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Long-range interactions between proximal
and distal regulatory regions in maize
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Long-range chromatin interactions are important for transcriptional regulation of genes, many
of which are related to complex agronomics traits. However, the pattern of three-dimensional
chromatin interactions remains unclear in plants. Here we report the generation of chromatin
interaction analysis by paired-end tag sequencing (ChlA-PET) data and the construction of
extensive H3K4me3- and H3K27ac-centered chromatin interaction maps in maize. Results
show that the interacting patterns between proximal and distal regulatory regions of genes
are highly complex and dynamic. Genes with chromatin interactions have higher expression
levels than those without interactions. Genes with proximal-proximal interactions prefer to be
transcriptionally coordinated. Tissue-specific proximal-distal interactions are associated with
tissue-specific expression of genes. Interactions between proximal and distal regulatory
regions further interweave into organized network communities that are enriched in specific
biological functions. The high-resolution chromatin interaction maps will help to understand
the transcription regulation of genes associated with complex agronomic traits of maize.
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nhancers, important transcriptional regulatory elements,

play important roles in modulating the expressional tissue

specificity as well as the level of gene expression. A number
of chromatin modifications including H3K4mel, H3K27ac, and
histone acetyltransferase p300 have been shown to be closely
associated with enhancers in mammals)2. Using chromatin
immunoprecipitation and sequencing (ChIP-seq), genome-wide
identifications of enhancers were carried out in human and
mouse, with thousands of putative enhancers identified. Similar
enhancer identification efforts have also recently been done in
Arabidopsis, rice, and maize?. Since enhancers function inde-
pendently of their location relative to their targeted genes, it is
difficult to link enhancers to their corresponding target genes by
ChIP-seq alone. Studies on higher-order chromatin architecture
indicated that enhancers and promoters can often form DNA
loops to exert function*, which gives an opportunity to connect
the distantly located enhancers and promoters through proximity
ligation.

Theoretically, Hi-C or other Hi-C-like chromosome con-
formation capture (3C)-derived techniques can capture all chro-
matin interactions, which also include the interaction of
promoters and enhancers. However, typical Hi-C experiments
need extremely deep-sequencing depth to reach a moderately
high resolution (20-50kb)° and are often accompanied by vast
background noises. The limitation of using Hi-C to capture
promoter—enhancer interactions become even bigger for species
with larger genome size, as the amount of data required for Hi-C
to reach the same level of resolution increases exponentially when
the size of genome grows. Chromatin interaction analysis by
paired-end tag sequencing (ChIA-PET), an approach through
enriching particular subset of interactions associated with chro-
matin modification or protein of interest, has the power of dis-
covering specific protein-centered chromatin interactions at high
resolution (<5kb)® with practical amount of sequencing data.
Taking advantage of ChIA-PET, several studies that focus on the
interactions between genes and enhancers have been reported in
mammals®~8. However, there are no reports of ChIA-PET studies
in plants so far, albeit several Hi-C experiments had been done in
plants very recently and showed that, similar to animals,
plants also have highly complex higher-order chromatin archi-
tecture’~11.

Maize (Zea mays), a major crop worldwide, is an excellent
model system for plant genetic and genomic research. In previous
reports, several examples of long-distance regulatory elements
have been genetically identified in maize, such as TBI, UB3,
ZmRap2.7 and BX1'>-15, which are all related to important
agronomiic traits. In addition, 3C study in maize had revealed that
chromatin loops around the paramutagenic b1 locus were asso-
ciated with the expression of Bl protein!®. In this study, we
apply ChIA-PET, with antibodies against histone modifications
of H3K4me3 and H3K27ac, chromatin modifications enriched at
putative promoters and enhancers, respectively!”8, to construct
H3K4me3-centered and H3K27ac-centered chromatin interac-
tion maps in immature ear and shoot of maize. There are 24,105
and 24,218 long-range intra-chromosomal interactions identified
in immature ear and shoot, respectively. Chromatin interactions
are organized into functional network communities, which
show considerable conservation between tissues. Our analysis
provides a three-dimensional perspective to explore the reg-
ulatory mechanism of genes related to complex agronomic traits
in maize.

Results
High-resolution maps of chromatin interaction in maize. To
map the three-dimensional chromatin interactions associated

with gene expression in maize, we adopted the existing ChIA-
PET protocol’. Two antibodies of H3K4me3 and H3K27ac, which
are histone modifications that are enriched at active promoter!”
and enhancer®18:19, respectively, were used to capture the asso-
ciated chromatin interactions in immature ear and shoot. More
than one billion read pairs were produced for each sample with
two biological replicates. About 100-150 million uniquely map-
ped read pairs were generated for each ChIA-PET library (Sup-
plementary Table 1). In order to remove self-ligation reads and
identify long-distance loops, we filtered PETs (read pair with
chromatin interaction) with distance shorter than 10 kb. There
was high reproducibility between replicates as indicated by the
repeatability of biological replicates at different levels, including
library reads and peaks of chromatin interaction PETs (Supple-
mentary Fig. 1). To confirm and explore the binding sites of
H3K4me3 and H3K27ac, we also conducted ChIP-seq experi-
ments with the same antibodies used for ChIA-PET (Supple-
mentary Table 2).

Next, two biological replicates were combined together for
an inclusive view of chromatin interactome. We filtered out the
technical noise based on statistical analyses and identified high-
confidence binding sites and interacting PET peaks (see Methods
and Supplementary Fig. 2). A least three PETs were required for
high-confidence interaction calling. The full pipeline for interac-
tion identification is available in Supplementary Fig. 2. We
identified 13,999 H3K4me3-related and 20,979 H3K27ac-related
high-confidence (false discovery rate (FDR) <0.01) interactions
in immature ear. Similarly, 17,821 H3K4me3-related and 19,383
H3K27ac-related chromatin interaction were identified in shoot.
About 90% high-confidence interactions were intra-chromosomal
interactions in all experiments, similar to results of previous
ChIA-PET studies in human® (Fig. 1a, Supplementary Table 3,
and Supplementary Data 1-4). The majority of intra-
chromosomal interactions were within 100 kb, with a median
distance of near 45kb (Fig. 1b). The median length of peaks of
intra-chromosomal PETs was about 5kb in all datasets,
displaying the high-resolution interaction data we generated.
Both H3K4me3-related and H3K27ac-related interaction PET
peaks showed strong enrichments at transcriptional start site
(TSS) of genes and relatively weaker enrichments at transcrip-
tional terminal sites (TTS) in both tissues (Fig. 1c), which were
consistent with the patterns of H3K4me3 and H3K27ac peaks
from ChIP-seq datasets (Supplementary Fig. 3a, Supplementary
Data 5-8). About 60% H3K4me3 peaks and nearly 50% H3K27ac
peaks were involved in chromatin interactions, which showed
higher occupancy than those without interactions in all samples
(Supplementary Fig. 3b, c). This result indicated that most highly
enriched H3K4me3/H3K27ac binding sites were involved in
chromatin interactions.

To further validate our ChIA-PET results, we conducted 4C-
seq experiments for three selected genes, including TB1, UB3, and
Rad51a, and one randomly selected enhancer region (D5978), in
both immature ear and shoot. All information of the primer
sequences and viewpoints used in 4C were listed in Supplemen-
tary Table 4. As a result, 95% of ChIA-PET interactions were also
identified by 4C-seq, indicating the high rate of validation for our
ChIA-PET data. For example, we chose UB3 as the viewpoint.
ChIA-PET datasets showed that there were three regions
(including KRN4 site!3) interacting with UB3 in both immature
ear and shoot. 4C results showed that all these three regions
showed high normalized 4C signal (Fig. 1d). For TBI viewpoint,
we identified seven in immature ear and four regions in
shoot, including the reported regulatory region!2, interacting
with TB1 in ChIA-PET datasets, respectively (Supplementary
Fig. 4). There was only one region without high normalized 4C
signal in both immature ear and shoot. All the interactions
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Fig. 1 |dentification of chromatin interactions in immature ear and shoot. a The number of intra-chromosomal interactions (intrachr.) and inter-
chromosomal interactions (interchr.) identified in H3K27ac-mediated and H3K4me3-mediate chromatin interaction analysis by paired-end tag sequencing
(ChIA-PET) in immature ear and shoot. b The density distribution of chromatin interactions along the distance in H3K27ac-mediated and H3K4me3-
mediate ChlA-PET in immature ear and shoot. ¢ The profile of PET peaks around gene body of H3K27ac-mediated and H3K4me3-mediate ChlA-PET in
immature ear and shoot. d 4C validation for the promoter of UB3 as viewpoint in immature ear and shoot. The blue rectangles indicate the regions
interacting with viewpoints in 4C experiments. The red rectangles indicate the regions interacting with viewpoints in ChlA-PET datasets. The orange
rectangle represents the previously reported regulatory region (KRN4) of UB3. Source Data of Fig. 1d are provided as a Source Data file

identified in ChIA-PET data associated with Rad51a were also
identified in 4C experiments in both tissues (Supplementary
Fig. 5). Only one out of seven regions interacting with the selected
enhancer D5978 region identified in ChIA-PET was without high
normalized 4C signal (Supplementary Fig. 6). Overall, our
datasets represented a high-resolution genome-wide map of
H3K4me3/H3K27ac-mediated long-range interactions of imma-
ture ear and shoot in maize.

Considering the functional redundancy of the two histone
modification-mediated chromatin interactions, we compared
interactions related to these two modifications in both tissues.
About 70% intra-chromosomal PET peaks were common
between two modification-mediated ChIA-PET datasets (Supple-
mentary Fig. 7a), and nearly 50% intra-chromosomal interactions

were identified in the two histone modification-mediated datasets
in both immature ear and shoot (Supplementary Fig. 7b). The
common intra-chromosomal interactions had lower FDR values
and more mapped PETs than unique intra-chromosomal
interactions between two histone modification-mediated chro-
matin interactions (Supplementary Fig. 7c), indicating that these
chromatin interactions were of higher confidence and our
technologies were of high reliability. Further, we combined the
two histone modification-mediated ChIA-PET datasets, and
identified 24,105 and 24,218 long-range intra-chromosomal
interactions in immature ear and shoot, respectively.

Identification of distal regulatory regions in maize. As
H3K27ac is reported to be enriched at active enhancer in
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Fig. 2 Identification of distal regulatory regions (DRs) in immature ear and shoot. a The bar plots show the number of common and tissue-specific DRs in
immature ear and shoot. b Violin plots for length of DRs in immature ear and shoot. € The profile of DNA methylation (CG context) around DR in immature
ear and shoot. The DNA methylation level2223 (CG context) of DRs was significantly lower than that of their flanking regions. d The distribution of DRs in

different genomic regions in two tissues

animals!8, we identified genome-wide distal regulatory regions
(DRs) by using ChIP-seq data of H3K27ac. H3K27ac peaks that
were at least 2 kb away from TSS of gene were annotated as DRs.
As a result, 29,649 and 27,734 DRs were identified in immature
ear and shoot (Supplementary Data 9-10), respectively. There
were 24,692 and 25,434 common DRs identified in immature ear
and shoot, respectively, with 4957 only identified in immature ear
and 2300 only in shoot (Fig. 2a). The average lengths of DRs were
2215bp and 1900 bp in immature ear and shoot, respectively
(Fig. 2b). Extensive studies in animals suggested that DRs typi-
cally had low DNA methylation level and high DNA
accessibility2%21, The DNA methylation level?223 (CG context) of
DRs we identified was around 0.2, which was significantly lower
than that of their flanking regions (Fig. 2c). Both ATAC-seq!0
and DNase-seq results?* showed much higher read level around
DRs than their flanking regions (Supplementary Fig. 8a, b),
implying the high DNA accessibility of these DRs.

To investigate the distribution of DRs in maize genome, we
divided the genome into different regions, including transposable
elements (TE), downstream 2 kb of gene body, gene body, and the
remaining intergenic regions (Fig. 2d). The results showed that
about 50% DRs located in intergenic regions and 30% in TE
regions, in agreement with previous reports in maize by using
H3K9ac ChIP-seq and DNase-seq methods!®24, About 56% and
53% of these DR-like TE sequences were Helitron in immature
ear and shoot, respectively; and 42% and 45% were long terminal
repeat retrotransposon (Supplementary Data 11-12). About 1600
(18%) of all the DR-like TE sequences had chromatin interactions
in our ChIA-PET data in both tissues. We found that TE
sequences overlapping with DRs also displayed lower DNA
methylation level than their flanking regions or TEs not
overlapping with DR (Supplementary Fig. 8¢, d), suggesting that
these TE sequences could probably have DR-related function.

Annotation of chromatin interactions in maize. Considering
the antibodies used in our experiments, we annotated the PET

peaks as proximal region or DR. PET peaks within 2 kb around
TSS of genes were annotated as proximal PET peaks (P). PET
peaks that were over 2 kb away from TSS of genes were annotated
as distal PET peaks (D). There were 16,612 P and 6421 D
involved in long-range chromatin interactions in immature ear,
and 17,094 P interacting with 6460 D in shoot. All intra-
chromosomal interactions were classified into three groups:
proximal-proximal  (P-P), proximal-distal (P-D), and
distal-distal (D-D) (Supplementary Fig. 9a). More than 60% of
intra-chromosomal interactions were P-P interactions, followed
by P-D (near 35%) and D-D interactions (5%) (Fig. 3a and
Supplementary Fig. 9b). This hinted that the communications
among genes were predominantly frequent, which was also
consistent with results reported in human®82,

The median lengths of P and D involved in intra-chromosomal
interactions were about 6.5 and 3.5kb in our dataset (Supple-
mentary Fig. 9c). There were 14,333 P identified with interactions
in both immature ear and shoot. While 2279 P with interactions
were identified only in immature ear and 3413 P with interactions
were identified only in shoot (Fig. 3b). Moreover, there were 5896
and 5914 P interacting with D in immature ear and shoot,
respectively. There were 3210 P identified to interact with D in
both tissues, and 2686 and 2704 P were identified to interact with
D only in immature ear and shoot (Fig. 3b), respectively. The
average numbers of promoters in P interacting with D were 1.41
and 1.47 in immature ear and shoot (Supplementary Fig. 9d),
which were slightly more than P with interaction, implying that
genes regulated by D prefer to cluster together in the genome.

About 50% interactions were within 50kb in both tissues.
There were 595 and 603 chromatin interactions with distance
longer than 1Mb in immature ear and shoot, respectively
(Supplementary Fig. 9e). Previous studies in human have showed
that enhancers prefer to regulate nearby genes’26. Most (nearly
80%) of the P-D interactions were within 100 kb and no more
than 3% were >1 Mb in both tissues (Fig. 3c, Supplementary
Fig. 9f). Although many enhancers tend to interact with linearly
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Fig. 3 Annotation of chromatin interactions. a Circos map of the whole-genome chromatin interactions from chromosome 1to chromosome 10 in immature
ear, generated using the Circos software package (http://circos.ca/). Intra-chromosomal interactions are drawn in the innermost ring, followed by the
distal regulatory region (DR) (dark orange) and gene density track (dark green). Chromatin interactions with distance longer than 1Mb are highlighted by
orange arcs. The histogram in center region of Circos map showed the number of proximal-proximal (P-P), proximal-distal (P-D), distal-distal (D-D)
chromatin interactions in immature ear and shoot, respectively. b Venn diagram of the number of P associated with all intra-chromosomal interactions and
P-D interactions in immature ear and shoot. ¢ Summary of the number of P-D interaction with variable distances in immature ear

close-by genes, it is worthy to note that there were still 40% D, a
number very similar to the results in human®, discarding their
adjacent genes and interacting with distant genes. About 65% of
these long-range P-D interactions skipped typically expressed
genes, and 85% of these skipped genes that were syntenic when
compared with sorghum, in both tissues.

Genome-wide chromatin interaction pattern in maize. Studies
in human and mouse indicated that the regulatory relationship

between enhancer and promoter are not always one-to-one®27,
Our data in maize showed that 75% in immature ear and 78% in
shoot P interacted with only one D, while about 25% P
interacted with multiple D in both tissues (Fig. 4a and Supple-
mentary Fig. 10a), consistent with the results in human8. The
average number of D interacting with one P was 1.33 and 1.27 in
immature ear and shoot, respectively, which was marginally
smaller than that in human?8. TBI gene, a large effect quantitative
trait locus existing in modern domesticated maize whose
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Source Data of Fig. 4a, b are provided as a Source Data file

high expression increases apical dominance in maize compared
to its wild ancestor, teosinte?’, has been studied extensively
about its regulatory mechanism. We found seven D, including
the reported regulatory region ~58kb upstream of gene,
interacting with TBI in immature ear'230 (Fig. 4a). Rough
sheathl (RS1) gene, a member of KNOX gene family affecting
plant architecture3!, with a high transcription level in meristems
including shoot tips, regulates cell fate of leaf in maize32. Four
D were found interacting with RSI in shoot (Supplementary
Fig. 10a). Brassinosteroid-deficient dwarfl (BRDI) gene encode-
s a brassinosteroid C-6 oxidase that catalyzes the final steps of
brassinosteroid synthesis33, whose corresponding mutant had a
dwarf plant phenotype. We identified five D interacting
with BRDI in shoot, which may coordinately regulate
the expression of BRDI (Supplementary Fig. 10c). The possibi-
lity of P interacting with multiple D may provide a structure
basis of functional redundancy or multiple ways for gene
activation.

Subsequently, we explored the number of D interacting with
one P. About 71% of immature ear and 74% of shoot D
interacted with only one P, while about 30% D interacted with
two or more P in both tissues (Fig. 4b and Supplementary
Fig. 10b). The average number of P interacting with one D was
2.01 both in immature ear and shoot. SBP29 gene, a member of
SQUAMOSA promoter binding protein-like family, has been
found to be associated with flowering time in maize34. The
promoter region of SBP29 and four other P (Zm00001d021571/
Zm00001d021572, Zm00001d021574, Zm00001d021576/

Zm00001d021577, and Zm00001d021579) interacted with
one D in immature ear (Fig. 4b) where SBP29 had much
higher expression level than in shoot. In shoot, we found one D
interacting with RAMOSA3 (RA3)35, as well as three other
genes (Supplementary Fig. 10b), including Zm00001d022190,
Zm00001d022191, and Zm00001d022194. Genes interacting
with the same D were prone to be coordinately expressed (p
<2.2e — 16, two-sided t test) (Supplementary Fig. 10d), imply-
ing that these genes may participate in related functional
pathways.

Correlation between interaction and gene expression. To
understand the correlation between chromatin interaction and
transcriptional activities of genes in maize, we generated the
transcriptome datasets using RNA-sequencing (RNA-seq) of
immature ear and shoot. The RNA-seq data we generated showed
high degree of correlation (R=0.988) between two biological
replicates in both tissues (Supplementary Fig. 1la). Then we
compared the expression pattern of genes with or without
chromatin interactions. Genes with chromatin interactions
had higher expression level than those without interactions
(p <2.2e — 16, two-sided f test) (Fig. 5a). Interestingly, although
the chromatin interactions associated with distal and proximal
regulatory regions were captured by using active histone mod-
ifications (H3K4me3 and H3K27ac in this study), we still found
28% and 29% genes with interactions were not expressed or
expressed very lowly (fragments per kilobase of transcript per
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above and below the box show the locations of the minimum and maximum. We used the collected RNA-sequencing (RNA-seq) dataset as reported38,
consisting of 53 different seeds and 25 non-seed samples in maize, and then measured the co-expression level of gene pairs and calculated Shannon
entropy of each gene. Summary of the number of gene pairs or genes in this figure can be seen in Supplementary Table 5. Source Data of Fig. 5d, e are

provided as a Source Data file

million (FPKM) <1) in immature ear and shoot, respectively
(Fig. 5b). In human and Drosophila, researchers have found that
chromatin interactions can be established before the activation of
genes, which may need other cell-specific transcriptional
factors®3637. There were 27% genes with FPKM =1 that had no
chromatin interactions in both tissues (Fig. 5b), which may be
due to the regulatory elements located within short distance (<10
kb) to their promoters, the datasets used are not saturated or the
plant materials used may have some cell types underrepresented.
Compared to those genes without P-P interactions, most genes
with P-P interactions were active (Supplementary Fig. 11b).
Previous studies in animals had reported that genes with P-P
interactions were more likely to be transcriptionally coordinated®.
To measure the co-expression levels of gene pairs with P-P
interactions in maize, a RNA-seq dataset3® of 53 different seed

and 25 non-seed samples were used to calculate the correlation
levels of the expression levels of gene pairs with P-P interactions.
The expression levels of gene pairs with P-P interactions had a
significant higher correlation level than that of gene pairs in
controls by randomly shifting P-P interactions 100 times and
with similar H3K4me3/H3K27ac level as genes with P-P inter-
actions (p <2.2e — 16, two-sided ¢ test) (Fig. 5c, see Methods),
which implied that genes involved in P-P interactions also
tended to be transcriptionally coordinated and may function in
related biological pathways. Besides, gene ontology (GO) term
enrichment analysis showed that genes interacting with D were
related to many regulation processes, including GO term reg-
ulation of biosynthetic process, regulation of RNA metabolic
process, regulation of transcription, and so on (Supplementary
Fig. 11c).
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Previous studies in human have showed that enhancers were
strongly correlated to the cell-type-specific gene expression20,
Whether genes associated with enhancers are prone to be tissue-
specific expressed has not been examined before in maize. The
tissue specificity of gene expression is usually represented by
Shannon entropy®. The higher the tissue specificity of gene
expression, the smaller the Shannon entropy is. We then
compared the Shannon entropy of genes interacting with and
not interacting with D. The result showed that genes interacting
with D had higher Shannon entropy than those not interacting
with D (Supplementary Fig. 12a), contrary to expectation. In view
of results in Drosophila that enhancers specific for housekeeping
gene or developmental gene have different genomic distribu-
tions*, we divided D into two groups based on their location
relative to gene: genic and intergenic D. Here genic D represented
the D in gene body, intergenic D was D in intergenic region.
Genes interacting with genic D had higher Shannon entropy than
those interacting with intergenic D in both tissues (p <2.2e — 16;
two-sided ¢ test) (Fig. 5d), indicating that genes interacting with
genic D prefer to be more constitutively expressed, as compared
to those interacting with intergenic D. Furthermore, we wanted
to check whether gene with D in its own gene body was even
more constitutively expressed than gene interacting with genic D.
Considering that we excluded the PETs within 10kb, the
interactions with distance shorter than 10kb were abandoned.
So the Shannon entropies of genes with D in their own gene
bodies were calculated, regardless having chromatin interactions
or not. The result indicated that genes with D in their gene bodies
had even higher Shannon entropy than those interacting with
genic D (p <2.2e — 16, two-sided ¢ test), which suggested that
these genes with D in gene bodies are more likely to be
constitutive genes (Fig. 5d). Moreover, genes with D in gene
bodies had much longer length than those interacting with genic
or intergenic D (p <2.2e — 16, two-sided ¢ test) (Supplementary
Fig. 12b). Taken together, intergenic D was more likely to be
associated with tissue-specific gene expression, while genic D tend
to be associated with housekeeping gene expression. Moreover,
the degree of tissue-specific expression of genes tended to
increase, as the number of interacting intergenic D increased
(Fig. 5e).

The comparison of chromatin interactions between tissues. To
further explore the relationship between chromatin structure and
gene transcription, we identified tissue-specific expressed genes
and tissue-specific chromatin interactions in immature ear and
shoot (Fig. 6a, Methods). There were 286 immature ear-specific
expressed genes, which expressed in immature ear but not
expressed in shoot, and these genes showed stronger chromatin
interactions in immature ear than in shoot. Similarly, 675 shoot-
specific expressed genes, which were expressed in shoot but not
expressed in immature ear, also showed stronger chromatin
interactions in shoot than in immature ear (Fig. 6b). About 44%
of chromatin interactions in immature ear and 49% in shoot
were tissue specific (Supplementary Fig. 13a), and the remain-
ing were common in both tissues. Moreover, compared to P-P
interactions, most of which were shared in both tissues, tissue-
specific interactions were enriched for P-D interactions (Sup-
plementary Fig. 13b). Additionally, P-D interaction with distance
of 100 kb-1 Mb were more dynamic between tissues than P-D
interactions with distance shorter than 100kb (Supplementary
Fig. 13¢, d), implying that proximal and distal regions involving
these long-distance interactions can have much higher tissue-
specificity.

Compared with all identified chromatin interactions, tissue-
specific D showed enrichments in tissue-specific P-D interactions
(Supplementary Fig. 13e). We identified 4299 ear-specific and

4515 shoot-specific P-D interactions (Supplementary Data
13-14). There were 3467 and 3804 D participating in imma-
ture ear-specific and shoot-specific P-D interactions, respectively.
About 71% and 82% of these D were tissue-specific. Among the
tissue-specific interactions identified, we captured many genes
associated with tissue-specific functions. FEA4, one gene
responsible for meristem size, is specifically expressed in the
meristem in maize*!. An immature ear-specific P-D interaction
associated with FEA4 was identified in our study (Fig. 6c).
Another interesting example was an immature ear-specific
expressed gene, ZAGI, the maize homolog of Arabidopsis floral
identity gene AGAMOUS*2. We found an immature ear-specific
P-D interaction for ZAG1I, with D ~220 kb downstream of ZAG1I
(Supplementary Fig. 13f). PSBSI encodes a subunit of photo-
system 1143, which had an extremely high transcription level in
shoot, but very low expression in immature ear. This shoot-
specific expressed gene was identified to interact with a shoot-
specific P-D interaction, which may promote its expression in
shoot (Fig. 6d).

Chromatin interactions form functional networks. In maize, six
well-characterized putative enhancers have been reported, namely
the enhancers of the BI44, TBI!2, and P, the putative enhan-
cers DICE!®> (for regulating the expression of BXI), VgtIl4
(for regulating the expression of ZmRAP2.7), and KRN4!3 (for
regulating the expression of UB3). In this study, we identified all
the previously reported putative enhancers of ZmRAP2.7, UB3,
BX1, and TBI (Supplementary Fig. 14, Fig. 1d, and Supplemen-
tary Fig. 4), and found many other interacting regions for these
genes. The putative enhancer of P1 was not detected due to
the distance of the proximal enhancer to P-rr promoter (—1252
to +326)% being shorter than 10kb. Since BI gene was not
assembled into the pseudochromosome in B73 RefGen_v4
reference, so it was excluded in our analysis.

Furthermore, interactions between P and D can interweave
into complex networks. We identified 1655 and 1797 chromatin
interaction networks (ChINs) with at least three chromatin
interactions in immature ear and shoot, respectively (Fig. 7a,
Supplementary Fig. 15a, and Supplementary Data 15-16).
Moreover, ChINs, especially only considering P-P interactions,
were conserved between two tissues. Out of 1085 P-P network
components with at least 3 P-P interactions, 730 (67%) showed
>65% overlap between immature ear and shoot (Supplementary
Fig. 15b). Moreover, compared to genes with low interaction
degree, genes with high interaction degree in ChINs had slight
enrichment with GO term cell (GO:0005623) and cell part
(GO:0044464) (Supplementary Fig. 15¢, d).

Genes connected in the ChINs may be functionally related. To
validate this, we analyzed the enrichment of GO terms for the top
50 network components. Among them, 23 showed enrichments
in one or more GO terms (FDR <0.05) (Fig. 7b, Supplementary
Data 17), suggesting that genes in the same network compo-
nents were prone to function in related biological processes. Our
results indicated that genes with the same network components
could form functional communities, consistent with results
reported in human*®. For example, as for a ChIN on chromosome
1 in immature ear, genes in this ChIN showed GO enrichment in
cell process (Fig. 7b). Abscisic acid stress ripeningl (ZmASRI) is
one of the highly expressed ASR gene family in maize, which
affecting kernel yield under water-limited conditions and
associating with leaf senescence?’#8. As shown in Fig. 7c, the
network component involving ZmASRI identified in our
study consisted of 18 P and 8 D, a total of 28 chromatin
interactions. Among all the 16 annotated genes in this network
community, six genes (including ZmASRI, EREB2S,
Zm00001d023537, Zm0001d023538, Zm00001d023543, and
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Fig. 6 Tissue-specific chromatin interactions in immature ear and shoot. a The heat map of fragments per kilobase of transcript per million (FPKM) value
(left panel) and chromatin interaction (right panel) of all genes in immature ear and shoot. b The heat map of chromatin interactions of immature ear-
specific expressed genes (p = 0.006, two-sided t test), common genes, and shoot-specific expressed genes (p = 0.002, two-sided t test) in immature ear
and shoot, respectively. ¢ An example of immature ear-specific chromatin interaction. FEA4 gene (highlighted in dark green) interacted with a distantly
located (~17 kb) distal PET peaks (D) (highlighted in yellow) in immature ear. In contrast, the FEA4 gene in shoot was not expressed and had no interaction
with that D. d An example of shoot-specific chromatin interaction. PSBST gene (highlighted in dark green) interacted with a distantly located (~58 kb) D
(highlighted in yellow) in shoot. In contrast, the PSBST gene in immature ear was not expressed and had no interaction with that D. The green rectangle
represents the corresponding gene. The blue and orange rectangles indicate P and D, respectively

7Zm00001d025461) were related to abiotic or biotic stress
responses. There were six genes (including OY1, GATA7, GATAS,
GATA33, Zm00001d023524, and Zm00001d025459) that could
respond to light stimulus or participate in chlorophyll biosyn-
thetic process. The genomic span of functional communities with
enriched GO terms on genome was 1 Mb in average, consisting
with the size of TADs in maize genome!©,

Genes related to complex agronomic traits are controlled by
complex regulatory mechanism and can sometimes have
pleiotropic effect. Dwarf8, an ortholog of Rht (Reduced height),
Slr1 (Slender rice 1), and Arabidopsis GAI (Gibberellin Insensi-
tive), regulates the plant height in maize®®. Many studies also
showed that Dwarf8 was associated with flowering time in
maize’®>1. We found that other nine genes in the ChIN of

Dwarf8 (Fig. 7d), including GIFI, UB2, Dof27, Dof28, SBP1I6,
SBP17, bHLH27, bHLH112, and Zm00001d034359, were anno-
tated to be associated with flower development and flowering
time3452. This ChIN component of Dwarf8 may participate in
genetic regulation of both plant height and flowering time.
Additionally, the ChIN component of Dwarf8 was the fourth
biggest one of all the network components we identified,
consisting of 204 chromatin interactions involving 115 P and
39 D, implying the complexity of regulation related to flowering
and plant height in maize (Fig. 7d).

Discussion
As well demonstrated in animal systems, enhancers have played
crucial roles in the transcriptional regulation of genes. The
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Fig. 7 Functional communities of chromatin interactions in chromatin interaction network (ChINs). a All the ChiINs identified in immature ear. Here only
showed the ChINs with more than 30 nodes. b Enrichment of gene ontology (GO) terms in top 50 ChINs in immature ear and shoot. Only significant GO
terms (false discovery rate (FDR) <0.05) are presented in the left panel. Enrichment of GO terms is represented as scaled proportions of the observed

number of hits in a ChIN component (orange) vs. the expected number of hi

ts in the genome (blue). The right panel showed a ChIN in immature ear, where

all genes were enriched in cell function (GO term). ¢ The ChIN for ZmASR1 (in red) in shoot. The arc map in left bottom showed the region span of all

chromatin interactions in this ChIN on genome. d The ChIN for Dwarf8 (in
were other nine genes (GIFT, UB2, bHLH27, bHLH212, DOF27, DOF28, SBP16,
Circos map in the left bottom showed the region span of all chromatin inter.

pink), which regulates plant height and flowering time, in immature ear. There
SBP17, and Zm34359; in red) potentially associated with flowering in this ChIN.
actions in this ChIN. Chromatin interactions with distance longer than 1 Mb are

highlighted by orange arcs, others in blue. Ellipses in blue and red indicated proximal PET peaks (P) and distal PET peaks (D), respectively, in ChIA-PET
datasets. P-P, P-D, and D-D interaction are presented in blue, green, and red edges in network. Source Data of Fig. 7d are provided as a Source Data file

identification and function inference of enhancers are of impor-
tance for understanding the genetic regulation of genes related to
human diseases as well as complex agronomics traits of crop
plants. Having adopted the ChIA-PET methodology, we obtained
genome-wide interaction map of DRs and their corresponding
proximal regulatory regions in maize. Similar to what was esti-
mated in human and mouse, we found that about 40% DRs chose
to skip individual adjacent genes to regulate genes in a long-range
manner. There are about 2-3% of genes that have interacting DRs
1 Mb away. The information resulted from this study will
undoubtedly be useful for our further understanding the regula-
tion of gene expression in a three-dimensional context in maize
and other plants.

10 NATURE COMMUNICATIONS | (2019)10:2633 | https://doi.org/

Our results showed that about 50% DRs were located in the
intergenic regions of genome, confirming that these intergenic
regions are an important source of regulatory elements. More
interestingly, we found that about 30% of DRs were located in
TE regions, a number that was consistent with two other reports
in maize!®?4. Similar results were also found in human, as there
were 20-30% TEs that had tissue-specific enhancer activity. These
TEs displayed hypo-methylation and were occupied by p300
and H3K4me1°3. Our ChIA-PET data showed that many of these
DRs with TE-like sequences were indeed able to interact with
promoters, indicating that these TE-like DRs are functionally
active. As pointed in a previous study?4, these TE sequences
were highly decayed. Since we only used uniquely mapped reads
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for analysis, the number of TE sequences with DR function must
be underestimated. In maize, about 80% of genome belongs
to sequences of various TEs. For a long time, these TE elements
were considered as junk sequences. How these TE-like sequences
are recruited to be functional DRs and how they are targeted for
demethylation are interesting questions for future studies. In
addition, a study in humans showed that 2-3% of coding-gene
promoters functioned as bona fide enhancers in a given cell
line>*. We also founded strong signals of H3K27ac in many
proximal regulatory regions, implying that many regulatory ele-
ments could be in short distance to their corresponding
promoters.

Our results showed that gene interacting with intergenic D was
prone to be tissue-specific gene, while gene interacting with genic
D (especially D in its own gene body) was likely to be a con-
stitutive gene. This implied that a constitutive gene may often
form relatively stable self-loop between its proximal regions and
DRs, which ensured the high expression level needed all the time.
In human, enhancers of housekeeping genes were active across
different cell types, while developmental enhancers showed strong
cell-type specificity?0. Tissue-specific genes only need to be
expressed in certain tissues or time points, and they were more
dynamic. To gain the dynamics, they may need to change the
combination of regulatory elements, which were located far away
from them, and the corresponding dynamic chromatin interac-
tions may provide the structure basis to achieve this goal. The
chromatin connectivity pattern between enhancers and pro-
moters is not always in monogamy, indicating the existence of
highly complex and cooperative regulation mechanism. Studies
in humans and mouse showed that 60-70% of promoters inter-
acted with only one enhancer and about 90% of putative
enhancers interacted with only one gene. In maize, we found that
75-80% of P interacted with only one D. A previous study in
mouse showed that cell-type-specific genes were more likely to
be monogamous than constitutive genes. This phenomenon of
P interacting with multiple D may provide the structural basis
of functional redundancy or multiple ways for gene activation.
At the same time, 70-75% of D interacted with only one P in
our current study. Genes interacting with the same D tended
to be co-expressed, which implied that they may contribute to
related pathways or agronomic traits. Taken together, the com-
plex interaction pattern between D and P could be a general
mechanism throughout the genome, forming synergistic and
dynamic regulatory networks.

Genes interacting with D did not absolutely mean to have
high expression levels. A previous study in human fibroblasts
showed that enhancer-promoter interactions already existed in
each cell type before the binding of transcription factors, and
this kind of interaction underwent relatively few alterations
during transient transcriptional activation®. Further research
indicated that the construction of chromatin interaction and
gene expression was not always synchronous during cell differ-
entiation in Drosophila and humans3®37. There were two classes
of enhancer-promoter contacts, gained and stable type, during
human epidermal differentiation3’.

The chromatin interactions between proximal regions and
DRs can further interweave into complex networks. The putative
enhancers of TBI, UB3, BX1, and ZmRAP2.7 were all validated
in our datasets. These genetically identified enhancers have
important regulatory roles for their corresponding agronomic
traits. A large number of DRs and their interacting genes iden-
tified in our study provide a sound resource to be used to
understand the underlying regulatory mechanism of these genes.
ChINs identified in our study is therefore of importance for
understanding the genetic regulation of genes related to complex
agronomic traits.

The network information from our study can help to find
relevant candidate genes for certain agronomic traits. Genes
from the same ChIN showed enrichments in one or more GO
terms, consistent with the results in human®. Genome-wide
association studies have revealed many loci for complex traits,
which can sometimes locate in non-coding regions. Using the
chromatin interaction data®>°%, candidate target genes interacting
with those regulatory elements can possibly be identified.
In addition, causal genes for important traits can be identified
through a network-based gene finding strategy using our
ChIN data”’.

Besides, genes were systematically distributed in the organized
chromatin networks. In our current study, genes with high
interaction degree, which means that they serve as hubs of net-
work, showed enrichments for genes related to key cell functions.
Studies in human showed that genes in network hubs were often
lethal®6. The disease-associated SNPs showed enrichments at
nodes of lower interaction degree, while node genes with high
interaction degrees were not found to associate with such SNPs*0,
Moreover, the hub nodes were often hyperacetylated for efficient
DNA repair, which generally located to early replicating domains
to reduce the possibility of genetic mutation upon replication®°.
It is reasonable to assume that candidate genes that are respon-
sible for small quantitative changes of agronomic traits are more
likely those of low degree of interactions. High-resolution chro-
matin interaction maps are thus useful to explore transcriptional
regulatory mechanisms and its implication for agricultural
applications.

Methods

Material preparation of shoot and immature ear. The seeds of maize inbred
line B73 were planted in our in-house growth chamber in the condition of 25 °C for
15 h under light and 20 °C for 9 h in the dark. After 14 days, the aerial tissues were
harvested. As for immature ear, B73 inbred lines were planted in the field in Beijing
in May 2016. Immature ears of ~5cm in length were harvested. The two tissues
were cut into small species and then crosslinked with EGS (ethylene glycol bis
(succinimidyl succinate)) and formaldehyde sequentially as reported”®. Procedures
for collecting and crosslinking these two tissues were described in details in Sup-
plementary Methods.

ChlIP-seq library construction. Crosslinked shoot and immature ear were
subjected to nuclei extraction, chromatin sonication, and immunoprecipitation
with H3K4me3 antibody (1 pg/ul, Abcam, cat. no. ab8580) and H3K27ac
antibody (1 pg/ul, Abcam, cat. no. ab4729), respectively, as reported®®. Detailed
procedures for constructing ChIP-seq libraries were described in Supplementary
Methods.

ChIA-PET library construction. Following the ChIP procedure, the ChIPed
chromatins were subjected to end repair, dA tailing, and proximity ligation with
the given bridge linkers, followed by lambda and Exo I treatment according to the
long-read ChIA-PET method”-*8. Detailed procedures for constructing ChIA-PET
libraries were described in Supplementary Methods.

4C-seq library construction and data analysis. We modified an earlier 4C-seq
process®® with in-nucleus proximity ligation and a 4 bp cutter (DpnlIl). All
primer sequences and viewpoints information used in 4C-seq were listed in
Supplementary Table 4. Detailed procedures for constructing 4C-seq libraries were
described in Supplementary Methods. The 4C-ker software®! with default para-
meters was used to identify chromatin interactions with viewpoints in 4C
experiments. Figure 1d and Supplementary Fig. 4 showed the average of normal-
ized 4C signal between two replicates. Interactions identified in both replicates
in 4C data were reserved.

RNA-seq library construction and gene expression analysis. Total RNA of
immature ear were extracted by TRIzol method. RNA-seq libraries were con-
structed following the VAHTS mRNA-seq v2 Library Prep Kit for Illumina®
(NR601) of Vazyme Company. The raw reads of RNA-seq data were aligned to
maize B73 reference (RefGen_v4) using TopHat®2, and only uniquely mapped
reads were used to calculate the FPKM for each gene by Cufflinks software®3.
The RNA-seq data of shoot were used published data®.
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Identification of H3K4me3 and H3K27ac peaks. The raw reads of ChIP-seq
data were aligned to the B73 reference genome (RefGen_v4) using the

bowtie2 software®. The H3K4me3 and H3K27ac peaks in immature ear and shoot
were identified using MACS® with the parameter: p <1 x 107°. The statistical
summary of ChIP-seq datasets was in Supplementary Table 2.

Identification of chromatin interactions. The pipeline for identification of
chromatin interaction was shown in Supplementary Fig. 2, which was similar to
previous reports”-%7 with modifications. The Bowtie software®8, with parameters -m
1-k1-n2-S-p6, was used in mapping reads to B73 reference genome
(RefGen_v4). Only reads with quality bigger than 30 in bam files were saved. The
reads of unique PETs were used to call PET peaks by the MACS®® software with
parameters: —pvalue le — 09, —-nolambda, -nomodel, —keep-dup = 2. To identify
long-range chromatin interactions, we filtered PETs with genomic span <10 kb,
which were classified as self-ligation PETs. To identify high-confidence chromatin
interactions, a statistical model based on the hypergeometric distribution was
used to calculate the probability of seeing at least the observed number of PETs
between two PET peaks (P [X > x]). For each candidate chromatin interaction, we
calculated (1) the number of PETSs overlapping with each PET peak, (2) the number
of PETs linking the two PETs peaks, and (3) the total number of PETs for all
candidate chromatin interactions. The probability was calculated by the Phyper
function in R software. Then, the p value was adjusted by the Benjamini-Hochberg
method for multiple comparisons. Finally, chromatin interactions with at least
three PETs and FDR <0.01 were defined as high-confidence interactions in each
sample.

Calculation of gene expression correlation. To calculate co-expression level
for gene pairs with chromatin interactions, we investigated the expression
patterns of gene pairs by calculating the Pearson’s correlation coefficient in the
collected RNA-seq dataset as reported38, consisting of 53 different seeds and 25
non-seed samples in maize. Only proximal PET peaks with only one gene promoter
were used. To eliminate the effect of distance for gene pairs in control, we ran-
domly shift the chromatin interaction 100 times in the same chromosome to
generate lots of random loops with the same distance. Random loops linking
two different gene promoter regions were reserved. Then, we filtered random
loops without H3K4me3/H3K27ac peaks or with low H3K4me3/H3K27ac ChIP-
seq signal.

Calculation of Shannon entropy. The formula for the calculation of Shannon
entropy was adapted from previous reports®. Given that there are N tissues,
we defined py, as the relative expression level of gene g in tissue #:

pt\g = Wg,t/ Z Wg.[ (1)

1<t<N

Here, w,, represents the expression level of gene g in the tissue ¢.
We defined H, as Shannon entropy:

Ho= 3" —pglog, (prg) @)

1<t<N

H, ranges from 0 to log;(N).

The higher the Shannon entropy is, the more likely the gene is to be
constitutively expressed, and vice versa. To obtain the expression level of genes in
different tissues, we used the reported RNA-seq dataset>®, which consists of 53
different seeds and 25 non-seed samples in maize, for calculation of the Shannon
entropy of each gene.

The analysis of tissue-specific chromatin interactions. To analyze the asso-
ciation between gene expression and chromatin interaction in different tissues, we
identified genes with changed transcriptional state between immature ear and
shoot, which were named as tissue-specific expressed gene between two tissues. A
stringent criterion was applied to reduce noise. If one gene with FPKM =0 in
one tissue, and had FPKM 22 in another tissue, then the gene was identified as a
tissue-specific expressed gene in the second tissue. We identified 286 immature
ear-specific expressed genes and 675 shoot-specific expressed genes. For each
tissue-specific expressed gene, we got the number of PETs interacting with its
promoter region in two tissues. Figure 6b showed the smoothed scatterplot of the
log-transformed PET counts at the same genes from two tissues. Genes with no
interacting PETs in both tissues were removed. To identify tissue-specific chro-
matin interactions, we combined chromatin interactions identified in H3K4me3-
ChIA-PET and H3K27ac-ChIA-PET libraries in the same tissue. If one chromatin
interaction existed in one tissue and did not exist in another tissue, we identified
this interaction as the first tissue-specific chromatin interaction. Moreover, 99%
of tissue-specific chromatin interactions we identified had H3K4me3 or H3K27ac
anchor sites in both tissues.

ChIN analysis and visualization. The igraph library in R software was used for the
construction of chromatin network components. The nodes in ChINs present PET
peaks in chromatin interactions. Each edge in ChINs presents corresponding

chromatin interaction. All chromatin interactions in each tissue were used to
construct corresponding ChINs. Nodes that interacted directly or indirectly consist
of a chromatin network component. We used the Cytoscape® software to visualize
ChIN (https://cytoscape.org/).

GO analysis. GO analysis was performed using Agrigo’? (http://bioinfo.cau.edu.
cn/agriGO/index.php).

Statistical analyses. All the statistical tests were performed using R software
(https://www.r-project.org/).

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

The authors declare that all data supporting the findings of this study are available within
the article and its Supplementary Information files or from the corresponding author
upon reasonable request. A reporting summary for this Article is available as a
Supplementary Information file. All ChIA-PET, ChIP-seq, 4C, and RNA-seq data were
deposited into NCBI SRA with accession number SRP162618, SRP158640, SRP154106,
SRP158820, respectively. All published accessions used in the data analyses are listed in
Supplementary Table 6. The source data underlying Figs 1d, 4a, b, 5d, e, and 7d and
Supplementary Figs 4-6, 10a and 10b are provided as a Source Data file.

Code availability
Source code is available in the GitHub repository https://github.com/liencau/ChIA-PET-
analysis.

Received: 22 June 2018 Accepted: 20 May 2019
Published online: 14 June 2019

References

1. Visel, A. et al. ChIP-seq accurately predicts tissue-specific activity of
enhancers. Nature 457, 854-858 (2009).

2. Rada-Iglesias, A. et al. A unique chromatin signature uncovers early
developmental enhancers in humans. Nature 470, 279-283 (2011).

3. Marand, A. P, Zhang, T., Zhu, B. & Jiang, J. Towards genome-wide prediction
and characterization of enhancers in plants. Biochim. Biophys. Acta 1860,
131-139 (2017).

4. Williamson, I. et al. Anterior-posterior differences in HoxD chromatin
topology in limb development. Development 139, 3157-3167 (2012).

5. Jin, F. et al. A high-resolution map of the three-dimensional chromatin
interactome in human cells. Nature 503, 290-294 (2013).

6. Li, G. et al. Extensive promoter-centered chromatin interactions provide a
topological basis for transcription regulation. Cell 148, 84-98 (2012).

7. Tang, Z. et al. CTCF-mediated human 3D genome architecture reveals
chromatin topology for transcription. Cell 163, 1611-1627 (2015).

8. Chepelev, I, Wei, G., Wangsa, D., Tang, Q. & Zhao, K. Characterization of
genome-wide enhancer-promoter interactions reveals co-expression of
interacting genes and modes of higher order chromatin organization. Cell Res.
22, 490-503 (2012).

9. Feng, S. et al. Genome-wide Hi-C analyses in wild-type and mutants reveal
high-resolution chromatin interactions in Arabidopsis. Mol. Cell 55, 694-707
(2014).

10. Dong, P. et al. 3D chromatin architecture of large plant genomes determined
by local A/B compartments. Mol. Plant 10, 1497-1509 (2017).

11. Liu, C, Cheng, Y. J., Wang, ]. W. & Weigel, D. Prominent topologically
associated domains differentiate global chromatin packing in rice from
Arabidopsis. Nat. Plants 3, 742-748 (2017).

12. Studer, A., Zhao, Q., Ross-Ibarra, J. & Doebley, J. Identification of a functional
transposon insertion in the maize domestication gene tb1. Nat. Genet. 43,
1160-1163 (2011).

13. Liu, L. et al. KRN4 controls quantitative variation in maize kernel row
number. PLoS Genet. 11, €1005670 (2015).

14. Castelletti, S., Tuberosa, R., Pindo, M. & Salvi, S. A MITE transposon insertion
is associated with differential methylation at the maize flowering time QTL
Vagtl. G3 (Bethesda) 4, 805-812 (2014).

15. Zheng, L. et al. Prolonged expression of the BXI signature enzyme is
associated with a recombination hotspot in the benzoxazinoid gene cluster
in Zea mays. J. Exp. Bot. 66, 3917-3930 (2015).

16. Louwers, M. et al. Tissue- and expression level-specific chromatin looping
at maize bl epialleles. Plant Cell 21, 832-842 (2009).

12 | (2019)10:2633 | https://doi.org/10.1038/s41467-019-10603-4 | www.nature.com/naturecommunications


https://cytoscape.org/
http://bioinfo.cau.edu.cn/agriGO/index.php
http://bioinfo.cau.edu.cn/agriGO/index.php
https://www.r-project.org/
https://www.ncbi.nlm.nih.gov/sra/?term=SRP162618
https://www.ncbi.nlm.nih.gov/sra/?term=SRP158640
https://www.ncbi.nlm.nih.gov/sra/?term=SRP154106
https://www.ncbi.nlm.nih.gov/sra/?term=SRP158820
https://github.com/liencau/ChIA-PET-analysis
https://github.com/liencau/ChIA-PET-analysis
www.nature.com/naturecommunications

ARTICLE

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Heintzman, N. D. et al. Distinct and predictive chromatin signatures of
transcriptional promoters and enhancers in the human genome. Nat. Genet.
39, 311-318 (2007).

Creyghton, M. P. et al. Histone H3K27ac separates active from poised
enhancers and predicts developmental state. Proc. Natl. Acad. Sci. USA 107,
21931-21936 (2010).

Oka, R. et al. Genome-wide mapping of transcriptional enhancer

candidates using DNA and chromatin features in maize. Genome Biol. 18, 137
(2017).

Zhang, W., Zhang, T., Wu, Y. & Jiang, J. Genome-wide identification of
regulatory DNA elements and protein-binding footprints using signatures
of open chromatin in Arabidopsis. Plant Cell 24, 2719-2731 (2012).

Aran, D. & Hellman, A. DNA methylation of transcriptional enhancers and
cancer predisposition. Cell 154, 11-13 (2013).

Zhang, M. et al. Genome-wide high resolution parental-specific DNA and
histone methylation maps uncover patterns of imprinting regulation in maize.
Genome Res. 24, 167-176 (2014).

Gent, J. L et al. Accessible DNA and relative depletion of H3K9me2 at maize
loci undergoing RNA-directed DNA methylation. Plant Cell 26, 4903-4917
(2014).

Zhao, H. et al. Proliferation of regulatory DNA elements derived from
transposable elements in the maize genome. Plant Physiol. 176, 2789-2803
(2018).

Zhang, Y. et al. Chromatin connectivity maps reveal dynamic promoter-
enhancer long-range associations. Nature 504, 306-310 (2013).

Heintzman, N. D. et al. Histone modifications at human enhancers reflect
global cell-type-specific gene expression. Nature 459, 108-112 (2009).
Mobhrs, M. et al. Deletion of a coordinate regulator of type 2 cytokine
expression in mice. Nat. Immunol. 2, 842-847 (2001).

The, E.P.C. An integrated encyclopedia of DNA elements in the human
genome. Nature 489, 57 (2012).

Doebley, ., Stec, A. & Gustus, C. teosinte branchedl and the origin of maize:
evidence for epistasis and the evolution of dominance. Genetics 141, 333-346
(1995).

Clark, R. M., Wagler, T. N., Quijada, P. & Doebley, J. A distant upstream
enhancer at the maize domestication gene tb1 has pleiotropic effects on plant
and inflorescent architecture. Nat. Genet. 38, 594-597 (2006).

Hake, S. et al. The role of knox genes in plant development. Annu. Rev. Cell
Dev. Biol. 20, 125-151 (2004).

Schneeberger, R. G., Becraft, P. W., Hake, S. & Freeling, M. Ectopic expression
of the knox homeo box gene rough sheathl alters cell fate in the maize leaf.
Genes Dev. 9, 2292-2304 (1995).

Makarevitch, I, Thompson, A., Muehlbauer, G. J. & Springer, N. M. Brdl
gene in maize encodes a brassinosteroid C-6 oxidase. PLoS ONE 7, €30798
(2012).

Li, Y. X. et al. Identification of genetic variants associated with maize
flowering time using an extremely large multi-genetic background population.
Plant J. 86, 391-402 (2016).

Satoh-Nagasawa, N., Nagasawa, N., Malcomber, S., Sakai, H. & Jackson, D. A
trehalose metabolic enzyme controls inflorescence architecture in maize.
Nature 441, 227-230 (2006).

Ghavi-Helm, Y. et al. Enhancer loops appear stable during development and
are associated with paused polymerase. Nature 512, 96-100 (2014).

Rubin, A. J. et al. Lineage-specific dynamic and pre-established
enhancer—promoter contacts cooperate in terminal differentiation. Nat. Genet.
49, 1522-1528 (2017).

Chen, J. et al. Dynamic transcriptome landscape of maize embryo and
endosperm development. Plant Physiol. 166, 252-264 (2014).

Schug, J. et al. Promoter features related to tissue specificity as measured by
Shannon entropy. Genome Biol. 6, R33 (2005).

Zabidi, M. A. et al. Enhancer-core-promoter specificity separates
developmental and housekeeping gene regulation. Nature 518, 556-559
(2015).

Pautler, M. et al. FASCIATED EAR4 encodes a bZIP transcription

factor that regulates shoot meristem size in maize. Plant Cell 27, 104-120
(2015).

Schmidt, R. J. et al. Identification and molecular characterization of ZAG1, the
maize homolog of the Arabidopsis floral homeotic gene AGAMOUS. Plant
Cell 5, 729-737 (1993).

Bergantino, E. et al. Light- and pH-dependent structural changes in the PsbS
subunit of photosystem II. Proc. Natl. Acad. Sci. USA 100, 15265-15270
(2003).

Stam, M. et al. The regulatory regions required for B> paramutation and
expression are located far upstream of the maize bl transcribed sequences.
Genetics 162, 917-930 (2002).

Sidorenko, L., Li, X., Tagliani, L., Bowen, B. & Peterson, T. Characterization of
the regulatory elements of the maize P-rr gene by transient expression assays.
Plant Mol. Biol. 39, 11-19 (1999).

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Sandhu, K. S. et al. Large-scale functional organization of long-range
chromatin interaction networks. Cell Rep. 2, 1207-1219 (2012).

Jeanneau, M. et al. Improvement of drought tolerance in maize: towards the
functional validation of the Zm-Asrl gene and increase of water use efficiency
by over-expressing C4-PEPC. Biochimie 84, 1127-1135 (2002).

Virlouvet, L. et al. The ZmASRI protein influences branched-chain amino
acid biosynthesis and maintains kernel yield in maize under water-limited
conditions. Plant Physiol. 157, 917-936 (2011).

Fujioka, S. et al. The dominant non-gibberellin-responding dwarf mutant (D8)
of maize accumulates native gibberellins. Proc. Natl. Acad. Sci. USA 85,
9031-9035 (1988).

Thornsberry, J. M. et al. Dwarf8 polymorphisms associate with variation in
flowering time. Nat. Genet. 28, 286-289 (2001).

Camus-Kulandaivelu, L. et al. Maize adaptation to temperate climate:
relationship between population structure and polymorphism in the Dwarf8
gene. Genetics 172, 2449-2463 (2006).

Sekhon, R. S. et al. Genome-wide atlas of transcription during maize
development. Plant J. 66, 553-563 (2011).

Xie, M. et al. DNA hypomethylation within specific transposable element
families associates with tissue-specific enhancer landscape. Nat. Genet. 45,
836-841 (2013).

Dao, L. et al. Genome-wide characterization of mammalian promoters with
distal enhancer functions. Nat. Genet. 49, 1073-1081 (2017).

Burren, O. S. et al. Chromosome contacts in activated T cells identify
autoimmune disease candidate genes. Genome Biol. 18, 165 (2017).
Meddens, C. A. et al. Systematic analysis of chromatin interactions at disease
associated loci links novel candidate genes to inflammatory bowel disease.
Genome Biol. 17, 247 (2016).

Chen, J. C. et al. Identification of causal genetic drivers of human disease through
systems-level analysis of regulatory networks. Cell 159, 402-414 (2014).
Fullwood, M. J. et al. An oestrogen-receptor-alpha-bound human chromatin
interactome. Nature 462, 58-64 (2009).

Haring, M. et al. Chromatin immunoprecipitation: optimization, quantitative
analysis and data normalization. Plant Methods 3, 11 (2007).

Splinter, E., de Wit, E., van de Werken, H. J., Klous, P. & de Laat, W.
Determining long-range chromatin interactions for selected genomic sites
using 4C-seq technology: from fixation to computation. Methods 58, 221-230
(2012).

Raviram, R. et al. 4C-ker: a method to reproducibly identify genome-wide
interactions captured by 4C-seq experiments. PLoS Comput. Biol. 12,
1004780 (2016).

Trapnell, C., Pachter, L. & Salzberg, S. L. TopHat: discovering splice junctions
with RNA-Seq. Bioinformatics 25, 1105-1111 (2009).

Trapnell, C. et al. Differential gene and transcript expression analysis of RNA-
seq experiments with TopHat and Cufflinks. Nat. Protoc. 7, 562-578 (2012).
Lei, L. et al. Ribosome profiling reveals dynamic translational landscape in
maize seedlings under drought stress. Plant J. 84, 1206-1218 (2015).
Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie 2. Nat.
Methods 9, 357-359 (2012).

Feng, J., Liu, T, Qin, B,, Zhang, Y. & Liu, X. S. Identifying ChIP-seq
enrichment using MACS. Nat. Protoc. 7, 1728-1740 (2012).

Ji, X. et al. 3D chromosome regulatory landscape of human pluripotent cells.
Cell Stem Cell 18, 262-275 (2016).

Langmead, B., Trapnell, C., Pop, M. & Salzberg, S. L. Ultrafast and memory-
efficient alignment of short DNA sequences to the human genome. Genome
Biol. 10, R25 (2009).

Shannon, P. et al. Cytoscape: a software environment for integrated models of
biomolecular interaction networks. Genome Res. 13, 2498-2504 (2003).

Du, Z., Zhou, X., Ling, Y., Zhang, Z. & Su, Z. agriGO: a GO analysis toolkit for
the agricultural community. Nucleic Acids Res. 38, W64-W70 (2010).

Acknowledgements

We thank Dr. Guoliang Li at the Huazhong Agricultural University of Wuhan and Dr.
Melissa J. Fullwood at the Genome Institute of Singapore for ChIA-PET methodology,
and Dr. Guipeng Li at the Tsinghua University for assistance in analyzing ChIA-PET
data. This work was supported by grants from the National Key Research and Devel-
opment Program of China (2016YFD0101803) and the National Natural Science
Foundation of China (91635303; 91735301).

Author contributions

J.L., EL., and H.L. designed the experiments. H.L. performed the experiments. E.L.
analyzed the data. L.H. and X.Z. performed part of the data visualization. X.D., H.Z., and
W.S. participated in material collection. E.L. and J.L. wrote the manuscript. E.L. and H.L.
wrote the Methods section.

| (2019)10:2633 | https://doi.org/10.1038/s41467-019-10603-4 | www.nature.com/naturecommunications 13


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/541467-019-10603-4

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-10603-4.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Peer review information: Nature Communications thanks Michael Zhang, and the other
anonymous reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

7 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

14 NATURE COMMUNICATIONS | (2019)10:2633 | https://doi.org/10.1038/s41467-019-10603-4 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-019-10603-4
https://doi.org/10.1038/s41467-019-10603-4
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Long-range interactions between proximal and�distal regulatory regions in maize
	Results
	High-resolution maps of chromatin interaction in maize
	Identification of distal regulatory regions in maize
	Annotation of chromatin interactions in maize
	Genome-wide chromatin interaction pattern in maize
	Correlation between interaction and gene expression
	The comparison of chromatin interactions between tissues
	Chromatin interactions form functional networks

	Discussion
	Methods
	Material preparation of shoot and immature ear
	ChIP-seq library construction
	ChIA-PET library construction
	4C-seq library construction and data analysis
	RNA-seq library construction and gene expression analysis
	Identification of H3K4me3 and H3K27ac peaks
	Identification of chromatin interactions
	Calculation of gene expression correlation
	Calculation of Shannon entropy
	The analysis of tissue-specific chromatin interactions
	ChIN analysis and visualization
	GO analysis
	Statistical analyses
	Reporting summary

	References
	References
	References
	Acknowledgements
	Author contributions
	ACKNOWLEDGEMENTS
	Competing interests
	ACKNOWLEDGEMENTS




