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Recent advances in plant
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Institute for Advanced Research, Nagoya University, Nagoya, Japan, 2Department of Biological Science,
Graduate School of Science, Nagoya University, Nagoya, Japan

Faithful chromosome segregation is crucial for cell division in eukaryotes,
facilitated by the kinetochore, a multi-subunit protein complex that connects
chromosomes to the spindle microtubules. Recent research has significantly
advanced our understanding of kinetochore function in plants, including
surprising findings about spindle assembly checkpoint, the composition of the
inner kinetochore and unique kinetochore arrangement in holocentric Cuscuta
species. Additionally, some kinetochore proteins in plants have been implicated in
roles beyond chromosome segregation, such as cytokinesis regulation and
involvement in developmental processes. This review summarizes recent
insights into plant kinetochore biology, compares plant kinetochores with
those of animals and fungi, and highlights key open questions and potential
future directions in the field.
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1 Introduction

The kinetochore is a macromolecular protein complex that acts as an adapter between
chromosomes and spindle microtubules. The kinetochore is typically divided into two
regions: the inner kinetochore, which binds to the centromeric DNA, and the outer
kinetochore, which interacts with microtubules (Musacchio and Desai, 2017; Ariyoshi
and Fukagawa, 2023). Proper kinetochore attachment to the microtubules is monitored by
the Spindle Assembly Checkpoint (SAC), which delays anaphase by inhibiting the
anaphase-promoting complex/cyclosome (APC/C) until proper attachment and
alignment are achieved, thereby ensuring accurate chromosome distribution to daughter
cells (Komaki and Schnittger, 2016; McAinsh and Kops, 2023).

Centromere identity is typically defined by the presence of an epigenetic marker: a
centromere-specific variant of histone 3, known as CENH3 or CENP-A (CENPA). Research
on plant centromeres has gained significant traction in recent years, due to its practical
relevance for plant breeding, including haploid induction via centromere-mediated genome
elimination (Marimuthu et al,, 2021; Quiroz et al., 2024) and the design of stably inherited
synthetic chromosomes (Puchta and Houben, 2024; Wang et al., 2024). Several reviews
highlighting advances in plant centromere research have been recently published (Chandra
et al., 2024; Naish and Henderson, 2024); therefore we do not focus on centromeres or
centromeric histone in this manuscript. Here, we summarize recent discoveries in plant
kinetochore research across various species, compare them with animal and fungal
kinetochores, and discuss unanswered questions in the field.
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TABLE 1 Kinetochore and kinetochore-related proteins in plants.

Gene alias
used in
this review

Alias decoding

Other
common
aliases

Description/
function

Accession
number (A.
EIEE))

Accession
number (P.
patens)

10.3389/fcell.2024.1510019

References (only
plants)

CENH3 centromeric histone H3 CENP-A centromere/nucleosome AT1G01370 Pp3cl_20640 Chandra et al. (2024) and
Naish and Henderson (2024)
CENP-C centromere protein C inner kinetochore, AT1G15660 Pp3c2_32580 Ogura et al. (2004), Nagaki
CCAN et al. (2009), and Du et al.
(2010)
CENP-O centromere protein O inner kinetochore, AT5G10710 Pp3c5_16590; Kozgunova et al. (2019)
CCAN ? Pp3c6_9310
CENP-S centromere protein S MHF1 FANCM pathway, inner AT5G50930 Pp3c2_1780 Singh et al. (2010), Dangel
kinetochore, CCAN ? et al. (2014), Girard et al.
CENP-X centromere protein X MHF2 AT1G78790 Pp3c15_7370 (2014), Kozgunova et al.
(2019), and Li et al. (2023)
CENP-U centromere protein U BIN4, MID, topoisomerase VI AT5G24630 Pp3cll_21910; Breuer et al. (2007) and Kirik
MIDGET complex, inner Pp3c7_3940 et al. (2007)
kinetochore, CCAN ?
KNL1 kinetochore-null protein 1 KNL complex, central/ AT2G04235 Pp3c6_1750 Su et al. (2021), Deng et al.
outer kinetochore (2024a)
ZWINT ZW10 interacting KNL complex, central/ AT3G23910 Pp3cl2_25780; Neumann et al. (2023)
kinetochore protein outer kinetochore Pp3c4_4010
Mis12 minichromosome Mis12 complex, central/ AT5G35520 Pp3c2_13760 Sato et al. (2005) and Nagaki
instability 12 outer kinetochore et al. (2009)
Nnfl Necessary for Nuclear PMF1 AT4G19350 Pp3c23_7640 Allipra et al. (2022)
Function 1
Nsll Nnfl Synthetic Lethal
Dsnl Dosage Suppressor of AT3G27520 Pp3c3_35410;
Nnfl Pp3c8_2210
KAK1 Kinetochore-Associated kinesin 7, Outer kinetochore, At1859540 Pp3c6_21870 Hoopen et al. (2002), Miki
Kinesin 1 CENP-E microtubule biding et al. (2014), and Tang et al.
(2024)
Ndc80 nuclear division cycle 80 HEC1 Ndc80 complex, outer AT3G54630 Pp3c7_8870; Du and Dawe (2007) and Li
kinetochore, Pp3cl11_11580 et al. (2021)
microtubule binding
Nuf2 nuclear filament- AT1G61000 Pp3cl12_6220 Li et al. (2021)
containing protein-2
Spc24 spindle pole MUNI1 AT3G08880; Pp3c4_17930 Shin et al. (2018)
component 24 AT5G01570
Spc25 spindle pole AT3G48210 Pp3c8_1270; Li et al. (2021)
component 25 Pp3c3_37370
SKA1 spindle and SKA complex. outer AT3G60660 Pp3c6_12030 Kozgunova et al. (2019)
kinetochore-associated 1 kinetochore,
microtubule binding
SKA2 spindle and AT2G24970 Pp3cl17_11010;
kinetochore-associated 2 Pp3c14_9080
SKA3 spindle and AT5G06590 Pp3c26_10880;
kinetochore-associated 3 Pp3c4_24350
Aurora3 Aurora kinase 3 AUR3 Chromosome Passenger AT2G45490 Demidov et al. (2005)
Complex (CPC)
BORR BOREALIN RELATED Borealin AT3G02400 Pp3c20_6090 Komaki et al. (2020)
INCENP Inner centromere protein AT5G55820 Pp3cl_42830
BORI1 BOREALIN RELATED FHA3 AT3G02400 Pp3c19_11080 Komaki et al. (2022)

INTERACTOR 1
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TABLE 1 (Continued) Kinetochore and kinetochore-related proteins in plants.

10.3389/fcell.2024.1510019

Gene alias Alias decoding Other Description/ Accession Accession References (only
used in common function number (A. number (P. plants)
this review aliases thaliana) patens)
BORI2 BOREALIN RELATED AT4G14490 Pp3c18_4140
INTERACTOR 2
Mpsl MonoPolar Spindle Spindle Assembly AT1G77720 Pp3c6_320; Lermontova et al. (2008),
Checkpoint (SAC) Pp3c16_20900 Caillaud et al. (2009), Ding
etal. (2012), and Komaki and
MADI Mitotic Arrest-Deficient 1 NES1 AT5G49880 Pp3cl7_20400 Schnittger (2017)
MAD2 Mitotic Arrest-Deficient 2 AT3G25980 Pp3c4_13910
BMF1 BUB1/MAD3 FAMILY 1 BUBI1 AT2G20635 Pp3c20_12130
BMF2 BUB1/MAD3 FAMILY 2 BUBR1/MAD3 AT2G33560 Pp3c24_5040
BMF3 BUB1/MAD3 FAMILY 3 BUBRI/MAD3 At5g05510
BUB3; 3 Budding Uninhibited by At1g69400 Deng et al. (2024b)
Benzimidazole
BUB3; 1 Budding Uninhibited by Phragmoplast At3g19590 Zhang et al. (2018)
Benzimidazole microtubule dynamics,
spindle assembly
BUB3; 2 Budding Uninhibited by checkpoint At1g49910
Benzimidazole

Bold text is used when protein function is supported by experimental evidence, italics is used when function based on homology contradicts or is not supported by experimental evidence.

Accession numbers refer to TAIR, database for A. thaliana and Phytozome for P. patens.

1.1 Unusual composition of the inner
kinetochore in plants

The inner kinetochore, also known as the Constitutive
Centromere-Associated Network (CCAN), comprises 16 subunits
in human cells. Recent studies in yeast and human cells have shown
that CENP-LN serves as the primary DNA-binding module, with
other CCAN subunits enhancing DNA binding. CENP-C acts as a
critical linker, connecting CCAN to CENP-A and the centromere
(Musacchio and Desai, 2017; Yan et al., 2019; Pesenti et al., 2022). In
some species, the number of CCAN proteins is highly reduced; for
example, the inner kinetochores of C. elegans and D. melanogaster
consist only of CENP-A and CENP-C, with the latter directly linking
the centromere to the outer kinetochore (Drinnenberg et al., 2016).

In plants, homologues of the CCAN subunits CENP-C, CENP-
0, CENP-S (MHF1), CENP-X (MHF2), and CENP-U (BIN4) have
been identified (Table 1). In Arabidopsis CENP-C was shown to co-
localize with the 180 bp centromeric regions of chromosomes
throughout the cell cycle (Ogura et al., 2004). Another study
combining biochemistry and in vivo analysis demonstrated that
CENP-C binds DNA through a specific 122-amino-acid region in
maize, with binding affinity enhanced in the presence of small
single-stranded centromeric RNAs (Du et al, 2010), suggesting
centromeric ssSRNA may have a potential role in augmenting
kinetochore formation. Another study has also demonstrated that
the y-tubulin complex protein 3-interacting proteins (GIPs),
GIP1 and GIP2, are involved into the recruitment of both
CENH3 and CENP-C to the centromeres
et al.,, 2015).

Information about whether other CCAN proteins beside CENP-
C play a role in plants’ kinetochore formation and cell division

(Batzenschlager

remains limited. CENP-U homologue is known as BIN4 or
MIDGET, a part of the topoisomerase VI complex in plants.
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Mutations in BIN4 affect endoreduplication and produce
brassinosteroid-insensitive dwarves with no known implications
for kinetochore assembly or cell division (Breuer et al, 2007;
Kirik et al., 2007). In human cells, CENP-U, as a part of CENP-
OPQUR complex, recruits Polo-like kinase 1 (PLK1) to the
kinetochore (Chen et al.,, 2021; Nguyen et al., 2021; Singh et al,,
2021); the divergent role of the plant CENP-U is consistent with the
absence of PLKI in plant genomes.

CENP-S (MHF1) and CENP-X (MHF2) have been identified
through genetic screening in Arabidopsis as factors that limit
crossovers during meiosis (Girard et al, 2014), with similar
results later shown in rice (Li et al, 2023). Another study has
shown that MHFI also works in the interstrand cross-link repair
and is necessary for efficient homologous recombination (HR) in
somatic cells (Dangel et al., 2014). A screen of kinetochore proteins
in the bryophyte Physcomitrium patens (Physcomitrella) discovered
that in moss cells, CENP-O, CENP-S, and CENP-X do not localize
to kinetochores. Surprisingly, despite CENP-Xs lack of kinetochore
localization, its knockdown via inducible RNA interference leads to
chromosome missegregation defects during mitosis, resembling the
phenotypes seen after knockdown of other kinetochore proteins
(Kozgunova et al, 2019). Overall, the function of CENP-S and
CENP-X in DNA repair and restricting meiotic crossovers appears
to be highly conserved among eukaryotes (Singh et al., 2010), while
their role in the inner kinetochore in plant cells remains ambiguous
and calls for further investigation.

1.2 Outer kinetochore proteins in plants

The outer kinetochore connects the inner kinetochore to
microtubule
depolymerization to move chromosomes. Known as the KMN

microtubules,  transmitting  forces  from
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kinetochore (B) A color-coded model of kinetochore organization, showing centromere, inner kinetochore, outer kinetochore and regulatory proteins.

it the KNL1, Misl2, and
Ndc80 complexes, along with other important proteins like the

protein  assembly, includes
SKA complex. Unlike the reduced inner kinetochore, outer
kinetochore components
(Figure 1; Table 1).

The Mis12 complex (MIND complex in S. cerevisiae), comprised of
Mis12, Dsnl, Nuf2, and Nsl1 proteins, connects the inner and outer
kinetochores by binding to CENP-C through Mis12 subunit, and the
Ndc80 complex through Nsll and Dsnl subunits, respectively

(Musacchio and Desai, 2017). In Arabidopsis, a homologue of

are mostly conserved in plants

Mis12 co-localize with centromeric repeats throughout the cell cycle
(Sato et al,, 2005). Knockout of Nnfl leads to embryonic lethality,
indicating that it is essential for cell division. Interestingly, ectopic
expression of GFP-Nnfl rescues this lethality in homozygous Nnfl—/—
mutants but results in dwarf plants, which is associated with decreased
levels of endogenous polyamines (Allipra et al., 2022). The same study
also suggested that the leucine zipper-like binding motif of Nnfl may
play a role in gibberellic acid (GA) metabolism. These findings highlight
the intriguing possibility that kinetochore proteins can have additional
functions beyond their roles in chromosome segregation.

The KNL1-ZWINT complex is known to recruits mitotic
regulators, including SAC proteins BUBRI and BUBI, to ensure
accurate chromosome segregation. KNLI features MELT-like motifs
that, when phosphorylated, serve as docking sites for BUBI.
However, in land plants, KNLI lacks MELT repeats (Tromer
2015), and the BUB1/MAD3 family has independently
evolved distinct structures compared to animals and yeast
(Komaki and Schnittger, 2016). This raises questions about how

et al,
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SAC proteins are recruited to the kinetochore and their binding
partners. A recent study on maize identified KNLI as a constitutive
kinetochore component with an important role in chromosome
segregation. A 145-amino acid region within maize KNL1 was found
to interact with SAC proteins BMF1 and BMF2, but not BMF3 (Su
et al,, 2021). Interestingly, this BMF-interacting region is conserved
in monocots but varies significantly in eudicots, suggesting different
modes of SAC-to-kinetochore connections across plant lineages.
This hypothesis was further confirmed in a study characterizing
KNL1 homologue in Arabidopsis. The knll null mutant is viable but
shows severe growth defects and chromosome missegregation
phenotype. In the mutant, the kinetochore localization of several
SAC components, including BUB3.3, BMF3, and MADI, is lost,
while BMF1 remains unaffected. The authors also identified a
eudicot-specific domain responsible for recruiting BUB3.3 and
BMF3 to the kinetochore. Cross-species rescue experiments
confirmed that KNLI from the dicot plant (tomato) could
recover the phenotype in the Arabidopsis knll mutant, but
KNLI from monocots (rice) or bryophytes (P. patens) could not
2024a). In animal cells, ZWINT recruits the RZZ
complex, which facilitates the localization of dynein and dynactin to
kinetochores. Neither dynein, dynactin, nor RZZ complex have been
identified in plants. However, potential ZWINT homologues have

(Deng et al,

been identified in Cuscuta and Arabidopsis, though their functions
remain uncharacterized (Neumann et al., 2023).

Accurate chromosome segregation depends on stable end-on
attachments between kinetochores and microtubules, with the
microtubules’ plus-ends embedded in the kinetochore. The

frontiersin.org
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Ndc80 complex, a heterotetramer of Ndc80 (HEC1), Nuf2, Spc24,
and Spc25, plays a crucial role in forming these attachments. The
N-terminal regions of Ndc80 and Nuf2 mediate microtubule
binding, while Spc24 and Spc25 connect to the Mis12 complex
(Musacchio and Desai, 2017). In Arabidopsis, null mutants of Spc24
(meristem unstructured-1, MUN1) and Nuf2 are embryonically
lethal, and all of Ndc80
centromeres/kinetochores throughout the cell cycle (Shin et al,
2018). A weak allele of MUNI displays stunted growth,
aneuploidy, and chromosome segregation defects and interaction

subunits complex localize to

of MUN1 with other Ndc80 complex components was confirmed
through yeast two-hybrid assays and co-immunoprecipitation,
establishing MUNI as a functional homologue of Spc24 (Shin
et al, 2018). Another study examined AtNuf2 role in partially
complemented nuf2 mutant seedlings, revealing mitotic defects
like aberrant spindle microtubules, chromosome bridges, and
lagging chromosomes (Li et al., 2021). In maize, a homologue of
Ndc80 is consistently present on kinetochores during the cell cycle
and located outside the inner kinetochore protein CENP-C during
meiosis (Du and Dawe, 2007).

In animal cells, CENP-E, also known as kinesin 7, is a motor
protein that plays an important role in chromosome congression
and SAC activation (Maiato et al, 2017). A study in P. patens
identifying kinesin7-IIT as a potential CENP-E due to its co-
localization with Mis12 (Miki et al., 2014), and another in barley
showing antibodies against Cpell and Cpel2 label centromeres on
mitotic chromosomes (Hoopen et al., 2002). This knowledge gap
was bridged by a recent study in Arabidopsis which identified
(KAK1) from the kinesin
7 family as a downstream target of BUB3.3 driving chromosome
congression (Tang et al.,, 2024).

kinetochore-associated kinesin 1

The SKA complex is another microtubule-binding kinetochore
subunit conserved in many eukaryotes. In the moss P. patens,
SKA1 and SKA2 proteins localize around the nucleus during
prophase and are recruited to kinetochores after nuclear envelope
breakdown. Knockdown of SKA1 leads to various chromosome
missegregation defects and mitotic delay, indicating its crucial role
in moss kinetochores (Kozgunova et al., 2019). While the SKA
complex is also present in angiosperms, no functional analyses have
been conducted to date.

1.3 Regulatory proteins: spindle assembly
checkpoint complex and chromosome
passenger complex

The spindle assembly checkpoint (SAC), composed of BUB and
MAD proteins, ensures that chromosomes are properly attached to
the spindle microtubules. In fungi and animals, at the start of cell
division, MAD1 and MAD?2 are recruited to kinetochores, followed
by BUBRI/MAD3, which associates with kinetochores through
interaction with the WD40 repeat protein BUB3. Together,
BUB3, BUBRI/MAD3, and MAD2 form the mitotic checkpoint
complex (MCC) with CDC20, the activator of the APC/C (Lara-
Gonzalez et al., 2021).

Although the core framework of SAC components is also
found in plants (Caillaud et al., 2009; Komaki and Schnittger,
2016), the BUBI/MAD3 family has

undergone several
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duplication events, evolving in a different way from Bubl and
BubR1/Mad3 in yeast and animal. In recognition of their
differences, new gene nomenclature has been established:
BUB1/MAD3 FAMILY 1 (BMF1) for BUB1, BMF2 for
MAD3.1, and BMF3 for MAD3.2 (Komaki and Schnittger,
2017). Surprisingly, the SAC significance in plant development
under normal conditions appears to be minor. This is supported
by the fact that homozygous DNA insertion mutants of all
putative core SAC genes could be isolated in Arabidopsis
(Ding et al., 2012; Komaki and Schnittger, 2017; Zhang et al,,
2018). Although the mutants are more sensitive to microtubule-
depolymerizing drugs, they grow similarly to wild-type plants
under normal conditions (Komaki and Schnittger, 2017). SAC
distinct from

BMF3
MAD2 show typical accumulation at kinetochores post-

proteins also exhibit localization patterns
mammalian and yeast cells; for example, and
nuclear envelope breakdown, while BMF1 and MPSI localize
to centromeric regions throughout the cell cycle. BUB3 proteins
display unique plant-specific localization: notably, BUB3; 1 and
BUB3; 2 are observed in the phragmoplast midzone during
cytokinesis (Komaki and Schnittger, 2017). Mutations in
BUB3; 1 were originally reported to cause embryonic lethality
(Lermontova et al., 2008); however a later study could isolate
both bub3;1 mutant and bub3;1/bub3;2 double mutant (Zhang
et al., 2018). BUB3; 1 and BUB3; 2 were shown to interact with
MAP65-3 and play a
microtubule dynamics by enhancing the binding of MAP65-3
to microtubules (Zhang et al., 2018). In Arabidopsis, BUB3; 3 is
detected at kinetochores throughout mitosis, and bub3;3 T-DNA
insertion mutants often exhibit misaligned chromosomes and
possess a non-functional SAC (Deng et al., 2024b). Another study

role in regulating phragmoplast

discovered that chromosome misalignment in BUB3.3-depleted
plants can be rescued by artificial tethering of KAK1 (kinesin-7)
to kinetochores, suggesting KAK1 as a downstream target (Tang
et al., 2024). Interestingly, the localization of SAC proteins,
including MPS1, MADI1, BMF2, and BMF3, was found to be
independent of BUB3; 3 recruitment to the kinetochore and vice
versa. However, the 3 and
BMF3 enables the downstream recruitment of CDC20 to
kinetochores (Deng et al., 2024b).

Another group of regulatory proteins which plays an important

interaction between BUB3;

role in correcting kinetochore-microtubule attachments is the
Chromosome Passenger Complex (CPC). The CPC resides
mostly on inner centromere and consists of four proteins: the
kinase Aurora B, INCENP, Borealin, and Survivin. In animal
cells, Aurora B destabilizes incorrect kinetochore-microtubule
attachments by selectively phosphorylating Ndc80 (Haase et al.,
2017; Trivedi and Stukenberg, 2020). Plants also possess CPC,
although with an altered composition. The homologue of Aurora
B in plants is encoded by the AURORA 3 (AUR3) gene, which
localizes to the centromeres and kinetochores (Demidov et al.,
2005). A plant homologue of INCENP was identified through the
study of the wyrd (wyr) mutant with abnormal ovule development
(Kirioukhova et al,, 2011). Further analysis revealed that both
INCENP and homologue of Borealin, BOREALIN RELATED
(BORR), localize to the centromere and kinetochore, similar to
AURB3. Frameshift mutations in BORR are lethal, and knockdown of
BORR compromises chromosome segregation and development

frontiersin.org
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(Komaki et al., 2020). Recently, two Survivin-like genes, BOREALIN
RELATED INTERACTOR 1 and 2 (BORII1 and BORI2), were also
identified in Arabidopsis. Loss of BORIs™ function is lethal, and
reduced expression of BORISs leads to severe developmental defects.
Similar to Survivin, BORIs are essential for targeting the CPC to
chromatin and bind to phosphorylated histone H3 through their
FHA domain (Komaki et al., 2022). Although CPC components
have been identified in plants, their role in correcting kinetochore-
microtubule attachments is still unclear, indicating a promising area
for future research.

1.4 Non-canonical kinetochores in the
Cuscuta parasitic plants

The plant kingdom includes both monocentric species with a
single centromere per chromosome and holocentric species with
centromere activity along the chromosome length (Chandra
et al., 2024; Naish and Henderson, 2024). The genus Cuscuta,
consisting of around 200 species of parasitic plants, includes both
monocentric and holocentric species. This diversity provides a
unique opportunity to investigate the changes associated with the
transition from monocentric to holocentric in a closely related
species. In the holocentric species Cuscuta europaea, two variants
of CENH3 are located in one to three discrete regions per
while the rest of the lack
CENH3 signals. Despite this distribution, spindle microtubules

chromosome, chromatin
attach uniformly along the entire length of the chromosomes,
including the CENH3-free areas. This raises the question of
whether CENH3 has lost its function or operates alongside an
alternative CENH3-free mechanism for kinetochore positioning
2020). The
accompanied by drastic

(Oliveira et al., transition to holocentric

chromosomes is changes in
kinetochore composition, most notably the loss of KNL2 and
several SAC genes, while CENP-C, KNLI, and ZWINT-1
homologues are truncated. Furthermore, in Cuscuta
epithymum, no CENH3 detected on the
chromosomes; consequently, the centromeric localization of
kinetochore proteins CENP-C, KNL1, Misl2, and Ndc80 is

disrupted (Neumann et al., 2023). This suggests that some

signal  is

holocentric Cuscuta species do not form a conventional
kinetochore and have either evolved unique kinetochore genes,
reminiscent of kinetoplastids (Akiyoshi, 2016), or developed
alternative kinetochore assembly mechanisms, like Lepidoptera
species utilize divergent CENP-T, instead of CENH3-CENP-C,
for kinetochore assembly (Cortes-Silva et al., 2020).

2 Discussion

Although the centromere/kinetochore tandem performs a
highly conserved function in eukaryotes, there is considerable
variability in centromeric repeats and kinetochore complex
composition across species (Roach et al., 2012). For instance,
the inner kinetochore in plants consists of only a few proteins
compared to the 16 subunits of the human CCAN. CENP-C
appears to be the most functionally conserved inner kinetochore
protein characterized across different plant species (Ogura et al.,
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2004; Nagaki et al., 2009; Du et al., 2010). While it is possible that
plants have lost many inner kinetochore components, like D.
melanogaster or C. elegans (Drinnenberg et al., 2016), another
possibility is that plants possess additional, yet-to-be-identified
proteins that contribute to the inner kinetochore structure. A
promising avenue for future studies would be to use co-
immunoprecipitation or proximity labelling techniques to
investigate the full composition of the inner kinetochore
in plants.

Recent studies have shown that differences in kinetochore
architecture and function exist even within the plant kingdom,
such as the unique evolution of KNLI and its interactions with
spindle checkpoint proteins, as well as the distinctive kinetochores in
Cuscuta species. In angiosperms, most outer kinetochore proteins
and several SAC proteins are constitutively observed on centromeres
throughout the cell cycle. In contrast, in the bryophyte P. patens,
only CENH3 and CENP-C remain on the centromere for most of the
cell cycle. The KNL1 and Misl2 complexes appear in prophase,
while the Ndc80 and SKA complexes are recruited only after nuclear
envelope breakdown, suggesting a time-dependent kinetochore
assembly. However, it remains unclear whether this localization
pattern is specific to P. patens or reflects a broader trend among non-
vascular plants.

Many aspects of microtubule binding by plant kinetochores also
remain uncertain. While key microtubule-binding proteins such as
CENP-E (KAKI1, kinesin-7), the Ndc80 complex, and the SKA
complex appear to be conserved, functional analyses of their
interaction with microtubules remain limited. Notably, a recent
study found that Arabidopsis Spc25 has a higher affinity for
microtubule binding compared to Nuf2 (Li et al., 2021), despite
Nuf2 and Ndc80 forming a microtubule-binding module in animal
kinetochores. Adding to the complexity, most SAC proteins, which
regulate mitotic delay until proper microtubule-kinetochore
attachments are established, are dispensable for plant
development under normal conditions—a sharp contrast to their
essential roles in animal cells. Could this dispensability of SAC be
explained by an exceptionally robust microtubule binding by plant
kinetochores?

While significant progress has been made in recent years, many
questions remain regarding the complexities of kinetochore
architecture and function in plants. The creation of hybrids and
synthetic chromosomes, both closely linked to centromere-
kinetochore function, are rapidly advancing fields that offer
strong motivation to continue studying plant kinetochores.
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