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Abstract

Mitophagy is a selective autophagy for the degradation of damaged or excessive mi-
tochondria to maintain intracellular homeostasis. In Magnaporthe oryzae, a filamen-
tous ascomycetous fungus that causes rice blast, the most devastating disease of rice,
mitophagy occurs in the invasive hyphae to promote infection. To date, only a few
proteins are known to participate in mitophagy and the mechanisms of mitophagy
are largely unknown in pathogenic fungi. Here, by a yeast two-hybrid screen with
the core autophagy-related protein MoAtg8 as a bait, we obtained a MoAtg8 interac-
tor MoAtil (MoAtg8-interacting protein 1). Fluorescent observations and protease
digestion analyses revealed that MoAti1 is primarily localized to the peripheral mito-
chondrial outer membrane and is responsible for recruiting MoAtg8 to mitochondria
under mitophagy induction conditions. MoAtil is specifically required for mitophagy,
but not for macroautophagy and pexophagy. Infection assays suggested that MoAtil
is required for mitophagy in invasive hyphae during pathogenesis. Notably, no homo-
logues of MoAtil were found in rice and human protein databases, indicating that
MoAti1l may be used as a potential target to control rice blast. By the host-induced
gene silencing (HIGS) strategy, transgenic rice plants targeted to silencing MoATI1
showed enhanced resistance against M. oryzae with unchanged agronomic traits. Our
results suggest that MoATI1 is required for mitophagy and pathogenicity in M. oryzae

and can be used as a target for reducing rice blast.
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(ATP) to provide energy for cells (Friedman & Nunnari, 2014). In ad-

dition to such energy supply for cells, mitochondria play vital roles
Mitochondria, which are double-membrane-enclosed organelles, in a range of processes such as cell division, cellular differentiation,
cell signalling and cell death (Mehta et al., 2017; Zhong et al., 2016).

However, stresses from the external environment or host result in

are responsible for the majority of the cellular oxidative processes
and produce a large amount of cellular adenosine triphosphate
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the formation of defective mitochondria, which are detrimental to
cellular homeostasis. Effective mitochondrial quality and quantity
control systems, including mitophagy, a selective autophagy, have
evolved to restore and preserve cellular homeostasis (Ng et al., 2021;
Palikaras et al., 2018).

Mitophagy is a kind of autophagic process that specifically tar-
gets and eliminates impaired or superfluous mitochondria to main-
tain cellular integrity and promote cellular renewal. Mitophagy can
be induced by various stresses, including nitrogen starvation condi-
tions, oxidative stress conditions and rapamycin treatment, as well as
damage to mitochondrial functions (He et al., 2013; Nagi et al., 2016;
Onishi et al., 2021; Youle & Narendra, 2011). When mitophagy is
induced, the mitophagy receptors, proteins located on the outer
mitochondrial membrane, recruit the core autophagic machinery,
including the ubiquitin-like protein Atg8/LC3 (light chain-3), at the
phagophore assembly sites (PAS). Many mitophagy receptors have
been characterized, such as Atg32, in Saccharomyces cerevisiae, the
NIX (Nip3-like protein X, BNIP3L), BNIP3 (BCL20 interacting protein
3), BCL2L13 (Bcl-2-like protein 13, Atg32 homologues), FUNDC1
(FUN14 domain-containing protein 1), PHB2 (prohibitin 2), FKBP8
(anti-apoptotic FK506-binding protein 8), OPTN (optineurin), MTP18
and ATAD3B (ATPase family AAA domain-containing 3B)in mammals,
TraB in Arabidopsis thaliana and Atg43 in Schizosaccharomyces pombe
(Bhujabal et al., 2017; Fukuda et al., 2020; Li, Duckney, et al., 2022;
Liu et al., 2012; Meyer et al., 2023; Murakawa et al., 2015; Novak
et al., 2010; Okamoto et al., 2009; Panigrahi et al., 2023; Quinsay
et al., 2010; Shu et al., 2021; Wei et al., 2017).

Atg8/LC3 interacts with mitophagy receptors through the
Atg8-family interacting motif (AIM in yeast)/LC3-interacting re-
gion (LIR in mammals), a conserved WXXL-like sequence (W/Y-X-
X-L/1/V), which mediates the selective recognition of damaged or
excessive mitochondria by the phagophore (Okamoto et al., 2009;
Onishi et al., 2021; Palikaras et al., 2018; Xie et al., 2008; Youle &
Narendra, 2011). Subsequently, an autophagosome completely
encloses the mitochondrion to depolarize and degrade superflu-
ous, damaged and dysfunctional mitochondria (Feng et al., 2014).
Therefore, mitophagy is a core mechanism for conserving valuable
nutrients from being consumed inefficiently and plays a key pre-
vention role in the generation of reactive oxygen species, so as to
maintain proper intracellular homeostasis, cell survival, growth and
differentiation (Onishi et al., 2021; Palikaras et al., 2018; Youle &
Narendra, 2011). Although mitophagy has been studied extensively
in S. cerevisiae and mammalian cells (Palikaras et al., 2018; Youle
& Narendra, 2011), only a few proteins that participate in mitoph-
agy have been identified and the mechanisms of mitophagy remain
largely unknown, especially in pathogenic fungi.

The filamentous ascomycetous fungus Magnaporthe oryzae
causes rice blast, the most devastating disease of rice worldwide
(Dean et al., 2012; Yan & Talbot, 2016). During the infection by
M. oryzae, three-celled conidia are deposited by rain splashes and
adhere to the surface of rice plants. Under suitable conditions,
the conidia germinate and form appressoria to penetrate the rice
cuticles. Once inside the host cells, M. oryzae differentiates into

invasive hyphae and spreads to neighbouring cells to form typical
lesions (Valent, 2021). Our recent study has shown that mitoph-
agy occurs in M. oryzae during the transition from biotrophy to
necrotrophy, and is required for the proper induction and estab-
lishment of rice blast disease (Kou et al., 2019). This process re-
quires the sorting nexin Snx4/MoAtg24, which assists mitophagy in
foot cells for conidiation and invasive hyphae for pathogenesis (He
et al., 2013). In addition, the mitochondrial fission-related proteins,
including MoDnm1, MoFis1 and MoMdv1, are also involved in the
mitophagy and pathogenicity in M. oryzae (Khan et al., 2015; Zhong
et al., 2016). Recently, an investigation revealed that MoMsn2 reg-
ulates the expression level of putative 3-methyglutaconyl-CoA
hydratase-encoding gene to control mitophagy, which is important
for the pathogenesis of M. oryzae (Xiao et al., 2021). However, the
mechanism of mitophagy during pathogenesis requires further ex-
ploration in M. oryzae.

SUN (SIM1, UTH1, NCA3 and SUN4) family proteins share
a high homology in their C-terminal domain, which is composed
of 258 amino acids, and are involved in different cellular pro-
cesses, such as DNA replication, lifespan, mitochondrial bio-
genesis and cell septation (Camougrand et al.,, 2000; Kissova
et al., 2004; Mouassite, Camougrand, et al., 2000; Mouassite,
Guérin, et al., 2000; Velours et al., 2002). In yeast, a SUN family
protein Uth1 was initially identified based on its role in the regu-
lation of longevity (Camougrand et al., 2000), and was later found
to be involved in mitophagy (Camougrand et al., 2003; Kissova
et al., 2004). In another report, the mitophagy rates of Authl mu-
tant under different induction conditions were compared with
those of the wild type, demonstrating that mitophagy could be in-
duced normally in cells lacking Uth1 in yeast (Welter et al., 2013).
Currently, it remains unclear whether SUN family proteins partic-
ipate in mitophagy.

In this study, we set out to identify the proteins potentially
participating in mitophagy in M. oryzae by screening the inter-
acting proteins of the core autophagy-related protein MoAtg8.
We show that one of the MoAtg8-interacting proteins MoAtil,
a SUN family protein, is specifically required for mitophagy by
facilitating recruitment of MoAtg8 to mitochondria. MoAtil me-
diates mitophagy in the invasive hyphae and contributes to the
establishment of the blast disease in rice. Furthermore, the host-
induced gene silencing (HIGS) of MoATI1 enhanced resistance
against blast in rice.

2 | RESULTS

2.1 | MoAtil interacts with the core
autophagy-related protein MoAtg8 in M. oryzae

MoAtg8, the only one homologue of mammalian LC3 or yeast Atg8 in
M. oryzae, serves as a core autophagy-related protein required for au-
tophagy (Veneault-Fourrey et al., 2006). When mitophagy is induced
by specific physiological stresses, some mitochondrial proteins bind
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to the Atg8/LC3 homologues on the forming autophagosomal mem-
branes to allow membrane expansion along the surface of degraded
mitochondria (Nakatogawa et al., 2007; Ng et al., 2021; Palikaras
et al., 2018). To identify potential proteins participating in mitophagy
and study their regulatory effect on cellular processes in M. oryzae,
a yeast-two-hybrid (Y2H) screen was conducted using an M. oryzae
cDNA library with MoAtg8 as the bait. Among 32 physically inter-
acting candidates obtained from the Y2H screening (Table S1), we
focused on MGG_00505, which encodes a predicted mitochondrial
protein consisting of 416 amino acid residues. This protein was
designated as MoAtil (MoAtg8-interacting protein 1). Sequence
analysis indicated that MoAtil contains a conserved SUN domain

Molecular Plant Pathology @ WI LEYM

(Figure S1). In addition, MoAti1 shares 39.21%, 37.77% and 35.94%
amino acid sequence identity with yeast SUN family proteins Uth1,
Sun4 and Nca3, respectively (Kissova et al., 2004).

To further validate the interaction between MoAtg8 and MoAti1,
a DUAL membrane system analysis was performed with pBT3-SUC-
MoAtil and pPR3-N-MoAtg8. The results confirmed the interaction
in yeast as detailed in Figure 1a. Furthermore, the results of a co-
immunoprecipitation (Co-IP) analysis with the MoATI1-mCherry/GFP-
MoATGS strain confirmed this interaction in vivo (Figure 1b). Then,
glutathione S-transferase (GST)-tagged MoAtg8 and His-tagged
MOoALti1 were expressed in Escherichia coli BL21(DE3). A GST pull-
down assay showed that GST-MoAtg8 interacted with His-Atil
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FIGURE 1 MoALtil interacts with the core autophagy-related protein MoAtg8. (a) DUAL membrane yeast two-hybrid assay for testing
the interaction between MoAtil and MoAtg8. Yeast transformants with the indicated plasmids were diluted and cultured on the SD-WL
and SD-WLHA media for 4 days before imaging. The mutated protein MoAti1>*A™ which was generated by mutating the first, fourth and
sixth predicted AIM/LIR motifs in MoAtil, could not interact with MoAtg8. (b) Co-immunoprecipitation assay for testing the interaction
between MoAtil and MoAtg8 in Magnaporthe oryzae. The fusion protein MoAtil-mCherry (71 kDa) was co-precipitated with GFP-MoAtg8
(40kDa). In contrast, the AIM/LIR-mutated MoAti1>***™™ fysion protein failed to be detected in the eluted protein solution from the strain
co-expressing GFP-MoAtg8 and MoAti11*+A™M_mCherry. Free GFP (27 kDa) in lanes 2 and 3 is caused by basal autophagy. The MoATI1-
mCherry/GFP strain served as a negative control. (c) Pull-down assay for determining the interaction between MoAtil and MoAtg8. The
fusion protein His-Atil was detected in the eluted solution of GST-MoAtg8 and His-MoAtil co-incubated mixture, but not in that of

glutathione S-transferase (GST) and His-MoAtil. (d) Bimolecular fluorescence complementation assay for examining the interaction between
MOoALti1 and MoAtg8. Yellow fluorescent protein (YFP) fluorescence is observed in mycelia co-expressing MoUth1-YFPN and YFPC-MoAtg8.
Bar=>5pm. Consistent results were obtained from two biological replicates.
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(Figure 1c). The interaction between MoAtil and MoAtg8 was
further confirmed by a bimolecular fluorescence complementa-
tion (BiFC) assay. Dotted yellow fluorescent protein (YFP) fluo-
rescence was seen in the mycelia co-expressing MoAtil-YFP and
YFPC-MoAtg8 (Figure 1d). Some Atg8-binding proteins interact
with Atg8/LC3 through AIM/LIR motifs (Fracchiolla et al., 2017;
Palikaras et al., 2018). To determine whether MoAti1 has potential
AIM/LIR motifs, the protein sequence of MoAtil was analysed using
the iLIR database, and six potential AIM/LIR motifs were identified
(Figure S2a) (Jacomin et al., 2016). Then, to determine which mo-
tifs were functional in binding with MoAtg8, point mutations of the
AIM/LIR motifs in MoAtil were generated and cloned into pBT3-
SUC to perform the DUALmembrane system analysis. The results
revealed that the interaction between MoAtil and MoAtg8 was
weakened by the mutations in the first, fourth and sixth AIM/LIR
motifs (Figures 1a and S2b). Consistent with the results of the Y2H
analysis, the Co-IP data also showed that simultaneous mutations in
the first, fourth and sixth motifs abolished the interaction between
MoALti1 and MoAtg8 in M. oryzae (Figure 1b). These results sug-
gested that all of the first, fourth and sixth AIM/LIR motifs in MoAti1l

are required for the physical interaction with MoAtg8.

2.2 | MoAtilis partly located in the peripheral
mitochondrial outer membrane

To investigate the biological roles of MoAtil in M. oryzae, we first
determined its subcellular localization. The C terminus of MoAtil
tagged with mCherry, which did not affect the function of MoAti1,
was introduced into the M. oryzae Mito-GFP strain. This strain ex-
presses a subunit of F1 sector of mitochondrial FIFO ATP synthase
(Atp1)-GFP fusion protein, a widely used mitochondrial marker (He
et al., 2013; Kou et al., 2019; Patkar et al., 2012). Fluorescent ob-
servation with a confocal microscope showed that the fluorescent
signal of MoAtil-mCherry primarily presented on the punctate and
tubular structures, overlapping with the mitochondrial marker Mito-
GFP in the conidia and hyphae under normal growth conditions
(Figure 2a).

Next, the mitochondrial localization of MoAtil was further ex-
amined using a biochemical approach. Mitochondrial proteins were
fractionated from the total proteins of the strain expressing both
MoALti1-GFP and MoTim23-mCherry, a mitochondrial integral mem-
brane protein (Figure 2b)(Zhou etal.,2008). Theimmunoblotting results
revealed that the majority of MoAti1 was enriched in the mitochondrial
fraction, with a small amount in the cytoplasm (Figure 2c). In contrast,
the cytoplasmic protein glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was only enriched in the cytoplasmic fraction (Figure 2c).
In M. oryzae, MoAtil does not have transmembrane domains by the
prediction using TMHMM-2.0. To determine how MoAtil is located
in the mitochondrial membrane, mitochondria were isolated from a
strain expressing MoAti1-GFP and MoTim23-mCherry. The isolated
mitochondria were then subjected to sodium carbonate treatment,
a method commonly used to distinguish integral membrane proteins

from peripheral membrane proteins (Kim et al., 2015). Immunoblotting
analysis of the extracted mitochondrial proteins revealed that MoAti1l
was only detected in the supernatant, while integral mitochondrial
membrane proteins, such as MoTim23-mCherry and Porin, were pres-
ent in the pellet fraction (Figure 2d). These observations suggested
that MoAti1 is a peripheral mitochondrial membrane protein.

To further distinguish if the localization of MoAtil is on the
outer mitochondrial membrane, inner boundary membrane or mito-
chondrial matrix, isolated mitochondria from a strain co-expressing
MoALti1-GFP and MoCox11-mCherry, an inner mitochondrial mem-
brane marker protein, were used to refine the submitochondrial lo-
calization of MoAtil using a protease digestion assay with different
concentrations of proteinase K (Besingi & Clark, 2015). The prote-
olysis pattern of MoAtil was similar to that of the outer mitochon-
drial membrane protein Porin, but not to the mitochondrial inner
membrane protein MoCox11 or the mitochondrial matrix protein
MoHsp60 (Figure 2e,f), indicating that the majority of MoAtil is lo-
cated peripherally at the outer mitochondrial membrane.

2.3 | MoAtil is required for mitophagy

The interaction between MoAtil and MoAtg8, as well as the lo-
calization of MoAtil to mitochondria, suggested that MoAtil may
play a role in mitophagy. To investigate whether MoAtil is involved
in mitophagy, the fluorescent dynamics of MoAtil-mCherry were
observed under nutrient-rich or nitrogen-starvation conditions.
After being subjected to nitrogen starvation for 12 h, Mito-GFP and
MoAti1l-mCherry were found to accumulate in the vacuoles, which
were visualized by 7-amino-4-chloromethylcoumarin (CMAC) stain-
ing in M. oryzae, indicating that the MoAtil-mCherry is targeted
to the vacuoles along with mitochondria upon nitrogen starvation
(Figure S3a). In contrast, the deletion of MoATGS8 inhibited the tar-
geting of MoAtil-mCherry to the vacuoles under nitrogen-starvation
conditions, indicating that this process was probably dependent on
the MoAtg8-mediated autophagy (Figure S3b). These results indi-
cated that MoAtil is imported into vacuoles along with mitochon-
dria upon nitrogen starvation in M. oryzae.

In order to observe the effects of loss of MoATI1 on mitochon-
drial behaviour and function, the AMoatil/Mito-GFP strain was
generated in the Mito-GFP background using a standard one-
step gene replacement strategy. Subsequently, complementa-
tion analysis was performed (Figure S4). In the Mito-GFP strain,
when mitophagy was induced, a portion of the Mito-GFP protein
was delivered into vacuoles for degradation (He et al., 2013; Kou
et al., 2019). Compared to the evident mitochondrial GFP signals
in the vacuoles of the Mito-GFP strain, much less GFP signal was
observed in the CMAC-stained vacuoles of the AMoatil/Mito-GFP
strain upon nitrogen starvation (Figure 3a), implicating a role for
MoAtil in mitophagy. More stable Mito-GFP could be detected by
immunoblot analysis in the AMoatil/Mito-GFP strain than in the
Mito-GFP strain upon nitrogen starvation (Figure 3b). The mito-
phagy was monitored by assessing the total amount of Porin as a
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FIGURE 2 MOoAtil is an outer mitochondrial membrane protein. (a) Fluorescent co-localization of MoAtil-mCherry and mitochondria
marker Mito-GFP in conidia and hyphae of Magnaporthe oryzae. Bar=>5pm. (b) Schematic presentation of submitochondrial protein markers
used in this study. OMM, outer mitochondrial membrane; IMM, inner mitochondrial membrane. (c) MoAti1l is predominantly detected in the
mitochondrial fraction. Cytoplasmic proteins (Cyto) and mitochondrial proteins (Mito) isolated from strains expressing MoAtil-GFP (71 kDa)
and MoTim23-mCherry (53 kDa) were analysed with immunoblotting using antibodies against green fluorescent protein (GFP), mCherry
and glyceraldehyde-3 phosphate dehydrogenase (GAPDH). WCL, whole cell lysate. (d) MoAtil exhibits peripheral localization on the
mitochondria. The isolated mitochondrial proteins were treated with sodium carbonate solution. The resultant pellet (P) and supernatant (S)
were subjected to immunoblotting using antibodies against GFP, mCherry and Porin. (e) The isolated mitochondria from strains expressing
MoALti1-GFP and MoCox11-mCherry (56 kDa) were treated with a range of concentrations of proteinase K followed by immunoblotting
analysis. The proteolysis of MoAti1-GFP by proteinase K was similar to that of the outer mitochondrial membrane protein Porin (32kDa).
MoHsp60, 60kDa. (f) Relative protein levels of the indicated proteins in () were measured using Image) software. Data are presented as
mean+SD. The immunoblotting analysis was performed with two biological replicates, and consistent results were obtained in both cases.

mitochondrial marker protein (He et al., 2013; Zhong et al., 2016).
In contrast to the Mito-GFP strain, the Porin degradation was not
obvious in the AMoati1/Mito-GFP mutant upon nitrogen starvation
for 12 h (Figure 3b). All these results indicated that MoAti1l is nec-
essary for mitophagy.

2.4 | MoAtil recruits MoAtg8 to mitochondria
through the AIM/LIR motifs

To gain further insights into the involvement of MoAtil in mitophagy,
we initially focused on closely monitoring the co-localization of

MOoAtil with the core autophagy-related protein MoAtg8 during the
process of mitophagy. The MoATI1-mCherry was constructed and
transformed into the GFP-MoATG8 strain. As shown in Figure 4a, the
co-localization of the fluorescence signals of the MoAtil-mCherry
and GFP-MoAtg8 were observed in the MoATI1-mCherry/GFP-
MoATG8/AMoatil strain. Due to crucial roles of the AIM/LIR motifs
intheinteraction between MoAtil and MoAtg8, we then determined
whether the AIM/LIR motifs are required for the co-localization of
MoAtil-mCherry and GFP-MoAtg8. The mutated MoATI114AM.
mCherry and GFP-MoATG8 were sequentially transformed into the
AMoatil strain. The results revealed that the red and green fluo-
rescent signals of the MoAti1**%A™.mCherry and the GFP-MoAtg8
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FIGURE 3 MoAtil is required for mitophagy in Magnaporthe oryzae. (a) Fluorescent observations revealed the impaired mitophagy in
the AMoatil mutant. Fluorescent microscopy observations of the green fluorescent protein (GFP) signals in the Mito-GFP, AMoatg8/Mito-
GFP and AMoati1/Mito-GFP strains upon nitrogen starvation for 6 h. Similar to the AMoatg8/Mito-GFP strain, the Mito-GFP could not be
delivered into 7-amino-4-chloromethylcoumarin (CMAC)-stained vacuoles for degradation in the AMoatil mutant, whereas the GFP signals
overlapped with vacuoles in the Mito-GFP strain. Arrows indicate the vacuoles where Mito-GFP enters or not in the indicated strains. (b)
Mitophagy defects in the AMoatil/Mito-GFP strains were demonstrated via immunoblot analysis. The mycelia of the Mito-GFP strain and the
mutant were cultured in a complete medium for 2days and then transferred to a glycerol medium for 30 h followed by nitrogen starvation
for 12h. The total proteins extracted from the aforementioned mycelia were subjected to immunoblot analysis using anti-GFP or anti-Porin
antibodies. The mitophagy levels were assessed by calculating the ratios of free GFP to total GFP or the ratios of Porin to glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). The degree of degradation of the mitochondrial markers Mito-GFP and Porin was reduced in the
AMoatil/Mito-GFP mutants compared with those of the Mito-GFP strain. Consistent results were obtained from three replicates.

failed to overlap under both normal growth and nitrogen-starvation
conditions (Figure 4a), suggesting that the first, fourth and sixth
AIM/LIR motifs are required for the co-localization of MoAtil and
MoAtg8. In addition, the mutated MoATIll'4'6A'M—mCherry still lo-
cated in mitochondria but could not rescue the mitophagy defects
of the AMoatil mutant (Figures S5 and Sé), indicating that the co-
localization and interaction between MoAtil and MoAtg8 are im-
portant for the MoAtil-mediated mitophagy.

These results led to a hypothesis in which MoAtil might func-
tion by recruiting MoAtg8 to mitochondria under mitophagy
induction conditions. To test this, the mCherry-MoATG8/Mito-
GFP, AMoatil/mCherry-MoATG8/Mito-GFP  and ~ MoAT[11#4AM/
AMoatil/mCherry-MoATG8/Mito-GFP strains were generated to ob-
serve the recruitment of MoAtg8 to mitochondria when MoATI1 is

deleted or mutated. As shown in Figure 4c, the mCherry-MoAtg8 was
diffusely distributed in the cytoplasm in the mCherry-MoATG8/Mito-
GFP strain under normal growth conditions. However, upon nitrogen
starvation, the co-localization of the mCherry-MoAtg8 and Mito-GFP
was observed in the mCherry-MoATG8/Mito-GFP strain (Figure 4b,c).
In contrast, the co-localization of the mCherry-MoAtg8 and Mito-
GFP was rarely observed in the AMoatil/mCherry-MoATG8/
Mito-GFP and  MoATI1**%4™M/AMoati1/mCherry-MoATG8/Mito-
GFP strains (Figure 4b,c). The Mito-GFP failed to be delivered into
the CMAC-labelled vacuoles for degradation in both AMoatil/
mCherry-MoATG8/Mito-GFP and MoATI11*%AM/AMoati1/mCherry-
MoATG8/Mito-GFP strains (Figure 4b). The mCherry-MoAtg8 could
be successfully imported into the vacuoles due to functional macro-

autophagy in all these strains (Figure 4b,c). Immunoblotting analysis
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FIGURE 4 MoALtil recruits MoAtg8 to mitochondria via the AIM/LIR motifs. (a) AIM/LIR motifs are required for the co-localization of
MOoALti1 and MoAtg8. The MoAtil-mCherry co-localized with the GFP-MoAtg8 on the autophagosomes (dotted fluorescence) in the hyphae.
Mutations of the first, fourth and sixth AIM motifs led to the failure in co-localization of the MoAtil-mCherry and the GFP-MoAtg8 in
Magnaporthe oryzae. (b) Deletion of the MoATI1 and the mutations of AIM/LIR motifs affected the recruitment of MoAtg8 to mitochondria
during nitrogen starvation. Under nitrogen-starvation conditions, co-localization of the mCherry-MoAtg8 and the Mito-GFP was observed
in the mCherry-MoATG8/Mito-GFP strain. However, this co-localization was disrupted in the AMoatil/mCherry-MoATG8/Mito-GFP and
MoATIl1'4'6A’M/AMoati1/mCherry—MoATGB/Mito—GFP strains. (c) The mCherry-MoAtg8 and the Mito-GFP were co-localized in the SD-N
medium for 4 h. The vacuoles were stained with 7-amino-4-chloromethylcoumarin (CMAC). BF, bright field. Bar=5pum. (d) Deletion of
MOoATI1 reduced MoAtg8 amount on mitochondria upon nitrogen starvation. Mitochondria were isolated from mycelia of the Mito-GFP
and AMoatil/Mito-GFP cultured in complete medium (CM) and SD-N medium. The protein amounts of MoAtg8 (15kDa) and Porin on
mitochondria were detected with immunoblotting analysis. This experiment was performed with two biological replicates, and consistent
results were obtained.
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of mitochondrial extracts from the Mito-GFP and AMoatil/Mito-GFP
strains revealed that disruption of MoATI1 decreased the amount of
MoAtg8 on mitochondria under conditions of mitophagy induction
by nitrogen starvation (Figure 4d). Taken together, these results indi-
cated that the deletion of MoATI1 or mutation of the AIM/LIR motifs
in MoATI1 could significantly reduce the recruitment of MoAtg8 to

mitochondria, consequently impairing mitophagy.

2.5 | MoAtil is not necessary for
macroautophagy and pexophagy

Proteins interacting with Atg8/LC3 may also be involved in
2021). To ascertain
whether MoAtil is specifically required for mitophagy, deletion
mutants of MoATI1 were generated in the GFP-MoATG8 strain, in
which GFP-MoAtg8 serves a marker of macroautophagy (Klionsky

macroautophagy and pexophagy (Liu et al,,

et al., 2021). Under the macroautophagy inductive conditions, the
co-localization of GFP-MoAtg8 with vacuoles was observed as
previously reported (Li et al., 2021), and the degradation of GFP-
MoAtg8 was detected via immunoblotting. The results showed
that the macroautophagy levels in the AMoatil/GFP-MoATG8
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strain were comparable to that of the GFP-MoATG8 stain under
nitrogen-starvation conditions (Figure 5a,b). In addition, the pex-
ophagy level in the AMoatil/GFP-SRL strain was similar to that
of the GFP-SRL strain by observing the degradation of the GFP-
labelled pexosomal signal protein GFP-SRL (Figure 5c). MoPex14
is a peroxisomal membrane protein that is essential for pexophagy
in M. oryzae (Deng et al., 2013; Zutphen et al., 2008). Consistent
with the microscopic observation, the degradation rate of the pex-
ophagy marker protein MoPex14-GFP was not significantly differ-
ent among the MoPEX14-GFP and AMoatil/MoPEX14-GFP strains
(Figure 5d). Collectively, all the data indicated that MoAti1l is not
necessary for macroautophagy and pexophagy but may be specifi-
cally required for mitophagy.

2.6 | MoAtil is required for mitophagy
in the invasive hyphae and establishment of rice
blast disease

The expression of MoATI1 is induced during the infection of
M. oryzae (Figure 6a), indicating that MoATI1 may play an impor-
tant role in invasive growth. To investigate the biological roles
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FIGURE 5 MOoALtilis not necessary for macroautophagy and pexophagy in Magnaporthe oryzae. (a) Green fluorescent protein (GFP)
fluorescent dynamics to monitor macroautophagy in the GFP-MoATG8 and AMoatil/GFP-MoATG8 strains. Mycelia of the GFP-MoATG8 and
AMoatil/GFP-MoATG8 cultured in complete medium (CM) were transformed into SD-N medium for 12 h and then photographed. Under
nitrogen-starvation conditions, GFP signals were observed in 7-amino-4-chloromethylcoumarin (CMAC)-stained vacuole in all strains,
suggesting that macroautophagy occurs in the AMoatil mutant. (b) Degradation of the GFP-MoAtg8 fusion protein was detected by
immunoblotting using an anti-GFP antibody. The fusion protein GFP-MoAtg8 was degraded normally in the AMoati1/GFP-MoATG8 as the
GFP-MoATGS8 strain in the SD-N medium. The numbers underneath the blots are the ratios of free GFP to total GFP to indicate the level
of autophagy. Similar results were obtained from three replicates. (c) MoAtil is not essential for pexophagy. Upon nitrogen starvation,

the GFP-SRL indicated peroxisomes overlapped with CMAC-stained vacuoles in the AMoati1/GFP-SRL as the GFP-SRL strain. (d) Vacuolar
degradation of the peroxisomes was detected by immunoblotting of MoPex14-GFP. The strains B157 and AMoatil expressing MoPEX14-GFP
were cultured in CM for 2days and then transferred to SD-N medium to induce pexophagy. The degradation dynamics of the fusion protein
MoPex14-GFP were similar in the MoPEX14-GFP and AMoatil/MoPEX14-GFP strains. BF, bright field. Bar =2 pm.
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FIGURE 6 MOoATI1 is required for mitophagy during invasive growth and pathogenicity. (a) Expression of MoATI1 in Magnaporthe oryzae
was highly induced during the invasive growth stage. hpi, hours post-inoculation. Data are shown as mean+SD (n=3). Asterisks represent
significant differences with Student's t test at p<0.001. (b) Disruption of MoATI1 resulted in reduced virulence. Susceptible rice seedlings
(Oryza sativa ‘CO39’) were inoculated with conidial suspensions of the wild-type strain B157 of M. oryzae, AMoatil, as well as complemented
strains AMoatil-C. Images were taken at 7 dpi. (c) The bar chart shows the relative lesion areas calculated by ImageJ. Data are shown as
mean +SD (n=5). Asterisks represent significant differences indicated by Student's t test at p<0.001. (d) Deletion of MoATI1 resulted in
defects in spreading of invasive hyphae. Conidial drops of indicated strains were inoculated on the rice sheaths for 40h to observe the
invasive growth. Four types of appressoria were quantified (1, no penetration; 2, penetration with primary hyphae; 3, secondary invasive
hyphae limited in the penetrated rice cell; 4, invasive hyphae spread to neighbouring cells). More than 200 appressoria from each indicated
strain were counted each time. Bar =10 pm. (e) The mitophagy process was impaired in the invasive hyphae of the AMoatil/Mito-GFP strain.
Fluorescent observation of the GFP in the Mito-GFP and AMoatil/Mito-GFP strains during the invasive growth stage. Conidial suspensions
of the indicated strains were inoculated on the rice sheaths of 3-week-old CO39 seedlings. Photographs were taken using a confocal
microscope at 60 h post-inoculation. Arrows indicate vacuoles in the invasive hyphae. AP, appressorium.

of MoATI1 in M. oryzae, the vegetative growth and pathogenicity
were assayed by comparing the Mito-GFP, the AMoatil/Mito-GFP
mutant and the complementation strain AMoatil-C/Mito-GFP.
The AMoatil/Mito-GFP strain had smaller colonies when com-
pared with the Mito-GFP and AMoatil-C/Mito-GFP strains on
prune agar (PA) plates after 7days' incubation (Figure S4d). To

examine the role of MoAtil on fungal pathogenicity, the conidia
of the Mito-GFP, AMoatil/Mito-GFP and AMoatil-C/Mito-GFP
strains were inoculated onto 21-day-old rice seedlings (Oryza
sativa ‘CO39’). The results revealed that, unlike the Mito-GFP
and AMoatil-C/Mito-GFP strains that produced typical spindle-
shaped blast lesions, the AMoatil/Mito-GFP mutant formed
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smaller and restricted lesions (Figure 6b,c). To investigate the rea-
son for the attenuation of virulence in the AMoatil/Mito-GFP mu-
tant, a rice sheath infection assay was carried out. By assessment
of the host penetration and invasive growth, we found that the
appressoria from the AMoatil/Mito-GFP successfully penetrated
rice sheathes but were compromised in developing proper inva-
sive hyphae (Figure 6d). These results indicated that the highly
reduced pathogenicity observed in the AMoatil/Mito-GFP strain
is due to the impaired spreading of invasive hyphae from the host
entry/invasion sites.

In our previous study, mitophagy was one of the important in-
termediate events between nutrient sensing and homeostasis in
M. oryzae, leading to the establishment and extent of blast dis-
ease in rice plants (Kou et al., 2019). To further determine whether
MoAtil-mediated mitophagy is required for pathogenicity in M.
oryzae, the mitophagy in the invasive hyphae was examined in
the AMoatil/Mito-GFP strains. As shown in Figure 6e, the fluo-
rescent signals of Mito-GFP were clearly present in the vacuoles
of the Mito-GFP invasive hyphae in the first invaded rice cell. In
contrast, no obvious GFP signals were observed in the vacuoles of
the AMoatil/Mito-GFP mutant, suggesting that the disruption of
MOoATI1 interrupts mitophagy in the invasive hyphae in M. oryzae.
Taken together, all these results suggested that MoAtil is required
for mitophagy in the invasive hyphae and contributes to the estab-
lishment of blast disease in rice.

2.7 | Host-induced gene silencing of MoATI1
enhances resistance to rice blast

In recent years, the application of host-induced gene silenc-
ing (HIGS) targeting fungal-specific pathogenicity genes has
emerged as an effective strategy for controlling fungal diseases
(Chen et al., 2022; Dou et al., 2020; Wang & Dean, 2022). This
approach involves the generation of small interfering RNAs (siR-
NAs) by transgenic host plants that subsequently silence fungal-
specific genes during infection (Cai et al., 2018). In this study,
BLASTp analyses using the MoAtil protein sequence as a query
and BLASTn analyses using the MoATI1 nucleotide sequence
showed that no hits were identified in the protein and genome
databases of rice and human (Table S2). MoAtil is necessary for
the pathogenicity of M. oryzae, so we hypothesized that it may
be used as a potential target for controlling rice blast. To investi-
gate whether HIGS targeting MoATI1 could enhance host resist-
ance to blast, MoATI1 RNAI transgenic plants were generated in
the rice line TP309, which is susceptible to blast. PCR and reverse
transcription-quantitative PCR (RT-gPCR) verification confirmed
the integration and expression of the RNAI cassette in two in-
dependent transgenic plants MoATI1-RNAi-4 and -6 (Figure S7).
After being inoculated with conidial suspensions of M. oryzae, the
wild-type seedlings developed numerous typical lesions, while the
transgenic plants MoATI1-RNAi-4 and -6 exhibited fewer lesions
and a lower amount of fungal biomass (Figure 7a-c). During the

infection of the transgenic lines MoATI1-RNAi-4 and -6, the rela-
tive expression level of MoATI1 in M. oryzae was lower compared
to the wild-type TP309 (Figure 7d). Further rice sheath infection
assay showed that at 36 h post-inoculation (hpi), more than 70% of
infection hyphae spread to adjacent cells in the wild-type plants.
In contrast, in MoATI1-RNAIi plants, only about 30% of infection
hyphae spread into adjacent cells (Figure 7e). Importantly, there
were no significant differences in agronomic traits, including
number of panicles, grain number per panicle, 1000-seed weight,
plant height, grain length and grain width, between the trans-
genic plants (MoATI1RNAI-4 and-6) and their wild-type TP309
(Figures 7f-h and S8). In conclusion, all data indicated that HIGS of
MOoATI1 conferred effective resistance to blast without changing

agronomic traits in rice.

3 | DISCUSSION

In recent years, research in mitophagy has advanced rapidly, es-
pecially with the identification of some key receptors and regula-
tory factors (Liu et al., 2014; Meyer et al., 2023; Wei et al., 2017).
However, the mitophagy in plant-pathogenic fungi has not yet been
studied in detail. In this study, the fungal-specific pathogenicity gene
MOoATI1 was characterized. The results of cell biology and biochemi-
cal analyses demonstrated that MoAtil specifically participates in
mitophagy by recruiting MoAtg8 to mitochondria through AIM/LIR
motifs, and MoAtil-mediated mitophagy is required for pathogen-
esis in M. oryzae. Silencing MoATI1 by a HIGS strategy confers resist-
ance to M. oryzae. Our results offer novel insights into the molecular
mechanism underlying mitophagy in filamentous fungi and obtain a
good target for HIGS to develop blast-resistant rice plants.

In yeast, the role of SUN family proteins in mitophagy remains
disputed. It was initially found that Uth1, a SUN family protein, is re-
quired for the responses to rapamycin under respiratory conditions
with lactate as the sole carbon source, implying its involvement in
mitophagy (Camougrand et al., 2003; Kissova et al., 2004). However,
another research team has demonstrated that Uth1 is dispensable for
mitophagy (Welter et al., 2013). In this study, it was found that there
is only one SUN family protein homologue MoAtil in M. oryzae, in
contrast to the existence of four SUN family proteins in S. cerevisiae
(Figure S1). Further evidence supports the hypothesis that MoAtil
is involved in mitophagy and potentially functions as a receptor of
mitophagy in M. oryzae. First, MoAtil is located in the outer mem-
brane of mitochondria (Figure 2). Secondly, MoAtil interacts with
MoAtg8 through AIM/LIR motifs both in vitro and in vivo. MoAtil is
specifically required for mitophagy by facilitating the recruitment of
MoAtg8 to mitochondria, while it is not essential for non-selective
autophagy and pexophagy. Moreover, MoAtil is necessary for mito-
phagy in nitrogen-starved mycelia and invasive hyphae in M. oryzae.
All these characteristics align with those of the previously identified
mitophagy receptors (Bhujabal et al., 2017; Fukuda et al., 2020; Li,
Duckney, et al., 2022; Liu et al., 2012; Meyer et al., 2023; Murakawa
et al,, 2015; Novak et al., 2010; Okamoto et al., 2009; Panigrahi
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FIGURE 7 Host-induced gene silencing of MoATI1 strengthened blast resistance without changing agronomic traits in rice. (a) Oryza
sativa MoATI1-RNA:i lines exhibited elevated blast resistance. Smaller lesions developed on the leaves of MoATI1-RNAi lines inoculated

with Magnaporthe oryzae B157 compared with those of the wild-type TP309. Relative fungal biomass (b) and relative lesion area (c) of the
representative leaves of the wild-type TP309 and MoATI1-RNAi lines after inoculation with M. oryzae. (d) The relative transcript level of
MOoATI1 in M. oryzae was lower in the MoATI1-RNAI lines compared with that in TP309 when both were inoculated with M. oryzae. Reverse
transcription-quantitative PCR was performed using the M. oryzae p-Tubulin gene as internal control. (e) The invasive growth decreased in
the MoATI1-RNAi lines. Infection hyphae types of M. oryzae B157 were counted at 40h post-inoculation. Bar=10pum. Number of panicles (f),
grain number per panicle (g) and 1000-grain weight (h) of the wild-type TP309 and MoATI1-RNAi lines displayed no difference. T, transgenic
plants from two independent transgenic lines were used for all phenotypic analyses. The data represent mean +SD. The asterisks represent

significant differences analysed with Student's t test at p <0.001.

et al,, 2023; Quinsay et al., 2010; Shu et al., 2021; Wei et al., 2017).
Taken together, MoALtil participates in mitophagy by facilitating re-
cruitment of MoAtg8 in M. oryzae, and may be the first mitophagy
receptor identified in M. oryzae.

M. oryzae is a hemibiotrophic filamentous ascomycete (Dean
et al.,, 2012). It initially acquires nutrients from living host cells and
then switches to a necrotrophic phase, to acquire nutrients from
dead tissues. During the shifts in fungal lifestyles, the invasive hy-
phae of M. oryzae are required to adapt to and overcome nutrient-
stress conditions prior to switching to the necrotrophic phase. In a
previous study, it was shown that mitophagy plays a critical role in
the invasive growth of M. oryzae in response to energy demands and
nutrient homeostasis (Kou et al., 2019). Disruption of the mitophagy-
assisted gene MoATG24 and several mitophagy-related genes, such
as MoDNM1, MoFIS1, MoMDV1 and MoAUH1, resulted in the similar
phenotypes including reduced invasive hyphal growth and blast le-
sion formation (He et al., 2013; Xiao et al., 2021; Zhong et al., 2016),
suggesting that mitophagy is required for the spread of invasive

hyphae in M. oryzae. Consistent with these findings, disruption of
MOoATI1 results in defects of invasive growth and pathogenicity.
Further microscopic observation revealed that the reduced invasive
hyphal growth in AMoatil may be attributed to abnormal mitophagy
in the invasive hyphae, indicating that MoAtil-mediated mitophagy
in M. oryzae is required for the establishment of blast disease. The
precise regulatory mechanisms underlying MoAtil-mediated mito-
phagy during infection would certainly require further investigation
in future research.

HIGS of fungal pathogenicity genes has been developed as
a durable strategy to control fungal diseases. HIGS of pathogenic
fungus-specific genes in host plants such as rice, wheat, barley and
banana reduced fungal development and virulence (Dou et al., 2020;
Nowara et al., 2010; Wang et al., 2020; Wang & Dean, 2022). In the
rice-M. oryzae pathosystem, pathogenicity genes such as MoMAC1,
MoPMK1, MoMAGB, MoCRZ1, MoAP1 and CYP51 have been con-
firmed to be efficient targets for HIGS to enhance blast resistance
in rice (Wang & Dean, 2022; Zhu et al., 2017). These targets are
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primarily required for the early infection process, including appres-
soria development and penetration. Here, we found that MoAtil
is required for invasive growth following penetration in M. oryzae.
Notably, the absence of an MoAtil homologue in rice and human
minimizes the risk of off-target effects via HIGS. Silencing of the
MOoATI1 gene through HIGS effectively suppressed the invasive
growth of M. oryzae in the MoATI1-RNAI transgenic plants and did
not affect agronomic traits, highlighting the potential of MoATI1 as a
valuable target for future strategies in rice blast control.

In summary, this study proposes a working model of MoAtil
regulating mitophagy of M. oryzae (Figure 8). Upon nitrogen star-
vation or when adapting to and overcoming nutrient stress prior
to switching to the necrotrophic phase, MoAtil facilitates the re-
cruitment of MoAtg8, leading to the selective degradation of ex-
cessive or damaged mitochondria through mitophagy. Importantly,
MoAtil-mediated mitophagy contributes to the invasive growth
in M. oryzae, resulting in the establishment of blast disease in
rice. Based on these results, it is further suggested that MoAtil-
mediated mitophagy could serve as a promising target for chem-
icals or HIGS approaches with the aim of effectively controlling

rice blast.

4 | EXPERIMENTAL PROCEDURES

4.1 | Fungal strains and culture media

The M. oryzae strains Mito-GFP, AMoatg8/Mito-GFP, GFP-SRL and
MoPEX14-GFP have been described in our previous reports (Deng
et al., 2013; He et al,, 2013; Kou et al., 2019; Ramos-Pamplona &
Naqvi, 2006). The strains used in this study are summarized in Table S3.

HIGS

Nitrogen starvation
/stresses from host

X

Silencing of MoATI1

Phagosome

For growth and conidia collection, M. oryzae strains were grown
on prune agar (PA; yeast extract 1g/L, lactose 2.5g/L, sucrose
2.5g/L, prune juice 40mL/L, agar 20g/L, pH6.5) at 28°C in the dark
for 2days, followed by growth under continuous light for 5days. For
a collection of mycelia, strains were cultured on complete medium
(CM) for 2days. Mutants generated by Agrobacterium tumefaciens-
mediated transformation (ATMT) were selected on basal medium
(BM; yeast nitrogen base 1.6g/L, asparagine 2g/L, NH,NO, 1g/L,
glucose 10g/L, agar 20g/L, pH6.0) with hygromycin (250 pug/mL),
chlorimuron-ethyl (50 pg/mL), ammonium glufosinate (50 ug/mL) or
G418 (400pg/mL). The values of phenotype were calculated from
three independent replicates and represented as the mean +SD.

4.2 | Plasmids and strains construction

The MoATI1 gene (MGG_00505) deletion mutant was generated using
the standard one-step gene replacement strategy. Briefly, about 1 kb
of 5" untranslated region (UTR) and 3’ UTR were PCR amplified and
ligated sequentially to flank the sulfonylurea-resistance gene cas-
sette in pFGL820 (Addgene) (Figure S4). The primers used to amplify
the 5 and 3’ UTR of MoATI1 gene are listed in Table S4. The final
plasmid construct was confirmed by sequencing and subsequently
introduced into the Mito-GFP strain by ATMT to replace MoATI1
gene (Yang & Naqgvi, 2014). The resultant transformants were ascer-
tained by locus-specific PCR and Southern blot analyses (Figure S4).
The mCherry-MoATG8 construct was generated as previously de-
scribed and transformed into the Mito-GFP and M. oryzae B157
to obtain the mCherry-MoATG8/Mito-GFP and mCherry-MoATG8
strains (He et al., 2018). AMoatil/GFP-MoATG8, AMoatil/mCherry-
MoATG8/Mito-GFP, AMoatil/GFP-SRL and AMoatil/MoPEX14-GFP

R
= _J

Reduced mitophagy
f/invasive growth

‘ /‘ Y
Elevated rice blast
disease resistance

Mitophagy/invasive growth  Rice blast disease

FIGURE 8 Schematic model depicts that MoATI1 regulates mitophagy to facilitate invasive growth in rice and host-induced gene silencing
of MoATI1 enhances resistance to rice blast. MoAti1 is primarily located in the peripheral mitochondrial outer membrane in Magnaporthe
oryzae. Under conditions such as nitrogen starvation or nutrient stress during invasive growth, MoAtil recruits the core autophagy-related
protein MoAtg8 to the mitochondria, initiating the process of mitophagy in M. oryzae. This, in turn, promotes invasive growth and ultimately
leads to the development of blast lesions. In transgenic plants expressing the MoATI1 RNAI cassette, the invasive colonization of M. oryzae

is reduced. In the diagram, the green dots or lines represent Mito-GFP (a mitochondrial marker) and the degraded Mito-GFP enters the

vacuoles.
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strains were generated by disruption of MoATI1 in the GFP-MoATGS,
mCherry-MoATG8/Mito-GFP, GFP-SRL and MoPEX14-GFP with a simi-
lar method. For complementation analysis, the full-length genomic
copy with the promoter of MoATI1 was amplified and inserted into
pFGL822 (Addgene), then introduced into the AMoatil/Mito-GFP
strain by ATMT.

The MOoATI1-mCherry construct was generated by cloning the
MoATI1 fragment amplified with primers MoATI1-icF/MoATI1-mcR
into pFGL822-mCherry. The resulting pFGL822-MoATI1-mCherry
construct was confirmed by sequencing and transformed into the
Mito-GFP, AMoatil/Mito-GFP or AMoatil/GFP-MoATG8 via ATMT
to produce MoATI1-mCherry/Mito-GFP, MoATI1-mCherry/Mito-GFP/
AMoatil and MoATI1-mCherry/AMoatil/GFP-MoATG8, respectively.
Then, the MoATGS8 gene was deleted in the resultant MoATI1-mCherry/
AMoatil/Mito-GFP strain to obtain the AMoatg8/AMoatil/MoATI1-
mCherry/Mito-GFP strain. Similarly, MoATI1%*AM_-mCherry fusion
constructs were generated by cloning into pFGL823 and transformed
into the AMoati1/GFP-MoATG8 strain to produce the MoATI1:46AM.
mCherry/AMoatil/GFP-MoATG8 strain, which was used for co-
localization and Co-IP assays. The mutated gene MoATI1:4%4™ driven
by its native promoter was cloned into pFGL823 and transformed
into the AMoatil/mCherry-MoATG8/Mito-GFP strain to obtain
MoATI11464M/AMoatil/mCherry-MoATG8/Mito-GFP. Primers used in
the construction of fluorescent vectors are listed in Table S4.

4.3 | Mitophagy, macroautophagy and
pexophagy analysis

For observation of mitophagy in mycelia, strains expressing Mito-
GFP were first cultured in CM for 2days and then transferred to
BM with glycerol for 30h. Mycelia were treated with MM-N me-
dium (minimal medium yeast nitrogen base without amino acids and
ammonium sulphate 1.7g/L, and glucose 20g/L) containing 1mM
PMSF for 12 h before microscopic observation (He et al., 2013). For
observation of macroautophagy, strains expressing GFP-MoATG8
were cultured in CM for 2days and transferred to SD-N (syn-
thetic dropout medium without nitrogen) medium containing 1mM
PMSF. For observation of pexophagy, strains expressing GFP-SRL
and MoPEX14-GFP were cultured in CM for 2days and transferred
to MM-N for 12h. For vacuolar staining, the mycelia were stained
with 10uM CellTracker Blue CMAC dye (7-amino-4-chloromethyl
coumarin; Molecular Probes) for 30min at room temperature, and
then washed with deionized water prior to microscopic observation.
For biochemical assays, mycelial samples were treated as described
above to induce mitophagy, macroautophagy or pexophagy and har-
vested for detection of Mito-GFP, GFP-MoAtg8 or MoPex14-GFP
by immunoblot analysis.

To observe mitophagy in the invasive hyphae in M. oryzae, co-
nidial suspensions (10°/mL) harvested from 7-day-old culture plates
were inoculated on the excised rice sheaths. Fluorescence of Mito-

GFP in the invasive hyphae was monitored at 60 hpi.

4.4 | Fluorescence microscopy

Live cell epifluorescence microscopy was performed with an LSM
700 inverted confocal microscope (Carl Zeiss) equipped with a
plan-apochromat 63 (NA=1.40) oil immersion lens. CMAC, EGFP
and mCherry excitation were performed at 405nm (emission
430-470nm), 488 nm (emission 505-530nm) and 555 nm (emission
600-625nm), respectively. The mycelia and in plantainvasive hyphae
observation and image processing with ImageJ software (http://rsb.
info.nih.gov/) were performed as described (He et al., 2013; Kou
etal., 2019). In order to prepare the figures, the images were laid out
in Adobe lllustrator CSé6.

4.5 | Y2H analysis

Y2H assays were performed with the DUALmembrane starter kit
SUC system (Dualsystems Biotech) according to the manufacturer's
instruction. The MoATG8 open reading frame (ORF) was cloned into
the pPR3-N vector as the prey vector. The MoATI1 ORF and AIM/LIR
mutants were amplified and ligated to pBT3-SUC as bait vectors.
The resultant paired bait and prey vectors were transformed into
yeast cells of the NMY51 strain. Yeast cells grown on the SD-Leu/
Trp medium were assayed for growth on the SD-Trp/Leu/His/Ade
medium. The paired plasmids of pTSUC2-APP and NubG-Fe65 were
used as the positive control, while pTSUC2-APP and pPR3-N were

served as the negative control.

4.6 | Immunoblot assay

To detect GFP and mCherry-tagged proteins, total protein was
extracted with lysis buffer (50mM Tris-HCl pH 7.4, 150mM NacCl,
1mM EDTA, 1% Triton 100, and 1xprotein inhibitor). To detect
Porin protein levels, mycelia were ground and boiled with 10% SDS
for 10 min before centrifugation at 12,0008 for 20 min. The resulting
protein solution was separated by 8%-15% SDS-PAGE and trans-
ferred to PVDF membrane, subsequently detected by immunoblot-
ting with anti-GFP (Huabio, ET1607-31), anti-mCherry (Invitrogen),
anti-GAPDH (R1208-3) or anti-Porin antibodies (GenScript).
The GAPDH protein served as a loading control. Horseradish
peroxidase-conjugated secondary antibodies and an ECL kit (Bio-
Rad) were used to detect the chemiluminescent signals. The relative

intensities of the blots were quantified by ImageJ software.

4.7 | Co-IP assays

For the Co-IP assay of verifying the interaction between GFP-
MoAtg8 and MoAtil-mCherry or AIM/LIR-mutated MoAtil-
mCherry, total proteins were extracted as input and incubated with

25pL of GFP-Trap magnetic beads (ChromoTek) according to the
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manufacturer's instructions. The input and eluted protein solutions
were separated on 10% SDS-PAGE and immunoblotted with anti-
mCherry or anti-GFP antibodies.

4.8 | GST pull-down

For the pull-down assay, the coding sequence of MoAtil was cloned
into the pET28a vector to express the fusion protein His-MoAtil.
The GST-MoAtg8 vector was kindly provided by Dr Xueming Zhu
(Zhu et al., 2023). Both constructions were expressed in E. coli
BL21 (DE3). The GST pull-down assay was performed with a GST
4FF sefinose resin kit (Sangon Biotech). Briefly, the supernatant
containing GST-MoAtg8 or GST after ultrasonic disruption and
centrifugation was incubated with 25uL magnetic glutathione
beads (Sigma) and the supernatant containing the fusion protein
His-MoAtil overnight at 4°C. Beads were washed three times with
GST binding/washing buffer and eluted with elution buffer. Input
and output protein samples were separated by SDS-PAGE and de-
tected with immunoblot analysis using anti-GST (Huabio) and anti-
His (Huabio) antibodies.

4.9 | BIiFC assays

The cDNA fragment encoding MoAtil was amplified and ligated into
the pKD2-YFPN vector to obtain the resultant vector MoAti1l-YFPN.
The YFPC-MoAtg8 vector was kindly provided by Dr Xueming Zhu
(Zhu et al., 2023). Pairs of MoAti1-YFPN and YFPC-MoAtg8 were
co-transformed into M. oryzae B157 by the ATMT method. Pairs of
MoALti1-YFPN and YFPC, YFPN and YFPC-MoAtg8, YFPN and YFPC
were transformed with a similar strategy and used as negative con-
trols. The fluorescence signal of the resultant transformants was ob-

served with a Zeiss LSM 700 microscope.

4.10 | Infection assays

For the rice seedling infection assay, 10¢/mL conidial suspension
was sprayed on the 21-day-old rice seedlings (cv. CO39) and in-
cubated in a growth chamber (16 h light/day, 22°C and 90% hu-
midity). Blast disease symptoms and relative fungal biomass were
assessed and recorded by scanning the inoculated leaves at 7 dpi
(days post-inoculation) as previously described (Qiu et al., 2022).
The rice seedling infection assays were performed with at least
three replicates.

For the rice sheath infection assay, 21-day-old rice seedlings
(CO39) were selected for sheath preparation. A conidial suspen-
sion (5% 10*/mL) was inoculated onto the rice sheath and incubated
under the high humidity conditions with a photoperiod of 16h:8h
light:dark cycle at 22°C. The inoculated rice sheath was trimmed

manually and observed by using an Olympus BX53 wide-field

microscope or a laser-scanning confocal microscope at selected time

points.

411 | RT-gPCR assay

Total RNA was extracted from mycelia cultured in CM for 2days
and M. oryzae-inoculated rice leaves using TRIzol (Invitrogen). The
resulting total RNA was reverse transcribed, and gPCRs were car-
ried out with SYBR Green according to protocols provided by the
manufacturer (TaKaRa). The constitutively expressed Tubulin gene
(MGG_00604) was used as an endogenous control to normalize the
amount of cDNA templates. Primers used in the experiments are
listed in Table S4.

4.12 | Isolation of mitochondria, sodium carbonate
extraction and proteinase K treatment

Mycelia (0.1g) of the strain expressing MoATI1-GFP and MoTIM23-
mCherry were collected following culturing in CM with shaking for
2days at 22°C and 150rpm. Isolation of mitochondria was per-
formed with a cell mitochondrial isolation kit (Beyotime). The result-
ant mitochondria were incubated in 100puL of cold 0.1M Na,CO,,
pH 11 for 30min on ice and then centrifuged for 30min at 90,0008
at 4°C according to a previous report (Kim et al., 2015). The resultant
supernatant and pellet were mixed with 500 L of 12.5% trichloro-
acetic acid (TCA) solution for 30min on ice and then centrifuged at
28,0004 for 15min at 4°C. The pellets washed with acetone were
dried at room temperature and incubated with 40 uL of 8 M urea and
2% SDS solution. The proteins MoAti1-GFP, MoTim23-mCherry and
Porin were detected by the corresponding antibodies in an immuno-
blotting assay.

For proteinase K digestion, the strain expressing MoATI1-GFP and
MoCOX11-mCherry was cultured in CM for 2days at 28°C. The myce-
lia (1g) were collected and ground with liquid nitrogen. The isolated
mitochondria were dissolved with mito buffer (0.885g/L sucrose,
7.45mg/L KCl, 4.06 mg/L MgCl,.6H,0, 3.72mg/L EDTA, 23.8mg/L
HEPES, pH7.4) supplemented with a final concentration of 0.2, 0.8,
1, 5, 10, 50 and 100pg/mL proteinase K for 20min. The reaction
solutions were stopped with 1mM PMSF and boiled following adding
50pL loading buffer. The protein amounts of MoAti1-GFP, MoCox11-
mCherry, Porin and MoHsp60 were detected by the immunoblot
assay. The relative protein levels of MoAti1-GFP, MoCox11-mCherry,

Porin and MoHsp60 were evaluated using ImageJ software.
4.13 | Construction and agronomy traits
measurement of transgenic rice

The MoATI1 RNAI construct was generated and then inserted into
the ds1301 vector as previously described (Chen et al., 2022).
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Briefly, a sense DNA fragment containing 564-bp (position 401-
964 nucleotides of the coding sequence) and the respective an-
tisense sequence were inserted into the flanking region of the
WAXY sequence. The sequenced construct was introduced into
A. tumefaciens EHA105 by electroporation. ATMT of rice was
performed by Wuhan BioRun Biosciences Co., Ltd. Transgenic
plants were planted in the rice-growing season on the genetically
modified experimental paddy fields of the China National Rice
Research Institute, Hangzhou, China. The number of panicles,
grain number per panicle, 1000-seed weight, plant height, grain
length and grain width were determined as previously described
(Li, Wei, et al., 2022).
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