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Abstract

Background: Polyploidy is ubiquitous in eukaryotic plant and fungal lineages, and it leads to the co-existence of
several copies of similar or related genomes in one nucleus. In plants, polyploidy is considered a major factor in
successful domestication. However, polyploidy challenges chromosome folding architecture in the nucleus to
establish functional structures.

Results: We examine the hexaploid wheat nuclear architecture by integrating RNA-seq, ChIP-seq, ATAC-seq, Hi-C,
and Hi-ChIP data. Our results highlight the presence of three levels of large-scale spatial organization: the
arrangement into genome territories, the diametrical separation between facultative and constitutive
heterochromatin, and the organization of RNA polymerase II around transcription factories. We demonstrate the
micro-compartmentalization of transcriptionally active genes determined by physical interactions between genes
with specific euchromatic histone modifications. Both intra- and interchromosomal RNA polymerase-associated
contacts involve multiple genes displaying similar expression levels.

Conclusions: Our results provide new insights into the physical chromosome organization of a polyploid genome,
as well as on the relationship between epigenetic marks and chromosome conformation to determine a 3D spatial
organization of gene expression, a key factor governing gene transcription in polyploids.
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Background
In eukaryotes, nuclear DNA is folded into chromatin, a
tightly packed high-order structure whose main compo-
nents are DNA and histone proteins. Chromatin con-
formation determines the accessibility of the double
helix to the transcriptional and replication machineries
[1]. It is tightly regulated in both time and space by
highly conserved mechanisms such as DNA methylation,
histone post-translational modifications, alterations in
histone-DNA interactions, and incorporation of histone
variants by chromatin remodelers, as well as long non-
coding RNA (lncRNA)- and small RNA (sRNA)-related
pathways [2–4].

In light of the strong influence of chromatin conform-
ation on gene expression, the idea of the genome as a lin-
ear sequence of nucleotides has been replaced by a
dynamic three-dimensional (3D) architecture [5] in which
structural elements such as“loops”, “domains”, “territor-
ies”, and“factories” are functional components controlling
the physical interactions between promoters and distant
regulatory elements [6]. Accordingly, the nucleus is
thought to operate as an integrated regulatory network [7].

Recent development of new methods for the analysis
of the genome-wide 3D spatial structure of chromatin,
such as Hi-C, Hi-ChIP, and ChlA-PET, has made it pos-
sible to unveil small- and large-scale genome topology in
various cell types of metazoan organisms, notably in
mammals [8]. These studies revealed the existence of
megabase-long chromatin compartments comprising ei-
ther open, active chromatin (A compartment) or closed,
inactive chromatin (B compartment). Chromatin con-
formation capture techniques also allowed the descrip-
tion of topologically associating domains (TADs), large
chromatin domains (800 kb average length in mammals)
bringing together contiguous sequences of DNA. Genes
that belong to the same TAD display similar dynamics
of expression, suggesting that physical association is
functionally relevant to gene expression control.

The basic organization of plant genomes differs from
that in animals [9–14]. For instance, plants do not dis-
play an apparent A/B compartmentalization as a pre-
dominant genome folding feature [14, 15].

Moreover, although TAD-like domains have been
identified in maize, tomato, sorghum, foxtail millet, and
rice [15], no canonical insulator proteins have been de-
scribed in plants, challenging the classification of these
structures [12]. This may be due to the fact that the
plant genome structure has a particular transposable
element content and location relative to genes and opens
the question of the functional conservation of genome
folding in eukaryotes.

Another particular feature of plant genomes is the
high occurrence of polyploidy, which leads to the co-
existence of several copies of similar genomes deriving

from the same (autopolyploid) or related (allopolyploidy)
species in the same nucleus. How polyploidy affects
chromosome folding architecture and functional
organization remains to be elucidated. Established poly-
ploids often have higher fitness attributes [16], and poly-
ploidy is considered a major factor in successful plant
domestication [17] as demonstrated by its widespread
presence among cultivated crops, both autopolyploids
(e.g., potato [Solanum tuberosum], alfalfa [Medicago
truncatula], banana [Musa acuminata], and watermelon
[Citrullus lanatus]) and allopolyploids (e.g., canola,
strawberry, cotton, coffee, sugarcane, and wheat) [18].

Polyploidization events trigger extensive epigenetic
and transcriptional alteration of the duplicated or
merged genomes, accompanied by small- and large-scale
conformational changes [18–23]. Such rearrangements
are thought to have facilitated the domestication of poly-
ploid crops by enhancing their adaptive plasticity [17].
The characterization of 3D chromosome topology in
polyploids crops may help better understand the degree
to which spatial organization contributes to polyploidy
success.

Modern hexaploid wheat (Triticum aestivum L.; 2n =
6x = 42) is a particularly interesting model for analyzing
chromosome topology, because it is the product of two
rounds of interspecific hybridization that occurred at
different evolutionary times (Fig. 1a). The first
hybridization event occurred 0.36 to 0.50 million years
ago and produced a tetraploid species,Triticum turgi-
dum (AABB) [24–27]. This hybridization involvedTriti-
cum urartu (donor of the AA genome) and an unknown
species related toAegilops speltoides(BB genome) [28].
IndeedAe. speltoidescannot be considered as the exclu-
sive donor of this genome, but the wheat B genome
might rather have a polyphyletic origin with multiple an-
cestors involved, among whichAe. speltoides. A second
hybridization event betweenT. turgidum (AABB) and
the diploid speciesAegilops tauschii(DD genome) gave
rise to a hexaploid wheat (AABBDD), the ancestor of the
modern bread wheat, about 10,000 years ago [25, 29].
Since the three ancestors are closely related species des-
cended from a common progenitor, three distinct but
highly syntenic subgenomes can be identified (AA, BB,
and DD) [30]. Compared to tetraploid wheat, modern
hexaploid wheat possesses several agricultural advan-
tages, such as increased environmental adaptability, tol-
erance to abiotic stresses (including salinity, acid pH,
and cold), and increased resistance to several pathogens,
factors that contribute to its success as a crop [31]. Al-
though the genetic determinants of wheat yield and
quality have been extensively investigated [32, 33] and a
fully annotated reference genome was recently generated
together with tissue-specific and developmental tran-
scriptomic co-expression networks [34], the influence of
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Fig. 1 Large-scale chromatin architecture analysis of hexaploid wheat. a Schematic representation of the relationships between wheat genomes,
showing the polyploidization history of hexaploid wheat. b Hi-C contact matrix of the hexaploid wheat genome. c Box plots representing the
distribution of the median interaction frequency between 10-Mb bins for each combination of subgenomes (upper panel) and between
homoeologous and non-homoeologous chromosomes of different subgenomes (bottom panel). d Root meristematic cells of T. aestivumcv.
Chinese Spring labeled by GISH. The A genome is labeled in magenta, the D genome is labeled in green, and the B genome is not labeled and
thus appears in gray; telomeres are labeled in red. (Left panel) metaphase cells showing 14 A chromosomes, 14 B chromosomes, and 14 D
chromosomes. (Middle panel) interphase cells. (Right panel) zoom-in of the interphase nucleus indicated by the white box in the middle panel.
Scale bar represents 10 � m. e Immunofluorescence detection of H3K27me3 (green) and H3K27me1 (purple) in the isolated nucleus. f Integration
of H3K27me3 and Hi-C at the chromosomal level. The heatmap of intrachromosomal interaction frequency of chromosome 4 B (in red, upper
panel) is presented together with the read density of H3K27me3 ChIP-seq (in green, lower panel). The genomic coordinates are indicated on the
left side of the heatmap for Hi-C and under the read density plot for H3K27me3. The color bar on the right side of the heatmap shows the
interaction frequency scale. g Alternative models of large-scale chromatin architecture in the nucleus of wheat
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chromatin organization on the expression of key traits of
agricultural interest is still poorly understood.

In this study, we present an analysis of hexaploid
wheat nuclear architecture by the integration of Hi-C,
ChIP-seq, RNA-seq, and Hi-ChIP data. Our results high-
light at least three levels of DNA spatial organization: (i)
an arrangement into genome territories, (ii) a diametrical
separation between facultative and constitutive hetero-
chromatin, and (iii) the organization of active chromatin
DNA around transcription factories, established through
micro-compartmentalization and physical interactions of
these genes carrying euchromatic histone modifications.

Results
Wheat chromatin is organized in genome territories
To gain insight into wheat chromatin architecture, we
used Hi-C, a genome-wide chromatin conformation cap-
ture method that detects DNA-DNA physical interactions
[35] to examine shoot cells of 14-day-old seedlings ofT.
aestivum cv. Chinese Spring. Analysis of the whole-
genome interaction matrix (Fig.1b) revealed three hier-
archical layers of chromosome interactions, from stron-
gest to lowest: (i) within chromosomes, (ii) between
chromosomes of the same subgenome, and (iii) between
chromosomes of different subgenomes. This organization
indicates a non-random spatial distribution of the three
subgenomes that could mirror the presence of functional
“genome territories.” We quantified these differences by
plotting the distribution of median interaction frequency
between 10-Mb bins for intrachromosomal interactions,
interchromosomal interactions within each subgenome,
and interchromosomal interactions between subgenomes
(Additional file 1: Supplemental Figure S1) and between
pairs of subgenomes (Fig.1c, middle panel). In addition,
we observed that the A and B genomes interact more fre-
quently than A and D or B and D. We independently con-
firmed the presence of subgenome-specific territories
using a genomic in situ hybridization (GISH) experiment
on root meristematic cells (Fig.1d).

Then, we examined the intergenomic interaction fre-
quency between homeolog and non-homeolog chromo-
somes of different subgenomes (Fig.1c, lower panel),
finding that homeologs interact more frequently than
non-homeolog chromosomes (Mann-Whitney p = 2.18e
� 06; Cliff’s Delta effect size = 0.65). This imbalance was
not anticipated and could be the macroscopic manifest-
ation of specific contacts between homeolog genes,
whose expression has been reported to be often coordi-
nated in space and time [36]. Root cells presented the
same chromosome interaction pattern (Additional file1:
Supplemental Figure S1).

To verify whether other polyploid plants share the same
large-scale nuclear organization, we carried out a Hi-C
assay on 14-day-old seedlings of rapeseed (Brassica napus

L.) (Additional file 1: Supplemental Figure S2). The experi-
ment revealed again a three-layer hierarchy of chromo-
some interactions identical to wheat, suggesting that this
organization is a general feature of polyploid plants.

To further analyze wheat chromatin organization, we
performed nucleus immunostaining with antibodies
directed against different histone marks. We first labeled
constitutive and facultative heterochromatin using
antibodies recognizing H3K27me1 and H3K27me3,
respectively (Fig.1e). H3K27me3 plays a critical role in
the epigenetic silencing of developmentally or stress-
regulated genes in the context of facultative (reversible)
heterochromatin, while H3K27me1 is required for the
formation and maintenance of constitutive heterochro-
matin, and thus participates in the inhibition of TE
expression [11, 37].

We observed an opposite and polarized distribution of
these two marks throughout the nucleus, which suggests
the presence of subnuclear domains with different types
of chromatin. A second immunostaining with an anti-
body recognizing H3K9me2, another histone modifica-
tion associated with constitutive heterochromatin [38,
39], confirmed this result (Additional file1: Supplemen-
tal Figure S3, upper panel). We then examined active
chromatin by immunostaining with an antibody directed
against H3K36me3, a euchromatic mark linked to active
transcription [40, 41] (Additional file 1: Supplemental
Figure S3, lower panel). Contrary to the previous distri-
bution, H3K36me3 was localized in sharp foci scattered
across the whole nucleus, suggesting a physical proxim-
ity of clusters of transcriptionally active regions.

To investigate the relationship between chromatin 3D
folding and the observed polarization of facultative and
constitutive heterochromatin, we integrated H3K27me3
ChIP-seq data and Hi-C data at the chromosome-wide
level. Single-chromosome interaction matrixes showed a
strong signal over the main diagonals, consistent with
distance-dependent decay of interaction frequency, in
agreement with the previous literature [35] (Fig. 1b, f;
Additional file 1: Supplemental Figure S4). The second
strong signal was detectable in an antidiagonal direction
due to extensive interactions between the two arms of
each chromosome. This conformation is consistent with
the Rabl organization previously described in wheat [42]
and barley [14]. The comparison with H3K27me3 ChIP-
seq data (Fig.1f) revealed that the peaks of read density
are located primarily in the subtelomeric regions of each
chromosome arm. Globally, this explains how the Rabl
configuration in which subtelomeres are juxtaposed, to-
gether with the clustering of H3K27me3-labeled genes
in subtelomeric regions, produces the polarized distribu-
tion of epigenetic marks and supports the existence of
functional compartmentalization within the nucleus of
bread wheat.
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The wheat genome displays intergenic condensed spacer
(ICONS) folding structures
Topologically associating domains (TADs) are defined as
genomic regions containing sequences that interact more
frequently with others in the same TAD than with those
in different TADs [43, 44]. In metazoans, the boundaries
of TADs are enriched in specific proteins involved in their
maintenance, such as the CTCF (CCCTC binding factor)
transcriptional repressor and cohesin [45–47]. The func-
tional conservation in plants of these folding structures re-
mains unclear. We therefore wanted to investigate the
possible presence of folding domains in wheat. After nor-
malizing the Hi-C interaction matrixes for technical and
biological biases that could alter the number of reads
aligning on each fragment, such as GC content, distance
between restriction sites, and mappability with iterative
correction and eigenvector decomposition (ICE) (Imakaev
et al. 2012), we applied the“insulation index” technique.
The insulation index of a genomic region is calculated as
the average frequency of interaction with the neighboring
regions within a predefined distance [48]. We found 32,
299 folding domains, covering 51% of the genome with an
average size of about 225 kbp (Additional file1: Supple-
mental Figure S5).

A prominent feature of the insulation index was the
presence of genes, both protein-coding and non-coding
such as microRNA precursors or long non-coding RNA, in
correspondence of local minima and in particular at the
boundaries of folding domains (Fig.2b–e); we subsequently
named these structures ICONS, for intergenic condensed
spacers. Examining the distribution of the active chromatin
marks H3K9ac and H3K36me3 and of the facultative het-
erochromatin mark H3K27me3 over ICONS, we found all
three histone marks are enriched at the boundaries, as pre-
dicted by the presence of genes at those locations. In con-
trast, both transposable elements and DNA methylation on
CpG and CHG contexts were depleted at the boundaries
and enriched within ICONS (Additional file1: Supplemen-
tal Figure S6). The result of an ATAC-seq experiment
(assay for transposase-accessible chromatin using sequen-
cing) [49, 50] revealed that chromatin is highly accessible
at the ICONS boundaries and less within ICONS (Add-
itional file 1: Supplemental Figure S6). Taken together,
these features indicate that the wheat genome presents dis-
tinctive folding domains (ICONS) rather than canonical
topologically associating domains (TADs).

To analyze more in-depth the relationship between
histone modifications, chromatin accessibility, and chro-
matin interaction, we took into account the average
insulation index over protein-coding and non-coding
genes by comparing the degree of spatial co-localization
through peaks of each histone mark or ATAC-seq
(Fig.3a–c, Additional file 1: Supplemental Figure S6 and
S7). We discovered that the insulation index is more

negative for genes overlapping with peaks of the active
marks H3K9ac and H3K36me3 than for those without
these histone marks, while genes carrying the repressive
mark H3K27me3 displayed the opposite behavior. This
result highlights that, while genes generally interact
weakly with their neighboring sequences, those bearing
euchromatic histone marks are especially devoid of
physical contact with the surrounding regions. To deter-
mine if a quantitative relationship exists between the
level of a specific histone modification and the intensity
of chromatin physical interactions, we partitioned the
genome in ten deciles of insulation index and plotted
the median read density of each histone mark over the
genes contained in each group (Fig.3d–f; Add-
itional file 1: Supplemental Figure S7). We observed that
the read density of H3K27me3 gradually increased with
the insulation index whereas those of H3K9ac and
H3K36me3 showed a negative correlation supporting
that histone modification may play a major role in chro-
matin interaction in wheat.

This trend prompted us to examine whether gene ex-
pression is affected by local interactions. We first com-
pared insulation indexes over coding or non-coding
genes overlapping or non-overlapping with RNA poly-
merase II ChIP-seq peaks (Fig.3g and Additional file 1:
Supplemental Figure S7) and expressed or non-
expressed genes (Fig.3h). We found that genes bound to
RNA polymerase II and producing detectable transcripts
have on average a more negative insulation index. Con-
sistently with the distribution of histone marks, the fre-
quency of interaction of transcribed genes with flanking
regions was inversely proportional to their expression
level given in“transcripts per million” (TPM) (Fig. 3i).
We then considered the read density of RNA polymerase
II ChIP-seq over each of the 10 insulation quantiles de-
scribed above and found that genes characterized by a
less negative insulation index are enriched in RNA poly-
merase II ChIP-seq (Fig.3j and Additional file 1: Supple-
mental Figure S7). According to these results, the
frequency of interaction between genes and the sur-
rounding regions correlates with both their histone
marks and their expression level, suggesting that local
architecture is influenced by epigenetic mechanisms act-
ing in transcriptional regulation.

Chromatin loops define local-scale functional units of
wheat genome architecture
The visualization of the interaction matrix revealed the
widespread presence of interaction hotspots between
genomic bins containing genes, a strong indication of
gene-to-gene loops (GGLs) (Fig.2b, d, Fig.4a). To con-
firm the presence of such structures, using the software
HOMER (see the“Materials and methods” section), we
identified 293,044 loops in shoots (see the“Materials
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Fig. 2 The wheat genome displays ICONS. a TADtool analysis of a 50-Mb region of chromosome 4D (Chr4D:325000000-375000000). Triangle
heatmap of Hi-C interaction frequency (top panel), positions of the identified TADs indicated by black bars (middle panel), and plot of the
insulation index (bottom panel). b Zoom-in of the 5-Mb region of Chr4D:345000000-350000000 in a, showing a triangle heatmap of Hi-C
interaction frequency (top panel) and insulation index (bottom panel). c Position of genes along the 5-Mb region shown in b. d 2D heatmap
showing the interaction frequency in a region (chr3B-1000000–5000000) of the Hi-C map. The dashed circles highlight the hotspots of interaction.
Genes are represented by black bars. e Level of insulation index on genes. Median insulation index over genes (red line) and random genomic
intervals (blue line) (top panel). Heatmap of insulation index over genes (bottom panel)
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