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N°-methyladenosine (m°A) is a reversible epigenetic modification of mRNA and other RNAs that plays a
significant role in regulating gene expression and biological processes. However, m°A abundance,
dynamics, and transcriptional regulatory mechanisms remain unexplored in the context of soybean
resistance to Meloidogyne incognita. In this study, we performed a comparative analysis of transcrip-
tome-wide m®A and metabolome profiles of soybean root tissues with and without M. incognita
infection. Global m®A hypermethylation was widely induced in response to M. incognita infection and
was enriched around the 3’ end of coding sequences and in 3’ UTR regions. There were 2069 signif-
icantly modified m®A sites, 594 differentially expressed genes, and 103 differentially accumulated
metabolites between infected and uninfected roots, including coumestrol, psoralidin, and 2-hydrox-
yethylphosphonate. Among 101 m°®A-modified DEGs, 34 genes were hypomethylated and upregulated,
and 39 genes were hypermethylated and downregulated, indicating a highly negative correlation
between m°®A methylation and gene transcript abundance. A number of these m®A-modified DEGs,
including WRKY70, ERF60, POD47 and LRR receptor-like serine/threonine-protein kinases, were involved
in plant defense responses. Our study provides new insights into the critical role of m®A modification in
early soybean responses to M. incognita.
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INTRODUCTION

N®-methyladenosine (m°A) RNA methylation is an
abundant internal modification of messenger RNAs
(mRNAs) and long noncoding RNAs (IncRNAs) in
eukaryotes (Vanyushin et al. 1970). Since the first dis-
covery of m®A methylation in mammalian mRNA in
1975 (Wei et al. 1975), m®A has been found in various
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eukaryotes, including yeasts (Clancy et al. 2002), flies
(Levis and Penman 1978), fish (Zhao et al. 2017),
mammals (Dominissini et al. 2012; Meyer et al. 2012),
and plants (Luo et al. 2014). More than 80% of all
eukaryotic RNA methylation modifications have been
reported to be m®A modifications (Kierzek and Kierzek
2003), and this modification is usually clustered in the
stop codon and 3’ UTR, although it is also found in the
start codon, 5’ UTR, and coding regions (Ke et al. 2015;
Meyer et al. 2012). m®A plays a vital role in develop-
mental regulation (Bodi et al. 2010; Li et al. 2014) and
stress responses (Li et al. 2014; Ok et al. 2005; Scute-
naire et al. 2018; Wei et al. 2018) by affecting multiple
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aspects of RNA function such as mRNA translation,
splicing, stability, and degradation and miRNA biogen-
esis (Pontier et al. 2019; Visvanathan and Somasun-
daram 2018; Wang et al. 2014, 2015). In mammals, méA
is reported to regulate embryo development, fertility,
neuronal functions, hematopoietic stem cell and pro-
genitor cell development, adipogenesis, and the circa-
dian clock (Du et al. 2016; Fukusumi et al. 2008; Fustin
et al. 2013; Zheng et al. 2013). In plants, m°A also plays
major roles in the regulation of photosynthesis, floral
transition, fruit ripening, and seed vitality (Duan et al.
2017; Fray and Simpson 2015; Shen et al. 2019; Vespa
et al. 2004; Zhang et al. 2019; Zhou et al. 2019).

m°®A is a dynamic and reversible modification. Three
distinct groups of proteins are involved in m®A modifi-
cation: m®A methyltransferases (writers), demethylases
(erasers), and m°A binding proteins (readers) (Shao
et al. 2021). m°A is methylated by the binding of the
writer to a highly conserved consensus sequence,
RRACH (R = G or A; H: U > A > (). In plants, the writer
is a large methyltransferase complex containing MTA70-
like proteins (MTA, MTB), FKBP12 INTERACTING PRO-
TEIN 37 KD (FIP37), HAKAI, and other components
(Vespa et al. 2004; Shen et al. 2016; Rizicka et al. 2017).
The removal of m°A is catalyzed by erasers, which
include the ALKBH family proteins ALKBHO9B,
ALKBH10B, and SLALKBH2 (Martinez-Pérez et al. 2021;
Duan et al. 2017; Tang et al. 2021; Zhou et al. 2019). The
m®A modification is recognized by readers, which
mediates pre-mRNA splicing and other specific func-
tions. They incorporate YTH-domain family proteins
such as EVOLUTIONARILY CONSERVED C-TERMINAL
REGIONS (ECT1-11) and a variant of the 30-kDa sub-
unit of cleavage and polyadenylation specificity factor
(CPSF30) (Wei et al. 2018; Pontier et al. 2019; Song
et al. 2021; Hou et al. 2021).

An increasing number of studies have revealed that
m°A methylation participates in responses to various
abiotic stresses. Anderson et al. reported that m°A
modification could promote the mRNA stability of key
transcripts under salt stress in Arabidopsis (Anderson
et al. 2018). Arabidopsis ECT2 improved heat stress
tolerance by relocalizing stress granules in the cyto-
plasm (Scutenaire et al. 2018). Overexpression of the
m®A methyltransferase CIMTB enhances drought toler-
ance in tobacco by mitigating oxidative stress and
photosynthetic inhibition (He et al. 2021b). In addition,
evidence indicates that m®A methylation also plays
important roles in regulating plant immunity to biotic
invasion (Mondo et al. 2017). For example, the Ara-
bidopsis demethylase atALKBH9B can remove m°A from
single-stranded RNA and reduce Alfalfa mosaic virus
(AMV) infection (Martinez-Perez et al. 2017). In

watermelons, the m°®A level was more significantly
reduced in a resistant variety than a susceptible variety
after inoculation with Cucumber green mottle mosaic
virus (CGMMV) (He et al. 2017). In rice, m®A modifica-
tion was mainly associated with genes that were not
actively expressed in virus-infected plants, and there
was an increased level of m°A methylation during rice
interaction with Rice black-streaked dwarf virus
(RBSDV) and Rice stripe virus (RSV) (Zhang et al.
2021a). Guo et al. reported that apples showed
enhanced powdery mildew resistance after overex-
pression of MhYTPZ, which may act by regulating
MdMLO19 mRNA stability and the translation of
antioxidant genes (Guo et al. 2022). Overall, these
studies suggest that m®A modification influences plant
stress responses, but the specific functions of m®A in
plant-pathogen interactions remain largely unknown.

Root-knot nematodes (RKNs, Meloidogyne spp.) are
sedentary endoparasites with a wide host range that
cause over USD 75 billion in economic losses annually.
When infective ]2 larvae penetrate the plant root, they
migrate towards the vasculature and finally initiate
permanent feeding structures known as giant cells,
which are important for the development and repro-
duction of the nematodes (Favery et al. 2016; Hewezi
2020). The plant defense system is activated during
RKN parasitism, and immune responses towards the
nematodes are coordinated by various signaling path-
ways that involve reactive oxygen species (ROS), plant
hormones, extracellular receptor-like proteins, and
kinases (Goverse and Smant 2014). However, m°A
abundance, dynamics, and topology during the RKN-
host plant interaction remain unexplored.

In this study, we surveyed the changes in soybean
m®A in response to M. incognita infection by whole-
genome m°A sequencing (m°A-seq), RNA sequencing
(RNA-seq), and metabolomics approaches. We com-
bined parallel RNA-seq and metabolome analyses to
analyze the putative functions of differentially expres-
sed mC®A-modified genes (DMGs) and metabolites
derived from the M. incognita-infected soybean roots.
We found that there was a highly negative correlation
between m°®A methylation and the expression levels of
some genes involved in the regulation of plant immune
responses, including genes encoding transcription fac-
tors (TFs), oxidoreductase activity-related proteins, and
kinases. Our study provides new insights for under-
standing changes in mRNA modification in response to
biotic stresses in soybean.
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RESULTS

Transcriptome-wide mapping of m°A
methylation in soybean roots after M. incognita
infection

To create a transcriptome-wide m®A methylation mod-
ification map in soybean, three replicate samples of
control and M. incognita-infected soybean roots were
collected and sequenced (Fig. 1). After removing adap-
tors and low-quality data, 45.46-49.12 million high-
quality m®A-IP-seq reads per replicate were aligned to
the soybean reference genome, with a mapping rate of
over 90%. Furthermore, 39.24-42.1 million reads were
uniquely aligned to the genome, and 84.42-97.17 mil-
lion were mapped to splice reads (Table S1).

At the genome level, 42 170 m®A peak calls in 20 940
genes were identified from the M. incognita-infected
roots, and 42 816 peaks in 22 687 genes were identi-
fied from control roots, with an average of 1.95 méA
sites per gene. Peak calls were enriched at the tran-
scription start sites (TSS) and transcription end sites
(TES) (Fig. 2A). Among the methylated transcripts,
83.14% contained one m°A site, 15.13% contained two
sites, and 1.73% contained three or more sites (Fig. 2B).
Read distribution analysis showed that m°A peaks were

Fig. 1 Sodium hypochlorite-
acid fuchsin-stained soybean
roots with and without M.
incognita infection. The upper
roots were uninfected
(Control), and the lower roots
were inoculated with M.

incognita for 3 days (Mi) Control

Mi

highly enriched in the 3’ terminal region, including the
3’ end of the coding sequence (CDS) and the 3’ UTR
regions (Fig. 2C), consistent with earlier reports from
rice and barley (Zhang et al. 2021a; Su et al. 2022).
Global m®A hypermethylation was slightly induced by
M. incognita infection compared with the control
(Fig. 2D). To identify whether there were conserved
motifs within m®A peaks in the control and infected
soybean roots, the MEME2 and HOMER suites were
used to perform de novo searches for enriched motifs.
The most significant consensus motif of m°A peaks in
soybean was 5-UGUAHYY-3' (A = m°A, H = A/C/U, and
Y = A/G/U/C) (Fig. 1E). The UGSCA (S = G/C, 52.23%),
UUAUW (W = A/U, 53.88%), and GVAGV (V =A/C,
54.26%) motifs were also enriched in control samples,
and the CWGRA (R = A/G, 58.15%), AURSU (68.12%),
and UUACW (45.78%) motifs were also enriched in
infected samples (Fig. 3). To explore the correlation
between gene expression and m°A modification, the
expression levels of genes with or without m°A modi-
fications were compared. From Fig. 2F, we can see that
genes with m®A modification had higher expression
levels than those without this modification in both

infected and control roots. We also examined the cor-
relation between expression level and m°A binding sites
in the m®A-modified genes and found that genes with

100 pm
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Fig. 2 Overview of the m®A methylome and transcriptome of soybean roots under M. incognita infection (Mi) and control (CK)
conditions. (A) Circos plot of m°A peak density and expression of genes on soybean chromosomes. The six rings from the outside to the
inside show (1) the lengths of the soybean chromosomes, (2) a heatmap of differentially expressed genes between Mi and CK, (3) the
average gene expression (FPKM) in Mi and CK, (4) a heatmap of differentially modified m°®A peaks between Mi and CK, (5) a bar graph of
CK peak enrichment, and (6) a bar graph of Mi peak enrichment. (B) Numbers of m®A-methylated genes with different numbers of m°A
peaks under Mi and CK conditions. (C) Density of m°A peaks under Mi and CK conditions in three non-overlapping regions: 5' UTR, CDS,
and 3’ UTR. UTR, untranslated region; CDS, coding sequence. (D) Cumulative distribution of Log,(peak intensity) of m®A modification
under Mi and CK conditions. (E) The predominant consensus motif for m®A methylation sites. (F) All m6A-modified genes were classified
into three categories based on the number of m°A sites in each gene: non-m°®A genes (m°A sites = 0), low-m°A genes (m°A sites < 3), and
high-m®A genes (m°A sites > 3). (G) Genes were classified into three categories (3’ UTR, CDS, and 5’ UTR) based on the location of the

m°®A peak in the gene

Fig. 3 Identification of
specific m®A methylation sites
and sequence motifs in control
and M. incognita-infected
soybean roots identified using
the DREME and MEME suites.
(A) The significantly enriched
consensus motifs in control
samples. (B) The significantly
enriched consensus motifs in
M. incognita-infected samples

cCA UUAUs GaAGe

p=1e-37 p=1e-37 p=1e-23
UGSCA UUAUW GVAGV
A AA AUACU UUACH
p=1e-93 p=1e-31 p=1e-28
CWGRA AURSU UUACW
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m®A modifications in the 3'-UTR regions had signifi-
cantly higher expression than genes that were modified
in other regions (Fig. 2G).

Differentially methylated genes (DMGs)

in response to M. incognita are involved

in multiple signaling pathways and cellular
processes

Two thousand sixty-nine genes showed differentially
modified m®A methylation peaks (DMPs, log,|FC|> 1,
P < 0.05) between M. incognita-infected and control
soybean roots. Among these DMGs, 1007 were hyper-
methylated and 1062 were hypomethylated under M.
incognita infection.

Gene ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) analyses were performed to
explore the potential functional roles of DMGs in
response to M. incognita infection. GO analysis showed
that DMGs were involved in multiple biological pro-
cesses such as regulation of transcription, protein
phosphorylation, defense response, oxidation reduction
process, signal transduction, and so forth (Fig. 4C).
Notably, 85 genes were involved in Kkinase activity
(GO:0016301), 2 in cytokinin transport (GO:0010184),
and 4 in regulation of the jasmonic acid-mediated sig-
naling pathway (G0:2000022). Moreover, 25 genes were
enriched in the ethylene-activated signaling pathway
(GO:0009873) (Supplementary data 1). KEGG analysis
showed that DMGs were enriched mainly in eight
pathways, and the top four were lysine degradation
(K000310), starch and sucrose metabolism (KO00500),
zeatin biosynthesis (KO00908), and taurine and
hypotaurine metabolism (KO00430). Seven genes were
enriched in autophagy (KO04136), and 9 genes were
enriched in the ubiquinone and other terpenoid-qui-
none biosynthesis pathway (K000130) (Fig. 4D, Sup-
plementary data 2).

Differentially expressed genes (DEGs)
and differentially accumulated metabolites
(DAMs) related to M. incognita infection

RNA-seq analysis was performed to quantify changes in
gene expression levels under M. incognita infection. A
total of 594 DEGs (log,|FC|> 1, P < 0.05) were iden-
tified between M. incognita-infected and controlled
soybean roots, 352 downregulated and 242 upregulated
(Fig. 5A, B). Among these DEGs, 44.61% contained m°A
peaks. KEGG analysis revealed that the DEGs were sig-
nificantly enriched in 11 pathways, including phenyl-
propanoid  biosynthesis, plant hormone signal
transduction, circadian rhythm, MAPK signaling

pathway, carotenoid biosynthesis, plant-pathogen
interaction, and so forth (Fig. 5C, Supplementary data
3). GO analysis showed that multiple DEGs were anno-
tated with the terms chitin catabolic process, plant-type
cell wall organization, syncytium formation, and jas-
monic acid metabolic process (Fig. 5D, Supplementary
data 4).

The metabolite compositions of control and M.
incognita-infected soybean roots were analyzed by LC-
MS/MS, and 3757 and 2217 total compounds were
identified in positive and negative ion modes, respec-
tively. We performed DAM analysis and identified 69
metabolites that were upregulated under M. incognita
infection. These included sulfoacetate, d-(-)-fructose,
malonic acid, 4-(beta-d-glucosyloxy) benzoate, secolo-
ganin, coumestrol, psoralidin, 2-hydroxyethylphospho-
nate, diethyl phosphate, and orthophosphate, which
were mainly assigned to the pathways taurine and
hypotaurine metabolism, amino sugar and nucleotide
sugar metabolism, fatty acid biosynthesis, ubiquinone
and other terpenoid-quinone biosynthesis, indole alka-
loid biosynthesis, isoflavonoid biosynthesis, and oxida-
tive phosphorylation. We also identified 34 metabolites
that were downregulated under M. incognita infection.
These included d-( 4)-maltose, o,a-trehalose, thymidine
5’-monophosphate, 3'-UMP, actinidine, and 5-1-glutamyl-
taurine, which were mainly assigned to the pathways
starch and sucrose metabolism, pyrimidine metabolism,
and taurine and hypotaurine metabolism (Fig. 6, Sup-
plementary data 5).

Conjoint analysis of m°A-modified gene
expression in response to M. incognita infection

To explore whether m®A modifications were involved in
regulating gene expression under M. incognita infection,
a conjoint analysis of DMGs and DEGs was performed,
and 101 DEGs with DMPs (i.e, DEPs) were identified.
Among them, 34 genes were hypomethylated and
upregulated (hypo-up) (33.66%), 9 were hypermethy-
lated and upregulated (hyper-up) (8.9%), 19 were
hypomethylated and downregulated (hypo-down)
(18.81%), and 39 were hypermethylated and down-
regulated (hyper-down) (38.61%). These results
revealed that m®A methylation peaks specific to control
or M. incognita-infected roots were strongly correlated
with their corresponding mRNA expression levels (P
< 0.05) (Fig. 7). Functional annotation analyses indi-
cated that these DEPs were mainly categorized into four
signaling pathways: regulation of transcription, oxi-
doreductase activity, defense response signaling path-
way, and ubiquitin-proteasome pathway. Six
transcription factors (TFs) were identified among these
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Fig. 4 m°®A-methylated A
transcripts were differentially
expressed in soybean roots
after M. incognita infection.
(A) GO enrichment of
differentially methylated
genes (DMGs) under M.
incognita-infected (Mi) and
control (CK) conditions.

(B) KEGG enrichment of DMGs
under M. incognita-infected
(Mi) and control (CK)
conditions

Num of Genes

. biological_process cellular_component molecular_function

GO_term

Statistics of Pathway Enrichment

Zeatin biosynthesis = o

Vancomycin resistance - °

Ubiquinone and other terpenoid-quinone biosynthesis -

Taurine and hypotaurine metabolism - [ ]

Starch and sucrose metabolism = '

Riboflavin metabolism = Gene_number

Purine metabolism = ® 10

Plant-pathogen interaction -‘ : zz

g Other glycan degradation - ‘ 40

il Non-homologous end-joining - )

g Nicotinate and nicotinamide metabolism = pvalue
g MAPK signaling pathway — plant - ! 0.12
Lysine degradation - [ ) 008
Glycosphingolipid biosynthesis — ganglio series - ! 0.04

Glycosaminoglycan degradation- @ .

genes, including WRKY transcription factor 70 (WRKY
70, Glyma.13G267400.1), heat stress transcription factor
A-7a (HSF A-7a, Glyma.03G157300.3), MYB transcription
factor 114 (MYB114, Glyma.03G261800.4), MYB tran-
scription factor 124 (MYB124, Glyma.06G036800.1), zinc
finger protein (ZFP, Glyma.16G010500.1), and ethylene-
responsive transcription  factor 60 (ERF60,
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Glyma.11G239200.1). The m°A methylation levels and
transcript levels of these TFs were negatively correlated,
with the exception of ERF60. Five of the genes that were
related to oxidoreductase activity, including berberine
bridge  enzyme-like 28  (BBE-like 28, Gly-
ma.05G124900.1), plant cysteine oxidase 2 (PCO2, Gly-
ma.16G037600.1), and peroxidase 47 (POD 47,
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Glyma.16G207500.1) showed reduced m®A modifica-
tion and increased transcript levels. By contrast, puta-
tive respiratory burst oxidase homolog protein
(Glyma.07G130800.1), 9-cis-epoxycarotenoid dioxyge-
nase (NCED1, Glyma.15G250100.2), and TPR repeat-
containing thioredoxin (TDX, Glyma.05G247202.1)

showed increased m®A modification and reduced tran-
script levels. Five of the DEPs were involved in the
defense response signaling pathway, including two LRR
receptor-like  serine/threonine-protein  kinases (Gly-
ma.05G128200.2, hypo-up; Glyma.15G130900.8, hyper-
down), one G-type lectin S-receptor-like serine/
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threonine-protein kinase (Glyma.12G143000.5, hypo-
up), and two cytochrome P450 genes (CYP94A1, Gly-
ma.19G162100.1, hypo-up; CYP9343, Gly-
ma.03G142100.1, hyper-up). Finally, four of these genes
participated in the ubiquitin-proteasome pathway,
including ubiquitin carboxyl-terminal hydrolase (Gly-
ma.02G220600.1, hyper-down), U-box domain-contain-
ing protein 18 (Glyma.06G183800.1, hyper-down),
NADH-ubiquinone oxidoreductase (Glyma.15G187633.1,
hyper-down) and putative RING finger protein
P32A8.03¢ (Glyma.15G201800.1, hypo-up) (Fig. 8,
Table S2). Moreover, we verified the m°A methylation
and transcript levels of Glyma.13G267400.1, Gly-
ma.16G010500.1, Glyma.16G037600 and Gly-
ma.02G136900.1 by m®A-IP-qPCR and qRT-PCR (Fig. 9).
The expression patterns of these genes were consistent
with the results of m°A-IP-seq and RNA-seq.

DISCUSSION

Topology and features of m°A modification
in soybean

Using m°®A-seq and transcriptome analysis, we first
revealed an increase in overall m°A modification levels
of soybean under M. incognita infection. The m°A dis-
tribution on the gene body was highly selective, and
almost all soybean m°A peaks were located around the
3’ end of the coding sequence (CDS) and throughout the
3’ UTR region, similar to results in Arabidopsis thaliana,
rice, maize, barley, and tomato (Su et al. 2022; Wan et al.
2015; Zhang et al. 2021a; Zhou et al. 2019) but different
from cotton, whose m°®A methylation is highly enriched
in the stop codon and CDS region. In general, the
expression level of genes was associated with m°A
modification in the 3’ UTR, implying that m°A methy-
lation in the 3’ UTR may play a regulatory role in
transcriptional processes in soybean.

In previous work, RRACH (R = A/G, H = A/C/U) was
the most significantly enriched motif in plant m°A
peaks, and Kane and Beemon demonstrated that when
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the highly conserved GAC was mutated to GAU, m°A
modifications no longer occurred in Rous sarcoma virus
mRNA (Kane and Beemon 1987). URUAY is another
plant-specific consensus motif exhibited in m°®A peaks
and was identified from Arabidopsis, rice, watermelon,
and tomato (He et al. 2021a, b; Wan et al. 2015; Zhang
et al. 2021a; Zhou et al. 2019). Previous studies indi-
cated that there may be higher enrichment E-values for
the URUAY motif than the RRACH motif in dicot plants
(Luo et al. 2014; He et al. 202143, b). Here, we identified
the consensus motif UGUAHYY (Y = A/G/U/C) that was
significantly enriched in control and M. incognita-in-
fected soybean samples, consistent with results in Ara-
bidopsis, watermelon, and tomato. We also found that
UGSCA (S = G/C) and UUAUW (W = A/U) motifs were
enriched in control samples, and CWGRA, AURSU, and
UUACW motifs were enriched in M. incognita-infected
samples. These results reveal potential consensus
motifs around m®A peaks in infected and uninfected
roots, and the functions of these consensus motifs
deserve further exploration.

Potential roles of m°A modification in early
responses to M. incognita infection

The m®A modification is the most common and con-
served type of RNA methylation; it is involved in mRNA
processing (Visvanathan and Somasundaram 2018;
Pontier et al. 2019), embryo development (Tzafrir et al.
2003), and stress responses (Dominissini et al. 2012; Jia
et al. 2013; Ok et al. 2005). However, the precise roles

played by m°®A modification in these processes are
obscure. Imam et al. revealed that m®A modification
influenced the viral life cycle and viral replication in
mammalian host-virus interactions (Imam et al. 2020).
Li et al. found that m®A modification was strongly
associated with the occurrence and development of liver
hepatocellular carcinoma, and some RNA methylation-
related genes play an important role in tumorigenesis
and metastasis (Li et al. 2021). The m®A modification
process has been reported to regulate the expression
levels of genes involved in key pathways in Arabidopsis,
tobacco, rice, and watermelon upon virus infection (He
etal. 20214, b; Li et al. 2018; Martinez-Perez et al. 2021;
Zhang et al. 2021a).

In the current study, 2069 differentially methylated
genes (DMGs) were identified in M. incognita-infected
and control soybean roots. These DMGs were associated
with multiple signaling pathways involved in host
defense responses. Interestingly, KEGG analysis showed
that zeatin biosynthesis was the most significantly
enriched phytohormone signaling pathway. Zeatin is a
type of cytokinin (CK) derivative. CKs are a class of
phytohormones that promote plant cell division and
differentiation and participate in the regulation of plant
growth, physiological activities, and metabolic processes
(Kieber and Schaller, 2018; Schafer et al. 2015).
Recently, many studies have reported changes in CK
contents and CK signaling during plant-pathogen
interactions. In Arabidopsis, elevated levels of cytokinin
enhanced defense responses to Pseudomonas syringae
pv. tomato DC3000 by cross talk with salicylic acid (SA)
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signaling (Choi et al. 2010). The overexpression of
cytokinin oxidase genes (AtCKX3 and ZmCKX1) in Lotus
japonicas roots disturbed the formation of giant cells
during M. incognita infection, and there were fewer
female nematodes in the transgenic roots than in con-
trol roots (Absmanner et al. 2013). Trda et al. reported
that invasion of the fungus Leptosphaeria maculans can
alter the activity of O-glucosyltransferase and N-gluco-
syltransferases in infected Brassica napus tissues, lead-
ing to the transformation of the CK isopentyladenine
(iP) into iP-9-riboside-5-monophosphate (iPRMP) or of
cis-zeatin into cis-zeatin O-glucoside. This modification
of CK profiles contributed to the infection process (Trda
et al. 2017). Here, we found that some genes related to
CK processes were modified by m°A, although the
specific roles played by these genes during M. incognita
infection, especially their interactions in phytohormone
networks, remain to be fully characterized. Two other
enriched pathways, autophagy (KO04136) and ubiqui-
none and other terpenoid-quinone biosynthesis
(KO00130), are also important for plant fitness and
immunity, and there have been reports that pathogens
can hijack these pathways to facilitate survival or
replication (Choi et al. 2018; Kud et al. 2019).

Multiple omics approaches integration will speed up
the identification efficient of candidate genes for deeply
research (Cao et al. 2022; Han et al. 2022; Lu et al.
2022). To further explore the relationship between m°A
methylation levels and transcript levels in response to
M. incognita infection, we identified 101 highly hyper-
methylated or hypomethylated DEGs, most of which
have been reported to participate in the regulation of
plant immune defense responses. For example, WRKY
and MYB TFs can act as activators or repressors in plant
hormone signal transduction, playing important roles in
pathogen-associated =~ molecular  pattern-triggered
immunity (PTI) and effector-triggered immunity (ETI)
(Dubos et al. 2010; Jiang et al. 2017; Rushton et al.
2010; Wani et al. 2021). MYB transcription factors have
been proposed to regulate the biosynthesis of flavo-
noids (Anwar et al. 2019; Ma and Constabel 2019; Wang
et al. 2018, 2020), which are one of the most important
secondary metabolites that contribute to plant devel-
opment and responses to biotic and abiotic stimuli
(Petrussa et al. 2013; Silva et al. 2018; Zakaryan et al.
2017). Their transcriptional regulatory network is
complex, and the MYBs may be involved in different
steps of the flavonoid biosynthetic pathway. In Ara-
bidopsis, Myb11, Myb12, and Myb111 can activate four
flavonol biosynthesis genes and play an important role
in regulating the early steps of the flavonoid pathway
(Xu et al. 2015). Moreover, seedlings of the triple mutant
myb11 myb12 myb111 do not form flavonols (Stracke

et al. 2007). By contrast, some MYBs are negative reg-
ulators of the flavonoid biosynthetic pathway. For
example, Arabidopsis MYB4 represses flavonoid
biosynthesis by inhibiting the transcriptional activity of
Arogenate dehydratase 6 (ADT6) (Wang et al. 2020).
There have also been reports on MYB repressors in
other species, such as AmMYB308 in Antirrhinum majus
(Tamagnone et al. 1998), FaMYB1 in strawberry (Aha-
roni et al. 2001; Salvatierra et al. 2013), and PtrMYB182
and PtrMYB57 in poplar (Yoshida et al. 2015; Wan et al.
2017). In this study, we found that two flavonoid
metabolites, coumestrol and psoralidin, showed signifi-
cantly higher accumulation in M. incognita-infected
soybean roots. We speculate that the induction of fla-
vonoid synthesis may have been associated with m°A
methylation of MYB TFs; these changes in m°A methy-
lation levels then influenced MYB TF expression,
thereby regulating the flavonoid biosynthesis pathway.
In addition, two genes with essential roles in reactive
oxygen species (ROS) homeostasis, BBE-like 28 and POD
47, were hypomethylated and upregulated in M. incog-
nita-infected soybean roots. Basal defense responses to
biotic stress can be activated by the production of ROS,
and ROS accumulation can be detected around the M.
incognita feeding site in the early stage of infection. The
changes in expression levels of these genes may have
altered root ROS concentrations, thereby activating
resistance responses towards M. incognita (Fig. 8).

In conclusion, this study uncovered important fea-
tures of the m°A methylome during the interaction
between soybean and M. incognita. Combining parallel
m6A-seq, RNA-seq, and metabolome analysis, we found
that m®A-methylated genes were involved in multiple
signaling pathways and cellular processes, such as
zeatin biosynthesis and autophagy. The hypomethyla-
tion or hypermethylation of some transcription factors
and oxidoreductases was consistent with the accumu-
lation of flavonoid metabolites and ROS in root tissues,
which play important roles in M. incognita resistance. It
would be interesting to further characterize the mech-
anism of m°®A methylation in soybean in response to M.
incognita, as the results could be used to exploit epi-
transcriptomic =~ RNA  modifications  for  crop
improvement.

MATERIALS AND METHODS
Plant materials and M. incognita inoculation
Meloidogyne incognita nematodes were propagated on

cucumber plants (Cucumis sativus L. Zhongnong 6).
Meloidogyne incognita susceptible Williams 82 soybean
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plants were planted in a growth chamber under con-
trolled conditions (16-h light/8-h dark) at 26 °C. For M.
incognita inoculation, egg masses were collected from
the cucumber roots and hatched in water. Soybean
seedlings with two true leaves were inoculated with
1000 J2 larvae per plant, and uninfected seedlings
served as the controls. At 3 days post-inoculation
(during the large-scale invasion of roots by larvae)
(Martinez-Medina et al. 2017), nine replicate root
samples were collected from infected and uninfected
soybean plants; each replicate consisted of pooled root
material from three individual plants. The pooled sam-
ples were immediately frozen in liquid nitrogen and
stored at — 80 °C for use in m6A-IP-seq, RNA-seq, and
metabolome analysis.

RNA extraction and fragmentation

Three biological replicates per treatment were used for
the m®A-IP-seq and RNA-seq experiments. Total RNA
was isolated from the frozen root samples using the
TRIzol reagent (Invitrogen, USA). The concentration and
quality of the total RNA were determined on a Nano-
Drop ND-1000 spectrophotometer (NanoDrop, USA).
Poly(A) RNA was enriched by two rounds of purification
using Dynabeads Oligo (dT)25-61,005 (Thermo Fisher,
USA). Finally, the poly(A) RNA was chemically frag-
mented into small pieces using a Magnesium RNA
Fragmentation Module (NEB, USA).

mCA-IP-seq library construction and sequencing

Fragmented RNA was incubated with affinity purified
anti-m°®A polyclonal antibody (Synaptic Systems, Ger-
many) in IP buffer for 2 h at 4 °C. The IP RNA was
reverse transcribed to cDNA with SuperScript II Reverse
Transcriptase (Invitrogen, USA). cDNA library con-
struction was performed as described previously
(Zhang et al. 2021b), and m®A-seq was performed on
the Illumina NovaSeq 6000 platform at Hangzhou LC-
Bio Technology Co., Ltd.

mCA sequencing and analysis

The raw reads were trimmed to remove adapters, low-
quality bases, and undetermined bases using the default
parameters of fastp software (https://github.com/
OpenGene/fastp), and the sequence quality of the IP and
Input samples was assessed with FastQC (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc) and
RseQC (http://rseqc.sourceforge.net/). The reads were
aligned to the reference genome of Glycine max. The
exomePeak2 R package (https://bioconductor.org/

packages/release/bioc/html/exomePeak2.html)  was
used to identify m°®A peaks, and the peaks were anno-
tated with the R package ANNOVAR (http://www.open
bioinformatics.org/annovar/). The discovery of m°A-
enriched motifs was performed using MEME (http://
meme-suite.org) and HOMER (http://homer.ucsd.edu/
homer/motif). StringTie (https://ccb.jhu.edu/software/
stringtie) was used to calculate FPKM (total exon frag-
ments/million mapped reads x exon length in kb) for
all genes or peaks from the input libraries. Differentially
expressed genes or peaks were identified using the
criteria of absolute log,(fold change) > 1 and P-
value < 0.05 with the edgeR R package (https://bio
conductor.org/packages/edgeR). We used the Blast2GO
website and the KEGG Automated Annotation Server
(KAAS) to perform GO functional enrichment analysis
and KEGG enrichment analysis with default parameters
(Conesa et al. 2005; Mao et al. 2005).

Metabolome analysis

Six biological replicates were used for metabolome
analysis. Sample processing, extraction, and ultra-per-
formance liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) were performed by LC-Bio
Technology Co. Ltd. (Hangzhou). The frozen samples
were ground in liquid nitrogen, then resuspended in
prechilled 80% methanol and 0.1% formic acid. After
incubation on ice for 5 min, the samples were cen-
trifuged at 15 000 rpm and 4 °C for 10 min. The
supernatants were filtered through 0.22-um microfilters
and used for LC-MS/MS analysis. The LC-MS/MS anal-
yses were performed using a Q Exactive instrument
(Thermo Fisher Scientific, USA) in positive/negative
polarity mode, and data were processed using Com-
pound Discoverer 3.1.0 (Thermo Fisher Scientific, USA)
for peak alignment and selection, gap filling, and
metabolite identification. Partial least squares-discrim-
inant analysis (PLS-DA) was performed using the metaX
R package (Wen et al. 2017). Metabolites with a ratio
> 2 or < 1/2, P-value < 0.05, and VIP > 1 were con-
sidered to be differentially abundant.

Validation of m®A sites using m®A-IP-qPCR
and gRT-PCR

Total RNA was extracted from infected and uninfected
soybean roots. mRNA purification, fragmentation, and
mPA-IP experiments were performed as previously
described (Zhang et al. 2021a, b; He et al. 2021a). The
immunoprecipitated mRNA (IP mRNA) and pre-im-
munoprecipitated mRNA (input mRNA) were reverse
transcribed to cDNA using the FastQuant RT Kit with
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gDNase (Tiangen, China). The cDNA was used as a
template for m°®A-IP-qPCR and qRT-PCR. The soybean
ubiquitin gene (Glyma.20G141600) served as an inter-
nal control, and the primers are listed in Table S3. Gene
expression changes were calculated using the 2 AAC
method (Livak and Schmittgen 2001).

Raw sequencing data have been deposited at the
China National GeneBank database CNGBdb-EBB under
project accession number CNP0002790 (https://db.

cngb.org/ebb/bio_resources/; submission ID
sub029557).
Supplementary InformationThe online version contains

supplementary material available at https://doi.org/10.1007/
$42994-022-00077-2.
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