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ABSTRACT

Crossovers formed by recombination between hom-
ologous chromosomes are important for proper
homolog segregation during meiosis and for gener-
ation of genetic diversity. Optimal molecular
analysis of DNA intermediates of recombination
requires synchronous cultures. We previously
described a mutant, pat1-as2, of the fission yeast
Schizosaccharomyces pombe that undergoes syn-
chronous meiosis at 25°C when an ATP analog is
added to the culture. Here, we compare recombin-
ation intermediates in pat7-as2 at 25°C with those in
the widely used pat1-114 temperature-sensitive
mutant at 34°C, a temperature higher than optimal.
DNA double-strand breaks at most hotspots are
similarly abundant in the two conditions but, re-
markably, a few hotspots are distinctly deficient at
25°C. In both conditions, Holliday junctions at DNA
break hotspots form more frequently between sister
chromatids than between homologs, but a novel
species, perhaps arising from invasion by only one
end of broken DNA, is more readily observed
at 25°C. Our results confirm the validity of previous
assays of recombination intermediates in S. pombe
and provide new information on the mechanism of
meiotic recombination.

INTRODUCTION

Meiosis, the formation of haploid gametes from diploid
precursor cells, involves complex changes to chromosomes
and their DNA. During meiosis, recombination between
homologous chromosomes (homologs) forms a physical
connection that provides tension between homologs on
proper attachment to microtubules. This ensures proper

segregation of recombined homologs to opposite poles at
the first meiotic division. Without recombination and
crossovers, in most species, chromosomes often misseg-
regrate, and the resulting aneuploid gametes and subse-
quent progeny are inviable or debilitated (1). Meiotic
recombination also reassorts genetic differences (alleles)
between the parental chromosomes, usually giving rise
to progeny with genotypes different from the parental
genotypes. Recombination thus aids evolution of the
species by enhancing genetic variation on which natural
selection can act. Understanding the mechanism of recom-
bination is central to understanding this key step in the life
cycle of eukaryotes and may lead to ways to prevent birth
defects resulting from improper chromosome segregation.

Elucidating the molecular mechanism of meiotic recom-
bination requires obtaining sufficient cells at a given stage
of meiosis to allow physical analysis of the DNA inter-
mediates at each stage. Synchronously induced cultures of
the fission yeast Schizosaccharomyces pombe and the
budding yeast Saccharomyces cerevisiae have been indis-
pensable in such studies. Particularly useful is the
S. pombe temperature-sensitive patl-114 mutant, which
can be synchronously induced by raising the temperature
of the culture from 25 to 34°C (2). The higher tempera-
ture, however, is near the limit at which meiosis is success-
ful in starvation-induced patl” cells, and double-strand
break (DSB) formation at 36°C and recombination at
35°C are less frequent than at 25°C (3,4) (unpublished
data). Moreover, temperature is an important variable
for meiotic chromosomal processes in certain null
mutants of S. cerevisiae and perhaps wild-type as well
(5,6). Thus, results obtained with patl-114 cells at 34°C
have left uncertain how recombination proceeds at 25°C,
the temperature at which many genetic and cytological
studies of meiosis have been conducted (7-9).

To overcome this limitation, we created a mutant form
of the Patl protein kinase (patl-as2) that is inactivated in
the presence of an ATP analog, using a procedure
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successful with many protein kinases (10-13). Wild-type
Patl is active during vegetative growth of S. pombe and
indirectly represses the hundreds of genes whose products
are required for meiosis (14). When diploid cells heterozy-
gous at the mating-type locus (4"/h~) are starved for
nitrogen, Patl is inactivated and is unable to phosphoryl-
ate and inactivate Mei2, an RNA binding protein that
functions in the destruction of meiotic mRNAs during
vegetative growth. Nitrogen starvation also activates
Stell, a transcriptional activator of mei2 and many
other meiosis-specific genes (15). Multiple developmental
events ensue, culminating in spore (gamete) formation. As
S. pombe cells starved for nitrogen arrest at the G1 phase
of the cell cycle (16), inactivating Patl in such cells results
in synchronous meiosis: DNA replication occurs between
2 and 3 h in pati-114 at 34°C (5-6h in patl-as2 at 25°C),
and the first meiotic division (MI) between 5 and 6h at
34°C (9—-10h at 25°C) (10). DNA can be extracted from
such synchronously induced cells to analyze DNA inter-
mediates of recombination.

In S. pombe and S. cerevisiae, recombination is initiated
by the formation of DNA DSBs by Spol1 (called Recl2 in
S. pombe) (17,18) (Figure 1). As a Spoll ortholog is
encoded by nearly all sexually reproducing species, DSB
formation is likely a common or universal feature of
meiotic recombination. DSBs do not occur at random
across the genome but are much more frequent at
certain sites (hotspots) than at others in both yeasts; in
S. pombe, DSBs occur up to 400 times more frequently at
hotspots than in other regions (DSB-cold regions) (19).
DSB repair in S. cerevisiae occurs by the invasion of one
end of the broken DNA into a homologous duplex to
form a displacement (D) loop, also called a single-end
invasion (SEI); annealing of the other broken end to the
displaced strand forms a double Holliday junction (20,21).
Cleavage of the displaced strand before annealing of the
second end would form a single Holliday junction, the
most frequent structures observed in S. pombe and in a
substantial minority of repair events in S. cerevisiae (22).
Resolution of Holliday junctions (HJs), whether single or
double, can produce either a crossover (i.e. with exchange
of parental DNA flanking the DSB) or a non-crossover
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(i.e. with DNA exchanged only near the DSB but not in
the flanking regions).

Repair of a DSB with the homolog can produce a gen-
etically recombinant crossover, whereas repair with the
sister chromatid cannot. Although it is often stated that
meiotic DSB repair occurs with the homolog, e.g. (21,23),
HJ-forming repair events with the sister chromatid out-
number those with the homolog by ~3 or 4:1 at the two
DSB hotspots examined in S. pombe (22), and recent ob-
servations suggest there is more intersister (IS) repair in
S. cerevisiae than previously thought (24). Indirect
evidence suggests that repair of DSBs in DSB-cold
regions occurs primarily or exclusively with the homolog
in S. pombe (25), as appeared to be the case for the DSB
hotspots examined in S. cerevisiae (26).

The data on S. pombe DNA intermediates cited earlier
in the text come from studies using patl-114 mutants at
34°C. The patl-as2 mutant enabled us to test whether
meiotic DNA events occur similarly at the more nearly
optimal temperature of 25°C. We find that most events
are the same, but some distinct differences illuminate
aspects of meiotic recombination not previously observed.

MATERIALS AND METHODS
Schizosaccharomyces pombe strains and genetic methods

The strains used and sources of alleles are listed in Table 1.
Construction of the patl-as2 strain is described in the
Supplementary Figure S4. Standard molecular and
genetic procedures and media for growth were used
(7,33). Transformation of S. pombe with plasmids for
deletion and integration was performed using a lithium
acetate method (10).

Analysis of meiotic DSBs and Holliday junctions

Cultures were grown to saturation in EMM2* at 25°C,
diluted to ODggpp = 0.1 in EMM2* and grown overnight
at 25°C. When the ODgqo reached 0.3-0.4, the cells were
collected by centrifugation, washed once with water, sus-
pended in EMM2* without NH4Cl and incubated at 25°C
for 16-18h. To initiate meiosis, NH,Cl was added to

Intersister
(1S)

Interhomolog Holliday junctions
(IH) (HJs)

Figure 1. Pathway of meiotic recombination in S. pombe. The formation of meiotic DSBs is initiated by the Recl2 protein and several partner
proteins. Recl2 breaks the DNA, becomes covalently bound to the 5’ end and is endonucleolytically removed, attached to ~20nt of DNA. The 3’
single-stranded tail is lengthened by further 5— 3’ nucleolytic resection. One end invades an intact DNA duplex—either the identical sister or the
homologous chromatid—and forms an intermediate known as a D-loop or a SEI. Cutting of the displaced strand allows it to anneal with the second
initial end at the DSB to form a four-stranded DNA molecule, a Holliday junction (HJ). Resolution of the HJ into two duplex DNA molecules is
completely dependent on Mus81-Emel and can result in an IH crossover if DSB repair is with the homologous chromosome; repair with the sister
chromatid is genetically silent. Each thick line is double-stranded DNA; each thin line is a single strand of DNA.
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Table 1. Schizosaccharomyces pombe strains

Nucleic Acids Research, 2014, Vol. 42, No. 1 361

Strain Genotype®

GP1979 h™|h™ ade6-52/ade6-M26 lys3-37/+ +[ural-171 prol-1/+ patl-114[patl-114 endl-458/end1-458

GP5082 h™|h™ ade6-216/ade6-210 patl-114/pati-114 +|ural-61 mbsl-24|mbsi-25 mus81::kanMX6|/mus81::kanM X6 his4-239/+ +/lys4-95

GP5086 h™|h™ ade6-216/ade6-210 patl-114/pati-114 +[ural-61 mbsi-24|mbsi-25

GP6656 h™|h™ ade6-3049/ade6-3049 bubl-234/+ +|vtc4-1104 patl-114/patl-114 lys3-37/+ +|ural-61 mbsi-24/mbsi1-25 his4-239/+ +/lys4-95

GP6657 h™|h™ ade6-3049/ade6-3049 bubl-234/+ +/vtc4-1104 patl-114/patl-114 lys3-37/+ +/ural-61 mbsl-24/mbsI-25
mus81::kanM X6|mus81::kanM X6 his4-239/+ +/lys4-95

GP6232 h™|h™ ade6-3049/ade6-3049 patl-114/patl-114 rec12-201::6His2FLAG[rec12-201::6 His2FLAG his4-239/+ +/lys4-95

GP7347 h™ |l ade6-3049]ade6-3049 bubl-234/+ +/|vic4-1104 patl::natMX4/patl::natM X4 patl-as2(L9SA)::hphM X4/pat1-as2(L9SA).::hphM X4
lys3-37/+ +ural-61 mbsl-24|mbsl-25 his4-239/+ +/lys4-95

GP7348 h~|h™ ade6-3049/ade6-3049 patl::natMX4/patl::natMX4 patl-as2(LOSA)::hphM X4/patl-as2(LOSA)::hphM X4
rec12-201::6 His2FLAG [rec12-201::6 His2FLAG his4-239/+ +/lys4-95

GP7380 h™|h™ ade6-3049/ade6-3049 bub1-234/+ +/vtc4-1104 patl::natMX4/patl::natM X4 patl-as2(LOSA)::hphM X4 patl-as2(L9SA)::hphM X4
lys3-37/+ +|ural-61 mbsl-24/mbs1-25 his4-239/+ +/lys4-95 mus81::kanM X6/mus81::kanM X6

GP7381 h™|h™ ade6-M26/ade6-52 argl-14/+ +/lys3-37 +/ural-171 patl::natMX4/patl::natMX4
patl-as2(L9SA)::hphM X4/pat1-as2(L9SA).:hphM X4

GP7390 h" ade6-3049 patl:-natMX4 patl-as2(L95SA)..hphM X4 rad50S rec12-201::6 His2FLAG

GP7921 h™|h™ ade6-M26]ade6-52 argl-14/+ +]lys3-37 +/ural-171 patl::natMX4/patl::natM X4

patl-as2(L9SA)::hphM X4/pat1-as2(L9SA).:hphM X4 lysl::bleM X6-mat-Pc

“Alleles other than commonly used autoxtrophies are described in the following references: ade6-3049 (27), bubl-234 (25), endI-458 (28),
lysl::bleM X6-mat-P (10), mbsi-24 (29), mbsi-25 (29), mus81::kanMX6 (30), patl-114 (2), patl-as2(L9SA)::hphM X4 (10), patl::natMX4 (10),

rad50S (31), rec12-201::6His2FLAG (32), vtcd-1104 (25).

0.5%, and immediately 1-NM-PP1 [4-amino-1-tert-butyl-
3-(1"-naphthylmethyl)pyrazolo(3,4-d)pyrimidine; Toronto
Research Chemicals] was added to 20uM for patl-as2
cultures or the temperature was raised to 34°C without
addition of inhibitor for either patl-as2 or patl-114
cultures. Cells were harvested, DNA extracted and DSBs
and HlJs assayed (33).

Analysis of genome-wide DSBs by microarray
hybridization

The distribution of DSBs was assayed genome-wide by
measuring the positions of Recl2-FLAG covalently self-
linked to DNA, i.e. without artificial cross-linking (32).
Rec12-FLAG was immunoprecipitated using monoclonal
anti-FLAG M2 antibody (Sigma-Aldrich) from extracts of
meiotically induced strains; the DNA was amplified,
labeled and subjected to microarray hybridization on a
44K S. pombe Tiling Array (Agilent). Whole genome
data are in Supplementary Figures S1 and S2, and raw
data are at http://www.ncbi.nlm.nih.gov/geo/. To allow
comparisons between strains in the same experiment, the
log;o value of each data point (median-normalized
IP:WCE ratio) was multiplied by a value ranging from
1.1 to 1.3, to make coincident the levels of six prominent
DSB hotspots, shown by Southern blots to be indistin-
guishable, with the values of the array with the highest
values at those sites. Data analyses used R (http://www.
r-project.org/) and Bioconductor (http://www.
bioconductor.org/).

RESULTS
patl-as2 meiosis is proficient in DSB formation and repair

To compare the frequency and distribution of DSBs at 25
and 34°C, we induced meiosis in patl-as2 cells at 25°C by
adding 20 uM 1-NM-PP1 and in pati-as2 and patl-114

cells by raising the temperature to 34°C (without
addition of inhibitor), extracted DNA and digested it
with Notl restriction enzyme (34). [pati-as2 is also tem-
perature-sensitive (10).] Two restriction fragments, called
J (500kb) and D (1.2Mb), were assayed for DSBs by
Southern blot hybridization (Figure 2a). At 25°C, DSBs
were first observed at 5h (i.e. after DNA replication was
completed), and DSB repair was completed by 8 h (before
the first meiotic nuclear division; MI) (10), whereas at
34°C, DSBs appeared at 3h and were repaired by 5h as
previously reported (19,22). The most prominent DSB
hotspot on Notl fragment J, mbsl, was also analyzed in
finer detail and yielded similar results: there is a cluster
of distinct DSB sites within mbs/ in both conditions
(Figure 2b). The frequency and distribution of most
DSBs were similar in pat/-as2 at 25°C and in patl-114
at 34°C.

To complement these studies, we analyzed DSBs in
strains containing the frequently used rad50S allele, in
which repair is deficient and DSBs accumulate (34). This
allowed visualization of even lower-level DSBs at particu-
lar sites and would eliminate potentially asynchronous
repair that might alter observed DSB levels. The pati-
as2 allele, which is temperature-sensitive (10), was used
at both temperatures but without inhibitor at 34°C. The
results agree with the results in rad50" strains and indicate
that DSBs occur at similar locations at both 25 and 34°C
(Figure 2c¢), although some differences were observed, as
noted later in the text. For example, DSBs assayed at the
hotspot created by the ade6-3049 single base-pair
mutation showed a strong reduction at 25°C compared
with 34°C (both in rad50S strains) (Figure 2d), although
DSBs at mbsl were similar at the two temperatures
(Figure 2c).

The pati-as2 DSBs assayed at 34°C appeared slightly
later than patl-114 DSBs (Figures 2a and c), but this
is within the experimental variation previously seen in
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Figure 2. DSB formation and repair at 25°C in patl-as2 are compar-
able with those at 34°C in patl-114. DNA was prepared at the
indicated time after meiotic induction of strain GP7348 (patl-as2),
GP1979 (pati-114) or GP7390 (rad50S patl-as2), digested with the
indicated enzyme, and subjected to gel electrophoresis and Southern
blot hybridization with the indicated probe. (a) Notl-digested DNA
probed on the left end of the 0.5Mb fragment J (upper panels) and
the right end of the 1.2 Mb fragment D (lower panels). The middle lane
contains concatemers of phage A DNA (48.5kb; lowest band is the
monomer). (b) Mlul-digested DNA probed on the left end of the
24kb fragment containing mbs/ (major DSB site on Notl fragment
J). (¢) Notl fragment J was analyzed as above, using DNA from
strain GP7390 (rad50S patl-as2) induced at 25°C with addition of
20uM I-NM-PP1 and at 34°C without addition of analog; patl-as2
and patl-114 are both temperature-sensitive and behave similarly at
34°C (10) (Figure 3 and Supplementary Figures S1-S3). In the
examples shown, DSBs appear slightly later in patl-as2 at 34°C (c,
right) compared with patl-114 at 34°C (a and b, right), but this vari-
ation of DSBs’ first appearance between 3 and 3.5h at 34°C has been
seen previously (34,35). (d) AfilI-digested DNA probed at the right end
of the 6kb fragment containing the hotspot ade6-3049. Numbers below
the panels are the percentage of total DNA in the DNA broken at
mbsl (b and c) or at ade6-3049 (d). Notl data for pati-114 in (a) and
(b) were previously published (19).

patl-114 meioses in which DSBs are first seen at 3 or 3.5h
(34,35); DNA replication at 34°C, measured by flow
cytometry, was comparable with both patl alleles (10);
(unpublished data). DSB formation and repair occur
~2h later at 25°C than at 34°C; this delay corresponds
to the delay in both DNA replication and the meiotic
divisions (10). Addition of the inhibitor to the patl-as2
strain at 34°C caused a delay in replication of ~1h
compared with both patl-114 and patl-as2 without inhibi-
tor (unpublished data), suggesting the slower meiosis at
25°C likely reflects the effects both of lower temperature
and of the ATP-analog inhibitor. As expected, in each
case, DSBs were repaired before M1 begins, as measured
previously (10).

The genome-wide distributions of meiotic DSBs at 25 and
34°C differ at a few distinct sites

To analyze the meiotic distribution and relative frequency
of DSBs across the entire S. pombe genome, we immuno-
precipitated the genetically active Recl2-FLAG protein
covalently self-linked to DNA, which was analyzed by
amplification and hybridization to a DNA microarray
(ChIP—chip analysis) (32). Chromatin was harvested
from patl-as2 and patl-114 in rad50" cells at 6.5h and
3.5h, and in rad50S cells at 5h and 9h after induction
of meiosis, when Recl2-DNA complexes have maximal
abundance (Figure 2a and c¢) (19). The amount of
Recl12-DNA hybridized reflects the frequency of DSB for-
mation; signals at each of the ~44000 probes on the
microarray were normalized to DNA from the whole-
cell extract and further normalized to the genome
median value (Figure 3a—e, Supplementary Figures S1
and S2). To aid comparison of results from two or more
strains, we multiplied the normalized log;, values by an
appropriate value (ranging from 1.1 to 1.3) so that the
signals at six strong DSB hotspots, as determined by
Southern blot hybridizations, were nearly equal (see
‘Materials and Methods” section). Two independent
inductions of the patl-as2 strain at 25°C gave highly
reproducible results, as did side-by-side inductions of
patl-as2 rad50S and patl-114 rad50S strains at 34°C
(Supplementary Figure S3a and b; Pearson correlation
coefficients r = 0.98 and 0.95, respectively).

The data (Figure 3) show that, although most of the
distributions and relative frequencies of DSBs are similar
in the two conditions, there are some key differences. We
considered 288 total hotspots, those with >0.3% DNA
breakage as calibrated by direct Southern blot hybridiza-
tion analyses of 25 DSB hotspots (32). For the vast
majority of these 288 hotspots, the amount of breakage
was nearly equal in patl-as2 at 25°C and patl-114 at 34°C
in two independent comparisons (r=0.80 and 0.81;
Figure 3f and Supplementary Figure S3c). Eleven
hotspots, however, reproducibly had significantly more
DSBs (i.e. outside the 95% prediction interval) in rad50"
strains at 25°C than at 34°C (blue data points in
Figure 3f-h and Supplementary Figure S3, some of
which are marked with blue arrows in Figure 3b, d and
e). Most of these eleven hotspots were also significantly
increased in rad50S strains (Figure 3g); thus, these sites
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Figure 3. DSB profiles at 25°C in patl-as2 and at 34°C in patl-114 meioses differ significantly at only a minority of sites. DSBs were assayed as
Recl12-DNA complexes by immunoprecipitation (IP), without artificial cross-linking, of Rec12-FLAG from rad50" strains GP6232 (pati-114 at 34°C,
black line) and GP7348 (patl-as2 at 25°C, red line), amplification of the covalently self-linked DNA and hybridization to a DNA microarray. IP
signals were divided by those from the similarly treated whole-cell extract (WCE), median normalized and plotted for the genome regions indicated;
data were further normalized by multiplying the log;o of the patl-as2 signals by 1.1 so that peaks at six DSB sites, shown by Southern blot analysis
to be broken to nearly the same extent at the two temperatures (unpublished data), coincided. The genomic regions shown (a—e) illustrate both
DSB hotspot similarities (e.g. mbs/ in a, and hotspots in ¢) and differences (DSB increases indicated by blue arrows, and decreases by red arrows).
(f-h) Integrated microarray values at 288 DSB hotspots from pat/-as meiotic inductions at 25°C were plotted against values from the par/-114 (f and
2) or patl-as2 (h) meiosis done concurrently at 34°C; data are plotted as arbitrary units of Recl12-FLAG DSB signal. Dotted lines are the limits of
the 95% prediction interval; r is the Pearson correlation coefficient. Blue dots indicate 11 hotspots with significantly increased DSB frequency
(outside the 95% prediction interval), and red dots indicate six DSB hotspots with reduced DSB frequency, at 25°C in patl-as2 compared with 34°C
in patl-114 (Figure 3f). Most of the DSB hotspot differences observed in rad50" strains (f) were also observed rad50S strains (g and h). The DSB
hotspots with higher DSB levels in pat/-as2 at 25°C than in patl-114 at 34°C (blue dots) not shown in Figure 3a—e are on Chrl at 1150, 1905, 1955,
2520, 3300 and 3985kb and on Chr2 at 525 and 3010 kb. The DSB hotspots with lower levels (red dots) not shown in Figure 3a—e are on Chr2 at
3530 and 3640kb and on Chr3 at 1835kb. Data for the entire genome are in Supplementary Figures S1 and S2.

have increased DSB formation, not slower repair, at 25°C. some of which are marked with red arrows in Figure 3b,
At this temperature, there was also one new DSB hotspot d and e). One such hotspot is that created by ade6-3049, a
near 1875kb from the left end of chromosome 2 single bp mutation that creates a binding site for the tran-
(Supplementary Figures S1 and S2). scription factor Atfl-Pcrl (27); DSBs at this hotspot were

More interestingly, six intense DSB hotspots at 34°C also reduced as measured by direct Southern blot hybrid-
were reproducibly strongly reduced at 25°C (red data ization (Figure 2d). DSBs at most of these six hotspots
points in Figure 3f~h and Supplementary Figure S3), were strongly reduced in comparisons between rad50"
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strains (Figure 3a—f and Supplementary Figure S1) and
between rad50S strains (Figure 3g and h and Supple-
mentary Figure S2), in which accumulated DSBs give a
more reliable estimate of total DSB frequency (34).
Considering the 288 hotspots, the DSB values from
patl-as2 rad50" and patl-as2 rad50S at 25°C were
highly correlated (r = 0.88; Supplementary Figure S3d),
and the six hotspots were within the range of variation,
demonstrating that these reductions are not due to timing
differences in DSB repair. Furthermore, comparison of
the DSBs in patl-as2 and patl-114 strains at 34°C also
showed high correlation of total hotspots with the six
hotspots within the range of variation (r=0.95;
Supplementary Figure S3b). Thus, DSB formation, not
their repair, differs at 25 and 34°C, and these differences
are independent of the pat/ allele used. DSBs at other sites
in patl-as2 meiosis were also modestly reduced. These
small reductions are within the 95% prediction interval
and hence cannot be differentiated from random vari-
ation, although they may be meaningful. We discuss
later the implications of these observations.

Holliday junction formation and resolution are similar
at 25 and 34°C

To investigate further the proficiency of meiosis induced in
patl-as2 cells, we assayed the formation and resolution of
HJs (Figure 1) at the mbsl DSB hotspot. As previously
observed at 34°C in patl-114 cells (22,25), HJs arose after
DSB formation and were resolved at about the time that
MI began in the patl-as2 meiosis [Figure 4a; (10)]. In both
cases, HJ resolution depended on the Mus81-Emel HJ
resolvase; in a mus81 null background, HJs accumulate,
allowing a more accurate measure of the total frequency
of HJs. There was no significant difference in the fre-
quency of accumulated HJs (i.e. in mus8IA4 strains)
at the mbsl hotspot in patl-as2 cells at 25°C and that in
patl-114 cells at 34°C (2.1 versus 2.3%, Figure 4a and c).
At the ade6-3049 DSB hotspot in mus814 mutants, there
were 4-fold fewer HJs (0.4%) at 25°C in patl-as2 meiosis
than at 34°C in pat-114 meiosis (1.7%, Figure 4b and d).
This finding is consistent with the reduction of DSBs
observed at the ade6-3049 hotspot at 25°C compared
with 34°C (Figures 2d and 3e).

Chromosome segregation has higher fidelity at 25°C
than at 34°C (10). At 34°C IS, HJs outnumber
interhomolog (IH) HJs (Figure 1), which could result in
low crossover frequency and chromosome missegregation.
If so, the IS:IH ratio would be expected to be lower at
25°C. Heterozygous restriction site polymorphisms
flanking the mbsi hotspot allowed us to measure the
relative frequency of IS and IH HJs among the total
HlJs seen (Figure 5a) (22). The observed ratio of IS to
IH HJs at mbsl at 25°C in patl-as2 was 3:1, consistent
with earlier observations of 4:1 at 34°C in patl-114
(Figure 5b) (22,25). Similar results were observed at
ade6-3049: although total HJs were less frequent at 25°C
than at 34°C (Figure 4d), the IS:IH ratio was 3:1, as
observed before at 34°C (25) (unpublished data).

One advantage of patl-as2 meiosis is that it proceeds
slower and DNA intermediates of recombination persist

longer, allowing a more sensitive measure of the low-level
HJs formed in a mus81" strain. For example, 1.4% of the
total DNA was observed as HJs at mbsl in patl-as2 at
25°C but 0.9% in patl-114 at 34°C (Figure 4a and c). This
is especially important when assaying IS and IH HIJs; both
were more frequent in pat/-as2 at 25°C meiosis than in
patl-114 at 34°C, although the ratio was similar, as noted
earlier in the text (Figure 5b, top panels). The patl-as2
meiosis at 25°C also facilitated detection of a novel
species running at a position on the 2D gel indicative
of Y-shaped DNA, which may be SEI intermediates
(Figure 1) (20). This species was not readily seen in patl-
114 meiosis at 34°C but could be seen in patl-as2 meiosis
at 25°C in both mus81" and mus814 strains (Figure 4a,
arrows in 7h and 8 h panels). A faint signal corresponding
to this species in patl-114 meiosis at 34°C was more
abundant after crosslinking of the DNA with psoralen
than without crosslinking (22,25). Shorter duration or
lower stability of this species at 34°C may account for
its prominence at 25°C without crosslinking. As
expected if these DNA species are precursors to HJs, the
corresponding species disappeared sooner than HlJs: the
HlI:species ratio increased from 1.3 to 1.7 to 2.6:1 at 7, 8
and 9h in patl-as2 mus81". In the patl-as2 mus81A strain,
the ratio increased from 1.8 to 3.4:1 at 7 and 10h
(Figure 4a). These results provide evidence for a DNA
recombination intermediate not previously seen in any
organism other than S. cerevisiae.

Genetic recombinant frequencies are mildly increased in
patl-as2 on addition of an ectopic mat-Pc cassette

In a previous study, we showed that spores from meiosis
at 25°C had a higher viability and higher frequency of
proper chromosome segregation compared with spores
from meiosis at 34°C (10). Additionally, ectopic insertion
of the mat-Pc cassette in a homozygous /i~ diploid
restored spore viability and chromosome segregation to
wild-type (patl™) levels. We also observed that patl-as2
diploid strains, either at 25 or 34°C, had slightly reduced
meiotic recombination (10) (unpublished data). In an
attempt to restore full levels of meiotic recombination,
the mat-Pc cassette was inserted into an 4~ /h™ patl-as2/
patl-as2 diploid. Addition of the mat- Pc cassette increased
recombination by a factor of ~3 at ade6-M26 x 52
(intragenic recombination; i.e. gene conversion) and by
~50% between ade6 and argl (intergenic recombination;
i.e. crossing over) (Table 2). Neither increase, however,
was statistically significant: for ade6 intragenic recombin-
ation P = (0.063 by unpaired z-test, and for ade6 — argl
intergenic recombination P = 0.17 by contingency chi-
square test. The higher variance in these data than in
those previously published may reflect the occasional
meiotic and mitotic instability of the mat-Pc cassette,
which is flanked by direct repeats (38).

Crossover DNA at the mbsI hotspot, but not at
ade6-3049, is formed equally at 25 and 34°C

Using a physical assay, we determined the frequency of
recombination between two heterozygous restriction sites
closely flanking the mbsI hotspot or the ade6-3049
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Figure 4. Holliday junction (HJ) formation and resolution at the mbs! hotspot at 25°C in patl-as2 are comparable with those at 34°C in patl-114,
but HJs at the ade6-3049 hotspot are less abundant. DNA was extracted at the indicated time after induction of meiosis, digested with the indicated
restriction enzyme and analyzed by gel electrophoresis and Southern blot hybridization using the indicated probe. The time of DNA replication, as
assayed both by DNA content (unpublished flow cytometry data) and by the appearance and disappearance of Y-shaped DNA, is marked on each
panel (22). (a) HJs assayed on the 10.5kb BsrGI DNA fragment using a probe at the center of the mbs/ hotspot. Strains were GP7347, GP7380,
GP5086 and GP5082 (top to bottom rows). In mus81" strains (first and third rows), HJs (black arrow, 7h top row and 8 h second row) appear at a
higher frequency in patl-as2 at 25°C than in patl-114 at 34°C, likely because of slower kinetics of meiosis at 25°C; accumulated abundance (in
mus81A strains; second and fourth rows) is about the same (see ¢). A novel species (NS; gray arrow, 7h top row and 8 h second row), perhaps SEI
intermediates, in patl-as2 was previously obvious in patl-114 at 34°C only after psoralen crosslinking (22). (b) HJs assayed at the ade6-3049 hotspot
in strains GP7380 (patl-as2; 25°C) and GP6657 (pati-114; 34°C) after digestion with BsrGI and using a probe at the center of the ade6-3049 hotspot
(25); the BsrGl fragment is 11.8 kb long. Note there are fewer HJs at 25°C (upper row) than at 34°C (lower row). (c) Frequency of HJs observed at
mbsl in (a) after the completion of DNA replication (3h in patl-as2 and 6h in pati-114). Error bars indicate the mean & SEM or range (n = 5 for
patl-114, and n = 2 for patl-as2). (d) Frequency of HJs observed at ade6-3049 in (b) after the completion of DNA replication (as in c¢). Error bars
indicate the mean + range (n = 2 for patl-114 and patl-as2). Data for patl-114 at mbsl were previously published (22).
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Figure 5. The ratio of IS and IH HlJs at the mbs! hotspot at 25°C in
patl-as2 is comparable with that at 34°C in patl-114. (a) IS and IH
HJs at mbsl were assayed by 2D gel electrophoresis of DNA that
contained heterozygous restriction site mutations flanking mbsl
(designated L and R) and digested with Pyull (black arrowheads),
Pmlil and Xbal (22) and hybridization using a probe for the central
region of mbsl. (b) Strains used were as in Figure 4a. In both patl-as2
and patl-114 strains, there are markedly more IS HJs (IS, black
arrows) than IH HJs (IH, white arrows), although the IS:IH ratio is
slightly lower in patl-as2 than in patl-114. Data for patl-114 at mbsl
are from (22).

Table 2. The mat-Pc cassette moderately increases recombinant fre-
quency in patl-as2 meiosis at 25°C

matl-Pc* Recombinant frequency
ade6M26 % ade6-52 (Ade*/10° ade6 —
viable spores; mean + SEM)® argl (cM)°©
- 1200 £ 110 (n = 3) 16
+ 3650 £ 1100 (n = 6) 24

“The matI-Pc cassette was present (+; strain GP7921) or not (—; strain
GP7381).

®Recombinant frequencies were based on 51 or more colonies counted.
In heterothallic patI™ crosses, the Ade” recombinant frequency ranges
from 2500 to 6400 per 10° viable spores (10,17,25,36).

‘Recombinant frequencies, based on 58 or more recombinants, were
converted to cM using Haldane’s equation. In heterothallic patl™
crosses, the ade6 — argl genetic distance ranges from 68 cM (37) to
73 ¢cM (36).

hotspot. This allowed us to measure the total amount of
crossover DNA, rather than just the frequency of recom-
binants among viable spores (Figure 6a) (22,25).
Crossover DNA was measured as twice the frequency
of the shorter recombinant restriction fragment RI
(Figure 6a and b) because the larger, though not the

(a) B (L )
T e |
(€) GG
R1
R2
(b) 34°C 25°C 34°C 25°C

pat1-114 pati1-as2 pat1-114 pati1-as2
0 7 0 10h 0 7 0 10h

™ ==R1

R2 -— —_—

-— ~~IR2
XOfreq. 29, 3% 13% 2%
mbs1 ade6-3049

Figure 6. Crossover DNA is equally abundant at the mbs/ hotspot,
but less abundant at the ade6-3049 hotspot, at 25°C in patl-as2
compared with 34°C in patl-114. (a) Diagram of the DNA constructs
used to measure crossover DNA at mbsl and ade6-3049 using DNA
restriction site polymorphisms flanking the hotspots (see Figure 5 for
mbs1 construct). The restriction enzymes used at mbsl are Pvull (E),
Pmlil (L) and Xbal (R). The restriction enzymes used at ade6-3049 are
Scal (E and L) and Pmlil (R). (b) DNA from strains GP6656 (patI-114)
and GP7347 (patl-as2) was extracted at the indicated time after induc-
tion of meiosis and analyzed by gel electrophoresis and Southern blot
hybridization. Analysis of DNA used probes at the centers of the
indicated hotpot (that in Figure 4a for mbs/ and that in Figure 4b
for ade6-3049). Crossover frequency, the mean of two experiments, is
2 R2/total DNA, as partial digestion can contribute to R1. R2 is 4.8 kb
at mbsl and 3.8 kb at ade6-3049 (22,25).

smaller, recombinant-length restriction fragment can also
arise by incomplete digestion of the DNA. At mbsl, the
frequency of crossover DNA was 3% at 25°C and 2% at
34°C (Figure 6b), in accord with the similar frequencies
of DSBs and HJs at mbsl at the two temperatures
(Figures 2b and 4c). As expected from the lower frequency
of DSBs and HJs at ade6-3049 at 25°C than at 34°C
(Figures 2d and 4d), crossover DNA was also much
lower at 25°C than at 34°C, 2 versus 13% in this side-
by-side comparison (5.5% in a previous assay of patl-
114 at 34°C (25). Thus, these data provide a consistent
picture of DNA recombination intermediates under the
two conditions used here.

DISCUSSION

The patl-as2 mutant studied here provides for the first
time a convenient way to prepare large cultures of


,
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meiotic S. pombe cells synchronously induced at 25°C, a
temperature at which many studies of meiosis have been
done. Synchronous cultures are essential for biochemical
analyses of transient intermediates, and it is important to
have similar conditions for both genetic and biochemical
assays. The patl-as2 mutant affords experimental flexibil-
ity and allows comparisons to be made at lower tempera-
ture than the patl-114 temperature-sensitive mutant
previously available. Using this allele, we have found
that many features of DNA intermediates of recombin-
ation are the same as those in the patl-11/4 mutant at
34°C, the condition previously used to study DNA recom-
bination intermediates. These results confirm many of the
conclusions previously drawn, e.g. (22,25,32). Some
features of two intermediates—DSBs and joint DNA mol-
ecules at certain hotspots—are, however, different at the
two temperatures. This difference has helped illuminate
the basis of the distribution of DSBs across the genome,
a major problem in the field of meiosis, and has pointed to
a new intermediate in S. pombe meiotic recombination, as
discussed later in the text.

At six hotspots, we found that DSBs are strongly reduced
(i.e. outside the 95% prediction interval; Figures 3f-g) at
25°C compared with 34°C (Figures 2 and 3). Two of these
hotspots, ade6-3049 and one designated in a previous study
2-2 (39), require the stress-response transcription factor
Atfl-Perl for high-level DSB formation (39). Additionally,
we found modestly reduced (<2-fold) DSB frequencies at 10
of 15 chromosomal sites with the closest match to the con-
sensus sequence for Atfl-Pcrl binding (27). Previous DSB
analysis of these 15 sites showed a Pcrl-dependent reduction
at nine of these sites (39); we found a modest reduction at
seven of these nine sites, including cds/, at 25°C. However,
analysis of the other four strongly reduced DSB hotspots
showed no connection to Atfl-Perl activation. These reduc-
tions may be partially explained by the presence of genes
strongly induced by heat shock that flank five of the six
reduced DSB hotspots (40), but some other factor or
factors must also affect this reduction, as there are many
loci with genes induced by heat shock across the genome
that showed no change at lower temperature. Further
studies to decipher what these hotspots have in common
could lead to important advances in understanding the
factors that influence the distribution DSB hotspots.

As expected, the abundance of joint DNA molecules,
including HJs, parallels that of DSBs, at least at the two
hotspots examined. Comparing abundance at 34°C with
that at 25°C, both DSBs and HIJs at mbs/ are approxi-
mately equal, but at ade6-3049 both are reduced at 25°C
(Figures 2—4). The reduction at ade6-3049 at 25°C can be
accounted for by its dependence on activated Atfl-Pcrl,
as suggested earlier in the text. As the majority of DSB
hotspots have indistinguishable levels of DSBs at the two
temperatures, we infer that the abundance of HJs is also
the same at most hotspots at the two temperatures and
that previous conclusions about HJs are valid across the
genome, with minor exceptions. The frequency of cross-
overs generated at the two DSB hotspots also parallels the
frequency of DSBs at the two temperatures. At mbsl,
where DSBs were similar at both 25 and 34°C
(Figure 2b and c), crossover DNA measured by physical
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assay was also similar at the two temperatures (Figure 6b).
At ade6-3049, however, there was a comparable reduction
of both crossover DNA and DSBs at 25°C compared with
34°C (Figures 2d and 6b). These results agree with
previous studies of Atf-Pcrl mutants that showed
decreased DSB-formation and recombination at ade6
hotspots (41-43).

Particularly noteworthy is the preferential repair of
hotspot DSBs with the sister chromatid, as shown by the
greater abundance of IS HJs than IH HJs (Figure 5b). By
measuring recombination in many intervals, with and
without DSB hotspots, we observed crossover invariance,
constant cM/kb whether or not the interval assayed con-
tained a DSB hotspot (34). Our subsequent observations
on IS and IH HlJs and the genetic requirements for recom-
bination at DSB hotspots and in DSB cold regions ex-
plained crossover invariance by partner choice for DSB
repair: DSBs at hotspots are repaired primarily with the
sister chromatid and give no genetic recombinants,
whereas those in DSB cold regions are frequently,
perhaps exclusively, repaired with the homolog and can
give genetic recombinants (25). Our observations in this
article fortify this conclusion, by showing that the IS:IH
ratio is high at hotspots at 25°C, the condition for recom-
bination assays, as well as at 34°C, the previous condition
for HJ assays.

In our assays of HJs at 25°C, we observed a relatively
stable DNA intermediate with the electrophoretic mobility
expected for SElIs, likely equivalent to the D-loop formed
by the initial DNA strand exchange (Figures 1 and 4a).
This species has a smaller mass than the HJs, as expected
for SEIs, and is at the position expected of Y-shaped
DNA with a branch-point at the middle of the restriction
fragment and where the DSBs are initiated. The appear-
ance of these intermediates occurs after DNA replication
has been completed, indicating they arise from DSB repair
during meiotic recombination. Furthermore, during the
time of replication, the abundance of branched DNA mol-
ecules with different masses along the Y-arc is nearly
constant: the hybridization signal (with the central-
region probe) of the larger molecules is nearly twice that
of the smaller molecules (Figure 4a), as expected for uni-
formly located replication forks along the genome
fragment assayed. In contrast, the molecules arising after
replication is complete (after 6 h) have nearly the same
mass, one that indicates a branch point restricted to the
site of prominent DSBs, consistent with this species arising
by strand invasion at that site. This species also dis-
appeared more rapidly than HIJs, consistent with its
being a precursor to HIJs. We previously observed a
similar DNA intermediate that was most apparent at
34°C only after crosslinking the DNA with psoralen
before extraction from cells (22). We infer that this
species forms at both temperatures but is unstable at
34°C without crosslinking. Thermal instability is consist-
ent with this species being an SEI. Further analysis of this
species using the conditions used here may confirm this
inference. More generally, having the same, optimal con-
ditions for both genetic and physical analyses will lead to a
more complete understanding of the mechanism of meiotic
recombination.
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including [44,45].
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