
Citation: Zhou, K.-D.; Zhang, C.-X.;

Niu, F.-R.; Bai, H.-C.; Wu, D.-D.;

Deng, J.-C.; Qian, H.-Y.; Jiang, Y.-L.;

Ma, W. Exploring Plant Meiosis:

Insights from the Kinetochore

Perspective. Curr. Issues Mol. Biol.

2023, 45, 7974–7995. https://doi.org/

10.3390/cimb45100504

Academic Editor: Shimeles Tilahun

Received: 11 August 2023

Revised: 12 September 2023

Accepted: 20 September 2023

Published: 28 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Review

Exploring Plant Meiosis: Insights from the Kinetochore Perspective
Kang-Di Zhou 1,2, Cai-Xia Zhang 1, Fu-Rong Niu 3 , Hao-Chen Bai 2, Dan-Dan Wu 4 , Jia-Cheng Deng 2,
Hong-Yuan Qian 2, Yun-Lei Jiang 2 and Wei Ma 1,*

1 Science Center for Future Foods, Jiangnan University, 1800 Lihu Road, Wuxi 214122, China;
17637083887@163.com (K.-D.Z.); zhangcaixia8445@126.com (C.-X.Z.)

2 School of Biotechnology, Jiangnan University, 1800 Lihu Road, Wuxi 214122, China;
1022200109@stu.jiangnan.edu.cn (H.-C.B.); 1023200332@stujiangnan.edu.cn (J.-C.D.);
1023210122@stujiangnan.edu.cn (H.-Y.Q.); 1023210125@stu.jiangnan.edu.cn (Y.-L.J.)

3 College of Forestry, Gansu Agricultural University, Lanzhou 730070, China; niufurong@gmail.com
4 State Key Laboratory of Crop Gene Exploration and Utilization in Southwest China,

Sichuan Agricultural University, Chengdu 611130, China; wudandan@sicau.edu.cn
* Correspondence: wei.ma03@jiangnan.edu.cn; Tel.: +86-15202663433

Abstract: The central player for chromosome segregation in both mitosis and meiosis is the macro-
molecular kinetochore structure, which is assembled by >100 structural and regulatory proteins
on centromere DNA. Kinetochores play a crucial role in cell division by connecting chromosomal
DNA and microtubule polymers. This connection helps in the proper segregation and alignment of
chromosomes. Additionally, kinetochores can act as a signaling hub, regulating the start of anaphase
through the spindle assembly checkpoint, and controlling the movement of chromosomes during
anaphase. However, the role of various kinetochore proteins in plant meiosis has only been recently
elucidated, and these proteins differ in their functionality from those found in animals. In this review,
our current knowledge of the functioning of plant kinetochore proteins in meiosis will be summa-
rized. In addition, the functional similarities and differences of core kinetochore proteins in meiosis
between plants and other species are discussed, and the potential applications of manipulating certain
kinetochore genes in meiosis for breeding purposes are explored.

Keywords: kinetochore; meiosis; spindle assembly checkpoint; chromosomal passenger complex;
cohesin

1. Introduction

The macromolecular kinetochore structure, which is assembled by more than
100 structural and regulatory proteins on centromere DNA [reviewed in [1]], is the key
player for chromosome segregation in both mitosis and meiosis. During cell division, kine-
tochores bridge the chromosomal DNA and microtubule polymers to mediate chromosome
segregation and alignment [2]. In addition, they can function as a signaling hub to regulate
anaphase onset via the spindle assembly checkpoint and control anaphase chromosome
movement [2].

Meiosis is a special cell division type in which germ cells can produce gametes in
the sexual reproduction stage among eukaryotes. A single round of DNA replication is
followed by two sequential rounds of chromosome segregation, termed meiosis I and II
(MI and MII). Accurate chromosome segregation during meiosis is fundamental for genetic
material stable distribution. In plants, two types of meiotic divisions have been found.
In plants with one single size-restricted centromere per chromosome (monocentric chro-
mosomes), homologous chromosomes segregate during meiosis I, and sister chromatids
separate in meiosis II (Figure 1). However, unlike monocentric chromosomes, plants such
as Luzula elegans [3] and Rhynchospora [4] harbor holocentric chromosomes which lack a pri-
mary constriction site and form holokinetic kinetochores. The kinetochores are distributed
along almost the entire poleward surface of the chromatids, to which spindle fibers attach.
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Due to this special chromosome structure, sister chromatids separate in meiosis I, whereas
homologous chromosomes segregate in the second meiotic division in Luzula elegans [3]
and Rhynchospora [4].

Understanding the mechanism of meiosis is critical since the mis-segregation of chro-
mosomes leads to aneuploidy and chromosome instability and is the main cause for
miscarriage, birth defects, and infertility in animals. In plants, abnormal chromosome seg-
regation in meiosis can generate aneuploids or cause sterility [5,6]. However, the functions
of many kinetochore proteins in plant meiosis have only recently been understood, and
these proteins differ functionally from those found in animals.

In this review, we will summarize our current knowledge of how plant kinetochore
proteins function in meiosis. In addition, the functional similarities and differences of core
kinetochore proteins in meiosis between plants and other species are discussed. Addition-
ally, potential applications for crop breeding practice by modifying some kinetochore genes
in meiosis have emerged [5–9].
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Figure 1. Overview of meiosis.  (A). Chromosome  segregation at different meiotic stages. At  leptonema, chromosome axes are  formed, and  recombination  is 

initiated. At zygonema, the synaptonemal complex is polymerized, where synapsis occurs and recombination proceeds. At pachynema, synapsis is completed, 

and recombination further progresses. At diplonema, the synaptonemal complexes are disassembled. Homologous chromosomes are connected by chiasmata. At 

diakinesis, chromosome condensation occurs, and bivalents can be distinguished. After prophase I, nuclear envelopes break down. At metaphase I, bivalents are 

aligned on the metaphase plate. At anaphase I, the release of arm sister chromatid cohesion allows the migration of chromosomes to two poles. Pericentromeric 

cohesion is specifically protected. At telophase I and cytokinesis, two nuclei form and chromosomes briefly decondense. In monocotyledons, cytokinesis occurs 

before meiosis II starts;  in dicotyledons, cytokinesis happens only at  telophase II. At metaphase  II, sister chromatids are aligned on  two metaphase plates. At 

anaphase II, sister chromatids separate following centromeric cohesion release. At telophase II, four nuclei are formed. At cytokinesis, haploid spores are released. 

Figure 1. Overview of meiosis. (A). Chromosome segregation at different meiotic stages. At leptonema, chromosome axes are formed, and recombination is
initiated. At zygonema, the synaptonemal complex is polymerized, where synapsis occurs and recombination proceeds. At pachynema, synapsis is completed,
and recombination further progresses. At diplonema, the synaptonemal complexes are disassembled. Homologous chromosomes are connected by chiasmata. At
diakinesis, chromosome condensation occurs, and bivalents can be distinguished. After prophase I, nuclear envelopes break down. At metaphase I, bivalents are
aligned on the metaphase plate. At anaphase I, the release of arm sister chromatid cohesion allows the migration of chromosomes to two poles. Pericentromeric
cohesion is specifically protected. At telophase I and cytokinesis, two nuclei form and chromosomes briefly decondense. In monocotyledons, cytokinesis occurs
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before meiosis II starts; in dicotyledons, cytokinesis happens only at telophase II. At metaphase II, sister chromatids are aligned on two metaphase plates. At
anaphase II, sister chromatids separate following centromeric cohesion release. At telophase II, four nuclei are formed. At cytokinesis, haploid spores are released.
(B). The panel shows the chromosome state at metaphase I and anaphase I (rectangle) magnified. Cohesion protection and sister kinetochore fusion occur during
metaphase I to ensure the sister chromatids exhibit mono-orientation during anaphase I. For simplicity, only two pairs of homologous chromosomes with different
lengths are shown. Each homologous chromosome has two chromosomes (blue and red) which distinguish the different parental origins. The kinetochore is depicted
as a black sphere; the transiently accumulating synaptonemal complex is shown in green in prophase I stage; and the spindle is shown in green in other stages.
Progression through different meiotic stages is denoted by a green arrow.
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2. Kinetochore Structural Proteins

Assembled by more than 100 structural and regulatory proteins on centromere DNA
in eukaryotes [reviewed in [9]], the kinetochore is typically divided into two parts: the
inner (DNA-proximal) and outer (microtubule-proximal) kinetochore [6] (Figure 2). Here,
we will summarize how kinetochore structural proteins function in plant meiosis.
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Figure 2. The centromere-kinetochore region.

2.1. CENH3 Protein

Plant centromeres are determined epigenetically by a specific histone H3 variant,
called centromere histone 3 CENH3 (first described as human CENP-A [10]). Like other
histone subunits, CENH3 carries an N-terminal tail (which protrudes from the nucleosome
and is a target for posttranslational modification) and C-terminal Histone Fold Domain
(which interacts with DNA and other histones from the nucleosome) (Figure 3). Contrary to
conventional histones, CENH3 is evolving rapidly. The N-terminal tail of CENH3 is barely
alignable even among closely related species, but the C-terminal Histone Fold Domain is
largely conserved [reviewed in [11]]. The C-terminal part of CENH3 seems to be sufficient
for mitotic centromere function in plants, but meiotic centromeres neither load nor tolerate
impaired CENH3 molecules [12,13]. Ravi and Chan made the construct in which the
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hypervariable N-terminal tail of CENH3 was swapped out for the tail of the Schematic of
the kinetochore showing simplified protein–protein interactions between major kinetochore
components in plants. This illustrates the trilaminar structure of the kinetochore, as
observed through electron microscopy. From inside to outside, the kinetochore’s structure
can be broken down into three layers: the centromere (brown), the inner kinetochore (gray),
the outer kinetochore (blue) and the kinetochore’s outer region, which is known as the
fibrous corona (dark blue) [14]. A particular histone H3 variant (CENH3) specifies the
position of the kinetochore in the centromere region. Various inner kinetochore parts
throughout the cell cycle and connect with kinetochores: CCAN complex (which includes
CENP-C, CENP-O, CENP-S, and CENP-X) and KNL2 protein. Particularly during cell
division, numerous additional proteins are attracted to the outer kinetochore, including
those in multiprotein complexes containing NDC80 (NDC80 complex, including Ndc80-
Nuf2-Spc24-Spc25), MIS12 (MIS12 complex, including Mis12-Dsn1-Nnf1-Nsl1), and KNL1
(KNL1 complex, including Knl1 and ZWINT). They offer the spindle assembly checkpoint
(SAC) proteins a landing platform, such as MPS1. The NDC80 complex can recruit the
MPS1 and seems to be directly involved in microtubule binding. AUR, BORR, SUR (“?”
represents the homologs not identified in the plant yet), and INCENP are chromosomal
passenger complex (CPC) components that preferentially populate the centromere area and
control the integrity of microtubule–kinetochore attachments. The SAC components (MPS1,
BUB1, BUB3, BUBR1, MAD1, MAD2) and APC/C can be recruited to the fibrous corona.
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Figure 3. The schematic diagram illustrates the constructs utilized for expressing different CENH3
variants in Arabidopsis [13,15].

The conventional H3.3 variant (encoded by At1g13370) carried GFP-tagged variants
to the N-terminal tail domain (GFP-tailswap) (Figure 3). The GFP-tailswap expressing
Arabidopsis plants showed sterility due to defects during sporogenesis, and the CENH3
signal was reduced to an undetectable level in meiocytes [15]. Moreover, Arabidopsis plants
expressing the C-terminal part of CENH3-fused tag (EYFP-), named EYFP-CENH3(C)
(C-terminal of CENH3 containing loop1 region) construct (Figure 3), showed chromosome
segregation defects, decreased fertility, and the impaired loading of the tag (YFP-) signal
in meiosis [13]. Strikingly, EYFP-CENH3(C) expression can even reduce the amount of
endogenous CENH3; the insufficient CENH3 loading leads to the formation of lagging
chromosomes and micronuclei [13]. Therefore, in contrast to mitosis, the N-terminal
tail of CENH3 plays a key role in different loading mechanisms of CENH3 during plant
meiosis [13].
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GFP-CENH3, GFP-tailswap, YFP-CENH3, and YFP-CENH3(C) transgenes are de-
scribed in this review paper. Tail, N-terminal tail domain; HFD, C-terminal histone fold
domain; H3.3, the tail of conventional H3.3 variant; GFP, green fluorescent protein; YFP,
yellow fluorescent protein.

2.2. Inner Kinetochore

The basic step of kinetochore formation is the incorporation of the CENH3 into nu-
cleosome centromere positions. CENH3 was thought to physically interact with the inner
kinetochore Constitutive Centromere-Associated Network (CCAN, which provides a plat-
form for the assembly of centromeres and has been identified as playing a crucial role in
recruiting the outer kinetochore protein complex) in most eukaryotes [16]. In vertebrates,
CCAN consists of 16 CENP-named proteins: CENP-C, CENP-H, CENP-I, CENP-K, CENP-
L, CENP-M, CENP-N, CENP-O, CENP-P, CENP-Q, CENP-U, CENP-R, CENP-T, CENP-W,
CENP-S, and CENP-X [reviewed in [17]]. However, 12 out of the 16 CCAN components
in vertebrates cannot be identified by homology search techniques in plants [18]. Only
CENP-C, CENP-O, CENP-S, and CENP-X have been identified in moss Physcomitrella
patens, an emerging model system for plant cellular biology [18]. It is unknown whether
the CCAN complex occurs in the plants because CENP-S, CENP-X, and CENP-O were
proven not to localize to the kinetochores in Physcomitrella patens [18]. In fission yeast,
CENP-S and CENP-X, which are the CCAN network’s components, add the function of
kinetochore assembly. By working with the Fanconi anemia pathway’s Fanconi Anemia
Core Complex (FANCM) DNA translocase, CENP-S and CENP-X might also be involved
in DNA repair [19]. The CENP-S and CENP-X present in Physcomitrella patens may be
related to DNA repair. What function a CENP-O homolog might play on its own is not
at all clear, especially when it does not localize to the kinetochore. Moss Physcomitrella
patens, maize and Arabidopsis have been shown to contain CENP-C, the only remaining
kinetochore component having a vertebrate CCAN homolog. However, regarding its
function in meiosis, a thorough functional investigation is currently lacking [6,20,21]. In
fission yeast [22], Drosophila [23], mice [24], and fish [25], CENP-C functions not merely as a
structural link between the centromere and the kinetochore but also as joining the processes
of early prophase homolog synapsis (means the alignment of chromosomes along its length
and results in synaptonemal complex formation) to late metaphase kinetochore assembly
and signaling in meiosis [reviewed in [26]].

It has been found that in both animals and plants, CENH3 nucleosomes bind not only
directly to CENP-C but also to a well-studied inner kinetochore protein KINETOCHORE
NULL2 (KNL2, also called M18BP1 in vertebrates) [20,27–30]. KNL2 is responsible for
the initiation of CENH3 deposition at the centromeres in humans [31], C. elegans [32],
and fission yeast [31]. In plants, research has split KNL2 into eudicots αKNL2 (previous
characterization) & βKNL2 (new representation) and grasses γKNL2 & δKNL2 (except
that the maize genome contains only one copy of the δKNL2 gene) [33] (Figure 4). The
conserved and characteristic Swi3-Ada2-NCoR-TFIIIB-associated (SANTA) domain has
been found in all known KNL2 proteins. In some organisms, it is also accompanied
by a putative SANT/ domain such as human [34] (Figure 4). Another conserved motif,
named CENPC-like motif (CENPC-k), was identified on the C-terminal part of the KNL2
homologs in a wide spectrum of eukaryotes. However, human KNL2 does not contain a
CENPC motif. A CENP-C binding domain (CBD), located in the middle part of the human
protein, is required for the centromere localization instead [35,36] (Figure 4). In plants,
research has found that Arabidopsis KNL2 can still target centromeres and interact with DNA
even if the SANTA domain is deleted [29,30], likely because Arabidopsis KNL2 recognizes
centromeric nucleosomes by the CENPC-k motif at its C terminus, which is required for
KNL2 centromeric localization, similar to CENP-C [29]. All KNL2 act in both mitosis
and meiosis [33]. Depletion of KNL2 in different organisms causes defects in CENH3
assembly. Knockout of M18BP1 in human HeLa cells with RNAi abolished centromeric
recruitment of newly synthesized CENP-A, leading to chromosome mis-segregation and
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interphase micronuclei [37]. In Arabidopsis, knockout of αKNL2 via a T-DNA insertion
showed reduced CENH3 loading at the centromeres and chromosome segregation defects
in both mitosis and meiosis [30]. Conversely, αKNL2 expression is stable in CENH3-RNAi
transformants, indicating that αKNL2 acts upstream of CENH3 and has a function in the
assembly of CENH3 at the centromeres [30]. Moreover, βKNL2 knockout leads to cell
cycle disorder, such as abnormal seed development, and a semi-lethal mutation phenotype
indicating the defects in meiotic and mitotic chromosome segregation in Arabidopsis [33].
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Figure 4. Schematic diagram of KNL2 conserved domain constructs in different species.

The figure shows the KNL2 conserved domain of eudicots (Arabidopsis thaliana), grasses
(Oryza sativa), and mammals (Homo sapiens). There are two KNL2 proteins in Arabidopsis
thaliana, αKNL2 & βKNL2, and two KNL2 proteins in Oryza sativa, γKNL2 & δKNL2.
However, the Homo sapiens category only has one KNL2—M18BP1. SANTA domain,
CENPC-K motif, CBD domain, and SANT domain are all highlighted in different colors:
black for the SANTA domain, blue for the CENPC-K motif, cyan for the CBD, and brown
for the SANT domain. The graphic demonstrates that KNL2 and KNL2 have comparable
domains. The figure shows that the domains of αKNL2 and γKNL2 and those of βKNL2
and δKNL2 are comparable.

2.3. Outer Kinetochore and KMN Network

An outer kinetochore subcomplex called the KMN network (KNL1-MIS12-NDC80)
that binds to spindle microtubules is recruited by the CCAN network in the inner kine-
tochores, which also connects with the centromere [38–41]. The KMN complex includes:
KNL1c (consisting of Knl1 and ZWINT), NDC80c (consisting of Ndc80-Nuf2-Spc24-Spc25
proteins), and MIS12c (consisting of Mis12-Dsn1-Nnf1-Nsl1 proteins). MIS12c anchors
NDC80c and KNL1c from yeast to humans (Figure 2) [40–47]. Like centromeric proteins,
most kinetochore proteins are fast evolving and, hence, display less sequence homology
between their respective orthologs despite their functional conservation. Only a few kine-
tochore proteins from the KMN group that offers high sequence identity with the yeast
or mammalian counterparts have been characterized in plants. In Arabidopsis, the inter-
action of necessary for nuclear function 1 (NNF1) and MIS12 has been confirmed in Y2H
and co-immunoprecipitation tests [45]. Shin et al. (2018) confirmed that AtNUF2 directly
interacted with AtNDC80 and AtSPC25 subunits in Arabidopsis by the yeast two-hybrid
analysis. Recently, studies of the NDC80 complex in Arabidopsis showed that MERISTEM
UNSTRUCTURED (SPC24/MUN) interacts conservatively with subunits NDC80, NUF2,
and SPC25 using co-immunoprecipitation analysis, and MUN protein has a coiled-coil
region and a globular domain at the end, which are typical structural features found in all
four components of the NDC80 kinetochore complex [47].

In the KMN group, only NDC80 [40], MIS12 [41], NNF1 [45], NUF2 [46], and
SPC24/MUN [47] homologs are functionally characterized in plants. They display con-
served functions in chromosome segregation and microtubule organization during cell
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division. In maize, the localization patterns of Knl1 signals overlap with those of Mis12
and Ndc80, indicating that the deficiency of Knl1 can likely impair kinetochore function.
This impairment leads to abnormal chromosome behavior during cell division in early
endosperm development, ultimately resulting in defective kernels [38]. During meiosis,
maize MIS12 interacts with NDC80, forming a visible MIS12-NDC80 bridge. This bridge
fuses sister kinetochores, directing sister kinetochores’ mono-orientation behavior during
metaphase I and initiating the homolog chromosomes segregation [41]. After systemically
reducing the levels of MIS12, the MIS12-NDC80 bridge is broken. This leads to kinetochores
orienting and separating randomly in metaphase I, causing chromosome non-disjunction
in anaphase I due to the presence of sister chromatid cohesion [41]. Another component
of the MIS12 complex, NNF1, atnnf1-1 mutation in Arabidopsis causes embryo mortality,
which shows its crucial significance in kinetochore function during cell division [45]. For
the NDC80 complex, it has been shown that the mutation of AtNUF2 led to severe mitotic
defects, not only in the embryo and endosperm but also in seedlings, resulting in seed
abortion and stagnating seedling growth [46]. Moreover, the partially complemented
nuf2-3/-DD45;ABI3pro::AtNUF2 (nuf2-3/-DA) root apical meristem cells, along with the aberra-
tion of spindle MTs, resulted in blocked root growth [46]. Furthermore, AtSPC25 could
co-localize with CENH3 and MT arrays in various phases of mitosis suggesting that the
AtSPC25 gene may perform a similar function as AtNUF2 [46]. Recently, studies of another
component of the NDC80 complex in Arabidopsis showed that the mun-1 mutant, which
is a weak allele because of the insertion of T-DNA in the promoter region of the SPC24
homolog, displays stunted growth, embryo arrest, DNA aneuploidy, and problems in chro-
mosome segregation with a low cell division rate [47]. Additionally, Null mutants of MUN
from TALEN and CRISPR/Cas9-mediated mutagenesis demonstrated zygotic embryonic
lethality comparable to nuf2-1, indicating it is necessary for proper cell division [47].

3. Spindle Assembly Checkpoint (SAC) Proteins

During cell division, the spindle assembly checkpoint (SAC) acts to maintain genome
stability by prolonging metaphase “stagnation” until all kinetochores correctly attach to the
microtubule spindle apparatus. Once all kinetochores become stably attached to spindle,
the SAC is inactive, which allows chromosome segregation and cell division to proceed.
The SAC core proteins, including monopolar spindle 1 (MPS1), budding uninhibited by
benomyl (BUB: BUB1, BUB3), BUB1-related protein 1 (BUBR1, also called MAD3), and
mitotic arrest deficient (MAD: MAD1, MAD2) have been identified in divergent branches
of the eukaryotic kingdom, including yeast, animals, and plants (Table 1); for reviews
see [48,49]. Therefore, it seems that the SAC appears to be an ancient control mechanism [50].
In mitosis and meiosis, the regulatory mechanisms of the SAC proteins and the relationship
between them have all been well studied [51–53]. Here, we will focus on the plant SAC
proteins for their mechanisms during meiosis.

3.1. MPS1 Protein

MPS1 protein was originally found in yeast and identified as a kinase [65,66]. MPS1
orthologues can be identified in all supergroups of eukaryotes and in metazoan, with the
exception of nematodes [67]. MPS1 protein as an upstream SAC regulator initiates SAC sig-
naling, which has been proven in yeast [68] and human cells [69–72]. MPS1 phosphorylates
Spc105/KNL1 at several phosphorylation sites to start a biochemical cascade that recruits al-
most all other SAC components directly or indirectly to kinetochores and monitors accurate
chromosome alignment [69,73–76]. In recent years, the function of MPS1 protein in plant
meiosis has been released. Like yeast [77], Drosophila [78,79], and mice [80], a mutation
of MPS1 leads to chromosome mis-segregation and aneuploidy because of the precocious
entry into anaphase I with erroneous kinetochore attachments in Arabidopsis, which finally
leads to male and female gametophyte abortion [54]. Moreover, MPS1(AtPRD2) is involved
in the formation of double strand break (DSB) and spindle structure during meiosis in
Arabidopsis [55]. However, the rice OsPRD2 does not participate in spindle assembly during
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meiosis I but shows a conservative role in the meiotic DSB generation [56,57]. Consistent
with other DSB defective mutants, later synapsis and recombination were disrupted in
osprd2 [57]. This indicates that the function of MPS1(PRD2) is different among plant
genomes of different lineages; further studies need to be explored in different plants.

Table 1. List of SAC and CPC proteins in plant meiosis.

Name Homologs Protein Function or Feature Mutant Phenotype Reference

SAC proteins

MPS1 AtMPS1
(Arabidopsis) required for faithful chromosome segregation

chromosome mis-segregation;
aneuploidy; precocious into

anaphase I
[54]

AtPRD2 (Arabidopsis) involves the formation of DSB and
spindle structure

gametophytes aborted; abnormal
meiosis products [55]

OsPRD2 (Rice) meiotic DSB formation male and female completely sterile;
twenty-four univalent [56,57]

BUB1 BRK1
(Rice)

proper tension between
homologous kinetochores

precocious separations of sister
chromatids; sterile tetrad [58]

ZmBUB1
(Maize) Bub1-mediated phosphorylation of H2AThr133 decline of anther fertility [59]

BUB3 ZmBUB3
(Maize) located at the kinetochore [59]

MAD2 MAD2
(Maize)

at centromere; relates to the distance
between kinetochores [60]

CPC proteins

Aurora α-Aurora β-Aurora
(Arabidopsis) catalytic subunit of the CPC microsporogenesis and defects in

polyploid and aneuploid offspring [61,62]

INCENP WYR (Arabidopsis) involved in cell cycle control defects in gametophyte cell
division and development [63]

Borealis BORR (Arabidopsis) required for proper chromosome segregation
and cell division

undeveloped ovules, aborted
seeds and embryonic defects [64]

3.2. BUB Proteins

BUB proteins include BUB1 kinase (also called BMF1 in plants), BUB3, and an unusual
pseudo-kinase BUB1-related protein1 (BUBR1, also called MAD3). In yeast and mam-
mals, BUB1 localizes to kinetochores through the BUB3-binding domain. Although BUB1
homologs in plants have also been found, a BUB3-binding region named Gle2-binding-
sequence (GLEBS) domain is missing in all plant BUB1 proteins [58,81,82]. In fission yeast,
BUB1 is required for localization and the centromeric protection of cohesin subunit Rec8
during meiosis I, which may be because of the interaction between BUB1 and Shugoshin
(Sgo) [59,83,84]. It has been shown that the N-terminus of BUB1 is necessary for the tar-
geting of Sgo1 to centromeres and the protection of cohesion, whereas the C-terminal acts
together with Sgo2 to promote sister kinetochore co-orientation at the MI stage during
fission yeast meiosis [59].

In plants, rice brk1 (homologs of BUB1 in rice and located at the kinetochore) display a
sterile phenotype because of the precocious loss of sister chromatid cohesion at the onset
of anaphase I. Then, the tension between homologous kinetochore reduces, which finally
leads to a sterile tetrad phenotype [58]. In maize, the ZmBub1 RNAi transgenic line also
showed a decline of anther fertility to certain degrees [82]. Moreover, maize ZmBub1
can localize to metaphase I centromeric regions in sgo1 mutants [82], which suggests that
ZmBub1 localization to kinetochores is independent of ZmSgo1 during maize meiosis.
Furthermore, it has been shown that in maize afd1 (homolog of Rec8), mutant ZmBub1
is detectable during the entire meiotic division. Taken together, ZmBub1 recruitment is
Rec8- and Sgo1-independent [82]. However, Arabidopsis bub1 mutants are morphologically
similar to wild-type even under microtubule-destabilizing conditions [81].

The roles of Bub3 have been well studied in mouse oocytes, and similarity between
mammalian mitosis and meiosis has been illustrated [85]. Overexpression of Bub3 causes
meiotic arrest while depletion of Bub3 from kinetochores causes chromosome misalignment
and abnormal polar body extrusion, leading to aneuploidy [85]. In plants, three homologs
of BUB3: BUB3.1, BUB3.2, and BUB3.3 have been identified in Arabidopsis, and they all
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contain WD40 repeats which are required for mitotic checkpoint complex formation [86,87].
BUB3.1 and BUB3.2 show 88% sequence similarity, and BUB3.3 only shares 37% amino
acid identity with BUB3.1 and BUB3.2 [87]. In Arabidopsis, the localization pattern of
BUB3.1:GFP and BUB3.2:GFP are present at the kinetochores in mitotic cells, BUB3.3:GFP
is present in the cytoplasm, indicating a plant specific accumulation pattern that does not
correspond to established SAC function in animal and yeast cells [88]. In Arabidopsis, loss of
BUB3.1 function leads to embryonic lethality, bub3.2 mutants do not exhibit any defects, and
there is missing information about bub3.3 mutants [87–89]. In maize meiosis, BUB3 signals
were determined by immunostaining, which appeared first as weak signals in interphase
and then became stronger through prophase I. The signals persisted at the kinetochores
throughout meiosis I and II [82].

MAD3/BUBR1 is a paralogous protein of BUB1 and contains a MAD3/BUB1 domain, a
GLEBS domain, and an inactive pseudo-kinase domain. MAD3/BUBR1 has been identified
in yeast [90], Drosophila [90,91], a mouse [92], and plants [93]. In a mouse [92,94] and
mice [95], BubR1 depletion by RNAi accelerated meiotic progression, and overexpression
of BubR1 caused meiotic arrest. Moreover, cold treatment disrupted spindle microtubules
in BubR1-depleted oocytes, suggesting that BubR1 monitors kinetochore–microtubule
attachments [92]. Furthermore, BubR1 is essential for maintaining sister chromatid cohesion
during meiotic progression in both sexes in Drosophila [96]. Two MAD3/BUBR1 homologs
(called MAD3.1 and MAD3.2) have been found in Arabidopsis and maize; they all lost their
GLEBS domain and pseudo-kinase domain (Review in [93]). MAD3.1 (also called BMF2 in
plants) localizes to kinetochore under microtubule-destabilizing conditions. In addition,
in MAD3.1 and MAD3.2 (also called BMF3 in plants), direct interaction was observed
at kinetochores, indicating that the interaction only occurs when the SAC is active [97].
However, their function in meiosis is still unclear in plants.

3.3. MAD Proteins

MAD proteins, including MAD1 and MAD2, have been identified in almost all eukary-
otes. The kinetochore localization of MAD1 has not been reported, but MAD2 homologs
have been shown to strongly accumulate at kinetochores under microtubule-destabilizing
conditions in Arabidopsis, maize, and wheat [97,98]. Under SAC-activated conditions,
MAD1 localizes predominantly to unattached kinetochores and recruits MAD2 to form the
MAD1–MAD2 complex. MAD1 is a coiled-coil protein with a MAD2 interaction motif; the
MAD1–MAD2 interaction has been confirmed by gel filtration and co-immunoprecipitation
experiments in budding yeast [99]. The loss of MAD1 causes chromosome dislocation
and premature entry into anaphase I in yeast [100], Caenorhabditis elegans [101], and a
mouse [102]. In Arabidopsis, localization of MAD1 to the nuclear periphery was also ob-
served, but the relationship between SAC components and DNA repair has not been
studied yet [103]. Interestingly, it has been shown that Arabidopsis MAD1 regulates flower-
ing time and endo-polyploidization, suggesting that MAD1 is involved in cell cycle control
in the timing of reproductive transition [104].

MAD2 was reported to localize to kinetochores during meiosis in a mouse, a rat,
maize, and a grasshopper [60,105–107]. However, the patterns of MAD2 dynamics are
different among species. Specifically, in meiosis I of maize, MAD2 localizes to unattached
kinetochores. After proper attachment, it is lost from the kinetochores, indicating that
MAD2 may sense microtubule attachment [107]. However, in mouse spermatogenesis,
MAD2 is shown to remain at most kinetochores throughout meiosis I and is lost only
during metaphase of meiosis II. The persistence of MAD2 at kinetochores in oocytes
was seen during meiosis II [105]. It has been shown that MAD2 is a key SAC protein
involved in the regulation of meiotic chromosome segregation. In the absence of MAD2,
the meiotic cells showed similar defects as MAD1 mutants during meiosis I in yeast and a
mouse [108–110]. In maize, the loss of MAD2 staining in meiosis was not correlated with
initial microtubule attachment but was correlated with a measure of tension: the distance
between homologous or sister kinetochores (in meiosis I and II, respectively). After the
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staining of tension-sensitive 3F3/2 (the 3F/2 antibody recognizes a phosphor-epitope that
is localized to prometaphase kinetochores until the chromosomes have aligned properly at
the metaphase plate), phosphor-epitope was present and absent concomitantly with MAD2
at the meiotic kinetochores [107].

4. Chromosomal Passenger Complex (CPC) Proteins

Accurate chromosome segregation to avoid chromosomal instability and aneuploidy
is guaranteed by the SAC. The loading and function of SAC at the kinetochores depend
on a few complexes, especially the chromosome passenger complex (CPC). Thus far, core
enzyme Aurora kinase and three non-enzymatic kinases including inner centromere protein
(INCENP), Borealin, and Survivin in CPC proteins have been identified in most organisms
(Table 1). CPC components are preferentially populated in the centromere area (reviewed
in [111]), and CPC is known in correcting kinetochore–microtubule attachments [112,113],
activating the SAC complex [112], stabilizing the spindle midzone [113,114], and promoting
cytokinesis [115] during cell division. Aurora B is the core component in CPC. The N-
terminus of auroraB kinase binds to the C-terminus of INCENP, while Survivin and Borealin
bind the N-terminus of INCENP (Figure 2).

4.1. Aurora Kinase

The Aurora kinases are a family of highly conserved serine/threonine kinases.
Yeasts, including Saccharomyces cerevisiae and Schizosaccharomyces pombe, contain a single
Aurora homolog, Ipl1p (increase in ploidy 1) [116] and Ark1 (Aurora-related kinase 1,
an Aurora-B-like kinase) [117], respectively. At least two functionally divergent Aurora
members of the multicellular eukaryotes are present: Aurora A and Aurora B. Mam-
mals can have up to three Aurora genes: Aurora A, B, and C [118]. In plants, three
homologs of Aurora categorized into two groups were identified in Arabidopsis and
rice: α-Aurora (AUR1 and AUR2, similar to Aurora A in mammals and locates to the
spindle microtubule), β-Aurora (AUR3, similar to Aurora C in mammals and locates to
the kinetochore) [61,62,119]. It has been shown that Aurora kinases play an important
role in centrosome maturation, spindle assembly, meiotic maturation, and metaphase I
spindle orientation [120], as well as regulate SAC activity [121], control the kinetochore
orientation during meiosis [122], and function specifically in meiotic spindle attachment
in oocytes [123] and during spermatogenesis [124].

It has been shown that all three AtAurora kinases localize to male and female game-
tophytes, suggesting a possible prominent function during plant meiosis. In contrast to
yeast and animals, the role of plant Aurora kinases in meiosis is only starting to emerge. In
Arabidopsis, the reduced activity of Aurora kinases (AtAurora1, −2, −3) leads to meiotic
defects and the formation of unreduced pollen including plants with an increased ploidy
level [125,126]. This not only reduces expression of Aurora kinases but also overexpression
results in genomic instability [125]. In Arabidopsis, overexpression of any member of the
AtAurora family is not possible (overexpression of untagged AtAurora kinases is detrimen-
tal for plant development), so only plants with tagged [GFP, tandem affinity purification
(TAP) tag] or truncated forms of Aurora kinases can be expressed. This indicates that
the activity of Aurora kinases is affected by the affinity tag, making their overexpression
possible for plants [125]. Arabidopsis 35S::AtAurora1-TAP transformants showed increased
endopolyploidization, disturbed meiosis, and the formation of small amounts of tetraploid
seeds [125]. Overexpression of truncated AtAurora1 resulted in an imbalanced segregation
of chromosomes during meiosis and the formation of 39% aneuploid seeds [125]. Thus,
in plants, balanced expression of Aurora kinases is essential for the proper execution of
mitotic and meiotic divisions, and therefore for overall growth and development [125–127].
Analysis of aurora1 aurora2 double mutants and Ataurora3 RNAi transformants in the
aurora1 mutant background showed that they exhibited disturbed meiosis and form triploid
or a combination of triploid and tetraploid seeds, respectively [125].
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4.2. Other CPC Components

INCENP is the largest non-catalytic subunit of the CPC, which binds to all other CPC
components directly in yeast and animals. The N-terminal region of INCENP interacts with
Borealin and Survivin, while the C-terminal domain, called the IN-box, with four amino
acid residues binds to Aurora B [128,129]. Like yeast and animals, a putative Arabidopsis
ortholog of INCENP, named WYR, contains a characteristic C-terminal domain and a
coiled-coil domain; an IN-box aurora B-binding domain has been identified as well. In
addition, Arabidopsis WYR has a long N-terminal region of unknown function, which is
only conserved in plants [130]. In general, INCENP functions in the CPC complex to
regulate cell cycles, including chromosome segregation, the spindle assembly checkpoint,
and cytokinesis [64]. However, in plants, it is still unclear if INCENP acts as a putative
plant CPC because of missing information about its CPC binding partners. WYR has been
found to play a role in meiosis; Arabidopsis wyr-1/+ produces dyads and triads in male
sporogenesis, indicating the failure of chromosome segregation (meiotic non-reduction)
during meiosis [130].

N-terminal Borealin acts as the INCENP-binding region, while its C-terminal part
consists of a homodimerization domain that is involved in stable CPC localization to
centromeres [63]. The location of the CPC complex on the chromosomes depends on
the phosphorylation status of the histones during mitosis and meiosis [131]. BOREALIN
RELATED (BORR, Borealin homolog in Arabidopsis) has been identified in Arabidopsis
and in most branches of the plant kingdom, which co-localizes with INCENP homologs
to the central region of the kinetochore and the film-forming body during mitosis and
meiosis [130]. BORR is required for proper chromosome segregation during cell division in
Arabidopsis and is strongly expressed not only in proliferating cells but also in flowering
tissues, including male and female reproductive organs [129]. Borr mutants showed lagging
chromosomes and abnormal cell division, resulting in undeveloped ovules, aborted seeds,
and embryonic defects [129], indicating its role in meiosis.

In yeast and animals, Aurora, INCENP, and Borealin, together with Survivin, form the
CPC complex [111]. However, Survivin is still missing from the picture in plants, raising
the question whether complete and functional canonical CPC exists in plants. In a recent
report, Komaki, S. et al. identified Arabidopsis BOREALIN RELATED INTERACTOR 1 and
2 (BORI1 and BORI2) as redundant Survivin-like proteins in the context of the CPC in
plants [132]. In rat and mouse oocytes, Survivin is a critical regulator of spindle assembly
checkpoint activity and chromosome alignment during meiosis [133,134]. However, it is
not yet clear whether BORI1 and BORI2 function in plant meiosis.

In total, little is yet known about the role of plant CPC complex, especially in meiosis.
Further genetic and biochemical analysis is needed to confirm plant CPC components and
to understand their roles in meiosis.

5. Centromeric Cohesion in Meiosis

To ensure that each gamete receives only half the number of parental chromosomes,
meiocytes undergo a reductional division separating parental homologs during meiosis I.
The kinetochores of sister chromatids fuse and then point toward the same direction
(mono-orientation) in meiosis I (Figure 1), allowing homologous chromosomes to correctly
segregate to different sides [135,136]. This is partly mediated by sister chromatid cohesion.
The cohesin complex forms a ring-like structure that comprises four main subunits: struc-
tural maintenance of chromosomes 1 (SMC1) and SMC3 protein, and the α-kleisin SCC1
(also called RAD21 or REC8) and the SCC3 proteins [137–141]. Studies demonstrated that
SCC1 is acting on the mitotic cohesin complex and is replaced during meiosis by REC8 in
almost all eukaryotes [142–144].

5.1. Sister Chromatid Cohesion

In meiosis I, to make sure homologous chromosomes segregate, sister kinetochores of
each homolog have to face toward the same spindle pole. Therefore, sister chromatid cohe-
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sion must be released in two steps: in meiosis I, loss of cohesion at the chromosome arm
releases chiasmata and enables the reductional segregation [142,145]. Moreover, the cohe-
sion in the centromeric region is retained until metaphase II, which ensures the segregation
of sister chromatids during anaphase II [146]. Mutants of Rec8 lead to cohesion protection
defect at the centromeric region, which has been proven in many organisms [135,146–149].
Moreover, SMC1 and SMC3 are the vital cohesin proteins during meiosis, and AtSMC3
exists in the cytoplasm and nucleus and the chromosome and nuclear matrix in Arabidopsis
in meiosis and mitosis cells. During meiosis, at the prophase of meiosis, AtSMC3 was
located along the sister chromatids to the axial and lateral elements, and at metaphase I,
AtSMC3 was only located in the centromere [150]. Interestingly, tomato SMC1 and SMC3
show similar positioning modes to AtSMC3, but no spindle position was recorded in
tomatoes [151]. This indicates that the function of plant cohesin subunits is consistent with
other eukaryotic organisms in meiosis (a detailed review of plant cohesin in meiosis can be
found in [127,140,152–154]).

5.2. Mono-Orientation

In the last two decades, several meiosis-specific proteins, including budding yeast
Spo13 [155], fission yeast Moa1 [156], mouse MEIKIN [157], and Drosophila Mtrm [158],
have been identified with crucial functions in mono-orientation. These proteins, so-called
meiosis I kinase regulators (MOKIRs), mediate the segregation of homologous chromo-
somes (mono-orientation). The MOKIRs bear no obvious sequence similarity, although
their functions are conserved. However, MOKIRs are missing from the picture in the plants,
raising the intriguing possibility that MOKIRs have been lost in the green lineage and that
the plant meiosis mono-orientation is regulated by different mechanisms. It has been sug-
gested that kinetochore mono-orientation also depends on Rec8 in many species, including
yeasts [159], C. elegans [160], Drosophila [161], and plants [135,162,163]. In plants, mutants
of meiosis-specific α-kleisin Rec8 homologs, including Arabidopsis SYNAPSIS1(syn1--also
called DETERMINATE INFERTILE1, dif1) [141,164,165], rice osrad21-4 [163,166], and maize
afd1 (absence of first division) [167] exhibit an equational segregation of chromosomes at
metaphase I. In addition to REC8, SCC3 is a desired protein for the mono-orientation during
meiosis I [168]. Through a blast search of SCC proteins of many species, its homologous
protein AtSCC3 was found in Arabidopsis, which involves the male and female meiosis, and
its disruption causes the early release of cohesion at anaphase I [135,169].

5.3. Cohesin Protectors

Shugoshins (SGOs, which means ‘guardian spirit’ in Japanese) were firstly identified in
Drosophila (MEI-S332) [170], and successively described in yeast, mammals, and plants [171].
A conserved feature of shugoshin proteins is their localization to pericentromeres during
meiosis I, consistent with their role in protecting cohesion in this region [170,172–178].
Research in yeast and vertebrates has shown that SGO is phosphorylated by kinase Aurora
B and binds as a homodimer with protein phosphatase 2A (PP2A). Then, the complex
dephosphorylates the cohesion subunit REC8 to protect it from separase (cysteine protease)
during meiosis [179–182]. There are differences in both amino acid sequences and certain
accessory functions among SGOs from different species [183,184]. The organisms including
fission yeast, plants, and mammals contain two shugoshin-like proteins (Sgo1 and Sgo2,
acting differently in mitosis and meiosis I), in contrast to budding yeast and Drosophila,
which only contain a single shugoshin protein Sgo1 [170,173]. Sgo1 is predominantly
responsible for the protection of centromeric cohesion during meiosis in fission yeast and
plants [173,176,183,185], whereas Sgo2 carries out this function in mammals [178]. The role
of SGO has been identified in Arabidopsis, maize, and rice, and the sgo1 mutants show the
precocious separation of sister chromatids due to loss of centromeric cohesion at anaphase I,
producing unbalanced chromosomes at MII [176,183–186]. Furthermore, in Arabidopsis,
atsgo1 atsgo2 double mutants showed that the frequency of unbalanced meiotic products
had significantly increased compared with the single atsgo1 mutant [176,184–186].
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Moreover, a plant-specific protein PATRONUS1 (PANS1,) has been identified in Ara-
bidopsis [184,185]. Similar to SGOs, PANS1 is not required for monopolar attachment of
sister kinetochores in meiosis I. However, in contrast to the SGOs, pans1 meiocytes show
a premature release of sister chromatid cohesion at metaphase II but not at meiosis I,
indicating that the protein is required for the protection of cohesion during interkinesis,
at a later stage than SGOs [184,185]. PANS1 may be a regulator of the APC/C complex
because of the interaction with some of the APC/C subunits revealed by TAP-TAG and
Y2H experiments [184]. In rice and wheat, there are also PANS1 similar proteins identified,
named RSS1 and TdRL1, respectively [187–189]. However, the mechanism of PANS1 is
still unclear.

6. Concluding Remarks and Perspective

In plants, altered expression of key meiotic regulators at kinetochores results in im-
paired meiotic divisions followed by the formation of aneuploid or polyploid progenies.
For example, manipulating Aurora kinase activity by Aurora inhibitors efficiently resulted
in the formation of aneuploids and polyploids [125]. This observation is interesting from an
evolutionary point of view because it can be assumed that, during evolution, the influence
of biotic and abiotic factors on the activity of meiotic genes resulted in the formation of
aneuploids or polyploids that served as a basis for the formation of new species. In addition,
this knowledge can be used for applied research because manipulating key meiotic genes
can efficiently result in apomixis and the induction of haploids. For example, inactivating a
few key meiotic genes including Rec8 activity can induce apomixis into rice [3] and breed
seedless watermelon varieties [7]. In addition, it has been demonstrated that modulation
of CENH3 can introduce haploids in Arabidopsis [190,191] and in crop species such as
maize [192], wheat [193], and barley [194]. Detailed studies in this direction might help in
understanding the problem of plant genome stability. Compared with animal and yeast
kingdoms, many of the meiotic studies regarding the kinetochore perspective in plants
have just started. The presence of numerous plant-specific phenotypes in kinetochore mei-
otic regulator mutants, in contrast to the observed functional divergence between animal
homologs, makes it intriguing to further unravel these key kinetochore meiotic regulators
in meiosis.
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