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SUMMARY

We examined the nature and evolution of three-dimensional (3D) genome conformation, including topologi-
cally associating domains (TADs), in five genomes within the genus Oryza. These included three varieties
from subspecies within domesticated Asian rice O. sativa as well as their closely related wild relatives O.
rufipogon and O. meridionalis. We used the high-resolution chromosome conformation capture technique
Micro-C, which we modified for use in rice. Our analysis of rice TADs shows that TAD boundaries have high
transcriptional activity, low methylation levels, low transposable element (TE) content, and increased gene
density. We also find a significant correlation of expression levels for genes within TADs, suggesting that
they do function as genomic domains with shared regulatory features. Our findings indicate that animal
and plant TADs may share more commonalities than were initially thought, as evidenced by similar genetic
and epigenetic signatures associated with TADs and boundaries. To examine 3D genome divergence, we
employed a computer vision-based algorithm for the comparison of chromatin contact maps and comple-
mented this analysis by assessing the evolutionary conservation of individual TADs and their boundaries.
We conclude that overall chromatin organization is conserved in rice, and 3D structural divergence corre-
lates with evolutionary distance between genomes. We also note that individual TADs are not well con-
served, even at short evolutionary timescales.

Keywords: topologically associating domains, chromosome conformation capture, Micro-C, epigenetics,
gene expression, chromatin marks, methylation.

INTRODUCTION (Hsieh et al., 2015), allowing the genome-wide mapping of

In recent years, researchers have begun to explore the
nature of three-dimensional (3D) genome organization
(Bouwman & de Laat, 2015; Dogan & Liu, 2018; Dong, Tu,
Liang, et al., 2020), which affects gene regulation (Dekker &
Heard, 2015; Nora et al., 2012; Ramirez et al., 2018; Zhan
et al., 2017) and may play a central role in the evolution of
genomic architecture (Farré et al.,, 2015). The study
of higher order structures has been facilitated by advances
in chromosome conformation capture (3C) techniques,
which have led to the development of methods such as
Hi-C (Lieberman-Aiden et al., 2009), Omni-C, and Micro-C
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3D genome organization. These molecular approaches
have enabled the discovery of large chromatin structural
elements, such as A/B compartments, as well as smaller
self-interacting regions of chromosomes referred to as
topologically associating domains (TADs), which are kilo-
to megabase-sized genomic regions that interact within
the nucleus and are believed to represent a fundamental
structural/functional unit of the genome. TADs appear to
play a prominent role in gene regulation (Dekker &
Heard, 2015) and in genome replication by synchronizing
origins of replication (Dang et al., 2023; Eser et al., 2017).
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Enhancers that regulate gene expression in regulatory
domains are associated with the presence of TADs (Dekker
& Heard, 2015), and genes located within the same TAD
have been found to have correlated expression patterns
(Nora et al., 2012; Ramirez et al., 2018; Zhan et al., 2017).
Moreover, TAD boundaries often coincide with breakpoints
of chromosomal rearrangements in mammals and fruit
flies (Lazar et al., 2018; Liao et al., 2021), leading to the
hypothesis that TADs are maintained during evolution as
intact units.

In mammals, TADs are thought to be formed by the
cohesion-CTCF-mediated loop extrusion mechanism (Fuden-
berg et al., 2016), whereas in fruit flies other mechanisms
have been proposed, including boundary pairing (Bing
et al., 2024) and chromatin compartmentalization driven by
phase separation (Nuebler et al., 2018). These TADs are delim-
ited by TAD boundaries, which in animals are chromatin
accessible regions enriched for active transcription marks and
housekeeping genes (Szabo et al., 2018). In mammals, these
boundaries bind CCCTC-binding factor (CTCF), and in fruit
flies by various insulator proteins including BEAF-32, Chro-
mator, CP190, or M1BP (Szabo et al., 2018).

In plants, there is no consensus on the nature and
nomenclature of these interacting chromosomal regions.
Certain studies refer to these interacting sequences as
chromatin domains (CDs) (Sun et al., 2024), chromatin
folding domains (Liao et al., 2022), TAD-like domains
(Dong, Tu, Liang, et al., 2020; Grob & Grossniklaus, 2017;
Junaid et al., 2023), or more conventionally TADs (Liu
et al., 2017). We will refer to such domains as TADs. Until
recently, it was thought that TADs exist only in plants with
genomes larger than 400 Mb, such as maize (Rowley
et al., 2017; Tourdot & Grob, 2023). However, the applica-
tion of high-resolution Hi-C and Micro-C technologies for
plant genomes has shown that plants with small genomes,
such as Arabidopsis, also possess TAD-like domains, albeit
smaller (Sun et al., 2024; Yin et al., 2023). Evidence has
begun to accumulate that plant TADs might also play a
functional role in gene regulation; for example, clusters of
co-expressed biosynthetic pathway genes in different
plants, including rice, are co-localized within TADs
(Nutzmann et al., 2020). Despite the presence of these
genomic features, however, plants do not have the CTCF
proteins associated with TAD boundaries in animals,
although they do have cohesins (Zhang & Wang, 2021).

Genome studies have indicated that TADs may be
conserved functional building blocks of the genome, since
rearrangement breakpoints typically observed between
species do not typically disrupt TADs (Lazar et al., 2018;
Liao et al., 2021, 2022). Evolutionary TAD conservation is
important for the preservation of cis-regulatory environ-
ments necessary for the control of gene expression, which
suggests that TAD reorganization may be important for the
evolution of novel traits. In the bobtail squid E. scolopes,

for example, conserved gene neighborhoods involved in
the origin of cephalopod-specific traits are located within
TADs (Schmidbaur et al., 2022). TAD boundaries, however,
paradoxically have a dual nature. On the one hand, these
boundaries appear to be evolutionarily constrained (Junaid
et al., 2023; McArthur & Capra, 2021) and their deletion is
rare and under negative selection (Fudenberg & Pol-
lard, 2019; Huynh & Hormozdiari, 2019). Nevertheless, syn-
teny breakpoints in flies and mammals (Krefting et al.,
2018; Lazar et al., 2018) are also enriched at boundaries.
Thus, TAD boundaries are conserved elements that pre-
serve gene regulation within specific domains, yet they are
prone to be sites of chromosomal breakage, highlighting
their role in genome rearrangements during evolution
(James et al., 2024).

It is thus unclear the degree to which TADs and their
boundaries evolve. For example, a number of direct com-
parisons of TADs between species have shown that they
are strongly conserved in some phylogenies (e.g., mam-
mals) (Vietri Rudan et al., 2015). In contrast, very little con-
servation of mammalian TAD boundaries was found in a
recent study, with only 14% of human boundaries con-
served between four primate and four rodent species
(Okhovat et al., 2023). More recent studies similarly present
contrasting results: for example, only 43% of TADs were
found to be conserved between humans and chimpanzees
(Eres et al., 2019). Dixon et al. (2012) reported that 76% of
mouse TAD boundaries are conserved in humans,
although a careful re-evaluation of their data concluded
that only 31% of boundaries were conserved between the
species (Eres & Gilad, 2021), and other studies indicate that
TADs were generally not conserved (Eres et al., 2019). A
possible explanation for these contrasting results was sug-
gested by Torosin et al. (2020), who proposed that different
types of TADs evolve under different evolutionary forces,
with highly conserved TADs in vertebrates and flies
enriched for developmentally regulated genes, while TADs
enriched for broadly expressed genes evolve rapidly
(Harmston et al., 2017; Torosin et al., 2020).

Like animals, plants appear to have varying levels of
TAD conservation. Only 8.23% of the foxtail millet domains
were conserved in sorghum, and similar results were found
in a sorghum and maize comparison (Dong et al., 2017). At
the species level, 25% of TADs were found to be conserved
between Brassica rapa and Brassica oleracea (Xie
et al., 2019), and 40-48% of TADs were found to be conserved
between two poplar species (Zhang, Zhao, et al., 2021). How-
ever, these studies assessed TAD conservation at different
map resolutions and used different definitions of TAD conser-
vation, which prevents us from generalizing about the overall
level of TAD conservation in plants.

To explore the nature and evolution of plant TADs, we
investigated the patterns of global 3D genome evolution in
domesticated Asian rice (Oryza sativa) and two of its
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closest wild relatives (O. rufipogon and O. meridionalis).
Unlike most other studies, we chose species/subspecies
that have evolved over a relatively recent timescale. Rice
was initially domesticated in China from O. rufipogon
around 9000 years ago as O. sativa ssp. japonica, which
eventually evolved about 4000 years ago into temperate
and tropical japonica. A separate domestication of rice
occurred in the Indian subcontinent ~4500 years ago, lead-
ing to O. sativa ssp. indica, which traces its ancestry to O.
nivara and diverged from the japonica lineage
~b50 000 years ago. O. meridionalis is the most basal spe-
cies in the AA group of the genus Oryza and diverged from
O. sativa and O. rufipogon ~2.4 million years ago (Stein
et al., 2018). Applying the Micro-C method (Hsieh et al.,
2015) to these species/subspecies, we show that TADs do
appear to be functional units of the rice genome and use
gene expression, genomic, and epigenomic data to identify
signatures associated with TAD boundaries. Our investiga-
tion also examines 3D genome conservation and evolution
in closely related Oryza genomes and provides insights
into chromatin conformation patterns at different scales,
showing that global 3D genome evolution closely tracks
sequence evolution. Finally, we suggest that while
higher-order chromosome organization tracks genome
sequence evolution, individual TADs can evolve rapidly.

RESULTS AND DISCUSSION

Generating Micro-C chromatin contact maps of five rice
genomes

We first generated high-resolution chromatin contact maps
from five Oryza genomes. We selected three varieties of
domesticated rice Oryza sativa that represent the two main
subspecies, indica (IR64) and japonica; for the latter, we
used a tropical japonica (Azucena) and a temperate japon-
ica (Nipponbare). We also worked with two wild species —
O. rufipogon, the wild ancestor of domesticated japonica,
and O. meridionalis (Figure 1b). To generate these contact
maps, we applied the recently developed Micro-C technol-
ogy (Hsieh et al., 2015), which is a modification of Hi-C that
includes a micrococcal nuclease (MNase) digestion step to
assess proximity between chromosomal regions. We
adapted a Micro-C protocol for use in rice that bypasses
nuclei extraction prior to cross-linking and proximity liga-
tion, allowing for faster generation of sequencing data (see
“Methods"” section).

We assessed the reproducibility of the maps obtained
by comparing two biological replicates for each genome
(Yang et al., 2017). The replicates showed good concor-
dance (see “Methods” section), and we merged the repli-
cates to obtain high-resolution genome contact maps. We
used the definition of Rao et al. (2014) to estimate maxi-
mum contact map resolution with HiCRes (Marchal
et al., 2022), which was close to 1 kb for all genomes
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except for O. meridionalis, for which we obtained a resolu-
tion of 4 kb (Table S1).

The merged chromatin contact maps for the five
genomes are shown in Figure 1(a,c). Visual inspection
allowed us to observe similar chromosome structures
between genomes at low resolution, with contact density
strongly concentrated along the main diagonals.
Distance-dependent interaction frequencies represented as
probability versus distance [P(s)] curves (Xu et al., 2021)
reveal that intra-chromosomal contact frequencies decay
rapidly as genomic distance increases (Figure S1). Overall,
we conclude that the Micro-C maps we generated closely
align with the reported overall chromosome structure of
rice, and we are able to distinguish chromosome terri-
tories, compartments, TADs, and loops (Figure 1a). In
accordance with previous Hi-C maps of the rice genome
(Dong et al., 2017; Liu et al., 2017; Zhao et al., 2019; Zhou
et al, 2019), we also found weak intra- and
inter-chromosomal clustering of telomeres, represented as
off-diagonal areas of higher contact frequencies
(Figure 1a). However, no clustering of centromeres was
observed, and like others, we conclude that rice chromo-
somes do not adopt a Rabl conformation characterized by
telomeres and centromeres clustering at opposite poles of
the nucleus. This is in line with previous cytological (Dong
& Jiang, 1998; Prieto et al., 2004) and Hi-C studies (Dong
et al.,, 2017; Liu et al., 2017; Zhao et al., 2019; Zhou
et al., 2019).

Identification of TADs from Azucena Micro-C data

To gain insight into the nature of TADs in the rice genome,
we decided to dissect the genome of the Azucena rice vari-
ety and annotate TADs at high resolution. We chose Azu-
cena given that, as a tropical japonica, it may represent the
oldest lineage of domesticated rice, and it has been used
in multiple functional genomic and systems biology stud-
ies (Groen et al., 2020, 2022; Joly-Lopez et al., 2020).

We initially employed three widely used tools for TAD
annotation [HiCExplorer (Ramirez et al., 2018), Arrowhead
(Rao et al., 2014), and HiTAD (Wang et al., 2017)] to call
TADs at three resolutions (1, 2, and 5 kb). All tools clearly
identified TAD-like structures, although we observed con-
siderable variation in TAD calls between the tools
(Table S2). TADs called by HiCExplorer and HiTAD showed
better concordance in TAD number and size. We identified
4650, 6420, and 3630 HiCExplorer domains with a median
TAD size of 52, 48, and 75 kb, while using HiTAD, we found
868, 6535, and 3534 domains with a median TAD size of
177, 40, and 70 kb at 1, 2, and 5 kb resolutions, respec-
tively. We therefore decided to proceed with these two
tools. To validate the TAD calls from these tools, we also
took advantage of the fact that TAD boundaries are
enriched for active chromatin marks and depleted for
repressive chromatin marks and DNA methylation in
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Figure 1. Micro-C analysis of chromatin interactions in rice.

(a) Micro-C contact map of O. sativa Azucena variety at different resolutions allows for the detection of various features of the 3D genome. The arrow in the

rightmost map shows features associated with loops.

(b) Neighbor-joining tree of the selected Oryza genomes created using synonymous site substitutions (dS). Branch labels represent the synonymous substitu-

tion rate; estimated divergence times were obtained from Stein et al. (2018).

(c) Genome-wide Micro-C contact maps of rice genomes. Maps are colored according to contact frequencies between bins, with darker red representing more
contacts. Lines bounding the 12 chromosomes are shown, with chromosome 1 in the upper left and the numbering proceeding to the right and down, up to

chromosome 12.

different organisms, including rice (Dixon et al., 2012;
Dong et al., 2017; Hisanaga et al., 2023; Junaid et al., 2023;
Liu et al., 2017) (see below). Based on these criteria, we
concluded that HiCExplorer accurately called TADs at 1, 2,
and 5 kb resolution, whereas HiTAD accurately called TADs
only at 2 and 5 kb resolution (see “Methods” section).

The discrepancies in the number and locations of
TADs identified by different callers in the same sample and
same experiment have been extensively reported in the 3D
genomics literature (Liu et al., 2022; Zufferey et al., 2018).
There are three major potential explanations for these dis-
crepancies: different algorithmic approaches, various
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parameter settings, and the presence of hierarchical TAD
structures: To identify a robust set of TADs, we decided to
devise an approach based on using TAD callers that
employ different algorithms and
hierarchical/non-hierarchical  approaches.  HiCExplorer
relies on calculating insulation scores for calling TADs,
while HiITAD uses a directionality index (DI) and considers
hierarchical TADs. The insulation score measures the num-
ber of interactions spanning a given genomic region, while
DI assesses the shift in the directionality of contacts
upstream and downstream of a region. While strong DI
values are a signature of a TAD boundary, they can be
associated with many regions in the genome (Gorkin
et al., 2019), and we reasoned that TADs called by both
methods would represent the most robust set of domains.
We therefore identified TADs called by both HiCExplorer
and HiTAD tools, with the criteria that the TAD body must
reciprocally overlap by at least 80% between both tools
(Figure 2a,b). With these criteria, we obtained 2474 TADs
at 2 kb resolution. These TADs had a median size of 44 kb
and a median number of five genes per TAD, covering
32.3% of the genome (Figure 2c,e,g). At 5 kb resolution, we
identified 1207 TADs with a median size of 65 kb, a median
number of seven genes per TAD, covering 23.6% of the
genome (Figure 2d,f,h). The TADs called at 5 kb resolution
had a higher median number of genes per TAD, and since
we wanted to analyze gene expression within TADs (see
below), we chose the 5 kb resolution dataset for further
analysis to increase the power.

In plant and animal genomes, A and B compartments
are genomic regions characterized by similar chromosomal
features and interaction patterns. A compartments have
been shown to contain mainly euchromatin, while B com-
partments contain mainly heterochromatin (Dong
et al., 2017, 2018). To characterize the distribution of TADs
between euchromatic and heterochromatic regions of the
genome, we first identified the corresponding regions by
calling compartments. We did that at the 160 kb resolution
using the fanc compartments tool of the FAN-C package
(Kruse et al., 2020). Compartment calling was done based
on the GC content, where regions with low GC content cor-
responded to the B compartment, and regions with high
GC content corresponded to the A compartments. We then
analyzed the relative distribution of TADs between A and B
compartments by using the Chi-squared test to compare
the observed and expected number of TADs in compart-
ments. The results suggested no strong compartmentaliza-
tion bias for TADs in terms of association with
euchromatin and heterochromatin.

Epigenetic and genetic properties of TADs and TAD
boundaries

We wanted to better characterize genomic features associ-
ated with TADs and TAD boundaries in Azucena
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(Figure 3a) and created genome-wide profile plots for a set
of genetic and epigenetic features (Joly-Lopez et al., 2020)
for these TAD regions (see “Methods” section) (Figure 3b).
We found that boundaries of TADs called at 5 kb resolution
are enriched in the active promoter-associated marks
H3K27ac and H3K4me3. These histone marks play similar
roles in metazoans and were previously found to be asso-
ciated with TAD boundaries in different organisms (Dixon
et al., 2012; Dong et al., 2017; Wang et al., 2018). The
repressive epigenetic mark H3K27me3 was found to be nei-
ther enriched nor depleted at TAD boundaries, consistent
with previous findings in pepper (Liao et al., 2022) and cot-
ton (Wang et al.,, 2018) and in contrast to Drosophila
boundaries (Liao et al., 2021). Despite it being a repressive
mark, it is found at the promoters of ‘bivalent’ genes,
where both H3K27me3 and H3K4me3 mark the transcrip-
tion start site and is also observed at the promoter of
genes associated with active transcription (Young
et al.,, 2011; Zhao et al., 2020). This suggests a complex
relationship between boundaries and H3K27me3 enrich-
ment. H3K18ac is a mark associated with enhancers in Dro-
sophila (Fedoseeva et al., 2018). We found H3K18ac to be
depleted at boundaries, which seem to be associated with
promoters and not enhancers; this is, to our knowledge,
the first report of the H3K18ac pattern around plant TAD
boundaries. We also find that TAD boundaries are enriched
with active transcription signals as measured by precision
nuclear run-on and sequencing (PRO-Seq), which maps
transcriptionally engaged polymerase activity at base-pair
resolution. Finally, we observe a depletion for transposable
elements (TEs) at TAD boundaries (Figure 3b).

We found that boundaries are associated with higher
gene density and lower DNA methylation (Figure 3b). To
quantify the differences in gene coverage, we first classi-
fied the genome into three categories — TAD boundary
(5 kb segments as above, abbreviated as TADy,), TAD body
(TADpody, TAD domains identified above minus the TAD,
overlap), and non-TAD body (non-TADy.q,, genomic
regions not identified as a TAD, or a TADpeqy)
(Figure S2a). We found that TAD boundaries are enriched
for protein-coding genes, whereas there was no difference
between TADpoqy and non-TADyegy (Figure 3c). This is con-
sistent with previous findings in rice, which found TAD
boundaries have higher gene density, but contrasts with
the claim that TADs are depleted for protein-coding genes
(Liu et al., 2017). This disparity could be due to their mea-
sure of gene density, which was defined as the fraction of
chromatin annotated as protein-coding genes, which can
be confounded by the length of genes or transcripts.
Indeed, we found a significant number of shorter gene
transcripts in TAD boundaries (Figure 3d).

Gene and genomic GC content was significantly
higher within TAD boundaries (Figure 3e; Figure S2b); this
is not surprising given the high gene density in TAD
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Figure 2. TAD identification from Azucena Micro-C data.

(a) The approach used to call TADs using the two tools HiCExplorer and HiTAD. A TAD call is arrived at by consensus if the reciprocal overlap between the TADs
called by the two methods is >80%. The TAD body and boundaries identified by HiCExplorer were retained as the consensus.

(b) An example of an ~1-Mb region of Azucena chromosome 1 with TADs called by the two tools independently, and with the approach depicted in the previous
panel. Position in the region is indicated by the numbers above. The directionality index values and the insulation scores are indicated. Contact map resolution
is 5 kb.

(c, d) Overlap of TADs called with HiCExplorer and HiTAD tools at 2 and 5 kb resolutions, respectively.

(e, f) Size distribution of Azucena TADs at 2 and 5 kb resolutions, respectively. The median TAD sizes in kb are indicated.

(g, h) Distribution of the number of genes per TAD called at 5 and 2 kb resolutions, respectively. The median gene number per TAD is indicated.
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Figure 3. Genetic and epigenetic properties of TADs and TAD boundaries in Azucena.

(a) A representative example of TADs in a 200-kb region on chromosome 1 in Azucena. The panels below show genomic and epigenomic feature distribution.
TAD boundaries are highlighted. Genes, promoters and TEs are indicated by thick arrows on top.

(b) Distribution of genomic and epigenomic features across TADs called at 5 kb resolution. TADs were linearly transformed to align the panel’s borders. TAD
boundaries are marked as ‘0", and the plots span 20 kb proximal and distal to the boundaries. X-axis represent average enrichment per 500 bp.

(c) Gene density, defined as the number of genes within a feature normalized by the length of the feature.

(d) Transcript length in kilobases (kb).

(e) Gene GC content.

(f) Methylation score normalized by the length of the feature, among three classes of genomic regions: TAD body, 5 kb TAD boundary, and non-TAD body (seg-
ments of genome not recognized as TAD or boundary). Significance of two-tailed t-test depicted as ns, non-significant; **P < 0.01, and ****P < 0.0001.

(g) Sequence motifs enriched at rice TAD boundaries, as detected by HOMER and STREME.
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boundaries and that genes have high GC content com-
pared to intergenic regions (Ferguson et al., 2013). We also
found that TAD boundaries have lower methylation levels
compared to TAD bodies and non-TAD bodies (Figure 3f).
All of this taken together indicates that TAD formation in
rice may be linked to a high density of short genes with
high GC content and low DNA methylation levels.

Lastly, in Drosophila, the majority of TAD boundaries
identified at high resolution (77%) co-localize with pro-
moters, and those boundaries tend to be flanked by diver-
gently oriented gene promoters (Ramirez et al., 2018). We
wanted to see if a similar phenomenon exists in the rice
genome. We observed that in our set of boundaries identi-
fied at 5 kb resolution, 54.5% overlap with promoters,
which is more than would be expected by chance
(P<2.74 x 107"?", binomial test). However, we did not
observe an orientation preference for gene promoters
flanking rice boundaries, as observed in Drosophila. We
also found through GO term analysis that genes overlap-
ping TAD boundaries are significantly enriched for genes
linked to translation and molecular functions such as RNA
binding and ribosome-associated categories (Figure S3).
These are typically highly expressed housekeeping genes,
which correlates with the fact that boundaries are enriched
with active transcription signatures and have low methyla-
tion levels, which is consistent with previous work in rice
(Liu et al., 2017) and other plant species (Jia et al., 2021;
Junaid et al., 2023; Lee & Seo, 2023; Liao et al., 2022; Pei
et al., 2022; Tian et al., 2021; Wang et al., 2021; Zhang, Pan-
dey, et al., 2021; Zhang, Zhao, et al., 2021), as well as fungi
(Torres et al., 2024), insects (Ramirez et al., 2018), and ver-
tebrates (Li et al., 2022); this suggests common principles
governing 3D genome conformation across both plants
and animals.

Given the structural and functional role of TADs, it is
plausible that their boundaries could be evolutionarily
conserved at the sequence level. Indeed, studies show
that TAD boundaries are depleted for SNPs in mammals
(Fudenberg & Pollard, 2019) and in plants (Liao et al.,
2022). However, a previous study in rice did not find a
decrease in sequence variation at TAD boundaries, but
a dip ~b kb before boundaries was observed (Golicz
et al., 2020). We asked whether SNP density is lower at
boundaries in our dataset and used publicly available
data from the Rice SNP-Seek Database (Mansueto
et al., 2017) which combines variant data from a large
panel of rice varieties. We observe a clear reduction of
SNP density at boundaries called at 5 kb resolution
(Figure 3b), suggesting that rice TAD boundaries are
depleted for genomic variation. The differences observed
between our and previously published data could be due
to different TAD annotation methods used [Armatus in
previous study (Golicz et al., 2020) and HiTAD/
HiCExplorer in our studyl.

A number of studies provide evidence for selection
against structural variations (SVs) at TAD boundaries in dif-
ferent species, including human (Fudenberg & Pol-
lard, 2019), pepper, tomato (Liao et al., 2022), soybean (Ni
et al., 2023), and cotton (Long et al., 2021) genomes. We
used the data from Rice SNP-Seek Database (Mansueto
et al., 2017) to look at possible SV breakpoint enrichment
at TAD boundaries. However, we did not observe differ-
ences in the enrichment of structural variant breakpoints
around TADs and their boundaries (Figure 3b).

TAD boundaries are enriched for specific DNA motifs

Studies in rice and Arabidopsis have identified that TAD
boundaries are enriched in motifs recognized by TCP and
bZIP transcription factors (Dogan & Liu, 2018; Liu
et al., 2017; Yin et al., 2023). Similarly, in maize, motifs for
TCP, AP2-EREBP, and LBD transcription factor binding
were proposed to be involved in TAD boundary formation
(Tourdot & Grob, 2023). Whether these are associated with
actual protein binding is debatable; however, as it has
been shown that TCP proteins are not required for TAD
boundary formation in Marchantia polymorpha despite
these boundaries being enriched in TCP binding sites (Kar-
aaslan et al., 2020).

Nevertheless, we searched for boundary protein can-
didates in our high-resolution rice TAD dataset by perform-
ing motif enrichment analysis in TAD boundaries identified
at 5 and at 2 kb resolution, using randomly chosen non-
boundary sequences as background. Using HOMER (Heinz
et al., 2010) and STREME (Bailey, 2021), we observed an
enrichment of TCP and bZIP binding motifs in the bound-
ary sequences. Of particular interest were binding motifs
of the TCP family PCF proteins, which are a group of seven
proteins in rice involved in regulating the expression of
genes related to cell division, growth, and differentiation,
and associated with drought and salt tolerance (Kosugi &
Ohashi, 2002). These proteins tend to form homo- and/or
heterodimers between members of the same class (Kosugi
& Ohashi, 2002), similar to proteins involved in TAD
boundary formation in metazoans (Bonchuk et al., 2015;
Bouwman & de Laat, 2015), and may be candidates for
boundary proteins in rice. Finally, in addition to these
known motifs, we also identified three de novo motifs
enriched at rice TAD boundaries (Figure 3g).

TADs are gene expression regulatory units

The idea that TADs represent not only structural, but also
functional genomic units, finds support in several observa-
tions made in animals. In mammals, histone modifications
are often similar within genes of the same TAD (Nora
et al., 2012; Rao et al., 2014). In addition, genes within the
same TADs change their expression during cell differentia-
tion in a similar way (Nora et al., 2012), and co-regulated
genes often are located within a TAD (Dixon et al., 2016).
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Figure 4. Gene co-expression in TAD domains.

The coefficient of variation (CV) of gene expression in TAD and non-TAD
regions is measured using plants in normal and saline conditions in the
greenhouse. Three biological replicates were used for each condition. Sig-
nificance of two-tailed ttest is depicted by ns, non-significant;
*HikxP < 0.0001.

Higher expression correlation between human and mouse
orthologs was observed for genes within TADs compared
with non-TAD genes (Krefting et al., 2018), and co-
expressed gene pairs are significantly enriched within
TADs in 12 vertebrate species (Li et al., 2022). This co-
expression occurs because TADs restrict chromatin interac-
tions between genes and distal regulatory elements. There
is conflicting evidence, however, of such gene expression
correlation in plants. Niutzmann et al. (2020) found that
genes within four biosynthetic gene clusters in Arabidop-
sis, maize, tomato, and rice were co-expressed, although
this study did not include a genome-wide analysis. Indirect
evidence for possible plant gene co-expression also comes
from a poplar study, where pairs of paralogs located in
conserved TADs showed more similar expression levels
(Zhang, Zhao, et al., 2021). Only one genome-wide study,
however — in maize — has investigated the relationship
between gene expression and co-localization within TADs
and concluded that genes within TADs were not co-
expressed (Dong, Tu, Li, et al., 2020).

We tested whether TADs within rice are significantly
co-expressed, using expression data from plants grown in
the greenhouse under control and salinity stress condi-
tions. We focused on identified TAD and non-TAD domains
(remaining segments of the genome not identified as a
TAD) (Figure S2a; Table S3). We found that genes within
TAD domains show significantly lower levels of variation
in expression compared to non-TAD regions (Figure 4). In
normal greenhouse conditions, the mean coefficient of var-
iation (CV) of gene expression in TADs is 1.69, while in
non-TAD regions it is 2.49; in saline conditions, the mean
CV for TADs = 1.68 and non-TAD regions = 2.46 (two-tailed
ttest P<0.0001). This result was also replicated under
stress conditions in the greenhouse and field across multi-
ple timepoints, as well as for TAD and non-TAD regions

© 2025 The Author(s).
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located within euchromatin and heterochromatin
(Figures S4 and S5). To gain further support for our find-
ing, we leveraged the publicly available Azucena root gene
expression data measured under normal and aluminum
stress conditions (Arbelaez et al., 2017), and were able to
replicate our result (Figure S6). The lower variance of gene
expression within TADs is consistent with the role of TADs
in restricting the activity of regulatory elements (Harmston
et al., 2017; Ibn-Salem et al., 2017), indicating that these
inferred rice TADs may indeed represent functional units
of gene co-expression.

TAD boundary strength is associated with distinct genetic
and epigenetic features

TAD boundaries may exhibit varying levels of insulation as
reflected in their insulation scores. Lower insulation scores
indicate reduced contact frequencies between upstream
and downstream loci and reflect a strong TAD boundary;
these tend to be more conserved during evolution and har-
bor highly expressed genes, as shown in the recent com-
parative analysis of TADs in four different primates and
four rodents which indicated that ultraconserved TADs
have higher insulation strength (Okhovat et al., 2023). Sim-
ilarly, stronger TAD boundaries have genes with higher
expression than weak boundaries in the fungal plant path-
ogen Verticillum dahlia (Torres et al., 2024).

We classified boundaries based on their insulation
scores and examined the relative enrichment of genetic
and epigenetic marks at boundaries with low ('strong’
boundaries) and high insulation scores (‘weak’ bound-
aries). We defined low and high insulation scores as ones
falling into the lower and upper quartiles of the score dis-
tribution, respectively. We found that stronger boundaries
have significantly higher levels of transcription (measured
by PRO-Seq signals), although the difference is modest.
They are also strongly associated with lower DNA methyla-
tion and active promoter-associated chromatin marks
H3K27ac and H3K4me3. Interestingly, they are also
depleted for H3K18ac, a histone mark associated with
enhancers in Drosophila, that we showed is overall
depleted at rice TAD boundaries. In summary, the strength
of rice TAD boundaries was found to be associated with
active epigenetic marks and negatively correlated
with repressive chromatin. Our observations are corrobo-
rated by a recent analysis of Arabidopsis Micro-C data,
which showed that the active histone mark H3K4me3 is a
positive while repressive mark H3K27me3 is a negative
predictor of boundary strength (Sun et al., 2024), suggest-
ing these features may be generalizable across flowering
plants.

In addition, we obtained PhastCons and fitCons (r)
scores for the rice genome (Joly-Lopez et al., 2020), which
are evolution-based measures of potential genomic func-
tion. PhastCons scores represent tribe-level interspecies
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Figure 5. TAD boundary strength is associated with distinct genetic and epigenetic features.
Box plots show comparison of genetic and epigenetic features for strong (low insulation scores) and weak (high insulation scores) boundaries. X-axis represent
average enrichment per 500 bp. Nipponbare TAD boundaries identified at 5 kb resolution. Significance of Wilcoxon rank-sum test depicted by ns, non-

significant; *P < 0.05, and ****P < 0.0001.

sequence conservation estimates, and fitCons scores pro-
vide probabilities that mutations at individual nucleotide
sites have fitness consequences (Joly-Lopez et al., 2020).
We find that stronger boundaries also have higher fitness
consequences and PhastCons scores, suggesting purifying
selection on these genomic regions. They also had higher
gene density, lower SNP density, and lower TE content (Fig-
ure 5). Comparisons of boundaries with random genomic
controls showed that weak boundaries share some charac-
teristics with random regions (Figure S7). Interestingly, we
found that stronger boundaries are specifically depleted of
gypsy retrotransposons (Figure 5).

Global chromatin structure conservation correlates with
evolutionary divergence time between genomes

In order to quantitatively compare the global 3D structure
of different rice genomes, we utilized comparison of Hi-C
Experiments using Structural Similarity (CHESS), a com-
puter vision-based algorithm for the comparison of chro-
matin contact maps (Galan et al., 2020). CHESS provides a
quantitative measure for similarity between a pair of nor-
malized chromatin contact matrices, SSIM, with a value of
1 indicating identity between matrices, while 0 indicates no
similarity. CHESS has previously been used to compare
global chromatin conformation and extract differential fea-
tures from Drosophila melanogaster wild type and mutant
lines (Ing-Simmons et al., 2021) or Fusarium graminearum
genomes under different conditions (Shao et al., 2024),
and determine levels of chromatin conformation conserva-
tion between human and mouse (Galan et al., 2020), differ-
ent species of fungal pathogens (Xia et al., 2022), and
homologous blocks between X and Y chromosomes in pri-
mates (Zhou et al., 2023).

We started by ensuring that the various Oryza
genomes were sufficiently colinear by aligning individual
chromosomes (Margais et al., 2018) and visualizing align-
ments as dotplots (Figure S7). We observed good colinear-
ity between all genome pairs and detected a small number
of large SVs more than 500 kb in size (Table S4). Of note,
we detected a prominent large inversion on chromosome
6 that has previously been reported in indica genotypes
(Kou et al., 2020). We masked large SVs and did a 500 kb
sliding window analysis comparing Micro-C submatrices
binned at 25 kb resolution across the genome between
pairs of genomes; we generated similarity score (SSIM)
and signal-to-noise (SN) ratios using CHESS for each pair
of colinear genomic windows (Figure 6a; Figure S7).

We found that colinear genome regions share overall
structural similarity between species/subspecies, but the

© 2025 The Author(s).

degree of similarity differed between comparisons. To
quantify overall similarity between genomes, we calculated
the mode of the kernel density estimate (KDE) plot of simi-
larity scores for colinear regions and corrected for random
similarity by subtracting the modal value of SSIM for ran-
dom regions, obtaining genome-wide normalized SSIM
values (GN-SSIM). GN-SSIM values were highest for com-
parisons between biological replicates and lowest for the
interspecies comparisons (Table S5).

Whether 3D genome conservation levels correlate
with evolutionary distances between species remains
largely unknown. Two Drosophila species separated by
~15 million years of divergence were found to share only
25% of TADs (Torosin et al., 2020), while in another study,
two Drosophila species separated by ~49 million years
were found to share 30-40% of TADs (Liao et al., 2021). In
our study, we examine chromosome conformation diver-
gence between more closely related species/subspecies;
the genotypes analyzed have diverged between ~4000 and
5000 years ago (temperate versus tropical japonica)
(Gutaker et al., 2020) to ~2.4 million years (between O.
sativa and O. meridionalis) (Stein et al., 2018). To compare
structural versus nucleotide sequence similarity between
our Oryza genomes, we calculated pairwise synonymous
substitution levels (dS) between coding sequences and
found a significantly negative correlation between SSIM
and dS (P < 0.0371) (Figure 6b,c). A neighbor-joining tree
using the GN-SSIM values recapitulates the topology of
the evolutionary tree of the Oryza species generated using
sequence data (Figure S9) (Stein et al., 2018). Overall, the
degree of global structural similarity was correlated with
the degree of sequence similarity between genomes, and
this result is in contrast with previous studies. For exam-
ple, 3D genome conservation was assessed in distantly
related Anopheles species, and the level of conservation
was found to be similar for all pairwise species compari-
sons and did not correlate with evolutionary distance
(Shao et al., 2024). In another study, chromatin conforma-
tion conservation was found to be independent of
sequence conservation in fungi (Xia et al.,, 2022). Our
results may indicate distinct principles of chromatin con-
formation evolution in plant genomes.

Genomic blocks with different structural similarity levels
have distinct genetic and epigenetic properties

Our CHESS comparisons show that different genomic win-
dows have different degrees of structural similarity
(Figure 6a), indicating that they may be subject to different
evolutionary constraints. This is especially evident in the
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Figure 6. Global chromatin structure conservation correlates with evolutionary diversification time between genomes.
(a) Distributions of empirically determined CHESS scores for pairs of colinear (magenta) regions and 100 random permutations of region pairs (gray) for

interspecies/subspecies comparisons.

(b) Three-dimensional sequence similarity correlates with 1D sequence divergence estimates. dS values were calculated from whole genome coding sequences.

95% regression confidence intervals are indicated.

(c) Same as (b), but with O. meridionalis excluded from pairwise comparisons.

O. sativa ssp. japonica (Nipponbare)/O.meridionalis com-
parison results, where we observed a bimodal distribution
of SSIM scores (Figure 7a). To examine the nature of the
genomic regions in these two modes of 3D chromosome
similarity, we focused on 500 kb windows corresponding
to each mode and analyzed the distribution of genetic and
epigenetic features between these genomic regions.

We found that structurally similar genomic regions
have higher sequence similarity, lower DNA methylation,
higher gene density, higher H3K27ac and H3K4me3 con-
tent, and lower H3K27me3 content (Figure 7b). We also
observe that these high-similarity genomic regions have
higher FitCons and PhastCons scores, lower SNP density,
and lower TE content (specifically gypsy, copia and SINE
elements) (Figure S10). We then performed a similar analy-
sis on genomic windows from the lower and upper tails of
the SSIM distribution (Figure 7c¢) and found that 3D-similar
regions have higher sequence similarity and lower DNA
methylation levels (Figure 7d). We found a similar pattern
when we analyzed the lower and upper tails of the O.
sativa ssp. japonica (Nipponbare)/O. rufipogon SSIM distri-
butions (Figure 7e,f). Taken together, our results show that
genomic regions with conserved 3D structure across spe-
cies are characterized by higher DNA sequence similarity,
enriched in active gene-rich chromatin, and depleted for
repressive marks.

Conserved TADs are gene-rich, actively transcribed
regions

Our evolutionary analysis thus far focused on global 3D
genome comparisons. We decided to look specifically at
individual TADs and investigate their evolution within the
five genomes. We employed two approaches: a widely
used liftover-based (Dixon et al., 2012; Li et al., 2022; Toro-
sin et al., 2020, 2022) and a BLAST-based approach (see
“Methods” section) (Figures S11 and S12). In the first
approach, we identified sets of high-confidence TADs,
which resulted in the identification of TADs for Azucena
(1187 TADs), Nipponbare (1425 TADs), IR64 (1352 TADs),
O. rufipogon (1112 TADs) and O. meridionalis (1072 TADs)
at 5 kb resolution. We considered TADs to be syntenic if
the coordinates of the TADs in the other genomes recipro-
cally overlapped at least 50% with the Nipponbare TAD;
this part of the analysis used Nipponbare as the anchor ref-
erence genome given its high level of annotation. After

© 2025 The Author(s).

performing pairwise comparisons, we assigned each TAD
to five conservation groups based on how many genomes
the TAD was found in. ‘Unique’ represents Nipponbare-
specific TADs, ‘Rare’ encompasses TADs found in two
genomes, ‘Moderately Conserved’ - in three genomes,
‘Highly Conserved’ — in four genomes, and ‘Core’ — TADs
found in all five genomes (Table S6). We analyzed TAD
size, number of genes per TAD, mean gene expression, GC
content, SNP/SV density, but found no significant differ-
ences between conservation groups. However, conserved
TADs have significantly higher gene density and lower TE
content (Figure S11b).

We complemented this analysis by implementing a
BLAST-based approach (Figure S12). Briefly, we aligned
Nipponbare TAD sequences to a database of Azucena
TAD sequences, recording all hits per TAD and the total
coverage per Nipponbare TAD. If the total coverage of the
orthologous TAD was >50% of the reference TAD, it was
recorded as conserved. We performed this for four pairs
of genomes, using Nipponbare as the reference, and
assigned Nipponbare TADs to five conservation groups
following the logic previously described (Figure 8a;
Table S6).

Using this approach, we found that more conserved
TADs have higher gene content, lower TE content, and are
enriched for the active chromatin mark H3K4me3
(Figure 8b). In agreement with the elevated gene content,
conserved TADs also exhibit higher sequence conservation
scores (Figure 8b; Figure S12). Conserved TADs have been
found to be enriched for genes and active chromatin marks
in Drosophila (Renschler et al., 2019) and legumes (Junaid
et al., 2023). These and our findings highlight the general
nature of 3D genome organization and TAD functionality
across taxa. We also conducted a GO term analysis on
genes within highly conserved and core TADs. Our results
revealed an enrichment of biological processes related to
fundamental cellular functions (‘housekeeping’), which
may explain the evolutionary conservation of these TADs.

Of note, in O. sativa inter-subspecies comparisons,
only 38.9% of TADs were found to be conserved between
Nipponbare and Azucena genomes, and 38.1% of TADs
were conserved between Nipponbare and IR64. Thus, rice
3D genome organization shows low levels of intraspecific
TAD conservation, similar to the 36% reported for two
maize inbred lines (Tian et al., 2021); this suggests that
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Figure 7. Genomic blocks with different structural similarity levels have distinct genetic and epigenetic properties.

(a) Distribution of empirically determined CHESS scores for the Nipponbare-O. meridionalis comparison with the regions around each mode highlighted.

(c) Distribution of empirically determined CHESS scores for the Nipponbare-O. meridionalis comparison with the upper and lower tails of the distribution
highlighted. The first and third quartile values are indicated.

(e) Distribution of empirically determined CHESS scores for the Nipponbare-O. rufipogon comparison with the tails of the distribution highlighted. The first and
third quartile values are indicated.

(b, d, f) Comparison of genetic and epigenetic features for genomic windows corresponding to the highlighted areas on the distribution plots. X-axis represent
percentage of sequence similarity or average enrichment per 500 bp. Significance of Wilcoxon rank-sum test depicted by *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001.

plant TADs may be dynamic, fast-evolving structures. We structural variants (Figure 8c), implicating the role of SVs
note that some conserved TADs that have contracted/ in rice TAD reorganization and possibly generating new
expanded in size have their boundaries coincident with gene expression patterns.
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Figure 8. Rice TAD conservation.

(a) Nipponbare TADs assignment to five conservation groups using a BLAST-based approach.

(b) Comparison of gene and transposable element (TE) density, H3K4me3 mark, and fitcons scores for TAD conservation groups. X-axis represent average
enrichment per 500 bp. The Wilcoxon rank-sum tests were performed for all pairwise comparisons between groups. Compact letters represent groups whose
distributions of features were not significantly different from each other.

(c) Structural variants affect boundary rearrangements between O. sativa and O. rufipogon. Contact matrices with TADs (triangles) were plotted over a 400 kb
section of chromosome 1 of O. sativa Nipponbare variety (top) and O. rufipogon (bottom). Conserved TADs are connected. Orthologous genes are in green,

non-orthologous genes are in yellow. Matrix resolution is 5 kb.

Boundaries of conserved TADs are actively transcribed
sequences enriched for sequence conservation signatures

Previous studies in vertebrates revealed that genetic and
epigenetic properties of TAD boundaries vary depending
on their level of sequence conservation. Conserved bound-
aries were found to have stronger insulation strength,
enrichment of older TEs and higher gene densities (Li
et al., 2022; Okhovat et al., 2023). There is some indication

© 2025 The Author(s).

of similar behavior of plant TAD boundaries; for example,
cultivar-specific TAD boundaries in cotton harbor more
TEs than conserved boundaries (Long et al., 2021; Wang
et al., 2021). To investigate whether similar trends can be
observed for rice, we grouped TAD boundaries identified
in Nipponbare based on whether they are conserved
in other species/subspecies — a ‘conserved’ group where
boundaries of TADs shared between at least four of our
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Figure 9. Boundaries of conserved TADs are actively transcribed sequences enriched for sequence conservation signatures.
Box plots show comparison of genetic and epigenetic features for conserved (yellow) and non-conserved (blue). X-axis represent average enrichment per
500 bp. Nipponbare TAD boundaries identified at 5 kb resolution. Significance of Wilcoxon rank-sum test depicted by ns, non-significant; *P < 0.05, **P < 0.01,

and ****P < 0.0001.

study genomes, and a ‘non-conserved’ group that are
Nipponbare-specific.

We found that conserved boundaries had lower DNA
methylation levels and H3K27me3 levels, but higher levels
of active histone marks H3K27ac and H3K4me3. They also
had higher gene content, lower TE content (specifically,
DNA transposons and gypsy elements), higher GC content,
and higher gene expression levels as measured by RNA-
Seq (Groen et al., 2020), indicating that conserved TAD
boundaries are transcriptionally active gene-dense regions
(Figure 9; Figure S14). We also found that conserved TAD
boundaries have higher FitCons and PhastCons values and
are characterized by low SNP and SV breakpoint density
(Figure 9), suggesting the action of purifying selection.
Overall, boundaries conserved within rice genomes are
gene-rich, active transcription regions with low DNA
sequence variation, similar to what has been observed in
cotton (Pei et al., 2022), human and mouse boundaries
(Okhovat et al., 2023).

The nature of rice TADs and their evolution

The nature of three-dimensional genome structure has
been of increasing interest in recent years, as higher order
structures of the genome associated with functional fea-
tures have been defined (Dekker & Heard, 2015; Dixon
et al., 2012, 2016). A key 3D feature of genomes is TADs,
which function as discrete genomic units and may serve as
regulatory domains that facilitate co-regulated gene
expression, at least in mammals (Dekker & Heard, 2015;
Nora et al., 2012; Zhan et al., 2017) and Drosophila
(Ramirez et al., 2018).

The nature of plant TADs, however, is less well under-
stood, and indeed their functional significance in plants
has been disputed (Dong, Tu, Li, et al., 2020; Niitzmann
et al., 2020; Zhang, Zhao, et al., 2021). Our analysis of TADs
and their boundaries in rice provides evidence that these
genomic elements share features with functional TADs in
metazoan systems, including high transcriptional activity,
enrichment for active histone marks, low methylation
levels, low TE content, and increased gene densities at
TAD boundaries. Moreover, we find significant correlation
of expression levels for genes within these rice TADs, sug-
gesting that they indeed function as genomic domains
with shared regulatory features. Our findings emphasize
that animal and plant TADs may share more commonali-
ties than initially thought, as evidenced by similar genetic
and epigenetic signatures associated with TADs and their
boundaries.

© 2025 The Author(s).

Conservation of 3D genome topology is a highly con-
tested topic in the field of comparative genomics (Eres &
Gilad, 2021), and different computational approaches for
TAD calling and arbitrary definitions of conservation status
have resulted in a lack of consensus on whether the 3D
genome is conserved between species. Nevertheless, a
prevailing view within comparative 3D genomics is that
TADs are highly conserved across species, although this
has been challenged and has led to skepticism about the
functional and evolutionary importance of TADs (Eres &
Gilad, 2021). To address this problem, we quantitatively
assessed global 3D genome topology conservation and
diversity, as well as specific dissection of TADs and TAD
boundaries. We showed that, on a global scale, chromo-
some topology between Oryza genomes that have
diverged between ~4000 and 2.4 million years ago is
largely conserved, and that 3D structural divergence
is observed that correlates with evolutionary distance
between genomes. However, we also show that individual
TADs display low levels of conservation, even between
subspecies, supporting previous findings made in other
plant species such as foxtail millet, sorghum, legumes,
and Arabidopsis (Dong et al., 2017; Junaid et al., 2023;
Wang et al., 2021). We also demonstrate that different TAD
groups have different levels of conservation, with con-
served TADs being gene-dense, enriched for active chro-
matin marks, and depleted for TEs. We should note that
we restricted evolutionary analysis to high-confidence
TADs, identified with two callers independently, to ensure
that the comparisons are based on the most reliable data.
This approach helps ensure that observed differences
reflect true evolutionary changes rather than artifacts of
data noise or algorithmic variability.

How to explain this apparent discrepancy between
TADs being functional units and yet generally not con-
served between closely related species? One explanation
may stem from the phenomenon of conserved functional
neighborhoods with changing genes (Al-Shahrour
et al., 2010). It was shown that the chromosomes of higher
eukaryotes, including plants, contain genes arranged in
functional neighborhoods with gene co-expression, similar
to genes arranged into clusters within a TAD (Al-Shahrour
et al., 2010). The function of a cluster is constrained within
a neighborhood, and if a chromosomal rearrangement
breaks a neighborhood, selective pressure will lead to the
formation of another neighborhood with similar function
through additional chromosomal rearrangements (Al-
Shahrour et al., 2010). Similar mechanisms could explain
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the seeming instability of TADs in evolution. In addition,
high levels of presence/absence variation known for plant
genomes, including rice, could also contribute to the
highly dynamic nature of the TAD genomic landscape.
Future studies can indeed examine the evolutionary mech-
anisms underlying the divergence of TADs in eukaryotic
genomes and their functional consequences.

METHODS
Plant materials and growth conditions for Micro-C

Seeds of O. sativa landraces Nipponbare (IRGC 12731, temperate
japonica), Azucena (IRGC 328, tropical japonica), and IR64 (IRGC
66970, indica) were provided by the International Rice Research
Institute (Los Banos, Philippines). Seeds of O. rufipogon (W1943)
and O. meridionalis (W2112) were provided by the National
Institute of Genetics (Mishima, Japan). Seeds were incubated
for 5 days at 50°C and germinated in water in the dark for 48 h at
30°C. These were subsequently sown on hydroponic pots
suspended in 1 x Peters solution and 1.8 mm FeSO, (pH=
5.1-5.8) (JR Peters). Plants were grown in growth chambers
(12 hour light/12 hour dark cycle; 30°C/20°C day/night;
300-500 pmol quanta m~2 sec™"; relative humidity: 50-70%). Leaf
tissue was collected from 14-day-old plants.

Micro-C library preparation and sequencing

For each species/variety, we generated two replicate Micro-C
datasets (Table S1). The Micro-C libraries were prepared using
the Dovetail Micro-C Kit (Dovetail Genomics, Scotts Valley, CA,
USA) for animal tissue, which we adapted for plant tissues. In
brief, 50 mg of frozen leaf tissue were ground to a fine powder
in liquid nitrogen. Ground tissue was fixed with disuccinimidyl
glutarate and formaldehyde. The cross-linked chromatin was
then digested using micrococcal nuclease (MNase) until an opti-
mal digestion profile of 40-70% mononucleosomes was
achieved. The sample was then lysed with SDS, and the chro-
matin ends were repaired and ligated to a biotinylated bridge
adapter followed by proximity ligation. The cross-links were
then reversed, the proteins were degraded, and the DNA was
purified and ligated with Illumina-compatible adaptors. Biotiny-
lated DNA was pulled down on streptavidin beads and then PCR
amplified. Two biological replicates were used. The libraries
were sequenced on the lllumina NextSeq 500 platform (lllumina,
San Diego, CA, USA) with 150-bp paired-end reads at the NYU
CGSB Genomics Core facility.

Micro-C data analysis

Chromatin contact maps were generated using the Dovetail Geno-
mics pipeline (https://micro-c.readthedocs.io/en/latest/index.html).
Briefly, sequenced read pairs were mapped to the reference
genomes (see below) using BWA-MEM v.0.7.17 (Li & Durbin, 2009),
then low-quality reads (MAPQ < 40) and PCR duplicates were
removed by pairtools v.1.0.2 (Open2C et al., 2023). Hic and mcool
files (that included multiple bin sizes) were generated by juicer
v.1.6 (Durand, Shamim, et al., 2016) and cooler v.0.9.0 (Abdennur
& Mirny, 2020), respectively. Hic files were normalized by the KR
method in Juicebox v.2.20.00 (Durand, Robinson, et al., 2016), and
cooler balance was applied to normalize mcool files. CoolBox
v.0.3.8 (Xu et al., 2021) was used for plotting the contact maps at
5 kb resolution together with genetic/epigenetic tracks and for
plotting the distance-dependent decay of chromatin contacts. We

used HiCRep (Yang et al., 2017) to calculate the stratum-adjusted
correlation coefficient (SCC) at 5 kb resolution with the following
parameters: h =30, Ibr =0, ubr =1 000 000. We calculated SCC
values between biological replicates for each chromosome of each
species, then averaged the values for all chromosomes. The aver-
age SCC values ranged from 0.76 to 0.88. HiCRes (Marchal
et al., 2022) was used to estimate the maximum contact map
resolution.

Compartment calling

We called A/B compartments by implementing the fanc compart-
ments tool from the FAN-C package (Kruse et al., 2020). The fanc
compartments command produces a correlation matrix from a
contact matrix file binned at 160 kb resolution. Compartment
matrices are calculated on a per-chromosome basis. Then, the
eigenvector of the correlation matrix was used to make compart-
ment calls. The average GC content of regions with positive and
those with negative eigenvector entries was used to determine
the compartment type of genomic regions. As GC content has pre-
viously been shown to correlate well with compartmentalization,
the eigenvector was oriented such that negative entries corre-
spond to B (low GC content) and positive entries to A (high GC
content) compartments. TAD and non-TAD regions were assigned
to A/B compartments if more than 50% of the region fell within
the respective compartment.

TAD annotation

We compared the performance of three tools for TAD identifica-
tion: hicFindTADs from the HiCExplorer v.3.7.2 package (Ramirez
et al., 2018), HiTAD from TADLib (Wang et al., 2017), and Arrow-
head from the juicer package (Durand, Shamim, et al., 2016). We
called TADs in the Azucena genome at three resolutions: 1, 2, and
5 kb. HiTAD detects hierarchical TADs, including TADs, sub-TADs,
and smaller domains. For our analysis, we used only TADs level
0. The number of TADs called by each tool can be found in
Table S2, and we noted that they were similar for HiCExplorer
and HIiTAD. We then generated metagene plots for the repressive
(DNA methylation, H3K27me3) and active (H3K4me3, H3K27ac)
marks using deepTools v.3.5.2 (Ramirez et al., 2016). We expected
TAD boundaries to be enriched for active chromatin marks and
depleted for repressive marks. Based on the distribution of signal
(Figure S15), we concluded that TADs were most accurately called
by HiCExplorer at 1, 2, and 5 kb resolutions, and by HiTAD at 2
and 5 kb resolutions. We then identified a uniform set of TADs
called by both HiCExplorer and HiTAD tools at 2 and 5 kb resolu-
tions, with the criteria that the TAD body must reciprocally over-
lap by at least 80% between both tools. The TAD body and
boundaries identified by HiCExplorer were retained as the con-
sensus. TAD boundaries were defined as 2 and 5 kb genome frag-
ments identified by hicFindTADs from HiCExplorer. The same
approach for calling TADs and TAD boundaries was applied to
the remaining Oryza genomes, except that only the 5 kb resolu-
tion was considered.

Genetic and epigenetic features of TADs and boundaries

We used pybedtools v.0.9.1, a Python wrapper for BEDTools (Dale
et al., 2011) to analyze the enrichment of genetic and epigenetic
features between TADs/non-TADs/TAD boundaries and TAD con-
servation groups. We performed Wilcoxon rank sum tests for all
pairwise comparisons between the groups and corrected the
resulting p values using the Benjamini-Hochberg procedure.
Metagene plots of the distribution of features across TADs were
generated with deepTools (Ramirez et al., 2016).

© 2025 The Author(s).
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Repeat masking of genomes

We performed two rounds of repeat masking of the five genomes
used with RepeatMasker v.4.1.2 (https://www.repeatmasker.org/),
using default repeat libraries and the Oryza Repeat Database from
the Rice Genome Annotation Project (http://rice.uga.edu), which
resulted in about 43% of the genomes masked.

Identification of conserved TADs

We used two approaches to identify conserved TADs. For the
liftOver-based approach, we first generated chain files for pairs of
repeat-masked genomes using custom scripts based on the UCSC
pipeline  (http://genomewiki.ucsc.edu/index.php/LiftOver_Howto).
We then lifted over the genomic coordinates of TADs from the
query to the target (Nipponbare) genome with the UCSC liftOver
tool (Hinrichs et al., 2006). To be successfully lifted over, TADs in
one genome require a 20% minimum ratio of bases (-
minMatch = 0.20) to be remapped in the other genome. Lifted-
over TADs from the query genome that reciprocally overlapped a
TAD in the target genome by at least 50% were identified with
BEDTools (Quinlan & Hall, 2010) intersect (-r 0.5) and recorded as
conserved. We performed this for four pairs of genomes and
assigned Nipponbare TADs to five conservation groups.

For the BLAST-based approach, we first generated a data-
base of TAD sequences with BEDTools getfasta. Then, the
database of the query species was aligned to the target species
database using BLASTn (blast+ v.2.13.0) (Camacho et al., 2009),
and the results were filtered with custom Python code so that only
TADs on the same chromosome in query and target remained,
and all hits per TAD and the total coverage were recorded. If the
total coverage of the target species’ TAD was >50% of the query
species’ TAD, it was recorded as conserved. We performed this
for four pairs of genomes and assigned Nipponbare TADs to five
conservation groups.

Boundary motif enrichment

TAD boundaries identified at resolutions 2 and 5 kb were used to
identify motifs enriched at boundaries. We used HOMER v.4.11
(Heinz et al., 2010) with two sets of parameters (-len 10 -size given
and -len 8,10,12 -size 200). We also used STREME from the MEME
Suite v.5.3.0 (Bailey, 2021) with default parameters. For back-
ground, randomly chosen non-boundary sequences were used.
The motifs found to be significantly enriched by both tools in both
sets of boundaries were reported.

GO enrichment

We analyzed whether genes at TAD boundaries are enriched for
specific functional categories using the enrichGO function in clus-
terProfiler v.4.0 (Wu et al., 2021). We ran clusterProfiler for all
three ontologies: biological process, molecular function, and cellu-
lar component.

TE annotation

The IRGSP rice6.9.5.liban TE library (Ou et al., 2019) was comple-
mented with additional, high-confidence TE consensuses from
the wild rice genome (Oryza rufipogon). In order to do this,
EDTA was run on O. rufipogon GCA_000817225.1 assembly,
retaining only TE consensuses without homology to the
rice6.9.5.liban library. These novel sequences were further fil-
tered to avoid false positives by retaining only those longer than
200 bp and carrying a conserved TE domain (as identified by
TEsorter; Zhang et al., 2022) or containing more than three

© 2025 The Author(s).
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full-length copies in the genome (more than 90% of consensus
length). The combined library was used to annotate IRGSP and
Azucena genome assemblies using RepeatMasker v.4.1.2
(https://www.repeatmasker.org/).

RNA-Seq analysis

We grew three replicates of Azucena in Yoshida culture solution
(based on Ahmadizadeh et al., 2016) in the Lloyd T. Evans Plant
Growth Facility (PGF) of the International Rice Research Institute,
Los Banos, Philippines greenhouse under normal (0 dS m~2 equiv-
alent to 0 mm NaCl) and saline (10 dS m~2 equivalent to 100 mm
NaCl solution) conditions. Tissue samples were collected from the
third leaf at specific time points and immediately soaked in
RNAlater™ Stabilization Solution (Invitrogen, Carlsbad, CA, USA).
Total RNA was extracted using RNeasy Plant Mini Kits (Qiagen,
Germantown, MD, USA; Cat No. 74904). Contaminating DNA was
removed from the total RNA samples by treatment with RNase-free
DNase (Qiagen, Germantown, MD, USA; Cat No. 79254). RNA qual-
ity was determined by gel electrophoresis. Strand-specific RNA-
Seq libraries were synthesized using the NEBNext® Ultra™ Il Direc-
tional RNA Library Prep kit (New England Biolabs, Ipswich, MA,
USA). The libraries were sequenced at nine libraries per lane using
standard methods for paired-end 51 base-pair reads on an Illlumina
HiSeq 2500 (lllumina, San Diego, CA, USA) at the NYU CGSB Geno-
mics Core facility. Demultiplexed reads were aligned to transcripts
from the Oryza sativa Japonica assembly IRGSP-1.0
(GCA_001433935.1) and counted with kallisto (v0.46.0) and then
processed into a gene count matrix. The read counts obtained were
normalized using the TMM (trimmed mean of M values) method
with edgeR v4.2.1 (Robinson et al., 2010), and then averaged over
the replicates for each timepoint per environment. Transcripts that
were expressed (read count >0) in at least 8 of the 10 samples were
chosen for downstream analyses, leading to a total of 34 716
expressed transcripts.

Co-expression analysis

We estimated the coefficient of variation, defined as the standard
deviation (SD) by mean (CV = SD/mean), as a measure of gene co-
expression. For this, we chose TAD and non-TAD domains with at
least five genes expressed, giving us a total of 1247 domains (678
TAD domains and 569 non-TAD domains). Here, we focus on the
results from normal conditions timepoint 1 (0 min) in the main
manuscript and attach the results from all other timepoints and
conditions in the Supplementary figures. Additionally, we esti-
mated the CV for TAD and non-TAD domains using previously
published leaf tissue drought and salinity stress data from the
field (Groen et al., 2020; Gupta et al., 2025), and aluminum stress
data for roots (Arbelaez et al., 2017).

Epigenetic marks

DNA methylation and histone marks ChIP-seq sample preparation,
sequencing, and data analysis for O. sativa Azucena variety were
performed as described in Joly-Lopez et al. (2020), except for the
sequencing reads that were aligned to the Azucena genome
assembly.

Genome alignments

The following reference genomes were used: O. sativa Nippon-
bare (IRGSP-1.0), O. sativa Azucena (PRINA424001), O. sativa IR64
(PRJNA5S09165), O. rufipogon (PRJEB4137), and O. meridionalis
(PRJNA48433). To make sure the genomes are colinear, we
aligned the individual chromosomes pairwise using the nucmer
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utility (with parameters --mum -1 100 -¢ 1000 -d 50) from the MUM-
mer4 software package v.4.0.0 (Margais et al., 2018) and visualized
the alignments as dotplots using the mummerplot post-script
command (Figure S7). We observed good collinearity between all
pairs of comparisons and detected a small number of large SVs
(defined as more than 500 kb in size). To extract the coordinates
of large SVs (Table S4), we first filtered the alignments with the
delta-filter utility of MUMmer (-m -i 90 -I 100), then applied the
show-coords utility and custom scripts.

Detection of structural variants

We used MUM&Co v3.8 (O’'Donnell & Fischer, 2020) to detect
insertions, deletions, and duplications in fragments of chromo-
somes between genomes. The three classes of SVs from output
tsv files were converted into bed files using custom Python code
and visualized in CoolBox (Xu et al., 2021).

Identification of colinear genomic blocks

To generate pairs of genomic windows for CHESS analysis, we
first masked the identified large SVs from the genomes. We then
split one of the genomes in the pair into 500 kb fragments with a
step size of 250 kb. Next, we lifted over the coordinates of the start
and end of the blocks using the UCSC liftOVer utility, generating
bedpe files with pairs of colinear genomic blocks.

Comparison of colinear genomic blocks

We used CHESS v.0.3.8 (Galan et al., 2020) to compare global
genome conformation between species/varieties. We compared
Micro-C submatrices binned at 25 kb resolution across the genome
between pairs of genomes to generate a similarity score (SSIM)
and signal-to-noise (SN) ratio for each pair of colinear genomic
windows. We then filtered out the genomic windows with SN <0.5
and plotted the distribution of SSIM for resulting windows together
with the distributions of SSIM for 100 random permutations of
region pairs. Using this approach, we compared all combinations
of five genomes (10 comparisons). For control, we compared the
Micro-C submatrices of biological replicates for each accession
(Figure S8). To quantify the overall similarity between genomes,
we calculated the mode of the KDE plot of the similarity scores for
colinear regions and subtracted from that the mode of the KDE plot
of SSIM for random regions, obtaining a genome-wide normalized
SSIM value (GN-SSIM). All GN-SSIM values for the interspecies/
varieties comparisons were significantly different from the biologi-
cal replicates’ GN-SSIM values (t-test).

We compared the enrichment for genetic and epigenetic fea-
tures between groups of genomic windows with pybedtools (Dale
et al., 2011). To calculate sequence similarity between pairs of
windows, we first extracted the sequences of 500 kb windows in
FASTA format using Biopython (https:/github.com/biopython/
biopython), aligned them pairwise with EMBOSS Stretcher
(Madeira et al., 2022) and recorded the sequence identities using
custom code. To control for possible biases introduced by the dif-
ferent mappability of the genomic windows, we calculated mapp-
ability scores using GenMap (with parameters -K 30 -E 2)
(Pockrandt et al., 2020), which computes the uniqueness of k-mers
for each position in the genome. We compared the mappability
scores for the groups of genomic windows analyzed and found
that they were not significantly different. To compare the level of
structural similarity with the level of sequence similarity between
genomes, we calculated synonymous substitution levels (dS)
between coding sequences using the orthologr v.0.4.2 package
(Drost et al., 2015).

DATA ANALYSIS TOOLS

HOMER v.4.11, STREME v.5.3.0, BWA-MEM v.0.7.17, pair-
tools v.1.0.2, GenMap, HicRes, HicRep, Orthologr v.0.4.2,
DeepTools v.3.5.2, MUMmer4d, MUM&Co v.3.8, CoolBox
v.0.3.8, HiCExplorer v.3.7.2, HiTAD, Arrowhead, juicer v.1.6,
Juicebox v.2.20.00, cooler v.0.9.0, Pybedtools v.0.9.1, BED-
Tools v.2.30.00, EMBOSS Stretcher, Biopython, blast+
v.2.13.0, UCSC IiftOver, RepeatMasker v4.1.2, edgeR
v.4.2.1, FAN-C v.0.9.1.
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Figure S1. Chromatin contact probabilities as a function of geno-
mic distance.

Figure S2. Genome GC content by TAD features. (a) Partition of
the genome into three classes of genomic regions. Triangles on
top depict the extent of the TAD, while bidirectional arrows at the
bottom show the different classes of TAD features. (b) TAD
boundaries (TADbr) have the highest GC content followed by non-
TAD bodies (non-TADy,,qy) and then TAD bodies (TADyoqy). Signifi-
cance of two-tailed ttest depicted by ns, non-significant;
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Figure S3. Gene ontology enrichment analysis for genes at Azu-
cena TAD boundaries identified at 5 kb resolution. BP, biological
process; CC, cellular component; MF, molecular function.

Figure S4. Gene co-expression in TAD domains. Shown here is
the coefficient of variation (CV) measured using plants in the nor-
mal (a) and saline (b) in the greenhouse at multiple timepoints
(60, 180, 240, and 5 days), and in the field exposed to drought
stress (c) and salinity stress (d). Significance of two-tailed t-test
depicted by ns, non-significant; *P<0.05, **P<0.01,
*xkP < 0,001, and ****P < 0.0001.

Figure S5. Gene co-expression in TAD domains within A and B
compartments. Shown here is the coefficient of variation (CV)
measured using plants in the normal (a, c) and saline (b, d) in the
greenhouse at multiple timepoints (60, 180, 240, and 5 days). TAD
and non-TAD regions were assigned to A/B compartments if more
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than 50% of the region falls within a respective compartment. Sig-
nificance of two-tailed t-test depicted by ns, non-significant;
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Figure S6. Gene co-expression in TAD domains in root tissue.
Shown here is the coefficient of variation (CV) measured using
plants in the normal and aluminum stress conditions. Significance
of two-tailed ttest depicted by ns, non-significant; *P < 0.05,
**P < 0.01, ***P < 0.001, and ****P < 0.0001.

Figure S7. Comparison of strong and weak TAD boundaries with
random genomic regions. Box plots show comparison of genetic
and epigenetic features for strong (low insulation scores) and
weak (high insulation scores) boundaries, as well as random 5 kb
genomic regions. Significance of Wilcoxon rank-sum test depicted
by ns, non-significant; *P < 0.05, **P < 0.01, ***P < 0.001, and
#kxP < 0.0001.

Figure S8. Genome collinearity within Oryza visualized using
MUMmer. The nucmer utility with parameters --mum -I 100 -c
1000 -d 50 was used to align individual chromosomes pairwise.
Figure S9. Distributions of empirically determined CHESS scores.
Plots are for indicated pairs of colinear (magenta) regions and 100
random permutations of region pairs (gray) for comparisons of
biological replicates.

Figure S10. Neighbor-joining tree constructed using the GN-SSIM
values recapitulates the topology of the evolutionary tree of the
Oryza species. (a) Calculation of GN-SSIM value from the distribu-
tion of empirically determined CHESS scores for pairs of colinear
(magenta) regions and 100 random permutations of region pairs
(gray). (b) Rate of global chromatin structure evolution. GN-SSIM
values were used to create a distance matrix to construct the
neighbor-joining tree. (c) Evolutionary tree of the Oryza species
constructed using genome-wide median dS values. dS values
were computed for all coding sequences with orthologr. Median
dS values were calculated for all genomes pairwise and then used
to create a distance matrix.

Figure S11. Comparison of genetic and epigenetic features for
genomic windows corresponding to the two modes of the KDE
plot of SSIM values for the Nipponbare-O. meridionalis compari-
son. Structurally similar genomic regions have higher fitcons and
PhastCons scores, lower SNP density and lower TE content (spe-
cifically gypsy, copia, and SINE elements). Significance of Wil-
coxon rank-sum test depicted by ns, non-significant; *P < 0.05,
#*P < 0.01, ***P < 0.001, and ****P < 0.0001.

Figure S12. Detecting conserved TADs using liftover-based
approach. (a) Schematic representation of the liftover-based con-
served TADs identification method. (b) Conserved TADs have
higher gene coverage and lower TE content.

Figure S$13. TAD conservation analysis with BLAST: detecting con-
served TADs with SVs. (a) Schematic representation of the BLAST-
based approach to identify conserved TADs. (b) Distribution of
conserved TAD coverages per genome pair analyzed. (c) Distribu-
tion of conserved TAD coverages per genome pair analyzed, but
only the coverages above 50% plotted.

Figure S14. Comparison of PhastCons scores for TAD conserva-
tion groups. Group 5 represents TADs with orthologs in all five
genomes, Group 1 represents Nipponbare-specific TADs. The Wil-
coxon rank-sum tests were performed for all pairwise compari-
sons between groups. Compact letters represent groups whose
distributions of features were not significantly different from each
other.

Figure S15. Conserved TAD boundaries have lower density of
gypsy elements and DNA transposons. Shown here are compari-
sons of TE density for strong (low insulation scores, yellow) and
weak (high insulation scores, blue) Nipponbare TAD boundaries

© 2025 The Author(s).
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identified at 5 kb resolution. Significance of Wilcoxon rank-sum
test depicted by ns, non-significant; *P < 0.05, **P<0.01,
*#*P < 0,001, and ****P < 0.0001.

Figure S$16. The distribution of epigenomic features across TADs
called with different tools at different resolutions. TADs were line-
arly transformed to align the panel’s borders. Boundaries were
marked as ‘0", and the plots span 20 kb proximal and distal to the
boundaries.

Table S1. Micro-C libraries and contact map statistics.

Table S2. Number of TADs identified with different tools in
Azucena.

Table S3. Properties of spatial chromatin features.

Table S4. Large (>500 kb) structural variants detected with
mummer4.

Table S5. GN-SSIM scores.
Table S6. Number of TADs in conservation groups.
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