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Summary

* In eukaryotes, N®-methyladenosine (m®A) is abundant on mRNA, and plays key roles in the
regulation of RNA function. However, the roles and regulatory mechanisms of m°A in phy-
topathogenic fungi are still largely unknown.

e Combined with biochemical analysis, MeRIP-seq and RNA-seq methods, as well as biological
analysis, we showed that Magnaporthe oryzae MTA1 gene is an orthologue of human METTL4,
which is involved in m®A modification and plays a critical role in autophagy for fungal infection.
e The Amta7 mutant showed reduced virulence due to blockage of appressorial penetration
and invasive growth. Moreover, the autophagy process was severely disordered in the
mutant. MeRIP-seq identified 659 hypomethylated m®A peaks covering 595 mRNAs in
Amtal appressoria, 114 m°A peaks was negatively related to mRNA abundance, including
several ATG gene transcripts. Typically, the mRNA abundance of MoATG8 was also increased
in the single m®A site mutant Aatg8/MoATG8*%5%¢ leading to an autophagy disorder.

e Our findings reveal the functional importance of the m®A methylation in infection of M.
oryzae and provide novel insight into the regulatory mechanisms of plant pathogenic fungi.

Introduction

More than 100 chemical modifications have been found in
eukaryotic RNA, and these modifications can act on RNA pro-
cessing or metabolism (Motorin & Helm, 2011). N methy-
ladenosine (mC®A), the methyl substitution of the sixth nitrogen
atom (N°) on RNA adenosine, is the most common and abun-
dant RNA modification in eukaryotic mRNA (Fu etal, 2014).
The m°A modification is a reversible chemical modification
thatis regulated by methyltransferases as writers, de-
methyltransferases as erasers and m°®A recognising proteins as
readers (Fu et al, 2014; He & He, 2021).

The m°A writer is found to be a methyltransferase complex in
different organisms including human, mouse, fruit fly and
zebrafish, and is commonly composed of METTL3, METTL14
and other protein subunits such as WTAP or Zc3h13 (Liu ezal.,
2014; Ping et al., 2014; Schwartz ez al., 2014; Wang er al., 2014;
Wen etal, 2018; Yue etal., 2018). METTLS3 is the first identi-
fied m°A writer that plays a central catalytic role on methyl
groups and transfers them from the S-adenosylmethionine
(SAM) moiety to adenine, whereas METTL14 promotes sub-
strate binding and WTAP affects m6A methyltransferase activity
and nuclear localisation (Wang eral, 2016). This complex
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mainly targets the mRNAs in the region near the stop codon.
Some other methyltransferases are also found to catalyse m°A,
including METTL16, METTL5, ZCCHC4 and METTL4
(Pendleton et al, 2017; Warda et al, 2017; Ma etal, 2019; van
Tran etal., 2019; Gu ez al., 2020). METTLI16 is found to methy-
late mRNA of MAT?2A at the 3’ UTR region (Pendleton ezal,
2017). METTLS5 and ZCCHC4 can also function as the m°A
writers to catalyse 18S rRNA and 28S rRNA, respectively (van
Tran etal., 2019). Recently, METTL4 was also found to be an
m°A writer that methylates U2 small nuclear RNA (snRNA) at
internal positions in Drosophila melanogaster (Gu et al., 2020).
YTH domain proteins are usually the mG6A readers, while fat
mass and obesity-associated (FTO) protein and alkylated DNA
repair protein AlkB homologue 5 (ALKBHS5) are the erasers (Jia
etal., 2011; Zheng et al., 2013; Liu ez al., 2015).

RNA m°A modification has been discovered to play an impor-
tant role in RNA metabolism, including mRNA stability, transla-
tion efficiency, RNA splicing, nuclear export and RNA structure
(Liu ez al., 2015; Meyer et al., 2015; Wang et al., 2015; Lin et al.,
2016). In Hel.a cells, m°A mainly targets transcripts for degrada-
tion and delivery to P bodies (Yue e¢zal, 2018). In embryonic
stem cells, m°A modification blocks the antigen R (HuR) bind-
ing to particular mRNAs in the 3’ region and preventing their
degradation (Visvanathan eral, 2018). Therefore, m°A usually
negatively correlates with the half-life of mRNA.
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Human circadian rhythms, stem cell pluripotency, and cancer
stem cell proliferation have all been linked to m6A (Fustin ezal.,
2013; Batista et al., 2014; Geula ez 2/, 2015), in addition to these
functions, m®A controls sex determination in D. melanogaster
(Lence etal., 2016; Kan et al,, 2017). The m°A also plays a key
role in female oocyte maturation and cerebellar development in
mammals, and maternal-to-zygotic transition in zebrafish (Aguilo
etal., 2015; Ivanova etal., 2017; Zhao etal., 2017). In plants,
m®A is important for normal trichome morphology, floral transi-
tion, timing and execution (Shen ez al., 2016; Arribas-Hernandez
eral., 2018; Wei etal., 2018). In yeast Saccharomyces cerevisiae,
the m®A writer Ime4, a homologue of human METTL3, regu-
lates triacylglycerol (TAG) metabolism, vacuolar morphology
and mitochondrial morphology in haploid cells (Clancy ezal.,
2002; Yadav etal, 2017, 2018). However, the function of mCA
is largely unknown in filamentous fungi.

Autophagy is an evolutionarily conserved degradation pathway
that starts with the formation of autophagosomes and finally
fuses with lysosome or vacuole to degrade organelles and proteins
for recycling (Bento ez al., 2016; Yu ez al., 2018). The autophagy
process is finely regulated by a series of autophagy-related pro-
teins (ATG), among which Atg8 is the most critical one that
induces autophagy and subsequent vesicular compartmentation
(Ohsumi, 2014; Shibutani ezal., 2015). The newly synthesised
Atg8 precursor is activated by cleaving the carboxyl-terminal
sequence. Then, the E1 and E2 enzymes (Atg7 and Atg3) regu-
late the formation of the Atg8—phosphatidylethanolamine (PE)
conjugate for ubiquitination reaction (Bento eral, 2016; Yu
etal., 2018). To date, regulation of the autophagy process has
mainly focused on the transactivation of autophagy-related genes
and the posttranslational modification (PTM) (Wani ez al., 2015;
Fiillgrabe ez al., 2016). For example, acetylation of ATG proteins
has been proved to be important for regulation of autophagy (He
etal., 2018).

In the past decade, studies have shown that autophagy is cru-
cial for the development and infection of plant pathogenic fungi,
especially in the rice blast fungus Magnaporthe oryzae (Veneault-
Fourrey etal, 2006; Liu eral, 2012; Zhu etal, 2019). The
appressorium maturation process requires the quick utilisation of
the conidial storage to facilitate appressorial turgor generation for
host penetration (Wilson & Talbot, 2009). This process is
accompanied by autophagic cell death, which is essential for fun-
gal infection (Kershaw & Talbot, 2009). Autophagy-related
genes of M. oryzae can regulate conidial cell death, appressorium
maturation and penetration, supporting the key role of
autophagy at the appressorium formation stage (Deng eral.,
2009; Kershaw & Talbot, 2009; Deng & Naqvi, 2010). The
appressorium development in M. oryzae is controlled by cell cycle
progression, which is regulated by autophagy (He eral., 2012).
By modulating the cell cycle, glucose-ABL1-TOR signalling is
found to control terminal appressorial cell differentiation
(Marroquin-Guzman etal, 2015, 2017). Recent studies have
suggested that MoSnt2-mediated deacetylation of histone H3 is
also involved in MoTor-dependent autophagy (He ez al, 2018).
Another study revealed that acetylation of MoAtg3 and MoAtg9
by MoHatl is important for appressorium-mediated infection
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(Yin et al., 2019). However, the regulatory mechanism of appres-
sorial autophagy remains largely unknown.

In this study, we found that MTA1-mediated m®A modifica-
tion of the transcripts of ATG genes and serves as a novel regula-
tory mechanism of appressorial autophagy. Our work
demonstrates the important role of mRNA m°A modification in
appressorium-mediated infection of M. oryzae.

Materials and Methods

Gene knockout and complementation

All the strains used in this study are listed in Supporting Informa-
tion Table S1, and M. oryzae strain P131 was used as the wild-
type strain. MTAI and ATGS genes were deleted using a split-
PCR-mediated gene deletion strategy (Goswami, 2012). Informa-
tion on all strains and vectors can be found in Tables S1, S2.

Observation of autophagy and western blot

The hyphae of wild-type (WT)/green fluorescent protein (GFP):
ATG8 and Amzal/GFP:ATG8 were cultured in a liquid CM
medium at 28°C and 160 rpm for 48 h. Then the hyphae were
transferred to MM-N medium and induced for 5h. The
autophagosome formation was observed through GFP:ATGS8 flu-
orescence, and the number of puncta reflects the activity of
autophagy, which was quantified using IMAGE] software. Under a
laser confocal microscope TCS SP8 (Leica Microsystems,
Mannheim, Germany) equipped with a pulsed white light laser
(470-670 nm), the GFP:ATG8 micrographs were photographed
using a 488 nm excitation laser and emission at 510-540 nm
with a X63 oil-immersion objective (1.3 NA). For 3D interpreta-
tions of z-stacks, the images were acquired with 8—12 slices at a
distance of 0.2-um separation (Z step size). The spore suspen-
sions of different strains were inoculated on the hydrophobic sur-
face, and then the subcellular localisation of ATG8 was observed
at 0, 2 and 4 h. To detect the effects of MTAI knockout and
mC®A modification on autophagy, the mycelia of different strains
were cultured in liquid CM medium for 48 h and then trans-
ferred to MM-N medium for 2 or 5h. Total protein was
extracted using an IP cell lysate (Biyuntian, Beijing, China) and
separated using SDS-PAGE for western blotting with an anti-
GFP primary antibody (1 : 5000; Sigma).

Detection of methylation level of m®A RNA and ®mA DNA

The methylation level of m°A RNA was detected using the
EpiQuik™ m°A RNA methylation quantitative kit (Epigentek,
Farmingdale, NY, USA). Here, 200 ng of total input RNA was
incorporated into each well of the 8-well plate. The capture anti-
body, detection antibody and enhancer antibody are sequentially
added. Then the developer solution is added, and the colour
development of the kit solution is finally stopped. The relative
value of methylation of m°A RNA was then calculated. Similarly,
the total DNA samples were used to detect °mA DNA methyla-
tion level with the same methylation quantitative kit (Epigentek).

© 2022 The Authors
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Dot blot assay

Total RNA from the WT and the Amzzl mutant were extracted
and spotted onto Hybond™-N+ membrane. The membrane was
dried at 37°C for 30 min and crosslinked using an HL-2000
HybriLinker for 5 min. After 1 h block in 5% milk phosphate-
buffered saline Tween (PBST), the membrane was incubated with
an m®A antibody (EpiGentek). The membrane was washed using
PBST and incubated with the secondary antibody for 1 h at room
temperature. Finally, the ECL detection system (Amersham Bio-
science, Piscataway, NJ, USA) was used for visualisation, and then
IMAGE] software was used for quantification. Briefly, the pho-
tographed images were opened in the IMAGE] software, and con-
verted to greyscale by setting the toolbar: Image > Type > 8-bit.
Select one dot region and define it as a region of interest (ROI),
then go to Analyze> Gels> Plot Lanes to draw a profile plot for
each ROI. The profile plot represents the density of the ROI,

which can be used to calculate the relative density.

mC®A-seq analysis

Appressoria formed by M. oryzae conidial suspension of wild-
type and the Amtal mutant on the hydrophobic surface at 12h
post-inoculation (hpi) were harvested. For each strain, two bio-
logical replicates were used for assessment. Total RNA was
extracted using TRIzol reagent (Invitrogen) following the manu-
facturer’s procedure. Here, ¢. 200 ng of total RNA was subjected
to isolate poly(A) mRNA with a poly-T oligo attached magnetic
beads (Invitrogen). Following purification, the poly(A) mRNA
fractions were fragmented into ¢. 100-nt-long oligonucleotides.
Then the cleaved RNA fragments were subjected to incubation
for 2 h at 4°C with m®A-specific antibody (No. 202 003; Synap-
tic Systems, Goettingen, Germany). The mixture was then incu-
bated with protein-A beads and eluted with elution buffer.
Eluted mGA—containing fragments (IP) and untreated input con-
trol fragments were converted to the final ¢cDNA library.
Sequencing was performed on an Illumina Novaseq™ 6000 plat-
form at Lc-Bio Biotech Ltd (Hangzhou, China) following the
vendor’s recommended protocol. The peak calling was executed
by running the function exomepeak in R with default settings,
and comparing the IP and Input reads. The minimum number
of reads was 30. The cut-off to define peak is filtered by fold
change > 2 (IP/Input), and false discovery rate (FDR) is < 0.05.
More details about settings could be checked in https://
bioconductor.riken.jp/packages/3.1/bioc/manuals/exomePeak/
man/exomePeak.pdf. The peak calling provides a region that is
potentially enriched in m°A modified transcripts. The particular
modified sites could only be predicted further using Sramp
(hetp://www.cuilab.cn/sramp).

RNA-seq analysis

Total RNA was isolated from appressorium samples of wild-type
and the Amzal mutant collected from hydrophobic surfaces at 12
hpi. For each strain, three biological replicates were used for
assessment. After the quality control (QC) procedures, mRNA

© 2022 The Authors
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from eukaryotic organisms was enriched using oligo(dT) beads.
The extracted mRNA was broken randomly into short fragments
by the fragmentation buffer. The fragmented mRNA was used as
a template to synthesise a strand of cDNA and then perform
two-strand cDNA synthesis. After purification with AMPure XP
beads, the library was used for sequencing using the Illumina
Novase 6000 system. Differentially expressed genes were deter-
mined using DESEQ2 and a threshold of log,|FC| and adjusted
P-values (P<0.05). for enrichment analysis, CLUSTERPROFILER
was used to perform Kyoto Encyclopedia of Genes and Genomes
(KEGGQG) metabolic pathways enrichment analysis.

Quantitative real-time PCR and methylated RNA
immunoprecipitation-qPCR

To detect the dynamic expression of related genes in M. oryzae
and host genes, total RNA was extracted from the strain or rice
samples using RNAiso plus (Takara, Beijing, China), and then
cDNA was produced using PrimeScript™ II Reverse Transcrip-
tase (Takara, Dalian, China) and random hexamers. Using the
SYBR Green PCR Master Mix (Takara), gRT-PCR was per-
formed on the ABI 7500 real-time PCR system (Applied Biosys-
City, CA, USA). For MeRIP-qPCR, the
appressorium samples of the wild-type and Amzal mutant were
used for the IP assays. The m°A-IP experiment was performed in
the same way as the m°A-seq analysis, and the subsequent
MeRIP-qPCR experiment was similar to qRT-PCR using IP
assay products as the template. For strand-specific qRT-PCR,

tems, Foster

total mRNA was used to perform reverse transcription using
specific primer priming for the intron region of ATGS8 (intron of
actin gene ACT1 was used as a control). Subsequently, qRT-PCR
was performed to detect the ATGS intron level, which could
demonstrate the transcription rate (pre-mRNA).

Results

Identification of m®A methyltransferase in M. oryzae

To investigate m°A modification in M. oryzae, we searched for
the homologous protein of N° adenosine methyltransferase cat-
alytic subunit METTL3 and noncatalytic subunit METTL14 in
the M. oryzae genome database. Although homologous proteins
of human METTL3 or METTL14 could be found in basid-
iomycete fungi such as Uszilago maydis and Puccinia graminis,
these were not found in ascomycete fungi including M. oryzae
(Fig. 1a). Interestingly, using human METTL4, another N-
adenine-specific methyltransferase, as a query, we identified a
homologous protein MGG_01492 in M. oryzae, named MT-
A70 domain protein 1 (MTAIL). This protein contains 376
amino acids with an MT-A70 domain (Fig. 1b), which is com-
monly contained in the S-adenosylmethionine-binding subunit
of human mRNA A° -adenosine-methyltransferase (MTase) and
specifically methylates adenines in pre-mRNAs. Phylogenetic tree
analysis confirmed that M. oryzae MTAI is indeed closer to
human and mouse METTL4, but far from human METTLS3,
METTLI14 or S. cerevisiae IME4 (Fig. 1¢).
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Fig.1 MTA1 is involved in m®A RNA methylation in Magnaporthe oryzae. (a) Distribution of human METTL3, METTL14 and METTL4 homologue proteins
in different organisms. (b) Magnaporthe oryzae MTA1 protein conserved domains predicted using a simple modular architecture research tool (Smart). The
MTA1 protein contains an S-adenosylmethionine-binding domain MT-A70. (c) Phylogenetic analysis of M. oryzae MTA1 with the homologues and
different RNA methyltransferases from other species using molecular evolutionary genetics analysis v.5 (Meca5). Bootstrap analyses were performed with
1000 iterations, and support for each node is displayed. Numbers at the nodes indicate the bootstrap values on neighbour joining analysis. (d) Methylation
level of m®A RNA in the wild-type (WT) and Amta7 was detected using an RNA methylation quantitative kit. Error bars represent standard errors, and
asterisks represent significant differences (**, P<0.01). (e) Methylation level of ®mA DNA in the WT and Amta7 was detected using a DNA methylation
quantitative kit. Error bars represent standard errors. (f) RNA dot blot analysis of m°A levels in the WT and Amta7 using a specific m®A antibody. Total RNA

from the WT and the Amta7 mutant were extracted and spotted onto Hybond™-N+ membranes and incubated with an m®A antibody, then detected
using the enhanced chemiluminescence (ECL) detection system. Methylene blue staining served as a loading control. (g) Quantification of RNA blot
analysis using Imace) software. The level of RNA blot signal (4 pg loading) in (f) was used for analysis. Error bars represent standard errors, and asterisks

represent significant differences (**, P<0.01).

We used the split-PCR strategy for the deletion of MTAI The
deletion mutants were screened using PCR and confirmed by
Southern blotting (Fig. S1a,b). Two knockout mutants, mtal-1 and
mtal-2, were used for further analysis. To determine whether
MTAL is required for m°A RNA methylation or ®mA DNA methy-
lation in M. oryzae, we compared total m°A RNA methylation levels
between the wild-type strain and the Amzal mutant. The amount
of m°A RNA in the Amtal mutant was 0.037 + 0.002% of the
total RNA, which was 53.6% of that in the wild-type
(0.069 £ 0.003% of the total RNA), indicating a significant reduc-
tion of m°A RNA modification (Fig. 1d). The amount of °mA
DNA in the Amtal mutant was comparable with that in the wild-
type (Fig. le), suggesting that MTAI maybe not be involved in
°mA DNA methylation. We also detected the levels of m°A

New Phytologist (2022) 235: 247-262
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modification using m°A mRNA dot blots, which confirmed that
the m°A RNA methylation level was significantly reduced in the
Amtal mutant compared with the wild-type (Fig. 1f,g). Therefore,
we considered M. oryzae MTAL1 to be involved in m®A methylation.

Deletion of MTA1 affects vegetative growth and conidial
formation

Expression patterns of MTAI during different developmental
stages of M. oryzae showed that MTAI expression was not
changed significantly (two-fold) in all tested developmental tis-
sues (mycelium, conidium, appressorium, and infection hypha)
by qRT-PCR, indicating that it plays a universal role in different
stages of development and infection (Fig. S2).

© 2022 The Authors
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Then we compared the colony size of the mutants with size of
the wild-type on the oatmeal tomato agar (OTA) plates. We
observed that the colony diameter of Amzal was significantly
reduced (Fig. S3a,b), reflected by the reduction in the cell lengths
in apical hyphal cells stained by calcofluor white (CFW)
(Fig. S3¢,d). We also observed the conidia formation on the coni-
diophore of the Amzal mutant and found that it formed more
sparse conidia compared with that formed by the wild-type
(Fig. S3e). As a consequence, the Amzal mutant only produced c.
47.3% of the conidia produced by the wild-type (Figs S3f). The
Amtal mutant was also abnormal in conidial cell number
(Fig. S3g,h). These results showed that deletion of MTAI affects
the asexual development of M. oryzae.

MTAT1 is important for pathogenicity

To investigate whether MTAI is involved in infection of M.
oryzae, we performed the virulence test on rice seedlings and
barley leaves. The result showed asignificant virulence reduc-
tion of the Amzal mutant on both host plants (Fig. 2a,b). We
also tested if the invasive growth of the mutant was affected by
inoculating the mycelial plugs onto the wounded rice seedlings,
and observed that the Amtal mutant caused smaller lesions
compared with that of the wild-type (Fig.2¢). To determine
why the Amzal reduced in virulence, we observed the cellular
infection process. We found that the Amml mutant was
severely defective in penetration and invasive growth in barley
epidermal cells (Fig. 2d,e). Collectively, these results showed

24 hpi

30 hpi

that MTAL is important for pathogenicity by affecting appres-
sorial penetration and invasive growth.

MTA1 is required for appressorium turgor pressure

Defects in appressorial penetration are usually caused by the failure
to accumulate enough turgor pressure, and the appressorium forma-
tion was normal in the Amzl mutant (Fig. 3a,b), so we speculated
that the mutant appressoria were not fully functional. Therefore, we
detected the turgor pressure of the Amml mutant appressoria
through a cytorrhysis assay. As shown in Fig. 3(c), when treated
with external PEG8000, the appressoria of Amtal collapsed much
more easily, suggesting a serious reduction of turgor accumulation.

In M. oryzae, appressorial turgor accumulation suggests an
appressorial maturation, which is demonstrated by the effective
utilisation of conidial glycogen and lipid. We subsequently exam-
ined whether the utilisation of conidial glycogen and lipid in the
Amtal mutant was affected. When the lipid droplets were stained
using Nile Red, we could observe that their utilisation during
appressorium formation and maturation was retarded in the
Amtal mutant, demonstrated by a large number of lipid droplets
that remained in the appressorium at 24 hpi (Fig. 3d,f). Similarly,
when glycogen was stained using I,/KI solution, we also observed
severe defects in the degradation of glycogen during appressorial
maturation (Fig. 3e,g). These results indicated that MTA1 is
required for glycogen and lipid degradation, which is important
for utilisation of conidial storage to form a functional appresso-
rium in M. oryzae.
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Fig.2 MTA1 is important for pathogenicity of Magnaporthe oryzae. (a) Spray assay for disease development on rice seedlings. Lesions formed on rice
leaves were infected by the indicated strains at 5 d post-inoculation (dpi). (b) Spray assay for disease development on barley leaves. Lesions formed on
barley leaves at 5 dpi. (c) Lesions formed on wounded rice leaves. Hyphal agar plugs (5 mm in diameter) were placed onto rice leaves with treatment of
wounds and incubated for 4 d. (d) Penetration and infection hyphae of wild-type (WT) and Amta7 mutant were examined at 24 and 30 h post-inoculation
(hpi). Bar, 20 um. (e) Statistical data of the different structures at 24 and 30 hpi. AP, appressoria; Amta7-7 and Amta1-2, deletion mutans of MTA1;
Amta1/MTA1, complementation strain of MTAT; IH, invasive hyphae; PH, primary hyphae. Error bars represent standard error (SE), P < 0.05 (1SE).
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Fig. 3 MTAT disruption affects the functions of appressoria. (a) Appressorium formation assay. Spore suspensions were incubated on hydrophobic surfaces
and observed at different time points. White arrows indicate appressoria. Bar, 20 um. (b) Appressorium formation rates at different time points (n > 100).
Error bars represent standard errors. (c) Cytorrhysis assay for appressorium turgor pressure. Drops of conidial suspension were placed on the hydrophobic
surface of a coverslip and treated with the indicated concentration of polyethylene glycol 8000 (PEG8000) at 24 h post-inoculation (hpi). Error bars
represent standard errors, and asterisks represent significant differences (**, P<0.01). For (a—c): WT, the wild-type strain; Amta7-7 and Amta7-1, deletion
mutants of MTA1; Amta1/MTA1, complementation strain of MTA7. (d) Observation of lipid utilisation during appressoria formation. Conidia and
appressoria were stained with Nile Red and photographed at different time points. Bar, 20 um. (e) Observation of glycogen utilisation during appressoria
formation. The spores or appressoria were stained with I,/KI and photographed at different time points. Bar, 20 pm. (f) Statistics showing the percentage
of conidia or appressoria containing glycogens during lipid metabolism development in the wild-type (WT) and Amta1. Error bars represent standard errors,
and significant differences compared with the WT are indicated by an asterisk (n > 100; **, P <0.01). (g) Statistics showing the percentage of conidia or
appressoria containing lipid bodies during glycogens metabolism development in WT and Amta1. Error bars represent standard errors, and significant
differences compared with the WT are indicated by an asterisk (n > 100; **, P<0.01).

Deletion of MTAT resulted in increased sensitivity to
various stresses

Next, we evaluated the effect of MTAI disruption on stress toler-
ance in M. oryzae. The results showed that the Amztal mutant
was more sensitive to a series of stresses or conditions, including
the cell wall perturbing reagents of CFW (0.1 mg ml™h), Congo
Red (CR, 0.2mg ml™}) and sodium dodecyl sulfate (SDS,
0.005%), the osmotic stresses of NaCl (0.5M) and sorbitol
(1 M), at different pH values of 5.8, 6.8, 7.8, as well as oxidative
stress of H,O, (10 mM) (Fig. S4a,b). These findings suggest that
MTAI plays an important role in stress response.

Magnaporthe oryzae Amta1 mutant activates host immune
responses

To determine why the Amzal mutant is defective in invasive
growth, we tested whether the mutant could activate host
immune responses.
pathogens are usually associated with the accumulation of reac-
tive oxygen species (ROS). When stained with 3,3'-
diaminobenzidine (DAB), we observed massive ROS accumu-
lated in the Amztal mutant-infected host cells, compared with less

Plant immunity responses induced by
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detected in the wild-type strain-infected ones (Fig. S5a,b). When
we used diphenylene iodonium (DPI, 0.4 pM), an antioxidant as
NADPH oxidase inhibitor, to treat the plant epidermis cells, the
defect of Amtal invasive growth was partially recovered
(Fig. S5¢). These data suggest that MTAl-mediated mGA is
involved in responding to host oxidative stress.

The qRT-PCR analysis showed that the transcriptional levels
of M. oryzae two detoxification genes, KAR2 and LHSI, were sig-
nificantly reduced in Amtal (Fig. S5d). We also examined the
expression levels of several rice immune responsive genes, most of
which were significantly induced by the Amzal mutant strain,
especially OsLYP4, OsPBZI and OsPRI (Fig. S5¢). These results
showed that MTA1 plays role in suppressing host innate immu-
nity during fungal infection.

MeRIP-seq detects m®A modification during appressorium
formation of M. oryzae

To understand the biological impact of m°A in M. oryzaeand the
underlying mechanism, particularly associated with appressorium
formation, we performed m®A sequencing using appressoria
formed by an M. oryzae conidial suspension of wild-type and the
Amtal mutant at 12 hpi. We used MeRIP-seq technology to
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detect m°®A. After QC and principal component analysis (PCA)
(Fig. S6a—e), we compared the m®A peaks detected between IP
samples and input samples as background. From these data, we
detected m°A peaks and identified 14762 and 14 142 sites of
methylated poly(A) mRNAs derived from 7880 and 7817 genes,
respectively, in wild-type samples in wild-type and Amzal sam-
ples (Fig. S6g; Table S3).

To understand the overview of m°A peaks crossing the genome
in M. oryzae, we first performed analysis using the m®A peaks
detected in wild-type samples. Intriguingly, m®A methylation
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preferably occurs in the genes with 50-60% CG content
(Fig. 4a), and within the genes with a longer length of transcripts,
compared with that in the whole genome of M. oryzae (Fig. 4b).
Further data analysis identified several motifs sequences as con-
served consensus sequences among all the m°A peaks in wild-type
strain, for instance, UGCUGACAUU is the most frequent puta-
tive motif (Fig. 4c).

To study the effect of the complex function of the gene, the
significance of the enrichment peak of m°A detected in the wild-
type and Amzal mutant was tested using the #test. The results
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Fig. 4 Genome-wide identification of all and MTA1-mediated m®A modification in Magnaporthe oryzae. (a) Line plots showing the percentage of CG
content of all genes carrying m°A modifications detected using m®A-seq. (b) Line plots showing the relative length of transcripts in all genes carrying m®A
modifications. (c) Consensus sequences identified within m°A peaks of the poly(A) RNAs of M. oryzae from the wild-type strain and the Amta7 mutant. (d)
Distribution of enrichment scores detected in the poly(A) RNAs of wild-type strain and the Amta7 mutant. In each plot, the horizontal line inside the box
shows the median, quartiles with whiskers indicate minimum and maximum values, and the width of the shaded areas indicates the distribution of the data.
(e) Most impacted Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolism pathways of the methylated RNAs detected in wild-type and the
AmtaT mutant. (f) Distribution of m®A along the whole mRNA transcripts of M. oryzae detected in the wild-type strain and the Amta7 mutant.
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showed that there was a significant difference between them,
indicating that the complex function of the gene was seriously
affected by the MTAI1-mediated m°A modification (Fig. 4d).
Enrichment analysis of genes with detected m®A peaks indicated
that many metabolic pathways are tightly associated with m®A
methylation, which involves cell cycle, autophagy, peroxisome,
glycerophospholipid metabolism and arginine biosynthesis (2-adj
<0.1). Pathways of peroxisome, glycerophospholipid metabolism
and arginine biosynthesis are much less enriched by m°A modi-
fied genes in the Amital mutant, suggesting that much of the
effect on metabolic pathways and gene functions is mediated by
MTAL1 (Fig. 4¢). Further analysis compared enrichment of the
peaks in the wild-type and Amzl mutant, we defined that the
genes were significantly reduced in m®A modification. Compared
with the wild-type, we identified 659 hypomethylated m°®A peaks
covering 595 genes in the Amzal mutant (Table S4) that could
be affected by MTALI catalytic activity. After segment normalisa-
tion by the total length of each gene portion, we found that m®A
modification in the wild-type was significantly enriched within
the 5 UTR and 3’ UTR regions. While, in the Amzal mutant,
m°A peaks at the 3’ UTR were significantly reduced (Fig. 4f),
suggesting that MTA1 was more important for m®A modification

of 3 UTR.

MTAT1 deletion alters expression pattern of genes during
appressorium formation

To understand the impact of m°A to gene expression at the tran-
scriptional level, we performed comparative transcriptome analy-
sis using the same material harvested from the 12 hpi
appressorium samples. By performing PCA and clustering, we
observed a distinct pattern of the global transcriptome of M.
oryzae between the wild-type and Amzal mutant samples
(Fig. 5a), suggesting that m®A modification caused many effects
on gene expression. By performing differendally expressed gene
(DEG) analysis, we identified 706 and 262 genes as significantly
upregulated (> 1.5-fold) and downregulated genes (< —1.5-fold),
respectively (Fig. 5b,c; Table S5).

For integrative analysis to investigate impact of reduced m®A
modification on gene expression, we found that, among the 595
hypomethylated mRNAs in the Amzal mutant, 114 correspond-
ing genes were transcriptionally upregulated, and 35 genes were
transcriptionally downregulated (Fig. 5d), suggesting that the
Amizal mutant predominantly conferred an increase in mRNA.

Gene ontology (GO) enrichment analysis suggested that the
biological processes associated with membrane function and
transmembrane transport were significantly enriched by de-
repressed genes in the Amsal mutant, suggesting that m®A
directly modulates genes involved in these processes by degrada-
tion of the mRNA of target genes (Fig. 5¢). Interestingly, KEGG
pathway enrichment analysis showed that genes that were tran-
scriptionally de-repressed in the Amzal mutant were significantly
and specifically enriched in metabolic pathways related to starch
and sucrose metabolism, biosynthesis of secondary metabolites,
valine, leucine and isoleucine biosynthesis and autophagy, which
are tightly associated with appressorium development in M.
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oryzae (Fig. 5f). By contrast, genes transcriptionally activated by
MTA1 were specifically enriched in metabolic pathways associ-
ated with ABC transporters, ether lipid metabolism and glyc-
erophospholipid metabolism (Fig. 5f). Localisation prediction
analysis suggested that transcripts specifically mediated by MTA1
in M. oryzae were mainly encoded by the genes whose final pro-
tein products may localise in the cytoplasm, cell membrane,
nucleus, as well as extracellularly, which was consistent with the
GO analysis (Fig. 5g). Taken together, these results suggested
that gene expression at the transcriptional level is significantly
affected by m®A-mediated modification, particularly as a repres-
sion mechanism to modulate genes involved in metabolic path-
ways, especially autophagy.

MTA1 regulates expression of ATG genes during
appressorium formation

There are in total 32 autophagy-related genes annotated in the
genome of M. oryzae, and many of them are tightly associated
with appressorium development and pathogenicity (Kershaw &
Talbot, 2009). We specifically focused on A7G family genes and
found 32 mCA sites located in transcripts of 23 A7G genes. Strik-
ingly, m6A modification on 10 ATG mRNAs (ATGI1, ATG4,
ATG5, ATGS, ATG11, ATG12, ATG13, ATG15, ATG17 and
ATG18) was mediated by MTA1 (FDR < 0.05), as their mRNA
m°A peaks were reduced in the Amzal mutant (Fig. Ga,b;
Table S6). Further gene expression profiling suggested that some
ATG genes, such as ATGI, ATG4, ATG5, ATGS, ATGII,
ATG15, ATGI16, ATGI17, ATG26 and ATG27, were de-
repressed in the Amzal mutant, suggesting that MTA1-mediated
m°A modification mainly modulated the expression of ATG fam-
ily genes by mRNA degradation (Fig. 6¢). These results suggested
that MTAl-mediated m°A modification affected autophagy,
which is vital for appressorium formation and virulence of
M. oryzae.

MTA1 mediates the stability of Atg8 mRNA in a m°A
dependent manner

The m°A-Seq and RNA-seq integrative analysis indicated that the
Atg8 transcript might be an important target of MTA1 for regula-
tion of autophagy. To test this possibility, we first used an online
tool SNamp (http://www.cuilab.cn/sramp) to predict the possible
exact methylation sites of m°A RNA in transcripts of MoATGS.
Interestingly, a putative mPA site A982 is located in 3’ UTR region
with very high confidence, which is consistent with our m®A-seq
result (Figs 6b, 7a). We subsequently mutated this site by changing
A to C and transformed the mutated gene into the Amoazg8
mutant. Subsequent transformant Aatg8/ATG8A 9 82C(Aatg8/GFP:
ATG8"%%) was used for further analysis. MeRIP-qPCR analysis
showed that, compared with wild-type, the level of m°A modifica-
tion on the A7G8 mRNA transcript in overexpression strain OE-
MTAL was evidently increased, but significantly decreased in
Amital and Aawg8/A TG8Y#?C mutants (Fig. 7b). These results
indicated that MTA1 may regulate m°A modification of
MoATGS at the A982 site.
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Fig.5 Integrative analysis of m°A-seq and RNA-seq identified transcripts affected by MTA1. (a) Plot showing principal component analysis (PCA) to
demonstrate discriminated global transcriptional patterns between the wild-type (WT) and the Amta7 mutant stain (KO). (b) Heatmap showing relative
levels of transcripts of all genes of WT strain and the KO in RNA-seq. (c) Plot showing integrative analysis of m°A-seq and RNA-seq to analysis de-
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transcripts with reduced m®A in the Amta? mutant.

Next, we explored whether MTA1 could affect the stability of
Atg8 through RNA methylation. qRT-PCR results showed that,
compared with the wild-type, the relative transcript abundance of
ATG8 mRNA in overexpression strain OE-MTAI decreased sig-
nificantly, but was upregulated in Amzal and Aatg8l ATG8 ¢
mutants (Fig. 7c). We also designed a strand-specific gqRT-PCR
to reveal the transcripts of A7G8 containing introns, which could
demonstrate the transcription rate (pre-mRNA) of ATGS8. The
results showed that the transcription rate of ATG8 in WT,
Amtal and Aatg8/ATG8Y* was not significantly different
(Fig. 7d), suggesting that m°A did not affect the expression of
Atg8 mRNA. At the same time, western blot results showed that
the MTAI deletion or the m°A modification site mutation not
only affected the mRNA stability of A7G8, but also affected its

© 2022 The Authors
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protein level (Fig. 7e,f). In conclusion, we confirmed that ATG8
mRNA is the target of MTA1, and that MTAI can mediate the
stability of Atg8 mRNA in an m°®A-dependent manner.

MTA1 mediates autophagy in an m®A-dependent manner

Previous studies have shown that Atg8 is a necessary factor for
autophagic cell death in M. oryzae and that deletion of ATG8 will
directly lead to the autophagy defect (Veneault-Fourrey ezal,
2006). As MTALI can mediate the mRNA stability of A7G8 in a
mRNA m®A-dependent manner, we investigated whether MTA1
could regulate autophagy. We transformed GFP-Atg8 into WT
and Amizal strains respectively and then treated the mycelia of
the transformants with nitrogen starvation. The content and
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Fig. 6 Relative transcript abundance of m®A modified transcripts derived from autophagy-related genes are severely affected by MTA1. (a) Plot showing
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the autophagy-related genes in M. oryzae in RNA-seq, and comparing WT strain and the KO. The horizontal lines (mean values of replicates), boxes
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localisation of GFP-Atg8 labelled autophagosomes were observed
using a fluorescence microscope. The results showed that 90% of
autophagosomes in the wild-type were located in vacuoles after
5h of nitrogen starvation, while in the Amzml mutant nearly
30% of the autophagosome remained in the cytoplasm, but not
in the vacuole (Fig. 8a,b). These results suggested that the regula-
tion of autophagy is severely disordered in the Amzal mutant.

In addition, we measured the autophagy level by western blot.
The degree of autophagy was evaluated by calculating the ratio of
free GFP amount to GFP-Atg8 plus free GFP amount. The
results suggested that, compared with the wild-type, the Amzal
mutant displayed higher autophagy induction and degradation.
Surprisingly, we found that the level of autophagy in the mutant
Aarg8I ATG8** was almost the same as that in the Amzal
mutant (Fig. 8c,d). In conclusion, MTA1 can be involved in
maintaining the autophagy homeostasis of M. oryzae in an m°A-
dependent manner.

MTA1 mediates autophagosome formation during
appressorium formation stage

The above results showed that the M7TAI deletion could lead to
defects in the utilisation of conidial storage during appressorium
maturation, which may be related to the role of MTAL in
autophagy. To detect the appressorial autophagy process, the
autophagy level of appressoria formation was observed by fluores-
cence microscope. At the inital stage, GFP-Atg8-labelled
autophagosomes mainly accumulated in the spores of the wild-
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type. During appressorium formation and maturation, the
autophagosomes of GFP-Atg8-labelled in the WT strain was nor-
mal, but was significantly increased in the Amzml mutant
(Fig. 8e,f). The autophagosome number in the mutant Aazg8/
GFP:ATG8Y%?C was almost the same as that in the Amzal
mutant (Fig. 8e,f). Therefore, we believe that, during autophagy
processes induced by nitrogen starvation or during appressorium
formation, the deletion of MTAI will lead to a decrease in m°A
modification and decreased mRNA degradation of Atg8, result-
ing in its protein accumulation in the cells, therefore affecting the
autophagosome number and autophagy homeostasis. This is con-
sistent with above conclusion that MTA1 can participate in
maintaining the autophagy homeostasis of M. oryzae in depen-
dence of m°A.

The m®A site A982 of ATG8 mRNA is important for
conidiation and virulence

To study the effect of the m°A methylation site at 982 of ATG8
on the growth and sporulation of M. oryzae, we measured the
growth rate and sporulation ability of wild-type P131, Aazg8,
Aatg8IATG8Y*C and Aatg8 ATGS strains. The results showed
that there was no significant difference in growth rate among
these strains, but there were differences in sporulation ability
(Fig. 9a,0). The sporulation ability of the Aazg8/ATG8**¢
mutant was significantly lower than that of wild-type and com-
plement strains, even though it was much higher that of Aazg8
(Fig. 9¢). These results indicated that the A982 m°A site of

© 2022 The Authors
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Fig. 7 MTA1 regulates the autophagy in an m®A-dependent manner. (a) Online prediction of the m®A RNA methylation site of MTA1 the sequence-based
RNA adenosine methylation site predictor SNAMP. (b) Methylated RNA immunoprecipitation-qgPCR (MeRIP-gPCR) analysis of m®A levels of autophagy-
related protein (ATG)8 in M. oryzae. The appressorium samples of the wild-type (WT) and AmtaT mutant were used for m®A-IP assays by using an anti-
m6A antibody. Subsequent MeRIP-qPCR was performed using IP assay products as the template. Error bars represent standard error (SE). ***, P<0.001.
(c) The mRNA level of ATG8 was analysed by qRT-PCR. Means + SE were calculated from three independent replicates. ***, P<0.001. (d) Strand-specific
gRT-PCR analysis. Total mMRNA was used to perform reverse transcription using specific primer priming the intron region of ATGS8 (intron of actin gene
ACT1 was used as a control). gqRT-PCR was then performed to amplify the ATG8 intron to demonstrate the transcription rate of ATGS. Error bars represent
SE. ns, no significance. (e) Expression of Atg8 protein was analysed by western blotting with anti-green fluorescent protein (GFP). Anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) antibody was used for the control. (f) Relative intensity of GFP:ATG8 in WT and the Amta7 mutant by comparison
with the internal control GAPDH. Error bars represent SE. ***, P<0.001; P < 0.01 (2SE)

ATGS is related to conidia formation in M. oryzae. The appresso-
rium formation ability of the Aazg8/ATG8"**“ mutant was nor-
mal, but its appressorial turgor accumulation was significantly
lower than that of wild-type and complement strains (Fig. 9d,e),
suggesting a reduction in the penetration capacity.

To explore whether the A982 m°A site of ATG8 mRNA is also
related to the pathogenicity of M. oryzae, we tested the
pathogenicity phenotypes of the wild-type P131, Aazg8, Aazg8/
ATG8YC and  Aatg8/ATG8 strains. As reported, the
pathogenicity of strain Aazg8 was completely lost (Veneault-
Fourrey etal, 2006). Although the mutant strain Aazg8/
ATG8A982C

lesions were significantly reduced, and the pathogenicity was seri-

can cause disease, the number and area of necrotic

ously reduced (Fig. 9f). The results of rice scratch inoculation
also showed that Aarg8/ATG 982C significantly reduced the dis-
ease spot expansion and pathogenicity (Fig. 9g). Further analysis
indicated that the infection process of mutant strain Aazg8/
ATG8Y5%C slowed down significantly (Fig. 9h,i). In conclusion,
the A982 m°A site mutation of ATGS resulted in a significant
decrease in pathogenicity of M. oryzae, indicating that this m°A
site plays an important role in the process of infection.

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation

Discussion

Many modifications have been found in eukaryotic RNA, how-
ever, the enzymes responsible for each modification and the bio-
logical role of these modified RNAs are still largely unknown. The
mCA writer has not been identified and analysed in filamentous
fungi. In this study, we identified a putative m°A writer MTA1 in
M. oryzae. We found that MTAL plays a key role in infection pro-
cesses, especially appressorium-mediated penetration. Interestingly,
autophagy-mediated ~appressorium maturation was severely
blocked in the Amzal mutant. Transcripts of a series of A7G genes
contained m°A sites, which were relevant to their mRNA levels. As
an example, we proved that the mRNA and protein accumulation
of MoATGS is negatively regulated by m°A, as a mechanism for
the balance of appressorial autophagy. Taken together, our results
revealed the functional importance of the m®A methylation in
autophagy regulation and infection of M. oryzae.

The most widespread candidates as m°A methyltransferases
belong to the MT-A70 family, such as human METTL3 and S.
cerevisiae Ime4 (Clancy eral., 2002; Fu eral., 2014; Liu eral.,
2014). For a long period of time, the m®A writer in filamentous
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Fig.8 MTA1 regulates the autophagy-related protein (ATG)8-mediated autophagy process. (a) Autophagic processes detected by observation of
MOATGS subcellular localisation. Wild-type (WT) and AmtaT mutant strains transformed with green fluorescent protein (GFP)-Atg8 were cultured in MM-
N medium for 5 h, and the autophagy intensity was observed using an Axio Observer A1 Zeiss inverted microscope. The arrows point to the vacuoles. Bars,
5 um. (b) Autophagy intensity was assessed by means of translocation of GFP-Atg8 into vacuoles (n=100). Error bars represent standard errors, and asterisks
represent significant differences (**, P<0.01). (c, d) Immunoblotting was performed with anti-GFP. Anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) antibody was used for the control. The extent of autophagy was estimated by calculating the amount of free GFP compared with the total amount
of intact GFP-Atg8 and free GFP (the numbers underneath the blot). Error bars represent standard errors, and asterisks represent significant differences (**,
P<0.01). (e) Cellular location of autophagosomes during infection-related appressoria development. Conidia of WT/GFP:ATGS8, Aatg8/GFP:ATGS and
Aatg8/GFP:ATG8*°%2¢ were inoculated onto the hydrophobic interface and observed by epifluorescence microscopy at different times. Bar, 10 um. (f) Bar
chart showing mean autophagosome numbers present in conidia, germ tubes and appressoria at 0, 2 and 4 h after germination. Error bars represent standard
errors, and asterisks represent significant differences (P < 0.05). AP, appressorium; CO, conidium; GT, germ tube.
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fungi has not been found due to the lack of a METTL3/IME4  levels, and MeRIP-seq analysis detected 659 MTA1-dependent
homologue. Recently, Shi ezal (2019) reported that PoIME4 m®A sites covering transcripts of 595 genes (Fig. 5d), indicating
(MGG 01492) is the homologue of S. cerevisiae IME4, however an important role of MTAL1 in the m°A of M. oryzae. MTA1
this conclusion is debatable. Based on phylogenetic analysis depletion resulted in a significant reduction of m°A in 3’ UTR
(Fig. 1a), the M. oryzae MGG 01492 (named MTAI here) is (Fig. 4f), suggesting an important role of MTA1 in 3" UTR-
much closer to human METTL4, another MT-A70 family pro-  related functions. Altogether, our study suggested that in M.
tein, but not human METTL3, METTL14 or S. cerevisiae Ime4 oryzae and perhaps also in other filamentous fungi, m®A is medi-
(Clancy etal., 2002; Liu eral, 2014; Yadav & Rajasekharan, ated by MTA1, the homologue of human METTL4 but not
2017). This inconsistency may due to the MTA70 domain =~ METTL3, which is quite different from other eukaryotic cells.

sequence, but not the whole protein sequence, which was used as Our results suggested that loss of MTAI resulted in a decrease
a query for homology comparison by the authors (Shi eral,  in the m°A levels of 10 ATG gene transcripts. The decrease in
2019). However, we also noticed that the results of Shi et al m°A modification in the Am#al mutant resulted in de-repressing

(2019) indicated that APoime4 is indeed reduced in m6A level, of gene expression, suggesting that MTA1-mediated m°A modifi-
which is consistent with our result (Fig. 1c—f). The METTL4 cation regulates the mRNA stability of A7G genes through affect-
homologue proteins usually serve as DNA Af-methyladenine  ing mRNA degradation. Therefore, m®A methylation was
(®mA) writers in different organisms (Kweon eral, 2019; Hao negatively correlated with the cellular mRNA levels of ATG
etal., 2020). METTL4 has been also found to regulate RNA genes. In mammals, m°A affects multdiple aspects of mRNA
N2~ O-dimethyladenosine (mGAm) and m°A methylation of metabolism including splicing, degradation, nuclear export, fold-
U2 snRNA in Drosophila (Chen etal., 2020; Goh eral., 2020; ing and translation, whereas mRNA stability (degradation) is the
Gu eral., 2020), suggesting putative functions of this protein in  best characterised role (Wang ez al., 2014). In plants, studies also
RNA modification. METTL4 exhibits a weak enzymatic activity ~ showed that m°A modification leads to instability of mRNA
on DNA substrates, but strong enzymatic activity on RNA sub-  (Shen etal, 2016; Duan etal, 2017; Zhou etal., 2019). For
strates in Drosophila (Gu et al., 2020). Interestingly, our study example, in Arabidopsis, FIP37-mediated m°A methylation leads
found that the level of DNA °mA modification did not decrease to mRNA instability (Shen ezal, 2016), while ALKBH10B-
in Amtal, suggesting that MTA1 maybe not important for °mA  mediated m®A de-methylation increases mRNA stability (Duan
in M. oryzae. By contrast, Amtal significantly decreased in m®A  eral, 2017). By contrast, several studies also showed an

New Phytologist (2022) 235: 247-262 © 2022 The Authors
www.newphytologist.com New Phytologist © 2022 New Phytologist Foundation
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Fig. 9 The A982C m°A site mutation in autophagy-related protein (ATG)8 trans

\)
e R

cripts affects Magnaporthe oryzae development and virulence. (a) Colony

growth of the Aatg8/ATG8"?52C strain. The indicated strains were cultured on oatmeal tomato agar (OTA) plates at 28°C for 5 d. (b) Colony diameter.
Error bars represent standard errors. (c) Conidiation capacity. Conidia were collected from strains grown on OTA plates (® =6 cm). Means and standard
errors were calculated from three independent experiments (n > 100). Significant differences compared with the wild-type are indicated by an asterisk
(*, P<0.05; *** P <0.001). (d) Appressoria formation of different strains on hydrophobic surfaces. Error bars represent standard errors. (e) Cytorrhysis
assay for appressoria turgor pressure of different strains. Drops of conidial suspension were placed on the hydrophobic surface of a coverslip and treated
with the indicated concentration of glycerine at 24 h post-inoculation (hpi). Error bars represent standard errors, and asterisks represent significant
differences (**, P<0.01). (f) Virulence test of different strains on barley leaves. (g) Lesions formed on wounded rice leaves. (h) Observation of different
strains infecting host cells. Bar, 25 um. (i) Conidium, appressorium and infection hyphae formation of different strains at 24 hpi. WT, wild-type strains;

Aatg8, ATG8 deletion mutant; Aatg8/ATG8"7%2C, ATG8 complementary strain containing A982C m®A site mutation; Aatg8/ATG8, ATG8 complementary

strain. Error bars represent standard errors.

enhancing role of m°A in mRNA stability of plants, such as
MTA- and VIR-mediated m®A modifications (Anderson et al.,
2018; Parker eral., 2020). These seemingly contradictory results
may be due to different cellular fates or developmental stages,
which are mediated by different readers of m6A.

We found that MTA1-mediated m°A modification plays a key
role in appressorial autophagy process. We analysed the m°A site
in the 3’ UTR region of MoATGS, and found that MTALI regu-
lates the m®A modification of MoATG8 mRNA at the A982 site,
which affects the stability of A7G8 mRNA. Recently, several
other studies also indicated that m°A modification could play
roles in regulation of the autophagy process, through regulating
mRNA processing of autophagy-related genes (Gulad ez al., 2013;

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation

Jin etal, 2018; Song etal, 2019; Wang eral., 2020). The mCA
demethylase FTO is reported to upregulate the protein abundance
of autophagy-related protein kinase ULKI, and is therefore
required for autophagy (Jin et al, 2018). Another study in mouse
showed that FTO can activate the MTORCI pathway to regulate
the autophagy process (Gulati ez al, 2013). The m°A modification
is also important for preadipocytes autophagy and adipogenesis,
through regulating the expression of A7G5 and ATG7 in an m°A-
dependent manner (Wang ezal, 2020). Taken together, m6A
modification may serve as a conserved mechanism for regulating
autophagy by maintaining A7G gene mRNA equilibrium.

We proposed a model to show that MTA1-mediated m®A plays
a key role in regulating autophagy during appressorium

New Phytologist (2022) 235: 247-262
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maturation (Fig. 10). MTA1 mediates the mRNA m°A modifica-
tion of ATG genes, which would lead to degradation of these
mRNAs. As a result, the mRNA level of the ATG genes will be
well balanced by m°A methylation and de-methylation, although
the de-methylation enzyme requires confirmation. This mRNA
level balance will contribute to the protein level balance, in turn,
coordinating the autophagic process, and thereby controls the bal-
ance of autophagy in appressorium, and in facilitating appresso-
In the wild-type during appressorium
maturation, with the autophagosomes accumulated and degraded

rium maturation.

in the vacuoles, no new autophagosomes were produced and the
autophagy was completed and switched off. Whereas in the Amzal
mutant, new autophagosomes were continuously produced and
delivered to the vacuole, the autophagy flow was increased and not
switched off. However, the function of the autophagic process may
be not so efficient in the Amzal mutant, because the utilisation of
conidial storage during appressorium is defective in the mutant.
Our study highlights the functional importance and regulatory
mechanism of the m°A in M. oryzae. These findings provide
insights into the underlying molecular mechanisms of m°A modifi-
cation in filamentous fungi, which could help us in the develop-
ment of novel fungicides for fungal disease control.
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