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Meiotic and mitotic chromosome segregation are highly

conserved in eukaryotic organisms, yet centromeres — the

chromosomal sites that mediate segregation — evolve extremely

rapidly. Plant centromeres have DNA elements that are shared

across species, yet they diverge rapidly through large- and

small-scale changes. Over evolutionary time-scales,

centromeres migrate to non-centromeric regions and, in plants,

heterochromatic knobs can acquire centromere activity.

Discerning the functional significance of these changes will

require comparative analyses of closely related species.

Combined with functional assays, continued efforts in plant

genomics will uncover key DNA elements that allow centromeres

to retain their role in chromosome segregation while allowing

rapid evolution.
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Abbreviations
BAC bacterial artificial chromosome

CEN4 centromere4

CENP-A centromere protein-A

CRM centromere-specific retrotransposon of maize

CRR centromere-specific retrotransposon of rice

FISH fluorescent in situ hybridization

Introduction
Higher eukaryotic centromeres contain several mega-

bases (Mb) of densely methylated, highly repetitive,

heterochromatic DNA that nucleates kinetochores, pro-

motes sister chromatid cohesion, and suppresses recom-

bination. Although centromeric regions mediate these

processes, the exact boundaries of each functional domain

remain largely undefined. The innermost centromere

region consists of tandemly repeated satellite DNA,

flanked by DNA that is rich in middle repetitive ele-

ments, including transposons, retroelements and pseudo-

genes (Figure 1). The middle repetitive DNA is often

referred to as the pericentromere, although domains in

this region may contribute to centromere activity.

Although centromere functions are highly conserved,

there is a notable lack of sequence homology among

the centromeres of distantly related species, highlighting

the extremely rapid rate of centromere DNA evolution.

Plants offer an exciting opportunity to discern the rela-

tionship between centromere DNA sequence and func-

tion. Genome projects have collected more centromere

DNA sequence from plants than from other higher eukar-

yotes. In addition, plant genomes allow manipulation of

chromosome number, permitting functional analysis with

artificial chromosomes, and the abundance of closely

related plant species facilitates the identification of evo-

lutionarily conserved sequences. In this review, we exam-

ine the growing body of research on plant centromeres,

discuss current models of centromere sequence evolution

and consider assays to define functional components of

centromere DNA.

Plant centromere DNA content
Satellite and middle repetitive centromere DNA has

been characterized in several plant species (Table 1).

These sequences provide probes for identifying centro-

mere clones from large-insert genomic libraries. Such

efforts, along with whole-genome shotgun sequencing,

are generating an extensive database of centromere

sequences, particularly from the grasses and crucifers.

The centromeres of Arabidopsis are the most thoroughly

characterized, with assembled sequences extending

from the chromosome arms to the satellites of all five

chromosomes [1,2]. Arabidopsis centromeres contain 2.8–

4 Mb tracts of tandemly repeated 178 bp satellites, occa-

sionally interrupted by insertions of Athila, a Ty3/gypsy
retroelement [1–5]. The middle repetitive regions that

flank the satellites also contain Athila and other retro-

elements, along with 5S ribosomal DNA (rDNA) tracts,

transposable elements, and pseudogenes [1–5]. Despite

the heterochromatic environment, the middle repetitive

regions contain more than 200 expressed genes, at a

density that is about one tenth of that on the chromosome

arms [2]. Intriguingly, tracts of hemi-methylated cyto-

sine residues are present throughout the Arabidopsis
centromeres [6]. Whether these modifications contribute

to centromere function or result from the impact of

centromere structure on DNA-methylation mechanisms

remains unresolved.
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Although efforts to sequence the rice and maize centro-

meres are not complete, they have yielded intriguing data

that are useful for comparative analysis. In rice, a contig of

1.16 Mb from centromere 4 (CEN4) revealed tracts of the

CentO satellite (155 bp or 164 bp) interspersed with the

Ty3/gypsy retroelement CRR (for centromere-specific

retrotransposon of rice), as well as flanking regions that

are rich in transposons, retroelements, and pseudogenes

[7,8��]. In maize, two sequenced centromere bacterial

artificial chromosomes (BACs) consist largely of CentC

satellite (156 bp) and the centromere-specific retrotran-

sposon of maize (CRM), a retroelement with homology to

CRR [9�,10]. CentO and CentC are similar, yet neither

shows homology to Arabidopsis satellites [8��]. In maize,

heterochromatic knobs that can serve as alternatives to the

conventional centromeres have also been characterized.

These knobs contain two satellites, measuring 180 bp and

350 bp, that differ from CentC [11]. Supernumerary maize

Figure 1
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The higher eukaryotic centromere. Cytologically, centromeres are chromosomal constrictions (green) that nucleate the kinetochore, and mediate

mitosis and meiosis. Centromeric regions encompass large arrays of satellite DNA (red) flanked by middle repetitive DNA (yellow); they often

contain highly methylated heterochromatin (orange) that is recombinationally suppressed (gray). Although each of these features overlap, their

precise boundaries vary from chromosome to chromosome and between species. At the edge of the centromere, middle repetitive DNA gradually

transitions into the gene-rich chromosome arms (blue).

Table 1

Current knowledge of centromere sequence, content and organization among several model organisms, species in the
Brassicaceae family, and crops.

Organism Sequence typea Size of major satellite Example of recent workb Reference(s)

Human AS 171 bp 365 kb of Chromosome X sequenced [45]

Mouse AS Major 234 bp, minor 120 bp Examined evolution of pericentric DNA [41��]
Fruit fly AS 5 bp 80 kb of CEN sequenced [46]

Brassicaceae family
Arabidopsis thaliana AS 178 bp Nearly complete sequence for all five CENS [1–5]

Arabidopsis arenosa US 178 bp Satellites mapped by FISH [47]

Arabidopsis suecica US 178 bp Satellites mapped by FISH [47]

Olimarabidopsis pumila US 168 bp, 178 bp Satellites mapped by FISH [19]

Brassica napus US 176 bp Satellites mapped by FISH [48]

Crops
Maize AS 156 bp Two CEN BACs sequenced [9�]

Rice AS 155 bp 1.16 Mb contig of CEN4 sequenced [7]

Barley US Not known 18 kb of BAC clone sequenced [49]

Beet US 158–160 bp Satellites/transposons mapped by FISH [50]

Soybean US 120 bp Satellites mapped by FISH [51]
Sorghum US 140 bp Satellites mapped by FISH [52]

Radish US 177 bp Satellites mapped by FISH [53]

Wheat US 537 bp Satellites/transposons mapped by FISH [54]

aAS, assembled sequence contigs; US, unassembled sequence. These sequences were predominantly generated by restriction digestions

or PCR with degenerate primers. bExamples of recent work indicate the methodology employed and the type of data generated for the listed

organism.
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B chromosomes have a third type of centromere, contain-

ing a 1.4 kb tandemly repeated sequence with homology to

knobs and a region from CEN4 [12,13]. Discerning the role

of the different satellite classes and the effects of inter-

spersed DNA elements will require functional assays.

Centromere evolution
Cytological and sequence analyses of centromeres from

different Arabidopsis ecotypes have illustrated their

dynamic nature; significant large-scale changes that do

not disrupt centromere function have occurred over time-

scales of just a few million years. For examples, several

tandem copies of the mitochondrial genome have been

integrated into CEN2 [14], an inversion involving CEN4

produced a heterochromatic knob and moved a gene-rich

region into the heterochromatin [15,16], and a tract of 5S

rDNA was inserted into CEN3 [17]. Whether such

changes generally characterize the evolution of plant

centromeres remains to be determined, but their occur-

rence on three of the five Arabidopsis centromeres war-

rants further analysis. Furthermore, although Arabidopsis
chromosome arms have large tracts of DNA that reflect

ancient genome duplications, similar segments have not

been found in most of the centromeres, suggesting that

evolutionary mechanisms differ between euchromatic

regions and the centromere [1].

In addition to undergoing large-scale rearrangements,

centromeres also evolve rapidly at the nucleotide level.

Satellites undergo rapid change even within a species,

and ecotype-specific satellite variants have been identi-

fied in Arabidopsis thaliana [18�]. Interestingly, the

nucleotide substitutions that define variants are nonran-

dom, producing highly conserved and variable regions.

Although such regions imply that the nucleotide substi-

tutions have functional significance, investigations of

satellites from the closely related species Arabidopsis
arenosa and Olimarabidopsis pumila did not reveal con-

served regions within these closely related genera [19]. By

contrast, CentO and CentC maintain similar 50 and 30

ends despite a divergence of 50–70 million years [8��,20].

In maize, analysis of satellite polymorphisms made it

possible to define at least 18 different satellite classes

that are arranged in higher-order repeat arrays [9�]. Indi-

vidual BACs contain a subset of the different satellite

variants, indicating that satellites undergo local variation

that is distinct from variation within the genome as a

whole [9�,21]. This finding is consistent with observations

of human centromeres, in which satellite variants tend to

cluster non-randomly because of an intrachromosomal

gene-conversion mechanism [21].

Several hypotheses have surfaced to explain how a gen-

ome can maintain satellite homogeneity while still allow-

ing rapid evolution [22��]. The library hypothesis predicts

that genomes contain sets of satellite variants in differing

abundance. New satellites continually arise by mutation

and are propagated within a genome by genetic drift.

These satellites can be homogenized through unequal

crossover, which would provide an explanation for chro-

mosome-specific variation and the formation of higher-

order satellite arrays [23–27]. Another model suggests that

satellite evolution is driven by the selection and coevolu-

tion of satellites and centromere-binding proteins, rather

than by random genetic drift. This requires that certain

centromere satellite variants confer a selective advantage

upon meiotic cells (i.e. eggs and sperm), a process known

as meiotic drive. Such positive selection could result from

a preferential interaction with centromere protein-A

(CENP-A), a histone H3 variant that is incorporated into

the nucleosomes that specifically bind to centromere

DNA in plants, humans, yeast, and Drosophila [28]. If

this is the case, even a slight advantage in satellite–

CENP-A interactions could quickly result in genomic

fixation of satellite arrays. The rapid adaptive evolution

of CENP-A observed in both Drosophila and Arabidopsis
is consistent with this interpretation [29,30�].

Meiotic recombination is dramatically suppressed in cen-

tromere regions; the effects of this suppression on cen-

tromere DNA content and evolution are not yet clear.

Mathematical models predict that low levels of homol-

ogous recombination cause the accumulation of repeti-

tive elements [31,32], but a study that considered only

non-coding Arabidopsis DNA found no correlation

between meiotic recombination frequencies and the dis-

tribution of most transposable elements [33]. Impor-

tantly, two superfamilies of gypsy-like elements (Athila
and CACTA) were excluded from the study because of

they are clustered within and around centromeres. On the

basis of this work, Wright et al. [33] suggested that the

apparent centromeric abundance of transposons is not

due to suppressed recombination but rather results from

ample non-coding DNA targets; insertions into chromo-

some arms, by contrast, are often deleterious because of

the abundance of genes. Although there are few homol-

ogous recombination events in centromere regions, ecto-

pic recombination may play a role in the evolution of

these regions. For example, evidence from human and

Arabidopsis centromere regions shows that ectopic recom-

bination occurs at a relatively high frequency [34]. Inter-

estingly, the centromere regions of wheat exhibit fewer

local duplications than occur in the chromosome arms,

resulting in a preservation of micro-synteny [35].

Acquisition of centromere function
Chromosome-wide studies of gene order have shown that

non-centromeric regions can acquire centromere activity

de novo (Figure 2a). Fluorescent in situ hybridization

(FISH) mapping of closely related genomes shows that,

in some cases, gene marker order remains constant while

centromere positions migrate. This is the case when the X

chromosomes of humans and lemur species are compared

[36], and when the phylogeny of primate chromosome 6 is
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reconstructed [37��]. In both cases, marker order was

conserved among multiple species, and neither transposi-

tion nor inversion events could account for centromere

relocation. The migration of centromeres over evolution-

ary time scales could result from neocentromere forma-

tion — a process whereby ectopic centromeres are

activated in previously non-centromeric locations

(Figure 2a). Neocentromere formation in human cell lines

is triggered by the loss of an endogenous centromere,

coupled with a strong selection for inheritance of the

DNA fragment (Figure 2a). These new centromeres often

lack satellite DNA, suggesting that associated proteins

and other epigenetic factors may be more important for

centromere activity than the primary DNA sequence [38].

Although the topic of centromere emergence has not

been addressed in most studies of plant genome synteny,

satellite-rich heterochromatic knobs can often function as

Figure 2
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Acquisition of centromere function. (a) Chromosomes can contain latent centromeres that become activated under some conditions

(neocentromeres). If the original centromere also remains active, chromosome breakage can occur. Alternatively, as the endogenous centromere

decays, centromere DNA structure becomes established at the new location. (b) When centromere protein components spread to linked chromosomal

regions, they can form a larger centromere. If chromosome breakage occurs, two new centromeres may be formed. (c) Chromosome fission events

can activate a latent centromere or can be repaired with ectopic centromeric or pericentromeric DNA from non-homologous chromosomes.
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neocentromeres. Maize knobs can promote the prefer-

ential inheritance (or meiotic drive) of particular chromo-

somes. The two different knob-specific maize satellites

differ in their capacity to promote chromosome segrega-

tion [11], and several trans-acting factors that affect knob

activation have been identified [39]. At least four distinct

genetic functions mapping to Abnormal chromosome 10

(Ab10) play a role in the segregation of knobs; in some

cases, these have been characterized through screens for

the suppression of meiotic drive [39].

Two other models can account for the appearance of

centromere functions in non-centromeric DNA. The

first, centromere spreading, has been described in Dro-
sophila. In this model, the migration of centromere

functions to adjacent DNA is mediated by the deposition

of centromere-binding factors (Figure 2b; [40]). Alter-

natively, centromeric and pericentromeric DNA can be

recruited to repair the ends of broken chromosomes

(Figure 2c). Support for this possibility is based on the

discovery of large tracts of pericentromeric duplicated

DNA (termed duplicons) that are thought to arise during

the repair process. For example, mouse chromosomes 5

and 6 appear to be chromosome fission products, repaired

with fragments of centromeric and pericentromeric

DNA from other chromosomes [41��]. Intriguingly, the

duplications produced by these repair processes often

appear to become hot-spots for further duplications and

rearrangements.

Studies of centromere function
Current approaches for delineating the functional com-

ponents of centromeres include: co-immunoprecipitating

centromere proteins with their associated DNA frag-

ments, measuring transmission rates of non-essential chro-

mosome fragments with truncated centromeres, and

assessing transmission rates of in-vitro-assembled artificial

chromosomes. In Arabidopsis, antibodies to the CENP-A

homolog co-immunoprecipitate 178 bp satellite repeats

[42]; whereas in maize, CenH3 binds to both CentC and

CRM [43�]. These studies implicate satellites and retro-

elements as important DNA sequences for centromere

function, but do not rule out a potential role for other

DNA sequences in this function.

An important method for defining the functional domains

of plant centromeres has relied on truncations of maize B

chromosomes, which do not provide cellular functions

and consequently can be lost without deleterious effects.

Analysis of 25 B chromosomes that had truncated cen-

tromeres revealed a direct correlation between centro-

mere size and meiotic transmission [13]. Centromere

sizes of less than 1000 kb, or derivatives missing an

internal 370 kb fragment, were lost at significantly higher

rates. All of the derivatives were stable for multiple

mitotic divisions, indicating that there may be genetic

elements that distinguish meiosis and mitosis.

Assays that rely on artificial chromosome transmission

would greatly facilitate the characterization of the func-

tional components of plant centromeres. Such experi-

ments have already been carried out using human

artificial chromosomes: a-satellite arrays of 65 kb from

chromosome 17 can confer mitotic centromere function,

whereas chromosomes with similar arrays from the Y

chromosome are lost during mitosis [44]. Interestingly,

the Y chromosome arrays do not contain sites that bind to

CENP-B, a centromere protein whose function is not

completely understood. Future research using plant arti-

ficial chromosomes will enable analysis of the role of

centromere length, satellite composition, and centro-

mere-binding proteins during both meiosis and mitosis.

Performing such experiments across different species will

clarify the functional significance of the evolutionary

changes that contribute to centromere diversity.

Conclusions
Plants hold great promise for clarifying the DNA elements

that comprise centromere structure, determining the fac-

tors required for centromere function, and understanding

the mechanisms that drive rapid centromere evolution.

Limited comparisons of centromere DNA from species

within the grass and crucifer families indicate that some

DNA elements are conserved among closely related spe-

cies. Further analysis of centromeres from many closely

related plants will elucidate conserved functional ele-

ments. Plant artificial chromosomes will be useful for

testing centromere function and identifying critical cen-

tromere elements. Functional assays and comparisons of

centromere DNA sequence have far reaching implications,

including improving our understanding of centromere

evolution and its influence on speciation, allowing analysis

of cis-and trans-acting factors that are important for proper

inheritance of chromosomes, and permitting enhanced

plant transformation using artificial chromosomes.
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