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The presence of the centromere-specific histone H3 variant, CENH3, defines centromeric (CEN) chromatin, but poorly

understood epigenetic mechanisms determine its establishment and maintenance. CEN chromatin is embedded within

pericentromeric heterochromatin in most higher eukaryotes, but, interestingly, it can show euchromatic characteristics; for

example, the euchromatic histone modification mark dimethylated H3 Lys 4 (H3K4me2) is uniquely associated with animal

centromeres. To examine the histone marks and chromatin properties of plant centromeres, we developed a genomic tiling

array for four fully sequenced rice (Oryza sativa) centromeres and used chromatin immunoprecipitation–chip to study the

patterns of four euchromatic histone modification marks: H3K4me2, trimethylated H3 Lys 4, trimethylated H3 Lys 36, and

acetylated H3 Lys 4, 9. The vast majority of the four histone marks were associated with genes located in the H3 subdomains

within the centromere cores. We demonstrate that H3K4me2 is not a ubiquitous component of rice CEN chromatin, and the

euchromatic characteristics of rice CEN chromatin are hallmarks of the transcribed sequences embedded in the centro-

meric H3 subdomains. We propose that the transcribed sequences located in rice centromeres may provide a barrier

preventing loading of CENH3 into the H3 subdomains. The separation of CENH3 and H3 subdomains in the centromere core

may be favorable for the formation of three-dimensional centromere structure and for rice centromere function.

INTRODUCTION

The centromere is the chromosomal domain that serves as the

docking site for the assembly of the kinetochore for chromosome

segregation. Centromeric (CEN) chromatin is marked by a cen-

tromere-specific histone variant, CENH3 (known as CENP-A in

mammals and CID in Drosophila melanogaster) (Henikoff et al.,

2001). Centromeres can be inactivated or activated in a non-

centromeric genomic region without changing the underlying

sequences (Sullivan and Schwartz, 1995; Han et al., 2006;

Marshall et al., 2008b; Zhang et al., 2010). Thus, the establish-

ment and maintenance of centromeres is not defined by the

underlying DNA sequences but is determined by poorly under-

stood epigenetic mechanisms (Allshire and Karpen, 2008).

It has been speculated that CEN chromatin may be modified

differently from the flanking pericentromeric heterochromatin,

and thismay serve as an epigenetic mark for CENH3 loading and

centromere identity (Sullivan and Karpen, 2004). Indeed, both

DNA sequences and histone proteins associated with CEN

chromatin can be epigenetically differentiallymodified compared

with those associated with the flanking pericentromeric chro-

matin (Sullivan and Karpen, 2004; Cam et al., 2005; Zhang et al.,

2008; Koo et al., 2011). In humans and D. melanogaster, blocks

of CENP-A/CID nucleosomes are interrupted by nucleosomes

containing dimethylated H3 Lys 4 (H3K4me2), a euchromatic

mark associated with permissive transcription (Sullivan and

Karpen, 2004). Depletion of H3K4me2 within the centromere of

a human artificial chromosome (HAC) resulted in a failure to

recruit HJURP, a CENP-A chaperone, and inactivation of the

centromere (Bergmann et al., 2011), which demonstrated a

functional link between epigenetic modification of CEN chroma-

tin and the maintenance of centromere stability.

Endogenous human and D. melanogaster centromeres con-

sist almost exclusively of satellite repeats (Henikoff et al., 2001);

thus, in these species, the centromeric histone modification

patterns can be analyzed only by low-resolution cytological

methods. It remains unclear how the blocks of CENP-A/CID

nucleosomes and H3 nucleosomes intermingle and what is the

threshold of the modified centromeric histones that can be

reliably detected by the cytological methods. By contrast, rice

(Oryza sativa) provides an excellent model for studying epige-

netic modifications of CEN chromatin. Four rice centromeres

(Cen4, Cen5, Cen7, and Cen8) have been fully or nearly fully

sequenced (Nagaki et al., 2004; Wu et al., 2004; Zhang et al.,

2004; Matsumoto et al., 2005), representing the best sequenced

and characterized endogenous centromeres from any multicel-

lular eukaryote. We used this sequence resource to develop a

genomic tiling array that contains these four centromeres and the

entire rice chromosome 8. Here, we report high-resolution maps
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of histone modifications associated with endogenous centro-

meres. We demonstrate that the euchromatic characteristics of

riceCENchromatin are trademarks of the transcribed sequences

embedded in the centromeric H3 subdomains.

RESULTS

A Genomic Tiling Array Covering Four Rice Centromeres

We developed a genomic tiling array that covers four rice

centromeres (Cen4, Cen5, Cen7, and Cen8) using the Nimble-

Gen 3x720K array based on the NimbleGen HD2 platform. Each

of the four rice centromeres contains a crossing-over sup-

pressed region (CSR), spanning 2.09 to 3.61 Mb of DNA. Each

CSR contains a CENH3-associated core domain, spanning 420

to 820 kb (Yan et al., 2008) (Figure 1). The core domain contains

several CENH3 subdomains, each flanked by CENH3-lacking

subdomains (Yan et al., 2008) (Figure 1). The entire sequence of

rice chromosome 8 was included in the tiling array to allow

comparisons of centromeric and noncentromeric sequences.

The NimbleGen HD2 platform has the maximum capacity of 2.1

million probes. It uses long oligo probes of variable lengths (50 to

75 bp) to allow similar Tm values for all probes, providing

outstanding sensitivity, specificity, and reproducibility of the

microarray data sets. The tiling array contained 682,368 probes,

covering the CSRs of chromosomes 4 (2.18 Mb), 5 (2.09 Mb), 7

(3.61Mb), and the entire chromosome 8 (28.31Mb, including the

CSR of 2.3 Mb; Figure 1) with a median probe spacing of 27 bp.

The repetitive DNA sequences specific to the rice centromeres

were excluded from the tilling array (see Methods). Each Nim-

bleGen slide contains three replicates of the probe set located on

separate blocks (see Supplemental Figure 1 online).

Chromatin Immunoprecipitation–Chip Studies on

Histone Modifications

We conducted chromatin immunoprecipitation (ChIP)-chip ex-

periments using antibodies specific to four modified histones:

dimethylated H3 Lys 4 (H3K4me2), trimethylated H3 Lys 4

(H3K4me3), trimethylated H3 Lys 36 (H3K36me3), and acety-

lated H3 Lys 4, 9 (H3K4K9ac). All four modifications are typically

Figure 1. A Diagram of the Structure of Rice Cen8.

(A) A digitally straightened rice pachytene chromosome 8. Genetic crossing over is suppressed in a 2.3-Mb region (CSR) in the centromere, which

accounts for ;10% of the chromosome (Yan et al., 2005).

(B) The CSR of chromosome 8 is shown as an example. The core domain of Cen8, which contains CENH3, is 815 kb and embedded within the CSR.

(C) The core domain is diagrammed, consisting of five blocks of CENH3 nucleosomes interspersed by four H3 subdomains.

Table 1. Identification of Enriched Regions Associated with H3K4me3, H3K36me3, H3K4K9ac, and H3K4me2

Modification

No. of Enriched Regions Covering Length (Mb) Location of Enriched Regions

Total CSRa Chr. 8b Total CSRa Chr. 8b Gene Body

Gene Body and

1 kb Upstream TE-Related

H3K4me3 3696 500 3296 7.27 0.88 6.57 74.2% (2742) 78.2% (2890) 4.1% (150)

H3K36me3 2222 374 1931 6.89 1.17 6.07 78.0% (1731) 82.2% (1826) 4.5% (101)

H3K4K9ac 3204 492 2827 6.20 0.74 5.62 75.5% (2420) 80.0% (2564) 3.7% (118)

H3K4me2 3582 534 3170 7.79 1.32 6.83 78.9% (2826) 85.8% (3075) 4.2% (149)

aIncludes the CSR of Cen4, Cen5, Cen7, and Cen8.
bThe entire chromosome 8, including the CSR.
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associated euchromatin and active transcription (Kouzarides,

2007). ChIP was conducted using leaf tissue from 2-week-old

rice seedlings, and the immunoprecipitated DNA was amplified

(see Methods). Before hybridizing the amplified DNA to the

microarrays, we usedChIP-PCR to test the relative enrichment in

the immunoprecipitated DNA of sequences from two genomic

regions that were previously characterized as being associated

with euchromatic histone marks (Yan et al., 2005) (see Supple-

mental Figure 2 online).

For the microarray analysis, three biological replicates were

performed for eachhistonemodificationexamined.Weexchanged

the positions of biological and technical replicates on the Nimble-

Gen slides to remove any position effect. Thus, each histone

modification included 18 hybridization experiments (see Sup-

plemental Figure 1 online). Only two of the 72 (43 18) experiments

showed a relatively low Pearson correlation coefficient (<0.9;

see Supplemental Table 1 online). Most of the Pearson corre-

lation coefficients were >0.95, indicating a high reproducibility

Figure 2. Correlation between Gene Expression and Histone Modifications.

(A) Association of each of the four histone modifications (H3K4me3, H3K36me3, H3K4K9ac, and H3K4me2) with expressed and nonexpressed genes

based on RNA-Seq data. Bars indicate the percentage of all expressed (blue) or unexpressed (red) genes enriched for this modification.

(B) Genes at different expression levels and their association with each of the four histone modifications. All genes were divided into six categories

based their expression value FPKM (FPKM = 0, 0 to 5, 5 to 10, 10 to 30, 30 to 100 and >100). “All” indicates genes associated with H3K4me3,

H3K36me3, H3K4K9ac, and H3K4me2 concurrently.

Table 2. Histone Modifications Associated with Expressed and Nonexpressed Genes

Gene Expression H3K4me3 H3K36me3 H3K4K9ac H3K4me2 All Four Modifications Total No.

Expressed gene 1625 (92.1%) 1534 (87.0%) 1541 (87.4%) 1643 (93.1%) 1384 (87.2%) 1764

Nonexpressed gene 810 (52.8%) 371 (24.2%) 428 (27.9%) 691 (45.1%) 204 (13.3%) 1533
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and reliability in the data sets. We also compared the H3K4me2

ChIP-chip data with our pervious H3K4me2 results derived

from ChIP-PCR (Yan et al., 2005). The tiling array includes

probes associated with 51 rice genes that were analyzed by

ChIP-PCR for their association with H3K4me2 (Yan et al., 2005).

ChIP-chip and ChIP-PCR results were consistent for 49 (96%)

of the 51 genes. The two remaining genes were not detected by

ChIP-PCR previously but were detected by ChIP-chip, indicat-

ing that the HD2-based system is highly sensitive.

Euchromatic Histone Modifications Were Mostly

Associated with Genic Regions

We used a sliding windowmethod to identify genomic regions that

showed significant enrichment of each of the four histone modifi-

cations. Each enriched region contained a minimum of five con-

secutive probes (see Methods). In general, most of the enriched

regions on the tilling array were associated with genes (nontrans-

posable element [TE] related), ranging from 74.2% H3K4me3- to

78.9% H3K4me2-enriched regions (Table 1). Similarly, most en-

riched regions in the four centromereswere associatedwith genes,

ranging from 70.5% H3K36me3- to 86.0% H3K4K9ac-enriched

regions.Overall, 5.8%of theDNAsequences (a total of 146,645bp)

within the core domains of the four centromeres (a total of 2545 kb)

was associated with at least one of the four modifications.

We detected a total of 23 intergenic regions (at least 200 bp

away from any annotated genes) in the four centromeres, which

were associated with at least one of the four modifications. We

manually examined the annotation of these 23 regions. We found

that 15 of the 23 regions showed high similarity to proteins in the

nonredundant database (BLASTx, P = 1e-5), and three additional

regions were associated with noncoding transcripts. Thus, the

four histone modifications were almost exclusively associated

with transcription or putative transcription in the rice centro-

meres. However, these results do not exclude the possibility of

euchromatic modifications associated with the repetitive DNA

sequences in rice centromeres. The centromere-specific satellite

repeat CentO arrays in rice centromere 11 were found to be

hypomethylated using a cytology-based assay (Yan et al., 2010).

Association of Euchromatic Histone Modifications

with Transcription

To further examine the relationship between transcription and

euchromatic histone modifications, we conducted massively

Figure 3. Histone Modifications Associated with Rice Genes.

The distribution patterns of H3K4me3 (A), H3K4K9ac (B), H3K36me3 (C), and H3K4me2 (D) throughout the body and regulatory regions of rice genes.

We divided the rice genes into six categories based on their expression levels; these are color coded and shown as separate lines (0, bottom 20%, 20 to

40%, 40 to 60%, 60 to 80%, top 20%). The y axis shows the relative signal strength for each modification. The x axis represents the genes, aligned by

specific landmarks. For each gene, the gene body (including the coding sequence and 59 and 39 untranslated regions) was equally divided into 50

portions, which are plotted on the x axis as decimals from 0 to 1, with position 0 representing the TSS and position 1 representing the end of the gene.

The 1 kb upstream and 1 kb downstream were also aligned based on the sequence positions.
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parallel pyrosequencing of mRNAs (RNA-Seq) using leaf tissue

from rice seedlings at the same growth stage used for the ChIP

experiments. We obtained 40.1 million RNA-Seq reads from two

biological replicates (seeMethods). OurRNA-Seq data showed a

high correlation with the recently published rice RNA-Seq data

that was also derived from 2-week-old seedling tissue (Lu et al.,

2010) (Spearman’s rank correlation coefficient = 0.87). The RNA-

Seq data were used to reveal if a specific region on the Nimble-

Gen tilling array is associated with transcription.

For genes associated with all four histone modifications,

87.2% of them were transcribed (Figure 2A). By contrast, only

13.3% of the unexpressed genes were associated with all four

Figure 4. Histone Modifications Associated with Rice Cen8.

The sequence coordinates are shown at the top, with blue triangles representing genes, yellow rectangles representing CentO satellite repeats, and red

triangles representing TE insertions. Expressed genes are marked with an “E” (RNA-Seq expression value > 0 FPKM). Enriched regions associated with

H3K4me3, H3K36me3, H3K4K9ac, and H3K4me2 aremarked by blue boxes; the bars underneath represent the normalized log2 value of the intensity of

ChIP-chip hybridization relative to the reference. Three enriched regions within the CENH3 subdomains are marked by an asterisk. The light-yellow

boxes across all tracks indicate the CENH3 binding subdomains.

Table 3. Histone Modifications Associated with CENH3 Subdomains

Centromere

No. of Modified Regions in

Centromere/CENH3 Subdomainsa
Length of Modified Regions in

Centromere/CENH3 Subdomains (bp)b

H3K4me3 H3K36me3 H3K4K9ac H3K4me2 Allc H3K4me3 H3K36me3 H3K4K9ac H3K4me2

Cen4 19/2 17/2 20/3 16/1 10/0 24,506/2,204 60,725/1,191 25,948/2,965 57,518/533

Cen5 10/1 9/1 8/0 13/1 6/0 24,984/635 26,048/158 14,620/0 31,030/1,694

Cen7 2/2 3/3 3/3 0/0 0/0 454/454 666/666 969/969 0/0

Cen8 17/1 15/1 19/1 18/0 10/0 27,460/962 71,534/764 24,708/1,216 65,219/0

Total 48/6 44/7 50/7 47/2 26/0 77,404/4,255 158,973/2,779 66,245/5,150 153,767/2,227

aThe total number of enriched regions/the number of regions within the CENH3 subdomains in the same centromere.
bThe total length of enriched regions/the length of regions within the CENH3 subdomains in the same centromere.
cRegions with all four modifications concurrently.
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histone modifications (Table 2). We divided the genes into six

categories based on their expression level (seeMethods). Genes

with high expression levels had a high tendency to be associated

with all four histonemodifications (Figure 2B).When active genes

were further divided into 20 groups based on their expression

levels, the levels of all four histone modifications were positively

correlated with the logarithmic average gene expression levels

(see Supplemental Figure 3 online).

We aligned the histone modification data along rice genes,

including 1 kb upstreamof the transcription start sites (TSSs) and

1 kb downstream of the ends of the transcribed regions.

H3K4me3 and H3K4K9ac peaked immediately after the TSS,

tapered off within the first 20% of the gene, and then decreased

sharply toward the 39 end of the genes (Figure 3). H3K4me2 and

H3K36me3 formed a broad plateau after the TSS, especially for

highly expressed genes (Figure 3). Histone acetylation and

methylation of H3K4 and K3K36 have been well documented

to be associated with active genes. The patterns of the four

histone modifications associated with rice genes were highly

similar to those previously reported from both plant (Li et al.,

2008; Wang et al., 2009; He et al., 2010) andmammalian species

(Barski et al., 2007).

The CENH3 Subdomains in Rice Centromeres Were

Depleted of Histone H3–Associated Modifications

Each of the four rice centromeres (Cen4, Cen5, Cen7, and Cen8)

consists of multiple subdomains associated with CENH3 (Yan

et al., 2008). Each CENH3 subdomain is flanked by subdomains

that lack CENH3 (Figure 1). The CENH3-lacking subdomains

were assumed to contain only H3 nucleosomes; however, this

was not supported by ChIP experiments using antibodies spe-

cific to H3 (Yan et al. 2005). The ChIP-chip results showed that

the CENH3 subdomains in the four rice centromeres were

depleted of all four histone modifications (Figure 4; see Supple-

mental Figure 4 online). Themajority of the enriched regionswere

concurrently located in the CENH3-lacking subdomains (Table

3). Only 12 regions within the CENH3 subdomains, including

three regions in Cen8 (Figure 4), were enriched with one to three

of the four histone modifications. Manual annotation revealed

that the DNA sequences of all 12 regions are related to TE,

suggesting that these enriched regions may result from cross-

hybridization of the ChIP DNA to partially homologous probes on

the tiling array. These results confirm that the CENH3 subdo-

mains largely do not contain any of these four types of modified

histone H3. We refer to the CENH3-lacking subdomains as

centromeric H3 subdomains hereafter.

Similar Histone Modification and Expression Patterns

Were Associated with Genes Located in Different Regions

of Rice Chromosome 8

We compared the histone modification patterns associated with

genes located in the H3 subdomains with those located in the

rest of the CSR (CSR-Cen, all CSR genes excluding those in the

core centromere) (Figure 5A). Although the percentage of genes

associated with all four histonemodifications varied from;35 to

50% among the four centromeres, genes located in the H3

subdomains and those located within CSR-Cen showed similar

modification patterns (Figure 5A). Approximately 43% of the

genes located in the H3 subdomains were associated with all

four modifications, which is not significantly different from that

(39%) of the genes located in CSR-Cen (P = 0.72). Similar

conclusions were obtained when the same two sets of genes

were analyzed for individual histone modifications (P > 0.5;

Figure 5B).

We then extended the same comparison to include all of

chromosome 8 by analyzing the variance in percentage of genes

associated with specific modifications using a sliding window

method. The distal ends of rice chromosome 8 showed a higher

density of genes and a lower density of TEs compared with the

pericentromeric region (Figure 6A), which correlates with the

Figure 5. Histone Modifications Associated with Genes Located in

Different Subdomains within Rice Centromeres.

(A) Percentages of genes associated with all four histone modifications in

four rice centromeres. H3 subdomain, H3 subdomains within the core of

the centromere; CSR-Cen, CSR excluding the centromere core. Note:

Rice Cen7 does not contain any known genes.

(B) Percentages of genes associated with H3K4me3, H3K36me3,

H3K4K9ac, and H3K4me2 in H3 subdomains and CSR-Cen regions.

The P values of x2 tests are shown on the top of the bars.

Centromeric Chromatin of Rice 4059



brighter 49,6-diamidino-2-phenylindole staining pattern in the

pericentromeric region, as seen on the pachytene chromosome

8 (Figure 1). The CSR of chromosome 8 showed a higher density

of TEs and a lower density of genes than the rest of the

chromosome. Although the density of genes in the CSR is low,

the percentage of CSR genes associated with all four histone

modifications was not significantly different from the percentage

of genes located in the rest of the chromosome 8 (Kolmogorov-

Smirnov test, P = 0.36) (Figure 6B).

A sliding window method was also used to examine the

percentages of expressed genes and the gene expression levels

(displayed by log2 averaged gene expression value) along rice

chromosome 8. Similarly, these values within CSR were not

statistically different from those associated with the rest of the

chromosome (Kolmogorov-Smirnov test: P = 0.76 for percent-

age of expressed genes, and P = 0.16 for gene expression level)

(Figure 6C).

DISCUSSION

Euchromatic Histone Modifications Associated with Rice

CEN Chromatin

The histone modifications associated with CEN chromatin have

mostly been examined in humans. In endogenous human cen-

tromeres, CENP-A nucleosomes are interspersed with H3-

associated nucleosomes marked by H3K4me2 (Sullivan and

Karpen, 2004; Mravinac et al., 2009). Interestingly, these cen-

tromeric H3 nucleosomes were neither associated with the

euchromatic marks H3K4me3 and acetylated H3/H4 nor with

the heterochromatic marks H3K9me2 and H3K9me3 (Sullivan

and Karpen, 2004). A recent HAC-based study suggested that

the presence of H3K4me2 is essential for the proper centromere

function of the artificial chromosome (Bergmann et al., 2011).

However, ChIP-chip analysis revealed that H3K4me2 is not a

Figure 6. Histone Modification and Expression Patterns of Rice Genes Located along Chromosome 8.

(A) Distribution of genes and TEs along rice chromosome 8 (window size = 500 kb; step = 100 kb). The CSR of Cen8 contains a lower density of genes

than the rest of the chromosome (except for the ;6- to 7.5-Mb domain on the short arm).

(B) Percentage of genes within sliding windows that are associated with all four histone modifications (H3K4me3, H3K4me2, H3K36me3, and

H3K4K9ac).

(C) Percentages of expressed genes with the sliding window and their average expression levels along chromosome 8.
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prominent mark in three human neocentromeres (Alonso et al.,

2010). H3K4me2was only detected in a <2-kb regionwithin a 75-

to 90-kb CENP-A domain in the neocentromeres. In addition,

these small H3K4me2 pockets were not caused by neocentro-

mere activation, as they existed in the same region on the

corresponding normal human chromosome. Thus, this minimum

amount of H3K4me2 is unlikely to play a critical role in neo-

centromere function (Alonso et al., 2010). Similarly, H3K4me2 is

depleted in the centromeres of maize (Zea mays; Shi and Dawe,

2006; Jin et al., 2008) andNeurospora crassa (Smith et al., 2011).

We demonstrate that H3K4me2 is distributed throughout

the centromeric H3 subdomains of rice Cen4, Cen5, and Cen8

(Figure 4; seeSupplemental Figure 4 online). However, H3K4me2

is neither the sole euchromatic mark in these centromeres nor

ubiquitous in rice CEN chromatin. The majority of H3K4me2

regionswere associatedwith transcription, and the same regions

were also enriched for the transcription-related histone marks

H3K4me3, H3K36me3, and H3K4K9ac. Genes located in the

centromeric H3 subdomains showed histone modification pat-

terns similar to genes located throughout chromosome 8 of rice

(Figure 6). Thus, the euchromatic histone modifications associ-

ated with riceCen4,Cen5, andCen8 are not specific to rice CEN

chromatin but are hallmarks of the DNA sequences, including

active genes, embeddedwithin the centromeric H3 subdomains.

In comparison, none of these four histone modifications were

detected in Cen7, which contains only a small centromeric H3

subdomain that lacks any transcribed sequences (see Supple-

mental Figure 4 online). Most intergenic sequences within the

centromeric H3 subdomains were not associated with the eu-

chromatic histone modifications (Figure 4; see Supplemental

Figure 4 online). A ChIP-PCR–based analysis showed that at

least some of these intergenic sequences inCen8 are associated

with the heterochromatic histone modification mark H3K9me2

(Yan et al., 2005).

Transcription and Centromere Function

Depletion of H3K4me2 at the centromere of a HAC caused a loss

of transcription of the underlying centromeric satellite DNA and

ultimately the inactivation of the centromere (Bergmann et al.,

2011). The impact of H3K4me2 and transcription on centromere

function demonstrated in this HAC-based system contrasts with

the fact that centromeres are always associated with gene-poor

regions, which may lack transcription. Human neocentromeres

and evolutionarily new centromeres are often associated with

gene deserts (Lomiento et al., 2008; Alonso et al., 2010). Sim-

ilarly, induced neocentromeres in Candida albicans were prefer-

entially associated with gene-poor regions (Ketel et al., 2009).

CENH3-associated nucleosomes appear to be incompatible

with transcription because insertion of a marker gene in CEN

chromatin of Schizosaccharomyces pombe resulted in silencing

of the transgene (Allshire et al., 1995). Neocentromere formation

in S. pombe can negatively impact the transcription of the

underlying endogenous genes (Ishii et al., 2008). Similarly, neo-

centromere formation can cause silencing of the underlying

transgene in C. albicans (Ketel et al., 2009). Transcripts derived

from centromeric repetitive DNA were reported in a number of

plant and animal species (Topp et al., 2004; May et al., 2005;

Wong et al., 2007; Carone et al., 2009). However, the transcrip-

tion of centromeric DNA is likely associated with H3 nucleo-

somes within the centromeric cores.

We propose that transcription within the H3 subdomains of

rice centromeres may provide a barrier for the loading of CENH3.

Transcription in the centromeric H3 subdomains may assist in

evicting any misloaded CENH3. Such a loading barrier would

help maintain the separation of H3 nucleosome blocks from

CENH3 nucleosome blocks. We analyzed the expression pat-

terns of all rice chromosome 8 genes based on the microarray-

based gene expression data that were compiled from 32 stages/

organs of rice reproductive development using a total of 95

microarray hybridizations (Fujita et al., 2010). Expression data

were found for eightCen8 genes. Interestingly, the expression of

five of the eight genes was detected in all 95 microarray exper-

iments, and one was detected in 94 experiments. The remaining

two genes (LOC_Os08g21720 and LOC_Os08g22250) were only

detected in two or three experiments, respectively. In addition,

LOC_Os08g21720 showed sequence similarity with Ty1-copia

retrotransposons (e value = 2E-36). LOC_Os08g22250 is a

hypothetical protein without any similarity to known proteins in

the nonredundant database. These results show that most Cen8

genes express constitutively, which may be favorable for their

potential role in separating the H3 and CENH3 subdomains.

A centromere consisting of alternating CENH3 and H3 nucle-

osome blocks would be ideal for its three-dimensional structure:

Figure 7. A Model of a Potential Three-Dimensional Structure of Rice centromeric.

Coiling or folding of the nucleosome blocks within the centromeric core moves the CENH3 subdomains to the inner kinetochore and the centromeric H3

subdomains to an interior position. The coiling model followed Marshall et al. (2008a).
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folding or looping of the nucleosomeblockswill move theCENH3

subdomains to the outside of the chromatin to provide acces-

sibility for kinetochore assembly and move the centromeric H3

subdomains to an interior position (Marshall et al., 2008a) (Figure

7). The centromeric H3 subdomains positioned on the interior of

the chromatin could then be modified properly for other centro-

meric functions, such as chromatid cohesion. The structure of

alternating CENH3 and H3 nucleosome blocks was reported in a

human neocentromere (Chueh et al., 2005) and is also likely

associated with the maize B chromosome centromere (Koo

et al., 2011). Other epigenetic modifications of CEN chromatin,

such as differential cytosine methylation of centromeric DNA

(Zhang et al., 2008; Koo et al., 2011; Zakrzewski et al., 2011),

could also serve as barriers for the separation of H3 and CENH3

nucleosome blocks.

METHODS

Development of a Rice CEN Genomic Tiling Array

We designed a customized NimbleGen 3x720K tiling microarray that

covered four rice (Oryza sativa) centromeres (Cen4, Cen5, Cen7, and

Cen8) and the entire chromosome 8 (Chr8). Each slide contained three

replicates of 696,675 probes, with each replicate including 682,368

experimental probes and 4769 control probes, which are in triplicate. The

probes were selected from the rice version 4 pseudomolecules (http://

rice.plantbiology.msu.edu/downloads.shtml) on the basis of synthesis

cycles, Tm, and sequence uniqueness. The resulting probes were then

compared with the rice genome via BLASTn, where probes with more

than 10 copies in the genome ($90% similarity and $90% coverage)

were excluded. The final list of experimental probes consisted of 30,706

probes from Cen4 (2.54 Mb, 7,860,001 to 10,400,000 bp), 28,183 probes

from Cen5 (2.1 Mb, 11,370,001 to 13,470,000 bp), 53,404 probes from

Cen7 (3.62 Mb, 9,100,001 to 12,720,000 bp), and 570,075 probes from

Chr8 (28.31 Mb). The probes were between 50 and 75 bp in length, with a

median spacing of 27 bp (the distance between the start positions of

adjacent probes).

In addition, we also designed four sets of control probes, 4769 in total.

The first set of 335 probes was derived from 55 genes in a 3.5-Mb region

spanning rice Cen8; these genes were found to be enriched for both H4

acetylation and H3K4me2 (35), H4 acetylation only (4), H3K4me2 only (4),

or neither of them (12) (Yan et al., 2005). The second set of 1878 probes

(negative controls) was selected from four 400-kb regions, one each from

Chr1 (1,600,001 to 2,000,000 bp),Chr2 (4,000,001 to 4,400,000 bp),Chr3

(1,550,001 to 1,950,000 bp), and Chr4 (34,600,001 to 35,000,000 bp).

These 400-kb sequences were split into 60-bp bins, sliding every 20 bp,

and via BLASTn were compared against the rice genome. Adjacent

unique bins (no other hits with $40 bp alignment except to itself) were

merged into subsequences, and reconstructed bins of 160 bp or longer

were retained. For each of the four 400-kb regions, we split the retained

subsequences into nonoverlapping 15-mer oligonucleotides and con-

catenated all the 15-mer oligonucleotides into a single pseudomolecule,

requiring that the coordinates of any two neighboring 15-mer oligonu-

cleotides be separated by least 30 kb. The four pseudomolecules were

finally used for probe selection. The third set of 994 probes (negative

controls) was selected from 90 Arabidopsis thaliana genes whose tran-

scription was supported by the existence of cognate full-length cDNAs.

These Arabidopsis genes have homologs in the rice genome but

lack sequence similarity at the DNA level. The last set of 1562 control

probes was designed from the 490,520-bp rice mitochondrial genome

(BA000029.3), which was masked for regions that matched elsewhere in

itself or the nuclear genome sequence. The array was manufactured by

Roche NimbleGen using Maskless Array Synthesizer technology.

ChIP

ChIP was performed as previously described with only minor modifica-

tions (Nagaki et al., 2003). Approximately 5 g of leaf tissue from2-week-old

seedlings of rice variety Nipponbare was used in each ChIP experiment.

Rabbit polyclonal antibodies againstH3K4me2 (Upstate 07-030),H3K4me

(Abcam ab8580), H3K36me3 (Abcam ab9050,) and H3K4K9Ac (Upstate

06-599) were used in the ChIP and rabbit normal serum in mock exper-

iments. We also took an aliquot from the chromatin solution as input DNA.

The input DNA was not immunoprecipitated. All DNA from ChIP experi-

ments was amplified using the GenomePlex whole-genome amplification

kit (Sigma-Aldrich) with a fragmentation reaction. To reduce the bias of the

amplification, amplifications were performed in eight tubes and upon

amplification completion were mixed into one tube. The amplified DNA

was purified using a PCR purification kit (Qiagen).

We conducted ChIP-PCR to verify the relative enrichment of each

histone modification. ChIP-PCR was performed in triplicate in a 20-mL

PCR mixture (13 PCR buffer (without Mg), 1.5 mM MgCl2, 0.2 mM

deoxynucleotide triphosphate, 0.2 mM primers, 1 ng ChIP, mock or input

DNA, and 0.5 units of Platinum Taq DNA polymerase (Invitrogen) and run

at 958C for 5 min, 32 cycles of 958C for 30 s, 658C for 30 s, and 728C for 30

s. The primers used were from rice centromeres, as previously described

(Yan et al., 2005). PCR products were electrophoresed on an agarose gel

and stained with ethidium bromide.

Microarray Hybridization

The ChIP and input DNA were labeled according to published protocols

(Selzer et al., 2005) and Roche NimbleGen’s ChIP-chip user’s guide v6.1.

In short, 1 mg of amplified ChIP DNA and 1 mg of input DNA was labeled

using 59Cy3- or Cy5-labeled randomnonamers, respectively (NimbleGen

dual-color DNA labeling kit). DNA was incubated for 3 h at 378C with 100

units of (exo-) Klenow fragment and 10 mL of 10 mM deoxynucleotide

triphosphate mix (NimbleGen dual-color DNA labeling kit). The labeled

samples were then precipitated with NaCl and isopropanol and rehy-

drated in 25 mL of water. The immunoprecipitated and input samples

were combined in a 1.5-mL tube and dried down using a SpeedVac.

Samples were resuspended in 5.6 mL of water and 14.4 mL of Roche

NimbleGen hybridization buffer (NimbleGen hybridization and sample

tracking control kit) and incubated at 958C. The combined and resus-

pended samples were then hybridized to the array for 16 to 20 h at 428C

withmixing. Arrayswerewashed using theRocheNimbleGenwash buffer

system and dried using the NimbleGen microarray dryer (Roche Nim-

bleGen). Arrays were scanned at 5-mm resolution using the Gene-

Pix4000B scanner (Axon Instruments). Data were extracted from

scanned images using NimbleScan v2.4 data extraction software, which

allows for extraction, grid alignment, and generation of data files.

RNA-Seq

Rice seedlings at the same growth stage and under the same growing

condition as those for ChIP experiments were used for RNA-Seq analysis.

Total RNA was extracted using the RNeasy plant kit (Qiagen). Two

biological replicates were prepared for RNA-Seq. RNA quality was

checked with a Bioanalyzer 2100 (Agilent Technologies). High-quality

RNA (RNA integrity number >8) was used for downstream DNase I

treatment to completely remove any genomic DNA contamination. About

10 mg total RNA was converted to cDNA using the mRNA-seq kit from

Illumina, and the barcoded cDNA library was sequenced on an Illumina

Genome Analyzer 2 platform. We used TopHat software (Trapnell et al.,
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2009) to align the sequence reads to the reference genome and used

Cufflink (Roberts et al., 2011) to call the expression values (fragments per

kilobase of exon model per million mapped fragments [FPKM]) of anno-

tated rice genes. We obtained 40.1 millions of RNA-Seq reads, and

89.2% of them were mapped to the rice genome (TIGR 5). Two biological

replicates showed a high correlation (Spearman’s rank correlation coef-

ficient = 0.964). Thus, the data from the two replicates were merged for

further analyses. We also downloaded recently published rice RNA-Seq

data that were also derived from 2-week-old rice seedlings (Lu et al.,

2010) for a comparative analysis with our RNA-Seq data sets. We filtered

out TE-related genes in association analysis between gene expression

and histone modifications. We divided the genes into six categories

based their expression values (FPKM = 0, 0 to 5, 5 to 10, 10 to 30, 30 to

100, and >100) or divided active genes in 20 groups with same amount

from the top 5% to the bottom 5%.

Data Analysis

Raw data for H3K4me3, H3K36me3, and H3K4K9ac were normalized by

the biweight method. Raw data for H3K4me2 were normalized by the

MA2C method (Song et al., 2007). All normalized data followed a

Gaussian distribution, which was required to use ChIPOTle (Buck et al.,

2005), the method we used to identify enriched regions. To remove the

variance of replicates, the data were processed with Quantile normaliza-

tion and then averaged. Regions enriched with one of the four histone

modifications were identified by ChIPOTle (Buck et al., 2005) (version

1.11, sliding window= 600 bp, step = 150 bp, a = 0.01 after Benjamini and

Hochberg multiple comparison correction [Benjamini and Hochberg,

1995] to control false discovery rate < 0.01). A minimum of five consec-

utive probes was required to be classified as an enriched region. The rice

annotation information from TIGR database (release 5) was used in the

analysis. The information of CSR, centromere regions, and the informa-

tion of CENH3 binding domains in rice genome were defined by our lab

previously (Yan et al., 2005, 2008). The intergenic transcripts used in this

study were identified in rice previously (Li et al., 2007).

Accession Numbers

The ChIP-chip and RNA-Seq data have been deposited in the National

Center for Biotechnology Information Gene Expression Omnibus data-

base under accession numbers GSE29597 and GSE33265, respectively.
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