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Glossary

Chiasma: the cytological signature of a crossover. Chiasmata are observed as

connections between the homologous chromosomes in bivalents during

meiosis, from diakinesis to metaphase I.

Crossovers: one of the products of meiotic DSB repair. The repair process,

through breaking and rejoining DNA molecules, results in the reciprocal

exchange of large fragments of genetic material (i.e. the exchange of

homologous regions). Therefore, the genetic outcome of crossovers is the

reassociation of genetic markers located on both sides of the crossover point.

Also called crossing-overs.

Gene conversion: the nonreciprocal exchange of small fragments of genetic

material (i.e. homologous regions), resulting in a non-mendelian segregation

of genetic markers. Gene conversions are formed by the repair of a short

region around a DSB site by homologous recombination, using the chromatid

of the homologous partner chromosome as a template. They can be ‘single‘ or

associated with a crossover.

Leptotene: the first of the four substages of prophase in the first meiotic

division (i.e. prophase I). During this substage, individual chromosomes

condense into long strands. Initiation of recombination (i.e. DSBs) occurs at

this stage.

Noncrossovers: the subset of meiotic DSB-repair events that is not associated

with crossovers. Noncrossovers can be genetically detectable, in which case

they are called single gene-conversion events. Whether noncrossovers are

genetically detectable depends on the presence or absence of a polymorphism

in the conversion tract (i.e. the fragment of DNA that has been exchanged in

the process).

Pachytene: the third of the four substages of prophase in the first meiotic

division (i.e. prophase I). This substage is characterized by completion of the

polymerization of the synaptonemal complex along homologous chromo-

somes. Recombination is completed at this stage.

Recombination nodules: electron-dense structures located on chromosomes.

These are observed in electron micrographs of meiotic chromosomes during

prophase I. During zygotene, the early nodules (ENs) have a variable shape: for

example, round and small in tomato (Solanum lycopersicum), and ellipsoidal

and spherical in Allium species. These nodules disappear early in pachytene.

The nodules that remain at pachytene are called late nodules (LNs), and they

are larger and are usually ellipsoidal.

Synaptonemal complexes: structures that are specific to meiosis. By electron

microscopy, a synaptonemal complex appears as a ladder-like structure that

forms at zygotene, and formation of this complex is completed at pachytene.

The two uprights of the ladder consist of each axial element (the continuous

protein structures formed along each chromosome at leptotene) of the two

homologous chromosomes (at this stage called lateral elements), and the

rungs consist of a dimer of the protein Zip1. The function of synaptonemal

complexes has not been determined.
Crossovers involve the reciprocal exchange of large frag-
ments of genetic material between homologous
chromosomes during meiosis. In this way, crossovers
are the basis of genetics. Remarkably, the number and
distribution of crossovers on chromosomes are closely
controlled. Data from various model organisms (notably
Saccharomyces cerevisiae) show that the distribution of
crossovers results from a series of tightly regulated
events involving the formation and repair of double-
strand breaks and interference. Recent advances in
genetic and cytological tools, particularly for studying
Arabidopsis thaliana, have enabled crossover control in
plants to be studied in more detail. In this article, we
discuss the contribution of plant studies to meiosis
research, particularly to our understanding of crossover
control and interference, and we evaluate models of
interference.

Introduction
The crossover (see Glossary) and its cytological signature,
the chiasma, aremajor features of genetics. Our knowledge
of the molecular mechanisms of crossover formation has
increased considerably in the past decade, owing to studies
of fungi [1,2]. Nevertheless, little is known about control-
ling the number of crossovers and their distribution along
chromosomes, except for the remarkable observation that
crossovers and/or chiasma are not randomly distributed
[3]. However, it has been observed that when this control is
affected, the missegregation of chromosomes markedly
increases, resulting in aneuploid gametes in organisms
as diverse as yeast, nematodes, mammals and plants
[4]. The current view is that the distribution of crossovers
results from three constraints. First, each pair of chromo-
somes, regardless of size, has at least one chiasma (known
as the obligatory chiasma), which is essential for the
segregation of homologous chromosomes at the first meio-
tic division. Second, crossovers are not independent of each
other: the occurrence of one crossover inhibits the occur-
rence of another such event in a distance-dependent man-
ner, resulting in crossovers being spacedmore evenly along
the chromosomes than would be expected if they occurred
independently. This phenomenon is known as ‘positive’
interference and is referred to as interference throughout
this article [3]. Third, separately from the influence of
interference, the densities of crossovers along chromo-
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somes vary greatly, so there is a nonhomogeneous distri-
bution of crossovers.

Plants have always been at the forefront of the study of
heredity (Box 1). Now, plant models can be used to study
meiosis and recombination. This is because they not only
enable use of the rare combination of both genetic and
cytological approaches but also, owing mainly to techno-
logical progress with Arabidopsis thaliana, a full range of
molecular approaches can be used. The data obtained in
plants contribute to our general understanding of meiosis,
Zygotene: the second of the four substages of prophase in the first meiotic

division (i.e. prophase I). This substage is characterized by formation of the

synaptonemal complex, which progressively links closely the pairs of

homologous chromosomes. Recombination progresses during this stage.
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Box 1. Genetics in plants: from Pisum sativum to

Arabidopsis thaliana

Since Mendel established the law of segregation of independent

characteristics using the pea (Pisum sativum), plants have been at

the heart of the history of genetics. Mendel’s work was ignored for

three decades, until his laws were rediscovered independently

through studies of a large range of plants, including Trifolium

pratense (red clover), Silene latifolia subsp. alba (white campion),

Papaver somniferum (opium poppy), Zea mays (maize) and

P. sativum [69,70]. The first partial linkage was found in Lathyrus

odoratus (sweet pea) [71]. Although the data were not initially

interpreted as a meiotic reassociation of characteristics, this was the

first report of a genetic crossover. The first demonstration that

crossovers are associated with physical recombination of chromo-

somes was in Z. mays [72], and the first evidence for chiasmata

interference, predicted from crossover interference, was obtained in

Vicia faba (fava bean) [70,73].

Plants have been fundamental in numerous other genetic

discoveries. Mobile DNA elements were first reported in Z. mays

[74]. RNA-mediated silencing was first discovered in transgenic

Petunia hybrida, and plants still have a central role in deciphering

the underlying mechanisms of gene silencing [75]. One of the

current favorite models of plant geneticists is Arabidopsis thaliana

because of its suitability for combined molecular genetic and

cytological analyses.
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particularly owing to the comparisons that can be made
with data obtained in other model organisms. Here, we
review recent findings on crossovers in plants, particularly
those concerning key genes in Arabidopsis, and we relate
these findings to the numerous genetic and cytological data
from other species, including yeast, on the distribution of
crossovers and the role of interference.

Different manifestations of recombination: from yeast
to plants
Recombination was first defined as the generation of a new
combination of genes [5]. Now, this definition can be
extended to a reassortment of markers. In meiosis, this
can arise either by crossover or by ‘single’ gene conversion.
Recently, the term noncrossover has been introduced to
designate DNA double-strand break (DSB)-repair events
that are not associated with crossovers. Noncrossovers
include single gene-conversion events and events that
are not genetically detectable. Crossover and noncrossover
events are products of the repair of programmed DSBs [6].
It is also probable that some repair events occur on the
sister chromatid [sister chromatid exchange (i.e. SCE)];
however, these events are difficult to analyze, so their
frequency is not easy to estimate [7]. In budding yeast
(Saccharomyces cerevisiae), meiotic DSBs are caused by a
set of 11 proteins, including Spo11, which directly gener-
ates the DSBs [6] (Figure 1). Only four of these proteins
(Spo11, Mre11, Rad50 and Ski8) are conserved in Arabi-
dopsis. However, there are three Spo11 homologs in Ara-
bidopsis. The Arabidopsis proteins AtSPO11-1 and
AtSPO11-2 are required to initiate meiotic recombination
[8,9]. Mre11 and Rad50 are involved in both the formation
and the repair of DSBs in yeast, but their orthologs are not
required for DSB formation in Arabidopsis [10,11]. It is
also clear that the homolog of Ski8 is not required for
meiosis in plants [12]. Although the mechanism of
initiation of DSB formation is conserved across all species,
there are clear differences in the control of this process.
www.sciencedirect.com
Numerous data on crossover distribution in plants are
available, largely because crossovers are the basis of
genetic maps. By contrast, information about noncrossover
distribution is poor, because these events are difficult to
visualize by classical genetic analyses and have no (or
little) impact on genetic maps. Crossovers can also be
studied by cytology, visualized as chiasmata or as late
recombination nodules (LNs). Chiasmata reflect the same
molecular event as crossovers [3] and are powerful and
easymarkers for counting the number of crossovers per cell
and per chromosome. However, counting in this way could
result in a slight underestimation, because, even in plants
with large genomes, chiasmata that are close together
cannot be resolved unambiguously [13]. Individual chias-
mata can be visualized only in a few organisms, such as
grasshoppers [3]. LNs lie on the central region of synapto-
nemal complexes during pachytene and closely reflect the
sites of crossovers, providing amuch better resolution than
that provided by chiasmata [14,15]. However, the tech-
nique for efficient visualization of LNs is applicable to only
a few species. At an earlier substage in prophase I (zygo-
tene), there is a much larger population of nodules, called
early recombination nodules (ENs). Their distribution,
their protein content and the timing of their appearance
indicate that ENs might mark the sites of recombination
intermediates [14]. The recombinases Rad51 andDmc1 are
involved in meiotic DSB repair and colocalize with ENs
[16]. These two proteins are not observed in all ENs at a
given time, but this is probably because ENs have pro-
gressed through the process of DSB repair to different
extents. The genes ATRAD51 and ATDMC1 have been
functionally characterized in Arabidopsis. As expected,
the atrad51 mutant shows strong meiotic fragmentation
of its chromosomes [17]. Surprisingly, in Arabidopsis
atdmc1mutants, DSBs seem to be repaired using the sister
chromatid, although they are not repaired in similar yeast
mutants [18,19]. Another interesting difference is that
recombination defects result in apoptosis in mammals,
whereas, in Arabidopsis, meiosis progresses regardless
of the defect, allowing access to more information about
the mutant phenotype.

Crossover frequency varies along chromosomes
In all eukaryotes that have been studied, including plants,
the distribution of crossovers or LNs along chromosomes is
not homogeneous [15,20], on either a megabase or a kilo-
base scale (Figure 2). That is, the local probability of a
crossover varies among different chromosome intervals.
This nonhomogeneity is the basis of the definition of ‘hot’
and ‘cold’ regions (which have significantly high and low
crossover frequencies, respectively). A general rule is that
centromeres are cold regions [21].

Plants have diverse chromosome sizes and structures,
and, in each type of plant, these hot and cold regions are
distributed in a particular way. In some plants – including
wheat (Triticum aestivum), maize (Zea mays) and barley
(Hordeum vulgare) – the crossover frequency tends to
increase with the relative physical distance from the cen-
tromere. By contrast, in Allium fistulosum (Welsh onion),
crossovers seem to cluster close to centromeres [3]. For
other plants – for example, Arabidopsis, rice (Oryza sativa)



Figure 1. Prophase I of meiosis. (a) The cytological progression of prophase I of meiosis. After replication, chromosomes condense into long threads. This stage is known

as leptotene. Then, at zygotene, the pairs of homologous chromosomes start to synapse, through formation of the synaptonemal complex. Next, at pachytene, synapsis is

completed, and the synaptonemal complex links the homologs along their whole length. Then, at diakinesis (the final stage of prophase I), the synaptonemal complex has

disappeared, and the further condensation of chromosomes reveals the presence of chiasmata. (b) A model of meiotic recombination pathways in Saccharomyces

cerevisiae (yeast) and Arabidopsis thaliana. DNA DSBs are formed at leptotene and are processed to form single strands, which then invade a chromatid of the homologous

chromosome as a repair template. Repair results in three different products: interfering crossovers, noninterfering crossovers and noncrossovers. Proteins involved in this

process are indicated, together with the stage they are thought to operate at; data taken from Ref. [78]. Question marks indicate Arabidopsis proteins that are thought to be

involved in this process on the basis of their similarity with S. cerevisiae proteins but that have not been functionally characterized. Alternative names for S. cerevisiae and

Arabidopsis proteins are indicated here in parentheses: Rec107 (Mer2), Ski8 (Rec103), Mre2 (Nam8), Sae2 (Com1), Zip4 (Spo22), AtMSH5 (At3G20475), AtMUS81A

(At4G30870) and AtMUS81B (At5G39770).
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and tomato (Solanum lycopersicum) – crossover distri-
bution varies between and along chromosome arms, with
no apparent rule. Interestingly, within regions (cold or
hot), crossover rates vary enormously from one kilobase
www.sciencedirect.com
to another in Arabidopsis [20] (Figure 2). These
observations led to the hypothesis that there are several
levels of control, each operating at a different scale:
chromosomal, regional (megabase) and local (kilobase).



Figure 2. Variation in crossover rate along chromosome 4 of Arabidopsis thaliana. (a) The graph shows the variation in crossover rate along chromosome 4 of Arabidopsis.

A schematic representation of chromosome 4 is aligned with the graph, showing the centromere (red), the heterochromatic knob (blue) and the nucleolar organizer region

(yellow). Part (a) reproduced, with permission, from Ref. [79] � (2006) Cold Spring Harbor Laboratory Press. (b) The graph shows the variation in crossover rate in the first

800 kb of the short arm of chromosome 4. Crossover breakpoints are concentrated in ten regions of <5 kb on this short arm, resulting in a recombination rate at least

fivefold greater than the whole-chromosome average [4.6 centimorgan (cM)/Mb; dashed red line in (a)]. Part (b) reproduced, with permission, from Ref. [20] � (2006) the

Biochemical Society.
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In contrast to crossovers, the density of early recombi-
nation events, marked by ENs, is less variable along
chromosomes [15,22]. ENs, or foci of either Rad51 or
Dmc1, are often much more numerous than crossovers,
strongly suggesting that DSBs are mostly repaired by
noncrossovers. For example, there are 40-fold more ENs
than LNs inAllium species [14], and there are tenfoldmore
Rad51 or Dmc1 foci than crossovers in the mouse [23]. In
Arabidopsis, the ratio of AtRAD51 foci to crossovers is
�25:1 [24], and models developed to infer genetic recom-
bination rates from population genetic data fit better with
a 1:1 ratio of gene conversion to crossovers [25]. The 1:1
estimate needs to be takenwith caution, because it could be
biased by several parameters (e.g. mutation and recombi-
nation rates, and sampling). In addition, this analysis
detects only gene conversion and not ‘silent’ noncrossovers.
The AtRAD51 foci probably provide a better estimate of the
noncrossover to crossover ratio, even if they might mark
other events (e.g. SCE).

TheEN to LN ratio varies from interval to interval (from
4:1 to 20:1 in maize) [14,26], indicating that all early
recombination events have different probabilities of
becoming a crossover. This point is also illustrated by
www.sciencedirect.com
the noncrossover to crossover ratio varying substantially
from one locus to another in organisms as different as yeast
and humans [27–29]. Therefore, the variation of crossover
frequencies along a chromosome depends greatly on the
choice of DSB-repair mechanism (crossover versus non-
crossover), not only on the DSB distribution per se.

Interference shapes the distribution of crossovers
In addition to being unevenly distributed along chromo-
somes, crossovers are not independent of each other,
because of the phenomenon of interference. Interference
was defined by Muller in 1916 [30]: ‘The occurrence of one
crossing-over interferes with the coincident occurrence of
another crossing-over in the same pair of chromosomes,
and I have accordingly termed this phenomenon ‘‘inter-
ference’’.’ An obvious consequence of interference is that
crossovers are more distant from each other than would be
expected if they were independent. Interference is com-
monly estimated genetically by the coefficient of coinci-
dence [30] or cytologically by the distribution of LNs or
chiasmata [31] (Box 2). The existence of interference
has been confirmed in most species that have been
tested; exceptions include Schizosaccharomyces pombe



Box 2. The measurement of interference: C and n

The first objective measurement of crossover interference, the

coefficient of coincidence (C), was described by Muller [30]. It is the

ratio of the observed frequency of crossovers being simultaneously

present in two different intervals to the product of the frequency of

crossovers in each interval. Its value ranges from 1, when the

occurrence of a crossover has no effect on the occurrence of another

crossover (i.e. no interference), to 0, when the presence of a crossover

prohibits the occurrence of another crossover (i.e. total interference).

Between these values, C indicates the strength of interference.

There are several reports of negative interference (C >1). We

suggest that this type of interference falls into two categories. At short

distances (a few kilobases), a noncrossover can be misinterpreted as

two crossovers. When observed between two distant intervals,

negative interference could be a side-effect of positive interference,

resulting from an increased probability of having a second crossover

at a distance corresponding to the end of the effect of positive

interference [76,77].

Plotting C between each pair of intervals as a function of genetic

distance yields a coincidence function that gives an overall view of

interference [77] (as modeled in Figure Ib).

Among several mathematical models that have been elaborated to

describe this coincidence function, gamma models turned out to

provide the best fit between experimental and predicted C values [77].

Indeed, gamma models can be used to provide a distribution of the

distances between crossovers (i.e. the inter-crossover distances;

Figure Ia) from which a coincidence function can be deduced (Figure

Ib). The probability density function of the gamma distribution in

Figure Ia is shown in Equation I:

f ðx ; n;lÞ ¼ lnx ðn�1Þe�lx

G ðnÞ [I]

where x is the input variable, n is a shape parameter, l is a rate

parameter, and G(n) is the gamma function; the mean is n/l, and the

variance is n/l2.

The shape of a gamma distribution curve is described by the

parameter n [58], which, biologically, reflects the number of noncross-

overs between two crossovers plus one (m + 1). When n is 1, the

distribution of the intercrossover distances is exponential (Figure Ia),

and the coincidence function is a horizontal straight line that has a

value of 1 (Figure Ib). That is, for n = 1, intercrossover distances are

random, so there is no interference. As n increases, the distribution of

the intercrossover distances tends to be gaussian (Figure Ia), and the

C values in the deduced coincidence functions decrease at short

distances (Figure Ib). In other words, for high values of n, the

intercrossover distances are constrained and become less variable,

and interference is strong.

Therefore, n is a measure of the strength of interference. It can be

estimated either by finding the n value that provides the best fit for the

observed distribution of intercrossover distances (measured geneti-

cally or cytologically [58]) or from observed C values [64]. The gamma

model can be used as a tool to measure interference without

assuming any particular biological mechanism [58].

Figure I. Using gamma distributions to determine the strength of interference.

(a) Gamma distributions with varying shape (n) and rate (l) parameters and a

constant mean. (b) Coincidence functions deduced from gamma distributions

with a varying shape (n) parameter.
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(fission yeast) and Aspergillus nidulans (also known as
Emericella nidulans) [15]. For example, in tomato and
maize, the observed distribution of the distance between
two LNs is different from that expected if their positions
were assumed to be independently and homogeneously
distributed [31,32]. In addition, detailed analyses of
crossovers in yeast, humans and Arabidopsis strongly
indicate that althoughmost crossovers are subject to inter-
ference, some are not [33–37]. The existence of two classes
of crossover (one subject to interference and one not) has
been confirmed by mutant analyses in yeast [1,2] and
Arabidopsis [38–41].

Formation of interfering crossovers
In yeast, interfering-crossover formation is catalyzed by
the recruitment of a set of meiosis-specific proteins –
referred to as ZMM proteins [for Zip1, Zip2, Zip3 (also
known as Cst9), Msh4, Msh5 and Mer3 (also known as
Hfm1) proteins] [42] (Figure 1) – to a subset of DSB sites.
Noninterfering crossovers depend on the proteins Mus81
www.sciencedirect.com
and Mms4 [43]. The actions of ZMM proteins indicate that
interfering-crossover sites are selected from potential pre-
cursors at an early stage in the meiotic DSB-repair process
[1,44]. In Arabidopsis, the depletion of AtMSH4 and
AtMER3 (also known as MER3), two of the ZMM proteins,
greatly reduces the number of crossovers that form, with
atmsh4 mutants having 85% fewer chiasmata than wild-
type Arabidopsis [39] and atmer3 mutants having 75%
fewer [38,40]. The interference between the crossovers that
are present is substantially reduced in atmer3 mutants
[40]. Therefore, the interfering pathway is responsible for
the formation of most crossovers in Arabidopsis and
involves AtMSH4 and AtMER3. Copenhaver et al. also
estimated a proportion of �15% of noninterfering cross-
overs by fitting model data to genetic data [45].

Zip1, another ZMM protein in yeast, has a structural
role in the synaptonemal complex [42,46]. It had been
proposed that the polymerization of the synaptonemal
complex could be the interference signal, but there is
now strong evidence against the idea of such a mechanism
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[1,47]. Unlike the situation in yeast, in which the absence
of Zip1 leads to a marked reduction in the number of
crossovers, crossover formation is only slightly reduced
(by 20%) when the two Arabidopsis orthologs of yeast
ZIP1 (ATZYP1A and ATZYP1B; also known as ZYP1A
and ZYP1B) are inactivated using RNA interference [48].
Because no direct assay was carried out to study interfer-
ence in this context, additional analysis is needed to confirm
or to disprove the role of theAtZYP1proteins in interference
in Arabidopsis. In addition, multivalents and bivalents
between nonhomologous chromosomes are observed when
both ATZYP1 genes are inactivated, showing that the
AtZYP1 proteins are required to restrain the formation of
crossovers between homologous chromosomes [48]. These
results indicate that, in Arabidopsis, AtZYP1A and
AtZYP1B are not ZMM proteins as defined in yeast.

In yeast and Arabidopsis, other proteins also promote
crossover formation (Figure 1). Meiotic crossover defects
have been described in mlh1 [49] and mlh3 [50]
deletion mutants in yeast and in atmlh3 [51] mutants in
Arabidopsis but seem to be less severe than those in yeast
msh4 or Arabidopsis atmsh4 mutants. The role of these
factors in interference is either controversial (for yeast
mlh1 and mlh3) [52] or unconfirmed (for Arabidopsis
atmlh3), and their relationship to ZMM proteins is still
unclear. In Arabidopsis, PARTING DANCERS (ATPTD;
also known as AT1G12790.1), a novel gene that has no
homolog in other kingdoms, might function in the inter-
fering pathway: atptd mutants have 75% fewer chiasmata
than wild-type Arabidopsis [41]. The list of genes impli-
cated in crossover formation is growing, and it is unlikely
that all the factors involved have been identified.

Three of the proteins involved in the formation of inter-
fering crossovers have been immunolocalized in several
species. In the mouse, MLH1 and MLH3 localize at cross-
over sites on meiotic chromosomes [53] and are commonly
used to count crossovers, although it is unknown whether
they mark all crossover sites. In tomato, there are 30%
fewer MLH1 foci than LNs, and comparisons of their
distributions indicate that interference among MLH1
foci is much stronger than among LNs. Because LNs
correspond closely to chiasmata [31], this finding indicates
that LNs mark all sites of crossovers (interfering and
noninterfering), whereas MLH1 foci mark only a subset
of strongly interfering crossovers. In addition, simulation
shows that the distribution obtained when adding 30%
more crossovers, in random positions, to the observed
distribution of MLH1 foci matches the observed distri-
bution of LNs [54] (C. Heyting, unpublished). In Arabidop-
sis, AtMLH1 and AtMLH3 foci colocalize at pachytene [51].
These foci are slightly less numerous than the chiasmata
count at metaphase I, which itself is probably a small
underestimation of the number of crossovers. This
suggests that these two proteins mark the sites of inter-
fering crossovers and not the sites of noninterfering cross-
overs as in tomato. The situation is different for Msh4 and
its orthologs in other species. In yeast, the number of Msh4
foci matches the number of crossovers [55]. By contrast, in
the mouse and in Arabidopsis, numerous AtMSH4 foci
appear at mid-leptotene, clearly marking more sites than
there are crossovers [39,56]; the function of Msh4 and its
www.sciencedirect.com
orthologs at these sites still needs to be elucidated. Then,
the number of these sites gradually decreases at zygotene
and pachytene. In Arabidopsis, the colocalization of
AtMLH3 and AtMSH4 is poor at pachytene [51], indicating
that these proteins do not function at the same time in the
formation of interfering crossovers.

Noninterfering crossovers coexist with interfering
crossovers
Two factors in the noninterfering-crossover pathway have
been identified in yeast: Mus81 and Mms4 [43] (Figure 1).
These proteins are responsible for �30% of all crossovers.
Arabidopsis contains two putative homologs of MUS81
[57], which might function in the noninterfering-crossover
pathway.

The ratio of interfering crossovers to noninterfering
crossovers differs among the species in which it has been
studied. In yeast and tomato, �30% of crossovers seem to
escape the interference mechanism; and in Arabidopsis,
15%. At the two extremes are Caenorhabditis elegans,
which has only interfering crossovers, and S. pombe (which
lacks Msh4 and Msh5), which has only noninterfering
crossovers [2]. Interestingly, in plants as diverse as potato,
poplar, rice and Arabidopsis, homologs of the two sets of
proteins (those involved in interfering crossovers and those
involved in noninterfering crossovers) can be found,
suggesting that the coexistence of the two pathways is a
common feature in the plant kingdom. It is unclear why
certain species have conserved both pathways and why the
balance between the two pathways differs markedly. To
add to this complexity, some crossovers still occur when
both interfering-crossover (ZMM proteins) and noninter-
fering-crossover (Mus81 or Mms4) pathways are simul-
taneously disrupted in yeast [43,50], suggesting the
existence of a third crossover-formation mechanism.

Are there several layers of interference?
That interference occurs between LNs, crossovers or Mlh1
foci at pachytene is no longer in doubt. Interestingly, a low
level of interference has been detected between MSH4 foci
(half that at MLH1 foci) at late zygotene in the mouse [58].
The distribution of ENs in tomato seems to show inter-
ference [58], in contrast to previous descriptions of a large
range of plant species, for which the distribution of ENs
was reported to be free of interference (except possibly over
short distances) [22]. These new findings indicate that
there are also two levels of interference in tomato. It is
unknown whether these two putative levels of interference
are mediated by two independent, still undefined, mech-
anisms and whether they are concomitant or are estab-
lished successively as meiosis progresses. If ENs mark all
DSB sites, then the first level of interferencemust be at the
stage of DSB formation. At present, although it is clear
that, in yeast, the density of DSBs varies enormously along
chromosomes [59,60], there are no data about putative
interference between DSBs.

Models of interference
As it became clear that crossovers and noncrossovers
both arise from meiotic DSBs and have a common
early-recombination DNA structure, it was postulated that



Figure 3. The process of crossover formation. The start point of crossover formation is a distribution of precursors (i.e. DSBs) among and along chromosomes (a). The

density of these precursors varies along chromosomes, but how their distribution is controlled is largely unknown. These DSBs can be repaired as crossovers or

noncrossovers. The tendency of individual precursors to become a crossover probably varies [28,29]. The mechanism that controls the decision of whether a precursor is

repaired as a crossover or noncrossover is unknown. When one of the precursors, assumed to be stochastically chosen, is designated to become a crossover (b), this site

inhibits the formation of a second crossover in its vicinity, implying that precursors subject to this effect become noncrossovers (c). The outcome is shown in (d). The way in

which potential crossovers crosstalk to establish such interference at the chromosome level is not understood. The precursors located outside the effect of interference (i.e.

the interference signal) might not become crossovers (i), or they can be designated as a second crossover and, in turn, inhibit the formation of other crossovers nearby

(ii,iii). This controlled selection of a few sites to become crossovers from a large population of precursors (assuring that each bivalent has at least one crossover) explains

the two main properties of crossover distribution: the obligatory crossover and interference. (For a discussion of the relationship between obligatory chiasmata and

interference, see Ref. [80].) A proportion of precursors can be designated to become noninterfering crossovers, independent of the presence of another crossover nearby

(iii). The way in which some precursors enter this pathway, and why they are not subject to interference, is still puzzling.
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interference is imposed when they diverge [61] (Figure 3).
This led to the proposal of a series of models to explain the
control of the differentiation between crossovers and
noncrossovers and the coordination at the chromosome
level of this control.

In the counting model, the number of noncrossover
events between crossovers (m) is fixed. Therefore, m
directly reflects the strength of interference (Box 2). The
fit of the counting model to genetic data sets is satisfactory
inmost cases [62], so this became one of themainmodels in
the field. However, the basis for fixing the value of m is
challenged by numerous data indicating that m varies
between sexes and individuals in the same species,
between chromosomes in the same nucleus and even along
chromosomes [63,64]. To account for the variations in
strength of interference, two modified versions of the
counting model were proposed: one in which m is not
constant [65], and a second in which the existence of
noninterfering crossovers is taken into account [33,35–
37]. In this second model, the apparent variation in
interference strength is due to the variable proportion of
www.sciencedirect.com
noninterfering crossovers to interfering crossovers (p)
from chromosome to chromosome and along chromosomes,
rather than to variation in the mechanism of interference
itself (m). Indeed, this assumption improves the fit of the
model to the genetic data from yeast, humans and Arabi-
dopsis [33,35–37]. However, the best fitting values for m
and p in Arabidopsis [33,37] predict that the crossovers
that occur in ZMM protein mutants will not be distributed
equally among chromosomes. This prediction is not sub-
stantiated in atmsh4 [39] and atmer3 mutants (J. Vignard
andR.Mercier, unpublished), indicating that a variation in
the ratio of noninterfering crossovers to interfering cross-
overs is insufficient to account for the variation in inter-
ference between chromosomes. Another set of data
obtained recently in yeast also presents serious challenges
to the counting model. Indeed, the decrease in the number
of meiotic DSBs was shown not to reduce the number of
crossovers proportionally (a phenomenon known as
crossover homeostasis) and not to modify the strength of
interference [66]. This contradicts the prediction of the
counting model, which finds that to keep the number of
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noncrossovers constant between two crossovers (m), the
number of crossovers needs to decrease.

Anothermodelpostulates that early recombination inter-
mediates sometimes become crossovers and then nucleate
an inhibitory polymerization; this interference signal then
propagates in its own vicinity and forces other early events
to resolveasnoncrossovers [67].Themoreobvious candidate
for the propagation of this signal was the polymerization of
the synaptonemal complex, but there is now strong evidence
against the idea of such a mechanism [1,47]. No other
potential mediator of this signal has been identified.

More recently, in another model, known as the mech-
anical stress model, the designation of crossovers among
DSBs results from the imposition of a physical stress on the
chromatin fiber [68]. The occurrence of a crossover results
in local relief of the stress, which spreads out in both
directions from the affected site with decreasing strength.
Therefore, the probability of a second crossover occurring
adjacent to the first is zero and progressively increases
with distance, up to the initial probability. A simulation
according to this model successfully fitted genetic data
from two species. However, there has been no in vivo
demonstration supporting this model.
Conclusions
As more genetic and cytological data become available, in
particular data from mutants of various species, the emer-
ging picture of crossover formation is becoming more
detailed and is turning out to be more complex than was
expected a few years ago. The final distribution of cross-
overs results from the integration of several levels of
control (Figure 3), which can be summarized as follows:
(i) the density of DSBs varies along chromosomes in yeast,
and probably in other species, and DSBs might interfere;
(ii) the propensity of a DSB to become a crossover or a
noncrossover (or an SCE) probably varies; (iii) interference
might operate at several levels, and its strength varies
along a chromosome and among chromosomes; (iv) some
crossovers, the proportion of which differs among species,
are insensitive to interference; and (v) there might be more
than two pathways controlling crossover formation.

At present, each of these different levels of control of
crossover formation is poorly understood, and there is still
no unified theory of crossover differentiation that integrates
genetic and cytological data and proposes a satisfactory
underlying molecular mechanism. However, there is much
research activity in the field, and communication between
groupsworking ona large rangeofmodel species indifferent
kingdoms has recently become intense. Plants have their
say in this dialog thanks to the combination of available
genetic data and superb cytological tools for studying sev-
eral species, in addition to the molecular mechanism of
crossover formation having been deciphered, particularly
in Arabidopsis. This multi-organism approach should soon
result in new insights into themechanisms involved in each
level of control of the final crossover distribution.
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