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Eukaryotic genomes are highly folded for packing into higher-order chromatin structures in the
nucleus. With the emergence of state-of-the-art chromosome conformation capture methods

and microscopic imaging techniques, the spatial organization of chromatin and its functional
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implications have been interrogated. Our knowledge of 3D chromatin organization in plants has
improved dramatically in the past few years, building on the early advances in animal systems.
Here, we review recent advances in 3D genome mapping approaches, our understanding of the

sophisticated organization of spatial structures, and the application of 3D genomic principles in
plants. We also discuss directions for future developments in 3D genomics in plants.

Introduction

Eukaryotic genomes are not randomly positioned in the nucleus
but are packed into higher-order chromatin structures that have
important functional implications. The spatial organization of
chromatin structures allows regulatory elements that are far from
the target genes in the 1D genome sequence to approach the target
genes, to facilitate their transcriptional regulation (Lanctot ez al.,
2007). Therefore, in order to explore the functional roles of these
regulatory elements, the spatial organization of chromatin in 3D
has to be understood. The concept of 3D genomics encompasses
chromatin interactions and 3D spatial structures of the genome in
the nucleus and its effects on gene transcription, DNA replication
and repair, and other biological functions in combination with
linear genome sequence information (Dekker et 4., 2013).

In the past decade, our understanding of the spatial organization
of chromatin in the nucleus has advanced in both animal and plant
systems, especially for model species such as Drosophila (Byrd &
Corces, 2003; Sexton ez al., 2012; Bonev & Cavalli, 2016). Studies
in animals showed that the chromatin exhibits a hierarchical
structure. Nucleosomes interact to form chromatin fibers, and then
these chromatin fibers form chromatin loops due to physical
interactions between cis-elements (Byrd & Corces, 2003; Amano
et al., 2009). Chromatin loops are stabilized to form topological
associating domains (TADs) under the action of structural
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proteins, such as CCCTC-binding factor (CTCF) and cohesins,
and of regulatory components, such as transcription factors and
heterochromatin proteins (Wang ez a/., 2018b). TADs in similar
epigenetic landscapes interact to form chromatin compartments,
and all chromatin compartments on the same chromosome merge
to form chromosome territories (CTs) (Lieberman-Aiden et al,
2009; Rao ez al., 2014). Studies in plants have lagged behind those
in mammals, for a number of reasons (Heger ez 4/, 2012; Smith &
Grima, 2018). Early studies on 3D genome organization used
mammalian cell lines, which are relatively homogeneous, and a link
between cell-type identity and higher-order chromatin structures
could be determined. However, it is not possible to generate stable
differentiated plant cell lines, so plant tissues that show high cell
heterogeneity hinder the discovery of well-defined chromatin
structures, if using the same experimental approaches and data
processing methods as those for animals (Smith & Grima, 2018).
In addition, the major well-known structural protein, the insulator
protein CTCEF that is required for TAD and loop formation and
mediates the formation of higher-order chromatin, is not found in
plants (Heger e al, 2012), which makes it challenging to
investigate the mechanism of 3D genome folding.

Despite this, application of 3D genomics is helpful to map the
spatial chromatin conformation in plants and investigate the
possible regulatory role in gene transcription (Gonzalez-Sandoval
& Gasser, 2016). This review summarizes recent advances in 3D
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genome mapping methods and focuses mainly on the understand-
ing of plant 3D genome organization, in comparison with that in
animals. The applications of 3D genomic principles in plants are
reviewed, including in transcriptional regulation, prediction of
noncoding regulatory variation, evolutionary biology and single
cell 3D genomics. We also provide directions for promising future
applications, such as uncovering the mechanism of 3D genomic
folding, spatial haplotype chromatin interactions and dynamic 3D
genome structure during plant development.

The 3D genomics techniques and application in plants

There are two main kinds of technical approaches for 3D genomic
studies. The first approach is cytological evaluation and
microscopy, the principle of which is to label DNA or chromatin
and then use the microscope to observe the spatial organization of
chromatin (Probst, 2018) (Fig. 1). The labeling techniques are
divided into four categories: staining with chemical dyes (Ou ez al,
2017; Poulet et al., 2017), 3D-fluorescence in situ hybridization
(3D-FISH) (Koornneef et al., 2003; Berr & Schubert, 2007;
Schubert ez al., 2012), immunostaining (Fransz ez al., 2002; She
et al., 2013) and fluorescent protein-tagging (FP-tagging) (Matzke
etal.,2005; Lindhout ezal., 2007; Deng et al., 2015; Fujimoto ez al.,
2016; Ren et al., 2017; Nagaki & Yamaji, 2020). However, the
main disadvantage here is that the resolution is not sufficiently
high to uncover the interactions between DNA regulatory
elements. In the past, widefield microscopy (WF), confocal
microscopy (CLSM) and light sheet fluorescence microscopy
(LSFM) combined labeling techniques could only resolve struc-
tures > 200 nm, such as CTs and nuclear bodies in the nucleus
(Schwarzacher et al., 1992; Aragon-Alcaide ez al.,1997; Bass ez al.,
2000; Baroux & Schubert, 2018). In recent years, new advances in
labeling techniques include custom oligonucleotide arrays (such as
Oligopaint; Beliveau et al., 2012) and modified clustered regularly
interspaced short palindromic repeats/ CRISPR-associated caspase
9 (CRISPR/Cas9) systems (Dreissig et al.,2017; Hong ez al., 2018),
and microscopic techniques including super resolution microscopy
(SRM) (Probst, 2018) (such as stochastic optical reconstruction
microscopy (STORM) (Rust et @/, 2006) and photoactivated
localization microscopy (PALM) (Betzig et al., 2006)) and electron
microscopy imaging (ELMI) (Lobastov ezal.,2005). The resolution
of the SRM can reach 20 nm, and the resolution of the ELMI is even
higher (Baroux & Schubert, 2018). These techniques, which reach
nm-scale resolution, have enabled researchers to visualize directly
the fine structure of the genome including the structure of
chromatin fiber and the dynamics of individual chromosome
domains (Wang ez al., 2016a,b; Ou ezal., 2017; Szabo ez al., 2018).
For example, electron microscopy tomography (EMT) with
labeling (ChromEMT) can display the ultrastructure of chromo-
somes 7 situ by using the new DNA fluorescence labeling dye
DRAQ5. Using the ChromEMT technique, the researchers found
that nucleosome beads of chromatin do not need to form discrete
fibers of increasing diameter (e.g. 30, 120 or 320 nm) to adapt to the
nucleus. Instead, it forms a semi-flexible chain with continuous
changes in length between 5 nm and 24 nm and achieves different
compaction levels by bending and contracting (Ou ez a/., 2017).
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The other kind of technique is based on chromosome confor-
mation capture (3C) (Dekker ez al, 2002) and its derived
techniques such as chromosome conformation capture-on-chip
(4C) (Simonis ez al.,2006) and chromosome conformation capture
carbon copy (5C) (Dostie et al., 2006) (Fig. 1). 3C-based methods
rely on enzymatic digestion of DNA and proximal ligation. 3C can
capture long-range chromatin interaction between two specific
genomic loci (Dekker ez al., 2002). 4C can be used to study the
interaction between a chromatin site of interest and other sites on
the whole genome (Simonis er al, 2006). 5C can be used for
chromatin interaction analysis between multiple genomic loci
(Dostie ez al., 2006). Thanks to the rapid development of high-
throughput sequencing techniques, high-throughput chromatin
conformation capture (Hi-C) and chromatin interaction analysis
based on paired-end tag sequencing (ChIA-PET) techniques were
developed in the study of 3D genomics (Fullwood ez al., 2009;
Lieberman-Aiden ez al, 2009). In Hi-C, the DNA—protein
complex is crosslinked by formaldehyde, then the chromatin is
fragmented by restriction endonuclease treatment and the restric-
tion ends are filled with biotin-labeled nucleotides. DNA fragments
that are adjacent in 3D space but far away in 1D linear distance are
ligated together, the sample is ultrasonically fragmented, and finally
the ligated fragments containing biotin are precipitated for
sequencing (Lieberman-Aiden ez al, 2009). In ChIA-PET, the
DNA-—protein complex is crosslinked as in Hi-C, then fragmented
by ultrasonic treatment and captured by the target protein-specific
antibody. The captured chromatin is incorporated with a biotin-
labeled oligonucleotide linker containing an Mmel site, and
adjacent linkers are connected to each other; and Mmel is used to
digest the sample to obtain DNA fragments that form paired-end
tags (PETs); these PETSs are sequenced (Fullwood ez /., 2009).
Theoretically, Hi-C can identify the spatial proximity of any DNA
fragments at the whole genome level to resolve the 3D spatial
structure of the genome (Dixon ez al, 2012). The ChIA-PET
approach is capable of capturing all distal interactions between
DNA fragments involving a specific protein across the whole
genome (Fullwood ez al., 2009). Meanwhile, based on different
scientific research needs, Hi-C and ChIA-PET have been further
improved, with the emergence of methods including single-cell Hi-
C (Nagano ez al., 2013), in situ Hi-C (a method in which DNA-
DNA proximity ligation is performed in intact nuclei; Rao ez al,
2014), Dnase Hi-C (a method in which chromatin is fragmented
by DNase I; Ma ez al., 2015), in situ Hi-C followed by chromatin
immunoprecipitation (HiChIP) (Mumbach ez 4/, 2016) and
methyl-3C/Hi-C (a method that combines Hi-C and DNA
methylation detection technology; (Lee er al, 2019a; Li et al.,
2019b), amongst others.

In recent years, several new 3D genomic research techniques that
do not require proximal ligation have been developed, such as
genome architecture mapping (GAM) (Beagrie ez al., 2017), split-
pool recognition of interactions by tag extension (SPRITE)
(Quinodoz et al, 2018), chromatin interaction analysis via
droplet-based and barcode-linked sequencing (ChIA-Drop)
(Zheng et al., 2019) and DNA adenine methyltransferase identi-
fication of chromosomal interactions (DamC) (Redolfi ez 4/, 2019)
(Fig. 1). GAM is a technique that combines microsectioning and
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Fig. 1 Research techniques of 3D genomics. There are mainly two kinds of technical approaches for 3D genome study: one is based on cytological evaluation
and microscopy imaging; the other is based on sequencing, including techniques which require proximity ligation (chromosome conformation capture, 3C) or
do notrequire ligation. WF, wide field microscopy (Wheeler & Tyler, 2011); CLSM, confocal microscopy (Carlsson et al., 1989); LSFM, light sheet fluorescence
microscopy (Santi, 2011); SRM, super resolution microscopy (Schubert, 2017); ELMI, electron microscopy imaging (Lobastov et al., 2005); SIM, structured
illumination microscopy (Fitzgibbon et al., 2010); STED, stimulated emission depletion microscopy (Dyba et al., 2003); PALM, photoactivated localization
microscopy (Rust et al., 2006); STORM, stochastic optical reconstruction microscopy (Betzig et al., 2006); FISH, Fluorescence in situ hybridization (Koornneef
etal., 2003); Oligo-FISH, FISH using oligonucleotides probes (Beliveau et al., 2012); MB-FISH, FISH using molecular beacon (Wu et al., 2010); GISH, genomic
in situ hybridization (Schubert et al., 2001); FP-tagging, fluorescent protein-tagging (Matzke et al., 2005; Lindhout et al., 2007; Deng et al., 2015; Fujimoto
etal., 2016; Ren et al., 2017; Nagaki & Yamaji, 2020); CRISPR-dCas9, clustered regularly interspaced short palindromic repeats-nuclease-deficient Cas9
(Dreissig et al., 2017); TALE, transcription activator-like effectors with a quantum dot labelling technique (Ma et al., 2017); GAM, genome architecture
mapping that combines microcutting and sequencing technologies (Beagrie et al., 2017); SPRITE, split-pool recognition of interactions by tag extension
(Quinodoz et al., 2018); ChlA-Drop, multiplex chromatin-interaction analysis via droplet-based and barcode-linked sequencing (Zheng et al., 2019); DamC,
methylation-based detection of chromosomal contacts (Redolfietal., 2019); ChlA-PET, chromatin interaction analysis by paired-end tag sequencing (Fullwood
etal., 2009); Hi-C, high-throughput chromosome conformation capture (Lieberman-Aiden et al., 2009); 4C, chromosome conformation capture-on-chip
(Simonisetal., 2006); 5C, chromosome conformation capture carbon copy (Dostie et al., 2006); Methyl-3C, a method that combines 3C and DNA methylation
detection technology (Lee et al., 2019a); Dip-C, a method that combines single cell 3C method with a transposon-based whole-genome amplification method
(Tanetal., 2018); T2C, Targeted Chromatin Capture that studies chromatin organization for specific genomic regions (Kolovos et al., 2014); Capture-C, a
method that combines 3C with oligonucleotide capture technology (Hughes et al., 2014); HiChlP, a protein-centric chromatin conformation method that
combines Hi-C with ChIA-PET technology (Mumbach et al., 2016); Cut-C, a method that combines antibody-mediated cleavage by tethered nuclease with
chromosome conformation capture (Shimbo et al., 2019); Capture Hi-C, a method that combines Hi-C with the hybridization-based capture of targeted
genomic regions (Mifsud et al., 2015); In situ Hi-C, a method in which DNA-DNA proximity ligation is performed in intact nuclei (Rao et al., 2014); Micro-C, a
method in which chromatin is fragmented into mononucleosomes using micrococcal nuclease (Hsieh et al., 2015); Dnase Hi-C, a method in which chromatiniis
fragmented by DNase | (Ma et al., 2015); DLO Hi-C, digestion-ligation-only Hi-C technology that requires two rounds of digestion and ligation, without the
need for biotin labeling and pulldown (Lin et al., 2018); BAT Hi-C, bridge linker-Alul-Tn5 Hi-C method that combines Alul fragmentation with biotinylated
linker-mediated proximity ligation (Huang et al., 2020); BL-Hi-C, bridge linker-Hi-C that requires restriction enzyme targeting and two-step proximity ligation
(Liang et al., 2017); Trac-looping, transposase-mediated analysis of chromatin looping (Lai et al., 2018); Methyl-HiC, a method that combines Hi-C and DNA
methylation detection technology (Lietal., 2019b); OCEAN-C, open chromatin enrichment and network Hi-C (Li et al., 2018); and Single cell Hi-C, amethod to
perform Hi-C in an individual nucleus (Nagano et al., 2013). Asterisks show the methods that have been applied to plants.

sequencing technologies to infer information about the relative  sections (Beagrie ¢# al, 2017). SPRITE not only detects pairwise
interactions between two loci, but also can detect multiple DNA

and RNA molecules that interact simultaneously (Quinodoz ez /.,

location of genes and enhancers that activate them by studying the
frequency of different genomic regions appearing in nuclear
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2018). ChIA-Drop uses a specific antibody to capture the target
protein and its interacting DNA fragments by ChIP, and these
chromatin complexes are loaded onto a microfluidic device to
produce gel-bead-in-emulsion droplets (Zheng et al, 2019).
DamC can detect distal chromatin interaction between specific
locations with a methylation status, relying on the DNA adenine
methyltransferase Dam that is fused with DNA-binding proteins
and recruited to specific genomic locations (Redolfi ez al., 2019).

Even though 3D genome mapping techniques have advanced
over the past decade, they were developed for applications in
mammalian cells and performed less in plant tissues, probably
because of the presence of the plant cell wall. Currently, some
methods are used successfully in plants. The traditional Hi-C
technique has been used in Arabidopsis, rice, cotton and Brassica,
using the enzymes HindlIl, Dpnll or Mbol for chromatin digestion
(Grob eral., 2013; Feng et al., 2014; Grob ez al., 2014; Wang ez al.,
2015, 2017, 2018a; Liu ez al, 2016; Dong ez al., 2018; Xie ez al.,
2019). The ChIA-PET technique is based on the use of antibodies
against chromatin-bound proteins such as RNAPII or modified
histones, and has been used to characterize chromatin in rice and
maize (Li et al., 2019a; Peng et al., 2019; Zhao et al., 2019). In situ
Hi-C has been used in rice, Foxtail millet, sorghum and tomato
(Dong et al., 2017; Liu et al., 2017). The improvement of in situ
Hi-C over traditional Hi-C lays in the use of complete nuclei
instead of free chromosomes for ligation, which can reduce the
wrong ligation of DNA fragments from different nuclei, thus
effectively reducing the background noise of the data and
improving the signal-to-noise ratio. Capture Hi-C is another
modification of this method and has been used in Arabidopsis, and
digestion-ligation-only Hi-C (DLO Hi-C) was recently used in
maize (Nutzmann ez al., 2020; Sun ¢# al., 2020b). An advantage of
capture Hi-C compared with Hi-C is that after the Hi-C library is
constructed, specific probes are used to capture the reads related to
the target region, and the chromatin interaction information of the
region of interest can be obtained by sequencing. In DLO Hi-C
without biotin labeling, the digested chromatin is ligated with
DNA linker after enzyme digestion, and then chromatin with
linkers is subjected to proximity ligation. The re-ligated chromatin
is digested by Mmel to obtain the fixed-size DNA fragments for
sequencing. HiChIP, another related technique, has been used in
maize and wheat (Ricci ezal., 2019; Concia et al., 2020). After using
biotin to fill in the ends and ligation, the target protein-specific
antibody is used to precipitate the DNA—protein complex. Once
the specific fragment containing biotin is captured, a transposase-
mediated library construction method is used to finally obtain the
chromatin conformation bound by the protein of interest. HIChIP
requires only a small tissue sample; compared with Hi-C, the
signal-to-noise ratio is significantly improved, and compared with
ChIA-PET, there are more informative reads. Of note is that a
single-cell Hi-C technique with no biotin purification and pull-
down has been performed in rice (Zhou ez al., 2019).

Hierarchical 3D chromatin structure in plants

In recent years, a large number of 3D genomic data have been
generated using the powerful technologies of ultra-high resolution
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microscopy and 3C-based molecular methods at cell population-
averaged levels. In-depth analysis of these data has provided a
detailed hierarchical chromatin structure that allows us to under-
stand how plant genomes are organized in the nucleus (Rodriguez-
Granados ez al, 2016; Sequeira-Mendes & Gutierrez, 2016;
Dogan & Liu, 2018; Sotelo-Silveira er al., 2018; Dong er al.,
2020b; Ouyang ez al., 2021). The hierarchical chromatin structure
can be resolved and visualized at different resolutions (Fig. 2).

Chromosome territories (CTs)

Chromosomes are not randomly arranged in the nucleus during
mitosis interphase, but each chromosome occupies a relatively
limited nuclear region, designated a chromosome territory (CT)
(Fransz & de Jong, 2011). CTs can be directly visualized by
cytological and microscopy techniques (Lichter ez a/., 1988; Pinkel
et al., 1988). Meanwhile, in the Hi-C maps, the interaction
frequency of sites on the same chromosome is much higher than
that of any two sites located on different chromosomes, which also
can prove the existence of CT's (Lieberman-Aiden ez al., 2009). The
existence of plant CT's was first confirmed by FISH observation in
Arabidopsis thaliana (Lysak et al., 2001; Pecinka ez al., 2004) and
then found in other species (Kulikova ez al., 2001; Szinay et al.,
2010; Nagaki & Yamaji, 2020). The mechanisms establishing and
maintaining these CTs are not fully understood in plants; however,
the attachment of chromatin to the nuclear envelope via some
lamin-like proteins such as CROWDED NUCLEI 1 (CRWN1)
and CRWN4 seems to have an important role (Bronshtein ez 4/,
2016; Hu er al, 2019). In Arabidopsis interphase nuclei,
centromeres are located at the nuclear periphery and telomeres
are located mainly at the centrally localized nucleolus, and
chromosomes form different CT's (Fransz et al., 2002; Schubert
et al., 2014). The CTs between the different chromosomes only
overlap at the edge, thus ensuring that each CT is relatively
independent and can interact with each other (Cremer & Cremer,
2010). This model is supported by the discovery of a plant-specific
nuclear structure or ‘KNOT’ which comprises both long- and
short-range intra- and interchromosomal interactions between
chromosomal arms. The genomic regions found to reside on all
chromosomes, which are involved in the KNOT, are named as
KNOT ENGAGED ELEMENT1 (KEE1) to KEE10 in
Arabidopsis. These KEEs share a few conserved sequence motifs,
exhibit an enrichment of small RNAs and H3K27mel, and
represent preferred transposon landing sites (Grob ez /., 2014). In
rice, maize, tomato, sorghum, cotton and Brassica, both strong
intra- and interchromosomal interactions have been observed
between euchromatin arms (Dong ez al., 2017, 2018; Wang ez al.,
2018a; Xie ez al., 2019). This finding proves the existence of CT's in
these plants, and raises the possibility that the KNOT structure is
present in their nuclei. The identification of KNOT in rice and
Brassica nuclei supports this view (Dong et al., 2018; Xie ez al.,
2019). Plant CTs are relatively conserved in different tissue
samples, but their position in the nucleus seems to be unstable
(Albert et al., 2019). Studies in Arabidopsisfound that the locations
of CTsare different in different organs. For example, in the root tip
and rosette leaf cells, the positions of CTs are random (Pecinka
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Fig. 2 Hierarchical chromatin structure. Hierarchical chromatin structure is seen mainly at four levels: chromosome territory, chromatin compartment,
topologically associating domain (TAD) and chromatin loop. In different chromosome territories, chromosomes showed different morphologies in the nucleus,
such asRabl and Rosette (Rabl, 1885; Fransz et al., 2002). In the Rabl configuration, telomeres and centromeres of chromosomes cluster at the two poles of the
nucleus, respectively. In the Rosette configuration, the nucleolus is surrounded by telomeres, heterochromatin and centromeres cluster together and
euchromatin emanate freely in the nucleus, forming a rosette-like configuration. Plant chromosomes can be divided into two kinds of regions: A and B
compartments. The A compartment is related to high gene density, active epigenetic modifications and active transcriptional activity; the B compartment has
higher transposon density and inhibitory epigenetic modifications. TAD is a relatively independent local unit. The interaction strength within a TAD is
significantly stronger than that between different TADs. The regulatory roles of cis-regulatory elementsin target genes can be established by forming chromatin

loop in space.

et al., 2004; Berr et al, 2006); in the endosperm cells, their
positions are nonrandom (Baroux ¢z al., 2007); in the meristematic
cells of roots and stems, the sister nuclei show mirror-symmetric
arrangement of the homologous CTs after mitosis (Berr &
Schubert, 2007).

Plant chromosomes often show other different morphologies,
such as Rabl (Rabl, 1885) and Rosette-like structures (Fransz ez 4/,
2002) in the nuclei (Fig. 2), which depends on the ways in which
chromosome arms, centromeres and telomeres are folded and make
contact with each other. In the Rabl configuration, chromosomes
are arranged in a polarized manner — centromere regions are
clustered at one pole of the nucleus and telomere regions are
clustered at the other pore (Rabl, 1885); in the Rosette-like
configuration, heterochromatin is highly concentrated and forms
chromocenters while the euchromatin emanates outward (Fransz
et al., 2002). Different morphologies are related to changes in
genome size. In plants with large genomes, such as barley, wheat
and rye, chromosomes exhibit the Rabl configuration (Rabl, 1885;
Noguchi & Fukui, 1995; Prieto ez al., 2004; Concia et al., 2020);
whereas in plants with smaller genomes, such as Arabidopsis,
chromosomes often present the rosette-like configuration (Fransz
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et al., 2002). It recently has been found that there are other factors
which influence chromatin configurations, such as the content and
distribution of heterochromatin, and different environmental
conditions (Tessadori ez al., 2007; Santos et al., 2011; Schubert &
Shaw, 2011). In addition to CTs, the idea of genome territories in
plants has been raised. A genomic 7 situ hybridization (GISH)
experiment for the interphase nuclei of Hordeum chilenseand Secale
africanum hybrids showed that chromatin from the two parental
genomes did not mix with each other (Leitch ezal., 1990). Recently,
wheat chromatin architecture was mapped through an analysis of
intra- and intersubgenomic chromatin interactions (Concia et 4/,
2020). It is found that the three subgenomes are nonrandomly
spatially distributed in the nucleus, implying that polyploid
subgenomes may occupy different genome territories. In terms of
the functional implications of CTs, studies in Arabidopsis
interphase nuclei showed that repressed chromatin is preferentially
located at the nuclear periphery, and permissive chromatin
occupies more internal space in the nucleus, and this positioning
may have a role in the transcriptional regulation of genes, similar to
findings in animals (Fransz ez al., 2002; Fransz & de Jong, 2011;
Schubert et al., 2014).
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Chromatin compartment

In the hierarchical structures of eukaryote genomes, the next level of
CTs is the chromatin compartment (Gibcus & Dekker, 2013). At
the megabase level, chromatin can be divided into the continuous
regions separated from each other. Chromatin within these regions
has similar chromosomal characteristics and interaction patterns,
and the interaction patterns between adjacent regions vary. These
chromatin regions are called chromatin compartments (Lieber-
man-Aiden et al, 2009; Bonev & Cavalli, 2016). Based on
principal componentanalysis (PCA) on Hi-C maps, chromosomes
can be divided into several A/B compartments (Lieberman-Aiden
etal.,2009). The spatial separation of A and B compartments in the
nucleus was confirmed based on FISH at the single-cell level in
humans (Wang e al, 2016a,b). The characteristics of the
compartments in plants are similar to those in animals. The A
compartment is characterized by a high gene density and epigenetic
modifications associated with active transcriptional activity,
whereas the B compartment has a higher transposon density and
more repressive epigenetic modifications (Dong ez al., 2017; Xie
et al., 2019). In Arabidopsis, individual chromosomes have regions
described as loose structural domains (LSDs) and compacted
structural domains (CSDs) (Grob et /., 2014). LSDs in chromo-
some arms (CAs) are positively correlated with active histone
modifications and transcription rates; whereas CSDs in CAs are
correlated with abundance of transposable elements (TEs) (Grob
et al., 2014). In other plants with large genomes such as maize,
tomato, sorghum and foxtail millet, chromosomes are usually
divided into two A compartments found at both ends of
chromosomes (global A compartment), and one B compartment
in the middle of the chromosomes (global B compartment) (Dong
et al., 2017). At higher resolution, these chromosomes can be
further divided into local A compartments and local B compart-
ments (Dong et al., 2017; Wang et al., 2018a; Xie ez al., 2019).
Notably, the local A compartments are euchromatin regions,
whereas local B compartments are heterochromatin regions,
suggesting that the local chromatin contact probability obtained
by Hi-C maps can be used to define the euchromatin and
heterochromatin states of chromatin on cytological evaluation
(Dong et al., 2017). By comparing chromatin structures of rice,
maize and foxtail millet, it was found that their global A/B
compartments were stable among different tissues, whereas the
local A/B compartments had tissue-specific dynamics associated
with differential gene expression (Dong ez /., 2020a). In addition,
chromatin compartments exhibit status switching between A and B
under different conditions (Wang ez a/., 2018a; Xie ez al., 2019;
Zhang et al., 2019a).

Topologically associating domain-like structure (TAD-like
structure)

On the submegabase scale, mammalian chromatin can be further
divided into topological associating domains (TADs) according to
its local interaction mode. TADs are represented as continuous
square domains along the diagonal in Hi-C maps. Each TAD is a
relatively independent local unit, and the interaction strength
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within TAD:s is significantly stronger than that between different
TADs (Dixon etal.,2012; Bonev & Cavalli, 2016; Du ez al., 2017).
TADs have been shown to be the genuine structural units separated
from each other in single cells of Drosophila by Oligo-FISH and
supet-resolution microscopy (Szabo ez al., 2018). Generally, the
boundary of a TAD in mammalian species is enriched with
structural proteins, such as cohesins, CTCF and modifications
associated with active transcription (Dixon ez al., 2012). However,
TADs in plants appear to be slightly different to those in animals.
TAD is not a very obvious feature in the genome structure of
Arabidopsis, which shows special structural features called ‘positive
strips’ in a 2 kb resolution Hi-C map (Wang ez al., 2015). ‘Positive
strips’ represent kbp-sized segments exhibiting higher intrachro-
mosome interaction rates than neighboring chromatin regions, and
genes located in genomic regions of ‘positive strips’ have lower
expression levels than average, accompanied by an enrichment of
the repressive chromatin modification H3K27me3 (Wang et al.,
2015). These ‘positive strips’ on the Hi-C heatmap resemble TAD
edges. At a higher resolution, a number of TAD-boundary-like
regions were identified with a similar number of TAD-interior-like
regions (Wang er al., 2015). In some other plants such as rice,
cotton and Brassica, positive strips were not found but TAD-like
structures were identified with different sizes, accounting for 25—
93% of the genomic length. These TAD-like structures are similar
to mammalian TADs, for example, cis-interactions are enriched in
the domain interior, active genes and histone modifications are
enriched in the domain border (Liu ez al, 2017; Wang et al.,
2018a). In wheat, the term ICONS (intergenic condensed spacers)
was used to represent the TAD-like structures (Concia ez al., 2020).
It is interesting to investigate whether the presence of TADs
depends on genome size, because the genome of Arabidopsis is
much smaller than most crop plants. Overall, these observations
support the view that plant genomes are packed into TAD-like
structures or other higher-order structures, by an as yet undefined
molecular mechanism.

In mammals, TADs can create insulated environments that limit
the enhancer search space for target genes; and genes in the same
TAD are usually co-regulated (Dixon ezal.,2012; Nora ezal., 2012;
Zhan etal.,2017). TAD-like structures in plants are suggested to be
separated by differential expression and epigenetic states, but genes
located in the interiors of TAD-like structures are not co-regulated
and do not tend to be associated with higher expression levels
(Concia et al., 2020; Dong et al, 2020a). In plants, regulatory
elements such as enhancers have been observed that can contact
promoters located in different TAD-like structures by forming
long-range chromatin loops, indicating that TAD borders in plants
may not act as canonical insulators (Dong ez al, 2017). The
functional role of plant TAD-like structures remains to be explored
further.

Chromatin loops

It is well-known that some cisregulatory elements, such as
enhancers, are far from their target genes in terms of linear
sequence. The regulatory roles of cis-regulatory elements in target
genes can be established by forming chromatin loops. In mammals,
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chromatin loops form four main types — enhancer-promoter loops,
polycomb-mediated loops, gene loops and structural loops — of
which the first three types are found in plants (Noguchi & Fukui,
1995). Gene-centered chromatin loops in plants are formed
primarily between gene islands outside the repressive domains,
probably because the interactions between active transcriptional
gene islands (local A compartment) are isolated from concentrated
heterochromatin (local B compartment) (Dong ez 4l., 2017). In
Arabidopsis, transcription start sites (TSSs) tend to form chromatin
loops with downstream regions, whereas transcription termination
sites (T'TSs) tend to form chromatin loops with upstream regions,
known as “gene loops”, which represent a major difference with
genome folding in mammals (Liu e al., 2016; Dong ez al., 2018).
An example is the chromatin loops for the flowering locus C (FLC).
3C analysis showed that a ¢. 2.7-kb region covering the FLC
promoter and transcriptional start site was in contact with the
sequence directly downstream of the gene, and the 3’ flanking
region of FLChad the strongest interaction with the first exon (Liu
etal., 2016). Several chromatin loops that link three closely related
genes encoding phosphate transporters (PHT1;1, PHT1;3 and
PHT1;6), form a repressive hub with H3K27me3-marked loci in
Arabidopsis, which has similarity to the Polycomb-mediated HOX
loop cluster in mammals (Liu ez 4/, 2016). Enhancer-promoter
loops are widespread in plants with larger genomes than
Arabidopsis, such as rice and maize, and many of them can be
validated using the self-transcribing active regulatory region
sequencing (STARR-seq) method (Li ez al., 2019a; Peng ez al.,
2019; Ricci et al., 2019; Sun et al., 2019; Zhao ez al., 2019). In
addition to gene-centered loops, a recent study identified chro-
matin loops in centromeric regions which were mediated by
circular centromeric retrotransposon 1 (CRM1) RNAs (Liu ez 4/,
2020).

The advanced application of 3D genome principles in
plants

Construction of chromatin interactome for transcriptional
regulation

Itis believed that chromatin conformation is closely related to gene
expression and regulation, and regions with strong chromatin
interaction generally show functional dependency (Spitz &
Furlong, 2012; Mendes ez 4., 2013; Phillips-Cremins ez al., 2013)
(Fig. 3). Sometimes, changes in chromatin compactness may
influence the accessibility of chromatin to transcription factors
and chromatin remodeling factors, which may eventually lead to
changes of gene expression (Bannister & Kouzarides, 2011;
Rutowicz et al., 2019). In Arabidopsis, a single-gene resolution
Hi-C map was constructed to show that local chromatin loops
between the 5" and 3’ ends of the genes were preferentially associated
with highly expressed genes (Liu ez al, 2016). In maize, high-
resolution chromatin interaction maps were constructed using
ChIA-PET and DLO Hi-C, and showed that chromatin loops were
formed between the regulatory elements, and the genes with a
proximal promoter interaction were co-expressed (Li ez al., 2019a;
Peng et al., 2019; Sun et al., 2020b). In rice, similar to maize,
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researchers constructed a promoter—promoter interaction map
associated with H3K4me3 and RNA polymerase II (RNAPII), and
found that promoter—promoter interacting genes often were co-
transcribed (Zhao ez al., 2019). In wheat, a study found that gene
pairs associated with gene-to-gene loops tended to be co-regulated
inrootsand stems (Concia et /., 2020). The chromatin interactome
in each of these plants provides a valuable resource for uncovering
the regulatory landscape among genes and regulatory elements.

Enhancers are recognized as noncoding DNA elements that
function independently of transcriptional direction and relative
position with the target promoter, and participate in gene
transcription regulation through long-distance chromatin interac-
tions (chromatin loops). By analysing data for histone modifica-
tion, DNA methylation and chromatin accessibility, researchers
were able to identify possible enhancer elements. For example,
1495 putative enhancers were identified in maize by integrating
DHS, H3K9ac and LUMR datasets (Oka et 4/, 2017). In
Arabidopsis, 10,044 DNase hypersensitive sites (DHSs) located in
the intergenic regions that are far from gene promoters, are
predicted to be putative enhancers (Zhu er al, 2015). A study
identified thousands of putative cis-regulatory elements (CREs) in
13 species, and revealed the prevalence of distal CREs in plants (Lu
etal.,2019). By constructing DHS maps in different tissues of three
grass species, the researchers identified a large number of distal
intergenic DHSs, and found that tissue-specific DHSs may act as
distal regulatory elements (Han ez 4/, 2020). With the develop-
ment of 3D genomics technologies, chromatin loops can be
identified by Hi-C or ChIA-PET, which can help us directly
identify enhancers interacting with promoters so as to accurately
study the regulatory effect of enhancers on gene transcription (Liu
et al., 2016; Wang ez al., 2018a; Li er al., 2019a; Peng ez al., 2019;
Sun ez al., 2020b). Some enhancers were functionally validated. In
Arabidopsis, the transcriptional programming triggered by jas-
monate (JA) is orchestrated by the key transcription factor MYC2,
and the function of MYC2 depends on its physical interaction with
MED?25. By analyzing the occupancy pattern of MYC2 and
MED25, a JA response-related enhancer was identified. It was
found that JA regulates the dynamic chromatin loops between
enhancer and promoter in a MED25-dependent manner, and the
JA enhancer at the MYC2site (named ME2) positively regulates the
expression of the MYC2 in a short-term JA response (Wang ez al.,
2019). In maize, the 41 gene encodes a transcription factor that
regulates flavonoid biosynthesis, and has two epialleles (B-7and B')
with the same DNA sequence but different expression levels. The
chromatin loops of these two epialleles have been studied. In husk
tissue, both the expression level and the interaction frequency of B-/
are higher than those of B. The hepta-repeat located upstream of
the TSS acts as an enhancer to mediate the high expression of B-/
gene through a muld-loop structure (Louwers ez al, 2009).
Likewise, the intergenic quantitative trait locus (QTL) KRN4
associated with kernel row number was mapped to a ¢. 60 kb region
downstream of UNBRANCHED3 (UB3) in maize. KRN4has been
shown to act as an enhancer of the UB3 promoter to fine-tune the
expression of UB3 in the meristem of the ear inflorescence by
interacting with the UB3 promoter and recruiting the UB2-
centered transcriptional complex (Du ez al., 2020).
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Prediction of noncoding regulatory variations for target
genes

Many genome-wide association studies (GWAS) have identified loci
of interest that are located in intergenic noncoding genomic regions,
which suggests that noncoding variations may have functional
implications in controlling traits (Zhang & Lupski, 2015; Mullin
et al., 2020). By integrating 3D genomic data and expression
quantitative trait loci (eQTL) and GWAS data, the trait-associated
noncoding regulatory variation can be identified, and the spatial
relationship between eQTL and genes can be explored at the 3D
genomiclevel (Won ezal., 2016; Lalonde ez al., 2019). This serves as
a useful methodology for linking noncoding regulatory variations to
their target genes in the post-genomics era, with some examples
found in plants (Wang et al, 2017; Peng et al., 2019; Zhao ez al.,
2019; Sun et al., 2020b). In maize, eQTL and the regulated genes
tend to approach each other in 3D space to form chromatin loops,
thereby potentially defining a mechanistic basis for regulating
expression. In addition, some distal elements overlapping agro-
nomic trait QTL also were identified, and the functional role of
distal elements in the regulation of agronomic traits was mediated by
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analysis of enhancers and boundaries of TAD-
like structures.

chromatin loops (Peng ez al., 2019; Sun ez al., 2020b). In rice, there
is a spatial physical proximity between eQTL and the regulated
genes. Combined with ChIA-PET analysis, it is speculated that
genomic variation in distal regulatory elements may contribute to
phenotypic variation by influencing the expression of target genes
(Zhao et al., 2019). In cotton, the effects of domestication on the
divergence of distal regulatory elements were explored by using Hi-
Cand population genomics data. A total of 99 709 single nucleotide
polymorphisms (SNPs) were identified in the 21409 putative
enhancers, and the frequency of the sequence variation of enhancers
was higher than that of the promoters and exons but was lower than
introns, indicating that enhancers might evolve rapidly. In one case,
a120-kb enhancer located upstream of the tubulin a-3 ( 7UA3) gene
had undergone domestication selection, probably associated with
the differential expression of 7UA3 between cultivated and wild
cotton accessions (Wang ez al., 2017).

Evolutionary view of spatial chromatin organization

Opver the past decade, there have been many studies on chromo-
some evolution and polyploidization as well as on the evolutionary

© 2021 The Authors
New Phytologist © 2021 New Phytologist Trust



New
Phytologist

renewal and conservation of homologous gene expression (Wood-
house et al., 2014; Bottani et al., 2018). These studies were carried
out primarily at the linear genome level. However, at the 3D
genome level, it remains largely unknown how higher-order
genome structures may have changed during the evolution of
species. By combining Hi-C, histone modification, DNA methy-
lation and gene expression data, one can investigate the evolution-
ary dynamics of chromatin structure and its effects on chromosome
evolution and transcriptional regulation in different species. A
combined analysis of FISH and Hi-C data in A. thaliana and
A. lyrata showed that the chromatin of A. /yrata was more compact
than that of A. thaliana, occupying a smaller nuclear space and
having stronger chromatin interactions. At the same time, this tight
chromatin compactness was associated with an increase in
frequency of the repressive chromatin modification H3K27me3
(Zhu ez al., 2017). A similar observation was found in the hybrid
between the two species. Because the main difference in genome
architecture between A. thaliana and A. lyrata derives from the
differential expansion of TEs during evolution, this study raises the
question of whether similar changes have taken place in chromatin
compactness in the evolution of other species (Zhu ez al., 2017).
Comparison of synthesized autotetraploid Arabidopsiswith diploid
plants revealed that autotetraploid Arabidopsis showed more
interchromosomal interactions and less short-range chromatin
interactions, such as an increase in the relative amount of gene loops
at the FLC locus (Zhang e al., 2019a). By comparing the 3D
genome structure of each subgenome in tetraploid cotton with that
of its putative diploid ancestors, it is found that genome
polyploidization has contributed to the status switching of A/B
compartments and the reorganization of TADs. In the process of
polyploidization, the formation of TAD boundaries occurs
preferentially in open chromatin, which is consistent with the
deposition of active chromatin modification (Wang ez a/., 2018a).
In an analysis of the 3D genome of Brassica rapa and B. oleracea, it
was found that fully retained genes with syntenic copies among
three subgenomes (LF, MF1 and MF2) had the strongest
chromatin interaction in the LF subgenome, which is consistent
with the dominant expression pattern of genes at the subgenome
level (LF > MF1 > MF2). These observations illustrate the associ-
ation between spatial chromatin organization and differential gene
expression in diploidization. The KNOT structures were found to
have expanded in B. rapa and contracted in B. oleracea genome
evolution (Xie ez al., 2019). During the evolution of species, there
also is a correlation between the changes in 3D structure and in
epigenetic modification. For example, in the primitive land plant
Marchantia polymorpha, H3K27me3 is enriched in the repressed B
compartment, whereas in flowering plants, H3K27me3 dedicated
to transcriptional repression is enriched in the loose A compart-
ment (Montgomery ez al., 2020).

Single cell 3D genome

The technique of 3C and its derivatives allow us to study 3D
genome structure at the cell population or tissue level, but genome
structure undergoes significant changes in different cell types or
stages of cell differentiation. The differences of 3D genome
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organization between cells can only be observed by performing
single cell measurements (Nagano ez 4/, 2013). This raises the
necessity of developing single-cell 3D genome mapping techniques
(Fig. 3). In mammals, a few single cell 3D genome mapping
techniques have been developed and their application shows that
many TADs are reorganized in different cells, whereas by contrast,
chromatin compartments and lamina-associated domains are
usually relatively stable (Stevens ez al, 2017). The development
of ultra-high resolution microscopy and cytological techniques
provides approaches to study 3D structure at the single cell level.
Using these techniques, it is found that the high-order chromatin
structure of A/B compartments and TADs in population cells still
exists in individual cells of animals (Wang ez al., 2016a,b; Szabo
et al., 2018). Nowadays, the study 3D structure at the single cell
level is only at the CT level by microscopic technology in plants,
and the visualization of fine compartments and TADs structures
has notbeen fulfilled (Lysak ez al., 2001; Pecinka ez al., 2004; Szinay
et al., 2010). In plants, the development of single cell 3D genome
mapping techniques needs to overcome the existence of plant cell
wall and obrtain single cell or nucleus for further study. There are
different single-cell isolation techniques in plants: isolation of
nuclei tagged in specific cell types (INTACT), and derivatives of
this method using affinity to heterologous baits (Deal & Henikoff,
2011); manual selection using micropipettes (Li ez al., 2015); laser
capture microdissection (LCM), using a highly focused laser beam
and specialized microscope (Aubry et al., 2016); and fluorescence
activated cell sorting (FACS) using fluorescent tags and cytometry
(Lee ez al., 2019b). However, in plants, the study of the single-cell
3D genome is still in its infancy. At present, single-cell 3D genome
mapping has been performed only in rice. The manual selection
method was used to isolate rice single cells for the investigation of
3D chromatin organization and dynamics during fertilization
(Zhou ez al., 2019). By analyzing the eggs, sperm cells, zygotes and
stem cells, it was found that the 3D chromatin structures of rice eggs
and sperm cells are similar to those of mesophyll cells, and are
recombined after fertilization. This study revealed characteristics of
chromatin compartments and telomere/centromere structures at
the single cell level in rice that are distinct from mammalian cells
(Zhou et al., 2019).

Future perspectives

Uncovering mechanisms of 3D genome folding in plants

In mammals, the mechanism of the 3D genome organization has
been explored preliminarily (Liu ez al,, 2002; Hyman ez al., 2014;
Fudenberg et al., 2016; Boija ¢t al., 2018; Chong ez al., 2018; Shin
etal.,2019; Zhang et al., 2020). A phase separation process plays an
important role in distinguishing chromatin compartments. Phase
separation refers to the phenomenon that different components
(proteins, nucleic acids, or other molecules) in cells collide with
each other and fuse to form liquid droplets (or condensate). Owing
to the difference in affinity, some components are wrapped in the
droplets and some components are blocked outside the droplets
(Hyman ezal., 2014; Boija ez al., 2018; Shin ezal., 2019). The loop-

extrusion model was proposed to interpret the formation of TAD
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structures. In the loop-extrusion model, an extrusion factor (e.g. a
ring-shaped cohesin complex) will extrude a chromatin loop until it
encounters an extrusion barrier (CTCF and other insulating
proteins) (Rao ez al., 2014; Fudenberg ez al., 2016). However, in
plants, the mechanism of higher-order structure formation is
unknown. It has been found that there is a lack of CTCF homologs
in plants, but the homologs of the subunits of cohesin are present
(Liu ez al., 2002; Zhang ez al., 2020). At the same time, TADs in
plants are not as distinct as in animals. Of note is the observation
that TAD boundaries in rice and maize exhibit an enrichment of
plant-specific TCP transcriptional factor binding sites, raising the
possibility that transcriptional factors may be involved in the
formation of TADs, as described in mammals (Liu et 4/, 2017;
Stadhouders ez al., 2019; Sun ez al., 2020b). These observations
indicate that the mechanism of 3D genome folding in plants may be
slightly different from that in animals, and requires further study
(Fig. 3).

The effects of transposon expansion on shaping 3D genome
architecture

A TE or transposon is a genetic sequence that can replicate itself or
translocate to another site in the genome. TEs account for large
proportions of many plant genomes, and are particularly
abundant in maize, wheat and other plants with large genomes.
Generally, differences in genome size in plants are closely related
to either polyploidy or the expansion of transposons, or both.
Even within a given plant genus, such as Oryza or Gossypium, the
differential expansion of TEs also can contribute to large
differences in genome size between species (Hawkins ez al., 2006;
Stein ez al., 2018). Many studies have shown that TEs have a
profound impact on the transcriptional regulation of adjacent
genes and the evolution of the whole genome (Kashkush ez 4/,
2003; Feng ez al, 2013). In terms of 3D genome structure, an
increasing number of studies in mammals have shown that TEs
have a role in the formation of TAD boundaries, which will
influence the organization of TADs (e.g. Zhang ez 4/, 2019b). It
also was found that the 3D genome conformation will affect TE
insertion; for example in Arabidopsiss, KEE regions, which
represent heterochromatin islands, show a preference for TE
insertion (Grob et al., 2014). In rice, approximately 44% (5296)
of H3K9me2-marked regions act as anchors involved in
chromatin interactions, and the density of TEs in these anchors
is higher than those in basal sites, which indicates that H3K9me2
binding sites with higher TE density might be involved in
chromatin interactions (Zhao ez al., 2019). Recently, it was found
in Arabidopsis that heat stress induces TE activation, and those
activated TEs were associated with changes in local chromosomal
interactions (Sun ez al., 2020a). The detailed relationship between
TE activity and 3D genome organization remains to be explored

further in plants (Fig. 3).

Spatial haplotype chromatin interaction in plants

Interchromosomal interaction represents an important regulatory
level for gene transcription in eukaryotes. An analysis of
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interchromosomal interaction usually requires an understanding
of haplotype-specific information in the nucleus, which can help
uncover the regulatory basis of many biological issues, such as
heterosis in terms of superior traits in the hybrids relative to both
parents (Birchler ez al., 2003). In the past few years, a number of
studies have found that the differential expression of genes at the
haplotype level might be responsible for the appearance of heterosis
(Guo et al., 2003; Stupar et al., 2007; Song et al., 2010). The
underlying mechanism of haplotype-specific expression has been
proposed from epigenetic studies, including data from small RNA,
DNA methylation and histone modification (Ni ez 4/, 2009; He
eral.,2010; Li ez al., 2014; Ng ez al., 2014). With the development
of 3D genomics, these studies can be extended to the spatial
haplotype or interchromosomal interaction level. 3D genome
studies in humans and Drosophila provide context for related
studies in plants (Sexton er al., 2012; Tang ez al., 2015). More
specifically, polyploid species which usually exhibit enhanced
growth vitality and adaprability compared with ancestor species, are
widespread in the plant kingdom. The investigation of interchro-
mosomal interaction in polyploid plants has another meaning —
studies of intersubgenomic interaction responsible for transcrip-
tional complexity of homologous genes; these should facilitate the
elaboration of molecular mechanisms of karyotype homeostasis
distinct from results of traditional genetic and epigenetic studies
(Ha ez al., 2009; Xiong ez al., 2011; Schatlowski ez al., 2014). As far
as we know, the study of 3D genome-based intersubgenomic
interaction at the current stage is limited in plants to cotton, and
data show that spatial chromatin interaction between the two
subgenomes might be related to the coordinated expression of
homoeologous genes in tetraploids (Wang ez al., 2018a). Collec-
tively, the emergence of 3D genomics provides an excellent
approach for exploring haplotype-specific or interchromosomal
interaction in plants (Fig. 3).

Dynamic 3D genome architecture in plant development

Based on 3D genome mapping technologies, we can explore
dynamic changes of 3D chromatin structure during plant
development, which is known as 4D genomics. In mammals,
the 4D nucleome project has been conceived to study 3D
genomics and its dynamic changes over time (Dekker ez al,
2017). In humans, a large number of higher-order structure
reorganization events have been found through the analysis of
chromatin interaction in the development of embryonic stem cells
and the development from oocytes to fertilized eggs (Dixon et al.,
2015; Flyamer ez al., 2017). However, at present, there are few
studies on the dynamic changes of 3D structure during plant
development. In fact, in the process of plant cell differentiation,
chromatin accessibility is usually changed, implying that the
organization of higher-order chromatin structures also may be a
dynamic process (Wang et al, 2016a,b; Sijacic et al, 2018;
Sullivan ez al., 2019). In the future, the dynamics of 3D genome
folding should be explored at different developmental stages. In
crop plants, by integration of the transcriptome and other omics
data, we can understand the effects of 3D genome dynamics on
the regulation of gene transcription underpinning many
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important agronomic traits, and lay a foundation for further crop
improvement (Fig. 3).

CRISPR-based functional analysis of 3D genome structure

In mammals, improved CRISPR technologies have been used to
investigate the fine structure of 3D genomes in combination with
ultra-high resolution microscopy. Using sgRNAs with 16 MS2
binding motifs and a catalytically inactive mutant of the Cas9
(dCas9) protein, the specific locations of transcriptionally active
and inactive regions in the nucleus have been determined (Qin
etal., 2017). CRISPR technology also has been used to explore the
functional implications of 3D genome folding, by knock-out or
knock-in experiments of the TAD boundary or structural proteins
(such as CTCF and cohesins) responsible for chromatin loop
formation (Guo ezal., 2015; Lupianez ez al., 2015; Fei et al., 2019).
However, to our knowledge, there are few reports on the
application of CRISPR technology in the study of 3D genomics
in plants. By knocking out the possible 3D structural elements in
plants using CRISPR technology, we can explore the mechanisms
of plant-specific 3D genomic structure formation. The TAD and
loop structures could be modified through the knock-out of large
DNA fragments, to help explore the influence of the TAD or the
loop change on the regulation of gene transcription. We also can
knock out enhancer elements to explore the effect of enhancers on
gene expression. In the future, this may become a hot topic in the
field of plant 3D genomics and transcriptional regulation (Fig. 3).

Conclusions

In recent years, 3D genomics has developed rapidly, and new
research technologies have emerged one after another. In particular,
the development of 3C technology has revealed to us the high-level
chromatin conformation at an unprecedented scale, providing new
insights into the relationship between chromatin conformation and
function. In plants, these technologies are gradually being adopted,
and our understanding of the 3D structure of plant genomes is
getting more detailed. The technologies used in plants are mainly
3C-based technologies, and all 3C-based technologies use proximal
ligation, and so it is difficult to completely eliminate false positives
of chromatin connections through current algorithms. Therefore,
in the future, the use of some nonligation technologies also is
needed in plants. At present, chromatin in plants presents several
classic structures. Although TAD-like structures show similar
patterns in plants and animals on Hi-C matrices, their character-
istics and functions are somewhat different. The plant TAD-like
structures lack the important insulator protein CTCF, but may
involve some transcription factors such as TCP; at the same time,
the boundary of plant TAD-like structures may not have an
insulating role. Plant 3D genomics has become a hot topic in recent
years, and its combined analysis with multi-omics data has revealed
the interaction of regulatory elements during plant development at
the spatial level, allowing us to understand the regulatory
mechanism of chromatin conformation on gene expression. In
the future, with the development of new technology, 3D genomics
will surely be applied to plant science study on a variety of levels.
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