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Abstract

Key message Chromatin state, and dynamic loading of pro-crossover protein HEI10 at recombination intermediates
shape meiotic chromosome patterning in plants.

Abstract Meiosis is the basis of sexual reproduction, and its basic progression is conserved across eukaryote kingdoms. A key
feature of meiosis is the formation of crossovers which result in the reciprocal exchange of segments of maternal and paternal
chromosomes. This exchange generates chromosomes with new combinations of alleles, increasing the efficiency of both
natural and artificial selection. Crossovers also form a physical link between homologous chromosomes at metaphase I which
is critical for accurate chromosome segregation and fertility. The patterning of crossovers along the length of chromosomes
is a highly regulated process, and our current understanding of its regulation forms the focus of this review. At the global
scale, crossover patterning in plants is largely governed by the classically observed phenomena of crossover interference,
crossover homeostasis and the obligatory crossover which regulate the total number of crossovers and their relative spacing.
The molecular actors behind these phenomena have long remained obscure, but recent studies in plants implicate HEI10 and
ZYPI as key players in their coordination. In addition to these broad forces, a wealth of recent studies has highlighted how
genomic and epigenomic features shape crossover formation at both chromosomal and local scales, revealing that crossovers
are primarily located in open chromatin associated with gene promoters and terminators with low nucleosome occupancy.
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Introduction

In most sexually reproducing organisms, meiotic crossovers
have two key functions. One of these roles is biophysical,
ensuring accurate chromosome segregation; crossovers
together with sister chromatid cohesion create a physical
link between homologous chromosomes during metaphase
I, preventing separation of bivalents at the first meiotic
division until the spindle assembly checkpoint has been
passed. The second major outcome of meiotic crossovers is
the reciprocal exchange of segments of homologous chro-
mosomes, generating chromosomes that are a chimaera of
maternal and paternal sequence. This reciprocal exchange
produces new combinations of alleles and importantly can
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separate beneficial and detrimental alleles located on the
same chromosome. In this way, meiotic recombination
speeds adaptation, allowing natural or artificial selection to
more efficiently sort beneficial from deleterious mutations
(McDonald et al. 2016). The number and location of meiotic
crossovers are highly regulated, and at a global scale, this
patterning in plants is largely driven by the processes of
crossover interference, crossover homeostasis and forma-
tion of the obligatory crossover. Despite their importance
in determining patterns of inheritance, the molecular basis
of all three of these processes has remained largely obscure.
Recent studies in plants, however, have shed new light on
these classically observed phenomena and suggest that
HEI10 (Ziolkowski et al. 2017; Morgan et al. 2021) and
ZYPI1 (Capilla-Pérez et al. 2021; France et al. 2021) may be
key players. This review will provide an overview of these
recent studies and consider their implications on crossover
interference, crossover homeostasis and formation of the
obligatory crossover. In addition, this review will summa-
rise recent genomic analyses in both Arabidopsis and crops
which have uncovered numerous genomic and epigenomic
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factors shaping crossover patterning at both chromosomal
and local scales. These studies highlight that crossovers are
primarily located in open chromatin with low levels of DNA
methylation and are particularly enriched in gene promoters
and terminators.

crossover
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Fig.1 Model of meiotic recombination/DNA repair pathways in
plants. Meiosis begins with the assembly of a proteinaceous axis
(incorporating ASY1 and ASY3), which forms the base of chromatin
loops, and the programmed induction of DNA double-strand breaks
by SPO11-1, SPO11-2 and MTOPVIB. Following DSB induction,
DNA ends are resected, and the single-stranded overhangs bound by
DMCI1 and RADS1 to mediate inter-homologue strand-invasion/D-
loop formation. These joint molecules are then processed by numer-
ous parallel pathways to be resolved as crossovers or non-crossovers.
DSBs can also be repaired without inter-homologue invasion via the
sister chromatid. While hundreds of DSBs are induced at the begin-
ning of meiosis, only a small percentage become crossovers. Many
recombination intermediates initially enter the class I (ZMM) crosso-
ver pathway and have early association with ZMM proteins including
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Meiotic recombination pathways

Meiosis begins with two key steps: firstly, each chromo-
some is tethered to a proteinaceous axis incorporating
ASY1 (Armstrong et al. 2002) and ASY3 (Ferdous et al.
2012), and secondly, there is programmed induction of
DNA double-strand breaks (DSBs) by a DNA topoisomerase
VI-like complex comprising SPO11 (Keeney et al. 1997)
and MTOPVIB (Vrielynck et al. 2016). Plants have three
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HEI10. However, most intermediates exit this pathway and lose their
association with HEI10 (HEI10 coarsening) so that by late pachy-
tene, only the few intermediates destined to become class I crossovers
remain. These class I crossovers account for~70-90% of crossovers
in plants. Joint-molecules/recombination intermediates not destined
to become class I crossovers have several potential fates. Helicases
(FANCM, RECQ4) and associated proteins disassemble recombina-
tion intermediates and promote non-crossover formation via synthe-
sis dependent strand annealing (SDSA) or double Holiday junction
(dHJ) dissolution. Other intermediates may be resolved as class 11
crossovers via partially redundant pathways involving MUS81 and
FANCD2. This model is based on that described in (Mercier et al.
2014), incorporating data from (Morgan et al. 2021).
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SPO11 homologs two of which, SPO11-1 and SPO11-2,
form part of the meiotic topoisomerase complex and are
required for meiotic double-strand break induction (Fig. 1;
Grelon et al. 2001; Stacey et al. 2006), while the third,
SPO11-3, has a non-meiotic role (Sugimoto-Shirasu et al.
2002). Following DSB induction, DNA ends are resected,
and the single-stranded overhangs generated are bound by
DMCI1 and RADS51 which mediate inter-homologue strand-
invasion forming a D-loop structure (Fig. 1; Shinohara et al.
1992; Ogawa et al. 1993; Sehorn et al. 2004; Da Ines et al.
2013). These joint molecules are then processed by numer-
ous parallel pathways to be resolved as either crossovers or
non-crossovers (Fig. 1; Bishop and Zickler 2004). While
hundreds of DSBs are introduced at the beginning of meio-
sis, from ~200 in Arabidopsis (Kurzbauer et al. 2012; Girard
et al. 2015) and ~400 in rice (Ren et al. 2021) to 750-1500
in wheat (Benyahya et al. 2020; Osman et al. 2021), only a
very small percentage of these eventually become crosso-
vers, with the balance of crossovers to non-crossovers deter-
mined by two antagonistic processes. On one hand, several
helicases and associated proteins disassemble recombina-
tion intermediates and promote non-crossover formation
via synthesis dependent strand annealing (SDSA) (Fig. 1;
Crismani et al. 2012; Girard et al. 2015; Seguela-Arnaud
et al. 2015; Fernandes et al. 2018b). In parallel, a subset
of joint-molecules enters the major recombination pathway
which in plants contributes around 70-90% of crossovers
(Fig. 1; Mercier et al. 2005; Lhuissier et al. 2007; Falque
et al. 2009). This pathway—referred to as the class I, or
ZMM pathway—is defined by its reliance on a structurally
diverse, yet functionally related group of proteins referred
to collectively as the ZMMs (Sym et al. 1993; Ross-Mac-
donald and Roeder 1994; Hollingsworth et al. 1995; Chua
and Roeder 1998; Nakagawa and Ogawa 1999; Agarwal
and Roeder 2000; Tsubouchi et al. 2006; Lynn et al. 2007,
De Muyt et al. 2018). In Arabidopsis, the ZMM proteins
are SHOC1 (Macaisne et al. 2011), HEI10 (Chelysheva
et al. 2012), ZIP4(SPO22) (Chelysheva et al. 2007), PTD
(Macaisne et al. 2011), MER3 (Mercier et al. 2005), MSH4
(Higgins et al. 2004) and MSHS5 (Higgins et al. 2008). The
roles of these proteins are mostly conserved in yeast, animals
and plants though there are some differences. For example,
the transverse filament protein Zipl (Sym et al. 1993) is
absolutely required for class I crossover formation in yeast
and considered a ZMM, while the Arabidopsis and rice
homologs, ZYP1 and ZEP1, respectively, are dispensable
class I crossover formation (Wang et al. 2010; Capilla-Pérez
et al. 2021; France et al. 2021).

A primary role of the ZMM proteins is to bind to and sta-
bilise recombination intermediates formed between homolo-
gous chromosomes. In yeast, ZMM proteins also provide
a functional link between meiotic crossover formation and
assembly of the synaptonemal complex—the highly ordered

and evolutionarily conserved structure which “zips” together
homologous chromosomes in early meiotic prophase (Pyat-
nitskaya et al. 2022). This role of ZMMs in establishing a
link between recombination intermediates and SC polymeri-
sation might not be conserved in plants, however, as plant
zmm mutants do not show defects in synapsis (Higgins et al.
2004, 2008; Chelysheva et al. 2007, 2012; Wang et al. 2012;
Gonzalo et al. 2019; Desjardins et al. 2020). The majority
of the ZMM proteins have been shown to directly bind to,
or act on DNA recombination intermediates. This includes
Mer3 which recognises and migrates D loops (Mazina et al.
2004), the Msh4-Msh5 heterodimer which stabilises dou-
ble Holiday Junctions (dHJs) (Snowden et al. 2004) and
Zip2(AtSHOCT1) and Spo16(AtPTD) which bind both dHJs
and D-loops (De Muyt et al. 2018). Zip4, a tetratricopep-
tide repeat containing protein, appears to play a scaffold-
ing role in yeast, mediating interactions between recombi-
nation intermediates (via direct interactions with MSHS,
ZIP2[AtSHOC1] and Spol16[AtPTD]), the chromosome axis
(via direct interaction with Red1[AtASY3]) and the synap-
tonemal complex (via direct interactions with Emc11 and
Gcm?2) (De Muyt et al. 2018; Pyatnitskaya et al. 2022). Zip4
also directly interacts with the E3 ligase Zip3 which at late
pachytene localises to sites of crossover formation (De Muyt
et al. 2018). Through these multiple interactions, Zip4 links
the stabilisation of recombination intermediates to crossover
formation and assembly of the synaptonemal complex (Pyat-
nitskaya et al. 2022). HEI10, the plant functional orthologue
of yeast Zip3, is a dosage dependent regulator of crossover
formation (Chelysheva et al. 2012; Ziolkowski et al. 2017). It
initially loads as many small foci on synapsed chromosomes
but by late pachytene is found exclusively as large foci at
sites of class I crossover formation (Fig. 1; Fig. 2; Chely-
sheva et al. 2012; Morgan et al. 2021). At this stage, HEI10
foci co-localise with MutL. Homologue proteins MLH1 and
MLH3, which also form very large foci at sites of class I
crossover formation (Lhuissier et al. 2007; Chelysheva et al.
2010, 2012; Wang et al. 2012; Morgan et al. 2021; Osman
et al. 2021). The size of these foci suggests the proteins are
not purely playing enzymatic roles in resolving dHIJs, and it
is possible this size may be related to the exclusion of fac-
tors promoting non-crossover formation by SDSA or dHJ
dissolution (Snowden et al. 2004). While the ZMM or class
I recombination pathway accounts for the majority of crosso-
vers in plants, about 10-30% of crossovers occur via a non-
ZMM pathway (Mercier et al. 2005; Lhuissier et al. 2007;
Falque et al. 2009). These crossovers are commonly referred
to as class II crossovers or “non-interfering” crossovers as,
unlike ZMM-dependent crossovers, they are not subject to
crossover interference (see below). In Arabidopsis, these
crossovers are dependent on partially redundant pathways
involving MUS81 and FANCD?2 (Kurzbauer et al. 2018).
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Fig.2 The HEI10 diffusion model of crossover patterning applied
to meiosis in wild type, zyp! and zypIl/HEIIO overexpression (OE)
lines. Schematic representations of HEI10 localisation are based
on cytological observations in wild type, zyp! and zypi/HEII0 OFE
Arabidopsis. In all genotypes, HEI10 localises to recombination
intermediates in early pachytene. In wild type, HEI1O0 is also distrib-
uted along the synaptonemal complex (SC). As pachytene progresses,
there is “coarsening” of HEI10 foci with smaller foci being lost and
larger foci increasing in size. By late pachytene, HEI10 only local-

Crossover patterning

A striking feature of most plant recombination landscapes
is their uneven distribution. This is particularly evident for
plants with large genomes and extensive repeat-rich peri-
centromeric regions. For these species, including many
crops such as barley (The International Barley Genome
Sequencing Consortium 2012), wheat (Appels et al.
2018), maize (Li et al. 2015), cotton (Shen et al. 2017)
and tomato (The Tomato Genome Consortium 2012), there
is a remarkably consistent pattern of recombination at the
chromosomal scale, with high recombination rates in dis-
tal regions and large pericentromeric regions with little
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ises to sites of crossover (CO) designation. In wild type, restricting
HEI10 diffusion to the single dimension of the SC ensures formation
of the obligatory crossover, imposes crossover interference, and lim-
its crossover number. In the absence of ZYP1, 3D diffusion of HEI10
with recruitment from the nucleoplasm results in loss of crosso-
ver interference and crossover assurance. In this context, crossover
number is limited by HEI10 concentration, resulting in massively
increased crossovers in zypl/HEI10 OE lines

to no recombination. Gene density shows a similar pat-
tern with gene density highest toward the telomeres and
lowest toward the centromere. However, in most species,
the rate of crossover formation declines more rapidly than
gene density so that a considerable proportion of genes are
located in low recombination regions. In barley and maize
for example, around 20% of genes are in peri-centromeric
regions which receive very few crossovers (The Inter-
national Barley Genome Sequencing Consortium 2012;
Bauer et al. 2013). This has considerable consequences
particularly for plant breeding where the lack of recombi-
nation makes genes in these regions effectively inacces-
sible to breeders (Blary and Jenczewski 2019).
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There are two main levels at which crossover pattern-
ing is influenced and these can be loosely separated into
global factors and chromosomal feature-based factors.
In recent years, new molecular, cytological and genom-
ics approaches have greatly increased our understanding
of the key players influencing both levels of crossover
patterning.

Global crossover patterning

At the global scale, crossover patterning is largely influenced
by the classically observed phenomena of crossover inter-
ference, crossover homeostasis and the obligatory crosso-
ver and recent studies of plant meiosis have highlighted
HEI10 and ZYP1 as key players in their implementation
(Ziolkowski et al. 2017; Capilla-Pérez et al. 2021; France
et al. 2021; Morgan et al. 2021). The following section pro-
vides an overview of these processes which between them
determine the absolute number of crossovers, their distribu-
tion among chromosomes and inter-crossover distances, and
discusses the implications of recent studies for our under-
standing of their molecular basis.

The obligatory crossover

Darlington and Dark (1932) made the early observation
that crossovers are not randomly distributed among chro-
mosomes, but that shorter chromosomes receive more
crossovers per unit length and a minimum of at least one.
They realised this was an important adaptation, as forming at
least one crossover per bivalent ensures accurate segregation
so that each chromosome remains “part of the permanent
chromosome complement”. This idea was later coined the
“obligatory crossover” (Owen 1949). An outcome of the
obligatory crossover (also pointed out by Darlington and
Dark) is that chromosomes have a minimum genetic map
length of 50 cM (Darlington and Dark 1932).

Crossover homeostasis

In many species, variations in the number of meiotic DSBs
(i.e. crossover precursors) have no appreciable impact on
the number of crossovers (Martini et al. 2006; Rosu et al.
2011; Cole et al. 2012). This phenomenon is referred to as
crossover homeostasis. In budding yeast, an 80% reduction
in the number of meiotic DSBs results in only ~ 15% fewer
crossovers (Martini et al. 2006), and in Caenorhabditis ele-
gans, a single DSB is sufficient to ensure a crossover (Rosu
et al. 2011). In plants, reports of crossover homeostasis vary
somewhat, and interpretation is challenging due to the poor
DSB quantification levels available. It has been reported to
be a factor to at least some degree in Arabidopsis, where
a 46% decrease in meiotic DSBs results in only a 17%

reduction in class I crossovers (Xue et al. 2018). Similarly,
a study of Arabidopsis fas! mutants, which have a~40-50%
increase in meiotic DSBs, showed no observable increase
in chiasmata numbers (Varas et al. 2015). In maize though
there is a correlation between DSB number and chiasmata
number in different inbred lines, the increase in chiasmata is
less than the increase in DSBs suggesting some homeosta-
sis (Sidhu et al. 2015). It seems likely therefore that crosso-
ver homeostasis is somewhat less strict in plants compared
to other species, though still sufficient to ensure formation
of the obligate crossover (Sidhu et al. 2015).

Crossover interference

In addition to being non-randomly distributed among chro-
mosomes, crossovers are also non-randomly distributed
along chromosomes. This is primarily due to the phenom-
enon of crossover interference, which was first reported by
Sturtevant over a century ago in his studies of linkage in
Drosophila (Sturtevant 1913). As well as producing the first
ever genetic map, Sturtevant noted that the presence of a
crossover in one genetic interval reduced the likelihood of a
second crossover in an adjacent interval (Sturtevant 1913).
This phenomenon, termed “interference” several years later
(Muller 1916), results in crossover spacing that is more uni-
form than expected by chance.

The effect of interference on crossover patterning has
been modelled using numerous approaches, two notable
implementations being the gamma model and the beam-
film model. The statistical gamma model is based on the
observation that inter-crossover distances are relatively uni-
form, following a gamma distribution (Mcpeek and Speed
1995; Broman and Weber 2000; Housworth and Stahl 2003).
In contrast, the beam-film model is a mechanistic model
based on the redistribution of mechanical stress or crossover
promoting force which is relieved locally following crosso-
ver designation (Kleckner et al. 2004; Zhang et al. 2014a).
While these and other phenomenological and mechanistic
models of interference have existed for some time (excel-
lently (reviewed in Otto and Payseur 2019)), a biological
understanding of interference is only just beginning to
emerge.

A confounding factor for understanding the biologi-
cal basis of crossover interference is the presence of both
interfering and non-interfering crossovers. Anything that
changes the ratio of interfering (class I) to non-interfering
crossovers (class II) changes genetic readouts of crossover
interference even if there has been no change in the underly-
ing biological interference mechanisms. Clear examples of
this are hyper-recombinant mutants which have increased
levels of class II crossovers (Crismani et al. 2012; Girard
et al. 2015; Seguela-Arnaud et al. 2015; Séguéla-Arnaud
et al. 2017; Fernandes et al. 2018b). In these plants, class
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I crossover numbers remain largely unchanged and from a
mechanistic standpoint crossover interference is operating
essentially as normal. However, due to the large number
of non-interfering crossovers, interference is entirely absent
when measured genetically (Crismani et al. 2012; Séguéla-
Arnaud et al. 2017; Fernandes et al. 2018b). There are sev-
eral notable recent exceptions, however, which do illuminate
mechanisms of crossover interference, and both implicate a
role for the synaptonemal complex.

Crossover interference
and the synaptonemal complex

Within an organism, synaptonemal complex length is cor-
related with crossover number. This is true even when the
same chromosome has a different synaptonemal complex
length in different situations. For example, higher crosso-
ver rates are seen in budding yeast condensin mutants with
longer synaptonemal complexes (Zhang et al. 2014b), and in
barley, male meiosis has a longer synaptonemal complex and
more crossovers at high temperature (Phillips et al. 2015).
These observations have led to a model whereby crosso-
ver interference is imposed over a physical distance along
chromosomes, i.e. um chromosome axis or synaptonemal
complex, rather than a genomic distance measured in Mb
(Zickler and Kleckner 2015).

Differences in synaptonemal complex length are also
associated with sex-specific differences in crossover rate,
known as heterochiasmy. Sex-specific recombination rates
have been described in both animals and plants (Singer
et al. 2002; Tease and Hultén 2004; Lenormand and Dutheil
2005; Giraut et al. 2011; Tortereau et al. 2012; Gruhn et al.
2013; Phillips et al. 2015) and in the species where it has
been investigated, including Arabidopsis, barley, mice and
humans, the length of the synaptonemal complex is longer in
the sex with more crossovers (Tease and Hultén 2004; Giraut
et al. 2011; Gruhn et al. 2013; Phillips et al. 2015). In Arabi-
dopsis, the difference in crossover rate between the sexes is
particularly marked, with male meiosis having around 40%
more crossovers than female meiosis (Giraut et al. 2011). In
addition to differences in crossover number, there are also
big differences in crossover distribution; crossover rates are
highest in distal regions in Arabidopsis male meiosis, while
in female meiosis crossover rates are highest adjacent to the
peri-centromere (Giraut et al. 2011). Modelling of Arabidop-
sis meiosis has demonstrated that sex-specific differences
in both crossover number and distribution can be entirely
explained by differences in synaptonemal complex length
if crossover interference is imposed over the same physi-
cal distance in micrometres (Giraut et al. 2011; Lloyd and
Jenczewski 2019).
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The relationship between genome size and the length of
the chromosome axis and synaptonemal complex length
is determined by the size and number of chromatin loops,
which occur at an average density of around 20 loops per
um synaptonemal complex across a wide range of organ-
isms (Zickler and Kleckner 1999). The larger the average
size of the DNA loops, the shorter the eventual length of the
synaptonemal complex for a given chromosome. While exact
loop size and position likely vary from cell to cell (Schalbet-
ter et al. 2019) and across meiotic stages (Zuo et al. 2021),
sex-specific differences in loop size appear to be set very
early in, or prior to, meiosis (Gruhn et al. 2013; Zickler and
Kleckner 2015). This suggests that differences in crossover
patterning attributable to differences in synaptonemal com-
plex length, e.g. heterochiasmy (Drouaud et al. 2007; Giraut
et al. 2011; Lloyd and Jenczewski 2019; Capilla-Pérez et al.
2021) or temperature induced changes (Phillips et al. 2015)
may also be imposed very early in, or prior to, meiosis.

ZYP1 and crossover interference

Our molecular understanding of how crossover interference
might be mediated by the synaptonemal complex in plants
was recently advanced with two papers characterising zyp/
mutants in Arabidopsis (Capilla-Pérez et al. 2021; France
et al. 2021). These studies show that in the absence of ZYP1,
the transverse filament protein of the synaptonemal complex,
the number of class I crossovers increase by around 50-70%
and their positioning becomes random (Fig. 2), demonstrat-
ing that the synaptonemal complex is required for the impo-
sition of crossover interference (Capilla-Pérez et al. 2021;
France et al. 2021). Interestingly, in the absence of ZYP1,
crossovers are not only randomly distributed along chromo-
somes but also between chromosomes, resulting in univa-
lents at metaphase I even though overall crossover numbers
are increased (Capilla-Pérez et al. 2021; France et al. 2021).
This suggests that crossover interference and formation of
the obligatory crossover are intimately linked, with ZYP1
required for both processes.

Another feature lost in zyp/ mutants is heterochiasmy.
Female crossover rates in zyp/ mutants increase more than
male crossover rates in zyp/ mutants such that total crosso-
ver number and crossover distribution in the two sexes are
equivalent (Capilla-Pérez et al. 2021). Recently, it has been
reported that despite the loss of heterochiasmy differences
in axis length between male and female meiosis are main-
tained in the absence of ZYP1 (Durand et al. 2022, bioRxiv).
This probably reflects the fact that sex-specific differences
in DNA loop size are established prior to synapsis (Gruhn
et al. 2013; Zickler and Kleckner 2015). It also indicates
that differences in axis/synaptonemal complex length are
not a consequence different crossover rates. Rather, these
findings demonstrate that differences in synaptonemal
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complex length, together with crossover interference, medi-
ate heterochiasmy.

The observation that ZYP1 mediates crossover interfer-
ence in Arabidopsis contrasts with previous suggestions that
the chromosome axis rather than the synaptonemal com-
plex was likely to impose crossover interference (Bishop and
Zickler 2004). These suggestions were based primarily on
data from yeast which show that the crossover non-crossover
decision appears to be made very early at the leptotene/zygo-
tene transition with SC nucleation only occurring at sites
destined to become crossovers (Zickler and Kleckner 1998,
1999; Bishop and Zickler 2004; Zhang et al. 2014b). This
model is supported by studies in yeast showing that even
in the absence of ZIP1, synaptonemal complex nucleation
sites still show interference (Fung et al. 2004). The results
of Capilla-Pérez et al (2021) and France et al (2021) argue
against this model in Arabidopsis and instead suggest that a)
the synaptonemal complex is absolutely required for crosso-
ver interference and b) that a large part of the crossover
non-crossover decision occurs independently of crossover
interference. It will be interesting therefore to see whether
the role of ZYP1 in mediating interference is plant specific,
though establishing whether this is the case is likely to be
challenging. Unlike plants (Wang et al. 2010; Capilla-Pérez
et al. 2021; France et al. 2021), most other organisms require
the transverse filament protein for crossover formation (Tung
and Roeder 1998; Page and Scott Hawley 2001; Macqueen
et al. 2002; De Vries et al. 2005) making it impossible
to determine its role in crossover interference using sim-
ple gene knockouts. Libuda et al (2013), however, saw an
increase in class I crossovers and a decrease in interference
in C. elegans with a partial knockdown of SYP-1, providing
at least some evidence that the role of the transverse filament
protein in mediating interference may not be restricted to
plants.

Although crossover interference is completely lost in
Arabidopsis zyp! mutants, the increase in crossovers seen is
not particularly large—around a 50-70% increase resulting
in 15-20 crossovers per meiosis (Capilla-Pérez et al. 2021;
France et al. 2021). This means that even when interfer-
ence is absent, the vast majority of the ~200 meiotic DSBs
induced at the beginning of meiosis are still repaired as non-
crossovers. This begs the question what then, other than
crossover interference, limits crossover number?

HEI10 and crossover interference

Recent evidence indicates that the key factor limiting crosso-
ver numbers in the absence of crossover interference is the
E3 ligase and ZMM protein HEI10 (Chelysheva et al. 2012;
Ziolkowski et al. 2017; Durand et al. 2022 bioRxiv). HEI10
is part of a family of proteins with two main sub-groups:
HEI10/CCNB1IP1 and Zip3/RNF212. Of these, plants only

encode a HEI10 family member (Chelysheva et al. 2012),
budding yeast only retain a Zip3 family member, while
mammalian genomes encode both (Toby et al. 2003; Reyn-
olds et al. 2013). In Arabidopsis, HEI10 is known to regulate
crossover number in a dosage dependent manner with HEI10
overexpression more than doubling crossover number and
HEII0 heterozygotes displaying reduced crossover forma-
tion (Ziolkowski et al. 2017). Natural variation in Arabidop-
sis crossover number is also largely explained by the differ-
ent HEI10 alleles present in each ecotype (Ziolkowski et al.
2017). While crossover rates are greatly increased by HEI10
over expression, crossover distribution is less affected. F2
(Sex-averaged) HEII0 overexpression crossover distribu-
tions are a similar shape to those of wild-type Arabidopsis
with very low crossover numbers in centromeric/peri-cen-
tromeric regions and highest recombination rates in distal
regions (Ziolkowski et al. 2017).

Cytological studies show that in zygotene, HEI10 ini-
tially loads throughout synapsed regions co-localising with
the synaptonemal complex (Wang et al. 2012; Chelysheva
et al. 2012). By pachytene, numerous distinct HEI10 foci are
observable against a background of very small foci along the
length of the bivalent (Fig. 2; Wang et al. 2012; Chelysheva
et al. 2012; Morgan et al. 2021). As pachytene continues,
HEI10 foci decrease in number and increase in size and
by late pachytene only mark sites of crossover formation
(Fig. 2), co-localising with MLH1 (Wang et al. 2012; Chely-
sheva et al. 2012; Morgan et al. 2021). Recently, researchers
investigating both Arabidopsis (Morgan et al. 2021) and C.
elegans (Zhang et al. 2018, 2021 bioRxiv) have proposed a
mechanistic model for crossover patterning which explains
this progressive reduction in HEI10 foci throughout pachy-
tene, involving diffusion-mediated “coarsening” of HEI10
along the single dimension of a synapsed bivalent. In the
mathematical model developed by Morgan et al (2021), local
regions of high HEI10 density (HEI10 foci) are positioned
at immobile recombination intermediate sites (i.e. SPO11-
dependent inter-homologue joint-molecules) along a biva-
lent, with HEI10 uniformly distributed at lower concentra-
tion across the rest of the bivalent length. This initial state
reflects cytological observations of HEI10 distribution in
early pachytene (Morgan et al. 2021). HEI10 is then allowed
to diffuse along the bivalent absorbing into and escaping
from foci at recombination intermediates. The rate of escape
is slower for larger foci, and as a result, large foci grow at
the expense of small foci until a relatively steady state is
achieved where only a few HEI10 foci remain (Morgan et al.
2021). This mathematical model is supported by experimen-
tal data from C. elegans, which shows that the HEI10 ortho-
logue ZHP-3 primarily diffuses along the single dimension
of the SC and diffuses at a slower rate from large foci (Zhang
et al. 2021, bioRxiv).
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An attractive aspect of this model is that it can explain
four key features of crossover patterning:

1. Crossover interference: As the diffusion of HEI1O0 is
constrained to a single dimension, larger foci tend to
grow bigger at the expense of adjacent smaller foci. This
inhibitory effect results in greater distance between final
foci than expected if the same number of foci were ran-
domly positioned along the bivalent.

2. The obligate crossover: Given sufficient initial loading of
HEI10, each bivalent forms at least one focus. Sufficient
HEI1O0 is ensured by its loading along the full length of
the synaptonemal complex. HEI10 cannot “escape’ the
synapsed bivalent with diffusion being restricted to one
dimension. In this way, synapsis sequesters sufficient
HEI10 to the bivalent to ensure formation of at least one
CrOSSOVer.

3. Crossover homeostasis: Crossover formation is con-
strained by the amount of HEI10 initially loaded on to
the bivalent. Given equivalent starting levels of HEI10
(e.g. representing equivalent cellular concentrations of
HEI10), the number of recombination intermediates has
limited effect on the final number of crossovers (Morgan
et al. 2021).

4. Synaptonemal complex length—crossover number cor-
relations: Differences in synaptonemal complex length
alters the amount of HEI10 a given bivalent can seques-
ter. The longer the synaptonemal complex, the more
HEI10. This would result in bivalents with longer syn-
aptonemal complexes having more crossovers.

A HEI10 diffusion-based model of crossover
patterning could account for many zyp1
phenotypes

Another attractive feature of the HEI10 coarsening model
is that it can explain the outcomes observed in the absence
of ZYP1 and synapsis (Fozard et al. 2022, bioRxiv). When
ZYP1I is absent, HEI10 is not found as small foci along the
full length of the bivalent at early pachytene-like stages but
instead localises as fewer large foci positioned between the
two chromosome axes (Fig. 2), presumably at recombination
intermediates (Capilla-Pérez et al. 2021). Despite loss of the
synaptonemal complex in zyp! mutants, the HEI10 foci still
increase in intensity as the pachytene-like stage progresses
(Fig. 2; Capilla-Pérez et al. 2021) suggesting that HEI10
diffusion is still taking place but in three-dimensions rather
than in one.

Three-dimensional diffusion of HEI10 throughout the
nucleoplasm would allow HEI10 to move between foci
on different chromosomes which would have several con-
sequences. Firstly, it would prevent bivalents sequestering
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HEI10, resulting in crossovers being randomly distributed
among bivalents. This would disrupt formation of the obli-
gate crossover, resulting in a) univalents being observed at
metaphase I and b) more univalents in zyp/ mutants with a
lower HEI10 dosage (e.g. more univalents in Ler-1 zyp/ than
Col-0 zyp1) both of which have been shown for zyp! mutants
experimentally (Ziolkowski et al. 2017; Capilla-Pérez et al.
2021; France et al. 2021). Secondly, three-dimensional dif-
fusion would enable HEI10 to migrate between any two foci
in the cell, rather than just neighbouring foci. This would
stop one HEI10 focus preferentially inhibiting the growth of
an adjacent HEI10 focus and in doing so disrupt crossover
interference (Fozard et al. 2022, bioRxiv), again, as shown
experimentally for zypl mutants (Capilla-Pérez et al. 2021,
France et al. 2021). Thirdly, crossover formation on a given
bivalent would not be limited by the amount of HEI10 that
could be sequestered by synapsis, but rather cellular crosso-
ver levels would be limited by the total level of HEI10 in the
nucleus. Assuming equal concentrations of HEI10 in male
and female pachytene nuclei, this would abolish heterochi-
asmy; this abolition is also observed experimentally in zyp!
mutants (Capilla-Pérez et al. 2021; France et al. 2021). For
the same reason, the HEI10 diffusion model would predict
no-change or a modest increase in crossover number in the
absence of crossover interference (i.e. due to the limited pool
of HEI10), such as is seen in zyp/ mutants (Capilla-Pérez
et al. 2021; France et al. 2021). These predictions contrast
with those of the standard beam-film model which predicts a
large increase in crossovers and maintenance of the obligate
crossover in the absence of interference. These two models
are not mutually exclusive however, for example it could be
possible that HEI10 diffusion and/or coarsening are influ-
enced by mechanical stress.

Another prediction of the HEI10 coarsening model is that
overexpression of HEI10 in the absence of ZYP1 and syn-
apsis should produce very large numbers of class I crosso-
vers in both male and female meiosis. A recent pre-print
reports this exact experiment in Arabidopsis (Durand et al.
2022, bioRxiv) observing an average of ~45 MLHI foci in
both sexes, representing a 6.7-fold in female and a 3.5-fold
increase in male compared to their respective wild types.
Clearly, the potential for the HEI10 coarsening-model to
explain so many aspects of recombination patterning in both
wild-type and mutant meiosis is encouraging. Further inves-
tigations will help to test the assumptions and predictions
of the model.

Feature-based crossover patterning

In addition to the global crossover patterning processes
described above, genomic and epi-genomic features such
as chromatin state, replication timing, gene density and
many others are predictive of crossover patterning at both
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chromosomal and local scales (Choi et al. 2018; Underwood
et al. 2018; Pratto et al. 2021; Hsu et al. 2022; Lian et al.
2022). In Arabidopsis, potato, wheat and maize crossovers
have been shown to occur in open chromatin, at gene ends,
i.e. transcription start sites and transcription termination
sites, and in regions of lower than average DNA methyla-
tion (Choi et al. 2013; Yelina et al. 2015; Marand et al. 2017;
Kianian et al. 2018; Tock et al. 2021). Identifying which fac-
tors directly influence local crossover patterning, however,
is challenging, as so many genomic and epigenetic features
show similar distribution patterns. For example, high gene
density is associated with open chromatin, earlier replica-
tion timing, and euchromatic epigenetic marks and these are
all negatively correlated with TE density, DNA methyla-
tion and heterochromatic histone marks. It is also likely that
different genomic features influence different steps of the
meiotic crossover pathway with, for example, a different set
of genomic features influencing DSB formation and crosso-
ver designation. Despite these caveats, genomic features can
be used to predict crossover patterning with considerable
accuracy. In a recent report, authors used machine learning
approaches to predict crossover distributions based on 17
genomic features (Lian et al. 2022). They determined the
most informative features for predicting crossover distribu-
tions were open chromatin (ATAC-seq), gene density and
CHH DNA methylation which together accounted for 85%
of the variation in crossover distributions (Lian et al. 2022).
These features have been shown experimentally to affect
crossover patterning right from the beginning of the mei-
otic programme, shaping DSB formation at the sub-kilobase
scale.

Replication timing and open chromatin

In yeast, there is direct coupling between meiotic DNA rep-
lication and the initiation of recombination through DSB
formation (Borde et al. 2000). This is triggered by phospho-
rylation of Mer?2 in the wake of the replication fork which
recruits the DSB machinery through a meiosis-specific and
phosphorylation dependent direct interaction with Rec114
(Henderson et al. 2007; Murakami and Keeney 2014). It is
unclear whether there is equivalent coupling between DNA
replication and DSB induction in plants; however, if there
is, there may well be some differences. Yeast interactions
mediating the coupling between DNA replication and the
initiation of recombination are not seen in yeast two hybrid
experiments with the plant homologs, e.g. PRD3-PHSI1,
PRD3-PRD2 (Vrielynck et al. 2021), though it remains pos-
sible that (some of) these interactions do occur in planta.
Recent genomics approaches (Repli-seq, Hansen et al. 2010)
have enabled high-resolution elucidation of genome-wide
replication timing and have shown that in mice and humans,
crossover rates are highest in earlier replicating DNA (Pratto

et al. 2021). At a broad scale, this is likely to be true in plants
as well. Repli-seq studies of somatic cells in Arabidopsis and
maize show that replication occurs earliest in transcription-
ally active, gene and AT-rich open chromatin (Wear et al.
2017; Concia et al. 2018) showing strong similarities with
crossover distributions (Kianian et al. 2018; Rowan et al.
2019). In both species, distal regions replicate earlier on
average than interstitial and proximal regions (Wear et al.
2017; Concia et al. 2018) though the differences in repli-
cation rate between sub-telomeric and interstitial regions
are much more marked in maize. While there have been
no Repli-seq studies of meiotic DNA replication timing in
plants, cytological studies (Higgins et al. 2012) suggest mei-
otic and somatic replication timing are likely to be similar.

DSB patterning

In many mammals, the position of meiotic DSBs is deter-
mined by the zinc finger protein PRDM9 which recognises
and binds a particular DNA sequence motif and then methyl-
ates nearby nucleosomes, altering local chromatin structure
to enable access for SPO11 (Paigen and Petkov 2018). Plants
do not have a PRDM9 homolog, and as a result, DSBs are
not associated with a specific DNA sequence motif; how-
ever, chromatin accessibility is still a key determinant of
DSB induction.

Spoll-oligo sequencing has been used to generate fine
scale maps of DSB density in Arabidopsis. At the chromo-
some scale, DSB density is relatively constant, though it
is reduced by around 40% in centromeric regions (Fig. 3;
Choi et al. 2018). At the sub-kilobase scale, DSB density
is far less uniform. In chromosome arms and pericentro-
meric regions, DSB density is enriched in gene promoters
and terminators and is correlated with low nucleosome
occupancy and low GC content (Fig. 3; Choi et al. 2018).
While DSB density is associated with low nucleosome
occupancy in all chromosomal regions, the picture is less
straight forward for several common epigenetic markers.
In pericentromeric and centromeric regions, both DSBs
and crossovers are positively correlated with the euchro-
matic histone mark H3K4me3 and negatively correlated
with markers of constitutive heterochromatin H3K9me?2
and non-CG DNA methylation; however, these relation-
ships are inverted in chromosome arms (Lambing et al.
2020a). The fact that DSBs and crossovers in Arabidopsis
chromosome arms are negatively correlated with mark-
ers of euchromatin and positively correlated with markers
of heterochromatin (Choi et al. 2018; Lambing et al. 2019)
is puzzling given that globally, crossovers are associated
with open chromatin. This is particularly true given that
many analyses of Arabidopsis lines with altered chromatin
state demonstrate that heterochromatin suppresses DSB
formation (Yelina et al. 2015; Underwood et al. 2018).
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Fig.3 Genomic and epigenomic features influence plant crossover
patterning. A-B: Representation of the relative densities of crosso-
vers, genes, H3K9me2 and DSBs along a generic Arabidopsis (A)
and cereal (B) chromosome; positions of telomeres (TEL) and Cen-
tromeres (CEN) are marked. C-D: Diagrammatic representation of
local DSB and epigenomic feature density surrounding transcrip-
tion start sites (TSS) and transcription termination sites (TTS) in
Arabidopsis (C) and cereals (D). Contrasting DSB associations are
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observed at different scales (E). At the chromosomal scale, higher
DSB levels are associated with epigenetic markers of euchromatin
including low H3K9me2, high H3K4me3 and low non-CpG methyla-
tion. At the local (sub-kilobase) scale, DSBs in chromosome arms are
associated with regions of low H3K4me3 and higher non-CpG meth-
ylation. At both chromosomal and local scales, DSBs are associated
with regions of lower nucleosome occupancy
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One epigenetic mark that is consistently (positively) cor-
related with DSB formation across the entire chromosome
is H3K27me3 (Lambing et al. 2020a). Unlike markers of
constitutive heterochromatin, H3K27me3, a mark of fac-
ultative heterochromatin, is enriched in chromosome arms
(Zhang et al. 2007; Zheng and Chen 2011; Baker et al.
2015; Li et al. 2019).

The trends observed in Arabidopsis are likely to be
broadly similar across most plants. DMCI1 density in
wheat, like Spol1-oligo density in Arabidopsis, is higher
in gene promoters and terminators, regions with low
nucleosome occupancy and high H3K27me3 (Fig. 3;
Tock et al. 2021). While at the megabase scale DMC1
density is positively correlated with the euchromatic mark
H3K4me3 and negatively correlated with CHG methyla-
tion, at the kilobase scale, DMC1 peak associations are
inverted correlating with a local depletion of H3K4me3
and enrichment of CHG methylation (Tock et al. 2021).
One explanation for these apparent contradictions and the
similar contradictions observed in Arabidopsis relates to
differences in how these epigenetic marks correlate with
nucleosome occupancy at chromosomal and local scales
(Fig. 3). At the chromosomal scale, high H3K4me3 sig-
nal indicates euchromatin and low nucleosome occupancy,
while non-CG methylation indicates heterochromatin and
high nucleosome occupancy (Fig. 3; Choi et al. 2018;
Underwood et al. 2018; Tock et al. 2021). Contrastingly,
at the kilobase scale, H3K4me3 (a component of nucle-
osomes) is absent from regions lacking nucleosomes and
associates with regions of high nucleosome occupancy
(Fig. 3) while non-CG methylation is enriched in plant
promoters and terminators and is therefore associated
with low nucleosome occupancy (Fig. 3; Lin et al. 2020;
Lu et al. 2021). Thus, the apparent contradictions are all
consistent with DSB formation occurring preferentially in
open chromatin in gene promotors and terminators at sites
of low nucleosome occupancy.

The positive association of H3K27me3 with both DMC1
and crossovers (and also Spol1-oligos in Arabidopsis) has
led to the suggestion that in wheat, co-localisation of DSBs
and H3K27me3-marked facultative heterochromatin pro-
mote crossover formation (Tock et al. 2021). In Arabidopsis,
H3K27me3 is more uniformly distributed across chromo-
somes than in wheat where H3K27me3 shows a clear distal
bias (Borg et al. 2020; Tock et al. 2021) and this reflects
similar differences in their respective crossover landscapes
(Rowan et al. 2019; Tock et al. 2021).

Centromeric crossover suppression
In contrast to facultative heterochromatin, constitutive het-

erochromatin, highly enriched in plant centromeres and peri-
centromeres, is at least partly responsible for the suppression

of crossovers (Henderson 2012; Fernandes et al. 2018a).
For example, targeting RNA directed DNA methylation
to euchromatic crossover hotspots in Arabidopsis converts
these regions to constitutive heterochromatin (increased
DNA methylation, H3K9me?2 and increased nucleosome
occupancy) resulting in reduced crossovers (Yelina et al.
2015). While DSBs are reduced in plant centromeres and
the TE dense pericentromeric regions, the decrease (~40%
in Arabidopsis) is relatively modest compared to the massive
reduction in crossovers. This suggests that something else
suppresses centromeric and pericentromeric crossovers in
addition to DSB number. In Arabidopsis, mutants that lack
H3K9me2 and non-CG methylation show both increased
DSBs and crossovers in pericentromeres (Underwood et al.
2018; Lambing et al. 2020b) in contrast, loss of CG methyla-
tion (but not H3K9me?2) in met! mutants results in increased
DSBs but decreased crossovers (Underwood et al. 2018). It
is possible therefore that H3K9me?2 is the factor suppressing
centromeric and pericentromeric crossovers. In this model,
constitutive heterochromatin marks would suppress crosso-
ver designation independently of DSB formation.

Sequence diversity

Another feature of plant genomes long known to be cor-
related with differences in crossover patterning is sequence
diversity. A major example is inversions, which massively
suppress crossovers in heterozygotes. A common example is
seen in Arabidopsis recombination analyses using Col and
Ler ecotypes which have a large inversion on the short arm
of chromosome 4 (Giraut et al. 2011; Rowan et al. 2019). In
many cases, crossovers do occur in inversions, but as they
generate chromosomes lacking large numbers of genes and
having duplicates of others, they do not result in viable gam-
etes. The exception to this when inversions receive an even
number of crossovers between the same two chromatids.
This maintains the gene order of the two parental chromo-
somes and can therefore result in viable gametes (Termolino
et al. 2019).

The other well-documented association is with SNP den-
sity, which in both Arabidopsis and wheat tends to be higher
in regions with a higher crossover rate (Pont et al. 2019;
Rowan et al. 2019; Blackwell et al. 2020; Tock et al. 2021).
In some respects, this is puzzling as it has been well dem-
onstrated that high levels of sequence divergence suppress
meiotic recombination, for example low levels of recombina-
tion are observed in wheat-rye hybrids (Martin et al. 2014)
and barley and tomato interspecific hybrids (Zhang et al.
1999; Tam et al. 2011). On the other hand, meiotic recom-
bination is mutagenic (Arbeithuber et al. 2015) and thus may
increase diversity in regions with higher crossover rates. A
more detailed analysis shows that in Arabidopsis, crossover
rates increase with SNP density from O to 0.5% but decrease

@ Springer



66

Plant Reproduction (2023) 36:55-72

with SNP densities above 0.5% (Blackwell et al. 2020). One
possible unifying explanation is that SNPs accumulate in
regions with more crossovers, with little effect on crossover
rates until diversity reaches a critical threshold above which
crossovers begin to be suppressed.

One counter argument to this explanation arises from the
observation that in Arabidopsis msh2 mutants, crossovers
are reduced in SNP dense pericentromeric regions (Black-
well et al. 2020). It has been suggested therefore that mod-
erate SNP density actively promotes crossover formation
via an MSH2 dependent pathway (Blackwell et al. 2020).
However, using EpiRILs (Colomé-Tatché et al. 2012) and
more recently using EMS induced low density SNP mark-
ers (Lian et al. 2022), it has been shown that crossover rates
are high near Arabidopsis pericentromeric regions even in
the absence of SNPs, suggesting that higher SNP densities
in these regions are a consequence rather than a cause of
higher recombination rates. Interestingly, ASY/*" heterozy-
gotes show a similar distal redistribution of crossovers to
that seen in msh2 mutants (Blackwell et al. 2020; Lambing
et al. 2020a), suggesting reduced pericentromeric crosso-
vers may be a common feature of minor perturbations to the
meiotic programme in Arabidopsis. While most aspects of
the correlation between SNP density and crossover rates can
be explained by the mutagenic nature of crossovers, there
remain gaps in our understanding. For example, a purely
correlative relationship between SNP density and recombi-
nation rate does not account for the observation that crosso-
vers are preferentially placed in regions of heterozygosity
when they are juxtaposed with regions of homozygosity
(Ziolkowski et al. 2015).

As most plant meiosis research is largely undertaken in
selfing, highly inbred plants like Arabidopsis and cereal
crops, it is easy to overlook the fact that levels of heterozy-
gosity are considerably higher in predominantly outcross-
ing species, which constitute the majority (~70%) of plants
(Goodwillie et al. 2005). For example, in the obligate out-
crosser A. arenosa, coding sequences within a population
diverge by around 1.5% at the nucleotide level (Monna-
han et al. 2019) and presumably diverge by even more in
non-coding sequences. It is unsurprising then that meiotic
recombination has evolved to accommodate a relatively
large degree of sequence divergence. Being too stringent
in such species would result in segregation errors and loss
of fertility due to loss of the obligate crossover (as is seen
in inter-specific hybrids, e.g. Zhang et al. 1999). Although
meiotic recombination can accommodate some heterozy-
gosity, there are likely differences in how SNPs affect the
patterning of crossovers occurring by the class I and class
II recombination pathways. Arabidopsis fancm, recq4 and
figll mutants have increased class II crossovers in inbred
lines, but in intra-specific hybrids, they have no increase
(fancm), or a smaller increase (recqg4, figll) (Fernandes et al.
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2018b) suggesting that SNPs inhibit class II crossovers. As
aresult, class II crossovers are likely to occur at much lower
frequency in outcrossing species with high heterozygosity.
With their high stringency and (partial) dependence on
MUSS81 (Hartung et al. 2006; Kurzbauer et al. 2018), class II
crossovers behave more like somatic recombination which is
much more stringent than meiotic recombination. In Arabi-
dopsis, even a single mismatch in a~600 bp direct repeat
is sufficient to reduce somatic recombination by 60-70%
(Opperman et al. 2004).

Interactions between global and feature based
crossover patterning

While both global processes and chromosomal feature-based
factors influence crossover patterning, these are not inde-
pendent and likely interact at many levels. For example, the
initial distribution of DSBs could influence the distribution
of HEI10 loaded onto synapsed bivalents affecting down-
stream patterning processes. Another example relates to
the spatiotemporal asymmetry in the progression of cereal
meiosis which is likely initiated by differences in replication
timing related to chromatin state. The spatial asymmetry
of meiotic progression has been investigated in some detail
in cereals where cytological studies have shown that the
molecular events underlying meiotic recombination begin
first in the sub-telomeric regions of each chromosome (Phil-
lips et al. 2012; Osman et al. 2021). This is likely connected
to the formation of the telomere bouquet, the characteristic
clustering of telomeres in early meiotic prophase which is a
universal feature of cereal meiosis, e.g. (Cowan and Zacheus
Cande 2002; Phillips et al. 2010, 2012; Murphy and Bass
2012; Martin et al. 2017). Arabidopsis does form a telomere
bouquet, but it its formation is less strict being observed
in only around 50% of leptotene/zygotene nuclei and con-
taining on average only around half of the telomeres (Hurel
et al. 2018). In wheat and barley, the initial loading of the
chromosome axis in G2, the induction of DSBs in leptotene,
and synapsis in zygotene all begin from telomeric regions
and progress toward the centromeres (Higgins et al. 2012;
Osman et al. 2021). Distal regions are also the first to be
replicated in cereals in both somatic (Wear et al. 2017) and
pre-meiotic (Higgins et al. 2012) cells, suggesting that this
asymmetry may be initiated pre-meiosis.

One outcome of the spatiotemporal asymmetry in synap-
sis is that HEI10 would load earlier (by ~4 h (Higgins et al.
2012)) in distal regions than proximal regions. Under the
HEI10 coarsening model (Morgan et al. 2021), this could
allow time for HEI10 diffusion-mediated coarsening in
distal regions prior to proximal regions. It may also allow
distal regions to sequester HEI10 in early zygotene, poten-
tially reducing the availability of HEI10 to load in regions
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synapsing later in zygotene, mediating a HEI10 dosage gra-
dient from telomeres to the centromere in early pachytene.
Such a HEI10 concentration gradient is explicitly modelled
in the HEI10 coarsening model and results in more distal
crossovers when HEI10 concentration is higher at chromo-
some ends (Morgan et al. 2021). Earlier coarsening in distal
regions (due to asynchronous synapsis and HEI10 load-
ing) could similarly result in more distal crossovers. While
detailed cytological analyses of HEI10 localisation and
dynamics in cereals will be needed to validate this hypothe-
sis experimentally, current evidence suggests HEI10 dynam-
ics may largely mediate the formation of more crossovers in
earlier synapsing regions in cereals.

Conclusions

The patterning of meiotic crossovers is a highly regulated
process and has important implications for patterns of inher-
itance and evolutionary outcomes. Crossover patterning is
influenced both by globally acting processes, and genomic
and epigenomic features which interact to set final crossover
positions along chromosomes. Global crossover patterning
is shaped by the well-described phenomena of crossover
interference, the obligate crossover, crossover homeostasis
and heterochiasmy, and while their basis has long been an
enigma, recent studies have implicated ZYP1 and HEI10 as
key players in their implementation. Crossover interference,
the obligate crossover and heterochiasmy are all outcomes
of the HEI10 coarsening model proposed by Morgan et al.
(2021) and have all been shown experimentally to be medi-
ated by ZYP1 (Capilla-Pérez et al. 2021; France et al. 2021).
The potential for an extended HEI10 coarsening model to
explain all phenotypes observed in zypI mutants lends fur-
ther weight to this description of crossover patterning and an
important next step will be experiments testing the assump-
tions of the model in plants. Given the loss of the obligate
crossover in zypl mutants and the dosage dependent pro-
crossover activity of HEI10, it is tempting to speculate that
a key role of synapsis is to sequester sufficient HEI10 to
each bivalent prior to crossover designation, to ensure all
chromosomes receive at least one crossover, i.e. crossover
assurance.

In addition to these global actors, crossover pattern-
ing at both chromosomal and local scales is shaped by
numerous genomic and epigenomic features. Crossovers
preferentially occur in open chromatin, in gene promot-
ers and terminators and regions of low nucleosome occu-
pancy. Although crossovers are associated with regions
of higher SNP density, this is most likely non-causal and
instead probably reflects the mutagenic nature of crosso-
vers. However, there is still more to discover in this rela-
tionship as SNP density does appear to actively promote

crossover formation in some contexts (Ziolkowski et al.
2015). One big remaining uncertainty is the identity of
the factor suppressing centromeric and pericentromeric
crossovers. There is good evidence that H3K9me2 may be
key (Underwood et al. 2018), though it is also possible that
a lack of crossover promotion (rather than suppression) in
centromeres and pericentromeres (e.g. via H3K23me3) is
behind their low crossover rate. Genome-wide studies of
crossover formation in plants lacking H3K9me?2 will go
some way toward answering these questions.
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