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Gene expression is controlled by the complex interaction of transcription factors binding to promoters and other reg-
ulatory DNA elements. One common characteristic of the genomic regions associated with regulatory proteins is
a pronounced sensitivity to DNase I digestion. We generated genome-wide high-resolution maps of DNase I hypersensitive
(DH) sites from both seedling and callus tissues of rice (Oryza sativa). Approximately 25% of the DH sites from both tissues
were found in putative promoters, indicating that the vast majority of the gene regulatory elements in rice are not located
in promoter regions. We found 58% more DH sites in the callus than in the seedling. For DH sites detected in both the
seedling and callus, 31% displayed significantly different levels of DNase I sensitivity within the two tissues. Genes that are
differentially expressed in the seedling and callus were frequently associated with DH sites in both tissues. The DNA
sequences contained within the DH sites were hypomethylated, consistent with what is known about active gene regulatory
elements. Interestingly, tissue-specific DH sites located in the promoters showed a higher level of DNA methylation than
the average DNA methylation level of all the DH sites located in the promoters. A distinct elevation of H3K27me3 was
associated with intergenic DH sites. These results suggest that epigenetic modifications play a role in the dynamic changes
of the numbers and DNase I sensitivity of DH sites during development.

[Supplemental material is available for this article.]

The identification and functional characterization of the regula-

tory DNA elements is essential for understanding the regulation of

gene expression in eukaryotic genomes. Although the genomes of

an increasing number of eukaryotic species have been sequenced,

genome-wide identification of regulatory DNA elements, such as

that being done in the ENCODE project (The ENCODE Project

Consortium 2007) and the Epigenomics Roadmap (Bernstein et al.

2010) in humans and in the modENCODE projects in Caeno-

rhabditis elegans and Drosophila melanogaster (Gerstein et al. 2010;

Roy et al. 2010), has been initiated only in few species. Active

regulatory DNA elements, such as promoter and enhancers, in-

teract with regulatory proteins. As a result, these regions are either

free of nucleosomes or are under dynamic nucleosome modifica-

tions or displacements (Henikoff et al. 2009; Jin et al. 2009). Thus,

active DNA elements are associated with ‘‘open chromatin’’ in

higher eukaryotic genomes. One distinct characteristic of the ge-

nomic regions of open chromatin is a pronounced sensitivity to

cleavage of endonuclease DNase I (Wu 1980; Keene et al. 1981;

McGhee et al. 1981). Almost all active regulatory elements, in-

cluding promoters, enhancers, suppressors, insulators, and locus

control regions, have been shown to be marked by DNase I hy-

persensitive (DH) sites (Gross and Garrard 1988).

Until recently, mapping of individual DH sites in higher eu-

karyotes was mostly achieved using the traditional gel-based ap-

proach (Nedospasov and Georgiev 1980; Wu 1980; Kodama et al.

2007). However, new techniques have been developed for ge-

nome-wide mapping of DH sites using microarray-based platforms

(Crawford et al. 2006a; Sabo et al. 2006) or high-throughput se-

quencing-based platforms (Crawford et al. 2006b). Genome-wide

DH site maps have been generated in Saccharomyces cerevisiae

(Hesselberth et al. 2009), D. melanogaster (Kharchenko et al. 2011),

and humans (Boyle et al. 2008b) using these new techniques. In

addition, mapping of DH sites has been proven to be an effective

approach to identify regulatory elements. For example, the bind-

ing sites of several of the best-characterized regulatory proteins in

mammalian species, including the insulator protein CTCF in

humans and the glucocorticoid receptor in mouse, overlapped well

with the DH sites (Boyle et al. 2011; John et al. 2011). In Drosophila,

the binding patterns of 21 developmental regulator are quantita-

tively correlated with DNA accessibility in chromatin that can be

measured by the DNase I sensitivity (Li et al. 2011).

Rice (Oryza sativa) is the most important food crop in the

world and has also been established as a model species for plant

genome research. Rice provides one of the most accurately se-

quenced genomes from any multicellular eukaryotes (Goff et al. 2002;

Matsumoto et al. 2005). Extensive genome-wide DNA methylation

and histone modification data sets have recently been generated in

rice (Feng et al. 2010; He et al. 2010; Yan et al. 2010; Zemach et al.

2010). Here, we describe high-resolution maps of DH sites in rice from

both seedling and callus tissues. We report a number of novel features

associated with rice DH sites, including their epigenetic modifica-

tions, dynamic response to tissue culture, and association with genes

that differentially expressed genes in seedling and callus tissues.

Results

Genome-wide identification of DH sites in the rice genome

To generate a high-resolution map of DH sites in the rice genome,

we constructed a total of five DNase-seq libraries (see Methods),
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including three from seedling tissue (consisting of mostly leaf and

a small proportion of stem tissues) and two from callus tissue.

These libraries were sequenced using the Illumina Genome Ana-

lyzer. We obtained a total of 43 million sequence reads from the

seedling libraries and 57 million reads from the callus libraries

(Supplemental Table S1). Approximately 70% of the reads were

mapped to unique positions in the rice genome. We used the F-seq

software (Boyle et al. 2008a) to generate a DNase I sensitivity value

at every base using a kernel density estimation (Fig. 1A) and to

identify DH sites (FDR < 0.05).

Figure 1. Identification of DH sites in the rice genome. (A) A selected region showing the raw data of DNase-seq (track of reads of DNase I sequencing),
density estimation by F-seq (track of reads density by F-seq) and DH sites identified based on these data (track of DH sites). The rice gene models are shown
at the top of the tracks. (B) The correlation between the number of DNase-seq reads and total length of DH sites within each subset of data. The dashed line
indicates the putative horizontal asymptote of the seedling simulation data.
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To examine the reproducibility and reliability of DNase-seq,

we compared the data from biological replicates using scatter

analysis. The high degree of correlation (Pearson correlation co-

efficient [PCC] ranged from 0.87–0.93) (Supplemental Fig. S1) in-

dicates that DNase-seq is indeed a reliable method for identifying

DH sites. Approximately 70.4%–76.5% of the DH sites were re-

producible between biological replicates from seedlings. To test if

the <30% unshared DH sites between biological replicates were

possibly caused by either sequencing depth or technical variation,

we first intentionally sequenced the same callus library twice

(Supplemental Table S1) and found a similar frequency (71.9%–

79.6%) of overlapping DH sites between the two technical repli-

cates. We also found that most of the unshared DH sites between

the biological replicates showed lower DNase I sensitivities than

the shared ones (Supplemental Fig. S2). In addition, 92%–96% of

the top 70% most-sensitive DH sites identified from one library

were detected in the other two biological replicates, respectively.

These results further confirm the high reliability of both the

DNase-seq method and the quality of the generated data sets.

Thus, the variation in DH site identification between biological

replicates was most likely caused by lack of depth of sequencing of

each library, which would not reveal the DH sites with relatively

low sensitivity to DNase I digestion.

We conducted real-time quantitative PCR (qPCR) to verify the

DH sites. In the qPCR experiments, we did not detect an un-

ambiguous difference between the nondigested DNA and DNA

digested with 0.12–0.16 units of DNase I, which was the same

condition for DNase-seq library construction. A similar result was

also reported in the qPCR-based DNase I sensitivity analysis of the

mouse b-globin locus control region (McArthur et al. 2001). Thus,

we used a higher amount of DNase I (4.0 units) in DNA digestion.

Under such a condition, the qPCR method is less sensitive than the

DNase-seq method, likely resulting in a significant number of false-

positive DH sites. We randomly selected 16 DH sites and 13 non-

DH sites (seedling tissue data set) to examine the difference of

threshold cycles (DCt) between DNase I–digested and nondigested

DNA. All 16 DH sites had more than two cycles in DNase I–digested

sample than nondigested DNA, which corresponds to an approx-

imately fourfold to 103-fold difference in sensitivity to DNase I

digestion (Supplemental Table S2). Only four of the 13 non-DH

sites had a DCt of more than two cycles, two of which were located

<1 kb away from a positive DH site. Thus, we conclude that the DH

sites identified by DNase-seq are well associated with genomic re-

gions that are highly sensitive to DNase I digestion.

Considering the high correlation between replicates and

verification by qPCR, we combined the sequence reads from the

same tissue for further analysis. By using a FDR of <0.05, we

identified 97,975 and 155,025 DH sites in the seedling and callus,

respectively. We simulated the correlation between sequencing

depth (the number of reads of a subset of data) and the total length

of all DH sites identified (see Methods) (Fig. 1B). The simulation

revealed a strong relationship of logarithmic growth between DH

sites and the number of reads for DH site identification (R2, 0.99 in

seedling and 0.97 in callus). We estimated that ;95% of the po-

tential seedling DH sites were identified based on the seedling data

simulation.

DH sites are significantly associated with conserved noncoding
sequences (CNSs) and protein-binding cis elements

CNSs have been identified in both mammalian and plant species

and are significantly associated with regulatory sequences (Freeling

and Subramaniam 2009; Haeussler and Joly 2011). We were in-

terested in the association between CNS and the DH site since

both types of DNA sequences are likely related to regulatory ele-

ments. The liguleless1 gene was extensively studied in grass species,

and a total of seven CNSs were identified within this gene

(Kaplinsky et al. 2002). A DH site, showing in both seedling and

callus tissues, was identified in the 59 UTR of this gene. This DH site

is partially overlapped with one of the CNSs (P = 0.034, binomial

test) (Fig. 2A).

We then examined the association of rice DH sites with the

46,355 CNSs conserved between the rice and sorghum genomes

(Schnable et al. 2011). These CNSs span a total of 1.6 Mb of rice

genome sequences. We found that 25.7% (11,911) and 41.6%

(19,281) of the CNSs were associated with DH sites in the seedling

and callus, respectively (P < 0.001, binomial test) (for an example

region, see Fig. 2B).

Many regulatory proteins bind to specific DNA motives. The

PCF1 and PCF2 proteins in rice, which are essential for regulating

meristematic tissue-specific expression of rice genes, bind two

cis elements (element IIa, AGGTGGGCCCGT, and element IIb,

TGTGGGACCATG) (Kosugi and Ohashi 1997). Introducing two

mutated bases in element IIa (AGGTGGGCGAGT) resulted in loss

of binding affinity to both proteins (Kosugi and Ohashi 1997). We

identified a total of 110 regions that have 100% match to the two

cis elements in the rice genome. Most of these regions were located

outside of genes (82 of 110) or in introns (16 of 110). DH sites were

associated with 43 (39%) of these regions (33 of 57 element IIa

and 10 of 53 element IIb). Almost all of these 43 DH sites were

located in outside of genes (37) or in introns (3). In contrast, we

identified 22 regions with 100% match to the AGGTGGGCGAGT

sequence. DH sites were associated with only two (9%) of these

regions (P < 0.001, binomial test).

Distribution of DH sites in the rice genome

We plotted all DH sites along the pseudo-molecules of 12 rice

chromosomes. The distribution patterns of the DH sites derived

from leaf and callus tissues were highly similar (Fig. 3B; Supple-

mental Fig. S3). A trend of increased densities of DH sites was

clearly visible toward the distal parts of most rice chromosomes.

The lowest densities of the DH sites were observed surrounding the

centromeres of several rice chromosomes (Fig. 3B; Supplemental

Fig. S3). This distribution of the DH sites is parallel to the gene

distribution but is opposite of the repeat distribution within rice

chromosomes (Fig. 3A).

The distribution of heterochromatin and euchromatin along

rice chromosomes 4 can be well visualized by 49,6-diamidino-2-

phenylindole (DAPI) staining of the meiotic pachytene chromo-

some (Cheng et al. 2001). Almost the entire short arm and the

proximal portion of the long arm of chromosome 4 can be defined

as heterochromatin cytologically (Fig. 3C). The distribution of the

DH sites on chromosome 4 is highly similar to the euchromatin

distribution pattern (Fig. 3B,C). We found that the percentage of DH

site–associated sequences among uniquely mappable sequences

(without a duplicated copy in the rice genome) in euchromatin was

significantly higher than in heterochromatin for chromosome 4

(Kolmogorov-Smirnov test, P < 2.2 3 10�16 for both the seedling

and callus data sets). Thus, the DH sites were significantly enriched

for euchromatic regions in the rice genome.

We analyzed the locations of the DH sites relative to rice genes

and found that 24%–27% of the DH sites mapped within 1 kb

upstream of the transcription start sites (TSSs) at putative promoter

Open chromatin maps of rice
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regions for both tissues (Fig. 4). Approximately 30% of DH sites

were associated with different gene partitions (exons, introns,

59 UTR, and 39 UTR), while the remaining 42%–45% of the DH sites

located in the intergenic regions. Even though there were many

more DH sites detected in the callus, the DH sites identified in the

seedling and callus tissues showed an overall similar distribution

pattern among different genomic regions (Fig. 4).

Highly expressed rice genes are frequently associated
with DH sites

To exploit the relationship between the gene expression levels and

DH sites, we conducted massively parallel pyrosequencing of

mRNAs (RNA-seq) using the same seedling and callus tissues that

were used for DNase-seq. Two biological replicates of each tissue

were applied in RNA-seq. We obtained a total of 40.1 million reads

from seedling and 29.6 million reads from callus. The RNA-seq data

derived from the replicates showed high correlations (Spearman’s

rank correlation coefficient [SC]: 0.96 for seedling, 0.88 for callus).

Thus, the RNA-seq data from the same tissue were combined for

the calculation of gene expression value (see Methods). Our RNA-

seq data derived from the seedling also showed a high correlation

with the recently published rice RNA-seq data that were also from

2-wk-old seeding tissue (SC = 0.87) (Lu et al. 2010).

More than 93% of the highly expressed genes in the seedling

(top 20%) (Fig. 5A) were associated with DH sites within the gene

body as well as 200-bp upstream regions from the TSS. In contrast,

only 23.0% and 16.7% of the nonexpressed genes (value = 0 FPKM

[fragments per kilobase of exon model per million mapped frag-

ments]) showed a DH site within gene body and the 200-bp up-

stream region from TSS, respectively (Fig. 5A). Regions 500–1000

bp upstream of the TSS were much less frequently associated with

DH sites than were regions 200 bp upstream of the TSS, and this

trend was similar for all highly and low expressed genes (Fig. 5A).

We observed same pattern in callus (Supplemental Fig. S4). These

results suggest that the regulatory DNA elements associated with

most rice genes are located within 200 bp from the TSS.

The expression levels of the rice genes were also related to the

DNase I sensitivity levels (i.e., intensity of DNase-seq signal) of the

DH sites in the 200-bp regions upstream of the TSS in both tissues

(Fig. 5B; Supplemental Fig. S4). Genes with higher levels of ex-

pression displayed higher levels of DNase I sensitivity detected

within this region. A similar trend was also observed in the 200-bp

regions downstream from the genes (Fig. 5B; Supplemental Fig.

S4), although the overall DNase I sensitivity level in this region is

much lower.

Different numbers of DH sites associated with seedling
and callus tissues

Comparison of the DH sites associated with the seedling and callus

tissues revealed a significant difference in both the number and the

total lengths of the DH site–related DNA sequences identified in

the two tissues. We identified 155,025 DH sites in the callus tissue,

which is 58% more than the 97,975 DH sites found in the seedling

tissue. In addition, only 76,057 (49.1%) of the callus DH sites

Figure 2. Association of DH sites with CNSs. (A) A DH site associated with a CNS in the liguleless1 gene. Red bars indicated seven CNSs identified in the
liguleless1 gene. DH sites are indicated by blue blocks. (B) Association of DH sites with CNSs in a genomic region in rice chromosome 1.
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overlapped with the DH sites in seedling. The callus DH sites

covered 31.0 Mb (7%) of the rice genome (420 Mb), while the

seedling DH sites covered only 20.5 Mb (5%). Based on sequence

read saturation simulation (Fig. 1B), we expect that the substantial

increase of DH sites observed in the callus was not caused by the

different levels of sequence read saturation. We found that the vast

majority of tissue-specific DH sites were not a result of threshold

artifacts (Supplemental Fig. S5), which is supported by both cu-

mulative plot analysis (Supplemental Fig. S6) and visual inspection

(Fig. 1A).

We examined the levels of DNase I sensitivity of a total of

63,838 DH sites that were detected in both tissues. Interestingly,

19,628 (30.7%) of these DH sites showed

a significant difference of the sensitivity

level between the seedling DH site and

the callus DH site (FDR < 0.01), suggesting

that many DH sites that are present in

both tissues show significant variation

in sensitivity to DNase I (Supplemental

Fig. S7).

High frequency of DH sites associated
with genes that are differentially
expressed in seedling and callus

To exploit a potential relationship be-

tween change of gene expression and

change of DNase I sensitivity, we first

identified genes differentially expressed

in the seedling and callus tissues from our

RNA-seq data set. Differentially expressed genes were also identi-

fied based on the Agilent microarray data (82,000 probes) with dye-

swap (Satoh et al. 2007). Fold change of gene expression (seedling/

callus) showed a moderate correlation between the two data sets

(R = 0.64, PCC). A gene was considered differentially expressed

only if it showed a significant expression difference in the two

tissues in both experiments. The same criterion was used for

identification of nondifferentially expressed genes (see Methods).

We identified a total of 16,544 nondifferentially expressed genes

and 7000 differentially expressed genes, of which 2813 and 4187

genes were significantly up-regulated in the seedling and callus,

respectively.

Figure 3. Distribution of DH sites on rice chromosome 4. (A) Distribution of transposable element (TE)–related genes and non-TE genes along rice
chromosome 4 (35 Mb). y-axis indicates the ratio of TE genes (red line) and non-TE genes (blue line) to total genes in 10 kb windows. (B) Distribution of DH
sites on rice chromosome 4. y-axis indicates the coverage of the DH sites, which was calculated as the percentage of mappable regions covered by DH sites
in 10-kb non-overlapped window bins. Red boxes (CEN) indicate the positions of the centromeres (Yan et al. 2008). (C ) A digitally straightened pachytene
chromosome 4. The chromosome was stained by DAPI and was converted into a black–white image to enhance the differentiation between hetero-
chromatin (dark color) and euchromatin (light color). The positions of the centromere and the euchromatin-heterochromatin boundary on the long arm
are marked by arrows.

Figure 4. Distribution of DH sites in the rice genome. (1 kb upstream) 1-kb region upstream of TSS.
(200 bp downstream) 200-bp region downstream from the end of gene transcription.
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We sorted the genes based on fold change of expression

(seedling/callus) and analyzed the DNase I sensitivity levels within

the 1000-bp regions both upstream of and downstream from the

TSS. Genes up-regulated in the seedling and callus were associated

with high DNase I sensitivity within ;200 bp upstream of and 100

bp downstream from the TSS (Fig. 6A). Interestingly, the genes

down-regulated in either of the two tissues were also associated

with high DNase I sensitivity in the same regions, indicating that

many of these down-regulated genes are repressed by regulatory

factors in the respective tissue.

We found that 79.6% of the genes up-regulated in the seed-

ling were associated with a DH site that maps within 200 bp sur-

rounding the TSS in the seedling. Likewise, 77.7% of the same sets

of genes were also associated with a DH site surrounding the TSS in

callus. Similarly, 89.1% and 71.7% of the genes up-regulated in

callus were associated with DH sites that map within 200 bp sur-

rounding the TSS in the callus and seedling, respectively. These

numbers were significantly higher than those associated with

nondifferentially expressed genes (P < 0.001, binomial test): Only

44.1% and 52.9% of the nondifferentially expressed genes were

associated with DH sites that map within 200 bp surrounding the

TSS in the seedling and callus, respectively.

It is possible that the nondifferentially expressed gene set was

relatively enriched with weakly expressed genes and/or if the dif-

ferentially expressed gene set was relatively enriched with highly

expressed genes. We removed weakly expressed genes or both

weakly and highly expressed genes in the data sets. Similar con-

clusions were obtained from analyses of the new data sets after

filtration (Supplemental Table S3). We divided the genes into 14

bins based on their expression value and then examined the per-

centage of genes associated with a DH site in the 200 bp sur-

rounding the TSS. Differentially expressed genes overall showed

a higher chance to be associated with a DH site than non-

differentially expressed genes across all bins (Supplemental Fig.

S8). Particularly, significantly higher percentages of differentially

expressed genes contained DH sites than did nondifferentially

expressed genes within bins containing low and intermediate

levels of expression (Supplemental Fig. S8).

We also examined the changes of DNase I sensitivities in

the two different tissues. We found that 67.2% and 60.7% of

the differentially expressed genes were associated with changes

of DNase I sensitivity in gene body and 1-kb upstream region,

respectively, which were significantly more than the genes with

nondifferentially expression levels in the two tissues or ran-

domly selected genes (P < 0.001, binomial test) (Fig. 6B). The

similar pattern of association was also found in gene exons, in-

trons, 200-bp upstream regions, and 200-bp downstream regions

(Fig. 6B).

Histone modifications associated with rice DH sites

The DH sites in the human genome were associated with specific

patterns of histone modifications (The ENCODE Project Consortium

2007; Boyle et al. 2008b). To examine histone modifications as-

sociated with the rice DH sites, we performed chromatin immu-

noprecipitation followed by Illumina sequencing (ChIP-seq) to

identify the positions of three histone modifications (H3K4me2,

H3K36me3, and H4K12ac) in the rice genome and integrated

our data with the recently published H3K4me3, H3K9ac, and

H3K27me3 ChIP-seq data from the 4-wk-old rice seedling (He et al.

2010). We divided the rice seedling DH sites into four categories

based on their locations relative to genes: (1) DH sites associated

with promoters (1–1000 bp upstream of the TSS), (2) DH sites

downstream from genes (200 bp downstream from transcription

end), (3) DH sites within genes, and (4) DH sites in intergenic re-

gions (all remaining DH sites).

The six histone modifications, except H3K27me3, are asso-

ciated with active gene expression (Kouzarides 2007). The seedling

DH sites associated with promoters, genes, and 200 bp down-

stream from the genes showed an overall decrease in histone

modifications compared with the immediate adjacent regions,

consistent with DH sites representing nucleosome depleted/

dynamic regions (Fig. 7A–C). Thus, the overall histone modifica-

tion patterns associated with the regions around these DH sites

are consistent with the patterns of the same modifications asso-

ciated with gene-surrounding regions in both plant and human

genomes (Barski et al. 2007; Wang et al. 2009). The DH sites within

the intergenic regions showed similar decreases of H3K4me3 and

histone acetylation (both H4K12ac and H3K9ac), but a distinct

increase of H3K27me3 (Fig. 7D). We obtained the same results

from analysis of a set of 48,935 DH sites that are shared within

all three biological replicates of seedling tissue (Supplemental

Fig. S9). Around all DH sites, we detect significant phasing of nu-

cleosomes, similar to what was previously shown in humans

around TSSs (Schones et al. 2008) and CTCF binding sites (Fu et al.

2008).

Figure 5. The relationship between DNase I sensitivity and the levels of
gene expression in seedling tissue. (A) The percentage of genes with
different expression levels (based on RNA-seq data, FPKM) associated with
DH sites in different locations (from 1-kp upstream regions of genes to
200-bp downstream regions of genes). Genes were divided into six bins
based on their expression levels, including no expression (FPKM = 0), and
from bottom 20% to top 20% (indicated as 100% in figure). (B) The
profile of DNase I sensitivity (indicated by the number of DNase-seq reads)
among the genes with different expression levels. The expressed genes
were divided into 10 bins from low expression (first) to high expression
(10th) based on the expression levels.
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We then examined the histone modifications (data all from

seedling tissue) that are associated with the tissue-specific DH sites.

The seedling-specific DH sites showed similar histone modifica-

tion patterns to those of all seedling DH sites (Fig. 7E–H). Surpris-

ingly, the callus-specific DH sites within the intergenic regions

showed a clearly increased level of histone modification compared

with the flanking regions, including H3K27me3 (Fig. 7L). We

generated a control data set by randomly selecting 78,968 rice

genomic regions that have similar lengths and sequence unique-

ness as the 78,968 intergenic callus-specific DH sites. The histone

modifications associated with these randomly selected regions

were not different from the flanking region (Supplemental Fig.

S10). These results suggest that these regions are well occupied by

nucleosomes in the seedling tissues. Genome-wide histone modi-

fication mapping using callus tissue will reveal if these genomic

regions are associated with a decreased level of nucleosome occu-

pation after becoming DH sites.

DNA methylation associated with rice
DH sites

Genome-wide cytosine methylation data

in single base pair resolution has recently

been generated from rice seedling tissue

by sequencing of bisulfite-converted ge-

nomic DNA (Zemach et al. 2010). We in-

tegrated this DNA methylation data with

our seedling DH site data set. Strikingly,

the DNA methylation levels of all DH sites

were drastically lower than the flanking

DNA sequences (Fig. 8A). A similar result

was obtained from analysis of the DH

sites shared within all three biological

replicates of seedling tissue (Supplemen-

tal Fig. S9). In comparison, randomly se-

lected rice genomic regions showed a

similar methylation level as the flanking

sequences (Supplemental Fig. S10). This

result is correlated with the fact that the

promoter regions of most rice genes are

hypomethylated (Yan et al. 2010; Zemach

et al. 2010) and with the recent discovery

that DNA methyltransferases preferen-

tially target nucleosome-bound DNA

(Chodavarapu et al. 2010).

We further analyzed the methyla-

tion levels of the tissue-specific DH sites.

Both the seedling-specific and callus-

specific DH sites located within the genes

and the 200 bp downstream regions of the

genes showed a similar hypomethylation

pattern as all the seedling DH sites (data

not shown). Surprisingly, the tissue-spe-

cific DH sites located in the promoters

showed significantly higher levels of meth-

ylation than the average methylation

level of all the seedling DH sites located

within promoters (Kolmogorov-Smirnov

test, P < 2.2 3 10�16 for both the seedling-

specific DH sites and callus-specific DH

sites compared with all the seedling DH

sites within promoters) (Fig. 8B).

Discussion

Differences of distribution of DH sites in human
and rice genomes

We describe the first genome-wide maps of the DH sites of a plant

species from two different tissues. We found 97,975 DH sites in the

rice seedling, which is strikingly similar to the 94,925 DH sites

found in human CD4+ T cells (Boyle et al. 2008a). There are

a number of other similar findings between the rice and human

DH sites. For example, highly expressed genes in both the human

and rice genomes are more frequently associated with DH sites

than weakly expressed genes (Boyle et al. 2008a). Similarly, ;39%

and 42% of the DH sites are located in the intergenic regions in the

human and rice genomes, respectively. However, the DH sites as-

sociated with the genes show different distribution patterns in the

two genomes. Approximately twice the number of rice DH sites

Figure 6. High DNase I sensitivity of the DH sites associated rice genes that differentially expressed in
the seedling and callus. (A) Heatmap of DNase I sensitivity surrounding the TSSs of genes. Genes were
sorted out based on fold change of gene expression of seedling relative to callus. The genes in the two
panels are in the same order. The genes above/under the black lines were significantly up-regulated in
the seedling and callus, respectively. DNase I sensitivity was indicated by DNase-seq read number per bp
genome per million reads. (B) Percentage of differentially expressed genes associated with DNase I sensi-
tivity changes between the seedling and callus in their genic region, 1000-bp and 200-bp upstream region
of TSS, 200 bp downstream from the gene, exon, and intron. We used similar expressed genes and genes
randomly selected (10 times) as a control, with the same sample size of differentially expressed genes.
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were associated exons, and only one-quarter of the rice DH sites are

located in introns compared with human DH sites. These differ-

ences are likely caused by the different structures of the rice and

human genes. The average intron size of human genes is 6155 bp,

which is 15-fold longer than the average intron size of rice genes

(398 bp). Intron sequences account for an average of 38% of the

rice genes compared with an average of 76% of the human genes

(Supplemental Table S4). Thus, a significantly higher proportion of

regulatory elements reside in introns in humans than in rice.

Most noticeably, ;13% of the human DH sites are located

within 2 kb upstream of the genes. In contrast, 27% of rice DH sites

are within 1 kb upstream of the rice genes in seedling tissue. This

indicates that a higher percentage of promoters may be active or

poised in the rice seedling compared with a single human cell type.

A possible explanation is that rice seedling is a heterogeneous tis-

sue or is possibly due to differences in TSS mapping accuracy

within the human and rice genomes. In the future, similar DH

maps from more homogenous plant cell types, as well as other

plant species, will be useful to draw additional comparisons be-

tween humans and plants.

Tissue-specific changes of DNase I sensitivity

The higher number of DH sites detected in the callus compared

with seedling tissue was unexpected but is not incompatible with

the literature. McClintock (1984) listed tissue culture as one of few

major classes of stress that can induce significant responses of

plant genomes to the challenge (McClintock 1984). It has been

extensively documented that tissue culture can induce ‘‘somaclonal

variation’’ in plants (Lee and Phillips 1988). Some of the varia-

tions are likely caused by tissue culture–induced change of DNA

methylation (Kaeppler and Phillips 1993) and transposon activa-

tion (Hirochika 1993), which may also impact the changes of DH

sites.

In addition to tissue culture increasing the number of DH sites

compared with the seedling, it also alters the overall sensitivity to

DNase I of a significant proportion of the DH sites. These results

demonstrate that the numbers, locations, and levels of DNase I

sensitivity of DH sites can vary significantly among different tis-

sues or organs and may be induced by biotic and abiotic stresses.

Thus, development of regulatory maps associated with different

tissue/organs or under different stresses in model organisms will be

an essential future effort for the comprehensive understanding of

transcription and regulation of gene expression.

Rice genes differentially expressed in seedling and callus tis-

sues are more likely associated with a DH site than those equally

expressed in both tissues (Fig. 6A). In addition, the DH sites asso-

ciated with such differentially expressed genes also show higher

sensitivity than those associated with genes equally expressed in

both tissues (Fig. 6A) and also tend to change the DNase I sensi-

tivity in different tissues (Fig. 6B). These results are relevant to the

fact that genes differentially expressed in different tissues may be

associated with different regulators depending on whether the

genes are under an active or repressive status. The enrichment of

the DH sites in regions surrounding the TSS of a repressed gene

may be related to poised status of transcription, such genes are

generally related to development control and have been well

characterized in D. melanogaster (Muse et al. 2007; Zeitlinger et al.

Figure 7. Histone modifications associated with all seedling DH sites (A–D), seedling-specific DH sites (E–H), and callus-specific DH sites (I–L). Six histone
modifications associated with DH sites located in promoters (A, E, I ), in 200 bp downstream from the genes (B, F, J ), within genes (C, G, K ), and in intergenic
regions (D, H, L). All start (close to 59 of gene) and end sites (close to 39 of gene) of genic DH sites (A–C, E–G) were aligned together. Note that the direction
of intergenic DH sites was from short arm toward long arm of the chromosomes. The direction of genic DH sites is the same as the direction of gene
transcription. Normalized score indicated the modification level and was calculated by reads number per bp genomic region per million reads with Z-score
transformation.
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2007). Binding of regulatory proteins to repressed genes has also

been demonstrated in plants (De Lucia et al. 2008).

While preliminary, our finding that genes differentially

expressed in seedling and callus were frequently associated with

DH sites in both tissues is consistent with the hypothesis that

genes under more complex patterns of regulation will require

larger more regulatory elements—and therefore larger regions of

open chromatin—than ‘‘housekeeping’’ genes that maintain a

constant level of expression in all tissues under all conditions.

Consist with this hypothesis, we found that the distribution of DH

sites is correlated with that of CNSs identified between rice and

sorghum. In Arabidopsis thaliana, genes associated with greater

numbers of noncoding sequences are enriched in genes expressed

in response to environmental stimuli (Freeling et al. 2007). Genes

that exhibit complex patterns of expression also tend to be those

with larger total promoters (Sun et al. 2010).

Epigenetic features associated with DH sites

A compelling question is what causes differential DNase I sensi-

tivity of the same genomic loci in two different tissues. The epi-

genetic modification patterns of these genomic regions provide

some clues for this question. It has been recently demonstrated in

A. thaliana that nucleosomal positioning and deposition of his-

tone H2A.Z can influence DNA methylation pattern (Zilberman

et al. 2008; Chodavarapu et al. 2010). DH sites represent genomic

regions that are nucelosome free or under dynamic nucleosomal

modifications or displacements. Thus, DH sites can be potentially

modified for their DNA methylation and histone modification/

replacement. We observed that the DNA associated with all the

seedling DH sites are generally hypomethylated (Fig. 8A), consis-

tent with a recent report in humans that chromosomal regions

bound to specific DNA-binding proteins are generally hypo-

methylated (Lister et al. 2009). However, tissue-specific DH sites

located in the promoters showed higher levels of DNA methylation

than the average methylation level associated with all seedling DH

sites located in promoters (Fig. 8B). Interestingly, gene methylated

in their promoters in A. thaliana tended to be expressed in a tissue-

specific manner (Zhang et al. 2006). Thus, some tissue-specific DH

sites may represent partially poised DH sites and may undergo

a demethylation process in different tissue/organs to become fully

activated. This hypothesis is supported by a recent study showing

that rice DNA isolated from suspension-cultured cells is less meth-

ylated than DNA isolated from rice seedling (Li et al. 2008b). A link

between tissue-specific chromatin accessibility, DNA methyla-

tion, and transcription factor binding has recently been demon-

strated in mammalian species (Wiench et al. 2011).

The intergenic DH sites are distinctly associated with elevated

levels of H3K27me3 (Fig. 7D,H). H3K27me3 is controlled by the

Polycomb repressive complex and plays a key role in the de-

velopment of both animals (Tolhuis et al. 2006) and plants (Zhang

et al. 2007; Bouyer et al. 2011). H3K27me3 is involved in regula-

tion (silencing) of a large number of genes in A. thaliana (Zhang

et al. 2007). Importantly, most H3K27me3-targeted genes are ex-

pressed in a tissue-specific manner (Zhang et al. 2007; Lafos et al.

2011). Since Polycomb-mediated repression can be easily reversed,

H3K27me3 may facilitate the repression of these genes in appro-

priate tissues (Zhang et al. 2007). We propose that H3K27me3 may

play a similar role in repression/activation of DH sites in different

tissues. Interestingly, H3K27me3 was also enriched within the

intergenic DH sites in humans (Boyle et al. 2008b).

Methods

Development of DNase-seq and ChIP-seq libraries
Mixed leaf and stem tissues of 2-wk-old rice cultivar ‘‘Nipponbare’’
seedlings grown in a greenhouse were collected and ground into a
fine powder in liquid nitrogen. The resulting powder was suspended
in nuclear isolation buffer (NIB; 20 mM Tris-HCl, 50 mM EDTA, 5
mM Spermidine, 0.15 mM Spermine, 0.1% mercaptoethanol,
40% Glycerol at pH 7.5) and followed the standard protocol for
nuclei isolation. Rice callus tissue was induced from sterilized
‘‘Nipponbare’’ seeds in rice calli induction medium (NB basal
medium plus vitamin, glutamine, proline, casein hydrolysate,
sucrose, and phytogel as well as 3 mg/L 2,4-D at pH 5.8) under
28°C–29°C with dark conditions. Three-week-old calli were col-
lected for nuclei isolation using the same method as for leaf tissue.
The prepared nuclei pellet was suspended in RSB buffer (10 mM
Tris at pH 7.4, 10 mM NaCl, 3 mM MgCl2) for DNase I (Roche)
digestion with increasing concentrations (0–4 units) for 10 min at
37°C.

DNased-seq library construction followed published pro-
tocols with only minor modifications (Boyle et al. 2008b). Specif-
ically, the degree of DNase I digestion was assessed by pulsed-field
gel electrophoresis (PFGE; 20–60 switch time, 18 h, 6 V/cm; Bio-
Rad). High-molecular-weight (HMW) DNA after DNase I digestion
was isolated and blunt ended with T4 DNA polymerase. Bio-
tinylated adaptor I (59 Bio ACAGGTTCAGAGTTCTACAGTCCGAC
and 59 P- GTCG GACTGTAGAACTCTGAAC) was ligated to the
DNA molecules. Dynal M-280 beads (Invitrogen) were used for
enriching DNase I–digested DNA ends after MmeI digestion.

Figure 8. DNA methylation associated with rice DH sites. We plotted
the ratio of methylated C to total C sites in DH sites and in 1000-bp re-
gions flanking the DH sites. The ratio of methylated C was adjusted by the
length. (A) DNA methylation associated with all rice DH sites associated
with seedling tissue. (B) Seedling-specific and callus-specific DH sites
within promoters showed higher levels of methylation than the average of
all seedling DH sites within promoters. Randomly selected 3061 DH sites
within promoters were used as a control.
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Adaptor II (59 P-TCGTATGCCGTCTTCTGCTTG and 59-CAAGCA
GAAGACGGCATACGANN) was then ligated to the MmeI-treated
ends. The DNA sample was amplified by PCR using linker-specific
primers (59-CAAGCAGAAGACGG CATACGA and 59-AATGATA
CGGCGACCACCGACAGGTTCAGAGTTCTACAGTCCGA) and pu-
rified by PAGE for isolation of DNA fragments with ;90 bp in size.
The final Illumina sequencing was performed using a primer specific
to linker I (59-CCACCGACAGGTTCAGAGTTCTACAGTCCGAC).

ChIP was performed followed published protocols (Nagaki
et al. 2003). Commercial antibodies against H3K4me2 (07-030,
Upstate Biotechnology), H3K36me3 (ab9050, Abcam), and H4K12ac
(ab1762, Abcam) were used in ChIP experiments. Construction of
ChIP-seq libraries was according to the protocol of ‘‘preparing sam-
ples for ChIP sequencing of DNA’’ provided by Illumina. Briefly,
ChIPed DNA was end repaired using an End-It DNA End Repair Kit
(Epicentre, ER0720). The ‘‘dA’’ base was then added to the 39 ends of
the blunt-ended DNA fragments using Klenow fragment (39-59exo-;
NEB, M0212S). Linker for single read was ligated to the DNA
molecules with dA overhang using LigaFast kit (Promega, M8221).
After 2% agarose gel running with TAE buffer, the gel region con-
taining ;150–300 bp DNA was excised for adapter-ligated DNA
size selection. The adapter-modified DNA fragments were enriched
by PCR and purified by running 2% agarose gel in TAE buffer for
isolation of DNA fragments in the range of 200–300 bp. The pu-
rified DNA sample was ready for Illumina sequencing after quality
validation. We downloaded the ChIP-seq data of H3K4me3, H3K9ac,
and H3K27me3 (He et al. 2010), which was derived from ChIP
using mixed leaf and stem tissues from 4-wk-old rice seedling.

RNA-seq

Rice seedlings and callus at the same growth stage and under the
same growing condition as those for DNase-seq experiments were
used for RNA-seq analysis. Two biological replicates from both the
seedling and callus were prepared for RNA-seq. Total RNA was
extracted using a RNeasy Plant Kit (Qiagen catalog no. 74904).
High-quality (RNA integrity number >8) was used for downstream
DNase I treatment to remove genomic DNA. Approximately 10 mg
total RNA was converted to cDNA using the mRNA-seq kit from
Illumina and barcoded cDNA library was sequenced on an Illu-
mina Genome Analyzer 2 platform. We used TopHat software
(Trapnell et al. 2009) to align the sequence reads to reference ge-
nome and used Cufflink (Roberts et al. 2011) to call the expression
values (FPKM) of annotated rice genes and to detect differentially
expressed genes. We obtained 40.1 M of RNA-seq reads from
seedlings, and 89.2% of them were mapped to the rice genome
(Tigr release 5). Similarly, we obtained 29.6 million reads from calli,
and 89.1% of them were mapped to rice genome. We also down-
loaded recently published rice RNA-Seq data that were also derived
from 2-wk-old rice seedlings (Lu et al. 2010) and RNA-seq data from
4-wk seedling (He et al. 2010) for a comparative analysis with our
RNA-seq data sets using same method. All rice genome and an-
notation data came from TIGR database (release 5). To accurately
identify the genes differentially expressed in callus and seed-
ling, we used the limma package of bioconductor (http://www.
bioconductor.org/) to analyze the published microarray data in
NCBI (Satoh et al. 2007). We controlled the FDR of differentially
expressed genes to under 0.05 for both microarray and RNA-seq
data. Only genes that show a significant expression difference in
the seedling and callus tissues in both experiments were consid-
ered as differentially expressed genes. Similarly, only genes that do
not show significant expression difference in the seedling and
callus tissues in both experiments were considered as nondif-
ferentially expressed gene. The programs of data process and sta-
tistical test were written in Perl or R (http://www.r.project.org/).

Data analysis

The reads from DNase-seq or ChIP-seq were aligned to rice genome
(TIGR release 5) with a 1-bp mismatch allowed using MAQ pro-
gram (Li et al. 2008a). Only the reads mapped to a unique position
of rice genome were used for further analysis. We used F-seq (Boyle
et al. 2008a) to identify DH sites with 200-bp bandwidth. To detect
the FDR of identified DH sites, we randomly generated 10 data sets,
the amount of reads of which is the same as the data sets from
DNase-seq. The FDR was calculated as ratio of DH sites identified
from random data sets to DH sites from DNase-seq. We set a cutoff
in F-seq to control the FDR <0.05. To investigate the saturation of
DNase-seq data, we simulated the correlation between sequencing
depth (the number of reads) and the total length of all DH sites
identified. We randomly sampled the reads from our data set. For
the callus, we sampled ;2%, ;4%, ;6%. . .98%, 100% reads from
callus DNase-seq data set, consisting of 50 data points in Figure 1B.
For seedling, we sampled ;3%, ;6%, ;9%. . .;96%, ;99% reads
from seedling DNase-seq data set, consisting of 30 data points in
Figure 1B. We identified DH sites based on these randomly sampled
data and examined the correlation between the read number and
the total length of DH sites for each data point. For each data point,
we sampled 10 times and averaged the total length of DH sites. We
fitted the data into logarithmic growth model for the regression
analysis. We used DESeq (Anders and Huber 2010) to identify the
change of DNase I sensitivity in DH sites shared between callus and
seedling (FDR = 0.01). The variance used in DESeq was estimated
based on three replicates of DNase-seq in seedling and two lanes of
data from replicate 1 of the callus (Supplemental Table S1).

To detect the density of DH sites on an entire chromosome,
we first identified all the uniquely mappable regions by generating
20-bp reads starting on every base and examining uniqueness of
each read. We then divided each chromosome into 10-kb non-
overlapping windows and calculated the ratio of uniquely map-
pable regions covered by DH sites in each window. To compare the
density of DH sites between euchromatin and heterochromatin,
we used Kolmogorov-Smirnov test to check the difference of the
ratio of two data sets: the ratios of unique region covered by DH
sites in euchromatin and the ratios in heterochromatin. To draw
the histone modification distribution from ChIP-seq data, an off-
set (half of the estimated length of ChIP fragment) toward the
downstream from reads was set in each data set as the modification
signal (75 for H3K4me2, H3K4me3, 97 for H3K9ac, 67 for
H3K27me3, 65 for H3K36me3, 77 for H4K12ac).

All rice genome and annotation data came from TIGR data-
base (release 5). The expression data of rice seedling, which were
based on Affymetrix microarrays, were downloaded from http://
www.ricearray.org/. We remapped the probe sets to the genes de-
fined by TIGR release 5. We only kept the probe sets of which all
probes were only mapped into single transcribed region. To iden-
tify the genes differentially expressed in callus and seedling, we
used limma package of bioconductor (http://www.bioconductor.
org/) to analyze the published microarray data in NCBI (Satoh et al.
2007). We controlled FDR of differentially expressed genes under
0.01. The programs of data process and statistical test were written
in Perl or R (http://www.r-project.org/).

Data access
The rice DNase I hypersensitive site and ChIP-seq data sets have
been submitted to the NCBI Gene Expression Omnibus (GEO)
(http://www.ncbi.nlm.nih.gov/geo/) under accession nos. GSE26610
and GSE26734. The data can also be viewed by a Generic Genome
Browser: https://mywebspace.wisc.edu/groups/jiang/Web/Jiming_
Jiang_Lab/Resource.html.
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