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Chromatin and transcription states are crucial for establishing and
maintaining gene regulation and genome integrity, governed by acomplex

network of epigenetic modifications. Despite significant advancements,
theinterplay between epitranscriptomic and epigenetic modificationsin
transcriptional regulation and chromatin state remains elusive in plants.
Here we profile acomprehensive spectrum of N®-methyladenosine (m°A)
on chromatin-associated RNAs, especially retrotransposon transcripts,

in Arabidopsis. We show that m°A writer subunits FIP37 and VIR mediate
the methylation of retrotransposon RNAs, which are recognized by

the nuclear m®A reader proteins CPSF30-L and ECT12, leadingtoa

closed heterochromatin state and transcription suppression of m°A
retrotransposon RNAs. Through monitoring nuclear RNA stability and
transcription rate uponthe depletion of either writer or reader, we provide
evidence consistent with a model in which CPSF30-L associates with
SUVH4/5/6 and ATXR5/6 and contributes to histone H3 K9 dimethylation
and H3 K27 monomethylation at m°A-marked retrotransposons. Our
findings elucidate a regulatory mechanism involving RNA m°A formation
and recognition, coupled with histone modifications, thereby highlighting
theintricate epitranscriptomic and epigenetic interplay in plant
physiological and biological processes.

Over 170 types of RNA modifications have been identified across all
kingdoms of life. N®-methyladenosine (m°A) is the most widespread
and highly conserved modification in mRNAs and noncoding RNAs
(ncRNAs)'. In Arabidopsis, m°®A is co-transcriptionally incorporated
into RNA transcripts by the MTA-MTB complex and several accessory
subunits**, erased by demethylases ALKBH9B/10B>° and recognized
by readers such as YTH-domain-containing proteins” . The m*A modi-
fication regulates many critical post-transcriptional processes in the
cytoplasm and nucleus in both plants and mammals, such as mRNA

stability, RNA-proteingranule formation, alternative polyadenylation
and the resolution of R-loops®'"*"*, Additionally, chromatin states
and transcription can be modulated by m°A methylation in critical
nuclear RNAs, especially chromatin-associated regulatory RNAs, in
mammalian cells” . These studies suggest that m®*A modification in
different RNA types plays distinctive roles in the epitranscriptomic
regulation of gene expression.

Transposons are DNA molecules capable of moving from one
location to another and are widespread in most eukaryotic genomes™.
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Retrotransposons, classified as class [ transposons, proliferate through
reverse transcription of RNA intermediates and comprise over 40%
and 70% of the human and maize genomes, respectively? . Due to
their potentially adverse effects on host genomes, most transposons
are extensively repressed by epigenetic marks, including DNA meth-
ylation and histone modifications. Plants and mammals exhibit
striking divergence in heterochromatin-associated histone modifi-
cations: histone H3 K9 dimethylation and H3 K27 monomethylation
serve as heterochromatin marks in plants, whereas mammals primar-
ily use H3 K9 trimethylation for heterochromatin assembly, with H3
K9 dimethylation predominantly marking euchromatic regions**.
Recent independent studies have revealed that METTL3-mediated
m°A methylation on retrotransposons orchestrates with H3 K9
trimethylation to maintain heterochromatin formation, thereby
regulating retrotransposon repression and preserving embryonic
stem cell identity'®*°. FTO-mediated m°A demethylation on LINE1
RNA regulates its abundance and the local chromatin state during
mouse oocyte and embryonic development’®. Moreover, the expression
of human FTO in rice demethylates m°A and promotes chromatin
accessibility and transcriptional activation”, suggesting that plant
endogenous m°A modification might play a role in regulating chro-
matin state and transcription. However, it remains unknown whether
and how m°A regulates chromatin state and transcription in plants.
Here we optimized m°A antibody immunoprecipitation sequenc-
ing (m°A-Seq) for plant chromatin-associated RNA (caRNA) and pro-
filed the methylome landscape of retrotransposons in Arabidopsis.
m°A methylation onretrotransposon RNAs, deposited by m®A writers,
is recognized by the nuclear m°A reader protein CPSF30-L. CPSF30-L
physically interacts with histone methylation writers SUVH4/5/6
and ATXRS5/6 to increase the repressive histone marks H3 K9 dimeth-
ylation and H3 K27 monomethylation in the local heterochromatin
region, leading to closed chromatin accessibility and transcription
suppression. Moreover, ECT12is characterized as another nuclear m°A
reader protein, whichinteracts with CPSF30-L and redundantly regu-
lates retrotransposon RNA transcription and the local heterochromatic
histone levels. Our results uncover a layer of epigenetic regulation
in which RNA methylation couples with histone modifications to
ensuresilenced transcription and heterochromatinintegrity in plants.

Results

Landscape of m°A retrotransposon RNAs revealed via caRNA
m°A-SeqinArabidopsis

To unveil the transcriptional spectrum of m°A-methylated RNA
molecules, we optimized m°A-Seq suitable for plant caRNA, referred
to as caRNA m°A-Seq (Fig. 1a). This method was developed on the
basis of the efficient isolation of non-DNA-contaminated and
non-ribosomal caRNAs followed by m®Aimmunoprecipitation (m®A-IP)
(Fig. 1b and Supplementary Fig. 1a,b). We also incorporated m°A
spike-in and External RNA Controls Consortium (ERCC) spike-ins to
calibrate the efficiency of m°A-IP and the variability of expression
levels, respectively.

To compare the m°A profiles of transcriptional transcriptomes
and steady-state transcriptomes, we conducted parallel extractions
of caRNAs and processed mRNAs (poly(A)* RNAs) from two bio-
logical replicates of six-day-old wild-type (WT) seedlings and per-
formed caRNA m®A-Seq and canonical m°A-Seq. Correlation analysis
of paired input and m°A-IP sets between caRNAs and poly(A)" RNAs
was conducted independently for each set (Supplementary Fig. 1c).
Considering that newly transcribed transcripts contain processing
intermediates, we classified the reads into exonic, intronic, exon/
intron junction and intergenic categories. Notably, caRNA sequenc-
ing (caRNA-Seq) revealed a more than fivefold higher occupancy of
reads in intronic, exon/intron junction and intergenic regions com-
pared with poly(A)" RNA (Fig. 1c and Supplementary Fig. 1d), suggest-
ing that caRNA m°A-Seq can specifically capture nascent transcripts.

On the basis of the analysis criteria (false discovery rate < 0.05),
11,466 and 11,227 m°A peaks were exclusively detected in caRNAs
and poly(A)* RNAs, respectively (Supplementary Fig. 1e and Supple-
mentary Tables1and 2).

Comparing identified m®A sites between caRNAs and poly(A)*
RNAs, we observed an increased number of m°A peaks in exonic
regions in caRNA m°®A-Seq (Fig. 1d). This difference may be attributed to
variations in transcript composition, particularly the enrichment
of nascent RNAs in which RNA Polymerase Il (Pol II) has not yet com-
pleted transcription of the full 3’ untranslated region (UTR), as well
as insufficient m°A demethylation during transcription. Moreo-
ver, we observed that a high number of m°A peaks were enriched
in transposon RNAs and other noncoding RNA regions (Fig. 1d and
Supplementary Fig. 1f). We computationally interrogated the m°A
levels of these three caRNA types with spike-ins for calibration. Intrigu-
ingly, the m°A levels of transposon RNAs are higher than those of
pre-mRNAs and ncRNAs (Fig. 1e).

Retrotransposons and DNA transposons are the two primary
classes of transposable elements. Through caRNA m°®A-Seq analysis,
weidentified 242 m°A peaks on retrotransposon RNAs and 67 on DNA
transposon RNAs (Supplementary Fig. 1g). We also observed that ret-
rotransposons are transcribed more actively (Supplementary Fig.1h),
underscoring the preferential involvement of m®Ainretrotransposon
RNA regulation. Interrogating a comprehensive methylome profil-
ing of m°A in poly(A)* RNAs and caRNAs, we identified a total of 139
annotated m®A-modified retrotransposon RNAs (referred to as m°A
retrotransposon RNAs) due to the low expression of retrotransposon
RNAs (Supplementary Table 3). These m®A retrotransposon RNAs are
predominantly localized at pericentromeric heterochromatin regions
(Supplementary Fig. 1i). Unlike the typical accumulation of m°A
in the 3’ UTR of mRNA, m°A was distributed across the entire tran-
scripts, with particularly highenrichment at the 5’ and 3’ ends of retro-
transposon transcripts (Fig. 1f and Supplementary Fig. 1j,k). Motif
analysis clustering all m®A peaks in retrotransposon RNA identified
the WAC (W indicates A or U) motif, consistent with the canonical
RAC (R indicates A or G) motif found in mRNAs (Supplementary
Fig. 11). Additionally, m®A retrotransposon RNAs exhibited GAG or
SAU (Sindicates G or C) motifs (Supplementary Fig. 11), resembling
the GAAGG and GGAUU non-canonical motifs found in mammalian
retrotransposon RNAs?.

Retrotransposons include long-terminal-repeat (for example,
COPIA and GYPSY) and non-long-terminal-repeat retrotransposons
(for example, LINE and SINE)*®. We observed that COPIA, GYPSY
and LINE retrotransposons harbour 108, 88 and 43 m°A peaks,
corresponding to 48, 61 and 24 transcripts, respectively, whereas
SINE displays fewer m°A peaks (Fig. 1g, Supplementary Fig. 1Im,n
and Supplementary Table 3). m®A-IP followed by quantitative PCR
(mPA-IP-qPCR) using COPIA62 and COPIA66 as representative
examples confirmed authentic m®A enrichment in these identified
peak regions but not elsewhere (Fig. 1h,i). The high detectability
of methylation on nascent retrotransposon RNAs enables us to
explore the role and mechanism of m®A in transcriptional regulation.

m°Ais deposited onretrotransposon RNA transcribed by Pol 11
and PolV

Since m°A is deposited co-transcriptionally during RNA polymerase
transcription, we first investigated which polymerase is responsible
for retrotransposon transcription. Unlike mammals, which possess
only Poll, Pollland Pol I1I, plants have uniquely evolved two additional
RNA polymerases, Pol IV and Pol V¥, Pol lis involved in rRNA transcrip-
tion; Pol Il transcribes mRNAs and certain ncRNAs; Pol Il synthesizes 5S
rRNA, tRNA and other small RNAs; Pol IV produces ~30-40-nucleotide
transcripts, primarily from repetitive regions; and Pol V generates
noncoding transcripts, mainly from heterochromatic regions* 2.,
We performed caRNA-Seq using six-day-old seedlings of the WT line,
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Fig.1|m°A methylome profiling on retrotransposon RNAs in Arabidopsis.

a, The caRNA m°A-Seq method suitable for plant research. NGS, next-generation
sequencing. b, Cell fractionation validation shown viaimmunoblot analysis.
UDP-glucose pyrophosphorylase (UGPase) and H3 were used as cytoplasmic
and nuclear protein markers, respectively. ¢, Ratio of reads in caRNA-Seq

versus RNA-Seq libraries mapped to exons, introns, exon/intron junctions or
intergenicregions. The data are presented as mean + s.e.m. (n =2 independent
experiments). d, Distribution of m°A peaks at distinct genomic regions including
3’UTRs, exons, introns, 5’ UTRs, retrotransposon RNAs, DNA transposon

RNAs and other ncRNAs annotated from TAIR (https://www.arabidopsis.org/) in
caRNA m°A-Seq and poly(A)* m°A-Seq (m°A-Seq). m°A peaks were categorized
into three groups: m°A peaks detected only in caRNA m°A-Seq, m®A peaks
detected in both caRNA and m°A-Seq, and m°A peaks detected only in m°A-Seq.

e, Box plot showing m®A levels of m°A-marked pre-mRNAs, transposon RNAs and
other ncRNAs. The medians (horizontal lines), interquartile ranges (boxes),

and t1.5x the interquartile range (whiskers) of the data are shown (n =10,438, 201
and 38 annotated pre-mRNAs, transposon RNAs and ncRNAs, respectively).
Pvalues were determined using paired two-sided Wilcoxon tests. f, Metagene
plot of caRNA m°A-Seq read density over m°A retrotransposon RNAs. g, Pie chart
depicting the types of m°A retrotransposon RNAs. h, Genomic visualization
showing the normalized read densities of m®A methylation and input from
caRNA m°A-Seq on the representative loci COPIA62 and COPIA66. Blue and

grey transcripts indicate transposon and protein-coding RNAs, respectively.

i, m®A-IP-qPCR validation of the m®A peaks in COPIA62 and COPIA66. The data
are presented as mean + s.e.m. (n =3 independent experiments). The Pvalues are
from two-tailed Student’s t-tests. NS, not significant.
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aline carrying the weak Pol Il mutant allele nrpb2-3 (ref. 33) and the
Pol V mutant nrpel-11 (ref. 34) to examine whether the expression
levels of retrotransposon RNAs are controlled by Pol Il and Pol V. We
found that the expression levels of certain retrotransposon RNAs,
regardless of m°A modification, were decreased in both nrpb2-3and
nrpel-11mutants, while some expression levels were specifically reduced
in nrpb2-3 or nrpel-11 (Supplementary Fig. 2a-d and Supplementary
Table 4). Our results revealed that retrotransposon transcription is
finely regulated by Pol Il and Pol V occupancy, with both polymerases
coordinately and specifically modulating the transcription of
these RNAs.

Considering the distinct RNA products transcribed by each poly-
merase, we analysed Pol Il and Pol V occupancy levels across m®A and
non-meA retrotransposon RNAs using published data from chromatin
immunoprecipitation followed by sequencing (ChIP-Seq)***°. We
observed thatboth Pollland Pol V exhibit higher binding abundance on
mCAretrotransposons than on non-m°A retrotransposons, which aligns
with the higher expression levels of m°A retrotransposon RNAs than
those of non-mC°A retrotransposons (Supplementary Fig. 2¢,f), indicat-
ing that m®Ais deposited on highly expressed transcripts. Furthermore,
to examine whether m°A is deposited on transcripts transcribed by
Pol Il and Pol V, we performed formaldehyde-crosslinking-assisted
RNA immunoprecipitation (FA-RIP) and quantified m°A levels on
Pol-II-and Pol-V-bound transcripts using Pol Il antibody in six-day-old
WT seedlings and for Pol V using anti-GFP beads in six-day-old
NRPEI::NRPEI-GFP nrpel-11 seedlings. The results showed that m°A
was significantly enriched in Pol II- and Pol V-bound transcripts com-
pared with the input and immunoglobulin G (IgG) control portions,
providing direct evidence that m°A is deposited on both Pol-Il and
Pol-V-transcribed transcripts (Supplementary Fig. 2g).

The m°A modification on retrotransposon RNAs deposited
by the MTA-MTB writer complex represses the expression of
retrotransposon RNAs
To investigate the m®A-mediated regulatory functions of retro-
transposons in Arabidopsis, we employed the subunit mutants of
the m°A MTA-MTB writer complex: fip37-4 LECI::FIP37 and vir*,
which cause a nearly 90% reduction in m°A levels in poly(A)* RNA
(Supplementary Fig. 3a). We performed caRNA m°A-Seq on six-day-old
fip37-4 LECI::FIP37 and vir mutants with two biological replicates, ensur-
ing highreplicability between the replicates (Supplementary Fig. 3band
Supplementary Tables 5and 6). Compared with WT plants, the disrup-
tion of méA writer function in either fip37-4 LECI::FIP37 or vir globally
reduced total m®A levels and m°®A peaks in pre-mRNAs, retrotranspo-
son RNAs and other ncRNAs (Fig. 2a and Supplementary Fig. 3c-e),
suggesting that the MTA-MTB writer complex is responsible for m°A
installation on these RNAs. Almost all m°A modifications onretrotrans-
poson RNAs were dramatically decreased in both fip37-4 LECI::FIP37
andvir (Supplementary Fig. 3f). Furthermore, expression level analysis
revealed that over 80% of m°A retrotransposon RNAs were upregulated
infip37-4 LECI::FIP37 and vir (Supplementary Fig. 3g). In contrast to
the minimal changes in m®A DNA transposon RNA expression, the
abundance of m°A-modified retrotransposon RNAs, but not non-m°A
ones, was significantly increased upon the depletion of either FIP37
or VIR (Fig. 2b,c, Supplementary Fig. 3h-k and Supplementary Table 7).
To confirm the reliability of m°A-writer-mediated regulation of
retrotransposon RNAs, we independently conducted caRNA-Seq on
six-day-old WT, fip37-4 LECI::FIP37 and vir seedlings with two biological
replicates, which showed consistent results (Supplementary Fig. 31-n).
We further examined the correlation between méA and expression
levels across the classified types of retrotransposon RNAs. Retrotrans-
poson RNAs in the COPIA, GYPSY and LINE families, as well as their
transcriptionally active subfamilies, displayed lower m°A methyla-
tion levels and higher expressionlevelsineither fip37-4 LECI::FIP37 or
virthanin WT plants (Fig. 2d). The elevated expression levels of these

retrotransposon RNAs were positively correlated with the decreased
mP®Amethylation level caused by either FIP37 or VIR depletion (Fig. 2e).
Moreover, m®A-IP-qPCR and qPCR assays were performed to validate
the m®A-mediated negative regulation of COPIA22 and ATREI tran-
scripts (Fig. 2f-h). Taken together, these results suggest that the MTA-
MTB writer complex is required for retrotransposon m°A deposition,
and m°A methylation suppresses retrotransposon RNA abundance.

CPSF30-L binds and suppresses the expression of m°A
retrotransposon RNAs

The mechanism by which m°A guides and decides RNA fate is deter-
mined by its reader proteins®*®. In Arabidopsis, CPSF30-L has been
characterized as the nuclear m®Areader®”. Its co-expression patterns
with FIP37 and VIR, along withits nuclear localization, suggest a poten-
tial role in binding m®A retrotransposon RNAs (Supplementary Fig. 4a).
To determine whether the m°®A-binding function of CPSF30-L regu-
lates the expression of these RNAs, we performed two biologi-
cal replicates of caRNA-Seq using six-day-old seedlings from WT,
cpsf30-1 and two complementation lines respectively expressing
WT CPSF30-L (CPSF30::CPSF30-L cpsf30-1, termed CPSF30-L) and
the CPSF30-L(W259A/W310A) mutant with disrupted m°A-binding
capability (CPSF30::CPSF30-Lm cpsf30-I, termed CPSF30-Lm) in the
¢psf30-1 background'. The pairwise correlation between the WT
and CPSF30-L, as well as between cpsf30-l and CPSF30-Lm, showed
high reproducibility (Supplementary Fig. 4b). In line with the
results obtained when depleting m°A methyltransferase subunits
(Fig. 2b,c), we observed a substantial increase in the abundance of
meA retrotransposon RNAs and typical retrotransposon subfami-
lies in the cpsf30-I mutant (Fig. 3a-c). Importantly, the alterations
observed in cpsf30-l were rescued by expressing CPSF30-L but
not the m°®A-binding-function-abolished CPSF30-Lm (Fig. 3a-c,
Supplementary Fig. 4c,d and Supplementary Table 8). We also
compared the expression levels of m°A and non-mCA retrotransposon
RNAs, revealing that the expression levels of m°A-modified transcripts,
but not non-m°A RNAs, were significantly higher in both cpsf30-land
CPSF30-Lmthanin WT and CPSF30-L plants (Supplementary Fig. 4€).
Furthermore, theincreased expression levels of m®Aretrotransposon
RNAs in ¢psf30-land CPSF30-Lm plants exhibited a positive correla-
tion with their m°A methylation levels (Fig. 3d). These results suggest
that the m®A-binding function of CPSF30-L suppresses the expression
levels of m°A retrotransposon RNAs.

Given the nuclear subcellular localization of CPSF30-L, we
exploited nuclear enrichment in combination with formaldehyde
cross-linking andimmunoprecipitation (nuclear FA-CLIP) in six-day-old
CPSF30-L and CPSF30-Lm seedlings (Supplementary Fig. 4f). Com-
pared with standard FA-CLIP, nuclear FA-CLIP demonstrated more
effective enrichment of m*A-modified RNA in the CPSF30-L-IP frac-
tion (Supplementary Fig. 4g). Clustering analysis of two biological
replicates confirmed the reproducibility of our nuclear FA-CLIP
sequencing data (Supplementary Fig. 4h). CPSF30-L displayed sig-
nificantly higher binding intensity to m®A-modified retrotransposon
RNAs than to non-m°ARNAs (Fig. 3e). Asillustrated in nuclear FA-CLIP
and caRNA-Seq, CPSF30-L specifically bound to the m°A modifica-
tion on COPIA22 and ATREI and mediated their expression (Fig. 3f).
FA-RIP-qPCRand qPCRassays further confirmed that CPSF30-L directly
bindsto retrotransposon RNAs and suppresses their abundanceinan
méA-dependent manner (Fig. 3g,h).

We also overlapped the upregulated m°A retrotransposon RNAs
in m®A writer mutants (fip37-4 LECI::FIP37 and vir) with those in m°A
reader mutants (cpsf30-l and CPSF30-Lm). The results showed that
the depletion of m°A writer subunits FIP37 and VIR, and m°A reader
CPSF30-L, increases the expression of the majority of m°A retrotrans-
poson RNAs (Fig. 3i). This further supports the notion that m*A meth-
ylation onretrotransposon RNAs, recognized by CPSF30-L, contributes
to suppressing the expression of these RNAs.
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retrotransposon repression. a, Box plot showing the m°A levels of
retrotransposon RNAs in WT, fip37-4 LECI::FIP37 and vir seedlings. The medians
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and +1.5x the interquartile range (whiskers) of the data are shown (n =139 m°A
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Wilcoxon tests. ¢, Volcano plots showing expression level changes of m°A
retrotransposon RNAs upon either F/P37 (left) or VIR (right) depletion. Light
green, dark green, blue and purple denote significantly dysregulated m°A
retrotransposon RNAs belonging to COPIA, GYPSY, LINE and SINE, respectively.
Grey denotes non-differentially expressed m°A retrotransposon RNAs. FC, fold
change. Pvalues were calculated via a two-sided negative binomial generalized
linear model from the count data. The threshold is log,FC > 0.58 with P < 0.05.

d, Heat map showing changes in relative m°A and expression levels of the
indicated m°A retrotransposon subfamilies in WT, fip37-4 LECI::FIP37 and vir
seedlings. e, Scatter plots showing the positive correlation between decreased
mCA levels and expression change of m°A retrotransposon RNAs upon either
FIP37 (top) or VIR (bottom) depletion. The light-blue region indicates the

95% confidence interval. PCC, Pearson’s correlation coefficient. f, Genomic
visualization showing the normalized read densities of m®A methylation and
input from the WT, fip37-4 LECI::FIP37 and vir on the representative loci COPIA22
and ATREI. Blue and grey transcripts indicate transposon and protein-coding
RNAs, respectively. g, m°A-IP-qPCR analysis of m®A levels on the COPIA22 and
ATREI lociin the indicated 6-day-old seedlings. m°A levels are shown relative
tothoseinthe WT. The data are presented as mean + s.e.m. (n =3 independent
experiments). The Pvalues are from two-tailed Student’s t-tests. h, Relative
expression levels of COPIA22 and ATRE1 in the caRNAs of the indicated 6-day-
old seedlings. Expression levels are shown relative to those in the WT. ACTIN2
isused as theinternal control gene. The dataare shown as mean +s.e.m. (n =4
independent experiments). The Pvalues are from two-tailed Student’s ¢-tests.

m°®A has less effect on the stability of retrotransposon RNAs

The increased abundance of m°A retrotransposon RNAs may result
from m°®A-meditated transcriptional and/or post-transcriptional regu-
lation. Given its major effect on the lifetime of chromatin-associated

regulatory RNA in mammals™", we sought to determine whether

m°A could destabilize retrotransposon RNAs. We performed nuclear
RNA decay assays using six-day-old WT, vir and cpsf30-l seedlings to
sequence retrotransposon RNA levels after transcription inhibition
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Fig. 3| CPSF30-L binds and suppresses the expression of m°A retrotransposon
RNAs. a, Box plot showing the expression level of m°A retrotransposon RNAs
inWT, cpsf30-1, CPSF30-L and CPSF30-Lm seedlings. The medians (horizontal
lines), interquartile ranges (boxes), and +1.5x the interquartile range (whiskers)
of the data are shown (n =139 m°®A retrotransposon RNAs). Pvalues were
determined using paired two-sided Wilcoxon tests. b, Volcano plotsillustrating
the expression level changes of m°A-marked retrotransposon RNAs in the paired
comparisons of cpsf30-l/WT and CPSF30-Lm/CPSF30-L.Light green, dark green,
blue and purple denote significantly dysregulated m®A retrotransposon RNAs
belonging to COPIA, GYPSY, LINE and SINE, respectively. Grey denotes non-
differentially expressed m®A retrotransposon RNAs. Pvalues were calculated
using a two-sided negative binomial generalized linear model from the count
data. The threshold is log,FC > 0.58 with P < 0.05. ¢, Heat map showing changes
of relative expression levels of the indicated m°A retrotransposon subfamilies

in WT, cpsf30-1, CPSF30-L and CPSF30-Lm seedlings. d, Scatter plots showing

the positive correlation between m°A level and expression change of m°A
retrotransposon RNAs in the paired comparisons of cpsf30-[/WT and
CPSF30-Lm/CPSF30-L. Thelight-blue region indicates the 95% confidence interval.

e, Box plot showing the CPSF30-L binding levels of m°A and non-m°A
retrotransposon RNAs. The medians (horizontal lines), interquartile ranges
(boxes), and +1.5x the interquartile range (whiskers) of the data are shown (n =57
detected m®A retrotransposon RNAs and 373 detected non-m°A retrotransposon
RNAs). The Pvalue was determined using a two-sided Wilcoxon test. f, Genomic
visualization showing the normalized read densities of m®A modifications,
CPSF30-L binding levels and caRNA-Seq from the WT, cpsf30-1, CPSF30-L and
CPSF30-Lmon the representative loci COPIA22 and ATREI. g, FA-RIP-qPCR
showing the binding affinity of CPSF30-L to the COPIA22 and ATREI lociin
6-day-old CPSF30-L and CPSF30-Lm seedlings. AT2G07689 was used as the
internal control gene. The data are shown as mean + s.e.m. (n =4 independent
experiments). The Pvalues are from two-tailed Student’s ¢t-tests. h, Relative
expression levels of the COPIA22 and ATRE1 lociin the caRNAs of the indicated
6-day-old seedlings. Expression levels are shown relative to those in the WT.
ACTIN2 was used as the internal control gene. The data are shown as mean +s.e.m.
(n=4independent experiments). The Pvalues are from two-tailed Student’s
t-tests. i, Venn diagram of upregulated m°A retrotransposon RNAs after loss of
function of CPSF30-L or depletion of m°A writers.

Nature Plants | Volume 11| November 2025 | 2300-2318

2305


http://www.nature.com/natureplants

Article

https://doi.org/10.1038/s41477-025-02137-z

a O m°A retrotransposon RNAs b 15
[ Non-mA retrotransposon, RNAs 57 copiazz : COPIA22
4 — .
'g _ -~ WT (t,,= 27.0 min) 5 - WT(t,,=26.8 min)
= P=076 < P=053 [ vir (t,,= 28.2 min) 3 - CPSF30-L (t,,= 26.8 min)
% 5 Q 24 L 10- fip37-4 LECI:FIP37 (t,,= 250 min) ¢ 10 o~ cpsf30-l (t,,= 24.6 min)
£ E < z -~ CPSF30-Lm (t,,=29.4 min)
2, < ® g
9 07 2 %7 £ 05 FRE
- o)) b [0}
L ° & &
= -2 L -2 .
£ < 0 \ \ \ \ 0 \ \ \ \
£ o 30 60 90 120 o 30 60 90 120
-4 -4 . . . f
Time (min) Time (min)
d e
15 — 8
] m°A retrotransposon RNAs 5 5 wr O vir s P=00034 [ WT
] Non-m°A retrotransposon RNAs ‘g [ fip37-4 LEC1::FIP37 'g P=32x10"° . [ cpsf30-1
~ E P=0.0003 =] o [ CPSF30-L
P=295x10"° £ E 6 .
5 P=0.0025 5 . B CPSF30-Lm
o 10 — — o
® @
@ P=0.0003 o
2 P=0.0020 . g— 4 — P=0.0089
3 o 0 o 3 P=14x10"
c C L]
g 5 g
et . — 2| .
2 NS 2 . NSNS
- R - [ ]
< NS <
[5] (5]
e il ilr' il
e T T o LI I oo . | |
Transcription rate COPIA22  ATRET  ACTIN2 COPIA22 ATRET ACTIN2

log,FC(cpsf30-1/WT)

Fig. 4| m°A functions in transcriptional repression, but not stability, of
retrotransposon RNAs. a, Box plots showing the half-life ratio (vir/WT and
cpsf30-l/WT) of m°A and non-mCA retrotransposon RNAs. The medians
(horizontal lines), interquartile ranges (boxes), and +1.5x the interquartile range
(whiskers) of the data are shown (n = 81 detected m°A retrotransposon RNAs
and 189 detected non-mCA retrotransposon RNAs for vir/WT; n =109 detected
mCA retrotransposon RNAs and 194 detected non-mCA retrotransposon RNAs
for cpsf30-1/WT). Pvalues were determined using two-sided Wilcoxon tests.

b, RT-qPCR showing the lifetime of COPIA22in the indicated seedlings treated
with cordycepin at different time points. Relative RNA levels (normalized to
spike-ins) are normalized to t = 0. ¢, ,, half-life. The data are shown as mean + s.e.m.

(n=3independent experiments). ¢, Density plot and box plot showing the
transcription rate difference between cpsf30-land WT of m°A and non-m°A
retrotransposon RNAs. The medians (horizontal lines), interquartile ranges
(boxes), and +1.5% the interquartile range (whiskers) of the data are shown (n =25
detected m°A retrotransposon RNAs and 699 detected non-m°A retrotransposon
RNAs). The Pvalue was determined using a two-sided Wilcoxon test. d,e, Nuclear
run-on assay showing that the transcription of COPIA22 and ATRE1 increases
under either the depletion of m°A writers (d) or the loss of function of an m°A
reader (e). Transcript accumulation levels are shown relative to thatin the WT.
ACTIN2 was used as anegative control. The dataare shownas mean+s.e.m.(n=3
independent experiments). The Pvalues are from two-tailed Student’s ¢-tests.

with cordycepin, and then calculated the half-life (Supplementary
Tables 9 and 10). The half-life of m°A retrotransposon RNAs was com-
parable to that of non-m°A retrotransposon RNAs in both vir and
cpsf30-1(Fig.4aand Supplementary Fig. 5a). We also conducted nuclear
RNA decay assays and measured the half-life of COPIA22 following
transcriptional inhibition with either cordycepin or actinomycin D.
The results showed that neither m°A removal nor the loss of m°A
recognition affected the half-life of COPIA22 (Fig. 4b and Supplemen-
tary Fig. 5b). Given that the mammalian m°A reader YTHDC1 associ-
ates with components of the nuclear exosome targeting complex
andisinvolved in retrotransposon RNA degradation®, we performed
yeast two-hybrid (Y2H) assays and found that CPSF30-L does not
directly interact with the nuclear exosome targeting components
ZCCHCS8A, ZCCHCS8B and RBM7 (Supplementary Fig. 5¢). These
results suggest that m°A on retrotransposon RNAs barely affects
their stability and probably functions at the chromatin level.

méA silences the transcription of retrotransposon RNAs

The m°A modification has been shown to affect chromatin-based
transcriptional regulation™'*'®, To explore this further, we performed
time-course RNA sequencing of nascent transcripts in six-day-old
WT and cpsf30-I seedlings (Supplementary Table 11). Global analysis
revealed that the transcription rates of m°A retrotransposon RNAs were
significantly upregulated in the cpsf30- mutant relative to non-m°A
retrotransposon RNAs (Fig. 4c). Additionally, nuclear run-on assays
in six-day-old WT, fip37-4 LECI::FIP37 and vir seedlings showed that
the loss of m°A caused a significant upregulation in the transcription
rate of retrotransposon RNAs, such as COPIA22 and ATREI (Fig. 4d).

Theincreased transcription rates of COPIA22 and ATREI were consist-
ently observed inthe cpsf30-Imutant, which was restored upon express-
ing CPSF30-L but not CPSF30-Lm (Fig. 4e). Together, these findings
suggest that m°A recognized by CPSF30-L suppresses the transcrip-
tional activity of m®A-modified retrotransposon RNAs in Arabidopsis.

mCA on retrotransposon RNAs maintains local closed
heterochromatin by enhancing the histone repressive
modifications H3 K9 dimethylation and H3 K27
monomethylation

Transcriptional regulationisacomplex and dynamic processin which
histone modifications are a key component*°. We first investigated
the association of m°A retrotransposon RNAs with heterochromatin
and euchromatin histone modifications*-*2, The calculated overlap-
pingratios (Jaccard statistics) showed that most m®A retrotransposon
RNAs were associated with two repressive heterochromatin modi-
fications: dimethylation at H3 K9 and monomethylation at H3 K27,
with rare associations with other repressive marks or euchromatin
modifications (Supplementary Fig. 6a). Moreover, both dimethylated
H3 K9 (H3K9me2) and monomethylated H3 K27 (H3K27mel) were
highly enriched at the m°A position on m°A-modified retrotransposons
(Fig. 5a). The methylation levels of H3 K9 and H3 K27 are significantly
higher at the loci of m°A retrotransposon RNAs than at non-m°A ones
(Supplementary Fig. 6b). The average m°A peak densities are positively
correlated with H3K9me2 and H3K27mel levels on m°A retrotrans-
poson RNAs (Fig. 5b). These observations suggest that m°A may play
arolein heterochromatin in Arabidopsis. Immunostaining H3K9me2
and H3K27mel in isolated nuclei from six-day-old seedlings revealed
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aslight but clear reduction in their levels in fip37-4 LECI::FIP37, vir
and cpsf30-l (Fig. 5¢,d). The reduced H3K9me2 and H3K27mel sig-
nals in cpsf30-[ could be restored by expressing CPSF30-L but not the
m°A-binding-function-abolished CPSF30-Lm (Fig. 5¢,d), indicating
that the m®A binding function of CPSF30-L regulates H3K9me2 and
H3K27mel levels.

In plants, constitutive heterochromatin forms over repetitive
elements, including retrotransposons, which are heavily decorated
by H3K9me2 and H3K27mel. These repressive histone modifications
prominently maintain heterochromatin integrity and silence trans-
posons in Arabidopsis®. To further investigate whether and how m°A
contributes to the specialized establishment of heterochromatin
states, we conducted genome-wide H3K9me2 with two biological
replicates and H3K27mel ChIP-Seqin six-day-old WT, virand cpsf30-1
seedlings (Supplementary Fig. 6¢c and Supplementary Tables12and 13).
Compared withthereduced levels of H3K9me2 and H3K27mel in their
respective writer mutants, the loss of m°A writer subunit VIR or m°A
reader CPSF30-L partially decreased these two histone modification
levels (Supplementary Fig. 6d,e), consistent with the immunostain-
ing results (Fig. 5c,d). Notably, H3K9me2 and H3K27mel levels were
significantly reduced on m°A-modified retrotransposons and their
subfamilies (Fig. 5e and Supplementary Fig. 6f), whereas no significant
differences were observed in non-m°A retrotransposons between
virand WT or ¢psf30-l and WT plants (Supplementary Fig. 6g). To
confirmthese findings, we also performed ChIP-qPCR assays to exam-
ine the H3K9me2 and H3K27mel levels on COPIA22 and ATREI1 in the
genotypic plants. The results demonstrated that m®A removal in m°A
writer mutants or the loss of m°A recognition in ¢psf30-[ decreases
H3K9me2 and H3K27mel levels on COPIA22 and ATREI (Fig. 5f and
Supplementary Fig. 6h). These results thus suggest that m°A modu-
lates H3K9me2 and H3K27mel deposition at specific m°A-modified
retrotransposon regions.

Given that both repressive histone modifications, H3K9me2
and H3K27mel, are concurrently present on transposons*’, we
speculated that they might synergistically contribute to the trans-
criptional silencing of m®A retrotransposon RNAs. To address this, we
analysed ChIP-Seq data in the WT and observed substantial overlap
between H3K9me2 and H3K27mel peaks (Supplementary Fig. 6i).
Over 60% of m°A retrotransposon RNAs harboured both modifica-
tions (termed H3K9me2 & H3K27mel & m°A retrotransposon RNAs;
Supplementary Fig. 6j). Strikingly, vir and cpsf30-{ mutants exhi-
bited pronounced reductions in H3K9me2 and H3K27mel levels at
H3K9me2 & H3K27mel & mPAretrotransposon RNAs (Supplementary
Fig. 6k). Moreover, lacking functions of either m°A methylation or
mCA recognition leads to a greater increase in the expression of m°A
retrotransposon RNAs carrying both histone modifications com-
pared with those marked by individual histone modifications (Supple-
mentary Fig. 61,m).

Considering that the decrease in repressive histone modifications
potentially opens the chromatin state and influences nearby gene
expression**, we categorized the distance of genes to the nearest m°A
retrotransposon RNAs, ranging from 0 to1 Mb, to explore the effect of
meAregulation on neighbouring gene expression. The results showed
that the expression of genes adjacent to m°A retrotransposon RNAs
tends to get lower as the distance increases in both vir and cpsf30-(
mutants (Supplementary Fig. 7a), accompanied by gradually increased
H3K9me2 and H3K27mel levels (Supplementary Fig. 7b,c). However,
these trends remained largely unchanged for non-m°A retrotranspo-
son RNAs (Supplementary Fig. 7d-f). These results indicate that the
loss of deposition and recognition of m*A compromises local and
adjacent heterochromatinintegrity and transcription.

The m°A reader protein CPSF30-L associates with SUVH4/5/6
and ATXR5/6 and is required for H3K9me2/H3K27mel levels at
méA retrotransposons
We next investigated the mechanism underlying histone modifi-
cations and heterochromatin repression mediated by m°A. Since
H3K9me2 is methylated by SUVH4 (also known as KYP), SUVHS5 and
SUVH6 methyltransferases**¥, and H3K27mel is methylated by
ATXRS and ATXR6 (ref. 49), we analysed publicly available ChIP-Seq
datafor H3K9me2 and H3K27mel in suvh4 suvhS suvh6 and atxrs atxr6
mutants®>*". Our analysis revealed a substantial reductionin H3K9me2
and H3K27mel levels at the regions of m°A-modified retrotranspo-
sons in suvh4 suvhS suvh6 and atxrs atxré (Supplementary Fig. 8a,b),
confirming the roles of these methyltransferases in depositing
H3K9me2 and H3K27mel at the local regions of m°A retrotransposon
RNAs. Accordingly, we classified H3K9me2 peaks into two categories:
SUVH4/5/6-dependent (decreased in suvh4 suvhS suvh6 mutants) and
SUVH4/5/6-independent (unaltered in suvh4 suvhS suvh6 mutants).
Similarly, H3K27mel peaks were classified into ATXR5/6-dependent
(decreased in atxr5 atxr6 mutants) and ATXR5/6-independent
(unaltered in atxr5§ atxr6 mutants). The depletion of VIR or CPSF30-L
partially decreases SUVH4/5/6-dependent H3K9me2 and ATXR5/6-
dependent H3K27mel levels but has little effect on SUVH4/5/6-
independent or ATXR5/6-independent peaks (Fig. 5g and Supplemen-
tary Fig. 8c), indicating that m°A partially modulates H3K9me2 and
H3K27mel deposition via their respective methyltransferases.
Asthedeposition of H3K9me2 and H3K27mel on retrotransposons
requires heterochromatintargeting, we proceeded to investigate how
mCA spatially associates with heterochromatin to facilitate special-
ized methylation. Although no obvious differences in the expression
levels of SUVH4/5/6 and ATXR5/6 were observed across WT, fip37-4
LECI::FIP37, vir and cpsf30-I seedlings (Supplementary Fig. 8d), we
observed that the expression levels of CPSF30-L were positively cor-
related with those of SUVH4/5 and ATXR5/6 (Supplementary Fig. 8e).
Given that the depletion of m°A writers and the m®A reader CPSF30-L

Fig. 5| m°A affects heterochromatin state through CPSF30-L-mediated
SUVH4/5/6-dependent H3K9me2 and ATXR5/6-dependent H3K27mel
deposition. a, Read-count tag density pile-ups of m®Alevels, H3K9me2 levels
and H3K27mel levels on m°A retrotransposon RNAs. b, Scatter plotsillustrating
the positive correlation between m°A levels and H3K9me2, as well as H3K27mel,
levelsinm®A retrotransposon RNAs. The light-blue region indicates the 95%
confidence interval. ¢, H3K9me2 and H3K27melimmunostaining from 6-day-old
WT, fip37-4 LECI::FIP37, vir, cpsf30-1, CPSF30-L and CPSF30-Lm seedlings. Scale
bars, 5 um. The images are representative of three independent experiments.

d, Quantification of H3K9me2 and H3K27mel immunostaining in c; the intensity
isnormalized to the nuclear area. The data are shown as mean + s.e.m. (n =40,
40,40, 40,48 and 53 nuclei for H3K9me2 immunostaining and n =43, 40, 40,
40,40 and 40 nuclei for H3K27melimmunostaining for each genotype from

left to right). The Pvalues are from two-tailed Student’s ¢-tests. e, Read-count
tag density pile-ups of H3K9me2 and H3K27mel levels on m®A retrotransposon
RNAs in WT, vir and cpsf30-Iseedlings. TSS, transcription start site; TES,

transcription end site. f, ChIP-qPCR analysis of H3K9me2 and H3K27mel levels

at the COPIA22 and ATRE1 loci upon the loss of either m°A writers or an m°A
reader. H3K9me2 and H3K27mel levels are shown relative to that in the WT.

The dataare shown as mean + s.e.m. (n =3 independent experiments). The
Pvalues are from two-tailed Student’s t-tests. g, Read-count tag density pile-ups
of H3K9me2 levels on SUVH4/5/6-dependent peaks in WT, suvh4 suvhS suvhé, vir
and cpsf30-Iseedlings, and H3K27mellevels on ATXR5/6-dependent peaks in WT,
atxr$ atxré6, vir and cpsf30-I seedlings. There were 3,897 SUVH4/5/6-dependent
peaks and 8,961 ATXR5/6-dependent peaks. h, Y2H assay showing the interaction
of CPSF30-L with SUVH4, SUVHS5, SUVH6, ATXRS and ATXR6 in yeast cells.
Theimages are representative of two independent experiments. i, BiFC assay
showing the physical interaction between CPSF30-L and SUVH4, SUVH5, SUVH6,
ATXR5 and ATXR6 in N. benthamiana leaf cells. Scale bars, 5 pm. The images are
representative of three independent experiments. j, Semi-in vivo pull-down assay
showing the interaction of CPSF30-L with SUVH4, SUVHS, SUVH6, ATXRS and
ATXR6. The images are representative of two independent experiments.
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reduces H3K9me2 and H3K27mel levels and enhances the transcription
of m®A-modified retrotransposons (Figs. 4c and 5e), we speculated that
CPSF30-L, as an m°®A reader, might be responsible for m°A-mediated
transcriptional regulation through associating with SUVH4/5/6 and
ATXR5/6 at specific loci for H3K9me2 and H3K27mel deposition.
To verify this hypothesis, we performed Y2H assays, revealing that
CPSF30-L independently interacts with SUVH4/5/6 and ATXR5/6
(Fig. 5h). Bimolecular fluorescence complementation (BiFC) assays
conducted in Nicotiana benthamiana leaves showed strong recon-
stituted YFP signal in the nucleus or nuclear foci among five protein
pairs (Fig. 5i and Supplementary Fig. 8f). Moreover, semi-in vivo
pull-down assays revealed that CPSF30-L-FLAG specifically binds
glutathione S-transferase (GST)-targeted SUVH4/5/6 and ATXRS5/6,
but not GST alone (Fig. 5j). These interactions were not observed
with m°A writers (Supplementary Fig. 8g). Altogether, our findings
provide evidence consistent with CPSF30-L acting as anintermediary
linking m®A to H3K9me2 and H3K27mel deposition, thereby main-
taining heterochromatin integrity in m®A-modified retrotransposon
RNA regions.

ECT12, as a nuclear mA reader, interacts with CPSF30-L and
enhances the m®A-binding function

Although disturbing either the deposition or recognition of m°A
impacts retrotransposon transcription, we noticed that partial m°A
hypomethylation on retrotransposons in fip37-4 LECI::FIP37 and vir
mutants led to more pronounced expression increases in m°A retro-
transposon RNAs thanin the cpsf30-lmutant (Supplementary Fig. 9a).
These imbalanced effects caused by m°A writers and an m°A reader
imply that other m°A reader proteins may redundantly participate in
this regulation. To identify the potential m°A reader responsible for
retrotransposon transcription in Arabidopsis, we conducted phylo-
genetic analysis comparing the identified metazoan YTHDC1
with its plant counterparts. This analysis revealed two putative
homologues of YTHDC1 in Arabidopsis: CPSF30-L and ECT12
(AT4G11970; Supplementary Fig. 9b). Unlike other YTH-containing
proteins, both CPSF30-L and ECT12 are exclusively localized in the
nucleus (Supplementary Fig. 9¢). Moreover, the mRNA expression
level pattern of ECT12 strongly correlated with that of CPSF30-L
(Supplementary Fig. 9d), indicating that they might have synergistic
roles in biological and molecular process.

Given that ECT12 has been identified as a potential m®A reader®,
we proceeded to elucidate its m°A-binding function by performing
anelectrophoretic mobility shift assay with recombinant GST-tagged
ECT12 (GST-ECT12) and asynthetic fluorescein-amidite-labelled RNA
probe containing either m°A or A. The electrophoretic mobility shift
assay results revealed that ECT12 specifically binds m®A-modified
RNA but not unmethylated RNA (Supplementary Fig. 9e). Struc-
tural analysis of ECT12 identified conserved tryptophan residues
at positions 94 and 144 as critical for m®A recognition in the YTH
domain. These residues form a hydrophobic aromatic cage, similar to
those observed in other YTH domain proteins, such as YTHDC1 and
CPSF30-L (Supplementary Fig. 9f). To verify that ECT12 depends on
its YTH domain to recognize m®A, we performed in vitro RIP followed
by liquid chromatography-tandem mass spectrometry (LC-MS/MS)
detection using the recombinant GST-ECT12, GST-ECT12/YTH and
GST-ECT12/YTHm harbouring a putative non-m°A binding altera-
tion (W144A) with isolated Arabidopsis poly(A)* RNA. The LC-MS/MS
results showed that m°A was highly enriched in the immunoprecipi-
tated fraction of GST-ECT12 and GST-ECT12/YTH, but notin the flow-
through or the bound fraction of GST-ECT12/YTHm (Supplementary
Fig.9g), suggesting that the YTH domain is responsible for m°A bind-
ing in ECT12. To further confirm that ECTI12 indeed serves as an m°A-
binding protein in planta, we generated ECT12::gECT12 and ECTI12::
gECT12m transgenic plants (Supplementary Fig. 9h), where ECT12m
harbours the m°A-binding-function-abolished alteration W144A, and

then performed an in vivo RIP-LC-MS/MS assay. The results showed
that ECT12 pulled down significantly more m°A-modified RNAs than the
control IgG-IP and ECT12m-IP (Fig. 6a). These results establish ECT12
as an m°A reader protein in Arabidopsis. To investigate the potential
spatial linkage between ECT12 and CPSF30-L, we examined trans-
genic Arabidopsis plants (ECT12::gECT12-eGFP) and found that ECT12
is localized in the nucleus (Supplementary Fig. 9h,i). We also per-
formed Y2H and BiFC assays, confirming that ECT12 physically interacts
with CPSF30-L, but not with m®Awriters (Fig. 6b,cand Supplementary
Fig. 9j). Semi-in vivo pull-down assays also validated the interaction
between CPSF30-L and ECTI12 (Fig. 6d). To assess the regulatory role
of the interaction between CPSF30-L and ECT12 in m®A-modified
RNAs, we conducted an in vitro RIP assay using purified recombi-
nant CPSF30-L and ECT12 proteins along with poly(A)* RNAs. The
results showed that CPSF30-L and ECT12 together bind significantly
more m®A-modified poly(A)* RNAs than the same amount of single
CPSF30-L-IP and ECT12-IP (Fig. 6e). Thisindicates that the interaction
between CPSF30-L and ECT12 enhances the m°A-binding ability more
effectively than the individual actions of CPSF30-L or ECT12 alone.

CPSF30-L and ECT12 redundantly mediate H3K9me2 and
H3K27mel formation and suppress the transcription of m°A
retrotransposon RNAs

Considering that CPSF30-L and ECT12 interact with each other as
nuclear m®A reader proteins, we proceeded to assess whether they
redundantly regulate heterochromatic histone modifications and
transcription of m°A retrotransposon RNAs. To address this, we first
characterized a homozygous transfer-DNA insertion mutant, ect12-3
(SALK_071944), which almost completely disrupts the expression
of full-length ECT12 transcript (Supplementary Fig. 10a). We also
generated cpsf30-1 ect12 double mutants using the CRISPR-Cas9
genome editing system, incorporating two guide RNAs target-
ing the second exonic region of ECT12 in the cpsf30-[ background
(Supplementary Fig. 10a). We performed H3K9me2 and H3K27mel
immunostaining on these mutants to investigate whether ECTI12 and
CPSF30-L redundantly affect the methylation levels of these histone
modifications. The results showed that the decrease in these two
histone modification levels was less pronounced in ect12-3 than
in cpsf30-1, while the cpsf30-1 ect12 double mutants showed a more
substantial reductionin these histone marks than either single mutant
(Fig. 6f,g), consistent with genetic redundancy.

Consistent with these observations, ChIP-Seq analysis for
H3K9me2 and H3K27mel in six-day-old WT, cpsf30-1, ect12-3 and
cpsf30-lect12 seedlings also indicated redundant regulation of het-
erochromatic histone modifications (Supplementary Tables12and 13),
particularly on m°A retrotransposon RNAs, but not on non-m°A
retrotransposon RNAs (Fig. 6h and Supplementary Fig.10b-f). These
findings were corroborated by ChIP-qPCR targeting selected loci
(Supplementary Fig.10g). Consistently, the reduction in the levels of
SUVH4/5/6-dependent H3K9me2 and ATXR5/6-dependent H3K27mel
incpsf30-lwas more pronounced in the cpsf30-l ect12 double mutants
(Fig. 6i and Supplementary Fig. 10h). Furthermore, no significant
differences in the expression levels of SUVH4/5/6 and ATXR5/6 were
detected across WT, cpsf30-, ect12-3and cpsf30-l ect12 seedlings, and
no physical interaction was observed between ECT12 and SUVH4/5/6
or ATXR5/6 (Supplementary Fig. 10i,j). These results confirm that
CPSF30-Land ECT12form acomplex to redundantly mediate H3K9me2
and H3K27mel deposition.

To further elucidate how CPSF30-L and ECT12 redundantly regu-
late the expression of m°A retrotransposon RNAs, we performed par-
allel caRNA-Seq on six-day-old WT, cpsf30-1, ect12-3 and cpsf30-l ect12
seedlings with two biological replicates (Supplementary Fig. 11a and
Supplementary Table 14). Reflecting their shared involvementin regu-
lating heterochromatic histone modifications, CPSF30-L and ECT12
collectively modulate the abundance of mA retrotransposon RNAs and
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Fig. 6| CPSF30-L and ECT12 redundantly mediate H3K9me2 and H3K27mel
deposition. a, In vivo nuclear FA-RIP-LC-MS/MS showing that m°A is enriched
inthe ECT12-IP fraction compared with IgG-IP and the ECT12m-IP portion. The
dataare shown as mean + s.e.m. (n = 3 independent experiments). The Pvalues
are from two-tailed Student’s ¢-tests. b, Y2H assay showing the interaction

of CPSF30-L with ECT12in yeast cells. The images are representative of two
independent experiments. ¢, BiFC assay showing the physical interaction
between CPSF30-L and ECT12in N. benthamiana leaf cells. Scale bars, 5 um. The
images are representative of three independent experiments. d, Semi-in vivo
pull-down assay showing the interaction of CPSF30-L with ECT12. The images
arerepresentative of two independent experiments. e, In vitro RIP-LC-MS/MS
showing m®Alevels in the input, CPSF30-L-IP, ECT12-IP and CPSF30-L-ECT12-IP
RNA portions. m®A levels are shown relative to those in the input. The data are
shown as mean t s.e.m. (n =3 independent experiments). The Pvalues are from

two-tailed Student’s ¢-tests. f, H3K9me2 and H3K27mel immunostaining from
6-day-old WT, cpsf30-1, ect12-3and cpsf30-l ect12 seedlings. Scale bars, 5 pm. The
images are representative of three independent experiments. g, Quantification
of H3K9me2 immunostaining in f; the intensity is normalized to the nuclear
area. The dataare shown asmean +s.e.m. (n=30, 31,29, 31and 31 nuclei for
H3K9me2 immunostaining and n = 24, 21,23, 20 and 20 nuclei for H3K27mel
immunostaining for each genotype from left to right). The Pvalues are from
two-tailed Student’s t-tests. h, Read-count tag density pile-ups of H3K9me2

and H3K27mel levels on m°A retrotransposon RNAs in WT, ¢psf30-1, ect12-3and
cpsf30-L ect12 seedlings. i, Read-count tag density pile-ups of H3K9me2 levels on
SUVH4/5/6-dependent peaks and H3K27mel levels on SUVH4/5/6-dependent
peaksin WT, cpsf30-1, ect12-3 and cpsf30-l ect12 seedlings. There were 3,897
SUVH4/5/6-dependent peaks and 8,961 ATXR5/6-dependent peaks.

specificretrotransposon subfamilies, displaying genetic redundancy
(Fig. 7aand Supplementary Fig. 11b,c). The ect12-3and cpsf30-lmutants
exhibitedsignificantincreasesinm°Aretrotransposon RNA expression,
and cpsf30-1 ect12 double mutants showed more pronounced upregula-
tion than either single mutant (Fig. 7a and Supplementary Fig. 11b,c).
Overlapping the upregulated m°A retrotransposon RNAs in cpsf30-1,
ect12-3 and cpsf30-l ect12 demonstrated that virtually all of them
were coordinately modulated by CPSF30-L and ECT12 (Fig. 7b). Further

supporting this, we confirmed the significant elevation in the tran-
scription and expression levels of COPIA22 and ATREI in cpsf30-l ect12
mutants, with atwofold to tenfold increase compared with cpsf30-{ or
ect12-3mutants (Fig. 7c,d and Supplementary Fig. 11d). We also found
that the changes in expression levels primarily followed a redundant
trend, accompanied by a concurrent decrease in both H3K9me2 and
H3K27mel levels at H3K9me2 & H3K27mel & m°A retrotransposon
RNAregions (Supplementary Fig. 11e,f). The disruption of m°A nuclear
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Fig. 7| CPSF30-L and ECT12 cooperatively suppress the transcription and
abundance of m°A retrotransposon RNAs. a, Box plot showing the expression
levels of m°A retrotransposon RNAs in WT, ¢psf30-1, ect12-3 and cpsf30-1 ect12
seedlings. The medians (horizontal lines), interquartile ranges (boxes), and
+1.5x the interquartile range (whiskers) of the dataare shown (n =139 m°Aretro-
transposon RNAs). Pvalues were determined using paired two-sided Wilcoxon
tests. b, Venn diagram of upregulated m®A retrotransposon RNAs upon the
depletion of individual m®A readers and double m°A readers. ¢,d, Relative
transcriptional (c) and expression levels (d) of COPIA22 and ATREI in the indicated

6-day-old seedlings. ACTIN2is used as anegative and internal control. The data
areshownrelative tothatinthe WT. The dataare shownasmean +s.e.m.(n=3
biological replicates). The Pvalues are from two-tailed Student’s ¢-tests.

e, Hypothetical model depicting the mechanism of m°A-mediated hetero-
chromatinsilencing of retrotransposons in Arabidopsis. m°A on retrotransposon
RNAs, deposited by m°A writers, is recognized by CPSF30-L/ECT12 reader proteins,
of which CPSF30-L recruits SUVH4/5/6 and ATXR5/6 to achieve repressive H3 K9
dimethylation and H3 K27 monomethylation, leading to closed heterochromatin
and reduced transcription. Panel e created with BioRender.com.

readersled toagreaterincrease in the expression of m®Aretrotranspo-
son RNAs carrying both histone modifications compared with those
marked by asingle modification (Supplementary Fig. 11f). Altogether,
these results emphasize that CPSF30-L and ECT12 redundantly regu-
late H3K9me2 and H3K27mel deposition, thereby suppressing the
transcription of m°A-modified retrotransposon RNAs.

Discussion

Our study unveils acomprehensive landscape of the RNA modifica-
tion m°A on caRNAs, especially in retrotransposon transcripts in
Arabidopsis, revealing their transcriptional regulation via m°A depo-
sition and recognition with m®A writer and reader proteins. Specifi-
cally, CPSF30-L and ECT12 form a complex to enhance m°A binding
affinity. CPSF30-L interacts with SUVH4/5/6 and ATXR5/6, together
with ECT12, to facilitate H3K9me2 and H3K27mel deposition at des-
ignated retrotransposons, achieving largely closed chromatin and
repressed retrotransposons (Fig. 7e). These results highlight a new
layer of epitranscriptomic regulation that modulates retrotransposon
RNA transcription and maintains heterochromatin integrity.

It has been shown that m°A promotes the decay of a subset of
chromatin-associated regulatory RNAs, such as LINE1 in the nucleus
of mouse embryonic stem cells”. Unlike the regulatory mechanism
in mammals, our data show that m®A modifications do not affect the
stability of retrotransposon RNAs (Fig. 4a,b). Additionally, the lack
of interaction between nuclear m°A readers and nuclear exosome

targeting components suggests that the m°A-mediated regulatory
mechanism primarily operates at the transcriptional level in plants
(Supplementary Fig. 5c). This was further supported by increased
transcription rates of m°A retrotransposon RNAs in m°A writer and
reader mutants (Fig. 4c—e), implicating both evolutionarily conserved
and divergent mechanisms of m®Ain transcriptional regulation.

We discovered that m°A modifications are prevalent across various
retrotransposon families and are particularly enriched at the 5’ and 3’
ends of transcripts (Fig. 1f). Disruption of the m°®A writer subunit in

fip37-4 LECI::FIP37 and virmutants significantly reduced m®Alevels on

retrotransposon RNAs, leading to theirincreased abundance (Fig.2a,b).
This inverse relationship between m°A methylation and RNA levels
suggests that m°A modification is crucial for suppressing retrotrans-
poson expression. The investigation into the m°A reader CPSF30-L
revealed its essential role in binding m®A-marked retrotransposons
and suppressing their expression through m®A recognition (Fig. 3).

We noticed that partial m°A hypomethylation on retrotranspo-
sons in fip37-4 LECI::FIP37 and vir mutants led to more pronounced
expressionincreases in m°A retrotransposon RNAs than in the cpsf30-(
mutant (Supplementary Fig. 9a). This disparity in effects, attributed
to the mechanisms of m°A writer and reader molecules, hints at the
participation of additional m°A reader proteins in aredundant regula-
tory capacity. Through phylogenetic analysis and molecular assays, we
identified ECT12 asanuclear m®Areader thatinteracts with CPSF30-L
and enhances its m®A-binding function (Fig. 6a-e). The synergistic
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action between CPSF30-L and ECT12 underscores the evolutionary
significance of m*A-mediated regulation, where multiple m°A readers
ensure robust transcriptional repression of retrotransposons.

Heterochromatic histone marks differ between mammals
and plants. Although m°A has been reported to regulate H3K9me3
deposition and heterochromatin states in mouse embryonic stem
cells'®’3* itis necessary to investigate whether and how m°A regulates
heterochromatin statein plants. We observed that m°A-modified retro-
transposons were associated with heterochromatic marks H3K9me2
and H3K27mel (Fig. 5a). Immunostaining results showed that the
reduced H3K9me2 and H3K27mel signals in cpsf30- can be restored
by expressing CPSF30-L but not by the m°A-binding-function-abolished
CPSF30-Lm (Fig. 5c,d), indicating that the m°A binding function of
CPSF30-L regulates H3K9me2 and H3K27mel levels. In m°A writer
and reader mutants, we noted a notable reduction in H3K9me2 and
H3K27mel levels at m°®A retrotransposon loci (Fig. 5e). Compared
withthereduced levels of H3K9me2 and H3K27mel in their respective
writer mutants (suvh4 suvhS suvh6 and atxr$ atxré), the loss of m°A
writer subunit VIR or m°A reader CPSF30-L only partially decreased
these histone modifications (Supplementary Fig. 6d,e). This sug-
gests that m°A acts as aregulatory layer in modulating H3K9me2 and
H3K27mel deposition, specifically at m®A-modified retrotransposon
RNA regions. Mechanistically, CPSF30-Linteracts with SUVH4/5/6 and
ATXR5/6, the enzymes responsible for H3K9me2 and H3K27mel depo-
sition (Fig. Sh—j). This interaction links m°A methylation with histone
modification, maintaining a closed chromatin state and transcriptional
repression of m°A retrotransposon RNAs.

Besides histone modification, DNA methylation serves as another
gene-silencing epigenetic mark. Heterochromatic non-CG methylation
and H3 K9 dimethylation are interconnected through a cyclic rein-
forcement loop between the writers of non-CG DNA methylation and
H3 K9 dimethylation®**. In addition, DNA methylation is guided
by small RNAs that target specific genomic sequences in a process
known as RNA-directed DNA methylation, where Pol IVis required for
short interfering RNA (siRNA) biogenesis and Pol V provides scaffold
RNAs that guide siRNA-directed DNA methylation®. ChlIP-Seq and
caRNA-Seqanalyses reveal that retrotransposontranscriptionis tightly
regulated by the occupancy of Pol lland Pol V (Supplementary Fig. 2),
suggesting a potential role for siRNAs and the involvement of Pol IV
and Pol Vin retrotransposon regulation. Furthermore, recent mam-
malian studies found that the m°A reader FXR1 recruits DNA 5mC
dioxygenase TET1 for 5SmC demethylation in nearby genomic loci
in normal and cancer cells, and the m®A writer METTL3-METTL14
recruits DNA methyltransferase DNMT1 to chromatin for gene-body
methylation®®”, suggesting that m°A could directly regulate DNA
5mC deposition. We therefore hypothesize that m°A modification
may alsoinfluence DNA methylation directly and siRNA-directed DNA
methylation at retrotransposons apart from the H3K9me2-mediated
DNA methylation pathway.

Retrotransposons account for over 40% of the human and mouse
genomes, and their transcriptional regulation is essential for mam-
malian zygotic genome activation, embryonic stem cell identity and
embryonic development'®'**, Similarly, retrotransposons comprise
an even more significant portion of crop plant genomes and can be
transcriptionally activated by environmental challenges, promoting
geneticdiversity and adaptive evolutionary changes**°. Here we found
that the RNA modification m®A is installed on retrotransposon RNAs
to suppress their transcription, thereby securing genome integrity.
Itis worth investigating whether environmental challenges affect the
installation of RNA modifications on retrotransposon RNAs. Besides
mCA, itis also important to explore whether other RNA modifications
regulate retrotransposon RNAs in plants. Recently, the expression
of FTO in rice was shown to increase field yield and biomass, accom-
panied by m®A demethylation on repeat RNAs, enhanced chroma-
tin accessibility and transcriptional activation?”. This suggests that

epitranscriptomic regulation in transcription represents a promis-
ing new avenue for plant breeding. Understanding how endogenous
mCA in plants modulates retrotransposon transcription and hetero-
chromatin states could provide valuable insights for future crop
improvement strategies.

Overall, our work demonstrates that m°A co-transcriptionally
directs heterochromatic histone modifications through its reader
complexes, enabling a direct flow of RNA modification information
from RNA to chromatin to ensure silenced transcription and hetero-
chromatin integrity at m°A-modified retrotransposon RNA regions.
This regulatory interplay between the epitranscriptome and the epi-
genome provides deeper insights into m°A functions as well as the
mechanisms of retrotransposon regulation and heterochromatin
maintenance in plant evolution and adaptation.

Methods

Plant materials and growth conditions

The WT Arabidopsis thaliana plants used in this study were of the
Col-0 ecotype. nrpel-11, nrpb2-3, fip37-4 LECI::FIP37, vir, cpsf30-1,
CPSF30::CPSF30-L cpsf30-1(CPSF30-L) and CPSF30::CPSF30-Lm cpsf30-1
(CPSF30-Lm) have been described previously*>*'%*3* The ect12-3
(SALK_071944) mutant lines were obtained from the Arabidopsis Bio-
logical Resource Center. Loss-of-function mutants of cpsf30-l ect12
were generated using the CRISPR-Cas9 system. Specifically, two single
guide RNA sequences targeting the ECT12gene were amplified viaPCR,
using the pDT1T2 vector as a template. The resulting products were
purified, digested with Bsal and then ligated into the binary vector
pHEE4O01E. Subsequently, the constructed plasmid was introduced
into the cpsf30-/background through GV3101-mediated floral dipping.
Positive seedlings were selected from1/2x Murashige and Skoog plates
containing 50 mg I hygromycin B and confirmed via direct Sanger
sequencing. All seeds of the WT and mutants were sterilized in 75%
ethanol for 10 min followed by immersion in 20% bleaching solution
for an additional 10 min, and immediately rinsed at least four times
with sterile water. The sterilized seeds were stratified at 4 °C in dark-
ness for three days and grown on 1/2x Murashige and Skoog nutrient
agar plates. All plant germination and growth were under long-day
conditions (16 h light/8 h dark at 22 °C with a light intensity of 90 to
120 pmol m~2s7),

RT-qPCR

Isolated total RNAs and caRNAs were reverse-transcribed into
first-strand cDNA using SuperScript Ill (Thermo Fisher Scientific)
withrandom primers. The transcribed cDNAs were then appropriately
diluted and used as templates for PCR reactions, employing Hieff
qPCR SYBR Green Master Mix (Low Rox) from Yeasen. These reaction
systems were subsequently analysed on a ViiA 7 instrument (Applied
Biosystems) following the provided instructions. To ensure the accu-
racy of theresults, eachindependent sample comprised at least three
biological replicates and two technical replicates. A complete list of
the primers used is provided in Supplementary Table 15.

Extraction of caRNAs

caRNAs were extracted using a previously reported method®’. Briefly,
2 g of six-day-old seedlings were ground into a fine powder using
liquid nitrogen. The powdered material was transferred into a 50-ml
tube containing 10 ml of ice-cold Honda buffer (0.44 M sucrose, 1.25%
(w/v) Ficoll,2.5% (w/v) dextran T40,20 mM HEPES-KOH pH 7.4,10 mM
MgCl,, 0.5% (w/v) Triton X-100,1 mM dithiothreitol (DTT), 1x protease
inhibitor (Roche), 0.4 U pl™ Ribolock RNase inhibitor (Thermo Fisher
Scientific) and 100 ng pl™ yeast tRNA (Invitrogen)). After homogeni-
zation via rotation, the homogenate was filtered through two layers
of Miracloth (Merck). After centrifugation at 4 °C and 2,000 g for
5 min, the pellet was resuspended and washed with 5 ml of Honda
buffer three or four times until the pellet appeared white. The washed
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pellet was resuspended in1 ml of Hondabuffer and centrifuged at 4 °C
and 8,000 gfor1 min. After the supernatant was removed, the nucleus
pellet was weighed. One volume of nucleus resuspension buffer (50%
(v/v) glycerol,0.5 MM EDTA,1 mMDTT, 25 mM Tris-HCI pH 7.5,100 mM
NaCland 0.4 U pl™'Ribolock RNase inhibitor (Thermo Fisher Scientific))
was added, and the pellet was stirred to mix with a pipette tip. Two
volumes of washing buffer (25 mM Tris-HCI pH 7.5,300 mM NaCl, 1M
urea, 0.5 mMMEDTA,1 mMDTT, 1% (v/v) Tween-20 and 0.4 U pl ' Ribolock
RNase inhibitor (Thermo Fisher Scientific)) were then added, and the
pellet was washed by pipetting up and down 30 times and centrifuged at
4°Cand 8,000 gfor1min. Thiswashing procedure was repeated three
times, and the pellet was retained as the chromatin-associated frac-
tion. For RNA extraction, the pellet was resuspended in 1 ml of TRIzol
(Invitrogen), and the extraction procedures were performed using
the Direct-zol RNA Miniprep Plus kit with DNase digestion (ZYMO).

caRNA m°A-Seqand m°A-Seq
The caRNAs were concentrated with a ZYMO RNA Clean &
Concentrator-5kit (ZYMO) and processed for rRNA depletion accord-
ing to the manufacturer’sinstructions (RiboPOOL). Then, 1 pnl of1:1,000
diluted m®A spike-in from an EpiMark N®-Methyladenosine Enrichment
Kit (NEB) and 1:100 diluted ERCC spike-ins (Ambion) were added to
1g of rRNA-depleted caRNA, followed by fragmentation into 100-
150 nucleotides using the Magnesium RNA Fragmentation Module
(NEB). m°A-IP was performed following the manufacturer’s protocols.
Library preparation was performed using aNEBNext Ultra Il Directional
RNA Library Prep Kit (NEB) according to the manufacturer’s proto-
cols. Sequencing was performed on an Illumina Novaseq machine in
paired-end mode with 150 bp per read (Genewiz).

Poly(A)" RNA fromsix-day-old WT seedlings was applied to profile
the m®Amethylome.1pgof poly(A)* RNA was fragmented into 100-150
nucleotides using the Magnesium RNA Fragmentation Module (NEB).
m°A-IP and library preparation were performed using the EpiMark
N°®-Methyladenosine Enrichment Kit (NEB). Input and RNA eluted
from m®A-IP were used to prepare libraries with a NEBNext Ultra I
Directional RNA Library Prep Kit (NEB). Sequencing was performed
on an lllumina Novaseq machine in paired-end mode with 150 bp per
read (Genewiz).

méA-IP-qPCR

For each biological replicate, 20 pg of caRNAs extracted from
six-day-old Arabidopsis seedlings were supplemented with 1l
of 1:100 diluted m®A and non-m°A spike-ins from the EpiMark
Nt-Methyladenosine EnrichmentKit (NEB). The RNA samples were then
fragmented using the Magnesium RNA Fragmentation Module (NEB),
and the resulting fragments were subjected to IP with m°A-conjugated
antibodies bound to Protein G Dynabeads (Thermo Fisher Scientific),
following the manufacturer’s instructions. RNA was extracted from
boththelPandinputsamples and analysed viaRT-qPCR. The spike-ins
served as normalization controls for m°A level quantification.
The primers used for qPCR are listed in Supplementary Table 15.

Nuclear FA-CLIP

For each biological replicate, 2 g of six-day-old seedlings were har-
vested and crosslinked with 1% (v/v) formaldehyde under vacuum.
The crosslinking reaction was stopped after 15 min by adding glycine
to afinal concentration of 0.125 M, followed by an additional 5 min
under vacuum. Nuclei were isolated from frozen, ground plant tis-
sue using ice-cold Honda buffer (0.44 M sucrose, 1.25% (w/v) Ficoll,
2.5% (w/v) dextran T40, 20 mM HEPES-KOH pH 7.4, 10 mM MgCl,,
0.5% (w/v) Triton X-100,1 mM DTT, 1x protease inhibitor (Roche) and
0.4 U pl'Ribolock RNase inhibitor (Thermo Fisher Scientific)) and col-
lected via centrifugation at 2,000 g for 5 min at 4 °C. The nuclei were
washed twice with Honda buffer and resuspended in 1 ml of nuclear
lysis buffer (150 mM KCI, 50 mM HEPES, pH 7.5, 2 mM EDTA, 1% (v/v)

NP-40,0.5 mM DTT, 1x protease inhibitor (Roche) and 40 U mI RNase
inhibitor (Thermo Fisher Scientific)). Sonication was performed using
a Bioruptor (Diagenode) for four cycles (low power, 30 s pulse-on,
60 s pulse-off). After centrifugation, the supernatant was treated with
1U pl™ RNase T1(Thermo Fisher Scientific) at 22 °C for 10 minand incu-
bated with Anti-Flag M2 Magnetic beads (Sigma) with rotation at 4 °C
for3 h. The beads were washed three times with low-salt washing buffer
(150 mMKCI, 50 mM HEPES, pH7.5,0.05% (w/v) NP-40,0.5 mMDTT and
1x protease inhibitor (Roche)), followed by RNase T1treatment and a
second incubation at 22 °C for 10 min. After three additional washes
with high-salt washing buffer (500 mM KCl, 50 mMHEPES, pH7.5,0.05%
(w/v) NP-40, 0.5 mM DTT and 1x protease inhibitor (Roche)), the RNA
underwent end repair and proteinase K digestion on beads. RNA was
thenrecovered usingthe RNA Clean & Concentrator-5Kit (Zymo), and
libraries were prepared using the NEBNext SmallRNA Library Prep Set
(NEB).Sequencing was performed on the MGISEQ-2000 platform using
apaired-end model (PE100).

Invivo FA-RIP-qPCR

Six-day-old CPSF30::CPSF30-L-Flag cpsf30-1 and CPSF30::CPSF30-
Lm-Flag cpsf30-1seedlings were separately fixed with 1% (v/v) formal-
dehyde solution. The fixed plant materials were ground into powder
and incubated with lysis buffer (150 mM KCI, 50 mM HEPES, pH 7.5,
2 mMEDTA, 1% (v/v) NP-40, 1x protease inhibitor (Roche) and 40 U ml™
Ribolock RNase inhibitor (Thermo Fisher Scientific)) inahead-over-tail
rotation for 30 min at 4 °C. After full lysis and centrifugation, the
lysates were collected and thenimmunoprecipitated with Anti-Flag M2
beads (Sigma-Aldrich) or acontrol IgG (CST) conjugated with protein
G Dynabeads (Thermo Fisher Scientific) on a rotating wheel for 2 h
at 4 °C. After washing, proteinase K digestion (NEB) and ethanol pre-
cipitation, the recovered RNA fractions were reverse-transcribed into
cDNAto calculate therelative enrichment fold viaRT-qPCR. AT2G07689
was used as the internal control.

Nuclear RNA lifetime sequencing

Six-day-old WT and mutant seedlings were placed in 3 ml of incuba-
tion buffer (15 mM sucrose, 1 mM KCI, 1 mM PIPES, pH 6.25 and 1 mM
sodium citrate) in six-well plates (Corning Costar) and rotated at 600 g
for 15 min. The initial (T,) samples were promptly frozen, while the
remaining samples underwent transcriptional inhibition by adding
3 ml of fresh buffer with 1 mM cordycepin (Macklin). Subsequently,
the samples were subjected to three additional rounds of 1-min vac-
uum infiltration with 1-min decompression intervals. Samples were
collected at various time points (15,30, 60 and 120 min) after the third
vacuuminfiltrationand frozenin liquid nitrogen. Approximately 0.2 g
of seedlings per sample at each time point was used. The nuclear frac-
tionwasisolated, and total RNA was purified using Trizol (Invitrogen).
Prior to purifying non-ribosomal RNA with the rRNA Depletion Kit
(RiboPOOL), an equalamount of ERCC RNA spike-in control (Ambion)
was added to the total nuclear RNA samples as internal controls.
Library preparation was carried out using the NEBNext Ultra Il
Directional RNA Library Prep Kit (NEB). Sequencing was conducted
on an lllumina Novaseq machine in paired-end mode with 150 bp
per read (Genewiz).

Nuclear RNA lifetime measurement via qPCR

Six-day-old WT and mutant seedlings were placed in six-well plates
containing 1 mM cordycepin (Macklin) or 200 uM Actinomycin D
(Selleck). After three rounds of 1-min vacuum infiltration, samples were
collected at 15,30, 60 and 120 min. The nuclear fraction was isolated,
and total RNA was extracted using Trizol (Invitrogen). Before RNA
quantification via RT-qPCR, 1 pl of 1:100 diluted m°A and non-m°A
spike-in from the EpiMark N°-Methyladenosine Enrichment Kit
(NEB) was introduced. The RNA degradation rate (k) was determined
by plotting N/N, against time and fitting the equation N/N, = e, where
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trepresents transcriptioninhibition time, and N,and N, indicate RNA
quantities at time ¢ and time 0. The RNA lifetime (t;,,) was calculated
asty,=(In2)/k.

Time-course RNA sequencing for transcription rate
measurement

Six-day-old WT and cpsf30-[ seedlings were placed in six-well plates
containing 0.5 mM 5-ethynyl uridine (Jena Bioscience) and were
collected at 30 min, 60 minand 120 min. Total RNA was purified using
Trizol followed by rRNA depletion; nascent rRNA-depleted RNA was
captured using a Click-iT Nascent RNA CaptureKit (Invitrogen). Before
constructing libraries witha NEBNext Ultrall Directional RNA Library
PrepKit (NEB), an equal amount of ERCC RNA spike-in control (Ambion)
was added to each sample. Sequencing was conducted on anlllumina
Novaseqmachinein paired-end mode with 150 bp per read (Genewiz).

Nuclear run-on assay

Six-day-old WT and mutant seedlings were ground into a fine powder
inliquid N, and resuspendedin 5 mlof pre-cooled nuclease-free Honda
buffer. After filtering through two layers of Miracloth and centrifuging
at2,000 gfor10 minat4 °C, the nuclei were washed two or three times
with Honda buffer and resuspended in 50 pl of nucleus storage buffer
(50 mM Tris-HCI, pH 7.8,1 mM DTT, 20% (v/v) glycerol, 5 mM MgCl,
and 0.44 M sucrose). The run-on assay was performed in a reaction
containing 10 pl of 10x transcription assay buffer (500 mM Tris-HCI,
pH 7.5, 50 mM MgCl,, 1.5 M KCl, 1% (v/v) sarkosyl, 20 U mI™ Ribolock
RNase inhibitor (Thermo Fisher Scientific) and 100 mM DTT), 50 ul
of nuclei in storage buffer, 5 pl of NTP mixture with BrUTP (100 mM
ATP,100 mM CTP,100 mM GTPand100 mM BrUTP (Sigma)) and 35 pl
of H,0. The run-on reaction was performed at 30 °C for 30 min. The
reaction was stopped by adding 900 pl of TRIzol reagent (Invitrogen),
and RNA was extracted using the Direct-zol RNA Miniprep Plus kit
(ZYMO). The purified RNA was diluted in 500 pl of incubation buffer
(20 mM Tris-HCI pH 7.5, 4 mM MgCl, and 0.2% (v/v) NP-40) and incu-
bated with 60 pl of anti-BrdU beads (Santa Cruz) at 4 °C for 2 h. The
precipitated RNA was extracted with TRIzol reagent (Invitrogen) and
used for RT-qPCR analysis.

ChIP-Seq and ChIP-qPCR

The protocol for ChIP-Seq was adapted from a previously published
method®. Briefly, 2 g of six-day-old WT, cpsf30-1, ect12-3, cpsf30-l ect12-1,
cpsf30-1 ect12-2 and vir seedlings were ground with liquid nitrogen
into fine powder and immediately fixed with 1% (v/v) formaldehyde.
Nuclei were extracted and mononucleosomes were generated with
micrococcal nuclease (MNase, NEB). Subsequently, MNase digestion
was carried out and stopped with the addition of EDTA and EGTAto a
final concentration of 10 mM. After centrifugation, the supernatant
was diluted for IP. IP was conducted with anti-H3K9me2 (Abcam)
and anti-H3K27mel (Millipore) antibodies. After incubation over-
night, Protein G Dynabeads (Thermo Fisher Scientific) were added to
collect the immunocomplexes. After washing, elution, reverse
crosslinking and DNA purification, recovered DNA and input were
subjected to qPCR and library preparation with the NEXTflex Rapid
DNA-SeqKit for lllumina (PerkinElmer) according to the manufacturer’s
instructions and sequenced with the MGISEQ-2000 platform using
apaired-end model (PE150).

Immunostaining

For immunostaining, 0.5 g of six-day-old seedlings were fixed with
4% paraformaldehyde for 20 min under vacuum. The fixed seed-
lings were then chopped in a petri dish containing 3 ml of ice-cold
NEB1 buffer (10 mM Tris-HCI pH 9.5,10 mM KCI, 500 mM sucrose and
0.1% Triton-X 100) to obtain a homogenate. The homogenate was
filtered with a 40-pum cell strainer and centrifuged at 600 g for 3 min
at 4 °C. The pellet was gently resuspended in 300 pl of NEB2 buffer

(10 mM Tris-HCI, pH9.5,10 mMKCIl, 125 mM sucrose and 0.1% Triton-X
100) and layered onto 600 pl of NEB3 buffer (10 mM Tris-HCI, pH 9.5,
10 mM KCl, 850 mM sucrose and 0.1% Triton-X 100). Nuclei were pel-
leted via centrifugation at maximum speed for 30 min at 4 °C, resus-
pended in 40 pl of NEB1 buffer and spread onto slides. The slides
were air-dried, fixed with 4% paraformaldehyde for 30 min at room
temperature and washed with PBST. Blocking was performed with 5%
BSA for 1h at 37 °C, followed by overnight incubation at room tem-
perature with primary antibodies (1:100 anti-H3K27mel (Abcam) and
anti-H3K9me2 (Abcam)). After the PBST washes, the slides were incu-
bated with secondary antibodies (1:100 Goat Anti-Mouse IgG H&L
(Alexa Fluor 488, Abcam) and 1:100 Goat Anti-Rabbit IgG H&L (Alexa
Fluor 555, Abcam)) for1hat37 °C. Finally, the slides were washed with
PBST, mounted with DAPI Fluoromount-G and imaged using a Zeiss
LSM900 confocal microscope.

Y2H assay

The full-length coding sequences of ZCCHC8A, ZCCHC8B, RBM?7,
SUVH4,SUVHS, SUVH6,ATXRS5, ATXR6, CPSF30-L and ECT12 were fused
in frame with the GAL4 activation domain in pGADT7 as prey. The
full-length coding sequences of CPSF30-L, ECT12, MTA, FIP37 and VIR
withaminoacid residues1to1,470 (VIR") and 1,456 t0 2,138 (VIR ) were
fused in frame with pGBKT?7 as bait. Yeast strain Y2HGold cells were
co-transformed with the bait and prey constructs. The empty vectors
pGADT7 and pGBKT7 were co-transformed as the negative controls.
Co-transformed yeast strain was spotted onto selective medium (minus
His, Ade, Leuand Trp) and supplemented with the inhibitor of histidine
synthesis 3-amino-1,2,4-triazole (Sigma). Images were taken after
incubation for two to three days at 28 °C.

BiFC assay

The full-length coding sequences of SUVH4, SUVHS5, SUVH6, ATXRS,
ATXR6, CPSF30-L and ECT12 were cloned into the binary pBI121-YFP¢
or pBI121-YFPNvector to generate SUVH4-YFPS, SUVH5-YFPS, SUVH6-
YFPC, ATXR5-YFP¢, ATXR6-YFP¢, ECT12-YFP® and CPSF30-L-YFPN
constructs. The constructs with the indicated combinations were
transiently co-expressedinN. benthamianaleaves viaGV3101-mediated
infiltration. The plants were grown in dark conditions for another
two or three days, and the YFP fluorescence signal for each combina-
tion was detected using a confocal laser scanning microscope (ZESIS).
Specifically, a488-nm-wavelength laser was used to excite the YFP, with
the emission signal collected from 500 to 550 nm.

Semi-in vivo pull-down assay

Total proteins were extracted from Arabidopsis seedlings expressing
CPSF30-L-FLAG with IP buffer. 2 mg of total protein extracts were
mixed with 20 pg of purified proteins infused with GST tag or GST
alone. The mixture was incubated at 4 °C with gentle rotation for 2 h.
After incubation, pre-washed Pierce Glutathione Magnetic Agarose
Beads (Thermo Fisher Scientific) were added and incubated at 4 °C with
gentlerotatingforanother2 h. Proteinsbound to the beads were eluted
in elution buffer (125 mM Tris-HCI, pH 7.5,150 mM NaCl, 1 mM EDTA,
1mMDTT and 50 mM reduced glutathione) and were analysed via pro-
teinimmunoblot with GST antibody (CST) and FLAG antibody (MCE).

Protein expression and purification

Plasmids containing GST-SUVH4, GST-SUVHS5, GST-SUVH6, GST-
ATXRS5, GST-ATXR6, GST-ECT12, GST-ECT12/YTH, GST-ECT12/YTHm
and MBP-CPSF30-L were transfected into Escherichia colistrain BL-21
Rosetta competent cells. Protein expression wasinduced at 18 °C with
1mM isopropyl B-D-1-thiogalactopyranoside for 16 h. Cells were col-
lected and resuspended inlysis buffer (10 mM Tris-HCI, pH 8.0,500 mM
NaCl, 1 mM PMSF, 3 mM DTT and 5% (v/v) glycerol), then lysed via
sonication and centrifuged. The soluble proteins were first purified
with either a GST-affinity column (GE Healthcare) or Amylose Resin
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(NEB) and eluted using the corresponding elution buffer. The crude
eluted fractions were further purified on a Superdex 75 exclusion
column (GE Healthcare). The purified proteins were stored in storage
buffer (10 mM Tris-HCI, pH7.5,200 mM NaCl,3 mM DTT and 20% (v/v)
glycerol) at-80 °C.

Electrophoretic mobility shift assay

The recombinant proteins GST-ECT12 were separately diluted to a
series of concentrations ranging from O to 2 M in binding buffer
(10 mM HEPES-KOH, pH 8.0, 50 mM KCI, 1 mM EDTA, 0.05% (v/v)
Triton X-100, 5% (v/v) glycerol, 10 pg ml™ salmon DNA, 1mM DTT
and 40 U ml™ Ribolock RNase inhibitor (Thermo Fisher Scientific)).
Fluorescein-amidite-labelled RNA probe (4 nM final concentration)
and1 plof protein were mixed in10 pl of binding buffer and incubated
on ice for 30 min. The entire RNA-protein mixture was loaded into a
Novex 4-20% TBE gel (Thermo Fisher Scientific) for electrophoresis
separation at 4 °C. The gel was visualized using ChemiDoc (Bio-Rad).

Invivo nuclear FA-RIP-LC-MS/MS

Nuclear RIP was conducted following a protocol similar to that for
nuclear FA-CLIP, omitting the second RNase T1 digestion. Cross-
linked six-day-old seedlings of CPSF30::CPSF30-L cpsf30-1, CPSF30::
CPSF30-Lm cpsf30-1, ECT12::gECTI2 ect12-3and ECT12::.gECT12m ect12-3
transgenic lines were subjected to IP using FLAG M2 Magnetic Beads
(Sigma) or normal rabbit IgG (CST) bound to Protein G (Invitrogen).
Crosslinked six-day-old WT seedlings were subjected to RIP using
anti-Polll antibody (Abcam) or IgG (CST) as a control. For GFP-tagged
material, crosslinked NRPEI::NRPEI-GFP/nrpel seedlings were immuno-
precipitated using GFP-Trap Dynabeads (ChromoTek) or IgG (CST) as
a control. After washing and RNA recovery, the m®A levels in the RNA
fractions were quantified via LC-MS/MS.

Invitro RIP-LC-MS/MS

For RIP-LC-MS/MS, 0.8 g of poly(A)* RNA and the recombinant
protein GST-ECT12 or MBP-CPSF30-L (final concentration 500 nM)
were incubated in 200 pl of IPP buffer (150 mM NacCl, 0.1% (v/v)
NP-40, 10 mM Tris-HCI, pH 7.5, 40 U ml Ribolock RNase inhibitor
(Thermo Fisher Scientific) and 0.5 mM DTT) with rotation at 4 °C for
2 h. Pre-equilibrated 10 pl of GST-affinity magnetic beads (Thermo
Fisher Scientific) or amylose magnetic beads (NEB) with IPP buffer
were added to each solution and incubated for an additional 2 h at
4 °C. The aqueous phase was harvested, recovered via ethanol pre-
cipitation and termed the flow-through. GST beads were washed four
times with 200 pl of IPP buffer. The RNA on the beads was extracted
with TRIzol reagent (Invitrogen) and saved as the recombinant
protein-IP sample. LC-MS/MS was used to measure the ratio of
m°A/Cininput, flow-through and recombinant protein-IP samples.

Quantification analysis via LC-MS/MS

LC-MS/MS analysis was performed as follows: RNA (around 100 to
200 ng) was digested with Nucleoside Digestion Mix (NEB) in 20 pl at
37 °C for 2 h. After centrifugation at maximum speed for 30 min, the
aqueous phase containing nucleosides was separated usinga LC pump
(Shimadzu) equipped withaZORBAX SB-Aq column (Agilent) and ana-
lysed viaMS/MS ona Triple Quad 5500 mass spectrometer (ABSCIEX) in
positiveion mode withmultiple reaction monitoring. Nucleosides were
quantified using the following mass transitions: 282.0 t0 150.1 (m°A),
244.0t0112.0 (C). Quantification was based on astandard curve gener-
ated from pure nucleoside standards run alongside the samples. The
ratios of m®A/C were calculated using the calibrated concentrations.

Data analysis for caRNA-Seq and RNA-Seq

The sequencing data from the caRNA-Seq and RNA-Seq libraries were
processed by trimming adapters with cutadapt (v.4.4)%*, followed by
alignment to the TAIR10 reference genome via hisat2 (v.2.2.1)** with

the following parameters: rna-strandness, FR; k, 10; pen-noncansplice,
1000000. We eliminated PCR duplicates using SAMtools in conjunc-
tion with Picard (v.21.0.1; https://broadinstitute.github.io/picard/)®.
To enhance the authenticity and the repeatability of the results, we
eliminated the transcript components of rRNA and tRNA, as well as
those belonging to chloroplasts and mitochondria. Gene expres-
sion quantification was conducted using featureCounts (v.2.0.1)¢
and edgeR (v.3.36.0)*” to compute counts, counts per million and
differential gene expression. Therein, external ERCC spike-ins were also
used to normalize the counts of each gene by using the R package
RUVseq (v.1.28.0)%. The Pearson correlation was calculated using
the R package cor (v.4.3.2)%.

Data analysis for caRNA m°A-Seq and m°A-Seq

The analysis for the input group in caRNA m°A-Seq or m°A-Seq was
conducted following the pipeline of RNA-Seq above. We employed
cutadapt (v4.4)% for adapter trimming and size selection, retaining
fragments that were 30 nucleotides or longer. These sequences were
subsequently mapped to the TAIR10 reference genome using hisat2
(v.2.2.1)**with the default parameters. PCR duplicates were eliminated
using SAMtools (v.1.13)*° and Picard (v.21.0.1; https://broadinstitute.
github.io/picard/). After obtaining the BAM files avoiding the reads
classified torRNA, tRNA, chloroplasts and mitochondria, we conducted
amPA region enrichment analysis using MACS2 callpeak (v.2.2.7.1)"°
with the following settings: nomodel; shift, 25; extsize, 50; slocal, 200;
llocal, 500; f,BAM; q, 0.05; g, 1.3e + 8. We considered regions exhibiting
afalse discovery rate below 0.05 for the analysis of m°A peaks. Refer-
ring to the strategy and parameters used for m°A peak calibration
with IVT RNAs”, we applied the same elimination rate criteria. If méA
peaks appeared on retrotransposon RNAs in caRNA m°A-Seq and did
not overlap by more than 50% with those in m°A-Seq, we considered
these peaks as belonging to retrotransposon RNAs.

The m®A level was calculated as previously described'. Specifi-
cally, to determine the m°®A level for each transcript in the WT, we
first calculated the CPM using edgeR (v.3.36.0)%”. The m°A level was
then derived using the formula (CPM_IP + 0.01)/(CPM_Input + 0.01).
To account for differences in IP efficiency between WT and mutant
samples, an equal amount of m°A-modified spike-in RNA from the
EpiMark N®-Methyladenosine Enrichment Kit (NEB) was added to the
rRNA-depleted caRNA samples of both the WT and mutants as an
external control. For normalization across samples, the m°A ratio of
the spike-in (r_spike-in) was calculated as (CPM_IP-spike-in + 0.01)/
(CPM_Input-spike-in + 0.01). The m®A normalization factor (n.f.) for
each mutant was defined as the ratio of r_spike-in in each mutant to
the average r_spike-in across all WT samples. This factor corrects for
differences inIP efficiency, and the final m°A level for each mutant was
determined using the formula (CPM_IP + 0.01)/(CPM_Input + 0.01)/n.f.
Thedecrease in m°A level was determined using the formula (m°Alevel
in WT — m°A level in mutant)/(m°Alevel in WT).

Data analysis for nuclear RNA stability assay

The data processing procedure to generate the BAM files mirrors the
procedure we described above. Subsequent to this, gene expression
quantification was performed using featureCounts (v.2.0.1)°° and
edgeR (v.3.36.0)¢” to compute counts normalized by ERCC and CPM at
each time point. Setting the expression level at the initial time to1, we
fitted all degradation curves using the equationy = exp(-A x x), where
yistherelative expressionlevel of acertain gene and xis the processing
time. Subsequently, we eliminated genes with a value of Aless than O,
derived fromthefitting equation, fromall sets of sequencing data. The
half-lives of other genes were computed using the formulat,, = (In2)/A.

Data analysis for time-course RNA sequencing
The procedure to generate the BAM files for each sample at different
time points aligns with the pipeline we outlined above. Following this,
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gene expression was finished using featureCounts (v.2.0.1)*® and
edgeR (v.3.36.0)% to calculate gene counts, normalized by ERCC
and CPM at each respective time point. We fit all gene expression
levels using alinear model represented asy = A x x + B, where y signifies
the expression level of a specific gene and x indicates the processing
time. We then excluded genes with an A valueless than 0, derived from
the fitting equation, from all sequencing datasets. The transcription
rate of agene was represented by A.

Data analysis for ChIP-Seq

The alignment process was similar to that for other sequencing
data including input groups and H3K9me2/H3K27mel IP groups.
H3K9me2/H3K27mel peaks were identified using broad-peak mode
in MACS2 (v.2.2.7.1)’° with false discovery rate < 0.05. To assess the
H3K9me2/H3K27mel levels, heat maps and profile plots were gener-
ated usingdeepTools (v.3.5.1)"2. The enrichment levels were normalized
using reads per kilobase per million mapped reads to account for the
differences between the IP and input datasets.

Statistics and reproducibility

The statistical tests performed on experimental data and the sample
sizes are noted in the figure legends. All data points are derived from
biological replicates.

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

Data availability

The raw sequence data from caRNA m°A-Seq, m°A-Seq, caRNA-Seq,
nuclear RNA lifetime sequencing, time-course RNA sequencing
and ChIP-Seq reported in this paper have been deposited in the
Genome Sequence Archive at the National Genomics Data Center,
Beijing Institute of Genomics, Chinese Academy of Sciences, under
accession number PRJCA037507; they are publicly accessible at
https://bigd.big.ac.cn/gsa. Allremaining data are provided in the main
paper or the supplementary materials. Source data are provided with
this paper.
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Images from immuno blotting were captured with a ChemDoc Imaging System (Bio-rad).
The m6A content was measured using an Agilent 5500 Triple Quadrupole mass spectrometer (Agligent).
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The high-throughput sequencing was performed on the llumina Novaseq 6000 and MGI2000 platform.
Protein and DNA sequences of genes were downloaded from the Arabidopsis Information Resource (https:/www.arabidopsis.org).

Data analysis Statistical analysis and plotting graph: GraphPad Prism (v9.0.0).
Sequencing data mapping: hisat2 (v2.2.1) and Samtools (v1.13).
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Sample size No statistical methods were used to predetermine sample sizes. The sample sizes for all experiments were estimated based on our prior
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https://doi.org/10.1016/j.molp.2021.01.014; Cai et al., 2024, Plant Cell, https://doi.org/10.1093/plcell/koae149). The sample size for each
experiment is fully described in the corresponding figure legends and/or Methods section. The chosen sample sizes were sufficient, and the
experimental results were reproducible.

Data exclusions  No data were excluded.

Replication All experiments were repeated at least 2-3 times with similar results, and the number of independent experiments or biological replicates is
indicated in the figure legends and methods section.

Randomization  All samples were comparable based on genotypes, and collected randomly within same genotype for sequencing and other analyses. The
growth conditions for plant materials are described in the method section.

Blinding Blinding was not applicable in this study because the experimental subjects were plants, and the investigators were necessarily aware of the
genotypes being handled. Moreover, to ensure data reliability, all experiments included appropriate positive and negative controls, and the
consistency of results across multiple independent biological replicates further minimized potential experimental bias. Therefore, blinding was
not relevant in this context.
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Seed stocks Arabidopsis cpsf30-l and ect12-3 seeds were obtained from Arabidopsis Biological Resource Center with accession
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Novel plant genotypes  fralidersiccariaa-tsst tianiataierpREmIored pAdaISN Bs749Fabidopsis LECL:FIP37/fip37-4 seeds were obtained from
published search group (https://doi.org/10.1016/j.devcel.2016.06.008). Arabidopsis vir seeds were obtained from published search
group ( https://doi.org/10.1111/nph.14586). Arabidopsis NRPE1:NRPE1-GFP/nrpel seeds were obtained from published search
group (https://www.nature.com/articles/s41467-024-48940-8).

Authentication The genotype of nrpb2-3, nrpel-11, LEC1:FIP37/fip37-4, vir, cpsf30-l, ect12-3, cpsf30-I/ect12-1, cpsf30-l/ect12-2 were confirmed by
genotyping or sanger sequencing.

ChlP-seq

Data deposition
|Z Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links The raw sequence data of ChIP-Seq reported in this paper have been deposited in the Genome Sequence Archive in National
May remain private before publication.  Genomics Data Center, Beijing Institute of Genomics (BIG), Chinese Academy of Sciences, under accession number
PRICA037507 that are publicly accessible at https://bigd.big.ac.cn/gsa.

Files in database submission 6-d-old-H3K9me2-ChIP-WT-IP-1
6-d-old-H3K9me2-ChIP-WT-IP-2
6-d-old-H3K9me2-ChIP-cpsf30-I-1P-1
6-d-old-H3K9me2-ChIP-cpsf30-I-1P-2
6-d-old-H3K9me2-ChlP-ect12-3-1P-1
6-d-old-H3K9me2-ChIP-ect12-3-IP-2
6-d-old-H3K9me2-ChIP-cpsf30-ect12-2-IP-1
6-d-old-H3K9me2-ChIP-cpsf30-ect12-2-IP-2
6-d-old-H3K9me2-ChIP-cpsf30-ect12-1-IP-1
6-d-old-H3K9me2-ChIP-cpsf30-ect12-1-IP-2
6-d-old-H3K9me2-ChIP-vir-IP-1
6-d-old-H3K9me2-ChlIP-vir-IP-2
6-d-old-H3K9me2-ChIP-WT-Input-1
6-d-old-H3K9me2-ChIP-WT-Input-2
6-d-old-H3K9me2-ChIP-cpsf30-I-Input-1
6-d-old-H3K9me2-ChIP-cpsf30-I-Input-2
6-d-old-H3K9me2-ChIP-ect12-3-Input-1
6-d-old-H3K9me2-ChIP-ect12-3-Input-2
6-d-old-H3K9me2-ChIP-cpsf30-l-ect12-1-Input-1
6-d-old-H3K9me2-ChIP-cpsf30-l-ect12-1-Input-2
6-d-old-H3K9me2-ChIP-cpsf30-l-ect12-2-Input-1
6-d-old-H3K9me2-ChIP-cpsf30-l-ect12-2-Input-2
6-d-old-H3K9me2-ChlIP-vir-Input-1
6-d-old-H3K9me2-ChlIP-vir-Input-2
6-d-old-H3K27me1-ChIP-WT-IP-1
6-d-old-H3K27me1-ChIP-WT-Input-1
6-d-old-H3K27me1-ChIP-vir-I1P-1
6-d-old-H3K27me1-ChIP-vir-Input-1




Genome browser session
(e.g. UCSC)
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6-d-old-H3K27me1-ChIP-ect12-3-IP-1
6-d-old-H3K27me1-ChlIP-ect12-3-Input-1
6-d-old-H3K27me1-ChIP-cpsf30-I-IP-1
6-d-old-H3K27me1-ChIP-cpsf30-I-Input-1
6-d-old-H3K27me1-ChIP-cpsf30-I-ect12-2-1P-1
6-d-old-H3K27me1-ChIP-cpsf30-I-ect12-1-IP-1
6-d-old-H3K27me1-ChIP-cpsf30-ect12-2-Input-1
6-d-old-H3K27me1-ChIP-cpsf30-ect12-1-Input-1

No public available genome browser session.

Two biological replicates for H3K9me2 and one biological replicate for H3K27me1 ChIP-seq.
At least 36 million pair-end (2*150bp) raw reads on average for each experiment.

H3K9me2 monoclonal antibody (Abcam, ab1220)
H3K27me1 monoclonal antibody (Milipore, Cat# 07-448)

macs2 callpeak -t <IP files> -c <Input files> --broad -f BAM -n <output peak file> -q 0.05 -g 1.3e+8 -m 5 100 --keep-dup all

Thousands of confidential H3K9me2 and H3K27me1 peaks were obtained under the threshold of FDR < 0.05 and fold enrichment > 5
from each genotype.

The sequencing data were first processed using cutadapt (v4.4) to trim adapters, followed by alignment to the TAIR10 reference
genome (https://www.arabidopsis.org) via hisat2 (v2.2.1). We eliminated PCR duplicates using Samtools (v1.13) in conjunction with
Picard. Fold-enrichment heatmaps and profiles of H3KSme2 and H3K27me1 were generated by deepTools software (v3.5.1).
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