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Homologous recombination is a dynamic process by
which DNA sequences and strands are exchanged. In
meiosis, the reciprocal DNA recombination events called
crossovers are central to the generation of genetic diver-
sity in gametes and are required for homolog segregation
in most organisms. Recent studies have shed light on how
meiotic crossovers and other recombination products
form, how their position and number are regulated and
how the DNA molecules undergoing recombination are
chosen. These studies indicate that the long-dominant,
unifying model of recombination proposed by Szostak
et al. applies, with modification, only to a subset of
recombination events. Instead, crossover formation and
its control involve multiple pathways, with considerable
variation among model organisms. These observations
force us to ‘branch out’ in our thinking about meiotic
recombination.

Introduction
Homologous recombination is the process by which DNA
loci of nearly identical nucleotide sequences interact
and exchange DNA structure and sequence information.
Recombination is an aspect of DNA metabolism conserved
from viruses to humans and has two major roles. First,
recombination is a universally important mechanism for
the repair of DNA double-strand breaks (DSBs), which
occur frequently because of DNA damage, such as replica-
tion-fork breakage. Second, in eukaryotes, recombination
is central to meiosis, the process by which diploid cells give
rise to haploid gametes, such as eggs, sperm and fungal
spores.

A recombination event between two loci can result in
one of two different outcomes: crossovers (COs) or non-
crossovers (NCOs). In COs, the two strands of each hom-
ologous duplex are reciprocally broken and joined, causing
exchange of alleles flanking the CO position; in NCOs, no
such rearrangement occurs and flanking alleles maintain
their original linkage (Figure 1). Both COs and NCOs can
be accompanied by localized non-reciprocal ‘donation’ of
sequence information from one homologous locus to
another, termed ‘gene conversion’.

In meiosis, COs occurring between homologous
chromosomes are particularly important because they gen-
erate genetic diversity in the gametes and, after fertiliza-
tion, in the offspring. In most organisms, interhomologue
COs are also required for the unique mechanism of
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parental chromosome segregation during the first meiotic
division. The COs link the homologous chromosomes phy-
sically so that they can be oriented correctly on the meiotic
spindle. In the absence of COs, chromosomes often mis-
segregate, resulting in aneuploid gametes and offspring.

Recent studies have advanced our understanding of how
meiotic COs and NCOs form, how they are distributed
across genomes, and how the pair of DNAmolecules under-
going a CO is chosen. In this review, we focus on how
advances in these three areas have challenged several core
features of long-accepted models, revealing many new
branches of the meiotic recombination ‘pathway’. Most
significantly, the mechanism of recombination associated
with the well-known DSB repair model of Szostak et al. [1]
(hereafter called the Szostak model), long believed to
explain all meiotic recombination, applies only to the
formation of COs and not to NCOs. A particular theme
of recent advances is that a full understanding of recombi-
nation can be gained only by synthesizing insights from
different model organisms.

The Szostak model of recombination
The modified Szostak model of recombination [1,2] has
dominated modern thinking about the mechanism of meio-
tic recombination. It involves a single pathway of DNA
intermediates that produces both COs and NCOs
(Figure 1a), consistent with the existence of several
mutations that impair both CO and NCO formation (but
see later). The Szostakmodel predicts that recombination is
initiated by DNA DSBs. Each DSB produces two duplex
ends that are processed to give single-stranded overhangs.
Single-end invasion (SEI) then occurs, in which one of the
two processed ends of the DSB (the right end in Figure 1a)
invades a homologous duplex, giving a displacement-loop
(D-loop) structure. Next, the second processed end of the
DSB (the left end in Figure 1a) anneals to the D-loop. The
resulting joint molecule undergoes repair DNA synthesis to
fill in single-strand gaps and is held together by two struc-
tures in which strands are exchanged between the interact-
ing duplexes. These structures are calledHolliday junctions
(HJs) individually, together forming a doubleHolliday junc-
tion (dHJ) structure. Cleavage of pairs of strands in each
HJ (‘resolution’) in one of two orientations (Figure 1a iii),
chosen at random, produces COs or NCOs depending on
which combination of cleavage orientations (‘1’ or ‘2’ in
Figure 1a iii) occurs at the two HJ sites. Gene conversions
arise because of mismatch repair in regions of heteroduplex
DNA in the joint molecule and so can be associated with
either the COorNCOoutcome, as observed experimentally.
d. doi:10.1016/j.tcb.2007.07.007
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Figure 1. Szostak model of CO and NCO formation and the synthesis-dependent strand-annealing (SDSA) model of NCO formation. (a) In the Szostak model, a DSB occurs

on one homologous chromosome (blue) and the two duplex ends of this DSB are processed to form single-strand 30 overhangs (i). One end of the DSB invades another

homologous chromosome (red) and sets up a SEI or displacement-loop (D-loop) structure (ii). DNA synthesis extends the D-loop and enables annealing of the second side

of the DSB. Further DNA synthesis fills in the remaining gaps and a double HJ structure is formed (iii). Cleavage and re-annealing, or ‘resolution’, of either pair of like-

oriented strands in each HJ (‘1’ or ‘2’), occurs at random. In the figure, the leftward HJ has been resolved in orientation ‘1’; resolution of the rightward HJ in orientation ‘1’

then produces a NCO (iv) and in orientation ‘2’ a CO (v). Note that, in the Szostak model, newly replicated DNA (broken lines) occurs on both homologous chromosomes,

terminated at the DSB site on each (iii). (b) In the SDSA model, a DSB is formed and processed as in the Szostak model (i). One end of the DSB transiently invades another

homologous chromosome and is extended by DNA synthesis (ii). This end then pulls out and the newly synthesized extension anneals with the other end of the DSB (iii).

Further repair DNA synthesis occurs and a NCO is formed (iv). No HJ resolution has occurred. Note that, in the SDSA model, newly replicated DNA (broken lines) occurs

only on one homologous chromosome and spans the DSB site (iii). In both models, gene conversions can occur by mismatch correction in any region of heteroduplex DNA,

shown as duplexes containing one blue and one red strand.
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Some predicted intermediates of the Szostak model,
such asDSBs and dHJs, have been observed in the budding
yeast Saccharomyces cerevisiae and DSBs have also been
detected in the fission yeast Schizosaccharomyces pombe
and inferred in mice [2–6]. However, recent work in differ-
ent model organisms has led to the conclusion that the
Szostak model is not a general model for meiotic recombi-
nation but applies, with revision, only to CO formation.

COs and NCOs arise through different branches of the
recombination pathway
Mutations preventing DSB formation or processing
eliminate both COs and NCOs, indicating that early steps
in CO andNCO formation proceed by the same pathway. In
the Szostak and previous models, the branching of the
recombination pathway to produce COs or NCOs was
hypothesized to occur at a very late stage. In these models,
NCOs and COs both arise from the same HJ-containing
intermediate, depending on the orientation of HJ resol-
ution (Figure 1a). An important conclusion of recent stu-
dies is that this idea is incorrect and that, instead, the
pathway branches soon after DSB formation and proceeds
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through different DNA intermediates to produce either
COs or NCOs [7–10]. These new conclusions are based
on the study of mutations affecting steps in recombination
occurring after DSB formation and processing and on the
study of physical recombination intermediates and pro-
ducts.

One prediction of the Szostak model is that COs and
NCOs should occur at the same time. Using physical
assays in budding yeast, a study of ectopic recombination
events [7] showed that this is not true and that NCOs form
before COs. Similarly, repair DNA synthesis associated
with NCOs in budding yeast occurs earlier than does that
associated with COs [9].

DSBs are precursors to both COs and NCOs, but the
other observed intermediates of the Szostak model (D-
loops and dHJs) appear to lie only on the CO pathway.
In budding yeast, the timing of dHJ appearance and dis-
appearance compared with the timing of CO and NCO
formation suggests that dHJs are precursors only of COs
[7]. Mutants with reduced SEI or dHJ formation have
reduced CO but not NCO frequency [10]. In both fission
[11,12] and budding [7] yeasts, mutations causing defects
bination and its regulation, Trends Cell Biol. (2007), doi:10.1016/j.tcb.2007.07.007
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Figure 2. Three different pathways produce COs (with or without interference) and

NCOs. All three pathways are initiated by DSBs. NCOs appear to be produced by

the SDSA mechanism but the proteins specifically involved in this pathway are

unknown. Work from budding yeast indicates that COs with interference are

produced by the Szostak mechanism, progressing through dHJs and specifically

using the ZMM proteins, including Msh4–Msh5. Work from fission yeast and

budding yeast indicates that COs without interference are produced by a

mechanism that might involve sHJs and specifically requires the Mus81–Eme1

proteins. This mechanism might be essentially the same as the Szostak model,

modified to produce sHJs.
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in HJ resolution reduce only CO frequency, arguing that
COs but not NCOs arise from HJ resolution. Mutations
specifically reducing CO but not NCO formation have also
been identified in mice [8] and the fruit fly Drosophila
melanogaster [13]. It therefore appears that the ‘decision’
to form COs or NCOs is early, after DSB formation but
before HJ resolution or even SEI formation. To date, DNA
intermediates specific to the NCO pathway have not been
reported.

It has been suggested that NCOs occur by
synthesis-dependent strand-annealing (SDSA), which is
a mechanism involving strand invasion, DNA synthesis
and strand ‘pullout’ that, crucially, does not involve
HJs (Figure 1b). A recent study in budding yeast [9] used
thymidine-analog incorporation to detect DNA synthesis
occurring during meiotic recombination. This study deter-
mined the pattern of DNA synthesis at a DSB hotspot
using DNA combing, in which individual DNA molecules
are extended on a glass coverslip. The combed DNA was
probed for thymidine-analog incorporation and position-
defining loci and then examined by microscopy. Using this
technique, it was observed that the pattern of DNA syn-
thesis associated with COs is that expected from the
Szostak model, whereas the pattern of DNA synthesis
associated with NCOs is that expected from SDSA
(Figure 1). Therefore, it appears that the SDSA model is
valid for NCO recombination and the Szostak model,
modified to assume strongly biased HJ resolution to
COs, is essentially valid for CO recombination.

There is more than one pathway to crossing-over
As well as COs and NCOs arising by separate pathways, it
is also becoming clear that there are at least two different
pathways to forming COs, at least in budding yeast. One
pathway depends on the Msh4–Msh5 complex and is sub-
ject to a form of spatial CO regulation called interference
(discussed later), in which one CO prevents additional COs
from occurring nearby. The other pathway depends on the
Mus81–Eme1 complex and is not subject to interference.
Both pathways, as well as the pathway to forming NCOs,
are initiated by DSBs (Figure 2). Comparison of exper-
imental results from different model organisms has been
particularly important in deciphering this story.

In fission yeast, meiotic HJ resolution appears to be
carried out solely by the Mus81–Eme1 endonuclease com-
plex [11,12,14,15]. Mus81 and Eme1 (called Mms4 in
budding yeast) are widely conserved and in vitro analysis
of complexes from fission yeast, budding yeast and humans
indicates that they all have HJ resolution activity [14,16–
19]. However, mus81�/� mice are viable and fertile [20]
and the effect of amus81mutation in budding yeast is only
a mild reduction in CO frequency [21].

The explanation for these phenotypic differences is that
fission yeast and some other eukaryotes, including fruit
flies [22], lack an alternative CO pathway that appears to
be active in mammals and budding yeast. This pathway
depends on a group of proteins called ‘ZMM proteins’ (see
later) that include Msh4 and Msh5, so that, in budding
yeast, mutations affecting both the Mus81 and Msh4–
Msh5 pathways have a more severe reduction in CO fre-
quency than do the individualmutations [21,23]. Msh4 and
Please cite this article in press as: Cromie, G.A. and Smith, G.R., Branching out: meiotic recom
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Msh5 are homologues of the bacterial MutS mismatch
repair protein but, instead of acting in mismatch repair,
they form a sliding clamp that recognizes HJs specifically
[24]. Msh4 and Msh5 are apparently absent from fission
yeast and fruit flies.

It appears that the Msh4–Msh5, but not the
Mus81–Eme1, pathway is subject to CO interference. This
affects the pattern of interference seen in each organism,
depending on whether the organism has both pathways or
only one (Figure 2). In the worm Caenorhabditis elegans,
only the Msh4–Msh5 pathway appears to be active and
COs are subject to exceptionally strong interference
[21,25–27] (see later). By contrast, in fission yeast, where
only the Mu81–Eme1 pathway is present, there is no
interference [28]. In budding yeast, the Mus81–Eme1-de-
pendent COs lack interference, whereas those dependent
on Msh4–Msh5 are subject to interference [21]. Plants and
mammals appear to have the proteins required for both CO
pathways and, consistent with this, appear to have both
interference-sensitive and -insensitive classes of COs
[8,29–33]. In organisms in which both pathways are pre-
sent, their relative importance can vary. Mutations affect-
ing either pathway in budding yeast have similar,
moderate defects in recombination [21,23] but mus81�/�

mice are fertile [20], whereasmsh4�/� ormsh5�/�mice are
sterile [34,35].

Single and double Holliday junctions
What is the relationship between the two CO pathways
and the Szostak pathway of DNA intermediates? Both CO
pathways are initiated by DSBs and two-dimensional gel
electrophoretic studies in budding yeast, in which both CO
pathways operate, identified the SEI and dHJ intermedi-
ates predicted by the Szostak model [3,36]. Budding yeast
dHJs have also been seen by electron microscopy [15,37].
bination and its regulation, Trends Cell Biol. (2007), doi:10.1016/j.tcb.2007.07.007
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By contrast, electron microscopic and two-dimensional gel
electrophoretic studies in fission yeast, in which only the
Mus81 pathway is active, observed mostly single HJs
(sHJs), recombination intermediates not predicted by
the Szostak model, and only a minority of dHJs [15].
The small number of fission yeast dHJs might represent
closely spaced sHJs because CO interference is not active
in that organism. Interestingly, a sizable minority of sHJs
is also seen by electron microscopy in budding yeast. It is
therefore possible that, although the two CO pathways are
both initiated by DSBs, they might proceed through differ-
ent DNA intermediates: sHJs for the Mus81 pathway and
dHJs for the Msh4–Msh5 pathway (Figure 2). A sHJmight
arise by cutting of the D-loop (Figure 1aii) before, rather
than after, capture of the second end of the DSB. Similar
proposals, that is, that Mus81–Eme1 acts on structures
different to the dHJs of the Msh4–Msh5 pathway, specifi-
cally unligated or partial HJs, have been advanced based
on the in vitro activities of the Mus81–Eme1 complex [11].

Regulation of CO number and position
CO control, that is, the regulation of CO position and
number, is specified at several different levels. Most fun-
damentally, the DSBs that initiate recombination are dis-
tributed non-randomly. In many organisms, there is
evidence that DSBs are concentrated at particular sites
called hotspots [38]. In recent years, several studies have
examined the genome-wide distribution of meiotic DSBs in
budding yeast using Spo11-based chromatin immunopre-
cipitation (ChIP) and microarray analysis, a technique
termed ChIP–chip. In these studies microarrays with a
large number of oligonucleotide probes, giving genome-
wide coverage, are used to determine which loci are
enriched specifically during meiosis by ChIP of Spo11.
Spo11 is the topoisomerase-like active-site protein that
Figure 3. CO interference and the synaptonemal complex. (a) CO interference. Recomb

chromatids, as shown. A zone of interference (black elongated triangles) is centered a

suppressed to varying degrees, with DSBs instead being processed to give more NCOs.

(b) Structure of meiotic chromosomes held together by the synaptonemal complex. Eac

elements are held together by a central element in the mature SC, forming a tripartite pr

this structure, the descendents of the axial elements are called lateral elements. Loo

chromatids (DNA loops in the other two are not shown).
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generates meiotic DSBs and, hence, the ChIP-enriched loci
are inferred to be the sites at which DSBs have occurred.
Such genome-wide studies in budding yeast indicate that
DSB hotspots tend to occur in promoter regions and are
somewhat suppressed in centromeric and telomeric
domains [39–42]. This confirms previous conclusions
drawn from Southern blot analysis of selected regions of
the budding yeast genome [43]. By contrast, Southern blot
and ChIP analyses of the fission yeast genome indicate
that DSB sites are separated more widely [44,45].

COs and NCOs both arise from DSBs and the choice of
which DSBs generate COs provides an additional level of
CO control. In most, but not all, organisms, meiotic COs
are distributed highly non-randomly. The total number of
COs is low but even small chromosomes receive at least
one. Two, possibly linked, effects contribute to this distri-
bution. First, an obligate CO per chromosome occurs and,
second, a gradient of suppression around each CO
decreases the probability of additional COs but not DSBs
or NCOs. The suppressive effect is termed CO interference
(Figure 3).

For some years, it seemed likely that CO interference
was mediated by the synaptonemal complex (SC). The only
organisms known to lack interference, the fungi S. pombe
and Aspergillus nidulans, also lack SCs, and a budding
yeast mutation affecting Zip1, an SC component, abolishes
both the SC and interference [46]. The SC is a protein-
aceous structure that, in most organisms, links the cores of
paired homologous chromosomes during meiosis I [47]. It
consists of two lateral elements, one from each homologous
chromosome, held together by a central element (Figure 3).
Each lateral element is a proteinaceous structure forming
a single core or axis encompassing both sister chromatids
of one homologous chromosome. Before formation of the
mature SC, lateral elements are called axial elements.
ination occurs between homologous chromosomes, each consisting of two sister

t positions where DSBs are processed to give COs. In this zone, further COs are

The interference effect is strongest at the site of the CO and declines with distance.

h chromosome, consisting of two sister chromatids, forms a single axis. The axial

oteinaceous structure, which joins the two homologous chromosomes together. In

ps of DNA are shown emerging from these lateral elements for two of the four
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Recent research indicates that thepattern of interference
is actually set up before the SC is formed. The Zip2 and Zip3
proteins, possibly components of a ubiquitin-conjugating
complex [48], are members of the group of ‘ZMM’ proteins
thatare required specifically toproduceCOs thatare subject
to interference [10]. Msh4–Msh5 is a member of this group
and colocalizes with Zip2–Zip3 [49]. Budding yeast Zip2–
Zip3 foci appear to mark the sites where interference-sen-
sitive COs will occur. These foci have a relative frequency
and display a degree of interference matching those of the
COs, evenwhenthenumberofCOs is increasedordecreased
by appropriate mutations [50–52]. Mouse Msh4–Msh5 foci
also show interference [53]. Because Zip2–Zip3 foci are
also the sites at which SC formation is nucleated [54,55],
this indicates that at least this aspect of interference pre-
cedes formation of the SC. Instead, it appears that the SC is
initiated at the sites of COs subject to interference.

If not through the SC, how is interference mediated?
Recent evidence from the worm C. elegans suggests that
the physical structure of the chromosomal axis can propa-
gate interference. In C. elegans, only the Msh4–Msh5
pathway is active and an extreme form of interference
ensures that essentially every chromosome has one and
only one CO during meiosis [26]. However, when two or
even three chromosomes are fused end-to-end, the result-
ing fusions, rather than experiencing two or three meiotic
COs, respectively, still usually experience one and only one
[27] (Figure 4). It appears that C. elegans CO control acts
on chromosomes as a unit, independent of length, to ensure
that each receives only one CO.

Continuity of chromosome axes is essential to the C.
elegans mechanism of interference. When fused chromo-
somes undergo recombination with two unfused chromo-
somes, so that one of the two ‘homologues’ is ‘broken’ and
Figure 4. Intact chromosome axes are required for transmission of CO interference in th

and only one CO per meiosis (a). When two, or even three, chromosomes are fused, the

pair during meiosis (b). This indicates that, for the purposes of interference, intact chrom

two or three chromosomes undergoes recombination with two unfused homologou

recombination between two fused chromosomes but where one has an axial discont

interference [27].
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therefore does not have a continuous axis, the number of
COs increases (Figure 4). In addition, a mutation limiting
the level of the meiosis-specific chromosome-axis com-
ponent Him3 increases the frequency of chromosome
pairs that experience double COs [56]. A current model
suggests that stress forces in the axes of meiotic chromo-
somes promote meiotic COs, which, in turn, relieve axial
stress locally, suppressing further COs, that is, generating
interference [57]. However, how this would account for
other aspects of interference, such as that of Zip2–Zip3
foci, is unclear.

Recently, an entirely new level of CO regulation in
budding yeast has been reported: a phenomenon termed
‘crossover homeostasis’. This work was carried out using
hypomorphic alleles of Spo11, which reduce the DSB fre-
quency to varying degrees.As theDSB frequency is reduced,
the frequency of COs does not fall in tandem; rather, CO
numbers are maintained and NCOs are reduced preferen-
tially instead [58]. This supports models in which a fixed
number of COs are derived from the ‘pool’ of all DSBs, with
the remainder of the DSBs producing NCOs [57,58].
Whether CO homeostasis exists in organisms other than
budding yeast has not yet been determined.

Several different non-random distributions can be
observed in meiosis. These include the positions of DSBs,
which subset of DSBs form COs, the number and locations
of COs, and the positioning of protein complexes, such as
Zip2–Zip3. Unifying models that explain multiple non-
random distributions, seen across a range of model organ-
isms, in terms of one or a small number of conserved,
underlying processes are attractive [57]. However, it is
also possible that more than one fundamental mechanism
is involved and, hence, there might be more than one type
of interference acting during meiosis. Fundamental
e worm C. elegans. Each pair of homologous chromosomes usually undergoes one

resulting large chromosomes still usually undergo one and only one crossover per

osomes are treated as a single unit, irrespective of size. By contrast, if a fusion of

s chromosomes, more than one CO per meiosis occurs. This is equivalent to

inuity (c). Therefore, an intact chromosome axis is necessary for transmission of
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mechanistic differences might also exist among species.
For example, inmice, protein complexes involvedmostly in
NCO or mostly in CO formation both show interference, of
different strengths [53]. In addition, the protein complexes
associated with the sites of COs in mice show interference
in the absence of intact axial elements, as well as in the
absence of intact SC [59].

Choice of partner-DNA molecule for crossing-over
An important function of meiotic recombination is the
generation ofCOs betweenhomologous chromosomes.How-
ever, when a DSB occurs, it does not have to be repaired
against the homologous chromosome: recombination with
the sister chromatid can also occur (Figure 5). In addition, if
homology exists elsewhere in the genome, ectopic recombi-
nation with a non-allelic locus can take place. What deter-
mines the choice of partner in meiotic recombination?

Partner choice in meiotic recombination can be studied
at DSB hotspots using homologous chromosomes with
different patterns of restriction sites at a hotspot locus.
This enables intersister recombination intermediates to be
distinguished from interhomologue recombination inter-
mediates. Such physical studies of DNA intermediates at a
budding yeast meiotic recombination hotspot indicated
that interhomologue recombination is greatly favored over
intersister recombination, in contrast to the general bias
for intersister events seen duringmitosis [60]. Because this
makes sense in terms of promoting productive interhomo-
logue events, it was presumed to be a universal feature of
meiosis. However, recent research in fission yeast has
disproved the universality of this conclusion: intersister
recombination is favored over interhomologue recombina-
tion at a meiotic recombination hotspot [15].

Mechanistically, the difference in partner choice
between budding and fission yeast appears to be explained
Figure 5. Partner choice during meiotic recombination. Recombination initiated by

a DSB on one chromatid can occur with the homologous locus on the other (sister)

chromatid of the same chromosome or with the homologous loci on either

chromatid of the other homologous chromosome. In budding yeast, a strong bias

to interhomologue recombination is seen in meiosis [60] but, by contrast, in fission

yeast, a bias to intersister recombination is seen [15]. The bias to interhomologue

events in budding yeast seems to be the result of a barrier to intersister

recombination that is absent from fission yeast.
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by the presence of a barrier to intersister recombination
that is present in the former but not in the latter (Figure 5).
This is seen most clearly when comparing the behavior
of mutations affecting Dmc1, a meiosis-specific strand-
exchange protein. In dmc1 mutants of both yeasts, inter-
homologue recombination is reduced. However, in fission
yeast, essentially every DSB is still repaired, presumably
against a sister chromatid [61], whereas, in budding yeast,
DSBs remain unrepaired, indicating the existence of a
barrier to intersister repair [60]. Like fission yeast, plants
appear to lack the intersister recombination barrier seen in
budding yeast [62]. The nature of the budding yeast barrier
is unclear but involves the Mek1 protein kinase and the
Hop1 and Red1 axial-element components. Mutation of
mek1 or red1 removes the barrier to intersister recombina-
tion in a budding yeast dmc1 mutant [63–65].

In addition to the intersister recombination barrier in
budding yeast, interhomologue recombination might be
upregulated specifically by the Hed1 protein in that organ-
ism. This protein promotes the use of Dmc1 by suppressing
recombination carried out solely by the constitutively
expressed Rad51 strand-exchange protein [66]. Hed1 has
not yet been characterized in other model organisms.

As mentioned earlier, meiotic recombination can occur
between homologous DNA sequences present at different
places on the genome (ectopic recombination), as well as
between the same locus on sister chromatids or homolo-
gous chromosomes (allelic recombination). Generally, ecto-
pic events occur less frequently than allelic events,
although, in budding yeast, some ectopic recombination
rates approach allelic frequencies [67–69].

In general, budding yeast appears to have more forms of
crossover control, such as interference and the barrier to
intersister recombination, than does fission yeast. Why are
these forms of regulation necessary whenmeiosis in fission
yeast occurs successfully without them? CO control
appears to exist to limit the total amount of recombination,
implying that COs can be deleterious if occurring too
frequently. Fission yeast, with an unusually small number
of relatively large chromosomes, needs fewer total COs, in
the absence of CO control, to ensure at least one CO per
chromosome per meiosis. This number is presumably low
enough to avoid deleterious effects and, hence, the neces-
sity for CO control. However, these issues are far from
settled and remain topics of debate.

Concluding remarks
Recent research has greatly expanded our understanding
of how meiotic COs form, how their distribution and num-
ber are regulated and how CO partner choice is made.
Novel pathways of CO and NCO formation have been
identified, along with new forms of CO regulation. In
particular, the single Szostak model for CO and NCO
formation has been replaced by at least three branches
leading from an initiating DSB to produce NCOs or inter-
fering or non-interfering COs. The fuller picture now emer-
ging highlights the mechanistic differences between
meiotic recombination in different organisms and indicates
that the idea of a single pathway of meiotic recombination
is obsolete. Future studies will concentrate on exploring
the new pathways that recent research has revealed and
bination and its regulation, Trends Cell Biol. (2007), doi:10.1016/j.tcb.2007.07.007
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understanding the contrasting meiotic recombination
mechanisms and their control in different organisms.

Acknowledgements
We thank Sue Amundsen and Luther Davis for critical reading of the
manuscript. Our research is supported by grants R01 GM031693 and R01
GM032194 from the National Institutes of Health.

References
1 Szostak, J.W. et al. (1983) The double-strand-break repair model for

recombination. Cell 33, 25–35
2 Sun, H. et al. (1989) Double-strand breaks at an initiation site for

meiotic gene conversion. Nature 338, 87–90
3 Schwacha, A. and Kleckner, N. (1995) Identification of double

Holliday junctions as intermediates in meiotic recombination. Cell
83, 783–791

4 Cervantes, M.D. et al. (2000) Meiotic DNA breaks associated with
recombination in S. pombe. Mol. Cell 5, 883–888

5 Qin, J. et al. (2004) Mouse strains with an active H2-Ea meiotic
recombination hot spot exhibit increased levels of H2-Ea-specific
DNA breaks in testicular germ cells. Mol. Cell. Biol. 24, 1655–1666

6 Mahadevaiah, S.K. et al. (2001) Recombinational DNA double-strand
breaks in mice precede synapsis. Nat. Genet. 27, 271–276

7 Allers, T. and Lichten, M. (2001) Differential timing and control of
noncrossover and crossover recombination during meiosis. Cell 106,
47–57

8 Guillon, H. et al. (2005) Crossover and noncrossover pathways inmouse
meiosis. Mol. Cell 20, 563–573

9 Terasawa, M. et al. (2007) Meiotic recombination-related DNA
synthesis and its implications for cross-over and non-cross-
over recombinant formation. Proc. Natl. Acad. Sci. U. S. A. 104,
5965–5970

10 Borner, G.V. et al. (2004) Crossover/noncrossover differentiation,
synaptonemal complex formation, and regulatory surveillance at the
leptotene/zygotene transition of meiosis. Cell 117, 29–45

11 Osman, F. et al. (2003) Generating crossovers by resolution of nicked
Holliday junctions: a role for Mus81-Eme1 in meiosis. Mol. Cell 12,
761–774

12 Smith, G.R. et al. (2003) Fission yeast Mus81–Eme1 Holliday junction
resolvase is required for meiotic crossing over but not for gene
conversion. Genetics 165, 2289–2293

13 Bhagat, R. et al. (2004) Studies on crossover-specific mutants and the
distribution of crossing over in Drosophila females. Cytogenet. Genome
Res. 107, 160–171

14 Boddy, M.N. et al. (2001) Mus81–Eme1 are essential components of a
Holliday junction resolvase. Cell 107, 537–548

15 Cromie, G.A. et al. (2006) Single Holliday junctions are intermediates
of meiotic recombination. Cell 127, 1167–1178

16 Chen, X.B. et al. (2001) Human Mus81-associated endonuclease
cleaves Holliday junctions in vitro. Mol. Cell 8, 1117–1127

17 Gaillard, P.H. et al. (2003) The endogenous Mus81–Eme1 complex
resolves Holliday junctions by a nick and counternick mechanism.Mol.
Cell 12, 747–759

18 Whitby, M.C. et al. (2003) Cleavage of model replication forks by fission
yeast Mus81–Eme1 and budding yeast Mus81–Mms4. J. Biol. Chem.
278, 6928–6935

19 Gaskell, L.J. et al. (2007) Mus81 cleavage of Holliday junctions: a
failsafe for processing meiotic recombination intermediates? EMBO
J. 26, 1891–1901

20 McPherson, J.P. et al. (2004) Involvement of mammalian Mus81 in
genome integrity and tumor suppression. Science 304, 1822–1826

21 de los Santos, T. et al. (2003) The Mus81/Mms4 endonuclease acts
independently of double-Holliday junction resolution to promote a
distinct subset of crossovers during meiosis in budding yeast.
Genetics 164, 81–94

22 Sekelsky, J.J. et al. (2000) DNA repair in Drosophila: insights from the
Drosophila genome sequence. J. Cell Biol. 150, F31–F36

23 Argueso, J.L. et al. (2004) Competing crossover pathways act during
meiosis in Saccharomyces cerevisiae. Genetics 168, 1805–1816

24 Snowden, T. et al. (2004) hMSH4-hMSH5 recognizesHolliday junctions
and forms a meiosis-specific sliding clamp that embraces homologous
chromosomes. Mol. Cell 15, 437–451
Please cite this article in press as: Cromie, G.A. and Smith, G.R., Branching out: meiotic recom

www.sciencedirect.com
25 Zalevsky, J. et al. (1999) Crossing over during Caenorhabditis elegans
meiosis requires a conserved MutS-based pathway that is partially
dispensable in budding yeast. Genetics 153, 1271–1283

26 Meneely, P.M. et al. (2002) Crossover distribution and high
interference for both the X chromosome and an autosome during
oogenesis and spermatogenesis in Caenorhabditis elegans. Genetics
162, 1169–1177

27 Hillers, K.J. and Villeneuve, A.M. (2003) Chromosome-wide control of
meiotic crossing over in C. elegans. Curr. Biol. 13, 1641–1647

28 Munz, P. (1994) An analysis of interference in the fission yeast
Schizosaccharomyces pombe. Genetics 137, 701–707

29 Copenhaver, G.P. et al. (2002) Crossover interference in Arabidopsis.
Genetics 160, 1631–1639

30 Housworth, E.A. and Stahl, F.W. (2003) Crossover interference in
humans. Am. J. Hum. Genet. 73, 188–197

31 Higgins, J.D. et al. (2004) The Arabidopsis MutS homolog AtMSH4
functions at an early step in recombination: evidence for two classes of
recombination in Arabidopsis. Genes Dev. 18, 2557–2570

32 Mercier, R. et al. (2005) Two meiotic crossover classes cohabit in
Arabidopsis: one is dependent on MER3, whereas the other one is
not. Curr. Biol. 15, 692–701

33 Chelysheva, L. et al. (2007) Zip4/Spo22 is required for class I CO
formation but not for synapsis completion in Arabidopsis thaliana.
PLoS Genet. 3, e83

34 de Vries, S.S. et al. (1999)MouseMutS-like proteinMsh5 is required for
proper chromosome synapsis in male and female meiosis. Genes Dev.
13, 523–531

35 Kneitz, B. et al. (2000) MutS homolog 4 localization to meiotic
chromosomes is required for chromosome pairing during meiosis in
male and female mice. Genes Dev. 14, 1085–1097

36 Hunter, N. and Kleckner, N. (2001) The single-end invasion: an
asymmetric intermediate at the double-strand break to double-
Holliday junction transition of meiotic recombination. Cell 106, 59–70

37 Bell, L.R. and Byers, B. (1983) Homologous association of chromosomal
DNA during yeast meiosis. Cold Spring Harb. Symp. Quant. Biol. 47,
829–840

38 deMassy, B. (2003) Distribution of meiotic recombination sites. Trends
Genet. 19, 514–522

39 Gerton, J.L. et al. (2000) Global mapping of meiotic recombination
hotspots and coldspots in the yeast Saccharomyces cerevisiae. Proc.
Natl. Acad. Sci. U. S. A. 97, 11383–11390

40 Borde, V. et al. (2004) Association of Mre11p with double-strand break
sites during yeast meiosis. Mol. Cell 13, 389–401

41 Mieczkowski, P.A. et al. (2006) Global analysis of the relationship
between the binding of the Bas1p transcription factor and meiosis-
specific double-strand DNA breaks in Saccharomyces cerevisiae. Mol.
Cell. Biol. 26, 1014–1027

42 Mieczkowski, P.A. et al. (2007) Loss of a histone deacetylase
dramatically alters the genomic distribution of Spo11p-catalyzed
DNA breaks in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. U.
S. A. 104, 3955–3960

43 Baudat, F. and Nicolas, A. (1997) Clustering of meiotic double-strand
breaks on yeast chromosome III. Proc. Natl. Acad. Sci. U. S. A. 94,
5213–5218

44 Young, J.A. et al. (2002) Meiotic recombination remote from prominent
DNA break sites in S. pombe. Mol. Cell 9, 253–263

45 Cromie, G.A. et al. (2007) A discrete class of intergenic DNA dictates
meiotic DNA break hotspots in fission yeast. PLOS Genetics. 3, e141

46 Sym, M. and Roeder, G.S. (1994) Crossover interference is abolished in
the absence of a synaptonemal complex protein. Cell 79, 283–292

47 Page, S.L. and Hawley, R.S. (2004) The genetics and molecular biology
of the synaptonemal complex. Annu. Rev. Cell Dev. Biol. 20, 525–558

48 Perry, J. et al. (2005) Bioinformatic analyses implicate the collaborating
meiotic crossover/chiasma proteins Zip2, Zip3, and Spo22/Zip4 in
ubiquitin labeling. Proc. Natl. Acad. Sci. U. S. A. 102, 17594–17599

49 Novak, J.E. et al. (2001) The budding yeast Msh4 protein functions in
chromosome synapsis and the regulation of crossover distribution.
Genetics 158, 1013–1025

50 Rockmill, B. et al. (2003) The Sgs1 helicase regulates chromosome
synapsis and meiotic crossing over. Curr. Biol. 13, 1954–1962

51 Fung, J.C. et al. (2004) Imposition of crossover interference through the
nonrandom distribution of synapsis initiation complexes. Cell 116,
795–802
bination and its regulation, Trends Cell Biol. (2007), doi:10.1016/j.tcb.2007.07.007

http://dx.doi.org/10.1016/j.tcb.2007.07.007


8 Review TRENDS in Cell Biology Vol.xxx No.x

TICB-453; No of Pages 8
52 Henderson, K.A. and Keeney, S. (2004) Tying synaptonemal complex
initiation to the formation and programmed repair of DNA double-
strand breaks. Proc. Natl. Acad. Sci. U. S. A. 101, 4519–4524

53 de Boer, E. et al. (2006) Two levels of interference in mouse meiotic
recombination. Proc. Natl. Acad. Sci. U. S. A. 103, 9607–9612

54 Chua, P.R. and Roeder, G.S. (1998) Zip2, a meiosis-specific protein
required for the initiation of chromosome synapsis. Cell 93, 349–359

55 Agarwal, S. and Roeder, G.S. (2000) Zip3 provides a link between
recombination enzymes and synaptonemal complex proteins. Cell 102,
245–255

56 Nabeshima, K. et al. (2004) Chromosome-wide regulation of meiotic
crossover formation in Caenorhabditis elegans requires properly
assembled chromosome axes. Genetics 168, 1275–1292

57 Kleckner, N. et al. (2004) A mechanical basis for chromosome function.
Proc. Natl. Acad. Sci. U. S. A. 101, 12592–12597

58 Martini, E. et al. (2006) Crossover homeostasis in yeast meiosis. Cell
126, 285–295

59 de Boer, E. et al. (2007) Meiotic interference amongMLH1 foci requires
neither an intact axial element structure nor full synapsis. J. Cell Sci.
120, 731–736

60 Schwacha, A. and Kleckner, N. (1997) Interhomolog bias during
meiotic recombination: meiotic functions promote a highly
differentiated interhomolog-only pathway. Cell 90, 1123–1135

61 Young, J.A. et al. (2004) Conserved and nonconserved proteins for
meiotic DNA breakage and repair in yeasts. Genetics 167, 593–605
Please cite this article in press as: Cromie, G.A. and Smith, G.R., Branching out: meiotic recom

www.sciencedirect.com
62 Siaud, N. et al. (2004) Brca2 is involved in meiosis in Arabidopsis
thaliana as suggested by its interactionwith Dmc1.EMBOJ. 23, 1392–
1401

63 Bishop, D.K. et al. (1999) High copy number suppression of the meiotic
arrest caused by a dmc1 mutation: REC114 imposes an early
recombination block and RAD54 promotes a DMC1-independent
DSB repair pathway. Genes Cells 4, 425–444

64 Wan, L. et al. (2004) Mek1 kinase activity functions downstream of
RED1 in the regulation of meiotic double strand break repair in
budding yeast. Mol. Biol. Cell 15, 11–23

65 Niu, H. et al. (2005) Partner choice during meiosis is regulated
by Hop1-promoted dimerization of Mek1. Mol. Biol. Cell 16, 5804–
5818

66 Tsubouchi, H. and Roeder, G.S. (2006) Budding yeast Hed1 down-
regulates the mitotic recombination machinery when meiotic
recombination is impaired. Genes Dev. 20, 1766–1775

67 Virgin, J.B. and Bailey, J.P. (1998) The M26 hotspot of
Schizosaccharomyces pombe stimulates meiotic ectopic recombination
and chromosomal rearrangements. Genetics 149, 1191–1204

68 Schlecht, H.B. et al. (2004) Compartmentalization of the yeast meiotic
nucleus revealed by analysis of ectopic recombination. Genetics 168,
1189–1203

69 Davis, L. and Smith, G.R. (2006) The meiotic bouquet promotes
homolog interactions and restricts ectopic recombination in
Schizosaccharomyces pombe. Genetics 174, 167–177
bination and its regulation, Trends Cell Biol. (2007), doi:10.1016/j.tcb.2007.07.007

http://dx.doi.org/10.1016/j.tcb.2007.07.007

	Branching out: meiotic recombination and its regulation
	Introduction
	The Szostak model of recombination
	COs and NCOs arise through different branches of the recombination pathway
	There is more than one pathway to crossing-over
	Single and double Holliday junctions
	Regulation of CO number and position
	Choice of partner-DNA molecule for crossing-over
	Concluding remarks
	Acknowledgements
	References


