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Summary
Meiotic recombination occurs preferentially at certain
regions called hot spots and is important for generating
genetic diversity and proper segregation of chromo-
somes during meiosis. Hot spots have been character-
ized most extensively in yeast, mice and humans. The
development of methods based on sperm typing and
population genetics has facilitated rapid and high-
resolution mapping of hot spots in mice and humans in
recent years. With increasing information becoming
available on meiotic recombination in different species,
it is now possible to compare several molecular features
associated with hot-spot loci. Further, there have been
advances in our knowledgeof the factors influencinghot-
spot activity and the role that they play in structuring the
genome into haplotype blocks. We review the molecular
features associated with hot spots in terms of their
properties and mechanisms underlying their function
and distribution. A large number of these features seem
to be shared among hot spots from different species
suggesting commonmechanisms for their formation and
function. BioEssays 28:45–56, 2006.
� 2005 Wiley Periodicals, Inc.

Introduction

Meiosis is a special type of cell division generating haploid

gametes fromdiploid parental cells.Most of our understanding

of the recombination process in meiosis have come from

studies of lower eukaryotes, in particular Saccharomyces

cerevisiae. The prophase stage of meiosis I is the defining

stage of meiosis since it is characterized by the formation of

double-strand breaks (DSBs) by theSpo11 endonuclease that

initiates recombination,(1) homolog pairing through DSB-

dependent and -independent mechanisms,(2) formation of

the synaptonemal complex (SC) and chiasma between the

homologs (Fig. 1). The temporal sequence of these events is

likely to be different in D. melanogaster and C. elegans based

on the studyofmutants of spo11 homologs in these organisms

that eliminate DSB formation but allow normal SC formation

and synapsis. The repair of the DSBs that give rise to both

conversion and crossover events through distinct pathways

have been reviewed recently.(3) Meiotic homologous recombi-

nation serves two basic functions. It resorts the linkages

between newly arising alleles to provide genetic diversity and it

is required for the appropriate segregation of homologous

chromosomes during meiosis.

Meiotic recombination occurs more frequently in some

regions of the genome called hot spots because of the non-

random distribution of DSBs that initiate the recombination

events. The methods used to identify recombination hot spots

in yeast, mice and humans are summarized in Fig. 2. While

biochemical approaches have been used in yeast to map hot

spots since synchronized meiosis can be induced in them in

combination with mutant strains that arrest at certain steps of

the recombination pathway, such approaches have been

difficult in mammalian systems because of the asynchronous

nature of gametogenesis and lack of a suitable in vitro cell

culture model for the meiotic division process. Sperm typing

and linkage disequilibrium mapping (See Box 1) have there-

fore been more successfully used to identify hot spots in

mouse and humans. Meiotic recombination hot spots have

been globally mapped in the yeast genome(4) by using DNA

samples enriched for meiosis-specific DSBs as hybridization

probes on DNA microarrays comprising 6200 yeast open

reading frames (Fig. 3). While this has given invaluable

knowledge regarding the distribution of hot-spot sites, detailed

analysis of recombination activity has been examined in only a

few hot spots. These are the ARG4,(5) HIS4,(6) HIS4LEU2,(7)

CYS3,(8) and HIS2 (9) hot spots in S. cerevisiae, and the M26

hot spot in Schizosaccharomyces pombe.(10) Comparison of

the properties of these yeast hot spots with those character-

ized in the mouse and human genomes has led to the

understanding that many of the recombination pathways used

in yeast might also be conserved in higher organisms.(11)

Since meiotic recombination events almost exclusively occur
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inside hot spots, they offer a way to learn about processes

associated with recombination. Furthermore, a comprehen-

sive knowledge of the hotspots would enhance our ability

to map disease alleles by their association with other

markers since hot spots influence local patterns of linkage

disequilibrium.

The recombination rates vary significantly in different spe-

cies. The average recombination rate in yeast is 370 cM/Mb,(12)

in rat it is 0.60 cM/Mb, in mouse 0.52 cM/Mb and in humans

1.13 cM/Mb.(13) This clearly shows that humans have about

twice as many recombination events as rodents while the

recombination rate for yeasts is substantially higher. The

frequencyof recombinationat thehot spots in different species

is also quite different. A 1–10% crossover frequency at hot

spots is not unusual for yeasts(12) while for humans a 0.3%

crossover frequency at the SHOX hot spot is the highest so

far.(14) It is not clear at present howsuch diverse recombination

rates are manifested in different organisms. Despite these

differences in recombination rate and hot-spot strength, there

is a striking similarity in the molecular features that are shared

by all of them. The present review summarizes these features

and shows how they may help us to understand factors

responsible for the occurrence of hot spots.

Properties of meiotic recombination hot spots

The initiating sites for DSB formation in yeast and humans

mediated through Spo 11 are not distributed randomly and

occur in highly localized regions spread over 70–250 bp with

no particular sequence preference,(15,16) unlike the case in

bacteria where recombination occurs at a particular defined

sequence ‘chi ’.(17) Recent studies on the mechanism of

removal of Spo11 in yeast and mouse has demonstrated an

endonucleolytic cleavage action wherein the released Spo11

is attached to short oligonucleotides constituting DNA

sequences in the vicinity of the DSB of less than 50 bp.(18)

Theseoligonucleotides sequencescomprise twodistinct sized

groups of 24–40 nucleotides and �15 nucleotides that are

due to asymmetric nicks generated presumably by the Mre 11

endonuclease around the DSB. As a consequence, the

biochemical distinction of the two ends of a single DSB is

created at the initiation stage itself and constitutes an

important revision in our understanding of the repair of meiotic

DSBs. Although DNA sequence analysis has not revealed any

conserved consensus sequence found at all DSB initiation

sites, a common homology region (CoHR) of 50 bp with a

poly(A) tract in the center has been identified in yeast, based

on the DNA sequence analysis of six well-characterized DSB

Figure 1. Sequenceof eventsassociatedwith recombination inmeiotic prophase in different species. The formationofDSBs, synapsis of

homologous chromosomes, assembly of the SC to further stabilize the pairing and generation of mature recombinants are seen to occur

in a different temporal sequence in A: S. cerevisae,(94) Mus musculus,(95) homo sapiens, B: C. elegans,(96) Drosophila(97) and C:
S. pombe.(98) These differences show that, although meiotic recombination pathways are conserved, diverged organisms utilize them in

different ways.
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initiation sites.(19) Though initially this gave a rational basis for

the creation of DSB sites, more recently Haring et al.(20) have

shown that deletion of the CoHR motif does not affect the

frequency of DSB initiation. The non-random distribution of

the initiating sites is also reflected in the highly clustered

distribution of the hot spots. This has been reported in the

yeast,(4,15)mouse and humanMHC regions(16,21) and near the

ATH1 gene on mouse chromosome 1.(22) The significance of

such a clustering of hot spots in termsof themechanismsused

in chromosome segregation and genomic diversity remains to

be elucidated.

Size of the recombination hot spot
Crossovers at all the recombination hot spots identified so far

in yeast, mice and humans have a small width of 1–3 kb. This

has been observed at the ARG4,(5) HIS4 (6) and CYS3 (8) hot

spots in yeast and at the Psmb9 (23) and Eb (24) hot spots in

mouse. The human hot spots in the MHC class II regions also

show clustering of crossovers in narrow hot spots of 1–2 kb

width(16) and so do the hot spots at the SHOX gene(14) and at

the minisatellite MS32.(25) These common widths possibly

imply common mechanisms of recombination initiation and

resolutionat all hot spots.Asaconsequence,manyof theother

Figure 2. Mappinghot spots in yeast,miceandhumans.Recombinationhot spotshavebeen rapidlycharacterized in simpler systems like

yeast by biochemical approaches,while the identification ofmeiotic hot spots inmouseandhumanshasacceleratedonly recently due to the

development of single molecule methods that allow recombinant DNA molecules to be recovered directly from sperm DNA(99) and the

development of a number of statistical genetic analysis tools to detect recombination events from patterns of DNA sequence variation in

populations.(100) A: Hot spots in yeast have been mapped used a ChIP (Chromatin immunoprecipitation) on CHIP (microarray) approach

whereDNAbound to proteins involved in recombination is immunoprecipitated and used as a probe on genomicmicroarrays to identify high

frequency initiation sites. B: Hot spots in mice have traditionally been identified by setting up an outcross initially between strains to get

heterozygousmarkers, followed by a backcross or intercross to identify meiotic exchange sites.C:Amore recent approach involves use of

spermPCRon F1 heterozygousmice.D: In humans, regions showing lackof association between polymorphic alleles (D0 �1) can be used

to identify putative hot spots. E: These can be experimentally verified by performing PCR on sperm DNA obtained from individuals having

heterozygous markers in these putative hot-spot regions and determining the number of recombinant sperms. If additional heterozygous

markers are available in the region, then conversion events can also be examined.
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shared properties of hot spots in several species include

similar lengths of DNA lost by resection of the 50 end of the

DSB, gradients of gene conversion extending from localized

initiation sites, preferential conversion by recombination sup-

pressing alleles and the ability of single base changes to alter

recombination frequencies. The crossover break points at

most of these hot spots are also distributed symmetrically.

Crossover hot spots are also gene
conversion hot spots
The recombination hot spots are sites for initiation and

resolution of both crossovers and conversion events.(23,26)

Decreasing gradients of gene conversion on both sides of the

DSB initiation site and co-conversion of markers flanking the

initiation site suggesting the extension of conversion tracts in

both directions from the DSB site were initially experimentally

demonstrated for the ARG4(5) and HIS4(27) hot spots in yeast.

Conversion tracts have also been experimentally observed at

thePsmb9hot spot inmicewith anaverage length of 480 bp(23)

while analysis of three human hot spots DNA3, DMB2 and

SHOX again showed presence of short conversion tracts

(�300 bp in average). In mammals, there has been no

evidence so far for kilobase-long conversion tracts as seen

often in yeast,(28) causedpresumably byextensivemigrationof

the Holliday junction. Most of the conversion tracts observed

both inmouseandhumansare short andof the same length as

the hot spot itself.(3) The coincidence of crossover hot spots

with gene conversion hot spots also explains the paradoxical

observation of low LD between markers at short distances

(�5 kb) in the midst of regions showing high LD over longer

distances (�100 kb).(29)

Hot spots are evolutionarily transient
The presence of heterozygous alleles at the hot-spot interval

that vary in initiation rates can cause crossover asymmetry

and transmission distortion. The reason for this is that the

majority of the crossovers will arise from initiations on the

active haplotype. This will result in the replacement of markers

from the initiating chromosome with those from the non-

initiating chromosome during DSB repair, resulting in their

overtransmission and eventual loss of the hot spot.(30) This

suggests that hot spots would be short lived on evolutionary

timescales; this is supportedby the lackof congruence seen in

hot-spot activity and position in closely related species.(31–35)

Recent studies have provided mechanistic support for this

hypothesiswherein SNPs has been found at theDNA2 (11) and

NID1(36) hotspots in humans whose alternative alleles show

differences in the frequency of crossing over, which could over

a period of time result in loss of the hot spot.

Meiotic hot spots and chromatin structure
A chromosomal region of open or accessible chromatin

structure has been shown to be necessary to potentiate the

initial interaction between the chromosome domain and the

recombination machinery. The influence of chromatin struc-

tureonhot-spotactivitywassuggested initially for theHIS4LEU2

hot spot where a tandem array of four (CGGATCCG)

repeats supposedly creates a nuclease-sensitive chromatin

by being a poor region for nucleosome formation and

stimulates recombination.(37) Hot spots that function as a

consequence of such open chromatin structures, which

usually show DNase I hypersensitivity (DHSS), have been

termed as b hot spots(12) (Table 1). In S. cerevisiae, a close

correlation between the location of DHSSs and the distribution

of recombination hot spots has been observed. It has also

been reported that DHSSs are established before entry into

meiosis and that DHSSs associated with hot spots are

preserved constitutively in mitotic and meiotic cells.(38) More-

over, the chromatin at hot spots have been shown to display a

meiosis-specific increase in nuclease hypersensitivity before

DSB formation.(39) However, not all nuclease hypersensitive

sites are DSB hot spots and there is no correlation between

the degree of nuclease hypersensitivity and the frequency of

DSB formation.(40) In mice, the presence of DHSSs close to

the Eb hot spot has been observed in spleen, liver and

pachytene nuclei.(41) The Psmb9 hot spot also contains

Box 1. Glossary

Linkage Disequilibrium (LD): Linkage disequili-

brium is the non-random association of alleles at two or

more loci on a chromosome where two alleles are

observed together at a frequency greater than the

product of their individual frequencies.

Conversion tract: Region inside the hot-spot

intervalwherein alleles on the chromosome that initiates

double-strand breaks are replaced in a non-reciprocal

manner by alleles from the homologous non-initiating

chromosome.

Histone acetytransferases (HATs): Histone

acetytransferases are a family of proteins that catalyze

the formation of an amide bond between the epsilon-

amino group of an amino-terminal lysine residue of one

of the core histone proteins (H2A, H2B, H3 and H4) and

a few non-histone substrates with acety CoA. They can

be Type A HATs, which are present in the nucleus, or

Type B HATs, which are found in the cytoplasm.

Scaffold/matrix-associated region (S/MAR):

DNA elements ranging from a few hundred bases to a

few kilo bases found at the base of chromatin loops that

mediate attachment of the 30 nm chromatin fiber to the

nuclear matrix (at interphase) or scaffold (at M phase

when chromosomes condense).
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DHSSs in somatic nuclei from liver and spleen but not in

pachytene nuclei.(42)

The formationof anopenchromatin structure canalsoarise

as a consequence of modification of histone tails through

methylation, acetylation or ubquitylation. This hypothesis

has received considerable support in recent literature and is

also implicated in modulating transcription levels through a

combinatorial effect of such modifications that constitute a

histone code.(43) For example, mutants of the HIM-17 gene in

C. elegans, which is required for methylation of histoneH3, are

defective for meiotic recombination.(44) Two other studies in

S. cerevisiae have also implicated histone modifications such

as methylation on histone H3 and ubiquitylation on histone

H2B in DSB formation.(45,46) It has also been demonstrated

that histones H3 and H4 in the vicinity of theM26 hot spot are

hyperacetylated in S. pombe during meiosis by the HAT

Gcn5.(47) These studies clearly establish correlations between

meiotic DSB formation and certain histone modifications.

Histone modifications are speculated to promote DSB forma-

tion either through effects on higher order chromatin compac-

tion(44) or by providing local ‘marks’ at the chromatin level that

recruit proteins involved in DSB formation.(12) Future experi-

ments using chromatin immunoprecipitation techniques

should help clarify the role of a possible histone code in

modulating hotspot activity.

The effect of chromatin structure on hot-spot activity in

yeast is also substantiated from the observation that a

recombination reporter placed at different positions in the

genome assumes the properties of its location: insertions into

cold regions give low DSB levels and insertion into hot regions

Figure 3. Chromosomal map positions of 177 hot spots (red) and cold spots (green) in S. cerevisae. Ovals indicate centromeres. The X

axis shows nucleotide distance in kilobases while the Yaxis indicates chromosome number. Reproduced with permission fromGerton JL,

DeRisi J, Shroff R, Lichten M, Brown PO et al. 2000 Proc Natl Acad Sci USA 97:11383–11390.
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give high DSB levels.(48) In mammals, the effect of imprinting

on recombination frequencies gives another example of the

role of chromatin structure. Differential imprinting between

males and females often results in the formation of hot spots

that are sex-specific due to differential accessibility of the

recombination machinery for the DNA.(49,50) One way this

could arise is through methylation of CpG sequences that can

suppress crossing over as has been demonstrated in the

fungus Ascobolus immerses.(51) This type of methylated DNA

may suppress recombination by being refractory to meiotic

endonucleases, by alterations in chromatin structure and

transcription levels, by perturbation of proper pairing between

homologs or by impairing the normal processing of recombi-

nation intermediates.Modifications in chromatin structure that

enhance recombination activity can therefore occur through

several mechanisms.

Matrix-associated regions and meiotic hot spots
Scaffold/matrix-associated regions (S/MARs) are DNA ele-

ments 300 bp to several thousand basepairs long thatmediate

attachment of the chromatin to the nuclear scaffold and

are separated by loops of approximately 5–100 kb. S/MARs

are proposed to have a role in meiotic pairing since they are

associated with sites of open chromatin and unwind easily in

response to superhelical stress,(52) which facilitates homology

testing without requiring DNA breaks.(53) Experimental de-

monstration of the association ofS/MARelementswithmeiotic

loci has been found to be true for the Ea, Pb and Psmb9

mouse MHC hotspots and a 17.2 kb hot spot on chromosome

8 C-D.(101) Predicted S/MAR regions are also observed at

thePGM1hot spot inhumans.(54)Sequenceanalysis of a15kb

region surrounding the 3 kb hot spot at 16p13.3 also shows

association of DNA unwinding elements, which is one of the

properties associatedwithMARelements.(55) These observa-

tions suggest that a subset of S/MARs associated with the

meiotic chromosome cores are converted into crossover

regions, for at least some recombination hot spots, which is

a distinct possibility considering that they are capable of

undergoing stress-induced duplex destabilization. Since the

mechanisms throughwhichMARelementsmay influence hot-

spot function have not been experimentally elucidated, it is

also entirely possible that, given the similar density in the

distribution of meiotic hot spots and S/MAR elements in

the genome, the overlap observed between the two at many of

the hot spots is purely coincidental with no functional relation-

ship. However, since other DNA transaction processes like

replication and transcription are associated with the nuclear

matrix, there is a distinct possibility that the recombination

process is also facilitated through association with the nuclear

matrix.

Mechanisms of meiotic hot-spot function

Timing of hot-spot activity
The mechanism of selection of potential DSB sites by Spo 11

or the pre-DSB complex leading to activation of specific hot

spots is not clear, though it is hypothesized that this may be

mediated through interactions with unidentified components

of the replication machinery. The timing of replication and

recombination events are seen to be correlated in yeast with

premeiotic DNA replication being necessary prior to initiation

of meiotic recombination.(56) It has also been suggested that

Table 1. Distribution of well characterized meiotic hot spots in yeast, mice and humans based on mechanisms

known to promote hot spot activity

aa hot spots bb hot spots gg hot spots

HIS4 (yeast)(7) HIS4LEU2 (yeast)(8) Chromosome 6 hot spots 6-1;6-2;6-5;6-7 (yeast)(6,13)

M26 (yeast)(81) CYS3 (yeast)(9) 16p13.3/MS205 (human)(52)

ARG4 (yeast)(1) M26 (yeast)(81) MS32 (human)(24)

Psmb9 (mouse)(22) Psmb9 (mouse)(22)

Pb (mouse)(61) Eb (mouse)(23)

17.2 kb (mouse) (Nishant et al., 2004) Ea (mouse)(77)

MS32 (human)(24) Pb (mouse)(61)

TAP2 (human)(62) 17.2 kb (mouse)(101)

PGM1 (human)(51)

16p13.3/MS205 (human)(52)

b globin (human)(31)

IGF2-H19 (human)(47,48)

15q11-q13 (human)(47,48)

Many hot spots can be seen to be present in more than one class indicating multiple mechanisms involved in initiating recombination.

aa hot spots: hot spots associated with transcriptionally active regions, bb hot spots: hot spots associated with nucleosome excluding sequences, gg hot
spots: hot spots associated with GC rich DNA sequences. While a and b hot spots represent open chromatin permitting access to the recombination

machinery, the g hot spots have been suggested to represent sequences that result in transiently stalled replication forks. This stalling would cause histones to
be modified to allow replication to proceed and such modified histones could be recognized as a signal by the recombination machinery.(20)
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DSB-forming factors may be loaded onto chromosomes

during premeiotic DNA replication in a way similar to that

seen for establishment of sister chromatid cohesion. This

hypothesis is supported by the observation that, when

replication is blocked, DSBs do not form and, when replication

of a certain chromosomal region is delayed, DSB formation is

accordingly delayed.(57) The relationship between replication

disruption and absence of recombination is not linked to a

replication–checkpoint-dependent regulatory block to meiotic

progression(58) and depends instead on a direct mechanistic

link between the two processes. This is also supported by the

observation that Spo 11 is required for normal progression

through premeiotic S phase.(59)

Transcription and hot-spot activity
The relationship between transcription and hot-spot activity

was first observed for the HIS4 and M26 hot spots. The HIS4

hot spot requires the binding of transcription factors Bas1,

Bas2 and Rap1 at the upstream region for hot-spot activity,(60)

while the M26 hot spot requires the binding of the hetero-

dimeric transcription factor Mts1/Mts 2 at the heptameric

sequenceATGACGT for hot-spot activity.(61) Similarly deletion

of the poly(AT) tract located near the TATA element of the

ARG4 gene confers a three-fold reduction in recombina-

tion.(62) It is also observed that most naturally occurring hot

spots in S. cerevisae lie in promoter regions of genes.(63)

However, transcription per se may not be required for

DSB formation, since deletion of the TATA box at HIS4

markedly diminishes transcription without affecting recombi-

nation activity.(64) Genome-wide identification of recombina-

tion hot spots in yeast also reveals that, out of 20 DSBs that

were mapped to intergenic regions, 13 were located at the 50

end of two genes, six were located between the 30 end of one

gene and 50 end of another gene, while only two were found

between the 30 end of two genes.(4) These results suggest

that recombination initiation in yeast occurs preferentially at

promoter elements that are associated with transcription

factor binding and such hot spots are referred to as a hot

spots (Table 1). The binding of transcription factors may

stimulate recombination in two ways. They may recruit

chromatin remodeling factors such as HATs that alter

chromatin structure and make it nuclease hypersensitive(65)

or they may recruit the recombination machinery to the DSB

sites. The mouse MHC hot spots notably Psmb9 and Pb are

also found to be associated with transcription-factor-binding

sites. Transcripts from the Psmb9 gene are, however, de-

tected in spleen cells but not in the testis suggesting that the

transcriptional state is not directly related to the recom-

binational activity at the Psmb9 hot spot. The mouse Pb gene

is not transcribed indicating that it is a pseudogene.(66)

Presence of a non-coding RNA transcript expressed in

somatic cells as well as in the testis has also been observed

near a 17.2 kb hot spot in mice.(101) In humans, the

transcription factor AP-1 binding sites are observed at the

MS32 (25) and TAP2 hot spots.(67) The human MHC hot spots

analyzed to date are also seen to be present near transcribed

regions and have not been observed in non-coding regions. A

recent study based on the population genetics of an European

population using the Seattle SNP database has found

evidence for the existence of human a recombination hot

spots similar to those in yeast.(68) A correlation between hot

spots and gene density has also been observed in two recent

studies on fine-scale recombination rate variation in hu-

mans,(69,70) although it must be stressed that there is no

obvious pattern of hot-spot location within a gene: they could

lie in introns, exons or promoter regions.

Sex-dependent activation of hot spots
In addition to sex-specific variation in recombination rates,(71)

activity of some of the hot spots in mice and humans have

been shown to be sex dependent and function only in males

or females. These include male-specific hot spots in the

subtelomeric region of chromosome 16p13.3(55) and at the

PAR1(72) locus. Both male- and female-specific meiotic

recombination hot spots have been reported in the Prader–

Willi/Angelman syndrome imprinted region on chromosome

15q11-q13.(50) Hot spots that function only in male meiosis

have been reported at the IGF2–H19 region on chromosome

11p 15.5.(49) In humans, males show higher recombination

rates towards telomeres while females show higher rates

towards centromeres,(73) which could be a consequence of

different densities/intensities of hot spots in males and

females in these chromosomal regions. These sex-specific

hot spots arise for several reasons. For example, the SHOX

hot spot at the PAR1 locus is likely to be male specific due

to the requirement of a obligatory crossover between X and

Y chromosomes during male meiosis. In contrast, male and

female hot spots on 15q11–q13 and 11p 15.5 are a con-

sequence of imprinting. However, the basis for the presence of

male-specific hotspots on subtelomeric regions, for example

on chromosome 16p13.3 is unclear. In mice, the MHC hot

spots also show sex-specific differences in hot-spot activity

suggesting the involvement of cis-acting factors. For example,

recombination at the Psmb9 hot spot in the genetic crosses

involving the wm7 haplotype is observed only in female

meiosis. This has been suggested to be as a result of a cis-

acting element in the wm7 haplotype distal to the hot spot,

which acts as a suppressor of recombination in male meiosis,

and another cis element proximal to the hot spot, which

facilitates recombination in females.(74) More recently, based

on comparisons of recombination in meiocytes from XY sex-

reversed and XO females with that in meiocytes from XX

female and XY male mice, it has been suggested that, rather

than the genotype, the sex-specific differences in the pairing

and synapsis of homologous chromosomes cause the
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observed differences in the pattern ofmeiotic exchanges seen

between males and females.(75)

Haplotype-dependent activation of hot spots
A unique feature of the mouse MHC hot spots is that their

activity depends on the haplotype of the MHC locus, in the

genetic crosses. Recombination in crosses between d, b, k, s

and f haplotypes occurs exclusively at the Eb hot spot.

Recombination in crosses between k and p haplotypes occurs

at the Ea hot spot. Crosses involving the cas3 and wm7

haplotypes show hot-spot activity at Psmb9 and genetic

crosses that include the cas4 haplotype have recombination at

thePb hot spot. The influence of haplotype on hot-spot activity

was also recently shown in an high-resolution study of the Eb

hot spot by spermPCR inmice hybrid strains carrying the b, d,

k or p haplotypes crossed with the s haplotype.(24) Due to the

presence of the s haplotype, which is most active in initiating

recombination, the Eb hot spot showed crossover asymmetry

and overtransmission of markers from the recombination-

suppressed non-s haplotypes into the crossover progeny.

Based on the study, the initiation efficiency of the dif-

ferent haplotypes was seen to decrease in the order

s> k> (b, d )> p.(24) Haplotype-specific recombination activ-

ity has also been observed at the human HLA locus(76) though

it has not been as well characterized as in the mouse. Multiple

sequence differences including nucleotide substitutions,

insertions or deletions are likely to be responsible for the

differences in hot-spot activity observed on different haplotype

backgrounds. For example, in the case of the Psmb9 hot spot,

the active cas3 haplotype contains six copies of a TCTG

tetramer while the inactive b haplotype contains only four

copies.(77) Such differences between the haplotypes need not

be confined to the hot-spot interval itself andmay reside some

distance away and influence hot-spot activity as enhancers or

suppressors as speculated for the mouse Psmb9 hot spot.(74)

Repetitive DNA sequences in hot-spot activity
A weak association of GT repeats with three hot spots

identified in the human MHC has been observed(21) and they

have been shown to be concentrated in regions showing high

recombination rates on chromosome 22.(78) Hot spots

identified in the PGMI gene in humans also show presence

of (GT)21 and (GT)26 repeats.(54) A role for GT repeats in

meiotic recombination also comes from their enrichment in rat

synaptonemal complex associated DNA.(79) Several tetranu-

cleotide repeats have been shown to be present near some

meiotic hot spots. For example, the (CAGA)6 repeat has been

observed at the Psmb9 hot spot in the mouse MHC while the

Ea, Eb and Pb hot spots show the presence of (CAGG)5,

(AGGC)10, and (CCTG)2 repeats, respectively.(80) The most-

well-studied class of repetitiveDNAwith respect tomeiotic hot-

spot activity is the hypervariable minisatellite DNA sequence

(HVMS). In humans, hot-spot activity has been observed at

theMS32, CEB1 andNID1minisatellite loci while minisatellite

DNAmotifs are found at theEa, Eb, Psmb9 andPb hot spots in

the mouse MHC(80) and also at the 17.2 kb hot spot on mouse

chromsosome 8 C-D.(101) They are also highly enriched at

subtelomeric regions that exhibit high recombination rates.

Another class of repetitive sequences that has shown a weak

association with hot spots is the LTR elements. Solo LTR

elements have been observed at the Eb and Psmb9 hot spots

in the mouse MHC and the mouse LTR-IS sequences were

seen to be weakly associated with three of the hot-spot

segments (DPB1 to RING 3; BAT2 to LTA and HLA-F-

telomere) identified in a high-resolution studyof recombination

in the human MHC.(21) LTR elements are also present at the

human MS32 hot spot.(25) The middle repetitive mouse

transposable (MT) repeats represent another class of repeats

for which a role in meiotic hot-spot activity has been sug-

gested. They have been observed at the Eb, Psmb9 and Pb

hot spots in the mouse MHC.(80) In addition to the asso-

ciations seen between these repeat classes and meiotic hot

spots, occurrence of DSBs during meiosis has also been

reported near CAG repeat tracts and palindromic repeats

in S. cerevisae.(81,82) The association of some of the hot

spots with repeat sequences is paradoxical since it has

the potential to be detrimental for genome stability through

ectopic recombination with other members of these dispersed

repeat families and through expansion and contraction of

repeat tracts during DSB repair. It is therefore not surprising

that, in many eukaryotes, methylation, which suppresses

crossing over as discussed earlier, is triggered by DNA re-

peats as a result of a process called methylation induced

premeiotically induced methylation.(83)

Distribution of meiotic recombination

hot spots

Effect of chromosome position and size
Some hot spots in yeast have been shown to be active even

when moved to different genomic locations without altering

the local chromatin structure.(84) Changes in the chromatin

structure at different chromosomal positions can, however,

alter hot-spot function. For example, placing theARG4 gene in

a novel chromosomal context with altered chromatin structure

has been shown to result in loss of hot-spot activity.(85) High-

resolution mapping of hot spots on yeast chromosome III and

genome-wide mapping of hot spots in yeast have shown that

chromosomes can be subdivided into large hot or cold

domains for DSB formation.(4,15) While chromosomal hot

domains can show loss of hot-spot activity with changes in

chromatin structure,(85) it has also been demonstrated that

chromosomal cold domains can show presence of hot-spot

activity at defined DNA sequences by specific targeting of

Spo11 through fusion to the DNA-binding domain of Gal4

protein.(86) Hotspot activity is also affected by the presence or
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absence of other adjacent hot spots.(38) It is interesting to note

that there is a significant correlation between chromosome

size, the number of hot spots and hot-spot strength. The larger

chromosomes in yeast have more hot spots than the smaller

chromosomes, while the hot spots for the smaller chromo-

somes exhibit higher frequency of DSB formation than those

on the larger chromosomes.(4) Similarly, in humans, there is

a strong inverse correlation between the length of each

chromosome and its average recombination rate.(71) It is also

interesting to note that presence of a homologous chromo-

some, interhomologue pairing and sensing of DNA homology

is not necessary for DSB formation inS. cerevisae, though the

repair of these DSBs using the sister chromatid is inefficient in

haploid meiosis.(87)

Meiotic hot spots and haplotype block boundaries
Recent studies have demonstrated that the human genome is

organized into regions of high LD (haplotype blocks) sepa-

rated by short discrete segments of very low LD that are

ascribed to recombination hot spots. Experimental proof that

these LD/haplotype blocks result from the localization of

recombination to irregularly spaced hot spots can be seen

from the high-resolution analysis of LD in 216 kb of the MHC

class II region(16) and in a 206 kb interval on chromosome

1q42.3.(88) However, haplotype blocks have also been shown

to arise as a consequence of natural selection, population

bottlenecks or population admixture all of which can create

long-range LD.(89) In such cases, the haplotype blocks will

usually be specific to the population studied. However, several

studies have also demonstrated conserved positions of hot-

spot activity in different populations at some of the loci

studied.(54,89–91) This in turn results in conserved patterns of

haplotype blocks across populations through the overriding

influence of hot spots on population history in shaping LD

patterns. Although the role of recombination hot spots in

shaping haplotype structure has now been validated by the

correlation observed between sperm crossover hot spots and

regions showing LD breakdown on two different chromosomal

locus,(16,88) a few exceptions to this paradigm have also

emerged recently. This involves the identification of two sperm

crossover hot spots (NID1 and MS32) in regions showing

strongLDonchromosome1q42.3(88) andanother observation

of the absence of a sperm crossover hot spot in theMHC class

II locus at DPB1, which shows LD breakdown.(92) The

mechanistic basis for these exceptions is not yet clear, and it

has been suggested that the presence of sperm crossover hot

spots in regionsof strongLD ismost likely to bea consequence

of the hot spot being relatively too young to have influenced

patterns of allelic association. In contrast, the absence of

sperm crossover hot spots in regions that show LDbreakdown

has been suggested to be due to the presence of extinct hot

spots in the region. These exceptions support the argument

that hot spots are very fluid features of the genome on

evolutionary time scales and also reflect our lack of under-

standing of the mechanisms involved in hot-spot formation.

Perspectives

It is clear from the present overview of the molecular features

of meiotic recombination hot spots that they are extensively

shared between yeast, mice and humans and that the DNA

sequence, DNA structure and chromatin configuration have

overlapping roles to play in the establishment of a hot spot.

However, DNA sequence may have a principle role in

formation of hot spots since an open chromatin structure does

not necessarily result in formation of a hot spot.(38) This can be

best seen in the very different recombination landscapes of

the two sibling species of Drosophila, D. melanogaster and

D. simulans.(93) This is also reflected in a number of recent

studies of syntenic regions in closely related species,(31–34)

which share an overall high degree of 95–99% nucleotide

similarity but not the polymorphisms within the hot-spot

interval. For example, the TAP2 hot spot, which is active in

humans, was seen to be inactive in Chimpanzees and it was

also observed that two sequencemotifs implicated in hot-spot

formation varied between the two species at the hot-spot

interval. This includes a Pur bindingmotif found in humans but

absent in the Chimpanzee due to a single base pair difference

and two S/MARelements that were in different positions in the

two species.(32) In the b globin hot spot which is active in

humans but not in macaques, the helical stability of a (RY)n
repeat at the hot-spot interval implicated in hot-spot function is

seen to be higher in rhesusmacaques andmay be responsible

for the difference in hot-spot activity seen.(31) The ability of

single base changes to significantly alter initiation of DSBs is

also seen at allele specific hot spots like the DNA2 and NID1

hot spots in humans.(11,36) In addition, hot-spot activity differs

widely among yeast strains that show sequence differences.(4)

Together with the observation that crossing over frequencies

can differ between haplotypes, all these data suggest that,

instead of any unique single DNA sequence determinant of

hot-spot activity, there exist multiple fuzzy DNA sequence

determinants that influence recombination activity based on

the nature of the allele present.(11,24,33) These nucleotide

variations present inside the hot-spot interval could effect

significant changes in DSB initiation frequency through altera-

tions in DNA and chromatin structure, epigenetic mechanisms

and recognition of the trans acting recombination machinery

components. Unfortunately, we do not have sufficient informa-

tion yet on differences in hot-spot distributions in different

populations, which would be very useful in determining se-

quence variants that influence hotspot activity. Since linkage-

disequilibrium-based approachesmaynot be helpful in picking

up such differences in recombination rates in extant popula-

tions and sperm typing is not feasible across large genomic

regions in several populations, the recent finding of oligo-

nucleotides surrounding DSB sites being complexed with
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Spo11(18) opens up new methods of very high-resolution

identification of meiotic hot spots through their purification and

subsequent use as probes to identify homologous sequences

in the genome. The development of such techniques to

discover global genomic patterns of hot-spot distribution can

help usunderstand the influenceof theprimaryDNAsequence

on recombination rate variation. In contrast to the knowledge

available on the nature of the DNA sequence and chromatin

features of other processes like transcription or replication,

relatively little is known about their role in initiation of meiotic

recombination. Comparison of the DNA sequence and

chromatin properties associatedwith large numbers ofmeiotic

hot spots in closely related species or populations would be

required in future to determine the general principles that

operate to direct recombination events preferentially to certain

chromosomal regions.

Note added in proof

Since the acceptance of this review for publication, a report by

Myers et al. (Science 310, 321–324, 2005) describing the

genome wide identification of 25,000 human meiotic hotspots

has been published.
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