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DNA methylation (5mC) and N6-methyladenosine (m6A) are two important epigenetics regulators, which have a profound
impact on plant growth development. Phyllostachys edulis (P. edulis) is one of the fastest spreading plants due to its
well-developed root system. However, the association between 5mC and m6A has seldom been reported in P. edulis.
In particular, the connection between m6A and several post-transcriptional regulators remains uncharacterized in P.
edulis. Here, our morphological and electron microscope observations showed the phenotype of increased lateral root
under RNA methylation inhibitor (DZnepA) and DNA methylation inhibitor (5-azaC) treatment. RNA epitranscriptome
based on Nanopore direct RNA sequencing revealed that DZnepA treatment exhibits significantly decreased m6A level
in the 3′-untranslated region (3′-UTR), which was accompanied by increased gene expression, full-length ratio, higher
proximal poly(A) site usage and shorter poly(A) tail length. DNA methylation levels of CG and CHG were reduced in both
coding sequencing and transposable element upon 5-azaC treatment. Cell wall synthesis was impaired under methylation
inhibition. In particular, differentially expressed genes showed a high percentage of overlap between DZnepA and 5-
azaC treatment, which suggested a potential correlation between two methylations. This study provides preliminary
information for a better understanding of the link between m6A and 5mC in root development of moso bamboo.

Keywords: alternative polyadenylation, DNA methylation, long non-coding RNA, N6-methyladenosine, Phyllostachys edulis,
poly(A) tail length.

Introduction

DNA and RNA methylations regulate complicated gene expres-
sion of organisms without alteration of the DNA sequence
(Rapp and Wendel 2005, Gallusci et al. 2017). More than 170
RNA modifications have been reported (Wiener and Schwartz
2021). Among these chemically modified RNA residues, N6-
methyladenosine (m6A) is one of the most prevalent RNA
methylation in eukaryotes (Arribas-Hernández and Brodersen
2020). In recent years, RNA modification has been an emerging
research hotspot because addition and removal of N6-methyl

groups from adenine is a dynamic and reversible biological
process due to methyltransferases and demethylases (Jia et al.
2011). In mammals, the addition of m6A is mediated by the
methyltransferase complex, such as METTL3 and METTL14 (Liu
et al. 2014). In Arabidopsis thaliana, m6A writer components
include MTA, MTB, FIP37, VIRILIZER and HAKAI (Zhong et al.
2008, Shen et al. 2016, Růžička et al. 2017). Demethy-
lase activity is observed in Fat mass and obesity associated
gene (FTO) and alpha-ketoglutarate-dependent dioxygenase
homolog (ALKBH) family, which are responsible for the removal
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of m6A in mammals and Arabidopsis, respectively (Jia et al.
2011, Zheng et al. 2013, Duan et al. 2017). In addition, m6A
binding proteins containing YTH domain specifically recognize
the adenosine with N6-methyl group on the conserved motifs
and ultimately perform specific biological functions (Theler et al.
2014).

The distribution of m6A is predominantly enriched in the
terminal coding regions or 3′-UTR (Luo et al. 2014, Miao et al.
2020). Multiple studies give insight into the regulation of m6A,
including mRNA stability (Wei et al. 2018, Lee et al. 2020,
Guo et al. 2022), nuclear-cytoplasmic localization (Roundtree
et al. 2017, Edens et al. 2019), alternative polyadenylation site
(Yue et al. 2018, Song et al. 2021), poly(A) tail length (Parker
et al. 2020) and translation efficiency (Coots et al. 2017). In
plants, genetic evidence established the influence of m6A on
trichome morphology and leaf formation (Arribas-Hernández
et al. 2018), flower transition (Duan et al. 2017), circadian
rhythm (Fustin et al. 2013, Zhong et al. 2018), biomass and
fruit ripening (Zhou et al. 2019, Yu et al. 2021, Hu et al. 2022),
anther development (Ma et al. 2021), and stress response (Lu
et al. 2020, Zhu et al. 2021). The S-adenosylhomocysteine
hydrolase inhibitor 3-Deazaneplanocin A (DZnepA) is known as
an m6A methylators inhibitor through decreasing activity of S-
adenosylmethionine-dependent methyltransferase (Glazer et al.
1986, Fustin et al. 2013). DZnepA-based hypomethylation of
m6A plays crucial roles in circadian rhythm in mammals (Fustin
et al. 2013, Zhong et al. 2018), acceleration of fruit ripening
in tomato (Hu et al. 2022) and repression of the synthesis of
the genome in severe acute respiratory syndrome coronavirus
2 (Kumar et al. 2022).

In addition to RNA methylation, DNA methylators is also
regulated by methylating and demethylating enzymes, which
has an important role in genome stability and gene regulation
in plant (Zhang et al. 2018). The maintenance of 5mC is
catalyzed by different DNA methyltransferases. For instance,
methyltransferase 1 (MET1) is mainly responsible for the methyl
addition of the CG context, while CHG methylators is main-
tained by DNA methyltransferase chromomethylase 3 (CMT3)
and chromomethylase 2 (CMT2) (Bartee et al. 2001, Kankel
et al. 2003, Stroud et al. 2014). CHH (H = A, T or C)
motif is context-independent and predominantly mediated by
the RNA-directed DNA methylators pathway (RdDM), which
is methylated by DRM2 (Jones et al. 2001, Naumann et al.
2011). The families of SUVH and AGO play important roles in
the pathways of RdDM (Jackson et al. 2002, 2004, Malagnac
et al. 2002). In Arabidopsis, mutation of the H3K9-specific
methyltransferase SUVH reduces CHG methylators levels (Ebbs
and Bender 2006). Similar to the regulation of RNA methylation,
DNA methylators is dynamically reversible, which is regulated by
subfamilies of bifunctional DNA glycosylases to remove methyl-
cytosines from 5mC (Penterman et al. 2007, Law and Jacobsen
2010). In Arabidopsis, there are four bifunctional 5mC DNA

glycosylase families, including repressor of silencing 1 (ROS1)
(Zhu et al. 2007), DEMETER (DME) (Schoft et al. 2011),
Demeter-like protein 2 (DML2) and DML3, which recognize all
sequence contexts cytosine for removal of 5-methylcytosines
(Ortega-Galisteo et al. 2008). DNA methylators plays crucial
roles in regulation of gene expression, transposon silencing
and maintenance of genome stability (Kumar and Mohapatra
2021). It also plays essential functions in fruit ripening (Zhong
et al. 2013, Daccord et al. 2017, Zhou et al. 2019), seed
development (Grover et al. 2018), embryo-to-seedling tran-
sition (Bouyer et al. 2017), regeneration of shoots (Shemer
et al. 2015) and heat stress response in roots (Hossain et al.
2017). The 5-azacytidine (5-azaC) acts as inhibitor of DNA
methyltransferase through suppressing the activity of DNA
methyltransferase (Friedman 1979, Christman 2002). The 5-
azaC-mediated hypomethylation leads to an earlier flowering
in Arabidopsis (Burn et al. 1993), the improvement of salt
resistance in Triticum aestivum L. (Zhong et al. 2010), and
an increase in tanshinone biosynthesis on hairy roots of Salvia
miltiorrhiza (Yang et al. 2022).

It is essential to identify RNA and DNA modifications using
well-developed technology. Oxford Nanopore Technology (ONT)
long-read sequencing has now emerged as a novel technique
for identifying nucleotide modifications, based on differences
between modified and unmodified bases (Rand et al. 2017,
Simpson et al. 2017, Liu et al. 2019). Since ONT sequencing is
based on the current signal to distinguish features of a base and
its modification, it has gradually become a reliable technology
for identifying both RNA and DNA modifications at single-
nucleotide resolution (Garalde et al. 2018, Smith et al. 2019,
Jenjaroenpun et al. 2021). However, whole-genome bisulfite
sequencing (BS-seq) is still the gold standard technique for
identification of DNA methylators due to high resolution and
accuracy (Plongthongkum et al. 2014).

In addition to identification of methylation, ONT also can
identify alternative polyadenylation (APA) and poly(A) tail length
(PAL) (Gao et al. 2022, Li et al. 2022, Zhou et al. 2022).
Alternative polyadenylation plays important roles in biological
development and response to environmental stress (Li et al.
2017b, Xu et al. 2022). Alternative polyadenylation events gen-
erate different isoforms with variable 3′-untranslated region (3′-
UTR) lengths, which is subject to complex regulation (Shen et al.
2011, MacDonald 2019). For example, CPSF30 in Arabidopsis
constitutes the core component of the CPSF complex, regulating
the selection of polyadenylation sites (Thomas et al. 2012, Li
et al. 2017). It is extremely critical to identify APA position for
quantification. Direct RNA sequencing (DRS) based on poly(A)
tail capturing has a natural advantage in the detection of APA
(Garalde et al. 2018). Theoretically, the position of the 3′-UTR
end of each DRS read symbolizes potential polyadenylation
site (Parker et al. 2020). In addition to APA, the poly(A) tail
plays essential roles in maintaining mRNA stability, improving
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translation efficiency and cytoplasmic localization (Passmore
and Coller 2022). Poly(A) polymerase and deadenylase dynam-
ically regulate PAL (Goldstrohm and Wickens 2008, Nicholson
and Pasquinelli 2019). The nanopore-based method could
provide a comprehensive profile of PAL in plants (J. Jia et al.
2022).

Phyllostachys edulis (P. edulis), a bamboo species of the sub-
family Poaceae, occupies an important position in the forestry
economy and industrial structure due to huge economic benefits
in the utilization of wood and shoots (Chaowana 2013, Peng
et al. 2013). Phyllostachys edulis presents an obvious biological
characteristic of rapid growth during bamboo shoot state due
to the expansion of underground rhizome–root system (Li et al.
2000, 2018, Song et al. 2016). Although epigenetic studies
have been reported in a variety of woody plants (Hu et al. 2020,
Lu et al. 2020, Hou et al. 2022, Li et al. 2022), the association
between methylators and root development remains unexplored
in P. edulis. In this study, we selected root with DZnepA and
5-azaC treatment as materials to investigate the correlations
between reduced methylators and root development in P. edulis.
In particular, this study provides preliminary clues about the
association between RNA methylators and DNA methylators to
promote investigation of potential interplay in future.

Materials and methods

Moso bamboo material inhibitor treatment and growing
environment

Phyllostachys edulis seeds were soaked in sterile water overnight
and then surface-sterilized with chlorine gas. We planted dis-
infected seed in 2-ml centrifuge tubes containing 1 ml of
MS medium to avoid bacteria pollution. Then, the seeds were
germinated at 26 ◦C for 8–9 days under dark conditions. Finally,
the sterile seedlings were planted and cultured in MS plates
containing different concentrations of DZnepA and 5-azaC for
2 weeks in a constant temperature tissue culture room at 26 ◦C
and under long-day light conditions (16L/8D).

Construction of RNA-seq library and bioinformatics analysis
of short reads

In this study, we constructed dUTP strand-specific libraries.
Briefly, fragments of ∼400–500 nt in length were excised from
a 2% agarose gel and the dUTP libraries were constructed
and sequenced using the Illumina HiSeq 2500 platform to
generate paired sequences of 125 nt in length. We used hisat2
(Kim et al. 2019) to map short reads to reference genome
of P. edulis with following parameters: –wrapper basic-0 –max-
intronlen 20,000 –dta. Then, we used samtools (Li et al. 2009)
to convert and sort the bam file. The original expression matrix
was identified by featureCounts (Liao et al. 2014) based on
sorted bam files. The false discovery rate (FDR) was determined
using EdgeR (Robinson et al. 2010) based on the count of
raw reads. The gene expression was normalized by transcripts

per million (TPM). Then, differentially expressed genes (DEGs)
were identified based on log2 fold-change cutoffs of 1.5 and
FDR < 0.05.

Construction of DRS libraries and bioinformatics analysis of
DRS long reads

Total RNAs were extracted from fresh samples according to
the protocol RNA extraction kit (TIANGEN, Cat.no DP441,
Beijing, China). Deoxyribonuclease I was used for removal of
DNA from RNA. The RNA quality was detected by agarose
gel electrophoresis. Total RNAs from different samples were
quantified by Qubit RNA HS Assay Kit (ThermoFisher, Cat. No.
Q32855, USA). The purity of total RNAs was determined by
Nanodrop 2000c spectrophotometer. The RNA integrity number
(RIN) value of total RNA samples was determined by 2100
Bioanalyzer and RNA 6000 Nano Kit (Agilent, Cat. No. 5067-
1511, CA, USA). The samples with RIN value >8 were used
for DRS libraries. The enrichment of mRNA was performed by
Dynabeads™ mRNA Purification Kit (Invitrogen, Cat. No. 61006,
USA). The poly(A) + RNAs was ligated to the ONT reverse
transcription adapter (RTA) based on oligo d(A). After the first
strand of cDNA was obtained using reverse transcription PCR,
the sequencing adapter was ligated to initiate sequencing using
SQK-RNA002 kit protocol with MinION device and R9.4.1 flow
cell (FLO-MIN106, Oxford, UK).

We used Guppy v3.6.1 for converting DRS raw current signals
based on ONT platform into FASTQ files, which were further
corrected by LoRDEC (Salmela and Rivals 2014) with the
parameter (-k 19 -s 3) using RNA-seq reads based on the
Illumina platform. The corrected long reads were then mapped
onto bamboo genome (Zhao et al. 2018) using minimap2 (Li
2018) by the command (minimap2 -ax splice -uf -k14 –sam-
hit-only –secondary = no). Alignment files were sorted, indexed
and filtered (-F 2048) by samtools. Long reads corresponding
to each gene were calculated using featureCounts (Liao et al.
2014). The distance (<20 nt) between annotated translation
start sites and the initial mapping site of DRS long reads was
considered a standard for classification of full length reads and
non-full length reads. The differential full-length ratios among
pair-wise comparison (DMSO vs DZnepA and DMSO vs 5-azaC)
were tested by Fisher test using the number of full-length reads
and the number of non-full-length reads from two samples.
P < 0.005 were selected as the cutoff of differential full-length
ratios.

Identification of differential m6A site, APA and PAL

We identified m6A sites based our previous published pro-
tocol (Liufu et al. 2022). Briefly, each fast5 file was trans-
ferred into fast5 files containing only a single sequence by
multi_to_single_fast5 (https://github.com/nanoporetech/ont_fa
st5_api). We then assigned raw signal and associated base calls
to bamboo transcriptome reference sequences using the re-
squiggle algorithm from Tombo (Stoiber et al. 2017). Finally,
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we identified and quantified m6A at single-base resolution using
nanom6A (Gao et al. 2021). We set 20 as cutoff for the minimum
number of DRS reads from DZnepA treatment supporting a
modified m6A site in genomic coordinates. Considering different
DRS depths from different libraries, we calculated this cutoff of
other libraries (DMSO and 5-azaC) according to normalization
of DRS reads depth. Differential m6A sites were calculated based
on T test for DMSO vs DZnepA and DMSO vs5-azaC using the
modification rate of each m6A site. Differential m6A site was
identified using cutoff of P < 0.05 and difference log2 fold
change >0.5.

Poly(A) site with >5% usage rate remained as candidate
poly(A) site. The distance between two distinct poly(A) sites
should be >30 nt. The reads with termination site located
12 nt immediately upstream and downstream of a poly(A) site
was assigned to the poly(A) site. The poly(A) site with higher
abundance was selected as the major site. The abundance for
each poly(A) site was normalized based on read count from the
highest sites and library size.

The QC result and PAL of each DRS read were calculated by
Nanopolish (Workman et al. 2019) with default parameter. The
median of PALs from all long reads was calculated for each gene.
Differential gene PAL was considered as P-value <0.05 and
log2 fold change >0.5 between DMSO and inhibitor treatment.

Identification of lncRNA

For lncRNA identification, DRS long reads were merged together
and aligned to genome by minimap2 (Li 2018) to gener-
ate BAM files, which were assembled to the transcripts by
Stringtie2 (Kovaka et al. 2019). Transcripts with exon lengths of
<200 bp were filtered out from downstream analysis. Potential
lncRNAs was selected from the overlapped candidates from
three lncRNAs prediction methods (PLEK, CPC2 and lncFinder)
with default options (Li et al. 2014, Kang et al. 2017, Han
et al. 2019). Finally, Pfam-scan was used to calculate coding
potentiality based on protein family domains (E-value < e-5)
to further discard potential coding transcripts (Mistry et al.
2021). Finally, non-coding transcripts expressed in at least one
sample were considered as lncRNA. The identification of full-
length lncRNA was calculated using distance (<20 nt) between
annotated transcript start sites and the initial mapping site of
DRS long reads.

DNA extraction and methylators analysis

Genomic DNA (gDNA) was extracted using a genomic DNA
extraction kit (TIANGEN, Cat. No. DP305, Beijing, China).
Agarose gel electrophoresis was used to detect undegraded,
and then the Qubit dsDNA HS assay kit was used for accurate
quantification. Finally, the gDNA was determined OD260/280
was about 1.80, and OD260/230 was about 2.0–2.2 through
Nanodrop 2000c UV spectrophotometer (ThermoFisher, Cat.
No. 11840461, USA). The gDNA that has passed the

standard was used for downstream bisulfite sequencing library
construction.

We used the bismark_genome_preparation command of
the bismark (Krueger and Andrews 2011) software to
index the P. edulis genome. Furthermore, we used the
bismark_methylation_extractor command with the parameters -
p –no_overlap –comprehensive –report –bedGraph –CX_report
–scaffolds –cytosine_report to obtain DNA 5mC methylators
information from CX report file.

GO enrichment analysis

The annotated genes were downloaded from bambooGDB
database (Zhao et al. 2014) and annotated with BLAST2GO
(Conesa et al. 2005) to construct the bamboo Gene Ontology
(GO) database. Gene Ontology enrichment analysis of
differential genes was performed using clusterProfiler (Yu et al.
2012), and the Benjamini and Hochberg test was used to verify
the enrichment results (GO terms) with FDR < 0.05.

Results

Methylation inhibitors generated obvious phenotype on root
development

In this study, we used methylators inhibitors as treatment and
DMSO as control to investigate the effect of methylators on
root development in P. edulis (Figure 1A). Among six concen-
tration gradient of methylators inhibitors, shorter root length
was observed in response to high concentrations of DZnepA
(Figure 1B) and 5-azaC (Figure 1C). Moreover, treatment with
methylators inhibitors increased lateral root density and the
elongation of the main root was completely inhibited at 10 μM
concentrations for both DZnepA and 5-azaC (Figure 1D). Root
apical meristem shown gradually decreased cell density under
treatment of 5-azaC and DZnepA (Figure S1 available as
Supplementary data at Tree Physiology Online). Furthermore,
paraffin wax sections following light microscopical examination
among eight consecutive time points (Days 0–7) revealed
that the lateral root primordial cell differentiation event hap-
pened at Day 4 using 10 μM concentrations for two inhibitors
(Figure 1E). Day 3 was the key time point when the lateral root
primordium cells were ready to differentiate. Thus, we collected
the root tip materials with 10 μM 5-azaC and DZnepA treatment
on Day 3 to explore the role of 5mC and m6A methylators in root
development of P. edulis.

DZnepA treatment generated global hypomethylated m6A in
3′-UTR region

To evaluate the dynamics of the epitranscriptome in response
to two methylators inhibitors, we used both MinION sequencer
and Illumina RNA-seq reads for transcriptome sequencing using
total RNAs from root tips treated by DMSO, DZnepA and 5-
azaC, respectively (Figure 1A). A total of about 10 million DRS
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Figure 1. Phenotype and cell morphology of moso bamboo root upon inhibitors treatment. (A) Flowchart for analysis of methylators changes in root
induced by DZnepA and 5-azaC. (B) Curve of root growth under treatment of different concentrations of DZnepA. (C) Curve of root growth under
treatment of different concentrations of 5-azaC. (D) Phenotype of moso bamboo under treatment of different concentrations of DZnepA and 5-azaC.
(E) Cytological effects of moso bamboo roots under 0–7 days of treatment by DZnepA and 5-azaC.
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long reads were generated. The average alignment rate to the
annotation files and reference genome was 86.03 and 94.31%,
respectively (Table S1 available as Supplementary data at Tree
Physiology Online), which suggested that DRS reads in this
study covered most of the annotated genes. Then, we performed
nanom6A (Gao et al. 2021) based on these DRS reads
to quantitatively detect m6A modification at the single-base
resolution. We identified a total of 65,912, 61,696 and 49,197
m6A sites associated with 13,131, 12,029 and 12,172 genes
in DMSO, DZnepA and 5-azaC samples, respectively (Figure S2
available as Supplementary data at Tree Physiology Online).
Gene Ontology (GO) analysis shown that genes with common
m6A modification were enriched in ligase activity, GTPase
activity, mRNA binding and protein translation genes (Figure S3
and Table S2 available as Supplementary data at Tree Physiology
Online). The distribution of m6A sites was dominantly enriched
around the end of the coding sequencing (CDS) and
3′-UTR (Figure 2A). The percentage of m6A in different regions
was slightly different in DZnepA and 5-azaC by comparison with
DMSO (Figure 2B). As expected, we observed significantly
decreased m6A ratio after DZnepA treatment (Kolmogorov–
Smirnov test) (Figure 2C). However, we did not observe
obvious global change of m6A ratio upon 5-azaC treatment
(Figure 2C, left panel). The expression levels of two PedMTAs
(PH02Gene01512 and PH02Gene03311) increased upon
DZnepA treatment (Table S3 available as Supplementary data
at Tree Physiology Online), which were further validated by
qPCR (Figure 2C, right panel). The increased expression of
m6A writers might partly antagonize the hypomethylated m6A
upon RNA inhibitor treatment.

In total, we identified 7416 genes with decreasing m6A
ratio and 2824 genes with increasing m6A ratio upon DZnepA
treatment (Figure S4 available as Supplementary data at Tree
Physiology Online). Furthermore, we identified differential m6A
sites upon inhibitor treatment using cut-off of P-value <0.05
(Fisher’s exact test) and log2 fold change (m6A ratio upon
DZnepA treatment/m6A ratio upon DMSO treatment) greater
or less than 0.5 or −0.5, respectively. Among these sites,
we identified 121 hypermethylated and 6548 hypomethylated
sites (left panel in Figure 2D; Table S4 available as Supple-
mentary data at Tree Physiology Online), which further demon-
strated global reductions of m6A ratio upon DZnepA treatment.
AAACA and AAACT were two most common motifs among
hypomethylation sites (right panel, Figure 2D). For 5-azaC
treatment, we did not observe large proportion of differences
in modification sites. In total, there were 346 hypermethylation
sites and 171 hypomethylation sites (left panel in Figure 2E).
GAACT and GGACA were two most common motifs among
hypomethylation and hypermethylation sites, respectively (right
panel in Figure 2E).

It was noteworthy that the distribution of hypermethyla-
tion sites and hypomethylation sites upon inhibitors treatment

tended to locate in coding region (CDS) and 3′-UTR region,
respectively (Figure 2F and G). For example, MKK3 is annotated
as mitogen-activated protein kinase activity, which regulates
adventitious root (Bai and Matton 2018). The modification
rate in the 3′-UTR of PedMKK3 was significantly reduced
under m6A inhibitor treatment (P < 0.005, Fisher’s exact test)
(Figure 2H). However, PedMKK3 presented increased methyla-
tors in three m6A sites from CDS region (Figure 2H). In addition,
we observed increased methylators ratio in 4 m6A sites from
CDS and decreased methylators ratio in 1 m6A site from 3′-
UTR in PedMTA (PH02Gene03311) upon DZnepA treatment
(Figure S5 available as Supplementary data at Tree Physiology
Online).

The ratio of full-length reads was associated with m6A level
under DZnepA treatment

The stability of mRNA is related to the ratio of full-length reads
and non-full-length reads in mRNA (Wang et al. 2014). Long
reads from DRS sequencing can capture the complete mRNA
for quantitative analysis under different treatment (Gao et al.
2022). The proportion of full-length read in DMSO, DZnepA and
5-azaC treated samples was 41.81, 50.16 and 27.75%,
respectively (Figure 3A). Furthermore, we identified 2258
genes with increased full-length ratio (Figure 3B) upon DZnepA
treatment, and 3102 genes with decreasing full-length ratio
(Figure 3C) upon 5-azaC treatment (P-value <0.005, Fisher’s
exact test) (Table S5 available as Supplementary data at Tree
Physiology Online). Gene Ontology analysis showed 2258
genes with increasing full-length ratios upon DZnepA treatment
were enriched in the GO term of glutathione-related and
gluconeogenesis (Figure S6A available as Supplementary data
at Tree Physiology Online), and 3102 genes with decreasing
full-length ratio upon 5-azaC treatment were enriched in
reduction reactions, protein unfolding and degradation and
carbohydrate utilization and metabolism (Figure S6B available
as Supplementary data at Tree Physiology Online). With
hypergeometric test, the two types of genes show significantly
overlap between DZnepA and 5-azaC treatment (Figure 3D).
The full-length ratio of the 1121 genes presented opposite
change upon DZnepA and 5-azaC treatment. These genes were
mainly responsible for glutathione transferase activity, reductive
detoxification and translation processes (Figure S6C available
as Supplementary data at Tree Physiology Online).

We further investigated the relationship between m6A and full-
length ratio. We revealed higher m6A ratio in full-length reads
than that of no-full-length reads in all samples (Figure 3E).
The 2258 genes with increasing full-length ratio upon DZnepA
treatment presented reduced m6A ratio for both full-length and
non-full-length reads (Figure 3F). The result indicated that part
m6A modifications was negatively correlated with the ratio
of full-length reads, which was consistent with the previous
report (Wang et al. 2014, Shen et al. 2016). However, 3102
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Figure 2. Profile of differential m6A based on Nanopore DRS upon inhibitors treatment. (A) Distribution of m6A site in UTR (gray) and CDS regions
(green). (B) Histogram showing the composition of m6A in CDS and UTR in DMSO, DZnepA and 5-azaC. (C) Boxplot showing the ratio distribution
for m6A sites in DMSO, DZnepA and 5-azaC (left panel). Validation of PedMTAs using qPCR (right panel). (D, E) Scatter plot showing differential m6A
upon DZnepA (D) and 5-azaC (E) treatment. Boxplot showing m6A ratio in genes with differential methylation. Histogram on the right panel showing
the motif usage of m6A up-regulated and down-regulated genes. (F, G) Distribution of hypermethylation and hypomethylation m6A site upon DZnepA
(F) and 5-azaC (G) treatment. (H) Wiggle plot showing gene expression. Histogram showing m6A ratio of PedMKK3 in 3′-UTR.
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1660 Liufu et al.

Figure 3. Overview of differential full-length ratios under inhibitors treatment. (A) Histogram showing the full-length ratio in DMSO, DZnepA and
5-azaC. (B, C) Scatter plot showing gene with increasing and decreasing full-length ratio in DZnepA (B) and 5-azaC (C), respectively. (D) Venn
diagram showing overlapped genes. (E) Histogram showing m6A ratio in full-length reads and no-full-length reads. (F) Histogram showing m6A ratio
of genes with increased full-length ratio in DZnepA and genes with decreased full-length ratio in 5-azaC. (G) Wiggle plot, showing the expression
(RPM in y-axis) of full-length reads and non-full-length reads. Histograms in right panel presented full-length ratio and m6A ratio in m6A reader.
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genes with decreasing full-length ratio upon 5-azaC presented
increased m6A ratio for both full-length and non-full-length reads
(Figure 3F), which suggested the presence of potential different
mechanism. YTH domain-containing protein PedECT4 presented
increased and decreased full-length ratios under treatment of
DZnepA and 5-azaC, respectively (Figure 3G). However, m6A
ratio in 3′-UTR performed the contrary tendency (Figure 3G),
suggesting that m6A might promote the degradation of full-
length reads.

Hypomethylated m6A promotes proximal poly(A) site usage

Previous reports have demonstrated that m6A plays an impor-
tant part in APA and 3′-UTR formation (Xiao et al. 2016,
Pontier et al. 2019, Parker et al. 2020). In this study, we
characterized 16,259 genes with two or more poly(A) sites
based on DRS data (Figure S7 available as Supplementary data
at Tree Physiology Online). We further identified 1053 genes
(Table S7 available as Supplementary data at Tree Physiology
Online) that shifted to poly(A) usage upon DZnepA treatment
(Fisher’s exact test, P-value <0.05). These genes included
888 genes shifted to proximal poly(A) site and 165 genes
shifted to distal poly(A) site (Figure 4A). Interestingly, we
identified two m6A erasers (Figure S8 available as Supple-
mentary data at Tree Physiology Online) and five m6A read-
ers (Figure S9 available as Supplementary data at Tree Phys-
iology Online), which presented higher PPR upon DZnepA
treatment. In 5-azaC, there were 211 genes shifted to the
proximal poly(A) site, while 172 genes shifted to distal poly(A)
sites (Figure 4B). In addition, the genes with shift to proximal
poly(A) usage had more chance to include m6A sites in both
DZnepA (P = 4.68e-12) and 5-azaC treatment (P = 0.007)
than that of DMSO-treated control (Figure 4C), indicating that
m6A modification was enriched in APA shift genes. Especially,
we found that genes with shift to proximal poly(A) usage
have higher percentage of gene with m6A than that of genes
with shift to distal poly(A) usage in DZnepA (P = 0.04)
(Figure 4C).

We further assessed the association between m6A in 3′-UTR
and PPR (proximal poly(A) site usage ratio) using above poly(A)
shifted genes. Scatter plot showed most of points enriched in
second quadrant (Figure 4D), which suggested that decreased
m6A modification in 3′-UTR was associated with APA shift to
proximal poly(A) usage upon DZnepA treatment (Figure 4D).
Genes with higher PPR ratio included two adagio proteins
(ADO) (Krauss et al. 2009, Wang et al. 2012), SNW/SKI-
interacting protein, which were responsible for regulation of
circadian rhythm (Figure 4D). For example, CINV1 mutant exhib-
ited inhibition of lateral root growth (Qi et al. 2007, Xiang
et al. 2011). PedCINV1 in this study presented proximal poly(A)
site transition and accompanied by hypomethylated m6A in
3′-UTR (Figure 4F), indicating that m6A might be associated
with the diversity of 3′-UTR length. However, this kind of

distal-to-proximal poly(A) site shifts was not obvious upon
5-azaC treatment (Figure 4E).

Global hypomethylation shortens poly(A) tail length

Global PAL presents dynamic distribution (Roach et al. 2020,
J. Jia et al. 2022). We calculated polyadenylated tail length
(PAL) for each long reads using the poly(A) module from
Nanopolish (Workman et al. 2019). Global PALs in DMSO-
treated roots showed enrichment at 70–100 nt (Figure S10A
available as Supplementary data at Tree Physiology Online),
which were slightly longer than that in Arabidopsis root (J.
Jia et al. 2022). The global PALs with DZnepA and 5-azaC
treatment were slightly shortened compared with the DMSO
treatment (Figure S10A available as Supplementary data at Tree
Physiology Online), which indicated that methylators might be
involved in PALs regulation in roots.

Previous studies propose that PAL is closely related to gene
expression, m6A level and mRNA half-life (Lima et al. 2017, J.
Jia et al. 2022). To comprehensively ascertain the effect of PAL
on expression, we firstly ranked gene expression from lowest
to highest to plot corresponding PALs (Figure 5A). Increased
gene expression was accompanied by progressively shorter
PAL, indicating a negative correlation between gene expression
and PAL (Figure 5B). Previous studies show that m6A in poly(A)
tail protects mRNA from degradation and RNA containing m6A
has a longer poly(A) tail (Viegas et al. 2022, Wu et al. 2022).
Increased m6A ratio was accompanied by progressively longer
PAL (Figure 5C), which showed a slight positive correlation
between m6A and PAL (Figure 5D).

We also investigated the association between full-length ratio
and PAL, which revealed a slight negative correlation between
full-length ratio (Figure 5E and F). Genes with a higher pro-
portion of full-length plausibly possessed shorter PALs, which
was consistent with the idea that mRNAs with longer half-
lives possessed shorter PALs (J. Jia et al. 2022). However, a
similar percentage of up-regulated and down-regulated PAL was
observed in genes with significant full-length ratio changing
upon DZnepA (Figure S10B available as Supplementary data
at Tree Physiology Online) and 5-azaC treatment (Figure S10C
available as Supplementary data at Tree Physiology Online). The
result implied that PAL might not be the major contributing factor
in regulating full-length ratio.

We further identified significant PAL change upon inhibitor
treatment (fold change > 1.5, P-value <0.05) (Table S8 avail-
able as Supplementary data at Tree Physiology Online). In total,
we founded that DZnepA treatment caused 239 and 53 genes
with significantly increased and decreased PAL, respectively
(left panel in Figure 5G). The heatmap also presented the
trend of more PAL shortening (right panel in Figure 5G). We
also observed 192 genes showing PAL shortening compared
with 61 genes with extending PAL in response to 5-azaC
treatment (Figure 5H). Finally, we explored the effect of PAL
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Figure 4. Dynamics of poly(A) site under methylators inhibition. (A, B) Histogram showing the distribution of proximal and distal poly(A) sites upon
DZnepA (A) and 5-azaC (B) treatment. (C) Histogram showing the percentage of m6A modified genes among gene with change in poly(A) usage
upon DZnepA and 5-azaC treatment. (D, E) Scatter plots showing relationship between the usage of proximal poly(A) site and 3′-UTR m6A ratio
upon DZnepA (D) and 5-azaC (E) treatment. (F) Wiggle plot showing the alteration of poly(A) site usage. Histograms in right panel presented PPR
ratio and 3′-UTR m6A ratio in PedCINV1.

Tree Physiology Volume 43, 2023

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/article/43/9/1653/7192898 by guest on 27 Septem

ber 2023



Methylation affected root development 1663

Figure 5. Dynamic of poly(A) tail length upon inhibitor treatment. (A) Heatmap showing PAL distribution in genes with reads number more than 20,
which were sorted by gene expression (RPM) from DMSO treatment. (B) Scatter plot showing the correlation between PAL and gene expression
(RPM). (C) Heatmap showing PAL distribution in genes sorted by m6A ratio from DMSO treatment. (D) Scatter plot showing the correlation between
gene PAL and m6A ratio. (D) Heatmap showing PAL distribution in genes sorted by full-length ratio from DMSO treatment. (F) Scatter plot showing the
correlation between full-length ratio and PAL. (G, H) Volcano plot showing differentially changed PALs upon DZnepA (G) and 5-azaC (H) treatment.
(I) Gene expression and PAL distribution of GO terms related with root development.
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changes on genes involved in root development. We observed
genes including GO terms associated with root meristem, root
cap growth, lateral root growth, adventitious root growth and
formation presented down-regulation of expression (left panel
in Figure 5I), which was accompanied by shortened PAL upon
DZnepA treatment (right panel in Figure 5I).

Differentially expressed genes showing overlap between DNA
and RNA methylators inhibitor

To explore the methylators level upon inhibitor treatment, we
performed whole-genome bisulfite sequencing (WGBS) on sam-
ples with DMSO, 5-azaC and DZnepA treatment. DNA methy-
lators profile showed that bamboo roots treated with 5-azaC
presented reduced methylators levels in transcript region of
coding genes and 2 kb upstream or downstream of tran-
script region (Figure 6A). Moreover, DZnepA treatment also
presented slightly decreased levels of mCG, mCHG and mCHH
(Figure 6A). Both DZnepA and 5-azaC treatment could reduce
the methylators levels (mCG, mCHG and mCHH) of transpos-
able elements (TEs) (Figure 6B).

In order to quantify gene expression upon inhibitor, we also
performed strand-specific RNA-seq on samples with DMSO,
5-azaC and DZnepA treatment. In total, we identified 2995
up-regulated genes and 2609 down-regulated genes upon
DZnepA treatment using cut-off of FDR < 0.05 and fold change
>1.5 or <1.5 (Figure 6C; Table S9 available as Supplementary
data at Tree Physiology Online). Gene Ontology enrichment anal-
ysis reveals that up-regulated genes in DZnepA were enriched
in the glutathione metabolism pathway, cell differentiation and
secondary metabolism related genes (Figure S11A available as
Supplementary data at Tree Physiology Online). Down-regulated
genes were enriched in peroxidase activity, reduction reaction,
cell wall and photosynthesis related genes (Figure S11B avail-
able as Supplementary data at Tree Physiology Online). There
were 5249 significantly changed expressed genes upon 5-
azaC treatment, including 3512 up-regulated and 1737 down-
regulated genes (Figure 6D; Table S10 available as Supplemen-
tary data at Tree Physiology Online). DNA hypomethylation was
reported to enhance photosynthesis (H. Jia et al. 2022). We
found that GO terms of up-regulated genes show enrichment in
chloroplast thylakoid membrane and related to photosynthesis
(Figure S12A available as Supplementary data at Tree Physiol-
ogy Online). The down-regulated genes were enriched in the cell
wall synthesis and peroxidase activity (Figure S12B available as
Supplementary data at Tree Physiology Online).

To investigate the associations between m6A and 5mC,
we observed the overlapped differentially expressed genes
(DEGs) upon DZnepA and 5-azaC treatment. Notably, we
observed great percentage of overlap among down-regulated
DEGs (Figure 6E) and up-regulated DEGs (Figure 6F) upon
inhibitor treatment. The GO enrichment of overlapped DEG
at down-regulated in both DZnepA and 5-azaC showed that

the root growth, organization of cell wall and peroxidase
activity were inhibited after DZnepA and 5-azaC treatment
(Figure 6E; Figure S13A available as Supplementary data at
Tree Physiology Online). Glutathione is a dominant endogenous
antioxidant involved in H2O2 detoxification through different
glutathione peroxidase (Skopelitis et al. 2006, Gu et al. 2015).
Overlapping 1268 down-regulated genes involving peroxidase
activity (Figure 6E; Figure S13A available as Supplementary
data at Tree Physiology Online) and overlapping 1862 up-
regulated including glutathione transferase activity (Figure 6F;
Figure S13B available as Supplementary data at Tree Physiology
Online) implied that moso bamboo roots might alter redox
pathways in response to inhibitor toxicity. In addition, 176
overlapped-genes down-regulated in DZnepA and up-regulated
in 5-azaC indicated that photosynthesis exhibited enhancement
in 5-azaC and inhibition in DZnepA (Figure 6G), which may be
related to the GSH-mediated imbalance of carbon and nitrogen
metabolism leading to inhibition of photorespiration (Yan et al.
2021) (Figure S13C available as Supplementary data at Tree
Physiology Online). However, there was only one overlapped-
gene in up-regulated in DZnepA and down-regulated in 5-azaC
(Figure 6H).

In this study, we found that m6A level exhibited a negative
relation with gene expression (Figure S14 available as Supple-
mentary data at Tree Physiology Online), which was consistent
with previous studies (Shen et al. 2016, Zhou et al. 2019,
Gao et al. 2021). We detected 713 genes with differences
in both m6A ratio (log2 fold change > |0.5|) and expression
(log2 fold change > |1|) (Figure 6I; Table S11 available as
Supplementary data at Tree Physiology Online). We found genes
with glutathione transferase activity showed lower m6A ratio
and increased expression (red scatter in Figure 6I). Additionally,
we detected a total of 666 genes with differences in both
m6A modification and expression in 5-azaC-treated bamboo
(Figure 6J; Table S11 available as Supplementary data at Tree
Physiology Online). Photosynthesis-related genes were enriched
in quadrant 2, demonstrating the potential relation between m6A
and expression in these genes (green scatter in Figure 6J).
Notably, cell wall organization genes showed m6A hypermethy-
lation and low expression in both DZnepA and 5-azaC (blue
scatter in Figure 6I and J). The inhibition of root growth might
be caused by the changed m6A, which were accompanied by
decreased expression of cell wall organization genes.

Long non-coding RNA presented high percentage of
increased expression in response to inhibitors treatment

Long non-coding RNAs (lncRNAs) have been identified based
on ONT long reads in multiple species (Kirov et al. 2020,
Liang et al. 2021). Based on lncRNAs identification pipeline
(Figure 7A), we identified a total of 5500 high-confident lncR-
NAs, which presented shorter exon length than that of coding
genes (Figure 7B). We found that lncRNA in this study had
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Figure 6. Global DNA methylators profile and overlapped DEGs upon two inhibitors treatment. (A) Global DNA methylators level of coding genes
upon 5-azaC and DZnepA treatment. (B) DNA methylators level of TEs upon 5-azaC and DZnepA treatment. (C, D) Volcano plots showing DEGs
upon DZnepA (C) and 5-azaC (D) treatment. (E–H) Venn diagram showing overlap of DEGs between DZnepA and 5-azaC. (I, J) Scatter plot showing
the association between m6A ratio and gene expression upon DZnepA (I) and 5-azaC (J) treatment.
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higher percentage of full-length ratio than that of protein-coding
genes (left panel in Figure 7C), which suggests that lncRNA
might present a low degradation rate. However, long non-coding
genes were annotated, and the full-length ratio was calculated
using the same DRS libraries, which partly explained why the
percentage of full-length ratio in non-coding genes was higher
than that of protein-coding genes. Thus, more evidence was
required to confirm the turnover rate of lncRNAs.

In total, there were 43 lncRNAs with up-regulated full-length
ratios (Figure 7D) and 99 lncRNAs with down-regulated full-
length ratios (Figure 7E) upon DZnepA and 5-azaC treatment,
respectively. The lncRNA shared a similar m6A modified ratio
with that of protein-coding genes (Figure 7F). However, the
enrichment m6A region presented a shift towards the middle
region that of noncoding genes, as compared to, as compared
to the distribution observed in coding genes (Figure 7G). Fur-
thermore, we identified 979 up-regulated lncRNAs and only 196
down-regulated lncRNAs upon DZnepA treatment (Figure 7H).
The up-regulated lncRNAs presented a significantly lower m6A
modified ratio (Figure 7I, P = 0.0026). However, 5-azaC treat-
ment did not present this trend (Figure 7I and J, P = 0.947).
The full-length ratio did present obvious association with the up-
regulation or down-regulation of these differentially expressed
lncRNAs (Figure 7I and K).

The change in expression of genes regulating RNA and DNA
methylation

The m6A readers, writers and erasers regulate the m6A
epitranscriptome. In this study, we investigated the expression
of 11 m6A writers, 14 erasers and 26 readers based on
RNA-seq (Table S12 available as Supplementary data at
Tree Physiology Online). We found that two m6A writers
(PedFIONA1 and PedMTA) and seven m6A readers presented
up-regulation upon DZnepA treatment (Figure 8A), which might
counterwork to the whole hypomethylation due to inhibitors
of m6A. The heatmap-based tags per million (TPM) from
m6A regulatory gene family further revealed that m6A writers
such as MTA and MTB showed increased expression upon
DZnepA treatment (Figure S15A available as Supplementary
data at Tree Physiology Online). The potential m6A erasers
could be classified into three groups according to the
expression level (Figure S15B available as Supplementary data
at Tree Physiology Online). Group1 (ALKBH1 and ALKBH6)
and group2 (ALKBH9B) showed increased expression in
response to DZnepA and 5-azaC, respectively. However, group
3 (ALKBH10B family) showed decreased expression upon
DZnepA and 5-azaC treatment (Figure S15B available as
Supplementary data at Tree Physiology Online). Most m6A reader
genes including CPSF30 and YTHDFa family showed overall
up-regulation, which were accompanied by hypo-methylated
m6A (PH02Gene03570, PH02Gene28571, PH02Gene14008
and PH02Gene15172) upon DZnepA treatment (Figure S15C

available as Supplementary data at Tree Physiology Online).
Among 19 m6A reader genes, only three genes with YTHDFc
domain decreased upon DZnepA treatment. Though we found
up-regulated expression of two m6A erasers and one reader
upon 5-azaC treatment (Figure 8B), these genes were relatively
more stable than those of DZnepA treatment.

Moreover, we also investigated the expression levels of DNA
methyltransferases and demethylases. The expression of both
PedMET1 (CG methylation) and PedCMT3 (CHG methylation)
was slightly down-regulated in response to DZnepA and 5-
azaC treatment (Figure 8C), which was consistent with the
decreasing DNA methylators level of CG and CHG, respectively.
We observed increased m6A modification for PedCMT3 upon 5-
azaC treatment (Figure 8D), which might be associated with the
decreased expression (Figure 8C). However, we did not identify
m6A modification for PedMET1 at current DRS sequence depth
(Figure 8D). PedDRM2, the methyltransferase responsible
for CHH methylation, presented increased gene expression
(Figure 8C) and decreased m6A modification (Figure 8D) in
response to DZnepA and 5-azaC treatment. The ROS family
are required for active demethylation in plant (Morales-Ruiz
et al. 2006, Ponferrada-Marín et al. 2010). PedROS3 showed
slightly up-regulated and down-regulated in response to
DZnepA and 5-azaC, respectively. Though the expression
was negatively associated with m6A ratio (Figure 8D), more
experimental evidence was required to reveal whether expres-
sion of PedROS3 might be regulated by m6A upon inhibitors
treatment.

Discussion

Epigenetics has presented great potential for improvement in
crop breeding (Gallusci et al. 2017, Yu et al. 2021). RNA
modification has been proved to have essential roles in many
physiological functions involving development and response
to environmental stress in plants (Gao et al. 2022, Zhou
et al. 2022). Studies have shown that m6A hypermethylation
in PtrMTA-overexpressing poplar appeared to enhance root
development (Bodi et al. 2012, Lu et al. 2020, Zhang et al.
2022). Both MTA (Zhong et al. 2008) and VIRILIZER (vir-1)
(Růžička et al. 2017) are critical for the lateral root formation.
DNA methylators profile in root meristem reveals that DNA
hypermethylation correlates with hypermethylation levels of
transposable elements in Arabidopsis (Kawakatsu et al. 2016).
In this study, expression of most m6A writers had increased
upon inhibitor treatment. For example, DZnepA-treated bamboo
showed m6A hypomethylation and increased expression of
mostly m6A writers including PedMTA (Figure S15A available
as Supplementary data at Tree Physiology Online, Figure 2C).
This result emphasizes the necessary role of m6A writer in root
development. Therefore, future work can focus on the direct
effects of m6A writers on the growth of P. edulis, such as
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Figure 7. Identification and profile of lncRNA in root upon two inhibitors treatment. (A) The pipeline for the identification of lncRNA. (B) The density
distribution of exon length from lncRNA transcripts and protein-coding transcripts. (C) Histogram in left panel showing the mean full-length ratio of
lncRNA transcript in DMSO, DZnepA and 5-azaC. Histogram in right panel showing the number of lncRNAs with differential full-length ratio (Fishers’
extact test, P < 0.005). (D, E) Scatter plot showing lncRNAs with differential full-length ratio upon DZnepA (D) and 5-azaC (E) treatment. (F) Boxplot
showing m6A level from lncRNA. (G) Density plot showing m6A distribution in coding transcript (upper panel) and lncRNA transcript (lower panel). (H,
J) Volcano plot showing differentially expressed lncRNA upon DZnepA (H) and 5-azaC (J) treatment. (I–K) Boxplot showing m6A ratio and full-length
ratio of differentially expressed lncRNA upon DZnepA (I) and 5-azaC (K) treatment.
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Figure 8. Dynamic change of RNA and DNA methylators regulators and models. (A, B) Scatter plot showing differentially expressed m6A regulators
(log2 TPM fold change > |0.5|) upon DZnepA (A) and 5-azaC (B) treatment. (C, D) Histogram showing the expression (C) and m6A level (D)
of DNA methyltransferase and demethyltransferase upon inhibitor treatment. (E) Regulation network of bamboo roots upon DZnepA and 5-azaC
treatment.

overexpression or knockout of PedMTA or PedMTB. Addition-
ally, the reduction of PedALKBH10 could antagonize the m6A
hypomethylation in response to DZnepA treatment because the
absence of ALKBH10 could led to the global increase of m6A

level in Arabidopsis (Duan et al. 2017). The m6A-mediated
regulation is implemented by the m6A readers including the ECT
domain (Reichel et al. 2019). Readers are required for plant
organogenesis during rapid cellular proliferation and exhibit
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high expression in lateral root formation (Arribas-Hernández
et al. 2020). We observed overall upregulation of m6A readers,
which might antagonize the m6A hypomethylation in response
to DZnepA treatment (Figure S15C available as Supplementary
data at Tree Physiology Online). Meanwhile, the descending
expression of m6A readers was observed in 5-azaC-treated
samples, which implied that defect of 5mC might affect the
expression of m6A (Figure S15C available as Supplementary
data at Tree Physiology Online). Future work could focus on
exploring how these readers and erasers interact and regu-
late the content of m6A to provide further insights into the
epitranscriptome of root development in bamboo.

In this study, we found that hypomethylated and hyperme-
thylated m6A site enriched in the 3′-UTR and CDS regions,
respectively (Figure 2F). Previous study reveals that FIONA1, as
methyltransferase, deposits m6A mainly on the coding regions
(Xu et al. 2022). In particular, we found the upregulated
expression of FIONA1 upon DZnepA treatment (Figure S15A
available as Supplementary data at Tree Physiology Online).
According to the result, we proposed that up-regulated FIONA1
might be partly responsible for the deposition of m6A in CDS
in response to DZnepA treatment. However, pull-down experi-
ments are required in future to validate whether FIONA1 or other
m6A methyltransferases contribute to the recognition of these
RNAs. Interestingly, we found that most m6A regulatory proteins
including writers, readers and erasers included m6A modification
themselves. For example, we found that FIONA1 included m6A
sites (Figure S15A available as Supplementary data at Tree
Physiology Online). Our previous studies in poplar showed
that m6A modification was negatively correlated with transcript
abundance in response to drought stress (Gao et al. 2022). The
hypomethylated m6A modification of FIONA1 could be asso-
ciated with the increased expression of FIONA1, which might
improve the whole m6A modification in the coding region upon
DZnepA treatment (Figure 2F). We also observed this trend in
other m6A regulatory proteins including ALKBH and YTHDFa/b
(Figure S15 available as Supplementary data at Tree Physiology
Online), which suggested a potential self-regulatory circuit for
these RNA-binding proteins (RBPs). Exon junction complexes
(EJCs) have been reported as m6A suppressors to protect RNA
near the exon junction from RNA methylators (He et al. 2023).
In this study, we observed slightly increased expression of EJC
components, such as MAGO, Y14 and EIF4A-III, upon DZnepA
treatment (Figure S16A available as Supplementary data at Tree
Physiology Online), which might be caused due to reduced m6A
levels (Figure S16B available as Supplementary data at Tree
Physiology Online).

The RNA modification has been reported to affect the full-
length ratio of a downstream-specific transcript (Lee et al.
2020). In this study, we identified 2258 genes with increased
full-length ratio upon DZnepA treatment (Figure 3B). We also
found that full-length transcripts always presented higher m6A

modification than non-full-length transcripts (Figure 3E). In par-
ticular, the genes with decreased full-length ratio upon DZnepA
treatment had lower m6A modification (Figure 3D). The m6A
reader YTHDF2 triggers mRNA degradation by deadenylation,
endoribonucleolytic cleavage and decapping (Lee et al. 2020,
Boo et al. 2022). Therefore, the association between RNA
degradation and RNA modification might also exist in bamboo.
However, more experiments are required to determine RBPs
related to degradation in bamboo.

In Arabidopsis, 60–70% genes including APA contribute to
the diversity of isoforms (Shen et al. 2011, Wu et al. 2011).
Rice and poplar exhibit a shorter 3′-UTR length in response
to environmental stress (Shen et al. 2011, Gao et al. 2022).
Previous study indicates that mutation of an m6A writer causes
the conversion in poly(A) site (Xu et al. 2022). In this study,
we observed proximal poly(A) shift in response to inhibitors
treatment (Figure 4A and B), which was a more obvious asso-
ciation with DZnepA treatment. We also found the m6A was
more enriched in genes with the proximal transferring of APA
(Figure 4C). The enrichment of m6A site on the 3′-UTR might
be critical for the correct formation of RNA 3′ end. Thus, mining
the relationship between m6A and APA on the 3′-UTR may reveal
the mechanism how m6A regulates diversified APA in future. It
will be interesting to investigate which m6A regulatory genes are
associated with the APA shift in future.

Extensive studies have identified lncRNA in plants (Wang et al.
2021, Yuan et al. 2022), which are involved in transcriptional
regulation and physiological function (Urquiaga et al. 2021).
Although the functions of lncRNA have been explored in many
plants (Bardou et al. 2014, Zhang et al. 2014, Wang et al.
2021), the relationship between m6A modification and degra-
dation on lncRNA remains unexplored in bamboo. In this study,
we identified m6A-enriched lncRNAs, which were different from
coding genes in m6A distribution (Figure 7G). We investigated
the characters of exons and introns between non-coding and
coding genes (Figure S17 available as Supplementary data
at Tree Physiology Online). We discovered that m6A-modified
exons from non-coding genes were longer than that of coding
genes (Figure S17A available as Supplementary data at Tree
Physiology Online). Additionally, we observed longer introns
(Figure S17B available as Supplementary data at Tree Phys-
iology Online) and a lower number of introns (Figure S17C
available as Supplementary data at Tree Physiology Online) for
non-coding genes, which might be associated with the presence
of fewer EJCs in non-coding genes and different distribution of
m6A between non-coding and coding genes. It is also possible
those lncRNAs are recognized by distinct m6A methyltrans-
ferase complex. The difference in motif distribution might also
cause this divergence. In particular, we found that increased
expression of lncRNAs was accompanied by decreased m6A
level (Figure 7H), which was consistent with that of coding
genes.
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Though we obtained >10 million DRS reads, the low number
of long reads based on MinION sequencing was the major
disadvantage compared with that of the Illumina platform. Given
that low number of reads was obtained due to low depth of
DRS, we speculated that m6A modification would be difficult
to quantify for the low-abundance genes due to lower reads
coverage. Thus, we classified all m6A-modified genes into two
types: common modification (m6A sites in both DMSO and two
inhibitors treatment samples) and sample-specific modification
(m6A sites only in DMSO or inhibitor treatment). The genes
with sample-specific modification presented lower expression
than genes with common modification (Figure S18 available
as Supplementary data at Tree Physiology Online). This result
indicated that it should be careful to resolve the sample-specific
modification, which might be caused by unbalanced library sizes
or low sequencing depth. Unbalanced library sizes could be
solved by normalization of total DRS reads. However, it was
difficult to quantify the modification of genes with lower expres-
sion. Thus, we used common m6A sites for the quantification
analysis.

The mutual regulation between DNA methylators and RNA
methylators has been reported among multiple species. During
tomato fruit ripening, the transcription initiation of m6A eraser
(SlALKBH2) was mediated by DNA methylation, while the gene
expression of DNA demethylase (SlDML2) could be regulated
by m6A modification (Zhou et al. 2019). In tea withering, the
abundances of some m6A writers show a positive correlation
with those of 5mC writers. Meanwhile, several m6A erasers and
5mC erasers are positively correlated (Zhu et al. 2021). Our
BS-seq result demonstrated that DZnepA treatment reduced
the DNA methylators level (Figure 6A and B), which could
be partially explained by the down-regulation of MET1 and
CMT3 (Figure 8C and D). Previous reports showed that 5-
azaC treatment in the human cells also increases m6A writer
expression and exhibits a reduction of m6A and 5mC (Filip
et al. 2022). Although we did not find global changes of m6A
modification upon 5-azaC treatment (Figure 2C), we indeed
observed 517 differentially expressed m6A sites upon 5-azaC
treatment. This observation implies potential crosstalk between
5mC and m6A. However, we still need more evidences to
construct the relationship network between DNA methylators
and RNA methylation, which needs more research.

Conclusions

In this study, we found that the root growth was regulated
by RNA methylators modification and DNA methylators in P.
edulis. We proposed a possible model to explain the association
between hypomethylation of m6A and 5mC and the lateral root
development of P. edulis. In particular, we also investigated the
association of methylators and other post-transcriptional regu-
lation, including full-length ratio, alternative polyadenylation and
poly(A) tail length. This study provides preliminary association

between RNA methylators and DNA methylators to promote
further investigation by genetic transformation in future.
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