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Editorial on the Research Topic

Meiotic Recombination and DNA Repair: New Approaches to Solve Old Questions in Model
and Non-model Plant Species

Accurate segregation of chromosomes at the first meiotic division relies upon the establishment of
physical connections between homologous chromosomes, which with a few exceptions, are realized
by crossover recombination. Recombination also reshuffles genetic information between homologs,
and thus strongly influences genome evolution. At the molecular level, meiotic recombination is
initiated by the programmed induction of DNA double strand breaks (DSBs) and their subsequent
repair as a crossover (CO) or a non-crossover (NCO). However, COs are constrained and the
majority of DSBs are repaired as NCOs in plants. Gutierrez Pinzon et al. provide a comprehensive
overview of the most recent findings on the different steps controlling meiotic recombination,
with an emphasis on the different anti-CO pathways. Notably, one of these, involving the RecQ4
helicase, has previously been shown to be active in Arabidopsis, rice, pea and tomato (Séguéla-
Arnaud et al,, 2015; Mieulet et al., 2018). Arrieta et al. extend this anti-CO role to the cereal
barley. Through a suppressor screen of a CO-defective mutant, they show that mutating the
RecQ4 gene in Barley can increase meiotic recombination by nearly two-fold. The RecQ4 anti-CO
pathway, initially discovered in Arabidopsis, appears thus largely conserved and translatable to
cereals. Mechanisms of meiotic recombination are thus largely conserved across plant kingdom.
Nevertheless specificities exist, as nicely illustrated by the characterization of the maize checkpoint
clamp loader RAD17 by Zhang et al. RAD17 is not essential for meiotic DSB repair in Arabidopsis,
while rice Osradl7 mutants exhibit extensive meiotic chromosome fragmentation leading to male
and female sterility (Hu et al., 2018). Here, Zhang et al., demonstrate that RAD17 is also essential
for meiotic DSB repair in maize but, remarkably and contrary to rice, only in male meiosis. Thus,
besides underlining the importance of studying various plant species, this work also points to
important differences between male and female meiosis (highlighted by Gutierrez Pinzon et al.).
New issues have also recently emerged at the forefront of research on meiotic recombination.
First, considering the impact of global warming, understanding how temperature affects meiosis
has become a major challenge and recent breakthroughs have been comprehensively described by
Gutierrez Pinzon et al. Second, Dziegielewski and Ziolkowski present an extensive review of the
knowledge around non-coding RNAs (ncRNAs) and their impact on plant meiosis. NcRNAs are key
players in many biological processes, but their role in meiosis has remained elusive. An interesting
proposal of Dziegielewski and Ziolkowski is that ncRNA pathways regulate meiosis through the

Frontiers in Plant Science | www.frontiersin.org 5

February 2022 | Volume 13 | Article 841402


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2022.841402
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2022.841402&domain=pdf&date_stamp=2022-02-09
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:christophe.lambing@rothamsted.ac.uk
https://doi.org/10.3389/fpls.2022.841402
https://www.frontiersin.org/articles/10.3389/fpls.2022.841402/full
https://www.frontiersin.org/research-topics/13240/meiotic-recombination-and-dna-repair-new-approaches-to-solve-old-questions-in-model-and-non-model-pl
https://doi.org/10.3389/fpls.2021.717423
https://doi.org/10.3389/fpls.2021.706560
https://doi.org/10.3389/fpls.2021.626528
https://doi.org/10.3389/fpls.2021.626528
https://doi.org/10.3389/fpls.2021.717423
https://doi.org/10.3389/fpls.2021.717423
https://doi.org/10.3389/fpls.2021.662185
https://doi.org/10.3389/fpls.2021.662185

Dalnes et al.

Editorial: Meiotic Recombination and DNA Repair

controlled expression of meiosis-specific genes and this role may
have evolved as a secondary effect of their primary function in the
control of transposable elements in germ cells.

Visualization of meiotic chromosomes has been of major
importance for our understanding of meiotic recombination
and the dynamics of chromosome behavior. Sims et al. provide
an overview of classical and advanced cytological sample
preparation methods, and review the latest developments in
microscopy techniques from epifluorescence, confocal laser
scanning and super-resolution microscopies in Arabidopsis.
The authors include representative STED (stimulated emission
depletion)-based images of Arabidopsis meiotic proteins
immunostained on chromosomes and suggest that nanoscale
imaging will help in characterizing the fundamental processes
of meiosis. Super-resolution microscopy has already provided
us with novel insights into CO interference by determining
the location, amount and intensity of the meiotic protein
HEI10 E3 ligase in Arabidopsis (Capilla-Pérez et al., 2021;
Morgan et al., 2021a). As an alternative approach of visualizing
plant chromosomes, Prusicki et al. review technical aspects
and applications of live imaging of meiosis in plants. The
development of novel genomic approaches has also advanced
our understanding of meiosis. For instance, Barr et al. develop an
INTACT system to purify meiotic nuclei in a high-throughput
manner in Arabidopsis and discover the importance of DNA
demethylation in plant meiosis. The meiocyte INTACT system
can be combined with single cell RNA sequencing (Nelms and
Walbot, 2019) and other genomic approaches such as ATAC-seq,
bisulfite-seq and ChIP-seq for mapping of meiotic chromatin
features. Post-translational modifications also play crucial roles
in the control of meiosis. Orr et al. highlight recent advances on
the roles of ubiquitination in plant meiosis and overview various
proteomic approaches for identifying substrates of ubiquitin
E3 ligases which include BioID/TurbolD-based proximity
labeling. The proximity labeling and affinity purification-mass
spectrometry can be adapted to generate a wide view of protein
interactome during meiosis (Mair et al.,, 2019; Yang X. et al,
2021).

Along with powerful genetic screening of plant meiotic
mutants, these advanced approaches have helped to confirm
that COs are not evenly distributed along plant chromosomes.
For instance, they are enriched in distal regions but also in
interstitial regions that are at junctions with heterochromatin in
Arabidopsis. In contrast, COs are almost exclusively restricted to
distal regions in cereals. A correlation between CO distribution,
transposon content and DNA methylation exists in plant species
(Lambing et al., 2017). Raz et al. use Virus-Induced Gene
Silencing to down-regulate the expression of genes coding for
DNA methylases recombination proteins in tetraploid wheat
and show that it is possible to influence the pattern of
recombination using non-transgenic approaches. This technique
has the potential to facilitate plant breeding by creating novel
genetic diversity in regions normally deprived in meiotic
recombination. However, in order to profoundly impact future
breeding strategies, the control of meiotic recombination remains
to be fully understood. Kuo et al. provide an overview on
the factors known to be involved in CO distribution and

hypothesize that the formation of COs near the telomere is a
default position caused by the pairing of the telomeres prior to
the initiation of recombination. Aguilar and Prieto extend this
concept and review our current knowledge on the dynamics
of the telomeres and sub-telomeres. The authors suggest that
distal chromosome recognition could play an important role in
the correct chromosome pairing in polyploid species. Since the
telomeric repeats are highly conserved between plants species,
the authors propose that the sub-telomeric regions, rather
than the telomeres, may help differentiating homologous from
homoeologous pairing. These new models of CO distribution
and chromosome pairing will likely drive future experimental
investigations. Kuo et al. further propose that a change in
the composition of the chromosome axis between Arabidopsis
and wheat could be a major contributor to the different
patterns of recombination observed between the two species.
In support to this model, Osman et al. perform a detailed
analysis of meiotic recombination in hexaploid wheat and show
that the chromosome axis and DSBs initiate first in distal
regions before occurring in interstitial and proximal regions.
The authors speculate that the sequential events of meiotic
progression have an influence on the position of COs along the
chromosomes, with the regions recombining first being more
likely to form a CO while the regions recombining last rarely
recombine. This recombination pattern is also influenced by an
interfering signal that initiates at the CO sites and inhibits the
formation of additional COs in adjacent regions. The formation
of a CO involves the linkage between two chromatids from
each of the two homologous chromosomes. It had remained
unknown if interference can spread across the chromatids that
are not directly involved in the CO. To answer this long-
standing question, Sarens et al. develop a novel approach to
quantify chromatin interference. The authors found that the
interfering signal represses the formation of a second CO on the
two chromatids of each chromosome and concluded that CO
interference acts on the whole chromosome. In a separate study,
Morgan et al. (2021b) showed that CO interference occurs along
multiple connected axes to repress the formation of multivalent
connections in tetraploid Arabidopsis arenosa.

One of the most important challenges in meiosis arises after
whole genome duplication (WGD). The presence of more than
two chromosome sets in the same meiosis may lead to the
formation of univalents and multivalents during prophase I and
subsequent chromosome mis-segregation during anaphase I. To
face these problems, polyploids have developed strategies to
control pairing preferences that result in diploid-like behavior
during meiosis and disomic inheritance. Svacina et al. use
allohexaploid bread wheat as a model to review molecular
mechanisms and regulators involved in maintaining diploid-
like pairing behavior in allopolyploids (polyploids resulted from
the hybridization of related species). WGD is a prominent
evolutionary process relevant for crop improvement. Indeed,
many cultivated plants such as wheat, tobacco, potato, cotton, or
sugarcane, among others, are polyploids. In addition, polyploids
often display better tolerance to abiotic stresses (Van de Peer
et al., 2021). Natural polyploids may emerge through several
pathways, described in detail by Svacina et al, with the
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generation of unreduced gametes being the more predominant.
The production of these gametes, although highly influenced by
the environment, also has a genetic basis (Van de Peer et al,
2017). The presence of mutations in certain genes may have
contributed to polyploidisation, facilitating the formation of
unreduced gametes by defects in either meiosis I or II. Recently,
it has been reported that the function of the STRUCTURAL
MAINTENANCE OF CHROMOSOME 5/6 (SMC5/6) complex
is essential to ensure accurate gametophytic ploidy in Arabidopsis
(Yang F. et al., 2021). Mutants defective for this complex
generate unreduced gametes by recombination-independent
mechanisms and produce triploid offspring. Yang et al. analyzed
autotetraploid plants deficient for SMC5/6 and found even
more drastic meijotic defects than in diploids, highlighting the
importance of this complex in the maintenance of tetraploid
genome stability. The meiotic function of other SMC complexes
(cohesin, condensin) and associated cofactors, also involved in
genome maintenance, is reviewed by Bolanos-Villegas. Besides
polyploidy, holocentricity is another challenge to the proper
progression of meiosis in the evolution of several plant
species. Holocentric chromosomes possess multiple kinetochores
dispersed along their length rather than a single region that
functions as the centromere. As well as chromosome duplication,
holocentric chromosomes evolved several times during plant
evolution (Mandrioli and Manicardi, 2020). In plants, the
presence of holocentric chromosomes is linked to inverted
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Polyploids are species in which three or more sets of chromosomes coexist. Polyploidy
frequently occurs in plants and plays a major role in their evolution. Based on their origin,
polyploid species can be divided into two groups: autopolyploids and allopolyploids. The
autopolyploids arise by multiplication of the chromosome sets from a single species,
whereas allopolyploids emerge from the hybridization between distinct species followed
or preceded by whole genome duplication, leading to the combination of divergent
genomes. Having a polyploid constitution offers some fitness advantages, which could
become evolutionarily successful. Nevertheless, polyploid species must develop
mechanism(s) that control proper segregation of genetic material during meiosis, and
hence, genome stability. Otherwise, the coexistence of more than two copies of the same
or similar chromosome sets may lead to multivalent formation during the first meiotic
division and subsequent production of aneuploid gametes. In this review, we aim to
discuss the pathways leading to the formation of polyploids, the occurrence of polyploidy
in the grass family (Poaceae), and mechanisms controlling chromosome associations
during meiosis, with special emphasis on wheat.

Keywords: chromosome pairing, homoeologous pairing, meiosis, Poaceae, polyploidy

INTRODUCTION

Poaceae (grasses) is a large family of monocotyledonous flowering plants that includes ~10,000
diverse species divided into 12 subfamilies, 51 tribes, and 80 subtribes (Soreng et al., 2015). This
family includes the cereals, bamboos, as well as natural and cultivated grasses, and its members are
found worldwide except in ice-covered areas. Their economic importance derives mainly from their
utilization for food and feed production, but they also have ecological and aesthetic roles in
ecosystems and for humanity. For example, maize (Zea mays), rice (Oryza sativa), and wheat
(Triticum aestivum) together provide >50% of the calories consumed by all humans. Sugarcane
(Saccharum officinarum) remains the major source of human-consumed sugar and is increasingly
used for biofuel production. Ryegrasses (Lolium spp.), fescues (Festuca spp.), and bluegrasses (Poa
spp.) are cultivated as fodder crops and for amenity purposes (i.e. sports, private and industrial
lawns). Bamboos (Bambuseae) are used to construct elaborate scaffolds and the straws of cereals can
serve as insulation in buildings or as raw material for paper production. All these uses make the
Poaceae species a priority choice for enhancing both their quality (i.e., protein, lipid or sugar
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contents; cooking-quality, and digestibility, among others) and
quantity (yield of grain and straw, biomass production).

Besides their great economic importance, species of the Poaceae
family also serve as excellent model organisms for evolutionary
studies (Kellogg, 2001). According to the pollen fossil record, grasses
arose 55-70 million years ago (MYA; Jacobs et al., 1999). With ever
more sequenced genomes (for details see https://bioinformatics.psb.
ugent.be/plaza/), a detailed investigation of the evolutionary fate of
duplicated chromosomal blocks led to the proposition of an
ancestral karyotype for grasses, one structured in seven
protochromosomes that contained 16,464 protogenes (Murat
et al,, 2014). This ancestral genome then further evolved, through
the fusion and fission of chromosomes, gene duplication events as
well as deletions, and chromosomal inversions and translocations.
Moreover, interspecific hybridization and polyploidization (whole
genome duplication; WGD) are two other key mechanisms of
speciation in the Poaceae. All these phenomena have contributed
to the extensive genome diversity extant within the family, including
its variability in basic chromosome numbers and a wide range of
polyploidy levels (Keeler, 1998). In this review, we highlight the
nature of polyploidy in grasses, using wheat as a model, with a
special focus on chromosome pairing during meiosis.

POLYPLOIDY

Polyploidy plays a significant role in the evolution of higher plants,
in that all angiosperms apparently underwent at least one round of
WGD in their evolutionary history (Jiao et al., 2011). Polyploids can
be categorized based on their origin. Autopolyploids possess three or
more copies of the same chromosome set; by contrast, the multiple
chromosome sets in allopolyploids are of different origin, due to the
involvement of interspecific hybridization. Yet a strict boundary
between these two categories is not always evident, such that a third
(intermediate) group called segmental allopolyploidy is sometimes
recognized in plants (Winterfeld et al, 2012). In general,
autopolyploids often exhibit the formation of multivalents during
meiosis and polysomic inheritance in their progeny. By contrast,
allopolyploids with distant parental genomes usually exhibit
formations of bivalents from homologous chromosomes (i.e.,
diploid-like pairing behavior), leading to disomic inheritance
(Ramsey and Schemske, 1998). Nevertheless, allopolyploids
sometimes carry chromosome sets that are not identical, but
divergence of their sequence is insufficient to avoid the pairing of
homoeologs (i.e., chromosomes originating from two related
parental genomes with substantial homology); hence, they must
employ an additional mechanism to ensure diploid-like behavior.
Jauhar (2003) suggested that stable meiotic behavior and genome
stability in allopolyploid species is achievable only after establishing
a mechanism to ensure homologous chromosome recombination
and segregation.

Autopolyploids

For a long time, autopolyploids were believed to suffer from
various evolutionary disadvantages, leading to the conviction
that autopolyploidy is rare in nature and often represents an

evolutionary dead end (Clausen et al., 1945; Stebbins, 1971). This
view, however, contrasts with their widespread utilization in crop
production, for which many autopolyploids including potato,
banana, watermelon, and sugarcane are of high economic
importance. The proportion of autopolyploidy among plant
species can only be debated so far, given that many
autopolyploids have escaped recognition, being morphologically
similar to their progenitors and concealed among common
diploid taxa (Soltis et al, 2007). Recently, Barker et al. (2016)
inferred that autopolyploids might be as frequent as allopolypoids
among vascular plants. The Poaceae family contains many known
autopolyploid species, such as Andropogon gerardii, a dominant
grass of the tallgrass prairie (Keeler and Davis, 1999), several
Brachiaria species (Gallo et al., 2007), the forage crop Hordeum
bulbosum (Eilam et al., 2009), the sugarcane plant S. spontaneum
(Wang et al., 2010), in addition to several Avena species
(Ladizinsky, 1973).

Allopolyploids

Allopolyploids result from the hybridization of two more or less
related species, such as Psidium guineense (Marques et al., 2016),
wheat (T. aestivum) or the common oat (Avena sativa). Genomes
inherited by allopolyploids vary in chromosomal homology,
based on congeniality of parental species. In the case of
hybridization between distantly related species, chromosomal
homology can be low enough to not pair up during meiosis,
frequently having different basic number of chromosomes.
Conversely, allopolyploids that originated from the cross
between closely related species carry chromosomes with much
higher degree of homology. Accordingly, their homoeologous
chromosomes have the potential to pair and recombine during
meiosis (Ramsey and Schemske, 1998; Sun et al., 2017). Bread
wheat is a typical example of an allopolyploid; it originated from
two distinct interspecific hybridizations among three related
diploid species that diverged 5-7 MYA (Marcussen et al,
2014). The first hybridization event occurred <0.82 MYA,
between T. urartu and an as of yet unknown species from the
Sitopsis section, closely related to Aegilops speltoides, which
resulted in the development of a tetraploid species that further
evolved into cultivated tetraploid wheat (T. turgidum ssp. durum;
BBAA; Marcussen et al., 2014). The second hybridization took
place more recently, between this newly developed tetraploid and
Ae. tauschii (DD), resulting in hexaploid T. aestivum (2n = 6x =
42; BBAADD; Huang et al., 2002; Petersen et al., 2006;
Marcussen et al., 2014). Similarly, oats (Avena spp.) also
comprise diploid, tetraploid, and hexaploid species, either as
auto- or allopolyploids. The allopolyploid oats behave diploid-
like during meiosis despite having partial homology between
their parental genomes (Thomas, 1992). Besides evolutionarily
old allopolyploids, relativey recent allopolyploidazion events are
evident in nature. For example, about 150 years ago, the two
natural hybrids Spartina x neyrautii and S. x townsendii
emerged through crosses between European S. maritima and S.
alternifolia, the latter introduced from America. While the
homoploid hybrid S. x townsendii is mostly sterile,
chromosome doubling gave rise to the fertile allotetraploid
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species S. anglica (Hubbard, 1968) which spread rapidly
throughout salt marshes in Western Europe (Gray et al., 1990;
Thompson et al., 1991; Baumel et al., 2001; Salmon et al., 2005).
As such, the polyploidization found in S. anglica may represent a
way by which interspecific hybridization can foster
evolutionary success.

Pathways Leading to Polyploidy

There are several routes leading to the formation of a polyploid
individual. The first way is via chromosome doubling because of
non-disjunction during mitosis. However, this way is rarely
observed under natural conditions and is usually achieved only
by exposure to chemical agents (Ramsey and Schemske, 1998;
Tamayo-Ordonez et al., 2016; Pele et al., 2018). The more likely
mechanism operating is that through the generation of
unreduced gametes. The frequency of their production usually
varies from 0.1% to 2% (Kreiner et al., 2017; Pele et al., 2018) but
this increases in response to stress, such as drought, low or high
temperatures, and physical damage (Mason et al., 2011; Pécrix
et al., 2011; De Storme et al., 2012; Vanneste et al., 2014; Kreiner
etal, 2017; Van de Peer et al., 2017). This fact indicates polyploid
formation could accelerate in periods of intensive environmental
disturbances and rapid changes (Soltis et al., 2007). Polyploidy
can be achieved in a single step process by fusing two unreduced
gametes, through a so-called triploid bridge, or via a pathway
involving two steps (Figure 1). The triploid bridge is expected to
more commonly occur than the one-step pathway, due to the low
probability of fusion of two unreduced gametes in natural
populations (Husband, 2004). The two-step pathway of
allopolyploid formation first involves generation of a
homoploid hybrid. Such an individual would either require a
somatic doubling event, fusion of its two unreduced gametes, or
involvement of the triploid bridge to restore its fertility (Mason
and Pires, 2015). Alternatively, when the progenitors are
autopolyploids, an allopolyploid can emerge immediately
through the fusion of their standard (i.e., reduced) gametes
(Pele et al., 2018).

Polyploid species usually revert to a diploid state during
evolution. The first part of this process, called cytogenetic
diploidization, results in the formation of species, whose
polyploid origin might be hidden by disomic inheritance and
diploid-like meiosis. This step occurs rather rapidly after
polyploid formation either by establishment of genetic control
mechanism similar to Ph system in wheat (see below) or
extensive chromosomal rearrangements. Over millions of years
genomic diploidization continues. The content of the genes,
which has doubled by polyloidization, is gradually returned
towards one copy for each gene. For example, maize
underwent an ancient WGD ~10 MYA. Since then, it has not
only become cytogenetically diploid but also undergone
extensive gene loss causing many genes to revert to a single-
copy status in the genome (Renny-Byfield et al., 2017).

Advantages and Risks of Polyploidization
The question still stands: what is the main evolutionary
advantage of polyploid formation in plants? While it may

appear to have little impact on particular species (Meyers and
Levin, 2006), it can also represent a significant evolutionary tool
for improving possibilities of adaptation (Otto and Whitton,
2000). For example, gene redundancy offers an opportunity to
better resist deleterious mutations and to diversify the extra
copies of genes in subsequent evolution; in this way, new traits
may be acquired without the adverse effects of losing the original
genes’ function (Ha et al., 2009). From comparative analysis of
collinear genes in syntenic regions of wheat and its diploid
relatives Akhunov et al. (2013) confirmed the increased gene
diversification conferred by polyploidy. Besides gene
redundancy, allopolyploids can also benefit from the
advantages of heterosis immediately upon their formation
(Osborn et al., 2003; Comai, 2005), which can foster a greater
biomass and accelerated development. Similarly, autopolyploidy
might result in higher biomass of plants (Stebbins, 1971) and
seed size, the latter enabling a more rapid rate of early
development, such as in Triticum and Aegilops species (Villar
et al, 1998; von Well and Fossey, 1998). All these effects of
polyploidization could contribute to faster colonization of new
niches, including extreme habitats (Ehrendorfer, 1980). At the
chromosomal level, the existence of extra chromosomal set(s)
represents a significant fitness advantage for tolerating large
rearrangements in the genome that would normally lead to
fatal consequences in diploid progenitors.

Clearly then, polyploid species are evolutionarily successful.
In many cases (e.g., T. aestivum) they can grow in broad
geographical areas and occupy a range of habitats (Feldman
and Levy, 2005; Dubcovsky and Dvorak, 2007) as well as colonize
extreme environments, like S. anglica has done (Hubbard, 1968;
Gray et al., 1990; Thompson et al., 1991; Baumel et al., 2001;
Salmon et al., 2005). Van de Peer et al. (2009) argued the higher
competitiveness of polyploids could be explained by an ability to
produce more diverse phenotypes than diploid species. Finally, it
is worth noting that many staple crops are in fact polyploid
species, and humankind has been using artificial polyploidization
techniques and wide hybridization as a tool for their breeding
and crop improvement. The use of wild relatives to enhance
crops dates back to the early 1940s but gained prominence
during the 1970s and 1980s (Hajjar and Hodgkin, 2007).
Specifically, allopolyploidization is implemented to widen the
target species’ genetic diversity or to introgress beneficial alleles
from relatives into cultivated crops. For example, while the
natural genetic diversity of elite sown material is significantly
lower than that observed in its landraces, breeding programs
have introduced new sources of diversity into wheat’s cultivars.
To date, novel alleles have been introgressed from more than 50
related species representing 13 genera, highlighting the
importance of these alien introgressions for improved wheat
breeding (Wulft and Moscou, 2014). Perhaps the most well-
known case is the rye (Secale cereale) 1RS translocation that
harbors genes involved in a plant’s resistance to multiple diseases
(Pm8/Sr31/Lr26/Yr9) and its yield enhancement. Other examples
of introgressions include that of Sr36/Pmé6 from T. timopheevii,
Lr28 from Ae. speltoides, and Pchl and Sr38/Lr37/Yr17 from Ae.
ventricosa, which provided resistance to severe diseases such as

Frontiers in Plant Science | www.frontiersin.org

10

July 2020 | Volume 11 | Article 1056


https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Svacina et al.

Chromosome Pairing in Polyploid Grasses

One-step

Triploid
AAB

i

Tetraploid
AABB

O
O

§’Og plant

unreduced gamete

reduced gamete

gamete formation to attain a polyploid state.

Triploid bridge

@ @6

(8 x ®

Tetraploid

Two-step

® x ®

¥

Homoploid

AB
Y\
x

Buiignop onewos

l

Tetraploid

AABB AABB

FIGURE 1 | Possible pathways of allopolyploid formation. Polyploidy can be achieved via multiple ways, most often through unreduced gamete formation and
subsequent fertilization. In the case of the one-step pathway, two unreduced gametes merge, resulting directly in a polyploid species. Arguably, however, more
steps are usually needed, where the reduced gamete merges with an unreduced gamete, forming a triploid bridge that requires an additional reduced gamete in
subsequent generations. The final depicted option is the two-step pathway, through a homoploid hybrid, which needs a somatic doubling event or unreduced

stem and leaf rust and powdery mildew. Some of these
introgressions were implemented gobally in commercial lines;
for example, the 1RS.1BL translocation now found in 10% of the
world’s genetic wheat diversity (Balfourier et al., 2019).
Nontheless, in addition to its positive impacts, polyploidy
may have negative aspects. Perhaps the most obvious issue is the
presence of more than one pairing partner in meiosis. Unless it is
properly processed, it could result in multivalent formation and
the production of aneuploid gametes, and thus, lower fertility or
complete sterility (Ramsey and Schemske, 2002). Among the

adaptive mechanisms described for autopolyploids, there is one
based on a reduction in the number of cross-overs to one per
chromosome pair, thereby ensuring only bivalents form from
any two random homologs (Lloyd and Bomblies, 2016). This
mechanism was observed in natural accessions of autotetraploid
Arabidopsis arenosa (Carvalho et al., 2010; Pecinka et al., 2011;
Yant et al,, 2013; Peleé et al., 2018). By contrast, recognition of
homologous chromosomes is critical for diploid-like pairing in
allopolyploids. In allopolyploids containing distinct genomes, it
is usually maintained by sequence variation between
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homoeologous chromosomes. In allopolyploids containing
closely-related genomes, homolog recognition seems to be
genetically controlled (Jenczewski and Alix, 2004). However,
some allopolyploid and homoploid hybrids do not necessarily
display significantly reduced fecundity, despite the pairing of
homoeologous chromosomes. In such case, aneuploidy,
chromosome rearrangements, and the predominance of one of
the parental genomes could be observed, as described for
xFestulolium hybrids (Kopecky et al., 2006). Hereon, we focus
on mechanisms controlling chromosome pairing in some crops
belonging to the grass family (Poaceae).

CONTROL OF CHROMOSOME PAIRING IN
POLYPLOID GRASSES

Meiosis is a crucial process for sexual reproduction and gamete
formation. It ensures reduction of genetic material to half
resulting in restoration of normal chromosomal constitution in
progeny. As noted above, some allopolyploids have evolved
molecular mechanisms that govern homologous chromosome
pairing. Such regulators were observed and identified in several
species, including those of Triticum, Avena, and Festuca. The
origin of the genes responsible for regulating chromosome
pairing is not known yet, however. Nonetheles, several
hypotheses explaining the possible emergence of such
mechanisms have been proposed.

The first hypothesis works by presuming the presence of these
pairing regulators in diploid progenitors (Waines, 1976;
Jenczewski and Alix, 2004). In this model, a stable
allopolyploid would emerge after a rare event, in which the
appropriate combination of such genes is achieved (Waines,
1976). Indeed, several regulators acting as suppressors of
homoeologous chromosome pairing were believed to exist in
diploid relatives of allopolyploids, such as Lolium spp., Hordeum
vulgare (Gupta and Fedak, 1985), Hirschfeldia incana (Eber et al.,
1994), Secale cereale (Riley and Law, 1965), Elytrigia elongata
(Dvorak, 1987), Triticum monococcum (Shang et al., 1989), and
Ae. tauschii (Attia et al., 1979). In Lolium, the pairing
suppressors were found present in some accessions of L.
multiflorum and L. perenne, where they influenced the number
of chiasmata during the first meiotic division of their homoploid
hybrid. This chiasma reduction was accounted for exclusively by
homoeologous pairing, as revealed by artificially tetraploidized
hybrids (Evans and Aung, 1985; Jenczewski and Alix, 2004).
Another example of how chromosome-pairing control is
induced through a combination of genotypes or genes was
found in rice. Generally, rice intersubspecific autotetraploid
hybrids display meiotic instability such as chromosome lagging
and the formation of univalents and trivalents (Cai et al., 2007).
Yet two lines PMeS-1 and PMeS-2 were distinguished as being
stable, presumably due to the presence of one or more active
meiotic regulator PMeS (polyploid meiosis stability) genes (Cai
et al., 2007). These two lines display regular meiotic behavior,
with bivalents and quadrivalents. The existence of genetic
chromosome pairing PMeS control was confirmed by the

persistent meiotic stability of the two lines even after several
generations (Xiong et al., 2019).

The second hypothesis posits that the regulators of
chromosome pairing emerge during or immediately after the
formation of polyploids, by a mutation or multiple, successive
mutations (Riley and Law, 1965; McGuire and Dvorak, 1982).
This can happen via conversion of a gene that promotes
chromosome pairing in the diploid progenitor into a repressor
in the polyploidy individual (Riley and Kempanna, 1963;
Feldman, 1966b). This phenomenon was described in
hexaploid wheat, where a mutation in a pairing promoter gene
on the long arm of its chromosome 5D caused a reduction of
homoeologous chromosome paring in several interspecific
hybrids. Such mutations provide a more pronounced effect
than does being 5D nullisomic, which suggests the mutation is
antimorphic, changing the gene’s function from pairing-
promotion to suppression (Viegas et al., 1980). Those authors
argued that this allele more likely arose from spontaneous
mutation of a pairing-promoter known to be located on 5DL
than from the transfer of PhI from chromosome 5B.

The third hypothesis proposes that such regulators of
chromosome pairing could be transferred via accessory B
chromosomes (Riley et al., 1973; Sears, 1976). Early
allopolyploid species would have depended on the presence of
a B chromosome(s), until the gene was transferred to an A
chromosome by translocation, with the subsequent loss of the B
chromosome from the karyotype (Jenczewski and Alix, 2004).
Many studies have investigated the role of B chromosomes in the
repression of homoeologous pairing (Evans and Macefield, 1972;
Evans and Macefield, 1973; Aung and Evans, 1985). It seems that
one or more B chromosomes from a specific source could
complement one copy of the aforementioned homoeologous-
pairing suppressor into a functional complex. Evans and Aung
(1986) found homoeologous pairing dramatically reduced in the
hybrids of F. arundinacea x L. perenne carrying B chromosomes.
Also, the average number of chromosome arms joined by
chiasmata is reduced in the presence of B chromosomes in a
diploid meadow fescue when compared to the control plants
lacking B chromosomes (Kopecky et al., 2009). In the hybrids of
Ae. mutica and Ae. speltoides, the B chromosomes can also
complement a missing Phl locus (Dover and Riley, 1972).
Mechanisms controling chromosome pairing in allopolyploids
seems to be specific among individual taxa, with very little
known of the molecular pathways contributing to this
phenomenon. In this respect, the best-elucidated molecular
mechanism concerning the Ph genes is that of hexaploidy
wheat (T. aestivum), which we describe in greater detail later on.

Apart from specific genetic systems to ensure proper
chromosome pairing in particular species, various other (more
general) genes are involved during process of meiosis that could
increase the frequency of cross-overs between homologous
chromosomes while suppressing them between homoeologs.
Recently, Gonzalo et al. (2019) studied the effect of MSH4
upon homo- and homoeologous cross-overs, by using the EMS
(ethylmethanesulphonate) mutant population in Brassica napus.
They discovered that, when the MSH4 gene returns to a single
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copy status, the frequency of homologous cross-overs remained
at the same frequency, whereas that of homoeologous cross-
overs decreased drastically compared with the presence of two
functional copies of the gene. Gonzalo et al. (2019) also studied
the copy numbers of other genes of the synapsis-initiation
complex (SIC, or alternatively ZMM-pathway) vis-a-vis diploid
relatives, deducing that the acquisition of additional copies of
such genes through small-scale duplications is a rare event; an
example its occurrence is ZIP4 in wheat (Rey et al, 2017).
Furthermore, the rapid reduction in the number of copies for
ZMM genes in many species after whole genome duplication—
namely for MSH4, MSH5, MER3, and ZIP4—supports the
hypothesis that ensuring fewer copies of such genes could be a
general process of meiotic stabilization (Lloyd et al, 2014;
Gonzalo et al.,, 2019). Another study found no evidence for an
increased loss of those genes after polyploidization in hexaploid
wheat (including MSH4), in that most meiotic genes were
retained in three homoeologous variants at similar expression
levels (Lloyd et al., 2014). However, because wheat underwent its
two hybridization events rather recently (Marcussen et al., 2014),
the potential ZMM pathway gene reduction cannot be ruled out.
Alternatively, the machinery established via Ph genes might have
weakened the selective pressure for fewer copies of these genes.

Chromosome Pairing in Wheat

Allohexaploid bread wheat (T. aestivum L.; 2n = 6x = 42;
BBAADD) can serve as a model plant for meiotic behavior
analyses of allopolyploids. Despite the coexistence of three
highly similar genomes, its meiotic behavior is strictly diploid-
like, with 21 bivalents between homologous chromosomes
forming in metaphase I of meiotic division. It has been known
for more than 60 years that bread wheat developed genetic
control of precise formation of homologous chiasmata, which
is enforced by Ph (pairing homoeologous) genes (Sears and
Okamoto, 1958; Riley and Chapman, 1958). The hexaploid
nature of wheat allowed for the development of various
aneuploid stocks, permitting the identification of several key
genes involved in the regulation of meiosis (Sears and Okamoto,
1958; Sears, 1976; Sears, 1977; Sears, 1982; Sears, 1984).

It was proposed that premeiotic chromosome associations in
interphase nucleus also play role in homolog recognition (Brown
and Stack, 1968; Comings, 1968; Loidl, 1990; Aragon-Alcaide
et al., 1997; Schwarzacher, 1997; Mikhailova et al., 1998;
Martinez-Pérez et al., 1999). Nevertheless, different studies
disagree in the extent and role of premeiotic chromosome
associations, where they start and how long they last
(Schwarzacher, 1997; Mikhailova et al., 1998; Martinez-Pérez

et al, 1999). However, all these studies partially agree with
Feldman (1966a), who suggested that Phl controls spatial
organization of chromosomes in premeiotic interphase nuclei.
In wheat, the arrangement of chromosomes in interphase nuclei is
done through distribution of centromeres and telomeres in
opposite sides of nuclei into Rabl configuration (Fussell, 1987),
whereas this configuration is being maintained in premeiotic cells
(Naranjo, 2015). This organization plays a role in the recognition
of homologs, as it reduces the homolog search and simplifies the
subsequent alignment (Pernickova et al., 2019). The telomeres are
then recruited to the nuclear envelope and form a telomere
bouquet (Dawe, 1998; Harper et al., 2004), which is believed to
be essential for homolog identification and initiation of synapsis
(Bass et al., 2000; Scherthan, 2001; Bass, 2003; Harper et al., 2004;
Scherthan, 2007). The molecular mechanisms driving these
changes are, however, mostly unknown.

Formation of chiasmata in wheat is driven by both
suppressors and promoters, of which several have already been
identified. The most important gene regulating homologous
chiasmata is Phl (Pairing homoeologous 1), located on the long
arm of chromosome 5B (Sears and Okamoto, 1958; Riley and
Chapman, 1958). Another gene affecting chromosome behavior
during meiosis, called Ph2, is located on the short arm of
chromosome 3D but it exerts a weaker effect than does Phl
(Mello-Sampayo, 1971). The least effective regulator, Ph3, is
located on the short arm of chromosome 3A (Driscoll, 1972;
Mello-Sampayo and Canas, 1973). Similar effects of Ph2 and Ph3
genes and their location on the same chromosomes of different
parental genomes suggest these two genes are probably paralogs.
During metaphase I of meiosis, ph mutants typically display
fewer ring bivalents (with two or more chiasmata) and more
univalents, rod bivalents and multivalents when compared to the
wild type (Table 1).

Pairing Homoeologous 1 (Ph1)

Among those genes controlling chiasmata formation during
meiosis in wheat, Phl has the strongest effect on ensuring the
correct recognition of homologous chromosomes. Although the
presence of this control element was discovered over 60 years
ago, its molecular effect was uncovered in part only recently. Its
existence was first proposed by Sears and Okamoto (1958) and
Riley and Chapman (1958) in haploid lines of wheat lacking
chromosome 5B, in which the formation of both bivalents and
trivalents had been observed. This contrasted with the meiotic
behavior of lines carrying a copy of 5B. Subsequent gene
mapping was carried out using the Phl mutant called phlb
(Sears, 1977), which helped to delimit the gene’s location. Later

TABLE 1 | Comparison of chromosome associations in hexaploid and tetraploid wheat plants and particular ph mutants during metaphase | (Martinez et al., 2001a;

Martinez et al., 2001b).

Genotype Chromosome number Univalents Rod bivalents Ring bivalents Multivalents Chiasmata per cell
Hexaploid WT 42 0.02 1.48 19.50 0.00 40.49
ph1b 42 2.76 4.76 145 0.77 38.57
ph2b 42 0.48 2.95 17.78 0.00 34.22
Tetraploid WT 28 0.04 0.34 13.64 0.00 27.62
phic 28 0.94 3.69 9.46 0.19 23.16
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mapping, by Gill et al. (1993), used deletion lines to narrow down
the genome region harboring the gene, which was cytogenetically
estimated to be ~70 Mb. A more recent estimate of this deletion’s
length put its at 54.6 Mb (Gyawali et al., 2019). Countless studies
have shown that when Ph1 is missing, the chiasmata formation is
no longer strictly diploid-like and chromosomes will form
multivalents in more than 50% of pollen mother cells (Riley
and Chapman, 1958; Riley, 1960). Work by Sanchez-Moran et al.
(2001) confirmed that stark irregularities, such as aneuploidy
and genomic rearrangements, are observable in lines lacking Ph1.

The Phl locus is present in tetraploid wheat plants as well, such
as T. turgidum subsp. durum (Dvorak et al., 1984) and T. timopheevi
subsp. timopheevi (Feldman, 1966b). In the latter, a mutant for this
particular gene was developed, called phlc, having a similar
phenotype as the hexaploid mutant phlb, i.e., increased
homoeologous chromosome chiasmata in metaphase I (Jauhar
et al,, 1999). In a comparative study assessing the effectiveness of
Ph1 gene in tetraploid and hexaploid wheat, Ozkan and Feldman
(2001) crossed Ae. peregrina with hexaploid wheat and derivative
lines, wherein chromosome 5B was replaced by its variant from
tetraploid wheat (either from T. turgidum subsp. dicoccoides or T.
timopheevi subsp. Timopheevi). With 5B from tetraploid wheat
present, a higher frequency of homoeologous chromosome
associations was observed in hybrids relative to the presence of
endogenous 5B, indicating the tetraploid variant of PhI gene might
operate with lower effectiveness. Interestingly, once Phl is
introgressed from wheat into related species, its ability to modify
chromosome bahavior is also preserved in the host genome
(Figures 2A, B; Lukaszewski and Kopecky, 2010).

The Phl regulator probably acts in multiple ways during
meiosis. In early prophase I, it promotes the formation and
subsequent correction of synapses (Holm, 1986; Martinez et al.,
2001a), but later on, it affects the frequency of cross-over
formation (Martin et al, 2014). Originally, the Phl gene was
thought to function as a suppressor of homoeologous synapses
(Holm and Wang, 1988), but the current view is that it works
primarily by promoting and stabilizing homologous synapses
(Martin et al,, 2017). During metaphase I in hexaploid wheat,
ring bivalents are predominantly formed between homologous
chromosomes, with some rod bivalents occurring in all
meiocytes (Martin et al., 2014). In the ph1b mutant, only ~50%
of meiocytes wil display similar meiotic behavior with increased
frequency of rod bivalents; in the other half, variable numbers of
multivalents and univalents were instead detected. This means
that roughly half of the meiocytes display chiasmata only
between homologous chromosomes (Martin et al., 2014).
Similarly, other studies could not find homoeologous
chiasmata in significant fractions of meiocytes in other Phl
mutants (Roberts et al., 1999; Al-Kaff et al., 2008; King et al,,
2016). This suggests the promotion of homologous synapses is
the main function of the Phl gene, rather than suppression of
homoeologous ones (Martin et al, 2017). This hypothesis is
further supported by the higher occurrence of univalents in phlb
mutants than in the wild type or ph2b mutant (Table 1).

Griffiths et al. (2006) performed a screen for a phl-like
phenotype in the population of EMS mutants. Yet they failed

to find an individual showing the full ph1b-like phenotype. This
indicates the PhI phenotype might not be under the control of a
single gene. The Phl locus was further narrowed down to a 2.5-
Mb region on the long arm of the 5B chromosome (Griffiths
et al, 2006), which contains a duplicated segment from
chromosome 3B composed of a cluster of Cdk2-like kinases
and methyl-transferase genes (Griffiths et al., 2006; Al-Kaft et al.,
2008; Martin et al., 2017). The Cdk-like kinases in the locus show
close homology to the mammalian Cdk2, which is essential for
homologous chromosome recognition and recombination
(Ortega et al., 2003; Viera et al., 2009). Two groups of
researchers disagree on which of the genes located in this
particular region is the one responsible for promotion of
homologous chiasmata. Bhullar et al. (2014) proposed C-Phl
(RAFTIN1-like protein containing BURP domain) to be a
putative Phl gene, but deletion lines for C-PhI locus failed to
produce the same phenotype as the ph1b mutant (Al-Kaff et al,,
2008). Moreover, the rice homolog and wheat paralog of this
gene were already shown to be specific to tapetal cells (Jeon et al.,
1999; Wang et al., 2003). The other group proposed a different
candidate, a paralog of ZIP4. The encoded protein affects the
homologous cross-overs in Arabidopsis and rice, supporting the
assumption that this gene could be responsible for the Phl
phenotype (Chelysheva et al., 2007; Shen et al., 2012; Rey et al.,
2017). Both EMS and CRISPR mutations for this gene (named
TaZIP4-B2) promoted homoeologous cross-overs in hybrids
between wheat and Ae. variabilis (Rey et al.,, 2017; Rey et al,
2018). But these hybrids did not show the same extent of
multivalent formation or an increase in univalents as typically
observed in hybrids between the ph1b mutant and Ae. variabilis.
Nevertheless, these results do suggest the TaZIP4-B2 plays an
important role in the control of homoeologous pairing in wheat
(Rey et al.,, 2017; Rey et al.,, 2018; Naranjo, 2019). The putative
additional effector in this region has yet to be identified.

Pairing Homoeologous 2 (Ph2)

Another gene, called Ph2, has a weaker effect (than PhI) on
homologous chromosome pairing in wheat. That gene was
assigned to chromosome 3D by Mello-Sampayo (1968; 1971)
who observed multivalent formation in metaphase I in the
absence of chromosome 3D in pentaploid hybrids between T.
aestivum and T. durum, as well as in hybrids between T. aestivum
and Aegilops. Two Ph2 mutants were since developed; the X-ray-
induced mutant ph2a carrying a large deletion (Sears, 1982), and
the chemically-induced (EMS) mutant ph2b (Wall et al., 1971).
Using both mutants, the Ph2 phenotype was studied and the
locus narrowed down, using synteny with rice, to a terminal 80
Mb of the short arm of chromosome 3D (Sutton et al., 2003).
More recently, however, Svacina et al. (2020) showed that this
deletion in the ph2a mutant is actually larger than expected,
comprising about 125 Mb terminal part of the short arm of
chromosome 3D.

The Ph2 gene operates in a different way than does PhI
(Benavente et al., 1998; Martinez et al., 2001a). Both Martinez
et al, (2001a) and Sanchez-Moran et al. (2001) evaluated the
effect of its mutations in hexaploid wheat, finding no visible
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FIGURE 2 | Chromosome assocaitions in allo- and autopolyploids from the Poaceae family. Chromosome pairing in autotetraploid rye (2n = 4x = 28, RRRR) differs
depending on the presence or absence of Ph1 located on the introgressed 5BL chromosome arm of wheat. In (A), trivalents and quadrivalents are commonly
observed in the control line (21+411+2111+3IV), in (B), multivalent chromosome formation is reduced in the line (61+711+21V), where 5B and 5BL are introgressed. In both
(A, B), genomic DNA of Triticum aestivum was labeled with digoxigenin (green coloring), 456S rDNA was labeled with biotin (red), and genomic DNA of Secale cereale
served as blocking DNA; all chromosomes counterstained with DAPI (blue). In (C), the chromosome-pairing control system similar to that of Ph7 found in
allohexaploid Festuca arundinacea (2n = 6x = 42) hampers the associations of homeologous chromosomes and multivalent formation (211l). Genomic DNA of F.
glaucescens was labeled with digoxigenin (green), while genomic DNA of F. pratensis was used as blocking DNA; all chromosomes were counterstained with DAPI
(red pseudocolor). In (D), the homoeolog suppressor was probably inherited from one of the progenitors, F. glaucescens, as this species also forms only bivalents
during meiosis (14ll). Conversely, in (E), multivalent formation was detected in the autotetraploid form of the other progenitor, F. pratensis (21+711+3IV). The system is
hemizygous-ineffective, thus allowing for promiscuous homeologous chromosome associations in tetraploid hybrids of F. arundinacea x Lolium multifiorum, where
only one copy of the gene(s) is present (F). Here, genomic DNA of F. glaucescens was labeled with biotin (red coloring) and that of L. multiflorum labeled with
digoxigenin (green), while that of F. pratensis was used as blocking DNA; all chromosomes were counterstained with DAPI (blue). In (G), homeologous chromosomes
of F. pratensis and L. multiflorum pair freely in the substitution lines (11+8lI+11ll+2IV) as well as in diploid Festuca x Lolium hybrids (71l), as seen in diplotene shown in
(H), due to the absence of any chromosome pairing system and the phylogenetic relationship of both genomes. Note many chiasmata between homeologous
chromosomes. This results in frequent homeologous recombinations and massive chromosome rearrangements in successive generations (I), as can be seen in the
tetraploid L. multifiorum x F. pratensis cv. ‘Sulino’ (7IV). In panels (G-l), genomic DNA of F. pratensis was labeled with digoxigenin (green coloring), while genomic
DNA of L. multiflorum served as blocking DNA and all chromosomes were counterstained with DAPI (red pseudocolor).
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influence upon homoeologous chiasmata when Phl is present
and Ph2 absent, apart from a slight increase in univalent
formations. Earlier, Sears (1977; 1982) had shown that in
hybrids of wheat and closely related species, moderate
frequency of homoeologous chiasmata happened in the
absence of Ph2 but in the presence of Phl. In the case of
wheat-rye hybrids lacking the Ph2 locus, Prieto et al. (2005)
also observed an intermediate number of homoeologous
chiasmata; however, according to their GISH analysis, the
chromosome associations only occur between wheat
chromosomes, whereas wheat-rye associations were rare
similarly to the wild-type hybrid. This contrasts with the phlb
mutant, for which some frequency of wheat-rye associations was
detectable (refer to Table 2; Prieto et al., 2005). These findings
suggest to us that Ph2 plays a diminished functional role when
homologous chromosomes are present (Table 1). Yet, in the
absence of homologs, it may well suppress associations among
homoeologous chromosomes. Furthermore, researchers
discovered that Ph2 has a different function to that of PhI as it
is not involved in recognition of homologous chromosomes but
instead affects the progression of synapsis (Martinez et al., 2001a;
Prieto et al., 2005). We should also not overlook possible
cooperation between Phl and Ph2 in their modes of action, as
suggested by the work of Boden et al. (2009).

The ph2a mutant has been exploited in trying to identify
candidate genes underlying its phenotype. Many have been
proposed, such as TaMSH7, the homolog of the MSH6 DNA
mismatch repair gene in yeast (Dong et al., 2002), in addition to
the WM5 (Thomas, 1997) and WM1 gene family members (Ji and
Langridge, 1994; Whitford, 2002). Sutton et al. (2003) used

TABLE 2 | Number of chromosome-arm associations in metaphase | in haploid
hybrids derived from the crossing of rye with euploid wheat (CS, ‘Chinese
Spring’) and ph1b and ph2b mutants (Prieto et al., 2005).

Genotype CS x rye ph2b x rye phib x rye
Chromosome number 28 28 28
Wheat-wheat 0.48 1.68 714
Wheat-rye 0.08 0.08 0.59
Rye-rye 0.02 0.04 0.05
Total 0.58 1.80 7.78

comparative genetics to further identify the putative genes involved
in the Ph2 phenotype; however, no clear candidate producing a
mutant phenotype similar to the ph2a has been identified.

Meiotic Behavior in Hybrids of ph Mutants and Wild-
Type Wheat With Closely Related Species

The pairing of homoeologous chromosomes is mostly studied in
haploids or interspecific hybrids, that is, in the absence of
homologous chromosomes, the natural partners for pairing.
The exent of chromosome associations during metaphase I of
meiosis, in hybrids of wild-type hexaploid wheat or ph2b and
phlb mutants with various relatives, will differ based on the
degree of homology between the genomes involved. The
frequency of homoeologous chromosome chiasmata increases
when there is a closer phylogenetic relationship of the parents.
The fewest homoeologous associations were observed in the
hybrids between hexaploid wheat and rye (Table 3; Naranjo
et al., 1987; Naranjo et al., 1988). This can be explained by the
fact that lineages towards wheat and rye split about 7 MYA while
Aegilops diverged from wheat 2.5-5.0 MYA (Huang et al., 2002).
Accordingly, the Aegilops chromosomes are more closely related
to wheat chromosomes than those of rye. The highest frequency
of homoeologous chromosome associations was observed in the
hybrid of hexaploid wheat and Ae. speltoides (Maestra and
Naranjo, 1998; Table 3); the latter is a species closely related to
the donor of the B genome in wheat, and thus highly similar to
one of the wheat genomes (Huang et al., 2002; Petersen et al,,
2006). These observations suggest the Ph system’s recognition of
homologous chromosomes begins to fail with increasing
homology between genomes in the hybrid, resulting in
homoeologous chromosome chiasmata. Alternatively, there
may exist genes that suppress or interfere with the Ph system
in certain species used for hybridization with wheat (see below).

Homoeologous Chromosome Associations in the
Presence of Ph Genes

Ph genes ensure that only homologous chromosome chiasmata
occur in polyploid wheat during meiosis. However, the
functioning of these genes can be suppressed in some hybrids,
resulting in increased homoeologous chromosome associations;
e.g., in hybrids of T. aestivum with Ae. speltoides or Ae. mutica

TABLE 3 | Associations of homoeologous chromosomes in metaphase | in various hybrids of wild-type wheat (WT) and ph1b and ph2b mutants with closely related
plant species (Naranjo et al., 1987; Naranjo et al., 1988; Naranjo and Maestra, 1995; Maestra and Naranjo, 1997; Maestra and Naranjo, 1998).

Hybrid Chromosome number Univalents Rod bivalents Ring bivalents Multivalents Chiasmata percell
WT x rye 28 26.31 0.80 0.03 0.01 0.88
ph2b x rye 28 19.23 3.4 0.57 0.51 5.26
phib x rye 28 11.76 2.33 2.36 2.16 12.35
WT x Ae. longissima 28 24.55 1.59 0.06 0.05 1.81
ph2b x Ae. longissima 28 14.93 5.8 0.58 0.55 7.44
ph1b x Ae. longissima 28 3.48 4.4 2.99 2.86 18.28
WT x Ae. sharonensis 28 25.21 1.18 0.08 0.08 1.29
ph2b x Ae. sharonensis 28 10.16 5.58 1.42 1.13 1117
ph1b x Ae. sharonensis 28 4.37 3.74 3.79 2.39 17.93
WT x Ae. speltoides 28 3.97 4.9 3.11 2.61 17.79
ph2b x Ae. speltoides 28 3.25 3.41 3.28 3.2 19.41
ph1b x Ae. speltoides 28 2.53 3.36 4.29 2.68 20.08
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(Riley, 1960; Dover and Riley, 1972; Dvorak et al., 2006a). For the
wheat x Ae. speltoides hybrid, Dvorak et al. (2006b) identified two
suppressors on chromosomes 3S (Sul-Phl) and 7S (Su2-Phl) that
affected homoeologous chromosome associations, varying from
7.0 to 16.4 chiasmata per cell. The Sul-Phl was introgressed into
both hexaploid and tetraploid wheat, opening new possibilities in
inducing homoeologous chromosome recombinations for
introgression into wheat (Li et al., 2017). This phenomenon can
also be observed in lines where only a single chromosome was
introgressed into the wheat background. In particular, the
presence in wheat of chromosome 5U from Ae. umbellulata
(Riley et al., 1973), or that of chromosome 5E from Elytrigia
elongata (Dvorak, 1987), promotes homoeologous chromosome
chiasmata with the formation of trivalents and bivalents in the
haploids (ABD + 5U; ABD + 5E). This outcome suggests that
introducing some alien chromosomes can suppress the
functioning of Ph genes (Koo et al, 2017). Another case of
homoeologous chromosome associations in the presence of Ph
genes was reported on by Liu et al. (2011), who observed frequent
recombination between 5M® and 5D chromosomes in substitution
lines containing 5M® from Ae. geniculata. Later, Koo et al. (2017)
used two different 5M® chromosomes from different accessions in
the wheat background and observed differential associations
between 5M® and 5D in both lines, for which chiasmata
between 5M® and 5D were detected in 6.7% and 21.7% of
ensuing meiocytes. This might have been caused by the presence
of genes located on the particular alien chromosome either actively
promoting homoeologous chromosome chiasmata or repressing
Ph1. Additionally, homoeologous associations probably occurred
only between the 5M® and 5D chromosome, as no multivalent was
detected (Koo et al., 2017). In another example, homoeologous
barley chromosomes fully associated in pairs in the presence of
Phl (Martin et al., 2017; Calderon et al., 2018). However, these
homoeologous chromosomes did not cross-over, suggesting that
Ph1 does not prevent chromosome pairing between homoeologs,
but supresses its recombination (Calderon et al., 2018).

In a natural population of the Chinese landrace of hexaploid
wheat ‘Kaixianluohanmai’ (KL), another gene promoting
homoeologous chiasmata in wheat-alien hybrids (presumably
in presence of Ph) was posited (Luo et al., 1992). Meiosis is
regular and normal in KL wheat by itself, as in other wheat
landraces (Fan et al, 2019), but a moderate frequency of
homoeologous chromosome associations occurs in hybrids of
KL wheat with rye and Aegilops variabilis (similar as that
between phlb x rye and ph2b x rye hybrids) (Table 4; Luo
et al., 1992; Liu et al,, 1998; Liu et al., 2003; Xiang et al., 2005). In
hybrids arising between KL wheat and Psathyrostachys
huashanica, the frequency of homoeologous chromosome
chiasmata even exceeded that of the phlb x P. huashanica
hybrid (Kang et al., 2008). This locus, named phKL, is most
probably not allelic to either PhI or Ph2 (Liu et al,, 2003; Hao
et al,, 2011). The analysis of monosomics did show that a locus
on chromosome 6A in KL might be responsible for the phKL
phenotype (Liu et al, 1997). However, using two mapping
populations, Fan et al. (2019) recently identified a QTL locus

TABLE 4 | Chromosome associations in metaphase | in hybrids derived from
crossings of rye with the wheat KL landrace, “Chinese Spring” (CS), and the
Chinese Spring ph1 (CSph1b) and ph2 (CSph2a) mutants (Hao et al., 2011).

Genotype Number of associations per cell

Rod Ring Multivalent Chiasmata
KL x rye 4.73 0.20 0.1 5.40
CSph1b x rye 4.85 1.87 0.47 9.53
CSph2a x rye 1.74 0.00 0.02 1.78
CS x rye 0.54 0.00 0.00 0.54

possibly responsible for homoeologous associations on
chromosome arm 3AL.

Chromosome-Pairing Regulators in Other
Poaceae Taxa

Bread wheat is undoubtedly the most studied and well-
understood species concerning the mechanism of homologous
chromosome recognition in the Poaceae family. Nonetheless,
clues to the presence of similar machinery has been observed in
other grass species, namely in Avena spp. (Ladizinsky, 1973),
Oryza spp. (Cai et al., 2004), Festuca spp. (Jauhar, 1993),
polyploid Hordeum spp. (Gupta and Fedak, 1985), or
Alopecurus spp. (Murray et al., 1984). Several examples of
chromosome associations in allo- and autopolyploids from the
Poaceae family are shown in Figure 2.

The genus Festuca comprises over 500 species having a wide
range of ploidy levels, from diploids to dodecaploids (Loureiro et al,,
2007). Agriculturally most important are those species from the
subgenus Schedonorus comprising broad-leaved fescues, the
majority of which are polyploids, from tetraploids to decaploids
(Kopecky et al., 2008b). Molecular and cytogenetic analyses have
revealed that all these studied polyploid species arose from
interspecific hybridization (Humphreys et al., 1995; Catalan and
Olmstead, 2000; Hand et al., 2010; Ezquerro-Lopez et al., 2017);
hence, they are of allopolyploid origin. All these allopolyploid
species—including the tetraploids F. mairei, F. apennina, and F.
glaucescens, hexaploid F. arundinacea, and octoploids F.
arundinacea subsp. atlantigena and decaploid F. arundinacea var.
letourneuxiana—possess diploid-like pairing behavior during
meiosis, with bivalent formation (reviewed in Jauhar, 1993).
Jauhar (1975) had proposed the existence of a homoeologous-
pairing suppressor in tall fescue (F. arundinacea, 2n = 6x = 42;
FpFpFgFgFg’Fg) (Figure 2C). He found frequent multivalent
formations in haploid plants of tall fescue (2n = 3x = 21) and
speculated on the haplo-insufficiency or hemizygous-ineftectivity of
the system: meaning that two copies of such gene(s) must be present
for the induction of strict homologous pairing. This differentiates
the fescues” system from Phl of wheat and the regulator found in
oats (Jauhar, 1993). Another difference is that Phl can supress
homeologous recombination and/or promote homologous ones,
while the control system in tall fescue seems to be responsible for the
formation of homologous bivalents. Colchicine-induced
dodecaploid wheat was able to form quadrivalents composed of
four homologous chromosomes, whereas only homologous
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bivalents formed in the synthetically derived dodecaploid tall fescue
plant (Jauhar, 1975).

Where the gene(s) underpinning diploid-like pairing system is
located on one or more particular chromosomes or even
subgenomes of tall fescue plants remains unknown. In tetraploid
tall fescue (FpFpFgFg’), homoeologous chromosomes form
chiasmata frequently; moreover, the frequent formation of
quadrivalents was recorded in colchicine-induced autotetraploids
of F. pratensis (Figure 2E; Kopecky et al., 2009). Thus, one of the
subgenomes originating from F. glaucescens must harbor the
responsible gene(s) (Figure 2D). In early work, Jauhar (1975)
analyzed a set of monosomic lines of tall fescue and found one line
with disrupted diploid-like behavior, probably due to an absence of
the chromosome carrying the gene(s) for diploid-like pairing
behavior. Unfortunately, this line was lost over time and so it
cannot be further investigated. Later, Kleijer and Morel (1984)
speculated that disruption of strictly homologous associations in a
single plant is more likely to be only a consequence of normal
variation among plants. The system may also interfere with other
systems present in the genus, or in closely related genera. A high
frequency of quadrivalents was observed in the tetraploid Lolium
multiflorum x F. arundinacea hybrid (LmFpFgFg’) (Figure 2F),
which exceeded that of quadrivalents in tetraploid F. arundinacea
(FpFpFgFg’) (Kopecky et al., 2009).

The origin of the system in polyploid fescues is not known,
but several scenarios are plausible. It could have developed in a
currently unknown diploid species, which served as a progenitor
of all recent polyploid species. Alternatively, such a system arose
in an early-day polyploid (presumably an allotetraploid), since
involved in the evolution of other allopolyploids. Support for
both scenarios lies in the fact that the system in all species has the
same (rare) attribute: haplo-insufficiency. The third possible
scenario involves multiple origins of the system in different
species during their evolutionary history. Or, the system is the
outcome of two scenarios combined. It does seem that the
systems found in various species are compatible in some
hybrid combinations yet dysfunctional in others. Eizenga et al.
(1990) found that multivalents were rare in the hybrids of tall
fescue and giant fescue (F. gigantea). Similarly, hybrids of F.
mairei X F. glaucescens show preferential formation of bivalents
with a very low frequency of multivalents (nine quadrivalents
and one trivalent among 200 PMCs [pollen mother cells]) (Malik
and Thomas, 1967). By contrast, the hybrids of Continental and
Mediterranean morphotypes of tall fescue all display high levels
of multivalent formation (Kopecky et al, 2019), suggesting
incompatibility of the two regulatory systems, or some epistatic
effects. Therefore, we cannot unambiguously clarify if the system
evolved once or twice (or even more times). However, if it did
develop just once, the system diverged in different species during
evolution to reach a level of incompatibility, as evinced from the
analyses of interspecific hybrids.

The genus oat (Avena spp.) consists of diploid, tetraploid, and
hexaploid species, including the important crop A. sativa.
Polyploid oats include both auto- and allopolyploid forms,

whose diploid-like behavior in meiosis is preserved despite
partial homology between their genomes, suggesting the
existence of a Ph-like system (Thomas, 1992). Oats comprise
four cytologically distinct genomes (A, B, C, and D), however the
genomes B and D occur only in polyploid taxa (Leggett and
Thomas, 1995). Similar to wheat, the system found in tetraploid
and hexaploid oats is hemizygous effective and haplo-sufficient,
and susceptible to dosage effects and genetic repressibility. The
locus that contains the gene(s) for meiotic regulation is likely
localized to the A genome (Jauhar, 1977). Unfortunately,
surpisingly little is known about the genes whose activity
maintains homologous chromosome pairing in oats, apart
from their existence being proven by increased associations
among homoeologous chromosomes in some nulli-haploid A.
sativa lines (Gauthier and McGuinnis, 1968).

POLYPLOIDY AND HOMOEOLOGOUS
CHROMOSOME PAIRING IN PLANT
BREEDING

Besides its key role in plant speciation, polyploidization and
hybridization are popular tools in plant breeding. The most
straightforward agronomical effect of polyploidy is an increased
cell size, potentially resulting in larger organs, including fruits,
roots, flowers, leaves, and seeds (Stebbins, 1950). Another
frequent consequence of polyploidy is sterility, which generally
has an agronomically negative effect; however, for seedless fruit
production it can be a desirable trait, as in triploid seedless
watermelon (Crow, 1994). The fixation of heterozygosity in
allopolyploid species often leads to heterosis, resulting in
higher vigor of the hybrids compared with their diploid
progenitors, such as in hexaploid wheat T. aestivum (Sattler
et al, 2016). Wide hybridization coupled to whole genome
duplication is commonly used to merge beneficial inheritable
traits from both parents, namely in the introgression of a
chromosome segment carrying genes for a desirable trait from
the wild relative to elite crop cultivars, or for simply widening the
gene pool. One of the most promising artificially developed
hybrids is Triticale, which originated from the crossing of
wheat and rye with a subsequent chromosome doubling
(Meister and Tjumjakoff, 1928).

One of the key components for the successful utilization of
wide hybridization in plant breeding is the control of
homoeologous chromosome associations. In countless studies,
the ph1b mutant of wheat has been used to induce homoeologous
chromosome recombinations between chromosomes of wheat
and related species, for transferring desirable traits into the wheat
genome (Marais et al.,, 2010; Niu et al.,, 2011; Ayala-Navarrete
et al., 2013; Rey et al., 2015a; Rey et al., 2015b; Han et al., 2016;
King et al., 2019). After the introgression of the chromosomal
segment from a related species, it is necessary to immediately re-
activate the PhI gene to avoid risking the rapid elimination of the
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segment. Nevertheless, some hybrids without meiotic regulation
but with homoeologous chromosome pairing can be valuable
also and remain relatively stable. Complementary attributes of
ryegrasses (i.e., high yield and nutrition) and fescues (i.e., abiotic
stress tolerance) can be combined in their hybrids called
Festulolium. In last 50 years, many agriculturally successful
cultivars have been released via several breeding programs
(Ghesquiere et al., 2010). To do this, the breeders often used
tetraploid parents for the initial mating. Such F1 Festulolium
hybrids are all allotetraploids and possess two sets of
chromosomes from both parental species. One would presume
that homologous chromosome associations would be the
predominant mode of action due to variation in the DNA
sequence. The repetitive elements from these two genera
diverged sufficiently that it is now possible to distinguish
chromosomes of Festuca from those of Lolium by genomic in
situ hybridization (GISH) (Thomas et al., 1994). Yet, frequent
formation of homoeologous chromosome chiasmata has been
detected in F1 hybrids, as well as in monosomic and disomic
substitution lines of L. multiflorum x F. pratensis (Figures 2G, H;
Kopecky et al., 2008a). Such massive homoeologous associations
and recombination leads to highly variable karyotypes differing
from plant to plant (Figure 2I). An outcrossing mode of
reproduction augments this variability within each population
of hybrids over subsequent generations. Consequently, both high
variability and heterosis ensue within the bred plant material. It
is nevertheless possible to uniform the breeding material at a
phenotypic level to the extent that it passes DUS tests for
registration as a commercial cultivar. While the proportion of
parental genomes was relatively stable in subsequent generations
of three commercial hybrids (Kopecky et al., 2008a), substantial
variability was found within populations of each generation of
those cultivars.

Besides those amphiploid (or allotetraploid) cultivars,
introgression breeding may also be used to develop
Festulolium cultivars. Doing this involves at least one round of
backcrossing of F1 hybrids with one of the parental species
(usually Lolium), giving rise to plants similar to the parental
species but with improved characteristics, such as frost tolerance
or higher survivorship (reviewed in Kopecky et al., 2008b).
Karyologically, these plants usually carry only one or few
chromosome segments of Festuca. Such introgression lines are
usually highly unstable and the introgressed segment(s) is/are
often lost in subsequent generations (Kopecky et al., 2019).
Accordingly, implementing any system capable of preventing
associations of homoeologous chromosomes is arguably
desirable to stabilize the genomic composition of hybrids. In
amphiploids, immediate introgression of the system would be
required to keep both parental subgenomes intact. To date, most
cultivars have originated from the cross of L. multiflorum x F.
pratensis, though none of the parents carry a homoeologous
suppressor. Instead, tetraploid wild relatives, such as F.
glaucescens, F. apennina and F. mairei, which possess a meiotic
regulator hampering homoeologous pairing, should be

considered for future crosses as they are known for their
tolerance to biotic and abiotic stress, which might complement
the high yield and nutrition traits of ryegrasses. In this respects,
first attempts have been made and the cultivar of L. multiflorum x
F. glaucescens Lueur’ was registered in France (Ghesquiére et al.,
2010) and other similar cross combinations are used in breeding
programs in both the UK and Czech Republic. Considering the
haplo-insufficiency of the system found in polyploid fescues,
evidently the F1 hybrids will possess some level of homoeologous
associations. Still, it should be possible to select F2 plants that
have two copies of the gene(s) of the system and then intercross
them. Doing this should facilitate the stabilization of the hybrid
genome in successive generations. For the corresponding
introgression lines, the segment carrying the gene(s) of the
system must be present among the introgressions. Thereafter,
haploidization, followed by either spontaneous or induced
chromosome doubling, should result in the establishment of
plants having two copies of such gene(s) required for its/their
functionality as the homoeologous pairing suppressor(s). Clearly,
though, further investigation of chromosome behavior in fescues
is necessary if we hope to foster genetically stable grass hybrids.

We envisage that with more knowledge of the mechanisms
responsible for correct chromosome associations, the efficient
employment of targeted interspecific hybridization techniques
will become available in the near future. Perhaps the most
challenging task is the developing and operating of an “OFF”
and “ON” switch to control recombination of homoeologous
chromosomes. It would be immensely helpful for breeders to
switch “OFF” the system in wheat and other allopolyploids with
an established and functional regulatory system for introgressing
the specific segment from a wild relative. Once the segment is
transferred, the switch to “ON” would then stabilize the segment
and permit its proper transmission into successive generations.
Similarly, introgression of the system into a hybrid (originally
lacking the regulator) with desirable combinations of parental
chromatin would assist in further stabilizing the hybrid genome
composition. To conclude, additional research broadening our
knowledge of the mechanisms governing meiotic chromosome
behavior in allopolyploids is necessary to ensure further success
in future breeding of grass plants.
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Meiotic recombination is the main driver of genetic diversity in wheat breeding. The rate
and location of crossover (CO) events are regulated by genetic and epigenetic factors.
In wheat, most COs occur in subtelomeric regions but are rare in centromeric and
pericentric areas. The aim of this work was to increase COs in both “hot” and “cold”
chromosomal locations. We used Virus-Induced gene Silencing (VIGS) to downregulate
the expression of recombination-suppressing genes XRCC2 and FANCM and of
epigenetic maintenance genes METT and DDM1 during meiosis. VIGS suppresses
genes in a dominant, transient and non-transgenic manner, which is convenient in
wheat, a hard-to-transform polyploid. F1 hybrids of a cross between two tetraploid lines
whose genome was fully sequenced (wild emmer and durum wheat), were infected with
a VIGS vector ~ 2 weeks before meiosis. Recombination was measured in F2 seedlings
derived from F1-infected plants and non-infected controls. We found significant up and
down-regulation of CO rates along subtelomeric regions as a result of silencing either
METT, DDM1 or XRCC2 during meiosis. In addition, we found up to 93% increase
in COs in XRCC2-VIGS treatment in the pericentric regions of some chromosomes.
Silencing FANCM showed no effect on CO. Overall, we show that CO distribution was
affected by VIGS treatments rather than the total number of COs which did not change.
We conclude that transient silencing of specific genes during meiosis can be used
as a simple, fast and non-transgenic strategy to improve breeding abilities in specific
chromosomal regions.

Keywords: VIGS, meiotic crossover, Met1, DDM1, XRCC2, FANCM, wheat

INTRODUCTION

During meiosis, homologous chromosomes pair and exchange DNA segments. This process,
known as homologous recombination (HR), coupled with chromosome pairing, ensures proper
segregation, and generates the genetic diversity among gametes. This is the main engine for crop
improvement in sexually reproducing crops, hence, high recombination rates would improve
breeding capabilities. However, in nature, recombination frequencies are restricted to a narrow
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range of one to three recombination events per chromosome in
each gamete [see (Mercier et al., 2015) for review].

The homologous recombination process starts with the
formation of DNA double strand breaks (DSBs) by the SPO11
protein during Leptotene (Keeney et al., 1997). However, only a
small portion of the breaks are resolved into crossovers (COs)
events. For example in Maize about 20 COs events are resolved
from around 500 DSBs in each meiocyte (He et al, 2017).
Similarly, in tetraploid wheat about 2.3% of the DSBs resolved
as CO events (Desjardins et al., 2020a). Hence, the way DSBs
are being repaired is largely responsible for the frequency of
COs events. CO formation involves creation and resolution of
double Holliday junctions (Whitby, 2005; Gaskell et al., 2007).
There are two distinct types of COs, type I and type II, which are
outcomes of parallel pathways involving different complexes of
proteins (Higgins et al., 2004; Chen et al., 2005; Mercier et al.,
2005). Type I COs are subject to CO interference, a process
that regulates the distribution of COs along the chromosome,
preventing the formation of multiple CO in close proximity
(Copenhaver, 2005; Mercier et al, 2005). This is the most
prominent CO pathway in plants (Higgins et al., 2004; Hodzic
et al., 2004; Wan et al., 2004; Guillon et al., 2005; Mercier et al.,
2005; Lhuissier et al., 2007; Falque et al., 2009). Class II pathways
which are Mus81-dependent are not subject to CO interference,
they represent ~10% of all CO events in plants and as with
class 1, class II pathways can also give rise to non-CO events
through the resolution of Holliday-like junctions (Mercier et al.,
2015). A recent study in tetraploid wheat reports on a ratio of
85% class I versus 15% class II events (Desjardins et al., 2020a).
Another HR pathway that gives rise only to non-CO events is
the synthesis-dependent strand annealing (SDSA) mechanism
(Rubin and Levy, 1997; Allers and Lichten, 2001; Hunter and
Kleckner, 2001; Borner et al., 2004). Research in Arabidopsis
mutants led to the identification of three different pathways
controlling recombination using either: FANCM (Crismani et al.,
2012; Girard et al., 2014), RECQ4A and RECQ4B together with
TOP3o and RMI (Séguéla-Arnaud et al., 2015, 2017), or FIGLI
(Girard et al,, 2015). An increase in CO rate by a factor of up
to 3.6 was reported in the fancm mutant (Crismani et al., 2012)
and a 1.5 and 6.2 fold increase in the top3a and recq4a-recq4b
mutants, respectively (Hartung et al., 2007; Séguéla-Arnaud et al.,
2015). In these experiments most of the additional COs were
of the type II CO pathway. Furthermore, the figll recq4 and
fancm recq4 double mutants showed about 10 fold increase
in recombination rate reaching an unprecedented amount of
12 COs per Arabidopsis chromosome (Fernandes et al., 2018).
Increase in COs events in recq4 and fancm mutants was also
found in different crops such as rice, tomato, pea, and turnip
mustard (Blary et al., 2018; Mieulet et al., 2018; Fayos et al., 2019)
suggesting that these genes serve as universal meiotic anti-CO
genes which suppress mainly type II COs. Another anti-CO gene
is the RAD51 paralog XRCC2. Serra et al. (2013) found a 50%
increase in recombination rate in the xrcc2 Arabidopsis mutant
compared to wild type.

Double strand breaks and crossovers are not uniformly
distributed along the chromosome, instead, they tend to
concentrate in hotspots (Mézard, 2006; Mézard et al., 2007;

Pan et al, 2011; Smagulova et al, 2011). In wheat, most
of the CO hotspots are found in the sub-telomeric regions
while the centromeric and peri-centromeric regions which
occupy large portions of the chromosome, show very low
recombination rate (Avni et al., 2014; Choulet et al., 2014).
What turns certain chromosomal regions as hotspots is not
fully understood, however, mounting evidence suggest the
involvement of epigenetic markers. For example H3 histone
lysine 4 trimethylation (H3K4me3) and chromatin accessibility
were found to correlates with DSB hotspots in yeast and
mouse (Berchowitz et al, 2009; Borde and de Massy, 2013).
In human and mouse, the key determinant for recombination
hotspot — the PRDM9 protein - is a histone methyltransferase
which target 13 bp long CCN repeat motif (Baudat et al,
2010; Myers et al, 2010). Although in plants a paralog for
the PRDM9 gene is still to be found, three short motives
were found to be enriched in Arabidopsis and maize CO
hotspots — CCN-repeat, CTT-repeat and A-rich motif (Shilo
et al,, 2015; He et al,, 2017). Analysis of the epigenetic landscape
around these motives in Arabidopsis and maize revealed a peak
of H3K4me3, H3K27me3, and H2A.Z histone modification,
as well as negative peak of nucleosome occupancy and CG
methylation (Choi et al., 2013; Shilo et al, 2015; He et al,
2017). Since epigenetic markers may influence the occurrence
of a CO, manipulating genes related to these markers may
change the distribution or the rate of recombination events along
the chromosome. In plants, maintenance of DNA methylation
depends on the context where CG is methylated by DNA
METHYLTRANSFERASE 1 (MET1) (Kankel et al., 2003), while
CHG and CHH are methylated by CHROMOMETHYLASEs
(CMT2 and CMT3) (Lindroth, 2001). In addition, experiments
in Arabidopsis thaliana showed that DECREASE IN DNA
METHYLATION 1 (DDMI) protein is involved in methylation
maintenance of all cytosine contexts by releasing the wrapped
DNA from the nucleosome (Lyons and Zilberman, 2017).
Experiments in Arabidopsis showed that down regulating
cytosine methylation through mutations in DDM1 or METI,
correlates with an increase in the rate of CO in euchromatin
but not in pericentromeric heterochromatin regions (Melamed-
Bessudo and Levy, 2012; Mirouze et al, 2012; Choi et al,
2013). Underwood et al. (2018) showed that mutating the
CHG DNA methyltransferase gene CMT3 in Arabidopsis, led
to increase in meiotic recombination rate even at the peri-
centromeric regions.

Considering the above experiments, it seems possible to
achieve recombination increments in wheat and maybe to affect
CO localization, by mutating anti-CO and DNA methylation
genes. Transformation and genome editing in wheat, as well
as selection of homozygous and multiple mutants by TILLING
is difficult and time-consuming with very low efficiency due
to both its polyploid nature and the technically challenging
transformation protocols. The most commonly used methods
for cereal transformation is either Agrobacterium-infection or
particle bombardment. Both methods rely on tissue culture
procedures where the treated tissue (usually embryos) generates
calli cells that can be regenerated into a transgenic plant. This
procedure can take up to several month and transformation rates
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are low. Moreover, the end product is a Genetically Modified
Organism (GMO) which is not accepted by regulators in many
countries. Recently, the lab of Caixia Gao greatly improved
wheat transformation procedures, and managed to perform a
knockout mutation in wheat by delivering components of the
CRISPR-Cas9 system transiently using either Ribonucleotides-
Proteins (RNPs) or mRNA (Zhang et al, 2016; Liang et al,
2017; Sanchez-Ledn et al., 2018) which resulted in non-GMO
mutants. However, the efficiency of this procedure is lower and
the chances to mutate all alleles is even lower, thus it is labor
intensive and not shortening the timescale. Simultaneous knock-
out of all alleles of a specific gene in the same plant is possible.
However, as the number of alleles increase in polyploid plants
(as many as six alleles in bread wheat) the chance to obtain
all the mutations in the same plant decreases, forcing at least
one round of hybridization. Furthermore, knocking-out a gene
is in many cases too drastic and leads to sterility, especially
when targeting a housekeeping gene, as was shown in a ddml
knockout of tomato and maize plants (Corem et al., 2018;
Fu et al,, 2018). In cases like this, silencing approach such as
microRNA or siRNA can be used. However, this still requires
tissue culture transformation and results in GMO plants. Using a
Virus Induced Gene Silencing (VIGS) system as a gene silencing
method is an alternative to the traditional iRNA/siRNA cassettes.
This system offers the advantages of fast and simple cloning
stage followed by an easy and highly efficient infection. Another
important feature of this method is a transient effect, which
lasts 2 to 4 weeks, enabling the plant to grow normally at the
end of the treatment. This was successfully used in wheat for
both basic and applicative researches (Bennypaul et al., 2012;
Lee et al.,, 2015). Moreover, VIGS treatment were successfully
applied to manipulate meiotic-specific processes in wheat and
Arabidopsis (Bhullar et al., 2014; Calvo-Baltanas et al., 2020;
Desjardins et al., 2020b).

In this work, we used VIGS to silence meiotic anti-CO
genes as well as DNA methylation genes during meiosis to
study the effect of specific genes on meiotic recombination
and to increase the rate of CO events in various regions
of wheat chromosomes. The ability to manipulate COs is
important for plant breeders, in particular in crosses with
exotic germplasm, in which the CO rate is low, or when
trying to break linkage between genes or bring new allelic
variation to genes that are located in pericentromeric regions.
VIGS offers the possibility to alter recombination rates without
any genetic modification such as mutagenesis or transgenesis.
We have tested the effect of METI, DDM1, XRCC2, RecQ4,
and FANCM genes on HR rates in tetraploid wheat in
progeny of a fertile hybrid between wild emmer wheat, the
direct progenitor of domesticated tetraploid wheat (WEW, var.
Zavitan) and durum wheat (var. Svevo) where both parents
have a well-characterized genome (Avni et al., 2017; Maccaferri
et al, 2019; Zhu et al, 2019). We show that silencing of
MET1 and DDMI1 during meiosis led to redistribution of
HR events in euchromatic regions while silencing of XRCC2
resulted in redistribution of HR in both euchromatic and
heterochromatic regions. Other genes tested had no effect on
meiotic recombination.

MATERIALS AND METHODS

Plant Material

Seeds were germinated in a growth chamber for 4-5 weeks on a
long day set up of 16 h of light and a temperature of 18°C at night
and 20°C during the day. Plants were then moved to a greenhouse
for the rest of the experiment and were grown under the same
temperature regime. For hybrid formation, “Svevo” flowers were
emasculated at heading stage and bagged for 4-5 days, followed
by pollination with “Zavitan” fresh pollen. Spikes were kept
bagged until seeds were fully developed.

VIGS Cloning and Propagation

All VIGS procedures were adapted from Lee et al. (2015) with
minor changes. In short, a 250-400 bp segment was designed
for each gene using the si-Fi (siRNA Finder)' software, based
on the “Zavitan” WEW transcriptome. Anti-sense sequences
were amplified from Zavitan genome using specific primers
(Supplementary Table 1) and cloned into the BSMV RNAy
vector pCa-ybLIC (Yuan et al., 2011) via ligation-independent
cloning (LIC) and transformed into Agrobacterium tumefaciens
strain GV3103 as described (Lee et al., 2015). Four weeks old
Nicotiana benthamiana leaves were co-infiltrated with a mix of
Agrobacterium tumefaciens strains carrying BSMV RNAa, RNAB,
and RNAYy together in 1:1:1 ratio. Infected leaves were collected
5 days post infection and either stored at —80°C for later use or
were used immediately for wheat infection. Non-infiltrated leaves
were collected 8 days post infection to verify systemic infection
ability of the virus. To that end, total RNA was purified using
Nucleospin RNA Plant kit (MACHEREY-NAGEL) followed by
cDNA synthesis with Verso cDNA synthesis kit (Thermo Fisher
Scientific). Viral presence was verified using primers from the
virus genome and the specific insert (Supplementary Table 1).

VIGS Infection

Nicotiana benthamiana infiltrated leaves were grounded under
liquid nitrogen in 10 mM potassium phosphate pH 7.0 containing
2% wi/v Celite© 545 AW (Sigma-Aldrich) in a ratio of 1.5 ml per
1 g of leaf tissue. Crude extracts were used to infect wheat leaves
of 15 different spikes using two methods simultaneously: rubbing
the leaf with two fingers and injecting the leaf with needle less
syringe in two locations along the leaf. Time of infection was
2-3 weeks before meiosis, typically on the third or fourth leaf.
Infected plants were sprayed with a mist of water and covered
with plastic bags for the night. Plants were allowed to grow until
spikes were dry and seeds were collected separately from each
infected tiller.

qPCR

For analysis of SPOI1I expression, anthers from three different
spikes were gently collected from 3 to 4 spikelets at the middle
of the spike for each booting or maturation stage (Figure 1).
For analysis of the VIGS effect, anthers from each of the 15
infected spikes were gently collected from 3 to 4 spikelets

'http://labtools.ipk- gatersleben.de/
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SPO11 Expression
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RQ
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FIGURE 1| SPO11 expression at different developmental stages. The upper
panel shows relative expression levels of SPO717 as determined by gPCR,
during five developmental stages of the spike, shown in the bottom panel for
cv. Svevo. The reference gene was Actin. Bars represent SE, the number of
replica, N = 3, Asterisk designate significant differences from the Mature stage
(o < 0.05). The bottom panel shows meiotic stage analysis by Acetocarmine
staining of male meiocytes taken from the middle spikeletes at different
physiological stages. Arrows show origin of stained meiocyes. Left, zygotene;
Middle, tetrad; Right, young pollen.

at the middle of the spike between boot2 and boot3 stages
(Figure 1). Total RNA was purified using Nucleospin RNA
Plant kit (MACHEREY-NAGEL) followed by ¢cDNA synthesis
with Verso© cDNA synthesis kit (Thermo Scientific). qPCR
analysis was done in a StepOnePlus© real time system (Applied
Biosystems). Each reaction contained 5 1 FAST Sybr (Applied
Biosystems), 1 pl mixed primers (Supplementary Table 2) at
2 .M, and 2 pl of sample containing 40-50 ng cDNA. Relative
expression was calculated using Actin as internal normalization
gene (Bhullar et al,, 2014). Note that alternative normalization
genes for wheat meiosis (not used here) were recently reported
and should be used in future works (Garrido et al., 2020).

Markers Design

In order to design simple PCR markers we aligned the sequence
of chromosome 1A of “Svevo” and “Zavitan” and we screened
for InDels (20-200 bp) which are easy to distinguish on a simple
agarose electrophoresis gel. The InDels were detected by an in
house developed pipeline that utilized public tools. Specially,
initially alignment was done between Zavitan chromosome and

the Svevo genome (160802_Svevo_v2_pseudomolecules.1.fasta)
using the program NUCmer from MUMmer (version 3.23;
parameters : -maxmatch -1 100 -c 500) (Kurtz et al., 2004). The
output out.delta was analyzed with the program Assemblytics
(parameter: 200)*. The bed output variants_between_alignments
was filtered (using awk) to contain InDels that are between 20
and 200 bases long that align to chromosome 1A of Svevo. We
found more than 2000 such InDels. Annotation of the InDel
region was added using Homer script annotatePeaks.pl>. The
150 base sequence surrounding the InDel was extracted using
bedtools getfasta’. In addition, to ensure that the certain sequence
of Svevo does not have an homologous region in Svevo or and
additional homologous region in Zavitan genome, blastn was run
(version 2.5.0, parameters: -outfmt 7 -max_target_seqs 1) against
the relevant genomes in which the InDel regions were masked by
running bedtools program maskfasta.

We choose 12 deletions (in “Svevo” compared to “Zavitan”)
spreading all along the chromosome. Primers were carefully
designed for chromosome-specific amplification, namely
sequences of both “Zavitan” and “Svevo” chromosome 1A, but
not of the homoeologous chromosome 1B nor from paralogous
loci (Supplementary Table 3). DNA was purified from the first
or second leaves of seedlings using Nucleospin DNA Plant© kit
(MACHEREY-NAGEL). PCR reactions were done in 96 plates in
total volume of 15 pl using Hy-Taq ready mix© (Hy-Labs, Israel)
and products were analyzed by gel electrophoresis.

GBS Libraries Preparation and Analysis

Genotyping-By-Sequencing libraries were prepared following the
protocol by Poland et al. (2012). Libraries were sequenced by
Mumina NextSeq 550 mid-output using 150 base-pairs single-
end kits. Reads were mapped to a “combined” genome containing
the Zavitan WEW_v2.0 genome (Zhu et al., 2019) and the
Svevo.vl genome (Maccaferri et al., 2019) using bwa-mem (Li,
2013). Mapped reads were converted to binary alignment map
(BAM) format and filtered for high quality (>30), uniquely
mapped and perfect matched using SAMtools package (Li et al.,
2009). Zavitan and Svevo-specific reads served to build each
“combined” genome. We found an average of 32,000 to 64,000
markers per chromosome, namely parent-specific reads. Each
pair of chromosomes was divided into identical number of
~1 Mb bins and the number of filtered reads was calculated
for each bin using BEDtools (Quinlan and Hall, 2010). For each
pair of matching bins (from Zavitan and/or Svevo) the number
of mapped reads was summed together. For each bin, the ratio
between Zavitan reads and Svevo reads was calculated. Each bin
was then re-calculated as the mean ratio of the surrounding 15
bins. A bin was genotyped as homozygous if the calculated ratio
was higher than 0.9 (Zavitan) or lower than 0.1 (Svevo), otherwise
it was considered as heterozygous. Bins with less than 10 reads
were ignored. COs were assigned to regions where bins changed
from one genotype to another. Double COs were ignored if the
distance between them was less than 8 Mb for subtelomeric

Zhttp://www.ncbi.nlm.nih.gov/pubmed/27318204
*http://homer.ucsd.edu/homer/ngs/annotation.html
“https://bedtools.readthedocs.io/en/latest/
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regions or less than 70 Mb for pericentric regions. We applied
this analysis on libraries of Zavitan and Svevo as well. Between 2
and 3% of the Bins were not consistent with parental genotypes
and were removed from the progeny analysis.

Statistics

Data analysis and statistics were done in the R environment. In
most cases, Wilcoxon test was used as significance test, except for
recombination rate where the Chi square test was used.

Cytological Analysis

Staging of meiosis was done using contrast-phase microscopy:
spikes were fixed in Carnoy’s solution (3 ethanol: 2 chloroform: 1
glacial acetic acid) and anthers were squashed with Acetocarmine
(Feldman, 1966).

RESULTS

Our goal was to silence genes that are putative suppressors
of recombination during meiosis, when recombination between
homologs occurs. Meiosis in wheat occurs during early booting
stage. In order to determine the optimal stage to check for the
silencing effect we sampled anthers from three different spikes
at each booting stages as well as heading and mature spikes and
checked the expression levels of SPO11 as a meiotic marker. As
shown in Figure 1, the level of expression of SPOI1 in anthers
starts to increase already at Boot1 stage (in comparison with non-
meiotic mature anthers) reaching the highest levels at heading,
and going down after emergence of the spike (Mature stage).
To be on the safe side we decided to sample anthers between
Boot2 and Boot3 in order to test silencing of our target genes,
considering also the fact that zygotene occurs during Boot2 stage
as seen by chromosome staining (Figure 1).

Virus-Induced Gene Silencing of

Recombination Suppressors

We have infected 15 tillers of F1 cv. Svevo x cv. Zavitan
hybrid plants, with the recombinant BSMV (Figure 2A) 2 to
3 weeks before anthesis, usually on the third or fourth leaf,
using both needle-less infiltration and the rubbing method (Lee
et al., 2015). While designing the VIGS constructs, we carefully
choose sequences that show high similarity between the two
homoeologous allele as well as between the two parents of the
hybrid. Accordingly, qPCR primers were designed from highly
conserved sequences in the mRNA to match all four possible
alleles. Thus, a lower expression level in the qPCR test reflects
the total silencing effect of all four alleles of each gene. Anthers
from three different spikelets, each from a different tiller, were
sampled at Boot2 stage to measure expression levels of each
gene by qPCR and assess the silencing effect. As shown in
Figure 2A VIGS worked well on MET1, DDM]I1, FANCM, and
XRCC2 genes, reducing their expression level between 65 and
24% (p < 0.05) compared to WT plants (Figure 2B). The empty
vector treatment showed some non-significant reduction in gene
expression, possibly due to the stress effect of the virus infection.
There was no significant reduction in expression of RecQ4,

therefore we did not pursue further analyses with this gene which,
originally, was a lead candidate (Mieulet et al., 2018).

Fertility in VIGS-Treated Plants

In order to check whether the silencing treatment of F1 cv.
Svevo x cv. Zavitan hybrid plants had a deleterious effect on
the gametes or the developing seeds, we counted the number
of F2 seeds in the treated F1 spikes (Supplementary Figure 1).
Silencing of FANCM or DDM1 showed significant reduction in
seeds number, reaching 5-7 seeds per spike compared to 19
seeds in the WT. The other treatments showed only mild, but
non-significant reduction.

Crossover Rate in VIGS-Derived Seeds

To analyze recombination rate in the F2 progenies of F1 cv.
Svevo x cv. Zavitan hybrid plants that underwent VIGS and of
negative controls that were treated with an empty vector, we
developed a series of InDel markers, that are easy to screen
for, through a whole genome comparison of the “Zavitan” and
“Svevo” genomes. We focused on chromosome 1A, where we
choose 12 InDels markers along the chromosome. All markers
have a 100-200 bp larger “Zavitan” product, so that a simple
gel-electrophoresis was sufficient for genotyping. We selected
three pairs of markers with genetic distance of 9 to 22 cM: one
for each sub-telomeric region and another one spanning the
pericentric region (Figure 3A). We used these three intervals
to measure recombination rates. Progenies of F1 plants treated
with MET1-VIGS as well as DDM1-VIGS showed increment
in recombination of 76 and 94%, respectively, at the left arm
in sub-telomeric region but not in the other intervals. XRCC2-
VIGS progenies showed an increment of 82% in the right
arm sub-telomeric region and, interestingly, a 57% increase
in the pericentric region (Figure 3B). The treatment with
FANCM-VIGS showed no significant changes in recombination.
In order to check the total number of recombination events
in chromosome 1A, we used 12 InDel markers along the
chromosome to identify all events in each progeny. We found
no overall increase of recombination events in any of the
treatments (Supplementary Figure 2) but rather redistribution
of crossover sites.

Genotyping by Sequencing (GBS)

To follow-up on the results of the markers analysis, we expanded
the analysis to the whole genome with higher resolution (32,000
to 64,000 markers per chromosome) to better characterize the
silencing effect on CO distribution. We choose to focus on the
MET1-VIGS and XRCC2-VIGS treatment since these treatments
showed significant changes in CO events and minor loss in
seeds number. We used GBS-NGS approach (Poland et al,
2012) to genotype the same progenies populations used for the
above low-resolution markers analysis. Reads were mapped to
a combined “Zavitan”-“Svevo” genome and collapsed into ~
1 Mb bins (598 to 851 bins per chromosome). On average, we
found 62.9 reads per bin while in the pericentric region we
found 38.8 reads per bin and in the left and right subtelomeric
regions the average reads count was 102.7 and 73.9, respectively.
Bins were genotyped as homozygous when more than 90% of
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FIGURE 2 | Relative expression levels of recombination suppressor genes after infection with different VIGS treatments. (A) VIGS constructs. Each of the three
BSMV sub-genomes was cloned into the pCass4-Rz binary vector under the 35S promoter. Target (green box) correspond to the gene of interest sequence
(Adapted from Yuan et al., 2011). Vectors were introduced into N. benthamiana leaves for viral propagation and extracts from these leaves were used for wheat
infection. (B) Silencing effect by VIGS treatments. Normalized relative expression is shown on the Y axis for each gene studied; WT, un-infected plants. Empty —
infection with empty virus. Asterisk designate significant difference from WT (p < 0.05, N = 15). Error bars represent SE.
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its mapped reads belonged to one of the parents. COs were
assigned to the junctions between adjacent bins differing in
their genotype. To validate the consistency between the GBS
analysis and the markers analysis, we computed the genetic
distance of the three intervals in chromosome 1A and found high
correlation between the GBS analysis and the markers results
(Supplementary Figure 3). As in previous studies on Zavitan-
Svevo hybrids (Avni et al., 2014), we found that most of the
CO events were concentrated in hotspots at the subtelomeric
regions while the pericentric regions showed a very low rate

of recombination (Figure 4). Changes in CO rates following
VIGS treatments, were observed in both the subtelomeric and
pericentric regions. However, these changes did not show a
consistent pattern of either increase or decrease in CO rates but
rather a redistribution of the hotspots along the chromosome.
Indeed, the total number of COs per chromosome was not
affected by the treatment (Supplementary Figure 4B), however,
there were several significant local effects in both pericentric
and subtelomeric regions where CO rate was either increased or
decreased at a specific locus compared to WT plants.
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(X-axis represent bp in Zavitan chromosomes). Blue, WT control; Red, MET1-VIGS treatment; Green, XRCC2-VIGS treatment; Black square, centromere position.
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Regions surrounding the centromere, which showed less
than 0.1 c¢cM/Mb in the untreated WT population were
considered as pericentric. We summed all the CO events in each
chromosome and checked whether either of the VIGS treatment
led to a significant increased recombination rate in this area.
Interestingly, silencing XRCC2 led to a significant increase of
between 51% and 136% in five of the chromosomes (Figure 5A).
In addition, MET]1 silencing led to a significant increase of 44
to 93% in three of the chromosomes. As shown in examples of
chromosomes 4B and 5B (Figure 5B), some of these increases
are a result of COs which occurred in the close proximity of the
centromere, whereas in the WT population we found virtually
zero COs in these regions. On average, over all chromosomes,
there was a significant enhancing effect on COs of 45 and 25% in
pericentric regions when silencing METI or XRCC2, respectively
(N = 14, p < 0.05) (Supplementary Figure 4A), however, this
was mostly due to effects originating from specific chromosome
as shown in Figure 5A.

In subtelomeric areas, the VIGS effects were very variable and
context-dependent. As shown in the examples of subtelomeric
regions of chromosomes, 2A and 3A, local increase and
decrease in CO events can be found in close proximity when
comparing both VIGS treatment to the WT control in these
regions (Figure 6).

DISCUSSION

In this work we have used the VIGS method developed by
Lee et al. (2015) to silence various meiotic anti-CO and DNA
methylation genes. By careful timing of the infection, we were
able to reduce the transcripts levels of most of these genes in
a transient manner at the stage spanning meiosis. A weakness
of the VIGS method applied to meiosis is that it is not possible
to accurately control and measure the degree of silencing in the
meiotic cells. Likewise, it is not clear why a target like RecQ4
was not silenced by VIGS in this experiment. Nevertheless, the
benefits, as described below, compensate for this weakness. The
transient nature of this method is advantageous over a stable gene
silencing or knock out mutation for several reasons: it is non-
transgenic and can be applied easily to any hybrid; it is transient
so that if deleterious, the gene silencing effect is constrained in
time; it is dominant and enables stacking of genes compared to
the lengthy process of recessive mutations and double mutants
production (especially important in polyploid hybrids); when
affecting meiotic recombination its effect is transmitted to the
next generation. For example, MET1 and DDM1 participate in the
maintenance of DNA and chromatin methylation state and play a
key role in maintenance of genome stability through suppressing
of transposable elements (Ito and Kakutani, 2014; Paszkowski,
2015), thus permanent deficiencies in their activity may lead to
a mutator effect and eventually to sterility. Moreover, even if not
sterile, these mutants reduce plant fitness, and therefore once
their effect has been achieved one has to “return” to wildtype
to obtain a desired crop. Likewise, a full knockout of DDM1 or
FANCM might limit their use in breeding programs as suggested
by the reduction in fertility observed by silencing.
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FIGURE 5 | Genetic distance analysis in Pericentric regions of F2 (Zavitan x
Svevo) populations derived from F1 plants treated by either MET1-VIGS or
XRCC2-VIGS during meiosis compared to untreated F1s (WT). (A) Genetic
distance (centi-Morgans) of pericentric region in each chromosome. Asterisk
marks treatments significantly different from untreated WT (chi-squared test,
p < 0.05). (B) High resolution analysis of genetic distance (centi-Morgans/Mb)
in pericentric regions of chromosome 4B and 5B in F2 (Zavitan x Svevo)
populations derived from F1 plants treated by MET1-VIGS (Red, N = 87),
XRCC2-VIGS (Green, N = 82) or untreated WT control (Blue, N = 89). The
X-axis represent bp in Zavitan chromosomes. The Black square represents
the centromere position.

Silencing DNA Methylation Genes

On the basis of studies showing increased recombination
in Arabidopsis mutants (Melamed-Bessudo and Levy, 2012;
Mirouze et al., 2012; Choi et al., 2013), we silenced METI and
DDM1I genes during meiosis. In spite of the mild reduction in
DDM1 expression, we observed a drastic reduction in fertility
of 74%, which may be a result of genome instability caused by
enhanced activity of transposable elements. These findings are

Frontiers in Plant Science | www.frontiersin.org

February 2021 | Volume 11 | Article 635139


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Raz et al.

Redistribution of Meiotic Crossovers in Wheat

2A Left subtelomeric

s15]

=
™ . s -
5'
o I ol

2.
el
=
St
o
0.
5e+07 6e+07 7e+07 8e+07 9e+07
2A:55-65Mb 25‘2A:70-80Mb 2A:80-90Mb
500 20 fg:

310
5.
0'

WT MET1 XRCC2

3A Left subtelomeric

151

5
=10
O]

5

o

WT MET1 XRCC2

3.
Q9.
g 2
=
O 1-
0- . . 0 . 0
0e+00 1e+07 2e+07 3e+07 4e+07
3A:2-12Mb 3A:12-22Mb 3A:22-32Mb

30 30
=20 s20
(5} o

2] | k&

o] 0

WT MET1 XRCC2

WT MET1 XRCC2

treatment (N = 82).

WT MET1 XRCC2

FIGURE 6 | Analysis of genetic distance in subtelomeric regions of three different chromosomes of F2 (Zavitan x Svevo) populations derived from F1 plants which
were treated by either MET1-VIGS or XRCC2-VIGS during meiosis or untreated (WT). Lines show the Genetic distance in centi-Morgans per Mb along subtelomeric
regions (X-axis represent bp in Zavitan chromosomes). Bars show the genetic distances in centi-Morgans in three 10 Mb intervals from each subtelomeric region.
Asterisk indicate a significant difference from WT (chi-squared test, p < 0.05). Blue, WT control (N = 89); Red, MET1-VIGS treatment (N = 87); Green, XRCC2-VIGS

WT MET1 XRCC2

in line with the sterility found in a ddml tomato, maize and
rice mutants (Corem et al,, 2018; Fu et al., 2018). Silencing the
wheat homologs of DDM1 and METI, led to a mix trend in
the subtelomeric regions, where dramatic increase and decrease
in COs were found in the same chromosome and in some
cases in the same subtelomeric region, implying a change in
hotspots strength rather than absolute change in recombination
rates (Figure 6). Remarkably, increases in recombination tend
to occur in a region that is already a hotspot in W'T, suggesting
that hot becomes hotter, and next to it, possibly due to genetic
interference, a decrease in recombination is seen (Figure 6).
Since the rate of COs in the pericentric area is so low, we
assessed the genetic distance of the whole areas which span
291-568 Mb around the centromere. We found some strong
enhancing effects in three chromosomes by MET-VIGS treatment
(Figure 5A) but a milder average effect throughout the genome
(Supplementary Figure 4A). Effects were stochastic in the

pericentric region with new “lukewarm-spots” being formed
but remaining 10-20 fold lower than hotspots in subtelomeric
regions. It might be that regions which were completely silenced
in WT plants became slightly more accessible when METI was
silenced. A report in Arabidopsis, by Underwood et al. (2018),
showed that mutating the CHG DNA methyltransferase gene
CMT3 in Arabidopsis, led to increase in meiotic recombination
rate in some peri-centromeric regions. Hence, it might be of
interest to use VIGS to silence the wheat CMT3 during meiosis.
These results also highlight the efficacy of the approach in
bypassing the expected lethality of these mutants in wheat.

Silencing Meiotic Anti CO Genes

In this study, we have applied VIGS to different anti-CO genes
during meiosis. Unfortunately, the expression of the leading
candidate genes, RecQ4 homeologs, could not be reduced by
VIGS. Silencing was achieved for FANCM and XRCC2 but only
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XRCC2 had significant effects on CO rates. A reduction in
fertility was also found when silencing FANCM but no effects
were observed on CO rate. Fernandes et al. (2018) reported
that a fancm mutant has no effect on recombination in Col/Ler
hybrid Arabidopsis, as opposed to the significant increase in
recombination in the col parent reported by Crismani et al.
(2012). Since our experiment was done on a hybrid of wild emmer
and durum wheat, the lack of effect of FANCM-VIGS on CO
might be due to either hybridity or to inter-species differences.
The best results in all parameters were obtained when silencing
the XRCC2 gene. In this treatment, no significant reduction in
fertility was found while increase in recombination was observed
not only in sub-telomeric but also in the peri-centromeric region.

Genome-Wide

The total number of CO events along the chromosomes using
the markers or the GBS analysis showed no differences between
WT or VIGS treatments. This implies that the distribution rather
than the amount of crossovers was affected as a result of the
treatments. Nevertheless, if even a small proportion of the total
COs were “moved” toward the pericentric region, or another
cold region including genes of interest, VIGS may improve our
ability to break linkages between genes or to introduce new allelic
variation to pericentric regions.

CONCLUSION

In this work we examined a new way to enhance recombination
events in progenies of a hybrid tetraploid wheat. We used
the VIGS method to silence meiotic anti CO genes and DNA
methylation genes during meiosis. We found a redistribution
of recombination events in euchromatic and heterochromatic
regions when MET1, DDM1, and XRCC2 were silenced. Applying
this method on more genes (such as CMT3) or silencing few
genes in parallel as was done in Arabidopsis may further enhance
meiotic recombination. We showed that this method can be used
as a simple fast and non-GMO tool to modify the recombination
landscape and enhance variation in certain regions for more
efficient plant breeding.
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Distal Bias of Meiotic Crossovers in
Hexaploid Bread Wheat Reflects
Spatio-Temporal Asymmetry of the
Meiotic Program

Kim Osman ™, Uthman Algopishi’, James D. Higgins?, lan R. Henderson?,
Keith J. Edwards?, F. Chris H. Franklin' and Eugenio Sanchez-Moran ™

" School of Biosciences, University of Birmingham, Birmingham, United Kingdom, 2 Department of Genetics and Genome
Biology, University of Leicester, Leicester, United Kingdom, ° Department of Plant Sciences, University of Cambridge,
Cambridge, United Kingdom, * School of Biological Sciences, University of Bristol, Bristol, United Kingdom

Meiotic recombination generates genetic variation and provides physical links between
homologous chromosomes (crossovers) essential for accurate segregation. In cereals
the distribution of crossovers, cytologically evident as chiasmata, is biased toward
the distal regions of chromosomes. This creates a bottleneck for plant breeders in
the development of varieties with improved agronomic traits, as genes situated in
the interstitial and centromere proximal regions of chromosomes rarely recombine.
Recent advances in wheat genomics and genome engineering combined with
well-developed wheat cytogenetics offer new opportunities to manipulate recombination
and unlock genetic variation. As a basis for these investigations we have carried out
a detailed analysis of meiotic progression in hexaploid wheat (Triticum aestivum) using
immunolocalization of chromosome axis, synaptonemal complex and recombination
proteins. 5-Bromo-2’-deoxyuridine (BrdU) labeling was used to determine the chronology
of key events in relation to DNA replication. Axis morphogenesis, synapsis and
recombination initiation were found to be spatio-temporally coordinated, beginning in the
gene-dense distal chromosomal regions and later occurring in the interstitial/proximal
regions. Moreover, meiotic progression in the distal regions was coordinated with the
conserved chromatin cycles that are a feature of meiosis. This mirroring of the chiasma
bias was also evident in the distribution of the gene-associated histone marks, H3K4me3
and H3K27me3; the repeat-associated mark, H3K27me1; and H3K9me3. We believe
that this study provides a cytogenetic framework for functional studies and ongoing
initiatives to manipulate recombination in the wheat genome.

Keywords: Triticum aestivum (bread wheat), meiosis, recombination, crossovers, distal bias, DNA double-strand
breaks, immunolocalization

INTRODUCTION

Utilizing the genetic variation that arises from meiotic recombination plays a pivotal role in crop
improvement programs. Although substantial progress has been made in recent decades in the
improvement of yield of major crops such as wheat, rice, and maize, the existential threat of
climate change introduces additional demands for crops that are sufficiently robust to maintain

Frontiers in Plant Science | www.frontiersin.org 38

February 2021 | Volume 12 | Article 631323


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2021.631323
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2021.631323&domain=pdf&date_stamp=2021-02-12
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:k.osman@bham.ac.uk
mailto:e.sanchezmoran@bham.ac.uk
https://doi.org/10.3389/fpls.2021.631323
https://www.frontiersin.org/articles/10.3389/fpls.2021.631323/full

Osman et al.

Asymmetry of the Meiotic Program in Wheat

yield in the face of biotic and abiotic challenges (Halford
et al, 2015). This is exacerbated by an increase in human
population and individual wealth within many countries which
places additional demands on food production (Hickey et al,
2019). Hexaploid wheat is the most widely grown cereal crop,
currently accounting for 20% of the calories and protein
consumed by humans and an important source of vitamins
and micronutrients (Shewry, 2009). The recent establishment of
a fully-annotated bread wheat reference genome and ensuing
genomics resources promises to revolutionize functional studies
and trait discovery for the improvement of crop varieties
(IWGSC, 2018; Adamski et al., 2020). In order to fully benefit
from the new technological developments and face future
challenges a thorough understanding of the wheat meiotic
recombination pathway will also be required.

Gamete formation in most sexually reproducing organisms
is achieved through meiosis, a specialized form of cell-
division in which S-phase is followed by two sequential
rounds of nuclear division. During prophase I of meiosis
homologous recombination (HR) between maternal and paternal
chromosomes results in the reciprocal exchange of genetic
information to form genetic crossovers (COs), which are
manifested cytologically as chiasmata. CO formation gives rise to
novel allelic combinations thereby generating genetic variation
and is essential for accurate segregation of the homologous
chromosomes (homologs) at the first meiotic division. A
subsequent second division separates the sister chromatids to
form haploid gametes.

Meiotic HR is initiated by the programmed formation of
numerous DNA double-strand breaks (DSBs) catalyzed by
the SPO11 complex supported by various accessory proteins
(Lam and Keeney, 2014). In Arabidopsis, the SPO11 complex
comprises two A subunits (SPO11-1 and SPO11-2) and two B
subunits (MTOPVIB), forming a heteromeric complex (Stacey
et al., 2006; Vrielynck et al., 2016). The genomic distribution
of DSBs is non-random, preferentially forming in short regions
referred to as DSB hotspots (Baudat and Nicolas, 1997;
Smagulova et al, 2011; Choi et al,, 2013). In Arabidopsis
and maize meiotic DSB hotspots are associated with open
chromatin, occurring in regions of low nucleosome density in
gene promoters and specific classes of transposons, but differ
from mammalian hotspots in their complex relationship with the
open chromatin mark histone H3 lysine 4 tri-methyl (H3K4me3)
(Choi et al., 2018). DSBs are resected by the MRX/N complex
to reveal single-stranded DNA overhangs that are bound by
RPA, followed by the strand invasion proteins RAD51 and
DMCI1 (Osman et al., 2011). To ensure that a proportion of the
DSBs are repaired as CO products, the initial RAD51/DMC1
catalyzed strand-exchange stage is biased toward use of the
homologous chromosome as the repair template (Schwacha
and Kleckner, 1997). In plants, fewer than 10% of the DSBs
are repaired as COs and the remainder as non-COs (Mercier
et al., 2015). Repair is controlled such that a minimum of one,
obligate, CO per homolog pair (bivalent) is formed (Jones and
Franklin, 2006). Additional COs are subject to a patterning
phenomenon known as CO interference, which results in COs
being well-spaced along chromosomes (Jones and Franklin,

2006). In Arabidopsis, formation of these Class I COs, which
amount to around 85% of total COs, requires the activities of
the ZMM recombination proteins: Zip2/SHOCI, Zip3/HEI10,
Z1P4, MSH4, MSH5, and MER3 (Higgins et al., 2004, 2008b;
Mercier et al., 2005; Chelysheva et al., 2007, 2012; Macaisne
etal., 2008, 2011). The remaining COs (Class II) are not sensitive
to interference and in part, require the activity of MUS81
recombinase (Higgins et al., 2008a).

HR is accompanied by programmed remodeling of the
meiotic chromosomes (Zickler and Kleckner, 1999). Following S-
phase, pairs of sister chromatids are linked by cohesin proteins
(Haering and Jessberger, 2012). At the onset of leptotene, the
sister chromatids become organized into linear looped arrays
that are conjoined at the loop bases by a proteinaceous axis
that is elaborated along their length (Zickler and Kleckner,
1999). As leptotene transitions into zygotene, the homologs
progressively align before coming into close apposition through
the formation of the synaptonemal complex (SC) (Zickler and
Kleckner, 1998). The SC has a tripartite structure comprising
the chromosome axes, now referred to as lateral elements, cross-
linked by overlapping transverse filament proteins (Page and
Hawley, 2004). At pachytene the SC is fully polymerized along
the length of the synapsed homologs. By diplotene CO formation
is completed, the SC disassembles and the homologs become
progressively condensed appearing at diakinesis as bivalents
linked by one or more chiasmata. At metaphase I the bivalents
align on the equator prior to the first meiotic division. Mutant
analysis in a wide variety of organisms including plants has
found that HR and meiotic chromosome remodeling are highly
interdependent (Osman et al., 2011; Mercier et al., 2015).

One of the limitations in most crop species is that meiotic CO
frequency is rather low, typically 1-3 COs per bivalent (Higgins
etal.,, 2014). In addition, in many species CO distribution exhibits
a tendency to localize in particular chromosomes regions, often
favoring distal regions (Jones, 1984). This is particularly evident
in cereals with large genomes, for example wheat and barley,
where a strong distal CO bias limits their formation in interstitial
and proximal chromosome regions amounting to 50-70% of the
overall genome (Choulet et al., 2014; Higgins et al., 2014).

Studies in Arabidopsis have revealed that it is possible to
significantly enhance the level of Class II COs through the
mutation of anti-recombination genes, FANCM, RECQ4, and
FIGLI (Crismani et al., 2012; Girard et al., 2015; Séguéla-Arnaud
et al,, 2015). In other work in Arabidopsis the meiotic E3 ligase,
HEII0, has been found to regulate the level of Class I interfering
COs (Chelysheva et al, 2012; Ziolkowski et al., 2017; Serra
et al., 2018). When HEIIO0 over-expression was combined with
recq4a and recq4b mutations the combined number of Class
I and Class II COs was boosted from an average of 7.5-31
in individual F, plants (Serra et al., 2018). Mutation of the
recombination suppressor genes has been investigated in three
crop species, rice (Oryza sativa), pea (Pisum sativum), and tomato
(Solanum lycopersicum) where it was found that mutation of
recq4 increased COs by a factor of ~3-fold (Mieulet et al.,
2018). Whether a similar impact on CO frequency will occur
in large genome crops such as wheat and barley remains to be
determined. Also, the hyper-rec mutants exhibit some evidence
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of reduced fertility and meiotic defects, which may prove
more problematic in species with larger genomes (Fernandes
et al., 2018). Furthermore, it appears that recombination-cold
proximal/pericentromeric regions of chromosomes are relatively
insensitive to the effects of hyper-rec mutants and HEII0
overexpression (Serra et al., 2018).

Thus, despite substantial progress in manipulating meiotic CO
frequency, effective application of these and other approaches
such as targeting DSB sites will need refining if they are to
be successfully employed in species such as wheat and barley,
underlining the requirement for a detailed understanding of
the meiotic pathway in these species. In a previous study we
investigated meiotic progression in barley (Higgins et al., 2012).
Unlike barley which is a diploid species, bread wheat, Triticum
aestivum, is an allohexaploid, with 3 sub-genomes A, B, and
D resulting from a double polyploidization process involving
three related species (Sears, 1948). Despite being hexaploid,
the presence of the PhI locus enables bread wheat to behave
as a diploid during meiosis by its influence on pairing of
the homoeologous chromosomes and recombination (Riley and
Chapman, 1958; Sears and Okamoto, 1958). The role of the
Ph1 locus has been studied extensively and was suggested to
be two-fold. First, it was proposed that a cluster of Cdk2-
like and S-adenosyl methionine-dependent methyltransferase
(SAM-MTase) genes within the locus promote homologous
chromosome pairing through an effect on chromatin structure
and histone H1 phosphorylation and an associated change in
the rate of pre-meiotic replication and subsequent synapsis
(Greer et al., 2012; Rey and Prieto, 2014; Martin et al., 2017).
Second, a paralog of the ZMM gene ZIP4 within the Phl region
was reported to promote the maturation of late recombination
complexes to form homologous COs (Martin et al., 2014, 2017;
Rey et al,, 2017). It now appears that the ZIP4 paralogue may
be responsible for most, if not all, of the PhlI effect (Rey et al,
2018). Apart from the analysis of Phl, functional studies of
wheat meiotic genes remain limited, with little over 10% of
those described in other plant species (notably Arabidopsis,
rice and maize), having been analyzed even to a limited degree
(Da Ines et al., 2020). Nevertheless, the availability of TILLING
populations and gene editing techniques is enabling progress
as evidenced by recent analysis of T. aestivum SPOI11-2 and T.
turgidum MSH4/5 (Benyahya et al., 2020; Desjardins et al., 2020).

Here we present a detailed cytological overview of the meiotic
program in Cadenza, a widely-used research variety with an
EMS-induced TILLING mutant population (Rakszegi et al.,
2010; Krasileva et al., 2017). We investigate how chromosome
remodeling throughout prophase I is integrated with the
recombination machinery and show that there is a spatio-
temporal bias in the initiation and progression of recombination
that mirrors the tendency of chiasmata/COs to occur in gene-
dense distal regions of the chromosomes. We establish a time-
frame for the duration of meiosis and confirm that wheat
chromatin undergoes cycles of contraction and expansion during
prophase I, as previously observed in barley and other species.
Finally, we note and discuss interesting features of ASY1
and ZYP1 protein localization during the meiotic program.
We believe this study will provide a reference framework for

CO modification initiatives and functional studies of meiotic
recombination for the benefit of crop improvement.

MATERIALS AND METHODS
Plant Material

T. aestivum cv. Cadenza was obtained from www.SeedStor.ac.uk.
Plants were grown in a controlled environment with photoperiod
16 h, temperature 20°C and relative humidity 60%.

Antibody Production

AtHEI10 amino-acid residues 1-183 was expressed as a
recombinant protein and purified from E. coli. Antibody was
raised in rabbit (PTU/BS, Scottish National Blood Transfusion
Service, now www.orygen.co.uk). Anti-TaCENH3 was raised in
rabbit against a 19-residue peptide from the N-terminal of the
protein [ARTKHPAVRKTKAPPKKQL-[C]-amide] conjugated
to KLH (www.crbdiscovery.com).

Cytological Procedures

Meiotic chromosome spreads were prepared from anthers
isolated at the required stage of meiosis. For chiasma counts
anthers were fixed and slides prepared according to Howell
and Armstrong (2013) with minor modifications: anthers were
macerated in 70% acetic acid and incubated for 1min on
a 45°C hot-plate before fixing with 130 pl cold fixative (3
parts of absolute ethanol: 1 part of glacial acetic acid) and
staining with 5 pg ml™! 4/,6-diamidino-2-phenylindole (DAPI)
in Vectashield (Vector Labs). For immunolocalization, slides
were prepared as described for Brassica oleracea in Armstrong
et al. (2002) with the following modifications: ~20 anthers
were digested in 20 pl enzyme mix (0.4% cytohelicase, 1.5%
sucrose, 1% polyvinylpyrrolidone) in a cavity slide inside a
humidified chamber at 37°C. After 4min anthers were gently
crushed to release pollen mother cells (PMCs), anther debris
was quickly removed with a needle and digestion continued
for a further 3min. Up to 4 slides were prepared from each
20 pl digestion mix and PMCs were accurately staged using
anti-AtASY1 and anti-AtZYPI1 antibodies. Primary antibodies
were used at the following dilutions: anti-AtASY1 rat, rabbit or
guinea-pig, 1:500 (Armstrong et al., 2002); anti-AtZYP1 rabbit
or guinea-pig, 1:500 (Higgins et al., 2005; Osman et al., 2018);
anti-HsyH2A.X rabbit, 1:100 (Millipore); anti-AtDMCI rabbit,
1:200 (Sanchez-Moran et al., 2007); anti-AtRAD51 rabbit, 1:200
(Mercier et al., 2003); anti-AtMSH4 rabbit, 1:200 (Higgins et al.,
2004); anti-AtMSHS5 rabbit, 1:200 (Higgins et al., 2008b); anti-
AtHEI10 rabbit and HvHEI10 rabbit, 1:200 (see above and
Lambing et al, 2015; Desjardins et al., 2020); anti-HvMLH3
rabbit, 1:200 (Phillips et al., 2013); anti-TaCENH3 rabbit, 1:200
(see above); H3K4me3, H3K27mel, H3K27me3, and H3K9me3
rabbit, according to the manufacturer’s guidelines (Diagenode).
For combined immunofluorescence and fluorescence in situ
hybridization (FISH) of telomeric repeat sequences, slides were
first prepared as for immunolocalization and the primary
antibody applied (see above). After incubation and washing to
remove unbound serum, the primary antibody was blocked with
a secondary antibody-biotin conjugate at 1:100 in 1% bovine
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serum albumin (BSA), in 1X phosphate buffered saline, 0.1%
Triton X100 (PBST). Slides were incubated for 30 min at 37°C,
washed 3 times with PBST and an Arabidopsis telomeric-repeat
FISH probe labeled with digoxigenin (Armstrong et al., 2001) was
applied as described in Armstrong (2013). Secondary antibodies
were FITC (green), Alexa Fluor 350 (blue), Cy3 or Alexa Fluor
594 (red) conjugates (Sigma; Thermo Fisher). Nuclear size was
determined according to Higgins et al. (2012) using NIS Elements
software (Nikon).

Meiotic Time Course

Up to 0.5ml BrdU (10mM in 1X PBS, 0.1% Tween 20) was
injected into the cavity above a developing wheat spike (taken
as time 0). The spike was subsequently harvested at a defined
time point and anthers of an appropriate size for meiosis were
excised and fixed in 3:1 ethanol:acetic acid. Eight time points
spanning the entire meiotic program were analyzed, each using
a different spike/plant, and two replicates were analyzed for each.
For each time-point, all stages of the meiotic program were
assessed for BrdU labeling. Slides were prepared as for chiasma
counts (see above), then made ready for immunolocalization by
a modification of Chelysheva et al. (2010): slides were heated in
10 mM citrate buffer pH 6 in a 850 W microwave for 45 s (taking
care not to let the buffer boil), then immediately transferred
to PBST for 10 min. Standard immunolocalization (see above)
was then used to detect ASY1/ZYP1 and incorporated BrdU
(Armstrong et al., 2002). BrdU labeling reagent, mouse anti-
BrdU antibody and anti-mouse Ig-fluorescein were from Roche.

Microscopy

Fluorescence microscopy was carried out using a Nikon
Eclipse 90i microscope fitted with a Nikon DS-QilMc camera.
NIS Elements software (Nikon) was used to capture images
as z-stacks with a 0.2uM z-step and to carry out simple
processing steps such as color balance adjustment and creation of
composite images. For accuracy, chiasmata were interpreted and
counted by examining all individual z-frames within a nucleus.
Recombination foci were counted using single z-frames from
the raw data files in order to clearly distinguish individual foci,
confirm axis/SC-association and avoid the saturation of signal
that can occur in composite images. All z-frames within a nucleus
were counted - the count tool in NIS Elements was used to
mark scored foci, thus preventing double counting when moving
between frames. All in-focus foci (for the particular frame in
question) were counted. Where necessary, the NIS Elements
Gauss-Laplace sharpen tool was used to help resolve close-
together foci. Any rare, aggregates of foci which could not be
resolved at this level, were scored only once. An example image,
with marked counted foci, is shown in Supplementary Figure 1.

Statistics
Nuclear size and recombination foci count differences were
tested for significance using single-factor Anova.

RESULTS

Chiasmata Are Predominantly Distal in

Hexaploid Wheat cv. Cadenza

A cytological analysis of chiasma frequency and distribution
was carried out in pollen mother cells (PMCs) of Cadenza,
a UK spring wheat variety which forms the background for
an EMS-induced TILLING mutant population (Rakszegi et al.,
2010; Krasileva et al., 2017). Despite having three related sub-
genomes (A, B, and D), hexaploid wheat (2n = 42) behaves
as a diploid during meiosis due to the presence of the PhI
locus (Riley and Chapman, 1958; Sears and Okamoto, 1958),
the major regulator of homoeologue pairing and recombination
which ensures that recombination is restricted to true homologs
rather than homoeologues (equivalent chromosomes from
the other sub-genomes). Thus, Cadenza usually forms 21
bivalents at metaphase I (Figure 1A). Chiasmata, the cytological
manifestation of COs, were interpreted according to bivalent
shape at metaphase I, allowing a determination of their relative
position along chromosomes (Sybenga, 1975). The vast majority
of bivalents (93%, n = 1337) were “ring” bivalents, with at least
one chiasma in each chromosome arm, while “rod” bivalents
possessed chiasmata in only one arm (Figure 1B). The mean
number of chiasmata per PMC was 41.8 + 0.28 (n = 64)
(Figure 1C) and the majority (88%) were distal (near the
telomeres) (Figure 1B). Of these 76% were classified as terminal,
as they could not be visually resolved from the telomeres in
the highly condensed metaphase I bivalents. The remaining 12%
were classified as sub-terminal, as they were close to, but clearly
distinguishable from, the chromosome ends (Figure 1B).

Chromosome Axis Formation and Synapsis

Are Initially Polarized to the Distal Regions
During early prophase I, the telomeres of many species,
including cereal grasses, cluster together and attach to the
nuclear membrane in a highly conserved organization known
as the “bouquet” (Chikashige et al., 1994). It was proposed
that this configuration promotes initial contacts between
homologous chromosomes, with subsequent alignment and
synapsis facilitated by telomere-led movements driven by the
cytoskeleton, although the functional significance of the bouquet
is still a matter of debate (Zickler and Kleckner, 2016; Zeng et al.,
2018).

Previous analysis of plant meiotic chromosomes using
electron microscopy indicated that synapsis initiates in the
distal chromosomal regions, close to the telomeres (Albini
etal,, 1984). More recently, immunolocalization using antibodies
which recognize components of the meiotic chromosome
axis and synaptonemal complex (SC) have enabled more
detailed analysis of axis formation and synapsis in a range
of plant species, including cereals (Golubovskaya et al., 2006;
Mikhailova et al, 2006; Boden et al., 2009; Higgins et al,
2012; Khoo et al., 2012; Sepsi et al., 2017). For Cadenza,
we combined immunofluorescence with fluorescence in situ
hybridization (FISH) of telomeric repeat sequences to investigate
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