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In all eukaryotic organisms that have been analysed in

detail, regions of high (hot spots) and low (cold spots)

recombination have been noted1,2.As a result, there is no

simple linear relationship between genetic and physical

map distances. Understanding the rules that govern the

distribution of recombination events will, therefore, be

of great value to projects that are aimed at identifying

genes on the basis of their position in a genetic map. In

addition to this practical benefit, there are several other

reasons why it is important to understand the mechanis-

tic basis for recombination hot spots and cold spots.

First, as described below, the mechanism of initiating

recombination cannot be understood without knowl-

edge of the factors that regulate hot spots and cold spots.

Second, the number of recombination events per chro-

mosome is relevant to the accuracy of chromosome seg-

regation. Third, the distribution of exchanges influences

the probability of assembling new configurations of

physically linked genes during evolution. Finally, it is

likely that an understanding of hot spots and cold spots

will be relevant to comprehending other DNA-related

processes that are affected by chromosome context, such

as transcription and replication.

Recently, some of the important factors that regulate

the probability of initiating recombination have been

identified. In this review, I summarize the relevant obser-

vations, primarily derived from studies in yeast, although

information concerning hot spots in mammals is also

described. I then briefly describe the roles of post-transla-

tional histone modifications in various cellular processes,

and discuss the possibility that the level of meiotic recom-

bination is, in part, regulated by such modifications.

Hot spots and cold spots in yeast

In organisms such as fungi, in which the segregation of

markers into four meiotic products can be analysed,

there are two genetic criteria commonly used to mea-

sure recombination activity3. First, one can compare

the level of reciprocal recombination (crossovers) for a

region of known physical length — a process that

requires at least two heterozygous markers.

Alternatively, one can monitor the level of non-recip-

rocal recombination (GENE CONVERSION) for heterozy-

gous single markers. If a diploid is heterozygous for

alleles A and a, normal Mendelian segregation results

in 2A: 2a segregation. Gene conversion results in 3A:

1a or 1A: 3a segregation.

In Saccharomyces cerevisiae, meiotic recombination

is initiated by a double-stranded DNA break (DSB), the

formation of which is catalysed by the DNA topoiso-

merase-II-related protein Spo11 (REFS 4,5); in addition to

Spo11, DSB formation requires at least 11 other pro-

teins6. The broken ends are processed by 5′ to 3′ degra-

dation7, and the resulting 3′ single-stranded ends invade

the homologous chromosome, which results in the for-

mation of a HETERODUPLEX (FIG. 1). Where the heterodu-

plex region includes DNA sequences that are derived

from two different alleles, a DNA mismatch will be gen-

erated. Correction of the mismatch (when the invading

strand is used as the template) results in gene conver-

sion3. The frequency of gene conversion is therefore

directly related to the frequency of local initiation of

recombination. In S. cerevisiae, the frequency of gene

conversion for different loci varies from 0.5 to 72%,

with a median frequency of 4–5%1.
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Meiosis-specific double-stranded DNA breaks. As first

shown at the ARG4 locus9, sequences that stimulate

meiotic recombination are associated with local meio-

sis-specific DSBs. Such studies are usually conducted in

strains that contain the rad50S mutation, which allows

DSB formation but blocks subsequent processing of the

DNA ends8. Deletions that reduce the frequency of

DSBs in the hot spot simultaneously reduce the fre-

quency of gene conversion9–11. Studies of various

genomic locations in S. cerevisiae lead to the general

conclusion that DSB sites occur between genes rather

than within genes12–14. In addition, high levels of local

DSBs are generally associated with regions of elevated

recombination and vice versa. One exception to this

generalization is that DSBs within heterozygous inser-

tions sometimes fail to stimulate crossovers between

homologues (H. Kearney, D. Kirkpatrick, J. Gerton and

T. Petes, unpublished data). In strains that are heterozy-

gous for a recombination hot spot, conversion events

that result in loss of the hot spot are more common

than events that result in duplication of the hot spot15,16.

This result supports the view that hot spots usually act

as a recipient during heteroduplex formation, which is

in agreement with the DSB-repair model of recombina-

tion17 (FIG. 1).

At the ARG4 and HIS4 loci, the frequency of gene

conversion is highest for markers that are located near

the 5′ end of the genes and declines for markers near the

3′ end of the gene18. Gradients in conversion frequencies

(termed ‘polarity gradients’) have been interpreted as

indicating that recombination events initiate in inter-

genic regions at the high end of the gradient. This inter-

pretation is confirmed by the observation that deletions

that remove sequences upstream of ARG4 and HIS4

reduce recombination and eliminate the gradient15,16. In

contrast to the ARG4 and HIS4 hot spots, the ade6-M26

hot spot is intragenic19.

For several of the S. cerevisiaehot spots, the positions

of the DSBs have been mapped to single-base-pair reso-

lution20–23. In all hot spots, DSBs occur in many posi-

tions within a region of 100–500 bp. Deletions that

remove the preferred sites of DSB formation do not

eliminate DSB formation, which indicates that the sites

of breakage might be position-specific and not

sequence-specific10. Although no obvious consensus

sequence for the break sites has been noted,

Blumenthal-Perry et al.24 reported a degenerate motif

that might be associated with a subset of yeast hot spots.

Meiosis-specific DSBs have also been detected in S.

pombe25,26; preliminary evidence indicates that there are

preferred sites for DSB formation located near the ade6-

M26 hot spot (G. Smith, W. Steiner, R. Schreckhise and

E. Hartsuiker, personal communication).

Chromatin structure and transcription. Chromatin

that is transcriptionally active often exhibits increased

sensitivity, or hypersensitivity, to the action of nucleas-

es. Similarly, the chromatin that contains recombina-

tion hot spots is hypersensitive to nucleases12,27–30.

At some27,30, but not all28, loci, a meiosis-specific

increase in nuclease sensitivity is detected before DSB

Approximately ten recombination hot spots have

been analysed in yeast, but the initiation of recombina-

tion has been examined in most detail in four: ARG4,

HIS4 and HIS4LEU2 in S. cerevisiae, and ade6-M26 in

Schizosaccharomyces pombe. Unlike the other hot spots,

the HIS4LEU2 hot spot was artificially (and fortu-

itously) generated by an ectopic insertion of yeast

LEU2 and a 77-base-pair (bp) insertion of bacterial

DNA immediately adjacent to HIS4 (REF. 8). In the

remainder of this section, I discuss generalizations

about hot-spot function on the basis of analysis of

these hot spots, as well as genome-wide studies of the

distribution of recombination events.

HOLLIDAY JUNCTION

When two DNA molecules

exchange DNA strands

(producing a heteroduplex), the

point of the exchange is called a

‘Holliday junction.’
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Figure 1 | Double-stranded-break-repair model of recombination. The Watson–Crick
strands of the DNA duplexes are shown for each chromatid; ovals indicate the centromeres.
Dashed vertical lines show the boundaries of a marker gene and the small red circles represent
mutant subsitutions (the small blue circles represent the wild type). Recombination is initiated
by a double-stranded break (indicated by an arrow) on one of the four paired chromatids. In
subsequent panels of the figure, only two of the four chromatids are depicted. The ends of the
broken DNA molecule are processed by 5′ to 3′ degradation (step 1). The 3′ terminus of the
left-hand end invades the unbroken DNA molecule, and primes DNA synthesis (indicated by 
a dotted line), displacing the resident strand. The displaced strand pairs with the single strand
that contains the mutant substitution, which results in a heteroduplex with a mismatch (step 2).
The mismatched base is removed and the resulting gap is filled in (step 3) using the displaced
strand as a template. These steps result in a gene conversion event (three meiotic products
with the wild-type allele and only one with the mutant allele). The structure shown after step 3
has two HOLLIDAY JUNCTIONS. Cleavage of these junctions can lead to retention of the flanking
sequences in the parental configuration (step 4a) or generation of a crossover (step 4b)17.
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on the chromosomal location of the ARG4

sequences44, and the activity of ade6-M26 of S. pombe

is also context dependent45. In addition, in certain

chromosomal contexts, although the ARG4 promoter

region is still nuclease hypersensitive, this region is

not susceptible to DSB formation44, which indicates

that local changes in chromatin structure are not 

sufficient for hot-spot activity.

There is also evidence for interactions between

hot spots. Wu and Lichten44 found that deletions of

regions that had high levels of DSB formation could

stimulate DSB formation at other local sites. A related

observation is that insertion of a hot spot next to a

pre-existing hot spot often reduces the activity of

both hot spots21,44,46,47. So, there is local competition

for the ability of sequences to undergo DSB forma-

tion. It is likely that this competition involves the

potential to form adjacent DSBs, rather than the

direct suppression of one DSB on DSB formation

nearby48. Although the strongest inhibitory interac-

tions occur between hot spots that are located on the

same chromosome, trans (interhomologue) inhibito-

ry interactions between hot spots have also been

observed21,49. As described above, 12 copies of

(CCGNN) stimulate gene expression and hot-spot

activity, but 48 copies of the same repeat stimulate

gene expression and repress hot-spot activity42. The

mechanism of this suppression is not understood,

although it might be related to the competitive inter-

actions between hot spots, because a tandem array of

48 (CCGNN) repeats could act as four (CCGNN)
12

competing hot spots42.

A second argument that recombination activity is

regulated, at least in part, by global features of chromo-

some structure is that DSB sites are often clustered. This

has been shown using Southern blot analysis13,50,51and in

a recent genome-wide survey14. Gerton et al.14 measured

DSB activity for all the yeast genes by using Spo11–DNA

complexes isolated from meiotic cells4 as a hybridization

probe for yeast microarrays that contain all 6,200 yeast

open reading frames (ORFs). In this analysis, non-ran-

dom clustering of hot ORFs was evident14. Furthermore,

many yeast hot spots are associated with genomic

regions of high G + C base composition14. In FIG. 2, the

recombination activities of each ORF on chromosome

VI are shown. Chromosome VI has seven hot spots, con-

taining a total of 18 hot ORFs; criteria for determining

the statistical significance of these hot spots and for clus-

tering hot ORFs into hot spots are described in Gerton et

al.14. Although the spacing of hot spots seems random,

there is a significant association between the location of

hot spots and the base composition of the chromosome.

When the base composition of yeast chromosomes is

scanned using a 5-kb moving window, striking patterns

of peaks of high G + C are observed52.As shown in FIG. 2,

many of the recombination hot spots occur near or at

peaks of high G + C. We refer to the hot spots that are

associated with high G + C content as ‘γ’-hot spots. No

significant associations are observed between hot spots

and repetitive DNA elements, such as replication origins,

tRNA genes, or transposable elements.

formation, and alterations of the hot-spot sequences

that elevate or reduce hot-spot activity are correlated

with increases or decreases, respectively, in the sensitiv-

ity of the hot-spot chromatin to nucleases. The avail-

able data indicate that nuclease-hypersensitive chro-

matin might be necessary, but not sufficient, for

hot-spot activity. Furthermore, delaying meiotic DNA

replication results in the delayed formation of

DSBs31,32. This delay seems to be established locally on

the chromosome, because restricting the delay in repli-

cation to a particular chromosomal region specifically

delays DSB formation within that region31. It is possi-

ble that this delay reflects the time required to re-

model chromatin to a meiosis-specific form.

At some hot-spot loci, the binding of specific tran-

scription factors is required for hot-spot activity. The

Bas1, Bas2, Gcn4 and Rap1 transcription factors bind to

the upstream region of HIS433–35. By deleting the tran-

scription-factor-binding sites or the genes that encode the

transcription factors, White and colleagues36,37 showed

that Bas1, Bas2 and Rap1 were required for hot-spot

activity, but Gcn4 was not. However, deletion of the

upstream TATAA sequence, which substantially reduces

transcription,has no effect on the activity of the HIS4 hot

spot38. So, the HIS4 hot spot requires the binding of tran-

scription factors, but not a high level of transcription,

although, to fully stimulate hot-spot activity, the tran-

scription factors require an intact activation domain39.

The ade6-M26 allele differs from the wild type by a

single-base-pair change19. This alteration allows binding

of the heteromeric transcription factor Atf1/Pcr1

(Mts1/Mts2), and this binding is required for ade6-M26

hot-spot activity40. As observed with HIS4, the elevated

frequency of recombination is not a consequence of ele-

vated levels of transcription41. We have called recombi-

nation hot spots that require the binding of transcrip-

tion factors ‘α’-hot spots39.

Some hot spots seem to correspond to regions of

nuclease-sensitive chromatin that are not associated

with transcription-factor binding. For example, one

type of recombination- and transcription-stimulating

insertion consists of 12 tandem repeats of (CCGNN)42.

These tandem repeats are poor substrates for nucleo-

some formation in vitro43, and chromatin containing

the (CCGNN)
12

tract is hypersensitive to DNase I (REF.

42). Because no known transcription factor is capable of

binding the (CCGNN) repeats, it is likely that they

stimulate recombination and gene expression by a

mechanism that is different from that of the α-hot

spots; hot spots created by nucleosome-excluding

sequences have been termed ‘β’-hot spots42. Another

potential example of a β-hot spot is the tandem array

of four (CGGATCCG) repeats that elevates activity of

the HIS4LEU2 hot spot21.

Global regulation of recombination. Several observa-

tions indicate that hot-spot activity is not regulated

exclusively at a local level. For example, the activity of

some hot spots is context dependent; the level of

recombination and DSB formation associated with

the ARG4 hot spot varies at least four-fold depending
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effect’54. The relationship between this effect and the

suppression of meiotic recombination near the telom-

ere is not clear.

In S. pombe, meiotic recombination in the 15-kb

region between mat2 and mat3 is very strongly sup-

pressed55; gene expression at these loci is also sup-

pressed. Mutations in several genes simultaneously ele-

vate gene expression of mat2 and mat3, and elevate

meiotic recombination56. Two of the proteins that are

required for silencing of gene expression in this region

are Clr4, a homologue of a histone H3 methylase, and

Swi6, a silencing protein that recognizes the Clr4-

induced methylation of histone H357.

In summary, some ‘cold’genomic regions (telom-

eres, centromeres and mating-type loci) seem to be

chromosomal domains with modified histones that are

recognized by proteins that silence both gene expression

and recombination (α-cold spots). In contrast to these

regions, in which recombination is actively suppressed,

there might also be other regions that are cold because

they lack hot spots (β-cold spots). One would expect

that a hot-spot sequence inserted within an α-cold spot

would be inactive for recombination, whereas a hot spot

inserted into a β-cold spot would be active. By this crite-

rion, the cold region near the centromere of chromo-

some III seems to be a β-cold spot58. It is also possible

that the lack of G + C peaks near many yeast cen-

tromeres (for example, CEN6; FIG. 2) also contributes to

the lack of recombination.

Hot spots in mammals

To what extent are the rules that govern hot spots and

cold spots conserved between yeast and mammals? I

briefly summarize conclusions derived from meiotic

recombination studies done in mice and humans.

Hot-spot mapping. There are three methods that have

been used to map hot spots in mammals. The classical

method is to correlate physical distances with genetic

distances established by standard (pedigree-based)

linkage analysis59. The resolution of most such studies

is limited by the density of markers and the number of

individuals examined. Despite these limitations, several

important conclusions concerning meiotic recombina-

tion have been made. First, the number of recombina-

tion events per kilobase of DNA is, in general, much

smaller for mammals than for yeast. There is an average

of 1 centiMorgan (cM) per 3 kb in S. cerevisiae3; the

average in humans is about 1 cM per 103 kb (REF. 59).

This huge difference might be related to the observa-

tion that human DNA is compacted in meiosis 20-fold

more than is yeast DNA60. Second, in humans, females

have significantly more meiotic recombination than

males, with total map lengths of 44 and 28 Morgans,

respectively59 (FIG. 3); sex specificity for recombination

activity has also been observed in mice61. Third, the fre-

quency of recombination is affected by chromosome

structural elements. In males, but not females, meiotic

recombination near the centromere is substantially

reduced. In both sexes, recombination near the telom-

eres is elevated, but the elevation is greater in males

In summary, no unique property of DNA sequence

or structure has been associated with yeast recombina-

tion hot spots. Significant associations have been estab-

lished that relate hot spots to nuclease-hypersensitive

intergenic regions and regions of high G + C base com-

position. Below, I argue that many of these properties

might be related to patterns of the post-translational

modification of histones.

Recombination cold spots. In S. cerevisiae, cold spots

have not been studied intensively. As described above,

the tandem array (CCGNN)
48

suppresses recombina-

tion42. In addition, Lambie and Roeder53 showed that

the centromere of chromosome III locally repressed

both crossing-over and gene conversion. In rad50S

strains, DSB formation is usually low near cen-

tromeres and telomeres13,14,51. In RAD50 (wild-type)

strains, however, DSB formation at the telomeres is

repressed less than in rad50S strains31, so one must be

cautious in interpreting the distribution of recombi-

nation observed in this mutant background.

Vegetative gene expression is also reduced at the

telomeres, a property called ‘telomere position
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Figure 2 | Global regulation of hot-spot activity. Hot-spot activity of open reading frames
(ORFs) relative to base composition on yeast chromosome VI (data from REF. 14). The ORFs
are depicted as two lines of rectangles (Watson strand on the top line) at the bottom of the
figure. Base composition (top of the figure) was measured in a 5-kb sliding window shifted at
1-kb intervals. The four peaks marked with arrows have a G + C content that is 3% or more
higher than the average for the chromosome. Hot-spot activities are represented as lines
above each ORF. These activities were calculated from seven experiments in which genomic
microarrays were hybridized to two probes, one representing total genomic DNA (P1) and 
one enriched for double-stranded-break-associated sequences (P2). The P2/P1 ratios were
calculated for each ORF and each microarray, and these ratios were used to rank the
samples. ORFs were classified as ‘hot’ if they ranked in the top one-eighth in at least five of
the seven experiments. Hot-spot activity was calculated as the log10 of the median P2/P1
ratio for each ORF14. All the hot spots in the figure, except 6-3 and 6-4, contain more than
one ORF. For example, hot spot 6-7 includes five hot ORFs. ORFs were clustered into single
hot spots if they were adjacent to, or separated by, a single non-hot ORF. Four (6-1, 6-2, 6-5
and 6-7) of the seven hot spots are within 2.5 kb of the marked peaks of high G + C. CEN6

indicates the position of the centromere.
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physically distant markers might reflect reduced

recombination between the markers and, conversely, if

two nearby markers are in linkage equilibrium, there

might be a recombination hot spot between the two

markers64. This method was used to localize a hot spot

near the human TAP2 (ATP-binding cassette, sub-fam-

ily B (MDR/TAP), member 3) locus to a resolution of

about 1 kb (REFS 65,66) (FIG. 3). It should be pointed out

that the recombination hot spots might represent a

complicating factor in the use of linkage disequilibrium

studies to look for candidate disease genes65. Caveats in

using linkage disequilibrium to map hot spots are dis-

cussed by Hedrick64.

The more direct method of high-resolution map-

ping of hot spots is to use sperm DNA as a PCR tem-

plate. In one study, which involved the examination of

602 individual sperm from a single donor, 29 recombi-

nants were mapped at 7 polymorphic loci in a 280-kb

interval67. In a second study, batches of DNA that con-

tain about 10,000 sperm samples were first screened by

PCR to identify those with a crossover in a 5-kb inter-

val at the TAP2 hot spot66. The position of the

crossovers was then mapped more precisely using

additional polymorphic markers. Most occurred in a

1.2-kb interval (FIG. 3b). In the male, recombination

rates for this interval are elevated about tenfold relative

to the average66. In females, the activity of the TAP2

hot spot is even more striking: it is 20- to 40-fold more

active than in males65,66.

Hot-spot mechanisms in mammals. Because only a few

hot spots have been mapped to high resolution in mam-

mals, it is difficult to make generalizations. A meiotic

recombination hot spot in the mouse MHC locus (the

Eβ-hot spot) is associated with transcription-factor-

binding sites and regions of DNase I hypersensitivity68;

this hot spot seems to resemble a yeast α-hot spot.

Three human hot spots have been mapped to a resolu-

tion of 1–2 kb: the MINISATELLITE-associated hot spot

MS32 (REF. 69), a hot spot for unequal crossovers that are

associated with deletions that give rise to hereditary

neuropathies70,71, and the major histocompatibility

complex (MHC)-associated TAP2 hot spot66. None of

these hot spots are associated with promoter sequences

and there are no significant shared motifs66.

Although no shared sequence has been observed

among all the hot spots, there is evidence to indicate

that some mammalian hot spots might be associated

with G + C-rich repetitive DNA sequences. For

example, several human minisatellites, such as CEB1

and MS205, are unstable and are extremely G + C

rich (79 and 74%, respectively)72–74. These observa-

tions indicate that γ-hot spots might exist in mam-

mals. In addition, the common poly(GT) repeat,

which stimulates recombination in yeast75,76, is corre-

lated with regions of high recombination in a low-

resolution analysis of human chromosome 22 (REF.

77); an analysis of other human chromosomes indi-

cates that this correlation is weak63. There is also a

positive, but weak, correlation between high G + C

content and regions of high recombination63,78.

than in females59. Fourth, in addition to the effects of

chromosome structure, regional differences in recom-

bination frequencies are observed. For example, on

chromosome 22, there are several non-telomeric

regions with elevated recombination frequencies62 (FIG.

3). The hot regions shown in FIG. 3a do not contain sin-

gle, small hot spots, but represent 1-Mb areas of elevat-

ed recombination. Similar regions are observed on

other human chromosomes, described by Yu et al.63 as

recombination ‘jungles’.

Two other methods, analysis of LINKAGE DISEQUILIBRIUM

and single-sperm DNA typing, allow more precise hot-

spot mapping. Linkage disequilibrium between two
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expected from the product of

the observed allelic frequencies
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Figure 3 | Genetic mapping in the human genome.

Mapping regions of high and low recombination in humans
at two different levels of resolution. a | Linkage map of
human chromosome 22q. These maps are based on
genotyping short tandem repeat polymorphisms in eight
Centre d’Étude Polymorphisme Humaine families63 (see link
to Marshfield Clinic). The y axis represents cumulative
recombination distances measured from the centromere of
chromosome 22 for females (red), males (blue), and the
average of males and females (grey). The x axis represents
physical distance from the centromere. Arrows indicate
regions of elevated recombination. b | Mapping of the TAP2

(ATP-binding cassette, sub-family B (MDR/TAP), member
3) recombination hot spot on human chromosome 6. Allele-
specific PCR methods were used to identify crossovers in
sperm DNA isolated from a male heterozygous for a large
number of single-nucleotide polymorphisms near TAP2

(REF. 66). The dotted line represents the average frequency
of crossovers in the male meiosis. A clear recombination
hot spot is observed within a large intron (black bar) of
TAP2 (red bars are exons). (Redrawn with permission from
REF. 66 © (2000) Oxford University Press.)
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methylation. The transcriptional activator CARM1

(coactivator-associated arginine methyltransferase-1) has

a methyltransferase activity specific for arginine residues

in H3 (REF. 91). By contrast, methylation of Lys 9 of H3 by

the murine SUV39H methyltransferase seems to be asso-

ciated with transcriptional silencing92. This methylation

results in the binding of a specific type of silencing pro-

tein (the CHROMODOMAIN-containing HP1 class)57,93.

Phosphorylation of histones is also linked to many

cellular events87. Phosphorylation of H3 on Ser 10 is

associated with both transcriptional activation94 and

chromosome condensation95. In response to DNA dam-

age, in mammalian cells, a variant H2A histone (H2A.X)

is phosphorylated on a serine residue that is located near

the carboxyl terminus96. In yeast, the comparable phos-

phorylation event on H2A requires the Mec1 kinase97.

The last class of histone modification that will be dis-

cussed is ubiquitylation. Robzyk et al.98 recently showed

that H2B undergoes Rad6-dependent ubiquitylation 

in yeast. Strains with a mutation of the target residue

(Lys 123) grow slowly and fail to undergo meiosis. It is

not clear whether the failure to undergo meiosis repre-

sents the loss of expression of genes that are required for

this cellular process or the loss of a particular type of

chromatin that is required for meiosis.

Many types of histone modifications have been

described. Several (although not all) of these modifica-

tions seem to loosen chromatin structure, which results

in increased levels of transcription. One complication in

understanding the roles of these modifications is that

some modifications seem coupled. For example, some

HATs preferentially acetylate H3 that has been phos-

phorylated at Ser 10 (REF. 99).

Histone modifications and recombination

As discussed above, there is evidence for three different

types of recombination hot spot:α (which requires tran-

scription-factor binding), β (which contains nucleo-

some-excluding DNA sequences) and γ(which is associ-

ated with regions of high G + C base composition).These

categories are not necessarily mutually exclusive.
Although it is possible that these three types of hot spot

involve intrinsically different mechanisms, I suggest that

all three might be mechanistically related. Below, I argue

that hot spots have two properties: first, a chromosomal

region with highly modified histones, which potentiate

the initial interactions between the chromosome and the

recombination machinery; and second, intergenic DNA

sequences in this region that are unbound by nucleo-

somes or transcription factors (naked DNA) and are sus-

ceptible to the action of Spo11.

I suggest that an early step in the initiation of recom-

bination is an interaction of the recombination complex

with a region of open chromatin that has highly modified

histones. The α-hot spots use transcription factors to

attract the complexes (HAT complexes or others) that are

required to modify the histones in the hot-spot region

(FIG. 4). The β-hot spots are hot for two different reasons.

First, their nucleosome-excluding properties allow entry

of the histone-modifying complexes in the absence of

transcription factors. This hypothesis is supported by the

Although the DNA lesion that initiates meiotic

recombination has not been defined in mammalian

cells, it is likely to be a DSB, because proteins that are

homologous to yeast Spo11 exist in both mice and

humans79–81. Furthermore, mice that are homozygous

for a Spo11 mutation are sterile, which is consistent with

the Spo11 protein having an important role in the initi-

ation of recombination82,83.

It is likely that in mammals, as in yeast, recombina-

tion rates are regulated at two levels: first, at the level of

gross chromosome structures (suppressed recombina-

tion at the centromeres in males and enhanced recom-

bination at the telomeres); and second, at the local level

(locally open chromatin or properties of local DNA

sequences). In humans, unlike yeast, the hot spots

analysed so far are not associated with promoters.

Histone post-translational modifications

One factor that is likely to be relevant to hot-spot activi-

ty is the accessibility of DNA to the recombination

machinery. The packaging of DNA into nucleosomes

reduces the accessibility of the DNA to sequence-specif-

ic DNA-binding proteins, such as those involved in the

activation of transcription84. The amino-terminal ‘tails’

of histones, particularly histones H3 and H4, are suscep-

tible to various post-translational modifications, includ-

ing acetylation, methylation, phosphorylation and ubiq-

uitylation85–87. Before considering a possible role for

these modifications in recombination, I first review

some of the connections between histone modifications

and cellular processes, such as gene expression, chromo-

some condensation and DNA repair.

Histone acetylation, primarily on several lysines in

the amino-terminal tails of H3 and H4, has been studied

more extensively than other modifications.Acetylation is

often associated with the activation of transcription88.

One strong line of evidence that supports this associa-

tion is the finding that several transcriptional activators

are histone acetyltransferases (HATs) and several repres-

sors of transcription are histone deacetylases (HDACs).

Histone acetylation promotes transcription by allowing

a more open chromatin configuration. One complica-

tion is that certain acetylation events, such as acetylation

of Lys 12 of H4, are associated with transcriptional

silencing rather than activation89. So, the position of the

acetylation or the combination of acetylation with other

modifications (such as phosphorylation) might deter-

mine which biological function is affected86. The level of

histone acetylation for different promoters is expected to

reflect the way in which various transcription factors

interact with HATs and HDACs of various specificities.

One important interaction is likely to be between BRO-

MODOMAIN motifs of transcriptional activators and repres-

sors with modified histones. For example, the bromod-

omain of the HAT co-activator P/CAF interacts

specifically with a lysine-acetylated H4 peptide90. In

addition to affecting gene expression, acetylation of

histones is associated with chromatin assembly after

DNA replication86.

Another histone modification that can be associated

with changes in gene expression in mammalian cells is

BROMODOMAIN

A protein motif (originally

defined in the Drosophila

Brahma protein) that is

involved in binding certain

acetylated histones; often

associated with transcriptional

activation.
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proceed and, in addition, is one of the signals 

recognized by the recombination machinery.

An alternative possibility is that the yeast cell con-

tains proteins that recognize and bind G + C-rich DNA.

These proteins could directly interact with the recombi-

nation machinery or result in histone modifications

that encourage interactions with the recombination

complex. One argument for the possibility of such pro-

teins is the recent report of mammalian receptors that

specifically recognize bacterial DNA with a high fre-

quency of CpG pairs106. One evolutionary advantage for

a mechanism that would target the recombination

machinery to G + C-rich regions is to rid the yeast cell

of foreign DNA. As discussed previously, in recombina-

tion events that involve heterozygous hot spots, these

hot spots are preferentially lost. So, in cells that are het-

erozygous for a G + C-rich insertion, a mechanism that

targets the recombination machinery to G + C-rich

DNA would result in loss of the insertion.

Once chromatin has been modified through the

mechanisms proposed, I suggest that the recombination

machinery can bind to the region and initiate DSB for-

mation. The efficiency of binding might simply reflect

the total number of chromatin-loosening histone modi-

fications or the recognition of a specific pattern of his-

tone modifications86. It is also possible that chromatin

re-modelling that is independent of histone modifica-

tions, such as that done by the Swi/Snf complexes84, is

recognized by the recombination complexes.

observation that nucleosome-excluding sequences, such

as (CCGNN)
12

and poly(A), stimulate both transcription

and recombination42,100. Second, the nucleosome-free

region of DNA that is associated with β-hot spots is

unlikely to be bound by transcription factors and is,

therefore, accessible to Spo11.

In contrast to the α- and β-hot spots, the γ-hot spots

would not be expected to represent ‘open’chromatin. I

suggest that high G + C regions might represent DNA

sequences that result in transiently stalled DNA-replica-

tion forks. Modification of histones in the region of the

stalled forks might be required to allow replication to

proceed. Although there is no direct evidence in favour

of post-translational modification of histones at stalled

replication forks, several observations are consistent with

this possibility. First, strains with mutations in MEC1,

which encodes a CHECKPOINT protein with protein kinase

activity101,102, are sensitive to drugs that reduce the rate of

DNA synthesis103,104. It has been suggested that the essen-

tial function of Mec1 is to prevent replication fork block-

age by elevating nucleotide pools105.Alternatively (or in

addition), Mec1-dependent phosphorylation of histones

might loosen the chromatin, allowing continued synthe-

sis from blocked replication forks; Downs et al.97 found

Mec1-mediated phosphorylation of H2A as part of the

response of yeast cells to DNA damage. In summary, I

suggest that high G + C regions might result in replica-

tion fork blockage and subsequent local modification of

histones. This modification allows DNA replication to

CHROMODOMAIN

A protein motif that is involved

in binding certain methylated

histones; often associated with

transcriptional repression.

CHECKPOINT

A position in the cell cycle at

which progression can be

arrested to complete a cellular

function, such as the repair of

DNA damage.

a  α-hot spot Histone acetylase/
remodelling complex

Acetylation
Phosphorylation

b  β-hot spot

c  γ-hot spot

Figure 4 | Three types of recombination hot spot. Nucleosomes are indicated as yellow cylinders, and intergenic regions as
white and coloured bars. Post-translational modifications of nucleosomes are shown as small red balls (acetylation) or blue balls
(phosphorylation). a | α-hot spots: their activity is dependent on transcription-factor (green) binding. The transcription factor
tethers a histone acetyltransferase (HAT) or other chromatin-loosening complex (blue) to the region. b | β-hot spots: the
intergenic DNA sequence (orange bar) is intrinsically ‘open’. Consequently, HAT complexes are able to acetylate the flanking
nucleosomes in the absence of a transcription factor. c | γ-hot spots: these have high levels of G + C (blue bar). Two possibilities
are presented: stalled replication forks in the high G + C region result in Mec1-mediated phosphorylation of histones in the
flanking nucleosomes (top), or a DNA-binding protein (pink; with affinity for G + C-rich sequences) stabilizes the interaction of a
HAT complex to the region (bottom). 
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hypersensitive chromatin is necessary, but not suffi-

cient, for hot-spot activity. Third, because histones

can be acetylated in large regions comprising many

genes107, the clusters of hot spots, as observed in

yeast13,14, are expected. Fourth, the model is consis-

tent with the context specificity of hot spots that are

observed both in S. cerevisiae44,58 and S. pombe45. Fifth,

Borde et al.31 showed that delaying meiotic DNA

replication also delayed DSB formation; the delay in

DSB formation could represent the time necessary to

modify histones after DNA replication.

There are several possible tests of the model. One

would expect that mutations in HATs and HDACs

would affect meiotic recombination hot-spot activity.

For genes that are activated by histone acetylation,

mutations in the relevant acetyltransferase would be

expected to reduce gene expression and simultane-

ously reduce hot-spot activity. Changes in genome-

wide gene expression profiles have been examined in

strains with mutations that affect various HATs,

HDACs, or chromatin remodelling factors108–110. A

useful test of the model would be to do a global analy-

sis of hot-spot activity14 in strains with these muta-

tions. An alternative approach is to measure the level

of histone modifications for hot-spot and non-hot-

spot sequences by using chromatin immunoprecipita-

tion with antibodies that are directed against modi-

fied histones. Given the plethora of histone

modifications, this type of analysis will have to be

done with many antibodies with different specificities.

Finally, I have suggested that G + C-rich sequences

might result in blocked replication forks, and subse-

quent local Mec1-dependent phosphorylation of his-

tones. Regions of stalled replication can be visualized

by two-dimensional agarose gel electrophoresis,

and histone phosphorylation can be examined by 

chromatin immunoprecipitation experiments.

In conclusion, the distribution of meiotic recom-

bination events is one example of a problem in which

investigations on a genome-wide basis are likely to be

particularly informative. Although many of the

details of the model described above are almost cer-

tainly incorrect, it is unlikely that models focused

exclusively on the local details of chromatin structure

and DNA sequence will successfully explain the

mechanism of hot spots and cold spots. An under-

standing of such mechanisms is crucial not only  for

understanding the recombination process, but also

for the maximal use of recombination-based meth-

ods for identifying disease-associated human genes.

Although an interaction between the recombina-

tion machinery and modified chromatin might be

necessary for hot-spot activity, it is not sufficient.

DSBs are formed primarily in nuclease-hypersensitive

intergenic regions12. The preferred target of Spo11 is

likely to be DNA sequences that are free of nucleo-

somes and unbound by transcription factors. When

DSBs were mapped at a hot spot resulting from inser-

tion of telomeric repeats that contain three Rap1-

binding sites, breaks occurred immediately adjacent

to, but not within, the telomeric repeats, as expected if

transcription-factor binding prevents cleavage in the

telomeric sequences23. In addition to being free of

nucleosomes or transcription factors, another impor-

tant factor might be the susceptibility of the DNA to

Spo11 cleavage. From the analysis of in vivo cleavage

sites, although there is no pronounced specificity, cer-

tain sequences (such as poly(A))20 are avoided.

From the considerations described above, cold

spots could lack recombination for several reasons. It

is likely that some cold spots are in chromosomal

regions (such as the telomeres and centromeres of

many organisms) that lack a sufficient level of histone

modifications to attract the recombination machin-

ery. Alternatively, they might represent regions with

the ‘wrong’ type of modification (those that lead 

to silenced, inaccessible chromatin); methylation of

histones, for example, is connected with the silencing

of gene expression in Drosophila and S. pombe92. It is

also possible that a cold spot represents a promoter in

which all DNA sequences are bound to transcription

factors or other proteins and, therefore, is inaccessible

to the recombination complex. Finally, some DNA

sequences, such as poly(A), might not be a good sub-

strate for Spo11. As in the case of hot spots, the level

of recombination for each gene is likely to reflect an

integration of all these factors.

Conclusions

The level of meiotic recombination hot-spot activity,

as measured by monitoring DSBs, is likely to reflect

the integration of regional chromosome modifica-

tions and local characteristics of the DNA sequence

in the intergenic regions (FIG. 5). This model has sev-

eral appealing features. First, it is consistent with the

observation that hot-spot activity is associated with

transcription-factor binding (and, presumably,

recruitment of chromatin-modifying complexes),

but not with transcription per se. Second, the model

agrees with the observation that intergenic nuclease-

Figure 5 | Hot-spot activity in a model chromosome. Genes are shown as large rectangles
and intergenic regions as small rectangles. Hot-spot activity is represented by the small circles
under each intergenic region. Colour code from ‘hottest’ to ‘coldest’: red, orange, yellow,
green and blue. The activity of each hot spot represents an integration of the activities of both
the intra- and intergenic regions.

Links

DATABASE LINKS Spo11 | ARG4 | HIS4 | ade6 | LEU2 |

rad50S | Bas1 | Bas2 | Gcn4 | Rap1 | Atf1 | Mts1 | RAD50 |

Swi6 | CEN6 | TAP2 | Spo11 | CARM1 | Mec1 | Rad6 | 

Swi | Snf
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