
Brief Communication

Pore-C simultaneously captures genome-wide multi-way
chromatin interaction and associated DNA methylation
status in Arabidopsis
Zhuowen Li1,2,3,†, Yanping Long1,2,3,†, Yiming Yu1,2,3, Fei Zhang1,2,3, Hong Zhang1,2,3, Zhijian Liu1,2,3, Jinbu Jia1,2,3,
Weipeng Mo1,2,3, Simon Zhongyuan Tian1, Meizhen Zheng1 and Jixian Zhai1,2,3,*

1Department of Biology, School of Life Sciences, Southern University of Science and Technology, Shenzhen, China
2Institute of Plant and Food Science, Southern University of Science and Technology, Shenzhen, China
3Key Laboratory of Molecular Design for Plant Cell, Factory of Guangdong Higher Education Institutes, Southern University of Science and Technology, Shenzhen,

China

Received 18 January 2022;

revised 25 February 2022;

accepted 13 March 2022.

*Correspondence (Tel +86-755-88018403; email zhaijx@sustech.edu.cn)
†Co-first authors.

Keywords: Pore-C, multi-way interaction, DNA methylation, long-

read sequencing.

Dear editor,

In the past decade, genome-wide characterization of the

three-dimensional chromatin structure using high-throughput

methods has greatly advanced our knowledge in plant genome

architecture (Liu and Weigel, 2015; Ouyang et al., 2020).

However, due to the limitation of Illumina paired-end short

read, most contacts obtained by Hi-C/ChIA-PET are pairwise,

and interactions among three or more sites of chromatin (multi-

way) can only be inferred from the two-way data. To directly

capture multi-way interaction and associated methylation mod-

ification in Arabidopsis, we applied a long-read-based method

called Pore-C that directly sequences the DNA multivalent

fragments joined by proximity-based ligation (Ulahannan et al.,

2019).

Compared with Hi-C, Pore-C replaced the Illumina sequencing

with nanopore long-read sequencing, which drastically simplified

the library construction procedure by removing the biotin

labelling, fragmentation, and several purification steps (Fig-

ure 1a). Ligation within the nucleus makes Pore-C reads to retain

the interaction information in different cells. We generated two

Pore-C libraries using 12-day-old Arabidopsis seedlings of wild-

type Col-0 and analyzed them with the Pore-C pipeline (Ulahan-

nan et al., 2019). We obtained 6.5 million (11.7 Gb) and 3.5

million (7.9 Gb) high-quality reads (Q7 filter) with N50 up to 2654

and 3006 bp, respectively (Table S1). Over 96% of the reads can

be mapped to the Arabidopsis TAIR10 reference genome in both

libraries. From ~10 million Pore-C reads in total, we obtained 50.7

million pairwise interactions, a similar amount but with fewer

reads compared to Hi-C data (59.1 million pairwise contacts from

239.5 million Illumina reads) (Wang et al., 2015), demonstrating

the efficiency of long-read sequencing in harvesting chromoso-

mal interaction, although with higher cost (Table S1). The two

Pore-C libraries showed high consistency with each other

(Figure 1b, Figures S2 and S3) and with the Hi-C data in their

contact feature (Figure 1c), suggesting high reproducibility and

accuracy of Pore-C.

The Pore-C pipeline defined the number of genome-matched

fragments on a single Pore-C read as the ‘Contact Order’ for that

read (Ulahannan et al., 2019) (e.g., the Contact Order of the

nanopore read shown in Figure 1a is 5). Our results show that

44% reads contain multi-way interactions (Contact Order ≥3),
similar to Pore-C in human cells (47.56%) (Ulahannan et al.,

2019). Whereas the Contact Orders are mostly at two in Hi-C

(Wang et al., 2015), consistent with its design (Figure 1d). Pore-C

results in Arabidopsis and animals show a higher efficiency in

capturing multi-way interaction compared to SPRITE (12%)

(Quinodoz et al., 2018), demonstrating that the long-read

approach overmatches the labeling approach in capturing multi-

way interaction. Reads with higher contact order detected

interactions across longer genomic regions in Pore-C (Figure 1e),

which helps genome assembly.

To validate the effectiveness of Pore-C in multi-way interaction

in Arabidopsis, we examined the interactions among KNOT

ENGAGED ELEMENT (KEE) (Grob et al., 2014) with our Pore-C

data. In Arabidopsis, the pairwise interactions of ten KEEs (named

KEE1 to KEE10) can be visualized as discrete dots on the contact

matrix of Hi-C and were confirmed by light microscopy-based

FISH assay (Grob et al., 2014). However, it remains unclear if

multiple KEEs simultaneously interact in the same nucleus. In our

Pore-C data, 1145 reads detect contacts among three KEEs,

higher than that of the 100 randomly selected control regions

(mean 279.29 reads, P-value = 0.04), and 78 reads capture the

contacts among four KEEs and more (Figure 1f). Interestingly,

nearly half of these high-order interactions involve both KEE3 and

KEE4 (561 reads), suggesting that these two KEEs serve as key

hubs in the KEE interacting network (Figure 1f). Direct interaction

among four KEEs was also detected, including 9 reads for KEE3,

KEE4, KEE7, and KEE8 (referred to as KEE(3,4,7,8), Figure 1g), 4

reads for KEE(1,3,4,6), and 11 reads for KEE(3,4,5,6). These

results demonstrate the existence of multi-way contacts of KEEs.

Additional analyses on KEEs and telomeres are in the Supple-

mentary material.

The PCR-free strategy of Pore-C enables to directly detect DNA

methylation and higher-order chromatin interaction by long-read

sequencing and thus helps to reveal their coordination on the

same read, without bisulfite conversion required in Methyl-HiC (Li

et al., 2019). The CG, CHG, and CHH methylation level we called

from Pore-C reads are highly consistent with whole-genome

bisulfite sequencing (WGBS), the gold standard for DNA
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Figure 1 Pore-C captures multi-way contacts and DNA methylation in Arabidopsis. (a) Schematic of the Pore-C protocol. (b, c) The consistency between

two Pore-C libraries (b), between Hi-C and Pore-C (c), respectively. Contact maps for all chromosomes (left), chromosome 3 (middle), and chr3: 0–5 Mb

(right) are shown. The interactions between KEEs are marked by black arrows. (d) Comparison of Contact Order distribution between previous Hi-C data

and Pore-C data in Arabidopsis. (e) Contact frequency between different genomic distances of various order groups of Pore-C. (f) Combination information

of reads related to at least three different KEEs. Each row of the heatmap represents one read. The color intensities in the heatmap indicate the counts of

interaction capture within one KEE on one read. KEE(*,*,*) means the interaction between at least three individual KEEs, ‘*’ indicates at least one KEE, and

‘n’ shows the read counts. (g) Alignment locations of individual reads related to KEE3, KEE 4, KEE7, and KEE8. The red reads (n = 9) show the direct

interactions between all the four KEEs. (h) The consistency of CG, CHG, and CHH DNA methylation between Pore-C and WGBS data. (i) Pearson correlation

coefficient (PCC) of CG methylation level between Pore-C contacts with a genomic distance larger than 25 kb, 100 kb, and 1 Mb, respectively.
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methylation (Figure 1h) (Ni et al., 2021; Stroud et al., 2012), and

between the two Pore-C replicates (Figure S5). We used nanop-

olish (Simpson et al., 2017) to detect 5mCG related to each Pore-

C read, and found a higher correlation of CG methylation level

among interacting fragments in Arabidopsis (Figure 1i), consis-

tent with the previous report in mouse ESCs (Li et al., 2019).

In summary, Pore-C efficiently captures the genome-wide

multi-way chromatin interaction landscape at a single-molecular

level, and reveals the epigenetic modification of interacting DNA

fragments, which may help to explore the heterogeneity of the

chromatin interaction and DNA methylation in nuclei of different

cell types. With this method, we validated the multi-way contacts

among KEEs and telomeres, and found CG methylated regions on

Arabidopsis genome tend to contact. Taken together, our results

demonstrate that Pore-C is a simple, accurate, and effective

method for exploring multi-way chromatin interaction in the

plant which might help to explore the interactions among several

homologous chromosomes in polyploid plants. More bioinfor-

matics tools developed for Nanopore will facilitate further analysis

of Pore-C multidimensional information.

Materials and methods

Please refer to Supplementary material.
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Figure S1 Description of Pore-C pipeline.

Figure S2 Size and order distribution of the two Pore-C

replicates.

Figure S3 Pore-C identifies the multi-way interactions between

KEEs.

Figure S4 Pore-C reveals multi-way interactions of telomeres in

Arabidopsis.

Figure S5 The consistency of CG, CHG and CHH methylation

level from WGBS and the two replicates of Pore-C.

Table S1 The sequencing statistics of Pore-C libraries.

Table S2 Commands and parameters used in this study.
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