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Abstract
RNA  methylation,  particularly  5-methylcytosine  (m5C)  modification,  has  emerged  as  a  pivotal  regulatory  layer  governing  plant  development  and  stress

responses.  However,  the role  of  m5C in mediating the resistance of  tomato (Solanum  lycopersicum)  fruit  to the fungal  pathogen Botrytis  cinerea remains

unclear. In this study, we utilized Nanopore direct RNA sequencing to generate the transcriptome-wide m5C methylomes in B. cinerea-infected tomato fruits.

Our results revealed that m5C sites are preferentially enriched in coding sequences (CDSs) and 3' untranslated regions (3' UTRs). Notably, B. cinerea infection

induced  site-specific  m5C  changes  without  altering  the  global  modification  level.  Integrated  omics  analysis  identified  a  transcriptome-wide  negative

correlation  between  m5C  modification  and  gene  expression.  Importantly,  a  large  number  of  ethylene  signaling  pathway  and  defense-related  genes

exhibited  reduced  m5C  levels,  accompanied  by  significantly  increased  transcript  abundance,  implying  that  m5C  may  act  as  a  novel  regulator  of  fruit's

resistance to B. cinerea by coordinating hormone signaling and defense response pathways. Furthermore, the putative m5C demethylase gene SlALKBH1 and

the  reader  protein  gene SlALY4 were  transcriptionally  downregulated  and  upregulated  by B.  cinerea infection,  respectively.  Collectively,  this  study

establishes  the  first  comprehensive  m5C  methylomes  of  tomato  fruits  upon B.  cinerea infection  and  provides  new  insights  into  RNA-based  epigenetic

regulation of hormone signaling during plant–pathogen interactions.

Citation:  Cai X, Huang B, Cheng Y, Cai J, Cassan-Wang H, et al. 2026. Nanopore direct RNA sequencing reveals the m5C methylomes of tomato fruits in response
to Botrytis cinerea. Plant Hormones 2: e011 https://doi.org/10.48130/ph-0026-0010

  

Introduction
RNA  modifications,  including N6-methyladenosine  (m6A), N7-

methylguanosine (m7G), 5-methylcytosine (m5C), N1-methyladenosine
(m1A),  pseudouridine  (Ψ),  and N4-acetylcytidine  (ac4C),  play  vital
roles  in  regulating  fundamental  RNA  metabolism,  such  as  mRNA's
stability  and  translation  efficiency,  thus  playing  essential  roles  in
modulating  various  plant  development  and  stress  responses[1,2].
Among  these,  m5C  is  a  conserved  RNA  methylation  modification
formed by the addition of a methyl (-CH3) group to the fifth carbon
position  of  cytosine  residues.  It  is  widespread  in  transfer  RNAs
(tRNAs),  ribosomal  RNAs  (rRNAs),  and  messenger  RNAs  (mRNAs)
across eukaryotes, archaea, and some bacteria and is generally regu-
lated  by  three  key  classes  of  proteins:  Writers  (methyltransferases),
erasers  (demethylases),  and  reader  proteins[3,4].  In  contrast  to  m6A
modification, whose writers, erasers, and reader proteins have been
well  characterized  and  proven  to  play  pivotal  regulatory  roles  in
various  physiological  processes[2,5−7],  the  molecular  components
underlying  m5C  methylation  remain  largely  elusive  in  plants.  To
date,  only  a  limited  number  of  m5C  methyltransferases  have  been
identified  in  plants,  including  transfer  RNA  aspartic  acid  methyl-
transferase 1 (AtTRDMT1) and tRNA-specific methyltransferase 4A/B
(AtTRM4A/B)  in Arabidopsis  thaliana (orthologs  of  human  DNMT2
and  NSUN2,  respectively),  as  well  as  the  m5C  methyltransferase
OsNSUN2 in rice (Oryza sativa)[8,9]. The A. thaliana Alkylation B (ALKB)
domain-containing  protein  AtALKBH6  has  been  shown  to  directly
bind  to  m5C-modified  RNAs in  vitro,  thus  qualifying  as  a  putative
m5C  demethylase[10].  Additionally,  two  Aly/REF  export  factor
(ALYREF)  family  proteins  in A.  thaliana,  ALY2  and  ALY4,  have  been
identified  as  m5C reader  proteins[11,12].  It  is  distinctly  different  from

m6A modification, which is recognized by YT521-B homology (YTH)-
domain proteins, such as YTHDF1-3[13].

Emerging evidence indicates that m5C methylation participates in
plant  development  and  plants'  abiotic  stress  responses.  For
instance,  AtTRM4B  in A.  thaliana regulates  root  development  by
modulating  the  stability  and  abundance  of  m5C-modified  tran-
scripts  of  key  root-development  genes,  including Short  hypocotyl  2
(SHY2)  and Indoleacetic  acid-induced  protein  16 (IAA16)[14].  The
OsNSUN2  mutation  led  to  shortened  root  length  in  rice,  further
supporting a role for m5C in developmental regulation, although the
underlying  molecular  mechanism  remains  elusive[9].  Moreover,
attrm4b mutants of A. thaliana exhibit enhanced sensitivity to oxida-
tive stress[8], whereas osnsun2 mutants of rice display a pronounced
heat-sensitive  phenotype,  associated  with  reactive  oxygen  species
(ROS)  accumulation  caused  by  photosystem  defects[9].  Collectively,
these  studies  demonstrate  that  m5C  methylation  possesses  broad
regulatory  functions  comparable  with  m6A  modifications,  particu-
larly  in  modulating  plants'  development  and  abiotic  stress
responses.  However,  the  role  of  m5C  in  plants'  responses  to  biotic
stress remains largely unclear.

Tomato  (Solanum  lycopersicum)  is  one  of  the  most  economically
important  horticultural  crops  worldwide,  valued  for  its  essential
nutritional  components  and  strong  adaptability  to  diverse  growth
environments.  However,  postharvest  decay  caused  by  fungal
pathogens  remains  a  major  constraint  in  tomato  production  and
storage,  leading  to  an  annual  global  yield  loss  of  15%–25%[15].
Among  these, B.  cinerea,  a  ubiquitous  necrotrophic  fungus,  causes
gray mold disease, characterized by water-soaked lesions and rapid
fruit  decay,  severely  compromising  fruit  quality  and  commercial
value[16].  To  defend  against B.  cinerea infection,  tomato  fruits  have
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evolved  complex  defense  mechanisms,  including  transcriptional
activation  of  defense-related  genes[17],  protein  kinase-mediated
signal  transduction[18],  synthesis  of  antimicrobial  compounds[19],
and modulation of  hormone signaling pathways,  particularly  those
involving jasmonic acid (JA) and ethylene[20−22].

The  activation  of  defense-related  genes  is  tightly  controlled  by
multiple layers of gene expression regulation. Several key transcrip-
tion factors, such as the helix–loop–helix (bHLH) transcription factor
SlMYC2[23], the R2R3 MYB transcription factor SlMYB75[24], and the B-
box (BBX) family transcription factor SlBBX20[25], have been demon-
strated to directly bind to and activate defense-related genes at the
transcriptional  level.  Additionally,  epigenetic modifications,  such as
DNA  methylation[26],  noncoding  RNAs[27],  and  microRNAs[28],  have
also  been  proven  to  function  in  upregulating  the  expression  of
defense-related  genes.  In  recent,  m6A  methylation  was  shown  to
enhance  resistance  to B.  cinerea in  leaves  of A.  thaliana by  stabiliz-
ing defense-related genes at the post-transcriptional level[29]. These
findings  highlight  RNA  modification  as  a  critical  regulatory  layer  in
plants'  defense  responses  and  raise  the  possibility  of  other  RNA
modifications.  However,  the  role  of  m5C  modification  in B.  cinerea
invasion,  particularly  during the postharvest  stage of  tomato fruits,
remains unknown.

Traditional  methods  for  detecting  m5C  modifications,  such  as
bisulfite  sequencing,  suffer  from  limited  resolution  and  an  inability
to  capture  full-length  RNA  molecules.  To  overcome  these  limita-
tions,  Nanopore  direct  RNA  sequencing  (DRS)  has  emerged  as  a
powerful  technology  that  enables  single-molecule,  full-length  RNA
sequencing  and  direct  detection  of  RNA  modifications  based  on
characteristic current signals, without chemical treatment[30].  In this
study,  we  used  Nanopore  DRS  technology  to  systematically  profile
the  m5C  methylomes  in B.  cinerea-infected  and  mock-inoculated
tomato fruits. We aimed to characterize the global landscape of m5C
modification during B. cinerea infection, identify dynamic changes in
the m5C sites associated with hormone- and defense-related genes,
and uncover key m5C-modified transcripts in tomato's resistance to
B. cinerea. This study provides new insights into the RNA epigenetic
regulatory  networks  underlying  tomato  fruit's  defense  against B.
cinerea and establish  a  foundation for  improving postharvest  resis-
tance in tomato. 

Materials and methods 

Plant materials and culture conditions
Tomato  seedlings  (Solanum  lycopersicum cv.  'Micro-Tom')  were

planted  in  a  greenhouse  under  standard  cultivation  conditions
(23 °C, 16 h light/8 h dark photoperiod, and 60% relative humidity).
Mature  green  tomato  fruits  at  approximately  40  days  postanthesis
(DPA)  were  harvested.  The  fruits  were  surface-sterilized  with  a
NaClO  solution  (2%,  v/v)  for  2  min,  rinsed  with  sterile  water  three
times, and surface-dried for subsequent use. 

B. cinerea culture and inoculation
B.  cinerea (B05.10)  was  cultured  on  solid  potato  dextrose  agar

(PDA) medium for 7–14 days. The culture condition was set at 25 °C
under a 16 h light/8 h dark photoperiod. Conidia were collected in a
half-strength  liquid  potato  dextrose  broth  (PDB)  medium,  and  the
conidial  concentration  was  adjusted  to  5  ×  105 spores  per  mL.  For
inoculation,  the  conidial  suspension  (5 μL)  was  dropped  onto  the
surface of tomato fruits. Mock-inoculated fruits (control group) were
treated  with  5 μL  of  half-strength  PDB  medium  without  conidia.
All  inoculated  fruits  were  placed  in  a  growth  chamber  with  a

conditions of 25 °C and 80% relative humidity. At 48 h postinocula-
tion,  pericarp  tissues  with  an  area  approximately  2–3  mm  thick
around the lesions were collected for RNA extraction. 

Total RNA extraction
Total RNAs were extracted from the pericarp tissues of B. cinerea-

infected  and  control  fruits  using  the  hot  phenol  method  as
described  by  Moore  et  al[31].  Briefly,  0.5  g  of  the  powdered  sample
was mixed with 1 mL of an RNA extraction buffer (100 mM Tris-HCl,
pH 8.0, 10 mM ethylenediaminetetraacetic acid [EDTA], 100 mM LiCl,
1%  (w/v)  sodium  dodecyl  sulfate  [SDS],  and  50%  (v/v)  water-
saturated phenol) in a 2-mL centrifugation tube, followed by vortex-
ing at room temperature for 10 min. After the addition of 500 µL of
chloroform,  the  mixture  was  vortexed  at  room  temperature  for
another 10 min, followed by centrifugation at 15,000×g for 20 min.
The  supernatant  was  transferred  to  a  new  1.5-mL  centrifugation
tube  and  extracted  once  again  with  500 µL  of  chloroform.  Subse-
quently,  total  RNAs  were  precipitated  with  2  M  LiCl,  washed  twice
with  75%  (v/v)  ethanol,  and  dissolved  in  Diethyl  pyrocarbonate
(DEPC)-treated  water.  The  purity  and  integrity  of  total  RNAs  were
evaluated  using  a  NanoDrop  2000  spectrophotometer  and  a  1.5%
agarose gel electrophoresis, respectively. 

Nanopore direct RNA sequencing
Nanopore direct  RNA sequencing (DRS)  was performed by Bena-

gen  Technology  Co.,  Ltd.  (Wuhan,  China),  following  the  method
described  by  Song  et  al.[32].  In  brief,  total  RNA  was  used  to  isolate
mRNAs using the mRNA Dynabeads Kit (Thermo Fisher, 61006). The
enriched mRNAs were then ligated to Nanopore RT adapters  using
T4 DNA ligase (NEB, M0202M). The resulting ligation products were
purified  using  Agencourt  RNACleanTM XP  beads  (Beckman  Coulter,
California,  USA).  Subsequently,  after  the  addition  of  the  RNA
adapter, the obtained products were purified again with Agencourt
RNACleanTM XP beads. The prepared library was loaded into an R9.4
sequencing  flow  cell  and  then  sequenced  on  a  PromethION
sequencer  (Nanopore  Technologies,  Oxford,  UK).  Three  indepen-
dent  biological  replicates  were  subjected  to  generate  real-time
single-molecule sequencing data. 

m5C data analysis
Raw sequencing data  in  FAST5 format  were converted to  FASTQ

format following base calling by GUPPY software (version 3.2.6). Raw
reads were filtered using NanoFilt (version 2.8.0) to remove adapter
sequences  and  low-quality  reads  (quality  score  <  10).  The  filtered
clean  reads  were  then  mapped  to  the  ITAG3.2_release  reference
annotation  (https://ftp.solgenomics.net/tomato_genome/)  using
Minimap2  software  (version  2.2.17)[33],  with  the  tomato  genome
build SL3.0 as the reference genome. Statistical comparisons of the
mapping  results  were  conducted  using  Samtools  (version  1.11)[34].
Subsequently,  m5C  modification  sites  were  identified  using  Modkit
software  (version  0.4.1)  with  the  'detect_modifications'  module,
which detects RNA modifications on the basis of current signal devi-
ations from the reference sequence. m5C sites with a fraction score >
0.7  were  defined  as  high-confidence  sites.  Differential  m5C  sites
were  identified  using  the  R  package  'DESeq2'  with  the  criterion  of
p <  0.05.  Motif  analysis  was  performed  using  MEME  software
(version  5.5.1)[35].  Gene  Ontology  (GO)  enrichment  analysis  was
carried  out  on  the  Gene  Ontology  Consortium  platform
(https://www.geneontology.org/).  GO  terms  that  with  a  Fisher's
exact false discovery rate (FDR) < 0.05 were statistically significant. 
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Transcriptome-wide gene expression analysis
The raw DRS sequencing data were concurrently used to perform

gene  expression  analysis.  The  transcript  abundance  of  gene  tran-
scripts was calculated as transcripts per million (TPM) using Salmon
software  (version  1.9.0)[36].  Differential  expression  analysis  was
conducted  using  the  R  package  'DESeq2'  with  the  criteria  of
log2(fold change) ≥ 1 and an adjusted p-value < 0.05. 

Phylogenetic analysis
The  protein  sequence  from A.  thaliana AtALKBH6  were  down-

loaded  from  the  Arabidopsis  Information  Resource  (TAIR;
www.arabidopsis.org).  Using  this  sequence  as  a  query,  putative
homologous  proteins  across  multiple  plant  species  were  identified
in  the  Phytozome  database  (https://phytozome-next.jgi.doe.gov).
Multiple protein sequence alignments were performed using Clustal
X  (version  2.1)  with  the  default  settings.  These  resulting  alignment
data  were  imported  into  MEGA  (version  5.2)  for  phylogenetic  tree
construction  via  the  neighbor-joining  algorithm,  with  1,000  boot-
strap replicates for assessing the reliability. 

Statistical analysis
All experiments in this study were carried out with three indepen-

dently biological replicates. Microsoft Excel and GraphPad Prism 8.0
software were used to process and visualize the experimental data.

GraphPad Prism 8.0 was used to analyze statistical significance (two-
tailed Student's t-test). 

Results 

m5C methylome of tomato fruits as revealed by
Nanopore DRS

To characterize the m5C methylome landscapes in tomato fruits in
response  to B.  cinerea infection,  Micro-Tom  fruits  at  the  mature
green stage were harvested and inoculated with B. cinerea. Pericarp
tissues approximately 2–3 mm thick surrounding the disease lesions
were  collected  at  48  h  postinoculation  (Fig.  1a).  Total  RNA  was
extracted  from  three  biological  replicates  of  both  mock-inoculated
(control)  and B.  cinerea-infected  fruit  pericarps,  followed  by  mRNA
enrichment  and  library  preparation.  The  constructed  RNA  libraries
were  subjected  to  Nanopore  DRS,  and  the  raw  data  were  filtered
and  aligned  to  the  tomato  reference  genome  SL3.0.  The  mapped
reads were of high quality, with an average length of approximately
1,000 nt and a mapping rate above 90% (Supplementary Table S1),
supporting the reliability of the sequencing data.

The  m5C  modification  sites  were  identified  on  the  basis  of  their
fraction  scores,  which  represent  the  modification  ratio  and  reflect
the relative m5C methylation level.  Sites  with a  fraction score > 0.7

 

 
Fig.  1  m5C  methylome  profiles  of  tomato  fruits  under Botrytis  cinerea infection.  (a)  Representative  photographs  of  mock-inoculated  and B.  cinerea-
infected tomato fruits at 48 h postinoculation. Micro-Tom fruits at the mature green stage were inoculated with B. cinerea, and pericarp tissues between
the two indicated circles were collected as experimental materials. Scale bar = 1 cm. (b) Sequence motif identified around m5C sites using MEME software.
All m5C sites with a fraction score > 0.7 were used for motif prediction analysis. (c) Metagenomic profiles of m5C site distributions in the 5' untranslated
region (5' UTR), coding sequence (CDS), and 3' UTR region. (d) Pie charts showing the proportion of m5C sites in the 5' UTR, CDS, and 3' UTR.

Tomato m5C methylomes upon B. cinerea infection  

Cai et al. Plant Hormones 2026, 2: e011   Page 3 of 11

https://www.arabidopsis.org/
https://phytozome-next.jgi.doe.gov/
https://phytozome-next.jgi.doe.gov/
https://phytozome-next.jgi.doe.gov/


were regarded as high-confidence m5C sites, and a total of 221, 233,
and  242  high-confidence  m5C  sites  were  identified  in  the  three
control replicates, whereas 209, 177, and 201 sites were identified in
the B. cinerea-infected tomato fruits. To clarify the nucleotide prefer-
ence  of  m5C  modifications,  motif  analysis  was  performed  on  these
high-confidence sites. No obvious nucleotide preference was found
at  the –1  and  +1  positions  flanking  the  m5C  site  (Fig.  1b).  By
contrast, the –2 position was predominantly enriched in cytosine (C)
and uracil (U), and the +2 position showed a significant enrichment
of guanine (G) (Fig. 1b). This conserved motif pattern was compara-
ble between the control and B. cinerea-infected groups, suggesting
that the sequence preference of m5C modification in tomato fruits is
an  intrinsic  feature  and  is  not  substantially  altered  by B.  cinerea
infection.

To  further  assess  the  positional  preference  of  m5C  sites  across
gene  transcripts,  each  transcript  was  divided  into  three  functional
regions:  the  5'  untranscribed  region  (UTR),  the  coding  sequence
(CDS),  and  the  3'  UTR.  The  distribution  pattern  of  m5C  sites  was
highly  similar  between  control  and B.  cinerea-infected  samples
(Fig. 1c, d). In both groups, m5C sites were mainly distributed in the
CDS and 3' UTR regions, each accounting for approximately 40% of
the  total  m5C  sites.  In  comparison,  only  almost  13%  of  m5C  sites
were  distributed  in  the  5'  UTR  (Fig.  1c, d).  This  distribution  pattern
may be attributed to the shorter length of the 5' UTR and thus fewer

potential  modification  sites.  Collectively,  these  results  indicate  that
B. cinerea infection does not alter the regional distribution pattern of
m5C sites in tomato fruit mRNAs, and m5C modification has no obvi-
ous regional preference along gene transcripts. 

Analysis of differential m5C sites upon B. cinerea
infection

To investigate the effect  of B.  cinerea infection on m5C modifica-
tion  levels,  differential  m5C  sites  were  identified  by  comparing  the
control and infected groups. m5C sites with a fraction score ≥ 0.1 in
at least one group were defined as reliable m5C sites. In total, 39,610
reliable  m5C  sites  were  identified,  which  were  distributed  across
8,580  gene  transcripts.  Among  these,  354  m5C  sites  were  signifi-
cantly  upregulated  and  341  were  significantly  downregulated  in B.
cinerea-infected fruits relative to the control group (p < 0.05; Fig. 2a),
corresponding to 340 and 324 distinct gene transcripts, respectively
(Supplementary  Tables  S2 and S3).  These  results  suggest  that B.
cinerea infection triggers specific changes in m5C methylation levels
across the tomato fruit transcriptome.

Further statistical analysis of transcripts harboring differential m5C
sites revealed that the vast majority (approximately 95%) contained
only  one  differential  m5C  site,  whereas  only  a  small  proportion
(around  5%)  harbored  two  or  more  differential  m5C  sites  (Fig.  2b).

 

 
Fig.  2  Identification  of  differential  m5C  sites  in B.  cinerea-infected  tomato  fruits.  (a)  Volcano  plot  showing  significantly  unregulated  (purple)  and
downregulated (green) m5C sites in B. cinerea-infected tomato fruits compared with the control group. (b) Proportions of the differential m5C-modified
transcripts  containing  different  m5C  site  numbers.  (c)  Gene  Ontology  (GO)  enrichment  analysis  of  biological  processes  for  gene  transcripts  harboring
significantly  upregulated m5C sites.  (d)  GO enrichment analysis  of  biological  processes for  gene transcripts  harboring significantly  downregulated m5C
sites. FDR, false discovery rate.
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This  observation  indicates  that  the  regulatory  effect  of B.  cinerea
infection  on  m5C  modification  in  tomato  fruits  occurs  primarily
through site-specific local regulation, rather than coordinated modi-
fication changes across multiple sites within the same transcript.

To  uncover  the  biological  processes  regulated  by  m5C  modifica-
tion in response to B. cinerea infection, GO enrichment analysis was
performed  on  genes  exhibiting  differential  m5C  methylation.  The
results  showed  that  genes  harboring  upregulated  m5C  sites  were
significantly enriched in several biological processes, including RNA
metabolism  (e.g.,  RNA  catabolic  process,  rRNA  processing,  and
mRNA  metabolic  process),  responses  to  external  stimuli  (e.g.,
response to abiotic stimulus, regulation of responses to stimuli, and
cellular response to stress), chromatin organization, and plastid tran-
scription (Fig. 2c). By contrast, genes with downregulated m5C sites
were  not  only  enriched  in  RNA  metabolism  (e.g.,  RNA  splicing  and
mRNA  metabolic  process)  and  responses  to  external  stimuli  (e.g.,
responses  to  abiotic  stimuli)  but  also  significantly  enriched  in
protein  localization  and  transport  (e.g.,  protein  transport  and
protein  localization  to  organelles),  as  well  as  the  biosynthesis  and
metabolism  of  diverse  organic  compounds  including  lipids,
organophosphates,  and  dicarboxylic  acids  (Fig.  2d).  These  results
suggest  that  m5C  modification  is  broadly  implicated  in  the  regula-
tion  of  multiple  biological  processes  in  tomato  fruits  during B.
cinerea infection,  implying  multifaceted  roles  for  m5C  modification
in mediating tomato fruit's resistance to B. cinerea. 

m5C methylation is generally negatively
correlated with gene expression upon
B. cinerea infection

To  explore  the  putative  regulatory  role  of  m5C  modification  in
gene  expression,  we  next  analyzed  the  correlation  between  m5C
modification levels  and transcript  expression abundance.  A parallel
transcriptome-wide  gene  expression  analysis  (RNA-seq)  was
performed in conjunction with Nanopore DRS analysis, and we iden-
tified 7,509 upregulated and 7,255 downregulated transcripts in the
B. cinerea-infected group compared with the control group, respec-
tively (Supplementary Table S4). Subsequently, an integrated analy-
sis was conducted to associate transcripts harboring differential m5C
sites  with  those  exhibiting  significantly  altered  expression  levels.
The  results  showed  that  among  transcripts  with  upregulated  m5C
sites,  113  transcripts  exhibited  significantly  decreased  expression

levels,  whereas  only  38  transcripts  showed  significantly  increased
expression levels (log2(fold change) ≥ 1;  adjusted p-value < 0.05) in
B.  cinerea-infected  fruits  (Fig.  3a; Supplementary  Table  S5).  By
contrast,  among transcripts  with downregulated m5C modification,
48  transcripts  had  significantly  decreased  expression  levels  and
97  transcripts  displayed  significantly  increased  expression  levels
(Fig.  3b; Supplementary  Table  S6).  Furthermore,  when  this  analysis
was extended to the whole transcriptome, cumulative fraction anal-
ysis  revealed  that  gene  transcripts  harboring  downregulated  m5C
sites  had  an  obvious  higher  proportion  of  increased  gene  expres-
sion (relative to the control group) compared with those containing
upregulated m5C sites (Fig. 3c). Collectively, these results indicate an
overall  negative  correlation  between  m5C  modification  and  gene
expression,  suggesting  that  m5C  modification  may  predominantly
act  as  a  negative  regulator  of  gene  expression  in  tomato  fruits
during B. cinerea infection. 

Ethylene signaling pathway genes exhibit
differential m5C modification and transcript level
during B. cinerea infection

The  phytohormone  ethylene  plays  a  pivotal  role  in  regulating
plant growth and development, as well as in mediating responses to
biotic and abiotic stresses[37,38]. Previous studies have demonstrated
that  the  ethylene  signaling  pathway  is  involved  in  defending
tomato  leaves  and  fruits  against B.  cinerea infection  by  regulating
the expression of  downstream defense-related genes[21,37,38].  In  the
present  study,  we  analyzed  changes  in  m5C  modification  and
expression  levels  of  ethylene  signaling  pathway  genes,  and  identi-
fied  three  such  genes  that  exhibited  coordinated  changes  in  m5C
modification and transcript abundance. Compared with the control
group,  one  ethylene  response  factor  (ERF)  domain-containing
protein  gene  (Solyc03g093610)  and  one  ethylene  insensitive  3
(EIN3)-like  protein  gene  (Solyc01g014480)  harbored  downregulated
m5C  sites  and  significantly  increased  transcript  levels  in  the B.
cinerea-infected  tomato  fruits  (Fig.  4).  In  addition,  another  ERF
domain-containing protein gene (Solyc03g093560) exhibited upreg-
ulated  m5C  modification  accompanied  by  decreased  gene  expres-
sion  (Fig.  4).  These  findings  indicate  that  m5C  modification  may
participate  in  modulating  the  ethylene  signaling  pathway  to  regu-
late tomato fruit's resistance against B. cinerea infection. 

 

 
Fig.  3  m5C  methylation  is  globally  negatively  correlated  with  transcript  abundance.  (a)  and  (b)  Volcano  plots  displaying  the  expression  ratios  of
transcripts  containing  upregulated  and  downregulated  m5C  sites  in B.  cinerea-infected  tomato  fruits  compared  with  the  control  group,  respectively.
Transcripts with significantly increased and decreased mRNA levels (log2(fold change) ≥ 1; adjusted p-value < 0.05) in B. cinerea-infected tomato fruits are
highlighted  in  purple  and  green,  respectively.  (c)  Cumulative  distribution  of  gene  expression  changes  in  transcripts  harboring  upregulated  and
downregulated m5C sites in B. cinerea-infected tomato fruits.
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Defense-related genes exhibit differential m5C
modification and transcript levels during
B. cinerea infection

By integrating differential m5C modification and gene expression
analyses, we found that the transcripts of numerous defense-related
genes  harbor  downregulated  m5C  sites  and  significantly  increased
expression  abundance  in B.  cinerea-infected  fruits  compared  with
the  control  group,  which  further  verified  the  negative  regulatory
relationship  between  m5C  modification  and  gene  expression.
Among  these  genes,  protein  kinase  genes  were  the  most  promi-
nent  category.  In  total,  12  protein  kinase  genes  showed  decreased
m5C  modification  and  elevated  transcript  levels  (Supplementary
Table S6). Three of these protein kinase genes displayed a dramatic
increase  in  expression  abundance  (at  least  a  10-fold  increase;
Fig.  5a),  including  two  protein  kinase  domain-containing  protein
genes  (Solyc03g115610 and Solyc04g075000)  and  one  nonspecific
serine/threonine  protein  kinase  gene  (Solyc03g078520).  Previous
studies have demonstrated that protein kinase genes mediate signal
transduction  activated  by  fungal  pathogen  infection  and  regulate
fruit's resistance to pathogenic fungi[18,39,40].  Thus, these genes may
be direct targets of m5C methylation and play a vital role in defend-
ing against B. cinerea infection as key defense-related genes. In addi-
tion,  four  redox-related  genes,  including  two  peroxidase  genes
(Solyc02g092580 and Solyc04g071890)  involved  in  ROS  metabolism,
one procollagen-proline 4-dioxygenase gene (Solyc02g067530),  and
one MsrB domain-containing protein gene (Solyc02g083360), as well
as  one  toxin-resistant  protein  gene  (Solyc03g118970),  exhibited
decreased m5C modification and elevated transcript  levels  (Fig.  5b,
c). It is possible that under B. cinerea infection, tomato fruits enhance
their  resistance  by  reducing  the  m5C  modification  levels  of  these
potentially targeted defense-related genes, thereby promoting their
expression. 

Expression of m5C methyltransferase,
demethylase, and reader protein genes in
response to B. cinerea infection

The dynamic changes in and molecular functions of m5C methyla-
tion in  vivo depend  on  the  coordinated  regulation  of  m5C  methyl-
transferases,  demethylases,  and  reader  proteins[41].  However,  in

plants, only a limited number of m5C methyltransferase genes have
been  identified,  and  the  coding  genes  of  m5C  demethylases  and
reader  proteins  remain  largely  uncharacterized.  In A.  thaliana,  the
reported  m5C  methyltransferase  genes  include AtTRDMT, AtTRM4A,
and AtTRM4B[14,41].  Their  homologous genes in tomato were identi-
fied  as SlTRDMT, SlTRM4A,  and SlTRM4B through  BLASTP
analysis[42,43].  Gene  expression  analysis  revealed  that  the  mRNA
levels of SlTRDMT, SlTRM4A, and SlTRM4B in B. cinerea-infected fruits
were  not  significantly  different  from  those  in  the  control  group
(Fig. 6a), indicating that these three putative m5C methyltransferase
genes do not respond significantly to B. cinerea infection at the tran-
scriptional level.

In A.  thaliana,  an  ALKB  domain-containing  protein  encoded  by
AtALKBH6 has  been  shown  to  directly  bind  to  m5C-modified  RNAs,
thereby  qualifying  as  a  putative  m5C  demethylase[10].  Given  the
amino acid sequence of AtALKBH6, we searched for its homologous
proteins  across  multiple  plant  species,  and  identified  a  ALKB
domain-containing  protein  with  the  ID  Solyc01g057570  in  tomato,
which we previously named SlALKBH1 and characterized as a puta-
tive  m6A  demethylase[44].  Phylogenetic  analysis  demonstrated  that
SlALKBH1exhibits  high  similarity  to  those  from  other  Solanaceous
crops including potato (Solanum tuberosum) and tobacco (Nicotiana
benthamiana)  (Fig.  6b).  Furthermore,  the  expression  level  of
SlALKBH1 was  significantly  decreased  under B.  cinerea infection
(Fig. 6c), implying that it may play a critical regulatory role in medi-
ating tomato's  resistance to B.  cinerea through m5C demethylation.
Additionally,  on  the  basis  of  the  amino  acid  sequences  of  the
reported m5C reader proteins ALY2 and ALY4 in A. thaliana[11,12], we
identified  two  putative  tomato  m5C  reader  proteins  via  sequence
homology analysis, designated SlALY2 and SlALY4. Gene expression
analysis  showed  that SlALY4 was  significantly  upregulated  upon B.
cinerea infection,  whereas SlALY2 was  expressed  at  low  and  stable
levels  (Fig.  6d),  suggesting  that  SlALY4  may  be  functionally  impor-
tant for the defense response of tomato fruits to B. cinerea. 

Discussion
m5C  methylation  is  a  conserved  epigenetic  modification  present

in  various  RNA  species,  playing  crucial  roles  in  regulating  gene

 

 
Fig.  4  Ethylene  signaling  pathway  genes  exhibited  differential  m5C  methylation  and  expression  abundance  under B.  cinerea infection.  The  transcript
levels of three ethylene signaling pathway genes, including two ethylene response factor genes (Solyc03g093610 and Solyc01g014480) and one ethylene
insensitive 3-like DNA-binding domain-containing protein gene (Solyc03g093560) were determined by RNA-seq analysis. Error bars represent the standard
deviation of three independent experiments. Significance analysis was performed using Student's t-test, with p-values indicated. For each gene transcript,
the position of differential m5C site is shown.
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expression  and  RNA  metabolism[45,46].  In  this  study,  we  used
Nanopore  DRS  to  profile  the  m5C  methylomes  of  tomato  fruits  in
response to B.  cinerea infection for  the first  time,  thereby revealing
the dynamic changes in m5C modification and its regulatory roles in
tomato  fruit's  reaction  to B.  cinerea.  Our  findings  provide  new
insights  into  the  RNA  epigenetic  mechanisms  underlying
plant–pathogen  interactions,  particularly  highlighting  the  involve-
ment  of  m5C  methylation  in  mediating  the  defense  responses  of
postharvest tomato fruits.

The  distribution  of  m5C  sites  across  mRNA  regions  is  closely
associated  with  their  regulatory  functions.  For  instance,  the  m5C
modification  localized  in  the  3'  UTR  and  stop  codon  regions  could
coordinate  with  m6A  methylation  to  regulate  translation  efficiency
and mRNA stability[47].  In the present study, m5C methylome profil-
ing  revealed  that  the  m5C  sites  in  tomato  fruits  are  preferentially
distributed within the CDS and 3' UTR, with only a small proportion
located in the 5'  UTR (Fig.  1c, d).  This  distribution pattern is  consis-
tent  with  that  reported  in A.  thaliana seedlings  and  Ailsa  Craig
tomato  fruits[8,47],  as  revealed  by  bisulfite  RNA  sequencing

(bsRNA-seq)  and  m5C-RNA  immunoprecipitation  sequencing  (RIP-
seq) analysis,  respectively,  but differs from that in tomato leaves as
revealed by m5C-RIP-seq analysis, where m5C is mainly distributed in
the CDS region[42]. The low proportion of m5C sites in the 5' UTR may
be  attributed  to  the  short  length  of  the  5'  UTR  and  the  limited
number  of  modifiable  cytosine  residues.  Notably, B.  cinerea infec-
tion  did  not  alter  the  distribution  pattern  of  m5C  sites,  which  is
distinct  from  the  effect  of  tomato  spotted  wilt  virus  in  tomato
leaves,  whose  infection  induces  significant  alterations  in  the  distri-
bution  preference  of  m5C  peaks[42].  This  observation  indicates  that
the  regional  distribution  of  m5C  modification  in  tomato  fruits  is
stable and not affected by B. cinerea infection, which may be associ-
ated  with  the  fundamental  regulatory  roles  of  m5C  modification  in
RNA metabolism.

Differential  m5C  modification  analysis  revealed  that B.  cinerea
infection induces specific changes in the m5C modification levels of
tomato fruit mRNAs, with 354 upregulated and 341 downregulated
m5C  sites  (Fig.  2a).  The  similar  number  of  increased  and  decreased
m5C  sites  suggests  that B.  cinerea infection  does  not  cause  an

 

 
Fig. 5  Defense-related genes exhibited downregulated m5C modification and increased expression abundance under B. cinerea infection. (a) Changes in
the transcript levels of three protein kinase genes. (b) Changes in the transcript levels of four redox-related genes. (c) Changes in the transcript levels of
one  toxin-resistant  protein  gene.  Gene  expression  levels  were  determined  by  RNA-seq  analysis.  Error  bars  represent  the  standard  deviation  of  three
independent experiments.  Significance analysis was performed using Student's t-test,  with p-values indicated. For each gene transcript,  the position of
downregulated m5C site is shown.
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overall  change  in  m5C  modification  levels,  but  rather  elicits  site-
specific  local  changes.  The  correlation  between  m5C  modification
and gene expression is a key issue for understanding the regulatory
function of m5C methylation. In this study, we identified a negative
correlation  between  m5C  modification  levels  and  gene  expression
levels (Fig. 3a–c). This finding is inconsistent with previous studies in
A.  thaliana roots  and  tomato  leaves,  where  m5C  modification  was

positively  correlated  with  transcript  levels,  as  mutation  of  the  m5C
methyltransferase  gene AtTRM4B  and  SlTRM4B led  to  reduced  m5C
modification  and  decreased  expression  of  m5C-targeted
genes[8,14,42]. This discrepancy implies that the regulatory role of m5C
modification in gene expression may be organ-specific in plants.  In
fact,  the  causal  mechanism  by  which  m5C  modification  negatively
regulates  gene  expression  remains  largely  uncharacterized.

 

 
Fig. 6  Changes in the transcript levels of putative tomato m5C methyltransferase, demethylase, and reader protein genes. (a) The transcript levels of three
putative m5C methyltransferase genes (SlTRDMT, SlTRM4A,  and SlTRM4B) did not significantly alter upon B. cinerea infection. (b) Phylogenetic analysis of
the putative m5C demethylase gene among various plant species. The phylogenetic tree was generated using MEGA 5.2 software. Bootstrap values from
1,000  replications  are  shown  for  each  branch.  aa,  amino  acid.  (c)  The  transcript  level  of  the  putative  m5C  demethylase  gene SlALKBH1 significantly
decreased  upon B.  cinerea infection.  (d)  The  transcript  level  of  the  putative  m5C  reader  protein  gene SlALY4,  but  not  that  of  the SlALY2,  significantly
increased upon B. cinerea infection. Error bars represent the standard deviation of three independent experiments. Significance analysis was performed
using Student's t-test, with p-values indicated.
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Previous  studies  have  demonstrated  that  m6A  modification  can
recruit  the  CCR4-NOT  RNA  degradation  complex  to  specifically
mediate the decay of target mRNAs within cytoplasmic P-bodies[48].
In  addition,  m6A  triggers  ribosome  stalling  and  collision,  induces
premature termination of translation, and promotes mRNA degrada-
tion,  thereby  reducing  overall  mRNA  stability  and  translational
efficiency[49].  Whether  m5C  represses  gene  expression  through  a
similar mechanism or distinct regulatory pathways warrants further
investigation.

GO  enrichment  analysis  demonstrated  that  genes  harboring
differential m5C sites were significantly enriched in multiple biologi-
cal processes, including RNA metabolism and responses to external
stimuli  (Fig.  2c, d).  The  enrichment  of  genes  associated  with  the
response  to  external  stimuli  highlights  the  involvement  of  m5C
modification  in  the  defense  response  of  tomato  fruits  against B.
cinerea infection. Specifically, we found that several defense-related
genes,  encompassing  redox-related  genes,  toxin-resistant  protein
genes,  and  protein  kinase  genes,  exhibited  reduced  m5C  modifica-
tion  and  elevated  expression  levels  following B.  cinerea infection
(Fig.  5a–c).  Previous studies have demonstrated that ROS and reac-
tive nitrogen species act as both cytotoxic agents and key signaling
molecules  in  plants'  responses  to  environmental  cues[50].  Redox-
related genes targeted by m5C modification include multiple peroxi-
dase  genes  responsible  for  ROS  scavenging.  This  process  is  critical
for  plants'  defense  against  pathogen  invasion  by  alleviating  oxida-
tive  damage[51−53].  Notably, A.  thaliana peroxidases  PRX33  and
PRX34  are  essential  for  H2O2 accumulation  during  defense
responses  against  pathogens[50,54].  Accordingly,  we  propose  that
m5C may modulate tomato fruit's resistance to B. cinerea by regulat-
ing H2O2 content.  Toxin-resistant  protein  genes  are  responsible  for
the  degradation  and  clearance  of  mycotoxins  produced  by B.
cinerea[55],  whereas  protein  kinase  genes  can  sense  pathogen-
associated  molecular  patterns  (PAMPs)  and  trigger  downstream
defense  signaling  cascades[56].  The  increased  expression  of  these
genes  is  likely  to  enhance  the  ability  of  tomato  fruits  to  resist B.
cinerea infection.

In addition, our results revealed that m5C modification potentially
targets  and  modulates  the  expression  of  ethylene  signaling  path-
way genes, including those encoding ethylene response factors and
EIN3-like protein genes (Fig. 4). Previous studies have demonstrated
that  the  ethylene  signaling  pathway  contributes  to  the  defense  of
tomato  leaves  and  fruits  against B.  cinerea infection  by  regulating
the  transcription  of  downstream  defense-related  genes[24,38,41].  To
our knowledge, this study is the first to document that m5C modifi-
cation  is  involved  in  the  regulation  of  the  ethylene  signaling  path-
way  in B.  cinerea-infected  tomato  fruits,  thereby  expanding
our  understanding  of  the  regulatory  mechanisms  underlying  the
ethylene-mediated defense response.

Notably,  no  significant  differentially  methylated  m5C  sites  were
detected in transcripts of the jasmonic acid (JA) signaling pathway,
an  indispensable  hormonal  cascade  regulating  tomato's  resistance
to B. cinerea. Additionally, auxins have been implicated in activating
defense  mechanisms  against  pathogens  by  reinforcing  the  cell
walls'  integrity  and  are  widely  recognized  as  crucial  hormones  for
plants'  defense  responses[57].  However,  no  expressed  auxin-related
gene  transcripts  (TPM  ≥ 1)  exhibited  significant  differential  m 5C
modification  during B.  cinerea infection  (Supplementary  Tables  S5
and S6). These results indicate that transcripts associated with the JA
and  auxin  signaling  pathways  may  not  be  direct  targets  of  m5C
modification in tomato fruits upon B. cinerea challenge. It would be
intriguing  to  further  explore  whether  these  hormone-related  tran-
scripts  are  regulated by  other  RNA modifications,  such as  m6A and

m1A,  during  tomato  fruit's  defense  against  fungal  infection,  which
warrants further investigation.

The dynamics of m5C modification is tightly orchestrated by three
classes  of  key  regulators:  Methyltransferases,  demethylases,
and  reader  proteins.  In A.  thaliana,  AtTRDMT,  AtTRM4A,  and
AtTRM4B  have  been  characterized  as  functional  m5C
methyltransferases[8,17,44].  In  the  present  study,  we  identified  their
homologous genes in tomato, designated as SlTRDMT, SlTRM4A, and
SlTRM4B. However, B. cinerea infection did not significantly alter the
transcript levels of these three genes, suggesting that these methyl-
transferases may not participate in the regulation of m5C modifica-
tion during B. cinerea infection. Alternatively, their regulatory effects
might  be  mediated  at  the  post-transcriptional  or  post-translational
level, which requires further investigation.

It should be noted that this study has several inherent limitations.
First,  our  analysis  of  the  m5C  methylome  was  restricted  to  a  single
time  point  (48  h  postinoculation),  leaving  the  dynamic  changes  in
the  m5C  methylome  across  different  stages  of B.  cinerea infection
largely  unexplored.  Second,  the  regulatory  mechanisms  through
which  m5C  modification  modulates  gene  expression,  such  as  its
potential  effects  on  mRNA  stability  or  translation  efficiency,  have
not  been  validated  using in  vitro experimental  approaches  Third,
how  ethylene-mediated  hormone  signaling  is  regulated  by  m5C
methylation and participates in the defense response remains to be
further  investigated.  Fourth,  the  specific  roles  of  m5C  methyltrans-
ferases,  demethylases,  and  reader  proteins  in  mediating  tomato
fruit's  resistance  to B.  cinerea infection  remain  elusive.  In  future
research,  we  will  focus  on  addressing  these  issues  to  further  delin-
eate  the  regulatory  mechanisms  by  which  m5C  modification
governs  tomato  fruit's  defense  responses  against B.  cinerea,  which
may provide novel targets for improving tomato fruit's  postharvest
resistance to gray mold disease. 

Conclusions
In  this  study,  we  profiled  the  m5C  methylomes  of B.  cinerea-

infected and mock-inoculated tomato fruits via Nanopore DRS. Our
results demonstrated that m5C modification in tomato fruit's mRNAs
exhibits  a  specific  nucleotide  preference  and  is  predominantly
distributed  in  the  CDS  region  and  3'  UTR.  Notably, B.  cinerea infec-
tion induces site-specific changes in m5C modification but does not
alter  the  global  m5C  modification  level.  Globally, B.  cinerea-trig-
gered  m5C  modification  negatively  regulates  gene  expression,  and
genes  with  differential  m5C  modifications  are  involved  in  multiple
biological  processes,  including  RNA  metabolism  and  responses  to
external  stimuli.  Importantly,  a  large  number  of  ethylene  signaling
pathway  and  defense-related  genes  are  directly  targeted  by  m5C
modification,  implying its  critical  involvement in  mediating tomato
fruit's resistance to B. cinerea. Additionally, the putative tomato m5C
demethylase  gene SlALKBH1 and  the  reader  protein  gene SlALY4,
but  not  the  three  m5C  methyltransferase  genes,  respond  signifi-
cantly to B. cinerea infection at the transcriptional level. Collectively,
this study provides the first comprehensive m5C methylome profile
of  tomato  fruits  during B.  cinerea infection,  advancing  our  under-
standing  of  RNA-based  epigenetic  regulation  in  plant–pathogen
interactions  and  offering  novel  targets  for  improving  postharvest
resistance in tomato fruit. 

Author contributions

The  authors  confirm  their  contributions  to  this  study  as  follows:
conceived and designed the experiments: Zhou L, Gao Y; performed

Tomato m5C methylomes upon B. cinerea infection  

Cai et al. Plant Hormones 2026, 2: e011   Page 9 of 11



the experiment and analyzed the data: Cai X, Zhou L; provided criti-
cal  discussions:  Qin  G,  Cassan-Wang  H,  Cai  J,  Huang  B,  Cheng  Y;
wrote the manuscript: Zhou L; contributed to the writing: Gao Y. All
authors  reviewed  the  results  and  approved  the  final  version  of  the
manuscript. 

Data availability

All  data  generated  or  analyzed  during  this  study  are  included  in
this published article and its supplementary information files. 

Acknowledgments

We  thank  Professor  Shiping  Tian  from  the  Institute  of  Botany,
Chinese  Academy  of  Sciences,  for  providing  the B.  cinerea strain
B05.10.  This  work  was  supported  by  the  Fundamental  Research
Funds  for  the  Central  Universities  of  Chongqing  University  (Grant
No. 2025CDJ-IAISYB-065) and the National Natural Science Founda-
tion of China (Grant No. 32472403). 

Conflict of interest

The authors declare that they have no conflict of interest. 

Supplementary information accompanies this paper online
at: https://doi.org/10.48130/ph-0026-0010.

Dates

Received 20 March 2026; Revised 20 April 2026; Accepted 24 April
2026; Published online 14 May 2026

References 

 Sun  H,  Li  K,  Liu  C,  Yi  C. 2023. Regulation  and  functions  of  non-m6A
mRNA modifications. Nature Reviews Molecular Cell Biology 24:714−731

[1]

 Song P, Cai Z, Jia G. 2026. m6A RNA methylation in plants: from molec-
ular insights to applications. Annual Review of Plant Biology 77:in press

[2]

 Li T, Huang J, Wang G, Li H, Lü P. 2025. Regulatory roles of RNA modifi-
cations in plant development and fruit ripening. aBIOTECH 6:472−488

[3]

 Bohnsack KE, Höbartner C, Bohnsack MT. 2019. Eukaryotic 5-methylcy-
tosine  (m5C)  RNA  methyltransferases:  mechanisms,  cellular  functions,
and links to disease. Genes 10:102

[4]

 Shen  L,  Ma  J,  Li  P,  Wu  Y,  Yu  H. 2023. Recent  advances  in  the  plant
epitranscriptome. Genome Biology 24:43

[5]

 Shi  H,  Wei  J,  He  C. 2019. Where,  when,  and  how:  context-dependent
functions  of  RNA  methylation  writers,  readers,  and  erasers. Molecular
Cell 74:640−650

[6]

 Dong Y, Zhang W, Uslu VV. 2026. mRNA methylation at the crossroads
of  translation,  transport,  and  decay  in  plant  development  and  stress
responses. Current Opinion in Plant Biology 89:102851

[7]

 David R, Burgess A, Parker B, Li J, Pulsford K, et al. 2017. Transcriptome-
wide  mapping  of  RNA  5-methylcytosine  in Arabidopsis mRNAs  and
noncoding RNAs. The Plant Cell 29:445−460

[8]

 Tang Y, Gao CC, Gao Y, Yang Y, Shi B,  et al. 2020. OsNSUN2-mediated
5-methylcytosine  mRNA  modification  enhances  rice  adaptation  to
high temperature. Developmental Cell 53:272−286.e7

[9]

 Huong  TT,  Ngoc  LNT,  Kang  H. 2020. Functional  characterization  of  a
putative RNA demethylase ALKBH6 in Arabidopsis growth and abiotic
stress responses. International Journal of Molecular Sciences 21:6707

[10]

 Xu  Y,  Székely  A,  Ostendorp  S,  Gupta1  S,  Tomkins  M,  et  al. 2024.
Systemic  mRNA  transport  depends  on  m5C  methylation,  nuclear
mRNA  export  factors  and  developmental  phase  changes. bioRxiv
596576

[11]

 Pfaff C, Ehrnsberger HF, Flores-Tornero M, Sørensen BB, Schubert T, et
al. 2018. ALY  RNA-binding  proteins  are  required  for  nucleocytosolic

[12]

mRNA transport  and modulate plant  growth and development. Plant
Physiology 177:226−240
 Zou  Z,  Sepich-Poore  C,  Zhou  X,  Wei  J,  He  C. 2023. The  mechanism
underlying  redundant  functions  of  the  YTHDF  proteins. Genome  Biol-
ogy 24:17

[13]

 Cui  X,  Liang  Z,  Shen  L,  Zhang  Q,  Bao  S,  et  al. 2017. 5-methylcytosine
RNA  methylation  in Arabidopsis  Thaliana. Molecular  Plant
10:1387−1399

[14]

 Sui  Y,  Li  Z,  Xiao  X,  Deng  W,  Duan  B. 2026. The  role  of  induced  resis-
tance  in  mitigating  postharvest  fungal  diseases  in  fruits  and  vegeta-
bles. Journal of Advanced Research 83:91−111

[15]

 Dwivedi  M,  Singh P,  Pandey AK. 2024. Botrytis  fruit  rot  management:
what have we achieved so far? Food Microbiology 122:104564

[16]

 Li  S,  Zhao  Y,  Wu  P,  Grierson  D,  Gao  L. 2024. Ripening  and  rot:  how
ripening processes influence disease susceptibility in fleshy fruits. Jour-
nal of Integrative Plant Biology 66:1831−1863

[17]

 Ji D, Liu W, Cui X, Liu K, Liu Y, et al. 2023. A receptor-like kinase SlFERL
mediates immune responses of tomato to Botrytis cinerea by recogniz-
ing  BcPG1  and  fine-tuning  MAPK  signaling. New  Phytologist
240:1189−1201

[18]

 Yang  Q,  Yang  J,  Wang  Y,  Du  J,  Zhang  J,  et  al. 2022. Broad-spectrum
chemicals  block  ROS  detoxification  to  prevent  plant  fungal  invasion.
Current Biology 32:3886−3897.e6

[19]

 Tao N, Liu Y, Zhang B, Guo Y, Wang Q, et al. 2025. SlABCG9 functioning
as a jasmonic acid transporter influences tomato resistance to Botrytis
cinerea. Journal of Agricultural and Food Chemistry 73:3897−3907

[20]

 Deng H, Pei Y, Xu X, Du X, Xue Q, et al. 2024. Ethylene-MPK8-ERF. C1-PR
module confers resistance against Botrytis cinerea in tomato fruit with-
out compromising ripening. New Phytologist 242:592−609

[21]

 Li  S,  Huang  Y,  Zhao  Y,  Wu  P,  Guo  S,  et  al. 2025. Ripening-induced
defence  signalling  in Botrytis  cinerea-infected  tomato  fruits  involves
activation  of  ERF.  F4  by  a  MYC2-NOR/RIN  protein  complex. Plant
Biotechnology Journal 23:4126−4139

[22]

 Zhang  J,  Dong  D,  Jia  C,  Li  H,  Liu  L,  et  al. 2025. Fine-tuning  of  MYC2-
mediated Botrytis defense  response  by  the  LBD40/42-CRL3BPM4

module in tomato. The Plant Cell 37:koaf258

[23]

 Liu M,  Zhang Z,  Xu Z,  Wang L,  Chen C,  et  al. 2021. Overexpression of
SlMYB75 enhances resistance to Botrytis cinerea and prolongs fruit stor-
age life in tomato. Plant Cell Reports 40:43−58

[24]

 Luo D, Sun W, Cai J, Hu G, Zhang D, et al. 2023. SlBBX20 attenuates JA
signalling  and  regulates  resistance  to Botrytis  cinerea by  inhibiting
SlMED25 in tomato. Plant Biotechnology Journal 21:792−805

[25]

 Lee  S,  Choi  J,  Park  J,  Hong  CP,  Choi  D,  et  al. 2023. DDM1-mediated
gene body DNA methylation is associated with inducible activation of
defense-related genes in Arabidopsis. Genome Biology 24:106

[26]

 Chen D, Zhang Z, Chen Y, Li B, Chen T, et al. 2024. Transcriptional land-
scape  of  pathogen-responsive  lncRNAs  in  tomato  unveils  the  role  of
hydrolase  encoding  genes  in  response  to Botrytis  cinerea invasion.
Plant, Cell & Environment 47:651−663

[27]

 Liu  Y,  Yu  Y,  Fei  S,  Chen  Y,  Xu  Y,  et  al. 2023. Overexpression  of  sly-
miR398b  compromises  disease  resistance  against Botrytis  cinerea
through regulating ROS homeostasis and JA-related defense genes in
tomato. Plants 12:2572

[28]

 Prall  W,  Sheikh  AH,  Bazin  J,  Bigeard  J,  Almeida-Trapp  M,  et  al. 2023.
Pathogen-induced m6A dynamics affect plant immunity. The Plant Cell
35:4155−4172

[29]

 Zhu  XT,  Sanz-Jimenez  P,  Ning  XT,  Tahir  ul  Qamar  M,  Chen  LL. 2024.
Direct  RNA  sequencing  in  plants:  practical  applications  and  future
perspectives. Plant Communications 5:101064

[30]

 Moore  S,  Payton  P,  Wright  M,  Tanksley  S,  Giovannoni  J. 2005. Utiliza-
tion  of  tomato  microarrays  for  comparative  gene  expression  analysis
in the Solanaceae. Journal of Experimental Botany 56:2885−2895

[31]

 Song  Z,  Yang  Q,  Dong  B,  Wang  S,  Xue  J,  et  al. 2025. Nanopore  RNA
direct  sequencing  identifies  that  m6A  modification  is  essential  for
sorbitol-controlled resistance to Alternaria alternata in apple. Develop-
mental Cell 60:1439−1453.e5

[32]

 Li  H. 2018. Minimap2:  pairwise  alignment  for  nucleotide  sequences.
Bioinformatics 34:3094−3100

[33]

  Tomato m5C methylomes upon B. cinerea infection

Page 10 of 11   Cai et al. Plant Hormones 2026, 2: e011

https://doi.org/10.48130/ph-0026-0010
https://doi.org/10.48130/ph-0026-0010
https://doi.org/10.48130/ph-0026-0010
https://doi.org/10.48130/ph-0026-0010
https://doi.org/10.48130/ph-0026-0010
https://doi.org/10.1038/s41580-023-00622-x
https://doi.org/10.1146/annurev-arplant-070225-033859
https://doi.org/10.1007/s42994-025-00240-5
https://doi.org/10.3390/genes10020102
https://doi.org/10.1186/s13059-023-02872-6
https://doi.org/10.1016/j.molcel.2019.04.025
https://doi.org/10.1016/j.molcel.2019.04.025
https://doi.org/10.1016/j.pbi.2025.102851
https://doi.org/10.1105/tpc.16.00751
https://doi.org/10.1016/j.devcel.2020.03.009
https://doi.org/10.3390/ijms21186707
https://doi.org/10.1101/2024.05.30.596576
https://doi.org/10.1104/pp.18.00173
https://doi.org/10.1104/pp.18.00173
https://doi.org/10.1186/s13059-023-02862-8
https://doi.org/10.1186/s13059-023-02862-8
https://doi.org/10.1186/s13059-023-02862-8
https://doi.org/10.1016/j.molp.2017.09.013
https://doi.org/10.1016/j.jare.2025.08.037
https://doi.org/10.1016/j.fm.2024.104564
https://doi.org/10.1111/jipb.13739
https://doi.org/10.1111/jipb.13739
https://doi.org/10.1111/nph.19210
https://doi.org/10.1016/j.cub.2022.07.022
https://doi.org/10.1021/acs.jafc.4c09064
https://doi.org/10.1111/nph.19632
https://doi.org/10.1111/pbi.70221
https://doi.org/10.1111/pbi.70221
https://doi.org/10.1093/plcell/koaf258
https://doi.org/10.1007/s00299-020-02609-w
https://doi.org/10.1111/pbi.13997
https://doi.org/10.1186/s13059-023-02952-7
https://doi.org/10.1111/pce.14757
https://doi.org/10.3390/plants12132572
https://doi.org/10.1093/plcell/koad224
https://doi.org/10.1016/j.xplc.2024.101064
https://doi.org/10.1093/jxb/eri283
https://doi.org/10.1016/j.devcel.2024.12.033
https://doi.org/10.1016/j.devcel.2024.12.033
https://doi.org/10.1093/bioinformatics/bty191


 Li  H,  Handsaker  B,  Wysoker  A,  Fennell  T,  Ruan  J,  et  al. 2009. The

sequence  alignment/map  format  and  SAMtools. Bioinformatics
25:2078−2079

[34]

 Bailey  TL,  Boden  M,  Buske  FA,  Frith  M,  Grant  CE,  et  al. 2009. MEME

SUITE:  tools  for  motif  discovery  and  searching. Nucleic  Acids  Research
37:W202−W208

[35]

 Patro  R,  Duggal  G,  Love  MI,  Irizarry  RA,  Kingsford  C. 2017. Salmon

provides  fast  and  bias-aware  quantification  of  transcript  expression.

Nature Methods 14:417−419

[36]

 Chagué V,  Danit  LV,  Siewers  V,  Gronover  CS,  Tudzynski  P,  et  al. 2006.

Ethylene sensing and gene activation in Botrytis cinerea: a missing link

in  ethylene  regulation  of  fungus-plant  interactions? Molecular  Plant-
Microbe Interactions 19:33−42

[37]

 van Loon LC, Geraats BPJ, Linthorst HJM. 2006. Ethylene as a modula-

tor of disease resistance in plants. Trends in Plant Science 11:184−191

[38]

 Ding S, Feng S, Zhou S, Zhao Z, Liang X, et al. 2024. A novel LRR recep-

tor-like  kinase  BRAK  reciprocally  phosphorylates  PSKR1  to  enhance

growth and defense in tomato. The EMBO Journal 43:6104−6123

[39]

 Shin JH,  Park  BS,  Kim KS. 2022. The CsSTE50 adaptor  protein in  mito-

gen-activated protein kinase cascades is essential for pepper anthrac-

nose  disease  of Colletotrichum  scovillei. The  Plant  Pathology  Journal
38:593−602

[40]

 Zhang  P,  Wang  Y,  Gu  X. 2020. RNA  5-methylcytosine  controls  plant

development  and  environmental  adaptation. Trends  in  Plant  Science
25:954−958

[41]

 Zhao X,  Gong Y,  Jiao Y,  Zhang W, An D, et al. 2026. Epitranscriptomic

profiling of m5C RNA methylation reveals a dynamic response to TSWV

infection in tomato. Frontiers in Plant Science 16:1722290

[42]

 Zhao Z, Zeng S, Liu H, Chen M, Li D, et al. 2025. Dynamic abundances

of m7G, m5C and m1A mRNA modifications are associated with tomato

fruit  quality  following  harvest. Postharvest  Biology  and  Technology
225:113522

[43]

 Zhou  L,  Tian  S,  Qin  G. 2019. RNA  methylomes  reveal  the  m6A-medi-

ated  regulation  of  DNA  demethylase  gene SlDML2 in  tomato  fruit

ripening. Genome Biology 20:156

[44]

 Shen L, Liang Z, Wong CE, Yu H. 2019. Messenger RNA modifications in

plants. Trends in Plant Science 24:328−341

[45]

 Liang Z, Riaz A, Chachar S, Ding Y, Du H, et al. 2020. Epigenetic modifi-

cations of mRNA and DNA in plants. Molecular Plant 13:14−30

[46]

 Guo  S,  Zheng  Y,  Meng  D,  Zhao  X,  Sang  Z,  et  al. 2022. DNA  and
coding/non-coding  RNA  methylation  analysis  provide  insights  into
tomato fruit ripening. The Plant Journal 112:399−413

[47]

 Wang X,  Lu Z,  Gomez A,  Hon GC,  Yue Y,  et  al. 2014. N6-methyladeno-
sine-dependent  regulation  of  messenger  RNA  stability. Nature
505:117−120

[48]

 Murakami  S,  Olarerin-George  AO,  Liu  JF,  Zaccara  S,  Hawley  B,  et  al.
2025. m6A  alters  ribosome  dynamics  to  initiate  mRNA  degradation.
Cell 188:3728−3743.e20

[49]

 Ali M, Kaderbek T, Khan MA, Skalicky M, Brestic M, et al. 2025. Biosyn-
thesis  and  multifaceted  roles  of  reactive  species  in  plant  defense
mechanisms during environmental cues. Plant Stress 18:101102

[50]

 An B, Li B, Li H, Zhang Z, Qin G, et al. 2016. Aquaporin8 regulates cellu-
lar  development  and  reactive  oxygen  species  production,  a  critical
component  of  virulence  in Botrytis  cinerea. New  Phytologist
209:1668−1680

[51]

 Shan Q, Zhao D, Cao B, Zhu X, Wang C, et al. 2025. Jasmonic acid and
nitric  oxide  orchestrate  a  hierarchical  melatonin  cascade  for Botrytis
cinerea resistance in tomato. Plant Physiology 197:kiaf078

[52]

 Bulasag AS, Ashida A, Miura A, Pring S, Kuroyanagi T, et al. 2024. Botry-
tis  cinerea detoxifies the sesquiterpenoid phytoalexin rishitin through
multiple  metabolizing  pathways. Fungal  Genetics  and  Biology
172:103895

[53]

 Daudi A,  Cheng Z,  O'Brien JA,  Mammarella N,  Khan S,  et  al. 2012. The
apoplastic oxidative burst peroxidase in Arabidopsis is a major compo-
nent of pattern-triggered immunity. The Plant Cell 24:275−287

[54]

 Kuroyanagi T, Bulasag AS, Fukushima K, Ashida A, Suzuki T, et al. 2022.
Botrytis  cinerea identifies host plants via the recognition of antifungal
capsidiol  to induce expression of  a  specific  detoxification gene. PNAS
Nexus 1:pgac274

[55]

 Nie JA, Ding XH, Zhong XRY, Shi WC, Gao Z. 2025. Transcellular regula-
tion of ETI-induced cell death. Trends in Plant Science 30:745−755

[56]

 Ali M, Shi L, Khan MA, Ali A, Hu S, et al. 2025. Auxin biodynamics and its
integral role in enhancing plant resilience to environmental cues. Phys-
iologia Plantarum 177:e70165

[57]

Copyright:  ©  2026  by  the  author(s).  Published  by
Maximum  Academic  Press  on  behalf  of  Chongqing

University.  This  article  is  an  open  access  article  distributed  under
Creative  Commons  Attribution  License  (CC  BY  4.0),  visit https://
creativecommons.org/licenses/by/4.0/.

Tomato m5C methylomes upon B. cinerea infection  

Cai et al. Plant Hormones 2026, 2: e011   Page 11 of 11

https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/nar/gkp335
https://doi.org/10.1038/nmeth.4197
https://doi.org/10.1094/mpmi-19-0033
https://doi.org/10.1094/mpmi-19-0033
https://doi.org/10.1094/mpmi-19-0033
https://doi.org/10.1016/j.tplants.2006.02.005
https://doi.org/10.1038/s44318-024-00278-z
https://doi.org/10.5423/ppj.oa.06.2022.0074
https://doi.org/10.1016/j.tplants.2020.07.004
https://doi.org/10.3389/fpls.2025.1722290
https://doi.org/10.1016/j.postharvbio.2025.113522
https://doi.org/10.1186/s13059-019-1771-7
https://doi.org/10.1016/j.tplants.2019.01.005
https://doi.org/10.1016/j.molp.2019.12.007
https://doi.org/10.1111/tpj.15951
https://doi.org/10.1038/nature12730
https://doi.org/10.1016/j.cell.2025.04.020
https://doi.org/10.1016/j.stress.2025.101102
https://doi.org/10.1111/nph.13721
https://doi.org/10.1093/plphys/kiaf078
https://doi.org/10.1016/j.fgb.2024.103895
https://doi.org/10.1105/tpc.111.093039
https://doi.org/10.1093/pnasnexus/pgac274
https://doi.org/10.1093/pnasnexus/pgac274
https://doi.org/10.1016/j.tplants.2025.01.001
https://doi.org/10.1111/ppl.70165
https://doi.org/10.1111/ppl.70165
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Plant materials and culture conditions
	B. cinerea culture and inoculation
	Total RNA extraction
	Nanopore direct RNA sequencing
	m5C data analysis
	Transcriptome-wide gene expression analysis
	Phylogenetic analysis
	Statistical analysis

	Results
	m5C methylome of tomato fruits as revealed by Nanopore DRS
	Analysis of differential m5C sites upon B. cinerea infection
	m5C methylation is generally negatively correlated with gene expression upon B. cinerea infection
	Ethylene signaling pathway genes exhibit differential m5C modification and transcript level during B. cinerea infection
	Defense-related genes exhibit differential m5C modification and transcript levels during B. cinerea infection
	Expression of m5C methyltransferase, demethylase, and reader protein genes in response to B. cinerea infection

	Discussion
	Conclusions
	Author contributions
	Data availability
	Acknowledgments
	Conflict of interest
	Supplementary information
	References

