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Reviewer #1 (Remarks to the Author):

In the manuscript entitled “A fine-scale Arabidopsis chromatin landscape reveals chromatin
conformation-associated transcriptional dynamics”, the authors utilized a chemical-crosslinking
assisted proximity capture (CAP-C) method to generate a high-resolution chromatin contact map in
Arabidopsis, enabling the identification of chromatin interactions at the gene level. Subsequent
analysis of these local interactions revealed their association with Pol II activities, which were
dynamically reprogrammed in response to cold stress. PPI network identified by CAP-C showed co-
regulation of the interactors during cold treatment. This study represents the first application of
the CAP-C method in plants and provides valuable insights into fine-scale chromatin interactions.
Nevertheless, I have the following main concerns:

The terms “chromatin loop” and “chromatin contacts” are not clearly defined. In this manuscript, it
appears that “chromatin loop” refers to chromatin contacts with statistical significance (according
to line 447 in the method section). However, I could not find any information on “chromatin loops”,
such as the number of loops and the distance range of loops, furthermore, whether the statistical
modeling of FIT-HiC is suitable to call loops at 200-bp resolution is not justified. On the other
hand, the term “chromatin contacts” is used to describe “observed CAP-C reads” (among which the
vast majority of sequencing reads come from stochastic chromatin contacts). These two concepts
are used interchangeably without giving any reasons, for instance, Figs 3 and 4 are based on
normalized CAP-C reads; while Fig 5 and Fig6 are likely based on chromatin loops. Figec makes me
confused: it depicts both intra- and inter-chromosomal PPI. Were they “loops” identified by FIT-
HiC? If yes, I don’t think 200-bp resolution works for inter-chromosomal or long-distance intra-
chromosomal (e.g., several Mbs) contact calling; if the answer is no, does it mean that PPIs were
only observed CAP-C reads, which can be stochastic?

Other comments:

Fig2a and 2b illustrated some short chromatin loops (<500 bp or so). In such a distance range, I
am curious to know how CAP-C reads were analyzed so that one can differentiate ligation products
from unligated genomic DNA.

The y-axis values of some plots are inconsistent: Fig3e,3f, 4d, 4e have the same y-axis and these

panels describe “normalized interactions per bin” over exon/intron junctions. But the values in fig3
(between 1.5 and 1.7) are much lower than those from fig4 (between 0 and 10). Furthermore, the
curves in Fig4d and 4e have negative values, by y-axis definition, this is not possible.

Fig2e and 2f have chromatin interactions that I could not understand well. In both panels, there
are way more interactions within the locus of interest; on the contrary, the contacts between the
locus of interest and its flanking regions appear extremely sparse. Are such extraordinarily strong
chromatin contacts within gene body representative?

From lines 110 to 156, the authors clarified that CAP-C can identify local chromatin organizational
features, including interactions between individual gene loci, enhancers and promoters, and
promoter-promoter interactions. While two examples were presented in Fig2 for each feature, they
were not sufficient to illustrate interactions on a genome-wide scale. It would be beneficial to
provide genome-wide information on chromatin contacts, such as how many loops were identified,
the numbers of E-P and P-P interactions, and so on. Furthermore, systematic characterization of P-
P and E-P contacts would be appreciated.

Concerning the association between local chromatin contacts and Pol II activities, the authors
claimed that “the regions with high Ser5P Pol II densities exhibited more chromatin contacts than
those with low Ser5P Pol II densities (Fig. 3e). Notably, this disparity was most prominent at the
first exon-intron junction, which is critical to Pol II elongation activity (Fig. 3f)” (line 193 to 195),
in which the signal of Ser 5p Pol II peaked across the 5’SS or the 1st 5’SS regions. In references 2
and 20, which discuss Pol II activities, splicing intermediate within the spliceosome complex that
coprecipitated with Ser 5P Pol II at 5'SS were reported, indicating that the signals at 5’SS contain
both nascent RNA and splicing intermediates. Could the presence of splicing intermediates mislead
the accurate signal of nascent RNAPII transcription? Similarly, in the subsequent section that
demonstrates the dynamics of chromatin conformation-associated Pol II activities during cold



response (Fig4f,g and Supplementary Fig. 4b,c), the authors should consider excluding possible
effects of splicing kinetics during cold treatment.

In Figba and 6b, it is striking that promoter-promoter interacting genes were exclusively co-
upregulated or co-downregulated during cold treatment. I am skeptical that not all promoter-
promoter interacting gene pairs are present in the plots, instead, it is clear that a filter has been
applied so that only a subset of gene pairs are shown. Besides, perhaps “22C or 3-hour cold
treatment” (line 701) should be “3-hour vs. 22C", and “3-hour or 12-hour” (line 703) should be “3-
hour vs. 12-hour”. Further analysis of these genes “showed that for many gene pairs where one
gene was involved in stress response, its co-regulatory gene partner was mainly involved in either
cellular metabolic processes or developmental processes” (line279 to 281). Generally, stress
responses are considered antagonistic to plant growth and development. The authors should
discuss the potential reasons behind this observation.

Reviewer #2 (Remarks to the Author):

I don't understand why this manuscript could be considered for reviewed in a nature journal. The
Cap-C method has already been published in nature biotechnology. This is just applying it to plant?
Is that acceptable now?

I also don't understand why the author would choose Arabidopsis, which has a small genome and
no meaningful long-range chromatin interactions. Yes, Cap-C has very good resolution, which is
very useful for large animal genome, and this has been nicely demonstrated in the first nature
biotechnology paper. But plants, Arabidopsis in particular do not have such chromatin loops. That's
why the author couldn’t find anything meaningful interaction from their Cap-C at this super high
resolution. They then turned to making a “promoter-promoter-interaction” (PIP) network and
“transcription-initiation-cluster” (TIC). But those are just highly expressed genes in the
transcription factories that got crosslinked together. These “interaction” has no regulatory function.
Why would anyone bother to examine those?

The last sentence of the abstract said "...contributed to transcriptional reprogramming, enhancing
our understanding of chromatin conformation-associated gene regulation". None of the result in
this paper can demonstrate that such chromatin interaction has any regulatory function.

There are too many papers describing this type of chromatin interaction in plants. But no one can
confidently say that those interaction has any regulatory function. Very few exceptional cases in
some large plant genome, in which a few real enhancers can be positioned hundreds of kb away
from the target gene, like bl and tb1. Those rare cases have been extensively studied and people
have published those many years ago. Now, if anyone wants to claim that they find new long-
range chromatin interaction that can control gene expression, they can't just show there is an
interaction by sequencing. because adjacent accessible chromatin or transcribed genes can be
cross-linked in such experiment and detected as if they are interacting. if we want to make such
functional claim, we must produce evidence. So for, no one is able to do so. lots of people tried to
use CRISPR to remove those so-call distal enhancers" and found no meaningful effect on gene
expression. That's why we wont consider the plant chromatin interaction would have the same
function as those in the animal nucleus.



We thank the reviewers for their time and effort in helping us improve our manuscript. We
have conducted additional new experiments and analyses to strengthen our conclusions. In total,
we have added additional 5 supplementary figures and 6 supplementary data into our revised

manuscript, accordingly. Please find the detailed responses as follows.

REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

In the manuscript entitled “A fine-scale Arabidopsis chromatin landscape reveals chromatin
conformation-associated transcriptional dynamics”, the authors utilized a chemical-crosslinking
assisted proximity capture (CAP-C) method to generate a high-resolution chromatin contact map
in Arabidopsis, enabling the identification of chromatin interactions at the gene level. Subsequent
analysis of these local interactions revealed their association with Pol II activities, which were
dynamically reprogrammed in response to cold stress. PPI network identified by CAP-C showed
co-regulation of the interactors during cold treatment. This study represents the first application
of the CAP-C method in plants and provides valuable insights into fine-scale chromatin

interactions.

General Response: We thank the Reviewer for their encouraging feedback: “This study represents
the first application of the CAP-C method in plants and provides valuable insights into fine-scale
chromatin interactions”. We are also very grateful for their suggestions to help us improve our
manuscript. During our revision, we performed additional new analyses and experiments that fully

addressed all the comments.

Nevertheless, I have the following main concerns: The terms ‘“chromatin loop” and “‘chromatin
contacts” are not clearly defined. In this manuscript, it appears that “chromatin loop” refers to
chromatin contacts with statistical significance (according to line 447 in the method section).
However, I could not find any information on “chromatin loops”, such as the number of loops and
the distance range of loops, furthermore, whether the statistical modeling of FIT-HiC is suitable

to call loops at 200-bp resolution is not justified.



Response: We thank the Reviewer for the comments. We apologize for the confusing terms and
have clarified our manuscript as follows.

CAP-C's unique advances include a bi-functional bridge linker, attached to dendrimers via
"Click Chemistry"!. This linker connects proximal contacts on the same dendrimer, reducing
random DNA collisions, minimizing unligated genomic DNA ligation products, and enhancing
specificity in identifying chromatin proximities. Consequently, only DNA fragments crosslinked
and reacted with the linker are captured in our libraries. We termed the read pairs that contain
the bridge linker in the middle as the valid “chromatin contacts”. Furthermore, we assessed
the reproducibility of chromatin contacts in our CAP-C libraries. We found that the reproducibility
is very high between two biological replicates (Supplementary Figure 1b, Rebuttal Table 1 and
Rebuttal Figure 1). We illustrated the reproducibility with both zoom-in regions and
chromosome-wide measurements (Supplementary Figure 1b, Rebuttal Table 1 and Rebuttal
Figure 1). The high reproducibility shown supports the advantages of CAP-C on the specificity
and sensitivity in measuring the chromatin interactions.

Furthermore, to facilitate comparison with previous studies® ** in Figure 2, we only used
Fit-Hi-C (the latest reimplemented version FitHiC2°) to identify highly enriched chromatin
contacts (termed as stable chromatin contacts). The Fit-Hi-C computes accurate empirical null
models of stable chromatin contact probability without any distribution assumption, corrects for
binning artifacts and identifies chromatin contacts with the high confidence. Thus, it is capable of
identifying highly enriched chromatin interactions (stable chromatin contacts) with different
distances™ . As shown in Figure 2, these stable chromatin contacts identified from our CAP-C,
were used to be compared with previous chromatin conformation studies> 3. We have provided
new supplementary information on the number and the distance range of these stable chromatin

contacts (New Supplementary Data 7).

Rebuttal Tablel. HiCRep’ reproducibility at 200-bp resolution (measured
by the stratum-adjusted correlation coefficient).

Chrl1 Chr2 Chr3 Chr4 Chr5

CAP-C 22°C Repl vs Rep2 0.9461 0.9276 09421 0.9427 0.9299
CAP-C 4°C 3h Repl vs Rep2 0.9518 0.9536 09479 0.9526 0.9494
CAP-C 4°C 12h Rep1 vs Rep2 0.9735 09713 009703 0.9736 0.9717




Rebuttal Figure 1. High reproducibility of chromatin contacts across the genome.

Direct comparisons of chromatin contacts between two biological replicates at 22°C in our CAP-
C libraries were made using Integrative Genomic Viewer®. Chromatin contacts from each replicate
were shown in the upper and lower halves as arcs. Five zoom-in regions from different
chromosomes are shown to exemplify the reproducibility of chromatin contacts in each replicate.

Each line in the figure represents a chromatin contact for the respective region.

On the other hand, the term “chromatin contacts” is used to describe “observed CAP-C reads”
(among which the vast majority of sequencing reads come from stochastic chromatin contacts).
These two concepts are used interchangeably without giving any reasons, for instance, Figs 3 and

4 are based on normalized CAP-C reads; while Fig 5 and Fig6 are likely based on chromatin



loops. Figbc makes me confused: it depicts both intra- and inter-chromosomal PPI. Were they
“loops” identified by FIT-HiC? If yes, I don’t think 200-bp resolution works for inter-
chromosomal or long-distance intra-chromosomal (e.g., several Mbs) contact calling; if the
answer is no, does it mean that PPIs were only observed CAP-C reads, which can be stochastic?
Fig2a and 2b illustrated some short chromatin loops (<500 bp or so). In such a distance range, |
am curious to know how CAP-C reads were analyzed so that one can differentiate ligation

products from unligated genomic DNA.

Response: We only used Fit-HiC in validating our CAP-C with previous studies > ** on individual
genes. For other analyses, we directly characterized our high-resolution accurate chromatin
contacts in the following figures (Figures 3-6). Figure 5 and 6 are based on the chromatin contacts.
Figure 6c¢ displays both trans and cis chromatin contacts for the gene 473G41768. These PPIs
were highly reproducible between the two biological replicates (Rebuttal Figure 2). Thus, our
identified PPIs are not stochastic.

Our CAP-C procedures were designed to remove the unligated genomic DNAs® where all
the valid read pairs (chromatin contacts) contain the bi-functional bridge linker. In Figure 2a and
2b, we specifically enriched the stable chromatin contacts derived from Fit-Hi-C to compare with
the chromatin loops generated from previous low-resolution HiC data. We further assessed the
reproducibility of all our observed chromatin contacts across FLC loci and APOLO and found high
reproducibility between two replicates (Rebuttal Figure 3), further supporting the specificity and
sensitivity of our CAP-C.



Rebuttal Figure 2. High reproducibility of PPIs with A73G41768 across the genome.
Circus plots showing the PPIs formed by the promoter of A73G41768 (rDNA) across the genome

between two replicates in each condition.

Rebuttal Figure 3. High reproducibility of chromatin contacts across the gene locus.
a and b Direct comparison of chromatin contacts across FLC (Fig. 2a) and PID&APOLO (Fig. 2b)
in two biological replicates from our CAP-C libraries at 22°C is shown, respectively. Each line

represents a valid chromatin contact.

The y-axis values of some plots are inconsistent: Fig3e,3f, 4d, 4e have the same y-axis and these

panels describe “normalized interactions per bin” over exon/intron junctions. But the values in



fig3 (between 1.5 and 1.7) are much lower than those from fig4 (between 0 and 10). Furthermore,

the curves in Figdd and 4e have negative values, by y-axis definition, this is not possible.

Response: We thank the Reviewer for the important comments. We apologize for any confusion.
We observed a significantly high peak of average chromatin contacts downstream of exon-intron
junctions in CAP-C libraries under three conditions (Rebuttal Figure 4 and Rebuttal Table 2).
The average chromatin contacts across the genomes were slightly different among the CAP-C
libraries under three conditions due to different sequencing depths. In order to compare the
dynamic changes of this chromatin-contact peak under different conditions, we conducted the Z-
score normalization for all three conditions where we observed that the chromatin contacts located
downstream of the 5°SS dropped sharply during 3 hours in the cold, but gradually reverted to
control levels during 12 hours in the cold (Fig. 4d and 4e). We have clarified this in our revised

figure legend highlighted in yellow.

Rebuttal Figure 4. The average chromatin contacts across exon-intron junctions under three

conditions.



a, b Meta-profiles showing high peaks of chromatin contacts 100 bp upstream and 200 bp
downstream of the (a) 5’SS or (b) the 1st 5°SS under three conditions before Z-score normalization
are evident (22°C in red, 4°C treatment for 3h in dark blue, 4°C treatment for 12h in green). The
grey shaded area represents the 95% confidence interval. The dashed line indicates the position of

the exon-intron junction.

Rebuttal Table 2: Statistical significance assessment for peaks compared to the background

in Rebuttal Figure 4

Peak compared to the whole region.

Average Chromatin Contacts Peak Value t df pvalue

CAP-C 22°C 1.630166 -12.142 34 6.5E-14
CAP-C 4°C 3h 1.422726 -11.562 34 2.5E-13
CAP-C 4°C 12h 1.446476 -11.623 34 2.2E-13

Peak compared to the region before the peak.

Average Chromatin Contacts Peak Value t df  pvalue
CAP-C 22°C 1.630166 -10.864 16 8.57E-09
CAP-C 4°C 3h 1.422726 -9.842 16 3.43E-08
CAP-C 4°C 12h 1.446476 -10.363 16 1.67E-08
Peak compared to the region after the peak.

Average Chromatin Contacts Peak Value t df pvalue

CAP-C 22°C 1.630166 -12.142 34 6.5E-14
CAP-C 4°C 3h 1.422726 -11.562 34 2.5E-13
CAP-C 4°C 12h 1.446476 -11.623 34 2.2E-13

Fig2e and 2f have chromatin interactions that I could not understand well. In both panels, there
are way more interactions within the locus of interest; on the contrary, the contacts between the
locus of interest and its flanking regions appear extremely sparse. Are such extraordinarily strong

chromatin contacts within gene body representative?

Response: We thank the Reviewer for this comment. Figure 2e and 2f were used to demonstrate

that CAP-C not only verified long-distance chromatin contacts previously reported by BL-Hi-C!°



but also emphasised our capability to identify more short-range chromatin contacts (Rebuttal
Figure 5). In general, high-resolution methods such as our CAP-C?, BL-Hi-C!? and Micro-C!! all
tend to capture more gene-body short-distance chromatin interactions as compared to long-
distance chromatin interactions. The chromatin contacts in our CAP-C libraries were globally more
enriched in the gene-body regions across the genome as compared to their flanking intergenic
regions (Rebuttal Figure 6 and 7). These gene-body chromatin contacts are likely to be associated
with Pol II activities. It is also likely that the CAP-C method tends to capture more short-distance

chromatin contacts.
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Rebuttal Figure 5. The distance distribution of chromatin contacts of the genes A71G58602
(a) and ATIG01320 (b).

a and b The distance distribution of chromatin contacts of genes A7/G58602 and ATIG01320,
respectively. The x-axis represents the distance of chromatin contacts, while the y-axis represents

the number of chromatin contacts.



Rebuttal Figure 6. Higher enrichment of chromatin contacts within gene-body regions.

Heat plot comparison of chromatin contacts between the gene-body regions and their flanking
intergenic regions. It profiles the strength of CAP-C chromatin contacts between the gene-body
regions and their 100bp upstream and downstream intergenic regions across the genome. TSS,
transcription start site. TTS, transcription termination site. The color scale ranges from blue to red,

with red indicating strong chromatin contacts and blue indicating weak chromatin contacts.
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Rebuttal Figure 7. Globally higher enrichment of chromatin contacts within gene-body
regions.
Chromatin contacts in the gene-body regions are significantly stronger than those in the intergenic

regions. (p value <2.2e-16, based on Wilcoxon rank sum exact test)

From lines 110 to 156, the authors clarified that CAP-C can identify local chromatin
organizational features, including interactions between individual gene loci, enhancers and
promoters, and promoter-promoter interactions. While two examples were presented in Fig2 for
each feature, they were not sufficient to illustrate interactions on a genome-wide scale. It would
be beneficial to provide genome-wide information on chromatin contacts, such as how many loops
were identified, the numbers of E-P and P-P interactions, and so on. Furthermore, systematic

characterization of P-P and E-P contacts would be appreciated.

Response: We thank the reviewer for this useful suggestion. We have conducted comprehensive
characterizations of E-P and P-P chromatin contacts and provided extensive new supplementary
figures and tables in our revised manuscript (New Supplementary Figures 3-4, New

Supplementary Figure 8 and New Supplementary Data 8-11).



Previous studies showed that enhancers work as transcriptional regulatory elements,
orchestrating gene expression from a distance'> 3. We then conducted an analysis on the
distribution of the distances for E-P chromatin contacts determined in our CAP-C libraries in all
the chromosomes (Rebuttal Figure 8). We found that the majority (89%) of E-P chromatin
contacts were distal while 11% were proximal, aligning with previous findings!> 3. For both
proximal and distal E-P chromatin contacts, there are three orientations: convergent, divergent,
and tandem. For both proximal and distal enhancers, the tandem orientations were predominant
(Rebuttal Figure 9). There is a noticeable increase in the convergent E-P chromatin contacts in
the group of distal E-P chromatin contacts in comparison with those in the proximal group. Taken
together, our CAP-C detected both proximal and distal E-P chromatin contacts with a predominant
tandem orientation. We have added these characterizations of E-P chromatin contacts analysis in

our revised manuscript in lines 144-154, highlighted in yellow.

Rebuttal Figure 8 (New Supplementary Figure 3). The distribution of distances for E-P
chromatin contacts in all chromosomes.

a-f The distribution of the distances for all E-P chromatin contacts in all five chromosomes was
plotted respectively: total E-P chromatin contacts for all chromosomes (a) and E-P chromatin

contacts in each individual chromosome (b-f).



Rebuttal Figure 9 (New Supplementary Figure 4). Proportion of different types of E-P
chromatin contacts. The proportion of convergent, divergent, and tandem orientations in both

proximal and distal E-P chromatin contacts.

Promoter-promoter interactions (PPIs) play a pivotal role in regulating gene regulation. We
conducted a comprehensive analysis of the PPIs captured in our CAP-C libraries. A notable
majority (77%) of these interactions occurred in a cis manner, where interactions take place on the
same chromosome, while 23% were trans PPIs (Rebuttal Figure 10). Among these cis PPIs, the
tandem orientation was the most prevalent (51%), characterized by genes with PPIs being
transcribed in the same direction. Divergent PPIs accounted for 40% and convergent PPIs
constituted 9% (Rebuttal Figure 10).

Multiple PPIs form clusters that were primed for regulating gene expression, potentially
providing a topological framework for simultaneous transcriptional control'4. We have shown the
primed PPI network and PPI nodes in Figure 5a. The total PPI nodes are listed in Rebuttal Table
3. Here we also present some PPI nodes in Rebuttal Figure 11. For instance, the PPI node centred
by the GONSTS5 (GOLGI NUCLEOTIDE SUGAR TRANSPORTER 5) brought several Golgi-
related genes such as ER-Golgi transport (P24BETA2, SKS7, SKS§8 UMAMIT19) with biotic stress-
related genes such as LYM1 via PPIs. The root development gene TET13 node contains ATPI4K
GAMMA 7 (involved in phosphoinositide signalling and nutrient uptake), RGF§ (Root Meristem
Growth Factor), NMD3 (ribosomal protein subunit export), and the Pentatricopeptide repeat (PPR)
Superfamily (potentially linked to pathogen response), forming a co-regulatory network between
growth and stress response. Another meristem gene, WOJXS, interacted with RAC2, which is
associated with cell cycle, ATNUDT11 (CoA pyrophosphatase) and APG7 associated with plant

immunity, forming another co-regulatory network. These examples may indicate how plants may



fine-tune the interplay of primed PPIs to enhance adaptability and fitness within diverse

environmental contexts.

Rebuttal Figure 10 (New Supplementary Figure 8). Overview of PPIs captured in CAP-C
libraries.

a Proportion of cis and trans PPIs. b Proportion of different types of cis promoter-promoter
interactions. ¢-h The distribution of distances for all cis PPIs in all the chromosomes was plotted
respectively: total PPIs for all five chromosomes (¢) and PPIs in the individual chromosome (d-

h).



Rebuttal Figure 11. Examples of the PPI nodes.

Three PPI nodes were generated using Gephi'®.

Concerning the association between local chromatin contacts and Pol II activities, the authors
claimed that “the regions with high Ser5P Pol 11 densities exhibited more chromatin contacts than
those with low Ser5P Pol Il densities (Fig. 3e). Notably, this disparity was most prominent at the
first exon-intron junction, which is critical to Pol Il elongation activity (Fig. 3f)” (line 193 to 195),
in which the signal of Ser 5p Pol Il peaked across the 5°SS or the Ist 5°SS regions. In references
2 and 20, which discuss Pol Il activities, splicing intermediate within the spliceosome complex
that coprecipitated with Ser 5P Pol Il at 5°SS were reported, indicating that the signals at 5°SS
contain both nascent RNA and splicing intermediates. Could the presence of splicing intermediates
mislead the accurate signal of nascent RNAPII transcription? Similarly, in the subsequent section
that demonstrates the dynamics of chromatin conformation-associated Pol Il activities during cold
response (Figdf,g and Supplementary Fig. 4b,c), the authors should consider excluding possible

effects of splicing kinetics during cold treatment.

Response: We thank the Reviewer for this feedback. Due to the limitation of NET-seq/plaNET-
seq methods, splicing intermediates can be detected'® !”- 18, splicing intermediate RNA associated
with the spliceosome could co-precipitate with RNA polymerase II, leading to potential
inaccuracies in using the 5' and 3' splice site positions to accurately determine the location of
nascent Pol II transcription. Thus, in Kindgren’s study!” they filtered out these ambiguous read
positions. When we conducted the data processing steps according to Kindgren’s pipeline, we also
filtered those read positions to avoid wuncertainty (https://github.com/Maxim-
Ivanov/Kindgren et al 2019/). Therefore, the pausing signals in our analysis could only have
come from the nascent RNA, not from splicing intermediates. When we replotted the plaNET-seq

data!’, we performed the smoothing by 10bp to generate the continuous lines for presenting the



Pol II pausing signatures across the sites, as shown in Supplementary Fig. 4b, ¢ (now

Supplementary Fig. 6 b, c).

In Figba and 6b, it is striking that promoter-promoter interacting genes were exclusively co-
upregulated or co-downregulated during cold treatment. I am skeptical that not all promoter-
promoter interacting gene pairs are present in the plots, instead, it is clear that a filter has been
applied so that only a subset of gene pairs are shown. Besides, perhaps “22C or 3-hour cold
treatment” (line 701) should be “3-hour vs. 22C”, and “3-hour or 12-hour” (line 703) should be
“3-hour vs. 12-hour”. Further analysis of these genes “showed that for many gene pairs where
one gene was involved in stress response, its co-regulatory gene partner was mainly involved in
either cellular metabolic processes or developmental processes” (line279 to 281). Generally,
stress responses are considered antagonistic to plant growth and development. The authors should

discuss the potential reasons behind this observation.

Response: We thank the Reviewer for this suggestion. We first determined all the mutual PPIs
among all three conditions as primed PPIs. Then we determined the differentially expressed genes
under three conditions. Among all differentially expressed genes, we found that 70% of the
significantly upregulated genes and 68% of significantly downregulated genes contained primed
PPIs. Then we correlated their differential expression fold changes for each pair of genes with the
primed PPIs and found that they were significantly correlated (up to 0.74, Fig. 6a, b). We have
also changed “22°C or 3-hour cold treatment” to be “3-hour vs. 22°C”, and “3-hour or 12-hour”
to “3-hour vs. 12-hour” in our revised manuscript highlighted in yellow.

The principle trade-off in plants underscores a strategic allocation of resources, directing
plants towards either a stress response or growth contingent upon prevailing conditions. The trade-
off mechanism exemplifies how resource allocation is dynamically modulated to enhance plant
adaptability and fitness, even amid challenging environmental circumstances'® 2. The primed PPIs
captured in our CAP-C library have revealed a diverse array of pathways, particularly noteworthy
of which are pathways associated with stress responses, anatomical structure development,
biosynthesis, and metabolite pathways. Within these categories, we identified a delicate interplay
of genes that function as positive and negative regulators within their respective pathways. The

co-regulation of these genes could possibly be a mechanism for the trade-off phenomenon.



One example lies in the gene pair of SLY/ and TLP1. SLYI promotes growth by positively
regulating gibberellin signalling?!, while TLP1 acts as play a negative regulator of ABA signalling
and stress responses®?. This strategic partnership embodies the trade-off principle. The co-
regulations of both genes show how resources are strategically orchestrated to achieve a balance
between growth and stress defence. Another example is the interplay between FAFI and RTP7.
FAF, acting as a negative regulator of plant meristem growth?3, forms a PPI with RTP7, which
functions in enhancing stress and pathogen responses®*. This PPI interaction highlights the balance
between allocating resources for growth and prioritizing effective stress adaptation. We have
added our reasoning to support our observation regarding this trade-off co-regulations in the

discussion section of our revised manuscript in lines 396-404, highlighted in yellow.

Reviewer #2 (Remarks to the Author):

I don’t understand why this manuscript could be considered for reviewed in a nature journal. The
Cap-C method has already been published in nature biotechnology. This is just applying it to plant?

Is that acceptable now?

Response: While we thank the Reviewer for spending time and effort in providing us with many
useful comments, we do not agree with these comments.

Firstly, plants have their unique chromatin architectures®> 2°. For instance, plants do not
contain CTCF- and other insulator-like proteins?> 26, Secondly, plants, as sessile organisms, have
evolved with a diverse array of gene regulatory mechanisms to adapt to a vast range of varying
environmental conditions®’. For example, cold stress is one of the major environmental challenges
that affects plant growth. In our study, we demonstrated the dynamic changes of local chromatin
contacts in plant response to cold. Therefore, plants are ideal systems to study the dynamics of
chromatin architectures in response to diverse environmental conditions, which are important for
the currently changing climate. Thirdly, we have discovered the chromatin interactions within the
gene body that are significantly associated with Pol II activities across initiation, pausing and
termination sites. We found that these associations changed dynamically under different
temperature conditions. Fourthly, we have also discovered that plants adopt promoter-promoter

co-regulatory networks to enhance adaptability and fitness within diverse environmental contexts.



These exciting discoveries are unique to chromatin features in plants that may be critical to

facilitating their adaptation across diversely challenging environmental conditions.

[ also don’t understand why the author would choose Arabidopsis, which has a small genome and
no meaningful long-range chromatin interactions. Yes, Cap-C has very good resolution, which is
very useful for large animal genome, and this has been nicely demonstrated in the first nature
biotechnology paper. But plants, Arabidopsis in particular do not have such chromatin loops.
That’s why the author couldn 't find anything meaningful interaction from their Cap-C at this super
high resolution. They then turned to making a “promoter-promoter-interaction” (PIP) network
and “transcription-initiation-cluster” (TIC). But those are just highly expressed genes in the
transcription factories that got crosslinked together. These ‘‘interaction” has no regulatory

function. Why would anyone bother to examine those?

Response: Again, respectfully we do not agree with this particular comment from the Reviewer,
and here is our justification.

Firstly, we thank the Reviewer for acknowledging CAP-C is a high resolution of the CAP-
C method. In general, high-resolution methods such as our CAP-C?, BL-Hi-C'? and micro-C'! tend
to capture more short-distance chromatin interactions as compared to long-distance chromatin
interactions. In the original CAP-C paper, the authors harnessed this advantage by applying the
method to Drosophila, a small-genome organism, and they successfully captured the chromatin
contacts that are important for the Drosophila development. Indeed, Arabidopsis is another ideal
organism for applying the CAP-C method due to its compact genome. The Arabidopsis genome
purportedly used local short-distance chromatin contacts to facilitate its chromatin architecture in
the absence of long-distance chromatin contacts, such as TAD domains?’. Using CAP-C, we
discovered a novel gene regulatory level in Arabidopsis chromatin contacts, posing exciting new
insights into its genome.

Among all PPIs identified in our study, we plotted the distribution of PPI gene densities
over their gene expression levels under three different conditions where we found relatively even
distributions (Rebuttal Figure. 12a). Highly expressed genes do not have more PPIs (Rebuttal
Figure. 12a). To further confirm it, we binned the genes based on their strength of their PPIs and

plotted their corresponding average gene expression levels, where we found similar, relatively



even distributions without the preference of highly expressed genes (ANOVA, p values = 0.16,
0.12, 0.16) (Rebuttal Figure. 12b-d). Our results provide evidence that our CAP-C is able to
capture the chromatin contacts independent from gene expression levels. Thus, we did not
specifically classify transcription-initiation clusters (TICs) in our study. Additionally, we
identified extensive PPIs that existed mutually under three different conditions. These PPIs were
not reduced or disappeared when gene expressions were significantly downregulated under cold
treatments (Figure 6). Therefore, we conclude that these PPIs are likely to be primed across the

genome to facilitate the co-regulation of gene expression.



Rebuttal Figure 12. The relationship between PPIs and gene expression levels.
a The line plot showed the distributions of PPI gene densities over their gene expression levels

under three different conditions. Red line for the 22°C treatment, blue line for the 4°C treatment



for 3 hours, and green line for the 4°C treatment for 12 hours. The x-axis represents the gene
expression level (Transcript per million, TPM), and the y-axis represents the PPI density
normalized by the total PPI density. b-d The box plots showing the average gene expression levels
over different strengths of PPIs under three different conditions. The genes are sorted in ascending
order based on the strengths of PPIs and grouped into 1000 bins with 25 genes each. The
corresponding average gene expression levels were profiled accordingly. The x-axis represents the
bin number. The y-axis represents the gene expression level (Transcript per million, TPM)

(ANOVA, p values = 0.16, 0.12, 0.16).

The last sentence of the abstract said "...contributed to transcriptional reprogramming, enhancing
our understanding of chromatin conformation-associated gene regulation". None of the result in
this paper can demonstrate that such chromatin interaction has any regulatory function.

There are too many papers describing this type of chromatin interaction in plants. But no one can
confidently say that that interaction has any regulatory function. Very few exceptional cases in
some large plant genomes, in which a few real enhancers can be positioned hundreds of kb away
from the target gene, like bl and tbl. Those rare cases have been extensively studied and people
have published those many years ago. Now, if anyone wants to claim that they find new long-range
chromatin interaction that can control gene expression, they can't just show there is an interaction
by sequencing. because adjacent accessible chromatin or transcribed genes can be cross-linked
in such experiment and detected as if they are interacting. if we want to make such functional claim,
we must produce evidence. So for, no one is able to do so. lots of people tried to use CRISPR to
remove those so-call distal enhancers" and found no meaningful effect on gene expression. That's
why we won'’t consider the plant chromatin interaction would have the same function as those in

the animal nucleus.

Response: Again, while we thank the Reviewer for spending time and effort in reviewing our
manuscript, respectfully we do not agree with this comment. Here is our justification.

It's widely recognized that promoter-promoter (P-P) and enhancer-promoter (E-P) interactions
play a pivotal role in gene regulation. Apart from the tbl and bl elements mentioned by the
Reviewer, a plethora of other regulatory elements have been substantiated across yeast, animals,

as well as in plants?® 2% 30,31, 32,33, 34, 35,36, 37, 38, 39,40, 41, 42,43, 44,45, 46 Examples include the enhancers



associated with the Pea plastocyanin (PetE) gene in peas®® #2, the interaction between the
UNBRANCHED3 gene with its Distal Enhancer, the KRN4 element in maize*, NIN“E for NIN
expression in Medicago®, distal CCAAT/NUCLEAR FACTOR Y?% 3% 33 for FLOWERING
LOCUS T (FT), the Region C for the LATERAL SUPPRESSOR(LAS)*? in Arabidopsis, and the
promoter-promoter interactions between ME2 and MY C2 in tomatoes**. It is anticipated that more
individual validations will continue to emerge in support of the regulatory roles of promoter-
promoter (P-P) and enhancer-promoter (E-P) interactions in plants.

To further validate the regulatory roles of our primed PPIs, we used CRISPR in the
protoplast transformation*”*® to delete the regions responsible for our identified PPIs in the gene
pairs illustrated in Figure 6d. Among three gene pairs, we successfully deleted the regions
responsible for our identified PPIs in two sets of these gene pairs. For the gene pair AT1G80940
and AT1G80950 connected by PPIs, guide RNAs were designed to target and delete a 590-bp
region within the promoter of A71G80940 across the PPI sites (Rebuttal Figure 13a). This
deletion was confirmed by gel analysis and Sanger sequencing (Rebuttal Figure 13b, c). In the
comparison of 3-hour 4°C vs. 22°C, a distinct co-downregulation trend was observed in the gene
pair AT1G80940 and AT1G80950 within the wild-type cells (Rebuttal Figure 13d). Similarly, in
the comparison of 12-hour 4°C vs. 3-hour 4°C, a co-upregulation pattern was observed. In the
context of the promoter deletion mutant cells for A477/G80940, the gene expression was
significantly reduced at 22°C along with significantly reduced cold responses (Rebuttal Figure
13d), while the expression of AT1G80950 was not obviously decreased at 22°C (Rebuttal Figure
13d). The expression patterns in plant response to the different cold treatments were very different
from those in the wild-type cells (Rebuttal Figure 13d). Similarly, we have also validated our
identified PPIs in the gene pair of AT1G78210 and ATIG78230 (Rebuttal Figure 13e). For the
gene pair ATIG78210 and AT1G78230 connected by PPIs, guide RNAs were designed to target
and delete a 566-bp region within the promoter of AT/G78210 across the PPI sites (Rebuttal
Figure 13f, g). Co-upregulation of the gene pair ATIG78210 and ATIG78230 was evident in the
wild-type cells in the comparison of 3-hour 4°C vs. 22°C. A strong down-upregulation of this gene
pair could also be seen in wild-type cells in the comparison of 12-hour 4°C vs. 3-hour 4°C
(Rebuttal Figure 13h). In the context of the promoter deletion mutant cells for AT1G78210, the
gene expression was significantly reduced at 22°C along with a significantly reduced cold response

(Rebuttal Figure 13h). Interestingly, in the context of the promoter deletion mutant cells for



AT1G78210, the expression of the PPI paired gene ATI1G78230 was also significantly decreased
at 22°C (Rebuttal Figure 13h). The expression patterns in plant response to the different cold
treatments were dramatically different from those in the wild-type cells (Rebuttal Figure 13h).
Given that CRISPR deletions exhibit partial effectiveness in protoplast transformation, the
significant impacts on the co-regulatory gene expression we observed further underscore the
importance of PPIs in co-regulating gene expressions. Taken together, these results indicated that
PPIs are important for the gene expressions of these gene pairs and their co-regulations in response

to cold.

Rebuttal Figure 13. The disruption of promoter-promoter interactions (PPIs) interferes with
the co-regulations of gene expressions.

a and e Schematic diagram of CRISPR-Cas9 for AT1G80940 and AT1G78210, respectively. b and
f PCR analysis confirms the deletion. ¢ and g, DNA sequencing results of the edited band. d and
h qRT-PCR analysis shows gene expression level changes under three conditions. The protoplasts
of the control Col-0 wild type and CRISPR-edited mutant cells were treated at 22°C and 4°C for 3
and 12 hours, respectively. Error bars indicate SEM, asterisks indicate statistically significant

differences using #-test; * indicates p < 0.05, *** indicates p < 0.001.



Based on our preliminary results from CRISPR deletions, we further assessed the T-DNA
inserted mutants where a previous study suggested that T-DNA insertion is capable of disrupting
chromatin interactions?®. We identified a T-DNA insertion mutant, the Ipeatl/-I mutant
(SALK 065009), with the T-DNA inserted into the promoter of gene AT1G80950 across the PPI
sites (Rebuttal Figure 14a). We then confirmed the PPIs detected in our CAP-C in the wild-type
plants using 3C and reciprocal 3C experiments* *° (Rebuttal Figure 14b, ¢). The PPIs between
the gene pair AT1G80940 and ATIG80950 were disrupted in the T-DNA insertion mutant
(Rebuttal Figure 14b, ¢). Similarly, we confirmed another two T-DNA inserted mutants: the
oadlc-1 (SALK 093069) with the T-DNA inserted into the promoter of gene AT1G78230 across
the PPI sites (Rebuttal Figure 14d) and the rssp-/(SALK 093069) with the T-DNA inserted into
the promoter of gene AT1G60230 across the PPI sites (Rebuttal Figure 14g). The identified PPIs
between the gene pair AT1G78210 and AT1G78230, and PPIs between the gene pair AT1G60220
and AT1G60230 were also disrupted in these T-DNA insertion mutants (Rebuttal Figure 14e, f,
Rebuttal Figure 14h, i).

Following the validations of abolished PPIs in these T-DNA mutants, we further measured
the co-regulation of gene expressions. In the comparison of 3-hour 4°C vs. 22°C in the Col-0 wild-
type plants, a distinct co-downregulation trend was observed in the gene pair 471G80940 and
AT1G80950, consistent with the results from the plaNET-seq data in Figure 6 (Rebuttal Figure
15a, b). Similarly, in the comparison of 12-hour 4°C vs. 3-hour 4°C, a co-upregulation pattern was
observed. In the Ipeatl-1 mutant, the gene expression of AT1G80950 was significantly reduced at
22°C along with significantly different cold responses (Rebuttal Figure 15b). Interestingly, in the
Ipeatl-1 mutant, the expression of the PPI paired gene AT1G80940 was also significantly
decreased at 22°C (Rebuttal Figure 15b). The plant response expression patterns under different
cold treatments were very different from those observed in the wild-type plants (Rebuttal Figure
15b). Our results indicated that PPIs are important for gene expressions of the gene pairs and their
co-regulations in response to cold treatments. We have also validated our identified PPIs in the
gene pair, ATIG78210 and AT1G78230 (Rebuttal Figure 15¢, d). The co-upregulation of the gene
pair ATIG78210 and ATIG78230 was evident in the wild-type in the comparison of 3-hour 4°C
vs. 22°C. A strong co-downregulation of this gene pair could also be seen in the Col-0 wild-type
plants in the comparison of 12-hour 4°C vs. 3-hour 4°C (Rebuttal Figure 15d). Interestingly, in
the oadlc-1 mutant, the gene expression of AT/G78230 was not significantly changed at 22°C.



Similarly, in the oadlc-1 mutant, the expression of the PPI paired gene AT1G78210 was also not
significantly changed at 22°C. Strikingly, the co-regulations of gene expression between the gene
pair ATIG78210 and AT1G78230 in response to different cold treatments were completely lost
(Rebuttal Figure 15d). The same validations were also carried out for the gene pair of AT1G60220
and AT1G60230 (Rebuttal Figure 15 e,f). The co-downregulation of the gene pair A71G60220
and AT1G60230 was evident in the wild-type in the comparison of 3-hour 4°C vs. 22°C. A strong
co-upregulation of this gene pair could also be seen in the wild-type plants in the comparison of
12-hour 4°C vs. 3-hour 4°C (Rebuttal Figure 15 g). In the rssp-1 mutant, the gene expression of
AT1G60230 was not significantly changed at 22°C, the same for the PPI paired gene, AT/ G60220.
Strikingly, the co-regulations of gene expression between the gene pair AT/G60220 and
AT1G60230 in response to different cold treatments were also completely lost. These results
further emphasize our conclusion that the co-regulations of gene expressions in plant response to
cold were disrupted once the primed PPIs were abolished. Taken together, our new experimental
evidence from both CRISPR editing and T-DNA mutants strongly supports the function of the
primed PPIs demonstrated from our CAP-C libraries, further strengthening the importance of PPI-

mediated co-regulations of gene pair expression.



Rebuttal Figure 14 (New Supplementary Figure 11). 3C experiment detection for PPIs in
Col-0 and T-DNA insertion mutants.

a, d, g Schematic diagram of gene pairs of AT7/G80940 and ATIG80950. The red arc shows the
location of the PPI interaction. The triangle indicates the location of T-DNA insertions within the
promoter region: [peatl-1 (SALK 065009) for ATIG80950 gene (LPEATI); oadlcl-1
(SALK 093069) for AT1G78230 gene (Outer arm dynein light chain 1); rsspl-1 (SALK 093069)



for AT1G60230 gene (Radical SAM superfamily Protein). The black arrow shows the location of
the anchor primer, while black boxes show the locations of the forward primers used in b, e and h,
the red arrow shows the primers used in ¢, f and i.

b, e, h 3C experiment showing the relative interaction frequency of each fragment with the anchor
region, the blue line showing wild-type and the orange line showing the T-DNA insertion mutant.
¢, f, i Reciprocal 3C experiment showing the interaction frequency of the confirmed region from
b with the reverse primers (shown in red arrows), the blue line showing wild-type and the orange
line showing the T-DNA insertion mutant. Errors bars indicate SEM; asterisks indicate statistically

significant differences using #-test; *** indicates p < 0.001.

e rssp-1(SALK_126003)
< 7



Rebuttal Figure 15 (New Supplementary Figure 12). Gene expression detection of gene pairs
connected by promoter-promoter interactions in response to cold in wild-type and T-DNA
insertion mutants.

a Schematic diagram of gene pairs of A7/ G80940 and AT1G80950. The red arc shows the location
of the PPI interaction. The triangle indicates the location of T-DNA insertion. b qRT-PCR analysis
of AT1G80940 and AT1G80950 under three conditions. ¢ Schematic diagram of gene pairs of
AT1G78210 and AT1G78230, with the red arc showing the location of the PPI interaction. The
triangle indicates the location of T-DNA. d qRT-PCR analysis for gene AT1G78210 and
ATI1G78230 under three conditions. e Schematic diagram of gene pairs of AT1G60220 and
AT1G60230, with the red arc showing the location of the PPI interaction. The triangle indicates
the location of T-DNA insertion within the promoter. f qRT-PCR analysis for gene AT1G60220
and AT1G60230 under three conditions. Errors bars indicate SEM; asterisks indicate statistically
significant differences using z-test; n.s. not statistically significant; * indicates p < 0.05, ***

indicates p < 0.001.
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Reviewer #1 (Remarks to the Author):

For the plots in Figéa and b, my concerns still remain. In fact, the authors’ rebuttal letter confirms
that the correlation was calculated based on a selection strategy, in which only up- and down-
regulated genes forming PPIs were selected. With such a selection strategy, of course, there will be
a strong positive correlation because all the data points are restricted to the first and the third
quadrants. Therefore, the conclusion (line 289, in comparison to the plot shown in FigS10) doesn't
make sense. Instead, the author should revise the analysis pipeline, for instance, to select ALL the
PPI-paired genes, in which at least one gene in each pair is considered up-regulated, then, to
check fold changes of the other gene. As a control, dummy PPIs can be randomly generated,
followed by the same analysis.

At the moment, I feel that Fig6 is misleading. Among a large humber of PPIs, one can always spot
some gene pairs with concordant expression changes. Whether such coordinated expression
change is over-represented in PPI-gene pairs and whether PPI occurs independently from gene
expression control is still in question.

The “tandem orientation” (line 150) perhaps refers to PPI, not E-P contacts. (It is hard to
determine the “orientation” of a putative enhancer.).

Reviewer #2 (Remarks to the Author):

In the revised manuscript, the authors employed CRISPR/Cas9 to delete a region took part in
"promoter-promoter" interaction located upstream of the AT1G80940 gene in Arabidopsis
protoplasts (rebuttal fig 13). RT-qPCR showed a down-regulation in the expression of AT1G80940,
as well as a concurrent down-regulation of the nearby AT1G80950 gene, whose promoter interacts
with AT1G80940. They also conducted a similar experiment on another pair of genes. The authors
aim to utilize these findings as supporting evidence for their assertion that promoter-promoter
interactions can play a role in gene regulation.

My concern is that only a fraction of the protoplasts would carry this deletion. The gel image
provided in Rebuttal Fig 13b and 13f also suggests that only a very small proportion of the
protoplasts have undergone editing (comparing the faint edited band at the bottom with the strong
unedited band at the top). If this is the case, it implies that the down-regulation of this gene would
only occur in @ minor percentage of cells. Therefore, I find it puzzling how the RT-qPCR results
indicate a significant decrease in gene expression from 1-1.5 to less than 0.2 (rFig 13d and h).
This raises doubts about the reliability and reproducibility of the findings. Alternatively, is it
possible that something has transpired within the unmodified cells, such as Cas9 binding to the
site, hindering other transcription factors from accessing the open chromatin of the promoter? In
any case, it appears necessary for the authors to establish a stable transgenic line for the
CRISPR/Cas9 experiment and conduct proper RNA-seq analysis to obtain more robust results.

Also, one can not talk about chromatin interaction without considering open/accessible chromatin
(ATAC-seq). I suggest the author to read this Arabidopsis Hi-C paper and think about how to
present their finding in a sensible manner (https://doi.org/10.1093/nar/gkad710).



We thank the reviewers for their time and effort in helping us improve our manuscript. We
have fully addressed the reviewers’ comments by adding additional new experiments and analyses

to further strengthen our conclusions. Please find the detailed responses as follows.

REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

For the plots in Figba and b, my concerns still remain. In fact, the authors’ rebuttal letter confirms
that the correlation was calculated based on a selection strategy, in which only up- and down-
regulated genes forming PPls were selected. With such a selection strategy, of course, there will
be a strong positive correlation because all the data points are restricted to the first and the third
quadrants. Therefore, the conclusion (line 289, in comparison to the plot shown in FigS10) doesn’t
make sense. Instead, the author should revise the analysis pipeline, for instance, to select ALL the
PPI-paired genes, in which at least one gene in each pair is considered up-regulated, then, to
check fold changes of the other gene. As a control, dummy PPIs can be randomly generated,
followed by the same analysis. At the moment, I feel that Fig6 is misleading. Among a large number
of PPIs, one can always spot some gene pairs with concordant expression changes. Whether such
coordinated expression change is over-represented in PPI-gene pairs and whether PPI occurs

independently from gene expression control is still in question.

Response: Response: We thank the Reviewer for the comments. We apologize for the figure
presentation that might lead to the confusion.

The large number of PPIs identified in our CAP-C may have diverse functional roles in gene
regulations such as co-regulations of gene expression!, RNA-mediated chromatin regulations?,
and chromatin interaction-mediated phase separation*. Here, we revealed one of the functional
roles as facilitating the co-regulation of gene expression in Arabidopsis using our CAP-C. To avoid
the confusion, we performed the co-expression analysis followed Peng et al.’ in all three conditions.

We calculated the Pearson correlation coefficient for expression of all gene pairs involved in PPIs.



Randomly selected gene pairs with the same number and similar distance distribution of the PPI
connected gene pairs were built as control groups. We found that the Pearson correlation
coefficients for expression of all gene pairs with PPIs for all three conditions were significantly
higher than those from the random gene pairs (Rebuttal Figure 1, New Figure 6a, New
Supplementary Figure 11), indicating that the gene pairs with PPIs tend to be co-expressed. Thus,
our results suggest that the primed PPIs may contribute to the co-regulations of gene expression in
response to cold treatments.

We further validate these results using individual gene pairs with PPIs. Our experimental evidence
from both T-DNA mutants (Supplementary Figure 12-13) and CRISPR stable transgenic mutants
(Rebuttal Figure 3, New Supplementary Figure 14) have demonstrated the importance of PPI
in the co-regulations of gene pair expression. We have revised our manuscript accordingly in line

284-292, highlighted in yellow.

Rebuttal Figure 1. (New Figure 6a, New Supplementary Figure 11) Pearson correlation
coefficients of expressions from random gene pairs and PPI connected gene pairs in 22°C(a),
cold treatment for 3 hours(b) and 12 hours(c). The Pearson correlation coefficients for gene
pairs connected by promoter-promoter interaction (PPI) are significantly higher compared to those
for randomly selected genes pairs®. Randomly selected gene pairs with the same number and
similar distance distribution of the PPI connected gene pairs were built as control groups. Random
gene pairs A: random gene pairs with the same number; random gene pairs B: random gene pairs
with similar distance distribution of PPI gene pairs. Both random procedures were repeated 1000

times. p <0.0001 from z-test.

The “tandem orientation” (line 150) perhaps refers to PPI, not E-P contacts. (It is hard to

determine the “orientation” of a putative enhancer.).



Response: We thank the Reviewer for the comments. We have changed the term and did analysis
of enhancer upstream and downstream of the connected promoters in the proximal and distal group
separately. Among proximal contacts, 62% were upstream and 38% downstream of the interacting
promoter, while distal contacts exhibited 51% up upstream and 49% downstream orientation
(Rebuttal Figure 2, New Supplementary Figure 4). We have modified the description in the
revised manuscript accordingly in line 148-150, highlighted in yellow.

Rebuttal Figure 2 (New Supplementary Figure 4). Proportions of different types of E-P
chromatin contacts. The proportion of enhancers upstream and downstream of the connected

promoters in both proximal and distal E-P chromatin contacts.

Reviewer #2 (Remarks to the Author):

In the revised manuscript, the authors employed CRISPR/Cas9 to delete a region took part in
"promoter-promoter" interaction located upstream of the ATIG80940 gene in Arabidopsis
protoplasts (rebuttal fig 13). RT-qPCR showed a down-regulation in the expression of AT1G80940),
as well as a concurrent down-regulation of the nearby AT1G80950 gene, whose promoter interacts
with ATIG80940. They also conducted a similar experiment on another pair of genes. The authors
aim to utilize these findings as supporting evidence for their assertion that promoter-promoter

interactions can play a role in gene regulation.

My concern is that only a fraction of the protoplasts would carry this deletion. The gel image



provided in Rebuttal Fig 13b and 13f also suggests that only a very small proportion of the
protoplasts have undergone editing (comparing the faint edited band at the bottom with the strong
unedited band at the top). If this is the case, it implies that the down-regulation of this gene would
only occur in a minor percentage of cells. Therefore, I find it puzzling how the RT-gPCR results
indicate a significant decrease in gene expression from 1-1.5 to less than 0.2 (rFig 13d and h).
This raises doubts about the reliability and reproducibility of the findings. Alternatively, is it
possible that something has transpired within the unmodified cells, such as Cas9 binding to the
site, hindering other transcription factors from accessing the open chromatin of the promoter? In
any case, it appears necessary for the authors to establish a stable transgenic line for the

CRISPR/Cas9 experiment and conduct proper RNA-seq analysis to obtain more robust results.

Response: We thank the Reviewer for the comments. We would emphasize that in our previous
revision, we have also characterized the corresponding T-DNA inserted mutants (Supplementary
Figure 12-13). Previous study has already suggested that T-DNA insertion is capable of disrupting
chromatin interactions®. We identified three T-DNA insertion mutants where the corresponding
PPIs were disrupted in these T-DNA insertion mutants (Supplementary Figure 12). The plant
response expression patterns under different cold treatments in these T-DNA insertion mutants
were very different from those observed in the wild-type plants (Supplementary Figure 13). Our
results strongly indicated that PPIs are important for gene expressions of the gene pairs and their
co-regulations in response to cold treatments.

To further validate the effect of PPI disruption, we also successfully generated the CRISPR/Cas9
stable transgenic lines for the two sets of gene pairs connected by PPIs. For the gene pair
AT1G80940 and AT1G80950 connected by PPIs, we obtained a CRISPR/Cas9 stable transgenic
line with a 512-bp region within the promoter of A71G80940 across the PPI sites (Rebuttal Figure
3, New Supplementary Figure 14). This deletion was confirmed by gel analysis and Sanger
sequencing (Rebuttal Figure 3b, c¢). In the context of the promoter deletion mutants for
AT1G80940, the expression patterns of both genes in plant response to the different cold treatments
were very different from those in the wild-type plants (Rebuttal Figure 3d). Similarly, we have
also validated our identified PPIs in the gene pair of AT/G78210 and ATIG78230 (Rebuttal
Figure 3e). For the gene pair AT1G78210 and AT1G78230 connected by PPIs, guide RNAs were
designed to target and delete a 565-bp region within the promoter of 47/G78210 across the PPI



sites (Rebuttal Figure 3f,g). In the promoter deletion mutants for A7/G78210, the expression
patterns of both genes in response to cold were also dramatically different from those in the wild-
type plants (Rebuttal Figure 3h). The significant impacts on the co-regulatory gene expression
we observed further underscore the importance of PPIs in co-regulating gene expressions. Taken
together, these results indicated that PPIs are important for the gene expressions of these gene pairs
and their co-regulations in response to cold. We have revised our manuscript accordingly in line

343-360, highlighted in yellow.

Rebuttal Figure 3 (New Supplementary Figure 14) Gene expression detection of genes pairs
connected by PPIs in response to cold in wild-type and CRISPR—Cas9-based deletion
mutants.

a and e Schematic diagram of CRISPR-Cas9-based deletions for A7/G80940 and ATIG78210,
respectively. b and f PCR analysis confirms the deletion. ¢ and g, DNA sequencing results of the
edited band. d and h qRT-PCR analysis shows gene expression level changes under three
conditions. Wild-type plants and CRISPR-Cas9-based deletion mutants were treated at 22°C and
4°C for 3 and 12 hours, respectively. Three independent biological replicates were assessed, error
bars indicate SEM, asterisks indicate statistically significant differences using ¢-test; n.s, not

significant; * indicates p < 0.05, *** indicates p < 0.001.



Also, one can not talk about chromatin interaction without considering open/accessible chromatin
(ATAC-seq). I suggest the author to read this Arabidopsis Hi-C paper and think about how to
present their finding in a sensible manner (https://doi.org/10.1093/nar/gkad710).

Response: We thank the Reviewer for the comments. Indeed, we also observed an association
between our CAP-C data and ATAC-seq data. In Rebuttal Figure 4a, we compared the ATAC-seq
signals between the top 10% genes with the highest chromatin interaction levels (high CAP-C
signals) and the bottom 10% genes with the lowest chromatin interaction levels (low CAP-C
signals). We observed that the top 10% genes have much stronger ATAC-seq signals in comparison
with the bottom 10% genes. Similarly, in Rebuttal Figure 4b, we compared the CAP-C data
between the top 10% genes with the most chromatin accessibility (high ATAC-seq signals) and the
bottom 10% genes with the least chromatin accessibility (low ATAC-seq signals). We also found
that the top 10% genes have much stronger chromatin interactions in comparison with the bottom
10% genes. Our results indicate the chromatin accessibility may facilitate the local chromatin
interactions. This association between chromatin accessibility and chromatin interactions
(Supplementary Figure 5) may indicate the gene folding between TSS and the TTS”.

We have added the part of results into our revised manuscript in line 181-183 and 400-402,
highlighted in yellow.

Rebuttal Figure 4 (New Supplementary Figure 5). CAP-C association between chromatin

accessibility signals and chromatin contacts at gene locus level. a. Genes were categorized



based on the enrichment of CAP-C data across the gene body. The 10% of genes with the highest
level of CAP-C enrichment (represented by orange line) and the lowest level of CAP-C enrichment
(represented by green line) were used to plot ATAC-seq signal profiles® within the 3Kb flanking
region of the gene body, n=2648. b. Meta-profile shows CAP-C interaction signal profiles with
high (red) and weak (blue) ATAC-seq signal enrichment, n=2682. Genes were aligned by the

transcription start site (TSS) and the transcription termination site (TTS).
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Reviewer #1 (Remarks to the Author):

Upon thorough examination, I am pleased to affirm that the authors have attended to the issues I
raised and have made appropriate revisions to their manuscript. I have no more concerns.
Reviewer #2 (Remarks to the Author):

i have no further concerns. Just one suggestion, the Sup Fig 14 is very nice. Maybe the author can
consider put one of its sup panel, say move panel A and D from Sup Figl4 to their main figure 6?



REVIEWERS' COMMENTS
Reviewer #1 (Remarks to the Author):

Upon thorough examination, | am pleased to affirm that the authors have attended to the issues |
raised and have made appropriate revisions to their manuscript. | have no more concerns.
Response:

We are grateful for the Reviewer's confirmation that all concerns have been addressed. We are also very
grateful for their suggestions in helping us improve our manuscript.

Reviewer #2 (Remarks to the Author):

i have no further concerns. Just one suggestion, the Sup Fig 14 is very nice. Maybe the author can
consider put one of its sup panel, say move panel A and D from Sup Fig14 to their main figure 6?

Response:

We appreciate the reviewer’s positive feedback on our response letter, particularly regarding
Supplementary Figure 14. Due to the figure size of the main figure 6, we would keep the original
arrangement of figures.



