
Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 Inter-
national License, which permits any non-commercial use, sharing, 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 licence, and indicate if you modified 
the licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The 
images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a 
credit line to the material. If material is not included in the article’s Creative Commons licence 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 licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

RESEARCH

Wang et al. Genome Biology          (2024) 25:324  
https://doi.org/10.1186/s13059-024-03465-7

Genome Biology

Promoter capture Hi-C identifies 
promoter-related loops and fountain structures 
in Arabidopsis
Dingyue Wang1†, Suxin Xiao1†, Jiayue Shu1†, Lingxiao Luo1, Minqi Yang1, Myriam Calonje2, Hang He1, 
Baoxing Song3 and Yue Zhou1* 

Abstract 

Background: Promoters serve as key elements in the regulation of gene transcrip-
tion. In mammals, loop interactions between promoters and enhancers increase 
the complexity of the promoter-based regulatory networks. However, the identification 
of enhancer-promoter or promoter-related loops in Arabidopsis remains incomplete.

Results: Here, we use promoter capture Hi-C to identify promoter-related loops 
in Arabidopsis, which shows that gene body, proximal promoter, and intergenic 
regions can interact with promoters, potentially functioning as distal regulatory 
elements or enhancers. We find that promoter-related loops mainly repress gene 
transcription and are associated with ordered chromatin structures, such as topologi-
cally associating domains and fountains-chromatin structures not previously identi-
fied in Arabidopsis. Cohesin binds to the center of fountains and is involved in their 
formation. Moreover, fountain strength is positively correlated with the number 
of promoter-related loops, and the maintenance of these loops is linked to H3K4me3. 
In atxr3 mutants, which lack the major H3K4me3 methyltransferases in Arabidopsis, 
the number of promoter-related loops at fountains is reduced, leading to upregulation 
of fountain-regulated genes.

Conclusions: We identify promoter-related loops associated with ordered chroma-
tin structures and reveal the molecular mechanisms involved in fountain formation 
and maintenance.

Background
Chromosomes are organized into specific functional regions, such as promoters and 
enhancers, which require precise spatial packaging and folding to play important roles 
in transcription regulation and biological processes [1–3]. Through the development 
of chromosome conformation capture (3C)-based techniques and microscopic imag-
ing methods [3, 4], multiple scales of three-dimensional (3D) chromatin organiza-
tion have been identified in eukaryotic genomes, including chromatin territories, A/B 
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compartments, topologically associating domains (TADs), and chromatin loops [3, 
5–8]. Among these, A/B compartments can distinguish transcriptionally active/inactive 
regions [3]. Chromatin within TADs exhibits significantly higher contact frequencies 
compared with neighboring regions [5, 9]. In mammals, TAD formation is regulated by 
CCCTC-binding factor (CTCF) and cohesin complex [10–13]. However, TADs are asso-
ciated with histone modifications and regarded as compartment domains in Drosophila 
[8, 14]. Recent studies have also identified TADs, or compartment domains, in plants, 
which can be divided into four types: H3K4me3-TADs, H3K9me2-TADs, H3K27me3-
TADs, and null-TADs (without dominant histone modifications) [15–18]. Additionally, 
chromatin loops, especially promoter-enhancer loops, are involved in the regulation of 
gene transcription and are confined within TADs in animals [8, 10, 19]. However, this 
relationship remains unclear in plants. A novel fountain-shaped chromatin feature, 
appearing perpendicular to the diagonal in contact maps, has been identified in ani-
mals. Although referred to by various names, such as “bow-shaped,” “hairpin,” “flares,” 
and “jet,” these structures share the same characteristics: they extend along the diagonal, 
are regulated by cohesin, and exhibit strong spatial and temporal specificity. The cohesin 
complex preferentially loads at the target region and begins extruding DNA on both 
sides. Multiple cohesin extruders can load at the target sites, resulting in the formation 
of these structures [20–22]. Fountain center regions show H3K27ac signals, suggesting a 
relationship between fountains and enhancers. A recent preprint reported that enhancer 
loci are associated with fountain structures located 10–50 kb from those enhancers in 
Caenorhabditis elegans [23].

The Hi-C method captures diverse genomic interactions [3], but promoter-associated 
interactions are challenging to fully resolve using Hi-C data alone. Although ChIA-PET 
and HiChIP can generate high-resolution interaction maps for specific loci, they are not 
suitable for identifying promoter-related loops due to their lack of distinct protein mark-
ers [24–26]. In 2015, capture Hi-C was developed and used to map promoter-related 
loops in human cells [27]. Since then, it has been widely utilized to study promoter-
related structures [28, 29]. In plants, the search for enhancers began in pea more than 
35 years ago [30]. By analyzing open chromatin and histone acetylation patterns, the 
enhancers of GRGP in maize and PetE in pea were identified [31, 32]. However, enhanc-
ers in plants do not exhibit distinct histone modifications. As a result, open chroma-
tin distribution combined with cis-regulatory element analysis has been used to identify 
enhancers in rice and Arabidopsis [33, 34]. Although a 2019 study provided insights 
regarding the functional flexibility of enhancers during plant development in Arabidop-
sis [35], and more recently, DNase-seq data from different tissues have revealed several 
super-enhancers in Arabidopsis [36], the identification of enhancers and their corre-
sponding promoter-enhancer loops remains incomplete. Moreover, new methods have 
been developed to identify chromatin loops in Arabidopsis [37, 38]. Here, we used pro-
moter capture Hi-C (PCHi-C) to gain a genome-wide perspective on promoter-related 
loops in Arabidopsis. Combined with ATAC-seq data, the PCHi-C results showed that 
gene body, proximal promoter, and intergenic regions interact with promoters. The non-
promoter regions may function as potential enhancers or distal regulatory cis-elements. 
Most promoter-related loops are associated with higher-order chromatin structures. 
Intriguingly, promoter-related loops were negatively correlated with gene transcription. 
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Additionally, we detected fountain structures in Arabidopsis. Cohesin binds to the 
center of these fountains and mediates their formation. The anchor regions surround-
ing the fountain center were enriched with H3K4me3 and interacted with each other. 
Finally, we found that ATXR3, the enzyme responsible for regulating H3K4me3, helps 
maintain loops within fountains to repress fountain-associated genes.

Results
Promoter‑related interactions are efficiently captured by PCHi‑C in Arabidopsis

Promoters consist of the core promoter region and upstream transcription factor (TF) 
binding sites. Three promoter elements have been functionally validated in Arabidop-
sis: the TATA-box, Initiator element, and TC motif or Y patch, respectively. These core 
promoters, with their specific elements, define the transcription start site (TSS) [39, 40]. 
To explore the genome-wide regulatory effects of spatial chromatin interactions on the 
core promoters, we selected the sequence from − 165 to + 5 relative to the TSS (Addi-
tional file 1: Figure S1) to design a biotinylated RNA bait library targeting 17,644 core 
promoter fragments (Fig. 1A). First, we prepared in situ Hi-C libraries using 10-day-old 
Col-0 plants. Interaction decay exponent (IDE) curves summarize the general features 
of chromatin compaction. Our new Hi-C data closely matched published data [18], indi-
cating the high quality of the Hi-C libraries (Fig. 1B). Second, we hybridized the Hi-C 

Fig. 1 Promoter capture Hi-C efficiently enriches promoter-related loops. A Schematic of the principles of 
promoter capture Hi-C. Ligated valid interactions prepared by the Hi-C library rarely include promoter-related 
loops (red). The library of core promoter baits with biotin marks is artificially synthesized and hybridizes with 
the Hi-C library. By pulling down the biotin-labeled fragments, the promoter capture Hi-C library with highly 
enriched promoter-related loops can be obtained. B Interaction decay exponent (IDE) curves of a published 
Hi-C library and the Hi-C library used in this study are indicated with green and blue, respectively. C Ratios of 
promoter-related interactions to all valid interactions for published Hi-C data and two replicates of PCHi-C are 
shown in a bar plot
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library DNA to an RNA bait library to capture all promoter-related interactions, then 
sequenced the resulting PCHi-C libraries. We analyzed the PCHi-C libraries and com-
pared the capture efficiencies of promoter-related interactions between published Hi-C 
data and our PCHi-C data. The results showed a nearly tenfold increase in the enrich-
ment of promoter-related interactions in the PCHi-C data, compared with conven-
tional Hi-C data, which was sufficient to allow the identification of promoter-related 
loops (Fig. 1C, Additional file 2: Table S1). This level of enrichment is similar to findings 
observed with the promoter capture Hi-C method in animals [27]. Overall, our results 
illustrate that PCHi-C efficiently enriches promoter-related interactions.

Identification of different promoter‑related loops

Using a statistical model, we adjusted for distance effects (Additional file 1: Figure S2) 
and identified 27,946 significant promoter-related loops (Additional file  3: Table  S2) 
from the total interactions. The median length of these loops was approximately 27 kb 
(Fig.  2A), and there were no noticeable differences among chromosomes. Nearly all 
promoter-related loops identified by PCHi-C were intra-chromosomal rather than inter-
chromosomal, consistent with the previously reported concept of chromosome territo-
ries in Arabidopsis, suggesting that promoters preferentially interact with regions on the 
same chromosome (Fig.  2B). Potential regulatory elements usually exhibit open chro-
matin signals, representing their ability to bind transcription factors, which mediate 
interactions between elements. Due to the compact genome of Arabidopsis, it is chal-
lenging to identify regulatory elements solely based on genome annotation. To further 

Fig. 2 Promoters interact with gene body, intergenic, and proximal promoter regions. A Violin plot 
and corresponding box plot represent the length distribution of promoter-related loops in individual 
chromosomes. The median length of promoter-related loops is labeled at the top left of the panel. B Bar plot 
indicates the relative abundances of intra-chromosomal and inter-chromosomal promoter-related loops 
in individual chromosomes. C, D, and E Gene body (C), intergenic (D), and proximal promoter (E) loops are 
shown. Red, green, and blue boxes represent the gene body, intergenic, and proximal promoter regions, 
respectively. F Motifs enriched in the gene body (top), intergenic (middle), and proximal promoter (bottom) 
regions are shown. Transcription factors recognizing the top four ranked motifs and their corresponding 
P-values are indicated
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characterize the features of regions interacting with promoters, we integrated ATAC-
seq data to identify chromatin-accessible regions within promoter-related loop anchors. 
The promoter-interacting regions were categorized into three types: gene body (located 
within the gene body region), proximal promoter (located within 200 bp upstream of 
the TSS), and intergenic (located more than 200 bp upstream of the TSS) (Fig. 2C–E). 
Of the regions identified by PCHi-C, 104 overlapped with previously published super-
enhancers (749) [36] (Additional file  1: Figure S3). The relatively low overlap between 
our potential enhancers and previously identified super-enhancers may be due to the 
tissue specificity of enhancers. Super-enhancers were identified by integrating datasets 
from multiple tissues, whereas the PCHi-C data were derived from 10-day-old seedlings. 
Considering that promoter-interacting regions could potentially function as regulatory 
elements in gene expression, we analyzed motif enrichment in these regions (Fig. 2F). 
Cis-elements bound by C2C2dof, MYB121, or PCF were the most enriched in gene body, 
intergenic, and proximal promoter regions, respectively, suggesting that these transcrip-
tion factors are involved in mediating promoter-related loops. Taken together, our data 
indicate that intergenic or gene body regions interacting with promoters may function as 
potential enhancers or distal regulatory elements.

Promoter‑related loops mainly associate with ordered chromatin structures and negatively 

regulate gene transcription

When we examined the distribution pattern of promoter-related loops, we found that 
black dots representing the loops were located within shaded triangles, corresponding 
to three types of TADs (H3K4me3-, H3K9me2-, and H3K27me3-) [18] in the heatmap 
(Fig. 3A–C). This indicated that most loops were established within larger-scale chro-
matin structures. We also observed contact structures associated with promoter-related 
loops outside TADs, which originate from a single genomic locus and expand with 
increasing distance from the diagonal (Fig. 3D). These structures are known as fountains 
in animals [20–22]. We identified 1361 fountains based on Hi-C data (Additional file 3: 
Table S2). Thus, our data revealed the presence of fountain structures in Arabidopsis, 
which were previously unreported (Fig. 3D). Overall, we found that 73.29% of promoter-
related loops were associated with TADs or fountain structures (Fig. 3A–D). Specifically, 
31.45, 13.79, and 5.77% of promoter-related loops were associated with H3K27me3-, 
H3K9me2-, and H3K4me3-TADs, respectively, whereas 22.28% were linked to fountains 
(Fig. 3E). Because the maintenance of 3D chromatin structures in Arabidopsis is associ-
ated with histone modifications [18, 41], we examined the enrichment of histone modi-
fications at promoter-related loop anchors within each type of chromatin structure. We 
found that whereas anchor regions within TADs were enriched with the histone mod-
ification corresponding to the specific TAD, anchors of fountain-associated loops and 
other loops were enriched in H3K4me3 (Fig.  3F). Altogether, these data indicate that 
promoter-related loops are closely correlated with TADs and fountain structures.

To further explore the biological significance of promoter-related loops, we treated 
each promoter as a single node and defined the number of interactions with other nodes 
(loops) as the “interaction degree”. A higher interaction degree indicates that more loops 
are created from a particular node (Fig. 3G). The interaction degrees of promoters were 
significantly higher in H3K9me2- and H3K27me3-TADs than in H3K4me3-TADs and 
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fountains (Fig. 3H). Next, we assessed the transcriptional activities of genes driven by 
promoters associated with different structures. When we categorized gene transcrip-
tion levels into four clusters (high, medium, low, and none), we found that, overall, genes 
driven by promoters in H3K9me2- and H3K27me3-TADs tended to have lower tran-
scription levels than those driven by promoters in H3K4me3-TADs (Fig. 3I). Regarding 
genes driven by promoters associated with fountains, we observed that the percent-
age with high expression levels was higher than the percentages in H3K9me2- and 

Fig. 3 Promoter-related loops are mainly associated with different TADs and fountain structures; they serve 
to repress gene transcription. A–C Contact heatmaps normalized by O/E for H3K4me3- (A), H3K9me2- (B), 
and H3K27me3-TAD (C) regions are shown. Promoter-related loops are indicated by black marks in the 
bottom left corner of each heatmap. Some typical loops not associated with TAD structures are marked by 
red arrows. Shaded triangles outline TAD patterns in the heatmaps. D A typical fountain structure is shown in 
O/E contact heatmaps. Green boxes represent the base of the fountains. Promoter-related loops are indicated 
by black marks in the bottom left corner of each heatmap. Shaded triangles outline fountain patterns in 
the heatmaps. E The proportion and number of promoter-related loops associated with each higher-order 
chromatin structure are shown. F The heatmap represents the relative histone modification levels in 
promoter-related loop anchor genes associated with H3K9me2-TADs, H3K27me3-TADs, H3K4me3-TADs, 
fountains, or other loops. Pairwise Mann–Whitney U tests, corrected by the Bonferroni–Holm method for 
multiple comparisons, were used to calculate the statistical significance of enrichment or depletion (target 
regions vs. randomly selected regions) shown in red and blue, respectively. Non-significant modifications are 
indicated in gray (P-value > 0.05). Published data were obtained from the Plant Chromatin State Database 
and are listed in Additional file 4: Table S3. G Schematic of promoter interaction degree. Green and purple 
circles represent the promoter and interacting regions, respectively. Lines between the circles represent 
promoter-related loops. H Box plot representing the interaction degree of each promoter-related loop anchor 
gene associated with H3K9me2-TADs, H3K27me3-TADs, H3K4me3-TADs, and fountains. Only anchors with an 
interaction degree greater than five are shown. P-values were calculated using the Wilcoxon rank-sum test. I 
Bar plot showing the proportional expression levels of promoter-related loop anchor genes associated with 
H3K9me2-TADs, H3K27me3-TADs, H3K4me3-TADs, and fountains. J Boxplot representing the expression levels 
of promoter-related loop anchor genes associated with H3K9me2-TADs, H3K27me3-TADs, H3K4me3-TADs, 
and fountains. Red and blue indicate a loop anchor interaction degree of ≤ 5 or > 5. Expression levels are 
normalized by  log10. The p-values are indicated in the Additional file 1: Figure S4
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H3K27me3-TADs, but lower than the percentage in H3K4me3-TADs (Fig.  3I). Addi-
tionally, we found that most promoters associated with H3K4me3-TADs had low inter-
action degrees, those associated with fountains had medium interaction degrees, and 
those associated with H3K9me2- and H3K27me3-TADs had high interaction degrees 
(Fig. 3H).

To exclude the effect of histone modifications, we compared the expression levels of 
genes driven by promoters with high interaction degrees (≥ 5 interactions) versus low 
interaction degrees (< 5 interactions) across TAD- and fountain-associated structures 
(Fig.  3J). The results showed that genes driven by high interaction degree promoters 
had significantly lower transcription levels than those driven by low interaction degree 
promoters. For H3K4me3-TAD-associated promoters, the P-value was not statistically 
significant due to the small number (24) of promoters with a high interaction degree 
(Additional file 1: Figure S4A). Our results remained consistent under different thresh-
olds (Additional file 1: Figure S4B-C). In summary, our findings suggest that promoter 
interaction degree is negatively correlated with transcriptional activity.

Fountain structures are associated with promoter‑related loops and regulated by cohesin

Fountain structures and their regulatory mechanisms in Arabidopsis are unclear. In ani-
mals, the fountain center is bound by RAD21 and NIPBL [21], core components of the 
cohesin complex. To identify factors that bind to the fountain center in Arabidopsis, 
we performed motif enrichment analysis and found that the G-box showed the high-
est enrichment (Fig. 4A,B). This motif reportedly is bound by the cohesin component 
SISTER CHROMATID COHESION 1 PROTEIN 4 (SYN4) [42]. We then investigated 
whether SYN4 is involved in the regulation of fountain structures. A metaplot revealed 
that SYN4 binding is enriched at the center of fountains (Fig. 4A,C). When we compared 
the strength of fountain structures between Col-0 and the syn4 mutant, we observed a 
significant reduction of strength in the syn4 mutant (Fig.  4D, Additional file  1: Figure 
S5). Taken together, our results showed that cohesin plays an important role in the for-
mation of fountain structures in Arabidopsis.

In animals, fountains show strong enrichment of enhancer-specific marks (H3K4me1 
and H3K27ac) but relatively weak enrichment of the promoter-specific mark H3K4me3. 
When we examined promoter-related loop anchors on either side of the center, we 
found that these anchors had high levels of H3K4me3 compared to random selected 
genes (Figs. 3F and 4A). The H3K4me3-enriched promoter-related loop anchors tended 
to interact with each other, crossing the fountain center. To further explore the relation-
ship between fountains and promoter-related loops within the fountain, we classified 
fountains into three groups according to promoter loop number and determined their 
strength (Fig. 4E). Fountain strength was positively correlated with loop number, sug-
gesting that the regulation of promoter-related loops is involved in the maintenance of 
fountain structures (Fig. 4F).

ATXR3 maintains loops within fountains to repress fountain‑associated gene transcription

Considering that the loop anchors within fountains are enriched in H3K4me3, which 
significantly differs from observations in animals (Figs. 3F and 4A), we investigated the 
role of H3K4me3 in regulating fountains and the associated promoter-related loops. 
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ARABIDOPSIS TRITHORAX-RELATED3 (ATXR3) is a major H3K4 tri-methyl-
transferase in Arabidopsis; accordingly, the level and distribution of H3K4me3 are sig-
nificantly altered in the atxr3 mutant [43, 44]. To investigate changes in 3D chromatin 
structure, we first performed Hi-C in the atxr3 mutant (Additional file  2: Table  S1). 
The results showed that contact frequency was significantly reduced in the atxr3 
mutant (Additional file 1: Figure S6). Aggregate TAD analysis (ATA), which calculates 
interaction intensity within TADs, showed that whereas the strengths of H3K27me3- 
and H3K9me2-TADs were unchanged (Additional file  1: Figure S7), the strength of 
H3K4me3-TADs was reduced in the atxr3 mutant (Additional file 1: Figure S7). Consist-
ent with this observation, we found that H3K4me3 levels tended to decrease in the atxr3 
mutant at the anchors of fountain-associated promoter-related loops, as well as genome-
wide (Fig. 5A, Additional file 1: Figure S8). Thus, we hypothesized that the number of 
promoter-related loops would be reduced. We performed PCHi-C in the atxr3 mutant 
and identified 23,477 loops, fewer than the number identified in Col-0. Compared with 
Col-0, PCHi-C in atxr3 showed a significant reduction in the interaction degree of 
fountain-associated promoter-related loops (Fig. 5B). Because our results suggested that 
promoter-related loops play a repressive role in gene expression (Fig. 3), we analyzed the 
transcription levels of genes driven by fountain-associated promoter-related loops in the 
atxr3 mutant using RNA-Seq (Additional file 1: Figure S9). We also examined the cor-
relation between gene expression and H3K4me3 levels in Col-0 and the atrx3 mutant. 
We found that the correlation between fountain-associated gene transcription and 

Fig. 4 Fountain structures are correlated with promoter-related loops and regulated by cohesin. A The 
contact matrix, O/E contact matrix, promoter-related loops, SYN binding sites, H3K4me3 modified regions, 
and gene-occupied regions are presented from top to bottom. Typical fountain structures are represented 
by raw (top) and O/E (bottom) contact heatmaps. Yellow arcs indicate promoter-related loops, and the 
shaded area marks the location of fountain center. B The G-box motif feature at the center of the fountain. C 
The meta plot shows SYN4-YFP binding to the center of the fountain structures. D Heatmaps representing 
the average contact strength of fountains and their 50-kb flanked regions in Col-0 and the syn4 mutant. 
Values are shown as  log2 observed/expected. E Box plot representing the fountain strength of three clusters. 
P-values are calculated using the Wilcoxon rank-sum test. F Heatmaps representing the average contact 
strength of fountains and their 50-kb flanked regions. From top to bottom, fountains are categorized as 
high, medium, or low based on the number of promoter-related loops. Values are shown as  log2 observed/
expected
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H3K4me3 levels was decreased in the atxr3 mutant relative to Col-0 (Additional file 1: 
Figure S10). The atxr3 mutant exhibits severe growth and developmental phenotypes 
compared with the wild type (Additional file 1: Figure S11A). Approximately, 20% of dif-
ferentially expressed genes (DEGs) are associated with promoter-associated loops (Addi-
tional file  1: Figure S11B). For instance, loop numbers are reduced at the AT5G50800 
(AtSWEET13) and AT5G46700 (TORNADO 2) loci. Correspondingly, their expression 
levels are upregulated in the atxr3 mutant (Additional file 1: Figure S11C). AtSWEET13 
and TORNADO 2 are reportedly involved in seed and seedling development [45] and 
root differentiation regulation [46], respectively. Their aberrant expression may con-
tribute to the phenotypic abnormalities observed in the atxr3 mutant. Additionally, the 
reduced number of promoter-related loops in the atxr3 mutant led to the upregulation 
of 79% (118/(118 + 31)) of all DEGs within fountains (Fig.  5C). Gene Ontology (GO) 
analysis showed that upregulated genes were enriched for metabolic processes involved 
in plant development and adaption [47] (Fig. 5D). Misregulation of these genes may be 
responsible for the developmental phenotype of the atxr3 mutant (Additional file 1: Fig-
ure S11A). For example, the promoter of Bright Trichomes 1 (BRT1), a UDP-glucosyl-
transferase and putative cytoplasmic enzyme involved in phenylpropanoid metabolism 
[48], is located at a fountain anchor. In the atxr3 mutant, the interaction degree of this 
promoter was reduced, leading to the upregulation of BRT1 (Fig.  5E) and neighbor-
ing anchor genes. Overall, the results demonstrate that fountain-associated promoter-
related loops serve to repress gene transcription.

Fig. 5 ATXR3 functions to maintain promoter-related loops in fountains, thereby repressing gene 
transcription. A Box plot representing H3K4me3 levels at fountain-associated loop anchors in Col-0 and the 
atxr3 mutant. Red diamonds indicate mean H3K4me3 levels. The p-value is calculated by Wilcoxon rank-sum 
test. B Box plot representing the interaction degree of loop anchors within fountains in Col-0 and the atxr3 
mutant. P-values were calculated using the Wilcoxon rank-sum test. C Differential expression analysis was 
conducted on anchored genes with reduced interaction degrees as shown in B. Differentially expressed 
genes were defined by the following criteria: |log2 (fold change)|> 1.5 and p value < 0.05. D GO analysis 
was performed on the upregulated genes (red) identified in C. E Promoter-related loops, gene expression 
levels in Col-0 and the atxr3 mutant, and gene regions are presented from top to bottom. Only BRT1 
(At3G21560)-associated loops are highlighted in red. RNA-Seq data are presented in RPKM. The shaded area 
indicates the location of the BRT1 core promoter region
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Discussion
Promoters are essential sequences that can be bound by RNA polymerase II (RNAPII) 
and transcription factors to initiate gene transcription [39]. In mammals, promoter-
enhancer loops are regulated by RNAPII, mediator complexes, and transcription fac-
tors [49–51]. H3K27ac has been identified as a marker of enhancers in animals [52–54]. 
Therefore, methods based on H3K27ac immunoprecipitation are widely used to iden-
tify enhancers and promoter-enhancer loops in these organisms. However, enhancers 
enriched with specific histone modifications have not been detected in plants; thus, 
identification of enhancer- and promoter-related loops has remained challenging. Tech-
niques based on chromatin accessibility, such as DNase I-Seq and ATAC-Seq, have been 
used to detect enhancer candidates [34, 55, 56]. However, few enhancers have been 
validated. Using the PCHi-C method, we found that gene body and intergenic regions 
can interact with promoters and may function as potential enhancers. Additionally, the 
Arabidopsis genome is very dense, with more than 30,000 genes in 120 Mb of DNA. 
Thus, it has been suggested that only proximal promoter regulation elements are present 
or that enhancer-based gene regulation is not the main mechanism of gene regulation in 
Arabidopsis [57]. Our results generally support these hypotheses. Among all promoter-
related loops, we found that a portion of loop anchors were located in the proximal pro-
moter region. Notably, another set of loops identified by CAP-C also contained a high 
number of promoter-promoter interactions (PPIs) in Arabidopsis [37]. Both findings 
suggest that PPIs are widespread in Arabidopsis. Furthermore, TFs such as bHLH were 
enriched at the loop anchor regions in both promoter-related loops and PPIs, indicating 
that TFs play an important role in regulating these interactions.

By combining PCHi-C and Hi-C data, we found that most promoter-related loops are 
associated with higher-order chromatin structures (TADs or fountains) (Fig.  6A). We 
also found that the interaction degree of a promoter is negatively correlated with the 
transcription levels of the corresponding gene (Fig.  6C); accordingly, promoters within 
H3K9me2- or H3K27me3-TADs have a higher interaction degree relative to those within 
H3K4me3-TADs. Promoters associated with high-interaction-degree loops form con-
densed regions where genes exhibit relatively lower transcription levels. This finding aligns 
with previous studies that combined Hi-C and ChIP-seq of Pol II to explore the charac-
teristics of higher-order chromatin structures containing both active and repressive genes 
[57]. These studies also suggested that the regulatory mechanism in Arabidopsis favors 
co-repression over co-activation. Additionally, we identified fountain structures in plants; 
these structures have been identified in other organisms, such as mammals and zebrafish 
[20–22]. Extensive functional evidence now supports a role for fountain structures in medi-
ating and controlling promoter-enhancer interactions [58–60]. Moreover, fountain struc-
tures are highly dynamic, consistent with the stage-specific characteristics of enhancers. 
Similar to fountains in animals, we found that the centers of fountains in Arabidopsis are 
bound by cohesin. In cohesin component mutants, fountain structures are significantly 
diminished, indicating that fountain formation is driven by extrusion of the cohesin com-
plex. Regions enriched with H3K4me3 tend to interact with each other across the fountain 
center. Cohesin regulates fountain structure, whereas H3K4me3 helps to maintain loops 
and interactions within the fountain (Fig. 6B). However, we observed notable differences 
between animals and Arabidopsis. First, fountain structures in Arabidopsis are mainly 
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associated with promoter-related loops. Second, the H3K4me3 levels at anchor regions play 
a role in maintaining fountain strength. Through this maintenance, chromatin interactions 
crossing the fountain center repress the associated genes, ensuring that their expression 
levels remain low. In support of this notion, we found that fountain strength and the num-
bers of promoter-related loops are reduced in the atxr3 mutant, leading to the upregulation 
of fountain-associated genes.

Conclusions
This study constitutes the first application of PCHi-C technology to Arabidopsis. We iden-
tified novel promoter-related regulatory loops, potential enhancers, and fountain structures 
in Arabidopsis. Moreover, we showed that cohesin and H3K4me3 are involved in fountain 
formation and maintenance, respectively. The establishment of PCHi-C technology offers 
a new approach for studying distal regulatory elements or enhancers in crops with large 
genomes, such as wheat and maize.

Fig. 6 Working models for promoter-related loops and their functions. A Both TADs and fountains are 
associated with promoter-related loops in Arabidopsis. Heatmap models depict different chromosome 
structures; black arcs indicate anchoring promoter-related loops, and green lines represent gene regions. 
TAD-associated promoter-related loops are enriched with histone modifications corresponding to 
the TAD (top). At the center of the fountain, cohesin binds to mediate loop formation. The anchors of 
fountain-associated promoter-related loops are enriched with H3K4me3 (bottom). B Working model of 
promoter-related loops in fountains. Cohesin binds at the center to mediate loop extrusion within the 
fountain; H3K4me3 enrichment at the anchors contributes to the maintenance of promoter-related loops. C 
Promoter-related loop number and gene expression level are negatively correlated. Green circles represent 
regions that interact with promoters (red or blue). Genes driven by higher interaction degree promoters (red) 
exhibit lower expression levels relative to genes driven by lower interaction degree promoters (blue)
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Methods
Plant material and growth conditions

The mutant and WT were established on the Columbia-0 (Col-0) background. The 
T-DNA insertional mutant used in this study, atxr3 mutant (sdg2, SALK_021008), 
was previously described [44]. The syn4 mutant (SALK_130085) was obtained from 
the European Arabidopsis Stock Centre (NASC, https:// arabi dopsis. info). For all 
experiments, seeds were sown on Murashige and Skoog (MS) plates containing 1% 
sucrose and 0.7% agar, incubated at 4 °C for 2 days, then grown for 10 days under 
long-day conditions (8 h dark and 16 h light) at 22 °C. Whole seedlings were used for 
experiments.

RNA‑Seq assay

First, total RNA was extracted from 10-day-old seedlings using the E.Z.N.A. Plant 
RNA Kit (Omega, R6827-01). RNA-Seq libraries were prepared with VAHTS® 
mRNA Capture Beads (Vazyme, N401) and VAHTS® Universal V8 RNA-Seq Library 
Prep Kit for MGI (Vazyme, NRM605). Briefly, messenger RNA capture, fragment, 
double-stranded cDNA synthesis, adapter ligation, and polymerase chain reaction 
(PCR) were performed in accordance with manufacturer protocols. Libraries were 
sequenced using NovaSeq 6000 guidelines (Illumina). Three biological replicates were 
performed for RNA-Seq.

In situ Hi‑C assay

In situ Hi-C was performed as previously described [18]. Seedlings (~ 3 g) were 
fixed with 1% formaldehyde solution in MC buffer (10 mM potassium phosphate, 
pH 7.0; 50 mM NaCl; 0.1 M sucrose) at room temperature for 2 × 10 min. After fixa-
tion, 0.1 M glycine was added for 5 min to stop the reaction. The fixed tissue was 
homogenized with liquid nitrogen and resuspended in nuclear isolation buffer (20 
mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [HEPES], pH 8.0, 250 mM 
sucrose, 1 mM  MgCl2, 5 mM KCl, 40% [v/v] glycerol, 0.25% Triton X-100, 0.1 mM 
phenylmethylsulfonyl fluoride, 0.1% [v/v] 2-mercaptoethanol), then filtered through 
two layers of Miracloth (Merck Millipore). Nuclei were resuspended in 0.5% sodium 
dodecyl sulfate (SDS) and denatured at 62 °C for 5 min. Next, Triton X-100 was 
added to quench the SDS; the mixture was digested with 50 units of DpnII at 37 
°C overnight. On the following day, the digested DNA was blunt-end digested with 
Klenow enzyme (Thermo Scientific); biotin-14-dCTP (Invitrogen) was also incorpo-
rated. After ligation with T4 DNA ligase, proteinase K was added and the tubes were 
incubated at 55 °C for 30 min, then held at 65 °C overnight. On the third day, DNA 
isolation was performed via phenol–chloroform extraction, followed by ethanol pre-
cipitation. DNA was then sheared by sonication with a Bioruptor Pico (Diagenode) to 
200–600 bp; size selection was performed with VAHTS DNA Clean Beads (N411-01). 
The DNA was then pulled down with DynaBeads MyOne Streptavidin C1 beads (Inv-
itrogen); on-bead end repair and adapter ligation were performed. After washing, the 
beads were resuspended in 15 μL of 10 mM Tris–HCl buffer (pH 8.0) and incubated 

https://arabidopsis.info
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at 98 °C for 10 min to detach DNA. Library molecules were amplified by 11 cycles 
of PCR. The resulting PCR products were purified with VAHTS® DNA Clean Beads 
(Vazyme, N411-01), and libraries were sequenced on an MGI DNBSEQ T7 PE150 
platform, which generated 2 × 150 bp paired-end reads.

Capture Hi‑C assay

For Capture Hi-C, in situ Hi-C libraries of Col-0 and atxr3 were generated. The hybridi-
zation of 1 μg Hi-C libraries and 18,329 biotinylated RNA baits (Dynegene Technolo-
gies) was performed using QuarHyb One Reagent Kit Box 2 (Dynegene Technologies). 
Capture libraries were enriched and amplified with QuarAcces Hyper Enrichment beads 
and QuarHyb One Reagent Kit Box  1 (Dynegene Technologies). PCR products were 
subsequently purified with VAHTS® DNA Clean Beads (Vazyme, N411-01), and librar-
ies were sequenced on an MGI DNBSEQ T7 PE150 platform, which generated 2 × 150 
bp paired-end reads.

Hi‑C data analysis

Raw sequencing data were filtered using fastp, and reads were mapped to the reference 
genome (TAIR10, https:// www. arabi dopsis. org) using Bowtie [61]. Valid contacts were 
filtered and identified using HiC-Pro [62] with default parameters. TAD identification 
was performed as described in our previous study [18]. Aggregate analyses of TADs were 
performed with coolpup.py 0.9.5 using the following parameters: -n_proc 5, -rescale, 
-local, -rescale_size 45, and -rescale_pad 1; they were visualized using plotpup.py with 
-scale linear [63]. The center of the fountain structures was defined and identified using 
Fontanka (https:// github. com/ agali tsyna/ fonta nka) with a snip resolution of 5 kb and 
snip size of 100-kb flanked regions. The correlations between each potential fountain 
snip and manually selected fountain structure snips were used to calculate fountain 
strength (fountain score). For loop classification, we annotated the anchors associated 
with loops that cross the fountain center as fountain-associated; those located within 
TADs were considered TAD-associated. Next, the genome-wide identified fountain 
structures were aggregated and visualized using cooltools (https:// github. com/ open2c/ 
coolt ools). Chromatin interactions at specific positions were visualized using Juicebox 
(https:// github. com/ aiden lab/ Juice box) and pyGenomeTracks (https:// github. com/ deept 
ools/ pyGen omeTr acks) [64]. The WashU Epigenome Browser and Integrative Genomic 
Viewer were used to visualize ChIP-seq results [65].

Capture Hi‑C data analysis

After raw data acquisition, the filtration and mapping steps were identical to those used 
for Hi-C. Subsequently, valid pairs were identified and deduplicated using HiCUP-0.9. 
[66]. Based on the valid pairs, we utilized CHiCAGO, a method designed for capture 
Hi-C, to detect promoter-associated interactions and identify significant promoter-
related loops [67]. CHiCAGO can detect significant chromatin loops weighted by 
genomic distance; however, the default settings were not optimized for Arabidopsis. 
Based on diagnostic plots and loop visualization on Hi-C heatmaps, we adjusted the 
weightAlpha, weightBeta, weightGamma, and weightDelta parameters to 13.5319239, 
-1.3100426, -10.3516115, and 0.1635212, respectively, to eliminate distance-induced 

https://www.arabidopsis.org
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bias. At the anchors of promoter-related loops, potential regulatory regions were anno-
tated using ATAC-seq. Motif enrichment analysis was performed by the findMotifsGe-
nome.pl script in HOMER software with the parameters -length 8 and -size 200 [68]. 
The interaction degree was calculated using the igraph package in R [69].

Motif enrichment analysis

To identify potential protein regulatory sites, we first extracted accessible regions from 
the target areas for input into the motif enrichment analysis. Bias can often exist and 
substantially influence enrichment outcomes. HOMER, a widely used software, provides 
auto-normalization to address this bias by assigning weights to background sequences. 
For the enrichment of each motif, HOMER considers the number of target sequences 
that are “bound” to the background sequences and applies hypergeometric or binomial 
calculations to determine significance. The findMotifsGenome.pl was used with the 
parameters -length 8 and -size 200 for motif discovery.

RNA‑Seq data analysis

Fastp was initially used to filter raw reads, which were then mapped with gaps to the 
reference genome (TAIR10, https:// www. arabi dopsis. org) via HISAT2 [70]. After filter-
ing, indexing, and format conversion using SAMtools [71], we utilized StringTie [72] 
to annotate reads with gene data from Araport11 (https:// www. arabi dopsis. org). DEGs 
were identified using the R package DESeq2 [73]. GO analysis was performed and visu-
alized by clusterProfiler [74]. Correlations between RNA-seq and ChIP-seq data were 
assessed by Spearman correlation. Transcript levels were normalized by FPKM and 
H3K4me3 levels were normalized by RPKM.

Public genomics data analysis

Enrichment of histone modifications were performed using published ChIP-Seq data 
[17, 75–78] from the Plant Chromatin State Database [79] (Additional file 4: Table S3). 
Bedmap [80] with the -wmean parameter was used to determine the mean occupancy 
of each modification in targeted and random regions. Enrichment was calculated as 
 log2 (target/random). Pairwise Mann–Whitney U tests were used to calculate p-values, 
which were then corrected for multiple comparisons via the Bonferroni–Holm method 
[81]. The H3K4me3 and the SYN4 ChIP-seq data are obtained from published paper [44, 
82] and listed in Additional file 4: Table S3.
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