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SUMMARY

Chromatin is a highly organized structure with repetitive nucleosome subunits. Nucleosome distribution pat-

terns, which contain information on epigenetic controls, are dynamically affected by ATP-dependent chroma-

tin remodeling factors (remodelers). However, whether plants have specific nucleosome distribution patterns

and how plant remodelers contribute to the pattern formation are not clear. In this study we used the micro-

coccal nuclease digestion followed by deep sequencing (MNase-seq) assay to show the genome-wide nucleo-

some pattern in Arabidopsis thaliana. We demonstrated that the nucleosome distribution patterns of

Arabidopsis are associated with the gene expression level, and have several specific characteristics that are

different from those of animals and yeast. In addition, we found that remodelers in the A. thaliana imitation

switch (AtISWI) subfamily are important for the formation of the nucleosome distribution pattern. Double

mutations in the AtISWI genes, CHROMATIN REMODELING 11 (CHR11) and CHR17, resulted in the loss of the

evenly spaced nucleosome pattern in gene bodies, but did not affect nucleosome density, supporting a previ-

ous idea that the primary role of ISWI is to slide nucleosomes in gene bodies for pattern formation.

Keywords: Nucleosome distribution, ISWI, ATP-dependent chromatin remodeling, MNase-seq, Arabidopsis

thaliana, technical advance.

INTRODUCTION

Chromatin, which is composed of repetitive units called

nucleosomes, is the template that harbors epigenetic infor-

mation on how to spatially and temporally transcribe

genes in addition to the genetic information, and thus

changes in chromatin organization alter gene expression

(Russo et al., 1996). In eukaryotes, nucleosomes are not

distributed randomly along the chromatin, but rather in a

regular and controlled pattern (Bai and Morozov, 2010;

Sadeh and Allis, 2011; Struhl and Segal, 2013). Studies on

genome-wide and locus-specific nucleosome distribution

patterns in yeast and animals revealed that such patterns

are correlated with transcription levels, providing impor-

tant evidence that a specific nucleosome distribution

pattern contains epigenetic information that directs gene

expression (Shivaswamy et al., 2008; Weiner et al., 2010;

Yadon et al., 2010; Sala et al., 2011; Fu et al., 2012; Gaffney

et al., 2012; Li et al., 2012b; Chen et al., 2013).

ATP-dependent chromatin remodeling factors (remodel-

ers), which belong to the Snf2 ATPase family, play critical

roles in the dynamic packaging or unpackaging of chroma-

tin, using energy from ATP hydrolysis (for review see Cla-

pier and Cairns (2009)). Remodelers change the contacts

between histones and DNA in the nucleosome, allowing

them to arrange the distribution pattern of nucleosome

spacing along the chromatin. Thus, it is thought that remo-

delers play key roles in the activation or repression of gene

expression, and are essential for physiology and/or devel-

opment in yeast, animals and plants. The Arabidopsis

genome contains 41 genes that encode such ATPase remo-

delers, some of which are known to act as important epige-

netic regulators (Knizewski et al., 2008). The imitation

switch (ISWI)-type chromatin remodeling factors belong to

a subfamily of these remodelers, and the Arabidopsis thali-

ana ISWI (AtISWI) proteins CHROMATIN REMODELING 11
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(CHR11) and CHR17 are involved in multiple developmen-

tal processes, including female gametogenesis (Huanca-

Mamani et al., 2005), flowering time control (Li et al.,

2012a) and flower development (Smaczniak et al., 2012). In

addition, AtISWI has been shown to form complexes with

the AtDDT-domain proteins for regulating specific target

genes (Aravind and Iyer, 2012; Li et al., 2012a; Smaczniak

et al., 2012; Dong et al., 2013).

However, our knowledge about genome-wide nucleo-

some distribution patterns and the relationship between

gene transcription levels and the nucleosome distribution

patterns in plants is limited. Importantly, the biochemical

basis of how plant remodelers are involved in such pattern

formation is unknown. In this study, we used the micrococ-

cal nuclease digestion followed by deep sequencing

(MNase-seq) assay to address the genome-wide organiza-

tion of the nucleosome distribution in Arabidopsis and the

in vivo role of AtISWI in the formation of nucleosome dis-

tribution patterns. Finally, we propose models to explain

the differences in nucleosome distribution patterns among

plants, yeast and animals, and the common and distinct

functions of ISWI in Arabidopsis and Drosophila.

RESULTS

Nucleosome distribution patterns of different gene types

in wild-type plants

We performed an micrococcal nuclease digestion fol-

lowed by deep sequencing (MNase-seq) assay to analyse

the nucleosome distribution in Arabidopsis (Figure 1).

For quality control, we examined the MNase-seq read

distribution around replication origins (Costas et al.,

2011) and DNase I hypersensitive sites (DHS) (Zhang

et al., 2012), the latter of which represent the nucleo-

some-free region (Figure S1). The quality control showed

that the raw reads were dramatically low in the DHS and

accumulated around replication origins, which is consis-

tent with the previous knowledge of nucleosome distri-

bution in Arabidopsis (Costas et al., 2011; Zhang et al.,

2012), indicating that our MNase-seq raw data are suit-

able for nucleosome distribution pattern analysis. To

identify the position of nucleosomes, the raw reads were

processed by the TEMPLATE FILTER software, which used

seven empirical nucleosome positioning models as tem-

plates to detect potential nucleosome positions and

remove other uncorrelated reads as background (Weiner

et al., 2010) (Figure S2; for details, see Experimental

Procedures).

To find patterns of nucleosome distribution in different

types of genes in wild-type Columbia-0 (Col-0) seedlings,

we analysed separately four groups of sequences: protein-

coding genes, pseudogenes, transposable elements (TEs)

and TE genes. The chosen analysis region was from

�1000 bp upstream (1-kb promoter) to +1000 bp down-

stream (1-kb gene body) of the transcription start site

(TSS) for protein-coding genes or the 50 boundary for

pseudogenes, TEs and TE genes, because this region cov-

ers most of the transcription information in the genome

and has been commonly chosen for analysis of nucleo-

some distribution (Shivaswamy et al., 2008; Weiner et al.,

2010; Sala et al., 2011).

Whole-genome statistical analysis of 27 416 protein-

coding genes displayed a typical nucleosome distribution

pattern surrounding the TSS. Firstly, a relatively low nucle-

osome density was found in the 1-kb promoter regions

and a relatively high nucleosome density was found in the

1-kb gene bodies (Figure 2a). This pattern is consistent

with the previous results of nucleosome analysis and pre-

diction (Chodavarapu et al., 2010; Fincher et al., 2013). Sec-

ondly, an evenly spaced nucleosome distribution with a

period of approximately 160 bp was found in the 1-kb gene

bodies (Figure 2a).

There were 924 pseudogenes and 3903 TE genes that

also displayed a relatively low nucleosome density in the

1-kb promoter region and a high density in the 1-kb gene

bodies, but the evenly spaced nucleosome distribution as

shown in the 1-kb gene bodies of coding genes was not

observed (Figure 2b,c). These results suggest that the

evenly spaced nucleosome distribution in the 1-kb gene

bodies may be associated with genes that have the poten-

tial ability to transcribe.

Although pseudogenes and TE genes retain a relatively

low nucleosome density in the 1-kb promoter regions com-

pared with their own gene bodies, the nucleosome density

of the 1-kb promoter regions is much higher than that of

protein-coding genes, especially within the regions close

to the 50 boundary (Figure 2e). In addition, we performed

statistical analysis of the nucleosome read coverage on the

whole gene bodies from the TSS or the 50 boundary to the

transcription end site (TES) or the 30 boundary and the 1-kb

promoters. The nucleosome density in the 1-kb promoters

of TE genes and pseudogenes is significantly higher than

that of protein-coding genes, while that in the whole gene

bodies of TE genes is slightly higher than that of protein-

coding genes (Figure 2f,g). Taken together, these data sug-

gest that the 1-kb promoter regions of protein-coding

genes are much more open than pseudogenes and TE

genes, and the high nucleosome read density in promoters

of pseudogenes and TE genes may be related to their

expression silencing.

Unlike protein-coding genes, TE genes and pseudoge-

nes, TEs did not show an obvious regular distribution pat-

tern of nucleosomes (Figure 2d,e). It is notable that the

nucleosome occupancy of protein-coding genes in the 500-

bp region upstream of the TSS is lower than that in TEs

(Figure 2e).
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Nucleosome distribution patterns are associated with

gene expression levels

We further classified the protein-coding genes into four

categories according to their expression levels based on

our previously published Col-0 microarray data (Li et al.,

2012a): 5626 highly expressed genes, 4780 relatively highly

expressed genes, 5269 relatively lowly expressed genes,

and 5627 lowly expressed genes (Figure S3). Our data

showed that the pattern, in which the low nucleosome

occupancy is in the 1-kb promoter regions and the high

occupancy is in the 1-kb gene bodies, was present in all

categories of genes (Figure 3a–e), which suggested that

this pattern is a basic one of all protein-coding genes

regardless of expression levels. However, the pattern of

evenly spaced nucleosome distribution in the 1-kb gene

bodies closely correlated with transcription levels. The

higher the transcription level, the more prominent the

evenly spaced nucleosome pattern was (Figure 3a–e). We

found that the nucleosome distribution pattern of the lowly

expressed genes (Figure 3d) was similar to that of the

(a)

(b)

(c)

Figure 1. Micrococcal nuclease digestion followed by deep sequencing (MNase-seq) analysis of nucleosome features.

(a) An illustration of the MNase-seq experiment. Because the linear DNA was digested by MNase, DNA wrapped on histones of mononucleosomes was less

attacked by MNase, and represents the nucleosome positions in the genome.

(b) Different titration levels of MNase in the reaction of extracted nuclei. After treatment of extracted nuclei with MNase, chromatin was digested into oligo-, di-,

and mononucleosomes based on different MNase levels in the reaction. MNase levels from 0.8 U to 8 U were tested to optimize the reaction. An appropriate

level of 4 U of MNase was chosen, because at this concentration the mononucleosomes (within 100–200 bp) are most suitable for deep sequencing analysis

according to a previous report (Weiner et al., 2010). The bands on the gel show di- and oligonucleosomes (green arrowheads), and mononucleosomes (white

arrowheads). The asterisk indicates the appropriately digested mononucleosomes.

(c) Nuclei from wild-type Col-0 and chr11-1 chr17-1 were treated with MNase and the boxed DNA bands were purified for deep sequencing.
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pseudogenes and TE genes (Figure 2b,c), further support-

ing the hypothesis that genes with evenly spaced nucleo-

somes within the 1-kb gene bodies are closely correlated

with their high transcription levels.

Next, we analysed statistically the nucleosome read

coverage on the whole gene bodies (from the TSS to TES),

1-kb promoters and the upstream and downstream 200-bp

regions adjacent to the TSS (TSS region) of genes with dif-

ferent expression levels. The nucleosome density nega-

tively associated with gene expression levels in the whole

gene bodies, but not in the 1-kb promoters (Figure 3f,g).

Within the TSS regions, the nucleosome density also nega-

tively correlated with the gene expression level (Figure 3h).

These observations are consistent with the previous results

(van Dijk et al., 2010; Stroud et al., 2012) that the open

state of gene bodies and the TSS regions correlates with

gene transcription.

A more detailed analysis revealed that the position of

the first nucleosome 30 adjacent to the TSS also correlated

closely with gene expression levels. The higher the gene

expression levels, the further away the first nucleosome is

from the TSS (Figure 3i). The Kolmogorov–Smirnov test

showed that the nucleosome distribution between adjacent

groups is significantly different (Figure 3j). These results

suggest that high transcription levels of genes require the

first nucleosome to be far away from the TSS; or alterna-

tively, transcription may push the +1 nucleosome further

into the transcribed region, thus retaining a relatively open

chromatin state for transcription machineries.

AtISWI is required for nucleosome spacing in gene bodies

To understand the role of AtISWI remodelers in nucleo-

some patterning, we compared the MNase-seq data of the

AtISWI double mutant chr11-1 chr17-1 with that of the

wild-type. The basic pattern of low nucleosome density in

the promoter regions and high occupancy in the gene

bodies in wild-type was similar to that in chr11-1 chr17-1

for the 27 416 protein-coding genes analysed (Figure 4a),

suggesting that AtISWI does not contribute to this basic

pattern. Interestingly, although the first nucleosome

(a) (b) (e)

(c) (d)

(f) (g)

Figure 2. Genome-wide nucleosome distribution patterns of different types of genes and transposable elements (TEs) in wild-type Col-0.

(a–d) Nucleosome distribution patterns of protein-coding genes (a), pseudogenes (b), TE genes (c) and TEs (d) surrounding the transcription start site (TSS).

(e) Merged image of (a–d).
(f, g) Nucleosome read coverage on gene bodies (f) and on 1-kb promoters (g) of different types of genes. *P < 0.05; ***P < 0.001 in a two-sample t-test.
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(a) (b)

(c)

(f)

(i)

(j)

(g)

(h)

(d)

(e)

Figure 3. Genome-wide nucleosome distribution patterns of genes with different expression levels in wild-type Col-0.

(a–d) Nucleosome distribution patterns of highly (a), relatively highly (b), relatively lowly (c) and lowly (d) expressed genes surrounding the transcription start

site (TSS).

(e) Merged image of (a–d).
(f–h) Nucleosome read coverage on gene bodies from the TSS to the transcription end site (TES) (f), on 1-kb promoters (g), and on the TSS regions (h) of genes

with different expression levels. ***P < 0.001 in two-sample t-test.

(i) Zoom-in view of (e) around the TSS.

(j) Cumulative distribution of the distance between the TSS and the first nucleosome in gene bodies for each group. The distance was weighted by the number

of reads associated with +1 nucleosome, which provides the confidence for the existence of a given nucleosome. The Kolmogorov–Smirnov test was used to

test the equality of the distribution between each adjacent group, and the difference is significant for each test (P < 0.001).
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position was not altered in chr11-1 chr17-1, the evenly

spaced nucleosome distribution pattern in gene bodies

was obviously changed (Figure 4a). The position and den-

sity of the first nucleosome downstream to the TSS in

chr11-1 chr17-1 were similar to those in wild-type. How-

ever, the position of the second and third nucleosomes

was less prominent in chr11-1 chr17-1 compared with that

in wild-type, and regularly arranged nucleosomes after the

third one were barely present in chr11-1 chr17-1. These

results indicated that AtISWI is involved in the patterning

of the evenly spaced nucleosomes in protein-coding gene

bodies. No obvious difference in nucleosome patterns in

pseudogenes, TE genes and TEs was found between wild-

type and the chr11-1 chr17-1 mutant (Figure S4).

(a)

(b)

(c)

(d)

(e)

(f)

Figure 4. AtISWI is required for regular spacing of nucleosomes in gene bodies.

(a) Nucleosome distribution patterns of protein-coding genes in wild-type Col-0 (black line) and chr11-1 chr17-1 (red line).

(b, c) Nucleosome distribution patterns of the expression-altered (b) or unaffected (c) protein-coding genes in wild-type Col-0 (black line) and chr11-1 chr17-1

(red line). In this study, genes with altered expression levels were defined as ≥ � 1.5-fold (chr11-1 chr17-1 versus Col-0), P < 0.01. Genes with unaffected expres-

sion levels were defined as ≤ � 1.1-fold, P < 0.01.

(d) Nucleosome distribution patterns of highly, relatively highly, relatively lowly and lowly expressed genes surrounding the TSS in chr11-1 chr17-1.

(e, f) Nucleosome read coverage on gene bodies from the TSS to the TES (e) and on 1-kb promoters (f) of wild-type Col-0 and chr11-1 chr17-1.
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We next tested whether AtISWI directly affects the nucle-

osome distribution or only the gene expression profiles,

which in turn affect nucleosome distribution. Based on

gene expression levels using our previous microarray data

(Li et al., 2012a), 3180 genes showed altered expression

levels in chr11-1 chr17-1 compared with those in wild-type

Col-0, whereas 2355 were unaffected (Figures 4b,c and S5).

Our results revealed that the nucleosome distribution pat-

terns of the two groups of genes were all affected by loss

of AtISWI functions (Figures 4b,c and S5), which suggested

that the nucleosome arrangement function of AtISWI is

independent of and prior to gene transcription. In addition,

the first nucleosome is more evident in the unaffected

genes in the double mutant (Figure 4c).

Furthermore, we classified the protein-coding genes into

four categories according to their expression levels deter-

mined by our previously published chr11-1 chr17-1 micro-

array data (Li et al., 2012a). There are 5231 lowly expressed

genes, 5278 relatively lowly expressed genes, 5303 rela-

tively highly expressed genes and 5315 highly expressed

genes in the chr11-1 chr17-1 background (Figure S3). Our

data showed that the higher the transcription level, the

more evident the position of the first and second evenly

spaced nucleosomes is in gene bodies (Figure 4d). These

results suggest that a correlation between the evenly

spaced nucleosome pattern in gene bodies and the gene

transcription levels is still present in the chr11-1 chr17-1

mutant, whereas the even distribution pattern is impaired

in each of these gene groups.

Finally, we statistically analysed the nucleosome read

coverage on gene bodies (from the TSS to TES) and the

1-kb promoter regions of protein-coding genes of wild-type

and chr11-1 chr17-1. Our data showed that the number of

nucleosome reads in both gene bodies and promoters was

not statistically different between wild-type and chr11-1

chr17-1 (Figure 4e,f), suggesting that AtISWI does not

control the overall nucleosome density.

DISCUSSION

In this study, we identified the Arabidopsis nucleosome

distribution patterns from the genome-wide scale, and also

explored their relationship with gene types and the gene

expression level. Our data showed that Arabidopsis has

several unique nucleosome distribution patterns, which

are not fully consistent with those from yeast and animals.

In Arabidopsis, promoter regions usually have low nucleo-

some density with the lowest at the TSS, whereas in yeast

the corresponding regions have relatively high nucleo-

some occupancy, with several evenly spaced nucleosomes

in the promoters (Shivaswamy et al., 2008). A relatively

high nucleosome density was also observed in the 500-bp

promoter region immediately upstream of the TSS in Dro-

sophila (Sala et al., 2011). Another difference between

yeast and Arabidopsis is that yeast genes that are

expressed at low levels usually have a more evenly spaced

nucleosome pattern in gene bodies compared with the

highly expressed genes (Shivaswamy et al., 2008). This

pattern is opposite to the pattern of Arabidopsis. We pro-

pose that the difference between Arabidopsis and yeast

may stem from diverse mechanisms that regulate gene

expression. In addition, because the length of the DNA per

nucleosome may be quite different between these organ-

isms, this difference might also account for the difference

of nucleosome patterns.

ATP-dependent chromatin remodeling factors were

thought to assemble nucleosomes via two major ways:

sliding and depositing or ejecting nucleosomes (Clapier

and Cairns, 2009). In addition, regular spacing of nucleo-

somes is a common action of ISWI remodeler (Langst and

Becker, 2001; Gkikopoulos et al., 2011). Our study provides

additional in vivo evidence that AtISWI acts in sliding

nucleosomes in gene bodies. Because the nucleosome

density is similar in wild-type and the chr11-1 chr17-1

mutant, the primary role of AtISWI may not be involved in

the deposition or ejection of nucleosomes. We showed the

direct AtISWI effect on the generation of the evenly spaced

nucleosome pattern in gene bodies (see a model in Figure

S6). It is possible that sliding nucleosomes is a fundamen-

tal role that ISWI plays, which is conserved between ani-

mals and plants. It has been shown that the Drosophila

ISWI generates an evenly spaced structure of the nucleo-

some in an in vitro biochemical assay (Narlikar, 2010), and

in vivo data have shown that Drosophila ISWI slides the

first two nucleosomes in gene bodies (Sala et al., 2011). All

these data, together with the fact that the ISWI proteins

have very conserved structures among eukaryotes (Yadon

and Tsukiyama, 2011), suggest that the function of ISWI is

conserved at the biochemical level. However, some minor

differences of the ISWI function were also present in Ara-

bidopsis and Drosophila. For example, Drosophila ISWI

functions not only surrounding the TSS but also at the TES

(Sala et al., 2011). Besides, the AtISWI mutant also showed

increased nucleosome read density in the middle of DHS

(Figure S1), which suggested the possible role of AtISWI in

controlling the nucleosome positioning around these

potential regulatory sites. Therefore, each species may

have some minor differences of the ISWI function in vivo.

We could not exclude the possibility that AtISWI has a

function in sliding nucleosomes in pseudogenes, TEs, TE

genes and the promoter regions of protein-coding genes,

although a regular nucleosome distribution pattern was

not observed in these genomic regions in wild-type and in

the loss-of-function AtISWI mutant. Because these regions

do not show a regular nucleosome distribution pattern, we

are currently unable to extract information about how AtI-

SWI remodels nucleosomes in these regions. The yeast

Isw2 protein has been shown to be involved in the regula-

tion of nucleosome positioning in many gene regions

© 2014 The Authors
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(Yadon et al., 2010). In addition, AtISWI has been shown to

have roles in gene silencing (Li et al., 2012a), which may

reflect a role for AtISWI in affecting the promoter regions.

In the future it would be of interest to develop software for

extracting information on how nucleosome distribution

occurs in these regions, thus helping analyse the diverse

functions of different types of remodelers.

EXPERIMENTAL PROCEDURES

Plant materials and growth conditions

Arabidopsis chr11-1 chr17-1 mutant is in the Col-0 background
and has been described previously (Li et al., 2012a). Plant growth
conditions were according to our previous methods (Xu et al.,
2003).

Nuclear extraction, MNase treatment and DNA purification

The nuclear extraction and MNase treatment were performed
according to previously described methods (Zhang et al., 2007;
Shivaswamy et al., 2008; Chodavarapu et al., 2010; Weiner et al.,
2010; Sala et al., 2011; Gaffney et al., 2012; Li et al., 2012b) with
modifications. For nuclear extraction, 2-week-old Arabidopsis
seedlings without roots were ground in liquid nitrogen and resus-
pended in lysis buffer [50 mM HEPES, pH7.5, 150 mM NaCl, 1 mM

ethylenediaminetetraacetic acid (EDTA), 1% Triton X-100, 10%
glycerol, 5 mM b-mercaptoethanol and protease inhibitor cocktail
(Roche, https://www.roche-applied-science.com)]. After lysis for
about half an hour, the lysis mixture was filtered through a 40-lm
cell strainer (BD, https://www.bd.com/). The filtered plant extracts
were centrifuged for 20 min at 3200 g to precipitate nuclei. Iso-
lated nuclei were washed once with HBB buffer (25 mM Tris–HCl,
pH 7.6, 0.44 M sucrose, 10 mM MgCl2, 0.1% Triton-X and 10 mM

b-mercaptoethanol) and once with HBC buffer (20 mM Tris–HCl,
pH 7.5, 352 mM sucrose, 8 mM MgCl2, 0.08% Triton-X, 8 mM

b-mercaptoethanol and 20% glycerol). The obtained nuclei were
resuspended with 100 ll of HBC buffer and flash frozen in liquid
nitrogen.

For MNase treatment, the prepared nuclei were diluted into
900 ll of MNase digestion buffer [20 mM Tris–HCl, pH 8.0, 5 mM

NaCl, and 2.5 mM CaCl2] and divided into five portions. Each por-
tion was digested with 4 U (final concentration of 0.02 U ll�1) of
MNase (TaKaRa, http://www.clontech.com/takara) for 15 min. The
digestion was stopped by addition of 8 ll of 500 mM EDTA, and
then treated with 80 lg of RNase A (Sigma, http://www.sigmaal
drich.com/) and 200 lg of Proteinase K (Roche), each for 1 h. DNA
was purified with phenol/chloroform extraction and precipitated
with salts and ethanol. Purified DNA was run on a 2% agarose gel,
and bands corresponding to approximately 150 bp were cut and
purified with a Gel Purification kit (Qiagen, http://www.qiagen.
com/).

Deep sequencing

Approximately 1 lg of MNase-digested mononucleosome DNA
was used for Illumina library generation following the manufac-
turer’s instructions (Illumina, http://www.illumina.com/). Library
construction and deep sequencing were performed by Genergy
Biotechnology Co. Ltd. (Shanghai, China) using Illumina HiSeq
2000 following the manufacturer’s instructions (Illumina). Raw
data comprise 50 bp of single-end sequences.

Data analysis

For data analysis, FastQC (http://www.bioinformatics.babra-
ham.ac.uk/projects/fastqc/) was used to examine the quality of
sequencing reads. Based on the FastQC results, the first eight
bases with irregular GC content and the last five bases with low
sequencing quality were removed. The trimmed reads were
mapped to the A. thaliana genome (TAIR10) using BOWTIE2.0
with default settings (Langmead et al., 2009). To remove the
potential bias caused by PCR amplification, only one copy of
duplicated reads that mapped to exactly the same location was
kept. Reads with low mapping quality (MAPQ < 20) were also dis-
carded. As a result, 7 573 917 unique reads of Col-0 and
11 362 722 unique reads of chr11-1 chr17-1 were obtained for fur-
ther analysis, resulting in 13 and 19 reads per nucleosomes,
respectively, on average (Table S1). Nucleosome positions were
identified using the TEMPLATE FILTER software (http://comp-
bio.cs.huji.ac.il/NucPosition/TemplateFiltering/Home.html) (Weiner
et al., 2010). Briefly, filtered reads were collapsed and prepared as
required by the software, and seven pre-defined templates of both
forward and reverse reads corresponding to nucleosomes as pro-
vided by the software website (Templates_7.1.txt) were used for
detecting the position of nucleosomes. In this study, all major
conclusions drawn based on nucleosome positions identified by
TEMPLATE FILTER were repeatable using the raw reads (Figure S7),
which have a relatively high background while maintaining the
authentic biological signal, suggesting that TEMPLATE FILTER is also
applicable to plant nucleosome position detection. For analysis of
raw data, each read was extended to 150 bp (the expected length
of nucleosome), and the center of the reads that are expected to
be at the dyad position was used for further analysis. No exten-
sion was applied to the read for TEMPLATE FILTER analysis as the soft-
ware infers the length of extension automatically (Figure S1).

The gene annotation file was downloaded from the TAIR home-
page (http://www.arabidopsis.org). All genes could be divided into
four major categories: 27 416 protein-coding genes, 31 189 TE,
3903 TE genes, and 924 pseudogenes. For nucleosome profile
around the TSS, all gene regions are aligned such that the TSS
across different genes are at the same position. The regions 1-kb
up- and downstream of the TSS were divided into 40 bins. Bin size
was set to 5 bp, and a 20 bin moving window was used for
smoothing of the curve. The average nucleosome coverage for
each group was first normalized by bin length and total nucleo-
some coverage (Read Per Kilobase Per Million Mapped Reads,
RPKM) and was then calculated. Here, ‘Read’ represents the num-
ber of reads mapped to nucleosomes determined by TEMPLATE FIL-
TER. For raw data analysis in Figure S7, the corresponding RPKM
represents read number normalized by sequence length and
sequencing depth.

Expression data has previously been published with Gene
Expression Omnibus (GEO) accession GSE22159 (Li et al., 2012a).
RMA was used to normalize the datasets, and differentially
expressed genes were defined based on combined criteria: |
FC| > 2 and analysis of variance (ANOVA) P < 0.01.

To explore the relationship between nucleosome positioning
and gene expression intensity, both Col-0 and chr11-1 chr17-1
expression datasets were divided into four groups ranked by gene
expression intensity, and the RPKM were calculated for each
group. The DHS data have previously been published (Zhang
et al., 2012) and downloaded from GEO (GSE34318). Replication
origin sequences were downloaded from a previous study (Costas
et al., 2011), and were aligned with TAIR10 using BLAST.
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Accession Numbers

The MNase-seq data were deposited in the Gene Expression
Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) under the
accession number GSE50242.
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