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The structure, function, and evolution of plant

centromeres

Matthew Naish and lan R. Henderson

Department of Plant Sciences, University of Cambridge, Cambridge CB2 3EA, United Kingdom

Centromeres are essential regions of eukaryotic chromosomes responsible for the formation of kinetochore complexes,
which connect to spindle microtubules during cell division. Notably, although centromeres maintain a conserved function
in chromosome segregation, the underlying DNA sequences are diverse both within and between species and are predom-
inantly repetitive in nature. The repeat content of centromeres includes high-copy tandem repeats (satellites), and/or spe-
cific families of transposons. The functional region of the centromere is defined by loading of a specific histone 3 variant
(CENH?3), which nucleates the kinetochore and shows dynamic regulation. In many plants, the centromeres are composed
of satellite repeat arrays that are densely DNA methylated and invaded by centrophilic retrotransposons. In some cases, the
retrotransposons become the sites of CENH3 loading. We review the structure of plant centromeres, including monocen-
tric, holocentric, and metapolycentric architectures, which vary in the number and distribution of kinetochore attachment
sites along chromosomes. We discuss how variation in CENHZ3 loading can drive genome elimination during early cell di-
visions of plant embryogenesis. We review how epigenetic state may influence centromere identity and discuss evolutionary
models that seek to explain the paradoxically rapid change of centromere sequences observed across species, including the
potential roles of recombination. We outline putative modes of selection that could act within the centromeres, as well as the
role of repeats in driving cycles of centromere evolution. Although our primary focus is on plant genomes, we draw com-
parisons with animal and fungal centromeres to derive a eukaryote-wide perspective of centromere structure and function.

During eukaryotic cell division, it is critical that each daughter in-
herits a balanced chromosome complement, which depends on
specialized regions called centromeres (Henikoff et al. 2001; Mc-
Kinley and Cheeseman 2016). Centromeres function to assemble
megadalton protein complexes, called kinetochores, that attach
the chromosomes to spindle microtubules and mediate segrega-
tion during cell division (Fig. 1A; McKinley and Cheeseman
2016; Musacchio and Desai 2017; Yatskevich et al. 2023). In the
majority of eukaryotes, the key determinant for the site of kineto-
chore assembly is an epigenetic mark: the presence of at least one
nucleosome containing a centromere-specific variant of histone 3,
called CENH3 in plants and CENPA (also known as CENP-A) in
mammals (Fig. 1A; Earnshaw and Rothfield 1985; Talbert et al.
2002; Allshire and Karpen 2008). In humans and yeast, the kinet-
ochore consists of approximately 30 core subunits, within which
CENP-A/Cse4 recruits the constitutive centromere-associated net-
work (CCAN) (Yu et al. 2000; Yan et al. 2019; Pesenti et al. 2022;
Yatskevich et al. 2022). CCAN forms the inner kinetochore, within
which the CENPC and CENPN subunits (also known as CENP-C
and CENP-N) directly contact CENP-A (Carroll et al. 2010; Yan
et al. 2019; Yatskevich et al. 2022). The CCAN complex also inter-
acts with the Knl1-Mis12-Ndc80 (KMN) outer kinetochore pro-
teins that mediate microtubule attachment (Fig. 1A; Musacchio
and Desai 2017; Yatskevich et al. 2023). Knowledge of centromere
identity and function is fundamentally important for understand-
ing cell biology and genome architecture across eukaryotes and has
applied relevance in the design of stably inherited synthetic chro-
mosomes (Birchler and Swyers 2020; Fachinetti et al. 2020). In
plants, centromere-mediated genome elimination also provides a

Corresponding author: irh25@cam.ac.uk

Article published online before print. Article and publication date are at https://
www.genome.org/cgi/doi/10.1101/gr.278409.123. Freely available online
through the Genome Research Open Access option.

powerful means for haploid induction, which has the potential
to accelerate crop improvement (Ravi et al. 2014).

Centromeres perform a deeply conserved function across eu-
karyotes, yet the associated DNA sequences are extremely variable
in size and structure, both within and between species (Malik and
Henikoff 2009; Rhind et al. 2011; Melters et al. 2013; Logsdon et al.
2023; Wlodzimierz et al. 2023b). For instance, the smallest centro-
meres, found in budding yeast, are ~120 bp (Fitzgerald-Hayes et al.
1982; Furuyama and Biggins 2007). These centromere sequences
support the loading of a single Cse4 (the CENH3 ortholog) nucle-
osome and assembly of a single kinetochore complex (Fitzgerald-
Hayes et al. 1982; Furuyama and Biggins 2007; Dendooven et al.
2023). In contrast, the centromeres of many plant and animal spe-
cies consist of megabase tandem repeat arrays that are the site of
multiple CENH3 nucleosomes and kinetochore complexes (Fig.
1B-D; Malik and Henikoff 2009; Melters et al. 2013; Naish et al.
2021; Altemose et al. 2022; Wlodzimierz et al. 2023b). A further ar-
chitectural distinction is seen in holocentric species, in which ki-
netochores load at multiple sites that are distributed along
individual chromosomes (Fig. 1F,G; Heckmann et al. 2013; Drin-
nenberg et al. 2014; Marques et al. 2015; Schubert et al. 2020; Hof-
statter et al. 2022; Kuo et al. 2023), with some species having lost
CENH3 or kinetochore proteins altogether (Drinnenberg et al.
2014; Neumann et al. 2023). This contrast between deep function-
al conservation during chromosome segregation and highly diver-
gent DNA sequences and protein components is termed the
centromere paradox (Henikoff et al. 2001; Malik and Henikoff
2009).

In this review, we focus on the structure, function, and evolu-
tion of plant centromeres and draw comparisons with animal and
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Figure 1. Plant kinetochores and centromere architecture. (4) A diagram of kinetochore structure highlighting known plant proteins, including CENH3
(Talbert et al. 2002), CENP-C (Dawe et al. 1999), MIS12 (Ravietal. 2011), KNL2 (Lermontova et al. 2013), NDC80 (Du and Dawe 2007), SPC24 (Shin et al.
2018), MAD2 (Yu et al. 1999), AUR3 (Komaki and Schnittger 2017), INCENP (Komaki et al. 2020), and BOREALIN RELATED (BORR) (Komaki et al. 2020). (B)
Representative cytological image of the A. thaliana chromosomes during segregation at metaphase (Naish et al. 2021). The DNA is stained with DAPI
(white), together with FISH for the CENT78 centromere satellite sequences (green), and Chromosome 1 BAC sequences (yellow) (Naish et al. 2021).
Scale bar, 10 um. (C) Arabidopsis male meiocyte at pachytene stage immunostained for the SMC3 cohesin (red) and stained for DNA (DAPI; blue)
(Lambing et al. 2020). FISH was performed against the CEN178 satellite sequence (green). Inset images show magnifications of a CENT78-positive region
(Lambing et al. 2020). Scale bar, 10 um. (D) Representing monocentric satellite architecture, a physical map of A. thaliana Chromosome 3 is shown, with
the location of the CENH3-occupied CENT78 array highlighted in blue (Naish et al. 2021). The name of the CENH3-occupied sequences (CENT78) is writ-
ten alongside in blue. A scale bar is provided indicating physical distance (megabases). (E) Representing monocentric retrotransposon architecture, a phys-
ical map of Triticum monococcum Chromosome 2A is shown (Ahmed et al. 2023), as in D. (F) Representing holocentric architecture, a physical map of
Rhyncospora pubera Chromosome 2 is shown (Hofstatter et al. 2022), as in D. (G) Representing holocentric architecture, a physical map of
Chionographis japonica Chromosome 2A is shown (Kuo et al. 2023), as in D. (H) Representing metapolycentric architecture, a physical map of Pisum sativa
Chromosome 6 is shown (Macas et al. 2023), as in D.

fungal genomes to highlight parallel themes and contrasting
modes of organization. We review the main architectural types
of plant centromeres and their epigenetic states, including pat-
terns of CENH3 nucleosome occupancy and DNA cytosine meth-
ylation. Finally, we consider the implications of centromere
genetic and epigenetic structure for the observed accelerated rates
of evolution within and between species, including the role of
recombination.

Monocentric satellite array architecture

Diverse plant species display a monocentric architecture, with a
single chromosome constriction observed at metaphase, which
contains the kinetochore(s) and attaches to spindle microtubules
(Fig. 1A-D; Malik and Henikoff 2009; Melters et al. 2013; Naish
et al. 2021). In monocentric plant genomes, the DNA sequences
underlying the centromeres are frequently composed of mega-

base-scale tandem repeat arrays (Malik and Henikoff 2009;
Melters et al. 2013; Naish et al. 2021). High-copy tandem repeats
are traditionally termed satellites, as following density gradient
centrifugation, the repeats form satellite bands owing to different
buoyant density compared with the bulk genomic DNA (Kit 1961;
Thakur et al. 2021; Altemose 2022). Typically, individual centro-
meric tandem repeat monomers are between 100 and 200 bp in
length and are each capable of hosting a single CENH3 nucleo-
some (Malik and Henikoff 2009; Melters et al. 2013; Zhang et al.
2013; Maheshwari et al. 2017). Monocentric satellite arrays, which
can contain in the range of 1000-10,000 of monomer repeats per
chromosome (Fig. 1B,C; Melters et al. 2013; Altemose et al. 2022;
Wlodzimierz et al. 2023b), create a DNA substrate with the poten-
tial to organize multiple CENH3 nucleosomes and kinetochore
complexes (Figs. 1A, 2). This architecture is termed regional orga-
nization, in contrast to the point centromeres of budding yeast
(Henikoff et al. 2001; Malik and Henikoff 2009).
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Our understanding of centromere tandem repeat arrays has
been limited in many species, as they could not be fully assembled
using short-read sequencing (Miga and Sullivan 2021). However,
Oxford Nanopore Technology (ONT) and Pacific Biosciences (Pac-
Bio) HiFi long-read sequencing now allow complete assembly of
complex centromere-associated tandem repeat arrays in plants
and animals (Miga et al. 2020; Naish et al. 2021; Altemose et al.
2022; Nurk et al. 2022; Logsdon et al. 2023; Wlodzimierz et al.
2023b). Representative assembled plant genomes with monocentric
tandem repeat architecture include Arabidopsis thaliana (CEN178
satellites are ~178 bp) (Naish et al. 2021; Wlodzimierz et al.
2023b), Arabidopsis lyrata (CEN168 and CEN179 satellites are ~168
and ~179 bp) (Wlodzimierz et al. 2023b), Brassica rapa (CentBr satel-
lites are ~176 bp) (Zhang et al. 2023a), Vitis vinifera (satellites are
~107 bp on 16 of 19 chromosomes) (Shi et al. 2023), Oryza species
(CentO satellites are ~155 bp) (Cheng et al. 2002; Song et al. 2021),
Vigna unguiculata (CEN455, CEN721, CEN1600 satellites are 455,
721 and 1600 bp, respectively) (Yang et al. 2023), Glycine max
(GmCent satellites are 92 bp) (Liu et al. 2023), and Erianthus rufipilus
(CEN137 satellites are 137 bp) (Fig. 1D; Table 1; Wang et al. 2023b).
Atypically long (up to 5-kb) and short (44-bp) satellite repeats have
also been reported in potato and Vicia faba, respectively (Gong et al.
2012; Avila Robledillo et al. 2018). As complete genome sequences
accumulate, methods to de novo identify and classify satellite re-
peats, for example, TRASH, SRF, and TRF, will be important for cen-
tromere analysis (Benson 1999; Wlodzimierz et al. 2023a; Zhang
et al. 2023b).

In monocentric species, centromeric satellite arrays are typical-
ly localized to a single chromosomal region. However, during evolu-
tion, novel arrays can emerge, expand, and replace existing repeats,
or arrays may be split through chromosome rearrangements, lead-
ing to multiple distinct satellite regions on the chromosome (Liu
etal. 2023; Logsdon et al. 2023; Wlodzimierz et al. 2023b). In chro-
mosomes with distinct satellite arrays, frequently only a single ar-
ray, or subset of repeats, will be CENH3-occupied (Naish et al.
2021; Song et al. 2021; Chen et al. 2023; Wlodzimierz et al.
2023b). For example, in A. thaliana, considerable variation in
CEN178 array size and structure was observed across a sample of
four accessions (1.5-6.5 Mb), yet in all cases a ~1- to 2-Mb region
of satellite repeats was occupied by CENH3 (Wlodzimierz et al.
2023b). In contrast to A. thaliana, where the centromeres are com-
posed of the same CEN178 repeat family, in the sister species A. Iyr-
ata four centromeres consist of the CEN179 repeat and four
centromeres of the CEN168 repeat (Kawabe and Nasuda 2005;
Berr et al. 2006; Lysak et al. 2006; Wlodzimierz et al. 2023b). Fur-
thermore, other species have a more heterogeneous centromere sat-
ellite organization. For example, interspecific hybrid aspen (Populus
tremula x P. alba), maize (Zea mays), and potato (Solanum tuberosun)
possess centromeres with and without satellite tandem repeat arrays
(Gong et al. 2012; Bao et al. 2022; Chen et al. 2023; Zhou et al.
2023). Together, these patterns are consistent with rapid turnover
and dynamic evolution of satellite repeats in plant species.

High levels of satellite repeat sequence polymorphism have
been observed within plant genomes. For example, in A. thaliana,
numerous CEN178 satellite polymorphisms exist, many of which
are private to individual chromosomes (Naish et al. 2021; Wlodzi-
mierz et al. 2023b). A similar pattern occurs in rice and Erianthus,
in which satellites are more similar within chromosomes than be-
tween (Song et al. 2021; Wang et al. 2023b). These patterns indicate
that mutations arising within different centromeres rarely spread to
the other chromosomes, implying that inter-chromosome centro-
mere recombination or repair is infrequent, at least within these

species. Satellite monomers are also commonly arranged in high-
er-order repeats (i.e., monomer satellites a, b, and c in an abcabcabc
arrangement, where abc is the higher-order repeat), and these
arrangements can also be highly polymorphic (Naish et al. 2021;
Altemose et al. 2022; Logsdon et al. 2023; Wang et al. 2023b; Wlod-
zimierz et al. 2023b). In A. thaliana, CEN178 higher-order repeats
commonly involve two or three monomers that occur in close prox-
imity (<10 kb) (Naish et al. 2021; Wlodzimierz et al. 2023b). None-
theless, there are also instances in which large duplications
spanning >100 kb in length are observed (Naish et al. 2021; Wlodzi-
mierz et al. 2023b). In both Arabidopsis and Erianthus, higher-order
duplications are often separated by megabase distances, consistent
with long-range recombination (Naish et al. 2021; Wang et al.
2023b; Wlodzimierz et al. 2023b). In humans, alpha-satellite HOR
patterns are more regimented and homogenized compared with
Arabidopsis and involve a greater number of monomers per HOR (be-
tween four and 19) (Rudd et al. 2006; Altemose et al. 2022; Wlodzi-
mierz et al. 2023a). Notably, each human chromosome is typified by
specific HOR patterns (Rudd et al. 2006; Altemose et al. 2022), which
is further consistent with satellite recombination being generally re-
stricted within chromosomes, as in Arabidopsis, rice, and Erianthus.

As further complete genomes accumulate, it will be possible to
analyze pancentromeric diversity within populations. For example,
analysis of satellite arrays within 66 A. thaliana accessions has re-
vealed high levels of structural diversity, although the same
CEN178 family of repeats composed all centromeres (Wlodzimierz
et al. 2023b). Currently, mutation rates in plant centromeres have
not been reported, but evidence in human centromeres and Arabi-
dopsis pericentromeric heterochromatin indicate elevated rates
compared with the chromosome arms (Weng et al. 2019; Logsdon
et al. 2023). Evidence for lateral spread of mutations between satel-
lite sequences within the same centromere is widespread (Dover
1982; Rudd et al. 2006; Wlodzimierz et al. 2023b). Analysis of vari-
ants within the Arabidopsis satellites showed signatures of sequence
homogenization, reminiscent of concerted evolution in other tan-
dem repeat arrays (Coen et al. 1982; Durfy and Willard 1990; Liao
et al. 1997), where high frequency CEN178 variants are found in
the center, rather than the edges, of the centromeric arrays (Wlod-
zimierz et al. 2023b). Concerted evolution of satellites implies that
an active process of DNA breakage and homologous recombination
occurs within the center of the arrays, and indirect evidence for this
exists in multiple species, including humans and maize (Chatterjee
and Lo 1989; Mahtani and Willard 1990; Nijman and Lenstra 2001;
Rudd et al. 2006; Shi et al. 2010; Wolfgruber et al. 2016). Centromer-
ic satellite recombination could occur during meiosis, in which ei-
ther a homolog or a sister chromatid may be used for repair of
SPO11-induced breaks. Alternatively, recombination could occur
during mitosis, in which sister chromatid recombination is most
likely, as interhomolog recombination is typically suppressed. In-
tra-chromatid recombination between linked loci is also possible,
and consistent with this, DNA breaks in human centromeres during
the G; phase of the cell cycle are actively repaired using RADS1,
despite the absence of a replicated sister chromatid (Yilmaz et al.
2021).

Because of the observed high levels of satellite structural poly-
morphism, it has been proposed that unequal crossover could con-
tribute to centromere evolution (Smith 1976). In this influential
model, meiotic DNA double-strand breaks (DSBs) are repaired using
anonallelic location on a homolog, with the potential to cause gain
and loss of intervening tandem repeats (Smith 1976). However, it is
widely documented that centromeres and flanking sequences are
potently suppressed for meiotic crossover across eukaryotes
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Table 1.

Plant genomes that represent different centromere architectural types

Species Chr  Genome length (Mb)

Satellite length (bp)

Centrophiles Reference

Monocentric satellite

Arabidopsis thaliana 5 132 178 ATHILA (Naish et al. 2021)
159
Arabidopsis lyrata 8 209 168 ATHILA (Wlodzimierz et al. 2023b)
179 Tall
Brassica rapa 12 455 176 ALE (Zhang et al. 2023a)
CRM
Vitis vinifera 19 495 107 — (Shi et al. 2023)
108
Glycine max 10 1010 91 Gypsy (Liu et al. 2023; Wang et al. 2023a)
92
413
Oryza sativa/indica 12 392 155 CRR (Cheng et al. 2002; Song et al. 2021)
396
Vigna unguiculata 11 521 455 Gypsy (Yang et al. 2023)
721 Copia
1600
Juncus effusus 21 271 155 Gypsy (Hofstatter et al. 2022)
Erianthus rufipilus 10 757 137 CRM (Wang et al. 2023b)
Copia
Monocentric retrotransposon
Triticum monococcum 7 5200 — Cereba (Ahmed et al. 2023)
Quinta
Physcomitrella patens 26 482 — Bryco (Bi et al. 2024)
Malus domestica 17 653 — Hodor (Daccord et al. 2017; Zhang et al. 2019)
Copia-7
Chlamydomonas reinhardtii 17 114 — Zeppl (Craig et al. 2021, 2023)
Monocentric mixed
Zea mays 10 2179 156 CRM (Chen et al. 2023)
Cinful-Zeon
Flip
Prem1
Musa acuminata 11 470 183 Copia (Belser et al. 2021)
Populus tremula x P. alba 19 394 156 Gypsy (Zhou et al. 2023)
403 Copia
Metapolycentric
Pisum sativum CEN6 — — 459 CRM (Macas et al. 2023)
613
882
Holocentric
Rhyncospora pubera 10 1610 172 CRR (Hofstatter et al. 2022)
Helitron
Rhyncospora breviuscula 5 415 172 CRR (Hofstatter et al. 2022)
Rhyncospora tenuis 2 394 172 CRR (Hofstatter et al. 2022)
Chionographis japonica 12 1368 23 — (Kuo et al. 2023)
28

The table lists plant genomes with fully or partly assembled centromeres, grouped according to architectural type (monocentric satellite, monocentric
retrotransposon, monocentric mixed, metapolycentric, and holocentric), together with chromosome number, genome size (Mb), satellite monomer
repeat length (bp), the dominant centrophilic retrotransposons when present, and references.

(Mahtani and Willard 1998; Vincenten et al. 2015; Hartmann et al.
2019; Naish et al. 2021; Fernandes et al. 2024), meaning unequal
interhomolog crossover is unlikely as a general mechanism for cen-
tromere evolution. For example, in A. thaliana, haplotype linkage
blocks have been maintained across similar CEN178 arrays, despite
internal satellite dynamics, where array expansion and shrinkage
has occurred since populations diverged (Wlodzimierz et al.

2023b). This is similar to maintenance of large centromere-span-
ning haplotypes, termed cenhaps, observed in humans (Langley
et al. 2019), within which satellite arrays also evolve dynamically
(Logsdon et al. 2023). Together, these patterns are consistent with
unidirectional allelic or nonallelic gene conversion mediating array
evolution, or unequal crossover between sister chromatids, rather
than interhomolog unequal crossover. Further support for
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conversion-type pathways being a dominant mode of recombina-
tion within the centromeres was seen in maize, in which CRM retro-
transposons were eliminated during meiosis, without exchange of
flanking markers (Shi et al. 2010).

A further pathway with the potential to mediate change to
centromere satellite arrays is break-induced replication (BIR) (Rice
2020; Haig 2022; Talbert and Henikoff 2022; Showman et al.
2023). BIR can repair DNA DSBs via one of the broken ends being
resected, allowing it to invade another chromosome, where it acts
as a primer for DNA synthesis (Liu and Malkova 2022). Following
initiation of replication, unidirectional migration of a replication
bubble may occur over hundreds of kilobases, followed by DNA re-
pair (Liu and Malkova 2022). In centromere repeat arrays, there may
be multiple locations to which the invading end can anneal and
prime replication, with the potential to cause deletions, duplica-
tions, or conversion of satellite repeats (Liu and Malkova 2022; Tal-
bert and Henikoff 2022). Centromeric DSBs may form via tension
during chromosome segregation or owing to stalled DNA replica-
tion on repetitive templates (Scelfo and Fachinetti 2023). Support
for the BIR model comes from recent work quantifying alpha-satel-
lite repeat array size over about 20 mitotic cell divisions of human
cell lines (Showman et al. 2023). This revealed significant copy
number change over this time course and revealed RADS2 and
PIF1 helicase mediate these dynamics, which is consistent with
BIR (Showman et al. 2023).

It has been speculated that recombination factors that
are directly associated with CENP-A/CENH3 and/or the kineto-
chore could promote instability of satellite repeats, termed the ki-
netochore associated recombination machine (KARM), or KARM
in Arabidopsis (KARMA) (Fig. 3C; Miga and Alexandrov 2021;
Wlodzimierz et al. 2023b). Consistent with this model, purified
meiotic kinetochores from budding yeast contain recombination
factors, including Mer2, Rad51, Rad59, Spol1, and Sppl (Borek
et al. 2021). Further, proteomic analysis of human alpha-satellite
DNA in Xenopus egg extracts also identified multiple DNA damage
and repair proteins, including MRE11-RADS0, PARP1, Ku80,
MSH2-MSH6m XRCC1, XRCCS, and MUS81 (Aze et al. 2016;
Scelfo and Fachinetti 2023). However, the precise recombination
factors and pathways that are associated with plant kinetochores
remain unknown. The KARMA model makes specific predictions,
including that CENH3 enrichment should correlate with the
most homogenous repeat arrays, which has yet to be fully tested.
It is also worth noting that other tandem repeat arrays, for exam-
ple, tDNA, show similar patterns of concerted evolution, yet lack
CENH3 and kinetochore occupancy (Coen et al. 1982; Liao et al.
1997), and therefore, additional pathways for sequence homoge-
nization must also exist.

CENHZ3 homeostasis within plant centromeres

Structural studies have revealed the integral role of CENP-A nucle-
osomes in contacting other mammalian kinetochore proteins, in-
cluding the CCAN subunits CENP-C and CENP-N (Yan et al. 2019;
Pesenti et al. 2022; Yatskevich et al. 2022). Thus, central to under-
standing plant centromere identity are the mechanisms by which
CENH3 nucleosomes are deposited de novo (established), main-
tained through DNA replication and cell division, and unloaded
from the chromosome or degraded (Fig. 2). It is important to
note that CENH3 ChIP-seq of cell populations analyses the steady
state of enrichment, which represents an equilibrium between es-
tablishment, maintenance, and removal processes. In this section,
we consider what is known about these pathways in plants and

how this relates to dynamic and homeostatic patterns of CENH3
occupancy.

Histones are loaded into chromatin by a wide range of chaper-
one proteins (Fig. 2A; Yadav et al. 2018). In animals, HJURP is a ma-
jor CENP-A chaperone, which functions during the G; cell cycle
phase (Dunleavy et al. 2009; Foltz et al. 2009). Tethering HJURP
with the Lacl repressor to a LacO array is sufficient to drive ectopic
CENP-A loading and kinetochore formation in human cells, which
was dependent on the Mis18 kinetochore protein (Barnhart et al.
2011). This is consistent with interaction studies that show
HJURP directly binds both Mis18 and CENP-A:H4 tetramers (Pan
et al. 2019). This indicates a reinforcement relationship, in which
Mis18 recruits HJURP, which loads CENP-A, which would then re-
cruit further Mis18 (Barnhart et al. 2011). In fungi, Scm3 functions
as the Cse4/Cnpl loading chaperone in budding and fission yeast,
which is distantly related to HJURP (Camahort et al. 2007;
Mizuguchi et al. 2007; Stoler et al. 2007; Pidoux et al. 2009;
Sanchez-Pulido et al. 2009; Williams et al. 2009; Shivaraju et al.
2011). Further loading factors have been identified, including
CAL1 that loads Cid/CenH3 in Drosophila (Chen et al. 2014), and
NUCLEAR AUTOANTIGENIC SPERM PROTEIN (NASP), which
functions as a Cnp1 loader in fission yeast (Dunleavy et al. 2007).
To date, no orthologs of HHURP/Scm3 or CAL1 have been identified
in plants, although an Arabidopsis ortholog of NASP/SIM3 binds to
CENH3 in vitro, and RNAI lines cause reduced CENH3 loading in
vivo (Le Goff et al. 2020). In A. thaliana, mutation of an KMN com-
plex ortholog, KNL2, shows reduced CENH3 loading and cell divi-
sion defects (Lermontova et al. 2013), which is similar to KNL1/knl-
1 mutants in humans and Caenorhabditis elegans, respectively
(Hayashi et al. 2004; Fujita et al. 2007; Maddox et al. 2007). The
Arabidopsis gamma-tubulin complex protein3-interacting protein
double-mutant gip1 gip2 also shows decreased CENH3 loading
and defects in centromeric cohesion (Batzenschlager et al. 2015).
These findings are generally consistent with a positive feedback
loop between kinetochore proteins and CENH3 acting in plants,
potentially via recruitment of loading factors analogous to HJURP
or via stabilization of neighboring CENH3 incorporation (Fig.
2B). It will be important to identify mechanisms of CENH3 loading
in plant genomes and how the factors involved are themselves re-
cruited to the chromosomes.

In addition to interacting chaperones, different regions of
CENHa3 itself are known to be required for specific loading patterns
into chromatin. CENH3 possesses a highly conserved C-terminal his-
tone fold, as well as a variable N-terminal tail that is diverged from ca-
nonical histone 3 (Talbert et al. 2002). In Arabidopsis, the C-terminal
CENHS3 histone fold domain, including the variable loop 1 region, is
sufficient to direct centromere targeting, even when the N-terminal
tail is absent (Lermontova et al. 2006). Further work in Arabidopsis
has shown that mutation of a conserved lysine within the C-terminal
domain at position 130 (L — I or L - F) is sufficient to impair the cen-
tromeric deposition of CENH3 (Karimi-Ashtiyani et al. 2015).
Interestingly, CENH3-tailswap-GFP fusion proteins with intact C-
terminal domains show loading onto chromosomes during mitosis
but not meiosis, which implies differential control between these
cell types mediated via N-terminal tail interactions (Ingouff et al.
2007; Ravi et al. 2011). Recent work has shown that oligomerization
of mammalian inner kinetochore proteins, such as CENP-C (Hara
et al. 2023) and CENPT (also known as CENP-T) (Sissoko et al.
2024), can stabilize and protect CENP-A loading and promote kinet-
ochore assembly. As CENP-C is conserved in plants (Ogura et al.
2004; Du and Dawe 2007), similar oligomerization mechanisms
may operate during plant kinetochore formation (Fig. 2C,D).
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To investigate control of centro-
mere identity, an A. thaliana cenh3-null
mutant was transformed with Z. mays
or Lepidium oleracceurn CENH3 trans-
genes (Maheshwari et al. 2017).
Despite the CENH3 proteins being
divergent and adapted to unrelated cen-
tromere sequences, both variants re-
markably localized to the A. thaliana
CEN178 satellite arrays (Maheshwari
et al. 2017). This implies that centro-
mere epigenetic or topological states,
rather than the primary satellite se-
quence, direct CENH3 loading.
Although the mechanism of CENH3
loading in plants remains unclear, evi-
dence suggests that CENH3 occupancy
is dynamic and homeostatic. For exam-
ple, transfer of maize chromosomes
into oat (Avena sativa), via interspecies
crossing, showed that regions of
CENH3 ChlIP-seq enrichment expanded
from ~1.8 Mb to ~3.6 Mb, once in an
oat nucleus (Jin et al. 2004; Wang et al.
2014). This indicates that the nuclear
context, and likely trans-acting factors,
can influence CENH3 occupancy on
centromeric DNA sequences. In
Arabidopsis, most CENH3 loading oc-
curs during the G, phase of the cell cycle
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Figure 2. Model for CENH3 loading and centromere homeostasis in Arabidopsis. (A) CENH3 (green circle) is
loaded into nucleosomes in a region of CEN178 satellite repeats. The individual repeats are indicated by vary-
ing colors. Loading is mediated by a histone chaperone, for example, NASP™2 (Le Goff et al. 2020). The region
shown is heterochromatic and occupied by nucleosomes containing canonical histone 3 (H3; gray circles).

Figure2. (Continued.) These nucleosomes are
modified by H3K9me2, and the associated DNA
is methylated in CG, CHG, and CHH sequence
contexts. It is possible that heterochromatin
marks recruit the CENH3 loading complex. (B)
Once CENH3 has been loaded, it assembles ki-
netochore proteins, including CENP-C and
KNL2 (purple) (Ogura et al. 2004; Sandmann
et al. 2017; Le Goff et al. 2020). Interactions
between the CENH3 loader complex and kinet-
ochore factors may create feed-forward recruit-
ment of CENH3. (C) As the density of CENH3-
containing nucleosomes increases, the region
undergoes stabilization and compaction of the
centromeric chromatin, potentially facilitated
by oligomerization of inner kinetochore pro-
teins, for example, CENP-C or KNL2 (Hara
et al. 2023; Sissoko et al. 2024). VIM1 (orange)
is known to bind and maintain methylation at
CG sites and contributes to centromere
“strength,” potentially via promotion of kineto-
chore multimerization. Once a high density of
CENH3 nucleosomes is acquired, the region
becomes centromeric chromatin, which in
Arabidopsis shows reduced CHG context DNA
methylation (Naish et al. 2021). (D) Stable load-
ing and maintenance of CENH3 nucleosomes
allow recruitment of inner and outer kineto-
chore complexes (blue) that attach to spindle
microtubules (green). We illustrate looping of
chromatin via kinetochore multimerization
such that CENH3 nucleosomes are gathered in
space. Outside of this region, CENH3 and kinet-
ochore proteins are unstable owing to the ac-
tion of removal pathways, potentially including
SUMO or ubiquitin-mediated proteolysis.

166 Genome Research
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 4, 2026 . Published by Cold Spring Harbor Laboratory Press

Structure and evolution of plant centromeres

(Lermontova et al. 2006), which may contribute to a homeostatic
limit for centromere size. Further consistent with this idea,
Arabidopsis cells with increasing ploidy show a linear increase in
satellite FISH signal but without a proportional increase in
CENH3 immunostaining (Lermontova et al. 2006).

Dynamic centromere positioning has been observed via cyto-
genetic mapping within Arabideae, soybean, and cucurbit species,
which is thought to play a role in reproductive isolation and speci-
ation (Han et al. 2009; Mandéakova et al. 2020; Liu et al. 2023).
In these species, the centromeres were observed to migrate to
form evolutionary new centromeres (ENCs), without large-scale
chromosome rearrangements (Han et al. 2009; Mandakova et al.
2020; Liu et al. 2023), which parallels similar observations of
ENCs made in mammals (Carbone et al. 2006). For example, the
region of CENP-A enrichment on horse Chromosome 11, which
lacks satellite DNA, is found to migrate within a ~500-kb range
in different individuals but remains static within different tissues
of the same individual (Cappelletti et al. 2023). Dynamic localiza-
tion of CENH3 has also been observed on maize and wheat chromo-
somes during inbreeding (Benson 1999; Wlodzimierz et al.
2023a; Zhang et al. 2023b; Zhao et al. 2023) and observed
when comparing multiple soybean genomes (Liu et al. 2023).
Additionally, wheat CENH3 has been shown to preferentially as-
sociate with rye repeat satellites following chromosome fusion,
rather than the native centromere repeats (Karimi-Ashtiyani
et al. 2021). These studies show epigenetic migration of the cen-
tromere to new DNA sequences over short timescales. However,
the factors that dictate the rate and extent of centromere migra-
tion during inbreeding and ENC formation are not completely
understood.

In humans, deletion of the endogenous centromere arrays
can trigger CENP-A loading and neocentromere formation in
new locations (Marshall et al. 2008; Scott and Sullivan 2014).
For example, chromosome engineering was used to delete al-
pha-satellite arrays in human cells, which triggered formation
of a CENP-A neocentromere in a ~100-kb gene-poor domain as-
sociated with elevated levels of the heterochromatic mark
H3K9me3 (Murillo-Pineda et al. 2021). In maize, UV-irradiation
produced a Chromosome 3 fragment (Dp3A) that showed
CENH3 loading on gene-associated sequences that are not occu-
pied on the intact chromosome (Fu et al. 2013). Stably main-
tained deletion derivatives of barley chromosomes have also
been obtained, in which the endogenous centromere repeats
have been deleted and neocentromeres created (Nasuda et al.
2005). This indicates a “pressure” to load a focus of CENH3,
such that if the preferred locations are removed or epigenetic
memory is lost, alternative loci can assume centromere identity.
Although this suggests significant flexibility in CENH3 loading,
itis also clear that there are likely strong effects of DNA sequence.
For example, CENH3 has been mapped in different A. thaliana
strains (Col, Ler, Cvi, and Tanz) with varying CEN178 arrays. In
a subset of cases, CENH3 was found to occupy CEN178 subarrays
that are defined by specific sequence variants, consistent with
preferential loading at the DNA level (Wlodzimierz et al.
2023b). As commented on earlier, across the varying
Arabidopsis CEN178 array sizes tested, CENH3 enrichment occurs
in a consistent ~1- to 2-megabase region in each case, which im-
plies a homeostatic limit that prevents full occupancy of the
available satellite arrays (Wlodzimierz et al. 2023b). In contrast,
despite human alpha-satellite arrays spanning a similar multi-
megabase scale, a much smaller ~10- to 20-kb region in each ar-
ray shows CENP-A enrichment (Altemose et al. 2022; Logsdon

et al. 2023), indicating a potentially stronger homeostatic limit
on centromere identity in humans.

Although native CENH3/CENP-A is loaded during specific
phases of the cell cycle, transient or ectopic expression has been per-
formed in plants and animals to investigate control of deposition
into chromatin (Heun et al. 2006; Moreno-Moreno et al. 2006;
Feng et al. 2020). For example, in maize, a CENH3-GFP transgene
driving more than 100-fold higher expression than the wild type,
showed only a modest increase in CENH3 loading into the centro-
mere, indicating limits on deposition (Feng et al. 2020). In Drosoph-
ila, inducible overexpression of the centromeric histone CID
resulted in broad mislocalization along the chromosomes associat-
ed with cell lethality and lagging or fragmented chromosomes
(Heun et al. 2006). Interestingly, transfection of a CID-YFP express-
ing plasmid in Drosophila Kc cells initially showed broad mislocali-
zation, yet as the cell culture progressed, CID-YFP became limited to
the native centromeres, suggesting dynamic and ongoing regula-
tion (Heun et al. 2006). In yeast and Drosophila, ubiquitin-protea-
some-mediated proteolysis plays important roles in limiting and
removing ectopic euchromatic Cse4/CID (Collins et al. 2004; More-
no-Moreno et al. 2006). Similarly, in humans, inner kinetochore
proteins become densely SUMOlyated in a senp6 SUMO-protease
mutant, which causes them to be degraded via p97 (Mitra et al.
2020; van den Berg et al. 2023). Although CENH3 overexpression
has not been reported in Arabidopsis, the cenh3-4 splice acceptor al-
lele shows a 10-fold reduction of CENH3 mRNA and significantly re-
duced protein accumulation (Capitao et al. 2021). Despite this,
cenh3-4 plants are viable, are fertile, and do not show obvious
growth phenotypes, although there are defects in chromosome
stability following heat stress (Capitao et al. 2021; Ahmadli et al.
2023). It will be interesting to understand how the processes that
control loading and removal of plant CENH3 adapt to low protein
abundance backgrounds such as cenh3-4, as well as to
overexpression.

CENH?3, genome elimination, and mini-chromosomes

Genetic experiments that manipulated CENH3 in Arabidopsis,
maize, and wheat have triggered genome elimination, when chro-
mosomes carrying variant CENH3 segregate with wild-type chro-
mosomes during embryonic development (Ravi and Chan 2010;
Karimi-Ashtiyani et al. 2015; Kuppu et al. 2015; Tan et al. 2015;
Lv et al. 2020; Wang et al. 2021). As a consequence, altering
CENH3 can act as an efficient trigger of uniparental genome elim-
ination and haploid induction. This shows both the dramatic ef-
fect that changes to the centromere can have on genome
transmission, in addition to providing a powerful tool during
breeding and genetic analysis (Ravi and Chan 2010; Ravi et al.
2014; Lv et al. 2020; Wang et al. 2021).

Early work in A. thaliana showed that null cenh3 mutations,
which are lethal, could be partially complemented by modified
CENHS3 transgenes, including a version with the histone tail re-
placed with that from histone 3.3, and additionally fused to GFP
(CENH3-tailswap-GFP) (Ravi and Chan 2010). When CENH3-tails-
wap-GFP lines were crossed to the wild type, a high proportion
(25%-45%) of the progeny were haploid and had lost the chromo-
somes from the CENH3-tailswap-GFP parent (Ravi and Chan
2010). Genome elimination occurs in early embryonic cell divi-
sions and is associated with chromosome missegregation, forma-
tion of micronuclei, and rearranged chromosomes (Tan et al.
2015, 2023; Marimuthu et al. 2021). This phenomenon is reminis-
cent of chromothripsis and chromoanagenesis, in which DNA
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breakage leads to chromosome rearrangements (Ly and Cleveland
2017; Guo et al. 2023). During haploid induction, centromere dys-
function may lead to inappropriate positioning of chromosomes
during cell division and breakage owing to shearing or mechanical
stresses. Genome elimination has been achieved by crossing lines
carrying point CENH3 mutations in Arabidopsis (Karimi-Ashtiyani
et al. 2015; Kuppu et al. 2015), by genome-editing to produce
frameshifts in CENH3 tail regions in wheat (Lv et al. 2020), and
by crossing maize cenh3-null heterozygotes (Wang et al. 2021).
The consensus model for these effects is that genetic changes to
CENH3 that weaken centromere identity during plant gameto-
phytic divisions cause genome elimination when these chromo-
somes compete with the wild type during embryonic mitosis.

Recent characterization of haploids produced from CENH3-
mediated genome elimination has revealed the presence of mini-
chromosomes that include the endogenous centromeres, which
can be maintained through multiple subsequent generations
(Tan et al. 2023). Mini-chromosomes in plants can be linear with
telomere caps or with circular rings that are covalently joined
(Birchler and Swyers 2020). Analysis of B Chromosome-derived
mini-chromosomes in maize showed that many can also pair
and recombine during meiosis, although smaller variants showed
precocious separation during anaphase and, in other cases, did not
pair (Han et al. 2008). In maize, tethering CENH3 using a LexA fu-
sion to an array of LexO repeats causes formation of dicentric chro-
mosomes that show instability and chromosome breakage, with
the resulting mini-chromosomes being maintained through sub-
sequent generations (Dawe et al. 2023). As these mini-chromo-
somes can autonomously propagate, they have the potential to
form chassis or blueprints for artificial chromosomes capable of
delivering complex pathways within and between species (Dawe
et al. 2023). Equivalent experiments that tethered CENH3 to
LacO arrays in Arabidopsis were sufficient to drive kinetochore as-
sembly and formation of anaphase bridges (Teo et al. 2013).
Analysis of maize plants containing B-A translocations, in which
breakage-fusion-bridge cycles occur, has revealed chromosomes
carrying two regions with DNA sequences typical of centromeres
(Han et al. 2006). These fusion chromosomes showed a single
CENH3 focus despite being dicentric at the sequence level, indicat-
ing epigenetic inactivation of one centromere (Han et al. 2006).
Further studies performed X-ray irradiation of maize tassels carry-
ing supernumerary B chromosomes and screened for chromosom-
al variations using FISH (Liu et al. 2020). This study identified
dicentric chromosomes, only some of which showed a single pri-
mary constriction, further consistent with centromere inactiva-
tion, in addition to acentric chromosome fragments that
established CENH3 foci de novo (Liu et al. 2020). Similarly, engi-
neering of human dicentric chromosomes lead to a variety of con-
sequences, including centromere inactivation (Higgins et al.
2005). Together, these studies indicate that chromosome rear-
rangements can be associated with the rapid birth and death of
centromeres in plants and animals, further implying dynamic
and homeostatic mechanisms of CENH3/CENP-A loading and
centromere identity.

Centrophilic retrotransposons in plant genomes

Plant centromeres are frequently associated with long terminal-re-
peat (LTR) class retrotransposons, with some subfamilies termed
centrophilic (Nagaki et al. 2005b; Sharma and Presting 2014;
Wang et al. 2023b; Naish et al. 2021; Ahmed et al. 2023;
Wlodzimierz et al. 2023b). In A. thaliana, centrophilic ATHILA ret-

rotransposons have integrated into the CEN178 repeat arrays and
show relatively low CENH3 occupancy compared with the sur-
rounding satellite repeats (Naish et al. 2021; Wlodzimierz et al.
2023b), whereas in other genomes, retrotransposons correspond
to the CENH3-occupied sequences themselves (Fig. 1E; Table 1).
For example, monocot centromeres frequently contain a high fre-
quency of Gypsy-LTR chromovirus retrotransposons, including
CRM in maize, CRR in rice, and Cereba and Quinta in wheat, which
can be CENH3-occupied (Presting et al. 1998; Nagaki et al. 2005b;
Gao et al. 2008; Neumann et al. 2011; Li et al. 2013; Sharma and
Presting 2014). CRM family retrotransposons are typified by a
chromodomain fusion at the C terminus of the integrase open
reading frame (Gao et al. 2008). As integrase proteins govern LTR
retrotransposon and retroviral target site integration (Abascal-
Palacios et al. 2021; Maertens et al. 2022), and chromodomains
are known to bind histones with specific methylation states
(Jacobs and Khorasanizadeh 2002), it is proposed that the inte-
grase-chromodomain fusions target retrotransposon insertion
into the centromeres. For example, the chromodomain may
directly bind CENH3, kinetochore proteins, or other centromeric
chromatin marks to guide the transposon synaptic complex
during integration. However, in other plants, for example, Arabidop-
sis, the centromeric satellite arrays are invaded by ATHILA, which
are nonchromovirus LTR retrotransposons that lack integrase-
chromodomain fusions (Naish et al. 2021; Wlodzimierz et al.
2023b), indicating that there are likely independent mechanisms
of centrophilic adaptation. Furthermore, in A. lyrata, a sister species
which is 5 million years diverged from A. thaliana, Copia family LTR
retrotransposons, including Tall, are found within the satellite re-
peat centromere arrays, in addition to ATHILA (Tsukahara et al.
2012; Wlodzimierz et al. 2023b), and Ale COPIA elements have col-
onized the centromeres of Brassica nigra (Perumal et al. 2020). As
Gypsy and Copia retrotransposon families diverged ~1 billion years
ago (Llorens et al. 2009), this is further consistent with multiple
LTR families convergently evolving centrophilic adaptations in dif-
ferent plant lineages.

In the case of Arabidopsis, the majority (>90%) of the centro-
meres are composed of CEN178 satellite repeats, with a low level
(~1%-10%) of ATHILA invasion (Naish et al. 2021; Wlodzimierz
et al. 2023b). However, in rice and maize, although some regions
of CENH3 enrichment overlap satellite repeats, many regions are
instead dominated by chromovirus CRM and CRR insertions, re-
spectively (Cheng et al. 2002; Zhong et al. 2002; Nagaki et al.
2005b; Song et al. 2021; Chen et al. 2023). In other plants, the cen-
tromeric regions of CENH3 occupancy are entirely composed of
retrotransposons. A notable case is Einkorn wheat, in which the
CENH3-enriched metacentric regions (~4-5.8 Mb) show an ab-
sence of tandem repeat arrays, and instead, 91%-97% of the se-
quence is composed of LTR retrotransposons of the Cereba and
Quinta chromovirus families (Fig. 1E; Table 1; Liu et al. 2008; Li
et al. 2013; Ahmed et al. 2023). The Einkorn wheat centromeres
are observed to contain the youngest copies of Cereba and Quinta
(Liu et al. 2008; Li et al. 2013; Ahmed et al. 2023), which parallels
observations of ATHILA in A. thaliana, in which the youngest cop-
ies were observed within the core of the satellite repeat arrays
(Naish et al. 2021; Wlodzimierz et al. 2023b). Additional examples
of retrotransposon-based centromere architecture include the ap-
ple (Malus domestica), whose centromeres show enrichment of
the Hodor and Copia-7 LTR retroelements (Daccord et al. 2017;
Zhang et al. 2019), and Bryco Copia elements in the centromeres
of the moss Physcomitrella patens (Bi et al. 2024). Outside of land
plants, the green algae Chlamydomonas reinhardtii has centromeres
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composed of ZeppL LINE retroelements (Craig et al. 2021, 2023). In
animals, retrotransposons also show strong associations with cen-
tromeres, including LINE elements in humans (Logsdon et al.
2021; Hoyt et al. 2022), KERV endogenous retroviruses in kanga-
roo (Ferreri et al. 2011), and Jockey LINE elements in Drosophila
(Chang et al. 2019; Courret et al. 2023). Hence, diverse families
of centrophilic retroelements are observed across eukaryotic spe-
cies, potentially representing multiple instances of convergent
centrophilic adaptation.

In plant genomes, the predominant association between trans-
posons and centromeres involves retrotransposons. However, in
fungi and animals, a notable connection exists between Pogo DNA
elements and the centromeres. The mammalian CENP-B protein
and the fission yeast Abpl, Cbhl, and Cbh2 proteins are centro-
mere-enriched and show sequence similarity to Pogo-type transpo-
sases (Kipling and Warburton 1997). Mammalian CENP-B binds
as a homodimer to a 17-bp DNA sequence (CENP-B box) found
within alpha-satellites of multiple species (Masumoto et al. 1989;
Tanaka et al. 2001). Although Cenpb mutants do not have strong ef-
fects on endogenous centromere function (Hudson et al. 1998), de
novo centromere formation on human artificial chromosomes re-
quires CENP-B (Okada et al. 2007). It has further been speculated
that CENP-B may retain the ability to generate DNA nicks or breaks
and thereby promote centromere recombination (Kipling and War-
burton 1997). However, to date, Pogo-derived centromeric proteins
have yet to be reported in plants.

Holocentric and metapolycentric chromosome
architectures

In many plants and animals, a derived state of holocentricity has
evolved, in which chromosomes display multiple points of kineto-
chore attachment, distributed along the length of the chromosomes
(Fig. 1F,G; Table 1; Melters et al. 2012; Heckmann et al. 2013; Drin-
nenberg et al. 2014; Marques et al. 2015; Hofstatter et al. 2022; Kuo
et al. 2023; Neumann et al. 2023). The transition to holocentricity
has evolved independently at least 13 times across the eukaryotic ra-
diation, with at least four origins in angiosperms (Droseraceae, Con-
volvulaceae, Melanthiaceae, and Juncaceae/Cyperacea), and on
multiple occasions within arthropods and nematodes (Melters
et al. 2012). Attachment of microtubules along the length of the
chromosome has the potential to facilitate genome evolution. For
example, holocentric chromosome fragments and fusions may be
more stable through cell division compared with acentric, dicentric,
or polycentric chromosomes formed from rearrangement of mono-
centric genomes. Indeed, this is consistent with observed patterns
of holocentric genome evolution, including frequent end-to-end
chromosome fusions in Rhyncospora and the Lepidoptera (Hofstat-
ter et al. 2022; Wright et al. 2024). Holocentricity also presents chal-
lenges during meiosis, in which a single round of replication is
coupled to two rounds of chromosome segregation (Villeneuve
and Hillers 2001; McAinsh and Marston 2022). In monocentrics,
centromere behavior is altered during meiosis-I, such that sister
chromatid centromeres are mono-orientated to the same cell pole,
allowing segregation of homologs during the first division (Ville-
neuve and Hillers 2001; McAinsh and Marston 2022). Because of
multiple spindle attachment points in holocentrics, it is challeng-
ing to ensure centromere mono-orientation and robust segregation
of homologs at meiosis-1. This has been solved via achiasmatic mei-
osis, or inverted meiosis, in which sister chromatids separate at mei-
osis-I and homologs separate at meiosis-II (Cabral et al. 2014;

Hofstatter et al. 2021). Despite these challenges, holocentric chro-
mosome architecture has evolved on multiple occasions, indicating
a potentially widespread benefit.

Recently, complete genomes have been assembled from sev-
eral plant holocentric lineages, providing new insights into their se-
quence architecture (Fig. 1F,G; Table 1). The sedge (Cyperaceae) and
rush (Juncaceae) monocot families contain numerous holocentric
lineages, although monocentric species are also known (Melters
et al. 2012; Hofstatter et al. 2021). Holocentric Rhynchospora species
(Cyperaceae) are typified by multiple arrays of 172-bp Tyba satellites
that are distributed along the chromosomes and are CENH3-occu-
pied (Fig. 1F; Table 1; Marques et al. 2015; Hofstatter et al. 2022).
Tyba arrays are ~15-25 kb in length and are spaced between ~300
and 400 kb along the chromosomes in three Rhynchospora species
(Hofstatter et al. 2022). CENH3 enrichment was observed to rise to-
ward the center of each Tyba array, resembling the distributions ob-
served in larger monocentric satellite arrays, such as in A. thaliana
(Hofstatter et al. 2022; Wlodzimierz et al. 2023b). The Tyba arrays
are invaded by CRRh chromovirus retrotransposons, showing the
centrophilic invasion also occurs in repeat-based holocentromeres
(Hofstatter et al. 2022). Interestingly, TCR1 and TCR2 nonautono-
mous helitrons are also associated with Tyba repeats and have
been implicated in spread of the satellite arrays along the chromo-
somes (Hofstatter et al. 2022). Animals are also known with
repeat-based holocentric organization, for example, in the nema-
tode genus Meloidogyne (Despot-Slade et al. 2021).

Chionographis japonica is a monocot belonging to Melanthia-
ceae, which has holocentric chromosomes, each with seven to 11
evenly spaced megabase-scale satellite arrays (average, 1.89 Mb) of
Chiol and Chio2 monomers that are CENH3-occupied (Fig. 1G; Ta-
ble 1; Kuo et al. 2023). Hence, the C. japonica repeat arrays are larger
than in Rhynchospora, although the Chio monomer repeats are short-
er (23 and 28 bp) than Tyba (Fig. 1G; Table 1; Hofstatter et al. 2022;
Kuo et al. 2023). In contrast to Rhynchospora and Chionographis, the
rush Luzula elegans (Juncaceae), while possessing holocentric chro-
mosomes with multiple kinetochore attachment points, does not
show a clear association between centromere position and satellite
or retrotransposon repeats (Heckmann et al. 2013, 2014; Nagaki
et al. 2005a). In this case, epigenetic marks may specify centromere
location. For example, in the holocentric nematode C. elegans,
CENP-A loading associates with gene-associated chromatin states
rather than repeated sequences (Gassmann et al. 2012; Steiner and
Henikoff 2014). Further diversity in plant holocentric architecture
was revealed in Cuscuta species, which have lost the kinetochore
gene KNL2 and in which CENH3 is enriched in heterochromatin,
and yet, microtubules attach along the entire length of the chromo-
some (Vondrak et al. 2021; Oliveira et al. 2022; Neumann et al.
2023). Similarly, loss of CENP-A underpins evolution of holocentric-
ity in four insect lineages (Hemiptera, Ephemeroptera, Odonata,
and Lepidoptera) (Drinnenberg et al. 2014). These patterns are con-
sistent with recurrent evolution of holocentric chromosomes in in-
dependent lineages via different molecular mechanisms and
involving distinct DNA sequences and chromatin states.

A further class of centromere architecture has been observed
in leguminous plants, for example, in Pisum and Lathyrus species,
which are distinguished cytologically by extended primary con-
strictions, comprising up to a third of metaphase chromosomes
and possessing multiple distinct domains of CENH3 chromatin
(Neumann et al. 2015; Schubert et al. 2020; Macas et al. 2023).
For example, recent work has assembled the 81.8-Mb centromeric
region of Chromosome 6 of Pisum sativum (Fig 1H; Table 1; Macas
et al. 2023). This region contains multiple megabase-scale satellite
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repeat families, only a subset of which are CENH3-occupied,
whereas other sequence classes, including genes and transposons
are evenly distributed across the region (Macas et al. 2023).
Despite the CENH3-occupied satellites being separated by mega-
bases of intervening sequences, immunocytology revealed a single
cellular focus of CENH3, potentially indicating looping or cluster-
ing of the occupied arrays in the nucleus (Macas et al. 2023).
Metapolycentric may represent evolutionary transition states be-
tween monocentric and holocentric architectures. Indeed, high
levels of satellite diversity have been documented in the plant tribe
Fabeae, which includes the genera Pisum, Lathyrus, Vicia, and Lens,
consistent with rapid evolutionary change of their centromeres
(Avila Robledillo et al. 2020).

DNA methylation and centromeric epigenetic states

Studies across eukaryotes have revealed that satellite-type centro-
meres are often DNA methylated, including in plants and humans
(Vongs et al. 1993; Naish et al. 2021; Altemose et al. 2022;
Gershman et al. 2022; Hofstatter et al. 2022; Hoyt et al. 2022;
Macas et al. 2023; Wlodzimierz et al. 2023b). For example, the A.
thaliana satellite repeats are densely DNA methylated in the CG
context (Vongs et al. 1993; Naish et al. 2021; Wlodzimierz et al.
2023b). However, A. thaliana CEN178 satellites with high CENH3
occupancy show depletion of CHG context DNA methylation
(Naish et al. 2021; Wlodzimierz et al. 2023b), which was
also evident in soybean centromeres (Wang et al. 2023a). CHG
DNA methylation in plants is maintained in an epigenetic loop
with H3K9me2, such that in A. thaliana mutation of the
KRYPTONITE/SUVH4 SET domain protein disrupts maintenance
of both H3K9me2 and CHG DNA methylation (Jackson et al.
2002; Du et al. 2014; Stroud et al. 2014). As CENH3 cannot sustain
H3K9me?2, this provides an explanation for depletion of CHG DNA
methylation coincident with the loading of CENH3 (Fig. 2C). This
pattern is consistent with methylation within the Tyba arrays on
holocentric Rhyncospora pubera chromosomes, which showed
high CG methylation but were relatively depleted for CHG context
DNA methylation (Hofstatter et al. 2022), which was also true for
Chiorepeatsin C. japonica (Kuo etal. 2023). In contrast, in the meta-
polycentric Psium centromere 6, some CENH3-occupied tandem
repeat arrays showed reduced CHG methylation, whereas others
did not (Macas et al. 2023), and the retrotransposon-based centro-
meres of Triticum monococcum show depletion of CG-context meth-
ylation coincident with CENH3 loading compared with the rest of
the chromosome (Ahmed et al. 2023). This is reminiscent of hu-
man CENP-A-enriched regions of the alpha-satellite arrays, which
are CG-hypomethylated, in contrast to the surrounding unoccu-
pied satellites that are densely DNA methylated (Miga et al. 2020;
Logsdon et al. 2021, 2023; Altemose et al. 2022; Gershman et al.
2022). Hence, although centromeres are frequently heavily DNA
methylated, the specific contexts and the relation to the CENH3/
CENP-A-occupied sequences vary between species.

Recently, a functional link between DNA methylation and
centromere identity has been made in Arabidopsis. VIM1 (an
ortholog of mammalian UHRF1) encodes a conserved E3 ligase re-
quired for maintenance of CG DNA methylation, which is targeted
to the Arabidopsis chromocenters (Bostick et al. 2007; Woo et al.
2007; Kraft et al. 2008). Mutants in VIM1 show hypomethylated
CEN178 repeats, and cytological analysis showed that the satellite
arrays are decondensed, with reduced CENH3 immunostaining
signal (Bostick et al. 2007; Woo et al. 2007; Kraft et al. 2008).
Recent work investigating CENH3-mediated genome elimination

in A. thaliana has shown that vim1 mutations increase the frequen-
cy of haploid induction by CENH3-tailswap-GFP lines (Marimuthu
etal. 2021). This implies that epigenetic change caused by vim1 in-
creases the functional mismatch between centromeres, leading to
greater chromosome missegregation and higher rates of genome
elimination (Marimuthu et al. 2021). Together, this suggests a po-
tential role for VIM1 and/or CG methylation in the recruitment or
stabilization of CENH3 on the satellite arrays, potentially by im-
pacting the ability of the inner kinetochore proteins to oligomerize
and compact the centromeric chromatin (Fig. 2C,D).

In plants, DNA methylation is frequently used as a mechanism
to limit transposable element mobility and can be guided by short
interfering RNAs (siRNAs) via the RNA-directed DNA methylation
(RdADM) pathway (Law and Jacobsen 2010; Gutbrod and
Martienssen 2020). Consistent with this, A. thaliana centrophilic
ATHILA elements are densely methylated in all sequence contexts
and accumulate high levels of 21-24 siRNAs (Creasey et al. 2014;
Lee et al. 2020; Naish et al. 2021; Wlodzimierz et al. 2023b).
Interestingly, in T. monococcum, although the body of centromeric
Cereba and Quinta elements are highly DNA methylated, their
LTRs were hypomethylated (Ahmed et al. 2023). As the LTRs contain
promoters for these types of transposons, this is consistent with on-
going Cereba and Quinta centrophilic transposition in wheat. Cereba
and Quinta retroelements are also CENH3-enriched, in contrast to A.
thaliana ATHILA centromeric insertions, which are CENH3-depleted
relative to the surrounding satellites (Naish et al. 2021; Ahmed et al.
2023; Wlodzimierz et al. 2023b). Currently, siRNAs homologous to
centromere satellites have not been widely reported in plants, al-
though signal has been detected for the A. thaliana CEN178 repeats
using small RNA northern blots (May et al. 2005). Strand-specific
transcripts from the Arabidopsis satellites were also detected (May
et al. 2005), which could be generated by RNA polymerase II, or
the heterochromatic polymerases RNA Pol IV and V (Wendte and
Pikaard 2017). Genome-wide mapping of R-loops, which are stable
DNA:RNA hybrid structures, has also identified their signal in the
maize centromeres (Liu et al. 2021), which points toward transcrip-
tional activity. Indeed, analysis of RNA associated with maize
CENH3 following ChIP showed enrichment of CRM retrotranspo-
sons and the CentC satellite repeats (Topp et al. 2004). Currently,
the role of transcription in plant centromeres, the production of
small RNAs, and how they interact with chromatin states and
CENH3 loading are incompletely understood. Interestingly, simul-
taneous loss of DDM1 and RDR6 in the Col-0 accession of A. thaliana
causes aneuploidy of Chromosome 5, which has a high density of
ATHILAS within its centromere (Shimada et al. 2023). The simulta-
neous loss of ddm1 and rdr6 causes a strong up-regulation of retro-
transposon expression (Lee et al. 2020), indicating that heavily
ATHILA-invaded centromeres are dependent on siRNA-mediated
epigenetic silencing for normal function during cell division.

Together with dense DNA methylation, centromeres typical-
ly share other features of classical heterochromatin, including cy-
tological condensation and late DNA replication (Schubert et al.
2020; Wear et al. 2020). It should also be noted that many eukary-
otes, including budding yeast, fission yeast, D. melanogaster, and
C. elegans lack detectable DNA cytosine methylation, although
other chromatin marks, including H3K9me3, can function to sup-
press transposons in its place (Gutbrod and Martienssen 2020).
Despite heterochromatin being a common feature of plant centro-
meric regions, there is currently limited consensus on how these
epigenetic environments regulate centromere identity and func-
tion. For example, analysis of DNA methylation mutants in
A. thaliana has not revealed strong defects on chromosome
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segregation (Yelina et al. 2012). This is in contrast to work in fis-
sion yeast, in which RNAi guides heterochromatin (H3K9me3) to
DNA repeats that flank the core centromere and which is required
for normal centromere function and cohesion (Hall et al. 2003;
Volpe et al. 2003). Further work will be required to understand
the wider roles of heterochromatic marks and small RNAs in plant
centromeres across the different architectural types.

What drives rapid centromere evolution?

As noted, centromeres are characterized by rapid DNA sequence
and kinetochore protein evolution within and between species
(Malik and Henikoff 2009; Rhind et al. 2011; Melters et al. 2013;
Logsdon et al. 2023; Wlodzimierz et al. 2023b), which presents a
paradox given their conserved cellular function (Henikoff et al.
2001). An influential model to explain rapid centromere evolution
is the drive hypothesis (Malik 2009; Akera et al. 2019; Finseth
2023). This model considers female meiosis, as it occurs in animals
and plants, in which only one of the four meiotic products sur-
vives to differentiate into an egg or gametophyte (Fig. 3A; Malik
2009; Akera et al. 2019). Selfish centromere sequences that are
able to bias their inheritance into the surviving female gamete/
spore have the potential to achieve a non-Mendelian transmission
advantage to the next generation, creating an evolutionary arms-
race (Fig. 3A; Malik 2009; Akera et al. 2019). Consistent with this
theory, selfishly driving centromeres that act via female meiosis
have been observed in mice and monkeyflowers (Fishman and

Saunders 2008; Chmatal et al. 2014; Akera et al. 2017, 2019;
Iwata-Otsubo et al. 2017; Kumon et al. 2021).

In the case of monkeyflower, interspecies hybrids bet-
ween Mimulus guttatus and Mimulus nastutus show highly distort-
ed inheritance (>80%) of the D centromere haplotype on
Chromosome 11 (Fishman and Willis 2005; Fishman and
Saunders 2008). The molecular basis of D drive is not known but
correlates with the driving chromosome having larger cytological
Cent728 satellite repeat FISH signal (Fishman and Saunders 2008).
In this scenario, a larger satellite array may recruit more CENH3 or
load itin a “stronger” arrangement that leads to biased segregation
into the functional female megaspore. In mice, natural variation in
satellite repeat arrays that cause drive is linked to differential his-
tone phosphorylation and recruitment of microtubule destabiliz-
ing factors (Iwata-Otsubo et al. 2017; Akera et al. 2019; Kumon
et al. 2021). As a consequence, the driving mouse centromeres
detach from spindle microtubules more frequently during meiosis
and oogenesis, which reduces their segregation into the polar bod-
ies (Iwata-Otsubo et al. 2017; Akera et al. 2019; Kumon et al. 2021).
Therefore, variant centromere DNA sequences that can bias their
inheritance during female meiosis have the potential to outcom-
pete other sequences. This potentially causes an evolutionary
arms-race whereby competition between selfish centromere se-
quences drives rapid evolution.

It has further been proposed that centromere arms-races
would select for neutralizing or balancing mutations in trans-act-
ing factors, including CENP-A/CENH3, to mitigate the effects of
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Figure 3. Centromere drive and evolution in plants. (A) Diagram showing differentiation of the megaspore mother cell (MMC) in a subapical position of
an Arabidopsis ovule (red). The MMC undergoes meiosis resulting in four haploid daughter cells, three of which enter programmed cell death, leaving a
functional megaspore that differentiates into the haploid embryo sac. The embryo sac contains the egg cell, which is fertilized by pollen to produce progeny
seed. The green arrows indicate the theoretical path a selfish centromere could follow to overtransmit itself in a non-Mendelian manner, causing meiotic
drive. (B) StainedGlass sequence identity heat maps comparing CENT within and between IP-Ini-0 (Spanish) and BARC-A-17 (French) accessions of A. thali-
ana (Vollger et al. 2022; Wlodzimierz et al. 2023b). Red and orange indicate high levels of sequence similarity. The gray lines demarcate a ~1-Mb BARC-A-
17 region that is similar to a ~100-kb IP-Ini-0 region, indicating centromere sequence dynamics since these accessions diverged (Wlodzimierz et al. 2023b).
(C) A cyclical model for centromere evolution in A. thaliana, which we propose alternates between high and low ATHILA retrotransposon invasion states,
represented by CENT in the Bon-1 and BANI-C-1 accessions respectively, which belong to the same satellite similarity group, yet differ in the level of ATHILA
invasion (Wlodzimierz et al. 2023b). ATHILA transcription generates new copies with the potential to integrate into the centromeres. Intact ATHILA may
undergo internal recombination to generate soloLTRs. Simultaneously, satellite arrays undergo recombination, resulting in repeat homogenization and
purging of ATHILA via a proposed kinetochore associated recombination machine in Arabidopsis (KARMA) (Miga and Alexandrov 2021; Wlodzimierz
et al. 2023b). Inter-species satellite and retrotransposon polymorphisms are also consistent with roles of centromere evolution in speciation.
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selfish DNA variants, which is consistent with rapid amino-acid
divergence of these proteins observed between species (Malik
2009; van Hooff et al. 2017; Kursel and Malik 2018). However, in
A. thaliana very few segregating CENH3 polymorphisms were ob-
served in a sample of 66 diverse accessions, despite extensive struc-
tural variation in the CEN178 satellite arrays (Wlodzimierz et al.
2023b). The pace of centromere DNA coevolution may be further
accelerated relative to the chromosome arms by elevated mutation
rates and specific modes of homogenizing recombination that
could be coupled to the presence of CENH3 and the kinetochore
(Fig. 3B,C; Dover 1982; Rudd et al. 2006; Miga and Alexandrov
2021; Logsdon et al. 2023; Wlodzimierz et al. 2023b). It remains
unclear which aspects of plant female meiosis are polar and capa-
ble of providing information for selfish centromeres to exploit. As
female meiosis occurs in plant ovules, developmental or hormonal
gradients within these organs may be instrumental in setting up
cellular and/or spindle polarity that can be targeted during drive
by selfish centromeres (Fig. 3A).

Maize abnormal Chromosome 10 (Ab10) is a further instruc-
tive example of meiotic drive (Birchler et al. 2003; Dawe 2022).
Ab10 is a variant of the endogenous Chromosome 10 that bears
large megabase-scale tandem repeat arrays, which are cytologically
evident as heterochromatic “knobs” (Dawe et al. 2018; Swentowsky
et al. 2020). In heterozygotes, Ab10 shows strong driving inheri-
tance (~83%) through female meiosis (Higgins et al. 2018). Interest-
ingly, the knob does not recruit CENH3 or the kinetochore, and
instead, drive requires an array of Kinesin driver (Kindr) genes, which
act on the knob180 tandem repeats, and TR-1 Kinesin, which acts on
the TR-1 359-bp tandem repeats (Dawe et al. 2018; Swentowsky
et al. 2020). These kinesin/tandem repeat drive systems generally
act synergistically but can also act independently (Dawe et al.
2018; Swentowsky et al. 2020). This indicates that the Ab10 system
is circumventing the canonical centromere machinery, which also
has implications for holocentric evolution in which species have
lost CENH3 or kinetochore proteins (Drinnenberg et al. 2014; Neu-
mann et al. 2023). Importantly, Ab10 knobs can have negative ef-
fects on male and female fitness when homozygous (Higgins et al.
2018). Similarly, female drive of D haplotypes in the monkeyflower
is associated with a decrease in male reproductive fitness (pollen vi-
ability) (Fishman and Saunders 2008; Fishman 2013), indicating fit-
ness trade-offs that may prevent fixation of the driving centromeres.
It is also possible that centromere haplotypes could display condi-
tional drive, such that variant A beats B, B beats C, and C beats A,
which has the potential to maintain sequence diversity. Although
drive during female meiosis is a compelling model to explain rapid
centromere evolution via competitive arms-races, other factors
should be considered. For example, centromere evolution is also
rapid in isogamous species, such as fission yeast (Rhind et al.
2011), indicating other mechanisms likely exist. In this respect, it
is relevant to consider haploid-induction by CENH3 variants in
plants, which also provides a potential mechanism for rapid chro-
mosome loss and genome restructuring during evolution (Ravi
and Chan 2010; Karimi-Ashtiyani et al. 2015; Kuppu et al. 2015;
Tan et al. 2015; Lv et al. 2020; Wang et al. 2021).

As diverse retrotransposons display centrophilic adaptation, it
is possible that these sequences are engaged in drive themselves or
that they modify drive. As centromeric recombination in satellite
arrays can act to purge retrotransposons (Shi et al. 2010;
Wlodzimierz et al. 2023b), this may represent a defense against
drive (Fig. 3C). Indeed, theoretical work supports that recombina-
tion during meiosis may have evolved as a “scrambling defense”
against driving elements that link themselves to cis-acting centro-

mere sequences (or become them) (Haig and Grafen 1991). In
this scenario, the instability of centromeres could represent an
adaptation to prevent establishment of driving sequences.
Holocentricity could also be considered as a defense against drive,
as multiple centromere locations will potentially be more robust to
manipulation by driving agents. Because of species showing vary-
ing centromere composition by satellites versus retrotransposons,
it seems likely that mechanisms exist in which genomes can evolve
between these states (Fig. 3C). It is easy to conceive how a successful
centrophilic retrotransposon could colonize and take over a satel-
lite-based centromere, such as observed in Einkorn wheat and
Drosophila (Ahmed etal. 2023; Courret etal. 2023). Yet, how centro-
mere satellite arrays can emerge from a transposon-based architec-
ture remains unclear, although evidence exists for formation of
tandem repeats from centrophilic retrotransposons in plants
(Cheng and Murata 2003; Ito et al. 2004; Sharma et al. 2013),
CR1-Cretrotransposons in chicken (Shang et al. 2010), and centro-
meric KERVs in kangaroo (Koga et al. 2023). The pathways that
form such transposon-derived tandem repeat arrays are poorly
characterized but provide a potential route for satellite arrays to
evolve from transposon-dominated centromeres.

Centromeres have a potent suppressive effect on meiotic
crossover within themselves and the surrounding sequences
(Mahtani and Willard 1998; Vincenten et al. 2015; Nambiar and
Smith 2018; Langley et al. 2019; Naish et al. 2021; Fernandes
et al. 2024), which can shape genetic variation and genome
evolution. For example, monocentric plant chromosomes show
pronounced telomere-centromere gradients of gene density,
transposon diversity, and epigenetic modifications (Rowan et al.
2019; Naish et al. 2021; Ahmed et al. 2023; Chen et al. 2023;
Fernandes et al. 2024). As similar gradients are not evident in hol-
ocentric Rhynchospora genomes (Hofstatter et al. 2022), this argues
for a dominant role in monocentric architecture in influencing
multiple other aspects of genome organization. However, despite
showing a uniform landscape of gene, repeat, and epigenomic pat-
terns, Rhynchospora shows distalized meiotic crossover frequency,
potentially indicating a role for the telomere bouquet (Castellani
etal. 2024). As a consequence of centromere-proximal recombina-
tion-suppression in monocentric species, the genes and transpo-
sons located there will tend to maintain linkage and coinherit,
with the potential to form supergenes (Finseth et al. 2022). For
example, the driving D centromere haplotype in Mimulus spans
~12 Mb, contains at least 350 genes, and occurs at varying frequen-
cy in natural populations (Fishman 2013; Finseth et al. 2022).
These regions could also contain trans-acting modifiers of centro-
mere inheritance, such as the Kindr repeats in maize (Dawe et al.
2018; Swentowsky et al. 2020) and ATHILA elements in
Arabidopsis (Swentowsky et al. 2020; Shimada et al. 2023). As fur-
ther centromere regions are fully assembled, it will be interesting
to understand the extent to which linked-sequences contribute
to centromere identity, drive, and other genomic processes.

Prospects for engineering synthetic centromeres

Plant centromeres are not defined by conserved DNA sequences,
either within genomes, within species, or across species. This se-
quence lability, as well as the role of epigenetic factors, makes en-
gineering centromeres inherently difficult. However, as new
genome assemblies accumulate with complete centromeres, a
deeper understanding will be achieved of the sequences and chro-
matin states that robustly confer centromere identity to plant
chromosomes. Experiments to re-engineer centromeres, including
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the application of CRISPR-Cas9, will be powerful to define neocen-
tromeres and minimal repeat arrays capable of maintaining chro-
mosomes in vivo. For example, CRISPR guide RNAs targeting
Cas9 to chromosome-specific alpha-satellite repeats are effective
at creating aneuploidy in human cells (Bosco et al. 2023), whereas
CRISPR targeting at sites flanking human centromere 4 created an
acentric chromosome and triggered neocentromere formation
(Murillo-Pineda et al. 2021). Therefore, similar CRISPR strategies
in plants could be used to generate reduced, expanded, or rear-
ranged centromeres; acentrics; neocentromeres; or other chromo-
some rearrangements and novel karyotypes. Similarly, work
targeting CENH3 via LexA fusions in maize shows that this strat-
egy can also lead to dicentrics, chromosome instability, and forma-
tion of autonomously replicating mini-chromosomes (Dawe et al.
2023). More precise knowledge of what controls centromere iden-
tity in plants, at the genetic and epigenetic levels, may provide
tractable sequences that can be synthesized in artificial chromo-
somes. Ideally, relatively small sequence arrays that confer strong
centromere identity are required to avoid the need to synthesize
multimegabase satellite arrays. For example, the Rhynchospora
Tyba arrays provide examples of ~15- to 25-kb blocks of satellites
that are capable of CENH3 recruitment and kinetochore assembly
(Hofstatter et al. 2022). Ultimately, synthetic chromosomes have
the potential to act as a vector to deliver complex, multigene path-
ways into plant species. These advanced forms of genetic modifica-
tion have the potential to provide powerful new tools for adapting
and engineering crops to the changing climate.

Competing interest statement

The authors declare no competing interests.

Acknowledgments

We thank Jiti Macas for discussions and James Higgins, Teri
Mandéakova, and Martin Lysak for generating the cytogenetic
data shown in Figure 1, B and C (Lambing et al. 2020; Naish
et al. 2021). Figure 3, B and C, is reproduced from Wlodzimierz
et al. (2023b). This work was supported by Biotechnology and
Biological Sciences Research Council grants BB/S006842/1, BB/
S020012/1, and BB/V003984/1; European Research Council
Consolidator Award ERC-2015-CoG-681987; and Human
Frontier Science Program award RGP0025/2021 to I.LR.H., and a
Broodbank Fellowship to M.N.

References

Abascal-Palacios G, Jochem L, Pla-Prats C, Beuron F, Vannini A. 2021.
Structural basis of Ty3 retrotransposon integration at RNA polymerase
II-transcribed genes. Nat Commun 12: 6992. doi:10.1038/s41467-021-
27338-w

Ahmadli U, Kalidass M, Khaitova LC, Fuchs J, Cuacos M, Demidov D, Zuo S,
Pecinkova J, Mascher M, Ingouff M, et al. 2023. High temperature in-
creases centromere-mediated genome elimination frequency and en-
hances haploid induction in Arabidopsis. Plant Commun 4: 100507.
doi:10.1016/j.xplc.2022.100507

Ahmed HI, Heuberger M, Schoen A, Koo D-H, Quiroz-Chavez J, Adhikari L,
Raupp J, et al. 2023. Einkorn genomics sheds light on history of the old-
est domesticated wheat. Nature 620: 830-838. doi:10.1038/541586-023-
06389-7

Akera T, Chmatal L, Trimm E, Yang K, Aonbangkhen C, Chenoweth DM,
Janke C, Schultz RM, Lampson MA. 2017. Spindle asymmetry drives
non-Mendelian chromosome segregation. Science 358: 668-672.
doi:10.1126/science.aan0092

Akera T, Trimm E, Lampson MA. 2019. Molecular strategies of meiotic
cheating by selfish centromeres. Cell 178: 1132-1144.e10. doi:10
.1016/j.cell.2019.07.001

Allshire RC, Karpen GH. 2008. Epigenetic regulation of centromeric chro-
matin: old dogs, new tricks? Nat Rev Genet 9: 923-937. doi:10.1038/
nrg2466

Altemose N. 2022. A classical revival: human satellite DNAs enter the geno-
mics era. Semin Cell Dev Biol 128: 2-14. doi:10.1016/j.semcdb.2022.04.012

Altemose N, Logsdon GA, Bzikadze AV, Sidhwani P, Langley SA, Caldas GV,
Hoyt §J, Uralsky L, Ryabov FD, Shew CJ, et al. 2022. Complete genomic
and epigenetic maps of human centromeres. Science 376: eabl4178.
doi:10.1126/science.abl4178

Avila Robledillo L, Koblizkové A, Novak P, Bottinger K, Vrbova I, Neumann
P, Schubert I, Macas J. 2018. Satellite DNA in Vicia faba is characterized
by remarkable diversity in its sequence composition, association with
centromeres, and replication timing. Sci Rep 8: 5838. doi:10.1038/
541598-018-24196-3

Avila Robledillo L, Neumann P, Koblizkova A, Novak P, Vrbova I, Macas J.
2020. Extraordinary sequence diversity and promiscuity of centromeric
satellites in the legume tribe Fabeae. Mol Biol Evol 37: 2341-2356. doi:10
.1093/molbev/msaa090

Aze A, Sannino V, Soffientini P, Bachi A, Costanzo V. 2016. Centromeric
DNA replication reconstitution reveals DNA loops and ATR checkpoint
suppression. Nat Cell Biol 18: 684-691. doi:10.1038/ncb3344

Bao Z, Li C, Li G, Wang P, Peng Z, Cheng L, Li H, Zhang Z, Li Y, Huang W,
et al. 2022. Genome architecture and tetrasomic inheritance of autotet-
raploid potato. Mol Plant 15: 1211-1226. doi:10.1016/j.molp.2022.06
.009

Barnhart MC, Kuich PHJL, Stellfox ME, Ward JA, Bassett EA, Black BE, Foltz
DR. 2011. HJURP is a CENP-A chromatin assembly factor sufficient to
form a functional de novo Kkinetochore. J Cell Biol 194: 229-243.
doi:10.1083/jcb.201012017

Batzenschlager M, Lermontova I, Schubert V, Fuchs J, Berr A, Koini MA,
Houlné G, Herzog E, Rutten T, Alioua A, et al. 2015. Arabidopsis MZT1
homologs GIP1 and GIP2 are essential for centromere architecture.
Proc Natl Acad Sci USA 112: 8656-8660. doi:10.1073/pnas.1506351112

Belser C, Baurens F-C, Noel B, Martin G, Cruaud C, Istace B, Yahiaoui N,
Labadie K, Hfibova E, Dolezel J, et al. 2021. Telomere-to-telomere gap-
less chromosomes of banana using nanopore sequencing. Commun
Biol 4: 1047. doi:10.1038/s42003-021-02559-3

Benson G. 1999. Tandem repeats finder: a program to analyze DNA se-
quences. Nucleic Acids Res 27: 573-580. doi:10.1093/nar/27.2.573

Berr A, Pecinka A, Meister A, Kreth G, Fuchs ], Blattner FR, Lysak MA,
Schubert I. 2006. Chromosome arrangement and nuclear architecture
but not centromeric sequences are conserved between Arabidopsis thali-
ana and Arabidopsis lyrata. Plant | 48: 771-783. doi:10.1111/j.1365-
313X.2006.02912.x

Bi G, Zhao S, Yao J, Wang H, Zhao M, Sun Y, Hou X, Haas FB, Varshney D,
Prigge M, et al. 2024. Near telomere-to-telomere genome of the model
plant Physcomitrium patens. Nat Plants 10: 327-343. doi:10.1038/
s41477-023-01614-7

Birchler JA, Swyers NC. 2020. Engineered minichromosomes in plants. Exp
Cell Res 388: 111852. doi:10.1016/j.yexcr.2020.111852

Birchler JA, Dawe RK, Doebley JF. 2003. Marcus Rhoades, preferential segre-
gation and meiotic drive. Genetics 164: 835-841. doi:10.1093/genetics/
164.3.835

Borek WE, Vincenten N, Duro E, Makrantoni V, Spanos C, Sarangapani KK,
de Lima Alves F, Kelly DA, Asbury CL, Rappsilber ], et al. 2021. The pro-
teomic landscape of centromeric chromatin reveals an essential role for
the Ctf19 complex in meiotic kinetochore assembly. Curr Biol 31: 283—
296.€7. doi:10.1016/j.cub.2020.10.025

Bosco N, Goldberg A, Zhao X, Mays JC, Cheng P, Johnson AF, Bianchi JJ,
Toscani C, Di Tommaso E, Katsnelson L, et al. 2023. KaryoCreate: a
CRISPR-based technology to study chromosome-specific aneuploidy
by targeting human centromeres. Cell 186: 1985-2001.e19. doi:10
.1016/j.cell.2023.03.029

Bostick M, Kim JK, Esteve P-O, Clark A, Pradhan S, Jacobsen SE. 2007.
UHRF1 plays a role in maintaining DNA methylation in mammalian
cells. Science 317: 1760-1764. doi:10.1126/science.1147939

Cabral G, Marques A, Schubert V, Pedrosa-Harand A, Schlégelhofer P. 2014.
Chiasmatic and achiasmatic inverted meiosis of plants with holocentric
chromosomes. Nat Commun 5: 5070. doi:10.1038/ncomms6070

Camabhort R, Li B, Florens L, Swanson SK, Washburn MP, Gerton JL. 2007.
Scma3 is essential to recruit the histone H3 variant Cse4 to centromeres
and to maintain a functional kinetochore. Mol Cell 26: 853-865. doi:10
.1016/j.molcel.2007.05.013

Capitao C, Tanasa S, Fulnecek J, Raxwal VK, Akimcheva S, Bulankova P,
Mikulkova P, Crhak Khaitova L, Kalidass M, Lermontova I, et al. 2021.
A CENH3 mutation promotes meiotic exit and restores fertility in
SMG?7-deficient Arabidopsis. PLoS Genet 17: €1009779. doi:10.1371/jour
nal.pgen.1009779

Cappelletti E, Piras FM, Sola L, Santagostino M, Petersen JL, Bellone RR,
Finno CJ, Peng S, Kalbfleisch TS, Bailey E, et al. 2023. The localization

Genome Research 173

www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 4, 2026 . Published by Cold Spring Harbor Laboratory Press

Naish and Henderson

of centromere protein A is conserved among tissues. Commun Biol 6:
963. doi:10.1038/542003-023-05335-7

Carbone L, Nergadze SG, Magnani E, Misceo D, Francesca Cardone M,
Roberto R, Bertoni L, Attolini C, Francesca Piras M, de Jong P, et al.
2006. Evolutionary movement of centromeres in horse, donkey, and ze-
bra. Genomics 87: 777-782. doi:10.1016/j.ygeno.2005.11.012

Carroll CW, Milks K], Straight AF. 2010. Dual recognition of CENP-A nucle-
osomes is required for centromere assembly. J Cell Biol 189: 1143-1155.
doi:10.1083/jcb.201001013

Castellani M, Zhang M, Thangavel G, Mata-Sucre Y, Lux T, Campoy JA,
Marek M, Huettel B, Sun H, Mayer KFX, et al. 2024. Meiotic recombina-
tion dynamics in plants with repeat-based holocentromeres shed light
on the primary drivers of crossover patterning. Nat Plants doi:10
.1038/s41477-024-01625-y

Chang C-H, Chavan A, Palladino J, Wei X, Martins NMC, Santinello B,
Chen C-C, Erceg J, Beliveau BJ, Wu C-T, et al. 2019. Islands of retroele-
ments are major components of Drosophila centromeres. PLoS Biol 17:
€3000241. doi:10.1371/journal.pbio.3000241

Chatterjee B, Lo CW. 1989. Chromosomal recombination and breakage as-
sociated with instability in mouse centromeric satellite DNA. ] Mol Biol
210: 303-312. doi:10.1016/0022-2836(89)90332-X

Chen C-C, Dechassa ML, Bettini E, Ledoux MB, Belisario C, Heun P, Luger K,
Mellone BG. 2014. CALL1 is the Drosophila CENP-A assembly factor. ] Cell
Biol 204: 313-329. doi:10.1083/jcb.201305036

Chen J, Wang Z, Tan K, Huang W, ShiJ, Li T, Hu J, Wang K, Wang C, Xin B,
et al. 2023. A complete telomere-to-telomere assembly of the maize ge-
nome. Nat Genet 55: 1221-1231. doi:10.1038/541588-023-01419-6

Cheng Z-J, Murata M. 2003. A centromeric tandem repeat family originating
from a part of Ty3/gypsy-retroelement in wheat and its relatives. Genetics
164: 665-672. doi:10.1093/genetics/164.2.665

ChengZ, DongF, Langdon T, Ouyang$, Buell CR, Gu M, Blattner FR, JiangJ.
2002. Functional rice centromeres are marked by a satellite repeat and a
centromere-specific retrotransposon. Plant Cell 14: 1691-1704. doi:10
.1105/tpc.003079

Chmatal L, Gabriel SI, Mitsainas GP, Martinez-Vargas J, Ventura J, Searle JB,
Schultz RM, Lampson MA. 2014. Centromere strength provides the cell
biological basis for meiotic drive and karyotype evolution in mice. Curr
Biol 24: 2295-2300. doi:10.1016/j.cub.2014.08.017

Coen E, Strachan T, Dover G. 1982. Dynamics of concerted evolution of ri-
bosomal DNA and histone gene families in the melanogaster species sub-
group of Drosophila. ] Mol Biol 158: 17-35. doi:10.1016/0022-2836(82)
90448-X

Collins KA, Furuyama S, Biggins S. 2004. Proteolysis contributes to the ex-
clusive centromere localization of the yeast Cse4/CENP-A histone H3
variant. Curr Biol 14: 1968-1972. d0i:10.1016/j.cub.2004.10.024

Courret C, Hemmer L, Wei X, Patel PD, Santinello B, Geng X, Chang C-H,
Mellone B, Larracuente AM. 2023. Rapid turnover of centromeric DNA
reveals signatures of genetic conflict in Drosophila. bioRxiv doi:10
.1101/2023.08.22.554357

Craig RJ, Hasan AR, Ness RW, Keightley PD. 2021. Comparative genomics of
chlamydomonas. Plant Cell 33: 1016-1041. doi:10.1093/plcell/
koab026

Craig RJ, Gallaher SD, Shu S, Salomé PA, Jenkins JW, Blaby-Haas CE, Purvine
SO, O'Donnell S, Barry K, Grimwood J, et al. 2023. The Chlamydomonas
Genome Project, version 6: reference assemblies for mating-type plus
and minus strains reveal extensive structural mutation in the laboratory.
Plant Cell 35: 644-672. doi:10.1093/plcell/koac347

Creasey KM, Zhai ], Borges F, Van Ex F, Regulski M, Meyers BC, Martienssen
RA. 2014. miRNAs trigger widespread epigenetically activated siRNAs
from transposons in Arabidopsis. Nature 508: 411-415. doi:10.1038/
nature13069

Daccord N, Celton J-M, Linsmith G, Becker C, Choisne N, Schijlen E, van de
Geest H, Bianco L, Micheletti D, Velasco R, et al. 2017. High-quality de
novo assembly of the apple genome and methylome dynamics of early
fruit development. Nat Genet 49: 1099-1106. doi:10.1038/ng.3886

Dawe RK. 2022. The maize abnormal chromosome 10 meiotic drive haplo-
type: a review. Chromosome Res 30: 205-216. doi:10.1007/s10577-022-
09693-6

Dawe RK, Reed LM, Yu HG, Muszynski MG, Hiatt EN. 1999. A maize homo-
log of mammalian CENPC is a constitutive component of the inner ki-
netochore. Plant Cell 11: 1227-1238. doi:10.1105/tpc.11.7.1227

Dawe RK, Lowry EG, Gent ]I, Stitzer MC, Swentowsky KW, Higgins DM,
Ross-Ibarra J, Wallace JG, Kanizay LB, Alabady M, et al. 2018. A kine-
sin-14 motor activates neocentromeres to promote meiotic drive in
maize. Cell 173: 839-850.¢e18. doi:10.1016/j.cell.2018.03.009

Dawe RK, Gent JI, Zeng Y, Zhang H, Fu F-F, Swentowsky KW, Kim DW,
Wang N, Liu J, Piri RD. 2023. Synthetic maize centromeres transmit
chromosomes across generations. Nat Plants 9: 433-441. doi:10.1038/
s41477-023-01370-8

Dendooven T, Zhang Z, Yang J, McLaughlin SH, Schwab J, Scheres SHW,
Yatskevich S, Barford D. 2023. Cryo-EM structure of the complete inner

kinetochore of the budding yeast point centromere. Sci Adv 9:
eadg7480. doi:10.1126/sciadv.adg7480

Despot-Slade E, Mravinac B, Sirca S, Castagnone-Sereno P, Plohl M,
Mestrovi¢ N. 2021. The centromere histone is conserved and associated
with tandem repeats sharing a conserved 19-bp box in the holocentro-
mere of meloidogyne nematodes. Mol Biol Evol 38: 1943-1965. doi:10
.1093/molbev/msaa336

Dover G. 1982. Molecular drive: a cohesive mode of species evolution.
Nature 299: 111-117. doi:10.1038/299111a0

Drinnenberg IA, deYoung D, Henikoff S, Malik HS. 2014. Recurrent loss of
CenH3 is associated with independent transitions to holocentricity in
insects. eLife 3: €03676. doi:10.7554/eLife.03676

Du Y, Dawe RK. 2007. Maize NDC8O0 is a constitutive feature of the central
kinetochore. Chromosome Res 15: 767-775. doi:10.1007/s10577-007-
1160-z

Du J, Johnson LM, Groth M, Feng S, Hale CJ, Li S, Vashisht AA,
Wohlschlegel JA, Patel DJ, Jacobsen SE. 2014. Mechanism of DNA meth-
ylation-directed histone methylation by KRYPTONITE. Mol Cell 55:
495-504. doi:10.1016/j.molcel.2014.06.009

Dunleavy EM, Pidoux AL, Monet M, Bonilla C, Richardson W, Hamilton
GL, Ekwall K, McLaughlin PJ, Allshire RC. 2007. ANASP (N1/N2)-related
protein, Sim3, binds CENP-A and is required for its deposition at fission
yeast centromeres. Mol Cell 28: 1029-1044. doi:10.1016/j.molcel.2007
.10.010

Dunleavy EM, Roche D, Tagami H, Lacoste N, Ray-Gallet D, Nakamura Y,
Daigo Y, Nakatani Y, Almouzni-Pettinotti G. 2009. HJURP is a cell-cy-
cle-dependent maintenance and deposition factor of CENP-A at centro-
meres. Cell 137: 485-497. doi:10.1016/j.cell.2009.02.040

Durfy §J, Willard HF. 1990. Concerted evolution of primate o satellite DNA.
Evidence for an ancestral sequence shared by gorilla and human X chro-
mosome o, satellite. ] Mol Biol 216: 555-566. doi:10.1016/0022-2836
(90)90383-W

Earnshaw WC, Rothfield N. 1985. Identification of a family of human cen-
tromere proteins using autoimmune sera from patients with sclero-
derma. Chromosoma 91: 313-321. doi:10.1007/BF00328227

Fachinetti D, Masumoto H, Kouprina N. 2020. Artificial chromosomes. Exp
Cell Res 396: 112302. doi:10.1016/j.yexcr.2020.112302

Feng C, Yuan J, Bai H, Liu Y, Su H, Liu Y, Shi L, Gao Z, Birchler JA, Han F.
2020. The deposition of CENH3 in maize is stringently regulated.
Plant ] 102: 6-17. doi:10.1111/tpj.14606

Fernandes JB, Naish M, Lian Q, Burns R, Tock AJ, Rabanal FA, Wlodzimierz
P, Habring A, Nicholas RE, Weigel D, et al. 2024. Structural variation and
DNA methylation shape the centromere-proximal meiotic crossover
landscape in Arabidopsis. Genome Biol 25: 30. doi:10.1186/s13059-
024-03163-4

Ferreri GC, Brown JD, Obergfell C, Jue N, Finn CE, O’Neill MJ, O’Neill RJ.
2011. Recent amplification of the kangaroo endogenous retrovirus,
KERYV, limited to the centromere. ] Virol 85: 4761-4771. doi:10.1128/
JV1.01604-10

Finseth F. 2023. Female meiotic drive in plants: mechanisms and dynamics.
Curr Opin Genet Dev 82: 102101. doi:10.1016/j.gde.2023.102101

Finseth F, Brown K, Demaree A, Fishman L. 2022. Supergene potential of a
selfish centromere. Philos Trans R Soc Lond B Biol Sci 377: 20210208.
doi:10.1098/rstb.2021.0208

Fishman L. 2013. Female meiotic drive in monkeyflowers: insight into the
population genetics of selfish centromeres. Plant Centromere Biol 129—
145. doi:10.1002/9781118525715.ch10

Fishman L, Saunders A. 2008. Centromere-associated female meiotic drive
entails male fitness costs in monkeyflowers. Science 322: 1559-1562.
doi:10.1126/science.1161406

Fishman L, Willis JH. 2005. A novel meiotic drive locus almost completely
distorts segregation in mimulus (monkeyflower) hybrids. Genetics 169:
347-353. doi:10.1534/genetics.104.032789

Fitzgerald-Hayes M, Clarke L, Carbon J. 1982. Nucleotide sequence compar-
isons and functional analysis of yeast centromere DNAs. Cell 29: 235-
244. doi:10.1016/0092-8674(82)90108-8

Foltz DR, Jansen LET, Bailey AO, Yates JR III, Bassett EA, Wood S, Black BE,
Cleveland DW. 2009. Centromere-specific assembly of CENP-a nucleo-
somes is mediated by HJURP. Cell 137: 472-484. do0i:10.1016/j.cell
.2009.02.039

FuS,LvZ, GaoZ, WuH, Pang], Zhang B, Dong Q, Guo X, Wang X-J, Birchler
JA, et al. 2013. De novo centromere formation on a chromosome frag-
ment in maize. Proc Natl Acad Sci USA 110: 6033-6036. doi:10.1073/
pnas.1303944110

Fujita Y, Hayashi T, Kiyomitsu T, Toyoda Y, Kokubu A, Obuse C, Yanagida
M. 2007. Priming of centromere for CENP-A recruitment by human
hMis18c, hMis18p, and M18BP1. Dev Cell 12: 17-30. doi:10.1016/j
.devcel.2006.11.002

Furuyama S, Biggins S. 2007. Centromere identity is specified by a single
centromeric nucleosome in budding yeast. Proc Natl Acad Sci USA 104:
14706-14711. doi:10.1073/pnas.0706985104

174 Genome Research
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 4, 2026 .

Published by Cold Spring Harbor Laboratory Press

Structure and evolution of plant centromeres

Gao X, Hou Y, Ebina H, Levin HL, Voytas DF. 2008. Chromodomains direct
integration of retrotransposons to heterochromatin. Genome Res 18:
359-369. doi:10.1101/gr.7146408

Gassmann R, Rechtsteiner A, Yuen KW, Muroyama A, Egelhofer T, Gaydos
L, Barron F, Maddox P, Essex A, Monen J, et al. 2012. An inverse relation-
ship to germline transcription defines centromeric chromatin in C. ele-
gans. Nature 484: 534-537. doi:10.1038/nature10973

Gershman A, Sauria MEG, Guitart X, Vollger MR, Hook PW, Hoyt SJ, Jain M,
Shumate A, Razaghi R, Koren S, et al. 2022. Epigenetic patterns in a com-
plete human genome. Science 376: eabj5089. doi:10.1126/science
.abj5089

Gong Z, Wu Y, Koblizkova A, Torres GA, Wang K, Iovene M, Neumann P,
Zhang W, Novak P, Buell CR, et al. 2012. Repeatless and repeat-based
centromeres in potato: implications for centromere evolution. Plant
Cell 24: 3559-3574. doi:10.1105/tpc.112.100511

Guo W, Comai L, Henry IM. 2023. Chromoanagenesis in plants: triggers,
mechanisms, and potential impact. Trends Genet 39: 34-45. doi:10
.1016/j.tig.2022.08.003

Gutbrod MJ, Martienssen RA. 2020. Conserved chromosomal functions of
RNA interference. Nat Rev Genet 21: 311-331. doi:10.1038/s41576-
019-0203-6

Haig D. 2022. Paradox lost: concerted evolution and centromeric instabili-
ty. Bioessays 44: ¢2200023. doi:10.1002/bies.202200023

Haig D, Grafen A. 1991. Genetic scrambling as a defence against meiotic
drive. ] Theor Biol 153: 531-558. doi:10.1016/50022-5193(05)80155-9

Hall IM, Noma K-I, Grewal SIS. 2003. RNA interference machinery regulates
chromosome dynamics during mitosis and meiosis in fission yeast. Proc
Natl Acad Sci USA 100: 193-198. doi:10.1073/pnas.232688099

Han F, Lamb JC, Birchler JA. 2006. High frequency of centromere inactiva-
tion resulting in stable dicentric chromosomes of maize. Proc Natl Acad
Sci USA 103: 3238-3243. doi:10.1073/pnas.0509650103

Han F, Gao Z, Yu W, Birchler JA. 2008. Minichromosome analysis of chro-
mosome pairing, disjunction, and sister chromatid cohesion in maize.
Plant Cell 19: 3853-3863. doi:10.1105/tpc.107.055905

Han Y, Zhang Z, Liu C, Liu ], Huang S, Jiang J, Jin W. 2009. Centromere re-
positioning in cucurbit species: implication of the genomic impact from
centromere activation and inactivation. Proc Natl Acad Sci USA 106:
14937-14941. doi:10.1073/pnas.0904833106

Hara M, Ariyoshi M, Sano T, Nozawa R-S, Shinkai S, Onami S, Jansen I,
Hirota T, Fukagawa T. 2023. Centromere/kinetochore is assembled
through CENP-C oligomerization. Mol Cell 83: 2188-2205.e13. doi:10
.1016/j.molcel.2023.05.023

Hartmann M, Umbanhowar J, Sekelsky J. 2019. Centromere-proximal mei-
otic crossovers in Drosophila melanogaster are suppressed by both highly
repetitive heterochromatin and proximity to the centromere. Genetics
213: 113-125. doi:10.1534/genetics.119.302509

Hayashi T, Fujita Y, Iwasaki O, Adachi Y, Takahashi K, Yanagida M. 2004.
Mis16 and Mis18 are required for CENP-A loading and histone deacety-
lation at centromeres. Cell 118: 715-729. doi:10.1016/j.cell.2004.09
.002

Heckmann S, Macas J, Kumke K, Fuchs J, Schubert V, Ma L, Novék P,
Neumann P, Taudien S, Platzer M, et al. 2013. The holocentric species
Luzula elegans shows interplay between centromere and large-scale ge-
nome organization. Plant ] 73: 555-565. doi:10.1111/tpj.12054

Heckmann S, Jankowska M, Schubert V, Kumke K, Ma W, Houben A. 2014.
Alternative meiotic chromatid segregation in the holocentric plant
Luzula elegans. Nat Commun 5: 4979. doi:10.1038/ncomms5979

Henikoff S, Ahmad K, Malik HS. 2001. The centromere paradox: stable in-
heritance with rapidly evolving DNA. Science 293: 1098-1102. doi:10
.1126/science.1062939

Heun P, Erhardt S, Blower MD, Weiss S, Skora AD, Karpen GH. 2006.
Mislocalization of the Drosophila centromere-specific histone CID pro-
motes formation of functional ectopic kinetochores. Dev Cell 10: 303—
315. doi:10.1016/j.devcel.2006.01.014

Higgins AW, Gustashaw KM, Willard HF. 200S. Engineered human dicen-
tric chromosomes show centromere plasticity. Chromosome Res 13:
745-762. doi:10.1007/s10577-005-1009-2

Higgins DM, Lowry EG, Kanizay LB, Becraft PW, Hall DW, Dawe RK. 2018.
Fitness costs and variation in transmission distortion associated with
the abnormal chromosome 10 meiotic drive system in maize. Genetics
208: 297-305. doi:10.1534/genetics.117.300060

Hofstatter PG, Thangavel G, Castellani M, Marques A. 2021. Meiosis pro-
gression and recombination in holocentric plants: what is known?
Front Plant Sci 12: 658296. doi:10.3389/fpls.2021.658296

Hofstatter PG, Thangavel G, Lux T, Neumann P, Vondrak T, Novak P, Zhang
M, Costa L, Castellani M, Scott A, et al. 2022. Repeat-based holocentro-
meres influence genome architecture and karyotype evolution. Cell
185: 3153-3168.e18. doi:10.1016/j.cell.2022.06.045

Hoyt §J, Storer JM, Hartley GA, Grady PGS, Gershman A, de Lima LG,
Limouse C, Halabian R, Wojenski L, Rodriguez M, et al. 2022. From telo-

mere to telomere: the transcriptional and epigenetic state of human re-
peat elements. Science 376: eabk3112. doi:10.1126/science.abk3112

Hudson DF, Fowler KJ, Earle E, Saffery R, Kalitsis P, Trowell H, Hill J, Wreford
NG, de Kretser DM, Cancilla MR, et al. 1998. Centromere protein B null
mice are mitotically and meiotically normal but have lower body and
testis weights. J Cell Biol 141: 309-319. doi:10.1083/jcb.141.2.309

Ingouff M, Hamamura Y, Gourgues M, Higashiyama T, Berger F. 2007.
Distinct dynamics of HISTONE3 variants between the two fertilization
products in plants. Curr Biol 17: 1032-1037. doi:10.1016/j.cub.2007
.05.019

Ito H, Nasuda S, Endo TR. 2004. A direct repeat sequence associated with the
centromeric retrotransposons in wheat. Genome 47: 747-756. doi:10
.1139/g04-034

Iwata-Otsubo A, Dawicki-McKenna JM, Akera T, Falk SJ, Chmatal L, Yang K,
Sullivan BA, Schultz RM, Lampson MA, Black BE. 2017. Expanded satel-
lite repeats amplify a discrete CENP-A nucleosome assembly site on
chromosomes that drive in female meiosis. Curr Biol 27: 2365-
2373.e8. d0i:10.1016/j.cub.2017.06.069

Jackson JP, Lindroth AM, Cao X, Jacobsen SE. 2002. Control of CpNpG DNA
methylation by the KRYPTONITE histone H3 methyltransferase. Nature
416: 556-560. doi:10.1038/nature731

Jacobs SA, Khorasanizadeh S. 2002. Structure of HP1 chromodomain bound
to alysine 9-methylated histone H3 tail. Science 295: 2080-2083. doi:10
.1126/science.1069473

Jin W, Melo JR, Nagaki K, Talbert PB, Henikoff S, Dawe RK, Jiang J. 2004.
Maize centromeres: organization and functional adaptation in the ge-
netic background of oat. Plant Cell 16: 571-581. doi:10.1105/tpc
.018937

Karimi-Ashtiyani R, Ishii T, Niessen M, Stein N, Heckmann S, Gurushidze
M, Banaei-Moghaddam AM, Fuchs J, Schubert V, Koch K, et al. 2015.
Point mutation impairs centromeric CENH3 loading and induces hap-
loid plants. Proc Natl Acad Sci USA 112: 11211-11216. doi:10.1073/
pnas.1504333112

Karimi-Ashtiyani R, Schubert V, Houben A. 2021. Only the rye derived part
of the 1BL/1RS hybrid centromere incorporates CENH3 of wheat. Front
Plant Sci 12: 802222. doi:10.3389/fpls.2021.802222

Kawabe A, Nasuda S. 2005. Structure and genomic organization of centro-
meric repeats in Arabidopsis species. Mol Genet Genomics 272: 593—
602. doi:10.1007/s00438-004-1081-x

Kipling D, Warburton PE. 1997. Centromeres, CENP-B and tigger too.
Trends Genet 13: 141-145. doi:10.1016/50168-9525(97)01098-6

Kit S. 1961. Equilibrium sedimentation in density gradients of DNA prepa-
rations from animal tissues. ] Mol Biol 3: 711-716. doi:10.1016/S0022-
2836(61)80075-2

Koga A, Nishihara H, Tanabe H, Tanaka R, Kayano R, Matsumoto S, Endo T,
Srikulnath K, O’Neill RJ. 2023. Kangaroo endogenous retrovirus (KERV)
forms megasatellite DNA with a simple repetition pattern in which the
provirus structure is retained. Virology §86: 56-66. doi:10.1016/j.virol
.2023.07.005

Komaki S, Schnittger A. 2017. The spindle assembly checkpoint in
Arabidopsis is rapidly shut off during severe stress. Dev Cell 43: 172-
185.e5. doi:10.1016/j.devcel.2017.09.017

Komaki S, Takeuchi H, Hamamura Y, Heese M, Hashimoto T, Schnittger A.
2020. Functional analysis of the plant chromosomal passenger com-
plex. Plant Physiol 183: 1586-1599. doi:10.1104/pp.20.00344

Kraft E, Bostick M, Jacobsen SE, Callis J. 2008. ORTH/VIM proteins that reg-
ulate DNA methylation are functional ubiquitin E3 ligases. Plant ] 56:
704-715. doi:10.1111/j.1365-313X.2008.03631.x

Kumon T, Ma J, Akins RB, Stefanik D, Nordgren CE, Kim J, Levine MT,
Lampson MA. 2021. Parallel pathways for recruiting effector proteins
determine centromere drive and suppression. Cell 184: 4904-
4918.e11. doi:10.1016/j.cell.2021.07.037

Kuo Y-T, Camara AS, Schubert V, Neumann P, Macas J, Melzer M, Chen J,
Fuchs J, Abel S, Klocke E, et al. 2023. Holocentromeres can consist of
merely a few megabase-sized satellite arrays. Nat Commun 14: 3502.
doi:10.1038/541467-023-38922-7

Kuppu S, Tan EH, Nguyen H, Rodgers A, Comai L, Chan SWL, Britt AB. 2015.
Point mutations in centromeric histone induce post-zygotic incompat-
ibility and uniparental inheritance. PLoS Genet 11: e1005494. doi:10
.1371/journal.pgen.1005494

Kursel LE, Malik HS. 2018. The cellular mechanisms and consequences of
centromere drive. Curr Opin Cell Biol 52: 58-65. doi:10.1016/j.ceb
.2018.01.011

Lambing C, Tock AJ, Topp SD, Choi K, Kuo PC, Zhao X, Osman K, Higgins
JD, Franklin FCH, Henderson IR. 2020. Interacting genomic landscapes
of REC8-cohesin, chromatin, and meiotic recombination in Arabidopsis.
Plant Cell 32: 1218-1239. do0i:10.1105/tpc.19.00866

Langley SA, Miga KH, Karpen GH, Langley CH. 2019. Haplotypes spanning
centromeric regions reveal persistence of large blocks of archaic DNA.
eLife 8: 42989. doi:10.7554/eLife.42989

Genome Research 175

www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 4, 2026 . Published by Cold Spring Harbor Laboratory Press

Naish and Henderson

Law JA, Jacobsen SE. 2010. Establishing, maintaining and modifying DNA
methylation patterns in plants and animals. Nat Rev Genet 11: 204-
220. doi:10.1038/nrg2719

Lee SC, Ernst E, Berube B, Borges F, Parent J-S, Ledon P, Schorn A,
Martienssen RA. 2020. Arabidopsis retrotransposon virus-like particles
and their regulation by epigenetically activated small RNA. Genome
Res 30: 576-588. d0i:10.1101/gr.259044.119

Le Goff S, Kegeli BN, Jefabkova H, Heckmann S, Rutten T, Cotterell S,
Schubert V, Roitinger E, Mechtler K, Franklin FCH, et al. 2020. The H3
histone chaperone NASPS™? escorts CenH3 in Arabidopsis. Plant |
101: 71-86. doi:10.1111/tpj.14518

Lermontova I, Schubert V, Fuchs J, Klatte S, Macas ], Schubert I. 2006.
Loading of Arabidopsis centromeric histone CENH3 occurs mainly dur-
ing G, and requires the presence of the histone fold domain. Plant Cell
18: 2443-2451. doi:10.1105/tpc.106.043174

Lermontova I, Kuhlmann M, Friedel S, Rutten T, Heckmann S, Sandmann
M, Demidov D, Schubert V, Schubert 1. 2013. Arabidopsis kinetochore
null2 is an upstream component for centromeric histone H3 variant
cenH3 deposition at centromeres. Plant Cell 25: 3389-3404. doi:10
.1105/tpc.113.114736

Li B, Choulet F, Heng Y, Hao W, Paux E, Liu Z, Yue W, Jin W, Feuillet C,
Zhang X. 2013. Wheat centromeric retrotransposons: the new ones
take a major role in centromeric structure. Plant ] 73: 952-965. doi:10
.1111/tpj.12086

Liao D, Pavelitz T, Kidd JR, Kidd KK, Weiner AM. 1997. Concerted evolution
of the tandemly repeated genes encoding human U2 snRNA (the RNU2
locus) involves rapid intrachromosomal homogenization and rare inter-
chromosomal gene conversion. EMBO ] 16: 588-598. d0i:10.1093/
emboj/16.3.588

Liu L, Malkova A. 2022. Break-induced replication: unraveling each step.
Trends Genet 38: 752-765. doi:10.1016/j.tig.2022.03.011

Liu Z, Yue W, Li D, Wang RR-C, Kong X, Lu K, Wang G, Dong Y, Jin W,
Zhang X. 2008. Structure and dynamics of retrotransposons at wheat
centromeres and pericentromeres. Chromosoma 117: 445-456. doi:10
.1007/s00412-008-0161-9

LiuY, SuH, Zhang], ShiL, Liu Y, Zhang B, Bai H, Liang S, Gao Z, Birchler JA,
et al. 2020. Rapid birth or death of centromeres on fragmented chromo-
somes in maize. Plant Cell 32: 3113-3123. doi:10.1105/tpc.20.00389

Liu Y, Liu Q, Su H, Liu K, Xiao X, Li W, Sun Q, Birchler JA, Han F. 2021.
Genome-wide mapping reveals R-loops associated with centromeric re-
peats in maize. Genome Res 31: 1409-1418. doi:10.1101/gr.275270.121

LiuY, Yi C, Fan C, Liu Q, Liu S, Shen L, Zhang K, Huang Y, Liu C, Wang Y,
et al. 2023. Pan-centromere reveals widespread centromere reposition-
ing of soybean genomes. Proc Natl Acad Sci USA 120: €2310177120.
doi:10.1073/pnas.2310177120

Llorens C, Mufioz-Pomer A, Bernad L, Botella H, Moya A. 2009. Network dy-
namics of eukaryotic LTR retroelements beyond phylogenetic trees. Biol
Direct 4: 41. doi:10.1186/1745-6150-4-41

Logsdon GA, Vollger MR, Hsieh P, Mao Y, Liskovykh MA, Koren S, Nurk S,
Mercuri L, Dishuck PC, Rhie A, et al. 2021. The structure, function and
evolution of a complete human chromosome 8. Nature §93: 101-107.
doi:10.1038/541586-021-03420-7

Logsdon GA, Rozanski AN, Ryabov F, Potapova T, Shepelev VA, Mao Y,
Rautiainen M, Koren S, Nurk S, Porubsky D, et al. 2023. The variation
and evolution of complete human centromeres. bioRxiv doi:10.1101/
2023.05.30.542849

Ly P, Cleveland DW. 2017. Rebuilding chromosomes after catastrophe:
emerging mechanisms of chromothripsis. Trends Cell Biol 27: 917-
930. doi:10.1016/j.tcb.2017.08.005

Lv ], Yu K, Wei ], Gui H, Liu C, Liang D, Wang Y, Zhou H, Carlin R, Rich R,
et al. 2020. Generation of paternal haploids in wheat by genome editing
of the centromeric histone CENH3. Nat Biotechnol 38: 1397-1401.
doi:10.1038/s41587-020-0728-4

Lysak MA, Berr A, Pecinka A, Schmidt R, McBreen K, Schubert I. 2006.
Mechanisms of chromosome number reduction in Arabidopsis thaliana
and related Brassicaceae species. Proc Natl Acad Sci USA 103: 5224-5229.
d0i:10.1073/pnas.0510791103

Macas J, Avila Robledillo L, Kreplak J, Novak P, Koblizkova A, Vrbova I,
Burstin J, Neumann P. 2023. Assembly of the 81.6 Mb centromere of
pea chromosome 6 elucidates the structure and evolution of metapoly-
centric chromosomes. PLoS Genet 19: €1010633. doi:10.1371/journal
.pgen.1010633

Maddox PS, Hyndman F, Monen J, Oegema K, Desai A. 2007. Functional ge-
nomics identifies a Myb domain-containing protein family required for
assembly of CENP-A chromatin. J Cell Biol 176: 757-763. doi:10.1083/
jcb.200701065

Maertens GN, Engelman AN, Cherepanov P. 2022. Structure and function
of retroviral integrase. Nat Rev Microbiol 20: 20-34. doi:10.1038/
$41579-021-00586-9

Maheshwari S, Ishii T, Brown CT, Houben A, Comai L. 2017. Centromere lo-
cation in Arabidopsis is unaltered by extreme divergence in CENH3 pro-
tein sequence. Genome Res 27: 471-478. d0i:10.1101/gr.214619.116

Mahtani MM, Willard HF. 1990. Pulsed-field gel analysis of a-satellite DNA
at the human X chromosome centromere: high-frequency polymor-
phisms and array size estimate. Genomics 7: 607-613. doi:10.1016/
0888-7543(90)90206-A

Mahtani MM, Willard HF. 1998. Physical and genetic mapping of the hu-
man X chromosome centromere: repression of recombination.
Genome Res 8: 100-110. doi:10.1101/gr.8.2.100

Malik HS. 2009. The centromere-drive hypothesis: a simple basis for centro-
mere complexity. Prog Mol Subcell Biol 48: 33-52. doi:10.1007/978-3-
642-00182-6_2

Malik HS, Henikoff S. 2009. Major evolutionary transitions in centromere
complexity. Cell 138: 1067-1082. doi:10.1016/j.cell.2009.08.036

Mandakové T, Hlouskova P, Koch MA, Lysak MA. 2020. Genome evolution
in Arabideae was marked by frequent centromere repositioning. Plant
Cell 32: 650-665. doi:10.1105/tpc.19.00557

Marimuthu MPA, Maruthachalam R, Bondada R, Kuppu S, Tan EH, Britt A,
Chan SWL, Comai L. 2021. Epigenetically mismatched parental centro-
meres trigger genome elimination in hybrids. Sci Adv 7: eabk1151.
doi:10.1126/sciadv.abk1151

Marques A, Ribeiro T, Neumann P, Macas J, Novék P, Schubert V, Pellino M,
Fuchs J, Ma W, Kuhlmann M, et al. 2015. Holocentromeres in
Rhynchospora are associated with genome-wide centromere-specific re-
peat arrays interspersed among euchromatin. Proc Natl Acad Sci USA
112: 13633-13638. doi:10.1073/pnas.1512255112

Marshall OJ, Chueh AC, Wong LH, Choo KHA. 2008. Neocentromeres:
new insights into centromere structure, disease development, and kar-
yotype evolution. Am J Hum Genet 82: 261-282. do0i:10.1016/j.ajhg
.2007.11.009

Masumoto H, Masukata H, Muro Y, Nozaki N, Okazaki T. 1989. A human
centromere antigen (CENP-B) interacts with a short specific sequence
in alphoid DNA, a human centromeric satellite. J Cell Biol 109: 1963—
1973. doi:10.1083/jcb.109.5.1963

May BP, Lippman ZB, Fang Y, Spector DL, Martienssen RA. 2005.
Differential regulation of strand-specific transcripts from Arabidopsis
centromeric satellite repeats. PLoS Genet 1: e79. doi:10.1371/journal
.pgen.0010079

McAinsh AD, Marston AL. 2022. The four causes: the functional architec-
ture of centromeres and kinetochores. Annu Rev Genet 56: 279-314.
doi:10.1146/annurev-genet-072820-034559

McKinley KL, Cheeseman IM. 2016. The molecular basis for centromere
identity and function. Nat Rev Mol Cell Biol 17: 16-29. doi:10.1038/
nrm.2015.5

Melters DP, Paliulis LV, Korf IF, Chan SWL. 2012. Holocentric chromo-
somes: convergent evolution, meiotic adaptations, and genomic analy-
sis. Chromosome Res 20: 579-593. doi:10.1007/s10577-012-9292-1

Melters DP, Bradnam KR, Young HA, Telis N, May MR, Ruby ]G, Sebra R,
Peluso P, Eid J, Rank D, et al. 2013. Comparative analysis of tandem re-
peats from hundreds of species reveals unique insights into centromere
evolution. Genome Biol 14: R10. doi:10.1186/gb-2013-14-1-r10

Miga KH, Alexandrov IA. 2021. Variation and evolution of human centro-
meres: a field guide and perspective. Annu Rev Genet §5: 583-602.
doi:10.1146/annurev-genet-071719-020519

Miga KH, Sullivan BA. 2021. Expanding studies of chromosome structure
and function in the era of T2T genomics. Hum Mol Genet 30: R198—
R20S. d0i:10.1093/hmg/ddab214

Miga KH, Koren S, Rhie A, Vollger MR, Gershman A, Bzikadze A, Brooks S,
Howe E, Porubsky D, Logsdon GA, et al. 2020. Telomere-to-telomere as-
sembly of a complete human X chromosome. Nature 585: 79-84. doi:10
.1038/541586-020-2547-7

Mitra S, Bodor DL, David AF, Abdul-Zani I, Mata JF, Neumann B, Reither S,
Tischer C, Jansen LET. 2020. Genetic screening identifies a SUMO pro-
tease dynamically maintaining centromeric chromatin. Nat Commun
11: 501. doi:10.1038/s41467-019-14276-x

Mizuguchi G, Xiao H, Wisniewski J, Smith MM, Wu C. 2007. Nonhistone
Scm3 and histones CenH3-H4 assemble the core of centromere-specific
nucleosomes. Cell 129: 1153-1164. doi:10.1016/j.cell.2007.04.026

Moreno-Moreno O, Torras-Llort M, Azorin F. 2006. Proteolysis restricts lo-
calization of CID, the centromere-specific histone H3 variant of
Drosophila, to centromeres. Nucleic Acids Res 34: 6247-6255. doi:10
.1093/nar/gkl902

Murillo-Pineda M, Valente LP, Dumont M, Mata JF, Fachinetti D, Jansen
LET. 2021. Induction of spontaneous human neocentromere formation
and long-term maturation. J Cell Biol 220: ¢202007210. doi:10.1083/jcb
.202007210

Musacchio A, Desai A. 2017. A molecular view of kinetochore assembly and
function. Biology (Basel) 6: 5. doi:10.3390/biology6010005

176 Genome Research
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 4, 2026 .

Published by Cold Spring Harbor Laboratory Press

Structure and evolution of plant centromeres

Nagaki K, Kashihara K, Murata M. 2005a. Visualization of diffuse centro-
meres with centromere-specific histone H3 in the holocentric plant
Luzula nivea. Plant Cell 17: 1886-1893. doi:10.1105/tpc.105.032961

Nagaki K, Neumann P, Zhang D, Ouyang S, Buell CR, Cheng Z, Jiang ]J.
2005b. Structure, divergence, and distribution of the CRR centromeric
retrotransposon family in rice. Mol Biol Evol 22: 845-855. doi:10
.1093/molbev/msi069

Naish M, Alonge M, Wlodzimierz P, Tock AJ, Abramson BW, Schmiicker A,
Mandakova T, Jamge B, Lambing C, Kuo P, et al. 2021. The genetic and
epigenetic landscape of the Arabidopsis centromeres. Science 374:
eabi7489. doi:10.1126/science.abi7489

Nambiar M, Smith GR. 2018. Pericentromere-specific cohesin complex pre-
vents meiotic pericentric DNA double-strand breaks and lethal cross-
overs. Mol Cell 71: 540-553.e4. doi:10.1016/j.molcel.2018.06.035

Nasuda S, Hudakova S, Schubert I, Houben A, Endo TR. 2005. Stable barley
chromosomes without centromeric repeats. Proc Natl Acad Sci USA 102:
9842-9847. doi:10.1073/pnas.0504235102

Neumann P, Navratilova A, Koblizkova A, Kejnovsky E, Hiibova E, Hobza R,
Widmer A, DoleZzel J, Macas J. 2011. Plant centromeric retrotransposons:
a structural and cytogenetic perspective. Mob DNA 2: 4. doi:10.1186/
1759-8753-2-4

Neumann P, Pavlikova Z, Koblizkova A, Fukova I, Jedlickova V, Novak P,
Macas J. 2015. Centromeres off the hook: massive changes in centro-
mere size and structure following duplication of CenH3 gene in Fabeae
species. Mol Biol Evol 32: 1862-1879. doi:10.1093/molbev/msv070

Neumann P, Oliveira L, Jang T-S, Novak P, Koblizkova A, Schubert V,
Houben A, Macas J. 2023. Disruption of the standard kinetochore in
holocentric Cuscuta species. Proc Natl Acad Sci USA 120: e2300877120.
doi:10.1073/pnas.2300877120

Nijman IJ, Lenstra JA. 2001. Mutation and recombination in cattle satellite
DNA: a feedback model for the evolution of satellite DNA repeats. ] Mol
Evol 52: 361-371. doi:10.1007/5002390010166

Nurk S, Koren S, Rhie A, Rautiainen M, Bzikadze AV, Mikheenko A, Vollger MR,
Altemose N, Uralsky L, Gershman A, et al. 2022. The complete sequence of
a human genome. Science 376: 44-53. doi:10.1126/science.abj6987

Ogura Y, Shibata F, Sato H, Murata M. 2004. Characterization of a CENP-C
homolog in Arabidopsis thaliana. Genes Genet Syst 79: 139-144. doi:10
.1266/ggs.79.139

Okada T, Ohzeki J-I, Nakano M, Yoda K, Brinkley WR, Larionov V,
Masumoto H. 2007. CENP-B controls centromere formation depending
on the chromatin context. Cell 131: 1287-1300. doi:10.1016/j.cell
.2007.10.045

Oliveira L, Neumann P, Jang T-S, Klemme S, Schubert V, Koblizkova A,
Houben A, MacasJ. 2022. Mitotic spindle attachment to the holocentric
chromosomes of Cuscuta europaea does not correlate with the distribu-
tion of CENH3 chromatin. Front Plant Sci 10: 1799. doi:10.3389/fpls
.2019.01799

Pan D, Walstein K, Take A, Bier D, Kaiser N, Musacchio A. 2019. Mechanism
of centromere recruitment of the CENP-A chaperone HJURP and its im-
plications for centromere licensing. Nat Commun 10: 4046. doi:10
.1038/541467-019-12019-6

Perumal S, Koh CS, Jin L, Buchwaldt M, Higgins EE, Zheng C, Sankoff D,
Robinson SJ, Kagale S, Navabi Z-K, et al. 2020. A high-contiguity
Brassica nigra genome localizes active centromeres and defines the an-
cestral Brassica genome. Nat Plants 6: 929-941. doi:10.1038/s41477-
020-0735-y

Pesenti ME, Raisch T, Conti D, Walstein K, Hoffmann I, Vogt D, Prumbaum
D, Vetter IR, Raunser S, Musacchio A. 2022. Structure of the human in-
ner kinetochore CCAN complex and its significance for human centro-
mere organization. Mol Cell 82: 2113-2131.e8. doi:10.1016/j.molcel
.2022.04.027

Pidoux AL, Choi ES, Abbott JKR, Liu X, Kagansky A, Castillo AG, Hamilton
GL, Richardson W, Rappsilber J, He X, et al. 2009. Fission yeast Scm3: a
CENP-A receptor required for integrity of subkinetochore chromatin.
Mol Cell 33: 299-311. doi:10.1016/j.molcel.2009.01.019

Presting GG, Malysheva L, Fuchs J, Schubert I. 1998. A TY3/GYPSY retrotrans-
poson-like sequence localizes to the centromeric regions of cereal chro-
mosomes. Plant ] 16: 721-728. doi:10.1046/j.1365-313x.1998.00341.x

Ravi M, Chan SWL. 2010. Haploid plants produced by centromere-mediat-
ed genome elimination. Nature 464: 615-618. doi:10.1038/
nature08842

Ravi M, Shibata F, Ramahi JS, Nagaki K, Chen C, Murata M, Chan SWL.
2011. Meiosis-specific loading of the centromere-specific histone
CENH3 in Arabidopsis thaliana. PLoS Genet 7: €1002121. doi:10.1371/
journal.pgen.1002121

Ravi M, Marimuthu MPA, Tan EH, Maheshwari S, Henry IM, Marin-
Rodriguez B, Urtecho G, Tan J, Thornhill K, Zhu F, et al. 2014. A haploid
genetics toolbox for Arabidopsis thaliana. Nat Commun §: 5334. doi:10
.1038/ncomms6334

Rhind N, Chen Z, Yassour M, Thompson DA, Haas BJ, Habib N, Wapinski I,
Roy S, Lin MF, Heiman D], et al. 2011. Comparative functional geno-

mics of the fission yeasts. Science 332: 930-936. doi:10.1126/science
1203357

Rice W. 2020. Why do centromeres evolve so fast: BIR replication, hypermu-
tation, transposition, and molecular-drive. Preprints 2020: 2020120669.
https://doi.org/10.20944/preprints202012.0669.v1

Rowan BA, Heavens D, Feuerborn TR, Tock AJ, Henderson IR, Weigel D.
2019. An ultra high-density Arabidopsis thaliana crossover map that re-
fines the influences of structural variation and epigenetic features.
Genetics 213: 771-787. doi:10.1534/genetics.119.302406

Rudd MK, Wray GA, Willard HF. 2006. The evolutionary dynamics of a-sat-
ellite. Genome Res 16: 88-96. doi:10.1101/gr.3810906

Sanchez-Pulido L, Pidoux AL, Ponting CP, Allshire RC. 2009. Common an-
cestry of the CENP-A chaperones Scm3 and HJURP. Cell 137: 1173
1174. doi:10.1016/j.cell.2009.06.010

Sandmann M, Talbert P, Demidov D, Kuhlmann M, Rutten T, Conrad U,
Lermontova I. 2017. Targeting of Arabidopsis KNL2 to centromeres de-
pends on the conserved CENPC-k motif in its C terminus. Plant Cell
29: 144-155. doi:10.1105/tpc.16.00720

Scelfo A, Fachinetti D. 2023. Centromere: a Trojan horse for genome stabil-
ity. DNA Repair (Amst) 130: 103569. doi:10.1016/j.dnarep.2023.103569

Schubert V, Neumann P, Marques A, Heckmann S, Macas J, Pedrosa-Harand
A, Schubert I, Jang T-S, Houben A. 2020. Super-resolution microscopy
reveals diversity of plant centromere architecture. Int | Mol Sci 21:
3488. d0i:10.3390/ijms21103488

Scott KC, Sullivan BA. 2014. Neocentromeres: a place for everything
and everything in its place. Trends Genet 30: 66-74. do0i:10.1016/j.tig
.2013.11.003

Shang W-H, Hori T, Toyoda A, Kato J, Popendorf K, Sakakibara Y, Fujiyama
A, Fukagawa T. 2010. Chickens possess centromeres with both extended
tandem repeats and short non-tandem-repetitive sequences. Genome Res
20: 1219-1228. doi:10.1101/gr.106245.110

Sharma A, Presting GG. 2014. Evolution of centromeric retrotransposons in
grasses. Genome Biol Evol 6: 1335-1352. doi:10.1093/gbe/evu096

Sharma A, Wolfgruber TK, Presting GG. 2013. Tandem repeats derived from
centromeric retrotransposons. BMC Genomics 14: 142. doi:10.1186/
1471-2164-14-142

Shi J, Wolf SE, Burke JM, Presting GG, Ross-Ibarra J, Dawe RK. 2010.
Widespread gene conversion in centromere cores. PLoS Biol 8:
€1000327. doi:10.1371/journal.pbio.1000327

Shi X, CaoS, Wang X, Huang S, Wang Y, Liu Z, Liu W, Leng X, Peng Y, Wang
N, et al. 2023. The complete reference genome for grapevine (Vitis vinif-
era L.) genetics and breeding. Hortic Res 10: uhad061. doi:10.1093/hr/
uhad061

Shimada A, Cahn J, Ernst E, Lynn J, Grimanelli D, Henderson I, Kakutani T,
Martienssen RA. 2023. Retrotransposon addiction promotes centromere
function via epigenetically activated small RNAs. bioRxiv doi:10.1101/
2023.08.02.551486

Shin J, Jeong G, Park J-Y, Kim H, Lee I. 2018. MUN (MERISTEM
UNSTRUCTURED), encoding a SPC24 homolog of NDC80 kinetochore
complex, affects development through cell division in Arabidopsis thali-
ana. Plant ] 93: 977-991. doi:10.1111/tpj.13823

Shivaraju M, Camahort R, Mattingly M, Gerton JL. 2011. Scm3 is a centro-
meric nucleosome assembly factor. J Biol Chem 286: 12016-12023.
doi:10.1074/jbc.M110.183640

Showman S, Talbert PB, Xu Y, Adeyemi RO, Henikoff S. 2023. Expansion of
human centromeric arrays in cells undergoing break-induced replica-
tion. bioRxiv doi:10.1101/2023.11.11.566714

Sissoko GB, Tarasovetc EV, Marescal O, Grishchuk EL, Cheeseman IM. 2024.
Higher-order protein assembly controls kinetochore formation. Nat Cell
Biol 26: 45-56. doi:10.1038/s41556-023-01313-7

Smith GP. 1976. Evolution of repeated DNA sequences by unequal cross-
over. Science 191: 528-535. doi:10.1126/science.1251186

Song J-M, Xie W-Z, Wang S, Guo Y-X, Koo D-H, Kudrna D, Gong C, Huang
Y, FengJ-W, Zhang W, et al. 2021. Two gap-free reference genomes and a
global view of the centromere architecture in rice. Mol Plant 14: 1757-
1767. doi:10.1016/j.molp.2021.06.018

Steiner FA, Henikoff S. 2014. Holocentromeres are dispersed point centro-
meres localized at transcription factor hotspots. eLife 3: e02025.
doi:10.7554/eLife.02025

Stoler S, Rogers K, Weitze S, Morey L, Fitzgerald-Hayes M, Baker RE. 2007.
Scma3, an essential Saccharomyces cerevisiae centromere protein required
for G2/M progression and Cse4 localization. Proc Natl Acad Sci USA 104:
10571-10576. doi:10.1073/pnas.0703178104

Stroud H, Do T, Du J, Zhong X, Feng S, Johnson L, Patel DJ, Jacobsen SE.
2014. Non-CG methylation patterns shape the epigenetic landscape
in Arabidopsis. Nat Struct Mol Biol 21: 64-72. doi:10.1038/nsmb.2735

Swentowsky KW, Gent JI, Lowry EG, Schubert V, Ran X, Tseng K-F, Harkess
AE, Qiu W, Dawe RK. 2020. Distinct kinesin motors drive two types of
maize neocentromeres. Genes Dev 34: 1239-1251. doi:10.1101/gad
.340679.120

Genome Research 177

www.genome.org


https://doi.org/10.20944/preprints202012.0669.v1
https://doi.org/10.20944/preprints202012.0669.v1
https://doi.org/10.20944/preprints202012.0669.v1
https://doi.org/10.20944/preprints202012.0669.v1
https://doi.org/10.20944/preprints202012.0669.v1
https://doi.org/10.20944/preprints202012.0669.v1
https://doi.org/10.20944/preprints202012.0669.v1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 4, 2026 . Published by Cold Spring Harbor Laboratory Press

Naish and Henderson

Talbert PB, Henikoff S. 2022. The genetics and epigenetics of satellite cen-
tromeres. Genome Res 32: 608-615. doi:10.1101/gr.275351.121

Talbert PB, Masuelli R, Tyagi AP, Comai L, Henikoff S. 2002. Centromeric lo-
calization and adaptive evolution of an Arabidopsis histone H3 variant.
Plant Cell 14: 1053-1066. doi:10.1105/tpc.010425

Tan EH, Henry IM, Ravi M, Bradnam KR, Mandakova T, Marimuthu MP,
Korf I, Lysak MA, Comai L, Chan SW. 2015. Catastrophic chromosomal
restructuring during genome elimination in plants. eLife 4: e06516.
doi:10.7554/eLife.06516

Tan EH, Ordofiez B, Thondehaalmath T, Seymour DK, Maloof ]N,
Maruthachalam R, Comai L. 2023. Establishment and inheritance of
minichromosomes from Arabidopsis haploid induction. Chromosoma
132: 105-115. doi:10.1007/s00412-023-00788-5

Tanaka Y, Nureki O, Kurumizaka H, Fukai S, Kawaguchi S, Ikuta M, Iwahara
J, Okazaki T, Yokoyama S. 2001. Crystal structure of the CENP-B pro-
tein-DNA complex: the DNA-binding domains of CENP-B induce kinks
in the CENP-B box DNA. EMBO ] 20: 6612-6618. doi:10.1093/emboj/20
.23.6612

Teo CH, Lermontoval, Houben A, Mette MF, SchubertI. 2013. De novo gen-
eration of plant centromeres at tandem repeats. Chromosoma 122: 233—
241. doi:10.1007/s00412-013-0406-0

Thakur J, Packiaraj J, Henikoff S. 2021. Sequence, chromatin and evolution
of satellite DNA. Int ] Mol Sci 22: 4309. doi:10.3390/ijms22094309

Topp CN, Zhong CX, Dawe RK. 2004. Centromere-encoded RNAs are inte-
gral components of the maize kinetochore. Proc Natl Acad Sci USA 101:
15986-15991. doi:10.1073/pnas.0407154101

Tsukahara S, Kawabe A, Kobayashi A, Ito T, Aizu T, Shin-i T, Toyoda A,
Fujiyama A, Tarutani Y, Kakutani T. 2012. Centromere-targeted de
novo integrations of an LTR retrotransposon of Arabidopsis lyrata.
Genes Dev 26: 705-713. doi:10.1101/gad.183871.111

van den Berg SJW, East S, Mitra S, Jansen LET. 2023. p97/VCP drives turn-
over of SUMOylated centromeric CCAN proteins and CENP-A. Mol
Biol Cell 34: br6. doi:10.1091/mbc.E23-01-0035

van Hooff JJ, Tromer E, van Wijk LM, Snel B, Kops GJ. 2017. Evolutionary dy-
namics of the kinetochore network in eukaryotes as revealed by compara-
tive genomics. EMBO Rep 18: 1559-1571. doi:10.15252/embr.201744102

Villeneuve AM, Hillers KJ. 2001. Whence meiosis? Cell 106: 647-650.
doi:10.1016/50092-8674(01)00500-1

Vincenten N, Kuhl L-M, Lam I, Oke A, Kerr AR, Hochwagen A, Fung ],
Keeney S, Vader G, Marston AL. 2015. The kinetochore prevents centro-
mere-proximal crossover recombination during meiosis. eLife 4:
€10850. doi:10.7554/eLife.10850

Vollger MR, Kerpedjiev P, Phillippy AM, Eichler EE. 2022. StainedGlass: in-
teractive visualization of massive tandem repeat structures with identity
heatmaps. Bioinformatics 38: 2049-2051. doi:10.1093/bioinformatics/
btac018

Volpe T, Schramke V, Hamilton GL, White SA, Teng G, Martienssen RA,
Allshire RC. 2003. RNA interference is required for normal centromere
function in fission yeast. Chromosome Res 11: 137-146. doi:10.1023/A
1022815931524

Vondrak T, Oliveira L, Novak P, Koblizkova A, Neumann P, Macas J. 2021.
Complex sequence organization of heterochromatin in the holocentric
plant Cuscuta europaea elucidated by the computational analysis of
nanopore reads. Comput Struct Biotechnol ] 19: 2179-2189. doi:10
.1016/j.csbj.2021.04.011

Vongs A, Kakutani T, Martienssen RA, Richards EJ. 1993. Arabidopsis thali-
ana DNA methylation mutants. Science 260: 1926-1928. doi:10.1126/
science.8316832

Wang K, Wu Y, Zhang W, Dawe RK, Jiang J. 2014. Maize centromeres ex-
pand and adopt a uniform size in the genetic background of oat.
Genome Res 24: 107-116. doi:10.1101/gr.160887.113

Wang N, Gent JI, Dawe RK. 2021. Haploid induction by a maize cenh3 null
mutant. Sci Adv 7: eabe2299. doi:10.1126/sciadv.abe2299

Wang L, Zhang M, Li M, Jiang X, Jiao W, Song Q. 2023a. A telomere-to-telo-
mere gap-free assembly of soybean genome. Mol Plant 16: 1711-1714.
doi:10.1016/j.molp.2023.08.012

Wang T, Wang B, Hua X, Tang H, Zhang Z, Gao R, Qi Y, Zhang Q, Wang G,
Yu Z, et al. 2023b. A complete gap-free diploid genome in Saccharum
complex and the genomic footprints of evolution in the highly poly-
ploid Saccharum genus. Nat Plants 9: 554-571. do0i:10.1038/s41477-
023-01378-0

Wear EE, Song ], Zynda GJ, Mickelson-Young L, LeBlanc C, Lee T-J, Deppong
DO, Allen GC, Martienssen RA, Vaughn MW, et al. 2020. Comparing
DNA replication programs reveals large timing shifts at centromeres of
endocycling cells in maize roots. PLoS Genet 16: €1008623. doi:10
.1371/journal.pgen.1008623

Wendte JM, Pikaard CS. 2017. The RNAs of RNA-directed DNA methylation.
Biochim Biophys Acta Gene Regul Mech 1860: 140-148. doi:10.1016/j
.bbagrm.2016.08.004

Weng M-L, Becker C, Hildebrandt J, Neumann M, Rutter MT, Shaw RG,
Weigel D, Fenster CB. 2019. Fine-grained analysis of spontaneous muta-

tion spectrum and frequency in Arabidopsis thaliana. Genetics 211: 703—
714. doi:10.1534/genetics.118.301721

Williams JS, Hayashi T, Yanagida M, Russell P. 2009. Fission yeast Scm3 me-
diates stable assembly of Cnp1/CENP-A into centromeric chromatin.
Mol Cell 33: 287-298. doi:10.1016/j.molcel.2009.01.017

Wilodzimierz P, Hong M, Henderson IR. 2023a. TRASH: tandem repeat an-
notation and structural hierarchy. Bioinformatics 39: btad308. doi:10
.1093/bioinformatics/btad308

Wilodzimierz P, Rabanal FA, Burns R, Naish M, Primetis E, Scott A,
Mandakova T, Gorringe N, Tock AJ, Holland D, et al. 2023b. Cycles of
satellite and transposon evolution in Arabidopsis centromeres. Nature
618: 557-565. d0i:10.1038/541586-023-06062-z

Wolfgruber TK, Nakashima MM, Schneider KL, Sharma A, Xie Z, Albert PS,
Xu R, Bilinski P, Dawe RK, Ross-Ibarra ], et al. 2016. High quality maize
centromere 10 sequence reveals evidence of frequent recombination
events. Front Plant Sci 7: 308. doi:10.3389/fpls.2016.00308

Woo HR, Pontes O, Pikaard CS, Richards EJ. 2007. VIM1, a methylcytosine-
binding protein required for centromeric heterochromatinization.
Genes Dev 21: 267-277. doi:10.1101/gad.1512007

Wright CJ, Stevens L, Mackintosh A, Lawniczak M, Blaxter M. 2024.
Comparative genomics reveals the dynamics of chromosome evolution
in Lepidoptera. Nat Ecol Evol doi:10.1038/s41559-024-02329-4

Yadav T, Quivy J-P, Almouzni G. 2018. Chromatin plasticity: a versatile
landscape that underlies cell fate and identity. Science 361: 1332-
1336. doi:10.1126/science.aat8950

Yan K, Yang ], Zhang Z, McLaughlin SH, Chang L, Fasci D, Ehrenhofer-
Murray AE, Heck AJR, Barford D. 2019. Structure of the inner kineto-
chore CCAN complex assembled onto a centromeric nucleosome.
Nature 574: 278-282. doi:10.1038/541586-019-1609-1

Yang Y, Wu Z, Wu Z, Li T, Shen Z, Zhou X, Wu X, Li G, Zhang Y. 2023. A
near-complete assembly of asparagus bean provides insights into antho-
cyanin accumulation in pods. Plant Biotechnol ] 21: 2473-2489. doi:10
1111/pbi.14142

Yatskevich S, Muir KW, Bellini D, Zhang Z, Yang J, Tischer T, Predin M,
Dendooven T, McLaughlin SH, Barford D. 2022. Structure of the human
inner kinetochore bound to a centromeric CENP-A nucleosome. Science
376: 844-852. doi:10.1126/science.abn3810

Yatskevich S, Yang ], Bellini D, Zhang Z, Barford D. 2023. Structure of the
human outer kinetochore KMN network complex. bioRxiv doi:10
.1101/2023.08.07.552234

Yelina NE, Choi K, Chelysheva L, Macaulay M, de Snoo B, Wijnker E, Miller
N, Drouaud J, Grelon M, Copenhaver GP, et al. 2012. Epigenetic remod-
eling of meiotic crossover frequency in Arabidopsis thaliana DNA meth-
yltransferase mutants. PLoS Genet 8: €1002844. doi:10.1371/journal
.pgen.1002844

Yilmaz D, Furst A, Meaburn K, Lezaja A, Wen Y, Altmeyer M, Reina-San-
Martin B, Soutoglou E. 2021. Activation of homologous recombination
in G1 preserves centromeric integrity. Nature 600: 748-753. doi:10
.1038/541586-021-04200-z

Yu HG, Muszynski MG, Kelly Dawe R. 1999. The maize homologue of the
cell cycle checkpoint protein MAD2 reveals kinetochore substructure
and contrasting mitotic and meiotic localization patterns. J Cell Biol
145: 425-435. doi:10.1083/jcb.145.3.425

Yu H-G, Kelly Dawe R, Hiatt EN. 2000. The plant kinetochore. Trends Plant
Sci 8: 543-547. doi:10.1016/51360-1385(00)01789-1

Zhang T, Talbert PB, Zhang W, Wu Y, Yang Z, Henikoff JG, Henikoff S, Jiang
J. 2013. The CentO satellite confers translational and rotational phasing
on cenH3 nucleosomes in rice centromeres. Proc Natl Acad Sci USA 110:
E4875-E4883. doi:10.1073/pnas.1319548110

Zhang L, HuJ, Han X, LiJ, Gao Y, Richards CM, Zhang C, Tian Y, Liu G, Gul
H, et al. 2019. A high-quality apple genome assembly reveals the associ-
ation of a retrotransposon and red fruit colour. Nat Commun 10: 1494.
d0i:10.1038/541467-019-09518-x

Zhang L, Liang J, Chen H, Zhang Z, Wu J, Wang X. 2023a. A near-complete
genome assembly of Brassica rapa provides new insights into the evolu-
tion of centromeres. Plant Biotechnol ] 21: 1022-1032. doi:10.1111/pbi
.14015

Zhang Y, Chu J, Cheng H, Li H. 2023b. De novo reconstruction of satellite
repeat units from sequence data. Genome Res 33: 1994-2001. doi:10
.1101/gr.278005.123

Zhao], Xie Y, Kong C, Lu Z, JiaH,Ma Z, Zhang Y, Cui D, Ru Z, Wang Y, et al.
2023. Centromere repositioning and shifts in wheat evolution. Plant
Commun 4: 100556. doi:10.1016/j.xplc.2023.100556

Zhong CX, Marshall JB, Topp C, Mroczek R, Kato A, Nagaki K, Birchler JA,
Jiang J, Dawe RK. 2002. Centromeric retroelements and satellites inter-
act with maize kinetochore protein CENH3. Plant Cell 14: 2825-2836.
doi:10.1105/tpc.006106

Zhou R, Jenkins JW, Zeng Y, Shu S, Jang H, Harding SA, Williams M, Plott C,
Barry KW, Koriabine M, et al. 2023. Haplotype-resolved genome assem-
bly of Populus tremula x P. alba reveals aspen-specific megabase satellite
DNA. Plant ] 116: 1003-1017. doi:10.1111/tpj.16454

178 Genome Research
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

