
MOLECULAR AND CELLULAR BIOLOGY,
0270-7306/99/$04.0010

July 1999, p. 4832–4842 Vol. 19, No. 7

Use of a Recombination Reporter Insert To Define Meiotic
Recombination Domains on Chromosome III

of Saccharomyces cerevisiae
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In Saccharomyces cerevisiae, meiotic recombination is initiated by DNA double-strand breaks (DSBs). DSBs
usually occur in intergenic regions that display nuclease hypersensitivity in digests of chromatin. DSBs are
distributed nonuniformly across chromosomes; on chromosome III, DSBs are concentrated in two “hot”
regions, one in each chromosome arm. DSBs occur rarely in regions within about 40 kb of each telomere and
in an 80-kb region in the center of the chromosome, just to the right of the centromere. We used recombination
reporter inserts containing arg4 mutant alleles to show that the “cold” properties of the central DSB-deficient
region are imposed on DNA inserted in the region. Cold region inserts display DSB and recombination
frequencies that are substantially less than those seen with similar inserts in flanking hot regions. This occurs
without apparent change in chromatin structure, as the same pattern and level of DNase I hypersensitivity is
seen in chromatin of hot and cold region inserts. These data are consistent with the suggestion that features
of higher-order chromosome structure or chromosome dynamics act in a target sequence-independent manner
to control where recombination events initiate during meiosis.

Recombination ensures the proper segregation of homologs
at the first meiotic division in most eucaryotic organisms (28,
56, 57, 60). Crossovers hold homolog pairs together, ensuring
their proper alignment on the meiosis I spindle and providing
the tension necessary for spindle integrity (47). Mutant cells
that fail to initiate meiotic recombination display marked (and
lethal) homolog nondisjunction at meiosis I (2, 12, 27, 42, 43).
Even in wild-type cells, homolog pairs that fail to recombine
are at increased risk for meiosis I nondisjunction (9, 22, 30, 31).

Not all crossovers are equally effective at promoting proper
homolog disjunction. Human chromosomes 16 or 21 with
crossovers near the telomeres are at increased risk for meiosis
I nondisjunction during oogenesis (22, 31, 32); a similar phe-
nomenon was reported in studies of the meiotic segregation of
minichromosomes in Saccharomyces cerevisiae (58). These data
underscore the need not only for mechanisms that control the
amount of meiotic recombination per chromosome but also for
control over the chromosomal location of exchange events.

Evidence that such mechanisms do exist is also inferred from
observed nonuniformities in the amount of meiotic recombi-
nation per unit physical distance in a variety of organisms (36).
It is likely that most of this variation is due to differences in
frequencies of initiation events, although some of this variation
may be due to crossover interference (24, 28). In Saccharomy-
ces cerevisiae, double-strand DNA breaks (DSBs) initiate mei-
otic recombination (reviewed in references 28, 36, 48, and 60).
DSBs form at chromatin sites that are nuclease hypersensitive
(15, 26, 50, 68). These open sites are most often found in
promoter regions (21, 68) but are also found in nonpromoter
regions in artificial constructs (15, 26, 67). It has been sug-
gested that the close correlation between DSB and nuclease-
hypersensitive sites reflects the preferential binding of DSB-
forming proteins at places where DNA is exposed (68). Active

DSB sites display an increase in micrococcal nuclease sensitiv-
ity early in meiosis I prophase, an increase that is suggested to
result from the binding of DSB-forming complexes (49, 50).

DSBs also show nonuniform distributions along chromo-
somes. This has been documented in pulsed-field gel analyses
of several yeast chromosomes (29, 39, 72). In general, the
majority of DSBs occur in regions ca. 50 to 100 kb in length.
These “hot” regions are separated by regions of similar size
that lack DSBs. DSBs also are absent from sequences within 40
to 50 kb of telomeres (29, 39). Baudat and Nicolas (3) used
conventional agarose electrophoresis to determine the location
and frequency of DSBs along the entire 340 kb of chromosome
III (Fig. 1). They found that the majority of detectable DSBs
occur at sites in two hot regions 70 to 90 kb in length. These
two domains, referred here to as hot regions II and IV, are
located on the left and right arms, respectively, of chromosome
III. Very few DSBs occur near the telomeres (cold regions I
and V) and in a central 80-kb central region (cold region III).

There are two possible classes of explanation for this non-
uniform break distribution. The first suggests that DSBs fail to
occur in cold regions because these regions lack suitable sub-
strates for DSB formation, either by lacking potential open
chromatin sites or by chromatin occlusion via silencing pro-
cesses similar to those seen at telomeres and at silent mating-
type cassettes (19, 66). An alternative hypothesis is that sys-
tems repress or promote DSB formation sites in cold and hot
regions without affecting underlying chromatin structure (3).
Sequences inserted into a hot or cold region should also be
affected by such systems and therefore should display frequen-
cies of recombination and DSBs characteristic of the region in
which they are inserted. Previous studies have shown that lo-
cation in the genome can affect the frequency of meiotic re-
combination and DSBs within a sequence (18, 35, 67, 69).
However, these studies did not directly address the relation-
ship between DSB and recombination frequencies seen within
an insert and the hot or cold nature of the region where it is
inserted.
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We present here an examination of the mechanisms respon-
sible for the absence of DSBs from the cold region in the
center of chromosome III. We compare this region with other
regions on the chromosome in terms of overall accessibility
of DNA in chromatin to exogenously added DNase I and to
endogenous topoisomerase II. We have examined the ability of
hot and cold regions to promote or repress recombination and
DSBs within recombination reporter inserts and used these
inserts to define the boundaries of the central cold region. The
same inserts were also used to determine the amount of cross-
ing over that occurs within different segments of the central
cold region.

MATERIALS AND METHODS

Yeast strains and plasmids. Insert locations on chromosome III are illustrated
in Fig. 1. Yeast strains and plasmids are described in Tables 1 and 2, respectively.
All yeast strains are of the SK1 background (25). All plasmids are derived from
pMJ113 or pMJ115, which contain pBR322 sequences, the URA3 gene, and
arg4-nsp or arg4-bgl alleles, respectively (67). PCR fragments with added EcoRI
sites were generated from yeast genomic DNA from MJL1059 (67) and cloned
into the EcoRI site of pMJ113 or pMJ115. A unique site in the PCR fragment
was used to linearize and integrate the resulting plasmid. Integration sites were
chosen to reside in intergenic regions, preferably between the 39 ends of two
genes. pMJ113- and pMJ115-derived plasmid integrants were obtained by trans-
formation of S105 (MATa ura3 lys2 ho::LYS2 leu2-R arg4-nsp,bgl) and S95
(MATa ura3 lys2 ho::LYS2 leu2-K arg4-nsp,bgl), respectively (67). Insert-contain-
ing haploid parents of rad50S diploid strains were obtained by tetrad dissection
of diploids formed by crossing insert-containing RAD50 haploids with a haploid
parent of NKY1002 (7). The sae2D::KanMX6 mutation contains a SacI-SmaI

fragment from pFA6 (64) encoding G418 resistance inserted between the SacI
and EcoRV sites of SAE2 (nucleotides [nt] 60 and 643 of the SAE2 open reading
frame).

Media and genetic techniques. Standard methods and media were used for
growth and mating. Transformation of strains was done as described elsewhere
(4). Meiotic segregants were analyzed either by tetrad dissection or by random
spore analysis (35). Linkage and centromere linkage analysis was done as de-
scribed elsewhere, using TRP1 as a centromere-linked marker (46). For sae2::
KanMX transformants, cells were grown for 4 h after transformation in YPD
containing 1 M sorbitol before selecting on YPD plates containing 1 M sorbitol
and 400 mg of G418 (Gibco/BRL) per ml. Sporulation in liquid cultures was as
described elsewhere (20).

DSB detection. Meiotic DSBs were detected in diploids homozygous for either
rad50KI80 (rad50S) or sae2::KanMX. In both types of strains, meiotic DSBs are
not resected after formation (1, 41, 53). Meiotic DNA was prepared 6 to 7 h after
the initiation of sporulation. For conventional gel electrophoresis, DNA was
prepared as described elsewhere (20) except that cells were rapidly sphero-
plasted in 1 M sorbitol–10 mM EDTA–50 mM potassium phosphate–1 mg of
lyticase (ICN) per ml (pH 7.5), and DNA was prepared immediately after
harvesting of cells. Previous DNA extraction methods used cells that had been
fixed in ethanol (7). In DNA from such cells, some meiosis-specific DSBs seen in
the insert were stronger than in DNA prepared immediately after harvesting of
cells. This is most likely due to the action of Nuc1p, a mitochondrial nuclease
that is released upon storage in ethanol (10). For pulsed-field gel analysis of
DSBs, 50-ml aliquots of a premeiotic or meiotic culture (about 2 3 109 cells)
were washed three times with 50 mM EDTA (pH 7.5) at room temperature and
resuspended with 0.33 ml of 50 mM EDTA; 0.5 ml of this suspension was mixed
with 1 ml of 0.83% low-melting-point agarose (FMC)–170 mM sorbitol–17 mM
sodium citrate–10 mM EDTA–0.85% b-mercaptoethanol–0.17 mg of Zymolase
100T (ICN) per ml (pH 7.0), poured into molds, and allowed to solidify for 10
min at 4°C. Plugs were incubated as follows: 2 h at 37°C in 10 ml of 450 mM
EDTA–10 mM Tris-HCl–7.5% b-mercaptoethanol–0.1 mg of RNase A per ml
(pH 7.5); overnight at 50°C in 10 ml of 450 mM EDTA–10 mM Tris-HCl–1%
sodium dodecyl sulfate (SDS)–1 mg of proteinase K per ml (pH 7.5); two changes
of 10 ml of 50 mM EDTA (pH 7.5) for 30 min at room temperature. Plugs were
stored at 220°C in 10 ml of 50 mM EDTA–50% glycerol (pH 7.5). As a control
for general DSB formation, we checked in each strain that DSBs occurred at the
normal arg4 locus on chromosome VIII at normal frequencies (68). The average
frequency at this locus was 4% 6 0.7% (data not shown).

DNase I-hypersensitive and topoisomerase II cleavage site mapping. The
protocol of Wu and Lichten (68) was used. For mitotic cells, exponential-phase
cultures grown in YPD (optical density at 600 nm of 1) were used. For meiotic
cells, we used the SPS preculture (0 h) and cultures 2 or 4 h after transfer to
sporulation medium. Cells were pelleted and resuspended in 1/10 the original
culture volume of 1 M sorbitol–50 mM potassium phosphate (pH 7.5)–10 mM
MgCl2–1% b-mercaptoethanol–0.4 mM phenylmethylsulfonyl fluoride. After
5 min of incubation at 30°C, cells were pelleted and resuspended in an equal volume
of 1 M sorbitol–25 mM potassium phosphate–25 mM sodium succinate (pH 5.5)–10
mM MgCl2–0.3% b-mercaptoethanol–0.4 mM phenylmethylsulfonyl fluoride, 0.67
mg of Zymolase 100T (ICN) per ml and incubated at 30°C for 3 to 5 min. Sphero-
plast formation was monitored by microscope until cells were 80 to 90% sphero-
plasts. Crude nuclei were prepared and digested with DNase I as described else-
where (68) except that in the pulsed-field gel experiments, a prepared cocktail of
protease inhibitors (Complete, EDTA-free; Boehringer) was used, and DNase di-
gests were for 2 min at 0°C. For pulsed-field gel analysis, 2 volumes of 1% low-
melting-point agarose–50 mM EDTA pH 7.5 was added to digests, and the mixture
was poured into molds and allowed to harden for 10 min at 4°C. Plugs were then
processed as described above. For topoisomerase II cleavage, crude nuclei were
resuspended in topo II buffer (6), VM26 (stock solution 10 mM in dimethyl sulfox-
ide; a gift from Yves Pommier) or CP-115.953 (stock solution 5 mM in 10 mM
Tris-HCl [pH 7.5]; kindly provided by Pfizer Inc.) was added to the desired concen-
tration, and mixtures were incubated 30 min at 30°C. Two volumes of 1% low-
melting-point agarose in topo II buffer plus drug was added, and reaction mixtures
were poured into molds and allowed to harden 10 min at room temperature. Plugs
were then soaked for 2 h at room temperature in 1% SDS and then treated with
proteinase K and processed as described above.

Pulsed-field gel electrophoresis. Agarose plugs were equilibrated against 1 ml
of 0.53 Tris-borate-EDTA (59) for 10 min at room temperature. Electrophoresis
was performed at 14°C in a CHEF Mapper (Bio-Rad), using 1.3% agarose gels
in 0.53 Tris-borate-EDTA, a voltage gradient of 6 V/cm, a switch angle 120°, and
switch times of 15 s (initial) to 25 s (final). Total run time was 43 h.

DNA transfer and hybridization. Electrophoresis, transfer to Zetaprobe GT
membranes (Bio-Rad), and hybridization with probe were as previously de-
scribed (67). A Fuji Bas2000 phosphorimager and MacBAS software were used
for image capture and DSB quantitation.

RESULTS

Cold and hot regions show similar patterns of chromatin
accessibility to both DNaseI and endogenous topoisomerase
II. One way to account for the different levels of DSBs seen in

FIG. 1. Structure of the recombination construct and insert locations. (A)
DSBs on chromosome III. Breaks were mapped by pulsed-field gel electrophore-
sis of DNA prepared from MJL2305 just before (mitotic) or 6 h after (meiotic)
transfer to sporulation medium. The probe used was a PCR fragment from the
left end of chromosome III (nt 15838 to 16857). Positions of DSB regions I to V
(3) are indicated above the autoradiogram; locations of the cold region URA3-
arg4 inserts used in this study are indicated on the map of chromosome III below
the autoradiogram. (B) Structure of inserts. Plasmids contain pBR322 sequences
(thick line), a 1.2-kb HindIII URA3 fragment (hatched box), and a 3.3-kb PstI
arg4 fragment (open box), containing either the arg4-nsp or arg4-bgl allele. Thin
lines represent flanking genomic sequences used for integration, with 3 indicat-
ing the restriction site used for integration. Vertical arrows indicate the approx-
imate location of DSBs seen in all inserts.
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TABLE 1. Yeast strains used

Strain Genotypea

For chromatin and topoisomerase II studies
MJL1578 leu2-K arg4-bgl nuc1D::LEU2

leu2 arg4-bgl nuc1D::LEU2

MJL2418 leu2-R arg4-nsp,bgl his4::URA3-(arg4-nsp) RVS161
leu2-K arg4-nsp,bgl HIS4 RVS161::URA3-(arg4-bgl)

For random spore analysis
MJL2081 leu2-R arg4-nsp,bgl RVS161::URA3-(arg4-nsp)

leu2-K arg4-nsp,bgl RVS161::URA3-(arg4-bgl)

MJL2082 leu2-R arg4-nsp,bgl YCR026c::URA3-(arg4-nsp)
leu2-K arg4-nsp,bgl YCR026c::URA3-(arg4-bgl)

MJL2083 leu2-R arg4-nsp,bgl RIM1::URA3-(arg4-nsp)
leu2-K arg4-nsp,bgl RIM1::URA3-(arg4-bgl)

MJL2142, MJL2143 leu2-R arg4-nsp,bgl YCR004c::URA3-(arg4-nsp)
leu2-K arg4-nsp,bgl YCR004c::URA3-(arg4-bgl)

MJL2229, MJL2230 leu2-R arg4-nsp,bgl YCR017c::URA3-(arg4-nsp)
leu2-K arg4-nsp,bgl YCR017c::URA3-(arg4-bgl)

MJL2033, MJL2034 leu2-R arg4-nsp,bgl ycl11c::URA3-(arg4-nsp)
leu2-K arg4-nsp,bgl ycl11c::URA3-(arg4-bgl)

For DSB quantitation
MJL2305 leu2-R arg4-nsp,bgl sae2::KanMX6

leu2-K arg4-nsp,bgl sae2::KanMX6

MJL1170 leu2-R arg4-nsp,bgl his4::URA3-(arg4-nsp) rad50-KI81::URA3
leu2-R ARG4 his4::URA3-(arg4-nsp) rad50-KI81::URA3

MJL1185 leu2-R arg4-nsp,bgl MATa::URA3-(arg4-nsp) rad50-KI81::URA3
LEU2 ARG4 MATa rad50-KI81::URA3

MJL1185 leu2-R HML-proximal::URA3-(arg4-nsp) rad50-KI81::URA3
LEU2 HML-proximal rad50-KI81::URA3

MJL2105 Same as MJL2081, but rad50-KI81::URA3
MJL2106 Same as MJL2083, but rad50-KI81::URA3
MJL2139 Same as MJL2082, but rad50-KI81::URA3
MJL2144 Same as MJL2142, but rad50-KI81::URA3
MJL2237 Same as MJL2229, but rad50-KI81::URA3
MJL2324 Same as MJL2033, but sae2::KanMX6

MJL2326 arg4-nsp,bgl leu2::URA3-(arg4-nsp) sae2::KanMX6
arg4-nsp,bgl leu2::URA3-(arg4-bgl) sae2::KanMX6

MJL2420 Same as MJL2418, but rad50-KI81::URA3

For measuring genetic distances
MJL1915 leu2-R arg4-nsp,bgl TRP1

LEU2 ARG4 trp1::hisG

MJL2437, MJL2438 LEU2 ARG4 trp1::hisG
leu2-K arg4-nsp,bgl TRP1

MJL2109 LEU2 ARG4 trp1::hisG RVS161
leu2-K arg4-nsp,bgl TRP1 RVS161::URA3-(arg4-bgl)

MJL2111 leu2-R arg4-nsp,bgl TRP1 RVS161::URA3-(arg4-nsp)
LEU2 ARG4 trp1::hisG RVS161

MJL2113 LEU2 ARG4 trp1::hisG YCR026c
leu2-K arg4-nsp,bgl TRP1 YCR026c::URA3-(arg4-bgl)

MJL2124 leu2-R arg4-nsp,bgl TRP1 YCR026c::URA3-(arg4-nsp)
LEU2 ARG4 trp1::hisG YCR026c

MJL2115 leu2-R arg4-nsp,bgl TRP1 RIM1::URA3-(arg4-nsp)
LEU2 ARG4 trp1::hisG RIM1

Continued on following page
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different regions of chromosome III would be to assume that
cold regions contain mostly closed chromatin and therefore are
inaccessible to DSB-forming proteins. To test this, we exam-
ined the accessibility of chromatin along the length of chro-
mosome III, using cleavage of chromatin from vegetative cells
either by an exogenously added enzyme, DNase I, or by an
endogenous yeast enzyme, topoisomerase II. Topoisomerase II
cleavage sites were mapped by using two drugs (CP-115,953
and VM26) that trap covalently linked topoisomerase II-DNA
complexes (13, 38). These complexes are converted to perma-
nent breaks by treatment with SDS and protease (38). Pulsed-
field gel analysis was used to compare DNase I and topoisom-
erase II cleavage patterns with those of DSBs. Pulsed-field gels
have the advantage of allowing the visualization of break or
cleavage patterns along the entire length of a chromosome.
The resolution of this method is limited, however, and fre-
quently what appears to be a single band on a pulsed-field gel
reflects the presence of multiple cleavage sites distributed over
a region several kilobases in length.

Similar results were obtained with DNase I and with the two
topoisomerase II inhibitors (Fig. 2). DNase I and topoisomer-
ase II cleavage sites are distributed irregularly along the chro-
mosome, with no obvious concentration in any region. In par-
ticular, the central cold region (III) and the two terminal cold
regions (I and V) are cleaved as often as are hot regions II and
IV. There is a substantial correspondence between DNase I
and topoisomerase II cleavage patterns, as would be expected
if both enzymes act preferentially in open regions of chroma-
tin. In hot regions II and IV, this correspondence extends to
the location of DSB peaks as well. We conclude that the three
cold regions do not differ from the hot regions in terms of
chromatin accessibility and that the cold regions would there-
fore be expected to contain many potential DSB sites.

Meiotic recombination within a recombination reporter
construct is governed by chromosomal context. If cold regions
I, III, and V contain potential DSB sites, what prevents the
formation of DSBs at those sites? One explanation is that open
sites present in these regions contain sequences refractory to
DSB formation. An alternate explanation is that factors nec-
essary for DSBs are absent from cold regions, or that systems
operate in cold regions to actively suppress DSB formation. In
either of the latter cases, it might be expected that DSB for-
mation would be affected not only in sequences normally res-
ident in cold regions but also in sequences inserted within the
same regions.

To test this, we measured both meiotic recombination and
DSBs in a recombination reporter construct inserted at several
locations on chromosome III (Fig. 1). This 8.5-kb construct
contains the URA3 gene as a selectable marker and an ARG4
fragment marked with either of two arg4 mutant alleles (Fig.
1B). A previous study showed that both recombination and
DSBs within this construct display position effects: they are
affected in parallel by the location of inserts in the genome
(67). In the present study, we examined meiotic recombination
and DSBs in 10 inserts on chromosome III. One insert is in the
left-arm terminal cold region I (at CHA1), three are in the
left-arm hot region II (at HIS4, LEU2, and YCL011c), five are
in the central cold region III (YCR004c, RVS161, YCR017c,
YCR026c, and RIM1), and one is at MAT, in the right-arm hot
region IV (Fig. 1A). Four of these insert loci had been studied
previously (20, 67); the others were constructed for the present
study.

Recombination at each insert locus was measured by deter-
mining frequencies of Arg1 spores produced by meiotic re-
combination between arg4-nsp and arg4-bgl inserts at allelic
locations. Arg1 frequencies varied over a 15-fold range, from
1.2 3 1023 to 1.9 3 1022 (Table 3). All inserts in cold regions
I or III produced recombinants at frequencies that were less
than those seen for inserts in hot regions. Among cold re-
gion inserts, the lowest recombination frequencies were ob-
tained with inserts closest to CEN3 (RVS161::arg4, 1.2 3 1023;
YCR004c::arg4, 1.7 3 1023), and the greatest recombination

TABLE 2. URA3-arg4 plasmids

Plasmid namesa Locus Fragment
coordinatesb

Integration
sitec

pMJ462 and pMJ349 YCL011c 101706–103145 102553 (AflII)
pMJ508 and pMJ510 YCR004c 118532–119248 118810 (AflII)
pMJ481 and pMJ484 RVS161 129959–130492 130199 (SacII)
pMJ514 and pMJ520 YCR017c 144280–144630 144409 (AflII)
pMJ482 and pMJ485 YCR026c 163445–164151 163812 (AflII)
pMJ483 and pMJ486 RIM1 171197–172008 171587 (SphI)

a Plasmids are derived from pMJ113 (arg4-nsp) and pMJ115 (arg4-bgl), respec-
tively (67).

b Coordinates on chromosome III (51) of the locus-specific fragment used to
direct integration. In all cases, this fragment was inserted at the pBR322 EcoRI
site (see Materials and Methods).

c Chromosome III coordinate of integration site and restriction enzyme used
to direct integration.

TABLE 1—Continued

Strain Genotypea

MJL2125 LEU2 ARG4 trp1::hisG RIM1
leu2-K arg4-nsp,bgl TRP1 RIM1::URA3-(arg4-bgl)

MJL2186 LEU2 ARG4 trp1::hisG YCR017c
leu2-K arg4-nsp,bgl TRP1 YCR017c::URA3-(arg4-bgl)

MJL2187, MJL2188 leu2-R arg4-nsp,bgl TRP1 YCR017c::URA3-(arg4-nsp)
LEU2 ARG4 trp1::hisG YCR017c

MJL2424, MJL2425 leu2-R arg4-nsp,bgl TRP1 MATa::URA3-(arg4-nsp)
LEU2 ARG4 trp1::hisG MATa

MJL2426, MJL2427 LEU2 ARG4 trp1::hisG MATa
leu2-K arg4-nsp,bgl TRP1 MATa::URA3-(arg4-bgl)

a All strains are homozygous for ura3, lys2, and ho::LYS2; all except MJL1578 (37), MJL1170, MJL1176, and MJL1185 (67) were constructed for this work. The
MATa parent of each diploid represented above the line. arg4 and leu2 without a specific allele indicate that the mutant allele has not been determined. Structure of
the URA3-arg4 insert is depicted in Fig. 1.

VOL. 19, 1999 MEIOTIC RECOMBINATION DOMAINS IN YEAST 4835



frequency (7.0 3 1023) was obtained with RIM1::arg4, the cold
region insert furthest from the centromere. We did not detect
a discrete boundary between cold region III and hot region IV;
instead, frequencies of Arg1 recombinants increased gradually
with insert distance from the centromere. For example, the
frequency of Arg1 recombinants from diploids with the cold
region III insert RIM1::arg4 (7.0 3 1023) was similar to that
seen in MAT::arg4 strains (9.4 3 1023); this latter insert is 26
kb more centromere distal and well within hot region IV. By
contrast, there appears to be a much sharper boundary be-
tween cold region III and hot region II. Strains with YCL011c::
arg4 inserts, located to the left of CEN3 in hot region II, display
a frequency of Arg1 recombinants (1.0 3 1022) sixfold greater
than that seen in strains with inserts only 16 kb away, at
YCR004c (1.7 3 1023).

We also measured the frequency of recombination between
the leu2-K and leu2-R alleles as a general control. With two
exceptions, all strains displayed similar frequencies of Leu1

meiotic recombinants (mean 5 4.0 3 1023; greatest devia-
tion 5 0.5 3 1023). Inserts at HIS4 and at YCL011c caused a
significant (about 2.5-fold) reduction in the frequency of Leu1

recombinants recovered, most likely a result of an insert-de-
pendent local inhibition of DSBs at nearby sites (67, 70).

The frequency of DSBs within inserts is governed by chro-
mosomal context. If most events producing Arg1 recombinants
are initiated by DSBs that form within insert sequences, the
frequency of breaks in URA3-arg4 inserts should display posi-
tion effects similar to those seen for meiotic recombination
frequencies. To test this suggestion, we determined the loca-
tion and frequency of DSBs within the URA3-arg4 inserts used
to measure recombination, using otherwise isogenic rad50S or
sae2 strains. As was seen previously (67), DSBs occur at the
same place within inserts at all loci (illustrated in Fig. 1). One
group of breaks (DSB-left) is located in pBR322 sequences,

between URA3 and arg4. A second group of breaks (DSB-
right) is located in a 1.8-kb pBR322 region just to the right of
arg4 sequences. Breaks at the insert-borne arg4 promoter are
either absent or barely detectable. By contrast, the normal
ARG4 locus displays strong breaks in its promoter region in all
strains (data not shown); these breaks occur in 4.0 6 0.7% of
chromosomes, a value in good agreement with that seen for
strains without inserts (67).

To quantitatively compare DSB frequencies in different in-
serts, we used restriction enzymes that cut at sites common to
all inserts and probed blots with pBR322 fragments (Fig. 3 and
Table 3). Quantitative analysis indicates that the total fre-
quency of DSBs within inserts increases in parallel with the

FIG. 2. Chromatin structure and topoisomerase II cleavage of mitotic chromosome III. Mitotic and meiotic rad50S samples are from MJL2305, 0 and 6 h,
respectively, after transfer to sporulation medium. Chromatin was prepared from exponentially growing cells of strain MJL1578. For topoisomerase II (TopoII) cleavage
sites, chromatin was incubated with 1% dimethyl sulfoxide (C), 100 mM CP-115,953 (CP), or 100 mM VM26 (VM); for DNase I-sensitive sites, chromatin was incubated
with the indicated concentration of DNase I (U/mg of DNA). DNA was displayed on a pulsed-field gel (see Materials and Methods), and the resulting filter was probed
with a CHA1 probe (chromosome III nt 15838 to 16857) (A) or a YCR098c probe (nt 296511 to 297070) (B). Lanes M contain bacteriophage l DNA concatemers plus
a HindIII digest of bacteriophage l. The hot or cold DSB regions I to V are indicated alongside each panel.

TABLE 3. Frequency of recombination and DSBs
in URA3-arg4 inserts

Insert
location

f(ARG4)a

(103)

DSB frequency (%)b ARG4/
DSB
ratiocDSB-left DSB-right DSB-total

CHA1 4.7 6 0.3d 1.2 6 0.1 (4) 2.0 6 0.6 (3) 3.2 0.15
HIS4 17 6 1.7d 13 6 1.8 (5) 3.5 6 0.2 (5) 16.5 0.10
LEU2 19 6 0.7d 7.8 6 0.1 (2) 6.4 (1) 14.2 0.13
YCL011c 10 6 2.1 8.2 6 1.3 (3) 2.4 6 0.7 (3) 10.6 0.11
YCR004c 1.7 6 0.2 1.8 6 0.3 (7) 1.0 6 0.01 (2) 2.8 0.06
RVS161 1.2 6 0.1 0.5 6 0.15 (6) 1.4 6 0.5 (5) 1.9 0.06
YCR017c 2.4 6 0.1 0.9 6 0.13 (3) 1.9 6 0.6 (4) 2.8 0.09
YCR026c 3.5 6 0.1 1.6 6 0.2 (3) 2.7 6 0.4 (3) 4.3 0.08
RIM1 7.0 6 0.8 2.5 6 0.8 (5) 2.9 6 0.7 (3) 5.4 0.12
MAT 9.4 6 2.7 6.0 6 0.01 (2) 4.2 6 0.6 (3) 10.2 0.09

a ARG4 spores/total spores 6 standard deviation.
b DSBs/chromosome 6 standard deviation (no. of determinations).
c Ratio of frequencies in second and fifth columns.
d Data from Wu and Lichten (67).
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frequency of ARG4 recombinants (Table 3; Fig. 4). Overall,
there is an almost 10-fold variation in the frequency of
breaks within inserts, from 1.9% at RVS161::arg4 to 16.5%
at his4::arg4, and inserts in cold regions display break fre-
quencies significantly less than those in hot regions. Thus,
DSB position effects are exerted in a target sequence-inde-
pendent manner.

As was seen with Arg1 recombinants, insert DSB frequen-
cies increase gradually with distance from the centromere at
the right-hand boundary of cold region III and increase more
abruptly at the left-hand cold region boundary. However, the
magnitude of position effects is not the same at DSB-left and

DSB-right. Among cold region inserts, the frequency of breaks
at DSB-left varies 5-fold, from 0.47% (RVS161::arg4) to 2.5%
(RIM1::arg4); a 30-fold variation is observed among all inserts
on chromosome III. The frequency of breaks at DSB-right is
less affected by insert location, showing only a twofold varia-
tion among inserts in the cold region (1.4% at RVS161 to 2.9%
at RIM1) and about a sixfold variation overall. Moreover, there
are marked differences in the ratio of break frequencies at
DSB-left and DSB-right within an insert (Table 3). At one
extreme, his4::arg4, breaks at DSB-left exceed breaks at DSB-
right by a factor of 3.7; at the other, RVS161::arg4, the ratio of
breaks at DSB-left to DSB-right is 0.36.

Both hot and cold region inserts display similar patterns
and levels of chromatin DNase I sensitivity. The finding that
URA3-arg4 inserts take on the recombination/DSB proper-
ties of the region in which they reside makes it unlikely that
underlying DNA sequence is responsible for differences be-
tween hot and cold regions. However, it remained possible
that differences in chromatin structure were responsible for
the differences in recombination and DSB frequencies seen
in hot and cold region inserts. To test this suggestion, we
quantitatively compared the pattern and level of DNase I
sensitivity of a hot region insert with those of a cold region
insert. This was done by using chromatin prepared from a
diploid strain in which one copy of chromosome III con-
tained a his4::URA3-arg4 insert in hot region IV and the
other chromosome copy contained the cold region insert
RVS161::URA3-arg4 (Fig. 5A). The presence of unique re-
striction sites flanking each insert, combined with locus-
specific probes, allowed the detection of DSBs or DNase
I-hypersensitive sites in the hot and cold region inserts by
sequential probing of the same membrane. This permitted
direct quantitative comparison of the extent of DNase I
hypersensitivity in hot and cold region inserts.

FIG. 3. DSBs in inserts at different locations on chromosome III detected by
using pBR322 sequences as probes. (A) DSBs between URA3 and arg4 sequences
(DSB-left). DNA was digested with PstI (P), which cuts in pBR322 and in URA3,
and probed with a PstI-AlwNI fragment from pBR322. DSB-left is indicated by
a solid arrow, and the ARG4 promoter (prom.) is indicated by a dotted arrow.
Mitotic DNA is from MJL2105. Meiotic DNAs are, from left to right: MJL2105,
MJL2144, MJL2237, MJL1185, MJL2139, MJL2106, MJL1176, MJL1170,
MJL2324, and MJL2326. (B) DSBs in the pBR322 sequence downstream of the
arg4 fragment (DSB-right). DNA was cut with StuI (St) and a locus-specific
enzyme: RSV161, SacII; YCR004c, AflII; YCR017c, AflII; CHA1, XhoI; YCR026c,
AflII; RIM1, SphI; MAT, XbaI; YCL011c, AflII; LEU2, AflII; and HIS4,
Bpu1102I. The probe used was a HindIII-BamHI pBR322 fragment. DSB-right
is indicated by solid arrows and the ARG4 promoter is indicated by a dotted
arrow. Mitotic DNA is from MJL2105. Meiotic DNAs are, from left to right:
MJL2105, MJL2144, MJL2237, MJL2139, MJL1185, MJL1176, MJL2324,
MJL2326, and MJL1170.

FIG. 4. Frequencies of DSBs and recombination within URA3-arg4 inserts.
Chromosome III DSB hot and cold regions are indicated. The thick horizontal
lines denote a physical map of chromosome III, with 50-kb intervals indicated by
vertical hatches and the centromere marked by a filled circle. Bars in the top
panel indicate the frequency of Arg1 recombinants within each insert (hatched
bars); bars in the bottom panel indicate the frequencies of both DSB-left (shad-
ed) and DSBs-right (white) for inserts at the same location. Recombination data
for inserts at MAT, CHA1, LEU2, and HIS4 are from a previous study (67).
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DSB locations and frequencies at each insert locus, mea-
sured in a rad50S derivative of this strain, are similar to those
observed in diploids with homozygous inserts at one or at the
other locus (Fig. 5B and data not shown). This finding confirms
previous conclusions that DSB formation is not markedly af-
fected by the presence or absence of a homologous sequence at
an allelic position on a homologue (11, 17, 67). DSBs occurred
frequently at his4::URA3-arg4 and infrequently at RVS161::
URA3-arg4. By contrast, the two inserts display similar patterns
of DNase I sensitivity in chromatin isolated from RAD50

cultures before (0 and 2 h) and after (4 h) the time of DSB
formation. DNase I-hypersensitive sites are present at the arg4
promoter and at the same locations as DSB-left and DSB-right
(Fig. 5B). Quantitative comparison revealed similar levels of
DNase I hypersensitivity at his4::URA3-arg4 and at RVS161::
URA3-arg4 in chromatin samples taken at 0 and 2 h (Fig. 5C).
Resected DSBs were present in his4::URA3-arg4 in chromatin
isolated at 4 h but not in RVS161::URA3-arg4 chromatin (Fig.
5B), thus precluding meaningful comparisons between the two
insert loci in this sample.

FIG. 5. DNase I-hypersensitive sites in the URA3-arg4 insert at HIS4 and RVS161. (A) Location of the URA3-arg4 insert on each chromosome III of strain MJL2418.
(B) DSBs and DNase I-hypersensitive sites in inserts. DNA was cut with both AflII and XbaI, and the same filter was probed successively with an RVS161 probe (nt
128743 to 129300; left) and a HIS4 probe (nt 65967 to 66522; right). For DNase I, chromatin from MJL2418 was prepared at indicated times after transfer to sporulation
medium and incubated with DNase I. Lanes: 1, 4, and 6, no DNase I; 2 and 5: 0.8 U of DNase I/mg of DNA; 3, 0.8 U of DNase I/mg of DNA; 7, 2 U of DNase I/mg
of DNA. For rad50S DSBs, DNA from MJL2420 0 h (lanes 9) or 6 h (lanes 8) after transfer to sporulation medium. (C) Quantitative comparison of DNase I digestion
profiles of URA3-arg4 inserts located at either RVS161 (thin lines) or HIS4 (thick lines). Densitometric profiles of lanes 3 (0 h), 5 (2 h), and 7 (4 h) are superimposed.
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Crossing over is reduced in the central cold region. The
consensus genetic map of chromosome III (45) indicates that
crossovers rarely occur in the genetic interval between CEN3
and PGK1, loci that define the left-hand (centromere-proxi-
mal) half of the central cold region. This low crossover density
(0.08 centimorgan [cM]/kb) is consistent with the absence of
detectable DSBs in this region (Fig. 1 and reference 3). By
contrast, the consensus map distance between the two cold
region markers PGK1 and CRY1 is 24 cM (0.6 cM/kb). These
two loci define the right-hand (centromere-distal) half of the
cold region. Baudat and Nicolas report that only 2% of chro-
mosomes suffer DSBs in this region (3). These two values are
inconsistent; if all crossovers in the PGK1-CRY1 interval were
initiated by the DSBs detected by Baudat and Nicolas, then
this interval would be expected to have a genetic length of only
2 to 4 cM.

One possible explanation for the observed map distance/
DSB discrepancy in the central cold region is that genetic
distances in this region are greater in the consensus map than
they are in SK1, the genetic background used by us and by
Baudat and Nicolas. To test this, we constructed a fine struc-
ture genetic genetic map of the CEN3-MAT interval, using
diploid strains heterozygous for LEU2, the various URA3::arg4
constructs, and the centromere-linked gene TRP1 (Table 4).
We found the genetic distance between CEN3 and LEU2 to be
8.3 6 1.0 cM, a crossover density similar to the average seen
across the yeast genome (0.35 cM/kb versus 0.33 cM/kb [46])
but significantly greater than the distance given in the consen-
sus genetic map (about 3 cM [44]). Crossovers occurred in the
central cold region at a frequency significantly less than that
expected from the consensus genetic map. For example, we
found the genetic distance between CEN3 and RIM1::URA3,
our most centromere-distal marker in the central cold region,
to be about 7.5 cM, or 0.12 cM/kb (Table 4; Fig. 6), a value
significantly less than the consensus map distances between
the centromere and PET18 or CRY1, the two markers on the
consensus map closest to RIM1 (about 17 and 25 cM, respec-
tively).

The lowest crossover density was seen in the 16-kb interval
immediately to the right of the centromere, between CEN3
and RVS161::URA3 (0.4 cM, or 0.02 cM/kb). Crossovers be-
tween CEN3 and YCR017c::URA3 were much more frequent,
with 4.2 cM in this 30-kb interval (0.14 cM/kb), and the cross-
over density remained relatively constant for larger CEN3-
insert intervals (0.11 cM/kb for CEN3-YCR026c::URA3; 0.12
cM/kb for CEN3-RIM1::URA3). Thus, it appears that crossing
over is strongly suppressed only in the most centromere-prox-
imal quarter of the cold region. Consistent with this conclusion
is the observation that insert-MAT crossover densities were
similar for all cold region inserts examined (0.16 6 0.014 cM/
kb).

General applicability of these data may be limited by an
unanticipated effect on crossing over of the hemizygous URA3-
arg4 inserts. The average genetic distance between CEN3 and
MAT in insert-bearing strains (12.8 6 0.5 cM) is significantly
less than the distance observed (19 cM) in two isogenic strains
with no construct in this interval (Table 4 and Fig. 6). To test
the possibility that the sequence heterology introduced by the
hemizygous insert is responsible for this loss of crossovers, we
measured the CEN3-MAT genetic distance in a strain with a
MAT::URA3 insert. This insert duplicates the MAT locus (67)
and thus lies outside the CEN3-MAT genetic interval. The
genetic distance between CEN3 and MAT was 12 cM in these
strains as well. Therefore, the reduction in crossing over seen
in CEN3-MAT is a direct consequence of the presence of an

FIG. 6. Crossing over within cold region III. For each insert, genetic dis-
tances are presented above the line, and crossover densities are given below. The
location of each URA3-arg4 insert used for measuring genetic distances, as well
as the position of CEN3, is shown on the chromosome III map.

TABLE 4. Genetic distances in the central cold region of chromosome IIIa

Insert
location

LEU2-CEN3 CEN3-insert Insert-MAT LEU2-insert CEN3-MAT LEU2-MAT

FDS SDS cM FDS SDS cM PD T NPD cM PD T NPD cM FDS SDS cM PD T NPD cM

RVS161 157 25 7.3 193 2 0.4 145 47 1 14 159 23 0 6.3 144 49 13 120 57 4 22
YCR017c 125 24 8.9 148 12 4.2 124 36 0 11 121 29 0 9.7 118 41 13 103 48 1 18
YCR026c 158 29 8.4 174 23 6.3 167 29 1 8.9 143 44 0 12 152 46 12 121 64 2 20
RIM1 151 34 10 168 27 7.5 170 24 0 6.2 131 53 1 16 147 47 13 116 65 3 23
MAT 72 11 7.2 67 21 12 90 0 0 0 54 29 1 21 67 21 12 54 29 0 21
No insert 124 23 8.2 104 54 19 123 80 3 24

a Recombinants between inserts and other markers were detected using the URA3 gene of the insert. Genetic distances were calculated as described in Materials
and Methods. FDS, first-division segregation; SDS, second-division segregation; PD, parental ditype; NPD, nonparental ditype; T, tetratype.
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insert in the vicinity of the interval, rather than of the intro-
duction of heterology.

DISCUSSION

Meiotic recombination events are not uniformly distributed
along chromosomes (reviewed in reference 36). In S. cerevisiae,
meiotic DSBs appear to be clustered into hot regions and
absent from the ends of chromosomes and from internal cold
regions (3, 29, 39, 72). Our experimental approach has allowed
us to examine the reasons for this clustering. The recombina-
tion reporter construct used as a target contains the same
DNA sequence and most likely adopts the same chromatin
structure at each insert location (reference 67 and this work).
In a previous study, we showed that both DSBs and intragenic
recombination in this reporter construct display position ef-
fects (67). In the present study, we further examined this phe-
nomenon by inserting the construct at many sites along chro-
mosome III. We found that the factors making regions hot or
cold for DSBs and recombination do act in a way that is target
sequence independent. However, our data also indicate that
there is a subregion inside the central cold region of chromo-
some III where breaks are normally absent, but will form if a
proper substrate is provided.

What makes the hot regions hot and the cold regions cold?
The hypothesis that chromatin in cold regions might be closed
to access by DSB-forming complexes or by other factors that
cleave DNA in chromatin does not appear to be true, at least
at the level of sensitivity offered by pulsed-field gel electro-
phoresis analysis of DNase I and topoisomerase II digests of
chromatin. We found the cold and hot regions of chromosome
III are similarly accessible both to exogenously added DNase I
and to endogenous topoisomerase II, using either of two in-
hibitors. In addition, two copies of the URA3-arg4 insert, one in
a hot region and the other in a cold region, display quantita-
tively similar patterns and levels of DNase I hypersensitivity in
chromatin isolated from mitotic cells and from meiotic cells
before and during the time of DSB formation. It is therefore
unlikely that the central cold region of chromosome III lacks
DSBs because of a general occlusion of chromatin akin to what
is seen at telomeres and in mating-type cassettes (19, 66). Our
results also underscore previous conclusions that open chro-
matin is a prerequisite but in itself is not sufficient for DSB
formation (15, 67).

We believe that our data, obtained by in vitro digests of
chromatin, reflect the general accessibility of chromatin in
vivo; the conditions that we used in topoisomerase II studies
have been shown in other organisms to produce cleavage pat-
terns similar to those seen in living cells (6, 62). However, we
cannot exclude the possibility of the loss during chromatin
preparation of nonnucleosomal features of chromatin, perhaps
induced during meiosis, that are responsible for the absence of
DSBs from cold regions.

If the cold region is not cold due to the occlusion of potential
DSBs sites, are general factors acting over the cold and hot
regions to specifically repress or promote DSB formation? Our
main result, that the total frequency of DSBs within inserts is
increased in hot regions and reduced in cold region inserts,
would certainly suggest that this is the case. The total fre-
quency of insert DSBs parallels the frequency of recombina-
tion in the insert, suggesting that in the construct, most events
yielding Arg1 recombinants are initiated by DSBs formed
within insert sequences. However, detailed features of the data
may reflect the presence of local influences. Position effects are
not always the same at DSB-left and DSB-right. This may
reflect competition for DSB-forming factors between DSB-left,

DSB-right, and the native DSB sites present to each side of the
insert (16, 67, 71). These local effects may also reflect the
possibility that DSB-left and DSB-right occupy different posi-
tions on a gradient of break-forming activity, especially at the
boundary between hot and cold domains.

Our data point to the existence of hot and cold DSB do-
mains that act in a local sequence-independent manner but do
not directly address the systems that confer hot and cold prop-
erties upon a region. There are many possible explanations for
the existence of these domains, including features of higher-
order chromosome structure such as differential chromatin
compaction or region-specific localization within the nucleus.
The latter might result from the attachment of the telomeres to
the nuclear periphery and the organized movement of centro-
meres and telomeres that occur before and during the time of
DSB formation (8, 61). If DSB-forming factors are distributed
nonuniformly throughout the nucleus, these movements might
partition different chromosomal domains to specific nuclear
zones, thus creating hot and cold domains. With regard to this
suggestion, it is interesting that each of the three cold domains
on chromosome III is associated with either a telomere or a
centromere. Testing the generality of this association will re-
quire analysis of DSB patterns on other chromosomes at a
greater resolution than is afforded by current pulsed-field gel-
based studies. Alternatively, DSB-forming factors may be
loaded onto chromosomes during premeiotic DNA replication,
in a manner similar to that seen for mitotic and meiotic sister
chromatid cohesins (63, 65), thus favoring early-replicating
regions for DSB formation. Indeed, both chromosome III hot
regions contain origins that fire early in mitotic S phase (3, 55).
Moreover, a weak meiotic recombination hot spot is associated
with ARS307, an origin located in the left-arm hot region (54).

What defines the boundaries of the cold and hot regions?
Since the URA3-arg4 construct reveals the potential of a chro-
mosomal region to form DSBs, our results can be used to
redefine the boundaries of the central cold region. Our data
indicate that there is no precise boundary between the central
cold region and hot region IV. This is in contrast to the sharp
boundary seen for DSBs in native sequences (3). To account
for this apparent discrepancy, we suggest that the centromere-
distal part of the central cold region contains native sequences
and/or chromatin structures that are poor substrates for DSB
formation, while the recombination-reporter construct con-
tains sequences and/or chromatin structures more favorable
for DSB formation. These inserts are therefore able to be
cleaved by the DSB factors present in but normally unable to
act, due to a lack of suitable substrate. If this suggestion is
correct, then the actual central region in which DSBs cannot
occur may be significantly shorter than the 80-kb length sug-
gested by studies of native DSBs.

By contrast, the left-hand boundary of the central cold re-
gion is very steep. Inserts to either side of the centromere (at
YCL011c and at YCR004c) display about a sixfold difference in
recombination frequencies and a fourfold difference in DSB
frequencies. This is in general agreement with the published
DSB map (3), which shows a well-defined boundary between
the left-arm hot region and the central cold region located at
or near the centromere. We do not know whether the centro-
mere itself forms the boundary between these two regions. An
intriguing possible way for the centromere to limit meiotic
recombination is suggested by an examination of Arg1/insert
DSB ratios. The two inserts with the least Arg1/DSB ratio are
those closest to the centromere, at YCR004c and at RVS161. It
was shown previously that CEN3 represses both gene conver-
sion and crossing over in its vicinity (33, 34). Our data raise the
possibility that this repression comes at a stage after initiation,
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perhaps because specialized centromere-specific sister chro-
matid cohesion structures (5, 44) channel initiation events to-
ward intersister rather than interhomolog repair.

What initiates recombination in the central cold region?
Crossing over occurs at significant frequencies in the central
cold region, which is substantially free of DSBs. This discrep-
ancy was first remarked upon by Baudat and Nicolas, compar-
ing the consensus genetic map with the level of DSBs detected
in this region (3). Although the genetic length of the cold
region is significantly less in our strain background, it is still
significantly greater than would be expected if crossovers were
initiated exclusively by the DSBs detected in this region. An
analogous discrepancy was reported by Fan et al., who found
that mutants eliminating DSBs in the HIS4 promoter region
still retained a significant basal frequency of gene conversion in
the gene (14).

It was suggested that DSBs in the cold region are dispersed
at many sites and thus fall below the level of detection on
conventional Southern blots (3). Consistent with this is our
observation that the CEN3-MAT genetic distance is 19 cM in
insertless strains but 12 cM in strains with a hemizygous insert.
DSBs in a hemizygous insert cannot contribute to recombi-
nants in flanking sequences, since there are no corresponding
sequences on the homolog with which to recombine. However,
hemizygous inserts might reduce crossing over in flanking se-
quences if the DSB sites within the URA3-arg4 inserts are able
to recruit the few DSB forming factors present in the cold
region by a competition mechanism similar to that previously
described (16, 67, 71).

Alternatively, recombination in the cold region might result
from events that initiate outside the region and later move into
it, either by branch migration of a four-stranded junction (23)
or by DNA synthesis-driven bubble migration (40). The 40%
reduction in crossing over conferred by hemizygous inserts
might be due to the resulting nonhomology blocking interme-
diate movement (52). It is difficult to reconcile this mechanism
with the steep boundary seen between hot and cold regions at
or near the centromere, and also with the fact that similar
reductions are seen for inserts throughout the cold region. We
therefore consider it unlikely that events initiated outside the
central cold region make a substantial contribution to cross-
overs that occur within it.

In conclusion, we believe that the most likely explanation for
the recombination events that occur in the cold region is that
they are initiated by lesions formed inside the cold region,
either by DSBs in the native sequences that are not localized
enough to be detected, by DSBs that are not formed in rad50S
mutants, or by lesions that are not DSBs. The failure to detect
breaks in sufficient quantities to account for the recombination
seen in the chromosome III central cold region remains a sig-
nificant challenge to the general applicability of the DSB mod-
el as a mechanism to account for all meiotic recombination.
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