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The centromere is the chromosomal site for assembly of the kinetochorewhere spindle fibers attachduring cell division. Inmost

multicellular eukaryotes, centromeres are composed of long tracts of satellite repeats that are recalcitrant to sequencing and

fine-scale geneticmapping.Here,we report the genomic and genetic characterizationof the complete centromere of rice (Oryza

sativa) chromosome 3. Using a DNA fiber-fluorescence in situ hybridization approach, we demonstrated that the centromere of

chromosome 3 (Cen3) contains ;441 kb of the centromeric satellite repeat CentO. Cen3 includes an ;1,881-kb domain

associatedwith thecentromerichistoneCENH3.ThisCENH3-associatedchromatindomain isembeddedwithina3113-kb region

that lacks genetic recombination. Extensive transcription was detected within the CENH3 binding domain based on compre-

hensive annotation of protein-coding genes coupledwith empiricalmeasurements ofmRNA levels using RT-PCR andmassively

parallel signature sequencing. Genes <10 kb from the CentO satellite array were expressed in several rice tissues and displayed

histonemodification patterns consistent with euchromatin, suggesting that rice centromeric chromatin accommodates normal

gene expression. These results support the hypothesis that centromeres can evolve from gene-containing genomic regions.

INTRODUCTION

The centromere is the chromosomal site for kinetochore assem-

bly and also plays a major role in sister chromatid cohesion.

These functions are conserved among the centromeres from all

eukaryotic species. Homologs of several proteins have been

found in the centromeres of various eukaryotic species (Houben

and Schubert, 2003; Amor et al., 2004a). In particular, a centro-

mere-specific histone 3 variant, referred to as CENH3, appears

to be a universal marker for centromeric chromatin (Henikoff

et al., 2001). By contrast, the primary DNA sequence that

underlies centromeres has no discernable conservation between

various model organisms and can be significantly diverged

among closely related species. This enigma has evoked exten-

sive studies on the structure and function of the centromeres in

several model eukaryotes.

The budding yeast Saccharomyces cerevisiae is one of the

simplest model eukaryotic species. The sizes of S. cerevisiae

chromosomes range from 250 kb to 2 Mb in length. The centro-

meres of S. cerevisiae consist of only ;125 bp of unique

sequence (Clarke, 1998). However, in multicellular eukaryotes,

centromeres are often embedded within cytologically distinctive

heterochromatin and are associated with megabase-sized and

highly homogenized satellite DNA (Zhong et al., 2002; Hall et al.,

2003; Sun et al., 2003; Rudd and Willard, 2004; Lamb et al.,

2005). The highly repetitive nature of centromeres makes them

difficult to clone and sequence (Henikoff, 2002). The genomes of

several multicellular eukaryotes, including Drosophila mela-

nogaster, human, mouse, and Arabidopsis thaliana, have been

sequenced. However, none of the centromeres in these species

has been fully sequenced due to the difficult nature of the

genomic and genetic characterization of the centromeres in

these model species.

Human centromeres are the most extensively studied centro-

meres among multicellular eukaryotes. The most abundant DNA

sequence in human centromeres is the a satellite that consists of

multiples of an ;171-bp monomer repeat (Willard, 1998). The

amount of the a satellite in different centromeres varies from

;250 kb to >4 Mb (Wevrick and Willard, 1989; Oakey and Tyler-

Smith, 1990). Human artificial chromosomes were successfully

assembled using either synthetic or cloned a satellite DNA as a
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centromeric component (Harrington et al., 1997; Ikeno et al., 1998;

Henning et al., 1999). Structural and functional analyses of DNA in

the human X chromosomecentromere revealed that thea satellite

repeats are more diverged on the edges of the centromere and

become homogenized toward the functional core (Schueler et al.,

2001), suggesting that the centromeres evolve through selection

of new repeats within the functional core and movement of older

repeats to the flanking regions (Schueler et al., 2001).

The centromeres of a model plant species, Arabidopsis, have

also been studied extensively. The Arabidopsis centromeres

were genetically mapped and contain various types of repetitive

DNA elements (Copenhaver et al., 1999). The most abundant

DNA element within the genetically mapped Arabidopsis cen-

tromeres is a 178-bp satellite repeat (Round et al., 1997; Heslop-

Harrison et al., 1999; Hall et al., 2003). Fine physical mapping

revealed that each Arabidopsis centromere contains several

megabases of this 178-bp repeat (Kumekawa et al., 2000, 2001;

Hosouchi et al., 2002). Chromatin immunoprecipitation (ChIP)

analysis showed that the 178-bp repeat is the only known

repetitive DNA element that interacts with CENH3 (Nagaki et al.,

2003). In addition, only the middle portion of the multimegabase

178-bp repeat array in each centromere is associated with

CENH3 (Shibata and Murata, 2004). Thus, the general DNA

structure of Arabidopsis centromeres is similar to that of human

centromeres.

Rice (Oryza sativa) centromeres contain two major classes of

repetitive DNA elements: the centromeric CRR retrotransposon

anda 155-bpsatellite repeatCentO (Donget al., 1998;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 amount of

the CentO satellite varies from;60 kb on chromosome 8 to;2

Mb on chromosome 11 (Cheng et al., 2002). The lack of extensive

amounts of satellite repeats allowed sequencing of the entire

centromere of rice chromosome 8 (Cen8; Nagaki et al., 2004; Wu

et al., 2004). An ;750-kb region within Cen8 is associated with

rice CENH3 (Nagaki et al., 2004). Sequence analysis of Cen8

revealed the presence of several active genes within the CENH3

binding domain (Nagaki et al., 2004; Yan et al., 2005). Although

genes located in the pericentromeric regions have been reported

in several muticellular eukaryotes (Yasuhara and Wakimoto,

2006), only the Cen8 genes represent centromeric genes that

are embedded within CENH3-associated chromatin.

We have been interested to know whether Cen8 represents a

rare evolutionary case and whether active genes are present

within rice centromeres that contain an extensive amount of

satellite repeats. In this study, we used genomic and genetic

approaches to comprehensively analyze the centromere of rice

chromosome 3 (Cen3). We demonstrate that Cen3 contains

;441 kb of the CentO satellite. ChIP analysis revealed an

;1881-kb region that is associated with rice CENH3. This

CENH3 binding domain is embedded within a 3113-kb recom-

bination-suppressed chromosomal domain. We detected ex-

tensive transcription within the CENH3 binding domain. We

demonstrate that riceCen3 andCen8 share similar genomic and

genetic features, although Cen3 contains significantly more

centromeric satellite repeats than Cen8. The implications of

these results for centromere evolution are discussed.

RESULTS

Cen3 Contains;441 kb of the CentO Satellite

The sequence map of rice chromosome 3 spans 36.1 Mb and

includes 323 BAC and P1 artificial chromosome clones (Rice

Chromosome 3 Sequencing Consortium, 2005). The 36.1-Mb

pseudomolecule covers most of the chromosome, with only five

physical gaps present in the two arms, gaps at both telomeres,

and one gap in the centromere. The most centromere-proximal

BAC (b0038E06) on the long arm (Figure 1A), the only BAC clone

within this region that is unfinished but is ordered with oriented

contigs, contains extensive amounts of CentO repeats (87.2% of

the total 21,287-bp CentO in the chromosome 3 pseudomole-

cule). However, the most centromere-proximal BAC (b0047D08)

on the short arm (Figure 1A) contains only 2005 bp of the CentO

repeat. These results indicate that the long arm sequence may

have already extended into the major CentO array of Cen3.

However, it is not known if the short arm sequence has extended

into the major CentO array. Therefore, the exact size of the cen-

tromeric gap in the current chromosome 3 pseudomolecule is

unknown.

A fiber-fluorescence in situ hybridization (fiber-FISH) mapping

approach was used to determine the physical coverage of the

centromeric region by the current chromosome 3 pseudomole-

cule. We used two overlapping clones, a0037J17 (AC135226)

and b0047D08 (AC137925), which flank the short arm side of

Cen3, and a single BAC, a0053G10 (AC091233), which flanks the

long arm side of Cen3 (Figure 1A). These three BACs were

labeled in red, the CentO repeat was labeled in green, and these

probes were cohybridized onto extended DNA fibers (Figure 1A).

The lengths of the fiber-FISH signals from the short and long arm

sides of the CentO array differ significantly from each other and

can be unambiguously identified. Gaps between the BAC-derived

and CentO-derived signals were observed at both junctions

(Figure 1A). We collected 10 complete fiber-FISH signals derived

from these probes (Table 1). The insert size of BAC a0053G10

(145 kb) and the combined sizes of BACs a0037J17 and

b0047D08 (263 kb) were used as the reference for estimating

the signal lengths of individual fibers to minimize the stretching

variation among different fibers. The length (in micrometers) of

fiber-FISH signals and the sizes of the gaps were converted into

kilobases based on the average resolution (kb/mm) calculated

from the signals derived from these three BAC clones. The fiber-

FISHmapping revealed a 43 kb6 12 kb gap between a0037J17/

b0047D08 and the CentO array and a 36 kb6 9 kb gap between

a0053G10 and the CentO array (Figure 1A, Table 1). The size of

the CentO array was calculated as 441 kb6 47 kb based on the

10 signals. Collectively, the physical size of the centromeric gap

on the sequence map is;484 kb (441 kb þ 43 kb) (Figure 1A).

Cen3 Contains an;1881-kb Domain Associated

with CENH3

We constructed a 2,275,221-bp virtual contig from the finished

sequences of 19 rice BAC clones that flank both sides of the

CentO array (Figure 1A). This virtual contig contains the;484-kb

centromeric gap that is represented by a tract of 974 Ns from
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position 1,123,027 bp to 1,124,000 bp. We then used ChIP to

determine the CENH3 binding region within this virtual contig.

Specific primers were designed from the 2.3-MbCen3 sequence

for real-time PCR analysis. We designed 111 pairs of specific

primers, spaced every 8.8 to 47 kb, along the entire 2.3-Mb

sequence (see Supplemental Table 1 online).

We plotted the relative enrichment of CENH3 binding of each

primer pair over the negative control (a putative manganese

transport protein gene, located at 122.8 centimorgan [cM] on

chromosome 3) along the Cen3 virtual contig (Figure 1B). This

plot illustrated two flanking regions, demarcated by primer pairs

1 to 15 on the left side and 92 to 111 on the right side that did not

show relative enrichment above the background. Based on these

results, we localized theCENH3binding region to a portion of this

virtual contig starting at primer 16 (389-kb position) and ending at

primer 91 (1786-kb position). The size of this functional centro-

mere domain is estimated at 1881 kb, consisting of 1397 kb of

assembled sequence and the;484-kb physical gap (Figure 1B).

We observed that a significant fraction of the primer pairs

mapped to this functional domain did not show clear binding

with CENH3, which is consist with our earlier finding of noncon-

tinuous binding of CENH3 in rice Cen8 (Nagaki et al., 2004).

Genetic Location of Cen3

Thegenetic positionofCen3wasmappedbetween80.2 and87cM

on the linkage map of rice chromosome 3 based on a mapping

population that included 186 F2 plants derived from a cross

between O. sativa subsp japonica var Nipponbare and O. sativa

subsp indica var Kasalath (Harushima et al., 1998). The centro-

meric position on the linkage map was previously determined by

assigning individual genetically mapped DNA markers to the

short or long arm using cytogenetic stocks (Singh et al., 1996;

Harushima et al., 1998). We analyzed the positions of the

restriction fragment length polymorphism (RFLP) markers

mapped between 80.2 and 87 cM on the current chromosome

3 pseudomolecule and narrowed down the recombination-

suppressed domain to the 86-cM region between RFLPmarkers

Figure 1. Mapping of the CENH3 Binding Domain of Cen3.

(A) Physical mapping of Cen3. Top panel: fiber-FISH mapping of the centromeric gap within the chromosome 3 sequence map. Three BAC clones,

including a0037J17 and b0047D08 from the short arm side of the gap and a0053G10 from the long arm side, were labeled in red and hybridized together

with the centromeric satellite repeat CentO (in green) on an extended DNA fiber. The average lengths of the fiber-FISH signals were converted into

kilobases and are labeled on the image. The red signals interspersed with the green signals are derived from the CRR elements contained in the three

BAC clones. Bottom panel: physical map of Cen3. Virtual contigs on the short arm side (1123 kb) and long arm side (1151 kb) were assembled from

sequences of nine and 10 BAC clones, respectively.

(B) ChIP quantitative PCR assay revealed an ;1881-kb region (in yellow) between primer pairs 16 and 91, which binds rice CENH3.
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L708 and R3235 (Figure 2). A total of 11 cosegregating RFLP

markers were mapped within this region, together with the

CentO array and the centromeric gap on the sequence map

(Figure 1A). We refer to this region with <1/186 recombinants

as the recombination-suppressed domain. The size of this

recombination-suppressed domain is estimated to be 3113 kb,

spanning the entire 1881-kb CENH3 binding domain. The

recombination-suppressed domain also included 927 and 305

kb, respectively, flanking the short and long arm sides of the

CENH3 binding domain (Figure 2).

Cen3 Contains a Low Density of Genes Compared

with Pericentromeric Regions

We manually annotated protein-coding gene models using pub-

licly available rice ESTs and full-length cDNAs (fl-cDNAs) and

proteins from rice and other organisms, in combination with ab

initio predictions. We identified 127 protein-coding genes in the

2275-kb virtual contig, excluding genes related to transposable

elements, pseudogenes, noncoding genes (protein coding se-

quence <153 bp), and partial genes. Sixty-five genes showed

evidence of expression activity as these genes matched spliced

(47) or unspliced (18) cDNA transcripts in GenBank (cutoff criteria

of >95% identity and >93% coverage). The putative function can

be determined for 36 active genes on the basis of their similarity

to entries in the UniRef100 database (http://www.pir.uniprot.org/).

The remaining 62 genes are predicted based on similarities to

annotated proteins (7) or solely on computational predictions (55)

(see Supplemental Figure 1 and Supplemental Table 2 online).

Collectively, these genes represent 14% of the sequence in the

virtual contig, with a density of 17.9 kb per gene.

Among the 65 genes with cDNA support in the 2275-kb virtual

contig, 19 of these expressed genes were detected within the

1881-kb CENH3 binding domain. BLASTP searches against the

Table 1. Fiber-FISH Measurements of the CentO Array in Cen3

Fibers

A0037J17 þ
0047D08 (mm)a Gap 1 (kb)b Gap 1 (mm)b CentO (kb) CentO (mm) Gap 2 (kb)b Gap 2 (mm)b a0053G10 (mm)a

1 106.9 61.8 23.5 446.9 169.7 36.2 13.7 48.1

2 83.5 48.5 15.2 420.1 132.0 43.7 13.7 44.7

3 69.0 41.4 11.3 446.1 121.5 26.9 7.3 42.1

4 79.5 40.5 12.2 388.8 117.2 37.9 11.4 43.5

5 77.1 40.1 11.5 455.2 130.1 30.4 8.7 39.5

6 78.8 23.7 6.8 448.9 127.9 27.1 7.7 37.4

7 81.3 50.3 15.6 437.6 136.0 27.4 8.5 45.5

8 81.4 29.8 9.2 369.2 114.4 43.9 13.6 45.0

9 79.2 54.7 15.5 450.0 127.2 54.2 15.3 36.1

10 68.4 35.0 8.8 547.3 137.4 31.3 7.9 34.0

Average 80.5 42.6 13.0 441.0 131.3 35.9 10.8 41.6

SD 10.6 11.6 4.8 47.2 15.4 9.1 3.1 4.6

a BACs a0037J17 (150 kb; AC135226) and b0047D08(141 kb; AC137925) overlap 28 kb. Therefore, excluding the overlap, these two BACs generate

263 kb of fiber-FISH signals. BAC a0053G10 is 145 kb (AC091233). As an example, the kb/mm conversion rate for fiber 1 is calculated as (263 þ 145)/

(106.9 þ 48.1) ¼ 2.632.
bGap 1 refers to the gap between the signal from BACs a0037J17 and b0047D08 and the signal from CentO; gap 2 refers to the gap between the

signal from CentO and the signal from BAC a0053G10.

Figure 2. Genetic Position of Cen3.

The genetic position of Cen3was previously mapped between 80.2 and 87 cM (Harushima et al., 1998) and is narrowed down to 86 cM. The sequenced

region corresponding to 86 cM is demarcated by RFLP markers L708 and R3235. This region spans ;3113 kb, including the centromeric gap, and

contains 11 cosegregated RFLP markers. The ;1881-kb CENH3 binding domain (in yellow) is embedded within this region.
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Arabidopsis proteome (The Institute for Genomic Research

[TIGR] V5, http://www.tigr.org/tdb/e2k1/ath1/) identified signifi-

cantArabidopsis homologs for nine of these 19 active genes (see

Supplemental Table 3 online). Genes Cen3.t01107 (no. 52) and

Cen3.t01160 (no. 53), the two genes closest to the centromeric

gap, are only 9453 and 9411 bp away from the nearest CentO

arrays (see Supplemental Figure 1 online). Both genes match

spliced transcripts in the rice EST and fl-cDNA databases; these

two genes have protein coding sequences of 768 and 3291 bp,

respectively. We conducted RT-PCR analysis to confirm the

expression of these two genes. Gene Cen3.t01160 and all three

models from gene Cen3.t01107 were expressed in all seven

different tissues/treatments (Figure 3), demonstrating that these

two genes are transcriptionally competent in spite of their prox-

imity to a major centromeric satellite array.

To reveal the chromatin status of these two active genes, we

conducted ChIP analysis using antibodies against histone H3

dimethylation at Lys 4 (H3K4me2) and H4 acetylation (H4Ac) that

are mostly associated with active euchromatin (Jenuwein and

Allis, 2001). Using exon-derived primers in a real-time PCR

assay, we detected high levels of enrichment of both H3K4me2

and H4Ac for gene Cen3.t01107.2 and less but significant (} <

0.05) enrichment of H3K4me2 for gene Cen3.t01160 (Figure 4).

The ChIP results showed that these two active genes are

associated with euchromatic features.

The CENH3 binding domain has a highly reduced density of

genes (29.1 kb per gene, with genes corresponding to 8.2% of

the sequence) compared with a density of 11.1 kb per gene

(23.4% of the sequence) for the regions that flank the CENH3

binding domain in the virtual contig (Table 2). Overall, the gene

density in theCen3 virtual contig is significantly lower than that of

the rest of the chromosome, which has one gene every 7.1 kb, or

accounts for 38.6%of the sequence (TIGROsa1Release 3; Yuan

et al., 2005).

mRNA and Small RNA Signatures Associated with Cen3

To find additional evidence for transcription within Cen3, we

compared the ;2.3-Mb Cen3 virtual contig to our collection of

17-bp signatures generated by massively parallel signature

sequencing (MPSS) (Brenner et al., 2000). These data represent

tags derived from the 39 ends of transcripts of 22 rice mRNA

libraries (http://mpss.udel.edu/rice). We found 504 distinct

mRNA signatures that have perfect matches in Cen3, including

161 signatures that matched to unique sequences. Comparison

between these 161 Cen3-specific signatures and the annotated

genes revealed that 81% of the signatures were mapped to

genes, with the other 19% mapped to the intergenic regions

(Figure 5, Table 3). More than three-quarters of these 161

signatures mapped to genes demonstrated to be transcribed

based on fl-cDNA/EST data, including 11 signatures mapped to

introns and 28 to the antisense strand of exons (Table 3). In

addition, the MPSS data indicated transcriptional activity for an

additional four Cen3 genes that were previously not recognized

as transcribed based on EST and/or fl-cDNA evidence. The

MPSS data also suggested that as many as 17 previously

unannotated transcripts may be produced from the intergenic

regions that were >500 bp away from the annotated Cen3 genes

(Table 3). Combined with the cDNA sequences, these data

suggest substantial mRNA transcription in the Cen3 region,

although at a lower density than the rest of the chromosome.

We also surveyed small RNA signatures that match the Cen3

sequence using an MPSS-based method described previously

(Lu et al., 2005). From two libraries representing flower and

seedling tissues, we detected 7062 distinct small RNA signa-

tures mapped to Cen3; however, only 216 (3%) of these signa-

tures are Cen3 specific, matching nowhere else in the rice

genome. In contrast with the mRNA signatures that were mostly

Figure 3. RT-PCR Verification of Expression for GenesCen3.t01107 and

Cen3.t01160 in Cen3.

Gene Cen3.t01107 covers 3607 bp and has three splicing isoforms

(Cen3.t01107.1 to Cen3.t01107.3) as predicted from existing transcript

sequences. Two forward and two reverse primers were designed to

differentiate these three isoforms; primer 113F was from an exon

junction, but 113F/113R and 113F/114R still yielded very weak amplifi-

cations on genomic DNA for Cen3.t01107.1 and Cen3.t01107.3. Primer

pair 113F/113R amplified the expected 383-bp fragment from all seven

cDNA populations that corresponds to gene model Cen3.t01107.1, plus

another two weak bands of 741 and ;320 bp, respectively (arrows),

while the 741-bp band represents the amplification product for gene

model Cen3.t01107.3; the smaller band of 320 bp that is detected in five

cDNA populations (not in cDNA samples from roots and buds) most likely

represents a new isoform not yet identified. Gene models Cen3.t01107.2

and Cen3.t01107.3 are both transcribed in all seven tissues/treatments,

with the sizes of the amplified products matching the annotation. Gene

Cen3.t01160 has 11 exons totaling 7789 bp, and primers designed from

exons 2 and 6 yielded amplification products in all seven cDNA samples.

M, molecular marker; G, genomic DNA; L, cDNA from leaves; S, cDNA

from shoots; R, cDNA from roots; P, cDNA from panicles; E, cDNA from

etiolated leaves/shoots; B, cDNA from buds; C, cDNA from calli; N1

(LþS), N2 (RþP), and N3 (EþBþC), negative controls without adding

reverse transcriptase (two or three negative controls for each primer pair

were loaded to the same lane).
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located within genes, 89% of these single-hit small RNAs were

mapped to the intergenic regions (Table 3). Among the 216

single-hit small RNAs, 116 were >500 bp away from one another

and appeared to be dispersed throughout Cen3, while 87 were

organized as 32 clusters (a minimum of two signatures over-

lapped or separated by <150 bp) with signatures from 18 clusters

matching both strands of Cen3, suggesting the presence of

specific elements as sources and/or targets of small RNAs. Each

of the remaining 6846 signatures had perfect matches to two or

more locations in the genome, so the exact source of these small

RNAs cannot be determined.

To correlate these repetitive signatures to the sequence fea-

tures in Cen3, we compared the distribution of these 6846 small

RNA sequences to predictions of repetitive DNA found using

RepeatMasker (see below for details). A total of 5071 small RNA

signatures had matches to Cen3 regions annotated as repetitive

DNA, with 80%of thematched repetitive sequences identified as

retrotransposons (Figure 5). The other 20% of the 5071 small

RNAs matched to regions primarily consisting of miniature

inverted repeat transposable elements (MITEs), transposons,

or unclassified repeats. We found another 1420 signatures that

did not match to known repetitive DNA in Cen3 (as defined by

RepeatMasker) but matched other repetitive genomic se-

quences found in >20 copies throughout the rice genome (see

below for details). Based on this analysis, we estimated that

;95% (5071þ 1420) of the 6846 small RNA signatures are likely

to be derived from repetitive sequences in the rice genome.

Because 95% of the Cen3-specific single-hit small RNAs and

91% of the remaining Cen3-matching small RNAs are found at

low abundances (#10 transcripts per 250,000 in both libraries), it

is likely that nearly all of them are functioning as short interfering

RNAs (siRNAs) rather than microRNAs. Therefore, most of the

small RNAs matching to Cen3 are likely siRNAs that are acting in

trans for repeats distributed across the genome, while a small

number of sequences unique to Cen3 are both the sources and

targets of additional siRNAs.

Repetitive Sequences in Cen3

We used RepeatMasker (http://www.repeatmasker.org/) to

identify repetitive DNA in the 2.3-Mb Cen3 virtual contig using

the TIGROryza repeat database (Ouyang and Buell, 2004) as the

filter. This analysis identified 857,485 bp of repetitive DNA,

accounting for 37.7% of the Cen3 virtual contig (see Supple-

mental Table 4 online), which is higher than the chromosome 3

average of 21.4% (RiceChromosome 3SequencingConsortium,

2005). The predominant type of repetitive sequences identified

was retrotransposons, which account for 30.3% of the Cen3

virtual contig. The Ty3-gypsy class of retrotransposon represents

17.2% of the Cen3 virtual contig, followed by MITEs (2.7%).

Approximately 51% of the 1397-kb assembled sequences in the

CENH3 binding domain are repetitive in nature. The CENH3

binding domain is clearly more enriched with repetitive DNA

sequences than its flanking domains (Figure 6).

It is likely that the estimated 37.7% of repetitive DNA is an

underestimation of the actual content of repetitive DNA in Cen3

because some repetitive DNA elements are likely missing in the

TIGR Oryza repeat database. To confirm this hypothesis, we

binned the repeat-masked Cen3 sequence into 60-bp frag-

ments, with a sliding window size of 20 bp, and aligned these

fragments with the TIGR Osa1 version 3 pseudomolecule. We

found that ;516 kb of Cen3 sequence has $20 copies in the

genome, based on the cutoff of a minimum aligned length of 40

bp. These newly identified multiple-copy sequences most likely

represent highly diverged repetitive DNA sequences undetected

by the RepeatMasker program or yet to be defined novel repet-

itive DNA elements. Indeed, the experimental data provided by

the small RNAanalysis showmany siRNAswithmultiplematches

to the genome corresponding to regions not detected by Re-

peatMasker (Figure 5).

Figure 4. H3K4me2 and H4Ac Associated with Two Cen3 Genes That

Are <10 kb Away from the CentO Array.

Two primer sets were designed from exon 1 (primers 115 and 116) of

gene Cen3.t01107.2 and from exon 4 (primer 117) and exon 11 (primer

118) of gene Cen3.t01160. Relative fold enrichment (RFE) is calculated

from three replicates and indicated by the height of the bar with standard

error; the baseline (RFE ¼ 1; dashed line) represented the RFE of

reference gene Cen8.t00238 that shows no H3K4me2 and no H4Ac (Yan

et al., 2005).

Table 2. Gene Distribution in the CENH3 Binding Domain and Its

Flanking Domains

Short Arm

Flanking

Domain

CENH3

Binding

Domain

Long Arm

Flanking

Domain

Coordinates (kb) in

the Cen3 virtual contig

1–389 389–1786 1786–2275

Size (kb) 389 1397 489

Genes with EST/fl-cDNA 19 19 27

Genes without EST/fl-cDNA 9 29 24

Total number of genes 28 48 51

Gene density (kb/gene) 13.9 29.1 9.6
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Weplotted theCen3 genes and repetitive sequences along the

Cen3 virtual contig, which clearly revealed the abundance of

repetitive DNA and paucity of genes in the CENH3 binding do-

main (Figure 6). Repetitive DNA mostly occupies regions devoid

of genes, while MITEs are more abundant in the flanking regions

that have amuch higher density of genes, in agreement with their

preferential association with genes (Jiang et al., 2004). MITEs

account for 4.95% of the sequences in the flanking regions

versus only 1.22% in the CENH3 binding domain.

DISCUSSION

Comparative genome mapping has revealed that the positions

of centromeres are dynamic during evolution (Murphy et al.,

2005). This centromere repositioning phenomenon has been

well documented in mammalian species. Ventura et al. (2001)

demonstrated the first such centromere reposition case in-

volved in the X chromosome of mammalian species. The

genetic synteny of the X chromosomes of black lemur (Eulemur

macaco), ringtailed-lemur (Lemur catta), and humans is highly

conserved. However, the centromeres of the three X chromo-

somes are located in different positions and contain different

centromeric satellite repeats (Ventura et al., 2001). This result

suggests that emergence of new centromeres, rather than

chromosome rearrangements, is the most likely explanation of

centromere repositioning during X chromosome evolution.

Similar centromere repositioning has since been demonstrated

for several other mammalian chromosomes based on the

comparative mapping results (Eder et al., 2003; Ventura et al.,

2004; O’Neill et al., 2005).

Centromere repositioning is likely achieved via neocentromere

activation (Figure 7). More than 70 human neocentromeres have

Figure 5. Mapping of MPSS mRNA and Small RNA Signatures to the ;2.3-Mb Cen3 Virtual Contig.

Most of the single-hit MPSS mRNA signatures were mapped to regions annotated as active genes, while single-hit small RNA signatures were largely

found within intergenic regions and tended to cluster to discrete loci. The distribution of small RNAs with at least two genome hits is generally correlated

with that of repetitive DNA.

Table 3. Distribution of Single-Hit MPSS mRNA and Small RNA Signatures in Cen3

MPSS mRNA Signatures MPSS Small RNA Signatures

Category No. of Genes No. of Signatures Exon Intron No. of Genes No. of Signatures Exon Intron No. of Genes

Genes with EST/fl-cDNA 65 126 115 (28)a 11 (3)a 52 8 2 (1) 6 6

Genes without EST/fl-cDNA 62 4 4 (1) 0 4 16 10 (4) 6 (4) 13

Intergenic 31b 192c

Total signatures 161 216

Numbers in parentheses represent matches to the antisense strand of annotated genes. Note that the data in this table indicate only signatures with a

single match in the genome (excluding duplicated signatures).
a Two signatures mapped to the antisense strand in exon (1) or intron (1) matched antisense transcripts in public databases.
b Nine signatures match noncoding Cen3 transcripts, one matches a transcribed partial gene, and the other 21 do not match any existing Cen3

transcripts, including four located within 150 bp of the 39 end and 17 located >500 bp away from genes.
c The 159 signatures are >500 bp away from annotated genes.
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been reported (Amor and Choo, 2002; Warburton, 2004). These

neocentromeres are located all over the human genome

(Warburton, 2004), indicating that a significant portion of the

human genome is competent for neocentromere activation.

Human neocentromeres are fully functional and can be stably

maintained through both mitosis and meiosis (Tyler-Smith et al.,

1999; Amor et al., 2004b). Most importantly, although neocen-

tromere formation results in substantial remodeling of chromatin

associated with the functional centromeric domain, a recent

study demonstrated that neocentromere formation has no mea-

surable effect on transcriptional competency of the underlying

genes or accessibility of the cell transcriptional machinery to this

DNA (Saffery et al., 2003). Thus, repositioning of a centromere

into a genic region is not detrimental to the transcription of

the genes. Neocentromere activation has also been reported

recently in a plant species (Nasuda et al., 2005).

Results of centromere repositioning and neocentromere acti-

vation suggest that centromeres are evolved from neocentro-

meres (Figure 7). Neocentromeres may land in regions that are

typical to the rest of the genome and may contain active genes.

Coexistence of a non-a satellite–based neocentromere with the

a satellite–based but inactivated original centromere has been

documented in humans (Tyler-Smith et al., 1999; Amor et al.,

2004b). During evolution, the satellite repeats from other centro-

meres may invade the emergent neocentromeres via currently

unknown mechanisms. Alternatively, new satellite repeats may

emerge in the neocentromeres (Figure 7). The starting satellite

repeat array in the emergent neocentromere may be short, such

as the CentO array in rice Cen8, but may ultimately expand via

mechanisms that govern tandem repeat evolution (Charlesworth

et al., 1986). Expansion of the satellite arrays will be favorable to

the survival of the neocentromeres as it may attract more

CENH3, thus binding more microtubules during cell division

(Henikoff et al., 2001). Rice Cen3 and Cen8 may eventually

accumulate megabase-sized CentO arrays. Interestingly, the

Cen3 and Cen8 in Oryza punctata, a wild species related to

cultivated rice, contain 1.47- and 1.44-Mb arrays of the CentO

repeats that almost perfectly overlay with CENH3 (Zhang et al.,

2005).

The discovery of the active genes in theCENH3bindingdomain

of riceCen8wassurprising since centromeres inmost eukaryotes

Figure 6. Repetitive DNA Sequences Associated with the ;2.3-Mb Cen3 Virtual Contig.

All repeats were plotted against their coordinates on the virtual contig, showing that most repetitive DNA sequences reside within intergenic regions.

Repetitive DNA, excluding MITEs, is more concentrated in the CENH3 binding domain.

Figure 7. Model of Centromere Evolution.

(A) The original centromere contains mainly satellite repeats (blue box)

that are associated with CENH3 (green circles).

(B) A neocentromere emerges, coupled with the inactivation of the

original centromere via unknown epigenetic mechanisms. The CENH3-

associated chromatin in the neocentomere may contain active genes

(red bars).

(C) A new satellite repeat (turquoise box) emerges in the neocentromere.

The satellite array in the inactivated centromere may degrade and

eventually be eliminated during evolution.

(D) The new satellite repeat array expands, and the survived neocen-

tromere evolves to eventually become a typical satellite repeat-based

mature centromere.
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contain only repetitive DNA sequences. In this study, we demon-

strate that rice Cen3 also contains active genes. Two of theCen3

genes reside <10 kb from the centromeric satellite array. These

genesarenormallyexpressed indifferent tissuesandshow typical

euchromatic histone modification patterns (Figures 3 and 4).

Profiling ofCen3-derivedMPSSmRNA and small RNA signatures

revealed the complexity of the transcriptome for this centromere,

including antisense transcription, transcription in intergenic re-

gions, and potential transcription of repetitive DNA elements

withinCen3. Some of these transcripts are apparently processed

into small RNAs. Our findings of transcription in rice centromeres

are consistent with several recent reports that theCENH3binding

domains are associatedwith euchromatic features, such asH3K4

methylation, andaredistinct fromclassical heterochromatin (Cam

et al., 2005; Lamet al., 2006). RiceCen3, similar toCen8,mayalso

represent an intermediate stage in the evolution from a genic

region to a repeat-based mature centromere.

The CENP-A (human CENH3) binding domains of several

human neocentromeres in mammalian species have been de-

termined to range from;130 to 460 kb (Lo et al., 2001a, 2001b;

Alonso et al., 2003). By contrast, the CENP-A binding domain in

normal human centromeres was estimated to be between 540

and 1700 kb (Irvine et al., 2004). Quantitative analysis of CENP-A

incorporation into centromeres showed that three human neo-

centromeres contain an average of 32 to 45% CENP-A of the

mean of all human centromeres (Irvine et al., 2004). These results

indicate that newly emerged neocentromeres may have smaller

CENH3 binding domains and/or less effective deposition of

CENH3 than the native centromeres. During evolution, the new

centromeres will expand the CENH3 binding domains by ac-

quiring large blocks of satellite DNA that are specific to the native

centromeres. This would support a similar model in which the

accumulation of satellite repeats may be a driving force to

achieve the formation of a larger and functionally more stable

kinetochore (Irvine et al., 2004).

METHODS

Fiber-FISH

Fiber-FISH was performed according to published protocols (Jackson

et al., 1998). DNA probes were labeled with biotin-dUTP or digoxigenin-

dUTP (Roche). Images were captured digitally using a Sensys CCD

camera (Roper Scientific). The camera control and imaging analysis were

performed using IPLab Spectrum v3.1 software (Signal Analytics). Plas-

mid clone pRCS2 (Dong et al., 1998) was used as a probe to detect the

CentO satellite.

DNA Sequence Analysis

We constructed a virtual sequence contig to cover the centromere of rice

(Oryza sativa) chromosome 3. The short arm side of this virtual contig

consists of aminimal tilingpathof nineBACclones,while the longarmside

of the virtual contig contains 10BACclones (one clone is locatedwithin the

interval of 86 to 86.5 cM). We downloaded sequences from GenBank for

the nine clones on the short arm side of the gap and 10 clones on the long

arm side. We assembled them separately into two virtual contigs of

1,123,026 and 1,151,221 bp, respectively, and merged them into a single

virtual contig of 2,275,221 bp by inserting a string of Ns of 974 bp to

delineate the gap. Gene annotation and repeat analysis were performed

using published procedures (Yan et al., 2005). Repetitive DNA was

identified using RepeatMasker with the TIGR Oryza repeat database,

http://www.tigr.org/tdb/e2k1/plant.repeats/ (Ouyang andBuell, 2004), as

the filter. The cutoff is score $225 and divergence #35%.

MPSS was performed essentially as described (Brenner et al., 2000).

The mRNA data were analyzed using the methods described previously

(Meyers et al., 2004). The small RNA libraries were constructed as

previously described (Lu et al., 2005). For both data sets, we compared

MPSS signatures to the rice centromere sequence and assigned signa-

tures to each location at which a perfect match was found. The number of

matches in the centromere and then across the genomewas recorded as

the hits. All plant material was fromO. sativa cv Nipponbare. For the small

RNA libraries, inflorescence tissue was harvested from plants grown in

soil in a growth chamber with 12-h light and dark cycle, with 80% relative

humidity in theday and60% in thenight for 13weeks at 268Cday and208C

night temperatures. Floral tissue included the early stage panicles (im-

mature panicles before emergence from shoots). Total RNA was isolated

using Trizol reagents (Invitrogen). Seedlings used for the leaf samples

were grown under the same conditions andwere harvested after 2weeks.

The raw and normalized MPSS data are available at http://mpss.udel.

edu/rice, and these datawere deposited in theGene ExpressionOmnibus

database at the National Center for Biotechnology Information (http://

www.ncbi.nlm.nih.gov/geo/). Our website allows users to query these

databases on physical location, gene identifiers, or by sequence.

ChIP

ChIP using the rice anti-CENH3 antibody was performed according to

Nagaki et al. (2004). We designed ChIP-PCR primers with amplification

products between 154 and 343 bp. Quantitative real-time PCR analysis

was used to determine the relative enrichment of CENH3-associated

sequences in the bound fraction over the mock control. PCR reactions

were performed induplicates using theDyNAmoHSSYBRGreenqPCRkit

(MJ Research) and run at 958C for 15 min, 45 cycles of 958C for 10 s, 63 to

658C for 30 s, and728C for 30 s. The cycle threshold (Ct) was takenwith the

baselineof fluorescence intensitymanually set at a valuebetween0.05 and

0.1. For each primer pair, we calculated the RFE of the amplified product

using comparative CT method according to Saffery et al. (2003). The RFE

value of each sequence was normalized using manganese transport

protein (located at 122.8 cM on chromosome 3) as the reference gene,

whoseRFE valuewas set at 1. Primer sequences of the reference gene are

59-GGGGCAACCTAGATCAGGGGTGTCTCC-39 (forward) and 59-AAA-

GCCCTCCTGTTGTGACCCAAGCAG-39 (reverse). ChIP analysis using

antibodies against histone H3 dimethylation at Lys 4 and H4 acetylation

were performed as described (Yan et al., 2005). Two active genes,

Cen3.t01107 (represented by Cen3.t01107.2) and Cen3.t01160, were

tested for these histone modifications. Two sets of primers (see Supple-

mental Table 1 online)were designed fromexons of each of the two genes.

The negative control is a NB-ARC domain–containing gene (Cen8.t00238)

from the centromere of rice chromosome 8 (Yan et al., 2005). Significance

of enrichment difference between antibody binding fraction and mock

treatment was tested for each primer set using Student’s t test (a ¼ 0.05).

RFE was then calculated as 2�DDCT (Yan et al., 2005).

RT-PCR

We used RT-PCR to test the expression of genes Cen3.t01107 and

Cen3.t01160. Primers (see Supplemental Table 1 online) were between

24- and 28-bp long, with an annealing temperature from 65.4 to 71.38C.

We isolated mRNA from seven different rice tissues or treatments for RT-

PCR, including (1) leaves, (2) shoots, (3) roots collected from 14-d-old

plants growing in Biotron greenhouse, (4) etiolated leaves/shoots col-

lected from 14-d-old plants growing in the darkness in the same Biotron

greenhouse, (5) panicles collected 3 d after flowering, (6) calli that were
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induced by keeping seeds on Murashige and Skoog (MS) medium with a

supplement of 2 mg/L 2,4-D for 22 d and collected after another 12 d of

growing on new MS medium, and (7) buds collected from germinated

seeds on quarter-strength MS medium.

Accession Numbers

Sequence data from this article can be found in the Gene Expression

Omnibus database at NCBI (http://www.ncbi.nlm.nih.gov/geo/) under the

following accession numbers: the platform identifiers are GPL3776 (small

RNA) and GPL3777 (mRNA), and sample identifiers are GSM109198

(small RNA) to GSM109200 (mRNA).
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