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Abstract

Viral RNAs have been known to contain N6—methy|adenosine (m®A) modifications since the 1970s. The function

of these modifications remained unknown until the development of genome-wide methods to map mCA residues.
Increasing evidence has recently revealed a strong association between m°A modifications and plant viral infection.
This highlight introduces advances in the roles of RNA m®A modifications in plant-virus interactions.
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Main text

N°-methyladenosine (m®A) is the most pivotal internal
modification and is widely present in mRNA, rRNAs,
and long non-coding RNA (IncRNA) in eukaryotes (Boc-
caletto et al. 2022). The modification has shown to be
reversible and is catalyzed by methyltransferases (writ-
ers), removed by demethylases (erasers), and recog-
nized by m°A binding proteins (readers) (Fu et al. 2014).
m®A has been demonstrated to play a vital role in viral
infection in mammals. In some cases, m°A is shown to
serve as a negative regulator in viral infection (Gokhale
et al. 2016; Lichinchi et al. 2016b). Nevertheless, some
viruses can also take advantage of this modification for
viral enhancement (Kennedy et al. 2016; Lichinchi et al.
2016a), indicating the pivotal role of m®A modification
in host-virus interactions. In the meantime, mounting
evidence shows that m®A modification also occurs in
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plant viruses, and its roles in the arms race of plants and
viruses have been uncovered in recent work (Fig. 1).

As early as the 1970s, m®A modification was identi-
fied in viral RNAs, such as influenza virus (Krug et al.
1976). In the last ten years, with the development of mul-
tiple detection technologies, the presence of m°A was
reported in the genomic RNA of several plant viruses.
Two members of the Bromoviridae family, alfalfa mosaic
virus (AMV) and cucumber mosaic virus (CMV) have
been reported to contain m®A modifications in the
genomic RNAs by the methylated RNA immunoprecipi-
tation sequencing (MeRIP-Seq) (Martinez-Pérez et al.
2017). Furthermore, two of these putative m°A-sites in
the 3-UTR of AMV RNA3 were reported to be involved
in viral replication/accumulation and in vivo plus-strand
accumulation (Alvarado-Marchena et al. 2022). The m®A
distribution patterns on viral genomic RNA of rice black
streaked dwarf virus (RBSDV) and rice stripe virus (RSV)
were also revealed by Zhang and his colleagues. Clustered
m®A peaks in the 5" terminal of RBSDV genomic S1, S2,
S3, S4, S5, S6, S9, and S10 and some discrete peaks in
RSV RNA1 to RNA4 were observed (Zhang et al. 2021a).
Two and four m®A peaks were significantly enriched in
plum pox virus (PPV) and potato virus Y (PVY) genomes
by MeRIP-seq (Yue et al. 2022). Four obvious m°A peaks
in the coding region of RNA1 and one m°A peak in the
3’ terminal of RNA2 were found in the genomic RNAs of
wheat yellow mosaic virus (WYMV). m°A modification
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Fig. 1 Roles of m°A modifications in plant virus infection. m®A mRNA modification is catalyzed by a conserved m°A methyltransferase complex

in plants containing MTA, MTB, FIP37, VIR, HAKAI, and HIZ2. The interactions among m%A components are supported by recent studies. m°A

is removed by m°A demethylase, which belongs to the AlkB family and is recognized by ECT (evolutionarily conserved C-terminal regions) proteins
in plants. Plant viral RNA undergoes m®A modification during viral infection. The addition of m®A in plant viral mRNAs has different functions

in distinct viral life cycles. In some cases, m®A is shown to serve as a negative regulator in viral infection. For example, the m®A demethylase
AtALKBH9B in Arabidopsis was found to interact with the envelope protein of alfalfa mosaic virus (AMV) and promote systemic viral invasion.
Moreover, the ECT2/ECT3/ECT4/ECT5 module in Arabidopsis reduces AMV resistance, and the increased AMV resistance of alkbh9b mutants can

be reverted by mutation of ECT2/ECT3/ECT5. The m®A modifications on PepMV genomic RNA were also found in infected Nicotiana benthamiana
and Solanum lycopersium. The mOA writers MTA, HAKAI, and m°®A readers NbECT2A/B/C negatively regulate pepino mosaic virus (PepMV) infection.
NbECT2A/2B/2C can further mediate the PepMV RNA degradation in the processing body by recruiting RNA-decay-related host factors. However,
some viruses acquire m®A modifications in viral RNA to promote viral genomic RNA stability and infection. For example, Triticum aestivum mC°A
methyltransferase B (TaMTB), a positive regulator for WYMV infection, interacts with wheat yellow mosaic virus (WYMV) Nlb to stabilize the viral RNA.
MTA, mRNA adenosine methylase A; MTB, mRNA adenosine methylase A; FIP37, FKBP12 Interacting Protein 37; VIR, VIRILIZER; HIZ2, HAKAl-interacting

zinc finger protein 2; P-body, processing body; UPF3, up-frameshift protein 3; SMG7, suppressor with morphogenetic effects on genitalia 7

occurring on the 6800th A in the WYMYV RNA1 was fur-
ther identified to be involved in the stability of viral CP
transcripts (Zhang et al. 2022). The m®A modifications of
pepino mosaic virus (PepMV) genomic RNA in infected
Nicotiana benthamiana and Solanum lycopersium leaves
were also mapped in the viral 3’-terminal in the latest
study (He et al. 2023a).

Viral infection has been known to affect host m°A
dynamics in mammals (Gokhale et al. 2016; Lichinchi
et al. 2016a). Studies of the m®A dynamics in plant-virus
interactions have also been revealed in the last three
years. With an ultra-high performance liquid chroma-
tography coupled with high-resolution tandem mass
spectrometry (UHPLC —HR — MS/MS) method, Li et al.
found that levels of m®A in Nicotiana tabacum appear to
be decreased by tobacco mosaic virus (TMV) infection,
which was in correspondence with the increased mRNA
expression of the putative demethylase and decreased
putative methyltransferase level after TMV infection (Li
et al. 2018). In agreement with this finding, N. bentha-
miana m°A levels were reduced by infection of PPV and

PVY (Yue et al. 2022). On the contrary, Zhang et al. ana-
lyzed the high-quality m®A methylomes in rice plants
infected with RSV and RBSDV. They found that the
m®A modification levels of ricce mRNAs were enriched
under infection of these two viruses (Zhang et al. 2021a).
Interestingly, the m®A levels significantly increased to
1.397-fold in susceptible watermelon plants 24 h after
cucumber green mottle mosaic virus (CGMMYV) infec-
tion but significantly decreased to 0.757-fold at 48 h
in resistant watermelons (He et al. 2021). These stud-
ies indicate that host m°A levels can be altered by viral
infection, which might further affect the gene expression
of hosts. CGMMYV infection regulated the expression
of 59 host cell genes by affecting the deposition of m°A,
which involved multiple roles and signaling pathways
such as resistance response, secondary biosynthesis and
metabolism, and RNA processes. The high-quality m°A
methylomes in rice plants infected with RSV and RBSDV
were also analyzed, and several antiviral pathway-related
genes, such as RNA silencing-, resistance-, and funda-
mental antiviral phytohormone metabolic-related genes,
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were m®A methylated upon RSV and RBSDV infection
(Zhang et al. 2021a). In addition, transcriptome-wide
m®A profiling in WYMV-infected resistant wheat vari-
ety and WYMV-infected sensitive wheat variety revealed
significant changes in m®A and mRNA levels associated
with plant defense responses (Zhang et al. 2021b). These
studies deepen our understanding of the significant role
of m®A in altering hosts’ physiological and pathological
status in the context of viral infection.

In some cases, adding m®A in plant viral RNAs has
antiviral function in distinct viral life cycles. Suppression
of AtALKBHOB increased the relative abundance of m®A
in the AMV genome, impairing the systemic invasion of
the plant (Martinez-Pérez et al. 2017). Consistent with
the above result, the downregulation of N. benthami-
ana AlkB homologs of the plant-specific ALKBH9 clade
caused a significant decrease in PPV and PVY accumu-
lation (Yue et al. 2022). Furthermore, overexpression of
NbMETTL homologs (NbMETTL1 and NbMETTL2)
promoted PPV resistance in N. benthamiana (Yue et al.
2023). Similarly, after LSMETTL3 and LsSMETTLI4,
which encode m°A RNA methyltransferase in small
brown planthopper (SBPHs), were knocked down, the
titer of RBSDV in the midgut cells of SBPHs increased
significantly (Tian et al. 2021).

Although m°A methylation plays an anti-viral role in
plant viral infection, the underlying molecular mecha-
nisms still need further study to reconcile these dif-
fering observations. Notably, the primary mechanism
by which m®A exerts its effects is determined by which
m®A-binding proteins (m°A readers) are recruited
(Meyer and Jaffrey 2017). Recently, Martinez-Pérez et al.
found that mutation of the ECT2/ECT3/ECT4/ECTS
module in Arabidopsis reduced AMV resistance and
that the increased AMV resistance of alkbh9b mutants
could be reverted by deficiencies of ECT2/ECT3/ECTS,
indicating that the m®A-reader axis constituted a novel
basal antiviral defense layer in plants (Martinez-Pérez
et al. 2023). Supporting this conclusion, He et al. also
found that the cytoplasmic YTH-domain family proteins
NbECT2A/2B/2C could mediate the PepMV RNA degra-
dation in the processing body by recruiting RNA-decay
related host factors, including SMG7 and UPF3 pro-
teins, thereby inhibiting virus infection through the RNA
decay-related machinery (He et al. 2023a).

However, some viruses have also evolved anti-defense
strategies to counterattack the plant defense responses
mediated by m°A modification. For example, the
PepMV-encoded RNA-dependent RNA polymerase
(RdRP) exploits the autophagy pathway by interacting
with an autophagy core protein, SlBeclinl, to promote
the autophagic degradation of the SIHAKAI protein,
thereby inhibiting the m°A modifications-mediated plant
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defense responses (He et al. 2023b). In addition, some
viruses might acquire m°A modifications in viral RNA
as a unique mechanism to promote viral genomic RNA
stability and infection. A recently characterized suscep-
tibility gene encoding Triticum aestivum m°A methyl-
transferase B (TaMTB) is identified as a positive regulator
for WYMV infection. TaMTB is localized in the nucleus
and is translocated into the cytoplasmic viral replication
complexes by interacting with WYMYV NIb to upregulate
the m®A level of WYMV RNA1 and stabilize the viral
RNA, thus promoting viral infection (Zhang et al. 2022).
Interestingly, several plant viruses have been found to
contain AlkB protein homologs or domains belonging
to m®A demethylases, indicating that these viruses may
exploit this as a novel counter-defense mechanism (Yue
et al. 2022).

The work above demonstrates that plant RNA viruses
undergo m°A modification during viral infection. Despite
much progress, most studies to date focus on the quali-
tative and quantitative analyses of m°®A using mass
spectrometry (MS) or MeRIP-seq, which cannot enable
absolute quantification of m°A at single-base resolu-
tion. Therefore, developing new techniques to map m°®A
modification with single-base resolution will help fur-
ther dissect the roles of m®A modification in plant-virus
interactions. Considering that the knockout of most
m®A methyltransferases resulted in embryonic death,
using small molecule inhibitors of m®A methyltrans-
ferases might help study the m®A modification in plant
and virus interactions. In most cases, m°A modification
plays an antiviral role in plant viral infection. However,
the specific mechanisms still need further investiga-
tion. Of note, m°A is closely related to the alteration of
hosts’” physiological and pathological status during plant
viral infection. A comprehensive understanding of m°A
methylation in plant-virus interactions and the crosstalk
between m°A modification and other immunity-related
pathways must be further explored. In addition, further
studies will be necessary to answer whether m°A meth-
ylation occurs in the mRNA of plant DNA viruses.
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