. 2006).
A recent study has shown that truncated RAD52 poly-
peptides mimicking murine splicing variants are able
to favor sister chromatid recombination in S. cerevisiae
(Thorpe et al. 2006). In addition, we estimate that in a
cell the overall number of HR events including repair
involving sister chromatids largely exceeds the average
observed number of 20 Rad51 foci (Figure 3). Forty-five
CO/cell occur on average in S. pombe meiosis (Munz

1994), and an unknown number of intersister events
essential for spore viability has to be added on the basis
of this work. Therefore, it is reasonable to assume that
Rad51 foci are transient or that several repair events
occur in the same focus. Alternatively, some of the repair
events may be catalyzed by Rad22, Rti1, or Rad51 proteins
at low local concentrations not detectable as foci.

Rad22 is required for mating-type switching in mitotic
cells (Ostermann et al. 1993). In crosses heterozygous
for the rad22 deletion, most of the rad22D spores in-
heriting the mating type from the rad221 parent were
unable to form colonies (Table 1). We speculated that
the few survivors with the underrepresented mating type
might have resulted from mutation of the smt site. Tetrad
analysis revealed that the bias was actually abolished in
the cross with the rad221 smt-0 strain. In addition, it was
demonstrated that the lethality of the rad22D spores with
the ‘‘wrong’’ mating type is Fbh1 dependent (Table 1).
We propose (supplemental Figure A4) that a lethal
lesion occurs at the smt1 site next to mat1 and that at
spore germination Rad22 performs an essential repair
function, as it does during mating-type switching in
vegetative cells. Promotion of 39-end invasion into one of
the storage cassettes mat2 or mat3 on the same chromo-
some or on the homolog would be consistent with the
biochemical function of Rad52 proteins (Sung 1997a;
Benson et al. 1998; New et al. 1998; Sugiyama and
Kowalczykowski 2002). Further work is required to
elucidate this phenomenon.

In conclusion, this study has demonstrated that Rad22
and Rti1, the two S. pombe homologs of Rad52, have little
effect on meiotic recombination between homologous
chromosomes, but are important for meiotic DSB repair
by intrachromosomal recombination. This function
substantially contributes to spore viability. The situation
in S. pombe meiosis indicates that considerable diversity
exists within eukaryotes with respect to the functions of
the Rad52 enzymes.
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