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ABSTRACT

The double-strand break repair (DSBR) model of recombination predicts that heteroduplexes will be
formed in regions that flank the double-strand break (DSB) site and that the resulting intermediate is
resolved to generate either crossovers or noncrossovers for flanking markers. Previous studies in Saccharo-
myces cerevisiae, however, failed to detect heteroduplexes on both sides of the DSB site. Recent physical
studies suggest that some recombination events involve heterodupex formation by a mechanism, synthesis-
dependent strand annealing (SDSA), that is inherently asymmetric with respect to the DSB site and
that leads exclusively to noncrossovers of flanking markers. Below, we demonstrate that many of the
recombination events initiated at the HIS4 recombination hotspot are consistent with a variant of the
DSBR model in which the extent of heteroduplex on one side of the DSB site is much greater than that
on the other. Events that include only one flanking marker in the heteroduplex (unidirectional events)
are usually resolved as noncrossovers, whereas events that include both flanking markers (bidirectional
events) are usually resolved as crossovers. The unidirectional events may represent SDSA, consistent with
the conclusions of others, although other possibilities are not excluded. We also show that the level of
recombination reflects the integration of events initiated at several different DSB sites, and we identify a
subset of gene conversion events that may involve break-induced replication (BIR) or repair of a double-

stranded DNA gap.

EIOTIC recombination events in the yeast Sac-
charomyces cerevisiae are initiated by double-
stranded DNA breaks (SzoSTAK et al. 1983; SUN et al.
1989) catalyzed by the protein Spoll (BERGERAT et al.
1997; KEENEY el al. 1997). Until recently, in the most
widely accepted version of the double-strand break re-
pair (DSBR) model, the DNA ends resulting from the
break are resected 5’ to 3’, and one of the resected
“tails” invades the homologous chromatid, forming a
region of heteroduplex (Figure 1). DNA synthesis
primed from this 3’ end results in a second hetero-
duplex, involving the second tail. The two regions of
heteroduplex, one on each chromatid, are flanked by
two Holliday junctions. Cleavage of these junctions can
result in the flanking chromosomal regions in either
crossover or noncrossover configurations. In this model,
both crossovers and noncrossovers have the same molec-
ular precursor.

In Figure 1, we illustrate a recombination event initi-
ated between two heterozygous genes with alleles A and
aand Band b. If the heteroduplexes include the region
of the gene with the mutation (as shown), then two
DNA mismatches on two different chromatids would be
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formed. If these mismatches are not repaired, one of
the four spores will have a postmeiotic segregation
(PMS) event at the A locus, and a different spore in the
same tetrad would have a PMS event at the Blocus; PMS
events are defined as the segregation of two alleles from
a single meiotic product at the first mitotic division
following meiosis (PETES et al. 1991). For some loci,
these events can be detected by replica plating the spore
colonies to diagnostic omission medium. Alternatively,
one can detect such events using the polymerase chain
reaction (PCR; PORTER et al. 1993). Repair of the mis-
matches will result in gene conversion tetrads, tetrads
that have either three wild-type spores and one mutant
spore or one wild-type spore and three mutant spores
(PETES et al. 1991). For example, repair of the mismatch
shown in Figure 1 could result in a tetrad with 3A:1a
segregation pattern.

Although both physical and genetic evidence sup-
ports the existence of several of the intermediates shown
in Figure 1 [for example, the double Holliday junction
(ScuwacHA and KLECKNER 1995)], there are also ge-
netic and physical data that support the argument that
all recombination events do not occur through the ca-
nonical form of the DSBR model. The genetic experi-
ments used strains that were heterozygous for markers
closely flanking a recombination hotspot (a site of fre-
quent meiosis-specific DSB formation). These markers
were designed to yield DNA mismatches that were inef-
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Ficure 1.—Canonical DSBR model (SzosTak et al. 1983;
SUN et al. 1991). In this diagram, the DSB (indicated by the
vertical arrow) occurs between two heterozygous markers on
one of the chromatids with the mutant aand balleles. The solid
and open circles represent wild-type and mutant substitutions,
respectively. The broken ends are processed 5’ to 3’, leaving
protruding 3" ends (step 1). Step 2 shows the left end of the
broken chromatid invading one of the unbroken chromatids
(forming a heteroduplex with a mismatch). In step 3, DNA
synthesis occurs (represented by a stippled red strand), re-
sulting in displacement of the red strand. The displaced strand
pairs with the broken right end, resulting in a second region
of heteroduplex with a mismatch. DNA synthesis primed from
the 3" end of the blue chromatid also occurs. Steps 4 and 5
represent alternative ways of cutting the strands connecting
the two chromatids, resulting in chromatids without (step 4)
or with (step 5) an associated crossover. Failure to correct the
mismatches would result in a tetrad that had 5:3 segregation
for both flanking markers. Correction of the mismatch would
generate a 3:1 segregation event, if the correction were in the
direction of the wild-type substitution, or would restore 2:2
segregation, if the correction was in the direction of the mu-
tant substitution.

ficiently repaired if involved in heteroduplex formation,
leading primarily to PMS tetrads. As discussed above,
the DSBR model predicts a high frequency of tetrads
in which one spore has a PMS event for one of the
flanking markers and another spore in the same tetrad
has a PMS event for the other marker. In two studies
involving different loci, coevents of this type were very
rare (PORTER et al. 1993; GILBERTSON and STAHL 1996),
although events involving only one of the two markers
were very common (unidirectional events).

ALLERS and LicHTEN (2001a,b) found physical data
in conflict with the canonical DSBR model. In an ectopic
recombination system, they showed that noncrossover
heteroduplex products were completed before crossover
heteroduplex products. Furthermore, they found that
a mutation of NDTS80, a meiosis-specific transcription
factor, resulted in normal levels of noncrossover hetero-
duplexes, but greatly reduced crossovers. On the basis
of these results, Allers and Lichten proposed that the
heteroduplex intermediates for crossovers and noncross-
overs were different: crossovers involving resolution of
intermediates as shown in Figure 1 and noncrossovers
occurring by a different pathway [synthesis-dependent
strand annealing (SDSA) ]. The SDSA pathway was origi-
nally suggested as a way of explaining mitotic gene con-
version events that were unassociated with crossing over
(reviewed by PAQUES and HABER 1999). In this model,
following initial strand invasion and repair synthesis,
the invading strand containing newly synthesized DNA
is displaced and reannealed to the other 3’ end. The

netresult of this eventis heteroduplex formation on one
side of the DSB in one chromatid with a noncrossover
configuration of the flanking sequences.

In our previous study of heteroduplex formation
(PORTER et al. 1993), we used heterozygous markers that
were ~1 kb from the HIS4 hotspot DSB site. Below, we
describe experiments performed with a strain that has
markers <250 bp from this DSB site and includes mark-
ers located ~5 kb from the site. Using this new system,
we identified bidirectional events with the configuration
of heteroduplex predicted by the DSBR model. These
events are primarily crossovers, but a significant fraction
are noncrossovers. We also observed unidirectional
events similar to those previously observed; most, but
not all, of these events represent noncrossovers. We
interpret these data as indicating that recombination
in S. cerevisiae proceeds by both the canonical DSBR and
the SDSA pathways.

MATERIALS AND METHODS

Yeast strains: All strains used were derived by transformation
from the haploid strains AS4 (« trpl arg4 tyr7 ade6 ura3) and
AS13 (a leu2 wra3 ade6; STAPLETON and PETES 1991). In the
descriptions of the genotypes, we note only deviations from
the two parental genotypes.

We constructed JDM173 (fusI-BX) by two-step transplace-
ment of AS4 using Kpnl-digested pMW30 (WHITE and PETES
1994). All constructions, unless noted otherwise, were checked
by PCR. JDM179 (bikl-lop his#u-lopc ycl034W-SX) was con-
structed in two steps. First, PD57 (DETLOFF et al. 1992), an AS13
derivative with a deletion of a portion of the HIS4 upstream
activating sequences (UAS), was transformed with a DNA frag-
ment containing the wild-type UAS of HIS4 and two palin-
dromic insertions (bikI-lop and his4u-lopc) to generate JDM148
(bik1-lop his4u-lop). This DNA fragment was generated using
PCR of genomic DNA derived from AS13 cells and the primers
(with the palindromic sequences underlined) his4u + lopF1
(5"-GATTCCTCATCGGAAGAGGTGGCATCCTTAACGAAAA
AACGAGTACTGTATGTACATACAGTACTCTTGAAGAGGC
TAATGAAAAA) and his4u + lopcR1(5-AGTTGTGCTATGA
TATTTTTATGTATGTACAACACACATCGACTAGTCTAAG
TACTTAGACTAGTCGGAGGTGAATATAACGTTCC). Cor-
rect transplacement of the PCR fragment results in restoration
of histidine prototrophy, and histidine prototrophs were se-
quenced to confirm the construction. Second, the ycl034W-
SX mutation was inserted into JDM148 using a two-step trans-
placement of SnaBl-digested p]JDM4 (described below) to
generate JDM179.

The plasmid pJDM4 was derived from pMW25, a plasmid
with a Bgll fragment containing YCLO34W from pCl1G-17
(PORTER et al. 1993) inserted into the BamHI site of YIpb
(STRUHL et al. 1979). pJDM4 was made by “filling in” (SYMING-
TON and PETES 1988) the Spel site in YCLO34W, resulting in
the allele ycl034W-SX.

MD229 (bikI-lop histu-lopc his4-IR9 ycl034W-SX) was con-
structed by inserting the his4-IR9 mutation into JDM179 using
a two-step transplacement of SnaBI-digested pDN22 (NAG and
Peres 1991). MD248 (fusl-BX chal::hphMX4) and MD249
(bikI-lop hisdu-lopc his4-IR9 yclO34W-SX chal::hphMX4) were
constructed by inserting the iphMX+4 cassette (GOLDSTEIN and
McCusker 1999), which contains a gene that confers hygro-
mycin resistance, into the middle of CHAI in JDM173 and
MD229, respectively. The PCR synthesis of the cassette and
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subsequent transformation were performed as described by
WacH et al. (1994), using the plasmid pAG32 (GOLDSTEIN
and McCusker 1999) and the primers CHA-F (5-TCCC
TTCGATAATCCGGATATTTGGGAAGGACATTCATCTATG
ATAGATGCGTACGCTGCAGGTCGAC) and CHA-R (5"-TTT
AACCTTATTCACGGAAATATGTTGCGATTTCAAATCTTG
TACTATTTATCGATGAATTCGAGCTCG).

PG118 (fusl-BX rad50S) and PG119 (bikI-lop histu-lopc
Yel034W-SX rad50S) are rad50S derivatives of JDM173 and
JDM179, respectively, and were constructed as described by
ALANI et al. (1990). PG138 (his4-IR9 ycl034W-SX) was con-
structed by inserting the ycl034W-SX mutation into DNY47
(NAG and PeTES 1991), using pJDM4 as described above.

We made the diploid strains by mating the following haploid
strains (given in parentheses after the name of the diploid):
JDM1080 (JDM173 X JDM179), JDM1081 (PG118 X PG119),
JDM1086 (JDM173 X MD229),JDM1091 (JDM173 X PG138),
MD250 (MD248 X MD229), MD251 (JDM173 X MD249),
and QF105 (FAN ef al. 1995). The genotypes of these strains
(not including the AS4- and AS13-derived markers common
to all of the strains) are: JDM1080 (F*US1/fus1-BX bikI-lop/BIK1
hisdu-lopc/HIS4U  ycl034W-SX/YCL034W), JDM1081 (FUS1/
Jus1-BX bikI-lop/BIK1 hisdu-lopc/HIS4U yclO34W-SX/YCLO34W
rad50S/rad50S), JDM1086 (FUS1/fus1-BX bikl1-lop/BIKI his4u-
lope/HIS4U  his4-IR9/HIS4 ycl034W-SX/YCL0O34W), JDM1091
(FUS1/fus1-BX his4-IR9/HIS4 ycl034W-SX/YCL0O34W), MD250
(FUSI/fus1-BX bikI-lop/BIK1 histu-lopc/HIS4U his4-IR9/HIS4
yelO34W-SX/YCLO34W CHA1/chal::hphMX4), MD251 (FUS1/
Jus1-BX bik1-lop/BIK1 his4u-lopc/HIS4U his4-IR9/HIS4 yclO34W-
SX/YCLO34W chal::hphMX4/CHAI), and QF105 (his4-IR9/
HIS4 rad50S/rad50S). The designation HIS4Usignifies that the
HIS4 promoter region is wild type.

Genetic analysis: Standard materials and methods were used
(SHERMAN et al. 1983) except where noted. Diploids were
sporulated on plates at 25°, rather than 18° (the temperature
used for most of our previous studies), to reduce the frequency
of multiple recombination events at the HIS4 hotspot (NAG
et al. 1989). Following tetrad dissection on plates with rich
growth medium (YPD), the spore colonies were replica plated
to various omission media; spore colonies on medium lacking
histidine were examined microscopically to detect small sec-
tors.

Experiments to determine whether the transcribed or non-
transcribed strand of HIS4 was transferred were performed
as described by NaG and PeTes (1990) with the following
modifications. Tetrads were dissected onto plates containing
histidine omission medium (SD — his) and incubated at 30°
for 10-12 hr. The spores were then examined microscopically
and scored as His* (5 or more cells) or His~ (1 or 2 cells).
The SD — his agar slab containing the spores was transferred
to a YPD plate with 0.4 ml of a 0.5% histidine solution. After
incubation at 30° for 3—4 days, the colonies were replica plated
to SD — his medium (as well as other omission media) to
determine the pattern of sectoring. Only tetrads with a 5:3
or 3:5 pattern of aberrant segregation were scored for the
remaining markers by PCR. The pattern of sectoring was then
correlated with the phenotype of the spore to determine
whether the transcribed or nontranscribed strand of HIS4 had
been donated (NAG and PETEs 1990). This analysis allows us
to determine whether the DSB in a given recombination event
occurred upstream (nontranscribed strand donated) or down-
stream (transcribed strand donated) of our markers in HIS4.

PCR analysis of spore colonies: We performed PCR analysis
to score the fusI-BX, bik1-lop, his4u-lopc, and ycl034W-SX mark-
ers. All PCRs were performed in 96-well trays using the Gene-
Amp PCR System 9700 (Applied Biosystems, Foster City, CA).
PCR conditions were those suggested by the manufacturer of
AmpliTaq polymerase (Applied Biosystems) with the following

modifications. The reaction conditions contained 1.5 mm
MgCl, for the PCR to score bikI-lop and 2.5 mm MgCl, for all
other PCRs. All four dNTPs were added to a final concentra-
tion of 400 um for the PCR to score fusI-BX and ycl034W-SX
and 200 pM for the other PCRs. All PCRs contained 0.8 pM
of each primer. The reactions used to score fusI-BX and
yel034W-SX contained 2.5 units of AmpliTaq, and all other
reactions contained 1.75 units of AmpliTagq.

A toothpick was used to mix the cells of the spore colony
on a YPD replica of the dissection plate. The cells were then
transferred to 6 wl of sterile, distilled water in the 96-well tray.
Each tray included three control reactions where the cells
were wild type, mutant, or sectored for the marker of interest.
The samples were heated to 94° for 6 min and subsequently
placed at —80° for 10 min. The samples were thawed at room
temperature, and the remaining 19 pl of the reaction compo-
nents was added. Samples were exposed to the following condi-
tions for 40 cycles: 94° for 1 min, 57° for 1 min, and 72° for
3 min.

The primers BIK1 + 1021F (5'-ACGATTCGCTCAGTAAA
GAATAC) and BIK1 + 1228R (5'-GCCGTGGTATCGACTGG
TGC) produce a 208-bp product if the wild-type sequence is
present and a 234-bp product if the bikI-lop sequence is pres-
ent. The PCR products were digested with BsGI (New England
Biolabs, Beverly, MA), which cuts within the bikI-lop sequence.
Subsequently, the digested PCRs were resolved on a 3.5%
MetaPhor agarose (BioWhittaker Molecular Applications,
Walkersville, MD) gel. Three patterns of bands were observed:
a 208-bp fragment if only the wild-type BIKI sequence was
present in the spore colony, a pair of 115- and 119-bp frag-
ments if only the bikI-lop sequence was present in the spore
colony, and a set of 115-, 119-, 208-, and apparently 240-bp
fragments if both wild-type and bikI-lop sequences were present
in the spore colony (a PMS event). The fragment with the
apparent size of 240 bp is likely an in vitrogenerated hetero-
duplex fragment containing one wild-type and one bikI-lop
strand.

The primers HIS4-210F (5-CCCATGCACAGTGACTCACG)
and HIS4 + 42R (5'-ATGAGGCCAGATCATCAATTAACGG)
produce a 253-bp product if the wild-type sequence is present
and a 279-bp product if the hisfu-lopc sequence is present.
The PCR products were digested with Scal (New England
Biolabs), which cuts within his4u-lopc. Upon gel analysis, three
patterns (similar to those observed for bikI-lop) were seen: a
253-bp fragment if only the wild-type HIS4 sequence was pres-
ent in the spore colony, a pair of 134- and 145-bp fragments
if only the his4u-lopc sequence was present in the spore colony,
and a set of 134-, 145-, 253-, and apparently 300-bp fragments
if both wild-type and his#u-lopc sequences were present in the
spore colony. Using this method to score bikl-lop or hisdu-
lopc, we always (10 of 10 times) detected mutant or wild-type
sequences, even when they represented <10% of the DNA
sample.

For most of the spores that had PMS for more than one
marker, we determined whether the configuration of the
markers was in cis (palindromes on the same DNA strand in
the heteroduplex) or trans (palindromes on different DNA
strands). Cells from the relevant spore colony were streaked
onto YPD. When single colonies had formed, two independent
colonies were examined by PCR or replica plating (as de-
scribed above) for the relevant markers.

We scored both flanking markers, fusI-BX and ycl034W-SX,
using a single PCR. The PCRs were digested simultaneously
with Spel and Bcll (New England Biolabs) and resolved on
1.5% agarose gels. The primers Spel-508F (5-ACGCTAGAAG
TGGAGTTAGC) and Spel + 276R (5"-AACGCAGCCACCAGT
TCATC) produce a fragment of ~800 bp. A fragment con-
taining wild-type sequence (YCL0O34W) produces fragments of
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~300 and 500 bp when digested with Spel, while a fragment
with the Spel “fillin” (ycl034W-SX) remains 800 bp. The primers
FUS1 + 517(DF (5'-CCGCAGCATATACTGACACC) and
FUSI + 1514(I)R (5'-AGTCACCAGGCACAATGCCT) pro-
duce a fragment of ~1 kb. A fragment containing wild-type
sequence (IFUSI) produces fragments of ~400 and 600 bp
when digested with Bell, while a fragment with the fusI-BX
mutation remains 1 kb. The fusI-BX and ycl034W-SX markers
generally did not exhibit sectoring, which is typical for 4-bp
insertions (NAG et al. 1989).

Southern analysis: Cells were harvested from rad50S diploid
strains just prior to being placed on a sporulation plate (0
hr) or after 24 hr on sporulation medium. Cells were washed
with 0.5 ml 10 mm Tris (pH 8.0), 1 mm EDTA, and stored
at —80°. DNA isolation and Southern blot procedures were
performed as described by NAG and PETES (1993).

This procedure was used to map DSBs occurring in a 15-kb
interval centered on HIS4. Probes were prepared from geno-
mic DNA by PCR; 20-bp primers were derived from the se-
quence intervals described below. The HIS4-BIKI region [Sac-
charomyces Genome Database (http:/genome-www.stanford.
edu/Saccharomyces/) chromosome III coordinates 66,644—
69,621] was examined using a Bglll digest and a Bglll-Xhol
fragment of HIS4 as a hybridization probe (NAG and PETES
1993). The YCLO36W-YCLO031C region (60,396—65,125) was
examined with an SpAl digest and a hybridization probe cov-
ering the coordinates 60,410-61,152. The YCL031CG-HIS4 re-
gion (64,542-68,093) was examined with an Nhd digest and
a hybridization probe covering coordinates 66,175-67,276.
The BIKI-FUSI region (69,019-73,467) was examined using
a Banl digest and a hybridization probe covering coordinates
69,073-69,817. The FUSI-YCLO25C region (72,688-77,018)
was examined using an Neil digest and a hybridization probe
covering coordinates 72,768-73,341. Hybridization was quan-
titated using a Phosphorlmager (Molecular Dynamics, Sun-
nyvale, CA), and the percentage of molecules with a DSB was
calculated as described (KIRKPATRICK ef al. 1999). All levels
of DSBs were normalized to the DSB associated with the HIS4
hotspot.

Data analysis: Statistical analysis was performed using Instat
1.12 (GraphPad Software) for the Macintosh. The Fisher’s
exact test with a two-tailed P value or chi-square analysis (for
comparisons that involve more than two experimental mea-
sures) was used for all comparisons, and P < 0.05 was consid-
ered statistically significant.

RESULTS

Experimental system: We designed related diploid
strains, JDM1086 and JDM1080 (Figure 2), to examine

the arrangement of heteroduplex DNA close to the HIS4
DSB site and the association of heteroduplex DNA with
a crossover or noncrossover configuration of flanking
sequences. Both strains were heterozygous for short
palindromic insertions (bikI-lop and hisu-lopc) closely
flanking the DSB site, and JDM1086 was also heterozy-
gous for his4-IR9, a short palindromic insertion within
the HIS4 coding sequence. The strains were sporulated
and tetrads derived from the strains were dissected. A
mismatch resulting from a heteroduplex with one wild-
type DNA strand and one strand with a short palin-
dromic insertion is inefficiently repaired to generate a
gene conversion, resulting in frequent PMS events (NAG
et al. 1989). For the bik1-lop and his#u-lopc markers, such
events can be detected by PCR (details in MATERIALS
AND METHODS); 2 PMS event involving Zis4-IR9 can be
detected by replica plating the spore colony to medium
lacking histidine. The segregation of the flanking het-
erozygous restriction site markers fusI-BX and yclO34W-
S$X was also analyzed by PCR.

A summary of the segregation of markers in the two
strains is in Table 1. Since (as described in the Introduc-
tion) heteroduplex formation can result in spores that
have genes in which one DNA strand has wild-type and
one strand has mutant information, it is convenient to
describe the patterns of aberrant segregation using the
nomenclature derived from eight-spored fungi. We clas-
sify gene conversion tetrads with three wild-type and
one mutant or one wild-type and three mutant spore
colonies as 6:2 and 2:6, respectively. Tetrads with two
wild-type, one mutant, and one wild-type/mutant PMS
spore colonies and those with one wild-type, two mutant,
and one wild-type/mutant PMS spore colonies were clas-
sified as 5:3 and 3:5, respectively. Aberrant 4:4 tetrads
have one wild-type, one mutant, and two wild-type/mu-
tant PMS spore colonies. Several different methods of
analysis were done in the JDM1086 strain. For the data
designated “unselected,” we examined the segregation
of all markers in every spore colony in tetrads with
four viable spores. The other methods of analysis are
discussed further below.

Unselected tetrads of JDM1086 and JDM1080 had
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similar frequencies of aberrant segregation for the same
markers. The frequencies of aberrant segregation of the
JusI-BX, his4-IRY, and ycl034W-SX markers in JDM1086
were similar to those observed in strain JDM1091. JDM-
1091 is identical to JDM1086 except that it lacks the bik1-
lopand his4u-lopc markers. The frequencies of crossovers
between HIS4 and the linked LEU2 gene in the two
strains were also very similar (Table 1). If a mutation
generates a recombination hotspot in a strain heterozy-
gous for the mutation, one finds an excess of tetrads of
the 6:2 and 5:3 classes over the 2:6 and 3:5 classes (PETES
et al. 1991). No such disparity is observed for the palin-
dromic markers in JDM1086 or JDM1080 (Table 1),
indicating that these palindromes neither stimulate nor
repress recombination. We confirmed this result by
mapping DSBs associated with the HIS4 hotspot in the
strains JDM1081 (a rad50S derivative of JDM1080) and
QF105 (a rad50S strain without the hisdu-lopc and bikI-
lop markers). The positions and levels of DSBs in the
two strains were the same (data not shown).

In addition to examining unselected tetrads in JDM-
1080 and JDM1086, we used several other methods of
analysis for JDM1086. For tetrad data classified as “se-
lected-1” (S1), we screened for tetrads in which the his4-
IR9 marker (which can be scored by replica plating to
medium lacking histidine) segregated 6:2, 2:6, 5:3, or
3:5 (indicative of a single recombination event involving
the marker), and we subsequently examined the other
markers (fusl-BX, bikI-lop, hisdu-lopc, and ycl034W-SX)
by PCR. For tetrad data classified “selected-2” (S2), we
screened for tetrads that segregated 5:3 or 3:5 at the
his4-IR9 locus and did not have a cosector for the bikI-
lopc marker in the same spore. If the pattern was consis-
tent with a single event initiated at the HIS4 hotspot,
we examined all of the other markers. As described
below, this procedure selects against tetrads in which
the recombination event is initiated at a DSB that is
different from the HIS4hotspot DSB. The “strand trans-
fer” method of analysis is described below.

Classification of recombination events: As in previous
experiments involving multiple markers located near a
recombination hotspot (for example, PORTER et al
1993), we find many classes of tetrads. All the data are on
the website (http:/www.genetics.org/supplemental/).
The data are divided into five supplementary tables:
Table I (single unidirectional recombination events ini-
tiated at the HIS4hotspot), Table II (single bidirectional
recombination events initiated at the HIS4 hotspot),
Table III (single recombination events initiated at a site
other than the HIS4 hotspot), Table IV (unambiguous
multiple recombination events), and Table V (events
in which the classification as single or multiple events
is model dependent).

The tetrads that are most useful in exploring the
nature of DSB-mediated recombination are those with
a single initiating DNA lesion occurring at the HIS4
hotspot (between the bikI-lop and hisdu-lopc markers).

Determination of where the events were initiated and
whether the recombination events were initiated by one
or multiple DSBs was based on several assumptions.
First, all recombination events are initiated by a DSB,
occurring at the HIS4 hotspot or one of the other hot-
spots mapped (as described below) within an 11-kb
region that includes the HIS4hotspot. Second, recombi-
nation events involve the continuous asymmetric trans-
fer of a single strand from one chromosome to another,
resulting in the formation of heteroduplex on one side
of the DSB in one chromatid, but (potentially) hetero-
duplex formation on the other side of the DSB in a
different chromatid (Figure 1). Third, the initiating
DSB occurs at one end of a heteroduplex tract. If an
event is unidirectional and both ends of the hetero-
duplex tract correspond to meiotic DSB sites, the initiat-
ing DSB is assumed to occur at the stronger DSB site.
If an event is bidirectional (involves two regions of heter-
oduplex on different chromatids), the DSB is assumed
to occur between the two regions of heteroduplex.
Fourth, Holliday junctions are resolved at the ends of
the heteroduplex tracts. This last assumption will lead
to some degree of underestimation of the frequency of
associated crossovers, since a mismatch repair event that
leads to restoration of Mendelian segregation (reviewed
in PETES et al. 1991) would separate the detectable heter-
oduplex tract from the position of the crossover. We
note, however, that the three palindromic insertions
occur near the HIS4 DSB site, where restoration repair
occurs infrequently (DETLOFF et al. 1992).

Of 1603 tetrads derived from strains JDM1086 and
JDM1080, there were 217 tetrads with an aberrant segre-
gation event for one or more of the five heterozygous
markers in the HIS4 region; 56 are explicable as re-
sulting from a single DSB located at the HIS4 hotspot
and 77 are explicable as resulting from a single DSB
located atasite other than the HIS4hotspot. In addition,
50 tetrads had undergone multiple initiation events,
and 34 can be classified as either single- or multiple-
event tetrads, depending on details of the models of
recombination.

Single recombination events initiated at the HISY
DSB: The tetrads that we classify as single recombination
eventsinitiated at the HIS4DSB share several properties:
(1) tracts of aberrant segregation are uninterrupted
by markers undergoing normal Mendelian segregation,
(2) markers on each side of the DSB site have aberrant
segregation properties indicating involvement of a sin-
gle donated DNA strand, and (3) markers on opposite
sides of the DSB site involve different chromatids. In
116 unselected tetrads of JDM1086 and JDM1080, 22
(19%) had these properties. Of all tetrads examined
for these strains, we classified 56 as representing single
events initiated at the HIS4 hotspot.

A total of 70% of these tetrads (40 of 56) were classi-
fied as unidirectional events (Table I, classes 1-25).
Unidirectional events exhibit continuous tracts of aber-
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FiGure 3.—Examples of segregation patterns representing
different types of recombination. We illustrate segregation
patterns for five markers heterozygous in JDM1086. As in
Tables I-V at http:/www.genetics.org/supplemental/, each
row of circles represents a spore colony. For the markers bikI-
lop, hisdu-lopc, his4-IR9, and ycl034W-SX, solid circles represent
colonies with the wild-type genotype and open circles repre-
sent the mutant genotype. For fusI-BX, solid and open circles
represent mutant and wild-type genotypes, respectively. Thus,
a tetrad with two rows of open circles and two rows of solid
circles would indicate a nonrecombinant tetrad. Solid/open
sectored circles represent PMS events. The class numbers indi-
cated below are those used in Tables I-V, available at http:/
www.genetics.org/supplemental/. (a) Tetrad with unidirec-
tional event initiated at the HIS4 hotspot unassociated with
crossover (Table I, class 12). (b) Tetrad with unidirectional
event initiated at the HIS4 hotspot associated with crossover
between bikI-lop and hisdu-lopc (Table I, class 13). (c) Tetrad
with unidirectional event initiated at the HIS4 hotspot associ-
ated with crossover between bikI-lop and his4u-lopc and an
incidental crossover involving two other chromatids (Table
IV, class 111). (d) Tetrad with bidirectional event initiated at
the HIS4 hotspot unassociated with crossover (Table II, class
30). (e) Tetrad with bidirectional event initiated at the HIS4
hotspot associated with crossover either between fusI-BX and
bik1-lop or between his4-IR9 and ycl034W-SX (Table II, class
31). (f) Tetrad with single recombination event initiated at a
DSB other than the HIS4 hotspot (Table III, class 64).

rant segregation on one side of the DSB (toward either
HIS4 or BIKI) that are confined to a single chromatid.
About 30% (10 of 34 tetrads in which the configuration
of the flanking sequences could be unambiguously as-
signed) of these events are associated with crossovers.
Examples of segregation patterns consistent with unidi-
rectional events without and with associated crossovers
are shown in Figure 3, a and b, respectively.

This number of undirectional events with associated
crossovers is larger than can be explained by incidental
crossovers. On the basis of data from the 116 unselected

tetrads, 10% (12) of the tetrads contained an incidental
crossover; incidental crossovers are defined as those in
which the crossover involved is not located at the end
of a tract of gene conversion/PMS. The likelihood of
an incidental crossover involving the chromatid contain-
ing the aberrant segregation events is, therefore, 5%
(0.10 X 0.50). Since the incidental crossover must also
occur adjacent to the tract of aberrant segregation to
be considered an associated crossover, the likelihood
would be reduced to <5%. Given 34 unidirectional events
in which the crossover could be unambiguously mapped,
<2 would be expected to be scored as containing a
crossover configuration of the flanking markers due to
incidental crossovers.

Of the eight crossover events that could be mapped
to a single interval, five involved the 380-bp interval II,
one involved the 4.5-kb interval I, and two involved the
6-kb interval III. On the basis of the relative sizes of
these intervals, these results suggest a strong preference
for resolution of the unidirectional events as crossovers
at a position near the initiating DSB. In a study similar
in design to ours, L. Jessor and M. LICHTEN (personal
communication) found that ~85% of the aberrant seg-
regation events were unidirectional, and there was an
even stronger bias in favor of crossover resolution near
the initiating DSB.

In addition to the 40 tetrads that had a single recombi-
nation event consistent with a unidirectional hetero-
duplex initiated at the HIS4 hotspot, there were an
additional 6 tetrads consistent with a unidirectional het-
eroduplex initiated at the HIS4 hotspot plus an inciden-
tal exchange (Table IV, classes 87, 88, 110, and 111 and
Table V, classes 148 and 149). An example of such a tetrad
is shown in Figure 3c. These tetrads are included in Table
2, which summarizes the number of uni- and bidirectional
tetrads obtained in J]DM1080 and JDM1086 with differ-
ent methods of analysis. Patterns of the unidirectional
events are shown in Figure 4a.

Events were classified as bidirectional if they involved
two tracts of aberrant segregation, one continuous tract
involving markers on one side of the DSB in one spore
and a second continuous tract involving markers on the
other side of the DSB in a different spore (Table II,
classes 26-36). To classify a tetrad as a bidirectional
event, we required that at least one of the markers on
each side of the DSB site had undergone a PMS event.
This requirement was imposed because coconversion
events involving bikI-lop and hisdu-lopc could represent
a recombination event initiated at a DSB site other than
that located between bikI-lop and hisdu-lopc. This issue
is discussed further in a separate section of RESULTS.

The bidirectional events are predicted by the DSB
model in Figure 1, but have been observed only very
rarely in previous studies (PORTER ef al. 1993; GiL-
BERTSON and StaHL 1996). About 30% (16 of 56) of
the single recombination events initiated at the HIS4
DSB are bidirectional and 64% (9 of 14 tetrads in which
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TABLE 2

Classification of recombination events initiated at HIS4

Unidirectional events

Bidirectional events

Method of
Strain analysis NCO CO AMB NCO CO AMB
JDM1080 Unselected 5 2 1 0 1 0
JDM1086 Unselected 6 4 2 1 1 1
JDM1086 Selected-1* 6 4 4 3 7 1
JDM1086 Selected-2* 5 3 0 1 3 1
JDM1086 Strand transfer 4 0 0 1 1 1
Total 26 13 7 6 13 4

NCO, noncrossover; CO, crossover; AMB, ambiguous—event involved conversion of one of the flanking
markers, so it was not possible to definitively assign the crossover status of the event.

“Selection schemes are described in Table 1.

the configuration of the flanking sequences could be
unambiguously assigned) of the bidirectional events are
associated with crossovers. Examples of single bidirec-
tional events without and with associated crossovers are
shown in Figure 3, d and e, respectively. In 8 of the 9
tetrads (Table II, classes 26, 28, and 31-33), Holliday
junction resolution involved cleavage of the strands that
the DSBR model (Figure 1) predicts would contain
newly synthesized DNA. Similar biases have been ob-
served previously and are explicable as targeted cleavage
of the Holliday junctions directed by the nicked strand
(reviewed by Foss et al. 1999).

In addition to those tetrads shown in Table II, we
found seven additional tetrads in which a bidirectional
event occurred in a tetrad with an incidental exchange
(Table IV, classes 89, 90, and 112-116). These tetrads
are included in Table 2 and Figure 4. In tetrads in which
crossovers could be unambiguously mapped, 13 of 39
unidirectional events were associated with a crossover,
and 13 of 19 bidirectional events were crossover associ-
ated. These levels of association are significantly differ-
ent (P = 0.02, Fisher’s exact test). If tetrads in which
all of the aberrantly segregating markers representing
conversion rather than PMS events are excluded from
the analysis of the unidirectional events, then 11 of 32
unidirectional events are crossover associated, com-
pared to 13 of 19 bidirectional events (P = 0.02, Fisher’s
exact test).

Since the number of bidirectional events is relatively
small, one issue to consider is whether such events could
reflect two independent unidirectional events. In 116
unselected tetrads, if we include the bidirectional events
as representing two unidirectional events, there were
14 (12%) tetrads with aberrant segregation patterns of
bik1-lop consistent with a unidirectional event initiated
atthe HIS4hotspotand 14 tetrads with aberrant segrega-
tion patterns of his#u-lopc consistent with a unidirec-
tional event initiated at the HIS4 hotspot. The predicted
fraction of tetrads in which two such unidirectional
events would mimic a bidirectional event is (1/2)

(1/2)(0.12)(0.12) or 0.0036. The two factors of one-
half reflect the probabilities that both events will be in
the same direction (both 5:3/6:2 or 3:5/2:6) and that
the events will involve different chromatids. The ob-
served frequency of bidirectional events (23/1603) is at
least fourfold higher than this value.

A similar conclusion can be made on the basis of a
somewhat different type of argument. In 712 tetrads of
JDM1086 examined by the selected-1 method, we found
10 in which the bikI-lop and his4u-lopc markers both
segregated 5:3 or 3:5 in different spores as expected
for bidirectional DSBR events. Only 1 tetrad had a 5:3
segregation at hisfu-lopc and a 3:5 segregation at bikl-
lop in a different spore, and none had a 3:5 at hisdu-
lopc and 5:3 at bik1-lop. Thus, the patterns expected for
the bidirectional DSBR events are more common than
those expected for two unidirectional events.

On the basis of the orientation of the direction of
transcription of HIS4 and the 5’ to 3’ resection of the
broken ends, recombination events initiated by a DSB
at the HIS4 hotspot will involve a heteroduplex in which
the nontranscribed strand of HIS$4is the donor and the
transcribed strand (derived from the chromosome that
received the DSB) is the recipient (NAG and PETES
1990). This prediction can be tested using a specialized
type of tetrad analysis in which the tetrads are dissected
onto plates containing medium lacking histidine (de-
tails in MATERIALS AND METHODS). After ~11 hr, the
spores are scored as His™ or His™. The medium con-
taining the dissected spores is then transferred to plates
containing excess histidine, and the histidine diffuses
into the medium lacking histidine, allowing nonselec-
tive growth of the spores. When spore colonies have
formed, they are replica-plated to medium lacking histi-
dine to score His* /His™ sectored colonies. By correlat-
ing the aberrant segregation pattern with the scoring
of the spore phenotypes on the histidine omission me-
dium, we can determine for tetrads with a single PMS
event involving his4-IR9 which strand was transferred
(NAG and PETES 1990, Figure 2). For example, if the
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sectored colony from a 5*:37 segregation event was de-
rived from a His™ spore, we can infer that the donor
wild-type strand was nontranscribed. It should be pointed
out that any recombination event initiated centromere-
proximal to his4-IR9 that includes this marker in a he-
teroduplex event will result in donation of the nontran-
scribed strand (according to the canonical DSBR
model), whereas events initiated by a DSB centromere-
distal to the marker will result in donation of the tran-
scribed strand.

Strand transfer analysis of a limited number of tetrads
confirmed our interpretation of most of the single
events initiated between the palindromes. Of six events,
three unidirectional and three bidirectional, initially
assigned as being initiated by the HIS4 DSB, all of the
bidirectional events and two of the three unidirectional
events involved transfer of the nontranscribed strand.
The one unidirectional event resulting from the transfer
of the transcribed strand involved postmeiotic segrega-
tion of his4-IR9 with coconversion of hisdu-lopc and
ycl034W-SX. An alternative interpretation of this event
is that it initiated centromere-distal to the ycl034W-SX
marker and terminated between bikI-lop and hisdu-lopc.

Single recombination events that include markers in
the HIS4 region that are initiated at a site different from
the HIS4 DSB: From previous studies analyzing meiosis-
specific DSBs on chromosome III (BAUDAT and Nico-
LAS 1997; GERTON et al. 2000), it is clear that there are
a number of strong DSB sites near HIS4 other than the
one located immediately upstream of HIS4. We mapped
DSBs in the region around HIS4 in strains JDM1081

and QF105 (details in MATERIALS AND METHODS). The
patterns of DSBs were the same in the two strains, indi-
cating that the bikl-lop and hisdu-lopc markers do not
affect DSBs. In Figure 5, the sizes of the arrows indicate
the approximate strength of the DSBs. Many of the
tetrads examined in our study (77 of 1603) have patterns
of aberrant segregation consistent with single initiation
events at one of the DSBs that is not associated with the
HIS4 hotspot (Table 11, classes 37-86; Figure 3f). We
define this type of tetrad as (1) those that have aberrant
segregation for ycl034W-SX, fus1-BX, or his4-IRY, but not
for either bikl-lop or his#u-lopc and (2) those with co-
events that span the bikI-lop and his4u-lopc markers. One
particularly interesting type of tetrad (Figure b; Table
III, classes 50-52) represents coconversion events that
include all markers in the 10.5-kb region that includes
HIS4; this type of tetrad is discussed in a separate section.
Figure 5 also includes an additional 7 tetrads that were
interpretable as events initiated at a site different from
the HIS4 hotspot and that had an incidental exchange
(Table IV, classes 91-93 and 117; Table V, classes 150-
152).

Support for these classifications was provided by
strand transfer experiments. Of 11 events classified as
initiating from a DSB other than the HIS4 hotspot, 4
were events in which the transcribed strand of HIS4 was
donated. As discussed above, such events are likely to
reflect DSBs that are centromere-distal to the HIS4 hot-
spot DSB. Most of the other events are likely to represent
events initiated from centromere-proximal DSBs. Two
tetrads, however, yielded an unexpected pattern. In
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these two tetrads, the Ais4-IR9 marker, but not the his4u-
lopc marker, showed aberrant segregation. We expected
these two tetrads to reflect a DSB located centromere-
distal to the HIS4 hotspot and, therefore, to involve
donation of the transcribed strand. Both, however, in-
volved transfer of the nontranscribed strand. The segre-
gation patterns of these tetrads could be generated by
a DSB at the HIS4hotspot, heteroduplex formation that
includes both hisdu-lopc and his4-IR9, and with restora-
tion repair of the his4u-lopc mismatch. Alternatively,
these patterns could reflect recombination initiated by
a DSB between hisfu-lopc and his4-IR9.

We also found one tetrad (class 43, Table III) that
was a coevent involving the hisfu-lopc, his4-IRY, and
ycl034W-SX markers, similar to one class of unidirec-
tional events shown in Table I. This tetrad was not con-
sidered a unidirectional event initiated at the HIS4 hot-
spot, however, because a strand transfer experiment
indicated that the donated strand was the transcribed
strand of HIS4.

In summary, we conclude that ~56% of the recombi-
nation events that involve Zis4-IR9 initiate at DSBs at
sites different from the HIS4 hotspot. Our data demon-
strate that the recombination activity at a specific site
in the genome represents the integration of recombina-
tion activities initiated at multiple DSB sites. This conclu-
sion, although somewhat surprising, is consistent with
our previous observations that mutational changes (for
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FIGURE 5b.—Summary of aberrant segrega-
tion events interpretable as initiating at sites
other than the HIS4 hotspot-associated DSB in
JDM1080 and JDM1086 tetrads. Arrows show
the position and intensity of DSBs in this re-
gion. The HIS4 hotspot-associated DSB (oc-
curring near the 3’ end of BIKI) represents
~5% of the DNA molecules. Normalizing this
DSB to avalue of 1, the other DSBs had approx-
imate intensities of 0.5 (FUSI-associated DSB),
0.5 (DSB near YCLO34W on HIS4 side), and
0.25 (doublet on other side of YCL0O34W). The
horizontal lines show the extent of coevents
(continuous tracts of conversion and/or
PMS). Solid circles indicate conversion and
sectored circles indicate PMS. In all cases, the
events were in the same direction. The tetrad
class marked with an asterisk shows a pattern of
aberrant segregation that would be consistent
with a unidirectional eventinitiated at the HIS4
hotspot, except for the observation that it in-
volved transfer of the transcribed strand of
HIS4.
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example, elimination of the Raplp binding site in the
HIS4 promoter) that block DSB formation at HIS4 re-
duce aberrant segregation of his4-IR9 by only twofold
(FAN et al. 1995).

At many loci, the frequency of gene conversion of a
mutant site is a linear function of its position within
the gene (reviewed by NicoLAs and PeTES 1994). Such
gradients of gene conversion are termed “polarity gradi-
ents.” At both the ARG4 and HIS4 loci, the frequency
of conversion declines from the 5" end to the 3’ end,
although the extent of this decline is quite different. At
the ARG locus, the rates of conversion differ by about
a factor of 10, whereas at the HIS4locus, the difference
is only afactor of 2.5 (N1coLas and PETES 1994). Several
types of mechanisms have been suggested to contribute
to the formation of polarity gradients: (1) the extent of
resection of DNA from the DSB site (SuN et al. 1991),
(2) a distance-dependent alteration in the ratio of con-
version-type to restoration-type repair (DETLOFF et al.
1992) perhaps directed by the resolution of Holliday
junctions (Foss et al. 1999), and (3) distance-dependent
abortion of heteroduplexes directed by the mismatch
repair system (ALANI el al. 1994). Our results argue
that the shape of the polarity gradient may also reflect
differential contributions of heteroduplexes initiated at
multiple DSB sites.

Meiotic recombination events that may reflect break-
induced replication or gap repair: In 9 of 1603 tetrads
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(Figure 5), all five markers underwent conversion, ei-
ther all 6:2 or all 2:6 (Table III, classes 50-52). These
events are unusual in two ways. First, the conversion
tracts were unusually long, minimally 10.5 kb. Second,
the palindromic markers, which usually exhibited post-
meiotic segregation, instead underwent conversion. In
9 of 10 tetrads in our study in which the flanking fusI-BX
and ycl034W-SX markers coconverted, the intervening
palindromic insertions also coconverted. In 20 of 22
tetrads in which the palindromic insertions, but not the
flanking fusI-BX and ycl034W-SX markers, underwent
coaberrant segregation (Table III, classes 64—78; Table
IV, classes 92 and 93), one or more of the palindromic
insertions had a PMS event. This difference is very sig-
nificant (P = 0.0001).

One interpretation of this result is that such tetrads
reflectaverylong heteroduplex that covers all five mark-
ers. Excision tracts extending from the mismatches in-
volving the fusI-BXand ycl034W-SX markers could result
in the corepair of the mismatches resulting from the
palindromic insertions. This interpretation is unlikely,
however, since two-thirds of meiotic excision repair
tracts are <1 kb, and none >1.8 kb were detected (DET-
LOFF and PETES 1992). In addition, of 22 tetrads (Table
II1, classes 41-49, 53-60, and 91) that include either
JusI-BX or ycl034W-SX (but not both markers) and one
or more of the palindromic sites in a coaberrant segrega-
tion event, 16 had PMS events at one or more of the
palindromic insertions.

We favor the alternative possibility that the class 50-52
tetrads are gene conversion events that do not involve
heteroduplex formation followed by DNA mismatch re-
pair. We suggest two possibilities. The first is that these
conversion events reflect meiotic break-induced replica-
tion (BIR) events. In BIR events, which have been in-
voked as a model to explain very long mitotic gene
conversion tracts (reviewed by PAQUEs and HABER 1999),
a broken end of one chromosome invades a second,
setting up a unidirectional replication process that pro-
ceeds to the end of the chromosome (Figure 6a). A
second possibility is that the class 50-52 tetrads are a
consequence of a chromatid with two closely spaced
DSBs. If the broken ends derived from different DSBs
are used to set up the double Holliday junctions with
loss of the DNA fragment between the breaks, a gene
conversion event that does not involve DNA mismatch
repair would occur (Figure 6b). This model is essentially
that proposed originally for the DSBR model (SzosTak
et al. 1983) except that the gap is a consequence of two
DSBs rather than a single DSB that is processed by
degradation of both DNA strands.

The HIS# gene is ~67 kb from the left telomere of
chromosome III. We constructed two strains that were
isogenic with JDM1086 except for the inclusion of a
heterozygous insertion of the HYG" gene into CHAI a
gene located ~16 kb from the telomere. In strains
MD250 and MD251, the insertions were on the opposite
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FIGURE 6.—Mechanisms leading to coconversion without
mismatch repair within a heteroduplex. (a) BIR. In this mecha-
nism (reviewed by PAQuEs and HABER 1999), one broken end
invades a chromosome and replication proceeds to the end
of the intact DNA molecule. Subsequently, the resulting junc-
tion is cleaved. (b) Gap repair. One chromatid receives two
DSBs, with loss of the DNA fragment located between the two
DSB sites. The resulting gap is filled in by repair synthesis,
and the junctions are cleaved. Although we show the cleavage
pattern that would generate a noncrossover configuration of
flanking markers, the intermediate could also be resolved to
generate a Crossover.

homolog or the same homolog, respectively, as the palin-
dromic insertions. In all tetrads derived from these dip-
loids, we scored segregation of the his4-IR9 and the
chal::hphMX4 markers. In those tetrads in which the
his4-IR9 marker underwent gene conversion, we exam-
ined the segregation of the palindromic insertions and
the flanking markers. The data from this experiment
are shown in Table 1.

Of 1429 total tetrads, we found 6 in which all five
markers in the HIS4 region were coconverted (fre-
quency of 0.4%). The chal::hphMX4 marker underwent
gene conversion in 3 of these tetrads (all derived from
MD251) and segregated 2:2 in 3. Although this number
of these tetrads is low, since the rate of aberrant segrega-
tion of the chal::hphMX4 marker is only 2.1% (Table
1), it is statistically significant (P = 0.0002); in all such
tetrads, four other heterozygous markers segregated 2:2,
indicating that these exceptional tetrads are not likely
to be false. Of these 3 tetrads, however, only 1 had the
pattern shown in Figures 6a and 7a. In this tetrad, three
spores were fusl-BX BIK1 HIS4U HIS4 YCLO34W CHA1
and one was FUSI bik1-lop hisdu-lopc his4-IR9 yclO34W-SX
chal::hphMX4, as expected for a single BIR event. In a
second tetrad, one spore was fusl-BX BIKI HIS4U HIS4
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YCLO34W chal::hphMX4, two were FUSI bikI-lop hisdu-
lopc his4-IR9 yclO34W-SX chal::hphMX4, and one was
FUSI bikl1-lop hisdu-lopc his4-IR9 ycl034W-SX CHAI. The
pattern of segregation observed in this tetrad is consis-
tent with a single BIR event, followed by a crossover
between the YCLO34Wand CHAI genes (Figure 7b). In
the third tetrad, we found one spore was fusI-BX BIKI
HIS4U HIS4 YCLO34W CHAI, two were FUSI bikl-lop
hisdu-lopc his4-IR9 yclO34W-SX CHA I, and one was F'USI
bik1-lop hisdu-lopc his4-IR9 yclO34W-SX chal::hphMX4.
This pattern of segregation can be explained by a cross-
over between the YCLO34W and CHAI genes that pre-
ceded a BIR event (Figure 7c). It should be pointed
out that all 3 of the diagnostic tetrads can also be ex-
plained as gap repair events in which one DSB occurs
centromere-proximal to the markers in the HIS4 region
and the other occurs centromere-distal to the chal::
hphMX4 marker. Because of the limited distance be-
tween the chal::hphMX4 marker and the telomere, we
prefer the hypothesis that they represent BIR events.

In three of the six tetrads with coconversion of mark-
ers in the HIS4 region, the chal::hphMX4 marker segre-
gated 2:2. We suggest that these events represent the
repair of a double-strand gap, as discussed above (Figure
6b). We cannot exclude the possibility that these events
reflect very long heteroduplexes in which the resulting
DNA mismatches are repaired by a process involving
very long excision repair tracts, although no experimen-
tal evidence supports such a mechanism.

Tetrads with unambiguous multiple recombination
initiation events: Although the classification of tetrads
as representing single or multiple events depends, to
some extent, on what assumptions are allowed concern-
ing heteroduplex formation (symmetric or asymmetric)
and the patterns of DNA mismatch repair, tetrads with
more than two recombinant chromatids (for example,
Figure 3c) or that have markers on the same chromatid
that segregate in opposite directions (for example, 5:3
for bik1-lop and 3:5 for his4u-lopc) must represent multi-
ple initiation events (Table IV). We also include in this

Ficure 7.—Expected patterns of aberrant seg-
regation after BIR alone and BIR with a crossover.
Open and solid circles indicate the five heterozy-
gous markers in the HIS4 region and the open
and solid rectangles indicate the presence or ab-
sence of the chal::hphMX4 allele. The chal::
hphMX4 marker is ~50 kb from the markers in
the HIS4 region. The arrow shows the position
of the initiating DSB, and we assume that the
centromere-distal fragment is lost. (a) Pattern ex-
pected for BIR without a crossover between the
HIS4 markers and the chal::hphMX4 marker. (b)
Pattern expected for a BIR event and single cross-
over between the HIS4markers and chal::hphMX4
after the completion of BIR. (c) Pattern expected
for a crossover between the HIS4 markers and
chal::hphMX4 before BIR.

table tetrads that have two recombinant chromatids and
two chromatids with one parental configuration of
markers, but no chromatids with the other parental
configuration. A total of 50 tetrads involving these
classes of multiple events were observed (Table IV). In
23 tetrads, three chromatids were recombinant (classes
87-109); in 13, four were recombinant (classes 110-
122); 5 tetrads involved either three or four chromatids
(classes 123-127). We expect an ~2:1 ratio of three-
chromatid to four-chromatid events for double recombi-
nation events, since there are two ways of involving three
chromatids, but only one way of involving four.

In addition to the 41 tetrads that have involvement
of more than two chromatids in 1 tetrad, there were 9
tetrads with two recombinant chromatids, but markers
that segregated in opposite directions. These tetrads
represent classes 128-136 in Table IV. It should be
pointed out that when tetrads could be classified as a
multiple event by more than one criterion, we assigned
them into one of the classes arbitrarily.

Tetrads that represent either single or multiple re-
combination initiation events, depending on the as-
sumptions about the mechanism of recombination:
Thirty-four tetrads could be classified as representing
either single or multiple recombination events (Table
V). All tetrads in this category had no more than two
recombinant chromatids and, if more than one marker
underwent aberrant segregation, the markers segre-
gated in the same direction. The different types of tet-
rads in this group included: (1) tetrads in which the
continuity of a conversion/PMS tract was disrupted by
amarker that undergoes Mendelian segregation (classes
137-147), (2) tetrads in which the crossover was sepa-
rated from the aberrant segregation tract by at least one
other marker that undergoes Mendelian segregation
(classes 148-152), (3) tetrads that had spores with two
PMS events in which the palindromes were in different
DNA strands (trans events; classes 153-160), (4) tetrads
with more than one PMS event for a single marker
(classes 161-164), and (b) tetrads with a crossover be-
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tween two markers showing aberrant segregation in the
same direction (classes 165-167). Although all of these
tetrads can be explained as representing multiple initia-
tion events, all are also consistent with events initiated
by a single DSB, as described below.

Noncontiguous tracts of aberrant segregation (for ex-
ample, one marker segregating 2:2 with flanking mark-
ers segregating 5:3) can be explained as two DSBs giving
rise to two heteroduplex regions or as a single hetero-
duplex in which the middle marker undergoes restora-
tion-type repair; this type of repair of mismatches in
heteroduplexes results in Mendelian segregation in-
stead of gene conversion (conversion-type repair) or
PMS (failure to repair). Although restoration-type re-
pair events near the site of the DSB are infrequent
(DETLOFF et al. 1992), such events occur at mismatches
that are displaced from the initiating lesion (KIRKPAT-
RICK el al. 1998). Restoration-type repair can also explain
tetrads in which the crossover is separated from the
tract of gene conversion/PMS by a marker exhibiting
Mendelian segregation.

We found many tetrads in which more than one
marker underwent PMS in the same direction (both 5:3
or both 3:5). For most such tetrads, we determined
whether the event involved transfer of the same DNA
strand (as described in MATERIALS AND METHODS); this
analysis was done on all of the unselected tetrads and
tetrads examined by the strand transfer method of analy-
sis and more than half of the tetrads examined by the
S-1 method. Although most of these co-PMS events in-
volved transfer of the same DNA strand (cis), we found
12 tetrads in which the palindromic insertions were in
different strands (#rans); 2 of these tetrads were classi-
fied as representing double events for other reasons
(classes 94 and 95, Table IV), whereas 10 were classified
as double events solely as a consequence of the trans
configuration (classes 153-160, Table V). Such trans
events were found previously (PORTER et al. 1993; GiL-
BERTSON and STAHL 1996). The transevents could repre-
sent a double SDSA event. In such double events, we
suggest that one end invades and is used as a primer
for DNA synthesis. The invading strand is then dis-
placed. The second end then invades, is used as a primer
for DNA synthesis, and is removed. Alternatively, these
events could represent single events initiated at the HIS4
hotspot in which only one Holliday junction is cut and
the other junction branch migrates (Figure 5 in GIL-
BERTSON and STAHL 1996). Four of the 10 tetrads with
the trans configuration had an associated crossover, indi-
cating that whatever intermediates are involved in pro-
ducing the trans configuration, they must have the op-
tion of resolution as a crossover.

In some tetrads, one or more markers exhibited aber-
rant 4:4 segregation (one wild-type spore colony, one
mutant spore colony, and two sectored spore colonies).
This pattern of segregation can be a consequence of
formation of symmetric heteroduplexes, in which a sin-

gle initiating event generates heteroduplexes at the
same site on two different chromatids (HoLLIDAY 1964),
or can reflect two independent initiation events, each
involving asymmetric formation of heteroduplexes.
Since the frequency of aberrant 4:4 tetrads in S. cerevisiae
is roughly that expected for two independent events, it
has been argued that symmetric heteroduplex forma-
tion is infrequent (FOGEL et al. 1981; PETES et al. 1991).
This conclusion was supported by investigations of the
frequency of aberrant 4:4 tetrads in strains with different
levels of hotspot activity at the HIS4 locus (FAN et al.
1995). GILBERTSON and STAHL (1996) and StAaHL and
HiLLers (2000), however, pointed out that the mecha-
nism by which a recombination intermediate was re-
solved would influence the ability to detect symmetric
heteroduplexes. For example, a symmetric hetero-
duplex intermediate that was resolved by topoisomer-
ase, rather than cleavage of Holliday junctions, would
not be detectable as an aberrant 4:4 segregation. In
addition, HiLLERS and STAHL (1999) found that some
classes of aberrant 4:4 tetrads had patterns of associated
crossovers consistent with symmetric heteroduplex for-
mation, whereas others did not. In our view, the most
likely interpretation of the existing data is that most
observable aberrant 4:4 segregation events represent
two initiation events associated with asymmetric hetero-
duplexes, although some reflect symmetric hetero-
duplexes. It should be pointed out that, of the 17 tetrads
with markers that had double PMS or double gene con-
version events, 13 were tetrads in which there were more
than two recombinant chromosomes, strongly suggesting
that they represent double initiation events.

We also classified tetrads in which a crossover oc-
curred within a tract of aberrant segregation as repre-
senting ambiguous multiple events. Such events could
also be explained as a single recombination intermedi-
ate in which branch migration moved the Holliday junc-
tion into the tract of aberrant segregation (following
DNA mismatch repair). On the basis of the low fre-
quency of aberrant 4:4 tetrads, which argues against
extensive branch migration (FOGEL et al. 1981), we ex-
pect this class to be infrequent.

Although the tetrads depicted in Table V could repre-
sent either single or double events, it is likely that the
majority of these tetrads represent single initiation
events. This conclusion is based on the fraction of these
tetrads in which there is involvement of two, three, or
four chromatids. Assuming that there is no positive or
negative chromatid interference for the initiation of
recombination events, one would expect that double
events would involve two, three, or four chromatids in
an approximate ratio of 1:2:1. Thus, three-quarters of
the double events would be expected to be three- or
four-chromatid events. If we consider all 84 tetrads in
Tables IV and V, we find that 41 represent three- and
four-chromatid events, and 43 are two-chromatid events.
The simplest way of explaining the excess of two-chro-
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matid events is that many of the ambiguous “multiple”
events in Table V represent single initiations.

Because of the ambiguities involved in the interpreta-
tion of these tetrads and others that may represent mul-
tiple initiation events, our discussion of models of re-
combination emphasizes those tetrads that can be easily
explained as resulting from a single initiating DNA le-
sion.

Crossovers unassociated with aberrant segregation:
Although most of our analysis was done with tetrads
that were screened for aberrant segregation of his4-IR9,
we also nonselectively examined 116 tetrads. Seven of
these tetrads had crossovers without aberrant segrega-
tion of any of the five markers in the HIS4 region. In
tetrads derived from JDM1086, we found 2, 1, and 1
tetrad with crossovers in regions I, II, and IIIb, respec-
tively. We also found 3 tetrads in strain JDM1080 with
a crossover in the interval IIla/IIIb.

DISCUSSION

Our results, as well as those of others, indicate the
difficulty and, perhaps, the futility of explaining all mei-
otic recombination activities on the basis of a single
model. At the HIS4 recombination hotspot, we suggest
that there are at least three types of recombination
events, all initiated by DSBs: (1) events that occur
through the canonical DSBR pathway, (2) SDSA events,
and (3) BIR and/or gap repair events. Each of these
classes is discussed separately below.

Canonical DSBR pathway of recombination: Some
events represent formation and resolution of double
Holliday junctions as predicted by a slightly modified
form of the canonical DSBR model shown in Figure 1.
Since very few of these events were observed in our
previous study in which the flanking markers were 700—
1000 bp from the DSB site (PORTER et al. 1993), we
suggest that the initial strand invasion produces a region
of heteroduplex that is variable, but often <200 bp.
Since preliminary studies indicate that the resection of
the DSB at the HIS4 hotspot is usually >400 bases, we
argue that the size of the heteroduplex is not deter-
mined solely by the extent of resection. The hetero-
duplex resulting from primed synthesis of the invading
strand results in a second, and much more extensive,
region of heteroduplex (Figure 8). We previously pro-
posed that the unidirectional events resulted from asym-
metric resection of the DNA ends produced by the DSB
(PORTER et al. 1993). Although we cannot exclude this
model, on the basis of preliminary observations of sym-
metrically resected ends at the HIS4 hotspot (data not
shown), we suggest that the extent of heteroduplex is
not directly related to the extent of resection.

The observed asymmetry in heteroduplexes flanking
the DSB site can also be explained by other versions of
the DSBR model. For example, it is possible that an
extensive heteroduplex region is formed by the strand
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F1GURE 8.—Two mechanisms that generate the unidirec-
tional recombination events observed at the HIS4 hotspot. We
suggest that the unidirectional events have two sources. Both
types of events involve the same early steps: DSB formation,
followed by DSB processing (step 1), and single-ended inva-
sion, followed by primed DNA synthesis (step 2). On the left
part of the diagram, the second broken end forms a hetero-
duplex (step 3), and the resulting intermediate is processed
to yield either a noncrossover (step 5) or a crossover (step
6). On the right part of the diagram, the single-ended invasion
is reversed without crossing over (step 4).

invasion, and the limited heteroduplex region results
from limited DNA synthesis primed by the invading
strand. Although we cannot rule out this model, we
favor the first model for two reasons: (1) physical data
argue that HIS4 DSBs are resected by ~600 bp (Nac
and PETES 1993; our unpublished data), an amount too
limited to account for the very long (2.7 kb) hetero-
duplexes observed at HIS4 (DETLOFF et al. 1992), and
(2) large (>1 kb) heterozygous insertions within the
HIS4 gene are readily incorporated into hetero-
duplexes, an observation more compatible with DNA
replication-driven heteroduplex formation than with
passive DNA strand invasion or DNA branch migration.

ALLERS and LicHTEN (2001b) physically demon-
strated the existence of DNA molecules with hetero-
duplexes flanked by double Holliday junctions (“JM1”
intermediates) as predicted by the DSBR model. In addi-
tion, they observed a recombination intermediate in
which the double Holliday junctions were located on
one side of the DSB, and the marker at the DSB site
was not in a heteroduplex (“JM2” intermediates). They
explained this intermediate by a model [the strand-
displacement model; Figure 4c of ALLERS and LICHTEN
(2001b)] in which strand invasion and DNA synthesis
occur on only one side of the DSB. The invading strand
is partially displaced and pairs with the other end of
the broken chromosome. The net result of these events
is that the double Holliday junction is located to one
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side of the DSB and no heteroduplex is observed on
that side of the DSB. There is, however, a region of
heteroduplex on the opposite side of the DSB. Although
we found a few tetrads with the segregation pattern
expected for this type of event (classes 148 and 149),
such tetrads were rare. Many of the crossovers observed
in our experiments were located downstream of the
marker showing aberrant segregation, as expected from
the canonical DSBR model. In addition, many cross-
overs occurred near the DSB site. This class can be
explained by the standard DSBR model, assuming one
of the heteroduplexes is very small. Alternatively, this
class is consistent with the strand-displacement model
if the region of DNA that is displaced is very small.

Our analysis almost certainly underestimates the fre-
quency of bidirectional events for two reasons. First, we
classified tetrads as bidirectional only if at least one
marker on each side of the HIS4 DSB site underwent
PMS in the same direction. Tetrads that had conversion
on one side of the DSB site and PMS on the other (for
example, Table III, class 68) or conversion on both sides
of the DSB site (for example, Table III, class 78), which
were usually classified as recombination events initiated
at sites other than the HIS4 hotspot, could represent
bidirectional events initiated at the HIS4 hotspot. Since
we cannot unambiguously identify the spore involved
in heteroduplex formation at a site that manifests gene
conversion, we chose the most conservative interpreta-
tion of the tetrads. Second, the patterns of aberrant
segregation of some tetrads (for example, Table V, class
166) are consistent with bidirectional events initiated
at sites other than the HIS4 hotspot.

One issue that is still unclear is why we detected bidi-
rectional events at the HIS4 hotspot, and a similar study,
using markers placed at similar distances from the ARG4
hotspot, found such events very rarely (4in 4147 tetrads;
GILBERTSON and StaHL 1996). The obvious possibility
is that the ratio of various types of recombination events
varies in a locus- and/or strain-dependent manner. One
relevant difference may be the extent of heteroduplex
formation. At the HIS4 hotspot, heteroduplexes often
extend >2.5 kb from the initiating DSB (DETLOFF et al.
1992); at the ARG4locus, heteroduplexes usually extend
<1 kb (SuN et al. 1991). As discussed below, mismatch
repair events directed by nicks formed during resolution
of the Holliday junction may result in restoration-type
repair of mismatches (ALANI et al. 1994; Foss et al. 1999).
If the efficiency of this process is related to the distance
between the mismatch and the nick, bidirectional events
would be easier to detect at the HIS4 hotspot than at
the ARG4 hotspot.

SDSA events: A substantial fraction of the recombina-
tion events were unidirectional, involving only one of
the flanking markers. Some of these events are likely
to resemble that shown in Figure 8, but in which the
heteroduplex formed by strand invasion did notinclude
the flanking marker. Since the unidirectional events

were significantly less associated with crossing over than
were the bidirectional events (one-third and two-thirds,
respectively), it is likely that some of these events reflect
SDSA (ArLLERrs and LicHTEN 2001a,b). If none of the
SDSA events are associated with crossovers, we calculate
that about one-half of the unidirectional events repre-
sent SDSA events. In addition, we observed nine tetrads
in which one spore had PMS events for the palindromic
markers flanking the HIS4 DSB site and in which differ-
ent strands were involved in heteroduplex formation
(trans events). As described previously, such tetrads
could result from two consecutive SDSA events, one
involving each DNA end, although other interpretations
are also possible.

An alternative explanation of the observation that
unidirectional events are less frequently associated with
crossovers than are bidirectional events is that DSBR
intermediates with long heteroduplexes (detected as
bidirectional events) are more likely to be resolved as
crossovers than are DSBR intermediates in which at
least one of the heteroduplexes is short (detected as
unidirectional events). Although we cannot rule out this
model, we prefer the interpretation that some of the
unidirectional events reflect SDSA, since there is no
obvious mechanism that would restrict SDSA to ectopic
exchanges.

A third explanation of unidirectional events has been
recently presented by Foss et al. (1999). In this model,
most recombination proceeds by the canonical DSBR
intermediate (heteroduplexes in different chromatids
on both sides of the DSB site). Foss et al. suggested that
efficiently repaired mismatches located near the DSB
site are repaired “early,” directed by the nick present
in the recombination intermediate (leading to conver-
sion). Efficiently repaired mismatches located far from
the DSB site are repaired “late,” directed by a nick associ-
ated with resolution of Holliday junctions, leading to
restoration of Mendelian segregation. They suggested
that this type of mechanism explains the observation
that markers located near the DSB site at HIS4 preferen-
tially undergo conversion-type repair rather than resto-
ration-type repair (DETLOFF et al. 1992). Foss et al. fur-
ther suggested that markers (such as small palindromic
insertions) that result in inefficiently repaired mis-
matches are not corrected by early mismatch repair
(MMR). If the mismatches are located on opposite sides
of the DSB, one of the two mismatches will be corrected
by late MMR, leading to a tetrad with a unidirectional
event.

Although the resolution-directed repair events repre-
sent a straightforward explanation of the HIS4 polarity
gradient, in our view, this model is a less satisfactory
explanation of the unidirectional events for several rea-
sons. First, the model predicts that markers that lead
toinefficiently repaired mismatches and thatare located
near the initiating DSB will undergo restoration-type
repair. The frequency of aberrant segregation of such
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markers should be elevated in strains with MMR defects.
NAG and KursT (1997) found that elimination of MMR
had little effect on the aberrant segregation frequency
of a palindromic marker located near the HIS4 DSB
site. Second, the model proposed by Foss et al. requires
that mismatches resulting from palindromic insertions
be immune to correction early, butsusceptible to correc-
tion late. In in vitro studies, mismatches involving palin-
dromic insertions appear to uncouple DNA binding of
the Msh2p-Msh6p complex from the ATPase activity
required for subsequent steps in MMR (ALANI 1996).
Thus, one would expect that these mismatches would
be immune to any correction by the canonical MMR
system. Third, our finding that bidirectional events at
the HIS4 locus are more frequently observed when the
markers are located very near the site of the DSB argues
that some of the unidirectional events reflect the small
size of the heteroduplex formed by the invading strand.
Although none of these arguments is conclusive, we
suggest that restoration repair contributes to unidirec-
tional events less than the other mechanisms discussed
above (small regions of heteroduplex to one side of the
DSB and SDSA events).

BIR/gap repair events: For both the uni- and bidirec-
tional recombination events discussed above, gene con-
version reflects the repair of mismatches in hetero-
duplexes. From our findings of tetrads with concerted
repair of mismatches that are usually inefficiently re-
paired, we suggest that a minority of gene conversion
events are not a consequence of the repair of mis-
matches within a heteroduplex, but reflect either BIR
events or repair of a gap resulting from two adjacent
DSBs. Such events, although rare, may help explain why
mutations in genes involved in DNA mismatch repair
reduce, but do not eliminate gene conversion. In addi-
tion, our conclusions are consistent with previous obser-
vations of continuous gene conversion tracts extending
>12 kb (SymiNGTON and PETES 1988).

One puzzle is how tightly paired chromosomes in
the synaptonemal complex could engage in BIR. It is
possible that these events occur after meiotic DNA syn-
thesis, but before chromosome pairing. Alternatively
(or in addition), the events could be initiated at the
same time as “normal” recombination, but resolved by
DNA synthesis after dissolution of the synaptonemal
complex.

Multiple recombination events: In addition to the
multiple pathways for recombination, our analysis dem-
onstrates that multiple initiation events contribute to
the recombination activity of the HIS4 locus. Some of
these events appear to result from multiple initiations
at the HIS4 hotspot, whereas others have the patterns
expected for initiations at different DSB sites in the
HIS4 region. As discussed above, these observations
demonstrate that the recombination activity of a specific
genomic site will be affected by regional, as well as local,
hotspot activity. This conclusion is consistent with the

observation that the recombination activity of insertions
is affected by chromosome context (BORDE et al. 1999);
this effect, in part, is related to regional base composi-
tion (PETES and MERKER 2002).

Conclusions: Our results, and those of others, suggest
that there are multiple pathways of meiotic recombina-
tion. The initiating step is likely to be the same for all
pathways, an invasion of one chromatid by a processed
end derived from the second chromatid. Physical evi-
dence for this intermediate exists (HUNTER and KLECK-
NER 2001). Our results suggest that the region of hetero-
duplex associated with the initial invasion is often
limited (250 bp or less), and extensive heteroduplex
formation requires DNA synthesis primed from the in-
vading strand (Figure 8). Following DNA synthesis, in
about two-thirds of the tetrads, the canonical DSBR
intermediate is formed with heteroduplexes on both
sides of the DSB site. Most, but not all of these intermedi-
ates, are resolved as crossovers. In most of the tetrads
in which the second end is not “captured,” the hetero-
duplex intermediate is reversed and rejoined to the
other DNA end. In a small subset of the events, however,
the invaded end is used as a primer to replicate to the
terminus of the chromosome. We also suggest that two
DSBs occurring on the same chromatid will sometimes
result in a gap repair type of gene conversion.
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