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Abstract

N 6-methyladenosine (m 6A) is a common messenger RNA (mRNA) modification that affects diverse physiological processes

in stress responses. However, the role of m 6A modification in plants coping with herbivore stress remains unclear. Here

we found that an infestation of brown planthopper (BPH) Nilaparvata lugens female adults enhanced the rice resistance to

BPH. An m 6A methylome analysis of BPH-infested and un-infested rice samples were measured to explore the interaction

between rice and BPH. m 6A methylation occurs mainly in genes actively expressed in rice following BPH infestation, while

an analysis of the whole-genomic mRNA distribution of m 6A showed that BPH infestation caused an overall decrease in

the number of m 6A methylation sites across the chromosomes. Genes involved in components of the m 6A modification

machinery, BPH resistance, and several defense-related (such as JA, SA and cellulose) pathways were heavily methylated

by m 6A in BPH-infested rice compared to those in un-infested rice. In contrast, m 6A modification levels of growth-related

phytohormones (auxin and gibberellin) biosynthesis-related genes were significantly attenuated under BPH attack, accompanied

by downregulated expression of these transcripts, indicating that rice growth was restricted during BPH attack to rapidly

optimize resource allocation for plant defense. Integrative analysis of the differential patterns of m 6A methylation and the

corresponding transcripts showed a positive correlation between m 6A methylation and transcriptional regulation. In conclusion,

the process of m 6A modification acts as an important strategy for regulating expression of genes involved in rice defense and

growth during rice-BPH interaction.
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Abstract

N 6-methyladenosine (m6A) is a common messenger RNA (mRNA) modification that affects diverse physio-
logical processes in stress responses. However, the role of m6A modification in plants coping with herbivore
stress remains unclear. Here we found that an infestation of brown planthopper (BPH) Nilaparvata lu-
gensfemale adults enhanced the rice resistance to BPH. An m6A methylome analysis of BPH-infested and
un-infested rice samples were measured to explore the interaction between rice and BPH. m6A methylation
occurs mainly in genes actively expressed in rice following BPH infestation, while an analysis of the whole-
genomic mRNA distribution of m6A showed that BPH infestation caused an overall decrease in the number
of m6A methylation sites across the chromosomes. Genes involved in components of the m6A modifica-
tion machinery, BPH resistance, and several defense-related (such as JA, SA and cellulose) pathways were
heavily methylated by m6A in BPH-infested rice compared to those in un-infested rice. In contrast, m6A
modification levels of growth-related phytohormones (auxin and gibberellin) biosynthesis-related genes were
significantly attenuated under BPH attack, accompanied by downregulated expression of these transcripts,
indicating that rice growth was restricted during BPH attack to rapidly optimize resource allocation for
plant defense. Integrative analysis of the differential patterns of m6A methylation and the corresponding
transcripts showed a positive correlation between m6A methylation and transcriptional regulation. In con-
clusion, the process of m6A modification acts as an important strategy for regulating expression of genes
involved in rice defense and growth during rice-BPH interaction.

KEYWORDS

rice N6 -methyladenosine, brown planthopper, plant defensive pathways, plant growth, gene regulation

1 INTRODUCTION

Over 200 distinct RNA modifications have been discovered in eukaryotes, of which RNA methylation is a
critical post-transcriptional modification that affects gene expression. Among these, the most important and
well-studied modification is N6 -methyladenosine RNA methylation (m6A) (Shinde et al., 2023), which refers
to the insertion of a methyl substituent on the 6th position N -atom in messenger RNA (mRNA) adenosine
(Wei et al., 2018). This occurs widely in eukaryotes such as yeast, fruit flies, plants, and animals (Dominissini

2
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et al., 2012) and is the most abundant form of methylation in eukaryotic mRNA and various non-coding
RNAs. It controls the fate of RNA at different levels of genetic information transmission, including RNA
synthesis and processing, mRNA stability, and translation (Liu et al., 2020b). The m6A modification exerts
regulatory functions during RNA synthesis and splicing, influencing the transcription rate, gene stability,
and RNA splicing selection. m6A-modified RNA molecules are more prone to recognition and degradation
by RNA degradation enzymes. This regulates RNA lifespan and clears abnormal RNA molecules, thus
maintaining the dynamic RNA equilibrium within a cell (Sekula et al., 2020). m6A plays a key role in
regulating transcription and translation efficiency, thereby controlling the speed of protein synthesis (Bodi
et al., 2012; Liu et al., 2020b).

m6A is a reversible chemical modification in which a methyl group is provided by “DONOR,” catalyzed by
“WRITER,” removed by “ERASER,” and recognized by the m6A-binding protein “READER” (Shinde et
al., 2023).S -adenosylmethionine (SAM) serves as the methyl “DONOR” for almost all cellular methylation
reactions (Shen et al., 2016a). “WRITER” is a high-molecular-weight RNA methyltransferase complex ca-
pable of writing m6A modifications into mRNA. “ERASER” is usually affected by demethylases; ALKBH9B
and ALKBH10B are well-known demethylation proteins in Arabidopsis which can remove m6A from single-
stranded RNA of alfalfa mosaic virus (Mart́ınez-Pérez et al., 2017) and Arabidopsis (Duan et al., 2017)in
vitro , respectively. The main function of m6A modification depends on its “READER” proteins. In plants,
research on m6A “READER” proteins is primarily focused on YTH domain proteins; 13 such proteins have
been detected in Arabidopsis , all of which can bind to the m6A position (Wang et al., 2015).

Emergence of various high-throughput sequencing techniques targeting m6A has facilitated functional stu-
dies on this RNA modification. These methods include antibody-dependent m6A sequencing and nanopore
direct RNA sequencing (DRS) (Wang et al., 2020; Berthelier et al., 2023). Nanopore DRS is a powerful
approach that bypasses reverse transcription, requires no amplification, and does not exhibit sequencing bias
(Pratanwanich et al., 2021). It can simultaneously detect methylation modification sites on RNA, accurately
analyze alternative splicing, and identify novel isoforms (Berthelier et al., 2023). m6A sites are primarily
enriched around termination codons and within 3’-untranslated regions (3’-UTRs), exhibiting the m6A con-
sensus motif “RRACH” (R=A/G; H= A/C/U) (Parker et al., 2020). These findings have provided strong
evidence for a conserved mechanism of m6A deposition in eukaryotic mRNA.

m6A methylation plays a crucial role in modulating gene expression and biological process in eukaryotes
(Wei et al., 2018; Song et al., 2023). In mammalian, different mechanisms of RNA m6A modification in
cancer and their potential correlation with cancer prognosis have been elucidated (Wang et al., 2023c).
In insects, m6A methylation plays key roles in sex determination, neuronal function, and development
(Wang et al., 2021; Chen et al., 2023). Moreover, m6A modification has profound implications in the
regulation of pathogen and insecticide resistance. The 5’-UTR of cytochrome P450 gene (CYP4C64 ) in the
insecticide-resistant Bemisia tabaci has a m6A mutant site, thus the gene can’t be m6A methylated, thereby
increasing gene expression, and enhancing B. tabaciresistance to thiamethoxam (Yang et al., 2021). In plants,
m6A modification plays a regulatory role in vegetative growth, floral transition, reproductive development,
fruit ripening, photomorphogenesis, and the circadian clock (Tang et al., 2023). m6A also mediates salt
tolerance by regulating ROS homeostasis, and auxin signaling in a tissue-specific manner (Wang et al.,
2022). In addition, m6A methylation is increased in rice infected with rice stripe virus (RSV) or rice black-
stripe dwarf virus (RBSDV), several antiviral pathway-related genes—such as RNA silencing, resistance,
and fundamental antiviral phytohormone metabolism-related genes—are methylated by m6A (Zhang et al.,
2021a). m6A modification might be an epigenetic mechanism that regulates RBSDV replication in small
brown planthoppers (SBPH) and maintains a certain viral threshold required for persistent transmission
(Tian et al., 2021). Thus, the modification of m6A in plants may also play an important role in regulating
plant defense against insect, but this has rarely been explored to date.

When attacked by herbivores, plants activate early signaling events, such as mitogen-activated protein ki-
nases (MAPKs). Then the production of defense-related phytohormones, such as jasmonic acid (JA) and
salicylic acid (SA), are induced, which are well known to regulate the production of defensive compounds

3
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and thus confer resistance to (Erb et al., 2019). The brown planthopper (BPH; Nilaparvata lugens Stal) is
a monophagous sap-sucking herbivore that causes severe yield reductions and economic losses in rice crops
(Otuka, 2013). It causes direct damage to rice plants by feeding on phloem sap via its ovipositor and laying
egg clusters in tissues (Bass et al., 2011). The JA upregulates sakuranetin synthesis in rice and enhances
resistance against BPH (Liu et al., 2023). While SA mediates the accumulation of anti-insect callose in the
phloem (Wang et al., 2023b). To date, numerous BPH resistance genes (Bphs ) have been well-documented in
rice. Among them, several Bphs regulate phytohormones signaling pathways and exhibit various mechanisms
of insect resistance (Hu et al., 2011; Li et al., 2023; Pannak et al., 2023). Bph14 activates SA-mediated cal-
lose deposition in rice leaf sheath and exhibits BPH resistance in early stage rice seedlings (Du et al., 2009).
For BPH, successful phloem feeding is achieved by penetrating the sclerenchyma tissue of the rice epidermis
using its stylet (Shi et al., 2021). The sclerenchyma tissue is mainly composed of cellulose, hemicellulose, and
lignin, providing mechanical strength and stability to rice stems. Bph30 andBph40 were highly expressed
in sclerenchyma cells and enhanced cellulose and hemicellulose synthesis, which makes the cell walls stiffer
and sclerenchyma thicker and thus enhance resistance to BPH by inhibiting insect feeding (Shi et al., 2021).
Upon BPH infestation, rice defense is activated but growth is suppressed (Jin et al., 2023). The crosstalk
of defense- and growth-related phytohormones plays an important role in the growth–defense trade-offs (Li
et al., 2015). JA signaling activates defense responses and plays a central role in prioritizing defense over
growth during herbivore attacks, by suppressing growth-related phytohormones pathways, such as auxin and
GA (Hou et al., 2010; Chen et al., 2011; Yang et al., 2012; Jin et al., 2023).

Using nanopore DRS approach combined with RNA sequencing, we aimed to examine the interactions be-
tween rice and BPH by investigating the dynamic modulation of m6A modification in rice genome. We
identified the specific genes and pathways that are influenced by these modifications, to deepen our under-
standing of how m6A modifications contribute to rice defenses against BPH at the expense of plant growth.

2 MATERIALS AND METHODS

2.1 Plant growth and insect rearing

Oryza sativa L. japonica. cv. Nipponbare rice was used in this study. The rice seeds were planted into a
600 mL plastic pot filled with sterile soil under controlled conditions, with a temperature maintained at 28
+- 2degC and a 16 hours (h)/8 h light-dark cycle (Hasan et al., 2022). After 40 days, these rice plants were
subjected to infestation by gravid BPH female adults. The colonies of BPH were collected from rice fields
in Nanjing, China, and were reared on rice seedlings in a climate chamber under a constant temperature of
28 +- 1 and a 16 h/8 h light/dark cycle.

2.2 BPH Bioassays

The choice test was conducted as follows (Li et al., 2023): two rice plants were potted side-by-side in the
same plastic container, and each plant was placed in glass cylinders (2 cm diameter x 8 cm height), which
surrounded the basal stem of each plant. One was infested with 20 gravid BPH female adults, and the other
was used as an un-infected control. After 24 hours of infestation, BPHs were removed and one pair of plants
was confined in a glass cylinder (4 cm diameter x 8 cm height) into which 15 fifth-instar nymphs or gravid
BPH female adults were released in the middle of the two plants. Afterwards, BPHs settling on each plant
were counted at 2, 4, 8, 12, 24, and 48 hours, respectively. The experiment was repeated 12 times with 15
insects per replicate.

In the survival rate and honeydew measurement tests, the gravid BPH females pre-infested and control
plants were prepared using the same method as above. Third-instar BPH nymphs were allowed to feed on
rice plants, stems of rice plants (one plant per pot) were confined individually within glass cylinders, into
which 15 third-instar BPH nymphs were released (Ji et al., 2017). The number of surviving BPH nymphs in
each cylinder was recorded every day. The experiment was repeated four times. The honeydew was measured
as follows (Ji et al., 2021): a brachypterous newly emerged BPH female adult was placed into a small Parafilm
bag (6x5 cm), which was then fixed on the stem of a rice plant. The amount of honeydew excreted by a
female adult was weighed (to an accuracy of 0.1 mg) at 24 hours after the start of the experiment. The
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experiment was replicated 18 times.

2.3 Plant treatment with BPH

Rice seedlings were placed in a 600 mL plastic pot, and cotton pads were placed at the base of each rice
stem to prevent BPH from burrowing into the nutrient soil (Supporting Information: Figure S1). The
differentially expressed genes (DEGs) were significantly enriched in the rice hormone signaling pathway after
8 h of sustained BPH attack, compared with other time intervals (Xu et al., 2021). This was also reflected in
the hierarchical cluster analysis of DEGs between BPH-infested (Nl-Nip 1, Nl-Nip 2) and un-infested control
(Nip 1, Nip 2) groups (Supporting Information: Figure S2). Therefore, samples used for library construction
were collected from Nip or Nl-Nip rice leaf sheaths after 8 h of continuous feeding by 20 BPH female adults
(Zha et al., 2023). Then, the BPHs were removed and stem samples were rapidly collected within the feeding
region. The fresh weight of each sample containing four rice stems was not less than 2 grams, which were
flash-frozen in liquid nitrogen and stored at -80 in a freezer. Un-infested rice leaf sheaths were collected as
control, each treatment included two biological replicates. The rice samples infested by BPHs were named
Nl-Nip 1 and Nl-Nip 2, while the control group was named Nip 1 and Nip 2.

2.4 Total mRNA isolation and Dot-blot hybridization

The Ambion(r) Poly(A) Purist MAG kit (Invitrogen, USA) was taken for total mRNA isolation according to
the manufacturer’s instructions. Dot blotting was performed as described previously (Zhang et al., 2021a).
The aliquots (10 μL) of each RNA sample was spotted on a Hybond-N+ membrane (Amersham, USA),
and cross-linked by UV (1200 × 100 μJ/cm2). Hybridization was performed for 1 h at 4 °C with anti-m6A
antibody (#ab208577; Abcam) in 1×PBST buffer. The membrane was incubated with alkaline phosphatase-
conjugated anti-mouse antibody (#ab98712; Abcam), the specific bands were visualised by adding nitro blue
tetrazolium/5-bromo-4-chloro-3-indolyl phosphate as the substrates (Sangon Biotech, China).

2.5 RNA preparation and construction of nanopore sequencing library

Total RNA was isolated using the FastPure Universal Plant Total RNA Isolation Kit (Vazyme, Nanjing,
China) according to the manufacturer’s instructions. RNA was cleaned and concentrated by NEB Next
Poly(A) mRNA Magnetic Isolation Module (E7490S) according to the manufacturer’s instructions. Each
nanopore DRS and transcriptome sequencing sample contained 20 μg total RNA. Prepared RNA of each
sample was used for a nanopore DRS library preparation using the Oxford Nanopore DRS protocol (SQK-
RNA002, Oxford Nanopore Technologies) (Yahara et al., 2021). This work was done in collaboration with
Wuhan Benagen Technology Co, Ltd, China.

2.6 Preprocessing, alignments, and analysis of novel genes and transcripts

NanoFilt (version: 2.8.0) (De Coster & Rademakers, 2023) was used to filter the raw fastq data and
obtain valid data for subsequent analysis (quality score > 7 and sequences longer than 50 bp). Data
statistics were performed using SeqKit (version: 0.12.0) (Shen et al., 2016b). Alignment results were
then analyzed and quantified using samtools (version: 1.11; parameters: flagstat) (Li et al., 2009).
Flair (version: 1.5.0; parameters: -t 20) (Tang et al., 2020) was employed to obtain consistent se-
quences from the alignment results, then further aligned to the reference genome. Gffcompare soft-
ware (version: 0.12.1; parameters: -R-C-K-M) (Pertea & Pertea, 2020) were used to compare the tran-
scripts with the known transcripts of the genome and find new transcripts and new genes (FA download
link: ftp://ftp.ensemblgenomes.org/pub/plants/release-52/fasta/oryza sativa/dna/; GTF download link:
ftp://ftp. ensemblgenomes.org/pub/plants/release-52/gff3/oryza sativa/).

2.7 Sequencing data analysis

Raw sequencing data were processed to remove adaptors and low-quality bases, and high-quality reads were
aligned with the rice reference genome. The sequenced read coverage at 3’-UTR, coding sequence (CDS),
and 5’-UTR of the target transcripts in each library were calculated and normalized. TPM (Transcripts Per
Kilobase Million) was used as a measure of transcript expression levels. In the TPM calculation process,
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the reads count value for each transcript was divided by its transcript length (in kilobases) to obtain the
reads per kilobase coverage (RPK) of the transcript. The RPK values for all transcripts are summed and
divided by 1,000,000 to obtain a million-scaling factor. Subsequently, the RPK values are divided by the
million-scaling factor to obtain the TPM values. The sum of all TPM values in each sample remains
constant, allowing for easier comparison of the proportion of reads mapped to transcripts in each sample.
The expression quantification of transcripts was performed using salmon (version: 1.4.0) (Patro et al., 2017),
and then subjected to differential expression analysis. DESeq2 (version: 1.26.0) was used as the software for
differential expression analysis, with a threshold of padj (p -value) < 0.05 and |log2FoldChange| > 1. MINES
pipeline (https://github.com/YeoLab/ MINES) (Lorenz et al., 2020) was used to identify m6A modification
sites in RNA sequences. Meme (version: 5.3.3) (Bailey et al., 2009) was used to extend two bases up- and
down-stream of the m6A methylation sites, resulting in a motif comprising five bases. Methylkit (Akalin et
al., 2012) was used for differential methylation loci analysis. Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment analyses of the differentially expressed genes were
performed using the GOseq R package and KOBAS 3.0 software, respectively (Ashburner et al., 2000). The
enrichment analysis was performed based on the hypergeometric test (Kanehisa et al., 2008).

2.8 Quantitative PCR

Total RNA was isolated as described above. 1 μg of total RNA was reverse-transcribed using the HiScript
Reverse Transcriptase (Vazyme, Nanjing, China). Quantitative PCR was performed using Hieff UNICON®
Universal Blue qPCR SYBR Green Master Mix (YEASEN, Shanghai, China) (Laveroni & Parks, 2023)
according to the manufacturer’s protocol and run in a LightCycler 480 II Real-Time System R (Roche
Diagnostics, Basel, Switzerland). We calculated transcript levels of treatment group relative to the control
group using the 2-ΔΔ῝τmethod (Livak & Schmittgen, 2001) with normalization based on the reference gene
OsEF1-alpha (Bevitori et al., 2014). The qPCR was repeated three times, with two samples per replicate,
and the qPCR primers are listed in Table S23.

2.9 Phytohormones, cellulose, and hemicellulosequantification

DRS-sequenced samples were collected for JA, JA-IlE, and SA content measurement. The fresh weight
tissue samples were ground to powder in liquid nitrogen, extracted using ethyl acetate spiked with labeled
internal standards (2D6-JA,2D6-JA-IlE, and 2D4-SA), and analyzed by liquid chromatography-tandem mass
spectrometry (HPLC-MS) for phytohormones quantification as previously described (Ji et al., 2021).

For cellulose and hemicellulose quantification, twenty BPH female adults were placed on each rice leaf sheath
and continuous feeding for 24 hours. Then, the BPHs were removed and rapid stem sample collection within
the feeding region was conducted. The methods of extraction and measurement of cellulose and hemicellulose
fractions were previously described (Guo et al., 2018).

2.10 Statistical analysis

Differences among treatments were analyzed with one-way ANOVA followed by Duncan’s multiple range
test to compare treatments (or a Student’st -test when only two treatments were compared). We established
the filtering criteria correlation between differentially expressed transcripts and differentially directed m6A
methylation in Ni-Nip vs. Nip group as satisfying both differentially expressed transcripts p -value < 0.05
(based on either RT-qPCR or transcriptome), and a significant m6A methylation direction p -value < 0.05
and |meth diff| > 10.

3 RESULTS

3.1 Pre-infestation of rice by BPH female adults reduced subsequent BPH attack

We performed choice and no-choice tests to investigate whether pre-infestation of rice plants by BPH gravid
female adults influenced subsequent BPH infestations. In the choice test, BPH nymphs and female adults
preferred un-infested rice plants to pre-infested ones (Figure 1a, b). In the no-choice test, the survival rate
of nymphs was relatively lower on pre-infested rice than on un-infested rice (Figure 1c). The amount of

6



P
os

te
d

on
20

N
ov

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
70

05
11

10
.0

37
39

39
7/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

honeydew excreted by BPH in pre-infested rice was significantly lower than that in control rice (Figure 1d).
Pre-infestation by BPH gravid females therefore increased rice resistance to BPH.

3.2 Widespread m6A methylation of rice genomic mRNA with BPH infestation

The genomic mRNA m6A methylation modifications and genes expression of un-infested (Nip) and BPH-
infested Nip rice (Nl-Nip) samples were compared using Nanopore Direct RNA Sequencing (DRS) and Next
Generation RNA Sequencing (NGS) respectively (Supporting Information: Figure S1). Reads distribution
analysis showed that all samples exhibited considerable m6A methylation enrichment within CDS and 3’-
UTR regions (Supporting Information: Figure S3). At the genomic level, these unique m6A-methylated
positions for each treatment were unevenly distributed across each rice chromosome (Figure 1e, Supporting
Information: Table S1). Circo plots of the m6A methylome in rice genomic RNAs showed that m6A distri-
bution density was highly consistent with the corresponding gene density on the same chromosome position
in the un-infested sample (Figure 1e).

3.3 BPH infestation decreased rice m6A methylation positions

The average number of m6A sites in Nl-Nip group (79,925) was lower than that in Nip control group
(83,011) (Figure 1f, Supporting Information: Table S2), and the dot-blot analysis of m6A levels in rice total
mRNAs had negative correlation with BPH infestation, implying that m6A modification of rice genomic
mRNA was repressed under BPH infestation (Figure 1g, Supporting Information: Figure S4). In addition,
42,062 specific m6A methylation positions were identified in Nl-Nip group, suggesting that 51.3% of positions
appeared following BPH infestation (Supporting Information: Figure S5, Table S3). To examine whether
there are conserved motifs in m6A genes, we compiled transcripts of all m6A genes from the four treatments
(Supporting Information: Table S4). Four supreme conserved m6A modifications motifs were identified:
GGACA (36.17%, 35.87%), GGACU (24.12%, 23.70%), GGACC (20.99%, 21.11%), and AGACU (18.72%,
19.32%), respectively, in Nip and Nl-Nip groups (Supporting Information: Figure S6). We defined the Nip
and Nl-Nip consensus m6A methylation site as “RGACH” (R=A/G; H=A/U/C), which corresponds with
the previously reported in rice and other plants (Parker et al., 2020).

3.4 m6A methylation was closely associated with actively expressed genes in BPH-infested
plants

We analyzed the Euclidian distance coefficients among gene transcript profiles based on nanopore DRS. The
distance coefficients between the replicates were lower than those of other objects, and the tile colors of the
two were relatively close (Supporting Information: Figure S7), suggesting their reproducible patterns. These
sequenced genes were divided into three groups: transcripts per kilobase of exon model per million mapped
reads (TPM) < 1, 1 < TPM < 5, and TPM > 5 (Supporting Information: Table S5). The proportion of
gene numbers in each category was calculated and shown as a heatmap (Supporting Information: Figure S8).
Rice genes that could be annotated by m6A positions were referred to ‘m6A genes’ and those that could not
be annotated were marked as ‘non-m6A genes’ for subsequent analyses. In the Nip and Nl-Nip groups, most
m6A genes were distributed in the highly expressed gene category (TPM > 5). In contrast, non-m6A genes
were evenly distributed across the three groups and were biased towards gene categories with low expression
(TPM < 1). Compared to that in Nip, the proportion of non-m6A genes in low expression category was
lower in Nl-Nip group (Figure 2a, Supporting Information: Figure S8). When the m6A and non-m6A genes
were divided by gene expression categories—high (TPM [?] 1) or low (TPM < 1)—the number of transcripts
showing high/low expression was recorded for control Nip and Nl-Nip samples (Figure 2b). We found that
most genes were m6A methylated and distributed in the high expression category in Nip and Nl-Nip groups;
these gene numbers were enriched upon BPH infestation (Figure 2b). In both Nip and Nl-Nip groups, m6A-
methylated genes were expressed at a higher level than non-m6A-methylated genes (Figure 2c). Thus, m6A
methylation mainly occurred in highly expressed genes in the control and BPH-infested samples, while the
m6A modified gene numbers increased in the high expression category with BPH infestation.

3.5 m6A methylation positively correlated with the transcript expression in BPH-infested rice
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We found 21,718 (76.59%) transcripts that showed no significant difference (no change), 3,506 (12.36%) were
upregulated and 3,131 (11.04%) were downregulated in BPH-infested plants compared with those in the
control plants (Figure 2d, Supporting Information: Figure S9a, Table S6) . A total of 116,817 methylated
positions were detected among all expressed transcripts. Among the m6A modifications, 63.99%, 17.43%,
and 18.58% exhibited no change, or fell into the up- or down-m6A directions, respectively (Supporting
Information: Table S6). A large proportion of m6A modification positions were found in CDS and 3’-
UTR, with most showing no change in expression (Figure 2e, Supporting Information: Table S6). Among
up-directed m6A-methylated transcripts, the number of upregulated transcripts was higher than that of
downregulated transcripts (2,094 vs. 856) in the NI-Nip vs. Nip comparison; conversely, in down-directed
transcripts, the number of downregulated ones was higher than that of upregulated ones (1,995 vs. 743)
(Figure 2e). The correlational heat map showed a strong positive correlation between the m6A methylation
direction and the corresponding transcript change, with many transcripts and m6A modifications exhibiting
simultaneous up- or downregulation/direction (Supporting Information: Figure S9b). The abundance of
upregulated transcripts that underwent 5’-UTR methylation was higher than that of the downregulated
transcripts. However, this tendency was not evident among 3’-UTR methylated transcripts (Figure 2f).
Taken together, the m6A-methylation differential types in BPH-infested samples were positively correlated
with the corresponding transcript regulation types, with transcripts containing different m6A methylated
functional elements likely involved in diverse transcript regulation.

3.6 BPH infestation regulated m6A-methylated genes in rice

The number of transcripts decreased with increasing number of m6A modification sites, and most differen-
tially expressed transcripts containing m6A modifications had single digit m6A sites (Supporting Information:
Figure S10). A total of 4.19%, 77.36%, and 18.45% of the m6A sites were located on the 5’-UTR, CDS, and
3’-UTR of the differential expressed transcripts in Nl-Nip vs. Nip comparison, respectively. Compared with
the distribution regions of m6A sites in each treatment group, the distribution of these sites tended to be
enriched from the 3’-UTR to CDS regions (Figure 2g).

Differential m6A-methylated transcripts were subjected to Gene Ontology (GO) (Supporting Information:
Figure S11a) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses (Supporting Information:
Figure S11b). Methylated genes were involved in multiple molecular functions, particularly in structural
constituents of ribosomes, translation, and ATP hydrolysis (Supporting Information: Figure S11a, Table
S7). The top 25 enriched pathways in KEGG analyses were divided into two categories: genetic informa-
tion processing and metabolism (Supporting Information: Figure S11b, Table S8). Thus, m6A modification
is closely related to intracellular metabolism, amino acid metabolism, and secondary metabolite synthe-
sis/metabolism/degradation upon BPH infestation.

3.7 BPH infestation regulated the expression of the main m6A modification machinery com-
ponents

We compared the relative gene expression levels of 5 “WRITER” genes, that is, OsMTA1 , OsMTA2 ,
OsMTA3 , OsMTA4 , andOsFIP ; 5 “ERASER” genes, namely, ALKBH9B-1 ,ALKBH9B-2 , ALKBH10B
, ALKBH10B-L1 , andALKBH10B-L2 ; 12 “READER” genes, that is,OsYTH01–OsYTH12 ; and 5
“DONOR” genes, namely, OsSAM1 , OsSAM1-Like ,OsSAM2 , OsSAM2-Like , and OsSAM3 in Nip and Nl-
Nip groups. Based on RT-qPCR analyses, among the five “WRITER” genes, the expression ofOsMTA1 was
upregulated while the OsFIP gene was suppressed in BPH-infested samples (Figure 3a). For the “ERASER”
genes, the expression of ALKBH9B-1 was slightly increased in the BPH-infested samples, whereas those of
ALKBH9B-2 andALKBH10B were downregulated (Figure 3b). In the “READER” genes, the OsYTH02 ,
OsYTH04 , OsYTH07 , OsYTH08 ,OsYTH11 , and OsYTH12 expression levels were significantly upreg-
ulated in BPH-infested samples. Meanwhile, the expression of theOsYTH01 , OsYTH05 ,OsYTH09 , and
OsYTH10 genes was significantly suppressed (Figure 3c). Compared to those in control Nip, the expression
levels of all five methyl “DONOR” synthesis genes were upregulated in Nl-Nip (Figure 3d). The results
of the transcriptome analyses and RT-qPCR were basically consistent, highlighting the reliability of the
transcriptome sequencing data (Figure 3).
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The dynamic changes in m6A positions in the m6A methylation machinery components were tested. Given
that most genes were modified by different m6A sites, we counted the numbers of m6A methylation sites
for each gene and further categorized them into three direction types, that is, up-direction (Up), down-
direction (Down), and no significant difference (No change) between the Nl-Nip and Nip groups (Supporting
Information: Table S9). Among the “DONOR” genes, only OsSAM2 exhibited an up-m6A site. For the
“WRITER” genes, OsMTA1–OsMTA4 genes contained the up-directed m6A site, while OsFIP showed
a down-trend of m6A sites. For the “ERASER” genes, ALKBH9B-1 and ALKBH10B contained the up-
directed m6A sites, while ALKBH9B-2 showed a down-trend in m6A sites. Regarding the “READER” genes,
OsYTH07 , OsYTH08 , and OsYTH11 only contained up-directed differential m6A sites, whileOsYTH01 ,
OsYTH06 , OsYTH09 , and OsYTH10 only showed down-directed differential m6A sites. TheOsYTH02 ,
OsYTH03 ,OsYTH05 , and OsYTH12 genes contained more than 10 differential patterns of m6A positions in
the Nl-Nip vs. Nip comparison, including up-, down-, and non-directed m6A sites (Supporting Information:
Table S9, S10).

A filtering criteria was established to determine a correlation between the transcription and m6A methylation
level of the target genes in the Nl-Nip vs. Nip comparison group as a transcriptional expression fold change
< 0.5 or > 2, along with a significant m6A methylation trend p < 0.05, and |meth diff| > 10 (Supporting
Information: Table S6, S10). Genes like OsMTA1 was upregulated and showed accompanying upregulated
m6A methylation, that is, the number of upregulated m6A sites was higher than that of downregulated
m6A sites in this transcript. Genes such asOsFIP was downregulated and exhibited downregulated m6A
methylation, that is, the number of downregulated m6A sites was higher than that of the upregulated m6A
sites (Figure 3; Supporting Information: Table S9, S10). We identified the OsSAM2 gene in the “DONOR”
category,OsMTA1 and OsFIP genes in “WRITER” category,ALKBH9B-2 gene in the “ERASER” category,
and OsYTH01 ,OsYTH05 , OsYTH07–OsYTH12 genes in the “READER” category. These genes not only
differentially expressed but also included the differential m6A methylation sites with the same regulatory
trend (Figure 3e). This indicated that m6A modification may positively regulate the transcription of target
transcripts. m6A modifications were observed in genes responsible for plant m6A methylation machinery,
highlighting their potential role in regulating target gene expression dynamics. This mechanism may be an
important post-translational regulatory strategy in rice, particularly in response to BPH infestation.

3.8 BPH infestation regulated m6A modifications and expression of BPH resistance genes

The expression levels of nine Bphs were analyzed by RT-qPCR, and combined with a detailed analysis of the
m6A modification positions. In the BPH-infected group, the expression of 8 candidate genes, exceptBph6 ,
were upregulated. Fold changes in Bph14 ,Bph30 , Bph40 , andBphi008a were 7.80, 2.01, 1.59, and 7.57,
respectively (Figure 4a). Four genes showed upregulated m6A modifications:Bph14 contained 12 upregu-
lated and 1 downregulated differential m6A site, Bph30 and Bph40 contained relatively more upregulated
differential m6A sites, whereasBph6 only contained 5 downregulated differential m6A sites (Supporting In-
formation: Table S11, S12). All the genes showed a positive correlation between the direction of m6A
modification and transcript regulation, highlighting that m6A modification is involved in the regulation of
riceBph genes expression.

3.9 BPH infestation altered the expression and m6A modification of cellulose synthesis-related
genes

Both Bph30 and Bph40genes were significantly upregulated upon BPH infestation (Figure 4a). Therefore,
the potential correlation between m6A levels and the expression of rice genes involved in cellulose and hemi-
cellulose synthesis was analyzed. Among thirteen candidate cellulose synthesis genes which containing m6A
modification sites, eight genes were upregulated in BPH-infested plants (Figure 4b). Moreover, there were
total 39 up- and 23 down-directed differential m6A modification positions among the 13 cellulose synthesis
genes, 5 of which showed up-trending m6A methylation, that is, the number of up-directed m6A sites was
higher than that of down-directed m6A sites (Supporting Information: Table S11, S13). m6A modifica-
tions and the relative expression of genes in cellulose synthesis were positively correlated, suggesting that
m6A modification is largely involved in the synthesis of cellulose. Additionally, four of the six hemicellulose
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synthesis (CSLF4 , CSLHl ,IRX10 , and IRX14 ) were upregulated, while IRX9 was downregulated in
BPH-infested plants (Figure 4c). However, only four genes (CSLF2 , CSLHl , IRX9 , and IRX14 ) were
detected with m6A positions (Supporting Information: Table S11, S14) and no fixed regular patterns were
found.

Moreover, the contents of cellulose and hemicellulose were measured. BPH infestation induced cellulose and
hemicellulose accumulation in rice. This degree of induction was more pronounced for cellulose accumulation
than for hemicellulose (Figure 4d,e), which were validated the RT-qPCR and transcriptome data. Taken
together, BPH infestation activated the expression and m6A modification of cellulose but not apparent in
hemicellulose synthesis-related genes, and was more prominent in cellulose synthesis.

3.10 BPH infestation activated defense-related phytohormones pathways though dynamic m6A
modifications

We investigated whether anti-herbivore defense hormones JA and SA metabolic pathways are regulated by
m6A modification and whether the expression profiles of their metabolic genes are altered by BPH infes-
tation in rice. All 9 selected biosynthesis genes in the JA pathway, except downregulatedOsLOX5 , were
upregulated in BPH-infested plants (Figure 5a). Expression levels of all the JA-responsive genes, OsPR5-1
, OsPR10 , and OsRbohC-F , were downregulated in BPH-infested samples; the remaining genes, apart
from non-regulated OsWRKY10 , were significantly upregulated (Figure 5b,c). Among the JA biosynthe-
sis genes,OsAOS2 , OsJMT1 , and OsLOX8only exhibited upregulated differential m6A sites; OsAOS1 ,
OsLOX2 , and OsLOX5 exhibited both up-, and down-directed m6A sites (Supporting Information: Table
S15, S16). For JA-responsive genes, OsPR2 , OsPR5-2 ,OsPR5-3 , OsPR5-4 , OsMYB2 , and OsWRKY28
only contained up-directed differential m6A sites, while OsPR5-1 , OsPR10 ,OsRbohD , and OsRbohF only
showed down-directed differential m6A sites. OsRbohB ,OsRbohC , and OsRbohE contained both up- and
down-directed m6A sites (Supporting Information: Table S15, S17). Most upregulated genes showed a posi-
tive correlation with the up-directed m6A modification positions, such asOsJMT1 , OsAOS1 , OsAOS2 , and
OsLOX8 in biosynthesis genes, andOsPR2 , OsPR5-2 ,OsPR5-3 , OsPR5-4 ,OsMYB2 , and OsWRKY28 in
responsive genes. Both m6A modification and the relative expression ofOsPR5-1 , OsPR10 , OsLOX5 , and
OsRbohC-F were significantly downregulated in BPH-infested plants (Figure 5a-c; Supporting Information:
Table S15-17).

In the SA pathway, all candidate biosynthesis-related genes were upregulated in BPH-infested samples (Fig-
ure S12a). Among the response-related genes, OsPR1-12 , OsPR1-51 , OsPR1a ,OsPR1b , and OsWRKY4
5 were upregulated, whileOsPR1-21 , andOsPR1-101 were downregulated in BPH-infested samples (Figure
S12b). Regarding the m6A position direction, OsCM andOsWRKY45 only exhibited up-directed differential
m6A sites; OsICS1 and OsPR1-101 contained down-directed differential m6A sites; andOsEDS1 , OsPAL ,
and OsPAL1 showed both up- and down-directed m6A sites (Supporting Information: Table S15, S18, S19).
The m6A modification level of SA pathway-related genes also showed a positive correlation with transcrip-
tional regulation. The genes that followed such pattern included OsPAL1 and OsCM in the biosynthesis
genes andOsPR1-101 and OsWRKY45 in the responsive genes (Supporting Information: Figure S12; Table
S15, S18, S19). However, the proportion of m6A modified genes was lower than that of the JA pathway-
related genes.

BPH infestation successfully induced phytohormones accumulation in plants. This degree of induction was
more pronounced for JA production than for SA (Figure 5d,e; Supporting Information: Figure S12c), which
validated the RT-qPCR and transcriptome data of the related transcripts. These were accompanied by
dynamic m6A methylation modification and gene expression changes in major hormonal pathway-related
genes, especially in genes related to the JA metabolic pathway.

3.11 BPH infestation affected m6A modification of genes involved in growth-related phytohor-
mones pathways

The overall m6A methylation position in rice was significantly attenuated by the BPH treatment (Figure
1f,g; Supporting Information: S4). However, the defense-related pathways were activated by BPH infestation
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which was accompanied by a large proportion of upregulated transcripts and m6A methylation sites (Figure
4, 5; Table S11, S15). Plant defense against herbivores is costly and is often associated with growth repression
(Deng et al., 2020). We then explored m6A modification and transcriptional regulation of genes involved in
plant growth-related phytohormones pathways especially auxin and gibberellin (GA).

Among the selected 32 genes containing m6A modification sites, 11 up- and 79 down-directed m6A modifi-
cation positions were present in BPH-infested plants compared with those in the un-infected plants. A total
of 27 genes were found to have down-directed m6A sites, among which 26 genes showed down-trending m6A
methylation; that is, the number of down-directed m6A sites was higher than up-directed m6A sites (Sup-
porting Information: Table S20). For transcriptome regulation, 27 of these 32 transcripts were significantly
downregulated in BPH-infested plants, 25 of which displayed down-trending m6A methylation (Figure 6a-d,
Supporting Information: Table S20-S22). This indicated a positive correlation between m6A modifications
and the expression of key genes responsible for rice growth. In contrast, for the GA metabolic process, three
of the five candidate genes were upregulated in the BPH-infested group. There were 9 up- and 5 down-
directed m6A modification positions in the BPH-infected plants compared to those in the un-infected plants.
m6A modifications and gene expression were also positively correlated (Figure 6e, Supporting Information:
Table S20, S22). The m6A modification levels of auxin pathway- and GA biosynthesis-related genes were
significantly attenuated under BPH attack. This was accompanied by the downregulated expression of these
transcripts. Meanwhile, m6A modification was involved in the activation of GA catabolism-related genes.
Thus, rice growth was restricted during BPH attack to optimize resource allocation for plant defense though
affecting m6A modification of genes involved in defense- and growth-related phytohormones pathways.

4 DISCUSSION

A promising new area of RNA epigenetic research has emerged following the identification of m6A modifi-
cations in numerous organisms. We are only beginning to understand the m6A modification’s involvement
in this processes (Shinde et al., 2023). In this study, we focused on the most important and destructive pest
influencing rice production, that is, BPH, to investigate the effect of BPH infestation on rice m6A methy-
lation and the relationship between m6A and the expression of target gene bodies involved in plant defense
and growth, thereby revealing its overall regulatory patterns (Figure 7). To the best of our knowledge, no
studies has been previously reported in plants coping with herbivore stress.

4.1 Genome-wide m6A distributions in rice

The distribution map of m6A modifications throughout the mammalian genome has been extensively assessed
(Gokhale et al., 2016). Among plants, there are more reports on m6A modification sites in Arabidopsis
genomic mRNA (Parker et al., 2021), and the number of reports on rice is gradually increasing (Wang et
al., 2023a). We identified about 80,000 m6A modification sites in un-infested and BPH-infested Nip rice
using the nanopore DRS, a powerful approach that can detect single methylation modification sites on
mRNA (Supporting Information: Figure S4). Which was similar to 81,722 m6A sites previously reported
in the Nipponbare rice cultivar (Yu et al., 2023). Most gene density was consistent with the density of
the m6A methylome, and m6A modifications were primarily distributed on rice chromosomes 1, 2, and 3
(Figure 1e). A marked distribution pattern of m6A modifications was observed on chromosomes 1, 2, 3, 5,
6, 7, 8, and 12, which appeared as a dense and sparse distribution with higher density at both ends and
lower density in the middle. Conversely, on chromosomes 4, 10, and 11, the m6A modification exhibited a
distribution with a higher density on one side and a lower density on the other. These distributions may be
related to the organization and arrangement of genes on the chromosomes (Figure 1e). m6A modification
predominantly occurs on exons and splicing sites of RNA precursors, suggesting a certain level of selectivity in
m6A modification (He et al., 2023). However, genes on different chromosomes exhibit variations in the lengths
and quantities of exons and introns. Our results showed that m6A modification was most densely distributed
in the CDS region, followed by that in the 3’-UTR, and least in the 5’-UTR (Supporting Information: Figure
S3). This distribution pattern is conserved in several important crops, including rice (Zhang et al., 2021a),
maize (Zea mays ) (Miao et al., 2020), wheat (T. aestivum ) (Zhang et al., 2021b), and tomato (Solanum
lycopersicum ) (Hu et al., 2022). In mature strawberry fruit (Zhou et al., 2021), as well as in apple (Guo et
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al., 2022) and cabbage leaves (Liu et al., 2020a). Thus, m6A modification mainly in the CDS region may be
developmental or tissue specific. The factors underlying this distribution pattern and the detailed biological
functions of m6A modifications in plants remain largely unknown; these aspects require further investigation.

4.2 m6A methylation regulated the expression of genes

m6A primarily occurs in highly expressed genes during BPH infestation (Figure 2a,b). In contrast, m6A
mainly occurs in rice genes with low expression levels during viral infection (Zhang et al., 2021a). Responsive
m6A modification is sensitive and complex during biological stress, and different stressors may induce m6A
methylation in genes with varying expression levels. Through KEGG analyses, we identified differentially
expressed transcripts in many pathways containing m6A modifications (Supporting Information: Figure
S11). Four component genes in the principal constituents of rice m6A modification machinery can undergo
m6A modification. Their relative expression levels showed considerable variations (Figure 3a–d). Thus, m6A
machinery can govern the expression of key component genes via m6A methylation, resulting in significant
alterations in overall cellular m6A levels in rice when confronted with BPH infestation. This suggest a
potential role for m6A in modulating plant defense against insects.

We found differential regulatory patterns of m6A modifications in gene expression across different plant
specific BPH response pathways. The m6A modification direction of genes related to the four methylation
components, and major phytohormone pathways (which including JA, SA, auxin, GA), Bph , and cellu-
lose synthesis, showed a positive correlation with the target transcript expression (Figure 3-6; Supporting
Information: Table S9, S11, S15, S20). No apparent regulatory patterns were found for the hemicellulose
synthesis-related genes (Figure 4C; Supporting Information: Table S14). Thus, the levels of m6A modifica-
tion display specific enrichment patterns depends on the type of metabolic pathways. Based on studies on
regulation of m6A modifications in rice by various viruses and fungi (Shi et al., 2019; Zhang et al., 2021a),
our findings suggest a potential role for m6A in modulating plant defense against insects.

4.3 m6A methylation regulated plant defense and growth upon insect infestation

Growth reduction is commonly associated with herbivore attack and defense activation, which is known as
the growth-defense trade-off (He et al., 2022). Therefore, plants decide when to grow or defend themselves to
optimize their fitness in a changing environment. Research into the molecular mechanisms underlying these
growth-defense trade-offs has shown that phytohormones signaling and crosstalk between phytohormones
play central roles (Huot et al., 2014; He et al., 2022). Auxin, GA and JA are important growth-and defense-
related phytohormones, respectively (Yang et al., 2012). As one of the earliest phytohormones identified,
auxin plays an essential role in most aspects of plant growth and development, and also play a vital role
in plant defense against diverse pathogens (Spaepen & Vanderleyden, 2011). InArabidopsis , the core JA-
responsive basic helix-loop-helix transcription factor MYC2-mediated repression expression of the growth
regulator PLT integrates JA action into the auxin pathway in regulating root meristem activity and stem
cell niche maintenance (Chen et al., 2011). BPH attack activates GA catabolism in rice plants via two
GA catabolism genes, that is, GA2ox3 and GA2ox7 , contribute to BPH-induced growth restriction and
are upregulated by JA signaling. The JA-responsive transcription factor MYC2 binds to the promoters
of GA2ox3 and GA2ox7 to regulate their expression. Therefore, the MYC2-GA2ox module regulates the
growth-defense trade-off when BPH attacks rice, which provides a mechanism for phytohormone crosstalk
(Jin et al., 2023).

Although the overall m6A methylation of rice was constrained by BPH damage (Figure 1f,g), JA signaling
pathway-related genes were altered and accompanied by a predominance of upregulated transcripts and up-
directed m6A methylation sites (Figure 5, Supporting Information: Table S15). Some key genes responsible
for rice growth pathways have shown distinct m6A-modification directions from JA pathway. This was
reflected in attenuated m6A-modification levels of auxin and GA biosynthesis-related genes under BPH
attack, which contributed to the downregulated expression of these transcripts. The rice GA catabolism
process was activated after BPH infection, and the significantly upregulated OsGA2ox3 , OsWRKY71 ,
andOsCRY1b genes displayed a positive correlation between m6A modifications and gene expression (Figure
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6, Supporting Information: Table S20-S22). This indicated that plant defense was activated but growth
was suppressed during BPH attack, this growth–defense trade-off was likely regulated by m6A methylation-
mediated Auxin, GA, and JA pathways in BPH-infested rice.

Overall, m6A modification levels were repressed under BPH infestation, with m6A primarily modifying
highly expressed genes. Here, we proposed a simplified model for rice m6A RNA methylation modulation in
key defense and growth pathways induced by BPH infestation (Figure 7). m6A modification was positively
correlated with the expression of key genes, mainly in insect–stress response and growth pathways in rice,
and may have contributed to plants prioritizing defense overgrowth during BPH attack.
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2

3

FIGURE 1 The increase of rice resistance infested by BPH gravid females and its4

overall m6Amodification5

(a, b) Mean number of BPH nymphs (a) and female adults (b) per plant for plant pairs6

(n = 12; BPH pre-infested rice vs control rice). Fifteen fourth instar nymphs and7

gravid female adults were released for each replicate. (c) Mean survival rates of8

nymphs across time (n = 8). (d) Mean amount of honeydew excreted by a female9

adult 24 h after the start of the experiment (n = 18). All choice and no-choice assays10

were performed after 24 h of continuous gravid females infestation on rice leaf11

sheaths (BPH pre-infested), whereas untreated rice plants were used as the controls. (e)12

Circo plots of m6A methylome in rice plants. The six rings from outside to inside13

show the genomic positions (1st ring), gene density (2nd ring), m6Amethylome density14

of control rice plants (3rd and 4th rings), m6A methylome density of BPH-infested15

plants (5th and 6th rings). The outer loop of each ring (3rd–6th rings) represents the16



plus-strand of the genome and the inner loop represents the minus-strand. (f)17

Histograms showing the number of m6A methylation positions in control (Nip_1,18

Nip_2) and BPH-infested Nipponbare plants (Nl-Nip_1, Nl-Nip_2). The Y-axis19

represents the total position number and X-axis represents the two treatments. Two20

biological replicates were used for each treatment. (g) Dot-blot analysis of m6A levels21

in total RNA extracted from rice samples using the specific anti-m6A antibodies. Error22

bars represent standard errors. Asterisks indicate significant differences (** p < 0.01;23

ns, no significant difference; Student’s t-test). m6A, N6-methyladenosine; BPH, brown24

planthopper; Nip, control Nipponbare rice; Nl-Nip, BPH-infested Nipponbare rice.25



26

a b

c d



5

FIGURE 2 Integrated analyses of the relationship between transcripts regulation and27

m6Amodification28

(a) The percentage of rice m6A methylated and un-methylated genes at defined TPM29

(Transcripts Per kilobase of exon model per Million mapped reads) levels (< 1, 1–5,30

and > 5). Color densities indicate different percentages of genes in a category. (b)31

e

f

g



6

Comparisons of the number of non-m6A methylated genes and m6A methylated genes32

in their gene bodies with high (High: TPM > 1) and lower (Low: TPM < 1) expression33

levels in each treatment. (c) Box plot comparing TPM expression levels between34

non-m6A and m6A methylated genes in each treatment. Asterisks indicate significant35

differences (** p < 0.01; Student’s t-test). (d) Histograms showing the number of36

significantly up- and down-regulated transcripts that contain m6A modifications in37

Nl-Nip vs. Nip comparison group. (e) Stack diagram of the relationship between the38

m6Amethylation differential types and the corresponding transcripts differential types39

in Nl-Nip vs. Nip comparison group. The Y-axis represents transcripts of different40

regulation types as well as their numbers, and X-axis shows the up- and41

down-directed m6A methylated transcripts in Nl-Nip vs. Nip group. (f) Widely42

integrated analyses of the relationship between the transcript expression levels and43

m6A methylated functional elements using the m6A modified transcripts in Nl-Nip vs.44

Nip group. The Y-axis represents the different gene structure of m6A modification45

regions; X-axis shows the number of transcripts with different regulatory types. (g)46

Percentages of each gene body in differentially m6A-methylated genes in control Nip,47

Nl-Nip, as well as in Nl-Nip vs. Nip group. m6A, N6-methyladenosine; BPH, brown48

planthopper; Nip, control Nipponbare rice sample; Nl-Nip, BPH-infested Nipponbare49

rice sample.50
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53
54

FIGURE 3 Relative expression levels of rice genes involved in m6A methylation55

machinery under BPH infestation56

(a–d) RT-qPCR and transcriptome analysis of the relative expression of 5 “WRITER”57

genes (a), 5 “ERASER” genes (b), 12 “READER” genes (c), and 5 methyl “DONOR”58

synthesis genes (d) in Nip and Nl-Nip plants. Some undetected transcriptome data59

indicated the absence of m6A methylation sites in the transcript. Error bars represent60

standard errors. Asterisks indicate significant differences (* p < 0.05; ** p < 0.01; ns,61

no significant difference; Student’s t-test). (e) Rice m6A methylation pathways and62

related genes upon BPH infestation. Blue letters indicate differentially expressed63

transcripts containing differentially directed m6A methylation with the same64

regulatory trend. OsSAM2 means that OsSAM2 was up-regulated and showed65

up-directed m6Amethylation in Nl-Nip compared with in Nip plants. OsFIP indicates66

that OsFIP was down-regulated and also showed down-directed m6A methylation in67

Nl-Nip compared with in Nip plants. The differentially expressed transcripts showed a68

transcriptional expression fold change of < 0.5 or > 2 (p < 0.05), along with a69

significant m6A methylation direction (p < 0.05), and |meth diff| > 10. m6A,70

e



9

N6-methyladenosine; BPH, brown planthopper; Nip, control Nipponbare rice; Nl-Nip,71

BPH-infested Nipponbare rice.72
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78

FIGURE 4 The BPH infestation activated cellulose- and hemicellulose-synthesis79

pathways80

(a–c) RT-qPCR and transcriptome analysis of the relative expression of 9 Bph genes81

(a), 13 cellulose synthesis genes (b), and 6 hemicellulose synthesis genes (c) in Nip82

and Nl-Nip plants. Some undetected transcriptome data indicated the absence of m6A83

methylation sites in the transcript. (d, e) Mean levels (n = 6) of cellulose (d) and84

hemicellulose (e) in Nip and Nl-Nip plants. Error bars represent standard errors.85

Asterisks indicate significant differences (** p < 0.01; ns, no significant difference;86

Student’s t-test). Nip, control Nipponbare rice; Nl-Nip, BPH-infested Nipponbare rice;87

FW, fresh weight.88

d e
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FIGURE 5 Jasmonic acid biosynthesis and responsive pathways were activated in91

BPH-infested rice plants92

(a–c) RT-qPCR and transcriptome analysis of the relative expression of 9 JA93

biosynthesis-related genes (a), and 18 JA responsive genes (b, c) in Nip and Nl-Nip94

plants. Some undetected transcriptome data indicated the absence of m6A methylation95

sites in the transcript. (d, e) Mean levels (n = 6) of JA (d), and jasmonoyl-isoleucine96

(JA-IlE) (e) in Nip and Nl-Nip plants. Error bars represent standard errors. Asterisks97

indicate significant differences (* p < 0.05; ** p < 0.01; ns, no significant difference;98

Student’s t-test). Nip, control Nipponbare rice; Nl-Nip, BPH-infested Nipponbare rice;99

FW, fresh weight.100
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102

103

FIGURE 6 Auxin pathways and gibberellic acid biosynthesis process were activated104

in BPH-infested rice plants105

(a–e) RT-qPCR and transcriptome analysis of the relative expression of Auxin106

biosynthetic process (a), Auxin-activated signaling pathway (b), Auxin107

transport-related (c), gibberellic acid (GA) biosynthetic (d), and GA metabolic (e)108

genes in Nip and Nl-Nip plants. Error bars represent standard errors. Asterisks109

indicate significant differences (** p < 0.01; ns, no significant difference; Student’s110

t-test). BPH, brown planthopper; Nip, control Nipponbare rice; Nl-Nip, BPH-infested111

Nipponbare rice.112

e
GAmetabolic

GA biosynthesis
d
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FIGURE 7 Proposed model of the rice m6A RNA methylation modulation in key

defense and growth pathways regulated by BPH infestation

The genes highlighted in red denote both transcriptional up-regulated (p < 0.05) and

up-directed m6A modification (p < 0.05 and |meth diff| > 10). The number of

up-directed m6A sites occurring on the target pathway in Nl-Nip vs. Nip group was

less than that of down-directed m6A sites. Genes highlighted in blue represent both

transcriptional down-regulated (p < 0.05) and down-directed m6A modification; the

number of down-directed m6A sites occurring on the target pathway in Nl-Nip vs. Nip

group was less than that of up-directed m6A sites (p < 0.05 and |meth diff| > 10). The

upward arrows indicate increased phytohormones content, and downward arrows

indicate decreased phytohormones content. Bio, biosynthetic process; Sig, activated

signaling process; Tra, transport process; Met, metabolic process; Res, responsive

process; m6A, N6-methyladenosine; BPH, brown planthopper; Nip, control

Nipponbare rice; Nl-Nip, BPH-infested Nipponbare rice.


