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Plant centromeres: structure and control

Eric J Richards* and R Kelly Dawef

Recent work has led to a better understanding of the
molecular components of plant centromeres. Conservation of
at least some centromere protein constituents between plant
and non-plant systems has been demonstrated. The identity
and organization of plant centromeric DNA sequences are
also beginning to yield to analysis. While there is little primary
DNA sequence conservation among the characterized plant
centromeres and their non-plant counterparts, some parallels
in centromere genomic organisation can be seen across
species. Finally, the emerging idea that centromere activity

is controlled epigenetically finds support in an examination of
the plant centromere literature.
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Introduction

Centromeres are nucleoprotein complexes that orchestrate
proper chromosome partitioning at mitosis and meiosis by
controlling sister chromatid adhesion and driving chromo-
some movement. Despite their importance, centromeres
remain poorly understood, especially in multicellular
cukaryotes with large chromosomes. One of the themes
developing from work on centromeres in humans and
Drosophila is that the centromeric repetitive DNA, often
viewed with some suspicion as genomic flotsam, may play
an important role in centromere function. Also emerging
is the idea that assembly of an active centromere is
not strictly tied to particular DNA sequences but can
be controlled epigenetically by processes that operate
above the level of the primary nucleotide sequence. We
would like to relate recent findings on the molecular
composition of centromeres in higher plants, as well as
a growing body of work on developmentally controlled
neocentromeres in maize, to the emerging idea that
centromeres are epigenetic constructions built upon a
foundartion of evolutionarily-divergent repeat arrays.

Protein components of plant centromeres

Cyrologically, the centromere is a constriction in the
chromosome flanked on either side by deeply-staining
heterochromatin. ‘In the -center of the constriction lies
the proteinaceous kinetochore. The major functions of
both plant and animal kinetochores are to align the
chromosomes on the metaphase plate and mobilize

the chromosomes poleward in anaphase. In addition,
kinetochores appear to provide a signal for the spindle
assembly checkpoint that determines when anaphase
begins [1]. The animal kinetochore has four plate-like
layers that may have unique functions in chromosome
movement. The outermost layer, known as the fibrous
corona, carries molecular motors that are involved in
chromosome movement [2]. Inside of the fibrous corona is
an outer plate which appears to interact with microtubules,
a non-staining spacer region, and a diffuse inner plate
which may contain centromeric DNA. In contrast, plant
kinetochores are ball-shaped structures that lack defined
ultrastructural domains. At metaphase plant kinetochores
usually appear as granular structures that are embedded
in a cup of chromatin (as in the case of Lilium longiflorum;
see [3]). The reproducible absence of substructure implies
that the plant kinetochores are less organized than their
animal counterparts, but does not rule out the existence
of more subtle subdomains that will only be identifiable
using specific antisera [4].

Currently, the most promising strategy for identifying
and charactenizing the proteins that make up plant
kinetochores is to make use of the large amount of
informatton available from mammalian systems. Much of
the information on mammalian kinetochores has been
derived either directly or indirectly from human patients
with the CREST variant of scleroderma, an autoimmune
disease that is characterized by the production of anti-
kinetochore antibodies [2]. The majority of CREST sera
do not recognize plant Kinetochores [5]. Nevertheless,
at least two CREST sera (EK and S174) do react with
plant kinetochores, demonstrating that plant and animal
kinetochores share common epitopes [5-9). The best
studied CREST serum (EK) has been used to identify
Haemanthus, Tradescantia, and maize kinetochores [7-9]. In
Haemanthiss, the EK serum revealed that the kinetochores
can be resolved into two distinct subregions, consistent
with the observation in animals that the kinetochore is
composed of multiple reiterated subunits [10]. Another
antiserum that recognizes plant kinetochores, called C6C
[11], was originally raised against calf centrosomes. Cen-
trosomes are the microtubule organising centers (MTOCs)
at animal spindle poles (ultrastructurally, centrosomes
appear to be absent in plants). Instead of identifying the
poles of plant spindles, the C6C antibody recognised the
plant nuclear envelope in prophase and the kinetochores
in metaphase and anaphase. These data are consistent
with the idea that kinetochores organize microtubules,
either by nucleating (starting) tubulin polymerization or
by capruring already polymerized microtubules (see [11]).
The transient kinetochore localization of the C6C epitope,
and other uncharacterised phosphoproteins [12], suggests
that the constitution of the kinetochore changes as a



function of the cell cycle. Whereas the cross-reactivities
of animal anti-kinetochore sera provide strong evidence
for the evolutionary conservation of kinetochore proteins,
it has not been possible to determine the identity of the
proteins that are conserved.

An alternative approach to the immunoscreening of
proteins, that of searching expressed sequence tag (EST)
databases, was used to identify an Arabidopsis homolog of
the Drosophila ZW10 gene [13**]. ZWI10 is one of several
kinetochore proteins thought to be required for the spindle
assembly checkpoint: an important stage of the cell cycle
that involves sensing tension between the kinetochore
and the kinetochore microtubules [1]. ZW10 is thought to
be involved in ensuring that metaphase, as detected by
the presence of tension on both opposing kinetochores,
is complete before anaphase begins. Consistent with this
interpretation is the observation that, in animals, ZW10 is
found primarily on chromosomes that have not yet aligned
on the metaphase plate [13**]. Immunolocalization studies
will be required to assess whether the Arabidopsis ZW10
protein is also preferentially associated with unaligned
chromosomes.

DNA components of plant centromeres

Much of the work on eukaryotic centromeres has been
framed by the successful isolation, almost two decades ago,
of a short (approximately 125 bp) DNA sequence, lacking
flanking repeats, that specifies centromere function in the
budding yeast, Saccharomyces cerevisiae {14]. This finding
fueled the hope that well-conserved, short DNA sequence
motifs would be found to control centromere function
in other organisms. Such a view might have gained
support from work on another essential chromosome
element—the telomere —the structure of which was
found to be very similar among widely diverged eukaryortic
organisms [15]. The picture for centromeres, however, has
turned out to be considerably more complicated.

A great deal of effort has focused on characterization of
DNA sequences present in eukaryotic centromeric regions
outside of budding yeast and in almost all instances,
the definition of functional centromeric DNA has been
elusive. The major exception is the centromere of the
unicellular fungus Schizosaccharomyces pombe (fission yeast),
in which the DNA sequences necessary and sufficient
for specification of centromere function have been iden-
tified. The Sec. pombe centromere regions are 50~150 kb,
consisting of a 4-7 kb central core of low-copy sequences
surrounded by complex tandem repeats organized into a
large palindrome {16]. The minimal functional Sc. pombe
centromere consists of the central core and at least a
portion of the flanking repeats [17]. Hence, functional
centromeric sequences (CEN DNA) from fission yeast
and budding yeast are strikingly different in primary
nucleotide sequence, size and genomic organization.

In other well-studied systems, the general rule is that
centromeric DNA is organized into a large block of repet-
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itive DNA [18]. It is likely that this block corresponds,
on the cytological level, to the heterochromatin that
encompasses the region associated with the kinetochore.
This pericentric heterochromatin appears to have a role in
controlling and/or mediating sister chromatid cohesion in
metaphase (of mitosis and meiosis IT) [19,20}]. A number of
highly reiterated repeats that reside in centromere regions
in plant species have been described [21-24,25¢,26°,27,28]
(see Table 1 for a partial list). Because most of these DNA
repeats were localized to the centromere by chromosome
in sitw hybridization it is not possible to determine
the position of the repeats relative to the functional
centromere with certainty. Some corroborative evidence
i1s available in Arabidopsis where the 180bp repeat
arrays map genetically to the intervals expressing meiotic
centromere function delimited by tetrad analysis [29°,30%].
A higher resolution mapping of centromere function
relative to centromeric repeat arrays was accomplished
by physical mapping in maize. Kaszds and Birchler,
using chromosome breakage to progressively subdivide
the maize B (supernumerary) chromosome centromere,
demonstrated that the B centric repeat was distributed
throughout the functional centromere [31°]. In addition
to the highly reiterated repeats, there is a variety of
other sequences, including low-copy sequences [22,32-35],
transposable elements [36] and telomere-similar repeats
[22,28,37], found specifically or primarily in centromere
regions in various plant species.

The growing collection of plant centromeric DNA se-
quences provides an opportunity to look for conserved
structural patterns or primary nucleotide sequence motifs
that may contribute to centromere function. Table 1 out-
lines the structural features of five centromere repeats that
are among the best candidates for plant DNA sequences
with a role in centromere function. The repeats share
little primary nucleotide similarity, with the exception of
the previously noted similarity between the 180 bp repeat
found at maize neocentromeres (described below) [27] and
a larger repeat element present in the centromere region
of the maize B chromosome (B centric repeat) [28]. Only
the maize 180 bp knob repeat has a significant match (8 of
9bp) to the DNA binding site of CENP-B [38], a protein
which may contribute to centromere function in mammals
(but see {39]). Considering structural features beyond the
primary nucleotide sequence, it is difficult to discern a
convincing connection between the repeats. It should
be noted, however, that the cereal centromeric repeats,
CSS1 [25°] and Sau3A9 [26°], were recently shown to
cross-hybridize to centromeres from a variety of monocots.
Whether such repeats represent a well-conserved plant
centromere DNA sequence under functional constraint, or
simply a more slowly evolving centromeric repeat family,
remains to be determined.

If no clear consensus is emerging regarding the DNA
sequence of centromeric DNA in plants, some common
themes are seen in the genomic organization of the
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Table 1

Plant centromeric repeats.

Unit Mammalian Similarities to other
Repeat (source)  %AT  length  Organization Localization CENP-B box*  plant centromeric DNA? References
At180 63% 180bp Tandem In situ, and No [21-24,29°,30°]
(Arabidopsis) genetic mapping
B centric {(maize) 63% 1.4kb Degenerate In situ, and No Similarity to Zm180knob [28,31°]
tandem physical (72% over 90 kb)
mapping

CSSt 63% 250bp Interspersed? In situ No Cross-hybridization with [25°]
{(Brachypodium) centromeres from other

monocots; related elements

isoalted from maize, barley

and rice

Low similarity to Sau3A9

(~50% over 60 bp)
Sau3A9 56% 745bp  Interspersed? In situ No Cross-hybridizes with [26°]
(sorghum) centromeres from other

monocots
Zm180knob 56% 180bp Tandem In situ 8/9bp Similarity to maize B centric  [27]
(maize) repeat

*Mammalian CENP-B box: TTCGNNNNANNCGGG [38].

few plant centromere regions which have been at least
partially physically mapped. The size of the regions
encompassing the centromere-associated repeats is large.
For example, the maize B centromere region is estimated
to be at least 9Mbp in size [31°]. Even Arabidopsis, with
its relatively small genome (100-150 Mbp/haploid), has
centromere repeat arrays that occupy approximately 1 Mbp
per centromere [30°). While it is not clear how much of
these regions are involved in centromere function, the
maize B centromere work [31°] and classical cytogenetic
experiments on other plant species [40,41] argue that some
large centromeric regions can be subdivided into smaller
nonoverlapping functional units.

The picture of the suborganization of the centromere
regions is still crude, but it appears that a range of archi-
tectures can be discerned. On one end of the spectrum
is the apparently simple organization of the facultative
centromeres known as neocentromeres. Neocentromeres
are best understood in maize [42°*] but have been
documented in at least sixteen other plant species [43-45].
Neocentromeres are often heterochromatic (see [44,46] for
examples) and in maize they are composed of long tandem
arrays of a 180 bp repeat [47] which form heterochromatic
knobs [27]). Most of the available data indicate that the
arrays at maize knobs are homogenous [47,48]; however,
maize genomic clones containing retrotransposable ele-
ments inserted into 180-bp repeats have been recovered
(E Ananiev and R Phillips, personal communication).
These clones may represent sequences at the border of
uninterrupted 180 bp repeat arrays, rare retrotransposon
islands embedded within the arrays, or 180 bp repeats at
non-knob sites. In any case, the relatively homogenous
organization of the maize knob neocentromeres most

closely resembles that seen at human centromeres [49].
Arabidopsis centromere regions appear to be a more
complex mosaic of long uninterrupted arrays of 180bp
repeats and interspersed regions containing middle- or
low-copy sequences [22,30°,32-35]. A more complicated
genomic organization is seen in the maize B centromere
region where the 1.4kb B centric repeat element is
arranged in a degenerate tandem array with a minimum
of interspersed sequences [28,31%]. Physical mapping
suggests that the elemental B centric repeat may be
organized into higher-order repeat units [31°]. Even at
this early stage of characterization, it is clear that several
genomic architectures are able to support the assembly of
a functional centromere.

A critical unresolved question centers around the role of
the highly reiterated centromere repeats in non-yeast sys-
tems. Are these repeats excess baggage surrounding rare
functional centromeric sequence motifs or are the repeats
an integral part of the centromere, perhaps the CEN
DNA itself? Work in mammals has provided evidence
for both points of view. A conservative reading of these
results, primarily based on re-introduction of mammalian
centromere repeat arrays into cultured mammalian cells,
suggests that homogenous arrays of the short repeats
can specify at least some properties of the centromere,
including chromosome constriction and sister chromatid
attachment [50-53]. Similar experiments have not been
done in plant systems but this conservanve view is consis-
tent with cytological observations of plant sister chromatid
cohesion via pericentric heterochromatin domains [19).
The larger question of whether the repeats contribute
to the assembly or specification of the kinetochore has
been brought to the fore by the recent demonstration



that microinjection of arrays of the alphoid class of human
centromeric repeats (plus telomeres and a selectable
marker) into cultured cells can lead to the formation
of centromere-containing microchromosomes [54]. These
data strongly suggest that simple centromere repeats
are sufficient for chromosome segregation in humans,
however, the authors did not rule out the possibility that
the newly-formed microchromosomes contain rearranged
centromeres from an endogenous chromosome. Support
for the role of simple DNA repeats in specification of cen-
tromere function also comes from structural dissection of
human and Drosophila centromeres. Analysis of structurally
rearranged human Y chromosomes indicates that the
alphoid repeat array is an important functional component
of the centromere [55,56]. In Drosophila, detailed structural
analysis has narrowed a functional centromere down to a
genomic region containing simple-sequence satellite arrays
and a handful of interspersed retrotransposable clements
[57,58,59]. In plants, the evidence that small centromere
repeats contribute to chromosome segregation comes
primarily from the analysis of knobs/neocentromeres in
maize. In their active neocentromere form, knobs are
preferenually segregated to progeny [60]. The degree
of preferential segregation is positively correlated with
knob size [61), which is in turn correlated with the
number of 180bp knob repeats [27]. Larger knobs also
migrate faster to the spindle poles than smaller knobs in
anaphase II [42°°]. Although it is likely that the 180 bp
knob repeats are required for neocentromere motility,
the charactenstics of neocentromeres differ from those
of normal centromeres. Instead of the end-on interac-
tions observed between the microtubules and normal
centromeres/kinetochores, microtubules were found to
interact laterally with neocentromeres [42°*]). These and
other-data suggest that maize neocentromeres utilize only
a subset of the functions of a normal kinetochore: they
are probably incapable of aligning chromosomes on the
metaphase plate and lack the ability to regulate their
rates of movement. Nevertheless, maize neocentromeres
are capable of pronounced poleward movement in the
presence of necessary frans-acting gene products [62°],
perhaps through the interaction with microtubule-based
motor proteins [42°°].

Epigenetic control of centromere activity
Accumulating evidence from a number of systems in-
dicates that centromere DNA sequences are not always
sufficient, nor are they always necessary, for specification of
centromere activity [63,64°%,65,66°,67°). The observation
that there is little sequence conservation among the
known centromere repeats, including those characterized
to date in plants, is consistent with the idea that primary
DNA sequence may provide only part of the information
necessary to specify centromere function. The remaining
information is thought to be epigenetic, superimposed on
the primary nucleotide information, in the form of stable,
self-propagating chromatin states.
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The maize neocentromere system is one of the best
understood epigenetic centromeres. The DNA sequence
at the knobs fails to organize a functioning centromere
except in a particular genetic and developmental context:
during meiosis I and Il in the presence of frans-activating
loci on abnormal chromosome 10 [62%68]. Even in
this developmental and genetic background there is
considerable variability in the strength of neocentromeric
activity expressed by the knobs [69]. Similar variability
1s seen in neocentromeric activity of chromosomes in
other plant species (e.g. [44,45]). These observations
suggest that the cis-acting determinants at the auxiliary
sites are not always sufficient to organize a functional
neocentromere, even under conditions appropriate for
neocentromere formation.

Variable activation of a plant centromere has also been
documented in early cytogenetic work on a wheat
dicentric chromosome [70]. In this case, one of the
centromeres, described as ‘weak,” was active in unpaired
univalents at meiosis I. When the dicentric was paired,
however, the weak centromere was active in only a
small minority of the bivalents. Additional evidence for
epigenetic regulation of plant centromeres comes from
the behavior of maize chromosomes introduced into an
oat background by sexual hybridization [48,71]. In most
cases, the maize chromosomes are lost following an
oat-maize hybridization, which has been interpreted as
a consequence of maize centromere dysfunction. It is
possible to isolate lines from the oat-maize cross, however,
which contain a mitotically stabilized maize chromosome.
The stabilization appears to be a stochastic process leading
to the recovery of one of at least eight maize chromosomes.
The mechanism of mitotic stabilization is not known,
but the absence of detectable chromosome rearrangement
points toward the epigenetic model of acquisition and
propagation of a functional state at the maize centromere.

Conclusions

The data available to date suggest that plant centromeres
conform to the pattern secen in non-plant centromeres:
they exhibit conservation of at least some kinetochore
protein components; presence of a large block of repetitive
DNA near the centromere; relatively poor conservation
of primary repeat sequence; and epigenetic modulation
of centromere activity. In addition to the long-term
goal of understanding the mechanisms of chromosome
segregation in plants, a potentially important application
of centromere research is in the production of artificial
chromosomes for use as plant transformation vectors.
One of the largest technical obstacles hindering the
development of plant artificial chromosomes is the lack of
functional assays to define CEN DNA. Development of
such functional assays could be significantly complicated
by epigenetic modulation of centromere activity. Little is
known about epigenetics in plants and efforts to control
epigenetic regulation are in their infancy. The fact that
kinetochore components appear to be more conserved
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than CEN DNA sequences suggests that efforts may be
profitably directed toward the identification of functional
kinetochore proteins and how those proteins interact with
DNA.
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