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Abstract

5-Methylcytidine (m>C) modifications play a critical role in RNA metabolism.
TRM4B (tRNA-specific methytransferase 4B) is the only known component of the
plant m>C machinery that mediates mRNA (messenger RNA) methylation. To date,
no regulators governing site-specific m>C modifications have been identified, apart
from several degenerated sequence motifs. Drawing on relevant findings in animals,
we investigated the involvement of AGO1 (Argonaute 1) in m>C regulation using
an agol mutant of Arabidopsis. m>C-RIP-seq (m>C RNA immunoprecipitation
followed by deep sequencing) identified high-confidence 5981 and 4559 m°C
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peaks in WT (wild type) and agol, respectively. A substantial proportion of these
peaks overlapped between WT and agol, indicating their high gene specificity.
Compared to WT, agol exhibited 366 hyper-methylated and 168 hypo-methylated
Assigned to Associate Editor Meixia Zhao. peaks. While both hyper- and hypo-methylation could correlate with either up- or
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structures were preferentially targeted by m>C modification. A significant fraction
of m’>C-associated genes are functionally involved in mRNA surveillance and
ribosome biogenesis. Intriguingly, over 60% of m>C peaks identified in WT were
associated with the miRNA (microRNA) binding sites. Furthermore, AGO1 binding
signals could be detected on the corresponding transcripts for >40% of the m>C
peaks based on the AGO1-RIP-seq experiment. Immunoprecipitation coupled to
mass spectrometry validated the interaction between TRM4B and TRANSPORTIN1
(TRN1)—a known AGOl-interacting protein that is also implicated in the miRNA
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1 | INTRODUCTION

In plants, gene expression is governed by multi-layered
regulatory mechanisms that are essential for normal growth,
development, reproduction, and environmental adaptability.
Epigenetic modifications contribute a critical regulatory
layer in plant gene expression networks. It is well established
that these modifications occur not only at the DNA level
but also at the RNA level (Liang et al., 2020). Accordingly,
the terms “epigenomics” and “‘epitranscriptomics” have
been formally established to describe the mechanistic and
functional studies of genome-wide DNA modifications
and transcriptome-wide RNA modifications, respectively.
Although the regulatory roles of RNA modifications in gene
expression have emerged as a prominent research focus only
in the past decade (A. Burgess et al., 2016; Saletore et al.,
2012), chemical modifications of RNA molecules were first
identified in calf liver over 70 years ago (Cohn, 1951). Sub-
sequent studies have confirmed that RNA modifications are
widespread across eukaryotes, including the 5’ cap structure,
NO-methyladenosine (m®A), and S5-methylcytidine (m>C)
(Desrosiers et al., 1974; Dubin & Taylor, 1975; Shatkin,
1976). To date, >170 distinct types of post-transcriptional
covalent RNA modifications have been documented across
all kingdoms of life (Cappannini et al., 2024; Wiener &
Schwartz, 2021). Notably, most RNA modifications, along
with their core regulatory machineries (including “writers”
for signal deposition, “erasers” for signal removal and, “read-
ers” for signal interpretation), are highly conserved in plants,
animals, and microorganisms, highlighting their indispens-
able roles in organismal survival (Shen et al., 2023; Sun et al.,
2023). Beyond m°A, m>C represents one of the most preva-
lent RNA methylation marks in both plants and animals. In

pathway. These findings support a model in which the miRNA-guided AGO1

complex plays a critical role in mediating site-specific m>C modifications.

Plain Language Summary

The high conservation of the AGO proteins, the miRNA pathway, and the m>C mod-
ifications implies their biological importance in the post-transcriptional pathways.
In the present study, transcriptome-wide m>C-RIP-seq uncovered the prevalent m>C
methylation in mRNAs, and a portion of these modifications are influenced by the
Argonaute 1 (AGOL1) activity. Interestingly, both the microRNA binding sites and the
AGO1 binding signals were found to be associated with many m>C peaks. These dis-
coveries drove us to propose a novel model that the miRNA-guided AGO1 complex
played a critical regulatory role in m>C modifications in plants, which could serve as
an important supplement to the molecular mechanisms underlying the site-specific

methylation in addition to the degenerated motifs identified previously.

the model plant Arabidopsis (Arabidopsis thaliana), m>C
modifications were initially discovered on tRNAs, with this
methylation event catalyzed by tRNA-specific methyltrans-
ferases encoded by DNMT2 (At5g25480, DNA methyltrans-
ferase 2, also designated TRDMT1) and TRM4B (At2g22400,
tRNA-specific methytransferase 4B) (A. L. Burgess et al.,
2015; Goll et al., 2006). Importantly, TRM4B also mediates
m>C methylation on messenger RNAs (mRNAs) and long
non-coding RNAs (IncRNAs). Two independent studies
have demonstrated that transcriptome-wide m>C levels are
significantly reduced in the frm4b mutant, a phenotype
specifically restricted to roots rather than other tested organs,
indicating that TRM4B functions as a tissue-specific RNA
m>C methyltransferase in Arabidopsis (Cui et al., 2017; David
etal., 2017). Additionally, m>C modifications have also been
identified on rRNAs, with NOP2A (At5g55920, nucleolar
protein 2A), NOP2B (At4g26600), NOP2C (Atl1g06560),
NSUN5 (At5g26180, NOP2/Sun domain protein 5), and
RNMT (At3g13180, RNA methyltransferase) identified as
the corresponding rRNA-specific methyltransferase (A. L.
Burgess et al., 2015). To date, m’C modifications have been
shown to be extensively involved in multiple RNA regulatory
processes, including RNA processing, alternative polyadeny-
lation, structural remodeling, stability control, translational
regulation, subcellular localization, and intracellular traffick-
ing (Shen et al., 2023; Sun et al., 2023; Wiener & Schwartz,
2021). In plants, m°C also plays critical roles in organ devel-
opment and stress response (Zhang et al., 2020). However,
fundamental knowledge of RNA m>C regulatory mechanisms
remains largely limited, particularly in plant systems. For
instance, TRM4B is the only well-characterized m>C writer
for mRNAs and IncRNAs in Arabidopsis, while no corre-
sponding m>C erasers or readers have been reported to date.
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Future studies should prioritize the systematic identification
of plant epitranscriptomic regulatory codes and the full
characterization of the complete m>C regulatory machinery.

Recent technological advances in high-throughput
sequencing platforms have greatly promoted the m>C
research. In 2017, two independent research groups suc-
cessively reported transcriptome-wide profiling of RNA
m>C modification sites in Arabidopsis. David and col-
leagues (2017) combined RNA bisulfite conversion with
high-throughput sequencing (bsRNA-seq) to map m>C sites
at single-nucleotide resolution. This work identified over
1000 m°C sites on mRNAs and IncRNAs across Arabidopsis
siliques, shoots, and roots, and these sites exhibited striking
tissue-specific distribution patterns (David et al., 2017). To
address the inherent sequencing artifacts of bsRNA-seq intro-
duced during the C-to-U conversion step, Cui and coworkers
(2017) developed the mSC-RIP-seq (m>’C RNA immuno-
precipitation followed by deep sequencing) approach, which
achieved significantly higher specificity and sensitivity by
employing an m’C-specific antibody. Using this optimized
method, a total of 6045 high-confidence m>C peaks were
detected across >4400 genes in Arabidopsis seedlings (Cui
et al., 2017). Unlike plant mOA sites, which are consistently
enriched at the 3’ ends of the transcripts, the distribution
landscapes of m>C sites are highly divergent across different
plant species (Shen et al., 2023). For example, m’C sites are
predominantly localized to the 3’ ends of Arabidopsis tran-
scripts, whereas in rice they are preferentially enriched at the
5" ends (Shen et al., 2019; Zhang et al., 2020). Collectively,
these findings demonstrate that RNA m>C modifications are
governed by a multi-layered regulatory logic that integrates
site specificity, tissue specificity, and species specificity.

In Cui et al. (2017) study, several conserved sequence
motifs, including HACCR (H = A/C/U; R = A/G) and CUY-
CUYC (Y = C/U), were predicted to govern site-specific
m>C modifications in Arabidopsis. However, these degen-
erate cis-elements are clearly insufficient to confer the high
sequence specificity required for precise RNA methylation,
as it has been estimated that only 0.02%-0.09% of total cellu-
lar cytosines undergo m>C modification (Sun et al., 2023). A
critical mechanistic clue emerged from a pioneering investiga-
tion of m>C sites in human mRNAs. In that work, Squires and
colleagues (2012) uncovered a striking transcriptome-wide
correlation between mRNA m>C sites and the binding regions
of Argonaute (AGO) proteins (Squires et al., 2012). Guided
by microRNAs (miRNAs) or small interfering RNAs, AGO
proteins serve as core effectors in RNA interference (RNAi)
pathways via a sequence-dependent targeting mechanism
(Fang & Qi, 2016; Tolia & Joshua-Tor, 2007). Remarkably,
both RNAi and m’C modifications are deeply conserved
across eukaryotic lineages, including animals and plants.
Thus, it will be interesting to investigate the potential func-
tional crosstalk between these two evolutionarily conserved

Core Ideas

* Thousands of m>C peaks enriched with CU/AC
motifs were identified from Arabidopsis.

* Genes with higher expression and more exons are
more susceptible to m>C modifications.

* The influence of the agol mutation on mMRNA m>C
modifications was reported.

* MiRNAs play a potential regulatory role in the site-
specific m®C modifications.

pathways. For instance, the recruitment of AGO protein com-
plexes to target transcripts could sterically block or facilitate
the access of m°C “writer” or “eraser” enzymes, thereby
directly shaping the landscape of site-specific RNA methy-
lation. The Arabidopsis genome encodes 10 members of the
AGO protein family (Vaucheret, 2008). Among them, Arg-
onaute 1 (AGO1) is the most well-characterized paralog,
which predominantly associates with miRNAs to mediate
sequence-specific post-transcriptional gene regulation. In the
present study, we performed m>C-RIP-seq on agol-25, a
hypomorphic agol mutant of Arabidopsis, to systemati-
cally dissect the potential regulatory role of AGO1 in RNA
m>C deposition. Integrative analysis of these transcriptome-
wide datasets led us to propose a working model that the
miRNA-guided AGO1 complex played an important regula-
tory role in the site-specific m>C modifications. This work
provides fundamental new insights into the elusive molecular
mechanisms governing site-specific m>C deposition in plant
transcriptomes.

2 | MATERIALS AND METHODS

2.1 | Plant materials and growth condition

All seeds of Arabidopsis were surface-sterilized in 70%
ethanol for 3 min and then in 10% NaClO for 10 min. It
was followed by four washes with sterile distilled water.
The seeds were sown on the Gamborg B5 basal medium
(PhytoTechnology Laboratories, product No. G398) at pH
5.8 under sterile condition. The formula of the B5 basal
medium was referenced from a previous study (Gamborg
et al., 1968), containing 134 mg/LL. ammonium sulfate,
3 mg/L boric acid, 113.24 mg/L. anhydrous calcium chlo-
ride, 0.025 mg/L cobalt chloride-6H,0O, 0.025 mg/L cupric
sulfate-5H,0, 37.26 mg/L. Na,EDTA-2H,0, 27.8 mg/L fer-
rous sulfate-7H,0, 122.09 mg/L anhydrous magnesium sul-
fate, 10 mg/L manganese sulfate-H,O, 0.25 mg/L molybdic
acid (sodium salt). Note that-2H,O, 0.75 mg/L potassium
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iodide, 2500 mg/L potassium nitrate, 150 mg/L sodium
phosphate monobasic, 2 mg/L zinc sulfate-7H,0, 100 mg/L
myo-inositol, 1 mg/L nicotinic acid (free acid), 1 mg/L pyri-
doxine-HCl, and 10 mg/L thiamine-HCI. The seeds were incu-
bated at 4°C in darkness for 2 days before being moved to a
growth chamber at 24°C for 16 h in the light (150 pmol/m?/s).
The mutant agol-25 was kindly provided by Prof. Yijun
Qi (School of Life Sciences, Tsinghua University), and the
mutant was described by a previous study (Morel et al., 2002).

2.2 | Generation and screening of the
transgenic plants

The transgenic plants over-expressed with AGOI and TRANS-
PORTINI (TRNI) fused with the 3XFLAG-tag were gen-
erated by using the floral dip method (Clough & Bent,
1998). The TAIR10 (Reiser et al., 2024)-registered full-
length coding sequences (CDSs) of AGOI and TRNI were
engineered into the pPEGOEP35S vector separately for trans-
formation. Besides, the empty vector was also transformed
into the wild-type (WT) plant of Col-0, treated as the con-
trol. The T, transgenic seeds were sterilized, germinated,
and selected on the agar medium containing hygromycin B
(50 mg/mL). For each T, line, two-step screening was per-
formed: (1) pooled-sampling followed by the polymerase
chain reaction (PCR)-based detection of the hygromycin B
resistance gene, and (2) pooled-sampling followed by reverse
transcription-PCR-based examination of the gene expression
levels. Finally, the screened transgenic plants were sent for
IP-MS (immunoprecipitation coupled to mass spectrometry).

2.3 | m°C-RIP-seq and data analysis

Total RNAs were isolated from the 16-day-old seedlings
by using the TRIzol reagent (Thermo Scientific, cat. no.
15596026) based on the user manual. The total RNAs were
treated with DNase I (NEB, cat. no. MO303L) in order to elim-
inate potential DNA contamination. The purity of the RNA
samples was assessed by measuring the A260/A280 ratio by
using Nanodrop OneC (Thermo Scientific). The integrity of
the RNA samples was verified by using LabChip GX Touch
(Revvity). The concentrations of the qualified RNA sam-
ples were then determined by using a Qubit 3.0 fluorometer
with the QubitTM RNA Broad Range Assay kit (Thermo
Scientific, cat. no. Q10210). The poly(A)-tailed RNAs were
enriched from the total RNAs by using VAHTS mRNA
Capture Beads (Vazyme, cat. no. N401), following the user
manual.

To perform the IP experiment for the m>C methylated
RNAs, the poly(A)-tailed RNAs were chemically fragmented
into approximately 100-nt fragments by treating with 20 mM
ZnCl, at 95°C for 5 to 10 min. A portion (10%) of the frag-

ments was reserved as “input.” The remaining was subjected
to IP by using the m>C monoclonal antibody (Diagenode,
cat. no. C15200081) at a final concentration of 40 U/uL and
RNasin (Promega, cat. no. N2615). The IP was performed
by incubation at 4°C for 2 h with rotation. The immunopre-
cipitated complexes were then incubated with the protein-A
magnetic beads (Thermo Scientific, cat. no. 88848) under 4°C
for 1 h with rotation. The protein-A magnetic beads were thor-
oughly washed to remove non-specifically bound RNAs, and
the specifically bound RNAs were extracted using the TRIzol
reagent.

Both the “input” and the immunoprecipitated RNAs (“IP”)
were subject to sequencing library preparation by using the
KC Digital mRNA Library Prep Kit (Seghealth Tech. Co.,
Ltd.), according to the manufacturer’s instructions. The kit
labeled the cDNAs with 12-nt unique molecular identifier
(UMI) in order to eliminate duplication bias and errors pos-
sibly introduced by the PCR and sequencing steps. PCR
products ranging from 200 to 500 bp were enriched for
the sequencing libraries. Sequencing was performed on the
NovaSeq X Plus (Illumina) platform using the PE150 mode.
For m>C-RIP-seq, there are three biological replicates for WT
and agol-25, respectively.

Raw sequencing data were pre-treated (removal of the
low-quality reads and those contaminated with adaptors)
by using fastp (Chen et al., 2018). Clean reads were fur-
ther treated with in-house scripts to eliminate duplication
bias introduced during PCR and sequencing. Briefly, the
clean reads were first clustered based on the UMI tags. The
reads containing the identical UMI tag were grouped into
the same cluster. Reads assigned to the same cluster were
then compared to each other by pairwise alignment. Based
on the alignment, the reads sharing > 95% sequence iden-
tity were further assigned to a sub-cluster. Subsequently,
multiple sequence alignment was performed to achieve one
consensus sequence for each sub-cluster. After these steps,
the possible errors and biases introduced by PCR or sequenc-
ing were eliminated. The deduplicated consensus sequences
were used for m°C peak analysis by mapping them onto
the Arabidopsis genome retrieved from TAIR10 (The Ara-
bidopsis Information Resource, release 10; https://www.
arabidopsis.org/) (Reiser et al., 2024) using STAR (Dobin
et al., 2013). For the protein-coding genes, the software
exomePeak (Meng et al., 2014) was used for peak calling.
For the non-coding genes, exomePeak?2 (https://rdrr.io/github/
ZhenWeilO/exomePeak2/) (Meng et al., 2013, 2014) was used
for peak calling by using the “whole-genome” mode. The
differential m>C peaks were identified by using QNB (Liu
et al., 2017). Based on the “input” data, featureCounts (Liao
et al., 2014) was used to calculate the gene expression levels
in FPKM (fragments per kilobase of exon per million frag-
ments mapped), and edgeR (M. D. Robinson et al., 2010) was
used to discover the differentially expressed genes. To assign
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m>C peaks to distinct transcriptional regions (5'UTRs, CDSs,
3'UTRs [where UTRs are untranslated regions], and intronic
and intergenic regions), the peaks were first filtered to retain
only those exhibiting > 50% sequence overlap with a cor-
responding gene. For peaks successfully assigned to a host
gene, the genomic feature harboring the longest overlapping
segment of the peak was identified as its final annotation. For
example, a peak was classified as CDS if its maximum overlap
length resided within the CDS region. Peaks that could not be
mapped to any annotated protein-coding gene were designated
as intergenic regions.

Staem5 (Chai et al., 2021) was used to evaluate the m>C
modification potential of the peak regions identified from the
m>C-RIP-seq data. All peak regions subject to the analysis
were segmented into 41-nt fragments, and the 41-nt sequences
of the control sets were randomly selected from the cDNAs
retrieved from TAIR10. The metagene profiles showing the
distribution patterns of the m°>C peaks in mRNAs were drawn
by using Guitar (Cui, Wei, et al., 2016). To do this analysis, the
mRNAs were aligned and divided into three regions (5'UTRs,
CDSs, and 3'UTRs).

24 | RIP-seq of AGO1 and data analysis

To perform the RIP-seq experiment of AGO1 of Arabidop-
sis (TAIR10 gene ID: ATI1G48410), the 2-week-old WT
seedlings of Col-0 were collected and frozen in liquid nitro-
gen, and ground by Tissue Lyser II (Qiagen, cat. no. 69982).
The ground powder was resuspended in cell lysis buffer. A
total of 10% of the cell lysate was saved as the input con-
trol. The remaining 80% of the lysate was incubated with
anti-AGO1 antibody (Agrisera, cat. no. AS09 527-100) for
IP. The immunoprecipitated complexes (referred to as the IP
fraction) were then collected and analyzed. And the remaining
10% of the lysate was incubated with rabbit IgG (Cell Sig-
naling Technology, cat. no. 2729S) and served as a negative
control. Then, fresh protein G magnetic beads were prepared
for capture. For each sample, aliquot 40 uL of protein G
beads into a new tube. After washing the beads three times
with 1 mL wash buffer, the beads were resuspended by an
equal volume of wash buffer. Then, the washed bead suspen-
sion was added to the antibody-lysate mixture, followed by
4°C incubation for 1 h with rotation to allow the beads to
capture the antibody-protein-RNA complexes. After incuba-
tion, the tubes were placed on a magnetic stand for 1 min,
then carefully remove and discard the supernatant. To wash
the bead-bound complexes, first take the tube off the mag-
netic stand, add 1 mL of ice-cold wash buffer, and gently
resuspend the beads by slow pipetting, followed by a 10-
min incubation at 4°C on a rotating mixer. After incubation,
place the tube back on the magnetic stand for 5 min to fully
settle the beads, then aspirate and discard the supernatant.

Repeat this entire wash procedure three times in total, and
it is strongly recommended to transfer the bead suspension
to a fresh new microcentrifuge tube after each wash cycle to
effectively minimize non-specific background contamination.
After completing the final wash, gently resuspend the pelleted
beads in 1 mL of ice-cold wash buffer by careful pipetting,
and the immunoprecipitated RNA-protein complexes are now
fully prepared for the subsequent RNA extraction procedure.
RNA from the “input” and “IP” samples was extracted using
TRIzol (Invitrogen, cat. no. 15596018CN). Strand-specific
RNA sequencing libraries were constructed using KC-Digital
Stranded mRNA Library Prep Kit for Illumina (Seqghealth,
cat. no. DR08502) according to the user manual. By label-
ing the pre-amplified cDNAs with 8-nt UMI, duplication bias
introduced during PCR and sequencing steps could be elim-
inated. The libraries enriched with 200- to 500-bp products
were quantified. Finally, paired-end sequencing (PE150) was
performed by SeqHealth on Illumina Novaseq 6000. A total
of two biological replicates were included for the RIP-seq
experiment.

Raw sequencing data were pre-treated (removal of the low-
quality reads and those contaminated with adaptors) by using
Trimmomatic (Bolger et al., 2014). Clean reads were fur-
ther treated with in-house scripts to eliminate duplication
bias introduced during PCR and sequencing based on the
UMI tags. The deduplicated sequences were used for protein
binding site analysis by mapping them onto the Arabidopsis
genome retrieved from TAIR10 by using STAR (Dobin et al.,
2013) with default parameters. Peak calling was performed
by using exomePeak (Meng et al., 2014), and peak annotation
was performed by using BEDTools (Quinlan & Hall, 2010).
The RIP peaks (p < 0.01) were annotated with genes if they
were entirely resided within the gene bodies.

2.5 | Small RNA sequencing and data
processing

TruSeq Small RNA Sample Prep Kit (Illumina, cat. no.
RS200-0012) was used for sSRNA-seq (small RNA sequenc-
ing) library construction according to the user manual.
Briefly, the RNAs <200 nt were separated from 1 ug total
RNAs by polyacrylamide gel electrophoresis and were lig-
ated to the adapters by T4 RNA ligase at both ends. By
using SuperScript II Reverse Transcriptase (Invitrogen, cat.
no. 18064071), the adapter-containing SRNAs were converted
to the single-stranded cDNAs. These cDNAs were treated as
the PCR templates in order to generate the double-stranded
cDNAs, which were then purified by 16% TBE gel elec-
trophoresis. Sequencing was performed by LC-Bio with the
[lumina HiSeq 2500 platform following the vendor’s recom-
mended protocol. For sRNA-seq, there are three biological
replicates for WT and agol-25, respectively.
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FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/)
was used for adapter trimming and low-quality read removal.
Then, the pre-treated sSRNA sequences ranging from 15 to
45 nt were retained. For a dataset, the expression level of one
sRNA was normalized by dividing the raw read count of this
sRNA by the total raw read counts of this dataset and then
multiplied by 10°. The expression levels normalized in reads
per million enabled cross-library comparisons.

“Omicstudio” (https://www.omicstudio.cn/) (Lyu et al.,
2023) was used to draw the heatmaps. TargetFinder (Allen
et al., 2005) was used to predict the microRNA binding sites
(MBSs) under the cutoff “penalty score < 6.” The metagene
profiles showing the distribution patterns of the MBSs in
mRNAs were drawn by using Guitar (Cui, Wei, et al., 2016).
To do this analysis, the mRNAs were aligned and divided into
three regions (5'UTRs, CDSs, and 3'UTRs).

2.6 | IP-MS

The experiment was performed according to the previously
reported procedure (Zhu et al., 2025). Briefly, the Co-IP
assays were performed using 16-day-old transgenic seedlings
over-expressed with AGO! and TRNI-3XFLAG, respectively.
The seedlings were ground into a fine powder using liquid
nitrogen and homogenized in lysis buffer (25 mM Tris—HCl
pH 7.4, 25mM KCl, 10mM MgCl,, 0.1% NP-40, and 2x
complete protease inhibitor cocktail). The lysates were soni-
cated in an ice-water bath, followed by centrifugation (21,000
X g, 30 min, 4°C). The supernatants were collected and
incubated with pre-equilibrated anti-Flag magnetic beads
(Smart-Lifescience, B25081109) overnight at 4°C with con-
stant rotation. The beads were washed three times with 500 uLL
of wash buffer (20mM Tris—HCI pH 7.9, 0.5M KCl, 10%
glycerol, ] mM EDTA, 5mM DTT, 0.4% Nonidet P-40, and
0.2 mM phenylmethylsulfonyl fluoride) and eluted with 0.1 M
glycine (pH = 2).

For protein digestion, the eluted samples were neutralized
and precipitated with four volumes of ice-cold acetone at
—20°C for 1 h, followed by centrifugation (12,000 X g, 10 min,
4°C). The protein pellets were air-dried and resuspended in a
buffer containing 50 mM NH,HCO;, digested with trypsin
(at a 50:1 protein-to-enzyme ratio) overnight at 37°C. Fol-
lowing reduction with 5 mM tris-carboxyethylphosphine and
alkylation with 11 mM iodoacetamide for 1 h in the dark at
room temperature, and digestion was terminated by adding
5% formic acid (FA). Finally, the peptides were desalted
using StageTips, resuspended in 0.1% FA, and subjected to
HPLC-MS/MS analysis.

Peptides were analyzed on a Q Exactive HF-X instrument
(ThermoFisher Scientific) coupled to an Easy-nL.C 1200 sys-
tem (Zhu et al., 2025). Separation was performed with a
reversed-phase C18 column (75 yum X 15cm, 1.9 pm, 1 um

tip) using a 60 min gradient at 500 nL min~! with 0.1% FA
in water (solvent A) and 0.1% FA in 80% acetonitrile (sol-
vent B): 6%—8% solvent B for 2 min, 8%-30% B for 37 min,
30%—40% B in 14 min, 40%-90% B for 3 min, and 90% B
for 4 min. Full MS scans (400-1400 m/z) were acquired at
60,000 resolution with a 3 x 10° ion count target and a max-
imum injection time of 45 ms. Data-dependent acquisition
was operated in top-speed mode (1 s cycle time). Precur-
sors of +1, +6, +8, or above, or unassigned charge states,
were rejected. The top precursors (intensity > 4 x 10°) were
isolated (1.6 m/z window) and fragmented by higher-energy
collisional dissociation (27% NCE). MS/MS spectra were
detected at 15,000 resolution (AGC 1 X 105, max injection
time 22 ms), with dynamic exclusion set to 30 s (10 ppm tol-
erance). Peptides were identified using pFindStudio software.
The protein sequences were downloaded from TAIR10.

3 | RESULTS

3.1 | The influence of the agol mutation on
transcriptome-wide m>C modifications

To systematically dissect the potential regulatory role of
AGOl in m’C modification, the hypomorphic agol-25
mutant (hereafter referred to as agol) of Arabidopsis (Morel
et al., 2002) was selected for m>C-RIP-seq analysis. The
homozygous mutation of agol-25 was validated by PCR
amplification followed by Sanger sequencing. Besides, the
WT plants of Col-0 were included for comparison. To ensure
the statistical robustness of downstream analyses, three inde-
pendent biological replicates were included for m>C-RIP-seq
of the 16-day-old seedlings of agol and WT, respectively.
Based on the sequencing data, transcriptome-wide m>C
peak calling identified a total of 5981 and 4559 high-
confidence m°C peaks (p < 0.01) were identified in WT and
agol, respectively (Tables S1 and S2). The R package QNB
(Liu et al., 2017) was applied to identify statistically sig-
nificant differentially methylated peaks in the agol mutant
relative to WT. This workflow yielded 366 hyper-methylated
peaks (log,FC > 0.5, p < 0.01) and 168 hypo-methylated
peaks (log,FC <-0.5, p <0.01) inago! (Table S3). All identi-
fied m>C peaks were categorized into four distinct groups for
downstream analyses: (1) all peaks identified in WT; (2) all
peaks identified in ago!; (3) the hyper-methylated peaks iden-
tified in ago!; and (4) the hypo-methylated peaks identified in
agol. Genome-wide distribution profiling revealed that m>C
peaks from all four groups were generally evenly distributed
across the five Arabidopsis chromosomes, with notable deple-
tion in centromeric and telomeric regions (Figure 1A-D).
To further validate the reliability of these m>C peaks, the
computational tool Staem5 (Chai et al., 2021) was used to
evaluate their association with the predicted single-nucleotide
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Transcriptome-wide identification of the m>C peaks affected by the agol mutation. (A) Genome-wide distribution pattern of all

m3C peaks identified from the wild-type (WT) seedlings of Arabidopsis (p < 0.01). The three illustrations present the enriched motifs identified from
these m>C peaks by using SEA (simple enrichment analysis), a functional module of the MEME Suite (5.5.7) (Bailey et al., 2015). (B) Genome-wide
distribution pattern of all m>C peaks identified from the seedlings of the agol mutant (p < 0.01). The three illustrations present the enriched motifs
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FIGURE 1

(Continued)
identified from these m>C peaks by using SEA of the MEME Suite (5.5.7). (C) Genome-wide distribution pattern of the hyper-methylated peaks
identified from ago! (log,FC > 0.5, p < 0.01). (D) Genome-wide distribution pattern of the hypo-methylated peaks identified from agol

(log,FC < -0.5, p < 0.01). Referring to the m>C peaks from (A) to (D) and (E) to (H), they show the higher potential of these peaks for harboring
the m>C sites, as compared to the random sets (two-tailed #-test: ¥**p < 0.001 and **p < 0.01). The y-axes indicate the m>C prediction scores
reported by Staem5 (Chai et al., 2021). Three random sets are included for each box plot. Referring to the m>C peaks from (A) to (D), (I) to (L) show
the statistics of their genomic locations, and (M) to (P) show the density of these m>C peaks in mRNAs, which were aligned and divided into three

regions (CDS, coding sequence; UTR, untranslated region) for drawing the metagene profiles by using Guitar (Cui, Wei, et al., 2016).

m>C sites. Consistent with high peak quality, all four groups
of m>C peaks exhibited significantly higher predicted prob-
abilities of containing the predicted m>C sites compared to
randomly shuffled genomic control regions (two-tailed #-test,
p <0.01) (Figure |E-H).

Previous work identified several degenerated sequence
motifs, including HACCR (H = A/C/U; R = A/G) and
CUYCUYC (Y = C/U), as candidate cis-regulatory elements
governing site-specific m>C deposition in Arabidopsis (Cui
et al., 2017). In this regard, all of the m>C peaks identified
in WT (n = 5981) and agol (n = 4559) were independently
subjected to the de novo motif enrichment analysis using the
simple enrichment analysis module within the MEME Suite
(5.5.7) (Bailey et al., 2015). This analysis recovered three sig-
nificantly enriched, prominent sequence motifs in WT and
agol, respectively (Figure 1A,B). Notably, among the six
total identified motifs, two from WT and two from agol
were CU-rich sequences that closely resembled the previously
reported “CUYCUYC” consensus. This observation strongly
suggests that CU-rich genomic regions represent preferential
hotspots that either overlap with or lie in close proximity to
bona fide m*C modification sites. Additionally, the remaining
WT-specific motif was highly enriched in AC dinucleotides,
matching the previously characterized “HACCR” consensus
sequence. However, this AC-rich motif was completely unde-
tectable in the agol mutant background, indicating that its
enrichment was likely to be dependent on functional AGO1.

Next, we performed a comprehensive genomic feature
annotation to map all m>C peaks to distinct transcriptional
regions, including UTRs, CDSs (also referred to as exonic
regions), introns, and intergenic regions. Across all four peak
categories, 48.1%—60.5% of the m>C peaks were consistently
mapped to CDS regions, while <10% of the peaks were
annotated to introns and intergenic regions, respectively
(Figure 11-L). A strikingly distinct distribution pattern was
observed for the peaks annotated to UTR regions. Specif-
ically, 36.1% of the hyper-methylated peaks in the agol
mutant were mapped to 3'UTRs, whereas only 7.2%-17.7%
of the peaks from the other three categories were localized
to this region. Besides, 27.7% of the hypo-methylated peaks
in agol were annotated to 5'UTRs, whereas only 6.7%-8.6%
of the peaks from the other three categories were localized
to this region. Notably, the above annotation did not consider
the substantial differences in the total sequence length of
UTRs versus CDSs across the Arabidopsis transcriptome. To

eliminate this length bias and further resolve the precise dis-
tribution landscape of the m°C peaks, all mRNAs associated
with the m>C peaks were aligned to a normalized metagene
structure consisting of three canonical regions: 5'UTR, CDS,
and 3'UTR. Metagene profiles generated using the R package
Guitar (Cui, Wei, et al., 2016) revealed highly similar global
m°C distribution patterns between WT and agol, with a
prominent enrichment peak localized to the 3'UTR region
(Figure 1 M,N). However, the distribution of differentially
methylated m>C peaks in agol showed dramatic deviations
from this global pattern. Notably, the hyper-methylated peaks
exhibited a far more pronounced, concentrated enrichment
specifically within the 3'UTR region (Figure 10). While the
hypo-methylated peaks also showed moderate enrichment in
the 3'UTR, they displayed a distinct, dominant enrichment
signal that was largely restricted to the 5'UTR (Figure 1P).
Collectively, these results demonstrate that among the m>C
modifications affected by the agol mutation, the hyper-
methylation events are predominantly localized to 3'UTRs,
whereas the hypo-methylation events are strongly enriched
in 5'UTRs.

3.2 | Structure and expression of the m°C
peak-associated genes

To systematically characterize the genomic context of m>C
deposition, we first annotated the 5981 m°C peaks from
WT and 4559 peaks from agol to protein-coding genes in
the TAIR10 (The Arabidopsis Information Resource, release
10) reference genome annotation (Reiser et al., 2024). As
a result, 5559 peaks from WT were mapped to 4696 dis-
tinct genes, and 4325 peaks from agol were mapped to 3716
distinct genes. Notably, 3040 genes are shared between the
two datasets, the vast majority of which are protein-coding
genes (Figure 2A). The substantial overlap strongly indi-
cates that m>C modifications are preferentially targeted to
a conserved subset of protein-coding genes in the 16-day-
old seedlings of Arabidopsis. Comparative analysis revealed
that m>C-associated genes in both WT and ago! contained
significantly more exons than non-methylated genes (two-
tailed r-test, p < 0.001) (Figure 2B), indicating that genes
with more complex exon-intron architectures are preferen-
tially targeted by the m>C methylation machinery. However,
no significant difference was observed between WT and agol.
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FIGURE 2 Structure and expression of the m>C peak-associated genes identified from the wild-type (WT) plants and the ago! mutant of

Arabidopsis. (A) Venn diagram showing the numbers of the m>C peak-associated genes identified from WT and agol, respectively. (B) Comparison
of the gene structure complexity (number of exons per gene, measured by the y-axis, log,-scaled) between the m3C peak-associated genes and the
other non-m>C genes in both WT and ago!. (C) Comparison of the gene expression levels (measured by the y-axis, in fragments per kilobase of exon

(Continues)
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FIGURE 2

(Continued)
per million fragments mapped [FPKM], log,,-scaled) between the m>C peak-associated genes and the other non-m>C genes in both WT and agol.

(D) Comparison of the gene structure complexity between the hyper-methylated and the hypo-methylated genes identified from agol. (E)

Comparison of the gene expression levels between the hyper-methylated and the hypo-methylated genes identified from ago!. (F) Four-quadrant

chart showing the relationship between m’C regulation and gene expression in agol. The genes with altered m>C modification levels (llog,FCl > 0.5,

p < 0.01) and altered expression levels (llog,FCI > 0.5, FDR < 0.05) were marked by color (red, orange, blue, and green) dots. (G) Heatmap showing
the differentially expressed genes (llog,FCl > 1, FDR < 0.05) associated with differential m>C peaks (llog,FCl > 0.5, p < 0.01) identified from agol.
The heatmap was drawn based on the log,-scaled fold changes of m>C modification and gene expression levels as compared to WT. According to the

annotations, many genes are involved in transcriptional or post-transcriptional regulation, protein metabolism, or stress response. ***Two-tailed

t-test, p < 0.001.

Using FPKM values quantified from the “input” data of
m>C-RIP-seq, we found that m>C-associated genes exhibited
significantly higher expression levels than non-methylated
genes in both WT and agol (two-tailed #-test, p < 0.001)
(Figure 2C). Notably, a distinct discrepancy was observed
between WT and the mutant. Specifically, the mean FPKM
value of m’C-modified genes in WT was 17.25, while the
mean FPKM of its corresponding random control was 5.98.
By comparison, the mean FPKM of m’>C-modified genes in
agol reached 20.77, with its matched random control exhibit-
ing a mean FPKM of 5.92. These observations suggest that
the m>C-modified genes in ago!l display either more active
transcriptional status or higher transcript stability. We next
performed the same comparison on genes linked to hyper-
methylated and hypo-methylated m>C peaks in the agol
mutant. However, no statistically significant differences in
exon number or steady-state expression level were detected
between hyper-methylated and hypo-methylated gene groups
(Figure 2D,E).

To further dissect the functional impact of m>C deposi-
tion on transcript abundance, we systematically integrated
our m>C peak datasets with transcriptomic profiles (the
“input” datasets of m>C-RIP-seq) from WT and agol.
We focused on the 534 differentially methylated peaks
(llog,FCI > 0.5, p < 0.01) identified in agol, compris-
ing 366 hyper-methylated and 168 hypo-methylated peaks,
along with their corresponding host genes. We specifically
intersected these host genes with the set of differentially
expressed genes in agol relative to WT (llog,FCI > 0.5,
FDR < 0.05). This overlap identified 12 hyper-methylated
genes with up-regulated expression, 17 hyper-methylated
genes with down-regulated expression, 20 hypo-methylated
genes with up-regulated expression, and 11 hypo-methylated
genes with down-regulated expression (Figure 2F). No sig-
nificantly biased relationship was observed between m>C
methylation and gene expression, indicating that both hyper-
and hypo-methylation could correlate with either up- or
down-regulation of transcript levels. When applying a more
stringent cutoff “llog,FCI > 1, FDR < 0.05” for differ-
entially expressed genes, a total of 19 high-confidence
genes associated with differential m>C peaks were recov-
ered from agol. Based on TAIR10 functional annotations,

these genes are enriched in pathways related to transcrip-
tional or post-transcriptional regulation, protein metabolism,
or stress response (Figure 2G). Several representative loci
were selected for graphic illustrations using the integrative
genomics viewer software (J. T. Robinson et al., 2011). For
example, a specific hyper-methylated m>C peak was localized
to the 5'UTR of transcript AT4G29340.1 in agol. Based on
the “input” data of m>C-RIP-seq, the expression of the gene
AT4G29340 that was annotated to regulate cytoskeleton orga-
nization was up-regulated in the mutant (Figure 3A). A second
example shows a broad hyper-methylated m°>C peak spanning
the entire gene body of AT3G54580, a cell wall organization-
related gene, whose transcript level was correspondingly
up-regulated in agol (Figure 3B). We also identified a hypo-
methylated m’C peak overlapped with the 5'UTR and the first
exon of the transcript AT5G15970.1 in agol. This cold accli-
mation and salt tolerance-related gene was concurrently up-
regulated in the mutant (Figure 3C). At the 5’ end of transcript
AT4G13580.1, a hyper-methylated m>C peak was detected
in agol. This dirigent protein-encoding gene, a key regulator
of lignin biosynthesis, was significantly up-regulated in the
mutant (Figure 3D). Finally, a hyper-methylated m>C peak
was mapped to the first exon of transcript AT1G72210.1 in
agol. This gene, which encodes a basic helix-loop-helix tran-
scription factor, showed an elevated transcript level in the
mutant (Figure 3E). Taken together, these lines of evidence
demonstrate that m>C deposition can functionally modulate
gene expression in a subset of target transcripts, and many of
these m>C-associated genes fulfill critical biological roles in
Arabidopsis development and stress responses.

3.3 | Functional analysis of the m>C
peak-associated genes

The analyses above revealed that a subset of the m’>C-
associated genes fulfilled essential biological functions in
Arabidopsis. To systematically dissect their functional prop-
erties, we set out to perform a comprehensive survey on
the biological roles of these m>C-associated genes based
on gene ontology (GO) terms (Ashburner et al., 2000)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
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Graphic illustrations showing the effect of differential m>C modifications on gene expression. From (A) to (E), five genes

associated with the differential m°>C peaks identified from the ago! mutant were taken, for example. Based on the m>C-RIP-seq data, the hyper- and

hypo-methylated peaks were marked by the red and blue boxes, respectively. The gene expression comparison between the wild-type (WT) plants

and agol was performed based on the “input” data of m>C-RIP-seq. The IGV (integrative genomics viewer) software (http://www.igv.org) (J. T.

Robinson et al., 2011) was used for visualization.

pathways (Ogata et al., 1999). Consistent with the classifi-
cation of the m>C peaks, we stratified all m>C-associated
genes into four independent groups for downstream analyses.
These four groups are defined as (1) genes associated with
m>C peaks identified in WT; (2) genes associated with m>C
peaks identified in agol; (3) genes associated with the hyper-
methylated peaks in agol; and (4) genes associated with the
hypo-methylated peaks in agol.

First, we systematically annotated all m>C peaks to four
distinct gene categories: protein-coding genes, pseudogenes,
transposable element genes, and non-coding genes (includ-
ing tRNAs, miRNA precursors, and other non-coding RNAs).
As a result, 4626 protein-coding genes, seven tRNAs, six
pre-miRNAs (precursor miRNAs), and 1028 other ncRNAs
(non-coding RNAs) were associated with the m>C peaks iden-
tified from WT. A total of 3662 protein-coding genes, five

tRNAs, four pre-miRNAs, and 862 other ncRNAs were asso-
ciated with the m>C peaks identified from agol. Notably,
no m>C peaks were annotated to pseudogenes or transpos-
able element genes in either genotype (Figure 4A,B). For both
protein-coding and non-coding gene groups, the vast majority
of loci harbored only a single m>C peak, while a small subset
of genes contained multiple distinct m>C peaks. Separately,
we found that in the agol mutant, 317 protein-coding genes
and nine ncRNAs were associated with hyper-methylated
m>C peaks (Figure 4C), and 141 protein-coding genes and six
ncRNAs were linked to hypo-methylated peaks (Figure 4D).
Importantly, the small set of m>C peaks located on tRNAs and
pre-miRNAs showed no significant changes in methylation
level in the agol mutant compared to W'T.

Next, functional analysis was performed for the m>C
peak-associated genes based on GO and KEGG annotations.
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FIGURE 4

Functional annotations of the m>C peak-associated genes identified from the wild-type (WT) plants and the agol mutant of

Arabidopsis. (A) Numbers of the m’C peak-associated genes assigned to different categories in WT. The two histograms below show the numbers of

the protein-coding and the non-coding genes associated with different numbers of the m>C peaks, respectively. (B) Numbers of the m*>C

peak-associated genes assigned to different categories in agol. The two histograms below show the numbers of the protein-coding and the

non-coding genes associated with different numbers of the m>C peaks, respectively. (C) Numbers of the hyper-methylated genes assigned to different

categories in agol. The two histograms below show the numbers of the protein-coding and the non-coding genes associated with different numbers

of the hyper-methylated peaks, respectively. (D) Numbers of the hypo-methylated genes assigned to different categories in agol. The two histograms

below show the numbers of the protein-coding and the non-coding genes associated with different numbers of the hypo-methylated peaks,

respectively. (E) GO (gene ontology) term enrichment analysis of the m*>C peak-associated genes in WT. (F) GO term enrichment analysis of the

m’C peak-associated genes in agol. (G) GO term enrichment analysis of the hyper-methylated genes in agol. (H) GO term enrichment analysis of

the hypo-methylated genes in agol. (I) KEGG (Kyoto Encyclopedia of Genes and Genomes) term enrichment analysis of the m*>C peak-associated

genes in WT. (J) KEGG term enrichment analysis of the m’C peak-associated genes in agol. (K) KEGG term enrichment analysis of the

hyper-methylated genes in ago!. (L) KEGG term enrichment analysis of the hypo-methylated genes in agol

GO enrichment results showed that in both WT and agol,
a large fraction of the m>C peak-associated genes were
significantly enriched in core RNA-related functional
categories, including RNA binding, processing, splicing,
transportation, and metabolism (Figure 4E,F). However, fur-
ther comparative analysis revealed distinctively enriched GO

terms between the m>C-modified genes identified in WT and
agol. For example, the enriched GO terms “RNA splicing”
and “RNA secondary structure unwinding” were specifically
detected in agol. Notably, 14 genes linked to the hyper-
methylated m>C peaks in agol were functionally related to

mRNA binding or ribosome (Figure 4G). Consistent with the
GO results, KEGG pathway analysis revealed that the m>C-
associated genes from both WT and ago! were significantly
overrepresented in two core post-transcriptional regulatory
pathways: the mRNA surveillance pathway and ribosome
biogenesis (Figure 41J). For the hyper-methylated gene
subset in agol, 15 genes were functionally related to ribo-
some, and six genes were assigned to the mRINA surveillance
pathway, respectively (Figure 4K). The 15 hyper-methylated
ribosome-related genes could be further divided into two
distinct subgroups: nine genes (ATI1G74050, AT1G33120,
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FIGURE 5 The genes involved in translation and mRNA surveillance are hyper-methylated in agol. (A) Nine genes encoding different

ribosome large subunits are hyper-methylated in ago!. (B) Six genes encoding different ribosome small subunits are hyper-methylated in agol. For
both (A) and (B), the model diagrams of the ribosome large and small subunits were retrieved from KEGG (Kyoto Encyclopedia of Genes and
Genomes) at https://www.kegg.jp/. (C) Six genes implicated in the mRNA surveillance pathway are hyper-methylated in agol. The pathway was

referenced from KEGG and drawn by using FigDraw (https://www.figdraw.com/static/index.html#/). CPSF, cleavage and polyadenylation specificity

factor; EJC, exon junction complex; PABP, polyadenylate-binding protein; PP2A, protein phosphatase 2A. Based on the raw data of m>C-RIP-seq,

the heatmaps were drawn for the methylation level comparison between the wild-type (WT) plants and the ago! mutant. The hyper-methylated peaks

were identified under the cutoff “log,FC > 0.5, p < 0.01.”

ATIG43170, AT5G23900, AT4G18100, AT5G46160,
AT2G33450, AT5G02450, and AT2G36620) encoding
different large ribosomal subunit proteins (Figure 5A),
and six genes (ATIG71720, ATIG72370, AT3G49080,
AT2G31610, AT4G34555, and AT3G48930) encoding
different small ribosomal subunit proteins (Figure 5B).
Notably, all genes in both subgroups showed consistent
hyper-methylation at their m>C peaks in ago! compared to
WT. However, transcriptome quantification showed that none
of these ribosomal genes exhibited statistically significant
changes in steady-state mRNA levels in agol relative to
WT (FDR > 0.1) (Table S3). On the other hand, another
six hyper-methylated genes in agol were mapped to the
mRNA surveillance pathway, including AT5G37720 and
AT4G39680 encoding the components of exon junction

complex, AT3G54930 and AT3G58500 encoding protein
phosphatase 2A, ATIG49760 encoding a polyadenylate-
binding protein, and AT5G27840 encoding a component of
cleavage and polyadenylation specificity factor (Figure 5C).
Similarly, none of these mRNA surveillance pathway genes
showed significant differential expression in agol (Table
S3). Although the differential m>C modifications on the
above two gene sets did not lead to detectable changes in
their steady-state transcript levels, we hypothesized that
these hyper-methylation marks might be specifically rec-
ognized by unknown m>C “readers” to exert downstream
post-transcriptional regulatory effects independent of mRNA
abundance. For example, the recognition of the m>C sig-
nals by specific “readers” may modulate the translational
efficiency of the target transcripts.
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3.4 | Potential involvement of miRNAs in the
AGO1-mediated site-specific m>C regulation

Our results above demonstrate that the agol loss-of-function
mutation induces widespread, quantitative alterations to the
m>C methylome in Arabidopsis. Given the well-established,
central role of AGOI1 in the canonical plant miRNA effec-
tor pathway (Jones-Rhoades et al., 2006; Vaucheret, 2008),
we hypothesized that miRNAs themselves may directly con-
tribute to the site-specific deposition of m>C. To test this,
we used the TargetFinder algorithm (Allen et al., 2005)
to predict high-confidence miRNA binding sites (MBSs)
that either overlapped with, or were located within 500
nucleotides of, the differential m>C peaks in agol, using a
strict penalty score cutoff < 6. This analysis revealed that
217 out of 366 hyper-methylated peaks (59.29%) and 93
out of 168 hypo-methylated peaks (55.36%) in agol were
directly associated with at least one predicted MBSs (Table
S4). Specifically, a total of 873 MBSs were predicted to be
associated with the differential m>C peaks. Among these,
424 MBSs associated with the hyper-methylated peaks were
mapped to 3'UTRs, and 155 MBSs associated with the hypo-
methylated peaks were mapped to 5'UTRs. The observation
that much more MBSs are enriched in 3’'UTRs as com-
pared to 5’UTRs may contribute to the distinct influence of
the agol mutation on m>C modifications in the two UTR
regions, which needs further investigations. Several exam-
ples of the MBSs associated with the differential m>C peaks
were provided here. The MBS of ath-miR773a fully overlaps
with a hyper-methylated m>C peak located on its target tran-
script AT1G19190.1 (Figure 6A). A second example shows
that the predicted MBS for ath-miR5654-3p lies immediately
adjacent to a hyper-methylated m>C peak on the target tran-
script AT2G47170.1 (Figure 6B). Conversely, the MBS of
ath-miR167a-5p is positioned near a hypo-methylated m>C
peak on its target transcript AT2G17250.1 (Figure 6C). We
also identified an MBS for ath-miR393a-5p that overlaps with
a hypo-methylated m>C peak on transcript AT2G05940.1
(Figure 6D). Finally, the predicted MBS of ath-miR403-3p
is located directly adjacent to a hyper-methylated m>C peak
on transcript AT1G52770.1 (Figure 6E). Consistent with this
spatial association, our sRNA-seq data of the 16-day-old
seedlings of agol-25 and WT shows that ath-miR5654-3p,
ath-miR167a-5p, ath-miR393a-5p, and ath-miR403-3p are all
significantly down-regulated in the ago/-25 mutant. Based on
our sSRNA-seq data of agol-27, another hypomorphic mutant,
these miRNAs except for ath-miR167a-5p are also down-
regulated. Besides, the sSRNA-seq datasets reported by a previ-
ous study (Montgomery et al., 2008) were also used to validate
the expression patterns of the above four miRNAs. Although
the public sequencing libraries were prepared from flower tis-
sue, ath-miR167a-5p and ath-miR403-3p were observed to be
significantly repressed in agol-25. Collectively, the results

of miRNA expression analysis provide independent experi-
mental evidence linking miRNA abundance to the observed
changes in m>C deposition.

To further validate the spatial association between m>C
peaks and predicted MBSs, we analyzed the full set of
5981 m>C peaks identified in WT based on our own dataset.
Filtering for peaks mapped to annotated protein-coding genes
yielded 5559 non-redundant m>C peaks with defined host
genes based on the TAIR10 annotation, and these peaks were
carried forward for downstream analysis. We ran TargetFinder
on these peak-hosting genes using the cutoff “penalty score
< 67, and retained the MBSs that either overlapped directly
with the m>C peak or resided within a 500-nt flanking win-
dow. This analysis revealed that 3351 out of the 5559 m°C
peaks (60.28%) in WT were linked to at least one predicted
MBS. Among these MBS-associated peaks, 35.5% had the
MBS fully overlapping the m°C peak, 33.5% had the MBS
within 200 nt of the peak, and the remaining 31.0% had the
MBS located 200-500 nt away from the peak (Figure 6F).
To confirm this pattern in an independent published dataset,
we re-analyzed the public m°C methylome from 9-day-old
Arabidopsis seedlings generated by a previous study (Cui
et al., 2017). From this dataset, 5989 m>C peaks mapped to
TAIR10-annotated genes were included in the identical MBS
prediction pipeline. Consistently, this re-analysis showed that
3696 out of the 5989 m°C peaks (61.71%) were also asso-
ciated with predicted MBSs. Among these MBS-associated
peaks, 31.0% had the MBS fully overlapping the m°C peak,
34.1% had the MBS within 200 nt of the peak, and the
remaining 35.0% had the MBS located 200 to 500 nt away
from the peak (Figure 6F). To assess the statistical signifi-
cance of the overlap between two finite gene sets, we applied
the hypergeometric distribution test, a standard probabilis-
tic framework widely utilized in omics-based investigations.
The total number of protein-coding genes annotated in the
TAIR10 Arabidopsis reference genome is 28775. Under the
null hypothesis of random sampling, the expected overlap
between the two gene sets—2917 genes harboring m>C-
associated MBSs identified in 16-day-old WT seedlings and
2960 genes with m>C-associated MBSs derived from 9-day-
old WT seedlings—is calculated to be approximately 300.
Despite the difference in developmental stages between the
two samples, the observed intersection of these two sets
reaches 1182 genes, which represents a statistically highly
significant enrichment far exceeding the random expecta-
tion. Next, the distribution patterns of the MBSs associated
with the m>C peaks were analyzed. In both our dataset and
the published dataset, MBSs were significantly enriched in
the 3'UTRs (Figure 6G), a pattern that closely mirrors the
3'UTR-preferential distribution of m>C peaks we observed
in WT (Figure 1M). Collectively, these independent lines
of evidence from our own dataset and a public methy-
lome strongly support a conserved, genome-wide spatial

8SUBD1 SUOLLILLIOD BAIRR1D) 3ol dde ay) Aq pausenoh ae SaIle YO ‘SN JO S3|nJ 10y Afig1T8UIjUQ AS[IAA UO (SUORIPUOD-PUR-SWR)W0D A3 1M Afeiq iUl uo//sdiy) SUORIPUOD pue SW | 8Ul8dS “[920Z/0T/ZT] uo ArigiaulluQ AB(im ‘AiseAlun ewlioN noyzbueH Aq 2ze0, Z6d1/Z00T 0T/10p/Woo A3 | 1M AReiq 1pU1|UO'SS3SIe//SANY L. papeo|umod ‘v ‘9202 ‘Z.EE0V6T



FENG ET AL. The Plant Genome .0 15 of 20

5989
A F —y 5559
a | WT-msC 5000 -
| 4000 35.5% 31.0%
BN T S P 3000 34.1%
ago?-m |
i : 2000 31.0% 35.0%
e e B 1000 1 /
— ath-miR773a
AT1G19190.1 WT 9 day-seedling WT

B ath-miR5654-3p

all peaks ® peaks with MBSs overla <200 nt = <500 nt
opt <M H : Wi p P ( P )
-2 o M ] i :
ep= G WT 9 day-seedling WT
rep-3  am M il i8
E—g B m # | 15
5
- - o] ago?-m’C w 10
e M [ os o
— ath-miR5654-3p ’
AT2G47170.1 - -
C 5'UTR CDs 3'UTR 5'UTR CDS 3'UTR
ath-miR167a-5p
rep—1 o i M e 50%
WT-mSC
rep=2_ f§ oo L L w e 40% -
rep-3 | Ll . g
£s .. e mea
8 ago1-m°C 1
= ] e a e - e 50% ’_Aﬁ r A \ r A \ r A \
— ath-miR167a-5p 30% =
AT2G17250.1 10% -
. N v N v N v N v
ath-miR393a-5p o Ay, & & & & & & &
TRt B WT-m*C £ F S &f I S F
rep-2 p— e | v v v v v v v v
rep-3 R iy I WT ago1 hyper hypo
E §, SE—— e —— - ;7 Erasers? » ‘ ‘
® ago1-m°C ;
S AGO1
o @ NN MIRNA
- ath-miR393a-5p TRM4B
AT2G05940.1 (other writers?) @
AGO1

ath-miR403-3p NANANAN miRNA

I S =Jclclcy 9

rep-2
m’G N\ AAAAAA

rop=3 5UTR cDs MBS  3uTR

WT
ago1
I

ago1-m°C
RNA surveillance

- ath-miR403-3p Translation

AT1G52770.1
W WT-m°C_input WT-m°C_IP [l ago7-m°C_input ago1-m*C_IP Protein ?r rRNA
FIGURE 6 Model proposed for the site-specific m>C regulation mediated by the microRNA (miRNA)-guided AGO1 protein complex. (A) to
(E) Examples of the differential m>C peaks associated with microRNA binding sites (MBSs). The IGV (integrative genomics viewer) software
(http://www.igv.org) (J. T. Robinson et al., 2011) was used for visualization. Based on the m>C-RIP-seq data, the hyper- and hypo-methylated peaks
identified from agol were marked by the red and blue boxes, respectively. The MBSs overlapping with or neighboring to the differential peaks were
marked by short red lines. From (B) to (E), the differential expression patterns of the four miRNAs are shown by the heatmaps. For m>C-RIP-seq,
there are three biological replicates for the wild-type plants (WT) and the agol-25 mutant, respectively. (F) Prevalent association of the m*>C peaks
with the MBSs. Based on the present study (WT) and the previous study (9-day-seedling WT) (Cui et al., 2017), a total of 5559 and 5989 m>C peaks
were analyzed, respectively. Among these, 3351 and 3696 peaks are associated with the MBSs. The pie charts show the percentages of the
MBS-associated m>C peaks assigned to different categories: peaks containing the MBSs (overlap); peaks with the neighboring MBSs < 200 nt; and
peaks with the neighboring MBSs < 500 nt but > 200 nt. The MBSs were predicted by using TargetFinder (Allen et al., 2005) under the cutoff
“penalty score < 6.” (G) Distribution patterns of the MBSs associated with the m>C peaks in mRNAs. The metagene profiles were drawn by using
Guitar (Cui, Wei, et al., 2016). The mRNAs were aligned and divided into three regions (CDS, coding sequence; UTR, untranslated region). (H)

(Continues)
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FIGURE 6 (Continued)
RIP-seq data-based evidence showing the direct binding of the AGO1 protein onto the transcripts associated with the m>C peaks. Four categories of

the m>C peaks were analyzed separately: 5981 peaks identified from WT; 4559 peaks identified from agol; 366 hyper-methylated peaks identified
from agol; and 168 hypo-methylated peaks identified from agol. Two biological replicates were included for the RIP-seq experiment of AGO1. The
y axes measure the percentages of the m>C peaks overlapping with the AGO1-bound transcripts. The lower histogram shows that around 30% of the
m3C peaks are associated with the AGO1-bound transcripts based on each replicate of the RIP-seq experiment. Among these peaks, around 10% are
supported by both replicates. The upper histogram shows that >40% of the m>C peaks are associated with the AGO1-bound transcripts, as supported
by either of the two replicates. (I) The miRNA-guided AGO1 complex is potentially involved in the site-specific regulation of m>C modifications. In
this model, two possible pathways are proposed. First, the binding of the AGO1 complex onto the target transcripts blocks the action of the m>C
machinery on the neighboring m’C site. Second, by association with the m>C machinery, the AGO1 complex may facilitate the action of the m>C

machinery on the specific m>C site neighboring to its binding region. For both pathways, the m>C machinery may involve “writers” such as
tRNA-specific methytransferase 4B (TRM4B) or the unidentified “erasers.” In this model, the miRNAs play a critical role in guiding the AGO1
complex to the specific region based on the complementary microRNA binding sites (MBSs), which are preferentially enriched in 3'UTRs.

Functional analysis indicated that some of the m>C modifications regulated by AGO1 were likely to be implicated in the post-transcriptional

pathways such as RNA surveillance or translation. The model was drawn by using FigDraw (https://www.figdraw.com/static/index.html#/).

association between m>C deposition and miRNA binding
sites in Arabidopsis.

Our results demonstrate that the agol mutation drives
widespread differential m°>C methylation across the Ara-
bidopsis transcriptome and strongly suggest a mechanistic
link between the miRNA-guided AGO1 effector complex
and site-specific m>C deposition. To obtain direct, bio-
chemical evidence that AGO1 physically associates with
these m> C-modified transcripts, we performed RIP-seq (RNA
immunoprecipitation followed by deep sequencing) of the
AGOL protein using the AGO1-specific antibody. Two bio-
logical replicates of the RIP-seq experiment were performed
for the 2-week-old WT seedlings of Col-0. A total of 2890 and
4370 genes were identified as harboring significant AGO1
binding signals in the two biological replicates, respectively.
Notably, only 797 genes were shared by the two replicates.
The relatively low reproducibility between the two biological
replicates of AGO1-RIP-seq can be attributed to the highly
dynamic nature of AGO1-binding transcripts and the inherent
instability of these targets, since many of them are miRNA
targets. Then, we systematically overlapped the full set of
AGO1-bound transcripts identified from RIP-seq with our
four pre-defined categories of m>C peaks. These four groups
included 5559 m>C peaks mapped to TAIR10-annotated
genes in WT; 4295 peaks mapped to TAIR 10-annotated genes
in agol; 366 hyper-methylated peaks in agol; and 168 hypo-
methylated peaks in agol. In the WT dataset, 29.43% and
29.54% of all m>C peaks were located on AGO1-bound tran-
scripts in the two RIP-seq replicates, respectively. On the
other hand, 11.39% of all m>C peaks in WT are supported
by the two RIP-seq replicates, and the ratio is increased to
47.58% when considering the peaks supported by at least one
RIP-seq replicate (Figure 6H; Table S5). In the agol mutant
dataset, 29.59% and 29.38% of all m°C peaks were located
on AGOI1-bound transcripts in the two RIP-seq replicates,
respectively. On the other hand, 11.69% of all m>C peaks in
agol are supported by the two RIP-seq replicates, and the

ratio is increased to 47.29% when considering the peaks sup-
ported by at least one RIP-seq replicate (Figure 6H; Table
S5). It is not surprising that relatively consistent observations
were obtained between WT and agol. The agol-25 mutant
is not a complete loss-of-function allele. Consequently, the
AGOI protein in this mutant does not fully lose its capac-
ity to bind target transcripts; instead, the binding affinity
between AGOI1 and its target transcripts is attenuated in most
scenarios. Actually, in the present study, we reported only
366 hyper-methylated peaks (log,FC > 0.5, p < 0.01) and
168 hypo-methylated peaks (log,FC < -0.5, p < 0.01) were
discovered from agol-25 (Table S3). This suggests that the
agol mutation does not affect m>C modifications across the
entire transcriptome but exerts regulatory effects on the m>C
modification of specific gene transcripts, reminiscent of the
well-documented specificity of miRNA-mediated target gene
regulation. By focusing on the 366 hyper-methylated m>C
peaks in agol, 23.50% and 30.60% were mapped to AGO1-
bound transcripts in the two RIP-seq replicates, respectively.
On the other hand, 10.9% of the 366 hyper-methylated peaks
in agol are supported by the two RIP-seq replicates, and the
ratio is increased to 43.17% when considering the peaks sup-
ported by at least one RIP-seq replicate (Figure 6H; Table
S5). For the 168 hypo-methylated peaks in agol, 19.05% and
29.76% were mapped to AGO1-bound transcripts in the two
RIP-seq replicates, respectively. On the other hand, 6.55%
of the 168 hypo-methylated peaks in agol are supported
by the two RIP-seq replicates, and the ratio is increased to
42.26% when considering the peaks supported by at least
one RIP-seq replicate (Figure 6H; Table S5). To assess
the significance of the overlap between hyper-methylated
genes and AGO1-binding genes, we performed a one-tailed
hypergeometric test. Among the 321 hyper-methylated genes
identified in agol, 139 were annotated as AGO1-binding tar-
gets. Using the 28,775 genes annotated in TAIR10, where
6463 genes carry AGO1-RIP signals, our observed overlap is
~1.93-fold higher than the random expectation of 72 genes,
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representing a statistically highly significant enrichment
(p = 1.1 x 107'7). A one-tailed hypergeometric test also
confirmed that the 63 AGOI1-binding targets among 142
hypo-methylated genes represent a ~1.98-fold significant
enrichment over the random expectation of 32 genes (p = 1.2
x 107%). Collectively, these RIP-seq results provide robust
biochemical evidence that many m>C-modified transcripts are
direct, in vivo targets of the AGO1 protein in Arabidopsis.
Integrating our multi-omic evidence from m>C methylome
profiling, MBS co-localization analysis, and AGO1 RIP-seq,
we proposed a working model in which the miRNA-guided
AGOI effector complex acts as a critical upstream regu-
lator of site-specific m>C deposition in Arabidopsis. This
model posits two distinct, non-mutually exclusive mecha-
nisms by which AGOI can shape the m°C landscape on
its target transcripts. First, occupancy of the AGO1 com-
plex at its target MBS creates a local steric block that
prevents the m>C machinery from accessing and modifying
the adjacent m>C site. Second, AGO1 can act as a molecular
scaffold: by interacting with the m>C enzymatic machin-
ery, it actively recruits m>C writers or erasers to deposit or
remove m°C at specific sites proximal to its own binding
region. To date, the m>C methyltransferase TRM4B remains
the only well-characterized component of the plant m>C enzy-
matic machinery that specifically mediates m>C deposition on
mRNA transcripts. We therefore hypothesized that TRM4B
could be a direct or indirect interacting partner of the AGO1
complex in vivo. To test this, we generated two indepen-
dent transgenic plants of Arabidopsis: one over-expressing
AGOI and the other over-expressing FLAG-tagged TRN1I, a
previously validated AGO1 interactor with established roles
in the miRNA pathway (Cui, Fang, et al., 2016). Using
these two transgenic plants, we performed IP-MS assays
using AGO1-specific and FLAG-specific antibodies, respec-
tively. While no direct physical interaction between AGO1
and TRM4B was detected in our IP-MS data, we identified
robust, high-confidence interaction signals between TRN1
and TRM4B (Figure S1). On the other hand, based on the
“input” data of m>C-RIP-seq, no significant difference in
transcript abundance of TRM4B was detected between WT
and the agol mutant (Table S6). This observation rules
out the possibility that altered miRNA activity in the agol
mutant indirectly influences m>C deposition by changing the
steady-state expression level of TRM4B. These results provide
experimental support for the second mechanism of our pro-
posed working model, where AGO1 can bridge to the m>C
machinery via intermediate protein partner TRN1. Besides,
it is notable that TRN1 has been reported to play a critical
role in promoting the association of miRNA with AGO1 in
Arabidopsis (Cui, Fang, et al., 2016). However, for both pro-
posed mechanisms, the m>C enzymatic machinery includes
the known m°C writer TRM4B, alongside additional cur-
rently uncharacterized m>C writers and erasers that represent

promising targets for future investigation. Besides, miRNAs
serve as the primary sequence-specific guiders that direct
the AGO1 complex to its target regions via sequence com-
plementarity to MBSs, which we show are preferentially
enriched in the 3'UTRs of Arabidopsis transcripts. Moreover,
our functional enrichment analyses indicate that a subset of
these AGOI-dependent m>C marks are functionally linked
to core post-transcriptional processes, including the mRNA
surveillance pathway and translational regulation (Figure 6I).

4 | DISCUSSION

The discovery of m>C modifications started from the tRNA-
specific methyltransferases DNMT2 and TRM4B (A. L.
Burgess et al., 2015; Goll et al., 2006). Here, we performed
high-resolution whole-transcriptome m>C-RIP-seq and iden-
tified thousands of high-confidence m>C peaks in both WT
and the agol mutant (Tables S1 and S2). While a fraction
of these peaks mapped to non-coding genomic regions (inter-
genic regions and introns), the vast majority were localized
to annotated protein-coding genes (Figures 11,J and 4A,B),
demonstrating widespread mRNA m>C modification across
the Arabidopsis transcriptome. Motif analysis of these m>C
peaks identified two dominant sequence contexts: CU-rich
and AC-rich motifs, which closely resemble the previously
reported HACCR and CUYCUYC consensus sequences in
Arabidopsis (Cui et al., 2017).

Comparative methylome analysis identified hundreds of
statistically significant differential m>C peaks between WT
and the agol mutant (Table S3), directly implicating AGO1 as
a key regulator of transcriptome-wide m>C deposition. Peak
distribution pattern analysis uncovered a striking positional
difference between hyper-methylated and hypo-methylated
m>C peaks. Hyper-methylated peaks in agol were strongly
and specifically enriched in 3'UTRs. In contrast, while
hypo-methylated peaks also showed moderate enrichment in
3'UTRs, they exhibited a far more pronounced enrichment
in 5'UTRs (Figure 10,P). The molecular mechanism driving
this distinct positional partitioning of differential m>C peaks
remains to be fully elucidated in future work. Notably, m>C
peaks mapped to tRNAs and pre-miRNAs showed no sig-
nificant changes in the ago/ mutant, indicating that AGOl1
preferentially regulates m>C deposition on mRNA transcripts
rather than on non-coding RNAs.

While both up-regulation and down-regulation of gene
expression can be correlated with hyper-methylation or
hypo-methylation (Figure 2F), highly transcribed genes are
significantly enriched for m°C peaks across the transcrip-
tome (Figure 2C). We propose two non-exclusive mechanistic
explanations for this observed pattern. First, as higher sub-
strate availability generally accelerates enzymatic reactions,
the elevated steady-state levels of mRNAs could directly
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promote more efficient targeting and catalysis by the m>C
writer complex. Second, m>C deposition itself can act as a
functional mark that promotes transcript stability, creating
a positive correlation between m>C occupancy and mRNA
abundance. Besides, our functional analysis reveals that a
large fraction of hyper-methylated genes in the ago/ mutant
are functionally annotated to the mRNA surveillance path-
way or ribosome biogenesis (Figure 5C). This suggests that
the modulatory effects of m>C on transcript stability and
translation can be functionally amplified through these core
regulatory pathways.

We performed independent MBS prediction on m>C peak-
hosting transcripts derived from both our WT dataset and the
previously published Arabidopsis m>C methylome. Across
both datasets, over 60% of all m°C peaks are associated
with the MBSs with distance < 500 nt (Figure 6F). It
is predictable that this association percentage will further
increase if a more permissive distance cutoff is adopted.
Indeed, some distal MBSs can remain functionally active
via long-range RNA secondary structure interactions within
the same transcript. Besides, both m°C peaks and their
linked MBSs exhibited a strong enrichment in 3'UTR. In
the agol mutant, 59.29% of the hyper-methylated peaks and
55.36% of the hypo-methylated peaks were also found to
be associated with predicted MBSs (Table S4). Finally, our
AGO-RIP-seq experiment provided direct biochemical evi-
dence showing the direct binding signals of AGO1 on the
m>C-associated transcripts (Figure 6H; Table S5). It has been
well-known that the Arabidopsis AGOL1 protein requires small
RNAs for its binding to target transcripts (Fang & Qi, 2016;
Tolia & Joshua-Tor, 2007). These highly consistent lines of
evidence led us to hypothesize that AGO1 is recruited to
specific transcript regions via miRNA guidance to mediate
site-specific m>C methylation. However, it remains an open
question whether AGO1 can modulate m>C methylation via a
miRNA-independent regulatory pathway.

Several key points from our results merit further clarifica-
tion and discussion. First, the total number of the differential
m>C peaks identified in the ago/-25 mutant is substantially
lower than the number of the MBS-associated m>C peaks or
the number of peaks with AGO1 binding signals. We propose
two non-mutually exclusive explanations for this observa-
tion: (1) agol-25 is one of the hypomorphic agol mutants
of Arabidopsis, in which AGO1 catalytic activity is not com-
pletely abolished. (2) The site-specific regulation of AGO1
guided by the miRNAs is also constrained by the spatiotem-
poral expression patterns of these miRNAs. Consistent with
this, both the m>C writer TRM4B and global m*>C deposition
have been demonstrated to have tissue-specific distribution
patterns in Arabidopsis (Cui et al., 2017; David et al., 2017).
Given these constraints, it is predictable that a larger set of
hyper-methylated and hypo-methylated m>C peaks would be
recovered when analyzing stronger AGO1 null alleles or pro-

filing distinct tissues and developmental time points in the
agol-25 background. Second, over 40% of the m>C peak-
hosting transcripts were recovered as AGOI1-bound targets
in only one of the two RIP-seq biological replicates, while
only ~10% were detected as overlapping targets in both repli-
cates (Figure 6H). This moderate overlap between replicates
can be explained not only by inherent technical variability in
RIP-seq assays but also by the highly transient and dynamic
nature of AGO1—transcript interactions in vivo. Third, based
on the canonical model, the miRNA-guided target regulation
is mostly performed through AGO1-mediated target cleav-
ages (Jones-Rhoades et al., 2006). However, based on the
working model proposed by the present study (Figure 6I),
the miRNA-guided target regulation may also involve m>C
modifications, which have a potential impact on transcript
stability and translation efficiency. At the current stage, we
cannot clearly distinguish the effects of miRNA-guided target
cleavage and m>C modification, as both transcript cleav-
age and m>C modification can influence transcript stability.
However, based on degradome sequencing data reported by
our previous study (NCBI Sequence Read Archive acces-
sion ID: PRINA1441820), target prediction and cleavage site
maping were performed according to the previously reported
workflow (Shao et al., 2013). As a result, no cleavage sites
for potential miRNA regulators were identified on the tran-
scripts exemplified in Figures 3 and 6 A—E. This result further
indicates that the differential m>C modifications detected
on these transcripts are unlikely to be artifacts caused by
miRNA-guided target cleavages.
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