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Targeting Magnaporthe oryzae effector 
MoErs1 and host papain-like protease 
OsRD21 interaction to combat rice blast

Muxing Liu1,6, Fangfang Wang2,6, Bo He1,6, Jiexiong Hu1, Ying Dai1, 
Weizhong Chen    1, Mingxi Yi1, Haifeng Zhang1, Yonghao Ye1, Zhongli Cui3, 
Xiaobo Zheng1, Ping Wang4, Weiman Xing    5   & Zhengguang Zhang    1 

Effector proteins secreted by plant pathogenic fungi are important 
artilleries against host immunity, but there is no precedent of such 
effectors being explored as antifungal targets. Here we demonstrate that 
MoErs1, a species-specific effector protein secreted by the rice blast fungus 
Magnaporthe oryzae, inhibits the function of rice papain-like cysteine 
protease OsRD21 involved in rice immunity. Disrupting MoErs1–OsRD21 
interaction effectively controls rice blast. In addition, we show that FY21001, 
a structure–function-based designer compound, specifically binds to and 
inhibits MoErs1 function. FY21001 significantly and effectively controls 
rice blast in field tests. Our study revealed a novel concept of targeting 
pathogen-specific effector proteins to prevent and manage crop diseases.

Structure-based designing of drugs is traditionally utilized to discover 
human therapeutic drugs1 but is rarely used for the discovery of fun-
gicides for crop protection. The main reason is that small molecules 
with feasible interfering activities or structures of target proteins with 
novel functions are not easy to obtain. Therefore, examining patho-
gen–plant interactions to identify unknown interactive mechanisms 
or antipathogen targets could provide an alternative venue leading to 
designer antifungal compounds.

During pathogen–host interaction, pathogens secrete effector 
proteins to play a significant role in pathogenicity. At the same time, 
plants depend on pathogen-associated molecular-pattern-triggered 
immunity and effector-triggered immunity to defend themselves 
against attacking pathogens2,3. Effector proteins are known to exhibit 
a pattern of rapid evolution with instability and variability, leading to 
their limited significance as potential targets of fungicides4,5. How-
ever, whether species-specific effector proteins could be targeted for 
fungicidal effect is unknown. We answer this question by exploring 

species-specific and evolutionarily conserved effector proteins as 
potential fungicidal targets.

Magnaporthe oryzae causes one of rice’s most devastating dis-
eases, the rice blast, which accounts for 10–30% of the world’s annual 
rice loss. This is equivalent to the food ration of ~60 million people 
annually6,7. In general, rice blast is managed by applying an array of 
fungicides, including sterol demethylation inhibitors, mitochondrial 
respiration inhibitors and melanin biosynthesis inhibitors8–10. However, 
due to the fast emergence of fungicide resistance and environmental 
concerns, the development of novel fungicides against new targets is 
particularly urgent8.

An increasing body of evidence suggests that papain-like cysteine 
proteases are central hubs in plant immunity11–15. For successful colo-
nization, pathogens secrete effector proteins to overcome such an 
immunity11,12,16–22. How effectors and their target interactions are 
explored for disease control remains to be seen. Here we examined 
the interaction between M. oryzae-specific effector MoErs1 and the host 
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To examine the secretion of MoErs1 in rice cells, a native MoERS1 
promoter-driven MoERS1-RFP fusion gene was generated and trans-
formed into the ∆Moers1 and ∆Mosyn8 mutants, respectively. The 
observation of ~100 infectious sites showed over 70% of sites with red 
fluorescence accumulation in the biotrophic interface complex of 
the ∆Moers1 mutant but not the ∆Mosyn8 mutant (Fig. 1f). In addition, 
the native promoter-driven MoERS1-RFP with a nuclear localization 
signal (MoErs1-RFP-NLS) and Slp1-GFP fusion genes were generated 
and co-transformed into the ∆Moers1 mutant. Red fluorescence was 
found in the biotrophic interface complex and the nuclei of host cells 
invaded by the complemented strain, while green fluorescence was 
readily detected in the extra-invasive hyphal membrane that has no 
detectable red fluorescence (Fig. 1g). We also found that Brefeldin A 
(BFA) treatment did not affect the localization of MoErs1, in contrast 
to Slp1 (Fig. 1g). These observations indicate that MoErs1 is a secreted 
cytoplasmic effector protein required for pathogenicity.

To explore how MoErs1 contributes to pathogenicity, we per-
formed infection assays on rice sheaths. The results showed that inva-
sive hyphae growth was significantly restricted at 24 hpi in the ∆Moers1 
mutant (>85%, n = 100) and the invasive hyphae failed to expand 
to adjoining cells even at 48 hpi (>80%, n = 100) (Supplementary  
Fig. 4a), indicating the function of MoErs1 in invasive growth and lesion 
formation.

To examine whether MoErs1 inhibiting the host immune response 
is associated with the rapid production of reactive oxygen species 
(ROS), we used 3,3’-diaminobenzidine (DAB) staining to estimate ROS 
production in infected rice sheaths. ROS was rarely found in infection 
by Guy11 and the complemented strain, but was readily detected in cells 
infected with the ∆Moers1 mutant (Supplementary Fig. 4b,c). We also 
pretreated the rice sheaths with diphenyleneiodonium, an inhibitor of 
NADPH oxidases involved in ROS production29, and observed invasive 
hyphae growth of ~100 appressorial penetration sites by rating the 
hyphal growth from levels I to IV (Supplementary Fig. 4d). The results 
showed that the invasive hyphae of the ∆Moers1 mutant could usually 
expand, similar to those of Guy11, at 24 and 48 hpi (Supplementary 
Fig. 4e). We then generated transgenic rice lines overexpressing signal 
peptide-less MoErs1 (MoERS1∆SP-OX) in the TP309 background. The 
MoERS1∆SP-OX rice lines were more susceptible to rice blast and the 
∆Moers1 mutant was as virulent as Guy11 with typical lesions (Sup-
plementary Fig. 5a–f). Transgenic rice lines overexpressing MoERS1 
were as susceptible as the wild-type TP309 to Bipolaris oryzae and 
Xanthomonas oryzae (Supplementary Fig. 5g,h). These data indicate 
that MoErs1 has a critical role in suppressing host immunity.

To further examine whether the deletion of MoERS1 results in a 
defect in effector secretion, the AVR-Pia and AVR-Piz-t genes fused with 
a C-terminal GFP were expressed in the ∆Moers1 and Guy11 strains. Both 
strains expressing Avr-Pia or Avr-Piz-t failed to produce any lesions on 
LTH-Pia (Pia R gene monogenetic rice line) and LTH-Piz-t (Piz-t R gene 
monogenetic rice line) rice lines (Supplementary Fig. 6a,b), indicating 
that MoErs1 does not interfere with the recognition of Pia/Avr-Pia and 
Piz-t/Avr-Piz-t.

papain-like cysteine protease. We also designed the small-molecule 
compound FY21001 that targets MoErs1 to inhibit its papain-like 
cysteine protease-suppressing function. Finally, we showed that the 
application of FY21001 effectively manages rice blast.

Results
M. oryzae secretes effector MoErs1 to inhibit rice immunity
In previous studies, we found that the Qc-soluble N-ethylmaleimide- 
sensitive factor attachment protein (Qc-SNARE) MoSyn8 mediates 
intracellular trafficking in M. oryzae23. To examine how MoSyn8 might 
affect effector secretion, secreted proteins were extracted from the 
∆Mosyn8 mutant and wild-type Guy11 strains cultured for 4 days in liq-
uid nitrogen starvation minimal medium (MMN), which induces protein 
secretion during the early infection process24–26. Following separation 
by two-dimensional electrophoresis (2D-E), we performed comparative 
secretome analysis and successfully identified proteins encoded by 12 
genes (Supplementary Fig. 1 and Table 1). We then obtained knockout 
mutants for 8 of the 12 genes, including MoERS1 (Effector 1 Regulated 
by MoSyn8).

MoERS1 is predicted to encode a protein of 214 amino acid resi-
dues with an N-terminal signal peptide (SP) (GenBank accession no. 
OK562582) (Supplementary Fig. 2). To confirm the secretion of MoErs1, 
the native promotor-driven MoERS1-FLAG, the control apoplastic effec-
tor SLP1-FLAG and the control GFP-FLAG fusion genes were generated 
and transformed into Guy11. Secreted proteins were collected from 
cultures grown in complete liquid medium (CM), MMN and rice leaves 
infected with M. oryzae at 48 h and analysed using sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis (SDS–PAGE). MoErs1 and 
Slp1 were detected in cultures of MMN and infected leaves but not in 
CM (Supplementary Fig. 3a), suggesting that MoErs1 is secreted dur-
ing infection.

The expression pattern of MoERS1 during various growth stages 
was examined using real-time quantitative PCR (qPCR). MoERS1 tran-
scripts were significantly higher during mycelial growth, 24-, and 
36-h post inoculation (hpi), which is different from observations in 
well-characterized effectors, such as Bas4 and AvrPi9 (Supplementary 
Fig. 3b)27,28. We then characterized the phenotype and virulence of 
MoErs1 using one of the three independent ∆Moers1 knockout mutants 
exhibiting a similar phenotype (Supplementary Fig. 3c). The ∆Moers1 
mutant was moderately reduced in vegetative growth, but conidia 
formation, germ tube growth and appressorium formation were the 
same as those in Guy11 and the complemented ∆Moers1/MoERS1 strain 
(Supplementary Table 2). Intriguingly, in conidial suspension spray 
assays, a drastic reduction of disease severity was observed, as lesion 
area and fungal DNA were decreased by >60% on leaves infected with 
the ∆Moers1 mutant compared with controls (Fig. 1a–c). Specifically, 
necrotic lesions caused by the ∆Moers1 mutant failed to produce any 
conidia, whereas the typical disease lesions caused by Guy11 and the 
complemented strain produced abundant conidia (>80%, n = 100) 
(Fig. 1d,e). These results indicate that MoErs1 plays a role in vegetative 
growth and this role becomes significant in virulence.

Fig. 1 | MoErs1 is a cytoplastic effector required for the virulence of M. oryzae. 
a, MoErs1 is required for the virulence of M. oryzae. Conidial suspensions  
(5 × 104 conidia per ml in 0.2% gelatin) of Guy11, ∆Moers1 mutants (#1, #7 and #18) 
and the complement strains were sprayed onto 2-week-old rice seedlings (CO39). 
Diseased rice leaves were photographed after 7 days post inoculation (dpi).  
b, Fungal growth measured by quantifying M. oryzae genomic 28S rDNA relative 
to rice genomic Rubq1 DNA. Mean ± s.d. of 3 determinations. Significant 
differences were determined using two-sided Duncan’s new multiple-range 
tests and marked with different letters. c, The disease lesion area (DLA) was 
assessed using Image J software. The biologically independent DLA is displayed 
as boxes with individual datapoints (n = 9). The error bars represent maximum 
and minimum values. Centre line, median; box limits, 25th and 75th percentiles. 
Significant differences were determined using two-sided Duncan’s new  

multiple-range tests and marked with different letters. d, The ∆Moers1 mutant 
cannot produce typical lesions on rice leaves. Conidiation lesions on surface-
sterilized rice leaves in a were counted and photographed. The lesions producing 
conidia (left) are typical lesions and the lesions that fail to produce conidia 
(right) are necrotic lesions. e, Statistical analysis of typical and necrotic lesions 
on rice leaves in a. f,g, MoErs1 is a cytoplasmic effector regulated by MoSyn8 
(f). The fungal transformants ∆Moers1 and ∆Mosyn8 expressing MoErs1:RFP 
or MoErs1:RFP:NLS/Slp1:GFP at 30 hpi in the sheath cells of rice cultivar CO39 
treated with or without Brefeldin A (BFA) are shown as a projection under a 
confocal microscope, the left column is RFP, the middle is DIC, and the right is 
Merge (g). The experiments were repeated independently at least 3 times with 
similar results. Arrows indicate the biotrophic interface complex and the white 
asterisks indicate rice nuclei. Scale bar, 10 µm.
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We further observed the localization of Avr-Pia and Avr-Piz-t in 
the ∆Moers1 mutant and Guy11 strains during infection and found 
that GFP was normally present in the biotrophic interface complexes 
of both strains (>80% of 100 imaged infection sites) (Supplemen-
tary Fig. 6c,d). We then observed the localization of the apoplastic 

effector Slp1 (ref. 30). GFP was readily detected in the extra-invasive 
hyphal membrane of the ∆Moers1 and Guy11 strains (>85% of 100 
imaged infection sites) (Supplementary Fig. 6e). These data suggest 
that MoErs1 suppresses host immunity independent of other effector  
protein secretion.
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MoErs1 functions as a protease inhibitor that targets OsRD21
To understand MoErs1 functional mechanisms, we determined the 
crystal structure of MoErs1 at 2.5-Å resolution. MoErs1 was first over-
expressed in Escherichia coli BL21 (DE3) and purified. The structure of 
MoErs1 was resolved using the single-wavelength anomalous diffrac-
tion method31. The model was then refined with Rwork and Rfree values of 
21.6% and 25.0% (Supplementary Table 3). The final model of MoErs1 
contains one MoErs1 in the asymmetric unit (PDB: 7VS2). MoErs1 adopts 
a typical β-trefoil fold where strands 2, 3, 4, 11, 12 and 13 form a β-barrel 
covered by 3 2-stranded antiparallel β-sheets (Supplementary Fig. 7a).  

The disulfide bond between C42 on the short α-helix and C105 on 
β-strand 5 plays a critical role in the overall rigidity of the MoErs1 struc-
ture (Supplementary Fig. 7a,b), which helps the short α-helix to fold 
back and allows the short helix and β-strand 1 to lean on the surface of 
the β-barrel. The β-trefoil fold is often found in Künitz-type protease 
inhibitors32. However, structural similarity search using Dali33 yielded 
the best match with the Künitz-type protease inhibitor and water-soluble 
chlorophyll protein (WSCP) at a root-mean-square Ca deviation (RMSD) 
of 3.4 Å (Supplementary Fig. 7c). These results indicate that MoErs1 
might function as an inhibitor of plant-origin proteases.
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Fig. 2 | MoErs1 interacts with OsRD21 in the plasma membrane in vivo.  
a, OsRD21 is mainly concentrated in intracellular components but not in the 
apoplast. GFP-FLAG, Slp1-FLAG and proOsRD21-FLAG were transiently expressed 
in N. benthamiana. The proOsRD21 and MoERS1 gene-overexpressing rice 
lines (OsRD21-OX and MoERS1∆SP-OX) with a C-terminal FLAG tag were used to 
determine the distribution of OsRD21 in rice cells; the OsAO4-OX overexpressing 
rice line was used as a positive control36. The apoplastic and intracellular leaf 
extracts were separated and stained with CBB. Immunoblots with appropriate 
anti-FLAG antibodies showed apoplast Slp1 and OsAO4 levels, but not GFP 

or OsRD21 levels. b,c, BiFC assay in N. benthamiana (b). Co-expression of 
MoErs1∆SP-nYFP and proOsRD211-cYFP with a PM marker Remorin-RFP, treated 
with (plasmolysis) or without (natural) 1 M NaCl (c) showed that MoErs1 and 
OsRD21 co-localized in the PM. The relevant negative controls in b showed 
no fluorescence. Scale bar, 5 µm. d,e, BiFC assays in rice protoplast cells (d). 
Co-expression of MoErs1∆SP-nYFP and proOsRD211-cYFP with Remorin-RFP (e) 
showed that MoErs1 and OsRD21 co-localized in the PM in rice protoplasts. The 
relevant negative controls in d showed no fluorescence. Scale bar, 10 µm. All 
experiments were repeated independently at least 3 times with similar results.
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Brassicaceae WSCP (PDB: 5HPZ) inhibits the activity of Arabi-
dopsis thaliana papain-like cysteine protease (PLCP) AtRD2134,35. To 
test whether MoErs1 exhibits proteinase inhibitor activities similar 
to Brassicaceae WSCP, we searched the Oryza sativa L. database for 
AtRD21 homologues and identified a gene locus (LOC_Os04g57440.1) 
that we named OsRD21. OsRD21 has the highest sequence iden-
tity and the closest evolutionary relationship with AtRD21  
(Supplementary Fig. 8).

RD21s are multicellular organelle localized proteins accumu-
lated in the vacuole and endoplasmic reticulum (ER) bodies36, and 
also in the plasma membrane (PM) and apoplastic spaces11. To deter-
mine the localization of OsRD21, the GFP-tagged full-length OsRD21 
was transiently expressed in Nicotiana benthamiana and the rice 
protoplast. The green fluorescence was naturally concentrated 
on the cell periphery and ER in N. benthamiana (Supplementary  
Fig. 9a,b). When plant cells were treated with a high concentration of 
salt leading to plasmolysis, fluorescence remained localized at the 
PM. In addition, OsRD21-GFP co-localized with RFP-tagged Remorin 
(StREM1.3), an inner PM-localized protein37,38, and RFP with a signal 
peptide and ER retention signal HDEL, when they were co-expressed 
in N. benthamiana (Supplementary Fig. 9a,b). We also observed 
punctae distributed along the PM, hence OsRD21-GFP might local-
ize on vesicles, microdomains or other subcellular components 
in N. benthamiana (Supplementary Fig. 9a,b). However, in the rice 
protoplast, OsRD21-GFP co-localized with Remorin-RFP on the PM 
without showing any ER localization (Supplementary Fig. 9c). We 
also showed that GFP-tagged MoErs1 without the signal peptide 
localizes to the cytoplasm of the rice protoplast (Supplementary  
Fig. 9d). All of these tagged proteins can be normally expressed in 
planta (Supplementary Fig. 9e).

To test whether OsRD21 is secreted into the apoplast, the 
FLAG-tagged GFP (a negative control), the apoplastic effector Slp1 
(a positive control) and proOsRD21 were transiently expressed in N. 
benthamiana. Apoplastic and intracellular leaf extracts were sepa-
rated and immunoblotted with the anti-FLAG antibody. We found 
that OsRD21 accumulates in intracellular compartments but not in 
the apoplast. We also confirmed this result in transgenic rice lines 
overexpressing proOsRD21:FLAG (OsRD21-OX) driven by the actin1 
promoters, MoERS1∆SP-OX and OsAO4-OX (Fig. 2a)39. These data indicate 
that OsRD21 mainly localizes in the PM rather than in the apoplast.

We then examined and verified whether MoErs1 interacts with 
OsRD21 by carrying out yeast two-hybrid (Y2H), co-immunoprecipi-
tation (co-IP) and bimolecular fluorescence complementation 
(BiFC) assays of proteins transiently co-expressed in N. benthamiana  
(Fig. 2b,d and Supplementary Fig. 10a,b). To further examine the loca-
tion of MoErs1–OsRD21 interaction, MoErs1 tagged with N-terminal YFP 
(MoErs1-nYFP) and OsRD21 tagged with C-terminal YFP (OsRD21-cYFP) 
were co-expressed with Remorin-RFP in N. benthamiana and the rice 
protoplast. Results indicate that the interaction mainly occurs in the 
PM (Fig. 2c,e).

MoErs1 inhibits the activity of OsRD21 to promote virulence
To identify the amino acids of MoErs1 required for binding to OsRD21, 
molecular modelling and docking analysis were carried out. The OsRD21 
3D model closely resembles that of barley EP-B2 (PDB ID: 2FO5)40.  
In addition, this result closely aligns with that obtained from alphafold2 
calculations, which displayed an RMSD value of 0.545 (Supplementary 
Fig. 11). ClusPro was used to predict the interactions between MoErs1 
loop2 (L2, red), loop4 (L4, chocolate), loop8 (L8, magenta) and β-strand 
11 (β11, blue) with OsRD21 (Fig. 3a)41. Specifically, L2 (Ser64, Glu67, 
Phe71 and Pro72) of MoErs1 is predicted to intrude into the active site 
region of OsRD21 containing Cys165 and His302, thereby blocking its 
proteolytic activity34. Moreover, Ser64 and Glu67 in L2 are predicted to 
form hydrogen bonds with Gln201 and Ser299 of OsRD21, respectively 
(Fig. 3a). We also predict that Arg178 and Asp180 in β11, Arg95 in L4 and 
Gln160 in L8 form hydrogen bonds (yellow dotted line) or non-covalent 
binding forces (orange dotted line) with Gln201, Asn202, Asp235 and 
Arg295 of OsRD21, respectively (Fig. 3a). Together, these hydrogen 
bonds and non-covalent binding forces may stabilize the observed 
MoErs1–OsRD21 interaction.

To verify this modelling prediction, alanine substitution in each 
of the four regions was carried out, and Y2H and co-IP assays revealed 
that mutations in L2 (positions 64, 67, 71 and 72) and β11 (positions 178 
and 180) nearly abolished the MoErs1–OsRD21 interaction. In addition, 
L4 (position 95) and L8 (position 160) are also required for full binding 
activities (Supplementary Fig. 10a,b). Finally, a microscale thermo-
phoresis (MST) assay and measurement of dissociation constants 
(Kd) revealed that MoErs1 binds more tightly to OsRD21 than any of its 
mutated variants (Supplementary Fig. 10c).

To investigate whether MoErs1 inhibits the activity of OsRD21 
through binding, we transiently co-expressed MoErs1-GFP and its 
mutants with the ProRD21-FLAG in N. benthamiana. PLCP activity 
assessments using the previously established method42 showed that 
MoErs1 inhibits the activity of OsRD21 more strongly than MoErs1L2, 
MoErs1β11 and MoErs1All, while MoErs1L4 and MoErs1L8 have no inhibi-
tory activities (Fig. 3b). Importantly, we found that the L2 and β11 
regions have a more prominent role in the virulence of M. oryzae, in 
contrast to L4 and L8, which is consistent with their respective inhibi-
tory activities (Fig. 3c–e). Notably, none of these mutants have defects 
in vegetative growth (Supplementary Table 2), indicating that the inter-
action sites between MoErs1 and OsRD21 are not the sites regulating  
vegetative growth.

To determine whether the inhibition of OsRD21 occurs during  
M. oryzae infection in a MoErs1-dependent manner, we further 
generated OsRD21 gene knockout (OsRD21-KO) transgenic rice 
lines (Supplementary Fig. 12a). The OsRD21-OX plant was inocu-
lated with Guy11, ∆Moers1, ∆Moers1-expressing MoERS1 mutants 
with the native promoter, the complemented strain with the native 
promoter (∆Moers1/MoERS1) and the constitutive rp27 promoter 
(∆Moers1/MoERS1rp27). After 48 hpi, leaves were harvested for total pro-
tein extraction and purification. The results showed that the ∆Moers1, 

Fig. 3 | MoErs1 functions as a PLCP inhibitor to inhibit the activity of OsRD21. 
a, A structural model for the MoErs1–OsRD21 interaction predicted by ClusPro. 
Top: the surface of the MoErs1–OsRD21 complex. Middle: the interaction 
interface with amino acid residues shown as ribbon diagrams. Bottom: table 
showing three loops (L2, L4 and L8) and one β-strand (β11) with interaction sites 
of MoErs1. The sticks in different colours indicate corresponding interacting 
amino acids between MoErs1 and OsRD21. The yellow dotted line indicates 
hydrogen bonding and the orange dotted line indicates non-covalent binding. 
b, MoErs1 inhibits the PLCP activity of OsRD21. Top: model of the structure and 
processing of OsRD21. OsRD21 maturation comprising signal peptide release 
resulting in ProRD21, prodomain cleavage and final granulin domain removal to 
produce mature RD21 (mRD21). Bottom: GFP-tagged MoErs1 or the interaction 
site mutations in a were transiently expressed in N. benthamiana together 
with a FLAG fusion of OsRD21. Total proteins were extracted and purified, and 

labelled with 2 μM DCG-04 for 4 h. Proteins were separated by SDS–PAGE, 
detected with streptavidin-HRP, and chemiluminescence and immunoblotting 
with anti-FLAG and anti-GFP antibodies. The experiments were repeated 
independently at least 3 times with similar results. c–e, The interaction sites of 
MoErs1 contribute to virulence. Conidial suspensions (5 × 104 conidia per ml in 
0.2% gelatin) of Guy11, the ∆Moers1 mutant, the point mutation mutants and the 
complement strains were sprayed onto 2-week-old CO39. Diseased rice leaves 
were photographed after 7 dpi (c, top). The total protein of all the strains was 
extracted and detected with anti-GFP and anti-actin antibodies (c, bottom). DLA 
was assessed using Image J (d) and fungal growth was evaluated by quantifying 
M. oryzae genomic 28S rDNA relative to rice genomic Rubq1 DNA (e). Mean ± s.d. 
of 3 determinations. Significant differences were determined using two-sided 
Duncan’s new multiple-range tests and marked with different letters.
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MoErs1L2 and MoErs1β11 mutants could hardly inhibit the activity of 
OsRD21 because of their lower binding affinity, which is consistent 
with the previous interaction assay (Supplementary Fig. 10). Guy11, 
MoErs1L4, MoErs1L8 and ∆Moers1/MoERS1 all have moderate inhibitory 
activities. The ∆Moers1/MoERS1rp27 strain with high MoErs1 expression 
levels significantly inhibited the activity of OsRD21 (Supplementary 
Fig. 12b). These results are consistent in that inhibition of OsRD21 is 
MoErs1 dependent.

To assess the contribution of OsRD21-mediated host resistance 
against M. oryzae, the susceptible rice plant TP309, OsRD21-KO and 
OsRD21-OX were inoculated with Guy11, ∆Moers1, ∆Moers1-expressing 
MoERS1 mutants, ∆Moers1/MoERS1 or ∆Moers1/MoERS1rp27. The results 
showed that OsRD21-OX lines have enhanced resistance against these 
strains, with fungal growth decreased by >60%. Growth was mod-
erately compromised in plants inoculated with ∆Moers1/MoERS1rp27 
strains (Supplementary Fig. 12c,d). Notably, the virulence of ∆Moers1, 
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Fig. 4 | The diphenyl ether ester compound inhibits the inhibitory activity 
of MoErs1. a, The interaction region of MoErs1 and OsRD21. b, The molecular 
docking model of diaryl ether–MoErs1. c, The interaction model of MoErs1 
(green)–OsRD21(blue), with the red area representing the compound FY21001. 
The key residues surrounding the active site are shown as green sticks. The 
yellow dotted line with the marked distance indicates hydrogen binding between 
FY21001 and amino acid residues Phe72 in MoErs1. The orange dotted line 
indicates non-covalent binding. d, FY21001 exhibits a stronger MoErs1 binding 
affinity than OsRD21, as assessed using MST. GST-MoErs1 (10 μM) was labelled 
with RED-NHS. The raw data were integrated and fitted to a binding model using 
the MST analysis software. The recombinant proteins were contained in NT 
standard capillaries. The solid curve is the fit of the datapoints to the standard 
Kd-fit function. Each binding assay was repeated independently three times 
(n = 3) and error bars represent s.d. e, BiFC assay showed that FY21001 inhibits 
the interaction between MoErs1 and OsRD21 in vivo. Co-expression of MoErs1-

nYFP and OsRD211-cYFP, with PM marker Remorin-RFP, treated with DMSO or 
500 μM FY21001 in rice protoplast cells, showed that fluorescence was detected 
when treated with DMSO, but not with FY21001. Scale bar, 10 µm. f, Co-IP assay 
showed that FY21001 inhibits the interaction between MoErs1 and OsRD21 in 
a dose-dependent manner in vivo. Co-expression of MoErs1-GFP and OsRD21-
FLAG in rice protoplast cells treated with FY21001 in different concentrations. 
Immunoprecipitates obtained with the anti-FLAG antiserum and total protein 
extracts were immunoblotted with anti-FLAG and anti-GFP antibodies. g, GST-
tagged MoErs1 was expressed and purified from E. coli strain BL21. FLAG-tagged 
OsRD21 was transiently expressed in N. benthamiana. Total proteins were 
extracted, purified and labelled with 2 μM DCG-04 for 4 h in the presence of 
compound FY21001 in a dose-dependent manner. Proteins were separated using 
SDS–PAGE and detected with streptavidin-HRP, and chemiluminescence and 
immunoblotting with anti-FLAG and anti-GST antibodies. All experiments were 
repeated independently at least 3 times with similar results.
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MoErs1L2 and MoErs1β11 was significantly rescued in OsRD21-KO when 
compared with TP309 (Supplementary Fig. 12c,d). Importantly, OsRD21 
transgenic rice plants remained susceptible to B. oryzae and X. oryzae 
infection (Supplementary Fig. 12e,f), and OsRD21 expression was 
not responsive to B. oryzae and X. oryzae infection (Supplementary 
Fig. 12g,j). Moreover, OsRD21-mediated resistance was associated 
with the activation of the PR1 gene (Supplementary Fig. 13). These 
results suggest that MoErs1 can function as a PLCP inhibitor to suppress 
OsRD21-mediated host immunity.

Diphenyl ether ester compounds inhibit MoErs1 function
To examine MoERS1 conservation, we performed single-nucleotide 
polymorphism analysis on sequenced rice blast isolates from the 
NCBI database (Supplementary Table 4). In addition, a BLASTp search 
using the non-redundant protein sequences database with 500 tar-
get sequences failed to reveal any homologues of MoErs1 from other 
species, even in fungi (E-value < 10−30) (Supplementary Fig. 14). This 
prompted us to explore whether MoErs1 could be a specific target 
for small-molecule compounds. According to the docking model, 
interaction sites between MoErs1 and OsRD21 are mainly within a long 
and narrow surface region, and there are more hydrophobic amino 
acid residues on the interface, which suggests that flexible molecules 
may facilitate the binding (Fig. 4a). Recently, diaryl ether was applied 
widely in agrochemical agents due to its sufficient molecular flexibil-
ity, excellent metabolic stability and pharmaceutical properties43. In 
addition, the diaryl ether scaffold contains two aromatic ring systems 
and a flexible oxygen bridge, leading to sufficient molecular flexibil-
ity and excellent lipid solubility, which can significantly increase cell 
membrane penetration. Considering these remarkable advantages, 
we selected diphenyl ether ester as a core skeleton unit of inhibitors. 
The Sybyl-x-2.0 molecular docking analysis of diaryl ether–MoErs1 
revealed that oxygen atoms form hydrogen bonds with the N-H of 
Phe72. In addition, the two benzene rings are oriented towards the 
hydrophilic region (Ser64, Glu67) and the hydrophobic region (Phe72, 
Tyr61, Pro71), respectively (Fig. 4b). To enhance the binding stability 
between inhibitor molecules and targets, we introduced hydroxyl and 
ester groups to the diphenyl ether skeleton, facilitating hydrogen bonds 
and hydrophobic interactions.

Several derivatives were synthesized on the basis of the aforemen-
tioned skeleton and among them, FY21001 exhibited the lowest binding 
energy (−15.9 kcal mol−1) and dissociation constant (Kd = 0.32 μM) with 
MoErs1 (Supplementary Tables 5 and 6). FY21001 was found to bind 
to the interaction area of MoErs1 and OsRD21. In the binding model of 

FY21001 with MoErs1, a hydrogen bond with Phe72 and a π–π hydro-
phobic interaction between phenylpropyl and Tyr61 were observed  
(Fig. 4c). To determine the specificity of FY21001 to MoErs1, we per-
formed an MST assay that showed a stronger binding ability of FY21001 
to MoErs1 than to OsRD21 (Fig. 4d), AtWSCP or OsWSCP (Supplemen-
tary Fig. 15a). When the rice protoplast expressing MoErs1-nYFP and 
OsRD21-cYFP was treated with 500 µM FY21001, the in vivo interaction 
was completely abolished (Fig. 4e). We then performed a co-IP assay 
in the rice protoplast and found that FY21001 reduces the binding 
affinity between MoErs1 and OsRD21 in a dose-dependent manner 
and that at 500 µM, FY21001 could completely abolish the interaction 
(Fig. 4f). These results suggest that FY21001 competes with OsRD21 in 
binding to MoErs1.

FY21001 inhibits the PLCP inhibitor activity of MoErs1 in a 
dose-dependent manner (Fig. 4g). In addition, alanine substitution 
mutations in L2 and β11 significantly reduced the interaction between 
FY21001 and MoErs1 (Supplementary Fig. 15b). We also found two 
derivatives, FY21003 and FY21019, with strong binding to MoErs1 
(Supplementary Fig. 16a and Table 6). These two derivatives signifi-
cantly inhibited the function of MoErs1 by relieving the inhibition of 
OsRD21 protease activities (Supplementary Fig. 16b). These results 
demonstrate that diphenyl ether ester compounds are effective in 
inhibiting the function of MoErs1 and have the potential to disrupt the 
MoErs1-dependent virulence of M. oryzae.

Diphenyl ether ester effectively controls rice blast
To examine whether these compounds can be explored as antifungal 
compounds to manage rice blast, we applied FY21001 at a concentra-
tion of 500 μM in infection under laboratory conditions. We found 
that FY21001 significantly reduced the lesion area and hyphal growth 
on rice leaves (Fig. 5a). Further comparative infection assays using 
these three compounds indicated that FY21001 has the best preven-
tive half-maximum effective concentration (EC50) at a concentration 
of 231.07 μM, which is similar to that of tricyclazole (EC50 = 224.08 μM) 
(Supplementary Table 7), a mainstream and high-efficiency fungicide 
for controlling rice blast. There were some slight reductions in EC50  
with FY21003 (258.9 μM) and FY21019 (246.69 μM) (Supplementary 
Tables 6 and 7). To further test their applications, we carried out a pre-
ventive effect test using three different settings: (1) co-treatment with 
M. oryzae spores, (2) pre-treatment for 24 h and (3) post-treatment for 
24 h. The results showed that co-treatment and pre-treatment have 
the best controlling effect, followed by post-treatment (Fig. 5a–d). 
FY21001 also showed an effective preventive effect against the neck 

Fig. 5 | Diphenyl ether ester compounds are effective against rice blast. 
a,b, FY21001 is effective against rice leaf blast. Rice leaves were sprayed with 
500 μM of compounds with either 24 h co-inoculation, pre-inoculation or post-
inoculation with Guy11 spores. Diseased rice leaves were photographed after 
7 dpi (a). The biologically independent DLA (b, top) is displayed as boxes with 
individual datapoints (n = 21). The error bars represent maximum and minimum 
values. Centre line, median; box limits, 25th and 75th percentiles. Fungal growth 
(b, bottom) was measured by quantifying M. oryzae genomic 28S rDNA relative to 
rice genomic Rubq1 DNA. Mean ± s.d. of 3 determinations. Significant differences 
were determined by two-sided Duncan’s new multiple-range tests and marked 
with different letters. c,d, Conidiation lesions on surface-sterilized rice leaves 
in a were counted and photographed (c). The lesions producing conidia (typical 
lesions) and those that fail to produce conidia (necrotic lesions) are quantified 
(d). Error bars represent s.d. e,f, FY21001 is effective against rice neck blast in the 
field. e, Neck blast severity was evaluated using the standard 0–9 scale, rated on 
six levels defined as follows: level 0: no visible lesion or observed lesions on only 
a few pedicels; level 1: lesions on several pedicels or secondary branches; level 3: 
lesions on a few primary branches or the middle part of the panicle axis; level 5: 
lesion partially around the base (node) or the uppermost internode or the lower 
part of panicle axis near the base; level 7: lesion completely around panicle base 
or uppermost internode or panicle axis near the base with more than 30% of filled 
grains; level 9: lesion completely around panicle base or uppermost internode 

or the panicle axis near the base with less than 30% of filled grains (International 
Rice Research Institute Standard Evaluation System for Rice). f, Field resistance 
to neck blast was assessed in a natural rice blast nursery ( Jiangsu Province, 
China). Three plots were established in the field. One thousand susceptible rice 
plants were planted in each plot. One group treated with 500 μM DMSO was used 
as the negative control, one group treated with 500 μM tricyclazole (TCZ) was 
used as the positive control and the trial group was treated with 500 μM FY21001. 
g, Statistics of disease index. Disease index = 100 × Σ (number of diseased 
leaves at all levels × representative value at all levels)/(total leaves investigated × 
highest representative value) (n = 3 biologically independent samples). h, Grain 
yield of Nip treated with FY21001, tricyclazole or DMSO under natural blast 
nursery conditions. Significant differences were determined using Duncan’s 
new multiple-range tests and marked with different letters (n = 3 biologically 
independent samples). i, Wild-type TP309 and OsRD21-KO transgenic rice 
leaves sprayed with or without FY21001 (500 μM) for 24 h were inoculated 
with Guy11 and the ∆Moers1 mutant (1 × 105 spores per ml). j, The biologically 
independent DLA is displayed as boxes with individual datapoints (n = 10). The 
error bars represent maximum and minimum values. Centre line, median; box 
limits, 25th and 75th percentiles. k, Fungal growth measured by quantifying 
M. oryzae genomic 28S rDNA relative to rice genomic Rubq1 DNA. Mean ± s.d. 
of 3 determinations. Significant differences were determined using two-sided 
Duncan’s new multiple-range tests and marked with different letters.
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blast in a natural rice blast nursery, similar to tricyclazole (Fig. 5e–g), 
and the efficacy was higher compared with cafenstrole and metazachlor 
(Supplementary Fig. 17)44. Moreover, FY21001 and tricyclazole-treated 
Nip (Nipponbare) rice reduced grain yield losses by over 60% compared 

with dimethylsulfoxide (DMSO)-treated Nip control rice in the blast 
nursery (Fig. 5h). There were six rice blast isolates ( Jiangsu #1–6) 
separated from the nursery; all of them contain the MoERS1 gene 
and are without sequence polymorphism (Supplementary Table 4). 
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To substantiate whether FY21001 suppresses disease via interfering 
with MoErs1 function, we performed an infection assay of TP309 and 
OsRD21-KO transgenic rice plants with Guy11 and the ∆Moers1 mutant 
with or without FY21001 treatment. The results revealed that FY21001 
treatment effectively inhibited the infection of Guy11 on TP309 but 
had no effect on the infection of Guy11 on OsRD21-KO rice plants. 
Notably, the reduced virulence of ∆Moers1 on TP309 was restored 
when tested on OsRD21-KO rice plants, irrespective of the presence or 
absence of FY21001 treatment (Fig. 5i–k). These findings suggest that 
the disease-suppressing effect of FY21001 depends on the presence of 
MoErs1 and OsRD21.

Notably, FY21001 neither conferred any resistance against B. ory-
zae and X. oryzae lacking the MoERS1 gene (Supplementary Fig. 18), 
nor affected the development of M. oryzae (Supplementary Fig. 19). 
The DAB staining assay showed that the application of these com-
pounds results in a reduced ability of M. oryzae to scavenge host ROS 
(Supplementary Fig. 20a). We carried out further infection assays 
on rice sheaths and found that FY21001 treatment can significantly 
inhibit invasive hyphae growth, an effect similar to that exhibited by 
the ∆Moers1 mutant. Notably, the infectious defect was rescued in the 
presence of diphenyleneiodonium (Supplementary Fig. 20b), indicat-
ing that FY21001 inhibits invasive hyphae growth via disruption of the 
MoErs1–OsRD21 interface. This effect is similar to that exhibited by 
the ∆Moers1 mutant.

Finally, to investigate whether FY21001 induces rice immunity, 
we examined the transcriptional levels of different disease-resistance 
genes in the host, including PR1, PBZ1, AOS2, LOX1 and NADPH oxi-
dases RBOHA and RBOHB. None of these genes showed any changes 
in expression in the presence of FY21001 (Supplementary Fig. 21a,b). 
To further determine whether FY21001 induces ROS burst in planta, 
TP309, OsRD21-KO and OsRD21-OX rice leaf discs were treated with 
FY21001, FLG22 (a bacterial flagella peptide that elicits strong plant 
defence) or DMSO. Interestingly, FLG22 induced a higher ROS accu-
mulation in the OsRD21-OX rice line than in TP309 and OsRD21-KO. 
However, ROS levels were not affected in the presence of FY21001 
or DMSO (Supplementary Fig. 21c), indicating that FY21001 cannot 
induce rice immune responses. These results suggest that FY21001 
and its derivatives have a preventive protection role against M. oryzae 
infection.

Discussion
Plant pathogens secrete effector proteins that are important for suc-
cessfully colonizing host plants. Previous studies have also demon-
strated that these effectors target various host components to interfere 
with host immunity. At the same time, plants utilize mechanisms such 
as PLCPs in their immune responses, targeting these pathogens and 
their effectors12–14. As demonstrated, the overexpression of OsRD21 
in rice confers enhanced resistance against M. oryzae.

Previous studies also indicated that most PLCPs function in apo-
plasts12,18,21,22. However, some also function in other cellular compart-
ments. For example, RD19 is localized to the mobile vacuole-associated 
compartments17, XCP2 interacts with PRN2 in the cytosolic compart-
ments45 and CYP1 is co-localized with the tomato yellow leaf curl virus 
(TYLCV) V2 protein in the cytoplasm16. RD21 proteins appear to have 
multiple subcellular locations. It has been reported that AtRD21 accu-
mulates in the vacuoles, ER bodies36, the PM and apoplastic spaces11. 
Notably, two different protease inhibitors, the serine protease inhibitor 
AtSerpin136,46 and the Kunitz protease inhibitor AtWSCP34,47,48, were 
found to inhibit RD21 in the cytoplasm but not in the apoplast. These 
findings are consistent with the fact that RD21 functions in intracel-
lular components rather than extracellular spaces. Our data showed 
that OsRD21 is not secreted into the apoplast but is mainly localized 
in the PM of the host.

Moreover, previous studies have shown that PLCPs are the com-
mon targets of a variety of pathogen-secreted effectors11,12,16–22. We have 
demonstrated that M. oryzae MoErs1 physically interacts with RD21 on 
the PM and functions as a PLCP inhibitor to regulate OsRD21 activities. 
Owing to the structural similarity with host WSCPs, a strong possibil-
ity is that MoErs1 might mimic PLCPs to suppress the activity of RD21 
in vivo, which represents a new inhibition mechanism.

Despite the importance of fungal effectors in pathogenicity, it 
remains unknown whether these effectors can be utilized as novel 
fungicides to inhibit rice blast. In addition, most recent investigations 
were based on existing chemicals to identify the targets, which yielded 
limited progress. We set out to design chemicals with sound control 
effects against the blast pathogen based on pathogenic mechanisms. 
During the co-evolution of pathogens and hosts, it is thought that the 
effectors are often unstable and change due to mutations allowing the 
evasion of host recognition49–51. This would result in any effector-based 

Receptors Substrates

MoErs1

OsRD21 OsRD21 OsRD21

FY21001

(1)

(2)

(3)

Immune
responses

Fig. 6 | A proposed model of MoErs1 function to suppress host immunity. 
There are 3 states of OsRD21 during the M. oryzae–rice interaction when treated 
with compound FY21001. (1) Rice cells perceive the infection via the functions 
of transmembrane receptors and, at the same time, PLCP OsRD21-mediated 
substrate degradation allows the activation of the host immune response.  

(2) M. oryzae secretes the effector protein MoErs1 during its interaction with the 
rice host. MoErs1 targets OsRD21 and suppresses its PLCP activities. (3) FY21001, 
a diphenyl ether ester, specifically binds MoErs1 to inhibit its function, which 
relieves the inhibition of OsRD21 protease activities to promote host immunity 
against M. oryzae infection.
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fungicidal development not being effective in the long term. However, 
there are still some evolutionarily conserved effectors playing impor-
tant roles in pathogenicity, such as HaRxL23, PsAvh73 and PRS2 of 
oomycetes and Fol-SIX4 of Fusarium oxysporum52–54. We found that 
MoErs1 is evolutionarily conserved and has no homologues in other 
species, making it an ideal target for novel fungicide evaluation. On the 
basis of the MoErs1–OsRD21 docking model, we designed the diphenyl 
ether ester compound FY21001 that inhibits MoErs1 function (Fig. 6). 
Importantly, we showed that the application of FY21001 effectively 
controls blast in the rice field, suggesting a strong potential of FY21001 
as a new class of fungicide. Since MoErs1 is specific to M. oryzae, the 
effectiveness of FY21001 in managing other diseases of rice is limited.

Our study provided presumably the first example of how com-
pounds targeting species-specific effector proteins of fungal origins 
could be employed as a novel fungicide. Since most effectors are fungal 
specific and absent in plants, the development of such compounds 
targeting these effectors would provide an environmentally safe and 
ecologically sustainable way of managing crop diseases.

Methods
Fungal strains and cultures
M. oryzae Guy11 was used as the wild-type strain in this study. The 
knockout mutant ∆Mosyn8 was characterized previously by us23. All 
strains were cultured in CM medium. Liquid CM was used to prepare 
mycelia for DNA and RNA extraction. For conidiation, strain blocks 
were maintained on a straw decoction and corn agar medium at 28 °C 
for 7 days in the dark, followed by 3 days of continuous illumination 
under fluorescent light.

Secreted protein extraction
Secreted proteins were prepared as previously described24. Briefly, 
fungal strains were cultured in MMN medium for 2 days at 28 °C and 
collected. The cultures were extracted with 0.5 times the volume of 
phenol by shaking on ice for 15 min, followed by centrifugation at 
1,500 g for 20 min. This phenol extraction was repeated twice. The 
phenol layer was then precipitated by adding 4 volumes of 100 mM 
ammonium acetate in methanol at −20 °C for 5 h. Precipitated proteins 
were recovered by centrifugation at 1,500 g for 15 min. The pellet was 
washed twice with 80% methanol containing 100 mM ammonium 
acetate, and then once with 80% acetone before storage at −20 °C.

2D-E and quantitative analysis
For 2D-E, the secreted protein crude extracts were vacuum dried 
and then dissolved in 800 μl lysis solution containing 7 M urea, 2 M 
thiourea, 4% (w/v) 3-[(3-cholamidopropyl)-dimethylammonium]-
1-propanesulfonate, 65 mM dithiothreitol (DTT), 1 mM PMSF and 0.5% 
(v/v) biolytes (Bio-Rad). Insoluble materials were removed by centrifu-
gation and proteins were quantified using the Bradford method. About 
1,200 μg protein was separated by loading on an 18-cm pH 4–7 non-
linear gradient IPG strip (GE Healthcare). The second electrophoretic 
dimensional separation was carried out on a 12% SDS–PAGE. Signals 
were observed using Coomassie brilliant blue (CBB) G-250. The gel 
image was digitalized with a gel scanner (Powerlook 2100XL, UMAX) 
and analysed with the PDQuest software package (v.7.2.0; Bio-Rad). 
Spots were detected, matched and normalized on the basis of the total 
density of gels with the parameter of percent volume according to the 
software guide. For each spot, the mean relative volume was computed, 
and spots showing a mean relative volume that changed more than 
1.5-fold and P < 0.05 in different stages were considered differentially 
expressed proteins.

Matrix-assisted laser desorption/ionization–time of flight 
(MALDI–TOF) analysis
For in-gel digestion and MALDI–TOF analysis, protein spots with 
differential expression patterns were manually excised from gels, 

washed with Millipore pure water three times and destained twice 
with 50 mM NH4HCO3 in 50% acetonitrile for CBB G-250 staining spots. 
Samples were then processed as follows: reduction with 10 mM DTT 
in 50 mM NH4HCO3, alkylation with 40 mM iodoacetamide in 50 mM 
NH4HCO3, drying twice with 100% acetonitrile and digestion overnight 
at 37 °C with sequencing-grade modified trypsin (Promega) in 50 mM 
NH4HCO3. The peptides were extracted twice with 0.1% trifluoroacetic 
acid in 50% acetonitrile. Extracts were pooled and lyophilised. The 
resulting lyophilised tryptic peptides were dissolved in 5 mg ml−1 
α-Cyano-4-hydroxycinnamic acid containing 0.1% trifluoroacetic 
acid and 50% acetonitrile. MALDI–TOF/TOF MS analyses were con-
ducted using a Bruker Daltonics Ultraflex MALDI–TOF/TOF analyser. 
All spectra of proteins were submitted for database search using the 
online MASCOT programme (http://www.matrixscience.com) against 
NCBInr databases. The search parameters were as follows: 0.15 Da 
mass tolerance for peptides and 0.25 Da mass tolerance of TOF/TOF 
fragments, one allowed trypsin miscleavage, carbamidomethyl of 
Cys as fixed modification, and oxidation of Met, pyro-Glu forma-
tion of N-terminal Gln and Glu as variable modification. Only signifi-
cant hits, as defined by the MASCOT probability analysis (P < 0.05),  
were accepted.

Construction of MoERS1 vectors
To analyse the function of MoErs1, we created the targeted gene 
deletion vector pMD-MoERS1-HPH by inserting the HPH gene cas-
sette between the two flanking sequences of the MoERS1 gene. A 1 kb 
upstream flanking sequence and 1 kb downstream flanking sequence 
were amplified from M. oryzae genomic DNA by PCR using primer 
pairs MoERS1-p1 (F)/MoERS1-p2 (R) and MoERS1-p3 (F)/MoERS1-p4 (R), 
respectively. The two flanking sequences were linked by overlap PCR 
with primer pairs MoERS1-p1 (F)/MoERS1-p4 (R), and the amplified 2 kb 
fragments were purified and cloned into a pMD19-T vector (Takara) 
to generate the plasmid pMD-MoERS1. An EcoRV restriction site was 
incorporated into primers MoERS1-p2/MoERS1-p3. The HPH gene cas-
sette was prepared by PCR from the plasmid pCB1003 with primer 
pairs FL1111/FL1112 and inserted into the EcoRV site of pMD-MoERS1 to 
generate the final disruption construct pMD-MoERS1-HPH. The 3.4-kb 
fragment was amplified with MoERS1-p1 (F)/MoERS1-p4 (R) primers and 
transformed into Guy11.

The transformants were screened using primers MoERS1-p5 
(F)/MoERS1-p6 (R). For Southern blotting, the MoERS1 gene probe 
was amplified using the primers MoERS1-p5 (F)/MoERS1-p6 (R), and 
the HPH gene probe was amplified using the primers FL1111/ FL1112. 
For complementation, a fragment containing the MoERS1 gene and its 
native promoter regions was amplified by PCR with primers MoERS1-p7 
(F)/MoERS1-p8 (R) and inserted into the pYF11 (bleomycin resistance) 
vector, generating pYF11-MoERS1-GFP. The construct was used for 
the protoplast transformation of the ∆Moers1 mutant. The resulting 
transformants were screened by phenotype characterization, including 
growth restoration, and verified by PCR amplification.

Infection assays
For the virulence test, conidia were suspended to a concentration of 
5 × 104 spores per ml in a 0.2% (w/v) gelatin solution, and 4 ml each 
was sprayed on 2-week-old rice seedlings (Oryza sativa CO39). Inocu-
lated plants were kept in a growth chamber at 25 °C with 90% humid-
ity and in the dark for the first 24 h, followed by a 16/8 h light/dark 
cycle. Disease severity was assessed at 7 days after inoculation. Fungal 
growth was determined using qPCR to measure the amount of M. oryzae 
genomic 28S ribosomal DNA (rDNA) relative to rice genomic Rubq1 
DNA. PCR primers are listed in Supplementary Table 8. For obser-
vation of the penetration and invasive growth in rice cells, conidial 
suspensions (1 × 105 spores per ml) were injected into the leaf sheath. 
At 28 °C for 24 or 48 h, the inner epidermis of infected sheaths was 
observed under a microscope. Experiments were repeated three times. 
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Confocal microscopy was performed using a ZEISS LSM710 microscope.  
Excitation/emission wavelengths were 488/505 nm for eGFP and 
543/560 nm for RFP, respectively. Images were acquired and processed 
using LSM710 ZEN software (Zeiss).

ROS assessment
To observe ROS derived from the host, rice leaves or sheaths were 
stained with DAB (Sigma-Aldrich) as previously described55. To 
measure ROS levels, leaves were cut into discs with a cork borer and 
pre-incubated overnight in sterile-distilled water. After the leaf discs 
were treated with DMSO, FLG22 or other agents, ROS production was 
monitored using the luminol chemiluminescence assay29. This experi-
ment was repeated three times.

RNA isolation and RT–qPCR
For quantification of gene expression, RNA was isolated using TRIzol 
reagent (Invitrogen). Complementary (c)DNA synthesis was performed 
using PrimeScript RT reagent kit (Takara). RT–qPCR was performed 
with the ABI 7500 fast real-time system and transcripts were analysed 
using the 7500 System SDS software. To compare the relative abun-
dance of PR gene transcripts, the average threshold cycle (Ct) was 
normalized to rice actin for each of the treated samples as 2−ΔCt, where 
−∆Ct = (Ct target gene − Ct actin). Fold changes were calculated as 2−ΔΔCt, 
where −∆∆Ct = (Ct experiment − Ct actin) − (Ct control − Ct actin). All 
experiments were repeated three times. Primers used are listed in 
Supplementary Table 8.

Generation and characterization of transgenic rice
Oryza sativa japonica cv. TP309 was transformed with the constructs 
pCam2300-Proactin1:OsRD21-FLAG, pCam2300-Proactin1:MoERS1-FLAG 
and CRISPR-Cas9:OsRD21, with Agrobacterium tumefaciens-mediated 
transformation at Edgene Bio. The overexpression lines were charac-
terized by western blotting and knockout lines were characterized by 
DNA sequencing.

Y2H assay
For the Y2H assay, the MoERS1 or PLCPs cDNA sequence was amplified 
and cloned into pGBKT7 or pGADT7, respectively. Yeast transformation 
and screening were performed according to manufacturer instruc-
tions (Clontech). Yeast AH109 cells were co-transformed with specific 
bait and prey constructs. All yeast transformants were grown on an 
SD/-Leu/-Trp/-His/-Ade medium for selection.

co-IP
Co-IP of N. benthamiana cells was performed as previously described56. 
Briefly, samples were extracted with the IP buffer (50 mM Tris-HCl 
pH 7.5, 150 mM NaCl, 0.5% NP-40, 5 mM DTT and protease inhibitor 
cocktail). The mixtures were kept at 4 °C with gentle shaking for 1 h. 
The IP complex was captured by adding 50 μl GFP-Trap (ChromoTek) 
or anti-FLAG M2 affinity gel (Sigma), followed by shaking at 4 °C for 
another 1 h. The beads were recovered by centrifugation at 2,500 × g 
for 30 s and washing six times with cold TBS buffer (50 mM Tris-HCl pH 
7.5, 150 mM NaCl). Then 50 μl of glycine eluting solution (pH 2.5) was 
added to the beads. After boiling for 5 min, the samples were loaded 
onto the SDS–PAGE gels for western blot analysis, followed by detection 
with the anti-FLAG antibody (Engibody, 1:3,000 dilution) and anti-GFP 
antibody (Abmart, 1:5,000).

MST analysis
Binding reactions of recombinant GST-MoErs1 and its interaction site 
mutation proteins with OsRD21 or test compounds were measured by 
MST in a Monolith NT.Label Free (Nano Temper Technologies) instru-
ment. Labelled GST-MoErs1 (10 μM) was displaced by a buffer. A range 
of concentrations of OsRD21 or test compounds in the assay buffer 
were incubated with labelled protein (1:1, v/v) for 10 min. The samples 

were loaded into the NT.Label Free standard capillaries and measured 
with 20% light-emitting diode power and 40% MST power. The Kd-fit 
function of the Nano Temper analysis software (v.1.5.41) was used to fit 
the curve and calculate the value of the Kd. Experiments were repeated 
three times.

Protein crystallization
Construction of expression vectors. The MoErs1 (21–214 amino acids 
(aa)) coding sequence was amplified from the cDNA library of M. oryzae 
strain Guy11 and cloned into the modified pET15b vector (Novagen). 
Site-directed mutagenesis of MoErs1E112M/E191M was carried out using the 
overlap PCR method. All plasmids were verified by DNA sequencing 
before protein expression and purification.

Protein expression and purification. MoErs1 (21–214 aa) contain-
ing N-terminal 6xHis tag, MysB protein and a cleavage site for the 
tobacco etch virus (TEV) protease was overexpressed in E. coli BL21 
(DE3). E. coli cells were grown in liquid LB medium at 37 °C to an opti-
cal density (OD)600 of 0.4–0.8. The temperature of the culture was 
then lowered to 16 °C and the expression of MoErs1 was induced by 
the addition of 0.4 mM isopropyl β-d-1- thiogalactopyranoside. After 
12 h, cells were collected by centrifugation at 5,300 g for 15 min. The 
cell pellet was resuspended in lysis buffer (20 mM Tris-HCl pH 8.0, 
200 mM NaCl, 10 mM imidazole) supplemented with 1 mM PMSF, lysed 
with a high-pressure homogenizer and then centrifuged at 37,000 g 
for 50 min at 4 °C. The supernatant was loaded to a Nickel affinity 
column (GE Healthcare). Ten bed volumes of wash buffer (20 mM 
Tris-HCl pH 8.0, 200 mM NaCl, 30 mM imidazole) were used to wash 
the resin, and 3 bed volumes of elution buffer (20 mM Tris-HCl pH 
8.0, 200 mM NaCl, 200 mM imidazole) were used to elute the tar-
get protein. The purity of the target protein was analysed by SDS–
PAGE. The affinity-enriched proteins were further purified using 
an anion exchange column (GE Healthcare) and the tag was cleaved 
overnight at 4 °C with a molar ratio 1:20 TEV protease. Subsequently, 
the protein was purified using a Nickel affinity column and gel fil-
tration chromatography (GE Healthcare). The protein peak was col-
lected and then concentrated to 10 mg ml−1 (20 mM Tris-HCl pH 8.0, 
800 mM NaCl, 5 mM DTT). All purification processes were performed  
at 4 °C.

Protein crystallization. The MoErs1 crystal structure was initially 
screened using the sitting drop method at 4 °C. After mixing 0.4 μl 
MoErs1 protein (10 mg ml−1 in 20 mM Tris-HCl pH 8.0, 800 mM NaCl, 
5 mM DTT) with 0.4 μl reservoir solution, the screening plates were 
placed at 4 °C for crystal growth, which took 3 days. The hanging drop 
method was then used to further optimize the growth. MoErs1 (1.5 μl, 
10 mg ml−1 in 20 mM Tris-HCl pH 8.0, 800 mM NaCl, 5 mM DTT) was 
mixed with an equal volume (1.5 μl) of the reservoir solution consisting 
of 0.05 M zinc acetate dihydrate and 20% polyethylene glycol 3350. 
Before data collection, all crystals were cryo-protected by gradient 
transfer into the reservoir solution containing 25% glycerol and flash 
frozen in liquid nitrogen.

Data collection and structure determination. The diffraction data of 
native MoErs1 (2.5 Å) and Se-Met MoErs1E112M/E191M (2.2 Å) crystals were 
collected at BL18U1 and BL17U1 beamline at the Shanghai Synchrotron 
Radiation Facility. The diffraction images were processed and scaled 
using HKL2000/3000 package (HKL Research). Phases were initially 
obtained for Se-Met MoErs1E112M/E191M data (21–214 aa). The structure 
of MoErs1 was solved using the single-wavelength anomalous diffrac-
tion method31 as executed in Phenix57. The structural models were 
obtained using autosol and autobuild in Phenix and manually rebuilt 
with COOT58, and Phenix was used to refine the structure further. All 
structure-related pictures in this research were produced using Pymol 
v.2.1.0 (Schrödinger).
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Syntheses of target compounds
All solvents used were either chemically pure or analytically pure grade. 
The purity of commercially available reaction materials was maintained 
above 95%. The whole synthetic scheme for target compound FY21001 
is shown below.

Synthetic route of the title compound. Reagents and conditions:  
a, (COCl)2, dimethylformamide (DMF), substituted 3-phenylpropan- 
1-ol, dichloromethane (DCM), 0 °C; b, substituted phenol, K2CO3, 
DMF, 100 °C.

Synthesis of 3-phenylpropyl 4-fluorobenzoate (II). 4-fluorobenzoic 
acid (I, 2.0 mmol) was dissolved in the anhydrous DCM. (COCl)2 
(2.5 mmol) was slowly added dropwise to the reaction system at 0 °C. 
After stirring for 4 h, the reaction solution was removed under vacuum 
distillation. DCM was used to dissolve the remaining solids, and phenyl-
propanol (2.5 mmol) and trimethylamine (2.5 mmol) were then added. 
After 2 h, a NaHCO3 solution (30 ml) was added to the reaction mixture 
with stirring and the organic phase was separated. The organic phases 
were combined, dried with Na2SO4 and purified by column chromatog-
raphy to give the intermediate II 3-phenylpropyl 4-fluorobenzoate. 
Yield = 80%, 1H NMR (500 MHz, DMSO-d6) δ 8.01 (dd, J = 9.0, 5.5 Hz, 
2H), 7.39–7.33 (m, 2H), 7.32–7.27 (m, 2H), 7.26–7.23 (m, 2H), 7.22–7.17 
(m, 1H), 4.26 (t, J = 6.4 Hz, 2H), 2.77–2.71 (m, 2H), 2.07–1.99 (m, 2H). s 
indicates singlet, d indicates doublet, dd indicates doublet of doublets, 
t indicates triplet, m indicates multiplet, H indicates hydrogen atom, 
J indicates coupling constant, δ indicates chemical shift, the numbers 
indicate a range of peaks or signals.

Synthesis of 3-phenylpropyl 4-(4-hydroxyphenoxy) benzoate 
(FY21001). In an N2 atmosphere, intermediate II (2.0 mmol), hydro-
quinone (4.0 mmol), K2CO3 (4.0 mmol) and DMF (10 ml) were added 
together into a 100-ml two-necked bottle. The mixture was stirred at 
80 °C for 6 h. When the reaction was complete, 50 ml H2O was added 
into the reaction system. The aqueous layer was extracted with ethyl 
acetate (20 ml) twice and the organic layers were combined, followed by 
drying with Na2SO4 and column chromatography purification to give the 
title compound FY21001. Yield = 50%, high-resolution mass spectrum: 
m/z [M + H]+ calculated for [C22H21O4]: 349.1439, Found: 349.1433. 
1H NMR (500 MHz, chloroform-d) δ 7.97 (d, J = 8.5 Hz, 2H), 7.31–7.26  
(m, 2H), 7.23–7.18 (m, 3H), 6.97–6.90 (m, 4H), 6.86 (d, J = 9.0 Hz, 2H), 
4.32 (t, J = 6.5 Hz, 2H), 2.80–2.74 (m, 2H), 2.09 (m, 2H). Other derivatives 
were similarly synthesized. s indicates singlet, d indicates doublet, dd 
indicates doublet of doublets, t indicates triplet, m indicates multiplet, 
H indicates hydrogen atom, J indicates coupling constant, δ indicates 
chemical shift, the numbers indicate a range of peaks or signals.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All data generated or analysed during this study are included in this 
published article and its supplementary files. Bio-reagents are available 
for research purposes upon request from the corresponding author 
under a Material Transfer Agreement. The NCBI non-redundant protein 
sequences (nr) database is available at https://blast.ncbi.nlm.nih.gov/
Blast.cgi. The CDS sequence for the MoRES1 gene is available in the NCBI 
database (accession no. OK562582).
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