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Abstract

Recombination, together with mutation, generates the raw material of evolution, is essential for
reproduction and lies at the heart of all genetic analysis. Recent advances in our ability to
construct genome-scale, high-resolution recombination maps and new molecular techniques for
analysing recombination products have substantially furthered our understanding of this important
biological phenomenon in humans and mice: from describing the properties of recombination hot
spots in male and female meiosis to the recombination landscape along chromosomes. This
progress has been accompanied by the identification of trans-acting systems that regulate the
location and relative activity of individual hot spots.

In eukaryotic organisms in which recombination has been studied at sufficiently high
resolution and with large enough numbers of progeny, recombination events are not placed
randomly along chromosomal DNA but instead are concentrated in highly localized areas of
elevated recombination activity. These so-called hot spots are typically 1-2 kb long, are
surrounded by much longer regions that are essentially devoid of recombination and largely
define the genomic patterns of inheritance in each generation. More recently, studies of hot
spot regulation have emerged as models for studying the role of chromatin structure in
modulating DNA function. Therefore an understanding of hot spot biology has implications
for mechanistic studies of population genetics, evolutionary processes and DNA function.

In this Review we discuss several technical advances, including computational analyses of
human population-genetic data, sperm analyses and large-scale crosses in mice, that are
propelling current research. We review recent findings on the organization of recombination
along chromosomes and on the characteristics of hot spots and their recombination products.
This extends to the regulation of crossing over, both on a genome-wide scale and at the level
of individual hot spots, including the identification of a new trans-acting factor that has
implicated chromatin modification in recombination activation. Finally, we consider several
evolutionary aspects of hot spot biology. Throughout we attempt to frame important open
questions as well as describe the key experimental findings.
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We focus on the biology of hot spots in mammals, as this area has seen important advances
in recent years.

We relate these findings to relevant information from other species, especially
Saccharomyces cerevisiae and Schizosaccharomyces pombe, in which so many details of the
mechanisms of DNA exchange were first discovered. For additional views on the subject,
the reader is referred to several recent reviews!,

Methodologies

Historical overview

The first mammalian hot spot was discovered in 1982 (REF. 6) in the H2 region of mouse
chromosome 17 (Chr 17). This finding emerged from one of the first efforts to relate genetic
data to the molecular structure of a chromosome region, in this case a 200-kb segment that
was reconstructed by isolating overlapping cosmid clones. The first human hot spots were
discovered a few years later in the B-globin” and insulin regions® in the course of analysing
familial inheritance patterns. The ensuing 25 years saw the number of identified mammalian
hot spots increase incrementally, often by chance. The list of recognized hot spots now
includes Ath1 (also known as Tnfsf4)?, Scnml (REF. 10) and the HS22 region® in mice, at
least four hot spots in the H2 region12, and several human hot spots in the human leukocyte
antigen (HLA) region13-20,

The recent introduction of single-nucleotide polymorphism (SNP) genotyping has markedly
increased the number of known hot spots and therefore the repertoire of material available
for study. Additionally, the field has moved beyond the study of individual hot spots to their
distribution across mammalian genomes. These advances have largely relied on several
technical developments that are described in the following subsections: statistical analyses
of genetic variation data from human populations; large-scale analyses of pedigrees in
humans and mice; and molecular analyses of recombination hot spots in sperm samples from
both species.

Statistical analyses of genetic variation data

Human population studies have relied partly on the observation that adjacent SNPs tend to
form clusters, or haplotype blocks, that are 10-100 kb long. Within these blocks most or all
markers are in linkage disequilibrium (LD), and the block boundaries are correlated among
populations?!, Although the patterns of LD can be shaped by many factors — including
mutation, recombination, selection, population demography and genetic drift —
computational analyses of LD data with coalescent-based statistical methods have been used
to infer probabilities that haplotype boundaries represent historical hot spots. These studies
have greatly advanced our knowledge about the genome-wide distribution of recombination
events and about the potential cis-acting factors that regulate hot spot activity in
humans?2-25 (FIG. 1a). This correspondence has been validated by sperm-typing studies (see
later section): hot spots in the HLA region identified by sperm typing were also detected by
population studies?223 (FIG. 1 b) and, conversely, the existence of LD-predicted hot spots in
humans has been confirmed by sperm typing25.
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However, several observations suggest that the edges of haplotype blocks are not uniformly
coincident with hot spots. The recombination maps of human chromosomes in LD units per
Mb pair (which reflects historical recombination) and centimorgans (cM) per Mb pair
(which reflects one-generation recombination) are not entirely concordant?’. A high-
resolution genome-wide association study of recombination in 728 human meioses found
that only 60% of detected recombination events coincided with hot spots inferred from LD
analysis?8. Specific exceptions have also been reported at the level of individual hot spots2°.

Statistical analyses based on coalescent approaches are powerful in providing broad-scale,
high-resolution recombination maps (FIG. 1a). However, it is important to recognize that
they are limited in that they describe sex-averaged, historical recombination among
genetically heterogeneous populations.

Large-scale analyses of pedigrees in humans and mice

A more direct approach for studying hot spots that are currently active involves high-
resolution mapping of recombination events among the progeny of pedigreed families in
humans?8:30:31 or of crosses between inbred strains of mice32. For studies of hot spot
regulation, animal models provide the advantages of quantitative precision through the use
of large-scale crosses between genetically identical parents, the ability to distinguish
between male and female recombination and the ability to detect effects of genomic
imprinting by comparing recombination in F4 hybrids derived from reciprocal matings. FIG.
2 depicts male and female recombination patterns in a cross between two inbred mouse
strains32,

The drawback of all large-scale, high-resolution efforts is their cost; collecting and
genotyping thousands of offspring, even in the case of mice, is expensive.

Molecular analyses of recombination hot spots using sperm analyses

Studies of human hot spots have focused on the use of sperm as representatives of a large
number of individual progeny from individual males; this overcomes the difficulty of
obtaining and genotyping large human families and the effect that heterogeneous genetic
backgrounds have on the positioning of recombination. In mice, sperm studies have made it
possible to characterize the molecular structure of recombination products at individual hot
spots and assay for their presence or absence among members of genetically segregating
populations of animals.

Sperm assays rely on PCR amplification of DNA from either single sperm or pooled sperm.
In the single-sperm assay33:34, individual sperm are subjected to a round of whole-genome
amplification to permit multiple loci to be typed from the same sperm. Because of the
difficulties of carrying out large numbers of such reactions, single-sperm genotyping is most
useful for constructing genetic maps (by detecting reasonably high frequency crossovers
(COs) between distant genetic markers) but is less practical for studying recombination
events within individual hot spots3®.

Pooled-sperm DNA genotyping was developed to overcome the need to examine large
numbers of individual sperm and to allow detailed mapping within a hot spot of both CO
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and non-crossover (NCO) recombination events — the two alternative outcomes of repairing
the double-strand break (DSB) that initiates recombination14-16:36.37 To examine the
molecular details of individual recombination events, samples are diluted so that aliquots
rarely contain two recombinant sperm. To determine recombination rates, concentrations are
adjusted so that there is approximately one recombinant sperm per aliquot, and a
quantitative estimate of their numbers is obtained based on the fraction of positive samples.
Sperm typing has been used to characterize more than thirty hot spots, including TAP2
(REF. 19), the major histocompatibility complex (MHC) region!3 and the pseudoautosomal
pairing region38 in humans and Psmb9 in mice37:39,

A further development of pooled-sperm genotyping®C allows for unequivocal distinction of
single CO and NCO events and a direct estimate of their frequency and molecular structure.
The entire hot spot sequence is amplified with primers that are common for all recombinant
and non-recombinant products, and the products are cloned into Escherichia coli. Each
bacterial colony, which derives from the DNA of a single sperm, is then genotyped.

Pooled-sperm genotyping has the drawback that it is unable to create large-scale
recombination maps and sometimes presents difficulties in developing allele-specific
amplification based on a single-base-pair difference. These difficulties may be resolved with
the advent of high-throughput DNA sequencing®L.

Next, we describe the results of the approaches above for characterizing hot spots. These
results have been almost entirely consistent between human and mouse studies and provide
the context for examining the regulation of hot spot activity, the large-scale organization of
recombination along chromosomes and the evolutionary aspects of mammalian
recombination.

Properties of hot spots

Recombination at a hot spot (BOX 1 begins with a DSB, which is eventually repaired and
resolved as an NCO gene conversion or, less frequently, as a CO that results in the exchange
of flanking chromosomal sequences. Despite this extensive DNA repair, recombination is
not overtly mutagenic; fine mapping of recombination products has shown that the exchange
points of COs within a mammalian hot spot are precise to the base pair. Regulation can be
achieved at either the selection of initiation sites or the choice between pathways leading to
one of the two products above.

As described below, we now have a clearer picture of the molecular products of
recombination and the sensitivity of hot spots to several influences, including parental
imprinting, sequence variation and sex.

Hot spot anatomy

Studies in dense SNP regions show that exchange sites are spread over 500-2,000 bp and
form one or two partially overlapping normal distributions around a central point, reflecting
the outward migration of Holliday junctions (FIG. 3). By contrast, most NCO gene
conversions that have been analysed with sufficient resolution are localized in the central
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zone and typically involve less than 300 bp, and sometimes as little as tens of base pairs
(that is, only a fraction of the total hot spot)14:15:32.36.40 The implication is that although all
COs can be detected genetically, many NCOs are not detectable due to a lack of
appropriately located SNPs, making it difficult to compare the relative amounts CO and
NCO products between hot spots.

Relative rates of non-crossover gene conversions

One of the uncertainties of recombination biology is the fate of the 90% of DSBs that do not
become COs; presumably they become NCO conversions, but this has been difficult to
prove owing to the considerable variation (from >12:1 to 0.25:1) in the apparent relative
frequencies of COs and NCO conversions at human and mouse hot spots14:32:39.4243 Ag
noted above, this variation probably reflects the difficulty of detecting many NCOs.
Measurements of gene conversion frequencies are therefore minimal estimates.

Variation in hot spot activity

Imprinting

Recombination rates at individual hot spots vary over orders of magnitude, from below
0.001 cM to 3 CM11.13.16.32.39.44 1n hymans?3 and mice32, the number of hot spots with
different recombination activities follows a simple negative exponential relationship to their
activity. A physical model for this has been proposed in which hot spot activity is a function
of its DNA-binding characteristics32, which is interesting in light of the physical properties
of PR domain-containing 9 (PRDM9, also known as Meisetz), a protein that regulates hot
spot activity and is described in a later section.

Imprinting influences recombination in two ways: data suggest that imprinted chromosome
regions have higher than average recombination rates*>-47 and that the behaviour of
chromatids in the recombination process is influenced by their parental origin3248, In
humans, the insulin-like growth factor 2 (IGF2)/H19 and potassium voltage-gated channel
subfamily KQT member 1 (KCNQ1) somatically imprinted regions have elevated
recombination rates*®, and the Prader-Willi syndrome/Angelman syndrome imprinted
region shows sex-specific effects on recombination, with alternating domains of
recombination that are elevated in males or females*’. By comparing multiple hot spots,
Lercher and Hurst#® detected elevated female recombination rates in 13 out of 16 human
imprinted regions, and Sandovici et al.49 have reported higher historical rates of
recombination (measured indirectly by the size of LD domains) and an excess of
recombination hot spots in somatically imprinted human chromosome regions.

Imprinting also affects the behaviour of individual chromatids entering meiosis. This seems
to contradict our current understanding of how DNA methylation patterns are reset at each
generation, as in mice methylation is erased early in gestation. It is re-established before the
onset of meiosis in males, leaving both sets of chromatids identically marked, and only after
the onset of meiosis in females, again leaving both chromatids identical with respect to
methylation®0-53 (BOX 2). Despite this, Paigen et al.32 found evidence for parent-of-origin
effects on regional rates of recombination along mouse Chr 1, and Ng et al.*8 have
described a cluster of three imprinted hot spots in the somatically imprinted Kcngl region.
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There are two possible explanations for the apparent contradiction between the
recombination data and the evidence for erasure and re-establishment of methylation
patterns. First, the erasure of the original methylation pattern might be incomplete, leaving
some regions with a parental imprint (which suggests the existence of transgenerational
imprinting)®4-60. Second, the methylation mark may be totally erased but leave a historical
residue in the local pattern of histone modifications, which can survive DNA replication and
subsequently influence DNA methylation patterns®1:62, |t is worth pointing out that although
the three phenomena — the correlation between transcriptional imprinting and
recombination rates, direct imprinting of recombination activity and sex specificity of
recombination — are ostensibly distinct, they may all reflect differences in local chromatin
structure caused by DNA and histone modifications.

The recent expansion in our understanding of mammalian hot spots has highlighted several
questions, such as what determines the location and relative activity of hot spots? How do
chromatids recognize whether a partner is a sister or non-sister chromatid (BOX 2)? And
how is the choice made between the pathways leading to CO and NCO outcomes? The first
question is discussed in more detail below, and addressing the other questions should
become possible by applying new molecular and genetic technologies to the increasing
repertoire of hot spots that are available for study.

Regulation of hot spot activity

The location and relative activity of hot spots is determined both by their own DNA
sequence, which acts in a cis manner on each chromatid, and by transacting factors that
directly or indirectly interact with these sequences. Understanding how regulation is
achieved requires identifying both sets of elements and determining how they interact.

Cis regulation

In mice, cisregulation is apparent at the Psmb9 (REF. 39) and Hix1 (REF. 32) hot spots, in
which DNA sequence differences among strains affect both sex specificity and absolute
recombination rates on each chromatid. Similarly, the activity of the hot spot NID1 (REF
15) is influenced by a single SNP in the sequence motif CCCCACCCC2425 which is
causally associated with the activity of human recombination hot spots.

Finding these determinative mammalian sequences has been a challenge. Several genomic
properties show some correlation with hot spot locations, including GC content, repetitive
elements and gene density; however, none of them can be used reliably to predict hot spot
locations. The first strong indication that a consensus sequence element might define a
substantial number of hot spots was provided by Myers et al.24. They found that a
heptameric sequence (CCTCCCT) is enriched in human hot spots but only if it is embedded
in the transposon-like human element long terminal repeat 1B (THE1B) repetitive element.
This finding was subsequently refined2> to show that a degenerate 13-bp sequence
(CCNCCNTNNCCNC) is present in 41% of human hot spots. However, this sequence does
not by itself confer hot spot activity as it is also present in regions that do not show hot spot
activity. This finding is reminiscent of the cyclic AMP response element in S. pombe, which
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provides better activation of hot spot activity when embedded in an 18-bp consensus
element®3. No equivalent consensus element has been identified for mouse hot spots.

Trans regulation

The first indication that DNA sequences external to a mammalian hot spot might be
involved in determining hot spot activity came with the finding that sequences flanking the
Psmb9 hot spot in the H2 region of mouse Chr 17 strongly influence both its absolute and
sex-specific activityl2. Similarly, Neumann and Jeffreys20 found that men who shared an
identical 10-kb haplotype surrounding the MSTM1b hot spot nevertheless showed
substantial differences in hot spot activity, again implicating a role for external elements in
determining hot spot activity.

Trans regulation by Prdm9

Using a genetic screen designed to detect trans-acting regulatory factors, Parvanov et al %4
identified a trans-acting regulator of recombination located on Chr 17 that is required for
crossing over at multiple hot spots on Chr 1. At the same time, Grey et al.%5 reported that the
flanking element of the Psmb9 hot spot that controls crossing over at that hot spot is located
at some distance from the hot spot, again acting in trans. Both groups showed that the Chr
17 trans- regulators control the formation of COs and NCO gene conversions at sensitive
hot spots, indicating that they determine the activation of the recombination process, almost
certainly by affecting the location of the initiating DSB.

PRDMOQ is the trans-acting factor that controls hot spot activation in mice as well as the
factor that specifically binds to the 13-bp consensus matif that is common to many human
hot spots. It is also the hybrid sterility gene that prevents gene flow between subspecies of
Mus musculus6, which suggests an additional, important role in evolutionary speciation.
PRDM9 contains a KRAB protein-protein binding domain®’, a PR/SET domain that can
trimethylate histone 3 lysine 4 (H3K4)% and an array of 8-16 zinc fingers. It is expressed
only during early meiosis, and deficiency of the protein results in abnormal meiosis with
aberrant location of DSBs®8. The PR/SET domain is important in that H3K4 trimethylation
precedes recombination at the HIx1 and Psmb9 hot spots®® and potentiates hot spot activity
in S cerevisiae’®.

In mice, PRDMO activates Psmb9 and the hot spots on Chr 1 (REF 71), and the human
PRDMQ protein shows in vitro DNA-binding specificity for the 13-bp consensus motif,
described above, that is present in 41% of human hot spots’2. Further evidence for the role
of Prdm9 comes from computational analyses of its predicted DNA-binding sequences: it is
the only primate C2H2 zinc-finger protein for which the human, but not chimpanzee, allele
can bind the 13-bp motif’3, which is not present in chimpanzee hot spots. Additionally,
variant human Prdm9 alleles support recombination at different populations of hot spots’2.

The existence of a protein such as PRDM9 provides a resolution to the ‘hot spot paradox’:
because the initiating chromatid acquires the DNA sequence of its opposite partner, there
should exist strong evolutionary selection against hot spot survival as more active sequences
are replaced by less active ones6.74.75, The paradox lies in the observation that hot spots are

Nat Rev Genet. Author manuscript; available in PMC 2015 April 08.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Paigen and Petkov

Page 8

in fact abundant’. It is now clear that mutations in Prdm9 can create whole new populations
of hot spots in a single step, providing a simple means of replacing lost hot spots. Indeed,
this probably happened 1-2 million years ago for the common Caucasian allele of Prdm9
(REE 73). It is not surprising then that PRDM9 is highly polymorphic in mice and
humans’1:72 and in several other vertebrate and invertebrate species’®. Variation is
concentrated in the three amino acids of each finger that determine DNA binding”-73.76 and
seems to be under strong positive selection’®77. In addition to coding sequence changes,
minisatellite shuffling has added, subtracted and rearranged the order of the zinc fingers’2.

Prdm9 haplotype specificity

The allele of Prdm9 from the CAST mouse strain activates the HIx1 hot spot of the B6 strain
several times more efficiently than it does the CAST Hix1 allele32; a similar effect is seen at
the Psmb9 hot spot3?. These effects are probably a consequence of the hot spot paradox’4;
the CAST HIx1 sequence has probably been acquiring mutations that diminish its activity in
Mus musculus castaneus, whereas the B6 sequence has probably been conserved due to lack
of recombination in Mus musculus domesticus, in which the Prdm9 allele does not activate
this hot spot.

Other trims-acting controls

Hot spot activation is not the only aspect of hot spot function under distant control. Prdm9
can diminish recombination in some chromosomal regions®®, although it is unclear whether
this is a direct suppression of recombination or a secondary consequence of enhanced
activation elsewhere coupled with a fixed limit on the total amount of recombination on
each chromosome. Direct suppression of individual hot spots by CAST alleles of distant loci
in B6xCAST crosses has been observed, as has quantitative modulation of hot spot
activity’L. It is unclear whether these suppression and modulation effects are mediated by
Prdmo9. It is also not known whether the same factors determine both the location and
relative activity of hot spots, or whether two systems exist, one controlling location and the
other relative activity (see BOX 3 for a discussion of trans-acting controls in yeast).

We now turn to the issue of how the location and activity of hot spots affect the larger
pattern of recombination along chromosomes.

Recombination at the chromosomal level

The overall pattern of recombination in an organism reflects the aggregate behaviour of its
individual hot spots, the activities of which are affected by the multiplicity of effects
described above. Additionally, this pattern is affected by a set of interacting factors
operating at the chromosomal level, including sex, genetic interference and the positioning
of hot spots relative to centromeres and telomeres.

Sex-specific differences in recombination activity

In many organisms, the sexes differ in their overall recombination activity, which is
reflected in the lengths of their genetic maps. Female maps are longer than male maps in
humans, mice, dogs, pigs and Arabidopsis thaliana3278-82_ |n cows the two maps are
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approximately the same length83, and in sheep females have the shorter map84. Moreover,
the sex preference can vary from one chromosome to another.

Sex differences in the cumulative rate of crossing over along an entire chromosome are
intimately tied to the phenomenon of genetic interference. Although the physical basis for
interference is uncertain, it could involve the release of mechanical stresses associated with
chromatid twisting®-86. In mice, nearly all COs are separated by a minimum distance®’. In
the case of mammalian meioses, male and female interference distances are the same when
measured in microns of length along the synaptonemal complex (SC)®, but shorter in
females when measured in megabases of DNA sequence. This is because both mouse88 and
human8? female chromatids are less compacted and hence longer than their male
counterparts, with the result that there are fewer megabases of DNA per micron of length in
females (BOX 4).

The consequence is a greater opportunity to fit multiple COs along female chromatids and
hence a longer genetic map. A similar phenomenon is seen in higher plants2,

Interestingly, there is evidence that the locations of recombination-initiating DSBs are also
subject to interference, but necessarily at a much shorter distance88. Curiously, in the yeast
S cerevisiae, interference is seen between COs and between COs and NCOs but not
between NCOs%. In this regard, Baudat and de Massy*2 have suggested that the regulation
of NCO formation may be fundamentally different in yeast and mammals.

The existence of interference indicates that the fate of a DSB is determined by the fate of
adjacent DSBs as well as by its own properties. Clues as to how this communication is
achieved come from mutations that disrupt interference, such as the loss in mice of the
serine/threonine kinase ataxia telangiectasia mutated (ATM), which has an ill-defined role in
maintaining meiotic recombination®?, and the loss in Caenorhabditis elegans of any of the
subunits of condensin |, a protein component of the SC%2:93, This condensin | mutation and
the dependence on chromatid compaction described above suggest an important role for the
physical organization of the SC (BOX 4).

Sex differences in the distribution of recombination

In addition to the presence of sex-specific hot spots (BOX 5) and the role of interference,
there is considerable variation in the sex ratio of activity along the chromosome31-32 (FIG.
2). This is apparent in the extent to which crossing over occurs near telomeres in males,
which is likely to reflect the tendency for recombination to initiate more frequently near
telomeres in males owing to the shorter time allotted in that sex for bouquet formation34-9°,
In turn, this enhances the possibility of a second CO on the same chromosome and partially
overcomes the impact of differential chromosome compaction. By contrast, female
recombination is distributed relatively evenly along chromosomes39-3281.87 albeit with
alternating domains of higher and lower activity from centromere to telomere. The reasons
for these regional differences are unclear.
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Regulation of total recombination activity

Known genetic influence on number of chiasmata

There is considerable individual variation in overall rates of recombination both in men and
in women30:31.97-100 The first indication that such variation is at least in part genetically
determined came with the observation9? that the average number of chiasmata per male
meiosis (counted as MutL homologue 1 foci (MLH1 foci)) ranges from 21.5 to 24.9 among
four strains of inbred mice; this was later confirmed by the finding of heritable variation in
genomic recombination rates in a stock of genetically heterogeneous micel92, The existence
of such differences agrees with the ability to select for quantitative changes in recombination
rates in Drosophila species'93-105. Genome-wide association studies in human populations
have begun to identify some of the molecular components of the regulatory system that
controls rates of crossing over. Stefansson et al.2%8 found a 900-kb inversion on human Chr
17 that correlates with increased recombination rates in female carriers in the Icelandic
population, and Kong et al.197, studying the same population, found two polymorphisms
near the ring finger protein 212 (RNF212) locus that influence recombination frequencies in
both sexes, albeit in opposite directions; this latter identification has been replicated
independently, with the suggestion of additional locil®8. Although these polymorphisms
explain only a fraction of the variation in recombination rates among individuals, the ability
to map such loci provides a potential means of identifying the molecular components of the
control machinery. Proteins that contribute to the intensity of interference may well be the
sites of such variation given the importance of this phenomenon in deciding how many COs
can be present along a meiotic chromatid.

Relationship between numbers of double-strand breaks and crossovers

In addition to these known genetic effects, ‘crossover homeostasis’ describes the fact that a
reduction in the number of initiating DSBs does not result in a corresponding reduction in
the number of COs, which implies the existence of a regulatory system that maintains
sufficient crossing over in the face of variation in the number of DSBs. This phenomenon
was first seen in yeast mutants with reduced sporulation-specific 11 (Spo 11) activity109, and
it was subsequently reported in mice carrying only one functional Spo11 allele®L,

In mice, the number of DSBs initiating recombination (estimated from staining for RAD51
foci) is about ten times larger!10 than the number of COs (estimated from staining for
MLH1 foci)19 (see also REF. 111). This order of magnitude difference between the number
of DSBs and the number of COs raises several important questions: what happens to the rest
of the DSBs? (They must be repaired; see the section on NCO gene conversions.) How is the
tight regulation of CO number achieved? And what is the evolutionary significance of the
fact that across many species the number of COs is only slightly larger than the number of
chromosome arms!12:1137

We should note that although the rule of one obligate chiasma per chromosome arm is
widely accepted in the literature, the rule for humans now seems to be one chiasma per
chromosome rather than per arm, with some meioses having no chiasmata on smaller
chromosomes®14. In mice, the evidence favours the reverse situation, with one chiasma per
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arm rather than per chromosome, as strains with as few as 11 chromosomes — but with the
usual 20 arms as a result of centromeric fusions — do not have a reduced number of
chiasmatal1s.

Rates of hot spot evolution

Hot spot sequences and the macromolecular systems that recognize them must evolve in
synchrony. The available evidence suggests that this is quite rapid. To the extent they have
been tested, hot spots are not shared between humans and chimpanzees'16:117, There is also
strong evidence that hot spots are evolving rapidly in mice; there is only a weak correlation
between local recombination rates in crosses between different mouse strains®32,

The best example we have of evolution at a specific hot spot is the work of Jeffreys and
Neumannl’, which describes a human hot spot that is estimated to have arisen through a
single-base-pair substitution approximately 70,000 years ago (range 7,000-270,000 years
ago). In this hot spot the activating mutation is distinctly undertransmitted, and computer
simulations suggest that the hot spot will inevitably die.

Although hot spot usage is not well conserved among mouse strains, broader scale regional
recombination rates are conserved32, suggesting that the factors controlling regional rates of
recombination operate independently from the regulatory systems controlling the location
and behaviour of individual hot spots.

Variation in genome-wide rates of recombination

The variation in overall recombination rates among mammals, expressed as the rate of
crossing over per unit length of DNA (cM Mb™1), seems to be the product of neutral
evolution1!8, Expressed in this dimension, higher rates are correlated with an increase in the
number of chromosome arms (possibly increasing the number of obligate COs per genome)
and/or a decrease in the interference distance (permitting multiple COs on the same arm).
Relating rates of recombination to numbers of chromosome arms* 118 suggests that among
rodents (mice and rats) the change in overall recombination rates is related to the number of
chromosome arms, whereas among primates (humans, baboons and macaques), horses, cats,
dogs, pigs, sheep and cows the change is related to interference, emphasizing the part that
interference plays.

Selection minimizes crossing over

Despite its obvious biological value in generating population diversity and promoting
efficient selection against deleterious mutations, levels of meiotic crossing over among
species are not much greater than what is required to assure at least one chiasma per
chromosome arm, suggesting a counterintuitive evolutionary selection against additional
crossing over. The existence of a much larger and variable number of DSBs initiating
recombination, with their risk of imprecise DNA repair, carries the surprising implication
that selection is directed at limiting genetic exchanges as much as against the possibility of
DNA damage from DSBs. It is conceivable that the DSB repair pathway that gives rise to
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COs carries some hitherto unrecognized genomic danger. Given the importance of
interference in spacing chiasmata, the presently unknown molecular basis for interference is
the likely target for such evolutionary selection. These observations raise still another
conundrum: given that the total amount of genetic recombination is related to the number of
chromosome arms and that there is likely to be selection against excessive crossing over,
why are mammalian species so variable in their numbers of chromosomes and chromosome
arms?

We now possess a reasonably comprehensive view of how mammalian hot spots are
distributed along chromosomes and a description of many of the properties of hot spots. We
now also know of the existence of regulatory systems that control chiasma numbers, the
activation of specific hot spots and the quantitative modulation of hot spot activity, although
many of the features of these regulatory systems remain unknown. These findings have also
clarified the existence of substantial gaps in our understanding and have raised several
experimental challenges. Some of these are described below.

The identity of the mammalian mechanisms that decide which hot spots go on to become
COs and which become NCOs remains obscure.

We do not understand the nature of the factors that control the regional distribution of
recombination along chromosomes, the mechanisms that control chromatid compaction and
interference nor the interactions between these factors and mechanisms. These may be
related by their dependence on the magnitude of DNA looping along chromosomes,
although as yet we have no direct evidence of this. Moreover, if looping is a factor, we do
not understand why loop sizes vary along the chromosome and what determines them.

We are still uncertain about the identity of the DNA sequences that define hot spots; we
have only a partial answer for the human genome and no clear answer yet for mice. We also
need to identify the proteins that interact with these sequences to initiate and/or regulate the
recombination process; PRDM9 is the only such protein to be identified, but there are
probably others.

We can only guess how sister and non-sister chromatids are distinguished; we have
suggested that this may depend on the methylation state of DNA strands when
recombination initiates, but there is no direct evidence of this. A related phenomenon is
meiotic imprinting, which implies the persistence of parental chromosome marking through
germ cell maturation and entry into meiosis.

Finally, we do not understand multiple aspects of sex specificity in meiotic recombination
(particularly the varying ratios of activity along chromosomes) nor the impact telomere
adjacency has on elevating male recombination, and the mechanism by which sex-specific
hot spots are generated is still up for debate.
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Glossary

Cosmid

Single-nucleotide
polymor phism

Haplotype

Linkage
disequilibrium
Genetic drift

Coalescent-based
statistical methods

Genome-wide
association study

Imprinting

A bacterial recombination vector that contains long inserted DNA
sequences.

Single-nucleotide polymorphisms (SNPs) distinguish the
chromosomes of two individuals or mouse strains. There are
millions of SNPs in mammalian genomes, and they have become
the preferred markers for genetic studies.

A set of genetic markers that are present on a single chromosome
and that show complete or nearly complete linkage disequilibrium
— that is they are inherited through generations without being
changed by crossing over or other recombination mechanisms.

Preferential association of allelic combinations among groups of
nearby genes.

The random fluctuations in allele frequencies over time that are
due to chance alone.

Methods of reconstructing population history by simulating the
genealogy of genes back to the most recent common ancestor of
all alleles currently in the population.

An examination of common genetic variation across the genome
that is designed to identify associations with traits, such as
common diseases.

The epigenetic marking of a gene on the basis of parental origin,
which in somatic tissues results in monoallelic expression.
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A reciprocal exchange of DNA along chromatids such that the
proximal end of one homologue becomes attached to the distal end
of the other.

A cut made across a DNA molecule in which both strands are
broken. In recombination the cut is made by the enzyme
sporulation-specific 11 (SPO11).

A region on a sex chromosome that is homologous between the X
chromosome and the Y chromosome. Successful meiosis in males
requires a crossover in this pseudoautosomal region.

The process during recombination in which a short segment of
DNA on the initiating chromatid is replaced by the DNA sequence
of its partner without the exchange of flanking markers.

The point at which the strands of two dsDNA molecules exchange
partners as an intermediate step in crossing over. Typically, two
Holliday junctions are formed in the recombination pathway that
gives rise to crossovers.

An ATP-dependent enzyme that normally creates transient breaks
in both strands of the DNA sugar-phosphate backbone, then passes
one strand through the other and reseals the break. In the case of
the topoisomerase sporulation-specific 11 (SPO 11), which
initiates recombination, the breaks are not immediately reseated
because the 5’ strand on each end is rapidly resected leaving a free
3’ overhang.

The product of chromosome replication in meiosis I. Chromatids
are distinguished from chromosomes by the fact that the two
daughter chromatids of one chromosome remain attached at their
centromeres through meiosis | cell division.

The early, visible manifestations of sites of chiasmata and crossing
over. They are recognized by immunochemical staining, typically
for the protein MutL homologue 1, which is a component of late
recombination nodules.

A protein loop in which cysteine or cysteine-histidine residues
coordinate a zinc ion to form the base of the loop. Three of the
amino acids in the loop cooperate to recognize three base pairs of
DNA, and a tandem array of zinc fingers can show considerable
DNA-binding specificity.

A process by which natural selection favours a single beneficial
genotype over other genotypes and may drive this genotype to a
high frequency in a population.
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Bouquet formation
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A region of DNA in which repeat units of 10-50 bp are tandemly
arranged in arrays 0.5-30 kb in length.

The presence of a recombinational event in one region that affects
the occurrence of recombinational events in adjacent regions.
Positive interference, which is seen in eukaryotes, reduces the
probability of using nearby hot spots in the same meiosis and
causes a more even spacing of crossovers than would occur by
chance.

A linear protein complex that forms the backbone of each
chromatid during prophase I of meiosis and promotes genetic
recombination. The DNA of the chromatid is attached to the
complex in long loops. The name is derived from the word
synapsis, which has been used to describe chromatid pairing.

The clustering of telomeres together on the nuclear membrane
early in meiosis.

A chiasma (plural chiasmata) is the cytologically visible physical
connection between homologous chromatids during meiosis that
corresponds to the sites of genetic crossing over.

Sites of staining for MutL homologue 1 that identify sites of
genetic crossing over.

The human homologue of bacterial RecA. RAD51 is required for
homologous recombination, during which it promotes strand
invasion forming nucleoprotein filaments around ssDNA.
Immunohistochemical staining of RAD51 foci identifies sites of
DNA double-strand breaks.
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Box 1
Recombination pathways

Meiosis begins (see figure) with a round of DNA replication (not shown) in which the
products stay attached through their centromeres to form pairs of chromatids.
Recombination then begins at a hot spot site when the products of trans-acting genes,
such as PR domain-containing 9 (Prdm9), locally activate chromatin, permitting the
topoisomerase sporulation-specific 11 (SPO11) to catalyse a DNA double-strand break
(DSB) on one of the four chromatids. This is followed by resection of the 5’ strand to
leave a 3’ overhang, which in turn invades a non-sister chromatid. The resulting strand
overlaps to form so-called Holliday junctions, which then migrate outwards away from
the original site. This interaction promotes pairing of the non-sister chromatids along
their length to form the synaptonemal complex (SC), a linear proteinaceous structure to
which the DNA is bound in long loops (BOX 3). The DSBs are subsequently repaired by
the process of homologous recombination, yielding either crossovers (COs), with an
exchange of flanking markers, or non-crossover (NCO) gene conversions in which the
initiating chromatid acquires a short sequence from its homologous partner without the
exchange of flanking markers. In either case the site of the original DSB is repaired using
the opposite chromatid as a template; when SNPs are available in the middle of the hot
spot this fact can be used to determine which chromatid initiated recombination.

Current evidence suggests that the alternative CO and NCO products arise by distinct
recombination pathways: DSB repair (DSBR), which yields predominantly COs, and
synthesis-dependent strand annealing (SDSA), which yields predominantly NCOs!1°,
Genetic hot spots are the initiation sites for both pathways, as the formation of both CO
and NCO products depends on hot spot activity. The SDSA pathway predominates, and
only about 10% of original DSBs result in COs.

The crucial controls of recombination activity are the frequency of initiation and the
choice of which pathway is followed. Figure modified, with permission, from REF. 119
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Box 2
Sister versus non-sister chromatid recognition

Mammalian meiosis must include a mechanism for distinguishing sister from non-sister
chromatids. Late recombination nodules (which presumably include most, if not all, of
the sites of crossing over along the synaptonemal complex that have been identified by
MutL homologue 1 (MLH1) and visualized by electron microscopy?1) must involve
exchanges between non-sister chromatids, otherwise the length of genetic maps would be
shorter than predicted by the number of recombination nodules'91, We cannot say the
same for non-crossovers (NCOs) as these could occur between sister chromatids and be
undetectable genetically, or they could occur between non-sister chromatids, in which
case they could be detected genetically as conversions, but with only limited efficiency.
It is difficult to envision NCOs being repaired by the non-homologous end joining DNA
repair process seen in somatic cells, as this would cause deletions after the resection of 5/
strands at the double-strand break (DSB) catalysed by sporulation-specific 11 (SPO11).
These considerations require either that all chromatid interactions arising from SPO11-
catalysed DSBs are between non-sister chromatids or, alternatively and less likely, that
crossovers (COs) can only derive from interactions between non-sister chromatids,
whereas NCOs can derive from sister or non-sister interactions.

In Saccharomyces cerevisiae, recombinant molecules form several times more frequently
between homologues than between sister chromatids20. Strand invasion between
homologues requires a meiosis-specific recombinase, Dmc1 (REFS 121,122), and a trio
of other meiosis-specific proteins, Hopl, Red1 and Mek1 (REFS 123-125), which
suppress DSB repair between sister chromatids. Although Dmc1 is well conserved and
meiosis-specific in mammals, the other proteins are not, which leaves an open question
about how the distinction between sister and non-sister chromatids is achieved in this
group of organisms. One thing we do know is that it cannot be based on the presence
versus absence of DNA sequence differences between chromatids, as the system works
perfectly well in inbred strains of animals in which the maternal and paternal genomes
are identical. An attractive possibility is that the mechanisms for distinguishing sister and
non-sister chromatids involve the detection of hemimethylated sites. If so, this
mechanism is likely to be restricted to organisms that methylate their DNA, such as
mammals and higher plants, in distinction to those that do not, such as fungi and
invertebrates.

DNA methylation offers a possible mechanism for how this distinction between sister
and non-sister chromatids is achieved, but we must consider the two sexes separately. In
males, remethylation of DNA occurs prior to meiosis (see main text). If the methylation
of new DNA strands synthesized during the S phase of meiosis | in males was delayed
until after recombination was initiated, the various chromatids could tell sister from non-
sister by which strand was methylated and which was not, either globally or at specific
sites. A requirement that both members of a pair of chromatids engaging in
recombination be methylated on the same strand would militate against any sister
chromatid exchanges. Applying this mechanism to female meiosis requires that the
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demethylation prior to meiosis be incomplete, as remethylation does not occur until after
recombination has been completed (see main text).
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Box 3
Hot spot trans-regulation in yeast

The most extensively characterized example of trans-regulation of a yeast hot spot
concerns the ade6-M26 hot spot in the fission yeast Schizosaccharomyces pombe. Here,
the presence of a 7-bp cyclic AMP response element (CRE) adjacent to the hot spot is
required for the activity of the hot spot; activity is also dependent on the heterodimer
formed by two transcription factors, Atfl and Pcrl (REF. 126). Further studies have
identified several additional trans-acting factors that are required for activation, including
several ATP-dependent chromatin-remodelling factors (including Gen5, Snf22, Ada2 and
Mst2, which activate, and Hrpl and Hrp3, which act antagonistically) and the
transcriptional repressors Tup11 and Tup12, which suppress recombination127:128,
Further analysis has revealed that the CRE element ATGACGT is appreciably more
effective when it resides in an 18-bp consensus element,
GNVTATGACGTCATNBNCS3,

In the budding yeast Saccharomyces cerevisiae, recombination at the His4 hot spot
requires the proteins Rapl, Basl and Bas2 (REF. 129) and is suppressed by Set2 (a
histone methylase) and Rpd3 (a histone deacetylase), the latter probably acting to
deacetylate histone 3 lysine 27 (H3K27), close chromatin and suppress recombination30.
Also in S cerevisiae, recombination between ribosomal DNA repeats is suppressed by
Sir2 (REF. 131), and a majority of recombination hot spots are dependent on histone
H3K4 trimethylation catalysed by Setl (REF. 70).
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Box 4
Loops and interference

The physical structure of chromatids offers a unitary model for how sex differences in
recombination, interference and chromatid compaction relate to each other (see figure).

Long loops of DNA, tens to hundreds of kilobases in length!32, are attached to the axial
elements at the leptotene stage of prophase I through short interstitial stretches of DNA in
a manner very similar to classical lampbrush chromosomes. These loops are shorter and
hence greater in number in females (left panels) than in males®9 (right panels). We also
know from cytological studies that the DNA double-strand breaks (DSBs)133.134 (yellow
circles in the upper panels) and late recombination nodules marking crossovers
(COs)110.135 (red circles in the lower panels) are located along the synaptonemal
complex (SC) ratherthan in the loops.

Based on these facts, the interference distance in males will be the same as in females
when measured in microns of SC length (lower panel of the figure) but longer when
measured in megabases if: the number of DSBs is proportional to the number of
attachment points and loops; a modified version of the counting model of
interferencel36-139 pertains (in which we postulate that COs are separated by a fixed
number of loops); and the compacted length of chromatids at the pachytene stage is
proportional to the number of loops and their attachment points.

Support for this model comes from the finding that loops are shorter and hence more
numerous in the subtelomeric region, in which male recombination is enhanced!32 (see
the right-hand side of each panel; centromeres are marked with blue circles on the left-
hand sides of each panel), the finding that interference distances are not dependent on the
total number of DSBs%: 109, and from the work of Kleckner et al.86, which indicates that
interference is related to the physical structure of chromatids.

We can also conclude that because the number of loops far exceeds the number of DSBS,
only about 1-3% of attachment regions will suffer a DSB in any single meiosis.
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Box 5
Sex-specific hot spots

Adding to the complexities of understanding hot spot behaviour is the fact that some hot
spots show considerable sex specificity, with marked differences in activity such that
recombination may only be detected in one sex12:32:39_ |nterestingly, the existence of
regional and local sex-specific differences in recombination activity seem to reflect
distinct mechanisms, as sex-specific hot spots can occur in regions in which
recombination in the other sex predominates — for example, male-specific hot spots in a
region of predominantly female recombination, and vice versa.

How sex specificity is achieved is completely unknown at this time. The most obvious
explanation — that regulatory proteins are differentially transcribed in male and female
meiosis — does not apply to a regulatory protein such as PR domain-containing 9
(PRDM9), as among the hot spots activated by this protein there are a number that do not
show sex-specific differences in activity®4.
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Figure 1. Hot spot positioning and intensity

a | Recombination rate variation along human chromosome 12. The graph shows the
recombination rate estimated from a genome-wide survey of genetic variation (black bars)
and estimated recombination rates from the deCODE genetic map (red line). Recombination
hot spots are evident as black spikes surrounded by regions of low or no recombination.
Underneath the graph is a cytological banding map of the chromosome. Note the lack of
recombination activity near the centromere (purple), b | Estimated locations and intensities
of several hot spots in the human major histocompatibility complex (MHC) region inferred
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by coalescent-based statistical methods (left panel, human leukocyte antigen (HLA)-DMA,;
right panel, HLA-DMB). Positions along the x-axis are in base pairs according to the
consensus map of the human MHC13 The green lines show estimates from the coalescent
method?2, and the vertical black lines and dashed grey lines show the approximate hot spot
centre and the approximate hot spot boundaries, respectively, as estimated from sperm-
typing results3. Part a is modified, with permission, from REF. 24 © (2005) American
Association for the Advancement of Science. Part b is reproduced, with permission, from
Nature Genetics REF. 22
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Figure 2. High-resolution sex-specific maps of a mouse chromosome segment
The plot shows the recombination map of a 27-Mb telomeric region of mouse chromosome

1in a cross between C57BL/6J and CAST/EiJ strains, highlighting the difference in the
recombination rate between the two sexes. The Fq hybrids were either female or male and
derived from reciprocal parental combinations (a total of 6,000 progeny). The width of each
vertical line indicates the resolution attained. Female recombination rates are in red and
male recombination rates are in blue. The arrows show sex-specific hot spots.
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Figure 3. Distribution of crossover exchange pointsin hot spots
a| Sperm crossover (CO) distribution across the NID1 hot spot. The COs were recovered

from a total of 980,000 amplifiable molecules in the sperm DNA of two men. The intervals
are defined by SNP markers, and the number of COs is shown above each interval.
Exchange sites of crossing over form a single normal distribution, b | Distribution of COs at
the HIx1 hot spot in 6,000 progeny of female and male B6xXCAST F; mouse hybrids. The
number of COs in female (red) and male (blue) meiosis is shown above each interval.
Exchange sites of crossing over form two overlapping distributions. Part a is modified, with
permission, from Nature Genetics REF. 18 © (2005) Macmillan Publishers Ltd. All rights
reserved. Part b is modified from REF 32.
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