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influence on plant gene expression

Ming-Jung Liu," Alexander E. Seddon,' Zing Tsung-Yeh Tsai,' lan T. Major,?
Monique Floer,* Gregg A. Howe,*? and Shin-Han Shiu’

" Department of Plant Biology, Michigan State University, East Lansing, Michigan 48824, USA; 2DOE-Plant Research Laboratory,
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Nucleosome positioning influences the access of transcription factors (TFs) to their binding sites and gene expression.
Studies in plant, animal, and fungal models demonstrate similar nucleosome positioning patterns along genes and correla-
tions between occupancy and expression. However, the relationships among nucleosome positioning, cis-regulatory ele-
ment accessibility, and gene expression in plants remain undefined. Here we showed that plant nucleosome depletion
occurs on specific é-mer motifs and this sequence-specific nucleosome depletion is predictive of expression levels.
Nucleosome-depleted regions in Arabidopsis thaliana tend to have higher G/ C content, unlike yeast, and are centered on spe-
cific G/ C-rich é-mers, suggesting that intrinsic sequence properties, such as G/ C content, cannot fully explain plant nucle-
osome positioning. These 6-mer motif sites showed higher DNase | hypersensitivity and are flanked by strongly phased
nucleosomes, consistent with known TF binding sites. Intriguingly, this 6-mer-specific nucleosome depletion pattern occurs
not only in promoter but also in genic regions and is significantly correlated with higher gene expression level, a phenom-
enon also found in rice but not in yeast. Among the é-mer motifs enriched in genes responsive to treatment with the defense
hormone jasmonate, there are no significant changes in nucleosome occupancy, suggesting that these sites are potentially
preconditioned to enable rapid response without changing chromatin state significantly. Our study provides a global assess-
ment of the joint contribution of nucleosome occupancy and motif sequences that are likely cis-elements to the control of
gene expression in plants. Our findings pave the way for further understanding the impact of chromatin state on plant tran-

scriptional regulatory circuits.
[Supplemental material is available for this article.]

The dynamic and specific binding of transcription factors (TFs) to
DNA sequences plays a vital role in the temporal and spatial regu-
lation of gene expression. Because DNA is wrapped in nucleosomes
(Richmond and Davey 2003), the modulation of nucleosome oc-
cupancy influences genome accessibility, thus creating a direct
means to control gene expression. Consistent with the role of nu-
cleosomes in regulating gene expression, global nucleosome map-
ping studies in yeast and humans have shown that lower
nucleosome occupancy in promoter regions is correlated with ele-
vated gene expression (Lee et al. 2007; Valouev et al. 2011). For ex-
ample, loss of yeast histone proteins in promoter regions leads to
elevated expression of approximately 2500 genes (Gossett and
Lieb 2012), demonstrating the global effect of nucleosomes on
gene expression. In addition, highly expressed genes tend to
have phased nucleosomes along the gene body and a ~150-bp nu-
cleosome-depleted region (NDR) immediately upstream of the
transcription start site (TSS). This nucleosome occupancy pattern
reflects the competition between nucleosome formation and
RNA polymerase or general TFs binding to core promoter regions
(Valouev et al. 2011; Struhl and Segal 2013).

There are at least two factors determining nucleosome occu-
pancy in the genome. The first is intrinsic sequence property. In
yeast and human studies of the in vitro reconstruction of genomic
DNA and histones into nucleosomes, poly(dA/dT) stretches repel
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and G/C-rich sequences promote nucleosome formation (Kaplan
et al. 2009; Valouev et al. 2011; Zhang et al. 2011; Hughes et al.
2012; Struhl and Segal 2013). The second is cellular trans-acting
factors including transcription factors and chromatin remodelers
that also affect nucleosome occupancy, overriding the influence
of intrinsic sequence properties. For example, binding sites for hu-
man TFs tend to occur in nucleosome-depleted and G/C-rich re-
gions, in contrast to findings based on in vitro reconstitution
experiments (Valouev et al. 2011; Wang et al. 2012). The competi-
tion between nucleosome formation and TF binding to G/C-rich
regions provides a mechanism to regulate transcriptional activity
(Wang et al. 2012). This is illustrated by the finding that insertion
or deletion of the nucleosome-disfavoring sequence poly(dA/dT)
around TF binding sites (TFBSs) significantly affects transcription
in yeast (Raveh-Sadka et al. 2012), showing the importance of
chromatin structure as a determinant of gene expression.

In plants, genome-wide nucleosome positions have been de-
termined for Arabidopsis thaliana (Chodavarapu et al. 2010; Li et al.
2014), rice (Oryza sativa) (Wu et al. 2014), and maize (Zea mays)
(Fincher et al. 2013; Vera et al. 2014). These studies examined
the relationship between nucleosome positions and DNA methyl-
ation, known TFBSs, and gene expression (Chodavarapu et al.
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Nucleosome occupancy and plant gene expression

2010; Fincher et al. 2013; Li et al. 2014; Vera et al. 2014; Wu et al.
2014). In particular, it was shown that the nucleosome density
around TSSs and within gene bodies correlates with gene expres-
sion in A. thaliana and maize (Li et al. 2014; Vera et al. 2014). It
has also been shown that phased nucleosomes flank known
TFBSs and DNase I hypersensitive sites (DHSs) in rice, which are
likely bound by regulatory proteins (Wu et al. 2014). In addition,
studies of DHSs in A. thaliana have revealed the relationships be-
tween chromatin accessibility and environmentally sensitive or
tissue-specific DNA elements (Zhang et al. 2012; Sullivan et al.
2014). Nonetheless, there are several questions relevant to the re-
lationships between nucleosome occupancy, cis-regulatory se-
quences, and gene expression that are yet to be addressed in
plants or other model systems. The first is to what extent knowl-
edge of nucleosome occupancy may explain gene expression in a
statistical context. Second, although TFBSs were found to be sur-
rounded by phased nucleosomes in plants (Wu et al. 2014), it re-
mains unclear if there are additional sequence motifs that tend
to be located in nucleosome-depleted regions, how these motifs af-
fect gene expression, and whether the relationships between se-
quence motifs and nucleosome depletion are influenced by
where the motifs are located. Third, the extent to which nucleo-
some occupancy in plants is influenced by environmental stimuli
remains to be determined.

To address the preceding questions, we profiled genome-wide
nucleosome positioning and transcript abundances in A. thaliana
to investigate the relationships between nucleosome occupancy,
6-mer motif sequences resembling TF binding sites, and gene
expression.

Results and discussion

Nucleosome occupancy and gene expression

To assess nucleosome positions, micrococcal nuclease (MNase) was
used to digest nucleosome-bound genomic DNA (gDNA) isolated
from A. thaliana rosette leaves, and the resulting DNA fragments
were sequenced (“nucleosome gDNA” sample). For comparison, a
“naked gDNA” sample stripped of proteins was also digested with
MNase and sequenced (see Methods). Consistent with the expected
size of mononucleosomes (Richmond and Davey 2003), the most
prominent band from nucleosome gDNA samples was ~150 bp
(Supplemental Fig. S1A), in contrast to the naked gDNA samples
(Supplemental Fig. S1B). The nucleosome gDNA read coverage per
base—referred to as the Nucleosome OCcupancy (NOC) score (see
Methods)—revealed NDRs immediately upstream of TSS and a
prominent +1 peak (Supplemental Fig. S1C,D), consistent with ear-
lier studies (Yuan etal. 2005; Valouevetal. 2011; Fincheretal. 2013;
Lietal. 2014; Wu et al. 2014). In contrast, the naked gDNA sample
did not show these patterns (Supplemental Fig. S1C,D). To evaluate
the relationship between nucleosome occupancy and gene expres-
sion, genes were binned according to transcript levels. Compared to
genes with lower transcript abundance, genes with higher tran-
script abundance tend to have lower nucleosome occupancy in
NDRs and genic regions, a well-positioned nucleosome (larger dif-
ferential between the peak and surrounding trough) immediately
downstream from the TSS, and a characteristic occupancy pattern
surrounding the transcription termination site (TTS) (Fig. 1A),
which is consistent with previous studies in A. thaliana, rice, maize,
and human (Valouev et al. 2011; Fincher et al. 2013; Li et al. 2014;
Wu et al. 2014). Taken together, these findings indicate our nucle-
osome data are of comparable quality to published studies.
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Figure 1. Relationships between nucleosome occupancy and gene ex-
pression. (A) Nucleosome occupancy profiles in regions flanking the tran-
scription start site (TSS, left) and transcription termination site (TTS, right)
of protein coding genes with different transcript levels (expression percen-
tile in which the 0-10 category includes genes with the lowest expression
level): (NOC) median nucleosome occupancy score of genes per base. (B)
Regression coefficient of a linear regression model for gene expression pre-
diction using nucleosome occupancy in 100-bp bins flanking TSS (left) and
TTS (right) as predictors: (R?) coefficient of determination of the overall
model; (error bars) the 5th and 95th confidence interval. (C) Same as B,
except that naked gDNA data were used.

Although it is clear that nucleosome occupancy is negatively
correlated with gene expression, it is not known to what extent nu-
cleosome occupancy differences among genes may explain varia-
tion in gene expression in a quantitative model. To this end, a
linear regression model was established by examining nucleosome
occupancy in 2-kb regions surrounding both TSS and TTS (Fig. 1B).
The coefficient of determination (R%) of the regression model is
0.22 (Fig. 1B), indicating that 22% of the transcript level variance
can be explained by nucleosome occupancy (compared to R*=
0.01 for the model based on naked gDNA data) (Fig. 1C). Note
that in the regression model, the gene expression level is log trans-
formed, indicating its nonlinear relationship to nucleosome occu-
pancy (see Methods). In addition, the sequence bins differ greatly
in how they contribute to the regression model. For example, the
nucleosome occupancy in regions 100 bp upstream of and down-
stream from the TSS was significantly negatively correlated with
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expression level, whereas the occupancy in the region correspond-
ing to the +1 peak was strongly positively correlated compared to
surrounding regions (Fig. 1B). Interestingly, correlation between
nucleosome occupancy in genic region bins and expression level
tends to be weaker but significantly negatively correlated, indicat-
ing that the extent of nucleosome occupancy in genic regions may
also impact gene expression (Fig. 1B). Our results reveal that differ-
ences in nucleosome occupancy alone can explain expression-lev-
el differences to some extent, but ~78% of the expression level
variance remains unaccounted for. Considering that chromatin
accessibility influences how TFs interact with cis-regulatory se-
quences (Raveh-Sadka et al. 2012), this raises a question whether
nucleosome occupancy on specific sequence motifs within the
promoter could better explain gene expression among other con-
tributing factors, such as RNA stability. To further reveal the rela-
tionship among nucleosome occupancy, specific sequences, and
gene expression, we next determined how sequence context af-
fects nucleosome occupancy.

G/C content and nucleosome occupancy

The nucleosome occupancy in yeast and human genomes corre-
lates with intrinsic sequence properties where G/C-rich sequences
tend to have a higher nucleosome occupancy compared to

A/T-rich sequences (Mavrich et al. 2008; Valouev et al. 2011;
Wang et al. 2012). Surprisingly, the nucleosome occupancy
among randomly chosen 150-bp genomic regions in A. thaliana
is significantly negatively correlated with G/C content (Pearson’s
correlation coefficient, r=—0.1, P< 2.2 x 107'°) (Fig. 2A). For com-
parison, this pattern is much weaker in naked gDNA (r=-0.02, P =
1x107%) (Fig. 2B). To address whether this is a general feature in
plants, we examined nucleosome occupancy from rice (Wu et al.
2014) that diverged from the A. thaliana lineage ~200 million years
ago (Wolfe et al. 1989). Similar to A. thaliana, the rice nucleosome
occupancy is negatively correlated with G/C content (r=-0.1, P<
2.2 x 10719 (Fig. 2C). However, among rice genomic regions with
30%-40% G/C, there is a positive correlation (r=0.21, P<2.2 x
107'%), a pattern that is also found in human (Wang et al. 2012).
The correlation coefficients (%) in A. thaliana and rice are both
about 0.01, showing that G/C content explains only ~1% of nu-
cleosome occupancy differences (Fig. 2A,C). Nonetheless, the
overall negative correlation between G/C content and nucleo-
some occupancy in plants is in contrast to the positive correlation
seen in budding yeast (r=0.19, P<2.2 x 107'°) (Fig. 2D), suggest-
ing that intrinsic sequence properties may have a weaker influence
on plant nucleosome positioning compared to fungi. Given the
small effect size, the technical difference among studies may con-
tribute to some of the differences between plant and fungi.

A A. thaliana nucleosome gDNA B A. thaliana naked gDNA c Rice nucleosome gDNA D Yeast nucleosome gDNA
Density (10-2) Density (10-2) Density (102) Density (103)
__\70_ 1 po—— - 1 r— _ I P - (REE )
2\: 0 4 0 4 0 6 0 5
50 i J J
s
1] -
©304 . i - i ’ i
N
Q
r=-0.1, p<2.2e-16 r=-0.02, p=0.001 r=-0.1, p<2.2e-16 r=0.19, p<2.2e-16
10 T T T T T T T T T T T T T T T T T T T T T
0 1 2 30 1 2 3 0 0.8 1.6 0 10 20 30
NOC
E A. thaliana nucleosome gDNA F A. thaliana naked gDNA G Rice nucleosome gDNA H Yeast nucleosome gDNA
- 6_ e — — P — -t e o meve 40 — o o——
§ — = - meesnliOe— =] — - e ot - - e
§ 44 - - . = v —- - - i - -
o - . . = ] - .
N
8 - - - | -
S |r=-086 - |r=-017 - |r=-052 . Jr=-004
0 p<2.2e-16 p<2.2e-16 p<2.2e-16 p=0.01
T T T T T T T T T T T T T T T T T T T T T T T T
-2 - 0 -2 -1 -2 -1 -2 -1 0
Normalized NOC
Motif G/C=6 Motif G/C=5 Motif G/C=4 Motif G/C=3 Motif G/C=2 Motif G/C=1 Motif G/C=0
342.5 o )
= k.
< T s -
9325 g B : ) -
8 r=-0.08 r=-0.26 r=-0.31 r=-0.30 "] r=-026 % r=-041 #. | r=-0.32
a 275 p=0.54 p=2.0e-07 p<2.2e-16 p<2.2e-16 p=6.2e-16 p<2.2e-16 “[[p=0.01 "W
-1.0 -05 0 -1.0 -05 O -1.0 -05 O -1.0 0.5 0 -1.0 -05 0 -1.0 -05 0O -1.0 -05 0
Normalized NOC

Figure 2. The correlation between nucleosome occupancy and G/C content in A. thaliana, rice, and yeast. (A-D) The correlation between G/C content
and nucleosome occupancy determined with A. thaliana nucleosome gDNA (A), A. thaliana naked gDNA (B), rice nucleosome gDNA (C), and yeast nu-
cleosome gDNA data (D). The density plots indicate the probability density of values from 36,000 randomly chosen 150-bp genomic regions. (E-H)
Relationships between the normalized NOC scores (NOCs) and the numbers of G/Cs in 6-mers determined with the data indicated in A-D. The normalized
NOC score is controlled for background nucleosome occupancy (see Methods). (/) Relationships between the percent G/C content of 200-bp regions cen-

tered on 6-mer motif sites and the medians of normalized NOCs of 6-mer
coefficient.

motifs with different numbers of G/C nucleotides. (r) Pearson’s correlation
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Regions bound by regulatory factors in human tend to have high
G/C content and low nucleosome occupancy (Valouev et al. 2011;
Wang et al. 2012). In addition, nucleosome occupancy is influ-
enced by chromatin remodelers and transcription factors
(Valouev et al. 2011; Wang et al. 2012; Struhl and Segal 2013).
Our findings (Fig. 2A-D) suggest that binding of trans-acting fac-
tors to specific sequence motifs in high G/C content regions
is an important determinant of nucleosome positioning in
A. thaliana.

To determine whether the extent of nucleosome occupancy
in A. thaliana is correlated with specific sequence motifs, which
would suggest the involvement of DNA binding trans-acting fac-
tors, we computed a normalized NOC score (see Methods) repre-
senting the degree of nucleosome occupancy in 200-bp regions
centered on each possible 6-mer sequence after adjustment for
the background occupancy (Supplemental Fig. S2). This normali-
zation is necessary because NOC of a sequence is influenced by
the region in which it is located (e.g., the NOCs in NDRs are lower
in general) (Fig. 1A). Similar to the negative correlation between
G/C content and nucleosome occupancy in randomly chosen
genomic regions (Fig. 2A), there was a significantly stronger nega-
tive correlation between the nucleosome occupancy and number
of G/C nucleotides in the 6-mer motifs in A. thaliana (r=-0.86,
P<2.2x1071% (Fig. 2E) and rice (r=-0.52, P<2.2x 107'%) (Fig.
2G). In contrast, the correlations are substantially weaker in A.
thaliana naked gDNA (r=-0.17, P<2.2 x 107'°) (Fig. 2F) and the
yeast nucleosome gDNA (r=-0.04, P=0.01) (Fig. 2H). We should
emphasize that, among 6-mer motifs with the same G/C content,
some 6-mers have higher degrees of nucleosome depletion than
other motifs (Fig. 2E), suggesting that specific sequence motifs in-
fluence the nucleosome occupancy pattern. In addition, the nega-
tive correlation between 6-mer motif G/C content and normalized
NOC within motif-centered regions is not simply due to the G/C
content of regions flanking the 6-mer sites, because G/C content
of the motif-centered regions can only explain 0.64% (6-mer G/
C=6) to 6.8% (6-mer G/C=2) of the variation of normalized
NOCs (Fig. 2I). The nucleosome position patterns associated
with motifs are not due to enzyme digestion or sequencing bias
because the pattern is not observed in the naked gDNA data set
(Fig. 2B,F). Taken together, our results suggest that plants are likely
distinct from human and yeast in the relative influence of intrinsic
and frans-acting factors on nucleosome positioning. In addition,
specific-sequence motifs, particularly those with high G/C con-
tent, tend to be associated with nucleosome-depleted regions in
plants.

Relationship between é6-mer nucleosome occupancy
and DNase | hypersensitivity

The binding of TFs to DNA influences nucleosome positioning and
shapes the chromatin architecture around DNA regulatory ele-
ments (Struhl and Segal 2013; Hughes and Rando 2014). In mice
and humans, although TFBSs tend to be nucleosome depleted,
binding sites of some TFs tend to be nucleosome enriched (Teif
et al. 2012; Wang et al. 2012). To identify A. thaliana 6-mer motifs
that are significantly enriched in nucleosome-depleted or nucleo-
some-enriched regions, we compared the NOCs of 200-bp regions
centered on a 6-mer motif to those of regions of randomly chosen
genes with the Mann-Whitney U test (Fig. 3A; Supplemental
Fig. S2; Methods). We identified 272 6-mer motifs located in the
proximal promoter regions (TSS to 500 bp upstream) that have
significantly lower nucleosome occupancy compared to regions
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Figure 3. Degrees of nucleosome depletion around 6-mer motif sites
and the relationships between occupancy and DNase | hypersensitivity
(DHS) in A. thaliana. (A) Volcano plot showing the relationships between
normalized NOC scores (x-axis) and the statistical significance (-logo
[P-value], y-axis) testing whether the distribution of normalized NOCs of
200-bp regions around sites of each 6-mer differs from the normalized
NOC distribution of randomly chosen sites with the same relative positions
(Mann-Whitney U test). The NOC score here is determined according to
the nucleosome gDNA data. (Red) 6-mers that have significant nucleo-
some depletion (P<1 x 107'9), have normalized NOC scores <—0.5, and
are enriched among the top 10% highly expressed genes (Type |, n=
59); (blue) 6-mers with significant nucleosome depletion but not enriched
among highly expressed genes (Type ll, n=213); (orange) 6-mers en-
riched among the highly expressed genes but with no significant nucleo-
some depletion (Type Ill, n=66). (B) Volcano plot as in A but determined
using naked gDNA data. (C) Relationships between normalized NOC and
DHS scores for regions surrounding 6-mer motifs based on nucleosome
gDNA data. (D) Same as in C except naked gDNA data were used. (E)
The normalized NOC and DHS (per base) profiles in regions surrounding
genomic sites of the G-box (CACGTG) and a shuffled G-box sequence
(CTGCAG) located in proximal (500 bp upstream of TSS) and distal (1
kb to 500 bp upstream of TSS) promoters. The x-axis represents the dis-
tance to motif sites.

neighboring randomly chosen genes (Mann-Whitney U test,
P<1x107'°and normalized NOC < —0.5) (Fig. 3A, upper left quad-
rant). These 272 6-mers are defined as significantly nucleosome-de-
pleted motifs. On the other hand, we did not identify a single 6-mer
to be enriched in regions with significantly higher nucleosome
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occupancy than background (Fig. 3A). For comparison, no 6-mer
motifs are significantly depleted or enriched in the naked gDNA
sample based on the same criteria (Fig. 3B). Importantly, using a
DHS data set from A. thaliana leaf samples (Zhang et al. 2012), we
found a strong negative correlation between DHS and normalized
NOC in nucleosome gDNA samples (r=-0.86, P<2.2x 1079
(Fig. 3C; Supplemental Fig. S3B), but not in naked gDNA (r=0.28,
P<2.2x107'°) (Fig. 3D). DHS is considered to be a hallmark of reg-
ulatory DNA elements (Gross and Garrard 1988). In A. thaliana and
rice, the DHSs contain the cis-regulatory elements bound by known
TFs (Zhang et al. 2012; Sullivan et al. 2014; Wu et al. 2014). Despite
the differences in digestion mechanism and cleavage bias between
MNase for determining nucleosome occupancy (Chungetal. 2010;
Vierstra et al. 2014) and DNase I for revealing open chromatic re-
gions (Sunget al. 2014; Vierstra et al. 2014), the positive correlation
between motif-specific nucleosome depletion and heightened
chromatin accessibility supports the notion that nucleosome-de-
pleted motifs may be bound by TFs.

We next used the G-box motif (CACGTG) as an example to
determine whether the nucleosome depletion patterns are specific
for some sequence motifs and its relationship with DHS. G-box is
recognized by bZIP and basic helix-loop-helix TFs including MYC2
(Jakoby et al. 2002; Toledo-Ortiz et al. 2003; Godoy et al. 2011).
The normalized NOC in regions surrounding the G-box was clearly
reduced and was associated with a correspondingly higher DHS
(Fig. 3E). In contrast, regions surrounding the CTGCAG motif,
which has a G/C content identical to that of the G-box, are not nu-
cleosome depleted (Fig. 3E). To determine if similar nucleosome
depletion and DHS patterns occur for motifs in regions with no
NDRs, we defined the regions between 1.0 and 0.5 kb upstream
of TSS as the “distal promoter.” Interestingly, nucleosome occu-
pancy and DHS profiles of the CACGTG motif found in distal pro-
moter regions are similar to the proximal promoter regions,
although the signal is weaker (Fig. 3E). We also observed similar
trends of nucleosome occupancy and DHS profiles between prox-
imal and distal promoter regions for the GGGCCG motif (lowest
normalized NOC = —1.2) and the TCTATA motif (highest normal-
ized NOC=0.2) (Supplemental Fig. S3A). These findings suggest
that some motif sequences are specifically associated with nucleo-
some depletion regardless of their distance from the TSS, possibly
due to binding of trans-acting factors as suggested by their correla-
tions to DHS.

Nucleosome depletion and 6-mer motif location

We showed that the nucleosome depletion patterns associated
with the G-box and other motif sequences are similar between
proximal and distal promoter regions (Fig. 3E; Supplemental Fig.
S3A). In addition, A. thaliana DHSs are located not only in proxi-
mal promoter regions but also within the gene body or in inter-
genic regions more distant from genes (Zhang et al. 2012;
Sullivan et al. 2014). Furthermore, TFBSs located in gene bodies
are important for transcriptional regulation (Stergachis et al.
2013). To determine whether the nucleosome depletion patterns
specific to 6-mer motifs in proximal promoter regions are generally
found in other locations, we calculated normalized NOC for each
base in 2-kb regions surrounding each 6-mer motif. Although the
degree of nucleosome depletion among sites is the most pro-
nounced in proximal promoters, strong nucleosome depletion
patterns are also evident in distal promoters, coding sequences
(CDS), and TTS 3’ but are not apparent in UTRs and introns (Fig.
4A). Note thatin 5" UTR, we observed a depletion pattern immedi-

ately before the motif sites, mostly due to the NDRs (Supplemental
Fig. S4). These results are consistent with the finding that TSS,
CDS, and intergenic regions have the highest proportion of DHS
footprints (Sullivan et al. 2014).

Our findings highlight the potential contribution of cis-regu-
latory motifs not only in promoter regions but also in the gene
body and regions downstream from TTS to the transcriptional reg-
ulation of A. thaliana genes. In addition, we showed that the nucle-
osome depletion pattern is motif specific in the promoter regions
(Fig. 3). These two observations raise the question whether the nu-
cleosome depletion associated with specific motif sites in promot-
ers also occurred globally regardless of the genomic regions in
which the motifs were located. To assess this, we compared the
normalized NOC scores of a 6-mer motif located among different
genomic regions. We found that a motif with a stronger depletion
pattern in proximal promoter regions tends to have lower overall
nucleosome occupancy in other regions also (Spearman’s rank cor-
relation coefficient, p =0.67-0.88, between proximal and all other
region pairs, P<2.2x107'%) (Supplemental Table S1). Thus, al-
though different regions have very distinct background nucleo-
some occupancies, the presence of certain motifs predicts, at
least in part, the extent of nucleosome occupancy regardless of
where the 6-mer motif is located (Fig. 4A; Supplemental Table
S1). To further explore whether this pattern of motif-specific nu-
cleosome depletion is a general feature of other eukaryotes, we an-
alyzed MNase-seq data sets from rice (Wu et al. 2014) and budding
yeast (Gossett and Lieb 2012). In rice, the depletion patterns in dif-
ferent regions are highly similar to those in A. thaliana (Fig. 4A,B).
In addition, a 6-mer motif associated with low occupancy in A.
thaliana tends to have a low NOC score in rice (between region
pairs across species, p=0.21-0.71, P<2.2 x 107'°) (Supplemental
Table S1). In contrast, the motif-specific nucleosome depletion
pattern between A. thaliana and budding yeast is only weakly neg-
atively correlated (p=-0.08-0.12, P<4.8x1077) (Supplemental
Table S1). This would suggest that similar motifs are targeted by
trans factors in plants but not in yeast.

Motif-specific nucleosome depletion and gene expression

Our findings thus far indicate that the phenomenon of motif-
specific nucleosome depletion is likely common among land plant
species and fungi but different sets of sequences are involved. In
addition, this phenomenon is particularly pronounced when mo-
tif sequences are located in promoters, CDS, and TTS 3’, which is
highly similar to the pattern observed in earlier studies based on
analysis of DHS distributions (Sullivan et al. 2014). This raises
the possibility that motifs located in nucleosome-depleted regions
are cis-regulatory elements involved in regulating gene expression.
To assess this possibility, we calculated for each 6-mer motif the
median expression level of genes containing the motif in a partic-
ular region of the gene and the normalized NOC of the motif for
the same region. Consistent with our interpretation that motif-
specific nucleosome depletion patterns are relevant to gene expres-
sion regulation, in A. thaliana there is a significant correlation be-
tween median expression level and normalized NOC in the
proximal promoter and CDS (Fig. 4C). The correlation between ex-
pression and motif-specific nucleosome depletion in proximal
promoter and CDS is even stronger in rice (Fig. 4D). However,
this is not the case in the distal promoter or downstream TTS re-
gions (Fig. 4C,D). This is similar to findings in human showing
that the number of DHS footprints within CDS is correlated with
gene expression level (Stergachis et al. 2013). Taken together, our
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Figure 4. Nucleosome occupancy profiles of 6-mer sites located in different genic and intergenic re-
gions and their relationships to transcript abundance. (A) Heatmaps showing A. thaliana nucleosome oc-
cupancy around 6-mer motif sites located within distal promoter, proximal promoter, 5" untranslated
region (5’ UTR), CDS (coding sequences), intron, 3’ UTR, and TTS 3’ (500 bp downstream from TTS) re-
gions. The 4096 6-mers (y-axis) were sorted according to normalized NOCs at the regions centered on
the motif sites with those with lower scores (lower nucleosome occupancy) at the bottom. For distal pro-
moter, only divergent genes where the TSS is 1.5 kb away from the TSS of the upstream gene were con-
sidered. For TTS 3’ regions, only convergent genes where the TTSs are 500 bp away from the TTS of the
downstream gene were included. (Arrowhead) 6-mer motif position. (B) Rice 6-mer motif occupancy
profiles in different regions as in A. (C) Relationships between median normalized NOC scores of each
6-mer and median transcript abundance of genes with the 6-mer in question located in A. thaliana prox-
imal, distal, CDS, or TTS 3’ regions. (D) Same as C except rice data are used. (p) Spearman’s rank corre-
lation coefficient.

occupancy (Methods).

These findings reinforce the notion
that motif sites satisfying both criteria,
enriched in highly expressed genes and
nucleosome-depleted, have a strong
phasing pattern/position bias remi-
niscent of TFBSs. Consistent with this
interpretation, the PCC distances (see
Methods) between Type I motifs and their
top matching known TF binding motifs
(TFBMs) (Franco-Zorrilla et al. 2014) are
significantly smaller than the distances

findings indicate that nucleosome-depletion associated with spe-
cific sequence motifs is correlated with the level of gene expres-
sion. In addition, regulatory motifs in CDS are likely a common
feature among eukaryotes.

Nucleosome-phasing and position bias of known TFBMs

The correlation between motif-specific nucleosome depletion and
expression level (Fig. 4) suggests that specific sequence motifs and
their nucleosome occupancy jointly control gene expression. In

between all 6-mer motifs and their top matching TFBMs (Mann-
Whitney U test, P-value < 1 x 107%) (Fig. 5F). Thus, Type I motifs
are more similar to known TFBMs than most other 6-mers. In ad-
dition, most Type I motifs are similar to in vitro binding sites of
TEOSINTE BRANCHED1/CYCLOIDEA/PROLIFERATING CELL
FACTORT1 (TCP) family TFs (Fig. 5C,D, top; Supplemental Tables
S8, 89). This is consistent with the fact that we used leaf DNA sam-
ples and earlier studies indicating TCP members’ roles in leaf devel-
opment (Iwakawa et al. 2007; Martin-Trillo and Cubas 2010).
Aside from Type I motifs, 213 motifs have significantly lower
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Figure 5. Properties of Type |, II, [l motifs. (A) Nucleosome phasing pattern in 1-kb regions flanking 6-mer motif sites. Type |, II, and Ill motifs are as
defined in Figure 3A. (Arrowhead) 6-mer motif position; (blue) lower occupancy; (yellow) higher occupancy. (B) Positional bias of motif sequences located
within proximal promoter regions. Color represents the proportion (%) of 6-mer sites in a 25-bp bin compared to the entire region. (C) Families with TFs
that likely bind to Type |, II, and Il motifs. (Pink) 6-mer with significantly higher in vitro binding affinity (P <0.01) to a TF in a family (Weirauch et al. 2014)
compared to random 6-mers (Methods). (D) TF families that likely bind to Type |, II, and Ill 6-mer motifs. (Pink) the best matching binding motif from a TF
family (Franco-Zorrilla et al. 2014) to a 6-mer with PCC distance <0.38 (P<0.05) (Methods). (E) Nucleosome phasing pattern in 1-kb regions flanking
TFBM sites (Weirauch et al. 2014). (F) PCC distance distributions of Type I, II, and Ill motifs and all 6-mers compared to their top matching TFBMs
(Franco-Zorrilla et al. 2014). (G) Performance of gene expression predictive models based on Type |, II, and lll as well as randomly chosen 6-mer motifs.
(Random guess) gray dotted line. (H) Performance of gene expression predictive models based on motifs enriched among COR-induced genes (black line).

(Random guess) gray dotted line; (error bar) the standard error at 0.1 false positive rate intervals; (AUC-ROC) Area Under Curve-Receiver Operating
Characteristic.

nucleosome occupancy relative to the background but are not sig- occupancy than background, a tendency to be located in proximal
nificantly overrepresented among highly expressed genes (Type II) promoter regions (Fig. SA,B, middle), and similar to Type I motifs,
(Fig. 3A, blue circles; Fig. 5; Supplemental Table S2). Similar to significantly higher sequence similarity to known TFBMs (Mann-
Type I motifs, Type II motifs have significantly lower nucleosome Whitney U test, P-value <9.7 x 107'2) (Fig. 5F). However, genomic
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regions surrounding Type II motifs have only relatively weak nu-
cleosome phasing, and positional preference is more diffused com-
pared to Type I motifs (Fig. 5A,B, middle). Another 66 motifs
enriched among highly expressed genes did not pass the stringent
threshold to be classified as motifs with significant nucleosome
depletion (Type III) (Fig. 3A, orange circles; Supplemental Table
S2). Type III motifs have the highest nucleosome occupancy and
the most diffused distribution (Fig. 5A,B, bottom). In contrast to
Type I/II motifs, Type III motifs are not significantly more similar
to TFBMs compared to all 6-mer motifs (Mann-Whitney U test, P-
value = 0.07) (Fig. 5F), despite the fact that Type III motif sites are
enriched among highly expressed genes (Fig. 3A; Supplemental
Table S2). Note that the matching TFBM can be the same for mul-
tiple 6-mers (Fig. 5C,D); thus, it is not surprising that the 6-mers
can be organized into multiple clusters, where each cluster con-
tains 6-mers that may be bound by the same TFs (Supplemental
Fig. S6; Supplemental Table S2).

Two TFBM data sets from in vitro binding studies (Franco-
Zorrilla et al. 2014; Weirauch et al. 2014) were used in this analysis.
The similar mapping patterns of Type I/II 6-mer motifs to multiple
TF family members between these studies further suggest that
these 6-mer motifs are potential TFBMs (Fig. SC,D). To further
demonstrate that nucleosome-depleted 6-mer motifs are likely
TFBMs, we next examined in vivo binding data of 27 TFs
(Heyndrickx et al. 2014). We found that, despite differences in
growth and developmental conditions between the in vivo bind-
ing and our studies, the chromatin immunoprecipitation signal
peaks of bHLHs and ERFs tend to overlap with Type I and II
motif sites compared to randomly chosen sites (Fisher’s exact
test, P<1x 107*) (Supplemental Fig. S7; Methods). To assess the
nucleosome occupancy pattern based on known TF binding motifs
directly instead of 6-mers that may or may not be bound by TFs, we
first classified TFBMs into three types based on the same criteria as
that for classifying 6-mers (Fig. 5A). As expected (Fig. 5A,C,D), we
found that the Type I/II motif sites of various TFBMs, particularly
those relevant to TCP, bHLH, and ERF families, showed significant
nucleosome depletion and strong phasing pattern (Fig. SE, top and
middle), supporting the observations in Figure 5A. These results
are consistent with our interpretation that some Type I/II 6-mer
motifs may be bound by TFs.

Gene expression predictions based on 6-mer motifs
and nucleosome occupancy

The three types of motifs have contrasting nucleosome depletion
and phasing pattern, distribution within promoters, and correla-
tions with highly expressed genes (Fig. 5A,B). To address the ques-
tion of how well each type of motif may explain gene expression,
we used the support vector machine (SVM) algorithm to establish
models with motifs of each motif type (Fig. 5G) to predict whether
a gene would be expressed at high or low level (Methods). We
found that Type I motifs performed better (Area Under Curve-
Receiver Operating Characteristic, AUC-ROC =0.68) than either
random guess (AUC-ROC=0.5) or randomly picked 6-mers
(AUC-ROC=0.62) (Fig. 5G). Together with our findings on the
abundance of Type I motifs in proximal promoter regions and
their strong phasing pattern (Fig. SA,B, top), the expression predic-
tion with Type I motifs further indicate their relevance to gene ex-
pression regulation.

The model based on Type Il motifs can only predict highly ex-
pressed genes with an AUC-ROC=0.59 (Fig. 5G), in fact worse
than the model based on randomly drawn 6-mer motifs (AUC-

ROC=0.62) (Fig. 5G). This result implies that these Type II motifs
are not strongly associated with gene expression, at leastin the leaf
tissue we analyzed. On the contrary, the model based on Type III
motifs showed the best performance (AUC-ROC=0.7) (Fig. 5G),
even slightly better than the model based on Type I motifs. This
isintriguing because Type I motifs are expected to be the most use-
ful for predicting genes with high expression levels due to their lo-
cation, nucleosome depletion, and strong phasing. Although Type
III motifs are enriched in the proximal promoters of highly ex-
pressed genes, they are associated with relatively closed chromatin
(Fig. 5A, bottom). One explanation is that some Type III motifs
are bound by transcriptional repressors. For example, some
Type III motifs resemble in vitro binding sites of C2C2-GATA
and C2C2-YAB TFs (P-values <0.05) (Fig. 5D, bottom) that may
act as repressors (Richter et al. 2010; Franco-Zorrilla et al. 2014).
Alternatively, some trans-acting factors may bind to their binding
sites regardless of chromatin status as shown in studies of A. thali-
ana APETALA1 and SEPALLATA3 (Pajoro et al. 2014). Some TFs
have also been shown to preferentially bind nucleosome-occu-
pied regions (Teif et al. 2012; Ballare et al. 2013). Another consid-
eration is that although some of the Type III motifs have higher
nucleosome occupancy compared to Type I and II motifs, the oc-
cupancy in Type III motifs is still lower when all motifs are con-
sidered (Fig. 3A, orange dots versus all dots). Thus, it is possible
that some Type III motifs are associated with altered nucleo-
somes, which have been shown to permit TF binding in yeast
(Floer et al. 2010). Taken together, our findings show that lower
nucleosome occupancy on specific motif sequences is an impor-
tant predictor of gene expression level. In addition to motifs lo-
cated within relatively open chromatin, those located in
regions with higher nucleosome occupancy contribute to the
gene expression prediction model.

Influence of environmental condition on nucleosome occupancy

Our results show that the motif-associated nucleosome depletion
is correlated with gene expression in A. thaliana leaves (Fig. 4C).
In addition, many cis-regulatory elements are known to be respon-
sible for dynamic changes of gene expression in various environ-
ments (Marcotte et al. 1989; Mundy et al. 1990; Baker et al.
1994; Zou et al. 2011; Hickman et al. 2013; Benn et al. 2014;
Franco-Zorrilla et al. 2014; Sullivan et al. 2014). This raises the
question of whether environmental stimuli may affect nucleo-
some occupancy on cis-regulatory elements and ultimately tran-
scriptional response to environmental perturbation. To address
this, we treated A. thaliana with coronatine (COR), which is an an-
alog of the plant hormone jasmonoyl-L-isoleucine (JA-Ile) in-
volved in regulation of gene expression in response to wounding
(Feys et al. 1994; Uppalapati et al. 2005; Katsir et al. 2008; Koo
and Howe 2009). We identified 366 genes as being significantly
induced (>twofold increase in transcript level, adjusted P <0.05)
within 1 h of COR treatment (Supplemental Fig. S8B). To assess
whether COR-induced gene expression is correlated with changes
in nucleosome occupancy, we first compared nucleosome occu-
pancy changes between COR-induced and all annotated genes.
Surprisingly, NOC scores before and after COR treatment were
similar between COR-induced and annotated genes in all four
genomic regions examined (250 bp upstream of TSS, TSS to 250
bp downstream, TSS to TTS, and 300 bp upstream of TTS)
(Supplemental Fig. S8C). Thus, changes in nucleosome occupancy
as measured in our approach were not apparently correlated with
differential gene expression. Nonetheless, because nucleosome
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occupancy on 6-mer motifs is negatively correlated with gene ex-
pression levels (Figs. 4, 5), it is possible that occupancy differences
are mostly in regions with cis-elements controlling the COR
response instead of the entire genes and their surrounding se-
quences. To assess this possibility, we identified 31 6-mer motifs
significantly enriched in proximal promoter regions of COR-in-
duced genes compared to all genes (one-sided Fisher’s exact test,
P<0.01) (Supplemental Table S3), including the G-box known to
regulate JA-responsive gene expression (Boter et al. 2004; Godoy
et al. 2011). To demonstrate the relevance of these motifs to
COR-induced gene expression, we applied the SVM algorithm to
generate a COR-inducible gene prediction model based on these
31 enriched motifs. The 31 motif model performed significantly
better (AUC-ROC=0.82) (Fig. SH) than random guess (AUC-
ROC=0.5), indicating these motifs are likely relevant to regulating
the expression level of COR-responsive genes.

Next, we determined how COR treatment affected nucleo-
some occupancy in regions harboring these 31 motif sequences.
The median normalized NOCs of some 6-mer motifs enriched in
COR-induced genes are only slightly different between control
and COR-treated samples (Fig. 6A; Supplemental Table S3). For ex-
ample, the GCACGT and ACGTGC motifs are more nucleosome-
depleted and nucleosome-enriched in COR versus control treat-
ments, respectively (Fig. 6B,C). However, such difference is not sig-
nificant statistically. In fact, none of the 31 motifs exhibited
significantly different nucleosome occupancy level before and af-
ter COR treatment (Supplemental Table S3). Thus, the nucleosome
occupancy levels on these motifs are indistinguishable before and
after COR treatment. Interestingly, some of these motif sequences
showed either nucleosome-depleted or enriched patterns
(Supplemental Table S3). For example, the ATACAT motifs en-
riched in COR-induced genes were nucleosome-enriched in both
control and COR samples (Fig. 6D; Supplemental Table S3). The
ATACAT motif is similar to the AT-hook containing TF 20
(AHL20) (PCC distance =0.24) (Methods), which has been impli-
cated in the regulation of plant defense response (Vom Endt
et al. 2007; Lu et al. 2010). In contrast to ATACAT motif, the
G-box (CACGTG) showed a nucleosome-depleted pattern both
in control and COR samples (normalized NOC = -0.49 in control
and —0.46 in COR) (Fig. 6E; Supplemental Table S3), suggesting
that G-box may be associated with TFs even in the absence of
COR treatment. Consistent with this hypothesis, there is evidence
to suggest that MYC-MYB TF complexes can bind to G-box motifs
in the promoters of glucosinolate biosynthesis genes both in the
absence and presence of the JA-Ile signal (Schweizer et al. 2013).
In this case, additional regulators of JA-mediated defense responses
may initiate rapid changes in gene expression without the need to
displace nucleosomes (Howe 2010). Taken together, these results
suggest that the DNA accessibility of cis-regulatory motifs in plant
JA-response genes may be poised to facilitate a rapid transcription-
al response to environmental stimuli.

Conclusion

Through genome-wide analysis of nucleosome occupancy, we re-
vealed that the NDR in promoters would explain 22% variation
of gene expression. Beyond that, we further characterized the chro-
matin state around 6-mer motif sequences and demonstrated their
relevance to gene expression in A. thaliana. We found significant
negative correlations between G/C content (genomic regions
and 6-mer motifs) and nucleosome occupancy in A. thaliana and
rice that are distinct from budding yeast. In addition, after control
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Figure 6. Nucleosome occupancy of COR-induced genes. (A)
Comparison of normalized NOC scores for 6-mers enriched among coro-
natine (COR)-induced genes between control and COR-treated condi-
tions. (B-E) The NOC (per base) profiles for GCACGT (B), ACGTGC (C),
ATACAT (D), and CACGTG (E) motifs located in the proximal promoters
of COR-induced genes under control and COR-treated conditions. The
x-axis represents the distance to 6-mer sites.
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for G/C content, we found that 6-mer motifs differ significantly in
their nucleosome occupancy. Intriguingly, sites of a 6-mer motif
that have nucleosome depletion in the proximal promoter region
tend to have overall lower occupancy in other intergenic and genic
regions. Furthermore, this sequence-specific nucleosome-deple-
tion pattern is tightly associated with DHS. Because these patterns
are conserved between A. thaliana and rice but not budding yeast,
we suggest that these motif sites, including those located in pro-
moter or coding sequences, may be part of a conserved mechanism
for controlling plant gene expression. Consistent with this notion,
regions containing a subset of the nucleosome-depleted motifs ex-
hibit strong nucleosome-phasing patterns that are indicative of TF
binding such as TCP, ERF, and bHLH families. This is further sup-
ported by our ability to distinguish highly and lowly expressed
genes in machine learning predictions using motif information
and nucleosome occupancy. A recent study provided an extensive
look at the genome-wide, tissue-specific, and condition-specific
DHSs and identified known/novel motifs in open chromatin re-
gions in A. thaliana (Sullivan et al. 2014). Our findings comple-
ment existing nucleosome profiling and DHS studies by
providing an explicit link between chromatin architecture, se-
quence motifs, and gene expression.

Although nucleosome-depleted regions around some 6-mer
motif sequences can partly explain gene expression levels, this is
not always the case. In addition, contrary to our expectation that
induced gene expression should have significant changes in nucle-
osome occupancy, motifs enriched among COR-induced genes
showed no clear difference in nucleosome occupancy before and
after treatment. One explanation for these findings is that these
motifs are accessible to TFs both before and after perception of en-
vironmental cues that trigger JA production. This would be similar
to Drosophila heat shock TF (Guertin and Lis 2010) and the mam-
malian glucocorticoid receptor (John et al. 2011) that bind to sites
that are accessible prior to heat shock and glucocorticoid treat-
ments, respectively. Potentially trans factors in addition to those
already bound may be required to kick-start transcriptional initia-
tion. This is consistent with the findings that the number of TFBSs
far exceeds the number of regulated genes (MacQuarrie et al. 2011)
and plant TF binding to target genes do not necessarily lead to
transcriptional initiation (Para et al. 2014). We also found that
some motif sites have higher nucleosome occupancy compared
to those with clear phasing patterns but are enriched among and
predictive of highly expressed gene. Thus, despite the fact that
we are able to classify highly and lowly expressed genes based on
nucleosome occupancy alone, there are additional players in
how chromatin states contribute to plant gene expression regula-
tion that are yet to be identified.

In addition to regulatory components relevant to plant tran-
scriptional regulation, there are a few limitations in our approach.
First, because rosette leaf tissue used in this study contains multi-
ple cell types, the nucleosome occupancy we revealed may mask
cell-type-specific nucleosome occupancy patterns. Second, instead
of using one concentration of MNase, digestion of gDNA with a
wide-range of MNase concentrations will provide a better kinetic
understanding of chromatin accessibility, particularly in identify-
ing weakly bound nucleosomes and subtle changes in nucleosome
occupancy in different environments (Bryant et al. 2008). Despite
these shortcomings, our findings advance the understanding of
the impact of chromatin structure on the regulation of plant
gene expression. We demonstrate that sequence-specific nucleo-
some depletion in promoter and CDS regions is an informative
and evolutionarily conserved feature for gene expression pre-

diction. We also provide quantitative assessments of nucleosome
occupancy among specific motif sequences on plant gene expres-
sion. The predictive models described in this study provide a base-
line on which to incorporate additional factors controlling
transcriptional regulation.

Methods

Plant materials and isolation of DNA and RNA

Arabidopsis thaliana Col-0 seeds were imbibed in water at 4°C in
darkness for 4 d for stratification, grown on soil (Arabidopsis
mix) under long-day conditions (16 h of light/8 h of dark) at a flu-
ence rate of 100 pmol/m?/sec', and watered with half-strength
Hoagland nutrient solution once per week (otherwise with deion-
ized water). After ~4 wk, the aerial tissues before bolting were har-
vested and immediately immersed in liquid nitrogen. To assess the
effect of environmental stimuli on nucleosome occupancy, plants
were treated with coronatine (COR) (Sigma) or water (control), as
described previously (Attaran et al. 2014). The harvested samples
were ground with liquid nitrogen and divided into three aliquots
for nucleosome genomic DNA (gDNA), naked gDNA, and RNA iso-
lation. For isolating nucleosome gDNA, the nuclei were purified
from one aliquot with nuclei extraction buffer (10 mM Hepes
[pH 7.6], 5 mM potassium chloride, 5 mM magnesium chloride,
1 M sucrose, 14 mM B-mercaptoethanol, 0.6% Triton X-100,
0.4 mM phenylmethanesulfonyl fluoride, 1x ethylenediamine-
tetraacetic acid-free protease inhibitor [Roche]), digested with
0.4 units/uL. micrococcal nuclease (MNase) (NEB) for 9 min, and
purified with phenol/chloroform. To generate the naked gDNA
sample, the gDNA was isolated without the nucleus isolation
step as described previously (Dellaporta et al. 1983), purified
with phenol/chloroform to strip off proteins, and digested with
0.25 units/uL. MNase (NEB) for 1.75 or 3 min. Instead of cutting
the 150 bp DNA fragments from the agarose gels (Chodavarapu
et al. 2010), all the purified DNA fragments were used to construct
libraries for 50-bp paired-end (PE) sequencing, following an ap-
proach that evaluates not only nucleosome occupancy but also
regulator binding sites (Henikoff et al. 2011). For assessing the re-
lationships between nucleosome occupancy and expression, total
RNA was purified with the E.Z.N.A. Plant RNA kit (Omega Bio-Tek)
and used to construct a single-end sequencing library following
the Illumina protocol.

Four RNA samples (two control and two COR-treated sam-
ples) were indexed separately and then pooled into one lane of a
flow-cell. Four nucleosome gDNA samples (two control and two
COR-treated samples) and one naked gDNA sample were indexed
separately, pooled together, and all five indexed samples were
loaded into each of two lanes on one flow cell. Sequencing was per-
formed with the Illumina HiSeq 2500 platform. Approximately
150 million 50-bp reads were obtained per lane.

Sequencing data processing

To map the MNase-seq and RNA-seq reads, A. thaliana reference ge-
nome sequence and gene models were retrieved from The A. thali-
ana Information Resource (TAIR10; http://www.arabidopsis.org).
To focus on the analysis of mononucleosome protected sequenc-
es, MNase-seq reads from nucleosome-protected or naked gDNA
were further analyzed if the fragment size (distance between PE
reads) was between 140 and 170 bp. These qualified PE reads
were trimmed with Trimmomatic (default setting except leading
=20, trailing=20, and minlen=20) (Bolger et al. 2014) and
mapped to the genome allowing two mismatches with Bowtie
(version 1.0.0) (Langmead et al. 2009). For each nucleotide in
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the genome, the degree of nucleosome occupancy was represented
by the Nucleosome OCcupancy (NOC) score that is the number of
reads mapped to the position in question divided by the total
mapped reads per million for each sample. For comparison, a sec-
ond approach was used by calculating coverage of each genomic
position considered only the midpoint position of each read
(Fig. SAE; Supplemental Fig. S1D). Because the genome-wide nu-
cleosome occupancy of control and COR sample replicates are
highly correlated (Pearson’s correlation coefficient >0.96) (Sup-
plemental Table S5), the reads from replicates were combined to-
gether for the downstream analyses. Note the biological variation
of naked gDNA sample is unaccounted for because only one rep-
licate was generated.

Transcript levels of annotated genes were determined by
mapping the RNA-seq reads to the genome with TopHat (version
1.4.1) (Trapnell et al. 2009) and were shown as fragments per kilo-
base per million fragments mapped (FPKM) calculated with
Cufflinks (version 2.2.0) (Trapnell et al. 2010). Only protein-
coding genes with FPKM “low confidence interval” >0 (Trapnell
et al. 2010) were included in downstream analyses. To identify
COR up-regulated genes, the transcript levels of control and
COR-treated samples were compared with EdgeR (Robinson et al.
2010). Any gene with false discovery rate adjusted P<0.05
(Benjamini and Hochberg 1995) and >twofold increase in RNA
level under the COR-treated condition was considered up-regulat-
ed. The numbers of raw, quality filtered, and mapped reads and the
sequencing coverage were reported in Supplemental Table S4.

The A. thaliana DNase 1 sequencing data set used is from a
published study examining leaf tissues of 2-wk-old plants (Zhang
et al. 2012). The mapping method of DNase I-seq data was the
same as for MNase-seq. To determine DNase I hypersensitivity
(DHS), the positions of the DNase I cutting sites were inferred
from the 5’ coordinates of the mapped reads according to pub-
lished studies (Boyle et al. 2008; Sullivan et al. 2014).

The same methods used for A. thaliana were also used to ana-
lyze the rice seedling and yeast MNase-seq and RNA-seq data sets.
The genome sequences and gene models were based on the ge-
nome version release 7 for rice (http://rice.plantbiology.msu.edu)
and R64-1-1 for budding yeast (http://www.yeastgenome.org).
Because yeast gene annotations contain little or no information
about intron and UTR coordinates, respectively, and the yeast
genes are so densely distributed that few genes fit the distance/
transcription-direction criteria for distal and TTS 3’ analyses
(Supplemental Table S1), these regions were not included in yeast
nucleosome occupancy analyses.

Calculation of the nucleosome positioning, DHS,
and in vivo TF binding around motif sequences

Six-mer motif sequences occurring in genic as well as the flanking
regions 1 kb upstream of and 500 bp downstream from protein
coding genes were identified using a customized python script.
The motif sites of the TFBMs on proximal promoters of genes in
Figure S5E were identified with motility (http://cartwheel.caltech.
edu/motility/intro.html) with P-value<1x107% Only the pro-
tein-coding genes with FPKM “low confidence interval”>0
(Trapnell et al. 2010) in control or COR samples were considered
to be expressed and included in the further analyses. For each ge-
nomic position containing a 6-mer, a normalized “regional
Nucleosome OCcupancy (NOC)” score was calculated by taking
the log, ratio between the average nucleosome occupancy of a
200-bp genomic region centered on the motif site to those on
the same coordinates of a randomly chosen gene. Because lower
nucleosome occupancy was seen in the direction of transcription
(Supplemental Fig. S2A), this normalization was to control for

the background occupancy, particularly considering the presence
of NDR in the proximal promoter region. For each 6-mer se-
quence, the median of normalized NOC scores described above
was used to represent the nucleosome occupancy surrounding
the 6-mer in question. To identify A. thaliana 6-mer motifs that
are significantly enriched in nucleosome-depleted or nucleo-
some-enriched regions (Fig. 3A), the Mann-Whitney U test was
performed to evaluate the significance of the differences between
the nucleosome occupancy levels of a 200-bp genomic region cen-
tered on the motif site to those on the same coordinates of a ran-
domly chosen gene.

The DNase I hypersensitivity (DHS) score for each 6-mer mo-
tif site in Figure 3C,D was calculated by averaging the number of
cut positions per million DNase I mapped reads within 150 bp cen-
tered on the motif site. For each 6-mer motif, the median DHS
score among the motif sites was reported. In Figure 3E and
Supplemental Figure S3A, DHS profiles represent the average
DHS signal at each DNA base pair position among motif sites with-
in a 2-kb window centered on the motif sequence. To determine
whether 6-mer motifs is likely the in vivo binding motif of a TF
(Supplemental Fig. S7), the degree of overlap between the 6-mer
motif occurrences and chromatin immunoprecipitation (ChIP)-
seq peaks (Heyndrickx et al. 2014) was determined. The statistical
significance of overlap was evaluated using the Fisher’s exact test.
A ChlIP-seq peak and a 6-mer motif site is considered overlapping if
the midpoint of the region covered by a ChIP-seq peak is located
within the 6-mer motif site.

Six-mer motif enrichment among highly and lowly
expressed genes and distances between é-mers and
known TFBMs

Genes were regarded as highly expressed if their expression level
>90th percentile FPKM values over all genes, whereas lowly
expressed genes were those at the bottom 10th percentile.
Enrichment of a 6-mer was determined by whether their occur-
rence in promoters of highly expressed genes is significantly high-
er than that in promoters of lowly expressed genes with the
Fisher’s exact test. Here, promoter was defined as the 500-bp region
upstream of TSS. The test P-value was adjusted for multiple testing
(Benjamini-Hochberg method) (Benjamini and Hochberg 1995).
Only the 6-mers with adjusted P-value <0.05 were further ana-
lyzed (Fig. S).

The 338 6-mers with significantly lower than expected de-
grees of nucleosome occupancy and/or enriched among highly ex-
pressed genes were compared to two sets of TFBMs: 279 TFBMs of
256 plant TFs from 30 families (Weirauch et al. 2014) and 108
TFBMs of 63 plant TFs from 26 families (Fig. 5C,D; Franco-
Zorrilla et al. 2014). We analyzed the two data sets separately since
the data available were different. In the smaller data set (Franco-
Zorrilla et al. 2014), the distance measure between each 6-mer
and a TFBM was calculated as 1-PCC (Pearson’s correlation coef-
ficient) where the PCC value was generated with TAMO (Gordon
et al. 20095). To define that a 6-mer and a known TF binding motif
were significantly more similar than expected between TF fami-
lies (thus the 6-mer in question is likely bound by TF[s] from a
family the 6-mer is similar to), the pairwise distances of known
TF binding motifs across TF families were calculated, and the fifth
percentile of distance, 0.38 (with a P-value=0.05), was set as a
threshold.

In the larger data set (Weirauch et al. 2014), the in vitro bind-
ing affinities of all the possible 8-mers of a TF in the Protein
Binding Microarray (PBM) were available. The binding affinity of
a 6-mer motif for the TF in question was estimated by taking the
median value of the E-scores (Godoy et al. 2011) of all PBM
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8-mers containing the 6-mer motif. The statistical significance of
the estimated binding affinity was determined by bootstrapping
with one million replicates. A 6-mer motif with an adjusted boot-
strapping P-value < 0.01 was considered to have significantly high-
er in vitro binding affinity to a TF. In Figure 5C, instead of
indicating the specific TF, the family the TF in question belongs
to was shown.

Linear model for explaining expression levels based
on nucleosome occupancy

To determine how nucleosome occupancy may explain expression
level, a linear model was generated (with the Im function in R) (R
Core Team 2014) in which the expression level (FPKM) of a gene
was regressed based on the average NOC scores over positions in
sequence bins from 1-kb regions flanking both the TSSs and
TTSs. Genes with gene bodies smaller than 1 kb were excluded
from the analysis because we examined 1-kb regions flanking
TSSs and TTS, otherwise presumably genic bins would contain
intergenic regions. To determine how the nucleosome occupancy
in different regions relative to TSSs and TTSs may explain expres-
sion level differences among genes, the regions specified above
were divided into equally sized bins of 50, 100, and 250 bp. We
choose to use a 100-bp bin because it has a larger R? (coefficient
of determination, fraction of the gene expression explained) of
the linear model compared to the 250-bp bin model and smaller
variance inflation factors of the regression coefficient (the larger
the factor is, the more serious a problem multicolinearity becomes)
compared to the 50-bp bin model (Supplemental Table S6). The
linear regression analysis described above was also performed on
naked genomic DNA data. The results show that there might be
a slight bias near TSS, but no strong effect on expression was iden-
tified (Fig. 1C).

Gene expression prediction

We predict expression in two contexts with the support vector ma-
chine (SVM) method that allows modeling of gene expression con-
sidering the joint contributions of a set of motifs. In the first
context, we predicted whether a gene would be highly or lowly ex-
pressed based on multiple sets of 6-mers. Here, the 6-mers signifi-
cantly enriched among highly expressed genes and significantly
nucleosome-depleted (Fig. 5) were used as attributes, whereas the
binary expression status (lowly or highly expressed) was the class
we wanted to predict. For comparison, 10 random sets of 272 6-
mers from all possible 6-mers, excluding Type I, II and III motifs,
were chosen for constructing background prediction models (Fig.
5G). For each gene, the presence or absence of enriched 6-mers
within the 500-bp region upstream of TSS was used to predict
the class of the gene.

In the second context, we predicted whether a gene would be
induced by COR treatment or not. Here, the 6-mers significantly
enriched among COR-induced genes were used as attributes for
prediction. In both contexts, expression prediction was performed
using the LIBSVM implementation of the SVM method through
the Weka wrapper (Hall et al. 2009; Chang and Lin 2011). A grid
search was used to identify the best parameter combinations
(Supplemental Table S7). Each parameter combination was tested
with 10-fold cross-validation. The model with the parameter com-
bination that maximized the average AUC-ROC from the 10-fold
runs was regarded as the best model. ROC curves were plotted us-
ing the ROCR package in R (Sing et al. 2005). The ROC curve for
random 6-mer prediction represents the average of the 10-folds
for all 10 random sets.

Data access

The MNase- and RNA-seq data from this study have been submit-
ted to the NCBI Gene Expression Omnibus (GEO; http://www.ncbi
.nlm.nih.gov/geo/) under accession number GSE64397.
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