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Abstract
N6-methyladenosine (m6A) is the most abundant internal modification in eukaryotic messenger RNA. Although the role of
m6A has been demonstrated in many biological processes, including embryonic development, flowering time control, mi-
crospore generation, fruit ripening, and stress responses, its contribution to other aspects of plant development still needs
to be explored. Herein, we show the potential link between m6A deposition and the expansion of tomato (Solanum lyco-
persicum) fruits through parallel m6A-immunoprecipitation-sequencing (m6A-seq) and RNA-seq analyses. We found that
global m6A levels increased during tomato fruit expansion from immature green to mature green stage. m6A-seq revealed
that thousands of protein-coding genes are m6A-modified mainly in the 30-untranslated regions. m6A-seq and RNA-seq
analyses showed a positive association between m6A methylation and mRNA abundance. In particular, a large number of
fruit expansion-related genes involved in hormone responses and endoreduplication were m6A modified and expressed
more actively than the non-m6A-modified genes, suggesting a potential role of m6A modification in tomato fruit expan-
sion. Importantly, altering m6A levels by direct injection of 3-deazaneplanocin A (DA; m6A writer inhibitor) or meclofe-
namic acid (MA; m6A eraser inhibitor) into tomato fruits suppressed fruit expansion; however, injection of exogenous DA
or MA accelerated or delayed fruit ripening, respectively. Collectively, these results suggest a dynamic role of m6A methyla-
tion in the expansion and ripening of tomato fruits.

Introduction
RNA molecules are heavily modified co-transcriptionally and
posttranscriptionally in all living organisms. To date, over 150
different chemical modifications of cellular RNAs have been
identified (Cantara et al., 2011; Boccaletto et al., 2018). In par-
ticular, recent advents in high-throughput sequencing tech-
nologies have uncovered N6-methyladenosine (m6A) as the
most abundant, dynamic, and reversible mRNA modification

in eukaryotes (Liu and Pan, 2016; Covelo-Morales et al., 2018).
The installation and removal of m6A marks are catalyzed by
methyltransferases (referred to as “writers”) and demethylases
(referred to as “erasers”), respectively (Meyer and Jaffrey, 2017;
Hu et al., 2019; Zheng et al., 2020). Dynamic and reversible
m6A modifications in plants are modulated by writer
components, including methyltransferase A (MTA), MTB,
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FKBP12-INTERACTING PROTEIN 37, VIRILIZER, and an E3
ubiquitin ligase HAKAI (Zhong et al., 2008; Bodi et al., 2012;
Rů�zi�cka et al., 2017; Zhang et al., 2019), and eraser proteins,
such as Alpha-Ketoglutarate-Dependent Dioxygenase homo-
log 9B (ALKBH9B) and ALKBH10B (Duan et al., 2017;
Martı́nez-Pérez et al., 2017). An increasing body of evidence
has demonstrated the importance of m6A RNA methylation
in controlling mRNA metabolism, including RNA processing,
stability, splicing, nuclear-to-cytoplasmic export, and transla-
tion control (Wang et al., 2014; Meyer et al., 2015; Wang
et al., 2015; Xiao et al., 2016; Coots et al., 2017; Shi et al., 2017;
Luo et al., 2020), which are all crucial for various biological
processes in plants, such as embryogenesis, floral transition,
development of trichomes, leaves and roots, sporogenesis,
fruit ripening, and abiotic stress responses (Zhong et al., 2008;
Bodi et al., 2012; Duan et al., 2017; Rů�zi�cka et al., 2017;
Arribas-Hernández et al., 2018; Scutenaire et al., 2018; Wei
et al., 2018; Zhang et al., 2019; Arribas-Hernández et al., 2020;
Kim et al., 2020; Hu et al., 2021; Shao et al., 2021; Song et al.,
2021). Although these findings have demonstrated the vital
roles of m6A methylation in plant development at different
development stages, the functional roles of m6A modification
in the development of crops are largely unknown.

Tomato (Solanum lycopersicum) is a widely cultivated hor-
ticultural crop and serves as a valuable model plant to study
fruit-related traits, including fruit expansion, quality, and rip-
ening. Being an important part of human diet, the quality of
tomato fruits, which depends on the developmental process
of expansion and ripening, draws consistent attention. Fruit
expansion determines the fruit size, whereas ripening
impacts fruit nutritional value and shelf life (Zhou et al.,
2019). A previous study has demonstrated that epigenetic
5-methylcytosine DNA methylation plays an important role
in the regulation of tomato fruit ripening; disruption of
DNA demethylase gene SlDML2 leads to global DNA hyper-
methylation and remarkable inhibition of fruit ripening
(Lang et al., 2017). Moreover, a recent study has shown that
disruption of SlALKBH2, an m6A RNA demethylase in to-
mato, is associated with increased stability of SlDML2 tran-
scripts and delayed fruit ripening, highlighting a molecular
link between DNA methylation and m6A RNA methylation
during fruit ripening (Zhou et al., 2019). In addition, a recent
study has demonstrated that m6A methylation regulates
strawberry fruit ripening in an abscisic acid (ABA)-depen-
dent manner (Zhou et al., 2021). Although these studies
suggest the crucial role of epitranscriptomic RNA m6A
methylation in regulating the fruit ripening process, the im-
portance of m6A methylation in the expansion of fruits, in-
cluding tomato, has never been explored.

To understand the role of mRNA m6A methylation in the
expansion of tomato fruits, we performed transcriptome-
wide m6A RNA immunoprecipitation-sequencing (m6A-seq)
and RNA-seq of tomato fruits at different expansion stages
and assessed the relation between m6A modification and
the abundance of RNA transcripts related to cell expansion,
hormone response, and endoreduplication. Herein, we

investigated the ways by which m6A methylation affected
gene expression at different developmental stages and sug-
gested a link between m6A modification and tomato fruit
expansion.

Results

Global m6A level increases during the expansion of
tomato fruits
Considering the results from a previous report on the de-
crease in m6A methylation during the ripening of tomato
fruits (Zhou et al., 2019), we first aimed to investigate how
m6A levels are altered during the expansion stages of to-
mato fruits. We selected three time points, 12, 20, and 28 d
after flowering (DAF), which showed clear differences in the
fruit expansion (Figure 1A); it is evident that the fresh
weight, fruit diameter, and fruit length of the tomatoes in-
creased during the expansion stages (Figure 1B). Next, we
analyzed the m6A levels in tomato fruits during different ex-
pansion stages from immature green to mature green stages
(Figure 2A) and found that m6A levels in both total RNA
and mRNA increased considerably in an expansion stage-
dependent manner (Figure 2, B and C). Considering that
m6A modification in rRNA can also affect developmental
programs in animals (Ignatova et al., 2020), we measured
the m6A levels in rRNA but found no significant changes in
rRNA m6A levels in tomato fruits during different expansion
stages (Supplemental Figure S1), suggesting that rRNA m6A
methylation is not associated with tomato fruit expansion.
These dynamic changes in m6A levels during the different
developmental stages suggest that m6A modification in
mRNA contributes positively to the expansion of tomato
fruits.

Important features of m6A profile during the
expansion of tomato fruits
To understand the association between m6A modification
and fruit expansion, we conducted m6A-seq and RNA-seq
for the tomato fruits collected 12, 20, and 28 DAF. We gen-
erated a total of 65–74, 64–64, and 80–84 million reads for
the tomato fruits at 12, 20, and 28 DAF, respectively, among
which 53–59, 51–52, and 64–67 million distinct reads, re-
spectively, were uniquely aligned to the Tomato Genome
SL3.0 (Supplemental Table S1). Transcriptome-wide location
of m6A modification was identified using an algorithm as
described previously (Meng et al., 2014). The confident m6A
peaks obtained from two biological replicates which showed
a high Pearson’s correlation coefficient were used for subse-
quent bioinformatics analyses (Supplemental Figure S2). The
validity of our m6A-seq data was further established by
m6A-IP-qPCR analysis of six randomly selected m6A-contain-
ing transcripts (Supplemental Figure S3). Overall, we identi-
fied a total of 15,720, 16,547, and 16,381 m6A peaks in the
tomato fruit at 12, 20, and 28 DAF, respectively
(Supplemental Data Set S1), using m6A-seq. The majority of
protein-coding transcripts (466%) contained a single m6A
peak (Supplemental Figure S4A). Consistent with previous
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studies conducted in other plants and mammals, the distri-
bution of m6A peaks in protein-coding mRNA in all groups
was enriched mainly in the 30-untranslated region (UTR)
and relatively less in the 50-UTR and coding sequences
(CDS) (Supplemental Figure S4B). Gene ontology (GO)
analysis of the biological function of m6A-modified genes
revealed that m6A-containing genes were involved in various
cellular functions, including protein metabolism, DNA and
RNA processing, and transcription regulation (Supplemental
Figure S4C).

Next, to analyze the differences of m6A methylome be-
tween different stages of fruit expansion, we compared all
m6A peaks identified in each developmental stage and
found that most of the m6A peaks (8,596 peaks) were com-
mon in all samples, whereas 757, 970, and 920 m6A peaks
were unique to tomato fruits at 12, 20, and 28 DAF, respec-
tively (Figure 3A). To further evaluate the reliability of our
m6A-seq data, the m6A-containing transcripts identified in
the immature green tomato fruits in this study were com-
pared with those identified in the immature green tomato

A

B

Figure 1 Phenotypes of tomato fruits during the expansion stages. A, Photographs of fresh fruits were taken at 12, 20, and 28 DAF. Scale
bar = 1 cm (B). The fresh weight, diameter, and length of the fruits were measured on the indicated days. Data represent means ± standard devia-
tion of three biological replicates (n = 6), and asterisks indicate significant differences (Student’s t test, **P5 0.01, ***P5 0.001).

A

B C

Figure 2 The global m6A levels in total RNA and mRNA during tomato fruit expansion stages. A, Photographs of the fruits at different expansion
stages of tomato. The levels of m6A in (B) total RNA and (C) mRNA at different stages of fruit expansion are shown in (A). Data represent mean-
s ± standard deviation of three biological replicates (n = 4), and asterisks indicate significant differences (Student’s t test, *P5 0.05, **P5 0.01,
***P5 0.001). ns, not significant. PC, positive control. NC, negative control.
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fruits by Zhou et al. (2019). Although the tomato cultivars
used in our study and the previous study by Zhou et al.
(Micro-Tom versus Ailsa Craig) are different, and the devel-
opmental stages investigated in the two studies (28 DAF
versus 39 DAF) are not identical, �83% (7,471/9,047) of the

m6A-containing transcripts overlapped each other
(Supplemental Figure S5), indicating that our m6A-seq data
are reliable. GO analysis of the overlapped m6A-containing
transcripts showed that they are involved in various cellular
functions, including transcription regulation, protein

A

C

E

F

D

B

Figure 3 Changes of m6A methylome during tomato fruit expansion stages. A, Venn diagrams showing the overlap of m6A peaks in tomato fruits
at 12, 20, and 28 DAF. B, GO enrichment analysis of common m6A-modified genes shown in (A). C, Distribution of m6A peaks in transcript seg-
ments divided into 50-UTR, coding sequence, and 30-UTR. D, Proportions of the m6A-modified transcripts containing different number of m6A
peaks in comparison Group II (28 DAF versus 12 DAF). E, A Pie chart depicting the fraction of m6A peaks in different gene segments. F, Sequence
motifs identified using HOMER in m6A peaks.
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metabolism, DNA and RNA processing, and chloroplast
function (Figure 3B). Analysis of the density of m6A peaks
in all samples revealed similar m6A distribution patterns
with m6A mainly enriched in the 30-UTR (Figure 3C). To
obtain a deeper view of changes in m6A landscape during
fruit expansion, stages of fruit expansion were divided into
the following three comparison groups: Group I, 20 DAF
versus 12 DAF; Group II, 28 DAF versus 12 DAF; Group III,
28 DAF versus 20 DAF. We found that differential m6A
peaks in all comparison groups are mainly modified at one
site in the 30-UTR (Figure 3, D and E; Supplemental Figure
S6, A and B). Motif analysis of m6A peaks in all comparison
groups resulted in the identification of URUAY (R = A/G,
Y = U/A) sequence motif, which is a plant-specific motif
previously identified in tomato, maize, rice, and Arabidopsis
(Wei et al., 2018; Zhou et al., 2019; Miao et al., 2020, Luo
et al., 2020; Hu et al., 2021). Interestingly, the RRACH motif
found in animals (Dominissini et al., 2012, 2013; Linder et al.,
2015), as well as plants, were identified in comparison
Groups II and III, but not in Group I (Figure 3F;
Supplemental Figure S6C).

Association between m6A methylation and the
expression of fruit expansion-related genes
m6A modification has been shown to affect either negatively
or positively the level of transcripts depending on develop-
mental stages or environmental conditions (Shen et al.,
2016; Hu et al., 2021). In tomato, m6A methylation is nega-
tively associated with mRNA abundance during ripening
(Zhou et al., 2019). To evaluate the relation between m6A
modification and transcript levels during the expansion
stages of tomato fruits, we performed RNA-seq analysis of
the same samples used for m6A-seq. Comparison of the
differentially expressed genes (DEGs; fold change 42;
P 5 0.05; Supplemental Data Set S2) with altered m6A lev-
els (fold change 42; P5 0.05) in different comparison
groups revealed that �70% mRNAs in Group I, 78% mRNAs
in Group II, and 81% mRNAs in Group III with increased or
decreased m6A levels tended to enhance or reduce tran-
script levels, respectively, whereas only �30% in Group I,
22% in Group II, and 19% in Group III with increased or de-
creased m6A levels tended to negatively affect transcript lev-
els (Figure 4, A and B; Supplemental Figure S7A). These
results suggest an overall positive association between m6A
modification and transcript levels during the expansion of
tomato fruits. This highlights the multifaceted effects of
m6A modification on gene expression during the different
developmental stages in tomato fruits. To understand the
function of m6A-modified DEGs, we performed GO analysis
and found that a majority of the m6A-modified DEGs were
involved in cellular functions related to photosynthesis,
chlorophyll-binding, and cell wall organization (Figure 4, C
and D; Supplemental Figure S7B).

To further reveal the role of m6A modification in the reg-
ulation of tomato fruit expansion, we analyzed the m6A pat-
terns in the genes related to fruit expansion (Supplemental

Table S2). Many genes that induce or repress fruit expansion
contain m6A marks at one or all stages of fruit expansion
(Supplemental Table S2). Moreover, RNA-seq analysis
revealed that genes with m6A methylation were expressed
more actively than genes without m6A modification
(Figure 5; Supplemental Figure S8). Notably, a large number
of genes involved in auxin and gibberellic acid signaling and
endoreduplication, as well as several genes related to cell ex-
pansion and pericarp thickness contain m6A modification.

Altered m6A modification by direct injection of
writer or eraser inhibitor represses the expansion of
tomato fruits
To further evaluate the effect of m6A modification on fruit
development, we employed a method of direct injection of
m6A writer or eraser inhibitor into tomato fruits
(Supplemental Figure S9). The inhibitors used in this study
were 3-deazaneplanocin A (DA) and Meclofenamic acid
(MA). DA acts as an S-adenosylhomocysteine synthesis in-
hibitor and is known to inhibit m6A methylation in animal
cells (Fustin et al., 2013, 2018), whereas MA is a well-
characterized inhibitor of the fat mass and obesity-associ-
ated protein, an m6A demethylase in animals (Huang et al.,
2015). We injected DA or MA solution into the tomato
fruits at 12 DAF and measured the size of tomato fruits 7 d
later. We found that the injected fruits were smaller than
those with mock treatment; the fresh weight, diameter, and
length of the inhibitor-injected fruits decreased (Figure 6, A
and B), indicating that DA or MA treatment inhibits tomato
fruit expansion. Contrary to the inhibitory effects of DA and
MA on tomato fruit expansion, DA or MA treatment accel-
erated or delayed fruit ripening, respectively (Figure 6A). To
verify whether these changes in fruit development were due
to altered m6A modification by the inhibitors, we analyzed
m6A levels in tomato fruits subjected to DA or MA treat-
ment. We found that DA and MA treatment decreased and
increased m6A levels in RNA, respectively, compared with
mock treatment (Figure 7A), suggesting that changes in the
expansion and ripening of tomato fruits are because of al-
tered m6A levels modulated by inhibitor treatment. These
results are in line with a previous report that suggested that
m6A levels gradually decreased during the ripening stage of
tomato fruits and that increased m6A levels because of m6A
demethylase inhibition were associated with delayed fruit
ripening (Zhou et al., 2019). Considering that DA and MA
are not specific inhibitors to the methylation and demethyl-
ation in RNA, we evaluated whether DA and MA affect
methylation in DNA. The results showed that the levels of
6mA and 5mC in DNA were not significantly altered by DA
and MA treatment (Supplemental Figure S10), suggesting
that DA and MA do not influence DNA methylation during
the expansion and ripening of tomato fruits. To further elu-
cidate how altered m6A methylation affects fruit expansion,
the expression levels of genes involved in fruit expansion
were analyzed. Notably, transcript levels of several m6A-
modified genes were altered after DA or MA treatment,
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whereas the levels of non-m6A-modified genes were not af-
fected by inhibitor treatment (Figure 7B; Supplemental
Figure S11). Collectively, our results point to the importance
of m6A methylation in regulating the expansion of tomato
fruits as well as the ripening of tomato fruits.

Discussion
Despite the increasing understanding of the crucial roles of
RNA m6A methylation in various biological processes, the
importance of m6A methylation in the expansion of fruits,
including tomato, has never been explored. In this study, we
showed a close association between m6A modification and
the expansion of tomato fruits. Notably, overall m6A levels
increase during tomato fruit expansion (Figure 2), which is
in contrast to that seen in tomato fruit ripening (Zhou
et al., 2019). As m6A methylation is a dynamic and reversible
process with regulatory functions (Yue et al., 2015; Liu and
Pan, 2016; Meyer and Jaffrey, 2017; Hu et al., 2019; Zheng
et al., 2020), differential m6A methylation patterns during
the different stages of fruit development suggest that the ex-
pression and/or activity of m6A writers and erasers are mod-
ulated depending on the developmental stages of fruits.
Through parallel m6A-seq and RNA-seq analyses of tomato

fruits at different expansion stages, we demonstrated that a
positive association exists between m6A modification and
the expression levels of the genes related to cell expansion,
hormone signaling, and endoreduplication, which play a cru-
cial role in the expansion of tomato fruits.

The m6A methylome identified in tomato fruits at differ-
ent expansion stages contains far more m6A-modified genes
than those identified in tomato fruits during ripening (Zhou
et al., 2019), but it has a similar number of genes compared
with those in other plants species, including Arabidopsis
and maize (Shen et al., 2016; Luo et al., 2020; Hu et al.,
2021). In this study, m6A-seq revealed the presence of m6A
marks predominantly in the 30-UTR of mRNAs in tomato
fruits during all expansion stages (Figure 3), which is in line
with the findings of other studies that have demonstrated
the biased deposition of m6A marks near the stop codon
and in the 30-UTR in plants under normal and stress condi-
tions (Shen et al., 2016; Zhang et al., 2019; Zhou et al., 2019;
Luo et al., 2020; Hu et al., 2021), These results suggest that
although the abundance of m6A could vary across species
or depending on environmental stimuli, the deposition of
m6A marks primarily in the 30-UTR of mRNAs is an evolu-
tionarily conserved feature. Notably, as the major m6A motif,

A

C D

B

Figure 4 Association between m6A methylation and gene expression. A and B, Association between m6A modification and the expression of
m6A-containing genes in Groups I and II. C and D, GO analysis of the m6A-containing DEGs identified in comparison Groups I and II.

2220 | PLANT PHYSIOLOGY 2022: 188; 2215–2227 Hu et al.

https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab509#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab509#supplementary-data


we identified conserved URUAY (R = A/G, Y = U/A) se-
quence (Figure 3; Supplementary Figure S6), which is a pre-
viously identified plant-specific motif (Wei et al., 2018; Zhou
et al., 2019; Luo et al., 2020; Miao et al., 2020; Hu et al.,
2021). In addition, RRACH-like motifs, which were identified
in animals (Dominissini et al., 2012, 2013; Meyer et al., 2012;
Linder et al., 2015) and two plant species (Arabidopsis and
maize; Duan et al., 2017; Miao et al., 2020) were also identi-
fied (Figure 3, Supplemental Figure S6). To determine the
precise m6A motifs in plants, it is highly desirable to employ
single-nucleotide resolution mapping of m6A, which has
been successfully used in human and mouse mRNAs (Linder
et al., 2015). Moreover, as all the transcripts that contain
these conserved motifs are not methylated, it is important
to determine how certain transcripts are selected for meth-
ylation by m6A writers. Several cellular factors, including
transcription factors, histone marks, and microRNAs, have
been shown to affect de novo m6A deposition at specific
loci in animal transcripts (Chen et al., 2015; Shi et al., 2019;
Huang et al., 2020); similarly, it will be interesting to deter-
mine the underlying mechanisms by which specific m6A
motifs are selected for methylation in diverse plant species
depending on the developmental and environmental cues.

The impact of mRNA m6A modification on gene expres-
sion is multifaceted. In mammals, m6A modification found
mainly in the 30-UTR of mRNA is negatively associated with
gene expression (Yue et al., 2018). Several studies in
Arabidopsis have demonstrated a negative link between
m6A modification and gene expression under normal

conditions but a positive association under salt stress condi-
tions (Anderson et al., 2018; Hu et al., 2021). Contrary to a
previous study that showed an overall negative link between
m6A modification and gene expression during the ripening
of tomato fruits (Zhou et al., 2019), our results demon-
strated an overall positive association between m6A modifi-
cation and mRNA abundance during the expansion of
tomato fruits (Figure 4). This opposite association between
m6A methylation and gene expression during the different
developmental stages of tomato fruits raises an intriguing
question of how m6A modification differentially affects
mRNA abundance depending on the developmental process
of tomato fruits. Interestingly, a recent study has demon-
strated an overall positive link between m6A modification
and gene expression during the ripening of strawberry fruits
(Zhou et al., 2021). Several studies have demonstrated that
specific RNA-binding proteins (referred to as “readers”) rec-
ognize and bind m6A marks and play a vital role in deter-
mining mRNA fate (Hu et al., 2019; Huang et al., 2020; Shao
et al., 2021). In particular, several YT521-B homology (YTH)
domain-containing proteins as m6A readers have been iden-
tified to regulate either negatively or positively mRNA stabil-
ity in animals and plants (Du et al., 2016; Shi et al., 2017;
Huang et al., 2018; Wei et al., 2018; Baquero-Perez et al.,
2019; Song et al., 2021). Considering the fact that many
RNA-binding proteins, including YTH proteins, K-homology
proteins, CCHC zinc-finger proteins, and RNA-recognition
motif proteins, have been identified as potential m6A read-
ers in mammalian cells (Edupuganti et al., 2017), it will be

Figure 5 Expression levels of m6A-modified genes associated with tomato fruit expansion. Total RNA was extracted from tomato fruits at 12, 20,
and 28 DAF and was subjected to RNA-seq analysis. The Heat Map represents average read depth obtained from two biological replicates.
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worthy to identify additional m6A readers that are expressed
during the expansion or ripening stages of tomato fruits and
determine their roles in regulating the stability and abun-
dance of RNA transcripts during tomato fruit development.

The growth of fruits depends on two cellular processes—
cell division and cell expansion. Cell division occurs during
the early staged after fruit setting, whereas fruit expansion
occurring during the later stages is mainly due to cell expan-
sion, which is influenced by phytohormones, such as auxin
and gibberellic acid and endoreduplication. We found that
in tomato fruit, a large portion of genes involved in hor-
mone signaling pathways and endoreduplication are m6A-
modified (Supplemental Table S2). Analysis of RNA-seq data
further revealed that m6A-modified genes are expressed at a
much higher level than non-m6A-modified genes (Figure 5;
Supplemental Figure S8). These results demonstrated the
important role of m6A modification in fruit expansion
through the regulation of hormones and/or endoreduplica-
tion. Previously reported m6A-seq data have also shown
m6A marks on a large number of genes involved in hor-
mone signaling in Arabidopsis and maize (Shen et al., 2016;
Luo et al., 2020; Hu et al., 2021). Moreover, recent reports
have demonstrated that a decrease in m6A levels due to

loss-of-function of an m6A writer component influences the
expression of many genes involved in hormone signaling
pathways (Shen et al., 2016; Hu et al., 2021). Notably, the
phenotypes of Arabidopsis and rice m6A writer mutants
mimic those of hormone-deficit mutant phenotypes, such
as dwarfism, small size, and multiple branches (Rů�zi�cka
et al., 2017; Zhang et al., 2019). These observations suggest a
close link between m6A modification and the regulation of
hormone signaling, which contributes to fruit development,
as well as the normal growth of plants.

Decreased m6A modification via knockout or knockdown
of m6A writer genes causes severe defects in plant growth
and development (Zhong et al., 2008; Shen et al., 2016;
Rů�zi�cka et al., 2017; Zhang et al., 2019); therefore, it is im-
practical to evaluate the effect of m6A modification on fruit
development by using a transgenic approach. Instead, direct
injection of m6A writer inhibitor, DA (Fustin et al., 2013,
2018), or eraser inhibitor, MA (Huang et al., 2015), into the
tomato fruits employed in this study is a valuable alternative
to evaluate the effect of m6A modification on fruit develop-
ment. Interestingly, both exogenous m6A writer and eraser
inhibitors suppressed the expansion of tomato fruits,
whereas writer inhibitor treatment and eraser inhibitor

A

B

Figure 6 Effects of direct injection of m6A writer or eraser inhibitor on tomato fruit development. A, Phenotypes of the tomato fruits before and
after injection of DA or MA. Scale bar = 1 cm. B, The fresh weight, diameter, and length of the tomato fruits were measured 7 d after injection.
Data represent means ± standard deviation of three biological replicates (n = 6), and asterisks indicate significant differences (Student t test,
*P5 0.05, **P5 0.01).
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treatment accelerated and delayed fruit ripening, respec-
tively (Figure 6). The delayed ripening of tomato fruits by
m6A eraser inhibitor treatment and a concomitant increase
in m6A levels observed in this study is in line with the previ-
ous report that has shown an increase in m6A levels by
knockout of m6A demethylase causes delayed fruit ripen-
ing (Zhou et al., 2019). These observations indicate that
the direct inhibitor injection approach can be used to
mimic transgenic approaches. Although the mechanisms
by which both m6A writer and eraser inhibitors suppress
tomato fruit expansion are not known, we postulate that
the maintenance of proper m6A homeostasis at different
developmental stages is critical for fruit development.
Notably, the expression of several m6A-modified genes in-
volved in fruit expansion, such as KRP1, FASCIATED,
SIACS4, and SIACO3, was modulated by either the m6A
writer or eraser inhibitor treatment, whereas that of non-
m6A-modified genes was not altered (Figure 7;
Supplemental Figure S11), suggesting that m6A modifica-
tion indeed affects the expression of genes involved in
fruit growth. Kip-related Protein 1 (KPR1), as a cyclin-
dependent kinase inhibitor, has been shown to participate
in the control of endoreduplication (Bisbis et al., 2006),
which is a critical process to determine cell size in devel-
oping tomato fruits. The number of locules is another

important factors contributing to fruit size. FASCIATED is
one of the vital loci that negatively affect carpel number
and ultimate locule number in tomato fruits (Barrero and
Tanksley, 2004). SIACS4 and SIACO3 are two key genes in-
volved in ethylene biosynthesis, which affects fruit devel-
opment by modulating the levels of auxin-signaling
repressor gene, such as SIIAA9 (Wang et al., 2009). The
decreased KRP1 levels and the increased FASCIATED,
SIACS4, and SIACO3 levels observed in the tomato fruits
after injection of m6A writer or eraser inhibitor (Figure 7)
suggest an association between m6A levels and the levels
of transcripts involved in fruit development. Moreover,
GO analysis for all m6A-containing transcripts in develop-
ing tomato fruits showed an enrichment of genes related
to chloroplast function, such as chloroplast biogenesis,
photosynthesis, and pigment binding (Figures 3 and 4;
Supplemental Figures S4 and S7), which is similar to a
previous report demonstrating that a large number of
transcripts with m6A marks are associated with chloro-
plast function in Arabidopsis (Luo et al., 2014).
Considering that chloroplast biogenesis and function and
photosynthesis are critical for the accumulation of starch
and nutritional components during early fruit develop-
ment (Nadakuduti et al., 2014), our findings support the
association between m6A modification and chloroplast

A

B

Figure 7 Effects of m6A writer or eraser inhibitor on global m6A modification and the expression of m6A-modified tomato fruit expansion-related
genes. A, The levels of m6A in total RNA in tomato fruits 7 d after DA or MA injection. B, Transcript levels of tomato fruit expansion-related genes
at 7 d after inhibitor injection were determined via RT-qPCR. Data represent means ± standard deviation of three biological replicates (n = 6), and
asterisks indicate significant differences (Student’s t test, *P5 0.05, **P5 0.01).
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function during tomato fruit development. Understanding
the molecular mechanisms connecting m6A modification
to fruit expansion and ripening warrants further research.

In summary, this study uncovered important features of
m6A methylome associated with the expansion of tomato
fruits. Through parallel m6A-seq and RNA-seq analyses at
three different stages of expansion, we found a positive asso-
ciation between m6A modification and mRNA abundance
during fruit expansion, which is contradictory to what was
observed during tomato fruit ripening. Importantly, we
found that many cell expansion-related genes involved in
hormone signaling and endoreduplication exhibit increased
m6A methylation and that m6A-modified genes are generally
expressed more actively than non-m6A-modified genes.
Considering that a recent study has proposed a link be-
tween DNA methylation and m6A RNA methylation during
fruit ripening (Zhou et al., 2019), it would be interesting to
further determine the importance of DNA methylation as
well as RNA methylation in the expansion and ripening of
tomato fruits. Given that direct injection of m6A writer or
eraser inhibitor into tomato fruits can alter global m6A lev-
els and gene expression levels, thus affecting the expansion
and ripening of tomato fruits, it would be a practical ap-
proach to evaluate the effect of m6A modification in fruit
development. This study not only improves our understand-
ing but also provides valuable background information re-
quired for further mechanistic studies on the role of m6A
methylation in fruit development and ripening, which can
be utilized to engineer epitranscriptomic RNA modifications
for crop improvement.

Materials and methods

Plant materials and growth conditions
Micro-Tom tomato (S. lycopersicum) was used in this study.
Micro-Tom seeds were surface sterilized with 70% (v/v) eth-
anol for 2 min, followed by 1% (w/v) sodium hypochlorite
application for 10 min, and then rinsed with distilled water.
For seed germination, seeds in distilled water were incubated
at 28�C in the dark with gentle agitation for 2–3 d. The ger-
minated seeds were transferred to soil consisting of vermicu-
lite, peat moss, and perlite (in a 3:1:1 ratio) and grown in a
growth room at 23± 2�C under long-day conditions (16-h-
light/8-h-dark cycle). The plants were watered every 3 d. For
measuring m6A levels, fruit samples were collected at 12, 16,
20, 24, 28, and 30 DAF. For phenotype analysis and m6A-seq
and RNA-seq, the fruit samples were collected at 12, 20, and
28 DAF.

Measurement of m6A/A ratio
Total RNA was extracted from fruit samples using a Plant
RNeasy extraction kit (Qiagen, Valencia, CA, USA), and
mRNA was isolated from the total RNA using a poly(A)
Spin mRNA Isolation Kit (New England Biolabs, Ipswich,
MA, USA) according to the manufacturer’s instructions. The
m6A level was determined using an EpiQuik m6A RNA
Methylation Quantification Kit (EPIGENTEK, Farmingdale,

NY, USA) as described previously (Hu et al., 2021). Briefly,
total RNA or mRNA were bound to strip wells containing
an m6A-specific antibody. After washing the wells, capture
and detection antibody solutions were added, and the sig-
nals were quantified colorimetrically by reading the absor-
bance at 450 nm. The m6A levels in the samples were
calculated using a standard curve. The 6mA and 5mC levels
in DNA were determined using a MethylFlash m6A DNA
Methylation ELISA Kit and MethylFlash Global DNA
Methylation (5-mC) ELISA Easy Kit (EPIGENTEK,
Farmingdale, NY, USA), respectively, according to the manu-
facturer’s instructions.

m6A-MeRIP-seq and RNA-seq
All experiments regarding RNA preparation and RNA-seq
were performed as described previously (Hu et al., 2021).
Briefly, the poly(A) mRNAs were fragmented into �100-nu-
cleotide (nt)-long oligonucleotides using divalent cations,
and the cleaved RNA fragments were subjected to m6A-im-
munoprecipitation by incubating with an m6A-specific anti-
body (Synaptic Systems, Goettingen, Germany) in IP buffer
(50 mM Tris–HCl, 750 mM NaCl, 0.5% (w/v) Igepal CA-630,
and 0.5 lg lL–1 BSA) at 4�C for 24 h. The eluted m6A-con-
taining immunoprecipitated fragments (IP fractions) and
nonimmunoprecipitated fragments (input control) were
used to construct a cDNA library according to a strand-
specific library preparation protocol. The average insert size
for the paired-end libraries was �100± 50 bp. RNA sequenc-
ing was performed at LC-BIO Bio-tech Ltd (Hangzhou,
China) using the Illumina Novaseq 6000 platform.

Analysis of m6A-seq and RNA-seq data
m6A-seq and RNA-seq data were analyzed as described pre-
viously (Hu et al., 2021). Briefly, Cutadapt (Martin, 2011)
and Perl script in house were used to remove the reads that
contained adaptor contamination, low-quality bases, and
undetermined bases, after which sequence quality was veri-
fied using fastp. HISAT2 (Langmead and Salzberg, 2012) was
used to map the reads to the genome of S. lycopersicum
(version 3.2) with default parameters. Mapped reads of IP
and input libraries were used for peak calling in the R pack-
age exomePeak (Meng et al., 2014), which identifies m6A
peaks with bed or bam format that can be adapted for visu-
alization on the IGV software (http://www.igv.org/). The
called peaks were annotated by intersection with gene archi-
tecture using the R package ChIPseeker (Yu et al., 2015).
StringTie (Pertea et al., 2015) was used to analyze expression
levels of all mRNAs from input libraries by calculating
Fragments Per Kilobase of transcript per Million (= total
_exon_fragments/mapped_reads (millions) � exon_length
(kb). The differentially expressed mRNAs were selected with
log2 (fold change) 41 or log2 (fold change) less than –1
and P5 0.05 using R package edgeR (Robinson et al., 2010).
The HOMER software-4.10/bin/findMotifs Genome.pl script
(http://homer.ucsd.edu/homer/motif/) was used to detect
conserved sequence motifs followed by localization of the
motifs with respect to peak summits using Perl scripts. GO
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analysis of m6A-modified genes was performed using the
OmicStudio tools (https://www.omicstudio.cn/tool).

RT-qPCR and m6A-IP-qPCR
m6A-IP-qPCR was performed as previously described
(Dominissini et al., 2013) with minor modifications (Hu
et al., 2021). Briefly, the same mRNA used for m6A-MeRIP-
seq has fragmented into �300-nt-long fragments in an RNA
fragmentation buffer (10 mM Tris–HCl, pH 7.0, 10 mM
ZnCl2). The fragmented mRNA was subjected to m6A-IP us-
ing an m6A-specific antibody as described above. The input
RNAs and immunoprecipitated RNAs were reverse-
transcribed using reverse transcriptase with random hex-
amer primers. The levels of each transcript were determined
by quantitative real-time PCR conducted in a Rotor-Gene Q
thermal cycler (Qiagen) using an SYBR Green PCR kit
(Qiagen) and gene-specific primers listed in Supplemental
Table S3 as previously described (Park et al., 2020). The PCR
cycle threshold value for the immunoprecipitated sample
was initially normalized against that of ACTIN, which has no
internal m6A modification and serves as an internal control
and then normalized against that of the input RNAs.

Direct injection of inhibitor solution into tomato
fruits
The m6A writer or eraser inhibitor solution was directly
injected into tomato fruits as previously described (Orzaez
et al., 2006) with minor modifications. Briefly, tomato fruits
at 12 DAF of the immature green stage were infiltrated us-
ing a 1-mL syringe with a 0.5-mm diameter needle. The nee-
dle was injected up to 3–4 mm into the fruit through the
peduncle. Approximately 50mL of inhibitor solution was
injected each try, and the progress of the injection was
monitored by observing a slight change in color in the infil-
trated area and appearance of water drops through a hyda-
thode. Once the entire fruit surface was infiltrated, several
drops of infiltration solution began to run off the hydathode
at the tip of the sepals. A total of 100mL of 10mM DA or
100mM MA were introduced into the fruits via two succes-
sive injections at a 2-d interval.

Accession numbers
The MeRIP-seq and RNA-seq data used in this study have
been deposited in the National Center for Biotechnology
Information (NCBI) Gene Expression Omnibus database un-
der accession number GSE178904.

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. The m6A levels in rRNA during
tomato fruit expansion stages.

Supplemental Figure S2. Pearson correlation analysis of
input and immunoprecipitation reads between sequence
profiles from two biological replicates of tomato fruits at 12,
20, and 28 DAF.

Supplemental Figure S3. Validation of m6A enrichment
for six randomly selected m6A-modified genes.

Supplemental Figure S4. The conserved feature of m6A
methylome in tomato fruits at different expansion stages.

Supplemental Figure S5. Venn diagram showing the
overlap of m6A peaks in tomato fruits at immature green
stage.

Supplemental Figure S6. Comparison of m6A methylome
in tomato fruits at different expansion stages.

Supplemental Figure S7. Association between m6A
methylation and gene expression in comparison Group III.

Supplemental Figure S8. Expression levels of non-m6A-
modified genes associated with tomato fruit expansion.

Supplemental Figure S9. Exogenous application of m6A
writer or eraser inhibitor into tomato fruits.

Supplemental Figure S10. Effects of m6A writer or eraser
inhibitor on methylation in DNA.

Supplemental Figure S11. Effects of m6A writer or eraser
inhibitor on the expression of non-m6A-modified tomato
fruit expansion-related genes.

Supplemental Table S1. A summary of m6A-seq results
of tomato fruits at 12, 20, and 28 DAF.

Supplemental Table S2. List of genes related to tomato
fruit expansion.

Supplemental Table S3. List of primer pairs used in this
study.

Supplemental Data Set S1. Genomic loci, fold enrich-
ment, and associated genes for each m6A peak in tomato
fruits at 12, 20, and 28 DAF.

Supplemental Data Set S2. Differential m6A peaks and
gene expression in comparison Groups I, II, and III.
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Rů�zi�cka K, Zhang M, Campilho A, Bodi Z, Kashif M, Saleh M,
Eeckhout D, Sedeer ES, Li HY, Zhong S, et al. (2017).
Identification of factors required for m6A mRNA methylation in
Arabidopsis reveals a role for the conserved E3 ubiquitin ligase
HAKAI. New Phytol 215: 157–172

Scutenaire J, Deragon JM, Jean V, Benhamed M, Raynaud C,
Favory JJ, Merret R, Bousquet-Antonelli C (2018) The YTH do-
main protein ECT2 is an m6A reader required for normal trichome
branching in Arabidopsis. Plant Cell 30: 986–1005

Shao Y, Wong CE, Shen L, Yu H (2021) N6-methyladenosine modifi-
cation underlies messenger RNA metabolism and plant develop-
ment. Curr Opin Plant Biol 63: 102047

Shen L, Liang Z, Gu X, Chen Y, Teo ZWN, Hou X, Cai WM, Dedon
PC, Liu L, Yu H (2016) N6-methyladenosine RNA modification reg-
ulates shoot stem cell fate in Arabidopsis. Dev Cell 38: 186–200

Shi H, Wang X, Lu Z, Zhao BS, Ma H, Hsu PJ, Liu C, He C (2017)
YTHDF3 facilitates translation and decay of N6-methyladenosine
modified RNA. Cell Res 27: 315–328

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

Song P, Yang J, Wang C, Lu Q, Shi L, Tayier S, Jia G (2021).
Arabidopsis N6-methyladenosine reader CPSF30-L recognizes FUE
signals to control polyadenylation site choice in liquid-like nuclear
bodies. Mol Plant 14: 571–587

Wang X, Lu Z, Gomez A, Hon GC, Yue Y, Han D, Fu Y, Parisien
M, Dai Q, Jia G, et al. (2014) N6-methyladenosine dependent reg-
ulation of messenger RNA stability. Nature 505: 117–120

Wang H, Schauer N, Usadel B, Frasse P, Zouine M, Hernould M,
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