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“In a city, you can be alone in a crowd, and in fact what makes the city a city
is that it lets you hide the strangeness in your mind inside its teeming

multitudes.”

Orhan Pamuk, A Strangeness in My Mind
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Abbreviations

Abbreviations
3C Chromosome Conformation Capture
3D Three Dimensional
BBR Barley b Recombinant
BPC Basic Pentacysteine
bZIP Basic Leucine Zipper
ChIP Chromatin Immunoprecipitation
CTCF CCCTC-binding Factor
DI Directionality Index
DNA Deoxyreibonucleic acid
ESC Embryonic Stem Cell
IDR Intrinsically Disordered Region
KEE KNOT Engaging Elements
LAD Lamina Associate Domain
LLPS Liquid-Liquid Phase Separation
PCA Principal Component Analysis
PLAAC Prion Like Amino Acid Composition
RNA Ribonucleic acid
RNAPII RNA polymerase II
SINE Short Interspersed Nuclear Element
sRNA small RNA
TAD Topologically Associated Domain
TAK1 Takaragaike-1, male Marchantia polymorpha

TAK2 Takaragaike-2, female Marchantia polymorpha



Abbreviations

TCP Teosinte branched1 (tb1) in maize, Cycloidea (cyc) in Garden snapdragon
and PCF in rice

TE Transposable Element

TF Transcription Factor

TSS Transcription Start Site

TTS Transcription Termination Site

UTR Untranslated Region
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Abstract

Abstract

Information of the genome is not only encoded to its sequence or epigenetic
modifications but also found in its folding in 3D space. Recent developments in
Chromosome Conformation Capture techniques enabled us to unveil spatial
positioning of the genome at different scales. The formation of self-interacting
genomic regions, named Topologically Associated Domains (TADs), are discovered
by Hi-C, as a key feature of genome organization beyond the nucleosomal level. Each
TAD is an isolated local packing unit in which intra-TAD interactions are favoured
and inter-TAD interactions are insulated. In animals several architectural proteins are
shown to contribute the structure and the function of the animal TADs. Unlike those
in animals, TAD formation, function and proteins that play a role in these processes

in plants are rather unknown.

Our Hi-C analyses show that the genome of Marchantia polymorpha, a member of a
basal land plant lineage, shares an evolutionary conserved 3D landscape with that of
higher plants. The Marchantia genome is subdivided into hundreds of TADs and their
borders are associated with TCP1 protein binding. Genome-wide epigenetic analysis
reveals that a considerable fraction of Marchantia TADs represent interstitial
heterochromatin and are decorated with repressive epigenetic marks. We also identity
a novel type of TAD that we name TCP1-rich TAD, in which genomic regions are
highly accessible and densely bound by TCP1 proteins. TCP1-bound genes residing
in TCP1-rich TADs exhibit lower gene expression levels compared to the TCP1-

bound genes in other locations.

In Zcp1 mutants, TAD patterns in the Hi-C map do not change, indicating that TCP1
protein is not essential for TAD formation and structure. However, we find that in
fcpl mutants, genes residing in TCP1-rich TADs have a greater extent in expression
told change compared to genes not belonging to these TADs. Our results indicate
that, besides standing as spatial chromatin packing modules, plant TADs function as

nuclear micro-compartments that correlate transcription factor activities.
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Zusammenfassung

Zusammenfassung

Informationen des Genoms werden nicht nur mit der Sequenz oder epigenetischen
Modifikation codiert, sondern auch in ihrer Faltung im 3D-Raum gefunden. Jiingste
Entwicklungen bei der Konformationserfassung von Chromosomen ermoglichten es
uns, die rdumliche Positionierung des Genoms in verschiedenen Malstiben
aufzudecken. Die Bildung selbstinteragierender ~Genomregionen, die als
Topologically Associated Domains (TADs) bezeichnet werden, wird von Hi-C als
Schliisselmerkmal der Genomorganisation jenseits der Nukleosomenebene entdeckt.
Jedes TAD ist eine isolierte lokale Packungseinheit, in der Intra-TAD-
Wechselwirkungen bevorzugt und Inter-TAD-Wechselwirkungen isoliert werden.
Bei Tieren wird gezeigt, dass mehrere Architekturproteine zur Struktur und Funktion
der tierischen TADs beitragen. Im Gegensatz zu Tieren sind TAD-Bildung, -
Funktion und -Proteine, die bei diesen Prozessen in Pflanzen eine Rolle spielen, eher

unbekannt.

Unsere vorldutfige Hi-C-Analyse zeigte, dass das Genom von Marchantia polymorpha,
einem Mitglied einer basalen Landpflanzenlinie, eine evolutionir konservierte 3D-
Landschaft mit dem hoheren Pflanzen teilt. Das Marchantia-Genom ist in Hunderte
von TADs unterteilt und ihre Grenzen sind mit der TCP1-Proteinbindung
verbunden. Eine genomweite epigenetische Analyse ergab, dass ein betrichtlicher
Teil der Marchantia-TADs interstitielles Heterochromatin darstellt und mit
repressiven epigenetischen Markierungen verziert ist. Wir identifizieren auch einen
neuartigen TAD-Typ, den wir TCP1-reiches TAD nennen, bei dem genomische
Regionen gut zuginglich und durch TCP1-Proteine dicht gebunden sind. TCP1-
gebundene Gene, die sich in TCP1-reichen TADs befinden, weisen im Vergleich zu

TCP1-gebundenen Genen an anderen Stellen niedrigere Genexpressionsniveaus auf.

In f¢p1-Mutanten dnderten sich die TAD-Muster in der Hi-C-Karte nicht, was darauf
hinweist, dass das TCP1-Protein fiir die TAD-Bildung und -Struktur nicht wesentlich
ist. Wir stellen jedoch fest, dass in tcp1-Mutanten Gene, die in TCP1-reichen TADs

leben, eine groflere Verdnderung der Expressionstfalte aufweisen als Gene, die nicht

14



Zusammenfassung

zu diesen TADs gehoren. Unsere Ergebnisse zeigen, dass Pflanzen-TADs nicht nur
als rdumliche Chromatin-Packungsmodule stehen, sondern auch als nukleare
Mikrokompartimente fungieren, die die Aktivititen des Transkriptionsfaktors

korrelieren.
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1 Introduction

1 Introduction

Genomic DNA in the nucleus is under large constraint. If stretched as a very thin
thread, the human genome can reach up to 2 meters, however, it has to fit in a 10um
diameter nucleus'. Although DNA tightly folds in hierarchical orders to fit in the
nucleus, it has to remain functional for processes like replication and gene expression.
Therefore, nowadays we know that, not only its sequence, but also its folding in 3D
space is essential for nuclear operations. The spatial organization of the genome has
been studied extensively in recent years and several methods have been developed to
assess genome-wide chromatin interactions in the nucleus. A considerable fraction of
these techniques is based on the principle that spatially close DNA fragments ligate
more efficiently than distal ones. The most far-reaching proximity-ligation based
method to quantify chromatin interactions is called Hi-C and it combines high
throughput sequencing with chromosome conformation capture (3C) technique to
catch higher-order chromatin interactions in high resolution? (For further information
regarding chromosome conformation capture techniques, please see Chapter 3, page

27 in the manuscript), (Figure 1).

Crosslink DNA Cut DNA Fill sticky Ligate Purle and shear Sequence using

with ends and then pull paired-end
restriction  label down biotin sequencing
Hindll enzyme it with biotin

S/ N
\/ VoL Oy

Figure 1: Overview of Hi-C technique. In the initial step of Hi-C protocol, cells are fixed

il

[

with formaldehyde, resulting in crosslink of adjacent chromatin elements. Then,
chromatin is digested with restriction enzymes that leave sticky ends (HindlIII,

DpnlI etc.). Sticky ends are filled with biotin labelled nucleotides. Blunt end
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1 Introduction

ligation is carried out in extremely dilute conditions in order to favour intra-
tragmental ligation and prevent cross ligation with other fragments. After
ligation, DNA is purified and sheared. Next, biotin labelled fragments are pulled
down with streptavidin beads followed by paired-end sequencing to identity

chimeric interacting fragments. Figure adapted from?® (Berkum et al. 2010).
1.1 Hierarchical chromatin organization in nucleus

Chromosome conformation experiments revealed that mammalian genomes are
hierarchically architectured in the confines of the nucleus. At the highest level of this
non-random hierarchy, there are chromosome territories, in which each chromosome
occupies a discrete space in the nucleus (Figure 2A). These chromosome territories,
which can be seen as well-defined squares in the Hi-C map*, can be also observed with
image-based methods, like in-situ hybridization®. Chromosome territories are
tormed due to the preferred interactions within the same chromosome® and overlaps

between two chromosome territories are restricted to their borders®.

When we further zoom in a Hi-C, chromosome territories can be further divided into
two clusters named A/B compartments according to Principal Component Analysis
(PCA) (Figure 2B). Overall, such A/B compartment annotation correlates to
chromatin state. Compartment A is enriched with euchromatic and associated with
active histone marks like H3K4me3 and H3K27ac; whereas B compartment is enriched
with heterochromatic and associated with repressive marks®*!'®'". A/B compartments
can be further subdivided into smaller compartments according to unique histone
modification patterns'2. A/B compartment separation has been shown to be a dynamic
process. A chromatin region switching from B to A compartment is associated with
increased gene expression, whereas a switch from A to B is associated with lower

expression levels's.

With the development of Hi-C method, self-associating chromosomal domains called
Topologically Associated Domains (TADs) are discovered (Figure 2C). TADs are

individual genomic units that restrict chromatin interaction within itself'*!>. In other
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1 Introduction
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Figure 2: Hierarchical organization of chromatin. Panels at the left side are Hi-C heat

maps showing interaction frequencies by colour intensity. Panels on the right-side
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1 Introduction

show models of different hierarchical structures in the nucleus. (A) Each
chromosome occupies a subspace in the nucleus. Interactions occur mostly
between two loci on the same chromosome. (B) Segregation of the genome into
alternation interaction clusters according to epigenetic landscape shows the
compartmentalization of A/B domains. (C) TADs are nested interaction units in
3D genome. Due to the enriched intra-TAD interactions TADs appear as high-
interaction triangles on the Hi-C map. (D) Several different pairwise chromatin
loops can be observed in the genome. Figure adapted from® (Bonev and Cavalli,

2016).

words, intra-TAD interactions are preferred whereas inter-TAD chromatin
interactions are insulated'*. In Hi-C maps, the contact frequency of two loci within
one TAD is two or three times higher than that of two loci outside of TAD'S. TADs
act as functional regulatory units by providing specificity and directionality to gene

expression by favouring internal TAD interactions!"'s.

At the finest scale, advancements in the methodology are also enabled us to detect
chromatin loops as pairwise interactions (Figure 2D). Chromatin loops are critical
elements that spatially regulate gene expression by positioning distal regulatory

elements of gene expression with proximal elements'?.
1.2 Topologically Associated Domains

In 2012, scientists discovered local chromatin interactions along the map of high-
resolution Hi-C and named them as TADs. To systematically identify TADs, Dixon
and colleagues used the Directionality Index (DI) which based on the interaction
direction shift from upstream to downstream to estimate the boundaries of TADs. At
the border of two TADs, chromatin interaction will suddenly shift from downstream
to upstream or vice versa. For example, at the right border of a TAD we expect a bias
in contact frequency towards the regions on the left side'*. Afterwards, several other
methods were applied to approximate the accurate demarcation of TADs. Further
investigation revealed that TAD borders are enriched with the binding of the insulator

element CTCF (CCCTC-binding factor), which is a highly conserved zinc finger
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1 Introduction

protein. These boundaries are also associated with accessible chromatin, transcription
start sites ('T'SS), SINE (Short Interspersed Nuclear Element) repeats, housekeeping
genes, DNasel hypersensitive sites, H3K36me3 and H38K4me3 histone

modifications!4.

Since its initial discovery, TADs have been broadly studied in a large number of
species in the animal kingdom. TADs in animals happen to be stable across cell
lines'>'* and widely conserved in different species?*22. Another conspicuous
characteristic of animal TADs is that they are genuinely insulated regions and their
borders are occupied by insulator protein called CTCF#®!214162225 The presence of
CTCF is very critical for the insulation at the border and TAD structure, the
consequence of the loss of these elements is a disruption of spatial genome architecture
and misexpression of genes?*~27. Cohesin is another important factor that is located at
the TAD borders. It mainly plays role in TAD formation according to dynamic “loop
extrusion model” where cohesins load chromatin into the loop until it meets CTCF
binding sites?*-3!. The depletion of cohesin perturbs the stability of chromosomal
domain architecture®? and eradicates loop domains along with long-range chromatin
interactions®®3*. It is also shown that, re-introducing cohesin to the genome recovers
the loop formation, therefore proving that loop extrusion is an active process®.
Moreover, further research also showed that TADs are not only formed by
CTCF/cohesin cooperation but sometimes rather, A/B chromatin state®’,
transcription®¢-3%, gene density®® and phase separation?® contribute to shape the 8D
chromatin landscape. In pluripotent cells, retrotransposon activities are also shown

to demarcate TAD borders*!.

TADs are key components of the genome topology at multiple scales, and thus have a
central role in gene expression, development, and disease. At higher scales long-range
TAD-TAD interactions stabilize heterochromatic B-compartment toward nuclear
periphery by forming cliques*?. Moreover, the insulation at the borders of TADs,
which restricts enhancer-promoter activites*’, suggests that disruption of the TAD
structure might result in ectopic interactions causing mis-expression of genes.
Consistently, genetic manipulation of specific TAD borders induced ectopic contacts

20



1 Introduction

and changes in gene expression. After the deletion of a TAD boundary in mouse
Embryonic Stem Cells (ESCs), ectopic interactions between adjacent TADs were
observed and neighbouring genes were upregulated'. More specifically, disruption of
TAD border insulation in mouse embryo caused an ectopic enhancer-promoter
interaction, which result in mis-expression of genes during limb development?:.
Furthermore, more studies confirmed these initial findings that the disruption of
TADs lead to ectopic gene expression in genetic diseases**7 and cancer**->2. Not only
inter-TAD interactions but also intra-TAD interactions are critical for productive
gene regulation. In ESCs, an asymmetric type of TAD is discovered in which only one
border of the TAD has strong intra-TAD interaction. These regions are formed due
to the differential enhancer occupancy and are important for cellular identity during
differentiation by providing permissive gene expression landscape®®. The gene
expression regulation of TADs is not limited to the insulator activity at the borders,
can also be observed in TAD bodies configurated by transcriptional status®:. In
Drosophila, RNA polymerase II (RNAPII) occupancy and actively transcribed genes
are the underlying factors of chromatin organization®*. However, it is not yet clear
that whether 3D compartments have an effect on the level of transcription or action

of transcription factors inside the particular TAD.
1.3 Topologically Associated Domains in Plants

In the past few years, several 3C derivatives such as Hi-C are conducted in several
different plant species, providing us a nice overview of 8D architecture in the kingdom
Plantae 5>-67. However, we still don’t have a profound understanding of TADs, since
these studies remain superficial and have not been followed by in-depth analysis so
tar. Hence, several important questions remain, such as whether plant TADs have
regulatory function or how plant architectural proteins are involved in shaping the
genome. Neither the popular model plant A. thaliana, nor its close relative A. lyrata,
possess prominent animal-like TAD structure®®5-7°. Nonetheless, in the Arabidopsis
genome, more than 1000 insulator-like and TAD-like regions are identified,
correlating with epigenetic landscape™. As the name suggests, “insulator-like” regions

in Arabidopsis are enriched for accessible chromatin and active histone marks.
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1 Introduction

Accordingly, genes found in these regions are highly expressed, resembling animal

TAD borders?°.

In this aspect, Arabidopsis can be considered as an exception, because unlike
Arabidopsis, many crop species such as rice, foxtail millet, sorghum, tomato, maize and
cotton have genome-wide distinct TADs appear on their Hi-C maps?2760. It is
speculated that, this discrepancy among difterent plant species is due to the differences
in genome size™ 2. Arabidopsis has a small genome with high gene density, on the
contrary, crop species have larger genome size with low gene density, where the
silenced regions between active genes and Transposable Element (TE) rich regions
likely to display TAD structures” . Although this hypothesis might explain the
presence of TADs in larger genomes, it is not sufficient to explain the absence of
TADs in Arabidopsis and its close relatives, since Drosophila Melanogaster genome is
180 Mb7 and displays distinct TAD structures™7>. Moreover, recently, it is suggested
that properties of TADs in Drosophila 3D landscape might give hints regarding the
absence of TADs in Arabidopsis’. In the Drosophila genome, TAD borders are
characterized by sudden changes of epigenetic states™. Unlike Drosophila, sudden
changes in epigenetic landscape is not observed frequently in Arabidopsis™ 2. Further
supporting this, the abrupt changes in epigenetic state in Arabidopsis genome occurs

at the borders of heterochromatic knob structures which show TAD-like features?678.

Hi-C is also performed in several crop species, revealing distinct TAD structures.
Dong and colleagues performed a broad study in which they compared 5 different crop
species. TADs in these crops are mostly coincide with heterochromatic B
compartments and on a global scale, they have borders that are enriched with active
epigenetic marks and gene expression®”7%7. Recently, plant TAD borders in different
tissues are shown to be associated with transcription™. The genes that are overlapping
with tissue-specific TAD borders are found to be upregulated in the particular tissue
compared to the other tissues™5°. Together, these findings indicate that
transcriptional activity and epigenetic landscape of the region could be the major

tactors playing roles in TAD demarcation in plants®°.
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1 Introduction

In animals, TADs are found to be stable across tissues, developmental stages, and even
species'*. Unlike animal TADs, plant TADs in different species but located in syntenic
blocks are not found to be conserved®. Recent analysis in different maize tissues
exhibit a high correlation among TAD borders across tissues of the same plant™.
Further analysis among non-conserved TAD borders (borders that appear in one
tissue) also showed that, even though they cannot be called as TAD borders in one of
the tissue, they exhibit TAD-border-like properties compared to a random region™.
The same weak border-like feature of non-conserved TAD-borders is also observed in
rice and foxtail millet, confirming that plant TADs have conserved properties across

tissues™.

The function of TADs in the animal field is widely studied and discussed in the past
decade. As mentioned before, animal TADs are functional regulatory compartments
that provide close proximity contact between distal enhancer elements with their
corresponding promoters and prevent mis-expression of genes by hindering ectopic
interactions with foreign enhancers'’?>. On the contrary, long-range inter-TAD
contacts have been detected in plants, which shows interaction of putative enhancer-
promoter elements can take place across TAD borders®. This is plausible, because
plants do not have CTCF orthologs, or any other known plant-specific insulator
protein that might play a role in TAD border insulation®!%2. Studies in Arabidopsis
TAD-border-like regions and rice TAD borders showed that bZIP (Basic Leucine
Zipper) and TCP binding motifs are enriched at TAD borders®”7!. Nevertheless, these
proteins have not been shown to function as insulator binding factors. It is still not

known if they contribute to the TAD structure in plants.
1.4 Marchantia Polymorpha as an emerging model organism

The liverwort Marchantia Polymorpha is a haploid basal land plant, which has been
used for basic research for almost 200 years®>. However, compared to Arabidopsis
thaliana, genomic tools for Marchantia fall behind in the last two decades. Nonetheless,
due to ease of cultivation and the development of several experimental techniques for

Marchantia, such as agrobacterium-mediated transformation and CRISPR-CAS9,
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researches still worked on it¥*57. Recently, its whole genome sequencing is published
at 2017%%9 and revived Marchantia as a modern model organism for high throughput

analysis.

Compared to the other land plants, another unique feature of Marchantia that makes
it a very popular model, is the lack of redundancy in most regulatory transcription
factor families. On one hand, this indicates that Marchantia polymorpha exhibits
genome composition that is predicted for the ancestral land plant, which is a desired
characteristic for phylogenetic and evolutionary studies. On the other hand, exhibiting
low gene redundancy is advantageous while it provides scientists smooth functional

studies to uncover the role of regulatory genes®.

Marchantia is a haploid model organism that each individual has only one of the sex
chromosomes. In male and female plants, sex-specific V and U chromosomes are
present, respectively. The life cycle of Marchantia includes both sexual and asexual
reproduction. Asexual production takes place through the structures called ‘Gemma
Cups’. Each gemmae produced in Gemma cup is emerged from a one single cell and it
is a genetically identical copy of the mother plant. In sexual production, male and
temale plants grow specific umbrella-shaped sexual organs called ‘antheridium” and
‘archegonium’, respectively. In antheridium, multiple male gametes (sperm cells) are
produced and carried to the female archegonium by raindrops. After fertilization, the
zygote grows and develops into a sporophyte. Each sporophyte includes numerous
spores which can develop into an individual plant (Reviewed in #%). Continuous sexual
and asexual reproduction cycles of Marchantia and its haploid genome provide an
adventitious ground for several popular biological approaches such as CRISPR-

CAS9%.

In recent years, research related to life cycle®!, epigenome®®2, 3D genome?®?, signalling

pathways?+9> and evolution®® of Marchantia have found a wide audience.
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1 Introduction

1.5 Objectives of this work

TADs are a prominent characteristic of both animal and plant genomes. In the animal
field, it is known that CTCF insulator proteins are enriched at the borders of TADs
and together with the cohesins they are responsible for the formation and proper
tunctioning of animal TADs. However, the main factors related to plant TADs
structure are still waiting to be discovered. The major aim of this work was to get
turther insights into the general 3D organization of chromatin in plants, to discover
the structural components that contribute to chromatin organization, and to

understand how these spatial features regulate genome function.

Prior to this work, Hi-C analysis on Oryza sativa and Arabidopsis thaliana have revealed
a consensus DNA binding motif at the borders of TADs and TAD-like-regions,
respectively. This consensus motif is recognized by the family of conserved
transcription factors called TCPs. Therefore, TCP proteins show up as an exciting
candidate to contribute TAD structure and function in plants. For higher plants,
individual species contain more than 20 members of the TCP protein family with
redundant functions. In order to unravel the role of TCP protein in plant genome

topology, we exploited the Marchantia genome that had low gene-redundancy

The first aim of this study was to identify and characterize functional chromatin
domains in Marchantia polymorpha, and to investigate their properties in comparison

to the higher plants.

The second aim of this study was to gain further insights into the function of
Marchantia TCP protein in the context of TADs in Marchantia, and to examine its

potential role in functioning as candidate regulatory protein in chromatin packing.

The results of our experiments shed light on the 8D genome structure of Marchantia
and fill some blanks with the in-depth functional characterization of plant

transcription factor TCP in the framework of spatial genome organization.
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2 Three-dimensional chromatin packing and positioning of plant genomes

2 Three-dimensional chromatin packing and

positioning of plant genomes

Preamble

This chapter is published in the journal of Nature Plants:

Ezgi Stiheyla Dogan and Chang Liu. Chromatin packing and positioning of plant

genomes in 3D. Nature Plants (2018). DOI: 10.1038/s41477-018-0199-5

Ezgi Siiheyla Dogan and Chang Liu wrote the manuscript.
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nature

plants

REVIEW ARTICLE

https://doi.org/10.1038/s41477-018-0199-5

Three-dimensional chromatin packing and
positioning of plant genomes

Ezgi Siiheyla Dogan and Chang Liu®*

Information and function of a genome are not only decorated with epigenetic marks in the linear DNA sequence but also in
their non-random spatial organization in the nucleus. Recent research has revealed that three-dimensional (3D) chromatin
organization is highly correlated with the functionality of the genome, contributing to many cellular processes. Driven by the
improvements in chromatin conformation capture methods and visualization techniques, the past decade has been an exciting
period for the study of plants’ 3D genome structures, and our knowledge in this area has been substantially advanced. This
Review describes our current understanding of plant chromatin organization and positioning beyond the nucleosomal level, and

discusses future directions.

packed with histones to form chromatin. Chromatin con-

formation is a critical factor for many regulatory elements
to execute biological activity'. On perceiving environmental and
developmental cues, both global and local chromatin rearrange-
ments may occur, along with changes in gene transcription®’. Early
cytological studies have well demonstrated chromatin structure at
a global level, showing how chromosomes occupy the nuclear space
and how chromosomes interact with each other non-randomly*’.
Newly invented molecular and computational tools enable scien-
tists to unveil chromatin structure at an unprecedented resolution
to address a fundamental question in genome biology: how does
spatial chromatin organization regulate genome functionality?
Three-dimensional (3D) genome organization displays a hierar-
chical pattern, in which individual chromosomes can be dissected
into structural and functional domains at multiple levels‘. In both
the animal and plant fields, many of such chromatin domains have
been identified and characterized recently, and range from hun-
dreds of thousands of kb to small chromatin loops with sizes of
several kb"”*. With recent efforts in unveiling plant genome pack-
ing and chromatin positioning patterns in nuclei, we have acceler-
ated our journey to gain a better understanding of plant genomes
beyond the DNA sequences. With a focus on chromatin structures
above the nucleosomal level, here we compile the results of recent
studies of plant 3D genomes and discuss trends in this rapidly
expanding area.

Q s the largest molecule in a living cell, the genomic DNA is

State-of-the-art methods to interrogate 3D genomes

Our ever-expanding toolkit enables us to address diverse questions
concerning how chromatin structures are formed and regulated,
and how the interplay between chromatin structure and proteins
(such as transcription and chromatin remodelling factors) contrib-
utes to gene expression. From the whole chromosome to a single
gene body, newly developed chromosome conformation capture
and microscopic techniques allow scientists to interrogate chroma-
tin organization at multiple resolutions. These techniques would be
beneficial, particularly in plant sciences, to investigate how multiple
sets of genomes interact after species hybridization, which is a com-
mon strategy for crop improvement.

Hi-C and its derivatives: a brief history and their applications.
To analyse 3D chromatin interactions in nuclei, Dekker and
colleagues developed an approach called chromosome conforma-
tion capture (3C), which measures how frequent two genomic loci
interact’. This method has soon become a standard way to study
local chromosome organization. For example, 3C has been widely
used to examine juxtaposition between specific transcription units
and remote enhancer elements. A limitation of 3C is that it only
allows identification of the interaction between two chosen loci.
The 3C method was later developed into 4C (circular chromosome
conformation capture), which enabled genome-wide detection
of chromatin interactions associated with one locus of interest'.
Another powerful 3C derivative is 5C (3C-carbon copy), in which
interactions among thousands of selected genomic loci can be stud-
ied in a single run'""%, Finally, the Hi-C approach, a 3C-derived
method with the most far-reaching impact, allows us to detect
interactions at a whole-genome scale". This all-to-all detection is
achieved by incorporating a biotin-labelled nucleotide at the liga-
tion junction, thus enabling enrichment of ligation products by
affinity purification. The recovered ligation products are subjected
to high-throughput sequencing, providing a whole-genome pic-
ture of both short- and long-range chromatin interactions”. These
chromosome conformation capture methods have been adapted for
plant research (reviewed in refs '*'°). The approach of identifying
the chromatin interaction network can be tailored for different pur-
poses. For instance, through combining it with chromatin immu-
noprecipitation (named ChIA-PET and HiChIP) or hybridization
capture (named Capture-C) approaches, one can obtain compre-
hensive chromatin interaction networks of genomic regions bound
by a protein (for example, transcription factors) or genomic regions
belonging to a certain annotation category (for example, promoters),
respectively'®*. Additionally, the Hi-C method has been scaled
down to a single-cell level to study cell-to-cell variability in chroma-
tin structures””, as well as dynamic chromatin organization dur-
ing cell differentiation®** and cell-cycle progression®. Still, there
are many Hi-C-related cutting-edge techniques under development
(summarized in ref. *°), such as the newly developed genome archi-
tecture mapping method, which does not require any chromatin
digestion or ligation steps”. Such an array of powerful methods
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Fig. 1| Schematic representation of hierarchical chromatin organisation
in plants. Individual chromosomes occupy a subspace in the nucleus

called chromosome territories. Chromosome territories can be further
partitioned to distinct A and B compartments, which are enriched for active
and repressed chromatin, respectively. Genomic regions within TADs
display increased interactions, while their interactions with neighbouring
regions outside of the TADs are rather limited. A limited number of
chromatin loops connecting regulatory elements to their target loci have
been described in plants (summarized in ref. ®), the molecular mechanisms
driving plant chromatin loop formation (especially in crop species) are
largely unknown (question mark).

enables us to address many biological questions concerning chro-
matin structures at a remarkable resolution.

Visualizing chromatin regions of interest. As a complementary
approach to 3C-based experiments, methods that allow tracing and
visualizing chromatin regions of interest are considered to be crucial
tools for data validation’**". The fluorescent in situ hybridization
(FISH) method, which is the ‘gold standard’ technique for detect-
ing chromatin localization, has constantly been improved to achieve
higher sensitivity, specificity and resolution™. Today, a wide variety
of FISH methods are used to examine chromatin organization, such
as 3D-FISH (refs ***) and FISH using Oligopaint**** or molecular
beacon probes*. By combining FISH with super-resolution micros-
copy, folding and positioning of structural chromatin domains can
be characterized in detail, providing a complementary insight into
chromatin organization”**.

Apart from FISH, which deals with fixed materials, several
recently developed tools offer means of live imaging to document
the dynamics of chromatin with minimum perturbation to chro-
matin itself. Previously, the resolution of chromatin live imaging
was limited to repetitive regions. However, with advanced signal
detection measures, such as those using modified dCRISPR-Cas9
or TALE proteins labelled with quantum dots, it is now feasible to
visualize the real-time behaviour of low-repetitive regions or even
a single genomic locus”*. In the dCRISPR-Cas9 labelling system,
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a ~20 nt RNA sequence guides a single fluorescent dCRISPR-Cas9
reporter protein to the locus of interest, which is technically chal-
lenging to observe. This difficulty has been much alleviated with
a recent design that combines tandem tags and bimolecular fluo-
rescence complementation, which significantly improves signal-
to-noise ratio®. Other than labelling single genomic loci, a strategy
using GFP-tagged m6A-tracer proteins allows tracking of chroma-
tin domains specifically localized in a certain nuclear subcompart-
ment (for example, the nuclear periphery)*.

Global and local levels of plant chromatin organisation
Eukaryotic genomes are organized in a hierarchical fashion. At the
nucleosomal scale, genomic DNA is packed around histones to form
nucleosomes. Beyond that, chromatin-looping gives rise to topo-
logically associated domains (typically tens of kilobase-pairs large)
and A/B compartments (typically hundreds to thousands of kilo-
base-pairs large). The A/B compartments are generally euchromatic
and heterochromatic regions, respectively. On top of these domains
and compartments, chromosome territories are formed (reviewed
recently in refs °*)(Fig. 1). Interestingly, structural features of dif-
ferent genomes in 3D turn out to be highly diversified. For exam-
ple, by comparing Arabidopsis and rice, without looking into the
details of their local chromatin organization patterns, researchers
can already reveal drastic differences at the chromosomal level with
cytological analysis (Fig. 2a).

Chromosome conformation. In an interphase nucleus, chromo-
somes occupy distinct nuclear spaces, or compartments, that are
referred to as chromosome territories. The way plant chromosomes
fold to occupy chromosome territories is diverse across different
species”. Arabidopsis chromosomes adopt an overall ‘Rosette’ con-
figuration, in which the centromere of a chromosome is highly con-
densed with its flanking pericentromeric heterochromatin to form a
so-called chromocenter (CC)*. In a Rosette configuration, euchro-
matin emanates from CCs as megabase-size chromatin loops*.
Distinct from Arabidopsis, plants such as wheat, rye, barley and oats,
adopt a ‘Rabl’ chromosome configuration, where centromeres and
telomeres are located at opposite poles of the nucleus”**. Rice chro-
mosomes in xylem vessel cell nuclei showa Rabl conformation®”. On
the other hand, recent Hi-C analyses of rice genome organization in
leaf tissues (with the majority material coming from mesophyll cells)
indicate a non-Rabl chromosome organization, due to the absence
of strong interactions among centromeres in Hi-C maps, which is
a characteristic feature of the Rabl conformation™. Furthermore, a
‘Bouquet’ chromosome conformation has been described in mei-
otic maize, wheat and rice cells, in which telomeres cluster at the
small area beneath the nuclear envelope while the rest of the chro-
mosomes spread throughout the nucleoplasm™-*'. The presence
of different chromosome conformations in the same species (for
example, in rice, Rabl in xylem vessel cells; non-Rabl in mesophyll
cells; and Bouquet in meiotic cells) indicates that they are possibly
correlated to different cell identities. Chromosome conformation
can also be flexible in the same cell type. For example, on perceiving
light, etiolated seedlings switch their developmental program from
skotomorphogenesis to photomorphogenesis. During this transi-
tion, decondensed heterochromatin becomes highly condensed and
forms CCs™. Another example highlights the decondensation of
CCs during heat shock response in Arabidopsis™. Thus, having flex-
ible chromosome conformation might be an integral part of plants’
adaptability to ever changing environmental conditions.

Inside chromosome territories there exists spatial chromatin com-
partmentalization. With principal component analysis (PCA) on
Hi-C maps, chromatin regions can be arbitrarily annotated as A’ or ‘B’
spatial compartments, according to the first component™ (see Fig. 2b
for example). Spatial separation of A and B compartments in nuclei
has been confirmed with FISH at the single-cell level. In principle,
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Fig. 2 | Comparison of Arabidopsis and rice chr tin organization at chromosomal level. a, Arabidopsis (top) and rice (bottom) nuclei stained with DAPL.

Arrows depict chromocentres. b, Correlation matrices of Arabidopsis (left; bin size, 20 kb) and rice (right; bin size, 10 kb) chromosome 1Hi-C maps. The
plot below each matrix denotes the eigenvector of the first principal component, correlating to chromosomal domain compartmentalization. For each
eigenvector plot, the compartment bearing the centromere is coloured red. The red bars denote centromeric regions

this binary classification of chromatin regions can be applied to all
Hi-C maps (reviewed recently in ref. *'). Notably, similar to animals,
the A/B compartment annotation in Arabidopsis and many crop spe-
cies is largely in accordance with the euchromatin/heterochromatin
landscapes of the genome™**-*”, Moreover, the annotated plant A/B
compartment can be further divided into a mixture of smaller com-
partments, and this lower level compartment annotation is highly cor-
related with euchromatin/heterochromatin marks as well*"*. Similar
to that in animals, Arabidopsis chromatin compartmentalization pat-
terns show a strong correlation to DNA replication timing, in which
genomic regions replicated at the same pace tend to physically interact
more strongly than do those replicated at different time phases®’.
Specific intra- and inter-chromosomal interactions can further
shape the folding of plant chromosomes. In Arabidopsis seedlings,
highly reproducible, strong intra- and inter-chromosomal inter-
actions among several interstitial heterochromatic regions are
detected”*'. These regions, named IHIs (interactive heterochro-
maticisland) or KEEs (KNOT engaged element), are highly enriched
with heterochromatic histone marks and transposons. Neither the
biological meaning nor molecular mechanism underlying strong
interactions among IHIs and KEEs is clear. Nevertheless, clustering
of these regions does not seem to be involved in transcriptional reg-
ulation, as attenuated interactions among them do not affect local
gene expression”. It was proposed that IHIs and KEEs represent
preferred transposon element insertion sites in the genome™.

Topologically associated domains. Topologically associated
domains (TADs) have received the most attention among all the
structural features revealed by Hi-C. By definition, each TAD is a
chromatin region showing suppressed interactions with its flank-
ing regions. Meanwhile, chromatin interactions within the same
TAD are favoured. Thus, having chromatin organized in the form
of TADs allows long-range chromatin contacts with spatial con-
straints, conferring target specificity of cis-regulatory elements.
With super-resolution microscopy techniques applied to single
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cells, it has been shown that besides being a reflection of statistical
frequencies of chromatin interactions, TADs are genuine structural
units that are separated from each other in 3D (ref. ). Remarkably,
TADs have been observed in many organisms, such as human®,
mouse®, fruit fly*””", roundworm (Caenorhabditis elegans)™, fission
yeast™ and the bacterium Caulobacter crescentus™. On a megabase
scale, TAD patterns in mammals are largely conserved in differ-
ent cell lines and even across species’’; whereas on a sub-megabase
scale, subdomains within a TAD could become merged or discon-
nected in orchestration with developmentally regulated events®"*”.
It is worth noting that even for organisms showing TADs, TADs can
be absent in certain circumstances, such as during mitosis or before
Drosophila zygotic genome activation™”.

Even before being associated to Hi-C maps, the CCCTC-binding
factor (CTCF) has been known as an essential protein regulating
gene transcription and genome organization in higher eukaryotes
(reviewed in ref. ). With the initial finding that CTCF is highly
enriched at mammalian TAD borders”, efforts to understand how it
contributes TAD formation have surged. In brief, the consensus has
been that CTCF-dependent TAD formation is mediated by CTCF-
cohesin protein complexes that stall at TAD borders, together with
a ‘loop extrusion’ mechanism executed by free cohesins sliding
inside TADs" 7", At a molecular level, the loop-extrusion model
is supported by the discovery of how condensin, another structural
protein thought to play a role similar to that of cohesin in TAD for-
mation, translocates along DNA in an ATP-hydrolysis-dependent
manner”*’. Moreover, condensin has been found to directly manip-
ulate chromatin loops, transforming interphase chromatin to highly
condensed chromosomes during cell division*. On the other hand,
the cohesin-unloading factor Wings apart-like (Wapl) has been
found to play an antagonizing role, to prevent the association of
cohesins with the genomic loci where CTCF binds; thereby attenu-
ating contacts between TAD borders*-"". Together, these findings
indicate that the recruitment of cohesin to various loci is a balanced
procedure, enabling a correctly folded genome.
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Table 1| Genome sizes of various plant species and the
occurrence of TADs

Genomesize TADs References
(Mb)
Arabidopsis thaliana 120 No
Arabidopsis. lyrata 230 No
Oryza sativa (rice) 430 Yes 22
Setaria italica (foxtail millet) 490 Yes
Sorghum bicolor (sorghum) 770 Yes
Solanum lycopersicum 900 Yes
(tomato)
Gossypium hirsutum (cotton) 2,300 Yes
Zeamays (maize) 2,500 Yes

As expected, targeted degradation of the CTCF-cohesin com-
plex disturbs many TAD boundaries™-". Interestingly, even in the
absence of cohesin, alarge number of TADs are still present. Detailed
analyses indicate that these CTCF-cohesin-independent TADs cor-
relate to the compartmentalization of chromatin regions into active
and inactive spatial compartments, which is probably driven by
the transcriptional state of chromatin itself””". In a recent study,
Rowley and colleagues showed that transcriptional state is a major
predictor of Hi-C map patterns in both animals and Arabidopsis™.
Several lately published case studies support this notion that local
gene expression per se can act as a driving force shaping chroma-
tin domain formation. For instance, the establishment of TADs in
Drosophila zygotes coincides with local gene activation’. In another
example, transcriptional activation of a noncoding RNA is found to
trigger chromatin compartmentalization during T cell differentia-
tion, repositioning this noncoding RNA locus and its flanking chro-
matin from the nuclear lamina to the nuclear interior, which further
leads to enhancer-promoter interaction within this translocated
chromatin domain”. Furthermore, investigation in yeast favours a
model in which the self-interaction domains (similar to TADs) can
be explained by transcription-induced DNA supercoiling”.

In summary, there are two major independent mechanisms that
contribute to TAD formation in animals: the action of loop extru-
sion by cohesin and the pause of extrusion action by CTCF proteins,
and the spatial chromatin compartmentalization in accordance with
epigenomic landscape and transcriptional activity.

Chasing TADs in plants. The first Hi-C experiment in plants was
conducted on Arabidopsis thaliana to show how CCs were dif-
ferentially packed in wild type and mutant specimens®™. Later on,
detailed analyses of Arabidopsis Hi-C maps were reported by three
research groups, independently™**””. Surprisingly, TADs can hardly
be found in Arabidopsis chromosome arms, despite appearing to
be a prevalent structural feature of genome packing in many other
species. A possible explanation for this was the absence of canoni-
cal insulators, such as CTCE in plants'"’. Another possible reason
for not observing TADs in Arabidopsis could be technical—because
non-homogeneous, unsynchronized nuclei with different cell types,
endopolyploidy levels and cell cycle stages were harvested as the
input material for Hi-C, TADs that specifically form in one type
of nuclei might had been masked by the Hi-C patterns of the rest.
Nevertheless, investigation of a high-resolution Arabidopsis Hi-C
map (as the average of such a nuclear mixture) led to identifica-
tion of over 1,000 TAD-boundary-like and insulator-like regions™.
These regions possess similar properties to those of animal TAD
borders; where chromatin contacts over insulator-like regions are
much attenuated, and they are enriched for open chromatin and
highly expressed genes, which is in line with findings showing
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a strong correlation between active gene transcription and TAD
boundaries™""".

With efforts in expanding studies of plant Hi-C maps to multiple
crop species, one can conclude that TADs are common structures
in plants, while Arabidopsis is an exception. So far, Hi-C maps of
rice, foxtail millet, sorghum, tomato, cotton and maize have been
reported, and these genomes all display conspicuous TADs™ 611,
Like those in animals, plant TAD borders are enriched for active
genes and euchromatic histone marks associated with open chro-
matin®~**'"", In mammals, TAD distribution patterns are highly
conserved among different species”'", yet this is not the case for
plants™. As pointed out by Dong and colleagues, the lack of TAD
pattern conservation across plant species might be due to the
absence of CTCF protein, which is highly associated with borders
of conserved TAD boundaries in mammals™.

Interestingly, whether a plant species manifests TADs seems to be
related toits genomesize (Table 1). Amongall plantsknown for having
TAD structures, rice has the smallest genome size (roughly 430 Mb),
which is more than three times larger than that of Arabidopsis
thaliana (roughly 120 Mb). Additionally, based on our recent
Hi-C experiments on Arabidopsis lyrata (genome size: ~230 Mb),
a close relative of A.thaliana, we did not observe TADs either”.
Notably, TADs identified from high-resolution rice Hi-C maps tend
to be depleted from protein-coding genes and enriched for DNA
methylation™. As a negative correlation holds between genome
size and gene density, we speculate that plant genomes with lower
gene density (that is, larger genome size) are likely to display TADs,
reflecting the spatial separation of chromatin regions with contrast-
ing gene densities and/or epigenetic marks. It should be pointed out
that here we refer to an insulated plant chromatin region as ‘TAD’
if it has a size comparable to TADs identified in animals. In fact,
the pericentromeric chromatin in each Arabidopsis chromosome
can be considered as a ‘megaTAD’ (>5Mb), which is gene-poor
and heavily decorated with heterochromatic marks. Another pos-
sible factor explaining the absence of TADs in Arabidopsis might
be its smooth transcription density pattern in the linear genome.
Rowley and colleagues reported a strong correlation between high
transcription density and the occurrence of TAD borders in differ-
ent species”. Interestingly, Arabidopsis chromosome arms display a
uniform transcription density. However, a few TADs can be found
inside the pericentromeric regions, and their borders overlap with
sparse transcriptionally active loci.

Chromatin structure at the gene-body level. The formation of
a chromatin loop allows physical interaction between a regula-
tory element and its target gene regardless of their distance in the
genome. A large number of case studies in animals have demon-
strated the importance of having proper chromatin loop forma-
tion for precise transcriptional control. Accordingly, recent work
demonstrated the involvement of various plant chromatin loops in
diverse developmental processes (reviewed in refs ***). In addition,
analyses of a high-resolution Arabidopsis Hi-C map revealed the
presence of many chromatin loops connecting the 5’ end of a gene
to the corresponding gene body'* resembling the ‘gene globule’
model reported in yeast'*". Arabidopsis genes with such self-looping
structures tend to be more actively expressed than those without'*.
It is not clear if a causal relationship exists between gene loops and
active transcription.

An additional chromatin feature, called R-loops, has been
described in plants. R-loops consist of one-stranded DNA and a
DNA:RNA hybrid, and are functional structural units of chromatin
with wide distribution in the Arabidopsis genome'”. Pattern analy-
ses of the distribution of Arabidopsis R-loops suggest that they play
diverse roles in genome organization and gene regulation'”. For
example, an R-loop structure at the SEPALLATA3 locus was recently
shown to regulate splicing of the cognate mRNA (ref. ***).
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Certainly, nucleosome positioning and occupancy, dynamics of
histone variants, post-translational modifications of histones and
DNA methylation are all crucial factors influencing plant chroma-
tin structure and accessibility, as well as the expression of individual
genes (reviewed in refs '"*''?). Due to space constraints and the
focus of this work, however, how these factors are linked with local
chromatin structure is not discussed here.

Chromatin positioning in the nuclear space

A growing body of evidence shows that gene expression and tran-
scriptional activity is not only linked with local chromatin modifi-
cations (for example, chromatin accessibility and epigenetic marks),
but also the spatial localization within the nucleus (reviewed in
refs '*-1%). Different from the previous section that covered vari-
ous aspects of plant chromatin organizations, discussing how chro-
matin conformation affects itself (for example, information derived
from Hi-C), this section focuses on recent progress in understand-
ing plant chromatin positioning in the nuclear space, analysing
chromatin organizations with respect to different types of nuclear
compartments. Here, we discuss the specific association of plant
chromatin with two distinct regions in the nucleus: the nucleolus
and nuclear periphery.

Nucleolus. As a prominent organelle in the nuclear space, the
nucleolus has long been well known as a central hub of processing
ribosome biogenesis. Nucleoli also play roles in the 3D organiza-
tion of chromatin in the nucleus by serving as docking sites for cer-
tain chromatin, such as ribosomal RNA (rRNA) genes''*. In plants,
nucleoli are strongly associated with rRNA genes and the spatial
localisation of these genes with respect to nucleoli correlates to their
transcriptional status''”''*. Furthermore, Arabidopsis telomeres
physically associate with nucleoli, which are required for telomere
maintenance**'*"*",

In addition to rRNAs, other chromatin regions termed NADs
(nucleolus-associated domains) have been identified using genome-
wide approaches in mammals'?'*>. These NADs are enriched
with chromatin containing AT-rich sequence elements, low gene
density and transcriptionally repressed genes'””. A recent study
reporting genome-wide identification of NADs in Arabidopsis has
largely broadened our view on the role of plant nucleoli in chro-
matin organization'”. Pontvianne and colleagues isolated intact
nucleoli from Arabidopsis seedlings with a fluorescence-activated
cell sorting-based approach and analysed the associated DNA. In
addition to rRNA genes and telomeric regions, Arabidopsis NADs
were also highly enriched with transposable elements and inactive
protein-coding genes'”. These findings suggest that plant nucleoli
are involved in transcriptional regulation of many other genomic
loci in addition to rRNA genes. Proteome analysis of plant nucleoli
might further expand our understanding of the nucleoli’s role by
determining the identities of unknown proteins'*'*.

Nuclear periphery. The nuclear periphery (NP) not only serves as
a physical barrier separating nuclear content from the cytoplasm,
but also plays critical roles in modulating 3D chromatin structure.
At the NP, the nuclear lamina (consisting of lamins and other inter-
acting proteins) is a meshwork layer beneath the nuclear envelope.
In animals, nuclear lamins selectively tether lamina-associated
domains (LADs), most of which are heterochromatic, to the NP
to modulate gene expression (reviewed in refs '*'**). In contrast,
research of plant LADs is rather limited due to lack of knowledge of
the lamin counterparts in plants'**. Over the past few years, a group
of plant-specific proteins named CROWDED NUCLEI (CRWN)
have emerged as ‘plant lamina’ components'*'*. In addition, with
several newly discovered plant-specific proteins, such as KAKU4
(ref. ') and NEAPs (ref. "), the list of plant lamin candidates
has expanded. Apart from the nuclear lamina, nuclear pore com-
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plexes (NPCs) at the NP have been shown to participate in regu-
lating gene expression by interacting with chromatin (reviewed in
refs '*"*%). Plant NPCs are hypothesized to have comparable func-
tions in transcriptional regulation to NPCs in animals'*"*. This
is supported by a recent study showing that tethering genes artifi-
cially to plant NPCs can influence gene expression'*’. Additionally,
an Arabidopsis NPC member, NUP85, was reported to modulate
plants’ response to abscisic acid and salt stress, by interacting with
several mediator subunits required for gene transcription by RNA
polymerase II (ref. “*°).

Similarly to animals, the plant NP has been shown to be a dock-
ing station primarily for repressed chromatin. In Arabidopsis, het-
erochromatic CCs are preferentially located at the NP (refs ***7).
In addition to CCs, many repressed loci in Arabidopsis chromo-
some arms are also tethered specifically to the NP. As reported
in a recent study, Arabidopsis LADs are enriched with silenced
protein-coding genes, transposable element genes and het-
erochromatic marks'”. Interestingly, in many cases where CC
structures are disrupted, such as during mesophyll cell dediffer-
entiation, in response to low light or with mutations causing het-
erochromatin decondensation, chromatin regions belonging to
CCs still show an NP-enriched distribution pattern® "% This
implies that local genomic and epigenomic features of pericen-
tromeric chromatin can contribute NP tethering, regardless the
formation of CCs. In animals, methylation marks on the histone
H3K9 residue guide chromatin tethering to the NP (refs "-'*).
It would be interesting to test in plants if this histone mark, or other
heterochromatic marks, are involved in this process. Tethering
chromatin to the NP in animals also requires lamins'*'*, and
emerging evidence suggests that plant lamins play a similar role. In
Arabidopsis, loss of function in CRWNs causes pleiotropic changes
in nuclear morphology and genome organization, one of which
causes attenuated association between CCs and the NP (refs '7-'*"),
Additionally, the CC-NP association also requires members of the
linker of nucleoskeleton and cytoskeleton (LINC) complex'*.

It should be noted that specific chromatin positioning at the plant
NP might also be linked to active transcription. Artificial recruit-
ment of a reporter gene to the NP with an NPC member causes
transcriptional upregulation'*”. In another example, the Arabidopsis
CAB gene-cluster locus and several other light-inducible genes,
including RBCSIA, PC and GUNS, relocated from the nuclear
interior towards the NP, along with transcriptional activation, in
response to light stimuli'*'. It seems that transcriptional regulation
at the plant NP is more complex than simply be either suppress-
ing or promoting gene expression. Future work aiming to identify
potential transcription factors, chromatin remodelling factors and
other chromatin-associated factors that interact with the NP will be
critical to solving this puzzle.

In conclusion, plant chromatin organization at the local scale
turns out to be highly variable (for example, having or not having
TAD:s), and characterizing local chromatin structures in detail in
more plant species will provide useful insights into understanding
how these differences occur. On the other hand, similar to animals,
plant chromatin organization at the chromosomal scale seems to be
driven by the euchromatic and heterochromatic landscapes of the
genome, which give rise to patterns such as A/B chromatin com-
partmentalization.

Future directions

Understanding how plant genomes function in 3D is an excit-
ing question that attracts many plant scientists. At the moment,
much of the work concerning plant 3D genomes purely describes
structural patterns and correlations. We envisage that in the near
future, integrating various plant 3D chromatin structural features
into research addressing fundamental biological questions of plant
growth and development will be the main theme. Nevertheless, we
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still lack a comprehensive view of how plants’ 3D genomes are built
and how plant chromatin packing patterns interact with different
genomic and epigenomic features. Thanks to the development of
various techniques, nowadays we can easily adapt many of them to
plant materials. We expect that over the next a few years there will
be a wave of datasets (especially for crop species) describing plant
epigenomes and transcriptomes in the 3D context, serving as cru-
cial resources to identify key regulators of plant chromatin folding
and positioning.

In our view, the discovery of plant TADs has at least three
immediate implications. First, from a structural point of view; a
TAD-containing genome possesses a stronger extent of spatial
chromatin compartmentalization than those without TADs (such
as Arabidopsis). This spatial property can promote the ‘directional-
ity” and ‘specificity” of a genomic locus when it interacts with distant
neighbouring regions. Hence, observing a plant genome with TADs
would substantiate the demand of identifying remote cis-regulatory
elements to achieve a better understanding of gene regulation'”.
Secondly, detailed functional studies on plant TAD boundaries
might help us understand how plants achieve chromatin insulation,
which remains largely unknown. Our recent attempt at analysing
sequences enriched around rice TAD boundaries revealed a motif
recognized by plant-specific TCP transcription factors (named after
TEOSINTE-LIKE1, CYCLOIDEA, and PROLIFERATING CELL
FACTORI1)™. In addition, further motif analyses imply that plant
bZIP proteins can potentially contribute to rice TAD formation as
well (Supplementary Fig. 1). Thirdly, on increasing the sequenc-
ing depth, thousands of long-range chromatin loops that connect
TAD borders can be spotted from 1 kb resolution mammalian Hi-C
maps'®. So far, similar high-resolution Hi-C maps have not been
established in plants. To unveil details of how plant TAD borders
interact, as discussed by Dong and colleagues, it is worth increasing
sequencing depth specifically in these regions™.

In addition to transcription factors, here we highlight another
two emerging groups of factors involved in shaping plant 3D
genomes: polycomb repressive complexes (PRCs) and RNAs. PRCs
establish H3K27me3 patterns across the genome. Hi-C analyses in
Arabidopsis reveal a strong association of the H3K27me3 mark with
long-range chromatin interactions®*>#*%>>415 In animals, removal
of polycomb repression causes not only transcriptional dysregula-
tion, but also an altered chromatin interaction network, in which
physical chromatin interactions among H3K27me3-marked loci
are attenuated at a genome-wide scale (recently reviewed in ref. "*°).
Physical clustering of H3K27me3-marked chromatin, corre-
lated with gene silencing, has been showcased at specific loci in
Arabidopsis’. Considering the potential role of the plant PRCs
in shaping chromatin folding, it would be interesting to pur-
sue this direction to unveil mechanisms of PRCs in crop species,
which show rather different chromatin organization patterns to
that of Arabidopsis.

The effect of RNA molecules in scaffolding genome organization
has also received increasing attention'*"**. The work of genome-
wide characterization of R-loops in Arabidopsis might reflect a pos-
sible wide occurrence of chromatin-RNA interactions across plant
genomes'”. Drastic changes in heterochromatin organization have
been documented in a wide range of plant growth, development and
stress response processes (reviewed in refs *'*’). During such chro-
matin rewiring events, we expect an intense reprogramming of RNA
transcriptional regulation (with the majority at non-coding RNA
loci in heterochromatin). As proposed recently in a ‘cat’s cradling’
model'”, are local RNA transcriptional profile changes part of the
driving forces that determine how heterochromatin is reorganized?
Furthermore, which RNAs act as trans-regulatory elements to mod-
ulate chromatin structures? What are the identities of the chroma-
tin remodelling factors and/or other structural proteins involved?
Answering these questions will greatly advance our knowledge of
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nuclear structure, genome architecture and gene regulation, paving
the way towards understanding 3D plant genomes.

Code availability. Scripts generating plots in Fig. 2 and

Supplementary Figure 1 are available on request.
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Supplementary Fig. 1 Motif enrichment analysis of rice TAD borders. Scatter plot shows enrichment of motifs, which
are recognized by various plant transcription factors (position weight matrices are according to the Arabidopsis DAP-seq
dataset'®®), at rice TAD boundary regions. The fold enrichment of a motif is calculated as the relative density of this motif in a
5 kb region overlapping with TAD borders compared to that in 100 kb region flanking TAD borders. The presence of motifs in
query DNA sequences was determined by the * matchPWM function in the 'Biostrings’ package in R (ref. %), with the search
stringency set to 85%. To assess the statistical significance of the fold enrichment of a selected motif, a Monte Carlo procedure
with 1000 simulations was performed. In each simulation, a pool of 2000 5 kb regions, together with their 100 kb flanking
regions, were picked up randomly as ‘TAD borders’, which were subsequently scanned for the motif. All the dots with motifs
shown on right have empirical p-values less than 0.001.
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Marchantia TCP transcription factor activity
correlates with three-dimensional chromatin

structure

Ezgi Siiheyla Karaaslan ®', Nan Wang ®', Natalie Fai®', Yuyu Liang ®', Sean A. Montgomery ®?,
Sascha Laubinger?, Kenneth Wayne Berendzen ®', Frédéric Berger ®?, Holger Breuninger' and

Chang Liu®4

Information in the genome is not only encoded within sequence or epigenetic modifications, but is also found in how it folds in
three-dimensional space. The formation of self-interacting genomic regions, named topologically associated domains (TADs),
is known as a key feature of genome organization beyond the nucleosomal level. However, our understanding of the formation
and function of TADs in plants is extremely limited. Here we show that the genome of Marchantia polymorpha, a member of
a basal land plant lineage, exhibits TADs with epigenetic features similar to those of higher plants. By analysing various epi-
genetic marks across Marchantia TADs, we find that these regions generally represent interstitial heterochromatin and their
borders are enriched with Marchantia transcription factor TCP1. We also identify a type of TAD that we name ‘TCP1-rich TAD',
in which genomic regions are highly accessible and are densely bound by TCP1 proteins. Transcription of TCP1 target genes dif-
fers on the basis gene location, and those in TCP1-rich TADs clearly show a lower expression level. In tcpT mutant lines, neither
TCP1-bound TAD borders nor TCP1-rich TADs display drastically altered chromatin organization patterns, suggesting that, in
Marchantia, TCP1 is dispensable for TAD formation. However, we find that in tcpT mutants, genes residing in TCP1-rich TADs
have a greater extent of expression fold change as opposed to genes that do not belong to these TADs. Our results suggest that,
besides standing as spatial chromatin-packing modules, plant TADs function as nuclear microcompartments associated with

transcription factor activities.

high-throughput sequencing methods in the last decade has

enabled the discovery of key features of three-dimensional
(3D) genome organization'~. Of these, topologically associated
domains (TADs), revealed by using high-throughput chromo-
some conformation capture (Hi-C), stand as the most prominent
ones"”. TADs are architectural genomic interaction components in
the genome, which can be found as squares at the diagonal line in
a symmetric Hi-C map, or as triangles if only half of the map is
shown®*’. A characteristic of animal TADs is that they are insulated
chromatin regions whose borders are often occupied by insulator
proteins called CTCF®!*-",

TAD:s in animal genomes are not only chromatin-packing com-
partments, but also are involved in regulating critical processes,
including DNA replication and gene expression (reviewed in ref. ).
In mammals, TAD boundaries demarcate the range of enhancer
activity, suppressing non-specific inter-TAD chromatin interactions
that can potentially lead to enhancer misregulation and aberrant
gene expression'”'*. In some cases, disrupting TAD structure causes
ectopic expression of genes and spread of active and repressed
chromatin onto each other'*"". Besides having enhancer-promoter
interaction specificity, chromatin regions in the same TAD are
also associated with synchronized replication timing'*" and gene
expression co-regulation**",

On the basis of Hi-C analyses of many plant species, plant TADs
are not as predominant in the species analysed to date, compared

| he development of many high-resolution imaging and

with animal genomes. TADs are absent in Arabidopsis thaliana and
its close relative, Arabidopsis lyrata; however, two other cruciferous
plants, Brassica rapa and Brassica oleracea, show TADs along their
genomes™. Although TADs are absent in Arabidopsis, Hi-C analysis
revealed heterochromatic small interacting units that are enriched
with repressive histone marks, termed “TAD interior-like’ regions.
Unlike Arabidopsis, genomes of many crop species do possess
TADs***. This discrepancy between plant species has been specu-
lated to be linked to differences in genome size***. Arabidopsis has a
small genome with high gene density; on the contrary, crop species,
such as rice, tomato, maize and wheat, have larger genomes with
more evenly distributed, repetitive and longer intergenic regions.
These silenced regions located between active genes are likely to dis-
play TAD structures”-. In a recent study by Dong and colleagues
on five different crops, plant TADs were classified into four catego-
ries according to their distinct epigenetic features: active (accessible
chromatin), repressive (enriched in DNA methylation), polycomb
silenced (enriched in H3K27me3 mark) and an intermediate type
that lacks specific features”. In hexaploid wheat, TADs feature
depletion of genes in TAD bodies but enrichment of active genes
at TAD boundaries; moreover, genes located at wheat TAD bor-
ders tend to form chromatin loops™. Apart from annotating TADs
in various plant species, how plant TADs interact with transcrip-
tion factors is poorly studied. In our previous analyses of sequence
motifs associated with rice TADs, those recognized by bZIP
and TCP (TEOSINTE BRANCHED 1, CYCLOIDEA and PCF1)

'Center for Plant Molecular Biology (ZMBP), University of Tiibingen, Tubingen, Germany. Gregor Mendel Institute (GMI), Austrian Academy of Sciences,
Vienna BioCenter (VBC), Vienna, Austria. *Institute for Biology and Environmental Science, University of Oldenburg, Oldenburg, Germany. “Institute of
Biology, University of Hohenheim, Stuttgart, Germany. ®e-mail: chang liu@uni-hohenheim.de
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transcription factors were found to be enriched at TAD borders™.
However, it is unknown whether these plant transcription factors
play arole in TAD formation or function.

To gain more insight into the biological importance of plant
TADs, we investigated 3D chromatin organization patterns of a
recently assembled plant genome, Marchantia polymorpha*-°. We
chose this plant species for three reasons. First, Marchantia has a
relatively small genome (~220 megabases (Mb)), allowing the gen-
eration of high-resolution Hi-C maps with affordable sequencing
costs. Second, comparing Hi-C maps of this non-vascular plant with
those of vascular plants may reveal consensus features of chroma-
tin organization in the kingdom Plantae. Third, the well-known low
gene redundancy in the Marchantia genome can largely facilitate
functional studies on regulators of plant chromatin organization.

In this manuscript, we present detailed analyses of TADs at auto-
somes of the Marchantia genome. We show that they can be classified
into different types according to their epigenetic status. We report a
type of TAD decorated with Marchantia TCP1 transcription factors,
which we name “TCP1-rich TADs. Loss of function of TCPI, how-
ever, does not lead to drastic alteration in 3D chromatin organization
or TCP1-rich TAD structures. Nevertheless, in tcpl mutant, genes
located in TCP1-rich TADs exhibit larger changes in expression com-
pared to genes located outside these TADs. Our work reveals a type
of plant TAD that is heavily loaded with transcription factors, defin-
ing functional nuclear compartments that regulate gene expression.

Results

Characterization of TADs in Marchantia polymorpha. We gen-
erated high-resolution Hi-C maps of male Marchantia thalli from
two biological replicates (Supplementary Table 1). In a recent study,
we showed that at a chromosomal level, the sex and autosomes of
Marchantia had remarkably distinct features in linear genomic struc-
ture, epigenomic landscape and 3D chromosome organization™.
Thus, it is noteworthy that all analyses in this work were focused on
autosomes. Upon zooming into the diagonals of Marchantia Hi-C
maps, we found that a considerable fraction of the genome clearly
exhibited TADs (Fig. 1a). Visual inspection through all autosomes
indicated that Marchantia TADs are not directly next to each other,
which is a characteristic of animal TADs". Instead, similarly to those
in higher plants, there are non-TAD regions between TAD struc-
tures. We applied a previously established ‘arrowhead’ method to
scan the Hi-C maps"~’ and annotated 4,013 TADs (Supplementary
Table 2). These were scattered throughout all chromosomes, col-
lectively covering 40% of the genome (Supplementary Fig. 1). Upon
checking the average genomic and epigenomic features across these
TADs, we found that they clearly differed from their neighbour-
ing chromatin regions. In general, heterochromatic and euchro-
matic marks were highly enriched inside and in flanking regions
of TADs, respectively (Fig. 1b). Such features of chromatin states
at Marchantia TADs and TAD borders are similar to TADs anno-
tated in many other plant genomes, and we could also detect simi-
larities to the “TAD interior-like’ and “TAD border-like’ regions in
Arabidopsis thaliana”. In addition, Marchantia TADs were depleted
with genes; while their boundaries preferentially overlapped with
the transcription start sites (TSSs) or transcription termination
sites (TTSs) of genes (Fig. lc,d). Accordingly, TAD bodies were
enriched with various types of repeats and showed a high level of
DNA methylation (Fig. 1e and Supplementary Fig. 2). In summary,
Marchantia TADs were mainly scattered heterochromatin and/or
long intergenic regions along chromosomes, and they appeared as
self-organized structural modules in the nucleus.

Albeit that they were heterochromatic from their average profile,
Marchantia TADs were not a homogenous population. By looking
at the average DNA methylation ratio in individual TADs, we found
that they could be classified into at least two categories, in which
members were highly methylated throughout (mCG ratio ~0.8) or
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methylation-free (mCG ratiox0) (Fig. 1f). To gain more insight
into these subcategories of TADs, we arbitrarily annotated them as
‘mCG-poor’ (mCG ratio lower than 0.2), ‘mCG-rich’ (mCG ratio
higher than 0.6) and ‘mCG-intermediate’ (mCG ratio between 0.2
and 0.6) (Fig. 1f). As expected, besides being depleted with euchro-
matic marks, mCG-rich TADs were densely decorated with classic
heterochromatin marks (for example, H3K9mel and H3K27mel)
(Extended Data Fig. 1a). By computing interaction decay exponents,
which describe how fast chromatin interaction strengths drop with
increasing genomic distance, we found that the heterochromatic
mCG-rich TADs had more condensed chromatin organization than
the other two types (Fig. 1g). Interestingly, mCG-poor TADs showed
moderate depletion of active epigenetic marks and enrichment of
H3K27me3, suggesting that overall they were not highly active in
transcription (Extended Data Fig. 1a). Compared to whole-genome
gene expression profile, genes residing inside mCG-rich TADs
showed lower expression levels (Extended Data Fig. 1b). Notably,
both mCG-rich and mCG-poor TADs showed enrichment of acces-
sible chromatin at their borders, implying that the formation of
Marchantia TAD boundaries was linked to interactions between
boundary regions and unknown chromatin-interacting factors
(Extended Data Fig. 1c). As Marchantia TADs were not homoge-
neous, we decided to classify them according to recently published
datasets describing various Marchantia histone marks*’. Using this
approach, we classified TADs into eight clusters, among which
cluster 4 (enriched for H3K9ac and H2A.Z) and clusters 5 and 6
(enriched for H3K9mel and H3K27mel) collectively included over
60% of the annotated TADs (Fig. 1h and Extended Data Fig. 1d).
These three clusters account for the majority of a TAD group
annotated on the basis of DNA methylation level. Taken together,
Marchantia TADs are a mixed population of individual chromatin
regions with distinct epigenetic profiles.

Next, we asked if the TAD layout was associated with gene coex-
pression, as one would expect to find more frequent gene co-regulation
if a gene pair was located in the same TAD that promoted the pro-
moter contacts. In this regard, we generated coexpression matrices by
integrating transcriptome data of different Marchantia tissues at vari-
ous developmental stages (Extended Data Fig. 2a, see Methods). Due
to physical linkage and the sharing of cis-elements”~*’, genes abut-
ting each other in the linear genome (separated by less than 5kilo-
bases (kb)) showed a higher level of positive expression correlation
(Extended Data Fig. 2b). Apart from this, we found that TADs con-
tained more coexpressed gene pairs than expected (Extended Data
Fig. 2¢,d), suggesting that Marchantia TAD demarcation is a part of
the mechanisms underlying coexpression networks.

TCP1 protein is enriched at many TAD borders but dispens-
able for TAD formation. In animals, it is well established that
the CTCF insulator protein, along with cohesin, contributes TAD
formation through interacting with chromatin at TAD boundaries
(reviewed recently in refs. '"*"**). Previously, we showed that TAD
borders in the rice genome were enriched with a motif recognized
by plant-specific class I TCP transcription factors®. The Marchantia
genome encodes two TCP genes, TCP1 and TCP2, which belong to
class I and II clade, respectively** (Extended Data Fig. 3a). As
each Marchantia TCP has a highly conserved DNA-binding domain
compared to founding members in the same clade*** (Extended
Data Fig. 3b), we expected that they should recognize known con-
sensus DNA sequences identified in higher plants*~". Thus, hypoth-
esizing that plant TCP proteins are involved in TAD-boundary
formation, we examined how the TCP-binding motifs were distrib-
uted across Marchantia TAD borders. Both analyses with the motif
similarity measure or with the text-matching search indicated that
sequences recognized by TCP1 were clearly enriched in TAD bor-
der regions; whereas those recognized by TCP2 were marginally
enriched (Extended Data Fig. 3c-e and Supplementary Table 3).
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Fig. 1| Topologically associated chromatin domains at Marchantia autosomes. a, A snapshot of a Hi-C map of a 600-kb region at chromosome 2. Tracks
below the Hi-C map depict gene layout and chromatin domains enriched with various epigenetic marks. b-e, Distribution of average epigenetic features
across Marchantia TADs (green block). b, Distribution of histone marks across TADs. ¢, Protein-coding gene annotation around TADs. d, Distribution of
TSS and TTS around TAD borders. Inset: transcription directions of genes. e, Distribution of CG, CHG and CHH methylation across TADs. TADs (black
curves) shown in panels b, ¢ and e were linearly transformed to align their borders. Grey curves mean background, which was estimated by distributing
TADs randomly throughout the genome. Blue and red curves in d depict genes encoded on the Watson and Crick strand, respectively. Both 5" and 3"
borders of all TADs are aligned at the point ‘O". Note that features at the 3’ borders are flipped, so that their ‘inside TAD" and ‘outside TAD' regions match
those of the 5" borders. f, Distribution of CG DNA methylation levels of the TADs. g, Comparison of chromatin compactness in different types of TADs
using their interaction decay exponents. h, Classification of TADs according to epigenetic clustering (according to histone marks) and DNA methylation.

See Extended Data Fig. 1d for profiles of various histone marks in each cluster.

In addition, expression analyses suggested that TCPI was con-
stitutively transcribed in thalli, whereas TCP2 was not detectable
(Supplementary Fig. 3). These data suggested TCP1 as a potential
regulator of TADs, which prompted us to generate a TCP1 antibody
to perform ChIP-seq experiments for examining in vivo TCP1-
chromatin interactions (Extended Data Fig. 4a).

TCP1 showed extensive interactions with the Marchantia
genome. In total, about 11,600 regions among autosomes were iden-
tified as TCP1 peaks, which collectively covered around 11.8 Mb
(~5%) of the genome (Extended Data Fig. 4 and Supplementary
Table 4). Chromatin bound by TCP1 was highly enriched with
H2A.Z but depleted in heterochromatic marks, indicating that
this transcription factor did not interact with heterochromatin
(Extended Data Fig. 4d). We performed de novo sequence analysis

NATURE PLANTS | www.nature.com/hatureplants

to reveal motifs enriched in TCP1 peaks. As expected, of all the
motifs identified, the one resembling the canonical sequence motif
recognized by class I TCP proteins in higher plants showed the
most robust enrichment at the centre of the TCP1 peak regions
(Supplementary Fig. 4 and Supplementary Table 5). Upon exam-
ining the TCP1 peak distribution at TADs, we found that TCP1
was enriched at TAD borders (Fig. 2a). Among all the 4,013 identi-
fied TADs, 1,164 (29%) had a TCP1 peak nearby (within 1kb) or
overlapping with it; while 499 (12%) had both borders associated
with TCP1. In addition, more TCP1 ChIP-seq peaks than expected
were associated with TAD borders (Fig. 2b). These observations
revealed noticeable overlap between demarcation of Marchantia
TADs and TCP1. Regarding individual genes, TCP1 could
interact with both highly and lowly expressed genes, suggesting a
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In this regard, we annotated a TAD border as ‘TCP1-bound' if there was at least one TCP1 ChIP-seq peak within +1kb. In total, n=1180 such regions fulfilled

this criterion and were included in the box plots. For all groups of box plots, the P values of the comparison between wild type and mutant are larger than 0.01
according to two-sided Mann-Whitney U-tests. The box plots in b and e indicate the median (line within the box), the lower and upper quartiles (box), margined
by the largest and smallest data points that are still within the interval of 1.5 times the interquartile range from the box (whiskers); outliers are not shown.

complex association between TCP1 and gene expression (Fig. 2¢).
Interestingly, for TCP1 target genes that were moderately to highly
expressed, TCP1 primarily bound to their TSSs and/or TTSs; while
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for those that had low expression or were silenced, TCP1 tended
to interact through their gene bodies (Fig. 2¢), implying different
modes of transcriptional regulation by TCP1.
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mutually exclusive, are highlighted in green or red, respectively. This Hi-C map is derived from the same dataset shown in Fig. 1. The identified peaks

of TCP1 ChlP-seq data and accessible chromatin regions from ATAC-seq data

are shown as red segments in each track accordingly. DNA methylation

data was from Schmid et al.””. b, Density plot of the percentage of regions in TADs bound by TCP1. The grey curve depicts background, in which TADs
are randomly assigned to the genome. The P value indicates the two-sided Mann-W hitney U-test result. ¢, Distribution of TCP1-rich TADs (blue) among
TAD categories defined according to DNA methylation. d, Distribution of TCP1-rich TADs among TAD clusters according to histone marks. Details of the

epigenetic profiling of each TAD cluster are shown in Extended Data Fig. 1d.

Next, we used CRISPR-Cas9 gene editing to assess the impact of
loss of TCP1 on TAD structure. Consistent with a recent report, our
tepl knockout mutants showed a reduced growth rate and gradu-
ally developed curly thallus lobes™ (Supplementary Fig. 5). All these
growth defects could be fully complemented with a 6.8-kb genomic
fragment containing the TCP1I locus (Supplementary Fig. 5). Next,
to assess potential roles of TCP1 in 3D genome organization, we
generated two Hi-C datasets corresponding to two independent
tep1 linesand one more Hi-C dataset from Tak-1 plants, which were
cultured together with the mutants. At a chromosomal scale, tcpl
mutant Hi-C maps displayed highly similar A/B compartment pat-
terns to those of wild-type plants, suggesting the absence of marked
changes in genome organization (Supplementary Fig. 6). Regarding
local chromatin interactions, we examined whether the tcpl Hi-C
map showed changes in TADs having TCP1 associated with their
borders. However, manual inspection of Hi-C maps of two inde-
pendent tcpl mutant lines did not reveal conspicuous changes in
their TAD patterns (Fig. 2d). A quantitative comparison of insula-
tion scores™', which measure the degree of chromatin insulation at
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a given genomic region, showed that loss of TCPI did not result
in a systematic change in insulation scores in these TAD borders
(Fig. 2e). Nevertheless, when changes in insulation scores for
TCP1-bound TAD borders were compared with those of TCP1-free
TAD borders, statistical nuances were found (Extended Data Fig. 5a).
However, visual inspection of average chromatin contact patterns
around TCP1-bound TAD borders did not reveal any clear altera-
tion in the mutants (Extended Data Fig. 5b). We speculated that
changes in the transcription of TCP1-bound genes at TAD borders
contributed to the subtle differences in the Hi-C maps, as gene tran-
scription state per se has recently been demonstrated as a strong
predictor of Hi-C patterns™. Overall, neither of the two tcp 1 mutant
lines exhibited drastic changes in TCP1-bound TAD borders,
implying that TCP1 is dispensable for TAD structure in Marchantia.

Some mCG-poor TAD bodies have intensive interactions with
TCP1. Manual inspection of TCP1 ChIP-seq peaks and Hi-C maps
revealed a type of TAD that displayed dense TCP1-chromatin inter-
actions (Fig. 3a). Across the Marchantia genome, this type of TAD,
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Fig. 4 | TCP1-rich TADs are part of TCP1protein speckles in the nucleus. a,b, Inmunostaining of TCP1 with anti-TCP1 antibodies: wild-type nucleus (Tak-1)
(a); TCP1knockout nucleus (b). c-f, Spatial localization of TCP1 proteins and selected TCP-rich TADs. The Hi-C maps, TCP1 ChlP-seq signals and combined
immunostaining and FISH data are shown for one TCP1-rich TAD at chromosome 5 (¢,d) and another at chromosome 2 (e f), in which the TAD region marked
with a blue segment is labelled for FISH. Arrowheads in d and f point to FISH signals. Figure labels in € and e are the same as in Fig. 3a. Note that the Hi-C
maps are derived from the same dataset shown in Fig. 1. Images in a, b, d and f are representatives from two independent experiments with similar patterns.

which showed considerable overlap with TCP1 ChIP-seq peaks,
occurred more often than by chance (Fig. 3b). To further character-
ize these TADs, we arbitrarily named those with at least 20% of a
TAD body covered by TCP1 peaks as “TCP1-rich’ TADs. In total,
456 TCP1-rich TADs were identified (Supplementary Table 2).
Notably, TCP1-rich TADs almost exclusively belonged to the
mCG-poor TAD category according to DNA methylation, or to
‘cluster 4" according to histone marks (Fig. 3c,d). Compared to
other TADs, members in cluster 4 had higher levels of H3K9ac and
H2A.Z across TAD bodies (Extended Data Fig. 1d). Next, we used
immunostaining of TCP1 coupled with FISH (fluorescence in situ
hybridization) to examine the spatial localization of TCP1 pro-
teins and TCP1-rich TADs. In the nucleus, TCP1 proteins were not
evenly distributed throughout the nucleoplasm; instead, they exhib-
ited a speckled pattern (Fig. 4a,b). In addition, we observed that
TCP1-rich TADs were localized in TCP1 protein speckles (Fig. 4c-f).
Compared with other members in the mCG-poor TAD category,
TCPI1-rich TADs had different epigenetic landscapes but compa-
rable chromatin accessibility and other genomic features (Extended
Data Fig. 6). In particular, TCP1-rich TADs were depleted with
active euchromatin marks, including H3K4mel, H3K4me3 and
H3K36me3; however, they were also depleted with H3K27me3,
which was a hallmark of silenced protein-coding genes (Extended
Data Fig. 6a). These patterns suggest that TCP1-rich TADs define a
type of chromatin domain with different transcriptional regulatory
regimes in comparison to other TADs.

Approximately 22.6% of TCP1 target regions were located inside
TCPI1-rich TADs (Fig. 5a). By checking the TCP1 ChIP-seq data
across TCP1-rich TADs, we found a sharp transition of TCP-chro-
matin interaction strength at these TAD borders (Fig. 5b), implying
possible feedback between TCP1-chromatin interactions and the
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establishment of TCP1-rich TADs. TCP1-chromatin interactions
located inside TCP1-rich TADs appeared to be different from those
outside. Among all identified TCP1 ChIP-seq peaks, those located
in TCP1-rich TADs were much broader, and they were separated by
smaller distances (calculated on the basis of the midpoints of peaks)
(Fig. 5¢,d), suggesting that TCP1-rich TADs defined chromatin
domains with enhanced TCP1-chromatin interactions. In both tcp 1
knockout lines, we found a systematic shift of arrowhead scores'
(that is, a quantitative measurement to identity TADs on Hi-C
maps) of TCP1-rich TADs toward lower values; as a control, such
changes were not observed among “TCP-free’ TADs belonging to
the mCG-poor TADs category (Fig. 5¢). However, this statistically
significant change in fcpl did not manifest structural alteration of
TCP1-rich TADs, as their chromatin interaction patterns still highly
resembled that of Tak-1 (Fig. 5f). Thus, albeit that it was linked to
many TAD borders (Fig. 2) and TCP1-rich TADs (Fig. 5), TCP1
appears to be dispensable for TADs formation in Marchantia.

TCP1-rich TADs provide a repressive environment for gene
expression. As mentioned above, TCP1 could directly bind to
both active and repressed genes (Fig. 2c). Interestingly, TCP1 tar-
get genes located in TCPI-rich TADs were significantly less actively
expressed than those distributed elsewhere in the genome (Fig. 6a,b).
This correlated with our observation that TCP1-rich TADs were
depleted with H3K36me3 modification (Extended Data Fig. 6a),
which has recently been shown as a histone mark that correlates
positively to gene expression®’, suggesting that TCP1 proteins are
associated with a repressive environment in TCP1-rich TADs.
Next, we compared the fcp1 mutant transcriptome to that of wild
type to gain insights into how gene expression, and particularly
with respect to TCP1-rich TADs, was affected. We found that genes

NATURE PLANTS | www

nature.com/hatureplants



3 Marchantia TCP transcription factor activity correlates with 3D chromatin structure

a b 404
Location of TCP1 ChiP-seq peaks .
TCP1-rich TADs g_g, 3.0 4
a 4
o
Iy
E 2.0
Other * 1.0 1 T T T T
=20 0 0 20 kb
€ d € 1 Tak-1 ®no. 18-1 Wno.24-8
P=016 P=1.1x10"
3,000 P=44x10"% . P=56x10"" . P=—U‘O11 sy
3 4 g s T T
£ 23 3 TTTOHG
£ b 83 ° HE ) .
g i g8 10+ g1o4: i
& 1,500 ' .E _g’ < .
5 - g8f | — =L B
o % 54 { E HE] o
o | ’ E 2 _ < o5 ! I
0 - T T 0 — T T T T T T
TCP1-rich Other TCP1-rich  Other TCP1-free  TCP1-rich
TADs TADs TADs TADs
f o2 20 20 25
204 8
0 0 0 ]
151 8
=3
o
1.0
0 0 0 -g
0.5 @
a
—20 (kb) —20 (kb) ~20 (kb) 0

—20 (kb) 0 0 20 —20 (kb) 0

[ 20 —20 (kb) 0 0 20

Fig. 5 | Characteristics of TCP1-rich TADs concerning TCP1-chromatin interactions. a, Pie chart showing the distribution of TCP1 ChIP-seq peaks.

b, Profiling of TCP1-chromatin interactions across TCP1-rich TADs. The light green area depicts TADs, borders of which are aligned and marked as ‘0".
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times the interquartile range from the box (whiskers); outliers are not shown.

having extensive interactions with TCP1 (that is, a considerable
fraction of a gene body overlapped with TCP1 peaks) tended to
become upregulated in tcpl (Extended Data Fig. 7a). At a genomic
level, TCP1 target genes showed a larger extent in expression
change than did genes not bound by TCP1 (Extended Data Fig. 7b).
Interestingly, the extent of gene expression change in TCP1 target
genes was also associated with the 3D genomic location. Upon
grouping TCP1 target genes according to whether or with which
type of TAD they overlapped, we found that those residing in
TCP1-rich TADs showed the largest variance in gene expression
change (Fig. 6¢). It should be noted that a large number of TCP1
non-target genes had differential expression in fcpl thalli. In fact,
the majority of differentially expressed genes in fcpl mutants were
TCP1 non-targets. Among 1,595 and 760 up- and downregulated
genes in the mutants, only 37.9% (605/1,595) and 29.2% (222/760)
were bound by TCPI, respectively (Supplementary Table 6), indicat-
ing that changes in the tcp1 transcriptome mainly reflected indirect
effects of loss of TCPI. Not only TCP1 target genes in TCP1-rich
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TADs, but also TCP1 non-target genes residing in these TADs were
affected by the absence of TCP1. For TCP1 non-targets, we found
more differentially expressed genes located in TCP1-rich TADs than
by chance (Extended Data Fig. 7¢,d). Additionally, TCP1 non-target
genes overlapping with TCP1-rich TADs showed a larger change
in expression than the rest (Fig. 6d). Thus, regardless of whether
or not they are bound by TCP1, genes in TCP1-rich TADs had a
larger degree of expression change in tcpl than genes elsewhere in
the genome.

Discussion

In this study, we provide an overall look at the 3D organization of
autosomes in Marchantia. Our Marchantia TADs annotation, like
all other TAD identification done on various animal and plant
genomes, is solely based on a structural perspective. Although
appearing visually identical on the Hi-C maps, different types
of Marchantia TADs were identified on the basis of their distinct
epigenetic profiles (Extended Data Fig. 1), suggesting that they
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have different underlying mechanisms of functional regulation.
Identification of different groups of Marchantia TADs is in corre-
lation with recent work from Dong and colleagues, who pointed
out that structural domains (named ‘TAD-like’ regions in their
work) in several crop genomes could be classified into groups, each
bearing distinct epigenomic decorations®. In our view, it is rec-
ommended that the term ‘plant TAD’ is only used for describing
chromatin domains exclusively from a structural point of view. As
plant genomes presumably contain diverse TADs, we think that it is
necessary to categorize them first rather than taking all TADs as a
whole for downstream pattern analysis.

In this study, we report a new type of TAD (TCP1-rich) (Fig. 3).
Although these TADs are rather depleted of repressive epigenetic
marks, genes targeted by TCP1 and located in TCP1-rich TADs
show lower expression levels compared to the other TCP1 target
genes (Fig. 6a,b). Furthermore, among differentially expressed
TCP1 target genes located in TCP1-rich TADs, 80% (114 out of
141) are upregulated in tcpl, which is higher than the percentage
of the rest TCP1 target genes (Supplementary Table 6). These data
indicate that the TCP1 proteins in TCP1-rich TADs predominately
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function as repressors. Probably, extensive TCP1-chromatin inter-
actions over gene bodies influence how a TCP1 target gene is acces-
sible to other transcription factors (TFs) or transcription cofactors,
resulting in transcriptional suppression. Besides, the formation
of these TADs containing highly concentrated TCP1 underpins a
dosage-dependent transcriptional regulatory mechanism™. A simi-
lar example in plants was reported on the WUSCHEL (WUS) gene,
by which higher and lower WUS concentration at its target gene
(CLAVATA3) promoter resulted in gene repression and activation,
respectively™. We speculate that, in fcpl, the absence of extensive
TCP1-chromatin interactions eventually resulted in an overall
upregulation of genes located inside TCP1-rich TADs.

At the moment, we do not know if the formation of TCP1 protein
speckles is dependent on TCP1-rich TADs. Notably, the N-terminal
region of TCP1 protein contains a long stretch of intrinsically dis-
ordered region (IDR) that is rich in glycine and proline residues.
IDRs are known to mediate multivalent interactions, which pro-
mote the coalescence of IDR-containing proteins™. We speculate
that in some preformed TAD structures, chromatin folding brings
multiple TCP1 target regions into physical proximity, and, together
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with the help of IDRs, the locally concentrated TCP1 proteins are
prone to form protein bodies. In higher plants, many TCP proteins,
such as Arabidopsis TCP8, TCP14 and TCP24, and rice TCP9, have
been shown to display nuclear speckles™**. According to our recent
survey of IDRs in plants, all three of these Arabidopsis TCP proteins
possess IDRs (ref. @), while the presence of IDRs in the rice TCP9
can be revealed with online IDR prediction®’. It would be intriguing
to study how IDRs in these proteins can potentially modulate pro-
tein distribution and protein-chromatin interaction patterns.

In this study, we demonstrate that the sole homologue of TCP
class Iin Marchantia occupies many TAD borders and “TCP1-rich’
TADs. In the tcpl mutants, the absence of TCPI did not lead to
drastic changes in TAD structures (Figs. 2e and 5f). Still, in com-
parison with the regions without TCP1 binding, changes in chro-
matin interactions in TCP1-bound TADs or TAD borders were
observed, although these changes were subtle (Fig. 5¢ and Extended
Data Fig. 5). According to studies on various animal models, TAD
formation is contributed to by multiple factors, such as architectural
protein complexes, epigenetic decoration on chromatin and gene
expression (recently reviewed in ref. '*). In our opinion, fcpl mutant
Hi-C maps do not support our hypothesis that TCP1 functions as an
architectural protein for TAD formation; instead, the subtle changes
of chromatin interaction patterns in TCP1-bound regions largely
reflect changes in gene expression. Due to the following two argu-
ments, however, we cannot completely rule out the possibility that
TCP1 functions as a structural protein. First, TCP2 might function
as a redundant factor. However, our ongoing work shows that the
tepl tcp2 double mutants do not display synergistic growth defects,
and they phenocopy fcpl single mutant at the thallus growth stage
(E.S.K., manuscript in preparation). If TCPs play redundant roles
in TAD formation, we expect that Marchantia double mutant tcp1
tcp2, devoid of TCP genes, develops distinct phenotypes compared
to each single mutant. Also, TCP2 (Mp1g19590) was not upregu-
lated by tcp1, implying that there was no compensation on a tran-
scriptional level (Supplementary Table 6). Second, it is possible that
collective activities of TCP1 and other TFs contribute to TAD struc-
ture. Our motif analysis revealed that, like TCP1-binding motifs,
additional motifs recognized by other TFs were enriched at TAD
borders as well (Extended Data Fig. 8a and Supplementary Table 3).
Most of these additionally enriched motifs correlated to members
from the BBR/BPC and bHLH TF family (Extended Data Fig. 8a).

Among the mCG-poor TADs, only around 30% were clas-
sified as TCP1-rich (Fig. 3¢). Importantly, the remaining 70%
non-TCP1-rich, mCG-poor TADs have similar chromatin accessi-
bility, like TCP1-rich TADs (Extended Data Fig. 6b). These obser-
vations suggest a possibility that other types of TFs or regulatory
factors have intensive interactions with these TADs. Supporting
this point, motifs bound by BBR/BPC and C2C2-Gata TFs showed
higher densities within mCG-poor TADs (Extended Data Fig. 8b
and Supplementary Table 3). Notably, the BBR/BPC motifs stood
out from our analyses on both TAD borders and mCG-poor TAD
bodies (Extended Data Fig. 8). BBR/BPC proteins are plant-specific
TFs recognizing (GA/TC), repeats™. This motif has been shown
to be enriched in promoter regions of the Arabidopsis genome®.
The single corresponding Marchantia BBR/BPC homologue in the
Tak-1 genome (MpVg00350) appears to be a good candidate for
investigation to uncover new ‘TF-rich’ TADs via examining chro-
matin interaction patterns.

It is noteworthy that “TF-rich® TADs have not been reported in
animals; this phenomenon might be plant-specific (note that the
TCP proteins are only found in the plant kingdom). It is unknown
whether certain TADs in higher plants are heavily loaded with TFs,
and therefore would be analogous to the Marchantia TCP1-rich
TADs described in this study. We envisage that, in the near future,
this point will be clarified by association studies that integrate TF-
chromatin binding and 3D genome organization patterns.

NATURE PLANTS | www.nature.com/hatureplants

Methods

Plant material. Marchantia polymorpha Tak-1 gemmae were cultured on
half-strength B5 medium supplemented with 1% sucrose. The condition for
growing gemmae was set to be long-day (16h light and 8 h dark, 3,000 lux),
and the temperature was maintained at 22 °C. Two-week-old thalli were used
for all experiments performed in this study. Agrobacterium-mediated spore
transformation was done as previously described™.

Cloning and plasmids. The established CRISPR-Cas9-mediated
mutagenesis system in Marchantia®* was used to generate TCP1 mutant
lines. Two different single guide RNAs (sgRNAs) were used in a single
vector: sgRNAL: 5'-GACAGGCACACGAAGGTCGA-3' and sgRNA2:
5-GATTGGTTAAATGATAAGCG-3', which targeted PAM sites upstream
of TCP1 DNA-binding domain and downstream of TCP1 stop codon,
respectively. To genotype the mutant lines with deletion, the following
primer sequences were used: 5'-AGGCACAGCAGGGAAGTATG-3’ and
5-TGCCTCTCGTCCTCTCTACTTCTC-3". Among the transgenic plants,
only mutants showing a deletion between the two sgRNA sites and in Tak-1
background were selected for further experiments.

To construct the TCPI complementation construct, a genomic fragment DNA
containing the TCP1 locus plus its 4.7-kb upstream region was amplified with
oligonudleotides 5'-ACGAGACTGATTCGGTTCTT-3' and 5'-TTACTGCGAGC
TAGTGGGATCGT-3'. Next, the DNA fragments were mutagenized with

GTT-3" and 5'-CGACATACCAAGGTGGATGGAAGGGGCAGGAGGAT-3', by
which silent mutations were introduced to prevent it from being recognized by
sgRNAL Finally, this DNA fragment was cloned into pMpGWB301 (ref. *) and
was used to rescue tcpl knockout mutants.

To construct the p TCP:GFP lines, promoters were amplified with the
following oligonucleotides: for TCPI, 5’ -CACGAGACTGATTCGGTTCTT-3
and 5'-TCAGCTATCCAGTGTTTCATT-3', for TCP2,
5'-TACTTTGAT TGCTGACTGGAT-3" and 5'-CACATGGCATATGAGCC GGA-
3'. Then, these promoter fragments, together with a GFP fragment, were cloned
into pMpGWBI101 and transformed into the spores.

In situ Hi-C and data processing. The in situ Hi-C library preparation was
performed essentially as described”. For each replicate, around 0.5 g of fixed
thalli were homogenized for nuclei isolation. The libraries were sequenced on

an [llumina HiSeq 3000 instrument with 2 150-base pair (bp) reads. Reads
mapping, removal of PCR duplicates and reads filtering were performed as
described”’. Hi-C reads of each sample are summarized in Supplementary Table 1.
Hi-C map normalization was done according to our previous rice Hi-C study by
using an iterative matrix correction function in the ‘HiTC’ package in R

(refs. #**). For wild-type Hi-C data presented in Figs. 1, 3 and 4, and their
associated extended data and supplementary figures, the two replicates were
merged and used to generate Hi-C maps. For Hi-C maps presented in Figs. 2

and 5, and their associated extended data and supplementary figures, Hi-C maps
were generated from one replicate. For all Hi-C maps, the iterative normalization
process was stopped when the eps value, which reflected how similar the matrices
in two consecutive correction steps were, dropped below 1 x 107 Normalization
was performed on each Tak-1 autosome separately at 2-kb resolution for all
samples. In this study, three sets of Tak-1 Hi-C data were generated. Two of

them were used for TAD annotation and characterization; the third was from
plants grown along with fcpI mutants, and this single Tak-1 dataset was used for
comparisons with the mutant Hi-C data.

TAD calling and categorization. Our visual inspection of Marchantia TAD
patterns indicated that they were not distributed in a side-by-side manner. Thus,
we chose to use the ‘arrowhead’ algorithm'* for TAD calling, which suited with the
rice genome that exhibited a similar TAD layout™. As described previously, changes
in parameters for filtering the TAD score matrix and for selecting potential TAD
borders could affect TAD-calling sensitivity”. In this study, we set the cut-off for
the TAD score matrix as 0.95, the minimum number of filtered pixels belonging
to a potential TAD as 8 and the minimum TAD score of pixels at TAD borders

as 1.05. For TAD annotation, the CG methylation ratio of individual TADs and
the fraction of regions overlapping with TCP1 ChIP-seq peaks were calculated.
Recently reported whole-genome bisulfite sequencing data of Tak-1 thalli*’ were
used to calculate DNA methylation ratios in TADs. We arbitrarily used CG
methylation ratios of 0.2 and 0.6 to classify TADs, with TADs having average

CG methylation ratios less than 0.2 or more than 0.6 being termed ‘mCG-poor’
and ‘mCG-rich] respectively. The rest of the TADs having CG methylation ratios
between 0.2 and 0.6 were termed ‘mCG-intermediate’ The computation of
interaction decay exponents of each type of TAD was performed as described”.
The k-means clustering of TADs was performed essentially as described by taking
TAD regions as the input*™.

Independent from its epigenetic profiling, a TAD was annotated as “TCP1-rich’
if over 20% of its chromatin region overlapped with TCP1 ChIP-seq peaks. Details
of TAD coordinates and their annotation concerning DNA methylation and TCP1
binding can be found in Supplementary Table 2.
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Motif analysis. De novo motif analysis was performed with MEME software v.4.11.2
(ref. ). We randomly selected 2,000 of the TCP1-enriched regions and used their
central 300-bp sequences as the input for motif identification. The motif search was
conducted using a ‘zoop’ model (zero or one occurrence per sequence), and the
motif length was set between 4 and 12bp. The search was stopped when the E value
(number of expected motifs found by chance) of an identified motif was above 0.05.
Details of the identified motifs can be found in Supplementary Table 5.

Motif scan of enquiry DNA sequences for a given motif was done by using the
‘matchPWM’ function in the ‘Biostrings’ package in R. This approach was applied
to reveal the occurrence of hundreds of known plant transcription factor-binding
sites around TAD borders (Extended Data Fig. 3¢), in which motif position weight
matrices were determined previously*". For the analyses shown in Supplementary
Fig. 4, the motif position weight matrices were obtained from the de novo motif
search mentioned above, details of which can be found in Supplementary Table 7.

RNA-seq library preparation and analysis. Total RNA was isolated from
wild-type and tcpl mutant thalli with RNeasy Plant Mini Kit (Qiagen). Libraries
of each genotype were prepared with three biological replicates as described™.
RNA-seq reads were aligned against the Tak-1 v5 genome using TopHat 2

(v.2.1.1) with default parameters ™, and were further assigned to genes using the
GenomicAlignments package™ in R. Differentially expressed genes were identified
with the DESeq2 package " in R. We used criteria of false discovery rate smaller
than 0.01 and expression fold change more than 3 to call up- and downregulated
genes. Details of the reads count table, gene expression measurement (in reads per
kilobase per million mapped reads) and differentially expressed genes can be found
in Supplementary Table 6.

Coexpression analysis. Coexpression correlation was computed essentially
according to Contreras-Lopez et al.” In addition to the RNA-seq data of Tak-1
thalli that we generated in this study, a list of public transcriptomic datasets of
various wild-type Marchantia tissues under normal growth conditions were
included (see Data availability). Pearson’s correlation coefficients of all gene pairs
in each chromosome were calculated in R, and those with g values smaller than
0.05 were identified as coexpressed gene pairs.

ChIP-seq library preparation and analysis. Anti-TCP1 antibodies were raised
using a synthesized peptide SKGGIRKRARPGSS that corresponded to Marchantia
TCP1 protein sequence. The peptide was injected into rabbits, from which the
antisera were verified and affinity purified (BioGenes).

For ChIP-seq experiment, tissue fixation and nuclei isolation were performed
as in the in situ Hi-C protocol, and the subsequent steps were performed mainly
according to our previous study . The isolated chromatin was sonicated with
a Covaris E220 instrument to achieve an average fragment size of 400bp. After
sonication, chromatin was divided into two equal aliquots, and was incubated with
1 pg ml™" of rabbit IgG (Abcam, ab37415, lot no. GR3219601-1) or affinity-purified
anti-TCPI antibody, respectively. After incubation, 10 pl protein A/G magnetic
beads (Pierce) were added to each tube to recover chromatin associated with
antibodies. DNA recovery and library preparation were as described™’.

For ChIP-seq analysis, reads were aligned against the Tak-1 v5 reference
genome using Bowtie 2 v.2.2.4 (ref. ) with a ‘very sensitive’ mapping mode. ChIP-
seq peak calling was done with MACS2 v.2.1.1 (ref. ') using default settings and
the reads from IgG pulldown were used as control. The enriched chromatin regions
obtained from two biological replicates of wild-type Tak-1 thalli were compared,
after which overlapping regions were annotated as TCP1 ChIP-seq peaks. Details
of ChIP-seq peaks, as well as peak-calling results of individual replicates, can be
found in Supplementary Table 4.

ATAC-seq library preparation and analysis. ATAC-seq was performed with two
biological replicates. For each replicate, 20,000 DAPI-stained nuclei were collected
via a MoFlo XDP FACS instrument (Beckman Coulter) as described’'. The nuclei
were processed to generate ATAC-seq libraries according to our established
pipeline for Arabidopsis”. After sequencing, ATAC-seq reads were aligned against
the Tak-1 v5 reference genome with Bowtie 2 v.2.2.4 (ref. ) with a ‘very sensitive’
mapping mode. An ATAC-seq coverage file was generated by using the bedtools
multicov command in BEDTools v.2.26.0 (ref. **), with which the sorted bam
mapping files were used as input. ATAC-seq peaks were identified with MACS2
(ref. ") using settings as ‘nomodel --shift --50 --extsize 100 --keep-dup=1} and
peaks with a false discovery rate smaller than 0.05 were retained. ATAC-seq peaks
can be found in Supplementary Table 8.

Combined FISH and i hi aining. The es of
selected TADs were amplified as tiling fragmenls, each with Iength around 8kb,
with oligonucleotides as listed in Supplementary Table 9. The PCR products
corresponding to one TAD were mixed equally and labelled with digoxigenin-
11-dUTP using the Nick Translation Kit (Roche Applied Science) according to the
manufacturer’s instructions.

Combined FISH and immunohistostaining were performed according to
Hu et al. with minor changes™. Briefly, for antigen retrieval, slides with nuclei
were treated for 10 min in a microwave oven at 700 W in 10 mM sodium citrate
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at pH 6.0. For DNA probe hybridization, the nuclei were incubated in 5ul
hybridization mix containing 25ng DIG-labelled probe at 37°C overnight. On the
next day, the nuclei were blocked with blocking buffer (5% BSA in 4x SSC with
0.2% Tween-20) for 10 min at room temperature, which was followed by primary
antibody incubation for 1h at 37°C. The primary antibody solution consisted

of anti-DIG Alexa Fluor 488 (R&D System, catalogue no. IC7520G, 1:10 dilution)
and anti-TCP1 (1:100 dilution) diluted in blocking buffer. The nuclei were washed
and then incubated with goat anti-rabbit Alexa Fluor 546-conjugated antibody
(ThermoFisher Scientific, catalogue no. A-11035, 1:150 dilution) for 1h at 37 °C.
Washing was performed with TBS-T (100mM Tris-HCl at pH 7.5, 150 mM NaCl,
0.1% Tween) for 10 min three times after primary and secondary antibody binding.
Finally, nuclei were counterstained with DAPI (1 pgml™) in 2x SSC buffer.

Fl

py and image p g. All confocal image acquisitions
of nuclei were performed on an LSM 880 confocal laser scanning microscope
(Zeiss) Airyscan system equipped with a X63/1.4 numerical aperture water
objective and processed using Image] (NIH).

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
Short read data of in situ Hi-C, ChIP-seq, ATAC-seq and RNA-seq are publicly
available at NCBI Sequence Read Archive under accession number PRINA597314.
Large datasets, including Hi-C matrices (2-kb bin size for individual
chron ), integrated epigenetic marks, ATAC-seqand ChIP-seq track files
in 200-bp bin size are available from figshare repository, which are accessible
with the following link: https:/figshare.com/articles/dataset/Marchantia_TCP_
transcription_factor_activity_correlates_with_3D_chromatin_structure/11309657.
All figures presented in this manuscript are associated with these data.
The following public datasets were downloaded for coexpression analysis (with
their accession numbers from the NCBI Sequence Read Archive): 11-day thalli
(DRR050343, DRR050344, DRR050345), Archegoniophore (DRR050351,
DRR050352, DRR050353), Antheridiophore (DRR050346, DRR050347,
DRRO050348), Antheridia (DRR050349, DRR050350), apical cell (SRR1553294,
SRR1553295, SRR1553296), 13d-Sporophyte (SRR1553297, SRR1553298,
SRR1553299), Sporelings Ohr (SRR4450262, SRR445026 1, SRR4450260),
24hr-Sporeling (SRR4450266, SRR4450265, SRR4450259), 48hr-Sporeling
(SRR4450268, SRR4450264, SRR4450263 ), 72hr-Sporeling (SRR44 hl)’b/ s
45 ws SRRIh()’wT)‘ 96hr- Sporelmg(SRRI h()’wﬁ SRRH 5

5 ‘s) mock umculatedplams 2dpi (SRR 9775
9), mock-inoculated plants, 3dpi (SRR7
4), mock-inoculated plants, 4dpi (SRR797
7 5), 1-month thallus (SRR66857.
Tak-1-1_Mp (SRR7772758, SRR777275' SRR7772755), Tak-

1-2_Mp (SRR7772759, SRR7772761, SRR7772760, SRR7772762), Tak-1-3_Mp

763, SRR7772764, SRR7 765,S 766), and Mp-mock
(SRR5905098, SRR5905099, SRR5905100). Source data are provided with this paper.

Code availability

All scripts used for pattern analysis are available upon request.

Received: 24 March 2020; Accepted: 7 August 2020;
Published online: 07 September 2020
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Extended Data Fig. 3 | Motif analysis links TCP1to TAD borders. a, A phylogenetic tree of DNA binding domains of TCP proteins in Arabidopsis thaliana
(green), Oryza sativa (yellow), and Marchantia polymorpha (blue). b, Alignment of the TCP DNA-binding domain sequences from two Marchantia TCP
proteins and founder members of the TCP family. c-e, Motif analysis of Marchantia TAD borders. The scatter plot in € shows enrichment of motifs,

which are recognized by various plant transcription factors (position weight matrices are according to the Arabidopsis DAP-seq dataset (doi: https:/
doi.org/10.1016/].cell.2016.04.038)), at TAD boundary regions. The fold enrichment of a motif was calculated as the relative density of this motif in

a 2kb region overlapping with TAD borders compared to that in 20kb region flanking TAD borders. The presence of motifs in query DNA sequences

was determined by the ‘matchPWM' function in the ‘Biostrings' package in R, with the search stringency set to 85%. Red and black dots depict motifs
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fusion proteins under the control of 355 promoter were expressed transiently in Nicotiana benthamiana leaves. The presence of TCP1:GFP in each sample
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¢, Venn diagram of genomic regions enriched in each biological replicate. Below this Venn diagram, the J(rep], rep2) indicates the Jaccard index.

d, Epigenetic marks across TCP1-bound chromatin regions (grey block).
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Extended Data Fig. 5 | Comparison of insulation scores of chromatin regions around wild-type and tcpT mutant TAD borders. a, Comparison of
insulation scores in wild-type TAD borders with those in tcp1 no. 18-1 (blue plots) or in tcpl no. 24-8 (green plots). See Fig. 2e legend for the definition of
‘TCP1-bound’ TAD borders. The titles above these plots, which indicate bin positions, are as those under boxplots in Fig. 2e. Assuming that TCP1 plays a
structural role on TCP1-bound TAD borders, we expect that the removal of TCP1 results in specific changes in insulation scores of these regions compared
to regions not bound by TCP1. The violin plots in this panel show distribution of changes in insulation scores in the mutant Hi-C maps. For each pair of
comparison (that is, changes in insulation scores of TCP1-bound TAD borders vs. TCP1-free TAD borders), its p-value from the two-sided Mann-W hitney
U test is given. To assess effect size, the cohen's d (c'd) is also given below each p-value note. In general, the difference between two populations is
considered ‘trivial’ or ‘negligible’ when the absolute value of cohen’s d is less than 0.2. b, Metagene plots showing chromatin contacts around TAD
border regions. Pixels in the plots stand for 2-kb bins in the Hi-C matrices. For each plot, TAD borders are aligned and indicated with a dotted triangle.
With careful inspection, we conclude that the differences of chromatin organization between TCP1-bound TAD borders and TCP1-free TAD borders are
comparable in Tak-1 and tcpl, and loss-of-TCPT does not led to drastic structural changes in TCP1-bound TAD boundaries.
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Supplemental Figure 1 | Distribution of Marchantia TADs in the genome. a, Size
distribution of TADs, the dotted line denotes the lower size limit that we applied for
calling TADs from 2 kb Hi-C maps. b, Distribution of genomic regions covered with
TAD annotation. The plot was generated with 50 kb windows. The H3K27me1 and
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17  Supplemental Figure 2 | Repetitive regions across Marchantia TADs. Repeats
18 annotation was retrieved from the v5.1 Tak-1 reference'. Features in TADs were
19 linearly transformed as in Fig. 1b.

62



3 Marchantia TCP transcription factor activity correlates with 8D chromatin structure

20
21
22
23
24

pTCP1:GFP TAK1

pTCP2:GFP

DAPI GFP BF Merge

Supplemental Figure 3 | Expression of Marchantia TCP genes. Representative
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transgenic thalli of pTCP driving GFP. Images are representatives from more than
fifteen independent lines with similar patterns.
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25 Supplemental Figure 4 | Motif analyses of chromatin regions bound by TCP1. a-
26  k, Distribution of individual motifs around TCP1-enriched regions. In each panel, all
27  TCP1-enriched regions were piled with their central nucleotide aligned up (defined as
28  “0”). Each motif was identified via de novo motif search, from which its position weight
29 matrix was used for motif calling in query sequences. For motif calling, the
30 "matchPWM" function (with the search stringency set to 90%) in the "Biostrings"
31 package in R was used. Along with the motif logo, each motif’s E value, which is the
32 expected number of motifs found by chance, is given (see “methods” for details). By
33  observing a-k, we concluded that the motif shown in j is the one directly cognized by
34 TCP1, because it exhibited a much narrower peak centering at the mid-point of all
35 enriched regions, as well as the highest peak relative to flanking regions, which
36 collectively best explained sequence-dependent interactions between TCP1 and DNA.
37  Other enriched motifs showing broader enrichment peaks likely reflect their co-
38 existence with that in j, or the recruitment of TCP1 to chromatin via other interacting
39 partners.
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Supplemental Figure 5 | Generation of MpTCP1 knock-out mutant. a, Structure of
the MpTCP1locus. The dark segmentis the CDS. The region corresponding to TCP1’s
DNA binding domain is shown as a cyan block. Black triangles indicate the locations
of two sgRNAs used for CRISPR-CAS9 targeting. b, Sequences of two sgRNAs. Bold
letters show the PAM (protospacer adjacent motif) sequences. The distance between
these two sgRNAs is around 1400 bp. ¢, Phenotypes of two-week old fcp? mutants
#18-1 and #24-8 compared to Tak-1. Scale bar is 5 mm. d, Sequencing results of 2
different fcp1 deletion alleles in which the deletion sites are linked to the sgRNA binding
sides shown in panel b. e, DNA gel comparison of TCP1 fragment in mutant and Tak-
1 plants. Primers used for genotyping are indicated in Materials and Methods part. In
total, five independent mutant lines were identified with similar genotyping results. f,
Morphological comparisons of 2-week-old Tak-1, fcp? and a tcp? complementation
line.
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53  Supplemental Figure 6 | Global A/B compartment analysis. The A/B compartment
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4 Discussion

Our knowledge regarding the non-random organization of interphase chromatin is
significantly enhanced in the last two decades, thanks to the development in the
imaging-based tools and chromosome conformation capture techniques?”. Interaction
maps revealed hierarchical organization of the chromatin which ensures precise
regulation of the gene expression in the nucleus®’. The initial findings regarding
systematic folding of the genome have led to many fundamental questions of how the
spatial positioning of the chromatin is established and how this domain organization

contributes to the function of the genome.

Although imaging-based techniques provide us a colorful overview of how chromatin
is spatially segregated in the nucleus, computational analysis of chromosome
conformation techniques enabled us to study the detailed properties of 3D genome
associated with DNA sequence. These high-throughput data empower us to analyze
the dynamics of epigenetic landscape, TF activities, and gene expression in a 8D

context.
4.1 TAD borders in plants

A notable feature of most mammalian TAD borders is the CTCF occupancy together
with Cohesin complex'2142295 In plants, the absence of an insulator protein like CTCF

suggests a divergent mechanism of TAD establishment in plants®!s2,

In our previous studies, we demonstrated that DNA binding motifs of TCP and bZIP
tamily proteins are enriched at the borders of plant TADs?""!. In this thesis, I showed
TCP1 protein binding at Marchantia TAD borders by ChIP-seq®. In order to analyze
TCP1 tunction at TAD borders, we created Marchantia tcpl mutant. Hi-C analysis of
this mutant demonstrated that the absence of TCP protein did not change the overall
chromatin contact landscape, it rather induced a slight decrease in the insulation score
of TCP1-bound TAD borders®. Hence, these results suggest that missing TCP1

protein alone is not enough to alter the Marchantia TAD landscape.
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Animal TAD borders are not only defined by CTCF binding. CTCF-independent
TAD boundaries are found to be associated with transcription'**¢ or the demarcation
of A/B chromatin compartments'?*>. Moreover, TAD boundary region displays
mainly euchromatic properties and host mainly active genes'*. Our study confirm that
Marchantia TAD borders are also enriched with euchromatic histone marks and T'SSs
of the genes®. Consistently, in rice, active histone marks that are typically found at
TSSs of the genes are also enriched at TAD borders?”. In other crops, TSS occupancy
at TAD borders or compartmental domains has not been studied so far. This
knowledge gap in plant chromatin topology should be filled urgently, because in a
recent study in animals, it has been shown that the insertion of contact domain
boundary regions can alter the genome topology®. In animals, scientist inserted a 2kb
DNA sequence containing CTCF binding site and/or TSS into the several parts of the
genome, such as TAD bodies and TAD borders. These ectopic boundary insertions
into the genome, demarcated new domains or strengthened the pre-existing
boundaries. Inserting a fragment that solely contains TSS, to a region of interest,
formed a new domain with A-compartment features®. As plant compartmental
domain borders are mainly associated with euchromatic landscape and lack insulator
proteins, it is critical to unravel whether insertion of ectopic boundary sequences

containing TSS induces changes in plant chromatin topology.
4.2 Intrinsic features of plant TADs

In their study, Dong and colleagues classify TADs into 4 categories according to their
distinct epigenetic features: active (accessible chromatin), repressive (DNA
methylation), polycomb silenced (enriched in the H3K27me3 mark) and intermediate
type which lacks specific features?®. In the same study, a tight association between all
these categories of TADs and A/B compartmental domains is found?’. These TAD
domains mainly follow the epigenetic landscape of the higher hierarchical level in the

nucleus.

Overall, Marchantia TAD bodies exhibit a heterochromatic landscape with

heterochromatic histone marks and considerable DNA methylation. Nonetheless,
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Marchantia TADs can be divide into 8 subgroups according to their DNA methylation
status with arbitrarily set cut-ofts. The first group of TADs (“mCG-rich”) have high
CG, CHG and CHH methylation at their body. The second group (“mCG-poor”),
consists of methylation-poor TADs, which has very low mCG at their TAD body. The
last group with the fewest member is the intermediate group that exhibits
intermediate methylation levels. Although mCG-poor TADs do not bear DNA
methylation at their bodies, they are also depleted of active histone marks. This
diversity of Marchantia TADs signifies that there exist distinct structure and
regulatory regimes of plant TADs.

We also discovered a novel kind of TADs that belonged to the mCG-poor group. They
are highly bound by TCP1 proteins and named as “T'CP1-rich” TADs. Although
TCP1-rich TADs are not decorated with repressive histone marks, the overlapping
genes still display lower expression levels. TCP1-rich TADs provide a repressive
environment for genes reside in them. Moreover, in the absence of TCP1 proteins, not
only genes directly targeted by this TT, but also genes that are not directly targeted
but found in TCP1-rich TADs are more difterentially expressed, suggesting a 3D

localization dependent expression control.

By inserting reporter genes to distinct places in the mouse genome, a study revealed
that a reporter gene's expression correlates with the TAD landscape*®. Similarly, in
order to identify effect of the intrinsic properties of plant TADs on gene expression,
we can design reporter genes and observe their expression patterns across distinct
type of TADs in Marchantia and other crops. It is plausible to estimate when the
characteristic of the TAD is determined by the methylation status, newly introduced
fragment might also acquire similar methylation patterns with the TAD of residence,
therefore, an expression pattern parallel with innate features of TADs might be
observed. In TCP1-rich TADs, this approach might be greatly enlightening to

observe how the expression of a foreign fragment is regulated and changed.

Moreover, in Arabidopsis, Grob and Grossniklaus show that 3D chromatin interactions

are linked to transgene silencing™1°°. In Arabidopsis, KNO'T is a chromatin interaction

70



4 Discussion

hub comprising 10 KNOT ENGAGED ELEMENTSs (KEEs) and is mainly enriched
with transposable elements®. In this recent study, it is demonstrated that transgenes
had ectopic contacts with specific KNOT regions in the genome, which promoted
transgene silencing. High KNOT interaction frequency of transgenes correlated with
their silencing and KNOT-linked silencing does not require DNA methylation'®. As
TCP1-rich TADs display repressive properties without high levels of DNA
methylation, these specific TADs in Marchantia might also acquire a non-canonical
silencing pathway. To illustrate such function of the 8D chromatin compartments, it
is important to initiate further functional analysis. Initially, it is critical to explore
whether post-transcriptional silencing induced by small RNA (sRNA) is associated
with TCP1-rich TAD dependent gene repression. To identity possible roles of sSRNAs
in gene repression in TCP1-rich TADs, we can conduct sSRNA sequencing. We then
should compare the abundance of sSRNAs associated with genes found in TCP1-rich
TADs with sRNAs associated with other genes. Moreover, to reveal the mechanisms
of gene repression within the TCP1-rich TADs, it is important to find interaction
partners of TCP1. Therefore, identifying interaction partners of TCP1 by mass

spectrometry analysis might give us hints regarding possible pathways.
4.8 Co-expression of genes in TADs

Clusters of co-expressed genes in many different tissues and conditions in higher
eukaryotes are observed prior to our expanding knowledge regarding the importance
of spatial chromatin organization'°'. It was observed that co-expressed genes span a
limited genomic distance, and the driving force behind gene co-expression is
speculated to be uncharacterized cis-acting elements'®!. Nowadays, we appreciate
mammalian TADs contributes to the regulation of gene expression by insulating the
interaction between proximal enhancer-promoter elements. Detailed analysis of each
TAD revealed that, genes in the same TAD are particularly co-expressed!®. TAD
landscape is associated with gene co-expression as genes found in the same TADs tend

to share same cis-regulatory elements.
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In maize, analysis by Dong and colleagues detected no significant co-regulation
activity among genes residing in the same genomic compartments compared to
random control gene pairs, which was not the case in mammalian TADs™. On the
contrary, our co-expression analysis based on different tissues in Marchantia revealed
that, there are more co-expressed genes found in TADs than expected. Our results
suggest that TADs across the Marchantia genome contributes to the co-regulation of

the genes that are spatially adjacent.

Such a disparity between maize and Marchantia might be explained by high frequency
of cis- and trans-interactions within the maize genome. Besides interaction along the
diagonal of the maize Hi-C map, there are increased interactions between different
chromosome arms which can be seen as dots at the end of chromosome (Figure 3A-
upper circle). Moreover, in maize there are also recurrent trans interaction among
centromeric regions of different chromosomes, which can be observed as a dot in the
middle of the X shaped pattern (Figure 3A- lower circle). These results indicate that

other than compartmental domains, there are frequent trans-interactions in the large

A Maize B Marchantia

Chromosome ——m _— Scaffold

Chromosome
() »
Chromosome

Figure 3: Hi-C contact maps of Maize and Marchantia. Genome wide contact matrix
of maize (A) and Marchantia (B). Maize figure is adapted from?®® (Dong et al.
2017), and Marchantia map is adapted from®® (Montgomery et al. 2020).
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maize genome. Therefore, not only the genes found in intra-domain regions but also
those found in inter-domain regions might also display comparable co-expression
patterns due to the frequent interactions, resulting no detection of significance. In
Marchantia, main chromatin interactions take place along the diagonal of Hi-C map
(Figure 3B) suggesting inter-domains have less interaction compared to the maize.
Therefore, in order to have more detailed overview regarding co-expression events in

plant TADs, we need to analyse diftferent plant species.
4.4 Potential role of TCP in nuclear Liquid-Liquid Phase Separation

Liquid-liquid phase separation (LLPS) can be described as assembly of dense droplet-
like bodies separated from dilute phased environment, according to their biochemical
properties'©2. Phase separation is not a new concept for nuclear organization as the
membraneless compartment nucleolus is delineated in 1830s'%%. Recently, it has been
proposed that, biomolecular attractions between heterochromatin in nucleus that
result in LLPS is a major driver of compartmentalization in genome

organization3%102104,

Intrinsically disordered regions (IDR) are protein domains that grant flexibility to the
3D structure of the protein, promoting the coalescence of the proteins. TCP1 protein
has an IDR domain close to its N-terminal region (Figure 4). Moreover, our cellular
localization experiments of TCP protein confirmed that it forms speckles. Therefore,
it is intriguing to show whether TCP containing speckles are phase separated liquid
condensates. Moreover, it will be also interesting if the IDR domain of TCP
contributes to bring repressed regions (e.g. TCP1-rich TADs) to close proximity to
facilitate compartmental domain formation. Not only Marchantia TADs, but also A/B
compartments in higher plants phase separation model might explain
euchromatin/heterochromatin separation. Further supporting this hypothesis,
temperature has been shown to be an important factor for interaction potential of
proteins due to the temperature-dependent solvent-mediated interactions of each type

of amino acid'®® and heat has been shown to weaken chromatin compartmentation!°s.
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Figure 4: IDR Domain of Marchantia TCP1 protein. Upper panel shows the IDR
domain annotation according to the PLAAC (Prion-Like Amino Acid
Composition) server, black line indicates the background and red line prion-like
domain!®". In the middle, there is a colour key for one letter codes of amino acids.
Bottom panel is the protein sequence of MpTCP1, red letters indicate amino acids

in prion-like domain.
4.5 Other candidate proteins in Marchantia 3D genome

Among mCG-poor TADs in Marchantia, less than half of them can be categorized as
TCP1-rich TADs. Therefore, the remaining mCG-poor TADs might be associated
with other transcription factors. In order to unravel this fact, we performed further
motif analysis at Marchantia TAD bodies and borders. Our motif analysis showed that
not only TCP binding sites, but also GAGA-binding motif is enriched at TAD
boundary regions and the bodies of mCG-poor TADs?. GAGA binding motif is
recognized by BBR/BPC family transcription factors in plants'%s. In the Marchantia
genome, there are two BBR/BPC protein ortholog, each resides in one sex
chromosome. Therefore, per Marchantia individual there is only one BPC gene

present.
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4 Discussion

Our phylogenetic analysis showed that Marchantia BPC has a very conserved DNA
binding domain (Figures), strengthening our assumption that Marchantia BBR/BPC
will recognize a similar GAGA-binding motit'and is, therefore, enriched at Marchantia
TAD borders. Of course, in order to confirm this hypothesis, it is required to show the
sites of BPC protein binding with ChIP experiments. If BBR/BPC protein is indeed
enriched at the border of the TADs and at the body of mCG poor TADs, this could
indicate an interplay of multiple transcription factors in the TAD establishment in
Marchantia. Double mutant of TCP/BPC will be also further needed to examine

potential contact map changes in the Marchantia genome.
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Figure 5. Marchantia BBR/BPC family protein. (A) Phylogenetic tree of Marchantia
BPC2 (BBR/BPC member in TAK1 genotype) with Arabidopsis and rice tamily
proteins. (B) Conserved DNA binding domain of BPC2. Cyan block indicates DNA
binding domain at the Marchantia BPC2 gene locus. Dark grey bars indicate exons,
straight lines indicate introns and light grey bars indicate UTRs. Red boxes

indicate the important amino acids for GAGA-binding motif recognition!°®,
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