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Recombination-Independent Mechanisms and
Pairing of Homologous Chromosomes during
Meiosis in Plants

Olivier Da Ines, Maria E. Gallego, and Charles I. White'

Génétique, Reproduction et Développement, UMR CNRS 6293, Clermont Université, INSERM U1103, 63171 Aubiére, France

ABSTRACT Meiosis is the specialized eukaryotic cell division that permits the halving of ploidy necessary for game-
togenesis in sexually reproducing organisms. This involves a single round of DNA replication followed by two successive
divisions. To ensure balanced segregation, homologous chromosome pairs must migrate to opposite poles at the first
meiotic division and this means that they must recognize and pair with each other beforehand. Although understanding
of the mechanisms by which meiotic chromosomes find and pair with their homologs has greatly advanced, it remains far
from being fully understood. With some notable exceptions such as male Drosophila, the recognition and physical link-
age of homologs at the first meiotic division involves homologous recombination. However, in addition to this, it is clear
that many organisms, including plants, have also evolved a series of recombination-independent mechanisms to facili-
tate homolog recognition and pairing. These implicate chromosome structure and dynamics, telomeres, centromeres,
and, most recently, small RNAs. With a particular focus on plants, we present here an overview of understanding of these
early, recombination-independent events that act in the pairing of homologous chromosomes during the first meiotic
division.
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INTRODUCTION

Meiosis is the specialized eukaryotic cell division that reduces
the chromosome complement by half. The two successive
divisions of meiosis are preceded by a single round of DNA
replication. Errors in chromosome segregation during these
two divisions lead to aneuploidy, which may have dramatic
effects such as infertility and birth defects (Hassold and Hunt,
2001). During the second meiotic division, as in mitosis, proper
sister chromatid segregation is ensured by centromeric cohe-
sion established at the preceding S-phase. In contrast, accu-
rate segregation of homologous chromosomes during the
first meiotic division relies upon exchange of genetic mate-
rial between homologous chromosomes (crossing-over) and
chromatid cohesion distal to the crossover. These exchanges
require homologous chromosome recognition and pairing,
synaptonemal complex assembly (synapsis) and homologous
recombination, and ensure proper and successful homolog
segregation during meiosis.

With some exceptions (e.g. Drosophila; see review by McKee

by homology recognition and synapsis (Burgess, 2002; McKee,
2004; Pawlowski and Cande, 2005; Zickler, 2006; Barzel and
Kupiec, 2008; Zetka, 2009; Bhalla and Dernburg, 2008; Tiang
et al., 2012). How chromosomes find their homologous part-
ner (homology search) during prophase of the first meiotic
division is a major and long-standing question in eukaryotic
genetics. Studies in many organisms show that homolog rec-
ognition and pairing depend upon recombination. In par-
ticular, SPO11-mediated DNA double-strand breaks (DSB)
initiate recombination during meiotic prophase | and are
required for efficient homolog pairing in most eukaryotes,
including plants. This role of recombination in homolog pair-
ing has been well described in recent reviews (Wells et al.,
2006; Bhalla and Dernburg, 2008; Bozza and Pawlowski,
2008; Ding et al., 2010; Tiang et al., 2012). Exceptions to this
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et al., 2012) chromosomes are not paired in somatic cells, and
so each chromosome must find and pair with its homolog at
the entry into meiosis. This involves a step in which chromo-
somes are aligned and brought into close proximity, followed
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rule of the dependence of homolog synapsis on recombina-
tion do however exist: for example, although Drosophila and
Caenorhabditis elegans do carry out SPO11-induced meiotic
recombination, this is not required for homolog pairing and
synapsis (Dernburg et al., 1998; McKim et al., 1998). Likewise,
a number of budding yeast and Arabidopsis mutants defective
for homologous recombination still show residual homolog
pairing activity (Weiner and Kleckner, 1994; Rockmill et al.,
1995; Leu et al., 1998; Tsubouchi and Roeder, 2003; Bleuyard
and White, 2004; Li et al., 2004, 2005; Ronceret et al., 2009;
Stronghill et al., 2010; Da Ines et al., 2012), and this implies
the existence of recombination-independent mechanisms in
homologous chromosome pairing.

As for any process involving DNA interactions, homolo-
gous chromosome pairing is intricately linked to the complex
organization of the chromosomes and the nucleus. In this
review, we present an overview of the early, recombination-
independent events that promote homologous chromosome
pairing during the first meiotic division, with a particular
focus on plants.

ROLES OF CHROMATIN DYNAMICS
AND REMODELING IN PAIRING OF
HOMOLOGOUS CHROMOSOMES

During the first meiotic prophase, chromosomes condense,
align with their partners and recombine, and partially decon-
dense before entering metaphase. Homologous chromosome
recognition and pairing thus involve interactions between
DNA molecules in the context of these dynamic changes in
chromatin and chromosome conformation. Early work in
maize showed that chromosome pairing is associated with
progressive changes in chromatin organization, with analy-
ses of chromosome morphology and distribution permitting
association of pairing with extensive chromatin rearrange-
ments (Dawe et al., 1994). Dramatic structural reorganiza-
tion was observed at the onset of pairing, with elongation
of knob heterochromatin, increase in surface complexity
and in total chromosome volume, suggesting that efficient
homologous chromosome pairing relies on active movement
of chromosomes and on a specialized chromatin and nuclear
architecture (Dawe et al., 1994). Studies in wheat also pro-
vide strong evidence for a role of chromatin remodeling in
homologous chromosome pairing (Prieto et al., 2004, 2005;
Colas et al., 2008). Each chromosome of hexaploid wheat has
both homologous and homeologous partners with which it
can potentially pair in meiotic prophase. Proper chromosome
segregation and fertility thus depend upon the restriction
of pairing to homologs, and the exclusion of homeologous
associations. In wheat, when a chromosome recognizes its
homolog (and not another chromosome), a localized confor-
mational change in adjacent chromatin is triggered in both
partners. This process further facilitates recognition and pair-
ing of homologous versus homeologous chromosomes and
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is affected by the Ph1 locus (Prieto et al., 2005; Greer et al.,
2012). First identified in the 1950s as a dominant mutation
that permits homeolog pairing (Okamoto, 1957; Riley and
Chapman, 1958; Sears and Okamoto, 1958), PhT1 has been
recently shown to be a cluster of defective cyclin-dependent
kinase (CDK)-like genes with similarity to mammalian Cdk2
(Greer et al., 2012). The authors argue that absence of Ph1
alters heterochromatin decondensation through regulation
of Cdk2-type activity and histone H1 phosphorylation, lead-
ing to reduction in the ability to distinguish homologous
from homeologous chromosome pairing (Prieto et al., 2005;
Greer et al.,, 2012). In accordance with this, application of
okadaic acid (a drug inducing chromosome condensation and
affecting phosphorylation of histone H1) can phenocopy the
effect of the absence of Ph1 on pairing (Knight et al., 2010).

Surprisingly, reports on the effects of local and global
chromatin modifications on homolog pairing are very lim-
ited in the model plant Arabidopsis thaliana. Mutation of
SWiI1, a gene of unknown molecular function involved in
sister chromatid cohesion and chromosome remodeling
events, has been shown to affect chromosome pairing
(Mercier et al., 2003; Boateng et al., 2008). Less condensed
chromosomes were observed in swil mutants and this was
related to altered distribution of acetylated histone H3 and
dimethylated histone H3 (H3K4me2) (Boateng et al., 2008).
Alterations in histone modification patterns were also found
in the Arabidopsis ask1 mutant (Yang et al., 2006). ASK1 is
the Arabidopsis SKP1 homolog, a component of the SCF ubig-
uitin ligase, and is implicated in a number of early meiotic
nuclear reorganization events (Wang and Yang, 2006; Yang
et al., 2006; Zhao et al., 2006; Yang et al., 2009). Absence
of ASK1 affects acetylated histone H3 and H3K9me2 distri-
bution patterns. These modifications in chromatin structure
further lead to alterations in rDNA and nucleolar organizer
regions, continued telomere association with the nucleolus,
and prolonged chromosome attachment to the nuclear mem-
brane and the nucleolus. These, in turn, result in defects in
homolog pairing and chromosome segregation (Yang et al.,
2006, 2009).

These data thus suggest that histone modifications, which
play a central role in chromatin organization, are instru-
mental for meiotic chromosome pairing. Recent studies
have shown that chromosomal distributions of histone H3
modifications during meiosis diverge in plants and animals
(Manzanero et al., 2000) but also between dicots (A. thaliana)
and monocots (Aegilops sp. and Secale cereale) (Oliver et al.,
2013), highlighting the importance of chromatin remodeling
in meiotic chromosome recognition and pairing in plants.
How these remodeling events are involved is not currently
understood, but one may speculate that they might act to
modulate the functioning of the homologous recombination
machinery in meiotic chromosome recognition and pairing.

DNA methylation is another important epigenetic mark
regulating a wide range of biological processes (He et al.,
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2011; Vanyushin and Ashapkin, 2011). Evidence for roles
of DNA methylation in meiotic chromosome pairing are
however scarce. In the natural autotetraploid Arabidopsis
arenosa, immunolocalization of 5-methylcytosine (5-mC)
showed DNA methylation in both euchromatic and hetero-
chromatic regions during meiotic prophase |, contrasting
with the staining restricted to chromocenters in vegetative
nuclei (Carvalho et al., 2010). 5-mC is, however, excluded from
rDNA loci in meiotic prophase | and the authors correlate this
with the quadrivalent associations of the Nucleolus Organiser
Regions (NORs) observed at early leptotene in this species
(Carvalho et al., 2010).

A ROLE FOR HETEROCHROMATIC
REGIONS IN HOMOLOG PAIRING

There is strong evidence that euchromatic and heterochro-
matic regions behave differently with respect to meiotic
chromosome pairing. That heterochromatin regions are
instrumental for homologous chromosome pairing during
meiosis was initially demonstrated in Drosophila (Hawley
et al., 1992; Dernburg et al., 1996; Karpen et al., 1996;
Renauld, 1997). In female Drosophila, pairing and segre-
gation of the fourth and the X chromosomes occurs with-
out crossovers. This achiasmate pairing has been shown to
depend on pairing of heterochromatic regions. In Drosophila
males, heterochromatin, and especially rDNA, plays an impor-
tant role in X-Y chromosome disjunction. Indeed, it has been
shown that deletion or insertion of rDNA regions significantly
affects pairing of the X and Y chromosomes and more pre-
cisely that a few copies of the Drosophila rDNA intergenic
spacer regions are sufficient to promote chromosome pair-
ing (McKee and Karpen, 1990; McKee et al., 1992; McKee,
1996). In the nematode Caenorhabditis elegans, meiotic
chromosome pairing is initiated at particular pairing centers
characterized by repeated DNA sequences. Each chromosome
is characterized by a specific family of repeated sequences,
which vary in length but have similar 12-bp core sequences.
These heterochromatic repeat sequences are located near the
ends of the chromosomes and are recognized by specific Zinc-
finger DNA-binding proteins ZIM1-3 and HIM-8, which estab-
lish homologous chromosome associations (MacQueen et al.,
2005; Phillips and Dernburg, 2006; Phillips et al., 2009; Zetka,
2009; Tsai and McKee, 2011).

In plants, there are no fully understood examples of het-
erochromatin-based mechanisms involved in meiotic chromo-
some pairing. However, several studies suggest that specific
chromosomal regions (such as centromeres or telomeres, see
below) play important roles in this process. Studies in maize
showing that certain chromosome segments exhibit high
crossover frequencies independently of their chromosomal
locations suggest the existence of pairing centers outside of
centromeres and telomeres (Maguire, 1986). The presence
of short regions of synapsis and pairing of chromosomes

have also been reported in several Arabidopsis recombina-
tion defective mutants (Bleuyard and White, 2004; Vignard
et al., 2007; Ronceret et al., 2009; Stronghill et al., 2010; Da
Ines et al., 2012). Although a whole-genome analysis of this
pairing has not been carried out throughout the genome,
it is clear that limited pairing of homologs does occur in
these mutants (Bleuyard and White, 2004; Vignard et al.,
2007; Ronceret et al., 2009; Stronghill et al., 2010; Da Ines
et al., 2012). In the absence of key recombination proteins
such as SPO11, RAD51, DMC1, XRCC3, or PHS1, pairing of 55
rDNA loci has been observed with up to 45% of this occur-
ring between homologous chromosomes (Bleuyard and
White, 2004; Ronceret et al.,, 2009; Da Ines et al.,, 2012).
Similarly, recombination-independent pairing of NORs has
been observed in Arabidopsis (Stronghill et al., 2010; Da
Ines et al., 2012). Arabidopsis has two NOR-bearing chromo-
somes: chromosomes 2 and 4. These NORs are thought to be
‘sticky’ and Fluorescent In Situ Hybridization (FISH) analyses in
Arabidopsis wild-type plants have shown that the two NORs
are very frequently associated as one large knob (Ross et al.,
1996; Fransz et al., 1998; Pecinka et al., 2004). Interestingly,
this characteristic association of the nucleolar heterochroma-
tin is also observed in absence of recombination (Stronghill
et al.,, 2010; Da Ines et al., 2012). Analysis of meiosis in the
absence of AHP2, the Arabidopsis homolog of yeast Hop2,
showed that pairing and synapsis are severely disrupted in
such mutants. However, pairing was found in the short arms
of chromosomes 2 and 4, and led to normal synapsis of these
NOR-bearing chromosome arms (Stronghill et al.,, 2010).
Although the role of this NOR-driven pairing in wild-type
plants remains to be determined, these observations strongly
suggest that NORs may act as pairing sites in Arabidopsis.
Examples of this are seen in several mutants with reduced
crossing-over formation but which have a tendency to main-
tain crossing-over on the NOR-bearing chromosomes. The
fraction of interference-insensitive crossovers is also reduced
on these NOR-bearing chromosomes (Ji et al., 1999; Sanchez
Moran et al., 2001; Lam et al., 2005; Drouaud et al., 2007). As
mentioned above, this mechanism is not restricted to plants
and NOR-driven chromosome pairing behavior is seen in
Drosophila and has been reported for the sex chromosomes
of North African rodent Lemniscomys barbarus (Stitou et al.,
1997).

TELOMERE DYNAMICS AND
INTERACTION WITH THE NUCLEAR
ENVELOPE

During premeiotic interphase, chromosomes are sepa-
rated and they must thus be brought into close proximity
to assess homology and engage in pairing. Telomere move-
ment clearly plays an important role in meiotic chromosome
pairing and telomeres are believed to be the initiation site
for pairing and synapsis in a number of organisms. In many



species, telomeres are dispersed in early meiosis but, at the
leptotene-zygotene transition, they move and cluster to form
the telomere ‘bouquet’, in which telomeres are attached to
the inner surface of the nuclear envelope and grouped on
one face of the nucleus (Scherthan, 2001; Bass, 2003; Harper
et al., 2004; Naranjo and Corredor, 2008; Roberts et al., 2009).
The clustering of telomeres occurs at the nuclear envelope
near the microtubule organizing center (MTOCQ) in C. elegans,
the spindle pole body in fungi or the centrosome in animals.
The resulting bouquet arrangement and oscillation of the
chromosomes facilitate alignment of chromosome arms and
this is thought to play an important role in the initiation of
homolog pairing (Scherthan, 2001; Bass, 2003; Harper et al.,
2004; Roberts et al., 2009). The coincident formation of the
telomere bouquet with the initiation of pairing is also sug-
gestive of a direct role of the bouquet in meiotic chromo-
some pairing. Moreover, analyses of telomere mutants show
that meiotic chromosome pairing is impaired (although not
abolished) when bouquet formation is defective (Cooper
et al., 1998; Trelles-Sticken et al., 2000; Liu et al., 2004; Trelles-
Sticken et al., 2005). Importantly, telomere clustering is still
observed in recombination defective mutants (e.g. spo77 and
rad50S), demonstrating that the formation of the bouquet
is a recombination-independent event (Trelles-Sticken et al.,
1999).

Telomeres also seem to play an important role in homolog
pairing in plants. Most plants form a bouquet, which is
formed coincidently with the initiation of chromosome pair-
ing (Bass et al., 1997; Martinez-Perez et al., 1999; Bass et al.,
2000; Corredor et al., 2007; Higgins et al., 2012; Phillips et al.,
2012; Wen et al., 2012). However, the bouquet is not well
defined and the site where telomeres are attached is not clear
(reviewed in Harper et al., 2004; Roberts et al., 2009). Studies
in maize have led to the identification of the pam7 (plural
abnormalities of meiosis 1) gene that is required for telomere
clustering and homolog pairing (Golubovskaya et al., 2002).
Absence of Pam1 affects telomere clustering and, hence bou-
quet formation, and leads to defects in chromosome synapsis.
Interestingly, normal loading of the key recombinase RAD51
is observed in pam1 plants, suggesting that recombination is
not affected and that defects observed in pairing result from
a defective telomere bouquet (Golubovskaya et al., 2002).
Telomere bouquet formation in rye or wheat-rye additions is
disrupted by application of the microtubule-depolymerizing
agent colchicine, which also hampers pairing and synapsis
(Loidl, 1990; Cowan and Cande, 2002; Cowan et al., 2002;
Corredor and Naranjo, 2007).

Surprisingly, the situation appears different in Arabidopsis,
where a loose clustering resembling a bouquet, rather than
classical bouquet, is observed (Armstrong et al., 2001; Yang
et al.,, 2006; Roberts et al., 2009). During interphase and
early meiosis in Arabidopsis, telomeres appear to associate
with the nucleolus. At the onset of leptotene, telomeres pair,
dissociate from the nucleolus, and become dispersed but
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confined to one hemisphere of the nucleus. This atypical tel-
omere clustering has been suggested to facilitate homolog
pairing (Armstrong et al., 2001) and appears recombination-
independent. Indeed, absence of recombination proteins,
such as the ATM kinase, the RAD51 paralog RAD51C, or the
synaptonemal complex (SC) axial element protein ASY1, has
no effect on telomere clustering in Arabidopsis (Armstrong
et al., 2001; Li et al., 2005; Roberts et al., 2009). There is, how-
ever, no clear evidence that telomere clustering is actively
involved in homolog pairing in Arabidopsis. Arabidopsis mei-
otic telomere pairing is not affected by colchicine treatment
(Roberts et al., 2009) and analyses show normal SC formation
in late-generation telomerase mutants (with very short or
absent telomeres), suggesting that telomere pairing is dispen-
sable for homolog pairing and subsequent synapsis (Roberts
et al., 2013). The authors propose that, rather than telomere
pairing, it is the localization of telomeres to the nucleolus
that is important for homolog pairing in Arabidopsis (Roberts
et al., 2009, 2013).

Indeed, although telomere bouquet configuration diverges
between species, telomere attachment to a particular nuclear
region seems to be an important and conserved characteris-
tic. The SUN and KASH families of proteins have been recently
identified as key players in connecting chromosomes to the
nuclear envelope and thereby promoting chromosome move-
ments (Hiraoka and Dernburg, 2009). The crucial role of these
proteins in telomere-led movement was initially character-
ized in fission yeast (Chikashige et al., 2006, 2007) but they
are widely conserved and a role of these proteins in telomere
attachment has been suggested in other organisms, particu-
larly mouse (Ding et al., 2007; Boateng et al., 2013) and plants
(Murphy and Bass, 2012; Roberts et al., 2013).

Early homologous chromosome pairing independent of
DNA DSB has been reported in mice (Boateng et al., 2013).
This early pre-DSB homolog pairing is dependent on presence
of the SPO11 protein but not on its ability to cleave DNA and
introduce DSB. Interestingly, the authors also showed that this
early chromosome pairing also requires binding of the telom-
eres to the nuclear envelope by the protein SUN1 and is fur-
ther stabilized by recombination. Plants also possess several
SUN domain proteins (Graumann et al., 2010) and a role for
these in telomere clustering and homolog pairing has been
shown in maize (Murphy and Bass, 2012). Five SUN-domain
proteins have been identified in Arabidopsis but their poten-
tial involvement in meiotic pairing has not yet been estab-
lished (Graumann et al., 2010, 2013). Elucidating the role of
chromosome movements in meiotic pairing and synapsis is
becoming a very active area of research in plants. To date,
most of our knowledge comes from FISH analyses, which nec-
essarily only provide frozen images of a dynamic process. Live
imaging may provide complementary as well as alternative
answers to these mechanisms. For instance, imaging of chro-
mosome dynamics in live maize meiocytes using 3-D micros-
copy very elegantly showed that nuclear and chromosome
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movement are extremely dynamic during meiotic process and
mostly telomere-led (Sheehan and Pawlowski, 2009).

ROLE OF CENTROMERES IN PAIRING
OF HOMOLOGS

Centromeres have emerged as important players in chromo-
some pairing and interactions between centromeric regions
in early meiotic prophase have been reported in many organ-
isms (reviewed in Stewart and Dawson, 2008). The exact
role of these interactions remains to be determined but, in
general, it is believed that they lead to pre-alignment of
homologs, facilitating the homology scanning process and
the efficiency of homologous chromosome pairing.

Centromere association in the absence of recombination
has been reported in budding yeast, fission yeast, Drosophila,
and plants (Church and Moens, 1976; Karpen et al., 1996;
Martinez-Perez et al., 1999; Ding et al., 2004; Tsubouchi and
Roeder, 2005; Takeo et al., 2011; Tanneti et al., 2011; Da Ines
et al., 2012; Phillips et al., 2012; Wen et al., 2012). In female
Drosophila, centromeres cluster into one or two masses dur-
ing early meiotic prophase independently of recombination
and synapsis is first initiated at centromeres, followed by ini-
tiation at euchromatic sites (Takeo et al., 2011; Tanneti et al.,
2011). Strong evidence for a role of centromeres in mediating
recombination-independent pairing also comes from analy-
ses in budding yeast. Centromere coupling, the association
between centromeres of non-homologous chromosomes, was
first described in budding yeast (Kemp et al., 2004; Tsubouchi
and Roeder, 2005). In early meiotic prophase, centromeres
associate in pairs in a dynamic, recombination-independent
manner and this can be sufficient to mediate proper chromo-
some segregation (Kemp et al., 2004; Tsubouchi and Roeder,
2005; Bardhan et al., 2010; Obeso and Dawson, 2010). This
process of centromeric coupling is dependent upon the SC
component Zip1 and the cohesin protein Rec8, but not on
Spo11. In contrast, the transition between non-homologous
centromere coupling and pairing of centromeres of homolo-
gous chromosomes necessitates SPO11 protein and, hence,
initiation of meiotic recombination (Tsubouchi and Roeder,
2005; Tsubouchi et al., 2008; Bardhan et al., 2010; Obeso
and Dawson, 2010). Thus, centromere coupling, or pairing
of centromeres of non-homologous chromosomes, precedes
homologous interactions, which are then stabilized by SPO11-
dependent homologous recombination mechanisms.

In order to ensure correct chromosome segregation, these
non-homolog associations must be eliminated and pairing
of centromeres of homologous chromosomes stabilized by
homologous recombination. A recent study in yeast shows
that this process is regulated through phosphorylation/
dephosphorylation of serine 75 of the Zip1 protein by Mec1
(ATR) kinase and PP4 phosphatase (Falk et al., 2010). PP4,
which is active throughout meiotic prophase, dephospho-
rylates Zip1 and this permits non-homologous centromere

interactions. Initiation of meiotic recombination through DSB
formation leads to activation of Mec1, which phosphorylates
Zip1, thereby disrupting non-homologous centromere asso-
ciations. This results in a dynamic centromere coupling/pair-
ing process, which continues until all DSB are repaired and
homologous chromosomes are paired (Falk et al., 2010).

Coupling of centromeres of non-homologous chromo-
somes has also been described in Arabidopsis (Da Ines et al.,
2012). Arabidopsis centromeres are not paired during mei-
otic interphase, but cluster at leptotene/zygotene, and this is
followed by pairwise centromere coupling (Armstrong et al.,
2001; Da Ines et al., 2012, and references therein). The possible
dependence of this centromere coupling on ZYP1 (homolog
of yeast Zip1) has not been directly tested in Arabidopsis, but
meiotic non-homologous centromere association is depend-
ent on the presence of the cohesion protein REC8 (Cai et al.,
2003) and does not require SPO11-induced recombination
(Da Ines et al., 2012). Initiation of recombination by SPO11 is
needed for the transition to homologous centromere pairing,
as is the meiosis-specific recombinase DMC1 (Da Ines et al.,
2012). These observations of the action of the recombina-
tion machinery at or near the centromeres are of particular
importance to plant breeders, given the strong bias of mei-
otic crossing-over to centromere-distal regions in major crop
plants.

Centromere coupling is also observed in other plants
(Church and Moens, 1976; Martinez-Perez et al.,, 1999;
Phillips et al., 2012; Wen et al., 2012; Zhang et al., 2013).
Allohexaploid wheat has seven pairs of chromosomes derived
from each of three related ancestral genomes, resulting in 42
chromosomes in a diploid cell. Each chromosome of hexaploid
wheat has thus both one homologous and four homeologous
partners with which it can potentially pair. Centromeres asso-
ciate non-homologously in floral tissues and, prior to entry
into meiosis, these associations switch to homologous pairs
in a Ph1-dependent process (Martinez-Perez et al., 1999,
2000, 2001; Griffiths et al., 2006). It is proposed that this early
premeiotic centromeric association mediates the sorting of
homologs/homeologs essential for proper homologous chro-
mosome pairing in polyploids (Moore and Shaw, 2009). The
exact roles the centromeres play in this process, however,
remain uncertain and other work has suggested that cen-
tromere pairing is a consequence of telomere driven pairing
in wheat (Corredor et al., 2007).

Centromeres thus clearly play roles in chromosome pair-
ing and synapsis in @ number of organisms. In this context,
it is important to take into account the fact that centromere
structure varies considerably between organisms (rang-
ing from 125bp in Saccharomyces cerevisiae to the highly
repeated DNA of up to several megabases in length found
in multicellular eukaryotes). The specificities of centromere
DNA and chromatin structure on meiotic centromere associa-
tion and pairing, and the roles of this in initiating homolog
synapsis and of recombination in stabilizing and extending



these interactions into chromosome arms remain, however,
far from being fully understood.

NON-CODING RNA AND
HOMOLOGOUS CHROMOSOME
PAIRING

Non-coding small RNAs have emerged as essential regulators
of genome function and, as such, have been found to play roles
in multiple developmental and physiological processes (Chen,
2012), including DNA repair and homologous recombination
(Wei et al., 2012; Chowdhury et al., 2013). Recently, a role
of non-coding RNA in homologous chromosome pairing has
been demonstrated in the fission yeast Schizosaccharomyces
pombe (Ding et al., 2012). The authors report that the sme2
locus pairs earlier than other loci in a recombination-inde-
pendent manner (Ding et al., 2012). The sme2 gene encodes
a meiosis-specific non-coding RNA (mei-RNA), which binds
two RNA-binding proteins, Mei2 and Mmi1. These transcripts
accumulate at the sme2 loci and are responsible for the pair-
ing of these homologous loci. Deleting the sme2 locus elimi-
nates pairing while insertion at other chromosomal regions
enhances robust pairing of these regions (Ding et al., 2012).

To date, there is no experimental evidence to support the
notion that non-coding RNA may mediate homologous chro-
mosome pairing in plants. However, homologs for the Mei2
gene encoding RNA-binding protein have been identified
in Arabidopsis and mutants of the corresponding genes dis-
play meiotic defects (Kaur et al., 2006). Non-coding RNAs are
abundant in Arabidopsis male meiocytes (Yang et al., 2011),
but their possible roles in the meiotic division cycle have not
yet been demonstrated.

CONCLUSIONS AND PERSPECTIVES

Recognition and pairing of homologous chromosomes dur-
ing meiosis are clearly facilitated by early, recombination-
independent events. In addition to the roles of telomeres
and centromeres, it is becoming increasingly apparent that
meiotic chromosome pairing and segregation are controlled
by a number of epigenetic mechanisms. Striking recent exam-
ples of this in plants are seen in recent genome-wide stud-
ies on the impact of chromatin modifications such as H2A.Z,
histone H3 Lys4 trimethylation, or cytosine methylation on
meiotic crossover distribution in Arabidopsis (Melamed-
Bessudo and Levy, 2012; Mirouze et al., 2012; Yelina et al.,
2012; Choi et al., 2013). Extensive chromatin changes occur
during the process of chromosome pairing and specificities
of chromosome structure appear to actively influence this
process, particularly within heterochromatin regions. The
roles of centromeres, telomeres, heterochromatic/euchro-
matic regions, chromatin modifications, and non-coding
RNAs on homolog pairing and recombination are far from
being fully understood and promise exciting advances in the
future studies.
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