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Cis-regulatory elements of promoters are essential for gene regulation by transcription factors (TFs).
However, the regulatory roles of nonpromoter regions, TFs, and epigenetic marks remain poorly under-
stood in plants. In this study, we characterized the cis-regulatory regions of 53 TFs and 19 histone marks
in 328 chromatin immunoprecipitation (ChIP-seq) datasets from Arabidopsis. The genome-wide maps
indicated that both promoters and regions around the transcription termination sites of protein-coding
genes recruit the most TFs. The maps also revealed a diverse of histone combinations. The analysis sug-
gested that exons play critical roles in the regulation of non-coding genes. Additionally, comparative
analysis between heat-stress-responsive and nonresponsive genes indicated that the genes with distinct
functions also exhibited substantial differences in cis-regulatory regions, histone regulation, and topolog-
ically associating domain (TAD) boundary organization. By integrating multiple high-throughput
sequencing datasets, this study generated regulatory models for protein-coding genes, non-coding genes,
and TAD boundaries to explain the complexity of transcriptional regulation.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cis-regulatory elements located at promoter regions are usually
the focal point when studying gene regulation by transcription fac-
tors (TFs) [1], but in recent studies, TFs were also observed to bind
to 50 UTRs and introns [2,3], suggesting that the cis-regulatory ele-
ments of promoters cannot sufficiently explain the entire mecha-
nism underlying TF regulation. Similarly, studies have revealed
that TFs mediate the transcription of non-coding genes such as
microRNA and long non-coding RNA (lncRNA) [4–6]. However, this
phenomenon in plants was only reported recently; hence, the
involvement of TFs and non-coding genes in this regulatory mech-
anism remains unclear. Accordingly, comprehensive genomic
maps were required to explore the regulatory roles of plant TFs
and to characterize the cis-regulatory regions of protein-coding
genes and non-coding genes.
The rapid accumulation of high-throughput sequencing data-
sets and the improvement of computational methods have allowed
for new insights into the transcriptional regulations of plant gen-
omes. For example, chromatin immunoprecipitation sequencing
(ChIP-seq) not only provided genome-wide binding profiles of
TFs but was also used as a true positive set to create features in
TF binding site prediction tools [7,8]. ChIP-seq coupled with an
antibody for detecting histone marks also enabled an increased
understanding of the epigenetic regulation during different devel-
opmental stages and stress responses [9–11]. Moreover, DNAse I
hypersensitive sites (DHSs) indicate the genomic regions of chro-
matin accessible to TF binding for gene activation. Unlike ChIP-
seq, the use of DHSs is not limited to examining the binding sites
of one individual TF [12]. Notably, emerging chromosome confor-
mation capture-based technologies, such as Hi-C, can define topo-
logically associating domains (TADs), which are the regions of
chromatin with high self-interactions. TADs and interactions
between promoters and enhancers allow for the prediction of asso-
ciations between the expression and regulation of genes [13,14].
Although multiple high-throughput sequencing methods have
been applied to elucidate gene regulation, the studies applying
them have usually narrowed the possible relevant genes/regulators
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down to a group of specific genes or a small number of regulators.
Thus, a whole-genome view of gene regulation in plants is absent
from the literature.

In this study, we explored the regulatory regions of protein-
coding and non-coding genes of TFs and histone marks by using
public ChIP-seq datasets. The genome-wide landscapes of TF bind-
ing peaks obtained from protein-coding genes and non-coding
genes revealed that the genetic regions could vary according to
the individual TF. For protein-coding genes, the cis-regulatory
regions around both transcription start sites (TSSs) and transcrip-
tion termination sites (TTSs) generally contained the most TF bind-
ing sites. Conversely, the exons of non-coding genes were more
vital for their transcriptional regulation than were those of other
regions. The histone marks demonstrated that the diverse combi-
nations of histone variants and modifications were used to pack
the promoters (or gene bodies) of different gene types. The integra-
tion of Hi-C maps and ChIP-seq depositions revealed that TAD
boundaries were colocalized with the regions related to gene acti-
vation and TF binding. Additionally, the comparisons between non-
responsive (NR) and heat-stress-responsive (HS) genes suggested
that these two gene sets were substantially different in cis-
regulatory regions, histone regulation, and TAD boundary organi-
zation. Overall, these results demonstrated the complexity of gene
regulation and constituted a worthwhile investigation for integrat-
ing the multiple high-throughput sequencing data.

2. Materials and methods

2.1. Extraction of TF and histone deposition preferences from ChIP-seq
data

ChIP-seq-based genomic landscapes were retrieved from our
database [15]. Samples of 53 TFs and 19 histone marks are listed
in Supplementary Tables S1 and S2, respectively. To estimate the
distribution of TF binding peaks across the Arabidopsis thaliana
genome, the genome sequence annotation file (GFF) was down-
loaded from the TAIR database (Araport11 version) [16]. A total
of 27,445 protein-coding genes and 41,642 non-coding genes were
recorded in the GFF file. The subdivided genetic regions of protein-
coding and non-coding genes are illustrated in Supplementary
Fig. S1. BEDTools was compiled to overlap the genomic features
(i.e., gene types and the subdivided genetic regions) with TF bind-
ing peaks and histone mark depositions [17]. To prevent overesti-
mating the genomic features within genomic coordinates
containing high gene density, the frequency scores of each genomic
feature were normalized by numbers of transcripts and genes as
per the following formula:

Sr ¼
XP
p¼1

XG
g¼1

XT
t¼1

Lent

Lenp þ Np þ Ng

� �
;

where Sr is the score of one type r of genomic feature (e.g., the
exon), P is the number of peaks overlapping with type r, G and T
are the numbers of genes and transcripts overlapping with peak
(p), respectively, Lenp is the occupied region length of peak (p), Lent
is the length of the overlapping region between type r of transcripts
(t) and peak (p), NP is the number of genes (g) overlapping with peak
(p), and Ng is the number of transcripts (t) belonging to gene (g). The
sum score of all genomic features for one peak was 1. The average
number of samples for each individual TF/histone mark was calcu-
lated for each genomic facture. Finally, Highcharts (https://www.
highcharts.com/) was used to visualize the proportion of peaks
located at the genomic features.

To construct the distribution of TF binding peaks and histone
mark depositions, 5-kb flanking regions of TSSs/TTSs and ChIP-
seq peaks were overlapped by using BEDTools [17]. The upstream
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and downstream 5-kb flanking regions were divided into
nonoverlapping 100-bp windows. The number of overlapping
peaks was calculated in each window, from which was subtracted
the average of all windows, which yielded the result used to deter-
mine the z-score. Specifically, the result was divided by the stan-
dard deviation of all windows to yield the z-score. These scores
were calculated for each sample. The samples of one individual
TF/histone mark were merged by calculating the average.

2.2. GO functional enrichment analysis

To infer the biological processes, molecular function, cellular
component, and metabolic pathways of gene sets (i.e., genes regu-
lated by only one genetic region and genes inside/outside the TAD
boundaries), the KEGG/GO enrichment analysis function of EXPath
2.0 was used [18]. The cumulative probability (p value) of hyperge-
ometric distribution was calculated to evaluate the over-
represented metabolic pathways/GO terms. A p value of < 0.05
was considered statistically significant. Because of the large num-
ber of genes inside and outside the TAD boundaries, the cut-off
for the false discovery rate (0.1) was used to select enriched GO
terms.

2.3. Collection and processing of Hi-C data

The Arabidopsis Hi-C data (20 samples) were collected from the
Gene Expression Omnibus (GEO) and Sequence Read Archive (SRA)
[19,20]. FASTX-Toolkit (version 0.0.13, http://hannonlab.cshl.edu/-
fastx_toolkit/) was used to remove low-quality reads (60 %
sequences of reads � Q30 and read length � 30 bp). HiC-Pro was
applied to filter the read alignment, read pairing, and restriction
cutting sites [21]. During HiC-Pro processing, reads were aligned
to the Arabidopsis genome by using Bowtie 2 with the default
parameters of HiC-Pro [22]. The restriction enzyme of each sample
used for filtering restriction cutting sites is listed in Supplementary
Table S3. To calculate the correlations between replicates and data-
sets, the matrices of 20 samples at 20-kb resolution were normal-
ized using hicNormalize. High correlations were found among 20
Hi-C samples at 20-kb resolution, verify the stability of the large
compartment of chromatin interactions across different tissues
from previous studies (Supplementary Fig. S2) [23]. The normal-
ized matrices were corrected using hicCorrectMatrix with the
Knight–Ruiz balancing algorithm and default parameters. Both
hicNormalize and hicCorrectMatrix are tools of HiCExplorer [24].

2.4. Identification of TAD and statistical analysis of TAD boundaries

The Hi-C matrices at 1-kb resolution were normalized and cor-
rected using the tools and parameters mentioned in section 2.3.
The corrected matrices at 1-kb resolution were used to define TADs
by using hicFindTADs with the parameter ‘‘--correctForMultiple
Testing fdr” [24]. The bed files of 1-kb TAD boundaries generated
from hicFindTADs were further used to characterize the genomic
features and the distribution of ChIP-seq-based depositions. To
avoid statistical bias, the genomic background was created as a
control. Two thousand 1-kb regions were randomly selected from
non-TAD boundary regions with the same GC content as the TAD
boundaries. This random selection was repeated 100 times. In
the statistical test, TAD boundaries of 20 samples were compared
with 100 non-TAD boundary region sets using a t test. To estimate
TF binding peaks, histone mark deposition, and DHSs within the
flanking 5 kb centered at the 50 end of the TAD boundary, TAD
boundaries of 20 samples were merged according to their genomic
coordinates. The overlapping tools and calculation of normalized
values were the same as the estimation of ChIP-seq peaks within
the flanking 5 kb of TTSs. DHSs were retrieved from PlantRegMap
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[25], which provided the genomic landscapes (bed file) of heat
stress and control from GSE53322 [12].
2.5. Identification of NR and HS genes

RNA-seq expression datasets of two heat-stress treatments (5-
week-old plants subjected to 37 �C for 30 min and 30-day-old
plants subjected to 38 �C for 6 h) were obtained from GSE85653
and GSE118298, respectively [26,27]. The differentially expressed
gene search function of EXPath 2.0 was applied to identify HS
genes [18]. For each expression dataset, HS genes were selected
by using a t test to compare heat-stress treatment and a control
sample with p � 0.01 and fold change (log2) � 1. The false discov-
ery rate (FDR) was set to 0.1. A total of 668 HS genes were selected
from two heat-stress treatments (Supplementary Table S4). The
unpublished in-house dataset (22-day-old plants exposed to
long-term temperature treatment at 23 �C, 28 �C, and 30 �C after
seed stratification) was used to identify differentially expressed
genes under long-term warm temperatures. By using a t test with
p � 0.01, fold change (log2) � 1, and FDR = 0.5 on two replicates,
609 genes were defined as long-term warm-temperature-
responsive genes (Supplementary Table S5). Additionally, microar-
ray and RNA-seq data of 175 and 99 stress-related conditions,
respectively, were retrieved from EXPath 2.0 to identify NR genes
[18]. The NR genes were filtered as follows: (1) genes with low
expression (transcript per million < 1) in all stress-related condi-
tions were discarded, and (2) selected genes were fold change
(log2) � 0.8 for all stress-related conditions in both microarray
and RNA-seq data. The final number of NR genes was 148 (Supple-
mentary Table S6).
3. Results

3.1. Differences in cis-regulatory elements between TFs and between
protein-coding and non-coding genes

In our previous study, we constructed genome-wide landscapes
of 53 individual TFs belonging to 16 TF families by systematically
collecting ChIP-seq data with strict criteria and standard data pro-
cessing (Supplementary Table S1) [15]. To characterize the
genome-wide regulation of TFs, compositions of individual TF
binding peaks were mapped onto 16 gene types. Approximately
34 % of the Arabidopsis genome was occupied by TF binding peaks,
which were associated with 25,452 (92 %) protein-coding genes
and 20,092 (48 %) non-coding genes. Among the 53 analyzed TFs,
for 41 (76 %) TFs, their binding peaks were located at protein-
coding genes (including their 1-kb flanking regions; Fig. 1A). Nota-
bly, on the basis of data from 89 % of TFs, small fractions of binding
peaks were located at lncRNAs. Over 20 % of the binding peaks of
AZF1, DELLA, AP1, FIE, and CCA1 were mapped at transposable ele-
ments (TEs; i.e., transposon fragments and transposable element
genes). The rRNAs peaks demonstrated that BZIP28, FHY3, and
SVP may play regulatory roles in rRNA (Supplementary Table S7).
To further investigate whether TFs could reveal different binding
patterns in protein-coding genes and non-coding genes, peak
occurrences were estimated on the basis of subdivided genetic
regions (Supplementary Fig. S1). With seven genetic regions of
protein-coding genes, a general binding preference was observed
in 70 % of TFs, widely existing in members of the bZIP, home-
odomain, and NAM, NF-YB, and NF-YC families (Fig. 1B). This pref-
erence generally comprised approximately 40 % upstream 1 kb,
20 % downstream 1 kb, 10 % 50 UTR, 5 % 30 UTR, 9 % intergenic
regions, and a small proportion of CDSs and introns. In contrast
with most TFs, which use promoters as dominant regulatory
regions, HBI1, AZF1, HSFA1A, SVP, FIE, and TOC1 exhibited a major-
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ity of genetic binding regions (41 %-60 %) on CDSs and introns. A
relationship between these TFs and gene repression or repressive
chromatin states was previously established [28–32]. These TFs
might bind to regions close to CDSs and stop the sliding of RNA
polymerase II. Similarly, among non-coding genes, most of these
TFs primarily bind exons and introns (Fig. 1C). The results also
demonstrated that the exons of non-coding genes were muchmore
frequent in most TFs when compared with CDSs and introns of
protein-coding genes. These combined findings highlighted how
the genetic regions used as cis-regulatory elements vary with TFs
and demonstrated that the exons of non-coding genes are vital
regions for transcriptional regulation. Moreover, the binding pat-
terns of DELLA served as a case study, demonstrating that the
usage of cis-regulatory elements may differ between seedlings
and inflorescence apices (Supplementary Fig. S3). More than two
types of genetic regions for TF binding could generally be found
in each gene. However, 792 genes were found to be bound by
TFs within only one type of genetic region (Supplementary
Table S8). By using GO enrichment analysis, we observed that the
genes regulated by only the upstream and downstream regions
were associated with similar gene functions as those of genes reg-
ulated by CDSs and introns (Supplementary Figs. S4-S7), suggest-
ing that the usage of regulatory regions may be relevant to gene
function.

To determine whether a typical enrichment profile existed for
Arabidopsis TFs, the peaks were mapped to TSSs and TTSs. As
expected, 85 % of TFs were centered on TSSs of protein-coding
genes with extent enrichment from � 500 to + 200 regions
(Fig. 1D). Strikingly, these TFs presented a similar enrichment from
TTSs to downstream 100–600 bps. Compared with most TFs, the
binding peaks of HBI1, AZF1, HSFA1A, FIE, and TOC1, which primar-
ily use cis-regulatory elements in CDSs and introns, were signifi-
cantly enriched downstream (200 bp, 1 kb) of TSSs and upstream
of TTSs. The binding patterns around the TSSs and TTSs of non-
coding genes were different from those of protein-coding genes
(Supplementary Fig. S8). Antisense lncRNAs were observed to be
bound 500-bps downstream of TSSs and downstream of TTSs (Sup-
plementary Fig. S8A). Moreover, the binding peaks of lncRNAs
revealed the sharply enriched levels in short regions near TSSs
and TTSs (Supplementary Fig. S8B). These findings revealed the
complexity of TF regulations and the differences in cis-regulatory
regions between protein-coding and non-coding genes.

3.2. Distinct chromatin states of protein-coding genes and non-coding
genes

In eukaryotes, the chromatin state changes the chromatin
accessibility of DNA and influences TF binding sites [33]. To further
discriminate the chromatin states of 16 gene types and genomic
occupancy differences between TFs and histones, the genomic-
wide landscapes of 176 histone ChIP-seq samples of seven histone
variants and 12 histone modifications were retrieved from our pre-
vious study (Supplementary Table S2) [15]. The deposited peaks of
19 histone marks were overlapped with almost all of the protein-
coding genes (27,443) and 90 % of the non-coding genes
(37,869). The peak occurrences of 16 gene types revealed that 12
histone marks, namely H2A.X, H2A, H2A.Z, H3.3, H3K14ac,
H3K23ac, H3K36ac, H3K36me3, H3K4me2, H3K4me3, H3K9ac,
and H2AK121ub, were predominantly located at protein-coding
genes (87 %–97 %; Fig. 2A). These histone marks were related to
transcriptional activation [34–38], except for H2A.X, which was
involved in DNA repair [39], and H2AK121ub, which was related
to permissive chromatin and transcriptional regulatory regions of
genes [40]. Conversely, the remaining seven histone marks were
deposited at TEs. Most of these histone marks (i.e., H3.1, H2A.W,
H3K23me1, H3K27me1, H3K27me3, and H3K9me2) were known



Fig. 1. The preferences of TF binding peaks. (A) The peak depositions of 16 gene types for 53 TFs. The TF families are marked in rectangular bars at the left of the row labels.
The regions of protein-coding genes include their upstream, and downstream 1 kb. The percentages of binding peaks at genetic regions of protein-coding genes (B) and non-
coding genes (C). For (A-C), genome annotation shows the genome coverage of 16 gene types in the Arabidopsis genome, including regions that are not annotated with any
genes (intergenic regions). (D) The distributions of TF binding peaks within flanking 5 kb of TSSs (left) and TTSs (right) of protein-coding genes. The ‘‘-5” and ‘‘5” of the x-axis
stand for the sites at upstream 5 kb and downstream 5 kb from TSSs (or TTSs), respectively. The bin size is 100 bp. lncRNA, long non-coding RNA. ncRNA, non-coding RNA.
rRNA, ribosomal RNA. snRNA, small nuclear RNA. snoRNA, small nucleolar RNA. tRNA, transfer RNA. TSS, transcription start site. TTS, transcription termination site.
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for their functions of gene silencing and heterochromatin conden-
sation [35,41–43]. To better understand histone marks, the histone
landscapes were mapped to the subdivided genetic regions of
protein-coding and non-coding genes. Differing from the TFs which
were largely located at upstream and downstream regions of
protein-coding genes, the histone marks highly overlapped with
CDSs and introns (Fig. 1B, 2B). Nevertheless, neither activating
nor repressive histone marks exhibited consistent patterns in the
4913
genetic locations of protein-coding and non-coding genes
(Fig. 2B, C). The depositions of seven histone marks (H2A.Z,
H3K14ac, H3K23ac, H3K36ac, H3K36me3, H3K4me3, and
H3K9ac) related to gene activation were located at the 50 UTR of
protein-coding genes, in contrast with other histone marks
(Fig. 2B). Moreover, the data revealed distinct histone combina-
tions in each type of non-coding gene (Fig. 2D). Arabidopsis rRNA
tends to be regulated by repressive H3.1, H2AK121ub, H2A.W,



Fig. 2. The preferences of histone mark occupancy. (A) The peak depositions of 16 gene types for 19 histone marks. The regions of protein-coding genes include their
upstream, and downstream 1 kb. The percentages of histone-deposited peaks at genetic regions of protein-coding genes (B) and non-coding genes (C). For (A-C), genome
annotation shows the genome coverage of gene types in the Arabidopsis genome, including regions that are not annotated with any genes (intergenic regions). (D) The
percentages of each gene type wrapped by 19 histone marks. The number of genes in each gene type is marked in parentheses brackets. (E) The distributions of histone mark
depositions within flanking 5 kb of TSSs (left) and TTSs (right) of protein-coding genes. The ‘‘-5” and ‘‘5” of the x-axis stand for the sites at upstream 5 kb and downstream 5 kb
from TSSs (or TTSs), respectively. The bin size is 100 bp. lncRNA, long non-coding RNA. ncRNA, non-coding RNA. rRNA, ribosomal RNA. snRNA, small nuclear RNA. snoRNA,
small nucleolar RNA. tRNA, transfer RNA. TSS, transcription start site. TTS, transcription termination site.
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and H3K27me1, and activating H3.3 histone marks. Over half of the
snoRNAs were packaged by activating H3K36ac, H3K36me3,
H3K4me3, and H3K9ac. The histone combinations of antisense
lncRNAs were more similar to protein-coding genes than were
those of lncRNA, indicating that the coexpression of antisense
lncRNAs and protein-coding genes may be caused by similar regu-
lation of histone marks [44]. Overall, these findings indicated that
the plants used different combinations of histone variants and
modifications to wrap non-coding genes and that various types
of non-coding genes may have distinct regulatory roles.

To further verify that TFs and histone marks could regulate
transcription through different genetic regions of genes, the depo-
sitions of histone marks were also mapped to the TSSs and TTSs of
protein-coding genes. All histone marks, including the H3 mark (a
typical control for ChIP-seq), were depleted upstream of TSSs
(Fig. 2E), whereas TF binding peaks were enriched. Similar to TSSs,
all histone marks also revealed the depletion around TTSs, which
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were greatly overlapped with the TF-enriched regions. The differ-
ent genetic region usages between TFs and histone marks may
explain the failure of TF binding prediction using chromatin states
of binding sites [7]. Interestingly, histone marks exhibited dissim-
ilar accumulations of TSSs and TTSs, indicating that both TSSs and
TTSs of protein-coding genes are essential for epigenetic regulation
but may be mediated by different histone marks. For non-coding
genes, the differences of each gene type and the overlap between
histone-depleted regions and TF-enriched regions were also found
in the flanking 5 kb of TSSs and TTSs (Supplementary Fig. S9).

3.3. Bilateral symmetry of histone marks and enrichment of cis-
regulatory elements on TAD boundaries

Hi-C sequencing revealed the high-ordered organization of
chromatin in plants. Unlike mammalian cells demonstrating the
coregulation of genes and the regulatory isolation of TADs, the
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TAD boundaries in plant cells were enriched with activating genes
and related to epigenetic regulation [45,46]. The TADs and interac-
tions between promoters and enhancers allowed predicting of the
association between expression of genes and their regulation [13].
To characterize the genetic features of TAD boundaries, the TAD
boundaries of Arabidopsis were identified from the public Hi-C
sequencing samples from nine datasets (20 samples; Supplemen-
tary Table S3). Among the defined TAD boundaries at 1-kb resolu-
tion, over 35 % of TAD boundaries were conserved in more than one
Hi-C sample. The statistical analysis revealed that TAD boundaries
were significantly more highly overlapped with protein-coding
genes than were those of random regions (Fig. 3A). Notably, these
Fig. 3. Characterization of TAD boundaries across protein-coding genes, TF binding pe
overlapped with protein-coding genes compared to randomly selected non-TAD boundar
six genetic regions of protein-coding genes compared to randomly selected non-TAD bo
two-tailed t test (***, P < 0.001; **, P < 0.01). The distributions of histone mark depositions
the ‘‘-5” and ‘‘5” of the x-axis stand for the sites at upstream 5 kb and downstream 5 kb f
in green rectangles at the bottom. The bin size is 100 bp. TAD, topologically associated
references to colour in this figure legend, the reader is referred to the web version of th
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TAD boundaries were significantly higher on upstream 1 kb, 50

UTR, and 30 UTR and significantly lower on CDSs and introns
(Fig. 3B). These results indicated that TAD boundaries were poten-
tially related to gene regulation through promoters and UTRs. The
statistical analysis of non-coding genes revealed that TAD bound-
aries were abundant in antisense lncRNA, lncRNA, ncRNA, snRNA,
snoRNA, and tRNA (Supplementary Fig. S10). However, the TEs
were significantly located in the outer regions of TAD boundaries.
This result indicated that the regulation of TEs might be less strict
in TAD organization than in other non-coding genes, thus enabling
TEs to change their positions. To further assess whether gene func-
tions were different between genes inside and outside TAD bound-
aks, and histone deposition. (A) The percentages of TAD boundaries (red) which
y regions (blue). (B) The percentages of TAD boundaries (red) which overlapped with
undary regions (blue). For (A-B), the asterisks denote the statistical significance of
(C) and TF binding peaks (D) within flanking 5 kb of 50 end TAD boundary. For (C-D),
rom 50 end TAD boundary, respectively. The locations of TAD boundaries are marked
domain. 50e, the TAD boundary located at 50 end of TAD. (For interpretation of the
is article.)
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aries, GO term enrichment analysis was applied. Unexpectedly,
14,627 genes within TAD boundaries were found to possess funda-
mental functions (Supplementary Table S9). By contrast, 12,818
genes outside TAD boundaries were particularly related to TF activ-
ity and responses to environmental stress (Supplementary
Table S10).

To examine the associations between epigenetic regulation and
TAD boundaries, 5-kb flanking regions from the 50 end of TAD
boundaries were mapped with the depositions of 19 histone
marks. The results revealed the bilateral symmetry of 19 histone
marks around the TAD boundaries (Fig. 3C). Most activating his-
tone marks displayed broad enrichment of TAD boundaries, sug-
gesting that these histone marks might be essential to
maintaining gene activation within TAD boundaries. The remain-
ing histone marks, especially the most repressive marks, resided
at region 2 kb, far from TAD boundaries. However, the significant
locations at upstream 1-kb and UTR regions raised the question
of whether TAD boundaries were associated with TF binding sites.
Hence, by mapping TAD boundaries with TF binding peaks, 66 % of
TAD boundaries were observed to overlap with TF binding peaks by
at least 1 bp. The binding peaks of 41 (77 %) TFs were found to per-
form the prominent enrichments inside TAD boundaries (Fig. 3D).
Overall, the data illustrated the recruitment of epigenetic regula-
tion and TF binding around TAD boundaries, suggesting the poten-
tial transcriptional activation function of TAD boundaries in
Arabidopsis.

3.4. Substantial differences of the cis-regulatory and epigenetic regions
for genes with distinct functions

In mammals and Drosophila, different properties (e.g., motif
configurations and chromatin states) at promoter regions were
found in genes with distinct functions, such as housekeeping
genes, cell-specific genes, and developmental-related genes [1].
To characterize the regulatory regions of Arabidopsis genes with
different functions, 668 HS genes were selected from two RNA-
seq datasets (Supplementary Table S4) [26,27]. Because common
plant housekeeping genes, such as ACT2 and TUB6, were differen-
tially expressed under at least one condition in high-throughput
data (Supplementary Table S11), 148 NR genes were identified
from public RNA-seq and microarray expression datasets (Supple-
mentary Table S6). Compared with NR genes, HS genes displayed
longer DNA sequences on genes, exons, amino acid sequences, 50

UTR, and 30 UTR, as well as more exon numbers (Fig. 4A). By map-
ping TF binding peaks to TSSs and TTSs, TFs were observed to use
distinct regions to regulate two gene groups (Fig. 4B, C). TFs prefer
to regulate HS genes by using the regions centered on TSSs and
TTSs whereas TFs control NR genes by locating at regions closer
to or farther from 1-kb flanking regions, indicating that cis-regula-
tory elements around TTSs play key roles in regulating HS genes.
The depositions of histone marks verified these differences
(Fig. 4D, E). The activating H3K14ac, H3K23ac, H3K36ac,
H3K36me3, H3K4me2, H3K4me3, H3K9ac, and repressive
H3K27me1 were depleted in gene bodies of NR but highly enriched
at both 50 and 30 ends of HS genes. Conversely, repressive
H3K27me3 were preferentially enriched downstream of TSSs and
upstream of TTSs of NR genes instead of HS genes. Histone variant
H2A.Z, related to thermosensory responses, exhibited similar
enrichments at TSSs of both gene groups but was only enriched
around TTSs of NR genes [47]. Overall, these results suggested that
the sequences and chromatin states around TSSs and TTSs could
indicate a separation between NR genes and HS genes. The enrich-
ments of activating histone marks and depletions of repressive his-
tone marks at both 50 and 30 ends of HS gene bodies may facilitate a
quick response to environmental changes. Furthermore, the signif-
icant differences in gene structures and cis-regulatory regions were
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also observed between long-term warm-temperature-responsive
genes and NR genes (Supplementary Figs. S11 and S12), which fur-
ther verified the different properties of genes with distinct
functions.

The differences between HS and NR genes were primarily based
on ChIP-seq datasets sampled under normal conditions without
any heat stimuli. Few TFs (i.e., HSFA1A, ABI5, SOC1, and ABF3) have
been reported to regulate gene expressions under heat stress [48–
53]. These results indicated that the differences in gene regulation
between the two gene groups may happen not only under heat
stress but also under normal conditions (Fig. 4B, C). To further
investigate whether the regulatory regions change in response to
heat stress, DHSs were used as open chromatin regions [12]. Under
both heat stress and control, HS genes contained the enrichments
of DHSs at TSSs and TTSs (Supplementary Fig. S13), which was con-
sistent with TF binding peaks (Fig. 4C). Compared with HS genes,
DHSs displayed scattered arrangements on the 5-kb flanking
regions of NR genes. A similar phenomenon was observed in the
distributions of TAD boundaries identified from replicates of heat
stress and controls [13]. Although these experimental datasets
(i.e., RNA-seq, ChIP-seq, Hi-C, and DHSs) were generated through
different experimental designs (temperatures, time as heat stimuli,
and developmental stages of harvested plant tissues), all exhibited
consistent differences between the NR and HS gene groups.
Together, these results suggested that genes with distinct func-
tions were substantially different in transcriptional regulatory
regions, epigenetic regulations, and even TAD boundary organiza-
tion. This implied that, compared with NR genes, HS genes require
more stringent regulatory regions and epigenetic environments to
regulate their gene expressions, leading to accurate responses
when plants encounter environmental changes. Moreover, these
results indicated that the destiny of a gene is decided more by its
sequence and chromatin states than by its environment.
4. Discussion

Generally, the promoters of protein-coding genes are the key
regions to interact with TFs, and they play key roles in transcrip-
tional regulation. However, whether the promoter is the key regu-
lator for non-coding gene regulation remains unknown. On the
basis of multiple experimental techniques and high-throughput
sequencing, the genomic landscapes of TFs, histone marks, DHSs,
and TAD boundaries were unveiled, enabling scientists to investi-
gate the mechanisms underlying gene regulation in plants. In this
study, we demonstrated the complexity of gene regulation through
the genomic landscapes of TFs, histone marks, DHSs, and TAD
boundaries. Fig. 5 integrates our results and illustrates our pro-
posed general regulatory models of protein-coding and non-
coding genes.

The results from the mapping the TF binding peaks on protein-
coding genes suggested that most TFs bind to the upstream regions
of TSSs, which are typical promoters, but in terms of the frequency
of TF binding, upstream regions accounted for less than half of the
binding peaks (Figs. 1 and 5A). The nonpromoter regions (i.e., 50

UTRs, 30 UTRs, downstream regions, CDSs, and introns), particularly
the downstream regions of TTSs, were also used for TF binding.
Moreover, activating histone marks were found to be highly
enriched at the gene bodies (downstream of TSSs and upstream
of TTSs) of protein-coding genes but not promoters. The different
genetic region usages between TFs and histone marks may explain
the failure in TF binding prediction through the chromatin states of
binding sites [7]. Peak occupancies revealed that TFs could bind not
only to protein-coding genes but also to non-coding genes. Unlike
the promoters of protein-coding genes, TFs tended to bind exons of
non-coding genes. In the proposed model, we used two different



Fig. 4. Comparison of TF and histone regulation between NR and HS genes. (A) The length of genes (DNA sequences from TSSs to TTSs), exons, amino acid sequences, 50 UTR,
and 30 UTR, as well as exon numbers of NR genes (orange) and HS genes (light blue). The asterisks denote the statistical significance of two-tailed T-test (***, P < 0.001). The
distributions of TF binding peaks within flanking 5 kb of NR genes (B) and HS genes (C). For (B), TFs (AP2, HBI1, and TOC1) which are depleted around TSSs and TTSs are
indicated by the grey bar. The distributions of histone marks within flanking 5 kb of NR genes (D) and HS genes (E). For (B-E), the ‘‘�5” and ‘‘5” of the x-axis stand for the sites
at upstream 5 kb and downstream 5 kb from TSSs (or TTSs), respectively. The bin size is 100 bp. TSS, transcription start site. TTS, transcription termination site. NR,
nonresponsive. HS, heat-stress-responsive. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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gene types, antisense lncRNAs and transposable element genes, to
illustrate the diversity of TF and epigenetic regulation in the non-
coding genes (Fig. 5B). Overall, the regulation of protein-coding
genes and non-coding genes suggested that the promoter region
was not adequate for the construction of TF regulation and epige-
netic regulation.

To further illustrate the complexity of gene regulation, we iden-
tified two gene groups with distinct gene expression patterns. NR
and HS genes displayed differing usage of regulatory regions as
TF binding and histone states (Fig. 5C). The construction of
dynamic TF binding was a common method to develop the gene
regulation of HS genes. Yet, ChIP-seq samples generated under
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both control and heat stress were lacking. To resolve this issue,
we used DHSs defined under control and heat stress [12,54]. The
results demonstrated that open chromatin regions were stable
between control and heat-stress samples, illustrating that control
of gene expression is dependent on both inherent cis-regulatory
regions and environmental changes of trans-regulators.

As indicated by the identification criteria of TADs, the boundary
of a TAD represents low-chromatin interaction between its right
and left genomic regions [24]. Our results revealed that the TAD
boundaries were enriched with several activating histone marks
and TF binding and were depleted with repressive histone marks
(Fig. 3B and 5D). This result may suggest that TAD boundaries pro-



Fig. 5. The model of plant TF binding, chromatin depositions, and TAD boundaries. (A) TF binding and histone marks of protein-coding genes. (B) TF binding and histone
marks of antisense lncRNAs and transposable element genes. (C) The preference of histone marks and regions of TF regulation on NR and HS genes. (D) The depositions of
histone marks and TFs from the center to 50 end of TAD boundaries. Due to the bilateral symmetry of histone occupancies and TF binding, the preference only shows half of
TAD boundaries. TSS, transcription start site. TTS, transcription termination site. TAD, topologically associated domain. NR, nonresponsive. HS, heat-stress-responsive.
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vide the regions with a restricted number of chromatin
interactions between adjacent regions and stable chromatin states
to TF binding. Similar to DHSs, the TAD boundaries on NR genes
exhibited more location flexibility than did HS genes, implying that
the organization of chromatin interactions is also required for
specific regions, such as promoters of TF binding.

The present study unveiled newly discovered information
regarding high-throughput sequencing data and observed that no
unique rules can perfectly explain the regulation of all regulators
and all regulated genes. We believe that the integrated analysis
4918
of multiple factors will increase the understanding of gene
regulation and aid in the predication of regulatory elements.
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