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HIGHLIGHTS

« Rice whole-genome duplication leads
to alterations of phenotypes, gene
transcriptions, 3D chromatin
structures and DNA methylation.

« Three-dimensional (3D) chromatin
architectures including chromatin
compartments and topologically
associating domains (TADs) are
uncorrelated with gene transcription
upon rice genome duplication.

o The first study to reveal the
mechanism regarding the
disconnection between 3D genome
architecture and gene transcription.

« Hypermethylated transposable
elements (TEs) suppress the role of
3D chromatin structure in
modulating gene transcription upon
rice genome duplication.
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ABSTRACT

Introduction: Polyploidy is a major force in plant evolution and the domestication of cultivated crops.
Objectives: The study aimed to explore the relationship and underlying mechanism between three-
dimensional (3D) chromatin organization and gene transcription upon rice genome duplication.
Methods: The 3D chromatin structures between diploid (2C) and autotetraploid (4C) rice were compared
using high-throughput chromosome conformation capture (Hi-C) analysis. The study combined genetics,
transcriptomics, whole-genome bisulfite sequencing (WGBS-seq) and 3D genomics approaches to
uncover the mechanism for DNA methylation in modulating gene transcription through 3D chromatin
architectures upon rice genome duplication.
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Results: We found that 4C rice presents weakened intra-chromosomal interactions compared to its 2C
progenitor in some chromosomes. In addition, we found that changes of 3D chromatin organizations
including chromatin compartments, topologically associating domains (TADs), and loops, are uncorre-
lated with gene transcription. Moreover, DNA methylations in the regulatory sequences of genes in com-
partment A/B switched regions and TAD boundaries are unrelated to their expression. Importantly,
although there was no significant difference in the methylation levels in transposable elements (TEs)
in differentially expressed gene (DEG) and non-DEG promoters between 2C and 4C rice, we found that
the hypermethylated TEs across genes in compartment A/B switched regions and TAD boundaries may
suppress the expression of these genes.

Conclusion: The study proposed that the rice genome doubling might modulate TE methylation to buffer
the effects of chromatin architecture on gene transcription in compartment A/B switched regions and
TAD boundaries, resulting in the disconnection between 3D chromatin structure alteration and gene tran-
scription upon rice genome duplication.

© 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Polyploidy plays an important role in the formation of new
plant species, and plant evolution and breeding [1,2]. A polyploidy
plant is often accompanied by powerful biological potentials,
improved environmental adaptation, and increased biomass and
yield [3,4]. It was known that autotetraploid rice shows larger ker-
nels, higher protein content, better amino acid composition and
higher 1000-grain weight than its diploid counterpart [4]. Autote-
traploid Arabidopsis exhibits obvious phenotypes at both vegeta-
tive and reproductive stages, including large leaves, increased
whole plant size, late flowering and large seeds [5]. Autotetraploid
birch is superior in volume, leaf, breast-height diameter, fruit and
stoma, and inferior in height compared to diploid birch [6]. Poly-
ploidization at the cellular and molecular levels often leads to
changed chromatin structures and gene expression [5,7].

Chromatin is organized in a highly ordered three-dimensional
(3D) architecture instead of a linear nucleotide sequence of the
genome [8,9]. The 3D genome is packed in the nucleus in a hierar-
chical pattern. Chromosome territory (CT) at the several megabase-
scale is a higher level of chromatin domain [10,11]. Chromatin in
CT is divided into compartments A and B. Compartment A is asso-
ciated with open chromatin and active transcription, while com-
partment B is associated with closed chromatin and inactive
transcription [9]. Topologically associating domain (TAD) is a pre-
dominant structural feature in most organisms [12]. TADs often
represent functional domains, as a given TAD contains regulatory
elements for the genes inside the same TAD [13]. Therefore, the
integrity of the TAD structure is necessary for gene regulation
[14]. The location of the TAD boundary is strongly related to the
local gene expression, epigenetic landscape, and binding of various
insulator proteins [15]. Chromatin loops that appear at 10 kb to
1 Mb [16] function in transcription, replication and recombination
[17].

Chromatin structures alterations of are coupled with the
changes in gene expressions in some biological processes [18].
For example, in Arabidopsis, the switches of compartment A/B lead
to the change of transcription during the genome doubling [5].
Higher-order chromatin architecture in rice correlates with tran-
scriptional regulation under heat stress [19]. In cotton, changes
in TADs affect the transcriptional activities of abundant genes in
tetraploid cotton than in diploid cotton [20]. Other studies
reported that 3D structural changes are unrelated to gene expres-
sion. For example, the uncoupling relationship between genome
topology and gene expression was observed in highly rearranged
chromosomes (balancers) spanning ~ 75 % of the Drosophila gen-
ome [21]. Most TAD disruptions do not result in marked changes
in gene expression in human cancers [22]. Recently, chromatin
structure and gene expression regulation have been found inde-
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pendent during the development of Drosophila [23,24]. However,
the mechanism of association and unassociation between 3D chro-
matin structure and gene expression remains unknown.

Polyploidy events trigger many epigenetic and transcriptional
changes in the replicated or merged genome [25,26]. In addition
to the 3D genomic organization, another important epigenetic fac-
tor is DNA methylation at cytosine residues associated with gene
transcription by affecting the binding of chromatin proteins
including transcription factors to DNA [27]. The precise regulation
of DNA methylation is essential for plant and animal development
[28,29]. In plants, in addition to the CG context, DNA methylation
occurs in sequence contexts of CHG and CHH with which small
interfering RNAs (siRNAs) are mainly associated. Most DNA methy-
lation is found in transposable elements (TEs) with CG, CHG, and
CHH contexts to suppress the activities of TEs [30]. Substantial
methylation is found in the bodies of active genes, which generally
occurs in the CG context [31]. DNA methylation in regulatory
sequences, such as promoters and enhancers, often leads to gene
silencing [32].

In this study, we found that the changes in 3D chromatin struc-
tures are not related to transcriptional changes when diploid (2C)
rice is duplicated to autotetraploid (4C) rice. In addition, DNA
methylation in regulatory regions of genes in compartment A/B
switched regions or TAD boundaries is not important for their dif-
ferential regulation of transcription between 2C and 4C rice. By
comparing the methylation of TEs adjacent to genes in compart-
ment A/B switched regions or TAD boundaries and differentially
expressed genes (DEGs) between 2C and 4C rice, this study
revealed that increased methylation in TEs adjacent to genes in
compartment A/B switched regions or TAD boundaries might sup-
press the transcription of these genes upon rice genome
duplication.

Materials and Methods
Plant materials

Autotetraploid (4C) rice line was induced from O. sativa ssp.
indica cultivar 9311 (2C) by chromosome doubling according to
the method [33 34].

Characterization of agronomic traits

All plants were cultured in nutrient solution [35] in a growth
chamber with 28 °C /25 °C (day/night) and 12 h/12 h (light/dark)
cycles. After germination for 15 days, the rice seedlings were trans-
ferred to the field. The agronomic traits including plant height, flag
leaf length, flag leaf width, tillering number, panicle length, grains
per panicle, grain weight, grain length, grain width were scored in
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parallel between 2C and 4C rice. The traits were selected and ana-
lyzed according to the Descriptors and Data Standard for Rice (O.
sativa L.) [35].

Measurement of chlorophylls contents and photosynthetic charac-
teristics Chlorophylls were measured in fresh leaves collected from
2C and 4C plants. Leaf samples (~50 mg) were immersed in 10 ml
extract solution (80 % acetone + 20 % water) for overnight in the
dark and examined spectrophotometrically at 663, 646 and
470 nm following the method described by Arnon [36].

Photosynthetic parameters including net carbon assimilation
rate (An), intracellular CO2 concentration (Ci), Vcmax and Jmax
were measured with an LI-6400 portable photosynthesis system
(LI-COR, Lincoln, USA).

Flow cytometry

Ten-day-old 2C and 4C rice seedlings were collected into pre-
cooled plate, and then chopped with a new razor blade to release
nuclei in the sterile lysis buffer (45 mM MgCl,-6H,0, 30 mM triso-
dium citrate, 20 mM MOPS, 1 % Triton X-100, pH 7.0) for 3-5 min
until the buffer turns green. Transfer the mixture into strainer. The
filtrates were added with the final concentration of 1 ng / ml DAPI
solution, and then cultured in dark on ice for 30 min. The ploidy
levels were measured by flow cytometry (Beckman Coulter MoFlo
XDP, USA).

Hi-C library preparation

Hi-C experiments were performed essentially as described [37]
with some modifications. Two biological replicates of 2C and 4C
rice were performed. In short, 2.5 g of the above ground parts of
10-day-old seedlings were fixed (2 % formaldehyde, 10 % PBS)
and ground into powder in liquid nitrogen. The extracted nuclei
were digested by incubation with 600 U HindIII restriction enzyme
at 37 °C overnight, and the digested chromatin at 1 pl 10 mM dATP,
dTTP, dGTP and 25 pl 0.4 mM biotin-14-dCTP and 100 U Klenow
fragment was placed at 37 °C for 45 min. The ligation reaction
was then carried out in 10 x volume of ligation buffer and shaken
with 745 pl 10 x ligation buffer, 10 % Triton X-100, 80 pl 10 mg/ml
BSA and ATP, 100 Weiss U T4 DNA ligase at 16 °C for 6 h. Then
reversely cross-linked with proteinase K at 65 °C overnight. Subse-
quently, the extracted chromatin was fragmented into an average
size of 300 bp by ultrasound (Covaris s220). The Hi-C library was
constructed with NEB Next Multiplex Oligos kit and KAPA Hyper
Prep Kit. The final library was sequenced on Illumina
HiSeq X Ten instrument with 2 x 150 bp reads.

Hi-C sequencing data processing

Hic-pro [38] and Bowtie2 [39] were used for Hi-C read mapping.
The clean Hi-C reads of 2C and 4C rice were aligned to the genome
of 0. sativa Indica [40] after removing the adapter. Following pro-
cessing with HiC-Pro and Juicer software [41], valid pairs of 2C
and 4cC rice were used to create interaction matrixes with bin size
50 kb for further analysis. The reproducibility of two biological
replicates was tested with Pearson correlation coefficient from
the ICE normalized interaction matrixes [42]. Hicpro2juicebox
was used to generate input file for Juicebox. The interaction
matrixes were normalized with KR method from Juicer at resolu-
tions 5 kb, 10 kb and 50 kb [38]. After excluding the pericen-
tromeres as reported [37], the first principal component was
used to identify compartments with Juicer at 50 kb resolution,
and the direction of compartment with high gene expression was
defined as A compartment, and the opposite direction as B com-
partment. We calculated loops and differential loops at 5 kb and
10 kb resolutions, using HICCUPS and HICCUPS Diff in Juicer [40].
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We used TADCompare [43] to calculate the TAD structure at a
10 kb resolution.

Calculation of chromatin interactions and interaction decay exponents

The normalized interaction matrix of 2C rice was divided by the
normalized interaction matrix of 4C rice, and all zeros in the matrix
were replaced with the smallest non-zero elements in each matrix
to analyze the difference between 2C and 4C rice interaction matri-
ces. We used log2 transform and median normalization to stan-
dardize the difference matrix. Interaction decay exponents (IDEs)
of chromosomes, pericentromeres and telomeres were calculated
[37] to study the variation of interaction frequency dependent on
the genome distance, the CPM normalization method was used
to process the data.

Bootstrapping analysis

In the bootstrapping strategies [44]|, we randomly selected
10,000 groups (n = 10000 times) of the same number of DEGs,
and performed the same analysis to determine the percentage of
those genes overlapped with A/B switch region genes or TAD chan-
ged genes. When the percentile of the test sample was higher than
the top five percentiles of the control distribution, it is considered
as statistically significant.

RNA-seq analysis

Total RNAs were extracted from 10-day-old 2C and 4C rice
seedlings using the RNeasy plant mini kit (Qiagen). cDNA library
construction and sequencing were carried out by Beijing Genomics
Institute (BGI) using BGISEQ-500 platform for 50 bp single-end
sequencing as previously described [45]. At least 20 M clean reads
of sequencing depth were obtained for each sample. Three inde-
pendent biological replicates were performed. The clean reads
were separately aligned to the genome of O. sativa Indica [38] with
orientation mode using Tophat software (http://tophat.cbcb.umd.
edu/). The fragments per kilobase of exon per million mapped
reads (FPKMs) method was used to calculate the expression level
of each transcript. The differential expression analysis was carried
out using the classical normalization method of DESeq2 R package
[46] with a 0.05p-value, 0.05 false discovery rate, and cutoff of 1
logfold change. The hypergeometric test was performed as previ-
ously described [47]. Blast2GO method was used to find homolo-
gous genes in japonica rice genome (MSU), and GO functional
enrichment analysis was performed by DAVID (https://david.
ncifcrf.gov/).

DNA methylation analysis

For whole genome bisulfite sequencing (WGBS), genomic DNA
(gDNA) was extracted from 10-day-old 2C and 4C rice seedlings
with the DNeasy plant mini kit (Qiagen) per manufacturer’s intro-
duction. Library construction and sequencing were performed by
Beijing Genomics Institute (BGI) using Illumina HiSeq-2000 for
100 bp paired-end sequencing. To facilitate the analysis of DNA
methylation data, we used Batmeth2 (https://github.com/Guo-
liangLi-HZAU/BatMeth2), an integrated multi-functional software
for DNA methylation analysis [48], including sequencing sequence
quality filtering, DNA methylation sequence alignment, DNA
methylation level calculation and functional annotation.
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Calculation of the distance between a DEG and differentially
methylated regions (DMRs)

The whole genome was divided into 1000-bp bins to identify
the DMRs in which the absolute value of difference in DNA methy-
lation between 2C and 4C was 0.6 or above, and the adjusted q
value of Fisher’s exact test was 0.05 or less by using BatMeth2
[46]. Finally, the shortest genomic distance of a given DEG and
all DMRs in turn was calculated.

TE annotation and analysis

By running RepeatMasker (v4.0.3, www.repeatmasker.org), the
repetitive library of RepBase (v20130422) was used to compare
the rice reference genome sequences. To compare the methylation
status of TEs between the 2C and 4C rice genomes, we excluded TEs
with<40 % of cytosines and coverage of BS reads<3. The remaining
TEs were used for further analysis. Using this cut-off value, we
obtained a data set of 478,599 TEs for the subsequent analysis.

Small RNA-seq and data processing

Small RNAs (sRNAs) were isolated from 10-day-old rice seed-
lings using mirVana™miRNA Isolation Kit (Ambion, AM1561) and
sequenced by Illumina high-throughput sequencing. The small
RNA data were processed and analyzed according to the previous
description [49,50] with minor modifications. In brief, the raw
sequencing reads were trimmed using cutadapt (v1.2.1) to remove
adapters, and sSRNAs between 16 and 35 nt in lengths were selected
and mapped to the rice genome [40,49,50].

sRNAs that matched against the databases including the Rfam
database [51] and miRBase [52] were discarded. 24-nt reads that
did not match miRNAs, snRNAs, rRNAs, tRNAs, or snoRNAs were fil-
tered and mapped to the genome 1-1,000 times as siRNAs for anal-
yses. The siRNA count was based on the total abundance of genome
matched small RNA reads, normalized to reads per million, exclud-
ing sRNAs of the above structures, and dividing the number of
reads evenly by the number of genome hits. A siRNA cluster was
defined as containing at least five different siRNA reading
sequences, and adjacent reading sequences <200 bp apart were
combined into a cluster.

Data availability

The Hi-C, WGBS and RNA-seq datasets have been submitted to
NCBI (PRJNA725914).

Results

Changes in phenotypes and gene expression upon rice whole-genome
duplication

2C (2 x 9311) and 4C rice (4 x 9311) were confirmed by flow
cytometry (Fig. S1). Compared to 2C rice, 10-day-old 4C rice seed-
lings exhibited increased chlorophyll content (Fig. S2A-S2B), which
effectively improved electron transport rate (ETR) as measured by
chlorophyll fluorescence together with parameters calculated from
gas exchange [53] (Fig. S2C). The higher non-photochemical
quenching (NPQ) [54] (Fig. S2D) indicated that 4C rice had stronger
photo-protection capability. In addition, photosynthetic parame-
ters including net carbon assimilation rate (An), intracellular CO2
concentration (Ci), Vcmax and Jmax were significantly increased
(Table S1).. In addition, mature 4C rice seedlings showed no obvi-
ous changes of plant height, flag leaf width, and plant weight
(Fig. 1A-D) with a decreased tillering number and increased flag
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leaf length, 1000-grain weight, number of effective panicles per
plant, grain length, and grain width (Fig. 1E-]), similar to the phe-
notypes of 4C rice Oryza sativa ssp. indica cv. Aijiaonante previously
reported [51]. In addition, the nuclei in leaf and root cells of 4C rice
are larger than those of 2C rice (Fig. 1K-N).

To evaluate the effect of rice genome doubling on transcription,
the transcriptomes of the above ground parts between 10-day-old
2C and 4C seedlings were compared by RNA sequencing. Results
indicated that the predominant part of genes was not changed
obviously. Among the 698 genes significantly regulated, 510 genes
are upregulated and 188 are downregulated (Fig. 10-P and
Table S2) in 4C rice. Gene Ontology (GO) analysis indicated that
these DEGs are associated with various biosynthetic and metabolic
processes (Fig. S3 and Table S3).

Intrachromosomal interactions are weakened in autotetraploid rice

To test whether chromatin organization is rearranged after rice
genome duplication, high-throughput chromosome conformation
capture (Hi-C) experiments were performed to map chromatin
interactions. >843 million and 842 million raw Hi-C reads from
2C and 4C rice were obtained (Table S4), respectively, with a high
reproducibility between the two biological replicates of 2C or 4C
rice (Fig. S4A and S4B). The relative interaction difference between
2C and 4C rice was calculated. Results showed that 4C rice had
slightly increased interchromosomal interactions in Chr2, Chr5,
and Chr6; other chromosomes had no significant difference; and
dampened intrachromosomal interactions in Chrl, Chr2 and
Chr4, and other chromosomes had no significant difference
(Fig. 2A-2D). There were also decreased interchromosome arm
interactions in most chromosomes in 4C rice than in 2C rice
(Fig. 2E and 2F) but no significant difference in intrachromosome
arm interactions (Fig. 2H).

To quantitatively assess the chromatin contacts, this study cal-
culated interaction decay exponents (IDEs), that characterize chro-
matin packing as the slopes of a linear fit of average interaction
intensities detected at a given range of genomic distances in a log-
arithm scale [38]. Results showed that IDEs of intrachromosomes
(Fig. 2D; Fig. S5), interchromosome arms (Fig. 2G), and intrachro-
mosome arms (Fig. 2H) were slightly lower in 4C rice than in 2C
rice but without significant difference.

Switches between chromatin compartments A and B upon rice genome
doubling are not related to transcriptional regulation

To determine whether the chromatin compartment change is
associated with gene expression alteration during rice genome
duplication, the first principal component of Pearson’s matrix in
Hi-C data and gene expression was used to define the active (A)
and inactive (B) chromatin compartments in 2C and 4C rice. Com-
partments A and B were compared using the first principal compo-
nent at a 50 kb resolution between 2C and 4C rice, and 47.31 % and
50.3 % of the genome showed conserved compartments A and B
between 2C and 4C rice, respectively (Fig. 3A). Rice genome dou-
bling induced switches between compartments A and B (Fig. 3A
and 3B), with 1 % and 1.39 % of the compartments converted from
A to B and from B to A, respectively (Fig. 3A). However, we found
that the numbers of expressed genes in either conserved compart-
ments (A to A, or B to B) or switched compartments (B to A, or A to
B) had no significant difference between 4C and 2C rice (Fig. 3B).

The study further analyzed the association between chromatin
compartment switches and transcription. Only 24 DEGs (24 of
698, ~3.4 %) overlapped with compartment A/B switched regions
(Fig. 3C and 3D). To know the confidence of the results, bootstrap-
ping randomized analysis was performed, and 10,000 groups of
equal number (69 8) of genes were randomly selected to determine
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Fig. 1. Comparisons of morphology and transcriptome between 2C (2 x 9311) and 4C rice (4 x 9311). A, Seedling morphology of 2C and 4C rice. B-E, Flag leaf length (B),
flag leaf width (C), plant weight (D), and tillering numbers (E) of 2C and 4C rice seedlings. Error bars represent means + SEM (standard error of mean, n = 3 biological
replicates). Statistical significance was analyzed by t-test, ***p < 0.001. F, Panicle and grain morphology of 2C and 4C rice. G-J, Panicle length (G), grain length (H), grain width
(I), and grain weight (J) of 2C and 4C rice plants. Error bars represent means + SEM (standard error of mean, n = 3 biological replicates). Statistical significance was analyzed by
t-test, ***p < 0.001. K, Nuclei of guard cells and root cells of 2C and 4cC rice stained by DAPL L-N, Volume (L), sphericity (M), and area (N) of 2C and 4C rice nuclei. Error bars
represent means + SEM (standard error of mean, n = 3 biological replicates). Statistical significance was analyzed by t-test, ***p < 0.001. O, MA plot for statistical significance
against gene fold change between 2C and 4C rice. Each gene was marked as a dot. Red dots above 0 represent up-regulated genes in 4C rice, red dots below 0 represent down-
regulated genes in 4C rice and black dots represent the other genes in 4C rice. P, Numbers of up- and down-regulated genes (|log2fold change| > 1) between 2C and 4C rice

seedlings. The data from three biological replicates were combined. |log,(fold change)| > 1, P,q; < 0.05. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

the percentage of genes that overlapped with compartment A/B the gene-poorest bin encompassing < 8 % of all genes, whereas the
switched regions. Results showed that 7.24 % of the randomly gene-richest group carried > 50 % of all genes (Fig. 4A and 4B).

selected groups had more genes than DEGs overlapped with com- In addition to TADs, the 5 kb regions adjacent to TADs were
partment A/B switched compartments (Fig. 3E), indicating that the defined as TAD boundaries, and the other regions were defined
overlap of DEGs with compartment A/B switched compartments is as non-TADs, given that TAD structures were calculated at a
not statistically significant. It means that chromatin compartment 10 kb resolution. In both 2C and 4C rice, the overall protein-
switches after rice genome duplication is not related to coding gene density in TAD regions of 4C rice was similar to that
transcription. of 2C rice (Fig. S6B), and that in non-TAD regions of 4C rice was

slightly higher than that of 2C rice near TAD boundaries

(Fig. S6C). The relative locations of non-DEGs were altered in 2C

Differential TAD boundaries and loops are not important for the rice than in 4C rice in both TADs and non-TADs (Fig. 4C and 4D).
transcriptional regulation upon rice genome doubling In contrast, the relative locations of DEGs in both TADs and non-
TADs in 4C rice were similar to those in 2C rice (Fig. 4E and F), indi-

To know if TAD changes (TADs to non-TAD regions, or non-TADs cating that the_ changeg in TADs during rice genome duplication

to TAD regions, are called TAD changes) after rice genome duplica- a.ffec.t the re!atlve lgcatlons Of, some non-DEGs but did not cause
tion are related to transcription, TADs were first identified by a  Sighificant differential expression. Among 698 DEGs, 628 and 652
modified “TADcompare” algorithm [43]. Thereafter, 2688 and were located in TADs of 2C and 4cC rice, respe_ctlve_ly. Only a small
2759 TADs were defined in 2C and 4C rice with a median size of pOl‘FlOH of DEGs (68 of 698, N9,'76 %) was loca!lzed in TAD-changed
150 kb, respectively (Fig. S6A). Five group TADs with each group regions bereen 2C anfi 4C rice genomes (Fig. 4G and Table S5).
having an equal number of TADs were categorized and created. Bootstrapping randomized analysis was then performed, and
The five group TADs were arranged according to gene content, with 10000 groups of equal number (698) of DEGs were randomly
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Fig. 2. Rice genome doubling weakens the chromatin interactions. A, Chromatin interaction heatmaps of 2C and 4cC rice, and differential chromatin interaction heatmap
between 2C and 4C rice at a 1 M resolution. Chromosomes stacked from bottom left to up right were chr1, chr2, chr3, chr4 chr5. B, Boxplots showing inter-chromosome
interaction frequencies among all chromosome pairs. C, Boxplots showing the comparison of intra-chromosome interaction frequencies between 2C and 4C rice. D,
Interaction decay exponents of intra-chromosome interactions. E, Boxplots showing the comparison of inter-arm interaction frequencies between 2C and 4C rice. Inter-arm
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selected to determine the percentage of those genes that over-
lapped with TAD-changed genes. Results showed that the percent-
age of DEGs (9 %) was localized in the percentage of randomly
selected control genes (~12 %; Fig. 4H), indicating that the changed
TAD boundaries after rice genome duplication are not related to
transcription.

To know whether loop changes after rice genome duplication
are related to transcriptional regulation, 4822 loops in 2C rice
and 5365 loops in 4C rice were first annotated, and 79 loops speci-
fic for 2C rice and 81 loops specific for 4C rice were then identified
(Fig. S6D and E; Table S6). Fragments per kilobase of transcript per
million (FPKMs) of genes in loops or nonloops between 2C and 4C
rice were of no significant difference (Fig. 41), and FPKMs of genes
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in specific and conservative loops were also of no significant differ-
ence in both 2C and 4C rice (Fig. 4]), suggesting that chromatin
loops are not important for transcriptional regulation when 2C rice
is duplicated to 4C rice.

DNA methylations in the promoter regions of genes in compartment A/
B switched regions and TAD boundaries are not involved in
transcriptional regulation upon rice genome duplication

The global level of DNA methylation increases when 2C rice is
duplicated to 4C rice [55]. DNA methylation in different regions
of genes and the relationship between DNA methylation and 3D
genomic structures in 2C and 4C rice were analyzed. The
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genome-wide DNA methylation revealed by WGBS-seq (Table S7)
indicated that the average levels of DNA methylations in CG,
CHG and CHH contexts are increased in 4C rice than in 2C rice in
genes, upstream and downstream of genes with each gene defined
by a continuous exon and intron sequence (Fig. S7A). In 2C and 4C
rice, 59 % and 62.5 % of DNA methylation were in CG context, 29 %
and 31 % were in CHG context, and 3.5 % and 3.5 % were in CHH
context, respectively (Fig. S7B). Compared to 2C rice, 4C rice exhib-
ited increased proportions of methylated cytosines in CG and CHG
contexts (Fig. S7B), and CG methylation level was higher than CHG
and CHH methylation (Fig. S7B), similar to the previous report [55].

As DNA methylation in the regulatory regions of genes plays an
important role in transcriptional regulation [47], DNA methylation
in DEG promoters between 2C and 4C rice was compared. All DEGs
and non-DEGs were classified according to the log fold change of
genes (Fig. S8). Results showed that there was no significant differ-
ence in DNA methylation levels in DEG promoters [1000 bp around
the transcription start site (TSS)] between 2C and 4C rice, and the
CG and CHG methylation levels of non-DEG promoters were lower
in 2C rice than in 4C rice (Fig. S8).

This study then analyzed the association between DNA methy-
lation in 4 kb upstream of genes in compartment A/B switched
regions and the transcriptional changes in these genes upon rice
genome duplication. The CG, CHG, and CHH methylation levels in
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4 kb upstream of all genes in compartment A/B switched regions
were not significantly changed in 4C rice compared to those in
2C rice (Fig. S9A). Moreover, DNA methylation levels in 4 kb
upstream of DEGs in compartment A/B switched regions were sim-
ilar to those of non-DEGs in 2C and 4cC rice (Fig. S9B and C). These
results suggested no obvious link between DNA methylation in the
upstream of genes in compartment A/B switched regions and the
transcriptional regulation of these genes upon rice genome
doubling.

To know the role of the methylation of TAD boundary genes in
transcriptional regulation, the methylation level of TAD boundary
genes was compared to that of DEGs upon rice genome doubling.
The CG, CHG, and CHH methylation levels in 4 kb upstream of
TAD boundary genes (3247) in 4C rice remained unchanged com-
pared to those (3203) in 2C rice (Fig. 5D; Table S8). In addition,
the CG and CHG methylation levels in 4 kb upstream of TAD
boundary genes did not significantly change compared to those
in 4 kb upstream of DEGs in both 2C and 4C rice (Fig. S9D). More-
over, the CHH methylation level in 4 kb upstream of TAD boundary
genes was lower than that of DEGs in both 2C and 4C rice (Fig. S9E
and F). In contrast, FPKMs of TAD boundary genes were lower than
those of DEGs (Fig. S9G), opposite to the expectation that FPKMs of
hypomethylated TAD boundary genes were higher than those of
hypermethylated DEGs. Therefore, DNA methylation in upstream
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regions of TAD boundary genes was not involved in transcriptional gene transcription [53]. A total of 1484 CG, 89 CHG, and 1 CHH
regulation. DMRs were identified in 4C rice than in 2C rice, including 892

This study further analyzed the relationships between DEGs and CG, 26 CHG, and 1 CHH hypermethylated DMRs and 592 CG, 63
differential methylation regions (DMRs) known to participate in CHG, and 0 CHH hypomethylated DMRs. The genomic distances
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between DEGs and DMRs were then examined [56, 57, 58]. The dis-
tance between the TSS locus of each DEG and all DMRs was calcu-
lated, and the shortest distance was taken as the distance between
a given DEG and DMRs. The genomic distances between DEGs and
DMRs were very long (Fig. S10), suggesting no obvious relation-
ships between DEGs and DMRs.

Hypermethylated TEs across non-DEGs in compartment A/B switched
regions correlate with inhibited gene transcription upon rice genome
doubling

Given that the number, distance, and methylation level of TEs
were known to affect the expression of genes neighboring TEs in
Arabidopsis, rice, and maize [55,57,59], this study addressed if
DNA methylation in TEs was involved in 3D genome-mediated
transcriptional regulation. In the rice 9311 genome, 14.57 % of
the TEs localized in genes, 38.19 % upstream of genes, and
38.33 % downstream of genes. The methylation levels in CG,
CHG, and CHH contexts between 2C and 4C rice were compared
for 12 major types of TEs, including class I retrotransposons Copia,
Gypsy, LTR, LINE, and SINE and class II transposons Helitron, Stow-
away, DNA, Harbinger, MULE_MuDR, and hAT. Results indicated
that the methylation levels of Copia, DNA, Harbinger, LINE, MULE_-
MuDR, and SINE in 4C rice differed from those in 2C rice (Fig. S11
and S12). The methylation levels of TEs in gene promoters between
2C and 4C rice were then compared. Results showed no significant
difference in methylation levels in TEs in promoters of DEGs and
non-DEGs between 2C and 4C rice (Fig. S13).
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To analyze the effect of DNA methylation in TEs across genes in
compartment A/B switched regions on gene expression, we com-
pared the methylation levels of all TEs, Class I and II TEs across
non-DEGs with those across DEGs in compartment A/B switched
regions between 2C and 4C rice, with TEs across a gene defined
by TEs in the gene body and 4 kb regions flanking the gene. Results
indicate that all TEs and class I TEs in non-DEG bodies show hyper-
methylation in CG, CHG and CHH contexts (Fig. 5A and 5B), and
class II TEs in non-DEG bodies show no change in CG, CHG and
CHH contexts compared to those in DEG bodies in 2C and 4C rice
(Fig. 5C). In addition, results showed that all TEs in 4 kb regions
flanking non-DEGs show hypermethylation in the CG context
(Fig. 5D), class I TEs show hypermethylation in CG and CHG con-
texts (Fig. 5E), and class Il TEs show no change of methylation in
CG, CHG and CHH contexts compared to those in 4 kb regions
flanking DEGs in 2C and 4C rice (Fig. 5C). In contrast, FPKMs of
non-DEGs in compartment A/B switched regions were lower than
those of DEGs in both 2C and 4C rice (Fig. S14). Results showed that
the hypermethylation of TEs across non-DEGs in compartment A/B
switched regions correlates with the suppressed transcription of
these genes.

Hypermethylated CG in TEs across TAD boundary genes correlates
with suppressed gene transcription upon rice genome duplication

As TAD boundary plays an important role in the regulating local
transcription and epigenetic landscape in different species [18,60],
the effects of the methylation levels of TEs across TAD boundary
genes on the role of 3D chromatin structure in transcriptional reg-
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ulation were evaluated. As TEs including Copia, DNA, Harbinger,
LINE, MULE_MuDR and SINE exhibit differential DNA methylation
between 2C and 4C rice (Fig. S11 and S12), the methylation levels
of these TEs across TAD boundary genes in 2C and 4C rice were
compared to those across DEGs, including gene bodies and 4 kb
regions flanking these genes. Results indicated that Copia, DNA,
and MULE-MuDR across TAD boundary genes show hypermethyla-
tion in the CG context, no change in the CHG context, and
hypomethylation in the CHH context compared to those across
DEGs in 2C and 4C rice (Fig. 6A-6D).

To verify CHH hypomethylation in TEs, the clusters of siRNAs
were analyzed, as siRNAs often mediate CHG and CHH methylation
in plants, and 24 nt siRNAs can enter the RADM pathway to trigger
DNA methylation and transcriptional silencing to suppress TE
activities [61]. The relationship between CHH methylation level
and siRNA abundance in TEs across TAD boundary genes and DEGs
was investigated. siRNA length profiles similar to those previously
reported [53] were obtained in 2C and 4C rice (Fig. S15A). A total of
154,968 siRNA clusters in 2C rice and 147,589 in 4C rice were iden-
tified. Most siRNA clusters overlapped with class I and II TEs, and
the cluster fractions in class I and II TEs, genes, and intergenic
regions of 4C rice were similar to those of 2C (Fig. S15B). The lower
CHH methylation level in TEs across TAD boundary genes than in
TEs across DEGs (Fig. 6A-D) was parallel with the lower siRNA
level in TEs across TAD boundary genes than in TEs across DEGs
(Fig. S16A-D).

The CG methylation level of TEs across TAD boundary genes was
much higher than those of CHG and CHH methylation in 2C and 4C
(Fig. S17A and 17B; Fig. 6A-6D). In contrast, FPKMs of TAD bound-
ary genes were lower than FPKMs of DEGs in 2C and 4C rice
(Fig. S9G), indicating that CG hypermethylation of TEs across TAD
boundary genes correlates with the inhibited transcriptions of
these genes.

Hypermethylated TEs adjacent to TAD boundary genes suppress the
transcription of TAD boundary genes upon rice genome doubling

This study confirmed the role of TE methylation in regulating
TAD boundary genes by comparing the expression levels between
TAD boundary genes and DEGs at different distances to the closest
TE in 2C and 4C rice. As > 97 % TEs were clustered in the 1.2 kb
regions away from TAD boundary genes or DEGs in both 2C and
4C, the expression of TAD boundary genes or DEGs from O to
1.2 kb away from TEs was analyzed (Table S9). In addition, the
average TE length was 337 bp; therefore, 400 bp was chosen as
the distance interval. Compared to TEs in the body of boundary
genes (0 bp in Fig. S18A for 2C and Fig. S18B for 4C), CG, CHG,
and CHH methylation levels in TEs at 0 to 400 bp slightly increased
(0-400 bp in Fig. S18A for 2C and Fig. S18B for 4C), whereas the
expression level of TAD boundary genes slightly decreased (0-
400 bp in Fig. S18C for 2C and Fig. S18D for 4C). Compared to
TEs at 0 to 400 bp, CG, CHG, and CHH methylation levels of TEs
at 400 to 800 bp decreased (400-800 bp in Fig. S18A for 2C and
Fig. S18B for 4C), whereas the expression level of TAD boundary
genes dramatically increased (400-800 bp in Fig. S18C for 2C and
Fig. S18D for 4C). Compared to TEs at 400 to 800 bp, the CG,
CHG, and CHH methylation levels of TEs at 800 to 1200 bp
increased (400-800 bp in Fig. S18A for 2C and Fig. S18B for 4C),
whereas the expression level of TAD boundary genes decreased
(400-800 bp in Fig. S18C for 2C and Fig. S18D for 4C). Importantly,
the methylation trends in TEs adjacent to TAD boundary genes
were opposite to the gene expression trends in 2C and 4C rice
(Fig. S18A vs 8C and Fig. S18B vs 8D). The troughs of DNA methy-
lation levels appeared within 400 to 800 bp away from the closest
TE (Fig. S18A and S18B). These data suggested that the expression
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levels of TAD boundary genes are positively correlated with the
distance to the closest TE in 2C and 4cC rice.

In contrast, the expression levels of DEGs of 2C rice (2C vs 4C)
decreased with an increasing distance from TEs. Conversely, the
expression levels of DEGs of 4C rice (4C vs 2C) increased with an
increasing distance from TEs, and the peak of those expressional
levels appeared within 800 to 1200 bp away from the closest TEs
(Fig. S18C and S18D). Importantly, the methylation trends in TEs
adjacent to DEGs within 1.2 kb were not opposite of gene expres-
sion in both 2C and 4C rice (Fig. S18A vs S18C and Fig. S18B vs
S18D), indicating that the expression levels of DEGs are uncorre-
lated with the distance to the closest TE within 1.2 kb in 2C and
4C rice. It was proposed that the hypermethylation in TEs adjacent
to TAD boundary genes may buffer the effects of TAD boundaries
on gene transcription.

Discussion

Polyploidization promotes the evolution of higher plants [65].
Many plants, including Arabidopsis, rice, soybean, poplar, sorghum,
and maize, might have experienced whole-genome duplication
events during their evolution [66]. More attention has been paid
to the phenotypic, epigenetic, and gene expression changes in
autopolyploidy plants but less to the changes in the 3D genome
and their effects on gene expression during autopolyploidization.
The study of the 3D chromatin topology of autopolyploid crops is
important for understanding the contribution of the spatial organi-
zation of the genome to the success of polyploidy species. It was
previously reported that altered chromatin interactions in 4C
dicotyledonous Arabidopsis modulate the transcription compared
to its 2C progenitor [5]. To better understand the change of the
3D genome during monocotyledonous genome doubling and its
potential effects on gene expression, Hi-C, epigenome, and tran-
scriptome analysis was performed in 4C rice and its progenitor
2C rice. Results showed that rice genome doubling dampens intra-
chromosomal interactions. Importantly, changes in 3D chromatin
structure upon rice genome duplication were uncoupled with gene
transcriptions, reminiscent of several reports that 3D chromatin
structures are unrelated to gene expression [23,24,60,67]. The phe-
notypes of tetraploid and 2C Arabidopsis were very different, and
the changes in 3D genome structure were obvious. There are 68
DEGs localized in TAD-changed regions between 2C and 4C rice
genomes (Fig. 4G and Table S5). Among these 68 DEGs,
LOC_Os12g12514, which is upregulated in 4C rice (Table S5),
encodes a NADP-dependent oxidoreductase responsible for cat-
alyzing the last step of photosynthetic linear electron transfer
[63,64]. LOC_0s12g12514 is close to a TE with hypomethylated
CG, which might be related to the upregulation of LOC_0s12g12514
and improvement of electron transport rate (ETR) in 10-day-old 4C
rice seedlings compared to 2C rice (Fig. S2C). Therefore, the DNA
methylation of TE has important biological significance for main-
taining the stability of the duplicated genomes and regulating
the phenotypes.

Although DNA methylation variation has been observed [68-
70| during genome duplication in plants, TE methylations also
affected the expression of nearby genes in Arabidopsis [58], rice
[55], and maize [59]. The specific role of TE methylation in 3D
chromatin structure alterations is unclear. The 3D genome archi-
tecture modulated gene transcription by bringing together distant
promoters, enhancers, and other cis-regulatory elements [71]. Rice
genome doubling might be accompanied by locational changes in
regulatory elements, such as promoters and enhancers, which,
however, do not result in a change in gene expression. Interest-
ingly, the disconnection between transcriptional regulation and
A/B switches or TAD boundaries upon genome duplication was
not due to DNA methylation alterations in the regulatory
sequences of the A/B switch- and TAD boundary-related genes
but to the DNA methylation changes in TEs adjacent to these genes.
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This study suggested that autopolyploidization may stimulate TE
modification to reduce the effects of the changes in 3D chromatin
structure on gene expression during genome doubling. The under-
lying mechanism might be that the decrease of intrachromosomal
interactions is beneficial to the activities or methylation of TEs by
increasing the genomic accessibility to DNA methyltransferases
and/or demethylases to antagonize the effects of decreased chro-
matin interactions on genomic regulation, resulting in the disrup-
tion of the association between 3D chromatin structure and gene
expression, which might contribute to the success of polyploidy
plants during evolution.

In humans and animals, many CTCF binding sites are derived
from TEs [72], and the CTCF protein defines TAD boundaries to
mediate TAD formation [15]. TEs adjacent to TAD boundary genes
can inhibit the expression of these genes in 4C and 2C rice. How-
ever, CTCF-like proteins have not been identified in plants. It is pos-
sible that there are other elements or proteins in plants that might
play a similar role in defining TAD boundaries to that of the CTCF
factor in animals.
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Increased interchromosomal interactions and decreased intra-
chromosome arm interactions were observed in 4C Arabidopsis com-
pared to its 2C progenitor [5]. 4C Arabidopsis seedlings showed
obvious phenotypic changes in the vegetative stage, including ser-
rated leaves, more rosette leaves, and increased whole plant size
[5], which are related to 3D chromatin structure alterations, resulting
in gene expression changes at this stage. In contrast, no obvious phe-
notypes of monocotyledons 4C rice were observed at the vegetative
stage, as 3D chromatin structural changes were not related to gene
expression when 2C rice is duplicated to 4C rice. In the ripening
stage, 4C rice acquires many morphologic traits compared to 2C rice
[55] (Fig. 1). Therefore, it is interesting to study the relationship
between transcriptional regulation and 3D chromatin organization
in the reproductive stage upon rice genome duplication. In addition,
there were 698 DEGs in the vegetative stage. As their differential
expression was not caused by DNA methylation alterations or 3D
chromatin rearrangement, other epigenetic mechanisms might be
involved in modulating the expression of these 698 genes, such as
histone modification, acetylation, or noncoding RNAs.
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The relationships of higher-order chromatin structures with
epigenetic regulation, including DNA methylation, histone modifi-
cations, and noncoding RNAs, are implicated in multiple develop-
mental processes. In human cells, large DNA methylation nadirs
can mediate the formation of long loops [73]. In Arabidopsis, long
noncoding RNA (APOLO) can modulate local chromatin 3D confor-
mation by regulating the conformation of DNA-RNA loops within
the nuclei [74]. Histone modifications mediate the effects of
genetic risk variants related to schizophrenia by modulating chro-
matin higher-order structure [75]. Here, TE methylation dimin-
ishes the effects of chromatin higher-order structure alterations
on gene expression. It will be worth studying the specific epige-
netic networks that include high-order chromatin architecture,
DNA and histone modifications, noncoding RNAs, and other epige-
netic factors during plant genome duplication.

Conclusions

This study artificially synthesized a 4C rice line from O. sativa
ssp. indica cultivar 9311 and observed the changes in agriculture
traits and enlarged nuclei in 4C rice. Rice genome doubling led to
dampened intrachromosomal interactions using Hi-C analysis.
Changes in 3D chromatin structures, including chromatin compart-
ments and TADs, were uncorrelated with gene transcription upon
rice genome duplication. DNA methylation in the regulatory
sequences of genes in compartment A/B switched regions and
TAD boundaries did not contribute to transcriptional regulation
in 2C and 4cC rice. Importantly, hypermethylated TEs across genes
in compartment A/B switched regions and TAD boundaries buf-
fered the effects of chromatin architecture changes on gene tran-
scription upon genome doubling.
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