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Rice blast caused by Magnaporthe oryzae is one of the most important diseases
of rice. Elicitors secreted by M. oryzae play important roles in the interaction
with rice to facilitate fungal infection and disease development. In recent years,
several elicitor proteins have been identified in M. oryzae, and their functions
and importance are increasingly appreciated. In this study, we purified a novel
elicitor-activity protein from M. oryzae, which was further identified as a
vanadium chloroperoxidase (MoVcpo) by MAIDL TOF/TOF MS. The purified
MoVcpo induced reactive oxygen species (ROS) accumulation in host cells, up-
requlated the expression of multiple defense-related genes, thus significantly
enhancing rice resistance against M. oryzae. These results suggested that
MoVcpo functions as a pathogen-associated molecular pattern (PAMP) to
trigger rice immunity. Furthermore, MoVcpo was highly expressed in the
early stage of M. oryzae infection. Deletion of MoVcpo affected spore
formation, conidia germination, cell wall integrity, and sensitivity to osmotic
stress, but not fungal growth. Interestingly, compared with the wild-type,
inoculation with MoVcpo deletion mutant on rice led to markedly induced
ROS accumulation, increased expression of defense-related genes, but also
lower disease severity, suggesting that MoVcpo acts as both an elicitor
activating plant immune responses and a virulence factor facilitating fungal
infection. These findings reveal a novel role for vanadium chloroperoxidase in
fungal pathogenesis and deepen our understanding of M. oryzae-
rice interactions.
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Introduction

Rice is the most important food staple for more than half of the
world’s population (Salman et al., 2022). Rice blast, caused by
Magnaporthe oryzae, is one of the most destructive rice diseases
worldwide, which results in substantial crop loss and potential
economic disaster. Breeding of blast-resistant cultivars and chemical
control are the major strategies to control the disease. However, it is
difficult to obtain stable resistant cultivars because of the high
pathogenic diversity and rapid emergence of new races. Fungicide
application usually results in environmental pollution and fungicide
resistance in M. oryzae. The increasing number of studies on the
molecular pathogenicity of M. oryzae has contributed to better
understanding of the disease and may offer important insights into
the development of more efficient and safe control strategies.

In response to pathogen attacks, plants have evolved at least
two different levels of active defense systems to protect
themselves. Extracellular recognition of conserved pathogen-
associated molecular patterns (PAMPs) leads to the first layer
of inducible defenses, termed pattern-triggered immunity (PTI)
(Boutrot and Zipfel, 2017). On the other hand, to overcome
plant immunity, pathogens deliver effectors into plant cells to
suppress PAMP-triggered immunity (Jones and Dangl, 2006).
Many effectors can also be recognized by plant resistance
proteins, which is referred to as effector-triggered immunity
(ETT) (Park et al,, 2012). The co-evolution between plants and
pathogens has been described as a zigzag model by Jones and
Dangl (2006). Recent studies show that some PAMPs
and effectors are described as elicitors, which induce rapid and
enhanced defense responses in plants, promote the production
of new antibiotics and bioactive metabolites, and lead to plant
resistance against pathogen infection (Alhoraibi et al, 2019;
Heloir et al., 2019; Zong et al,, 2021). Therefore, while the term
“elicitor” was originally used for molecules capable of inducing
the production of phytoalexins, it now generally refers to
compounds stimulating any type of plant defense (Thakur and
Sohal, 2013; Abdul Malik et al., 2020; Ochoa-Meza et al., 2021).

Numerous types of elicitors, including proteins, glycoproteins,
sphingolipid, chitin, N-acetylchitooligosaccharide, and
oligosaccharides, have been identified from mycelial cell walls,
conidia and culture filtrate of M. oryzae (Qiu et al, 2009; Nie
etal,, 2019). Two sphingolipid elicitors (cerebrosides A and C) have
been shown to trigger phytoalexin accumulation and hypersensitive
cell death in rice plants (Koga et al., 1998). Two glycoproteins have
been demonstrated to induce resistance responses in rice (Kanoh
et al,, 1993; Schaffrath et al., 1995). PemGl has been reported to
activate SA- and Ca*'-related signaling pathways and induce
systemic acquired resistance in plants (Peng et al., 2011).
Recently, two protein elicitors (MoHripl and MoHrip2) are well-
characterized to activate early defense signaling in tobacco and
enhances rice resistance to M. oryzae (Chen et al, 2012; Chen et al,,
2014; Nie et al,, 2019). However, only a limited number of elicitors
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have been characterized in M. oryzae so far and much remains
unclear in elicitor functions because most elicitors lack a conserved
motif or domain.

In this work, we report the purification, identification, and
characterization of a novel protein elicitor named as MoVcpo
from M. oryzae using a combination of ultrafiltration,
chromatography, and MAIDL-TOF/TOF spectrometry.
Exogenous treatment of rice with MoVcpo resulted in induced
plant defense in tobacco plants and enhanced rice resistance
against M. oryzae infection. The homologous recombination
strategy was used to knock out MoVcpo for functional
investigation. The MoVcpo deletion mutant exhibited reduced
virulence on rice plants and activated multiple plant defense
responses. This study will contribute to a better understanding of
the molecular basis of elicitor-induced plant defense against
fungal pathogens.

Materials and methods
Fungus and plant

Magnaporthe oryzae race ZC13 was used as the wild-type
control in this study, which is one of the primary blast races in
Guangdong Province. The fungi cultured on YDA medium for
10 d and was subsequently cultured in YPD liquid medium for
14 days in the dark at 25°C to maintain the mycelium. The
fungal conidia were prepared according to the methods
described previously (Li et al, 2015). The conidia were
adjusted to 5x10* conidia/mL for further use. Two rice
cultivar (M. oryzae-susceptible CO39 and -resistant C101LAC)
and tobacco (Nicotiana benthamiana) were used in this study (Li
et al, 2014). Plants were grown in a greenhouse at 25 + 1°C, 70-
80% relative humidity with a 12-h light/dark photoperiod as
described (Li et al., 2012). Rice seedlings at the fourth-leaf stage
and five-week tobacco plants were used for further experiments.

Purification of the elicitor

The mycelia were harvested on Whatman filter paper (0.45
um, Millipore, Billerica, MA, USA) and washed with deionized
H,O four times on a Buchner funnel, weighed and frozen at
-20°C. The crude elicitor fraction (CEF) was prepared according
to the methods as described previously (Kanoh et al, 1993;
Griffin, 1996). CEF was desalted and concentrated through
ultrafiltration using a 50-mL Amicon Ultra Centrifugal Filter
Device with a molecular weight cutoff of 10 kDa (Millipore,
Billerica, MA, USA), and lyophilized for further use. The
lyophilized CEF was redissolved in 2 mL of 0.02 mol/L Tris-
HCI buffer (pH 7.2) (TH buffer). After centrifugation at
10,000xg for 10 min, the supernatant was applied to a DEAE-
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Sepharose FF anion exchange column (1.9 cm Xx27 cm,
Pharmacia, Sweden), which was pre-equilibrated with TH
buffer. Unbound material was removed using TH buffer, and
adsorbed fractions were eluted with a linear NaCl gradient (0.05-
0.75 mol/L in TH buffer) at a flow rate of 0.35 mL/min. All
fractions were collected according to the elution profile and
dialysed against TH buffer overnight prior to the determination
of elicitor activity. The fractions showing the maximum elicitor
activity was further loaded onto an Sephadex G-100 column
(1.9x58 cm, Pharmacia, Sweden), which was eluted with the
same TH buffer. Elicitor activity fractions were collected and
applied to a ConA-Sepharose 4B column (1.9x27cm, Pharmacia,
Sweden), which was pre-equilibrated with 0.02 mol/L TH buffer
containing 0.2 mol/L NaCl, 1 mmol/L MgCl,, 1 mmol/L CaCl,
and 1 mmol/L MnCl,. The bound fractions were eluted with the
equilibration buffer containing 0.05 mol/L o-D-glucose and a
linear gradient of 0.05-0.15 mol/L o-D-mannose. The elicitor-
activity fraction was collected and dialysed against TH buffer
overnight, lyophilized, and resuspended in 0.02 mol/L TH buffer.
Protein concentration was determined using the Bradford
method, with BSA as the standard (Bradford, 1976). All
purification steps were carried out at 4°C. The ability of the
elicitor to induce the phenylalanine ammonia-lyase (PAL) and
peroxidase (POD) activity in rice was used as an indicator during
the entire purification process as described previously
(Schaffrath et al., 1995).

Characterization of the elicitor

The purity and molecular weight (MW) of the elicitor was
determined by SDS-PAGE, which was stained with the
Coomassie brilliant blue G-250 (CBB) staining method. To
detect whether the elicitor contains carbohydrate moieties, the
gels were also visualized by the periodic acid-Schift staining
(PAS) as previously described (Van-Seuningen and Davril,
1992). Thermal stability was determined by incubating the
elicitor at 4, 20, 30, 50, 60, 80, and 100°C for 30 min, then
tested for elicitor activity. Stability at low and high pH was tested
by incubating the elicitor in solutions of pH 2, 5, 6, 7, 8 and pH
12 for 12 h at 25°C, respectively. The samples were then dialyzed
against TH buffer for 12 h to remove excess HCI and NaOH.
Enzymatic digestion (0.1 mg/mL trypsin) (Promega, Madison,
WI, USA) of the elicitor was carried out in TH bufter for 30 min
at 37°C as previously described (Schaffrath et al., 1995).
Periodate oxidation of the elicitor was carried out according to
the procedure of De Wit and Roseboom (1980) by incubation in
20 mmol/L NalO, for 24 h at 4°C in the dark, and excessive
NalO,4 was destroyed by adding ethylene glycol to the samples.
To determine the effect of the elicitor on spore germination and
mycelial growth of M. oryzae in vitro, filter-sterilized elicitor
solution was added to YDA medium. conidial suspensions of M.
oryzae were then spread to the plates and incubated in the dark
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at 28°C. Spore germination was observed at 3 and 6 h after
inoculation, respectively. The colony diameter was determined 7
days after inoculation (dpi) on the YDA medium with a 3-mm-
diameter plug of M. oryzae mycelium. An equal volume of TH
buffer was added to YDA medium, serving as a control.

Identification of the elicitor by
MALDI-TOF/TOF

The elicitor protein band was excised from the CBB-staining
SDS-PAGE gel, and in-gel digestion of proteins was performed
as previously (Li et al, 2015). MS and MS/MS spectra were
conducted using the 5800 MALDI-TOF/TOF Analyzer (AB
Sciex, Framingham, Massachusetts, USA). The MS together with
MS/MS spectra were searched using MASCOT engine
(Matrix Science, London, UK; version 2.4) against the
NCBI_Magnaporthe oryzae database.

Gene disruption and complementation

The knockout vector for MoVepo was constructed according
to the standard principle of homologous recombination. Briefly,
the upstream and downstream flanking sequences of MoVcpo
were generated by PCR using chromosomal DNA of M. oryzae
race ZCl13 as template. The upstream and downstream sequence
was respectively digested by Kpnl/Apal and EcoRI/Xbal, then
respectively inserted into the of Kpnl-Xbal site of pCT74 vector
to form the knockout construct pCT74-MoVcpo-KO. PEG-
mediated protoplast transformation was conducted in this
study. The deletion mutants were generated by transforming
the construct pCT74-MoVcpo-KO into the wide type and
screened by resistance to hygromycin B, PCR, southern blot,
and RT-qPCR analysis. To further verify the function of
MoVcpo, gene complementation was conducted by protoplast
transformation of MoVcpo-deleted mutant with the
complementation vector pCTZN (Zeocin resistance), which
was constructed by introducing the entire coding region of
MoVepo with its native promoter and terminator. The putative
complementation mutants were selected with zeocin, further
confirmed by PCR. Primers used in plasmid construction and
qPCR are listed in Supplementary Table 1.

Stress sensitivity assays

To test fungal response to environmental stresses, strains
were cultured on YDA medium supplemented with the final
concentrations of 0.8 mol/L NaCl, 0.8 mol/L sorbitol, 0.01% w/v
SDS, 200 pg/mL congo red (CR), 200 pg/mL calcofluor white
(CFW) or 20 mol/L H,O, for 5 d at 28°C. The experiments were
repeated three times.
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Inoculation of the elicitor
of N. benthamiana

Five UL of the elicitor solution (50 pg/mL) was infiltrated
into N. benthamiana leaves. BAX and TCTP were amplified by
PCR and inserted into the pBI121 vector, respectively. The
pBI121 vectors containing BAX and TCTP were transformed
into Agrobacterium tumefaciens strain GV3101 through
electroporation method and then transiently expressed in N.
benthamiana leaves according to the methods of Ma et al.
(2012), which were used as positive and negative controls,
respectively. Each treatment was performed on three leaves
from six individual plants, and the assay was repeated at least
three times. The inoculated leaves were photographed in 3-4 d
after infiltration.

RT-qPCR analysis

Total RNA from M. oryzae was extracted using a Fungal
RNA kit (Omega, USA) according to the manufacturer’s
protocol. Total RNA from tobacco and rice leaves was
extracted using Plant RNA Kit (Omega, USA) following the
manufacturer’s instructions. The RT-qPCR was performed on a
CFX Coxnnect' " Real-Time System (Bio-Rad, Hercules, CA,
USA) with the SYBR Premix Ex Taq Kit (TaKaRa, Beijing,
China) according to the manufacturer’s instructions. For M.
oryzae, the MoPot2 gene was used as an internal control. For
tobacco and rice, NbEFla and OsUbiquitin were used as
references, respectively. All gene-specific primers used are
listed in Supplementary Table 1. The relative changes in gene
AACT method

(Rajeevan et al., 2001). Each sample was represented by three

expression levels were calculated using the 2

independent biological replicates.

Inoculation of the elicitor and MoVcpo
deletion mutants of rice seedling

For enzyme activity assay, 5 UL of the elicitor solution (50
ug/mL) was mounted onto a punch-inoculated spot of 2 mm
diameter on the unexcised 4™ leaf. The activity of LOX
(lipoxygenase), APX (ascorbate peroxidase), SOD (superoxide
dismutase), and CAT (catalase), was determined according to
the methods described previously (Li et al., 2014). For ROS
determination, elicitor solution was sprayed onto rice leaves. For
disease severity assay, the elicitor-pretreated rice seedlings were
further spray-inoculated with fresh M. oryzae spores at the 2™
day. ROS was determined as described previously (Li et al,
2015). For inoculation of MoVcpo deletion mutants, spores were
applied by spraying to determine disease severity (Li et al., 2014),
or by punch inoculation (Park et al., 2012) to determine the blast
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sporulation rate on the lesions and the fungal biomass. Disease
symptoms were recorded 7 d after inoculation and disease index
were calculated by the formula: Disease Index = [Z(no. of plants
of each grade x disease grade)/(total no. of plants x the highest
disease grade)] x100 (Li et al., 2012). Relative fungal biomass was
performed by DNA-based qPCR and calculated as a ratio
(MoPot2/OsUbiquitin) represented by the equation 2"
(OsUbigquitim)-CT(MoPot2)] 55 previously described (Park et al.,
2012). All the experiment was repeated three times.

Statistical analysis

Statistical analysis was carried out using the SPSS software
(Release v14.0; SPSS Company, USA). Analysis of covariance
(ANCOVA) followed by Duncan’s multiple range test was used
to carried out quantitative analysis of the M. oryzae-regulated
proteins, H,O, production, enzyme activities and qRT-PCR.
The data were presented as mean + SE (standard error).

Results

Purification, identification and
characterization of a putative
elicitor MoVcpo

In order to identify proteins with elicitor activity, the
vegetative mycelium of M. oryzae was incubated in YPD liquid
medium. The mycelium was harvested and broken up
mechanically. After centrifugation, celite535 filtration, and
PM-10 membrane ultrafiltration, a CEF fraction (>10 kDa)
was obtained, which exhibited high elicitor activity (Data not
shown). The CEF fraction was further purified with DEAE-
Sepharose FF chromatography, and the elution profiles were
shown in Figure 1A. We evaluated the elicitor activity of various
peak fractions, among which DSIII (indicated by an arrow)
showed the highest elicitor activity. After Sephadex G-75
chromatography of DSIII, the main peak fraction (SG) was
obtained (Figure 1B). SG was passed over a ConA-Sepharose
4B column and the main peak fraction CSI was obtained, which
was not bound to the column (Figure 1C). The CSI fraction
displayed a single band in SDS-PAGE analysis with CBB
staining, with a relative molecular weight of 101 kDa
(Figure 1D). CSI fraction also exhibited only a band in SDS-
PAGE analysis with PAS staining for carbohydrate moiety
(Supplementary Figure 1), indicating that CSI may be a
glycoprotein. When induced with the CSI fraction, significant
increases in PAL and POD activities were observed in both the
susceptible rice cultivar CO39 and the resistant cultivar rice
C101LAC during the early stage of inoculation (12~48 h)
(Figures 1E, F; Supplementary Figure 2). Because PAL and
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FIGURE 1

Purification of MoVcpo from M. oryzae. (A) Chromatography on DEAE-Sepharose FF of the crude elicitor fraction. Elution was performed with a
NaCl gradient. (B) Gel permeation chromatography on Sephedex G-75 of DEAE-Sepharose FF fraction DSIII. (C) Chromatography on ConA-
Sepharose 4B of Sephadex G-75 fraction SG. Elution was performed with a mannose gradient. DSIII, SG and CSI were indicated by an arrow.
Absorbance of the material was monitored at 280 nm. (D) SDS-PAGE analysis of the purified elicitor protein using CBB staining. Fifteen ug total
proteins per lane was loaded. Lane M, marker; lane CEF, the crude elicitor fraction; lane CSI, the purified elicitor. (E) PAL activity of rice leaves
induced by the purified elicitor. (F) POD activity of rice leaves induced by the purified elicitor. Values are the means ( + SE) based on three
independent experiments and bars indicate standard deviations. Different letters indicate statistical significance (p < 0.05) using Duncan’s new

multiple range method.

POD have been widely used as biomarkers of rice defense against
pathogens (Schaffrath et al., 1995; Wang et al, 2019), we
concluded that the CSI fraction can function as an elicitor.
The purified CSI fraction was further applied to preparative SDS-
PAGE, and stained with CBB staining. The single protein band was
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excised for tryptic digestion and further analyzed by MALDI-TOF/
TOF MS. The spectra of the protein are provided in Supplementary

Figure 3. Finally, the protein was identified as a vanadium

chloroperoxidase (named MoVcpo) with high confidence. We then

conducted bioinformatic analyses to characterize the sequence
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FIGURE 2

MoVcpo induces plant immune responses in Nicotiana benthamiana. (A) MoVcpo induced the hypersensitive reaction in N. benthamiana leaves.
Tobacco leaves were infiltrated with CEF (crude elicitor fraction, 50 pg/mL), MoVcpo (50 ug/mL), A. tumefaciens expressing BAX (as positive
control) or TH buffer (as negative control). The leaves were photographed 3-4 d after infiltration. (B) Reactive oxygen species were detected by
DAB staining. (C) RT-gqPCR analysis of four defense-related genes after infiltration with MoVcpo solution (50 pg/mL). Values are the means ( +
SE) based on three independent experiments and bars indicate standard deviations. Letters indicate statistical significance (p < 0.05) using
Duncan'’s new multiple range method.
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features of MoVcpo (GenBank accession No. ELQ63332.1). The gene
encodes a 595 amino acid protein with two protein domains, a
VCPO_N domain and an acidPPc domain (Supplementary
Figure 4A). SignalP, 5 DeepTMHMM, and NetGPI did not
detect any signal peptide, transmembrane domain, or
glycosylphosphatidylinositol (GPI) anchor signal in MoVcpo.
Subcellular localization prediction by ProtComp further suggested
that MoVcpo is an extracellular secreted protein. A BlastP search
against the NCBI non-redundant protein database revealed that
MoVcpo shared high levels of sequence similarity with several
proteins of plant fungal pathogens, including hypothetical protein
PspLS_07003 (TLD22960.1; similarity: 92.74%) from Pyricularia sp.
CBS 133598, vanadium chloroperoxidase (XP_009227161.1;
similarity: 78.99%) from Gaeumannomyces tritici R3-111a-1,
hypothetical protein S7711_06685 (KEY74787.1; similarity: 71.19%)
from Stachybotrys chartarum IBT7711. Phylogenetic analysis showed
that MoVcpo shared above 75% sequence identifies with several
proteins offungal pathogens, including Pyricularia sp., G. tritici,and P.
pennisetigena (Supplementary Figure 4B).

MoVcpo was stable at 4, 25 and 30 and 50°C for 30 min and
retained its biological activity of inducing PAL activity.
However, MoVcpo was thermally denatured with a loss of
biological activity at 60, 70, or 80°C for 30 min
(Supplementary Figure 5A). MoVcpo also retained the elicitor
activity at pH 5, 6, 7 or 8 for 12 h, but lost the activity at pH 2 and
12 for 12 h (Supplementary Figure 5B). Enzymatic and chemical
digestions were further conducted to evaluate the nature of the
elicitor-active component. The activity of MoVcpo was not
affected by digestion with NalOy,, indicating that the
carbohydrate moiety is not necessary for elicitor activity.
When the protein moiety was destroyed with trypsin, the
elicitor activity was completely abolished (Supplementary
Figure 5C). These results suggest that the protein moiety is
necessary for elicitor activity.

MoVcpo activates plant immune
responses in N. benthamiana

To evaluate the elicitor activity of MoVcpo, CEF and
MoVcpo solutions were respectively infiltrated into tobacco
leaves. The results showed that both CEF and MoVcpo
treatments resulted in strong hypersensitive reaction (HR)
activity in N. benthamiana, and the latter induced larger
necrotic area of the tissue (Figure 2A). Consistent with the HR
reaction, DAB staining showed that both CEF and MoVcpo
could induced ROS production in N. benthamiana leaves, with
BAX as a positive control and TH buffer as a negative control
(Figure 2B). The expression of four defense-related marker
genes, namely NbOPR5, NDPR4, NbLOX, and NbEIN2, were
further examined via RT-qPCR after MoVcpo infiltration
(Figure 2C). The expression levels of the SA-dependent
defense genes (NbPR5 and NbPR4) and JA-dependent defense
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gene (NbLOX) were increased significantly after MoVcpo
treatment (Figure 2). In contrast, the expression of NbEIN2 for
ethylene-dependent defense remained stable after treatment.
Taken together, the results of ROS production and defense
gene expression analyses suggest that MoVcpo may induce
plant immune responses by activating the SA- and JA-
mediated defense pathways.

MoVcpo enhances rice resistance against
M. oryzae infection

To determine the optimal concentration of MoVcpo for
subsequent investigation of induced rice resistance to M. oryzae,
rice plants were inoculated with M. oryzae 48 h after treatment
with various concentrations of MoVcpo. Quantitative analysis
showed that, when treated with concentrations of MoVcpo as
low as 10 ug/mL, there was a significant reduction in disease
index in MoVcpo-treated plants compared with the water-
treated control (Supplementary Table 2). When the
concentrations of MoVcpo was 250 pg/mL, the disease
reduction was no longer significantly increased in both of
C101LAC and CO39 lines. Thus, 50 ug/mL was selected as the
optimal concentration of MoVcpo for induction of disease
resistance and employed in subsequent experiments. When
pretreated with 50 pug/mL MoVcpo, a significant reduction in
disease symptoms was observed in both C101LAC and CO39
(Figure 3A), with the lesion number on rice leaves caused by M.
oryzae reduced by about 2.4- and 3.3-fold (Figure 3B), and the
disease index decreased by 49.0% and 42.1% in CO39 and
C101LAC, respectively (Figure 3C). To test whether the
protective role of MoVcpo on rice was due to its effect on M.
oryzae growth, we performed an inhibitory test on fungal growth
and observed little inhibitory effect on hyphal growth even at the
highest concentration (100 ng/mL) of MoVcpo (Supplementary
Figure 6A). Likewise, spore germination was also not affected by
MoVcpo treatment up to 100 ug/mL treatment (Supplementary
Figure 6B). Taken together, the above findings indicate that the
protective role of MoVcpo on rice was due to its activity in the
induction of rice resistance to M. oryzae.

MoVcpo activates ROS accumulation
in rice leaves

ROS production is critical for responding to biotic and
abiotic stresses (Castro et al., 2021). Our qualitative and
quantitative analyses showed that ROS accumulation in the
rice leaves was dramatically induced by MoVcpo (Figure 4).
Detection of H,0, production by using DAB staining showed
significant accumulations of H,O, in the vascular tissues in both
rice cultivars at 24 h after treatment with 50 pg/mL MoVcpo
(Figure 4A). Consistent with the histochemical staining results,
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MoVcpo enhances rice resistance against M. oryzae infection. (A) Disease symptoms. Rice seedlings were sprayed with 50 ug/mL MoVcpo
solution or TH buffer as a control at 2 d before inoculation with M. oryzae. Disease severity was scored at 7 d post inoculation with conidia and
the leaves of representative plants were photographed. (B) Disease index. (C) Mean number of lesions per leaf. Data bars are the means (+
standard error) of 90 replicates from three independently biological experiments. The letters above the bars are significantly different at 0.05
level. All experiments were repeated for three times.
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MoVcpo treatment resulted in an increase in H,O, content by
2.69 and 3.49 times in CO39 and C101LAC, respectively
(Figure 4B). Similarly, NBT staining assays revealed increased
O," production in both cultivars after MoVcpo treatment
(Figure 4C). Relative to the corresponding water-treated
controls, MoVcpo treatment resulted in 4.21- and 4.98- times
O, content in CO39 and C101LAC, respectively (Figure 4D).
Malondialdehyde (MDA) has been widely used as a convenient
biomarker of oxidative stress, specifically for lipid peroxidation
(Ayala et al., 2014). Significant increases in MDA contents were
also detected in both CO39 and C101LAC upon MoVcpo
treatment (Figure 4E). Lipoxygenase (LOX) reaction is a
possible source of ROS and other radicals. We found that the
LOX activity was increased to 5.5-fold in C101LAC and 4.1-fold
in CO39 after MoVcpo treatment (Figure 4F), suggesting that
MoVcpo treatment led to higher activity of LOX in C101LAC
than in CO39. The results also showed that the contents of
H,0,, O,” and MDA in rice leaves were lower than those in
MoVcpo inoculated samples, but higher than those in control
samples upon M. oryzae inoculation.

MoVcpo induced defense-related genes
expression in rice seedlings

To elucidate the molecular mechanisms underlying the
general defense response of rice seedlings upon MoVcpo
treatment, we evaluated the expression of the marker genes for
SA-signaling pathway (OsEDSI, OsWRKY45), JA-signaling
pathway (OsAOS2, OsPBZI), MAPK signaling pathway
(OsMAPK®6), and selected genes encoding PR protein
(OsPRIa). We compared the expression of these genes in rice
seedlings inoculated with MoVcpo or TH buffer, and found that
almost all of them exhibited significantly increased expression at
all three time points after the MoVcpo treatment. In addition,
except for OsEDSI, all other genes exhibited their greatest levels
of up-regulation at 24 h after inoculation (Figure 5). Consistent
with the induced plant immunity response in N. benthamiana,
our results suggest that MoVcpo may induce multiple rice
defense responses against M. oryzae.

MoVcpo is highly induced during the
early stages of M. oryzae infection

To investigate MoVcpo expression pattern in M. oryzae at
different developmental and infection stages, RT-qPCR analysis
was performed on samples of vegetative mycelia, conidia, and
infected leaves after inoculation with M. oryzae conidia. The
expression level of MoVcpo was significantly increased in rice
leaves during the early stage of M. oryzae infection at 12 h and
24 h (Figure 6). However, the expression levels of MoVcpo in
conidia or mycelia were significantly lower than those in the
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infection stages. These results suggest that MoVcpo is highly
induced at the early infection stages, indicating that MoVcpo
may play an important role in M. oryzae-rice interaction.

MoVcpo regulates conidiation, conidia
germination, and responses to multiple
stresses

To investigate the role of MoVcpo in M. oryzae, we deleted
MoVcpo by replacing it with the hygromycin resistance gene hph
through homologous recombination (Figure 7A). A screen of 56
hygromycin-resistant stable transformants by PCR identified six
MoVcpo mutants (Figure 7B). Three mutants (AMoVcpo-5,
AMoVcpo-8 and AMoVcpo-12) were further confirmed to lack
MoVcpo by Southern blot analysis using a hph-specific probe
and a MoVcpo-specific probe (Figure 7C), and by RT-qPCR
(Figure 7D). All three deletion mutants displayed identical
phenotypes; they were highly similar to the wild type (WT) in
colony growth and the morphology of mycelia and conidia, but
exhibited significantly reduced conidiation and conidia
germination rate on YDA medium compared to the wild type
(WT) (Figures 7E-G, and Supplementary Figure 7). Therefore,
we randomly selected AMoVcpo-8 as the representative for
further analyses. The expression of conidiation-related genes,
including MoHox2, MoConl, MoCon8, MoCosl and MoSec22,
was significantly reduced in AMoVepo-8 (Figure 7H). To further
test if the effect was exclusively due to the deletion of MoVcpo, a
complementation strain (AMoVcpo-com) was constructed based
on AMoVcpo-8 and its conidiation and conidia germination rate
was similar to the WT (Figure 7 and Supplementary Figures 7).
These results indicated that MoVepo is dispensable for fungal
growth, but affects spore formation and conidia germination in
M. oryzae.

To investigate whether MoVcpo is involved in stress
responses, the WT, AMoVcpo-8, and AMoVcpo-com strains
were grown on YDA supplemented with different stress
conditions. As shown in Figure 8A, compared with the WT,
AMoVcpo-8 was more sensitive to cell wall stresses imposed by
CFW and SDS. The results also showed that the growth of the
MoVepo mutant was markedly inhibited by H,O, (Figure 8B).
These results indicated that the loss of MoVepo affects cell wall
integrity and sensitivity to osmotic stress.

MoVcpo contributes to M. oryzae
virulence

To investigate whether MoVcpo is related to the virulence of
M. oryzae, the susceptible rice cultivar CO39 was treated with
conidia suspensions of WT, AMoVcpo-8 and AMoVcpo-com,
respectively, by spray inoculation method. After 7 dpi, only a
small number of disease spots formed on rice leaves inoculated
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by AMoVcpo-8, while more typical gray centered blast lesions
and merged large lesions appeared on the leaves inoculated by
the WT and AMoVcpo-com (Figure 9A and Supplementary
Table 3). Consistent with the lesion results, the disease index
was 41.2% lower on AMoVcpo-8-inoculated rice leaves in
comparison with WT- and AMoVcpo-com- inoculated ones
(Figure 9B). To further determine the impact of MoVcpo
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deletion on the virulence, we then assessed fungal growth in
rice using the punch inoculation method, which is more suitable
for measuring the basal resistance levels of rice plants than the
spray inoculation method (Ono et al., 2001). The assays showed
that AMoVcpo-8 caused smaller disease lesions on rice leaves
than the WT and AMoVepo-com (Figure 9C). Consistent with
the lesion size result, fewer spores were produced on the
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AMoVcpo-8-inoculated rice leaves than those on the WT- and
AMoVcpo-com- inoculated ones (Figures 9D). Furthermore, the
relative fungal biomass was lower in AMoVcpo-8-infected leaves
as measured by DNA-based qPCR (Figure 9E). These results
showed that MoVcpo deletion leads to reduced virulence of M.
oryzae to rice plants, indicating that MoVcpo plays an important
role in virulence.

MoVcpo deletion activates plant
immunity responses in rice

To investigate whether the attenuated virulence of MoVcpo
deletion mutant was related to ROS accumulation in rice, we
conducted quantitative analyses of the production of H,O,. As
shown in Supplementary Figure 8A, H,0, accumulation was
significantly higher in rice leaves inoculated with AMoVcpo-8
than in those inoculated with the WT and AMoVcpo-com. We
further determined the expression of four well-known defense-
related genes, OsEDSI, OsAOS2, OsWRKY45, and OsPRI1a. The
OsWRKY45, and OsPRla, was
significantly up-regulated in rice plants at 24 h after
inoculation with AMoVcpo-8 in comparison with the WT

expression of OsEDSI,

inoculation (Supplementary Figure 8B). These results showed
that MoVcpo deletion results in enhanced defense response,
further indicating that MoVcpo may act as a critical
virulence factor to facilitate M. oryzae infection by suppressing
host immunity.
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Discussion

Elicitors play an important role in induced plant resistance
to fungal pathogens (Giovannoni et al., 2021; Zhang et al., 2021).
Many of them are constituents of the pathogen or secreted by it,
or they are released from pathogen cell walls by hydrolytic
enzymes from the pathogen or the plant (Garcia-Brugger
et al., 2006). Various types of elicitors have been isolated and
purified from M. oryzae, including proteins (Kanoh et al., 1993;
Schaffrath et al., 1995; Chen et al., 2012; Chen et al., 2014),
cerebrosides (Koga et al., 1998), chitin (Ren and West, 1992),
and N-acetylchitooligosaccarides (Yamada et al, 1993; Shinya
et al, 2022), all of which seem to activate defense-related gene
expression, and induce the defense response against M. oryzae
infection in rice. In this study, we isolated and purified a novel
elicitor, MoVcpo, from M. oryzae. Similar to previously reported
elicitors, MoVcpo triggers strong defense response in both
tobacco and rice plants, including the accumulation of ROS,
and up-regulated expression of defense-related genes. Moreover,
we found that MoVcpo also functioned as a virulence factor to
suppress host immunity and therefore was required for the full
virulence of M. oryzae.

It is well documented that ROS generation is an important
characteristic of plant-induced immunity in response to elicitor
stimulation (Nanda et al., 2010). In this study, the results from
the DAB staining and quantitative analyses showed that the
elicitor MoVcpo resulted in a significant increase in H,O, and
O, content, which further induced an HR in N. benthamiana
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of the conidiation-related genes. M. oryzae, the wide-type strain; AMoVcpo-5, AMoVcpo-8 and AMoVcpo-12, MoVcpo deletion mutants;
AMoVcpo-com, MoVcpo complementation strain. Values are the means ( + SE) based on three independent experiments and bars indicate
standard deviations. Different letters indicate statistical significance (p < 0.05) using Duncan’s new multiple range method
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(Figure 2). An increase in H,0, and O, content after MoVcpo
treatment was also observed in rice leaves (Figure 4). Similar
results were also observed in previous studies of elicitors. For
example, PeBL2, an elicitor-bioactivity protein isolated from
Brevibacillus laterosporus, triggered an early defense response in
N. benthamiana as revealed by ROS accumulation (Jatoi et al.,
2019). Consistent with these findings, the activity of LOX, which
is an important ROS-generation source, increased markedly
after MoVcpo treatment, which is one of important ROS-
generation source. These results indicated that MoVcpo
induced ROS accumulation by coordinating oxidative burst
through increasing the activity of ROS-generation enzyme.
Plants possess a complex defense system that includes both
broad and specific responses such as protein phosphorylation, ion
fluxes, activation of MAPK cascades, activation of WRKY
transcription factors, and transcription of defense-related genes
(Shen et al, 2017). Our results showed that genes encoding
transcription factor (OsWRKY45), PR protein (OsPRla), and
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OsMAPK6 for MAPK signaling pathway, were all up-regulated
significantly at early stage after treatment with MoVcpo.
Interestingly, the marker genes for both SA-signaling pathway
(OsEDSI) and JA-signaling pathway (OsAOS2, OsPBZI) were
significantly up-regulated simultaneously after elicitation,
suggesting that both JA- and SA-dependent responses are
activated by MoVcpo. Consistent with these results, MoVcpo also
activated the SA- and JA-mediated defense pathways in N.
benthamiana. Similarly, induced expression of the marker genes
involved in JA/SA signaling was reported in Vitis rupestris following
the treatments with both elicitor flg22 and harpin (Chang and Nick,
2012). PeFOCI, an elicitor isolated from Fusarium oxysporum, also
activates SA and JA signaling pathways, and triggers the immune
response and systemic acquired resistance in tobacco (Li et al,
2019). Taken together, MoVcpo induced multiple signaling
pathways in rice against fungal infection. However, further
investigations are needed to understand the role of JA/SA
signaling in rice defense response triggered by the elicitor MoVcpo.
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Recent studies show that many elicitors exhibit an induced
expression pattern in pathogen-plant interaction (Chen et al,
2013; Wang et al., 2016; Pradhan et al,, 2021). Usually, the gene
expression significantly increases during fungal infection, such
as MoHripl and Rbfl in M. oryzae (Nishimura et al., 2016; Nie
et al, 2019), SsSSVPIL in Sclerotinia sclerotiorum (Lyu et al,
2016), and VAPELL in Verticillium dahliae (Yang et al., 2018).
The transcript levels of MoVcpo also showed a significant
increase at the early stage of M. oryzae infection, suggesting
that it may play an important role in the fungal infection process.
To further characterize the function of MoVcpo, we deleted
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MoVcpo gene and found that the MoVepo deletion resulted in
compromised fungal cell wall integrity and increased sensitivity
to osmotic stress, and, importantly, reduced pathogenicity of M.
oryzae to rice plants (Figure 9). The expression levels of defense-
related genes were obviously higher in AMoVcpo -inoculated rice
leaves than those in the WT- and AMoVcpo-com-inoculated rice
leaves (Supplementary Figure 7). Similarly, MoHrip2 and MSP1,
two other M. oryzae elicitors, can also activate rice defense
responses during M. oryzae inoculation, and their deletion
mutants exhibit significantly decreased virulence, suggesting
that they also function as both virulence factors and elicitors
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in M. oryzae (Jeong et al.,, 2007; Chen et al., 2014; Wang et al.,
2016; Wang et al,, 2017; Nie et al,, 2019). Together with the
above studies, our results provide new evidences that elicitors
can function as both PAMPs to activate plant immunity and a
virulence factor to promote fungal infection.

Vanadium chloroperoxidases (Vcpo) are widely present in
prokaryotes and a group of common terrestrial fungi (the
dematiaceous Hyphomycetes) and are involved in the specific
synthesis of chlorinated antibiotics. Vcpo proteins possess an
oxidometalate (vanadate) as a prosthetic group, making them
very resistant to oxidative inactivation (Bernhardt et al., 2011;
Dong et al.,, 2017; McKinnie et al., 2018). Barnett et al. (1997)
found that Vcpo is excreted by the growing hyphae of
Curvularia inequalis. Further investigations suggested that
Vcpo can oxidize the waxy protective cuticle layer on the
leaves of plant and/or degrade the cell walls of the plants to
facilitate the penetration of the fungus through the leaf cuticle/
and or plant cell to reach nutrients in the cell (Wever and
Barnett, 2017). In many pathogenic fungi, Vcpo is also
considered to play an important role in the formation of
CHCl; (Wever and Barnett, 2017). Although some studies in
recent years have increased our understanding of halogenase
biochemistry, the function of Vcpo is often disputed and still
remains poorly understood. In this study, we revealed the
function of Vcpo in M. oryzae as an elicitor, which provides
useful clues for further studies to dissect Vcpo function in
pathogenic fungi.

Taken together, in this study, we found the vanadium
chloroperoxidase Vcpo in M. oryzae can function as both an
elicitor to activate plant immunity and a virulence factor to
promote fungal infection, which adds to our understanding of
the fungi-plant interaction. Further studies are required to
identify the host receptor for MoVcpo in rice leaves to
elucidate the mechanism of MoVcpo-induced/suppressed
resistance in rice.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

References

Abdul Malik, N. A., Kumar, I. S., and Nadarajah, K. (2020). Elicitor and receptor
molecules: orchestrators of plant defense and immunity. Int. J. Mol. Sci. 21 (3), 963.
doi: 10.3390/ijms21030963

Alhoraibi, H., Bigeard, J., Rayapuram, N., Colcombet, J., and Hirt, H. (2019).
Plant immunity: the MTI-ETI model and beyond. Curr. Issues Mol. Biol. 30, 39-58.
doi: 10.21775/cimb.030.039

Ayala, A., Mufoz, M. F., and Argiielles, S. (2014). Lipid peroxidation:
production, metabolism, and signaling mechanisms of malondialdehyde and 4-

Frontiers in Plant Science

16

10.3389/fpls.2022.1018616

Author contributions

YN, XfZ, HL, X-LC, and YL conceived, wrote, reviewed,
edited the manuscript, and designed the experiments. YN, GL,
JL, XsZ, YZ, QS, HL, and YL performed the experiments and
analyzed the data. YN, GL, JL, QS, and YL contributed reagents,
materials, and analysis tools. All authors have read and agreed to
the published version of the manuscript.

Funding

This research was funded by Natural Science Foundation of
Guangdong Province (2021A1515010643), Guangzhou Science
and Technology Program (202206010027), the National Natural
Science Foundation of China (31671968), Project for Key
Technology R&D Innovation Team in Modern Agriculture,
Guangdong Province (2021KJ134), and China Agriculture
Research System of MOF and MARA (CARS-31).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fpls.2022.1018616/full#supplementary-material

hydroxy-2-nonenal. Oxid Med. Cell Longev. 2014, 360438. doi: 10.1155/2014/
360438

Barnett, P., Kruitbosch, D. L., Hemrika, W., Dekker, H. L., and Wever, R. (1997).
The regulation of the vanadium chloroperoxidase from Curvularia inaequalis.
Biochim. Biophys. Acta 1352 (1), 73-84. doi: 10.1016/s0167-4781(96)00238-2

Bernhardt, P., Okino, T., Winter, J. M., Miyanaga, A., and Moore, B. S. (2011). A
stereoselective vanadium- dependent chloroperoxidase in bacterial antibiotic
biosynthesis. J. Am. Chem. Soc 133 (12), 4268-4270. doi: 10.1021/ja201088k

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2022.1018616/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.1018616/full#supplementary-material
https://doi.org/10.3390/ijms21030963
https://doi.org/10.21775/cimb.030.039
https://doi.org/10.1155/2014/360438
https://doi.org/10.1155/2014/360438
https://doi.org/10.1016/s0167-4781(96)00238-2
https://doi.org/10.1021/ja201088k
https://doi.org/10.3389/fpls.2022.1018616
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Nie et al.

Boutrot, F., and Zipfel, C. (2017). Function, discovery, and exploitation of plant
pattern recognition receptors for broad-spectrum disease resistance. Annu. Rev.
Phytopathol. 4, 55:257-55:286. doi: 10.1146/annurev-phyto-080614-120106

Bradford, M. M. (1976). A rapid and sensitive method after the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Analytical Biochem. 72, 248-254. doi: 10.1006/abio.1976.9999

Castro, B., Citterico, M., Kimura, S., Stevens, D. M., Wrzaczek, M., Coaker, G.,
et al. (2021). Stress-induced reactive oxygen species compartmentalization,
perception and signaling. Nat. Plants 7 (4), 403-412. doi: 10.1038/s41477-021-
00887-0

Chang, X., and Nick, P. (2012). Defense signalling triggered by Flg22 and harpin
is integrated into a different stilbene output in Vitis cells. PLoS One 7 (7), e40446.
doi: 10.1371/journal.pone.0040446

Chen, S., Songkumarn, P., and Venu, R. C. (2013). Identification and
characterization of in planta-expressed secreted effector proteins from
Magnaporthe oryzae that induce cell death in rice. Mol. Plant-Microbe Interact.
26, 191-202. doi: 10.1094/MPMI-05-12-0117-R

Chen, M., Zeng, H., Qiu, D., Guo, L., Yang, X., Shi, H., et al. (2012). Purification
and characterization of a novel hypersensitive response-inducing elicitor from
Magnaporthe oryzae that triggers defense response in rice. PLoS One 7 (5), €37654.
doi: 10.1371/journal.pone.0037654

Chen, M., Zhang, C,, Zi, Q,, Qiu, D., Liu, W., Zeng, H., et al. (2014). A novel
elicitor identified from Magnaporthe oryzae triggers defense responses in tobacco
and rice. Plant Cell Rep. 33, 1865-1879. doi: 10.1007/s00299-014-1663-y

de Wit, P. J. G. M., and Roseboom, P. H. M. (1980). Isolation, partial
characterization and specificity of glycoprotein elicitors from culture filtrates,
mycelium and cell walls of Cladosporium fulvum (syn. Fulvia fulva). Physiol.
Plant Pathol. 16, 391-408. doi: 10.1016/S0048-4059(80)80011-7

Dong, J. J., Fernandez-Fueyo, E., Li, J., Guo, Z., Renirie, R., Wever, R, et al.
(2017). Halofunctionalization of alkenes by vanadium chloroperoxidase from
Curvularia inaequalis. Chem. Commun. (Camb) 53 (46), 6207-6210.
doi: 10.1039/c7cc03368k

Garcia-Brugger, A., Lamotte, O., Vandelle, E,, Bourque, S., Lecourieux, D., Poinssot,
B., et al. (2006). Early signaling events induced by elicitors of plant defenses. Mol. Plant
Microbe Interact. 19 (7), 711-724. doi: 10.1094/MPMI-19-0711

Giovannoni, M., Lironi, D., Marti, L., Paparella, C., Vecchi, V., Gust, A. A, et al.
(2021). The Arabidopsis thaliana LysM-containing receptor-like kinase 2 is
required for elicitor-induced resistance to pathogens. Plant Cell Environ. 44 (12),
3545-3562. doi: 10.1111/pce.14192

Griffin, D. H. (1996). Fungal physiology (second edition) (New York: Wiley-Liss
Inc), p15-p28. doi: 10.2307/1308872

Heloir, M. C., Adrian, M., Brulé, D., Claverie, J., Cordelier, S., Daire, X., et al.
(2019). Recognition of elicitors in grapevine: from MAMP and DAMP perception
to induced resistance. Front. Plant Sci. 18. doi: 10.3389/fpls.2019.01117

Jatoi, G. H., Lihua, G., Xiufen, Y., Gadhi, M. A., Keerio, A. U., Abdulle, Y. A.,
et al. (2019). A novel protein elicitor PeBL2, from Brevibacillus laterosporus A60,
induces systemic resistance against Botrytis cinerea in tobacco plant. Plant Pathol. ].
35, 208-218. doi: 10.5423/PPJ.0A.11.2018.0276

Jeong, J. S., Mitchell, T. K., and Dean, R. A. (2007). The Magnaporthe grisea
snodprotl homolog, MSP1, is required for virulence. FEMS Microbiol. Lett. 273,
157-165. doi: 10.1111/j.1574-6968.2007.00796.x

Jones, J. D., and Dangl, J. L. (2006). The plant immune system. Nature 444
(7117), 323-329. doi: 10.1038/nature05286

Kanoh, H., Hega, M., and Sekizawa, Y. (1993). Transmembrane signalling
operated at rice blade cells stimulated by blast fungus elicitors i. operation of the
phospholipase ¢ system. J. Pesticide Sci. 18, 299-308. doi: 10.1584/jpestics.18.4_299

Koga, J., Yamauchi, T., and Shimura, M. (1998). Cerebosides a and ¢,
sphingolipid elicitors of hypersensitive cell death and phytoalexin accumulation
in rice plants. J. Biol. Chem. 48, 31985-31991. doi: 10.1074/jbc.273.48.31985

Li, S., Nie, H,, Qiu, D., Shi, M., and Yuan, Q. (2019). A novel protein elicitor
PeFOCL1 from Fusarium oxysporum triggers defense response and systemic

resistance in tobacco. Biochem. Biophys. Res. Commun. 514, 1074-1080.
doi: 10.1016/j.bbrc.2019.05.018

Li, Y., Nie, Y., Zhang, Z., Ye, Z,, Zou, X., Zhang, L., et al. (2014). Comparative
proteomic analysis of methyl jasmonate-induced defense responses in different rice
cultivars. Proteomics 14 (9), 1088-1101. doi: 10.1002/pmic.201300104

Li, Y., Ye, Z, Nie, Y., Zhang, J., Wang, G. L., Wang, Z., et al. (2015). Comparative
phosphoproteome analysis of Magnaporthe oryzae-responsive proteins in
susceptible and resistant rice cultivars. J. Proteomics 115, 66-80. doi: 10.1016/
1jprot.2014.12.007

Li, Y., Zhang, Z., Nie, Y., Zhang, L., and Wang, Z. (2012). Proteomic analysis of
salicylic acid-induced resistance to Magnaporthe oryzae in susceptible and resistant
rice. Proteomics 12, 2340-2354. doi: 10.1002/pmic.Ayala00054

Frontiers in Plant Science

17

10.3389/fpls.2022.1018616

Lyu, X,, Shen, C,, Fu, Y, Xie, J., Jiang, D., Li, G., et al. (2016). A small secreted
virulence-related protein is essential for the necrotrophic interactions of sclerotinia
sclerotiorum with its host plants. PLoS Pathog. 12, €1005435. doi: 10.1371/
journal.ppat.1005435

McKinnie, S. M. K., Miles, Z. D., and Moore, B. S. (2018). Characterization and
biochemical assays of Streptomyces vanadium-dependent chloroperoxidases.
Methods Enzymol. 604, 405-424. doi: 10.1016/bs.mie.2018.02.016

Ma, L., Lukasik, E., Gawehns, F., and Takken, F. L. (2012). The use of
agroinfiltration for transient expression of plant resistance and fungal effector
proteins in Nicotiana benthamiana leaves. Methods Mol. Biol. 835, 61-74. doi:
10.1007/978-1-61779-501-5_4

Nanda, A. K., Andrio, E., Marino, D, Pauly, N., and Dunand, C. (2010). Reactive
oxygen species during plant- microorganism early interactions. J. Integr. Plant Biol.
52 (2), 195-204. doi: 10.1111/j.1744-7909.2010.00933 x

Nie, H. Z,, Zhang, L., Zhuang, H. Q., Shi, W. J,, Yang, X. F., Qiu, D. W,, et al.
(2019). The secreted protein MoHripl is necessary for the virulence of
Magnaporthe oryzae. Int. J. Mol. Sci. 20 (7), 1643. doi: 10.3390/ijms20071643

Nishimura, T., Mochizuki, S., Ishii-Minami, N., Fujisawa, Y., Kawahara, Y.,
Yoshida, Y., et al. (2016). Magnaporthe oryzae glycine-rich secretion protein, Rbfl
critically participates in pathogenicity through the focal formation of the biotrophic
interfacial complex. PLoS Pathog. 12, €1005921. doi: 10.1371/journal.ppat.1005921

Ochoa-Meza, L. C., Quintana-Obregon, E. A., Vargas-Arispuro, I, Falcon-
Rodriguez, A. B., Aispuro-Hernandez, E., Virgen-Ortiz, J. J., et al. (2021).
Oligosaccharins as elicitors of defense responses in wheat. Polymers (Basel) 13
(18), 3105. doi: 10.3390/polym13183105

Ono, E., Wong, H. L., Kawasaki, T., Hasegawa, M., Kodama, O., and Shimamoto,
K. (2001). Essential role of the small GTPase rac in disease resistance of rice. Proc.
Natl. Acad. Sci. U.S.A. 98 (2), 759-764. doi: 10.1073/pnas.98.2.759

Park, C. H,, Chen, S,, Shirsekar, G., Zhou, B., Khang, C. H., Songkumarn, P., et al.
(2012). The Magnaporthe oryzae effector AvrPiz-t targets the RING E3 ubiquitin ligase
APIP6 to suppress pathogen-associated molecular pattern-triggered immunity in rice.
Plant Cell. 24 (11), 4748-4762. doi: 10.1105/tpc.112.105429

Peng, D. H,, Qiu, D. W,, Ruan, L. F,, Zhou, C. F,, and Sun, M. (2011). Protein elicitor
PemGl1 from Magnaporthe grisea induces systemic acquired resistance (SAR) in plants.
Mol. Plant-Microbe Interact. 24, 1239-1246. doi: 10.1094/MPMI-01-11-0003

Pradhan, A., Ghosh, S., Sahoo, D., and Jha, G. (2021). Fungal effectors, the
double edge sword of phytopathogens. Curr. Genet. 67 (1), 27-40. doi: 10.1007/
500294-020-01118-3

Qiu, D., Mao, J.,, Yang, X, and Zeng, H. (2009). Expression of an elicitor-
encoding gene from Magnaporthe grisea enhances resistance against blast disease
in transgenic rice. Plant Cell Rep. 28, 925-933. doi: 10.1007/500299-009-0698-y

Rajeevan, M. S., Ranamukhaarachchi, D., Vernon, S. D., and Unger, E. R. (2001). Use
of real-time quantitative PCR to validate the results of cDNA array and differential
display PCR technologies. Methods 25, 443-451. doi: 10.1006/meth.2001.1266

Ren, Y. Y., and West, C. A. (1992). Elicitation of diterpene biosynthesis in rice
(Oryza sativa 1.) by chitin. Plant Physiol. 99, 1169-1178. doi: 10.1104/pp.99.3.1169

Salman, E. K., Ghoniem, K. E.,, Badr, E. S., and Emeran, A. A. (2022). The
potential of dimetindene maleate inducing resistance to blast fungus Magnaporthe
oryzae through activating the salicylic acid signaling pathway in rice plants. Pest
Manag Sci. 78 (2), 633-642. doi: 10.1002/ps.6673

Schaffrath, U., Scheinpflug, H., and Reisendr, H. J. (1995). An elicitor from
Pyricularia oryzae induces resistance responses in rice: isolation, characterization
and phsiological properties. Physiol. Mol. Plant Pathol. 46, 293-307. doi: 10.1006/
pmpp.1995.1023

Shen, Y., Liu, N,, Li, C,, Wang, X,, Xu, X,, Chen, W,, et al. (2017). The early
response during the interaction of fungal phytopathogen and host plant. Open Biol.
7 (5), 170057. doi: 10.1098/rsob.170057

Shinya, T., Miyamoto, K., Uchida, K., Hojo, Y., Yumoto, E., Okada, K., et al.
(2022). Chitooligosaccharide elicitor and oxylipins synergistically elevate
phytoalexin production in rice. Plant Mol. Biol. 109 (4-5), 595-609. doi: 10.1007/
s11103-021-01217-w

Thakur, M., and Sohal, B. S. (2013). Role of elicitors in inducing resistance in
plants against pathogen infection: A review. ISRN Biochem. 2013, 1-10.
doi: 10.1155/2013/762412

Van-Seuningen, I, and Davril, M. (1992). A rapid periodic acid-schiff staining
procedure for the detection of glycoproteins using the PhastSystem. Electrophoresis
13 (1-2), 97-99. doi: 10.1002/elps.1150130119

Wang, Z., Han, Q, Zi, Q,, Lv, S., Qiu, D., Zeng, H., et al. (2017). Enhanced
disease resistance and drought tolerance in transgenic rice plants overexpressing
protein elicitors from Magnaporthe oryzae. PLoS One 12, €0175734. doi: 10.1371/
journal.pone.0175734

Wang, R.,, Wang, G. L., and Ning, Y. (2019). PALs: emerging key players in
broad-spectrum disease resistance. Trends Plant Sci. 24 (9), 785-787. doi: 10.1016/
j.tplants.2019.06.012

frontiersin.org


https://doi.org/10.1146/annurev-phyto-080614-120106
https://doi.org/10.1006/abio.1976.9999
https://doi.org/10.1038/s41477-021-00887-0
https://doi.org/10.1038/s41477-021-00887-0
https://doi.org/10.1371/journal.pone.0040446
https://doi.org/10.1094/MPMI-05-12-0117-R
https://doi.org/10.1371/journal.pone.0037654
https://doi.org/10.1007/s00299-014-1663-y
https://doi.org/10.1016/S0048-4059(80)80011-7
https://doi.org/10.1039/c7cc03368k
https://doi.org/10.1094/MPMI-19-0711
https://doi.org/10.1111/pce.14192
https://doi.org/10.2307/1308872
https://doi.org/10.3389/fpls.2019.01117
https://doi.org/10.5423/PPJ.OA.11.2018.0276
https://doi.org/10.1111/j.1574-6968.2007.00796.x
https://doi.org/10.1038/nature05286
https://doi.org/10.1584/jpestics.18.4_299
https://doi.org/10.1074/jbc.273.48.31985
https://doi.org/10.1016/j.bbrc.2019.05.018
https://doi.org/10.1002/pmic.201300104
https://doi.org/10.1016/j.jprot.2014.12.007
https://doi.org/10.1016/j.jprot.2014.12.007
https://doi.org/10.1002/pmic.Ayala00054
https://doi.org/10.1371/journal.ppat.1005435
https://doi.org/10.1371/journal.ppat.1005435
https://doi.org/10.1016/bs.mie.2018.02.016
https://doi.org/10.1007/978-1-61779-501-5_4
https://doi.org/10.1111/j.1744-7909.2010.00933.x
https://doi.org/10.3390/ijms20071643
https://doi.org/10.1371/journal.ppat.1005921
https://doi.org/10.3390/polym13183105
https://doi.org/10.1073/pnas.98.2.759
https://doi.org/10.1105/tpc.112.105429
https://doi.org/10.1094/MPMI-01-11-0003
https://doi.org/10.1007/s00294-020-01118-3
https://doi.org/10.1007/s00294-020-01118-3
https://doi.org/10.1007/s00299-009-0698-y
https://doi.org/10.1006/meth.2001.1266
https://doi.org/10.1104/pp.99.3.1169
https://doi.org/10.1002/ps.6673
https://doi.org/10.1006/pmpp.1995.1023
https://doi.org/10.1006/pmpp.1995.1023
https://doi.org/10.1098/rsob.170057
https://doi.org/10.1007/s11103-021-01217-w
https://doi.org/10.1007/s11103-021-01217-w
https://doi.org/10.1155/2013/762412
https://doi.org/10.1002/elps.1150130119
https://doi.org/10.1371/journal.pone.0175734
https://doi.org/10.1371/journal.pone.0175734
https://doi.org/10.1016/j.tplants.2019.06.012
https://doi.org/10.1016/j.tplants.2019.06.012
https://doi.org/10.3389/fpls.2022.1018616
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Nie et al.

Wang, Y., Wy, J,, Kim, S. G,, Tsuda, K., Gupta, R, Park, S. Y., et al. (2016).
Magnaporthe oryzae-secreted protein MSP1 induces cell death and elicits defense
responses in rice. Mol. Plant-Microbe Interact. 29, 299-312. doi: 10.1094/MPMI-
12-15-0266-R

Wever, R,, and Barnett, P. (2017). Vanadium chloroperoxidases: the missing link
in the formation of chlorinated compounds and chloroform in the terrestrial
environment? Chem. Asian J. 12 (16), 1997-2007. doi: 10.1002/asia.201700420

Yamada, A., Shibuya, N., and Kodama, O. (1993). Induction of phytoaliexin
formation in suspension-cultured rice cells by n-acetyl-chitooligosaccharides.
Biosci. Biotech. Biochem. 57 (3), 405-409. doi: 10.1271/bbb.57.405

Frontiers in Plant Science

18

10.3389/fpls.2022.1018616

Yang, Y., Zhang, Y., Li, B, Yang, X, Dong, Y., Qiu, D, et al. (2018). A
Verticillium dahliae pectate lyase induces plant immune responses and
contributes to virulence. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.01271

Zhang, Y., Gao, Y., Wang, H. L, Kan, C, Li, Z, Yang, X, et al. (2021).
Verticillium dahliae secretory effector PevD1 induces leaf senescence by
promoting OREl-mediated ethylene biosynthesis. Mol. Plant 14 (11), 1901-
1917. doi: 10.1016/j.molp.2021.07.014

Zong, G., Fu, J., Zhang, P., Zhang, W., Xu, Y., Cao, G,, et al. (2021). Use of
elicitors to enhance or activate the antibiotic production in streptomyces. Crit. Rev.
Biotechnol. 7, 1-24. doi: 10.1080/07388551.2021.1987856

frontiersin.org


https://doi.org/10.1094/MPMI-12-15-0266-R
https://doi.org/10.1094/MPMI-12-15-0266-R
https://doi.org/10.1002/asia.201700420
https://doi.org/10.1271/bbb.57.405
https://doi.org/10.3389/fpls.2018.01271
https://doi.org/10.1016/j.molp.2021.07.014
https://doi.org/10.1080/07388551.2021.1987856
https://doi.org/10.3389/fpls.2022.1018616
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	A novel elicitor MoVcpo is necessary for the virulence of Magnaporthe oryzae and triggers rice defense responses
	Introduction
	Materials and methods
	Fungus and plant
	Purification of the elicitor
	Characterization of the elicitor
	Identification of the elicitor by MALDI-TOF/TOF
	Gene disruption and complementation
	Stress sensitivity assays
	Inoculation of the elicitor of N. benthamiana
	RT-qPCR analysis
	Inoculation of the elicitor and MoVcpo deletion mutants of rice seedling
	Statistical analysis

	Results
	Purification, identification and characterization of a putative elicitor MoVcpo
	MoVcpo activates plant immune responses in N. benthamiana
	MoVcpo enhances rice resistance against M. oryzae infection
	MoVcpo activates ROS accumulation in rice leaves
	MoVcpo induced defense-related genes expression in rice seedlings
	MoVcpo is highly induced during the early stages of M. oryzae infection
	MoVcpo regulates conidiation, conidia germination, and responses to multiple stresses
	MoVcpo contributes to M. oryzae virulence
	MoVcpo deletion activates plant immunity responses in rice

	Discussion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


