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SUMMARY
Transposons are mobile elements that are commonly silenced to protect eukaryotic genome integrity. In
plants, transposable element (TE)-derived inverted repeats (IRs) are commonly found near genes, where
they affect host gene expression. However, the molecular mechanisms of such regulation are unclear in
most cases. Expression of these IRs is associated with production of 24-nt small RNAs, methylation of the
IRs, and drastic changes in local 3D chromatin organization. Notably, many of these IRs differ between Ara-
bidopsis thaliana accessions, causing variation in short-range chromatin interactions and gene expression.
CRISPR-Cas9-mediated disruption of two IRs leads to a switch in genome topology and gene expression
with phenotypic consequences. Our data show that insertion of an IR near a gene provides an anchor point
for chromatin interactions that profoundly impact the activity of neighboring loci. This turns IRs into powerful
evolutionary agents that can contribute to rapid adaptation.
INTRODUCTION

Transposable elements (TEs) are widely distributed among eu-

karyotic genomes. In a process known as transposition, TEs

move within the genome to different locations, usually copying

themself as they ‘‘jump.’’1 Plant genomes are particularly rich

in TEs and repetitive elements, which, for example, account for

85% of the maize genome.2 In plants, TEs are commonly

silenced through DNA methylation in a process known as

RNA-directed DNA methylation (RdDM), which maintains

genome integrity.3 To trigger RdDM, short RNA polymerase IV

(Pol IV)-dependent TE transcripts are converted into double-

stranded RNA (dsRNA) by the RNA-dependent RNA polymerase

2 (RDR2) and then to 24-nt small interfering RNAs (siRNAs) by

DICER-like 3 (DCL3).3,4 ARGONAUTE 4 (AGO4)-loaded siRNAs

then direct de novo methylation of the TE loci by recognizing

nascent Pol V transcripts there. Such methylation ultimately

leads to nucleosome condensation and permanent silencing of

the TE. Still, massive bursts of TE amplification have occurred

in plant genomes in addition to the rarer but continued

movement of individual elements.5–7 Stress can trigger activa-

tion of TEs and fuel transposition.8,9 TEs are thus significant
C
This is an open access article under the CC BY-N
contributors to genetic variation in plant genomes8,10,11 and

have been postulated as drivers of genome evolution and expan-

sion as well as developmental plasticity and adaptation.1,12 In

addition, stress-induced mobilization of TEs generates a broad

range of changes in gene expression, including the appearance

of new transcript isoforms, that can be a substrate of natural

selection.13

There are two main classes of TEs: DNA transposons and

retrotransposons. The most abundant DNA transposons are

miniature inverted-repeat TEs (MITEs), while the most abundant

retrotransposons are long terminal repeat (LTR) retrotranspo-

sons.1 MITEs exhibit characteristic terminal inverted repeats

(TIRs) and small direct repeats (target site duplications [TSDs])

but lack transposase sequences, making them non-autonomous

elements.14,15 Many TE-derived inverted repeat (IR) insertions

may not be classified as MITEs because they lack the above-

mentioned components ofMITEs, either because of deletions af-

ter insertion or because they were generated through a different

process. MITEs are commonly situated near coding genes: for

example, almost 60% of rice genes can be associated with a

MITE,7 with the MITEs often changing the expression of neigh-

boring genes.7,16–20 Based on this, MITEs have been proposed
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to play important roles in genome evolution and gene expres-

sion.7 One key feature of MITEs is that their transcripts can

fold into hairpin-shaped dsRNAs because of the extensive

sequence complementarity between IR arms. These dsRNA

secondary structures are recognized and processed by DCL3

to produce 24-nt siRNAs that trigger DNA methylation without

the need for Pol IV/RDR2 activity.21–25 Thus, transcripts of these

MITEs can be initiated from promoters of adjacent genes, trig-

gering their RNA polymerase II (Pol II)-dependent DNA methyl-

ation. At the sunflower HaWRKY6 locus, Pol II-mediated tran-

scription of a MITE triggers methylation of its coding region

and causes formation of alternative regulatory short-range chro-

matin loops in the locus that specifically change its expression.25

Three-dimensional chromatin organization has recently

emerged as a critical feature in determining genome function-

ality, fine-tuning gene expression and developmental responses

in plants.26,27 Short-range chromatin loops reflect the interaction

between relatively close regions of DNA, within a few kilobases,

generally within a single locus or between adjacent loci.28

Different from canonical regulation by cytosine methylation in

the linear DNA sequence, commonly associated with gene

repression, local three-dimensional chromatin organization can

induce a plethora of regulatory mechanisms, including transcrip-

tional activation/repression, transcription directionality, alterna-

tive splicing, usage of cryptic termination sites, impaired or

enhanced Pol II elongation, and DNA replication and repair.28–30

In this study, we show that TE-derived IR elements located

near genes in the Arabidopsis thaliana genome and mostly tran-

scribed by Pol II can cause rearrangements of the chromatin to-

pology, promoting formation of short-range chromatin loops.

These chromatin interactions, which depend on production of

IR-derived siRNAs and de novoDNAmethylation, often translate

into changes in gene expression. The presence of an IR and its

associated chromatin loop near a gene does not cause a uniform

regulatory effect and can either enhance or repress expression,

depending on the locus and which regions within the locus are

part of the loop.

Almost one-third of the identified gene-associated IRs are not

conserved among a set of 216 A. thaliana natural accessions.

Our data show that polymorphisms in IRs near genes can be

coupled with a change in the chromatin topology of the region.

These accession-related changes in chromatin landscapes

controlled by IRs can be linked to alteration in traits commonly

associated with adaptation, such as flowering. In proof-of-

concept experiments, we used CRISPR-Cas9 genome editing

to mimic the situation in natural accessions lacking specific IRs

and demonstrated that the IRs help to shape chromatin topol-

ogy, which, in turn, can control molecular and organismal pheno-

types. We found that IRs downstream of PHYC and CRY1 cause

formation of repressive chromatin loops associated with well-

defined developmental phenotypes of some natural accessions.

Overall, our data demonstrate that TE-derived IRs can produce

changes in chromatin topology, gene expression, and, ulti-

mately, phenotypic changes through their capacity to trigger

DNA methylation autonomously. Given the propensity of TEs to

activate during stress responses and the tendency of IRs to

locate near coding genes, our finding provides a scenario for

these TEs to drive local adaptation and domestication by sup-
2 Cell Reports 42, 112029, January 31, 2023
porting rapid and sometimes drastic changes in 3D chromatin

organization and gene activity after single-set mutational events.

RESULTS

TE-derived IRs located near genes produce siRNAs and
trigger DNA methylation in a Pol II-dependent pathway
A TE-derived IR element located �600 bp upstream of the

HaWRKY6 locus in the sunflower serves as an anchor point for

formation of two short-range chromatin loops and thereby pro-

motes changes in local chromatin topology.25 The ultimate

outcome is methylation of the locus because of 24-nt siRNAs

produced after Pol II-dependent transcription of these IRs. In

leaves, this leads to formation of a repressive loop while it pro-

motes a second larger loop that enhances transcription in

cotyledons.25

Because TE-derived IRs are frequently located near genes,31

we wondered whether theHaWRKY6 casewas just one example

of a more general phenomenon in plants. To evaluate whether

insertion of an IR near a gene changes local chromatin topology

and gene expression, we first aimed to identify all IRs neigh-

boring protein-coding genes in the A. thaliana Col-0 reference

genome. Using einverted from the European Molecular Biology

Open Software Suite (EMBOSS),32 we found a total of 885 IRs

in the A. thaliana genome (Table S1), 634 of them near annotated

protein-coding genes (222 of which were located within 500 bp

upstream or downstream of a protein-coding gene, another

163 between 501 bp and 1,000 bp from a gene, and 249 between

1,001 and 3,000 bp from a gene) (Figure 1A). IRs were found

within 500 bp of 260 unique genes, within 501–1,000 bp of 215

unique genes, and within 1,001–3,000 bp of 615 unique genes

(Figure 1A). These IRs have a broad genome-wide distribution,

with many located in the gene-rich chromosome arms and

others in gene-poor/TE-rich pericentromeric regions (Figure 1B).

The identified IRs represent a heterogeneous group of elements

with a size ranging from 100 bp up to 1,000 bp (the length limit of

our analysis; Figure S1A). Among them,we observed an overrep-

resentation of IRs of�375 bp and�1,000 bp (Figure S1A). These

IRs also showed heterogeneous spacing between the repetitive

elements (Figure S1B). We observed either a small spacer or

near absence of any spacer (the hairpin loop) between the re-

peats for the smaller IRs (Figure S1B). Spacer region variability

correlates with IR element length (Figure S1B). Analyzing the

overlap with annotated TEs revealed that 68% of the IRs within

3,000 bp of a gene were clearly of TE origin, with most (�44%)

from the MuDR superfamily and 18% from the Helitron super-

family (Figure 1C). These percentages remain invariable despite

the distance from the IR to the hosting gene, although there is a

moderate enrichment is LTR/Gypsy TEs between IRs not asso-

ciated with genes (Figure 1C). Using plant native elongating tran-

scripts sequencing (plaNETseq) datasets of Pol II-associated

nascent transcripts,33 we found that more than half of the iden-

tified gene-associated IRs are transcribed by Pol II (Figure 1D,

dark blue and dark red). This becomes more evident for IRs

closer to genes, with �70% of those up to 500 bp away from a

gene, which may indicate a stronger influence of gene-associ-

ated regulatory elements on IR transcription by Pol II. We

observed that most Pol II-transcribed IRs produced siRNA
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Figure 1. IRs distribution near annotated genes in the A. thaliana Col-0 reference genome

(A) Number of IRs detected in the Col-0 genome within 500, 1,000, and 3,000 bp of annotated genes (left) and number of associated genes within the same size

window (right). Black numbers indicate the total IR and genes counts, while white numbers show the non-cumulative count.

(B) Distribution of IRs. The outermost track shows Arabidopsis chromosomes with the pericentromeric regions highlighted in darker gray. Shown are TE density

(red) and gene density (blue) in 500-kb windows. Darker color indicates higher density. The inner two tracks show the distribution of all IRs (black) or only IRswithin

3,000 bp upstream or downstream of annotated protein-coding genes (green).

(C) Classification of the identified IRs between annotated TE superfamilies. The ‘‘DNA/MuDR; RC/Helitron’’ category indicates IRs overlapping with TEs from both

superfamilies. Shown is the total number (top) and percentage (bottom) of IR in each superfamily identified in each distance window from annotated genes.

(legend continued on next page)
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even in the absence of Pol IV34,35 (Figure 1D, dark blue bars, and

Figure S1C), especially IRs close to genes. This observation con-

firms that these 24-nt siRNAs follow a non-canonical pathway

and require Pol II transcription. Pol II dependency becomes

even more evident when one also considers IRs producing

siRNAs in the absence of Pol IV but that are undetected in Pol

II plaNETseq analysis (Figure 1D, light blue bars). These likely

represent either tissue/condition-specific Pol II transcripts or

reflect the limitations of the plaNETseq tool to detect all Pol II

transcripts. Supporting the idea that these IRs are transcribed

from promoters of nearby genes, the fraction of IRs transcribed

by Pol II increases the closer the IRs are to a gene (Figure 1D).

Conversely, IRs located far from annotated genes were less

likely to give rise to Pol II transcripts. Instead, their transcription

likely depends only on the canonical Pol IV/RDR2 RdDM

pathway (Figure 1D). We also observed a reduction in small

RNA (sRNA) production in some Pol II-transcribed IRs in Pol IV

mutants, although less pronounced that for Pol II-independent

IRs (Figure S1C). This observation likely indicates that many

Pol II transcribed IR may also follow a canonical Pol IV pathway.

Whether this is a tissue/condition specific effect leading to Pol II

transcription of IRs only in specific moments/tissues remains a

compelling open question.

We then used sRNA and bisulfite (BS) sequencing to deter-

mine whether these IRs, especially those transcribed by Pol II

and independent of the canonical Pol IV pathway, produced

24-nt siRNAs and whether production of siRNAs leads to DNA

methylation. Metagene analysis of 24-nt siRNAs mapping to

the IRs showed a two-peak profile, indicating that the siRNAs

are produced from the IR sequences, especially for IRs closest

to genes (Figure 1E). Many of the identified IRs, especially IRs

located closer to genes, produced Pol II-dependent siRNAs (Fig-

ure 1F). This observation further supports the hypothesis that

these siRNAs are produced from the dsRNA stem region of

long Pol II transcripts folded into hairpins rather than the short

and homogeneously distributed Pol IV transcripts. The BS

sequencing (BS-seq) analysis revealed that most Pol II-depen-

dent IRs, especially those closest to genes, are methylated pref-

erentially in the CHH context (H = C, T, or A), the signature of the

RdDM pathway (Figure 1F). The fraction of methylated IRs (Fig-

ure 1F) and the methylation profile obtained from the metagene

analyses, with a clear profile of two peaks for CHH methylation

(Figure 1G), matched the patterns observed for siRNA

production (Figures 1E and 1F). In addition to methylation of IR

loci, we often observed an additional peak of siRNA mapping

either on the opposite border or inside many genes located

near IRs (Figures S1D and S1E). These secondary mapping

spots are consistent with a scenario where two adjacent methyl-
(D) Total number (top) or percentage (bottom) of IRs with mapping 24-nt siRNAs de

and independent IRs. For each case, IRs producing transcripts associated with Po

II transcripts in light colors. All IRs are sorted depending on their range of distan

(E) Metagene analysis of 24-nt siRNAs mapping to IRs located at different ranges

start to the end of the IR regions plus 200 bp to each side. Three individual sRNA

(F) Percentage of gene-adjacent IRs overlapping methylated regions, CHG (cente

siRNAs mapping to the IR sequence (at least 10 reads in at least one replicate).

independent IRs (bottom row).

(G) Metagene analysis of CG (red), CHG (blue), and CHH (green) DNAmethylation a

Plots show IRs scaled from the start to the end of the IR regions plus 200 bp to

4 Cell Reports 42, 112029, January 31, 2023
ated regions serve as anchor points for formation of short-range

chromatin loops.

TE-derived IRs located near genes impact the local
chromatin topology in Arabidopsis

To investigate whether the identified IRs, especially those pro-

ducing siRNAs and DNAmethylation, impact local chromatin or-

ganization, we extracted RNA and DNA from Col-0 wild-type

plants; triple dcl2, dcl3, dcl4 (dcl234) mutants (which are in

impaired in 24-nt siRNA production);36 and triple drm1, drm2,

cmt3 (ddc) mutants (impaired in CHH methylation)37 and per-

formed RNA sequencing (RNA-seq), sRNA sequencing (sRNA-

seq), BS-seq, and Capture-C sequencing (CapC-seq) (statistics

of the sequencing data are provided in Table S2). Because the

sequencing depth required to detect short-range chromatin

interaction through standard Hi-C (high-resolution chromosome

conformation capture) would be enormous, we selected 290 loci

containing IRs and 38 control loci (Table S3) and performed a

CapC experiment to focus only on these regions and increase

the chances to detect local chromatin loops. A test mapping of

CapC reads confirmed the enrichment on the captured regions

compared with the input Hi-C samples (Figure S2A). Collectively,

the designed probes cover �1% of the genome. After CapC, we

increased the ratio of reads mapping the targeted regions 40

times on average (Figure S2B).

sRNA-seq revealed that 486 of the 634 IRs that are at most

3,000 bp from genes produced 24-nt siRNAs, with siRNA levels

and mapping profiles severely reduced in dcl234 and ddc mu-

tants, as expected for this class of sRNAs (Figures 2A and 2B).

The IR-derived siRNAs, whose generation requires DCL activity,

appeared to be independent of IR size (Figure S2C).

CHG and CHH methylated regions strongly overlapped with

Pol II-dependent IRs within 500 bp from genes (Figure 1F). Within

the IR regions, we observed a drastic drop in DNA methylation,

especially in the CHH context, in dcl234 and ddc mutants

(Figures 2C, S2D, and S2E). Such a reduction of CHH and, to

some extent, CHG, but not of CG methylation in dcl234 and

ddc, a typical signature of RdDM mutants, paralleled the drop

in siRNA production in these regions (Figure 2D). The proportion

of IRs with reduced methylation in the mutants is slightly higher

for those within 500 bp of genes compared with the other

analyzed distance windows (Figure S2D). Changes in siRNAs

and methylation were correlated, consistent with a drop of

siRNAs leading to reduced methylation in RdDM-impaired mu-

tants. Altogether, these data suggest that a large proportion of

IRs located near genes and transcribed by Pol II trigger DNA

methylation in cis through the non-canonical, Pol IV-independent

RdDM pathway.
tected (blue) or not detected (red) in nrpd1mutants, defining Pol IV-dependent

l II, as detected by plaNETseq33, are marked in dark colors and IRs without Pol

ce to the closest protein-coding gene.

of distance to the closest protein-coding gene. Plots show IRs scaled from the

-seq replicates are plotted separately.

r), and CHH (right) with mean methylation levels of at least 10% and with 24-nt

The analysis was performed for all identified IRs (top row) or only for Pol IV-

t IRs located at different ranges of distance to the closest protein-coding gene.

each side. Three individual BS-seq replicates are plotted.
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To assess whether the IRs located near genes can act as reg-

ulatory elements by altering the surrounding chromatin organiza-

tion, we exploited our CapC-seq data and the software CHESS

(Comparison of Hi-C Experiments using Structural Similarity)to

compare the structural similarity (SSIM) of the IR-hosted regions

between thewild-type andmutants.38We also statistically deter-

mined the specific anchor points of chromatin loops in each

sample using CapC-Map39 in combination with peakC.40

Analyzing individual loops, we found clear alterations in the chro-

matin topology in several randomly picked loci (Figures 2D and

S3). It is important to note that we cannot detect the precise po-

sition of the anchor points of a chromatin loop usingCapC-seq or

chromatin conformation capture (3C) experiments. Instead,

these approaches define ligated restriction fragments (Figure 2E,

tracks I and VI) within which such anchor points are contained.

To compare the differential methylation-related changes in loops

formed near IRs, we calculated the SSIM for each captured re-

gion plus 10 kb on each end in the wild type and siRNA- or

methylation-deficient mutants. The choice of a global similarity

measure, the SSIM, to study short-range chromatin changes

rather than comparing individual loops aimed to increase the po-

wer to detect reliable differences because random interactions

increase with shorter distances and increase themethodological

background noise. Moreover, other interactions, caused by

dimerization of DNA-bound transcription factors or nucleosome

packing, can also impact such analyses. The chromatin organi-

zation of the IR-containing loci, which should have SSIM values

of �1 if similar between the genotypes, were often changed in

ddc and dcl234mutants (Figure 2F), indicating that (IR-triggered)

methylation has a substantial effect on the local 3D topology.

Such differences are less pronounced when comparing ddc

with dcl234, as could be expected from the methylation defi-

ciency observed in both, therefore lacking the anchor regions

for loop formation (Figure 2F). SSIM variation detection is not

influenced by the size of the captured region (Figure S2F). We

also calculated the CHESS chromatin topology variation at 38
Figure 2. IR near genes produce siRNAs, trigger DNA methylation, and

(A) Changes in siRNA levels mapping to IRs in the ddc and dcl234mutants with re

(RPMs) over each IR. The correlation (R) is shown in the top left corner.

(B) Metagene analysis of 24-nt siRNAs mapping IRs located at different ranges

(green), and dcl234 (red) plants. Plots show IRs scaled from the start to the end o

are plotted separately.

(C) Metagene analysis of CG (top), CHG (center), and CHH (bottom)methylation at

Col-0 wild type (red lines), ddc (gray lines), and dcl234 (green lines) plants. Plots s

side. Three individual BS-seq replicates are plotted for each genotype.

(D) Scatterplots showing the relation between changes in siRNA levels and DNAm

blue lines show the linear regression, while the gray shades show the confidence

(E) Region of the Col-0 genome containing the CRY1 locus displaying the epige

experiments and shown by red lines, indicating interacting fragments noted in c

contexts. (III) 24-nt siRNAs mapping to the genomic regions as determined by sR

ddc mutants. (IV) Annotated genes (cyan) and transposons (yellow) in the regio

Potential restriction fragments after digestion. (VII) IRs identified in this region of

(F) Structural similarity (SSIM) of captured regions in dcl234 (left) and ddc (cente

(G) SSIM of captured regions in dcl234 and ddc mutants with respect to Col-0 W

without a nearby IR (orange dots). p values were calculated with the Wilcoxon ra

(H) SSIM of captured regions in dcl234 (left) and ddc (right) mutants with respect

regions without DEGs (NotDEGs). The colors of the dots indicate whether they

boxplots represent single data points, whiskers denote the minimum/maximum

median, and box bounds represent the lower and upper quartiles. The p value, c

6 Cell Reports 42, 112029, January 31, 2023
randomly selected captured loci not containing IRs but, in

most cases, showing nearby spots of DNAmethylation. Different

from the IR-containing loci, the 38 control loci did not change in

topology between wild-type and mutant genotypes (Figures 2G

and S2F). This observation indicates that the changes in local

3D topology in the ddc and dcl234mutants are not a general ef-

fect caused by the reduced DNA methylation but are rather spe-

cific to IR-containing loci. Still, other TE elements near genes

could likely trigger a similar phenomenon if transcriptionally

active. This is the case reported, for example, for ONSEN TEs,

which, upon stress-induced mobilization and insertion, affect

nearby gene expression and can lead to generation of new tran-

scripts.13 With this scenario, it is possible that many of these

changes respond to changes in the chromatin organization trig-

gered by the TE insertion.

Changes in chromatin topology can affect gene expression.26

Formation of chromatin loops may repress or activate gene tran-

scription or even trigger production of alternative transcripts.28

Given the alterations in chromatin topology we found, we

wondered whether they impact gene expression in a positive

or negative manner.

Using our RNA-seq data, we found 4,305 differentially ex-

pressed genes (DEGs) in the ddc mutant in comparison with

Col-0 and 3,636 DEGs in dcl234, many of them overlapping be-

tween the two mutants (Figure S4A). When we compared the

SSIMs in regions with DEGs with SSIMs in regions without

DEGs, we found topological differences (lower SSIM) to be

significantly increased in regions that included DEGs (Figure 2H).

Although there was no clear correlation between SSIMs and the

changes in methylation in the IRs (Figure S4B), when we split

DEGs into regions linked to differentially and not differentially

methylated IRs, there were more significant topological differ-

ences in ddc mutants compared with the wild type for regions

including DEGs and differentially methylated IRs (Figure S4C).

Methylation seemed to affect the SSIM correlation with DEGs

less clearly in dcl234 (Figure S4C). Loci with altered topology
alter the local chromatin 3D organization

spect to Col-0. The axes represent log2 fold change of siRNA reads per million

of distance to the closest protein-coding gene in Col-0 wild-type (blue), ddc

f the IR regions plus 200 bp to each side. Three individual sRNA-seq replicates

IRs located at different ranges of distance to the closest protein-coding gene in

how IRs scaled from the start to the end of the IR regions plus 200 bp to each

ethylation over each gene-associated IR in both mutants, ddc and dcl234. The

interval. Only IRs with a drop of 10% or more in methylation are shown.

netic and topological profile. (I) Chromatin interactions as detected by CapC

yan. (II) Cytosine DNA methylation in CG (blue), CHG (red), and CHH (black)

NA sequencing in biological triplicates of wild-type (WT) plants and dcl234 and

n. (V) Region captured by the probes designed for the CapC experiment. (VI)

the genome.

r) mutants with respect to Col-0 WT or to each other (right).

T or each other in loci containing a gene-hosted IR (green dots) or control loci

nk-sum test.

to Col-0 grouped by regions including differentially regulated genes (DEGs) or

are not differentially expressed, upregulated, or downregulated. Dots in the

values (no further than 1.53 IQR from the hinge), the center represents the

alculated with Student’s t test, are shown on top of the boxplots.
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in ddc and dcl234 included up- and downregulated genes (Fig-

ure 2H). Thus, changes in chromatin topology caused by

impaired RdDM machinery could be linked to opposite changes

in gene expression depending on the loci. This observation, also

made in rice for genes adjacent to MITEs,7 fits with short-range

chromatin loops affecting Pol II activity in different ways, de-

pending on which part of the gene is included in the loop.28

In summary, our data indicate that insertion of an IR near a

gene can trigger changes in the local chromatin topology that ul-

timately affect gene expression in a locus- and loop-depen-

dent way.

Polymorphisms on the content of IRs near genes
between A. thaliana accessions affect local chromatin
topology
TEs are commonly silenced in plants as a means of protecting

genome integrity. However, under extreme stress conditions,

TE transcription can be reactivated, giving TEs the potential to

jump in the genome in a process that has been proposed to

help adaptation to new environments.9,41 We wondered whether

the gene-adjacent IRs that vary between natural A. thaliana ac-

cessions could confer adaptative potential by changing the

expression of hosting loci through changes in 3D chromatin

organization.

To test this hypothesis, we first used published TE polymor-

phism datasets42 to detect variations in the TE content of 216

A. thaliana genomes.43 Narrowing this down further to the 634

IRs located within 3,000 bp upstream or downstream of anno-

tated genes in the Col-0 reference genome, we found 193 of

these 634 IRs to be variable between the 216 accessions studied

(Figure 3A). IRs without a clear TE origin are underrepresented in

the collection of polymorphic IRs and were polymorphic mostly

because they possess a TE insertion disrupting them in an

accession different from Col-0 (Figure 3A). These 193 IRs are

located within 3,000 bp of 368 annotated genes. This implies

that each IR can influence two or more adjacent genes in many

cases, an observation that is not surprising, given the compact

nature of A. thaliana genomes. To investigate the effect that

the variation in IR content may have on local chromatin topology

and gene expression, we repeated the CapC-seq, RNA-seq, BS-

seq, and sRNA-seq analyses in the Ba-1 and Hod accessions.

We selected these two accessions based on the number of var-

iable IRs present in each of them (46 and 31 IRs present in Col-0

are missing in Hod and Ba-1, respectively, with 18 missing in

both accessions). With the CapC-seq experiment, we captured

290 regions comprising the genomic sequences around variable

IRs, which included adjacent genes. The analysis of individual

loci revealed that the presence of an IR at a locus correlated

with the accumulation of 24-nt siRNAs and with distinctive

short-range chromatin loops (Figures 3B and S3).

We chose five potential candidate genes (PHV, PHYC, P5CS1,

PHR1, and CRY1) to evaluate the effect of polymorphic IRs on

loop formation and gene expression. We corroborated by

Sanger sequencing that each of the loci has IRs in Col-0 but

not in the indicated accessions (Figures 4B, 4G, and S5). We

then used 3C followed by qPCR to confirm and quantify the for-

mation of IR-dependent chromatin loops at these loci and qRT-

PCR to measure correlation with gene expression in each locus
(Figures 3C, 4C, and 4I). We detected alternative chromatin

loops at PHV, P5CS1, and PHR1 (Figure 3C). In the case of

PHV, loop 1 appeared to form independent of the associated

IR, but loops 2 and 3weremissing in Ba-1, the accession without

the IR, or dcl234 mutants (Figure 3C). For P5CS1, loop 2 ap-

peared independent of the presence of the IR, while formation

of an intragenic loop 1 correlated with the presence of the IR

or functional RdDM machinery (Figure 3C). For PHV and

P5CS1, the absence of an IR appeared to be associated with

enhanced gene expression (Figure 3C). In the case of PHR1,

we found that formation of a loop 1 depends on the presence

of the IR, which is missing in the Hod accessions, but loop 2

was only formed when the IR is missing, probably reflecting a hi-

erarchy of chromatin interactions controlled by the IR (Figure 3C).

Contrary to the results with PHV and P5CS1, the absence of the

IR near PHR1 caused repression of the gene. The regulatory ef-

fects caused by the presence of an IR near a gene were

observed for IRs located upstream (i.e., at PHV and PHR1) and

downstream of the affected gene (i.e., at CRY1 and P5CS1).

This particularity indicates that it is more likely that the change

in chromatin topology, rather than an effect of the IR-triggered

methylation per se, which could simply act through affecting

binding of classical transcription factors, leads to the observed

difference in gene expression.

When we analyzed the genome-wide effects of insertional IR

polymorphisms over genome topology using CHESS, we also

found a drastic change in chromatin folding associated with

the presence/absence of an IR (Figure 3D). For this analysis,

we calculated the difference between the SSIMs obtained from

the comparison of Ba-1 and Hod genome topology against

Col-0, as recommended by the authors of CHESS, to have a

common reference to score differences between these acces-

sions.38 As can be observed in Figure 3D, the difference in

SSIMs is greater when Ba-1 shares the IR with Col-0, having a

higher SSIM, but it is absent in Hod, resulting in a lower SSIM

and an increased positive difference.

These data suggest that insertion of an IR near coding genes

can have an impact on local chromatin topology that affects

gene expression. Aiming to explore whether this could poten-

tially have adaptive consequences, we asked whether there is

a correlation between the presence/absence of an IR near a

gene and well-defined phenotypic traits recorded in the Ara-

pheno database.44 This analysis revealed an association be-

tween IR insertional polymorphisms near some genes with a

given phenotype related to flowering, a typically adaptive trait

(Figure 3E). This observation suggests that insertion of an IR

near a gene can not only impact the local chromatin topology,

but it may also have adaptive implications by changing the phe-

notypes controlled by the adjacent gene.

Insertion of an IR near genes causes strong phenotypic
effects
Our data suggest that insertion of an IR near a gene can be a

significant event during adaptive evolution. However, this asso-

ciation may not be caused by the IR itself but by adjacent poly-

morphisms that may be in linkage disequilibrium with the IR. In

addition, even when the association is with the IR itself, it may

not involve changes in genome topology. To study this
Cell Reports 42, 112029, January 31, 2023 7
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Figure 3. Insertional polymorphisms of IRs near genes cause natural variation in short-range chromatin topology

(A) Number of IRs and polymorphic IRs associated with genes (top panel) and percentage of IRs and polymorphic IRs by annotated TE superfamilies (bottom

panel). Only superfamilies with at least five overlapping IRs are displayed.

(B) Region of the Col-0 genome containing theCRY1 locus with its epigenetic and topological profile. (I) Chromatin interactions as detected by CapC experiments

from Col-0 and Ba-1 plants (both contain the IR) and Hod plants (which have a deletion polymorphism in the same IR). Red lines indicate interacting cyan

fragments. (II) Cytosine DNA methylation in CG (blue), CHG (red), and CHH (black) contexts. (III) 24-nt siRNAs mapping to the genomic regions as determined by

sRNA sequencing in biological triplicates of WT Col-0, Ba-1, and Hod plants. (IV) Annotated genes (cyan) and transposons (yellow) in the region. (V) Region

captured by the probes designed for the CapC experiment. (VI) Potential restriction fragments after digestion. (VII) IRs identified in this region of the genome. The

IR in red is conserved between the three genotypes, while the IR in blue is missing in Hod.

(C) qRT-PCRwith total RNA and chromatin conformation capture (3C) qPCR experiments to quantify formation of specific chromatin loops as well as expression

of the affected loci in WT, Ba-1, and Hod plants and dcl234 and ddcmutants. Data are presented as mean values ± SD. The p values were calculated with two-

tailed unpaired Student’s t test withWelch’s correction. n > 4 biologically independent samples. A diagram at the bottom of each gene shows the chromatin loops

amplified (shown as black lines indicating the ligated restriction fragments detected) and confirmed by Sanger sequencing for each locus. The restriction sites

used for the 3C experiments are shown as orange pins. The gradient arrows show the direction from a restriction site where a chromatin loop anchor point should

be located.

(D) Delta of the SSIM calculated with CHESS for the contrasts Col-0 versus Ba-1 and Col-0 versus Hod for each captured region. Each captured region is

classified depending on whether the associated IR is present or absent in the three analyzed accessions.

(E) Association of flowering phenotypes (FT), including rosette diameter upon flowering, flowering duration, and flowering time at different temperatures in plants

grown in the field or greenhouse (GH), with the presence or absence of an IR near selected genes. Boxplots in (D and E) show single data points as individual dots,

whiskers denote the minimum/maximum values (no further than 1.53 IQR from the hinge), the center represents the median, and box bounds represent the lower

and upper quartiles. The p value, calculated with the Student’s t test, are shown on top of the boxplots.
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possibility, we selected two loci, PHYC andCRY1, which display

natural variation in the presence/absence of a close-by IR that is

associated with developmental phenotypes (Figure 3E). PHYC-

and CRY1-associated IRs are located downstream of the tran-

scription termination site (TTS) (Figures 4A and 4F), making it

less likely that they act directly on the promoter of the genes

as general regulatory elements.

PHYC encodes a photoreceptor capable of sensing red

(R) light and far-red (FR) light and is implicated in several devel-

opmental transitions, such as flowering, seed germination, and

hypocotyl elongation.45–48 In Col-0, an IR is located �500 bp
8 Cell Reports 42, 112029, January 31, 2023
downstream of the TTS of PHYC, while it is missing in several

natural accessions, including, for example, Ey15-2 (Figures 4A

and 4B). To test whether this IR impacts PHYC expression and

related phenotypes, we used a CRISPR-Cas9 strategy to delete

a fragment of the IR, with which we can disrupt dsRNA formation

without completely removing the IR sequence (Figure 4A). Three

homozygous lines were obtained with a deletion of the IR frag-

ment (Figure 4B). Supporting a role of this IR in modulating

genome topology and gene expression, we detected a chro-

matin loop encompassing the entire PHYC gene in Col-0 plants

that was absent in the CRISPR mutant lines and in the Ey15-2
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Figure 4. Insertional polymorphisms of IRs near PHYC and CRY1 cause changes in locus topology, expression, and associated phenotypes

(A) PHYC locus diagram showing the position of the IR, restriction sites for EcoRI used for 3C experiments (yellow pins), sgRNAs used for CRISPR-Cas9 deletion

(sgRNA1 and sgRNA2), and primer positions. The gradient arrows show the direction from a restriction site where a chromatin loop anchor point should be

located. Predicted secondary RNA structures for the IR transcript in Col-0 plants or CRISPR-edited plants are shown using a color scale corresponding to base-

pairing probability 0 (purple) to 1 (red).

(B) PCR using F1-R1 primers on genomic DNA, confirming partial deletion of the IR in the CRISPR lines and complete absence of the IR in Ey15-2 accession. A red

arrowhead indicates the band sequenced to confirm the absence of the polymorphic IR in the Ey15-2 accession.

(C) PHYC relative expression as measured by qRT-PCR and normalized against ACT2 (left panel). Quantification of formation of a short-range chromatin loop by

3C-qPCR analysis using EcoRI and F2-R2 primers (right panel).

(D) Hypocotyl length under a continuous R (Rc) light regimen. Seedlings were grown under Rc light (20 mmol m�2 s�1 for 4 days before measurement.

(E) Flowering time for the different genotypes expressed as days after sowing (DAS).

(F) CRY1 locus diagram showing the position of the IRs, restriction sites for XbaI (yellow pins), sgRNAs used for CRISPR-Cas9 deletion (sgRNA3 and sgRNA4),

and primer positions. Shown at the bottom are the secondary RNA structures as predicted by RNAfold for the Col-0 WT IR transcript and the CRISPR-edited

outcome of the same IR. The color scale shows base-pairing probability 0 (purple) to 1 (red).

(G and H) PCR using F3-R3 primers upon genomic DNA showing successful partial deletion of the IR in CRISPR heterozygous lines and complete absence in Hod

plants. A red arrowhead indicates the band sequenced to confirm the absence of the polymorphic IR in the Hod accession.

(I) CRY1 expression analysis measured by qRT-PCR normalized against ACT2 (left) and quantification of a chromatin loop by 3C-qPCR using XbaI and F4-R4

primers (right).

(J) Hypocotyl length in continuous blue light. Seedlings were grown under blue light (5 mmol m�2 s�1) for 4 days before measuring.

(K) Hypocotyl phenotype of 4-day-old seedlings grown under continuous blue light (5 mmol m�2 s�1) and quantified in (J). In all cases, data represent individual

values ± SD; significant differences are indicated as *p < 0.05 in a one-way ANOVA.
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accession, which lacks the IR (Figure 4C). The absence of the IR

in Ey15-2 and in the CRISPR lines correlated with higher expres-

sion of PHYC, suggesting that the IR promotes formation of a

repressive loop in Col-0 (Figure 4C). The CRISPR lines and

Ey15-2 had altered developmental responses related to known
PHYC functions, including delayed flowering and shortened hy-

pocotyls under a continuous R light treatment (Figures 4D and

4E). Altogether, our data indicate that the presence of the IR

next to PHYC has a substantial impact on gene regulation by

enabling formation of a short-range chromatin loop that
Cell Reports 42, 112029, January 31, 2023 9
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represses gene expression, thereby contributing to the differen-

tial response of natural accessions to light signals.

CRY1 is a blue light receptor and participates predominately in

regulation of blue light inhibition of hypocotyl elongation and

anthocyanin production.49–51 Two IRs are located near the

gene, �2,000 bp upstream of the transcription start site (TSS)

and �550 bp downstream of the TTS (Figure 4F). The second

IR is variable among A. thaliana accessions, missing, for

example, in Hod (Figure 4G). Using CRISPR-Cas9 engineering,

heterozygous lines could be obtained missing a fragment of

the IR located downstream of the TSS (with homozygous lines

apparently not viable) (Figure 4H). Similar to PHYC, we detected

a chromatin loop that brings together the borders of the CRY1

gene only in plants containing the IR and that represses expres-

sion of the gene (Figure 4I). The absence of the IR in the CRISPR

lines or in the natural accession Hod correlated with higher

expression levels of CRY1 and shorter hypocotyls under blue

light (Figures 4I–4K), a phenotype described previously in

CRY1-overexpressing lines.49,52

DISCUSSION

How organisms can adapt to a rapidly changing environment is

one of themost interesting questions in evolutionary biology.53,54

SNPs have been themain focus of many genomic studies aiming

to assess the evolutionary potential of mutations, but TEs can be

particularly powerful actors in rapid adaptation because single

transposition events can have potentially wide-ranging conse-

quences on gene expression and derived phenotypes.8 On one

side, the broad distribution of TEs across the genome facilitates

generation of chromosomal rearrangements through ectopic

recombination. Even more significantly, mobilization of TEs can

disrupt, modify, or even change the expression of genes in

various ways that could generate a favorable adaptive trait.1,55

New alleles caused by TE insertions have been proposed to

guarantee a consistent supply of potentially adaptable variants

in response to the environment.8 Still, many TEs inserted within

gene-rich areas are quickly purged, according to population

genomic surveys of TE polymorphisms.56 This is in agreement

with transposition tending to produce alleles with negative ef-

fects on fitness.

Contrary to autonomous TEs, MITEs have been found to be

distributed on chromosome arms in plants, highly associated

with genes, and frequently transcribed with adjacent

genes.7,57,58 In agreement with this, our study identified

numerous TE-derived IRs near coding genes in A. thaliana.

Different from rice, where more than half of the genes are asso-

ciated with MITEs,7 fewer genes are associated with IRs in

A. thaliana. This observation is not surprising because Arabidop-

sis is an outlier regarding TE content among plants, with only

15% of its genome represented by TEs. In comparison, they ac-

count for 85% of maize and up to �40% of rice genomes.2,59,60

The association between MITEs and protein-coding genes

suggested that these TEs may play essential roles in genome

evolution. Current evidence suggests that siRNA-triggered TE

methylation tends to cause repression of neighboring genes.61,62

However, in the case of TE-derived IRs, positive and negative ef-

fects on expression of host genes have been reported.17–20,25
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The weak correlation betweenmethylation of MITEs and expres-

sion of adjacent genes can now be better explained in light of our

findings showing that IRs located near genes affect local chro-

matin organization. While methylation of DNA on its own is ex-

pected to have primarily repressive effects, short-range

chromatin loops could produce many different outcomes,

including transcriptional repression/activation and production

of alternative mRNAs.28 In this sense, the canonical TE silencing

pathway triggered by Pol IV-dependent RdDM leads to chro-

matin condensation and permanent repression of TE. Thismech-

anism does not appear to be acting at IRs near genes not located

in condensed regions. The localized and non-spreading methyl-

ation triggered by these IRs seems to act differently, either by re-

cruiting specific proteins regulating gene expression16 or, as we

show here, by changing local chromatin topology. The dsRNA

stem-loop structure of IR transcripts allows them to trigger pro-

duction of 24-nt siRNAs when produced by Pol II transcription,

different from TEs that require specific Pol IV/V transcription.

Our finding that Pol II transcribes most gene-hosted IRs turns

these elements into candidates for active regulatory elements

in the genome and may explain why they escape the more per-

manent silencing mechanisms operating on other TEs. That the

transcription rate of a gene has an impact on the formation/

opening of a gene loop, and not the other way around, remains

a possibility. We think this is unlikely because activation of genes

correlates many times with chromatin loop opening but in many

other instances with their formation, suggesting that transcrip-

tion elongation is not sufficient to disassemble short-range chro-

matin loops.

Naturally occurring variation in the arrangement of inverted

and tandem repeated PAI genes has been linked to differential

patterns of cis and trans methylation and associated to differ-

ential expression of PAI genes in A. thaliana accessions.63,64

MITEs have the potential to transpose into various locations

in the genome, resulting in the presence/absence (insertional)

polymorphisms between genotypes.7,65 Such polymorphisms

can be caused by insertion or excision of a MITE from a locus.

However, it is unknown which of these scenarios contributes

more to the genetic variation within a species. Here, we show

that �30% of the IRs located within 3,000 bp of protein-coding

genes present insertional polymorphisms between 216

A. thaliana natural accessions. Our results also indicate that

such natural variation in the gene-associated IR content can

cause changes in chromatin organization that could be consid-

ered ‘‘3D polymorphisms.’’ Our experiments using not only as-

sociation between IR polymorphisms and gene expression

changes but also CRISPR-Cas9-editing to demonstrate a

causal relationship in several cases show that insertion of an

IR near a gene can have a profound impact on chromatin orga-

nization, gene expression, and associated phenotypes. This

phenomenon can potentially boost a plant’s capacity to adapt

to a rapidly changing environment. Because IRs can co-opt the

promoters of adjacent genes to produce Pol II-derived siRNAs

through a stem-loop dsRNA intermediate, they can act as

autonomous regulatory elements, drastically changing the

chromatin landscape of a locus upon insertion. These charac-

teristics turn IRs into powerful elements during adaptive

evolution.
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Modeling has suggested faster generation of large-effect al-

leles because of larger transposition rates in specific populations

in response to global warming.8 Consistent with this scenario,

and in a world with a rapidly changing climate, the discovery of

IRs as elements shaping the 3D chromatin organization and

driving genome adaptation is of great interest. Manipulation of

IRs, and, in consequence, genome topology, can potentially

become a powerful biotechnological tool to improve crop adap-

tation without the need to incorporate exogenous DNA or alter

coding sequences in plants.

Limitations of the study
A. thaliana, while being the best studied plant model, has a TE-

poor genome and therefore constitutes a limited model to study

the effect of IRs on gene expression at a genomic level. We

showed that the population of IRs is very diverse, with many be-

ing transcribed by Pol II and/or Pol IV, with different methylation

patterns and sRNA levels and different structure, length, and dis-

tance from genes. Partitioning this relatively small population of

elements into subclasses causes a reduction of our statistical

power to detect their different effects. The power would be

greater if the study were performed in a species with a higher

TE content. Unfortunately, other species have fewer available re-

sources, although our work could be used as a guide for a more

directed approach.

We found clear correlations between IRmethylation, sRNApro-

duction, chromatin structure, and gene expression, which are also

consistent with IR variation in accessions, our gene editing proof

of concept, and our previous study on the sunflowerHaWRKY6 lo-

cus. However, without identification of themechanisms stabilizing

the chromatin loops it is hard to discern the effects caused by

chromatin topology and those caused by DNA modifications.

Regarding chromatin loops, quantifying short-distance inter-

actions is challenging because specific interactions become

harder to differentiate from randomly occurring interactions,

which increase at these ranges. In addition, restriction enzyme

distribution at each locus imposes a limitation to precisely define

the anchor points of each chromatin loop. For this reason, we re-

sorted to a global measure of chromatin topology change (the

SSIM) to quantify the effects in mutants and accessions. Despite

this, study of specific loci with a variety of restriction enzymes

could help define potential anchor points with more precision.
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81. Köster, J., and Rahmann, S. (2012). Snakemake–a scalable bioinformatics

workflow engine. Bioinformatics 28, 2520–2522. https://doi.org/10.1093/

bioinformatics/bts480.

82. Kalvari, I., Nawrocki, E.P., Argasinska, J., Quinones-Olvera, N., Finn, R.D.,

Bateman, A., and Petrov, A.I. (2018). Non-coding RNA analysis using the

rfam database. Curr. Protoc. Bioinformatics 62, e51. https://doi.org/10.

1002/cpbi.51.

83. Liu, T. (2014). Use model-based Analysis of ChIP-Seq (MACS) to analyze

short reads generated by sequencing protein-DNA interactions in embry-

onic stem cells. Methods Mol. Biol. 1150, 81–95. https://doi.org/10.1007/

978-1-4939-0512-6_4.

84. Langmead, B., and Salzberg, S.L. (2012). Fast gapped-read alignment

with Bowtie 2. Nat. Methods 9, 357–359. https://doi.org/10.1038/

nmeth.1923.

85. Liu, C. (2017). In situ Hi-C library preparation for plants to study their

three-dimensional chromatin interactions on a genome-wide scale.

Methods Mol. Biol. 1629, 155–166. https://doi.org/10.1007/978-1-4939-

7125-1_11.

86. Abdennur, N., and Mirny, L.A. (2020). Cooler: scalable storage for Hi-C

data and other genomically labeled arrays. Bioinformatics 36, 311–316.

https://doi.org/10.1093/bioinformatics/btz540.

87. Kruse, K., Hug, C.B., and Vaquerizas, J.M. (2020). FAN-C: a feature-rich

framework for the analysis and visualisation of chromosome conformation

capture data. Genome Biol. 21, 303. https://doi.org/10.1186/s13059-020-

02215-9.

88. Lawrence, M., Huber, W., Pagès, H., Aboyoun, P., Carlson, M., Gentle-

man, R., Morgan, M.T., and Carey, V.J. (2013). Software for computing

and annotating genomic ranges. PLoS Comput. Biol. 9, e1003118.

https://doi.org/10.1371/journal.pcbi.1003118.

89. Lawrence,M., Gentleman, R., and Carey, V. (2009). rtracklayer: an R pack-

age for interfacing with genome browsers. Bioinformatics 25, 1841–1842.

https://doi.org/10.1093/bioinformatics/btp328.

90. Gu, Z., Gu, L., Eils, R., Schlesner, M., and Brors, B. (2014). Circlize Imple-

ments and enhances circular visualization in R. Bioinformatics 30, 2811–

2812. https://doi.org/10.1093/bioinformatics/btu393.

91. Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M.,

Pietzsch, T., Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., et al.

(2012). Fiji: an open-source platform for biological-image analysis. Nat.

Methods 9, 676–682. https://doi.org/10.1038/nmeth.2019.

https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/gb-2009-10-3-r25
https://doi.org/10.1186/gb-2009-10-3-r25
https://doi.org/10.1093/bioinformatics/btr167
https://doi.org/10.1186/gb-2012-13-10-r87
https://doi.org/10.1007/978-1-4939-3578-9_16
https://doi.org/10.1007/978-1-4939-3578-9_16
https://doi.org/10.1186/s12864-015-2140-x
https://doi.org/10.1093/mp/ssu044
https://doi.org/10.1105/tpc.20.00358
https://doi.org/10.1105/tpc.20.00358
https://doi.org/10.1093/bioinformatics/bts480
https://doi.org/10.1093/bioinformatics/bts480
https://doi.org/10.1002/cpbi.51
https://doi.org/10.1002/cpbi.51
https://doi.org/10.1007/978-1-4939-0512-6_4
https://doi.org/10.1007/978-1-4939-0512-6_4
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1007/978-1-4939-7125-1_11
https://doi.org/10.1007/978-1-4939-7125-1_11
https://doi.org/10.1093/bioinformatics/btz540
https://doi.org/10.1186/s13059-020-02215-9
https://doi.org/10.1186/s13059-020-02215-9
https://doi.org/10.1371/journal.pcbi.1003118
https://doi.org/10.1093/bioinformatics/btp328
https://doi.org/10.1093/bioinformatics/btu393
https://doi.org/10.1038/nmeth.2019


Article
ll

OPEN ACCESS
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

TRIzolTM Invitrogen CAT#: 15596026

Q5� High-Fidelity DNA Polymerase New England Biolabs CAT#: M0491S

SuperScript II Reverse Transcriptase Thermo Fisher CAT#: 18064022

DNA polymerase I New England Biolabs CAT#: M0209S

T4 DNA polymerase New England Biolabs CAT#: M0203S

Klenow DNA polymerase New England Biolabs CAT#: M0210S

T4 polynucleotide kinase New England Biolabs CAT#: M0201S

DpnII New England Biolabs CAT#: R0543S

EcoRI New England Biolabs CAT#: R3101T

XbaI New England Biolabs CAT#: R0145T

T4 DNA ligase Thermo Fisher CAT#: EL0013

Proteinase K QIAGEN CAT#: 19131

RevertAid RT Reverse Transcription Kit Thermo Fisher CAT#: KI1691

Critical commercial assays

NEBNext Poly(A) Magnetic Isolation Module New England Biolabs CAT#: E7490S

TruSeq sRNA Library Preparation kit Illumina CAT#: RS-122-2001

DNeasy plant Mini Kit QIAGEN CAT#: 69104

TrueSeq DNA Nano Kit Illumina CAT#: 20015964

Epitec Plus DNA Bisulfite Conversion Kit QIAGEN CAT#: 59124

Kapa Hifi Uracil + DNA polymerase Kapa Biosystems CAT#: 07959052001

NEBNext� UltraTM II DNA Library Prep Kit New England Biolabs CAT#: E7645S

Dynabeads MyOne Streptavidin C1 beads Invitrogen CAT#: 65001

MyBaits system Arbor Biosciences N/A

RevertAid RT Reverse Transcription Kit Thermo Fisher CAT#: KI1691

Maxima SYBR Green qPCR Master Mix Thermo Fisher CAT#: K0221

Deposited data

Small RNA sequencing reads for Arabidopsis:

Col 0, Ba, Hod, ddc and dcl234.

This paper ENA: PRJEB53956

RNA sequencing reads for Arabidopsis:

Col 0, Ba, Hod, ddc and dcl234.

This paper ENA: PRJEB53956

Bisulfite sequencing reads for Arabidopsis:

Col 0, Ba, Hod, ddc and dcl234.

This paper ENA: PRJEB53956

Capture-C sequencing reads for Arabidopsis:

Col 0, Ba, Hod, ddc and dcl234.

This paper ENA: PRJEB53956

plaNETseq datasets of RNAPII

associated nascent transcripts

Kindgren et al.33 GEO: GSE131733

Small RNA sequencing reads for Arabidopsis

nrpd1, Pol IV independent reads.

Tan el al.35

Ferrafiat et al.34
GEO: GSE116067

ENA: PRJNA510791

Experimental models: Organisms/strains

Arabidopsis: Col 0 Arabidopsis Biological Resource Center CS22625

Arabidopsis: ddc Kurihara et al.37 N/A

Arabidopsis: dcl234 Henderson et al.66 N/A

Arabidopsis: Ba-1 Arabidopsis Biological Resource Center CS76441

Arabidopsis: Hod Arabidopsis Biological Resource Center CS76924

(Continued on next page)

Cell Reports 42, 112029, January 31, 2023 15



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Arabidopsis: Ey15-2 Arabidopsis Biological Resource Center CS76399

Arabidopsis: Col 0DIR(PHYC) This paper N/A

Arabidopsis: Col 0DIR(CRY1) This paper N/A

Oligonucleotides

Primers used for generating

CRISPR lines are listed in Table S4.

This paper N/A

Primers used for qPCR are listed on Table S4. This paper N/A

Recombinant DNA

CRISPR/Cas9 vector toolbox Wu et al.67 N/A

Plasmid UBQ10 promoter, pcoCas9,

proLacZ:LacZ sgRNA1-sgRNA2/

At2S3:mCherry (PHYC)

This paper N/A

Plasmid UBQ10 promoter, pcoCas9,

proLacZ:LacZ sgRNA3-sgRNA4/

At2S3:mCherry (CRY1)

This paper N/A

Software and algorithms

einverted (EMBOSS

suite version 6.6.0.0)

Rice et al.32 N/A

CHESS (version 0.3.7) Galan et al.38 N/A

CapC-Map (version 1.1.3) Buckle et al.39 N/A

peakC (version 0.2) Geeven et al.40

Trimmomatic (version 0.36) Bolger et al.68 N/A

STAR (version 2.5.2b) Dobin et al.69 N/A

Samtools (version 1.9) Li et al.70 N/A

FastQC (version 0.11.5) https://www.bioinformatics.babraham.

ac.uk/projects/fastqc/

N/A

MultiQC (version 1.7) Ewels et al.71 N/A

featureCounts (version 1.6.2) Liao et al.72 N/A

DESeq2 (version 1.36.0) Love et al.73 N/A

cutadapt (version 1.9.1) https://journal.embnet.org/index.php/

embnetjournal/article/view/200

N/A

FastQC (version 0.11.4) https://www.bioinformatics.babraham.

ac.uk/projects/fastqc/

N/A

MultiQC (version 1.7) Ewels et al.71 N/A

bowtie (version 1.1.2) Langmead et al.74 N/A

R statistical programming environment R Core Team v4.1.0

https://www.r-project.org/

N/A

Bismark (version 0.22.1) Krueger and Andrews75 N/A

methylKit (version 1.22.0) Akalin et al.76 N/A

BRGenomics (version 1.8.0) https://rdrr.io/bioc/BRGenomics/ N/A

Gviz (version 1.40.1) Hahne and Ivanek77 N/A

GenomicInteractions (version 1.30.0) Harmston et al.78 N/A

Article
ll

OPEN ACCESS
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Pablo

Manavella (pablomanavella@ial.santafe-conicet.gov.ar).

Materials availability
All resources generated in this study are available from the lead contact without restriction.
16 Cell Reports 42, 112029, January 31, 2023

mailto:pablomanavella@ial.santafe-conicet.gov.ar
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://journal.embnet.org/index.php/embnetjournal/article/view/200
https://journal.embnet.org/index.php/embnetjournal/article/view/200
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.r-project.org/
https://rdrr.io/bioc/BRGenomics/


Article
ll

OPEN ACCESS
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accession ENA: PRJEB53956. This paper analyzes existing, publicly available data. These accession numbers for the datasets

are listed in the key resources table.

d All original code generated in this study is available upon request to the lead contact.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Arabidopsis thaliana
Arabidopsis thaliana accessions Col-0, Hod, Ba1, EY15-2, dcl234,36 and ddc37 mutants and CRISPRmutant lines were grown on soil

or petri dishes at 23�C under long-day photoperiod (16/8 h light/dark). For blue and red-light experiments seeds were sowed on petri

dishes with humidified filter paper and stratified in the dark for 5 days, and then transferred to white light (80 mmolm�2 s�1) at 23�C for

3 h and subsequently transferred to continuous red (20 mmol m�2 s�1) or blue light (5 mmol m�2 s�1) in LED chambers for four days.

METHOD DETAILS

Plant material and growth conditions
To obtain plants with genomic fragments deletions a CRISPR/Cas9 vector toolbox67 was used. Specific sgRNAs, described in

Table S4, were designed to obtain the IR deletions. Col-0 plants were transformed using the floral dip method, T1 plants were

selected based on the presence of red fluorescence in seeds under a fluorescent dissecting microscope (Leica, Solms, Germany),

non-fluorescent T2 seeds missing the transgenes were grown and genotyped by PCR to identify effective deletions. ddc and dcl234

mutants where previously described.37,66

For genomic DNA extraction 100 mg of fresh plant material was ground in 700 mL of extraction buffer (200 mM Tris-HCl pH8, 25

0mM EDTA, 0.5% SDS) and precipitated with isopropanol. PCR was performed using primers detailed in Table S4. RNA was ex-

tracted using TRIzol Reagent (Invitrogen) following manufacturer’s recommendations.

The presence of the IR in differentA. thaliana accessionswas determined by amplification of the IR region with flanking primerswith

Q5 polymerase, followed by Sanger sequencing. For the deletion of the IRs neighboring PHYC and CRY1, pairs of sgRNAs targeting

each locuswere cloned in a CRISPR/Cas9 supermodule (SM) vector as described.67 Briefly, sgRNAs targeting flanking regions of the

IR were designed using the CRISPR-P Web Tool.79 Each sgRNA was introduced into the shuffle vectors by overlap PCR with Q5 Hi-

Fidelity polymerase followed by digestion of the original vector with DpnI (Thermo-Fisher Scientific). A destination vector harboring

UBQ10 promoter, pcoCas9, proLacZ:LacZ between both sgRNAs targeting each IR, and At2S3:mCherry for fluorescence selection

in seeds was generated with the Green Gate assembly system. Destination vectors were transformed into Col-0 plants, and red fluo-

rescence-positive seeds were isolated as hemizygous seeds. Transgene-free T2 offspring without seed fluorescence were chosen,

and plants were tested by PCR and Sanger sequencing to identify IR deletion lines. All primers used are listed in Table S4.

IR detection
Inverted repeats were identified in the Col-0 Arabidopsis thaliana genome using einverted from the EMBOSS program suite.32 The

following parameters were used: maximum repeat of 1000, a gap penalty of 8, a minimum score threshold of 150, a match score of 3,

and a mismatch score of �4.

RNA-seq
RNA-seq library preparation was performed as described (Cambiagno et al., 2021). An in-house scaled-down version of Illumina’s

TruSeq reaction was used. mRNAwas purified with NEBNext Poly(A) Magnetic IsolationModule (New England Biolabs, Ipswich, MA)

and heat fragmented with Elute-Prime-Fragment buffer (53 first-strand buffer, 50 ng/mL random primers). For first- and second-

strand synthesis SuperScript II Reverse Transcriptase (Thermo Fisher) and DNA polymerase I (NEB) were used, respectively. T4

DNA polymerase, Klenow DNA polymerase, T4 polynucleotide kinase (NEB), and Klenow Fragment (30/50 exo-) (NEB) were used

for end repair and A-tailing. Ligation of universal adapters compatible with Nextera barcodes i7 and i5 was performed with T4

DNA Ligase (NEB), and Q5 Polymerase (NEB) was used for PCR enrichment using Nextera i7 and i5 barcodes. SPRI beads were

used for DNA purification in each step and size selection of the library preps. 2 3 150 bp paired-end reads were generation on

the Illumina HiSeq 3000 platform.

The analysis started by quality trimming and filtering the raw reads with Trimmomatic version 0.36.68; They were then aligned to the

Arabidopsis thaliana reference genome (TAIR10) using STAR version 2.5.2b,69 which was guided by the gene and exon annotation

from Araport V11 201,606,.80 Samtools version 1.970; was then used to keep only primary alignments with a minimum MAPQ of 3.

Read quality before and after trimming was analyzed with FastQC (version 0.11.5; https://www.bioinformatics.babraham.ac.uk/

projects/fastqc/) and, together with mapping efficiency, they were summarized with MultiQC version 1.7.71 Read counts on each

gene were then calculated with featureCounts version 1.6.2.72 This pipeline was run with the aid of the Snakemake workflow
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engine.81 Gene counts were used to identify differentially expressed geneswith DESeq273; RCore Team2022) filtering out geneswith

counts below 10 in all samples.

sRNA-seq
For sRNA-seq library preparation, 1 mg of total RNA was used as input for the TruSeq sRNA Library Preparation kit (Illumina) as

described in the TruSeq RNASample Preparation v2 Guide (Illumina). A BluePippin System (Sage Science) was used for sRNA library

size selections. Sequencing was performed on the Illumina HiSeq 3000 platform.

The small RNA reads generated were first cut to remove 30adapters using cutadapt (version 1.9.1) and their quality checked using

FastQC (version 0.11.4, https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and MultiQC.71 They were then mapped with

bowtie (version 1.1.2;74) to A. thaliana rRNA, tRNA, snoRNA and snRNA from RFAM (version 14.1,82). Unmapped reads were then

mapped, also with bowtie, to the A. thaliana genome. Statistical analyses were performed in the R statistical programming environ-

ment (R Core Team, 2022) and graphics were produced with the ggplot package.

IRs which had 10 or more 24 nucleotide reads in its entire region were considered to have potential sRNA production. Changes in

sRNA levels were calculated first calculating reads permillion (RPM)mapping reads to the genome in each library, then averaging this

value for all replicates in each IR, and then calculating the log2 Fold Change between the RPM in the mutant versus Col-0. For the

detection of 24-nt sRNA peakswithin genes or opposite to IRs (as presented in Figures S1D and S1E) we usedmapped reads as input

for MACS2.83 Peaks were called with a q-value threshold of 0.05, keeping duplicates, a tag size of 24, with the nomodel parameter

and an extension size of 1. Then, peak ranges were overlapped either with genes, in order to define genes including peaks, and with a

3000 bp region around the gene and opposite to the IR (opposite peak).

Bisulfite treatment of DNA and library preparation
For BS-seq, DNA extraction was performed with a DNeasy plant Mini Kit (QIAGEN). DNA was sheared to 350 bp by g by Covaris

ultrasonication. Libraries were generated with an Illumina TrueSeq DNA Nano Kit. After adaptor ligation, libraries were bisulfite con-

verted with the Epitec Plus DNA Bisulfite Conversion Kit (QIAGEN). Library enrichment was done using Kapa Hifi Uracil + DNA po-

lymerase (Kapa Biosystems, USA). Paired-end reads (2 3 150 bp) were generated on the HiSeq 3000 platform (Illumina).

The analysis of these reads started by quality trimming and filtering them with Trimmomatic (version 0.36;68). Then we used the

Bismark program75 to perform the mapping of the reads to the A. thaliana Col-0 genome, internally done with Bowtie2,84 the dedu-

plication of the alignments and the extraction of the methylation results in the three contexts: CG, CHG and CHH. This output was

then analyzed in R (R core team, 2022) with themethylKit package.76 Only Cytosines with at least 4 reads were considered, and each

sample was segmented with methSeg and methylation levels were calculated for those including at least 4 Cs. For Col-0, segments

were collapsed for replicates using the mergeGRangesData function from the BRGenomics package (https://rdrr.io/bioc/

BRGenomics/) and IRs with repeats overlapping segments with more than 10 or more percent of CHG or CHH methylation were

considered methylated.

Differential methylation in the ddc and dcl234mutants was also calculated with the methylKit package. First replicates were com-

bined with the unite function and then differential methylation was calculated with the calculateDiffMeth function, correcting for

overdispersion with the MNmethod, using a q-value threshold of 0.1 and a differential threshold of 15%. Then IRs with repeats over-

lapping any of these differential segments were considered differentially methylated.

Capture-C assay
For Capture-C (Cap-C), Hi-C was performed as described.85 Briefly, we collected 1.5 g of plant tissue, and fixed them with 1% form-

aldehyde. Nuclei were isolated and finally washed with NEB buffer #3. Nuclei penetration was done by resuspending the pellets in

150 mL 0.5% SDS and incubating them at 62�C for 5 min. After that, 435 ml of water and 75 ml of 10% Triton X-100 were added and

incubated 37�C for 15 min. NEB buffer #3 was added to 1X, and 50 U of DpnII to digest the chromatin over night at 37�C. Incubating
the digested chromatin with 10 U Klenow, dTTP, dATP, dGTP, and biotin-14-dCTP at 37�C for 2 h, cohesive ends were filled. Blunt-

end ligation of chromatin was performed by adding blunt-end ligation buffer to 1X and 20 U of T4 DNA ligase at room temperature for

4 h. Nuclei were lysed with SDS buffer (50 mM Tris-HCl, 1% SDS, 10 mM EDTA, pH 8.0) and incubated with 10 mg proteinase K at

55�C for 30 min. To reverse the crosslinking, NaCl was added to reach 0.2Mand the sampleswere incubated at 65 �Covernight. Hi-C

DNA was purified by Phenol-Chloroform-IAA method and RNAse A treated. Hi-C DNA was sheared to 500 bp with a Covaris E220

sonicator. DNA was purified and size selected (longer than 300 bp) using Ampure beads. Unligated biotin was removed in a reaction

with 0.1 mM dTTP, 0.1 mM dATP and 5 U T4 DNA polymerase incubated at 20�C for 30 min. DNA was purified with Ampure beads

and end-repair and adaptor ligation were performed with the NEBNext Ultra II DNA Library Prep Kit by following the manufacturer’s

instructions. Biotin affinity purification was then performed by using Dynabeads MyOne Streptavidin C1 beads (Invitrogen). Library

amplification was done with Ultra II Q5 Master Mix with universal and selected index primers.

For the capture step, hybridization capture was performed with the MyBaits system (Arbor Biosciences) following the manufac-

turer’s instructions. Baits of 80 nucleotides were designed on each end of the digestion fragments corresponding to the captured

regions. These regions included all genes within 3000 bp of the IR and the spacer region up to the IR, excluding it. When a region

was surrounded by 2 IRs, it was considered a single captured region.
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Finally, Cap-C DNAwas paired-end sequenced (23 150 bp reads) on an Illumina HiSeq 3000 instrument. The resulting reads were

processed with CapC-MAP,39 a software package specifically designed for Capture-C analysis. Initially, the Col-0 genome was

segmented into DpnII restriction fragments. This produced a bed file with the coordinates of all restriction fragments. A second co-

ordinate file was then prepared only with restriction fragments overlapping the captured regions (target fragments). Then, CapC-MAP

was executed in the ‘‘run’’ mode, which performs all steps of the analysis, namely, adapter trimming, read in silico digestion andmap-

ping (done with bowtie), deduplication, removal of invalid interactions, generation of pile-up interactions for each target fragment,

normalization binning and smoothing of interactions. As additional parameters for this run, we set an exclusion zone of 500 bp, a

bin size of 500 bp and a step of 250 bp. The results were then processed with the R package peakC40 to determine statistically sig-

nificant interactions. For this we ran the ‘‘combined analysis’’, on both replicates from each genotype, using default parameters: a

window-size of 50,000 bp (region to be read), a bin-size of 250 bp, a minimum distance of 500 bp, a threshold of absolute difference

of 1, and an alpha value of 0.1 for FDR. Loops were visualized with R and Gviz (Hahne and Ivanek, 2016) and GenomicInteractions.78

In order to evaluate consistency between replicates and the effect of sequencing depth, we performed PCA analysis with FAN-C

(Figure S6). We used binned data, before and after normalization, to performed the analysis (Figure S6, upper and lower rows,

respectively). In addition, we performed the same PCAs on a full re-run starting on ‘‘downsampled’’ fastq files (10M reads each)

to independence from the deepness component of the analysis of unnormalized samples (Figure S6, right column). These PCAs

show that before normalization depth is important in defining similarity in the plot, with replicates being better arranged according

to genotype when starting from 10M read files (i.e., replicates of the same genotype are closer). After normalization, all genotypes

are arranged in a remarkably similar way irrespective of whether the PCA was obtained using the full- or the uniform-depth read files.

This indicates that the samples contain true genotypic interaction signals, with ddc and dcl234, which affect the same pathway, being

very similar; and that normalization counters the effects of sequencing depth variability.

For the SSIM calculation, raw pileups produced by CapC-MAP were converted to the BG2 format, an extension of the bedGraph

format, and then to the cooler format.86 They were read with FAN-C,87 and normalized using the VC-SQRTmethod on 1,000 bp bins.

Finally, SSIM values were obtained using CHESS38 on a region comprising the captured region extended by 10 kb on both extremes,

and using a relative window size of 0.1.

3C assay and RT-PCR
3C was performed as described.25 For detection of loops at PHV and PHYC, EcoRI (NEB) overnight digestion was performed; for

P5CS1, CRY1, and PHR1, XbaI (NEB) was used. For DNA ligation, 100 U of highly concentrated T4 DNA ligase (Thermo) were

used at 22�C for 5 h in a 4 mL volume. Reverse crosslinking and proteinase K treatment (QIAGEN) were performed, and phenol/chlo-

roform method was used for DNA purification. For interaction frequency measurement, qPCR was performed using the 2�DDCt

method with ACTIN2 as housekeeping gene.

For quantitative RT-PCR, 1 mg of total RNA was used for reverse transcription reactions using RevertAid RT Reverse Transcription

Kit (Thermo Fisher Scientific). qPCR was performed using SYBR green (Thermo Scientific Maxima SYBR Green qPCR Master Mix

(2x)). To calculate relative expression levels the 2�DDCt method was used with ACTIN2 as housekeeping gene.

All primers used are listed in Table S4.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data obtained in the different analysis of the sequencing experiments was further processed and statistically analyzed in R (R Core

Team, 2022) using a diversity of packages. Genomic information was handled using GenomicRanges,88 Biostrings (https://

bioconductor.org/packages/Biostrings) GenomicInteractions78 and rtracklayer89 packages.

Plots summarizing information were mostly performed with the ggplot and ggpubr packages. Plots of genomic regions were pro-

duced with the Gviz77 package. Circular plots were generated with ciclize.90

Hypocotyl length measurements were performed using Fiji software.91

Data in Figures 3C and 4 are presented as individual values ±standard error of the mean (SEM). The numbers of biological repli-

cates (n) are provided in each figure legend. Statistical significance was tested using a two-tailed, unpaired Student’s t-test with

Welch’s correction or one-way ANOVA as specified on each figure legend.
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