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h i g h l i g h t s

� The first study to explain the
underlying mechanism of heterosis
from the perspective of 3D genome in
plants.

� Superior heterosis hybrids tend to
contain more transcriptionally active
chromatin.

� 3D chromatin compartments
correlate with genetic variance
among parents.

� More accessible chromatin
accelerates highly expressed ELD
(expression level dominance) genes
in superior heterosis hybrids.

� Hormone- and cell-cycle-related
genes are more up-regulated with
changes of 3D genome thereby
promoting leaf size.
g r a p h i c a l a b s t r a c t
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Introduction: Heterosis is the major event driving plant development and promoting crop breeding, but
the molecular bases for this phenomenon remain elusive.
Objectives: We aim to explore the effect of three-dimensional (3D) chromatin architecture on the under-
lying mechanism of heterosis.
Methods: Here, we constructed the North Carolina II (NC-II) population to select superior and inferior
heterosis sets by comparing mid-parent heterosis (MPH) in Brassica napus. To decipher the impact of
3D chromatin architecture on the underlying mechanism of heterosis, we combined genetics, transcrip-
tomics and 3D genomics approaches.
Results: We suggest that F1 hybrids with superior heterosis tend to contain more transcriptionally active
A compartments compared with F1 hybrids with inferior heterosis, and approximately 19–21% compart-
ment significantly altered in the F1 hybrids relative to the parental lines. Further analyses show that
chromatin compartments correlate with genetic variance among parents, which may form the basis for
differentially active chromatin compartments. Having more A compartments in F1 hybrids confers a
more accessible chromatin circumstance, which promotes a higher proportion of highly expressed ELD
(expression level dominance) genes in superior heterosis F1 hybrids (46–64%) compared with inferior
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heterosis F1 hybrids (22–31%). Moreover, genes related to hormones which affect plant growth, are more
up-regulated with changes of 3D genome architecture, and we validate that increased hormone content
contributes to cell proliferation and expansion by influencing the key genes of cell cycle thereby promot-
ing leaf size.
Conclusion: Dynamic 3D chromatin architecture correlates with genetic variance among parents and con-
tributes to heterosis in Brassica napus.
� 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

Heterosis (or hybrid vigor), a biological phenomenon whereby
F1 hybrids have superior agronomic traits to their parents, is wide-
spread in both plants and animals. Three classic genetic models
have been used to explain heterosis: dominance, overdominance
and epistasis [1,2]. Recent studies have illustrated that these three
classic genetic models may contribute to the heterosis perfor-
mance of offspring collectively, rather than contradictory [3]. In
rice, the overall heterozygosity makes little contribution to hetero-
sis, whereas the occurrence of partial dominance and overdomi-
nance at the loci contribute to heterotic advantage [4,5]. These
findings indicate that classic models focus more on key
heterosis-associated loci and their contributions to heterosis, how-
ever, the role of three-dimensional (3D) chromatin architecture
remains poorly characterized.

Accumulating evidence obtained using chromatin conformation
capture technology indicates that the hierarchical 3D genome archi-
tecture in the nucleus is closely related to gene transcription [6]. The
hierarchical structures of the 3D genome include compartments,
topologically associated domains (TADs) and loops [7]. In general,
A compartments are transcriptionally active regions of euchro-
matin, while B compartments are transcriptionally repressed
regions of heterochromatin [7]. The conversion between A and B
compartments affects gene expression: the conversion into an A
compartment usually increases gene expression, and vice versa
[8]. TADs, which are highly conserved among species [7], can spa-
tially constraint the interactions between promoters and remote
regulatory elements [9]. Chromatin loops can join cis-regulatory ele-
ments and promoters to regulate gene transcription [10].

The 3D architecture of chromatin in plants is increasingly
becoming a focus of study [8,11,12]. A/B compartments have been
found in Arabidopsis, maize, tomato, sorghum, foxtail millet and
rice, reflecting their euchromatin and heterochromatin structures
[11,13]. Dynamic 3D genome architecture of plant both exist in
the process of evolution and interspecific hybridization. For exam-
ple, compared to its diploid ancestors, tetraploid cotton exhibits A/
B compartment conversion and TAD reorganization, which affect
the transcriptional activity of abundant genes [8]. Changes of chro-
matin compaction and histone have been shown to drive non-
additive gene expression in an interspecific Arabidopsis hybrid
[12]. Therefore, it is indispensable to explore how 3D genome
architecture contributes to plant heterosis mechanism.

Heterosis is a complex process that is regulated by multiple fac-
tors. On the one hand, leaves are the major organ related to plant
growth [14]. A key phenotypic difference between parental and
hybrid leaves is the degree to which the cell size and cell number
increase, resulting in larger leaves, in hybrids [15]. The proper reg-
ulation of these two processes is the basis for determining leaf size
[16]. Cell proliferation and expansion are inseparable from cell
cycle regulation. Numerous cell-cycle-related genes have been
identified in plants. The upregulation and/or downregulation of
these genes alters cell number and/or cell size during leaf growth
[16,17]. Moreover, auxin, cytokinin (CK), brassinosteroids (BRs)
and gibberellin (GA) could control changes in the cell cycle by
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influencing the expression of cell-cycle-related genes [17]. On the
other hand, the phenotypes of offspring also depend on the expres-
sion behavior of genes. Expression level dominance (ELD) con-
tributes to heterotic phenotypes, which may be due to the
interactions of parental alleles [18,19]. However, little is known
about how 3D chromatin architecture affects gene expression asso-
ciated with heterosis.

Here, we combined high-throughput chromosome conformation
capture (Hi-C), whole-genome sequencing (WGS) and RNA-seq data
to explore the influence of the 3D architecture of chromatin on
heterosis in B. napus at the seedling stage (Fig. 1A). We revealed
dynamic changes of 3D chromatin architecture between parents
and F1 hybrids and found that parental genetic variancewas associ-
ated with parental distinct compartments. In addition, dynamic
changes of compartment activities contributed to ELD genes,
hormone-related genes and cell-cycle-related genes expression,
which were linked to heterosis. This study advances our under-
standing of heterosis in plants from the perspective of 3D genome.
Methods

Plant materials and growth conditions

The female sterile line, male restorer line, and hybrids of B.
napus used in this study were generated at Huazhong Agricultural
University [20,21]. All varieties were grown in a controlled green-
house (a cycle of 16 h light/8h dark) at 21–23 �C with 30–60% rel-
ative humidity under hydroponic conditions with Hoagland
nutrient solution in three biologically repeated random block
experiments [22]. The parents and combinations with superior
heterosis (FO, JM) and inferior heterosis (FV, JX) were selected
based on statistical analysis of phenotypes at 30 DAS (days after
sowing). O, V, M, and X were the female parents, and F and J were
the male parents (Fig. S1). At 21 DAS, 30 similar plants of each
accession (10 plants per replicate, three independent experiments
with a completely random design) were collected and used to mea-
sure phenotypic data, including fresh weight (FW), dry weight
(DW), and leaf area (LA). The materials were collected and imme-
diately washed with distilled water, oven-dried at 105 �C for
30 min, and dried further at 80 �C for 60 h. Leaf area was measured
using ImageJ (https://imagej.nih.gov/ij/). MPH (mid-parent hetero-
sis) and BPH (better-parent heterosis) were calculated as follows:
MPH = (the mean value of hybrid F1 - the average value of both
parents)/the average value of both parents � 100%; BPH = (mean
value of hybrid F1 - mean value of optimal parent)/mean value
of optimal parent � 100%. SPSS Version 18.0 (IBM Corp, Armonk,
NY, USA) was used for statistical analysis. Comparisons between
different varieties were performed using ANOVA with Tukey’s
HSD and two-sided t tests (Fig. S1).

For RNA-seq and Hi-C analyses, the hybrids and parents were
grown in the greenhouse under the same conditions. For the
whole-genome sequencing, plants were grown in an experimental
field under normal environmental conditions (Wuhan; 114.35�E,
30.48�N). Three biological replicates were generated for RNA-seq

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 1. Comparison of the morphology and transcriptomes of parents and hybrids in B. napus. A, The workflow of this study. B, Phenotypes of parents and F1 hybrids at 21
DAS (days after sowing). C, Phenotypes of leaves in hybrids with superior and inferior heterosis. D, Number of upregulated and downregulated genes in F1 hybrids versus the
mid-parental value (MPV) of gene expression (Student’s t test, P < 0.05). Data from three biological replicates were combined. E and F, Volcano plots showing genes
differentially expressed between FO and FV (E) and between JM and JX (F) (F1 TPM > 1, |log2(fold change)| > 1, Padj < 0.05). Each gene expression level was normalized to TPM
(transcripts per million). Red dots, upregulated genes; blue dots, downregulated genes. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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experiments, two biological replicates for the Hi-C experiment and
one biological replicate for WGS experiments.

Hi-C sequencing

For Hi-C sequencing, the plants were grown under the condi-
tions described above and sampled at the same time points. To
build a Hi-C library, leaves were ground in liquid nitrogen, and
2 g of homogenous tissue powder was collected. Hi-C sequencing
library construction and Illumina sequencing were performed by
Novogene Company, China. The experiment was performed using
DpnII digestion as previously described [23]. Qualified DNA
samples were randomly broken into fragments with a Covaris
ultrasonic breaker. The DNA with biotin was captured via adsorp-
tion on avidin magnetic beads, and libraries were constructed by
performing end repair, adding A tails, adding adaptor, purification
and PCR expansion. Following construction, Qubit2.0 was used for
preliminary quantification. Subsequently, the insert size of the
library was tested using an Agilent 2100 Bioanalyzer (Thermo
Fisher Scientific, MA, USA), and the effective concentration of the
library was accurately quantified by qPCR to ensure the quality
of the library. The final library was sequenced by Illumina HiSeq
PE sequencing.
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Hi-C read mapping and normalization

Hi-C reads from the superior and inferior hybrid sets were
aligned to the newly assembled high-quality ZS11 reference gen-
ome [24]. Read mapping and construction of contact maps were
performed using Juicer software with default settings [25]. Vali-
dated read pairs of B. napus superior and inferior hybrid sets were
used to create interaction matrices with a bin size of 50 kb for fur-
ther analysis. The interaction matrices were normalized using the
iced method [26].

Identification of genomic compartments and calculation of ICF and
compactness

For compartment analysis, we first removed the centromeric
region and the pericentromeric region of each chromosome, as
described previously [12,27]. The locations of the centromere
regions of the chromosomes were described previously [24]. PCA
was performed separately for each arm with a 50-kb bin size inter-
action matrix. A or B compartments were determined based on
gene density and the sign of the first eigenvector (PC1): A compart-
ments tend to have higher gene densities and B compartments
tend to have lower gene densities. ICF (interaction contact fraction)
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was calculated as described previously [28]. Chromatin compact-
ness was measured as previously described [12].
RNA-seq experiment and sequencings

The second true leaves were collected from 21-day-old seed-
lings from the parents and hybrids, immediately frozen in liquid
nitrogen, and stored at –80 �C for RNA extraction. Three biological
replicates were used for each sample, with each replicate consist-
ing of a pool of 8–10 plants.

Library construction and sequencing were carried out by BGI,
China. Total RNA was extracted from the samples using the TRIzol
method [29]. The RNA was qualified and quantified using a Nano-
Drop and Agilent 2100 Bioanalyzer (Thermo Fisher Scientific, MA,
USA). Following total RNA extraction and DNase treatment, the
mRNA was isolated using magnetic beads with Oligo (dT). The
mRNA was broken into short fragments in fragmentation buffer.
cDNA was synthesized using the mRNA fragments as templates.
During the QC (quality control) steps, an Agilent 2100 Bioanalyzer
and ABI StepOnePlus Real-Time PCR System were used to quantify
and qualify the sample library. mRNA-seq libraries were con-
structed and sequenced on the HiSeqTM 4000 platform following
the manufacturer’s instructions.
RNA-seq data analysis

Clean reads were aligned against the ZS11 reference genome
using HISAT2 (v2.1.0) with default parameters [30]. The raw read
counts for each gene were normalized to TPM (transcripts per mil-
lion) values with StringTie (v1.3.3b) [31]. Differentially expressed
genes (DEGs) in the superior versus inferior hybrids were identi-
fied with the DESeq2 package in R [32]. We used the criteria of
false discovery rate (FDR) < 0.05 and |log2 fold-change| >1 to deter-
mine upregulated and downregulated genes with genes of the F1
lines at TPM > 1. Student’s t test was performed to test the differ-
ence between the hybrid and mid-parental value (MPV; P < 0.05).
Definition of ELD gene expression patterns

We divided the genes into additive genes and non-additive
genes based on their expression levels. A Student’s t test was con-
ducted to test the difference between the values of hybrids and the
MPV. If the values of hybrids were significantly (P < 0.05) different
from the MPV, the genes were defined as non-additive genes; if
there was no significant difference between the values of hybrids
and the MPV, the genes were defined as additive genes. We used
non-additive genes to identify ELD genes. The ELD genes were
divided into five groups: H2P (higher than both parents), CHP
(close to higher parents), CLP (close to lower parents), L2P (lower
than both parents) and B2P (between the two parents). If
F1 > Paternal = Maternal, F1 > Paternal > Maternal or
F1 > Maternal > Paternal, the genes were defined as higher than
both parents (H2P); if F1 = Paternal > Maternal or F1 = Maternal >
Paternal, the genes were defined as close to higher parent (CHP); if
Paternal > F1 > Maternal or Maternal > F1 > Paternal, the genes
were defined as between two parents (B2P); if F1 = Paternal < Mat
ernal or F1 = Maternal < Paternal, the genes were defined as close
to lower parent (CLP); if F1 < Paternal = Maternal,
F1 < Paternal < Maternal or F1 < Maternal < Paternal, the genes
were defined as lower than both parents (L2P), where ‘‘=” means
statistically similar and ‘‘>” and ‘‘<” mean significantly higher and
lower, respectively [33].
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WGS experiment and sequencing

Young leaves were collected from the hybrids and parents and
stored at �80 �C for DNA isolation. Genomic DNA was extracted
from the samples using a Tiangen Genomic DNA Extraction Kit
(DP305). Sequencing libraries were prepared according to Illu-
mina’s standard protocol. DNA concentration and integrity were
measured using a Qubit Fluorometer and Agilent 2100 bioanalyzer.
The matched terminal library with an inserted fragment size
of �350 bp was sequenced on the Illumina HiSeq PE150 platform.
The DNA libraries were constructed and sequenced by Novogene.
WGS data analysis

High-quality SNPs were identified using the Sentieon pipeline
[34]. First, BAM files were obtained by Burrows-Wheeler Align-
ment (BWA) mem algorithm mapping to the current standard ref-
erence genome ZS11 [35]. SAMtools was then used to filter the
BAM files with quality of >10 [36]. SNPs were collected from all
the samples using the Haplotyper algorithm from Sentieon. The
VCF files from all samples were merged using the Sentieon GVCFty-
per algorithm. To obtain high-quality SNPs, the raw SNPs were fil-
tered using the GATK VariantFiltration module with the parameter
--filterExpression ‘QUAL < 30.0 || MQ < 50.0 || QD < 20 --clusterSize
3 --clusterWindowSize 10. Next, the paternal SNPs were compared
with maternal SNPs to identify different SNPs of the parents with a
bin size of 50 kb. Subsequently, to identify SVs in the parents, VCF
files were used by paragraph with default settings [37]. Finally,
paternal SVs were compared with maternal SVs to identify differ-
ent SVs of the parents with a bin size of 50 kb.
Plant hormone measurements

To measure plant hormone levels, the second true leaves were
collected from the parents and hybrids grown under hydroponic
conditions at 21 DAS (three biological replicates per variety,
approximately seven seedlings per replicate) and rapidly frozen
in liquid nitrogen. Freeze-dried leaves were homogenized and
crushed in a tissue grinder (400 MM, Retsch; 60 Hz, 60 s) with zir-
conium beads. A 100 mg sample of dry powder was extracted over-
night at 4 �C with 1.0 mL 70% methanol, and acyclovir at a final
concentration of 0.1 mg/L was used as an internal standard to mea-
sure hormone metabolites [38]. MS2T libraries were constructed
using stepwise multiple ions while monitoring enhanced product
ions and analyzed by liquid chromatography-electrospray ioniza-
tion (LC-ESI). Subsequently, the multiple reaction detection
method (sMRM) was used to simultaneously perform quantitative
analysis of six plant hormones, including CKs, GAs, SAs, auxins,
ABA and ACC (biosynthetic precursor of ETH) as previously
described using analyst 1.5 software [39]; the MRM detection win-
dow was 90 s and the target scanning time was 1.0 s.
Identification of plant hormone, photosynthesis, photorespiration and
cell cycle genes in B. napus

The sequences of Arabidopsis plant hormone, photosynthesis
and photorespiration genes were obtained from the TAIR database
(https://www.arabidopsis.org/). The deduced amino acid
sequences of these genes were mapped to the ZS11 proteome using
the BLAST pipeline with the parameter setting ‘-max_target_seqs 1
-evalue 1e-50. The sequences of cell cycle genes and genes that pos-
itively regulate the cell cycle obtained from previous reports were
used for data analysis as described above [16,40,41].

https://www.arabidopsis.org/
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Measuring individual leaves and palisade mesophyll (PM) cells

The second leaves of at least 10 seedlings per plant line were
harvested at 21 DAS from plants grown under hydroponic condi-
tions. Four point samples were collected from the second true leaf
from the center to the edge of the leaf at the same position with a
circular punch. To count PM cells, leaves from plants at the indi-
cated stages were fixed and cleared of chlorophyll with 70% etha-
nol. The samples were then cleared in chloral hydrate solution (8 g
of chloral hydrate: 2 mL of deionized water: 1 mL of glycerol) and
photographed under a Nikon ECLIPSE 80i compound microscope
with a 10 � ocular and 20 � objective. The cells were counted
using the cell counter plugin (http://rsbweb.nih.gov/ij/plug-
ins/cell-counter.html) in ImageJ. Cell sizes and total cell numbers
were calculated based on the cell numbers in the image, the area
of the image and the overall area of the leaf. Leaf area was deter-
mined using ImageJ, and PM cells were counted with the cell coun-
ter plugin.

Quantitative reverse-transcription PCR

For qRT-PCR validation experiments, three replicates of 10
seedlings from the parents and hybrids were harvested at the same
time at 21 DAS. Total RNA was extracted from 0.1 g FW of various
materials using an RNAprep Plant Kit containing DNase I treatment
reagent (DP441; Tiangen, Beijing, China), and 2 mg of total RNA was
used for cDNA synthesis using a Thermo Scientific RevertAid First
Strand cDNA Synthesis Kit (K1622; Thermo, America) according
to the manufacturer’s instructions. qRT-PCR was performed using
SYBR Green Real-Time PCR Master Mix (Toyobo, Japan) and the
CFX96 Real-Time system (Bio-Rad, USA). The data were analyzed
with CFX Manager software as described previously [42]. ACTIN7,
UBC9 and UBC10 were used as housekeeping genes to normalize
the expression data. At least three biological replicates were per-
formed per experiment.

Data availability

All sequencing data generated for this study have been submit-
ted to the NCBI Sequence Read Archive under accession number
PRJNA700832, PRJNA701132, and PRJNA701133.
Results

Phenotypic and transcriptomic changes in hybrids

We constructed the North Carolina II (NC-II) population with
132 intraspecific hybrids based on 11 maternal lines (sterile) and
12 paternal lines (fertile), by comparing the mid-parent heterosis
(MPH) of these hybrids to select superior and inferior heterosis sets
(Table S1). Meanwhile, we combined three major phenotypes fresh
weight, dry weight and total leaf area to obtain two superior
heterosis sets (F-O-FO, J-M�JM) and two inferior heterosis sets
(F-V-FV, J-X-JX) comprehensively (Fig. 1B, C; Table S2; Fig. S1).
To explore the influence of the 3D genome architecture on hetero-
sis in B. napus, we combined the phenotypic, transcriptomic, WGS,
and Hi-C data (Fig. 1A). First, we examined the transcriptomes of
parents and F1 hybrids by RNA-seq analysis. The average mapping
rates of all accessions were �90% (Fig. S2; Table S3). Compared
with MPV (mid-parental value) of gene expression, there were
more upregulated genes than downregulated genes in JM and FO,
whereas there were more downregulated genes than upregulated
genes in JX and FV (P < 0.05) (Fig. 1D; Tables S4–S7). Therefore,
according to phenotypic measurements, JM and FO were ‘better’
at being expressed than JX and FV respectively, and the
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transcriptome levels were consistent with these results. Compared
with FV, we identified 5,720 upregulated genes and 4,233 down-
regulated genes in FO. In addition, compared with JX, we identified
4,228 upregulated and 3,888 downregulated genes in JM (Fig. 1E,
F; Tables S8 and S9). These findings suggest that hybrids with
superior heterosis include more upregulated genes, altered gene
expression patterns may influence their heterotic phenotypes.

3D chromatin architecture changes dynamically in B. napus hybrids

To investigate the dynamics of 3D genome organization during
B. napus hybridization, we performed Hi-C experiments using DnpII
for the heterosis groups, generating a total of 101 billion sequenc-
ing read pairs. We mapped the clean Hi-C data against the high-
quality ZS11 reference genome [24] and obtained 34 billion usable
valid interaction read pairs for subsequent comparative 3D struc-
tural analysis (Table S10). We constructed chromatin interactive
heat maps and identified chromatin compartments at a resolution
of 50 kb based on high-quality Hi-C data in all groups (Figs. S3 and
S4). We identified A/B compartments, which corresponding to
euchromatin and heterochromatin, based on principal component
analysis (Fig. 2A; Table S11). Particularly, hybrids with superior
heterosis tend to contain more A compartments while hybrids with
inferior heterosis tend to contain more B compartments, which is
congruent with their gene expressions and implies 3D chromatin
architecture may influence phenotype of heterosis (Fig. 2B). Com-
pared with the activity of parental compartments, approximately
19–21% compartments in F1 hybrids were obviously changed,
which suggested that 3D chromatin architecture is dynamic among
parents and hybrids (Fig. 2C). Furthermore, analysis of these chan-
ged compartments, under the condition of different compartment
activity existed in parents, hybrids with superior heterosis (FO,
JM) occupied a higher ratios of A compartments than B compart-
ments, whereas the opposite situation was observed in FV and JX
(Fig. S5A).

To gain more insight into the detailed dynamic 3D genome
organization between the parents and hybrids, we introduced the
interaction contact fraction (ICF) to describe the interactions of
chromatin and compactness to display the status of chromatin,
respectively [12,28]. We identified the interactions of hybrids
chromatin were greatly altered compared to their parents
(Fig. 2D; Fig. S5B, C). In addition, the chromatin compactness of
an F1 hybrid was generally quite different from that of either par-
ent, but more likely to resemble that of the maternal than the
paternal chromatin (Fig. 2E, F; Fig. S6). Altogether, at the chromo-
somal level, not only chromatin interactions but also the distribu-
tion of compartments changed during hybridization (Fig. 2G;
Figs. S7 and S8). Two representative cases showed that FO and
JM harbored more A compartments than FV and JX, respectively
(Fig. 2H; Fig. S9). Next, we sought to test whether compartment
switching contributes to gene expression, which has been observed
in plants [8,11]. As expected, compared with distinct compart-
ments in parents, the genes of hybrids were detected in A compart-
ments with higher gene expression than those of in B
compartments (Fig. 2I). Therefore, the hierarchical 3D chromatin
architecture changed dynamically among parents and hybrids,
and the compartment activity differed between superior and infe-
rior hybrid sets, which strongly affected the regulation of gene
expression.

Chromatin compartments correlate with genetic variance among
parents

Genetic diversity between parents could be used to further
improve yields [43]. F1 hybrid heterosis shows preferential associ-
ation with the parents’ individual performance [44,45]. We specu-

http://rsbweb.nih.gov/ij/plugins/cell-counter.html
http://rsbweb.nih.gov/ij/plugins/cell-counter.html


Y. Hu, J. Xiong, N. Shalby et al. Journal of Advanced Research 42 (2022) 289–301
lated that there is a relationship between the genetic variance and
parental distinct compartments. To verify this hypothesis, we
defined regions of chromatin compartments with different activity
between parents as ‘diversity regions’ and those with similar activ-
ity between parents as ‘conservative regions’ and introduced the
analysis of the WGS data between parents. By comparing single-
nucleotide polymorphism (SNP) density between parents, we
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found superior heterosis parents with more SNPs than those in
inferior heterosis parents (Fig. S10). Observing the location of par-
ental distinct compartments, we identified approximately 81% par-
ental distinct compartments show preferential association with
genetic variance regions between parents (Fig. 3A). Remarkably,
throughout the genome, the SNP density was higher in diversity
regions, whereas in conservative regions (within 2 Mb at upstream
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and downstream of diversity regions), the SNP density was lower
(Fig. 3B). Moreover, the SNP density between parents showed the
same trend (Fig. 3C). Next, we divided SNP density into four groups
based on quantiles with different orders between parents. As the
SNP density between parents increased, the proportion of different
compartment activities between parents (which we refer to as
diversity regions) increased (Fig. 3D; Fig. S11). Although a small
portion of diversity regions located in non-genetic variance regions
between parents, we speculated that may because of the parental
epigenetic difference, the most majority diversity regions link to
parental genetic variance regions. In one case, in the F-O-FO supe-
rior heterosis set, SNP density was higher in diversity regions than
in the surrounding conservative regions (Fig. 3E). In another case,
the same was true in the J-M�JM set (Fig. 3F).

We also examined the different structural variations (SVs)
between parents. Diversity regions contained more SVs than the
surrounding conservative regions (Fig. S12A, B). Moreover, in par-
ents with more different SVs, these SVs tended to be located in
diversity regions; the opposite was true for parents with no differ-
ent SV regions (Fig. S12C, D). Therefore, we inferred that genetic
variance among parents is closely related to chromatin hierarchical
structures, perhaps forming the basis for their differentially active
chromatin compartments.
Dynamic compartments influence ELD gene expression

Expression level dominance (ELD) genes, which could poten-
tially be responsible for generating the heterosis phenotypes
[46]. Higher than both parents (H2P) and close to higher parent
(CHP) type ELD genes are expressed at higher levels in F1 hybrids
than in both parents and at levels similar to highly expressed genes
in one parent, respectively. Lower than both parents (L2P) and
close to lower parent (CLP) type ELD genes are expressed at lower
levels in F1 hybrids than in both parents and at similar levels to
genes expressed at lower levels in one parent, respectively. Finally,
between two parents (B2P) type ELD genes are those whose
expression in the F1 hybrid is between two parents [33]. The emer-
gence of ELD genes has been detected in allopolyploids [18,46].

The concept of ELD gene expression prompted us to ask
whether the dynamic changes in chromatin compartment activity
are associated with ELD genes. Compared with hybrids (JX, FV with
27–39%) with inferior heterosis, hybrids (JM, FO with 43–60%) with
superior heterosis contain more percentages of highly expressed
H2P and CHP genes. Conversely, hybrids (JX, FV with 61–73%) with
inferior heterosis contain more percentages of L2P and CLP genes
than those of hybrids (JM, FO with 40–57%) with superior heterosis
(Fig. S13; Tables S12–S15). As mentioned above, hybrids with
superior heterosis cover more A compartments in diversity regions,
we further explored the correlation of compartment activity and
ELD genes. Among ELD genes, H2P and CHP genes were more
highly expressed than CLP and L2P genes in diversity regions
(Fig. 4A). Consistent with the dynamic changes of the compart-
ment characteristics in the offspring (Fig. 2B), the H2P and CHP
Fig. 2. Comparison of dynamic changes in the 3D structure of chromatin between pa
sets. Red and blue histograms represent A and B compartments, respectively. B, Percen
compartment activity during B. napus hybridization. The order of compartment activit
genome of the F-O-FO and J-M�JM groups. E and F, Relationship of chromatin compac
Spearman’s rank correlation coefficient. G, Chromatin interactions in B. napus represen
chromatin compartments in the 3D structure. Red histograms represent A compartments
represented as centromere and pericentromeric regions. The lower track shows chromatin
in red and weak interactions in blue, and the dark blue area in the middle represents
eigenvector from principal component analysis (PCA). Red and blue histograms repre
contribute to gene expression in F1 hybrids. The expression level of each gene was norm
rank-sum test). (For interpretation of the references to colour in this figure legend, the
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genes described above accounted for a large proportion of ELD
genes in JM (64%) and FO (46%), whereas L2P and CLP genes
accounted for a large proportion of these genes in JX (60%) and
FV (74%) (Fig. 4B). These results suggest that changes in compart-
ment activity in F1 hybrids might contribute to the differential
expression of ELD genes. Next, we analyzed the distribution of
the ELD genes in the dynamic compartments regions, indicating
that ELD genes of hybrids with superior heterosis tend to lie in
more transcriptionally active A compartments, whereas those of
in hybrids with inferior heterosis tend to lie in more transcription-
ally in-active B compartments (FV) or not significant existed in A/B
compartments (JX) (Fig. 4C). In addition, we examined folding sta-
tus of chromatin, observing that the chromatin compactness of FV
was higher than that of FO, and the chromatin compactness of JX
was higher than that of JM (Fig. 4D). These findings suggest that
3D chromatin architectures provide a more accessible chromatin
basis for ELD gene expression in superior heterosis hybrids. On
the basis of these results, we propose that the chromatin activity
of different compartments affects the expression of ELD genes:
ELD genes in F1 hybrids with A compartments tend to be highly
expressed, whereas ELD genes in F1 hybrids with B compartments
tend to be expressed at lower levels (Fig. 4E, F).
Enhanced expression of hormone-related and cell-cycle-related genes
affected by dynamic 3D chromatin architecture

Hormones are crucial for mediating leaf growth and have an
impact on cell cycle control [17]. These observations prompted
us to investigate whether dynamic changes in chromatin structure
are linked to the expression of hormone- and cell cycle-related
genes. Auxin, cytokinins (CKs), brassinosteroids (BRs) and gib-
berellin (GA) contribute to plant growth, whereas salicylic acid
(SA), ethylene (ETH), and abscisic acid (ABA) do not directly influ-
ence plant growth but are involved in stress adaptation (Fig. 5A)
[41]. First, we investigated the expression of auxin-, CK-, BR-, and
GA-related genes in B. napus. We found that there were more
upregulated than downregulated genes in these categories in the
superior hybrid sets compared to the MPV (Student’s t test,
P < 0.05) (Fig. S14; Tables S16–S19).

We then focused on the relationship between 3D chromatin
architecture and hormone-related gene expression. Consistently,
superior hybrids tended to have more upregulated genes in diver-
sity regions (Student’s t test, P < 0.05) (Fig. 5B). We then investi-
gated gene expression in diversity regions of F1 hybrids
compared to the MPV. There was a higher proportion of highly
expressed hormone-related genes (versus the MPV) in JM and FO
and a lower proportion of these genes in JX and FV (Fig. 5C). Fur-
thermore, in superior hybrids with A compartments, most
hormone-related genes (which support plant growth) were upreg-
ulated in diversity regions, as were most surrounding genes,
whereas in inferior hybrids with B compartments, most of these
genes were downregulated (Fig. 5D; Fig. S15). These findings sug-
gest that 3D chromatin architecture regulates the expression of
rents and hybrids. A, Distribution of compartments in superior and inferior hybrid
tages of different compartments in superior and inferior hybrids. C, Percentages of
y is paternal-maternal-F1. D, Distribution of chromatin interactions in the whole
tness between parents and hybrids between FO and F (E) and FO and O (F). rho,
ted by the C04 chromosome of F-O-FO. The upper track shows the distribution of
; blue histograms represent B compartments; gray columns indicate masked regions
interactions at 50-kb resolution. In each heat map, strong interactions are indicated

the pericentromeric regions. H, Features of compartments represented by the first
sent A and B compartments, respectively. I, Dynamic activities of compartments
alized to transcripts per million (TPM). *P < 0.05; **P < 0.01; ***P < 0.001 (Wilcoxon
reader is referred to the web version of this article.)



Fig. 3. Dynamic changes in compartments correlate with genetic variance among parents. A, Distribution of parental distinct compartments among parental genetic
variance regions. B, SNP density levels between parents around diversity region borders. Lines show average values across 50-kb bins. C, Distribution of SNP density between
diversity regions and conservative regions. ***P < 0.001 (Wilcoxon rank-sum test.). D, Percentages of F-O-FO diversity regions and conservative regions with SNP density
classifications. According to the analysis of SNP density order between parents, quartile 1 is smaller and quartile 4 is larger. ***P < 0.001; NS, no significant difference (Fisher’s
exact test). E and F, Example of the relationship between diversity/conservative regions and SNP density in parents. The two upper tracks show the features of compartments
in the parents: red, A; blue, B. The middle track shows the distribution of diversity regions and conservative regions. The two lower tracks show the distribution of different
SNPs between parents and the number of SNPs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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hormone-related genes. To verify this notion, we measured the
levels of these hormones, except for BR, due to experimental tech-
nical limitations (Fig. 5A). Auxin, CK, and GA levels were signifi-
cantly higher in the superior hybrid sets, whereas SA, ETH, and
ABA levels were significantly higher in the inferior hybrid sets
(Figs. S16–S18).

Given the roles of hormone-related genes in the cell cycle, we
asked whether a regulatory network might accelerate cell prolifer-
ation and cell expansion due to dynamic changes in 3D chromatin
architecture. Notably, two key genes in the auxin pathway, KUA1/
MPYH and TOR, were upregulated in FO and JM but downregulated
(or expressed at similar levels to the MPV) in FV and JX in diversity
regions (Figs. S19 and S20). KUA1/MPYH and TOR genes play roles
in the auxin biosynthesis pathway in Arabidopsis [47,48]. Overex-
pressing KUA1/MPYH upregulates the phytochrome-interacting
factor genes PIF4/PIF5 in Arabidopsis, leading to the upregulation
of auxin biosynthesis genes YUCC8 and SAUR thereby enhancing
auxin accumulation and plant growth [47]. Here, we found these
genes were upregulated in FO, likely leading to the accumulation
of auxin, whereas they were downregulated in FV, leading to rela-
tively low auxin contents (Fig. 5E; Fig. S21; Table S20).

Auxin accumulation facilitates the upregulation of PRZ1, which
in turn promotes the expression of the core cell cycle gene CYCB1
[41]. Gene expression analysis showed that PRZ1 and CYCB1 were
highly expressed in FO and weakly expressed in FV. The upregula-
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tion of CYCB1 could promote the G2-to-M phase transition and
accelerate the cell cycle (Fig. 5E; Fig. S21; Table S20) [16,41].
ROP2 expression increases in response to auxin accumulation,
thereby promoting TOR gene expression. This in turn leads to
increased expression of E2FA and/or E2FB, which are core genes
of the cell cycle [41,48]. Indeed, E2FA were upregulated in JM,
accelerating the transition of the cell cycle from the G1 to the S
phase but downregulated in JX (Fig. 5E; Fig. S21; Table S20) [41].
In addition, KUA1 and TOR also affect cell expansion [49,50].

To verify the influence of this putative gene regulatory network
on cell proliferation and cell expansion in the hybrids, we per-
formed cytological experiments (Fig. S22). The size of the second
leaf was greater (a mark of superior hybrid status) than the MPV
in JM and FO, and was slightly larger than the MPV in JX and FV
(Fig. 5F). Cell number and cell size showed the same trends
(Fig. 5G–I). Moreover, genes that positively regulate the cell cycle
were much more likely to be upregulated in superior hybrids
(Fig. S23; Tables S21–S29). Finally, by evaluating the contribution
of cell number and cell size to the leaf area, we determined that
both contribute to leaf size, but to different degrees (Fig. 5J). In
general, it appears that changes in the gene regulatory network
related to KUA1/MPYH and TOR due to dynamic changes in 3D chro-
matin structure and to a greater extent promote cell proliferation
and cell expansion thus promoting leaf size in the superior hetero-
sis hybrids.



Fig. 4. Dynamic 3D chromatin architecture contributes to ELD gene expression. A, Distribution of ELD gene expression in hybrids compared with MPV. The dotted line
indicates a slope of 1, meaning that the MPV is equivalent to F1 gene expression. Above the dotted line are H2P (higher than both parents) and CHP (close to higher parents)
group genes; below the dotted line are CLP (close to lower parents), L2P (lower than both parents) and B2P (between two parents) group genes. B, Percentages of ELD genes in
diversity regions. C, Relationship between ELD genes and compartment activity in F1 hybrids. D, Distribution of compactness in F1 chromatin located in diversity regions. P
values were determined using the Wilcoxon rank-sum test. E and F, Examples of the relationship between dynamic 3D chromatin compartments and ELD genes. The upper
track shows the feature of the compartments: red, A compartments; blue, B compartments. The middle track shows the genes in the chosen region: genes shown in red are
ELD genes, and genes shown in black are additive genes. The lower track shows the expression patterns of ELD genes. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Discussion

The mechanism of heterosis is an intriguing issue in the field of
plant biology. To date, most studies of heterosis have focused on
the differences in traits due to differences in DNA sequence, lead-
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ing to the classic hypotheses. However, classic models ignore the
role of chromatin in the 3D space and focus more on differences
caused by changes in DNA sequence in one dimension. Thus,
how dynamic 3D genome architecture affects hybrid heterosis
remains elusive.
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Different compartments between parents were enriched in parental
genetic diversity areas

The genetic variance among parents strongly affects the off-
spring’s growth. In agricultural breeding, offspring are usually
selected based on the large genetic differences between parents
[43,51]. Here, we found that the chromatin compartment corre-
lates with genetic variance among parents. Recent studies have
combined WGS and 3D genome analysis to detect the relationship
of SVs and chromatin structure to the regulation of gene expres-
sion in humans [52]. By disrupting higher-order chromatin organi-
zation, SVs have the potential to alter the gene dosage, thereby
regulating gene expression [52]. In particular, we believe that not
all genetic loci contribute to heterosis. A weak positive correlation
was previously detected between parental SNP density and bio-
mass, indicating that there are still some limitations in the process
of heterosis [53].

Compared to model organisms such as humans and mice, anal-
ysis of 3D chromatin structure in plants, especially higher plants, is
still at a preliminary stage. Detecting chromatin interactions at the
gene level in higher plants is still quite difficult [10]. Therefore,
based on the current data and the current knowledge of the 3D
chromatin structure of polyploid plants, we only determined that
genetic variants such as SNPs and SVs are associated with the
dynamic changes in 3D chromatin structure in F1 hybrids, but
we could not determine which specific variants cause differences
in their 3D chromatin structures. More in-depth research on this
topic is needed in the future.
Chromatin compartments influence expression of ELD genes and
plant-hormone-related genes

A/B compartment switching is closely related to gene expres-
sion: the B-to-A switch tends to lead to the upregulation of genes,
and the A-to-B switch tends to lead to their downregulation, which
has been found in rice and cotton [8,54]. We found that dynamic
3D chromatin architecture contributes to ELD gene expression. F1
hybrids with superior heterosis harbored a larger proportion of
highly expressed ELD genes, whereas lower expression levels of
ELD genes existed in inferior heterosis F1. High-parental-ELD genes
might play a vital role in B. napus hybrids [46]. In addition,
dynamic 3D chromatin structure contributes to plant-hormone-
related gene expression of the offspring, which is associated with
plant growth. The hormone levels in the plants varied, leading to
enhanced cell proliferation and cell expansion in hybrids with
superior heterosis and thus enhanced leaf growth (Fig. 5). Similar
Fig. 5. Effects of dynamic 3D architecture on hormone-related genes, cell prolifera
growth. Red and gray arrows represent hormones beneficial and disadvantageous
brassinosteroids; SA, salicylic acid; ABA, abscisic acid; ETH, ethylene. B, Number of upr
(Student’s t test, P < 0.05) related to auxin, CK, GA and BR. C, Comparison of hybrid gene e
is equivalent to F1 gene expression. Red and gray dots indicate the genes that are more h
Examples of the relationship between 3D chromatin structure and plant-hormone-re
interaction. Strong interactions are shown in red and weak interactions are shown in blue
track shows RNA-seq read coverage in the chosen region. The fourth track shows the gen
genes that were more highly expressed in the F1 hybrids versus the MPV; purple arrows r
E, Depiction of the regulatory network of auxin and auxin-related genes. Heat map of a
expression levels, respectively. Orange and blue triangles around auxin represent relati
inferior hybrids, respectively. The bottom arrow indicates the four phases of the cell cycle
palisade mesophyll (PM) layer showing the larger cells of superior heterosis sets. H and I,
and I) The percentage above the bar is the MPH (mid-parent heterosis) ratio in the corres
black asterisks indicate values above the BPV (better parent value). Statistical compariso
red letters) are shown, and categories with different letters are significantly different from
contributions of the increases in cell size and cell number to the larger leaves of the hybr
referred to the web version of this article.)
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findings have also suggested that early establishment of auxin
biosynthesis, promoting cell proliferation and cell expansion to
plant development in early biomass heterosis in B. napus (canola)
hybrids [55], but we provided the evidence from dynamic 3D chro-
matin structure perspective. In addition to the growth-related
plant hormones examined in this study, other hormones, such as
ABA, SA and ETH, also affect the cell cycle [16,40,41].

However, we believe that not all changes of dynamic 3D chro-
matin structure contribute to heterosis, and we focus attention
on the beneficial parts. The phenomena presented by the 3D chro-
matin structure changes of B. napus in different periods may also
be different, but our study mainly observes the seedling stage. In
addition, the contribution of the parental 3D structure to F1
hybrids is difficult to judge and will require further investigation.
The underlying mechanism of heterosis is caused by many factors

Heterosis is a complicated process. Here, we examined the pos-
sible impact of 3D chromatin structure on this process. Besides
those suggested by our findings, other factors may also lead to
heterosis in the offspring, such as photosynthesis, photorespira-
tion, plant hormone transport, gene interactions and so on [56–
58]. We also verified the changes in expression of genes related
to photosynthesis and photorespiration in F1 hybrids (Fig. S24A),
suggesting that the modes of photosynthesis of superior and infe-
rior heterosis sets may be different. Some offspring accumulate
organic matter by reducing photorespiration, whereas others do
so by increasing photosynthesis, but the specific mechanism
remains to be investigated (Fig. S24B). The specific period of plant
growth could also affect the underlying mechanism of heterosis.
Above all, the complex process of heterosis is based on multiple
factors.
Conclusions

In summary, we found chromatin compartments correlated
with parental genetic variance areas. F1 with superior heterosis
tend to contain more active A compartments, which contributes
to ELD genes and hormone genes highly expressed, thereby pro-
moting leaf size. Our findings enhance the understanding of the
underlying mechanism of heterosis from a 3D chromatin structure
perspective and provide new insights for exploring the mechanism
of plant heterosis.
tion and cell expansion. A, A diagram of hormones closely associated with plant
to plant growth, respectively. Hormones: CK, cytokinins; GA gibberellin; BR,

egulated and downregulated hormone-related genes in F1 hybrids versus the MPV
xpression and the MPV. The dotted line indicates a slope of 1, meaning that the MPV
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lated gene expression. The first track shows the features of the Hi-C chromatin
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