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Abstract

Rice (Oryza sativa) has become an important model plant species in numerous research projects involving

genome, molecular and evolutionary biology. In this review we describe the reasons why rice provides an

excellent model system for centromere and heterochromatin research. In most multicellular eukaryotes,

centromeres and heterochromatic domains contain long arrays of repetitive DNA elements that are recalcitrant to

DNA sequencing. In contrast, three rice centromeres and the majority of the cytologically defined

heterochromatin in the rice genome have been sequenced to high quality, providing an unparalleled resource

compared to other model multicellular eukaryotes. Most importantly, active genes have been discovered in the

functional domains of several rice centromeres. The centromeric genes and sequence resources provide an

unprecedented opportunity to study function and evolution of centromeres and centromere-associated genes.

Introduction

Rice is one of the most important model plant species

for genome and molecular biology research. The rice

genome has been sequenced several times using

different sequencing approaches (Goff et al. 2002,

Yu et al. 2002, Matsumoto et al. 2005), resulting in

one of the best-sequenced genomes among all

multicellular eukaryotes. Compared to other grass

species rice can be readily transformed. Large

populations of T-DNA and retrotransposon-based

mutants have been developed (Hirochika 2001, Jeong

et al. 2002, Sallaud et al. 2004). This combination

of sequence and genetic resources provides an

invaluable foundation for genome mapping and gene

discovery in this important crop species. In this

review we discuss using rice as a model for chro-

mosome research, with a focus on centromeres and

heterochromatin.

Sequencing and mapping of rice centromeres

The centromere is the most characteristic landmark

on monocentric eukaryotic chromosomes, appearing

as a constriction on condensed metaphase chromo-

somes. A large protein complex, the kinetochore, is

assembled on the centromere to mediate the attach-

ment of the microtubules. Centromeres are also

enriched with cohesin and play a key role in main-

taining proper sister chromatid cohesion. In multi-

cellular eukaryotes, centromeres are often embedded

within cytologically distinctive heterochromatin and

are associated with megabase-sized arrays of highly

homogenized satellite DNA (Henikoff et al. 2001,

Jiang et al. 2003). This highly repetitive nature makes

centromeres difficult for sequencing and fine-scale

genetic mapping. The genomes of several model

eukaryotes, including Drosophila melanogaster,

human, mouse and Arabidopsis thaliana, have been
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sequenced. However, none of the centromeres in these

species has been fully sequenced.

Rice centromeres contain a 155-bp satellite repeat

CentO (Dong et al. 1998, Nonomura & Kurata 2001,

Cheng et al. 2002) and a centromere-specific retro-

transposon CRR (Miller et al. 1998, Cheng et al.
2002). The CRR retrotransposons are highly enriched

in the centromeres and are intermingled with the

CentO satellite (Cheng et al. 2002, Nagaki et al.
2005). The total amount of CentO in any one cen-

tromere varies from õ60 kb to õ2 Mb (Cheng et al.
2002). Currently available sequencing technologies

are overwhelmed by megabase-sized satellite DNA

arrays, but it has proved possible to complete the

sequence of the centromeres of rice chromosomes 4, 5

and 8 which contain less than 150 kb of CentO repeat

(Nagaki et al. 2004, Wu et al. 2004, Zhang et al.
2004, Matsumoto et al. 2005). In addition, the rice

chromosome pseudomolecules (http://www.tigr.org/

tdb/e2k1/osa1/) extend into the CentO domains of

eight of the remaining nine centromeres. The sizes of

the CentO-containing gaps on these remaining nine

centromeres were estimated to be õ150 kb to

õ1.9 Mb based on fluorescence in-situ hybridization

(FISH) data (Cheng et al. 2002). The sizes of the

core domains of rice centromeres, which are marked

by the centromeric histone 3 variant, CENH3, are

õ1Y2 Mb (Nagaki et al. 2004, Yan et al. 2006).

Thus, at least portions of the core domains of some of

the remaining nine rice centromeres are already covered

by the current pseudomolecules. Taken together, rice

provides the most extensive amount of centromeric

sequences among all multicellullar eukaryotes.

The positions of all 12 centromeres on the rice

genetic map were initially inferred by assigning

restriction fragment length polymorphism (RFLP)

markers to the respective arms using rice secondary

and telotrisomics (Singh et al. 1996). These mapping

positions were refined on the high-density rice genetic

linkage map (Harushima et al. 1998) which contains

over 3000 RFLP markers (http://rgp.dna.affrc.go.jp/E/

Publicdata.html). Centromeres characteristically sup-

press genetic recombination, leading to co-segregation

of multiple markers located within the recombination-

suppressed domain. Thus, the mapping positions of

the rice centromeres can be established by reconciling

the locations of co-segregating RFLP markers and

the CentO repeats on the rice pseudomolecules. The

sizes of the recombination-suppressed domains of

rice chromosomes 3 and 8 are 3113 kb and 2312 kb,

respectively (Yan et al. 2005, 2006). The CENH3-

associated core domains of these two centromeres are

embedded within the recombination-suppressed

domains (Yan et al. 2005, 2006) (Figure 1).

Transcription and histone modifications

associated with rice centromeres

Traditionally, the centromere has been thought of as

a highly heterochromatic and transcriptionally silent

chromosomal domain. Discovery of active genes in

the centromere of rice chromosome 8 (Cen8) showed

that this concept must be revised (Nagaki et al.
2004). Rice Cen8 contains a õ750-kb core domain

associated with CENH3. There are at least 16 active

genes within this domain (Yan et al. 2005). Similarly,

the 1881-kb CENH3 domain of the centromere of rice

chromosome 3 (Cen3) contains 19 genes for which

evidence indicates transcription (Yan et al. 2006)

(Figure 1). Mapping of 17-bp rice mRNA signatures

and small RNA signatures, generated by massively

parallel signature sequencing (MPSS), on the Cen3
pseudomolecule revealed a highly complex tran-

scriptome for this centromere (Yan et al. 2006).

More than 40% of the mRNA signatures represent

sequences transcribed from intergenic regions, introns

or the antisense strand of exons. Numerous matches

between Cen3 sequence and small RNA signatures

indicate that at least some of the repetitive DNA

elements in rice centromeres are also transcribed

(Yan et al. 2006). Active genes and their normal

transcription have also been demonstrated in a

human neocentromere (Saffery et al. 2003).

The extensive transcription in rice Cen8 and Cen3 is

consistent with several recent reports on centromere-

associated histone modifications in model eukaryotes.

In the fission yeast Schizosaccharomyces pombe, the

centromere cores are enriched with methylated histone

H3 at Lys4 (H3K4me), which defines euchromatin, but

not with methylated histone H3 at Lys9 (H3K9me),

which marks heterochromatin (Cam et al. 2005). In

contrast, the chromatin domains immediately flanking

the centromere cores represent classical heterochro-

matin and are enriched with H3K9me and Swi6, a

homologue of D. melanogaster Heterochromatin Pro-

tein 1 (HP1) (Cam et al. 2005). In Drosophila and

humans, centromeric chromatins marked by CID/

CENP-A (the respective CENH3 homologues) are

distinct from both euchromatin and the flanking
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heterochromatin (Sullivan & Karpen 2004). Specifi-

cally, the CID/CENP-A-associated chromatin is hypo-

acetylated, and enriched with H3K4me2 but depleted

of H3K4me3, H3K9me2, and H3K9me3 (Sullivan &

Karpen 2004). H3K4 methylation and marker gene

expression have also been demonstrated in human

artificial chromosomes (Grimes et al. 2004, Lam et al.
2006). Wong et al. (2006) recently investigated the

methylation status of CpG islands across a 6.76-Mb

chromosomal region spanning a human neocentromere.

The transcription within the neocentromere is associat-

ed with selective hypomethylation of pockets of

sequences without compromising the overall silent

chromatin state and function of the centromere (Wong

et al. 2006). All these results show that centromeric

chromatin is different from classical heterochromatin

and is permissible for transcription.

Rice provides an excellent model to study tran-

scription and histone modification associated with

centromeres because the wealth of single and low copy

sequences identified within centromeric domains can

be used for specific DNA sequence-based analyses

such as chromatin immunoprecipitation (ChIP) and

microarrays. We recently measured the levels of H4

acetylation and H3K4/H3K9 methylation at 176 genes

within a 3.5-Mb region spanning Cen8. Active genes in

both the centromere core and the flanking regions

showed enrichment of H4 acetylation and H3K4me2.

We also detected pockets of H3K9me2 in Cen8 (Yan

et al. 2005). These results suggest the presence of

both euchromatin and heterochromatin in rice centro-

meres. Thus, the CENH3-containing Fcentrochromatin_
does not appear to be distinguished by a unique

combination of H3 and H4 modifications. In-depth

studies on more histone modification patterns using

microarray-based platforms will reveal characteristics

of rice centromeric chromatin and differences, if any,

between animal and plant centromeres.

Figure 1. Structure of the centromere of rice chromosome 3. Cen3 includes a õ1881-kb region associated with CENH3 (turquoise colour).

This CENH3-binding domain includes õ441 kb of the CentO satellite repeat (yellow colour) and is embedded within a 3113-kb

recombination-suppressed domain (blue colour). The boundary of the recombination-suppressed domain is marked by DNA markers L708

and R3235, both at 86 cM. The CENH3-binding domain contains active genes (red bars), but with a lower density than the flanking domains.

Red solid circles and grey solid circles represent CENH3-associated and canonical H3-associated nucleosomes, respectively. The scale bar

represents 5 mm. The chromosome image is courtesy of Zhukuan Cheng.
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Rice as a model for centromere evolution research

Although the centromeres have highly conserved and

specific functions, the DNA sequences associated

with the centromeres represent the most dynamic and

mutable portion of the genome. Centromeric DNA

sequences have no discernible conservation among

different model organisms and can be significantly

diverged among closely related species (Lee et al.
2005). The position of a centromere may relocate

during evolution. A centromere can also be activated

or inactivated without changing its associated DNA

sequences. These facts make evolutionary study of

centromeres a challenging endeavour.

Ventura et al. (2001) provided the first detailed

analysis of Fcentromere repositioning_, in the mam-

malian X chromosome. The X chromosomes of black

lemur, ringtailed lemur and humans share a highly

conserved genetic synteny. However, the centro-

meres of the three X chromosomes are not only

located in different positions but also contain

different satellite repeats (Ventura et al. 2001),

suggesting that emergence of new centromeres is

the most likely explanation of the observed reposi-

tioning. Similar centromere repositioning has since

been demonstrated for several other mammalian

chromosomes (Eder et al. 2003, Ventura et al. 2004,

Carbone et al. 2006). One possible mechanism of

centromere repositioning is via neocentromere acti-

vation coupled with the loss or inactivation of the

original centromere. In humans, non-a satellite-based

neocentromeres and the a satellite-based but inacti-

vated original centromeres can coexist and be stably

maintained through both mitosis and meiosis (Tyler-

Smith et al. 1999, Amor et al. 2004). Most impor-

tantly, although neocentromere formation results in

substantial remodelling of chromatin associated with

the core centromeric domain, it has no measurable

effect on transcriptional competency of the underly-

ing genes (Saffery et al. 2003). Thus, a neocentro-

mere originating in a genic region is not detrimental

to the function of its underlying genes. Both neo-

centromere formation and centromere inactivation

have been reported recently in plant species (Nasuda

et al. 2005, Han et al. 2006).

The structures of rice Cen8 and Cen3 as described

above resemble intermediates between human neocen-

tromeres, which are often associated with typical genic

regions, and satellite repeat-based centromeres. Thus,

Cen8 and Cen3 appear to represent relatively recent

births of centromeres. During the neocentromere-

mediated evolutionary process (Figure 2), satellite

repeats from other centromeres may invade the

emergent neocentromeres. Alternatively, new satellite

repeats may emerge in the neocentromeres (Figure 2).

A short starting satellite repeat array, such as the CentO

array in rice Cen8, may expand via mechanisms that

govern tandem repeat evolution across the genome

(Charlesworth et al. 1986). Amplification of arrays

within centromeric domains may be further accelerated

by the action of meiotic drive (Malik & Henikoff 2002)

in which the asymmetric nature of female meiosis

provides an opportunity for competition between

chromatids having different kinetochore activities

(reviewed in Malik & Bayes 2006). The discovery

that Cen3 and Cen8 in a wild rice species, Oryza
punctata, contain 1.47 and 1.44 Mb arrays of the

CentO repeats which almost perfectly overlay with

CENH3 (Zhang et al. 2005), compared to õ440 kb

and õ60 kb arrays in the equivalent cultivated rice

domains, may provide a useful test of this model.

Rice has more than 20 wild relatives, including

species closely related to cultivated rice and those

Figure 2. A model of neocentromere-mediated centromere

evolution. The original centromere contains mainly satellite

repeats (red line box). A neocentromere emerges, coupled with

the inactivation of the original centromere via unknown epigenetic

mechanisms. A new satellite repeat (yellow lines) emerges in the

neocentromere. The satellite array in the inactivated centromere

may degrade and eventually be eliminated during evolution. The

new satellite repeat array expands and the survived neocentromere

evolves to eventually become a typical satellite repeat-based

mature centromere. The diagram is modified from Yan et al.
(2006).
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diverged from rice as much as õ9 million years

(Khush 1997, Guo & Ge 2005). Several wild rice

species do not contain the CentO repeat (Hass et al.
2003), suggesting that in these species the CentO

repeats have either diverged significantly or been

replaced by unrelated sequences. Thus, the wild rice

species provide a system to study evolution of

centromere-associated repetitive DNA sequences.

We recently isolated several new centromeric satel-

lite repeats from two CentO-less Oryza species, O.
rhizomatis and O. brachyantha, and demonstrated

different evolutionary patterns of centromeric DNA

in these two species (Lee et al. 2005). A major

genome project was launched with a goal to develop

bacterial artificial chromosome (BAC)-based physi-

cal map of 11 wild Oryza species containing distinct

genomes (http://www.omap.org/). The resource gen-

erated by this project will provide an opportunity to

sequence Cen8 in all these species and to reveal the

evolution of a centromere among a group of closely

related species. Comparative analysis of the orthol-

ogous regions of Cen8 from these species will allow the

establishment of patterns of centromeric DNA rear-

rangements and the dynamics of transposable element

insertion and satellite amplification. Such analyses will

also reveal how active genes in a centromere can adapt

to a potentially heterochromatic and recombination-

suppressed centromeric domain.

Heterochromatin distribution in the rice genome

Heterochromatin was originally described by Emil

Heitz (1928) as relatively inaccessible chromatin that

remains condensed (darkly stained) throughout the

cell cycle. Traditionally a heterochromatic domain is

defined cytologically, such as the heterochromatic

Fknobs_ described in maize (McClintock 1929,

Brown 1949) and Arabidopsis (Fransz et al. 2000).

Such heterochromatic features can be differentially

stained on interphase nuclei or on meiotic pachytene

chromosomes. Some large and highly condensed

heterochromatic features are visible even on mitotic

metaphase chromosomes. However, the definition of

heterochromatin has now expanded to the submicro-

scopic and molecular level. A heterochromatic

domain can be Fcryptic_ and cytologically invisible

but is associated with heterochromatic marks such as

H3K9me and HP1. Such a Fcryptic_ domain can be as

small as a single gene.

The heterochromatic and euchromatic regions in rice

are well differentiated on pachytene chromosomes

(Khush et al. 1984, Cheng et al. 2001) (Figure 3).

The majority of brightly 40,6-diamidino-2-phenyl-

indole (DAPI)-stained heterochromatin is distributed

in the proximal regions of rice chromosomes (Cheng

et al. 2001). Notably, on chromosomes 4 and 10, hete-

rochromatin covers almost the entire short arms and the

proximal portions of their long arms, with the remain-

ing regions being largely euchromatic (Figure 3). In

addition to these major heterochromatic domains,

smaller, knob-like heterochromatic domains are also

visible at the distal ends of several chromosomes. The

heterochromatin distribution pattern is highly con-

served between the indica and japonica subspecies

(Cheng et al. 2001). This conservation has also been

observed in several wild rice species (Zhukuan Cheng,

personal communication). Most importantly, the

majority of the heterochromatic domains in rice have

been tiled by the existing physical map and sequenced

to high quality. The current rice sequence maps

contain over 50 Mb finished sequences from the

major heterochromatic regions (http://www.tigr.org/

tdb/e2k1/osa1/). The sequences can be anchored to

specific heterochromatic domains by FISH. The deep

coverage of rice heterochromatin by both physical

and sequence maps provides the prerequisite for a

comprehensive characterization of its sequence com-

position, transcriptional regulation, DNA and histone

modifications.

Heterochromatin has been well defined cytologi-

cally in several other plant species, including tomato

(Khush & Rick 1968), A. thaliana (Fransz et al.
1998), sorghum (Kim et al. 2005) and maize (Shi &

Dawe 2006, Wang et al. 2006). However, cytologi-

cally defined heterochromatin is almost exclusively

located in the centromeric regions in A. thaliana
(Fransz et al. 1998) while the vast majority of the

A. thaliana genes are located within euchromatin.

High-quality genome sequences are not available in

other plant species. Thus, rice provides the best

available system to study heterochromatin organiza-

tion and its consequences for gene expression.

Transcription and epigenetic modifications of rice

heterochromatin

Heterochromatin was traditionally viewed as a repos-

itory of Fjunk_ DNA and is well known for its silencing
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effect on gene expression (Dimitri et al. 2004).

However, transcribed genes have been identified from

heterochromatic regions in several model organisms

(Dimitri et al. 2004, Yasuhara & Wakimoto 2006). In

D. melanogaster, dozens of genes with critical

function in viability or fertility have been identified

from the centric heterochromatin (Hoskins et al.
2002, Yasuhara & Wakimoto 2006). These genes

are tolerant of the silencing effect of heterochromatin

and, in some cases, depend on heterochromatin

proteins for their normal expression (Yasuhara et al.
2005). In plants a õ730-kb heterochromatic knob on

the short arm of Arabidopsis chromosome 4 (hk4S)

has been fully sequenced and extensively character-

ized (Fransz et al. 2000, McCombie et al. 2000). This

heterochromatic knob contains õ30 known or hypo-

thetical genes plus significant numbers of transposable

elements and related repeats that are associated with

both DNA methylation and H3K9me (Lippman et al.
2004). Most of the genes showed normal expression

and appeared to reside in the Feuchromatic islands_
that were not associated with DNA methylation and

H3K9me, thus differing from the Ftrue_ heterochro-

matic genes described in D. melanogaster that can be

expressed only in a heterochromatic environment

(Yasuhara & Wakimoto 2006).

The cytologically defined heterochromatic regions

in rice are associated with extensive transcription,

including single-copy protein-coding genes, based on

matches with rice EST/fl-cDNA sequences (http://

www.tigr.org/tdb/e2k1/osa1/) and expression profil-

ing using genomic tiling microarrays (Jiao et al.
2005, Li et al. 2005, 2006). The heterochromatin on

rice chromosome 4 is most pronounced (Figure 3),

covering nearly half (õ17 Mb) of the entire

chromosome (35.2 Mb). This heterochromatic half

of the chromosome has a suppressed genetic recom-

bination, being 2.3 cM/Mb, versus 4.8 cM/Mb for the

euchromatin half (Zhao et al. 2002). The heterochro-

matic half contains significantly more repeats, except

Figure 3. Differential staining of euchromatic and heterochromatic regions on pachytene chromosomes of rice (indica rice variety Zhongxian

3037). Chromosomes were stained with DAPI and were converted as black-and-white to enhance the contrast of the image. Arrows point to

the centromeres that were identified by FISH mapping of the CentO satellite repeat on the same cell (data not shown). The scale bar

represents 10 mm. Figure reproduced with permission from Cold Spring Harbor Laboratory Press * 2001, from Cheng et al. (2001).
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miniature inverted-repeats transposable elements that

are known to be preferentially associated with genes

(Feng et al. 2002). As expected, the annotation of

chromosome 4 revealed that the heterochromatic

region showed õ3-fold enrichment of transposable

element-related genes (65.3 genes/Mb vs 22.7 genes/

Mb) but õ4-fold decrease of active genes (17 genes/

Mb vs 65.5 genes/Mb), as compared with the

euchromatic region (http://www.tigr.org/tdb/e2k1/

osa1/).

Cytological data indicated that the õ17 Mb het-

erochromatin region of rice chromosome 4 was

organized as eight intensively stained domains,

usually one to several Mb in size, and weakly stained

intervening domains on pachytene chromosome

(Cheng et al. 2001, Jiao et al. 2005) (Figure 3).

Consistent with the cytological pattern, these inten-

sively stained domains showed decreased levels of

transcription as compared with their flanking

domains (Jiao et al. 2005). Research on epigenetic

modifications of rice heterochromatin is still in its

infancy. The DNA methylation and histone modifi-

cation patterns are largely unknown, as well as what

impact, if any, such patterns have on gene expression

and regulation. However, the availability of the

cytological data, genome sequence and recently

developed techniques, such as ChIP-chip, will allow

such questions to be addressed in the future.
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