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Bacillus subtilis KLBMPGC81
suppresses appressorium-
mediated plant infection by
altering the cell wall integrity
signaling pathway and multiple
cell biological processes in
Magnaporthe oryzae

Lianwei Li †, Yanru Li †, Kailun Lu, Rangrang Chen
and Jihong Jiang*

The Key Laboratory of Biotechnology for Medicinal Plants of Jiangsu Province, School of Life
Science, Jiangsu Normal University, Xuzhou, China
Magnaporthe oryzae is one of the most destructive crop pathogens in the

world, causing huge losses in rice harvest every year. Bacillus subtilis is a

potential biocontrol agent that has been explored in many crop systems

because it is a potent producer of bioactive compounds. However, the

mechanisms by which these agents control rice blasts are not fully

understood. We show that B. subtilis KLBMPGC81 (KC81) and its supernatant

(SUP) have high antimicrobial activity against M. oryzae strain Guy11. To better

exploit KC81 as a biocontrol agent, the mechanism by which KC81 suppresses

rice blast pathogens was investigated. This study shows that KC81 SUP is

effective in controlling rice blast disease. The SUP has a significant effect on

suppressing the growth of M. oryzae and appressorium-mediated plant

infection. KC81 SUP compromises cell wall integrity, microtubules and actin

cytoskeleton, mitosis, and autophagy, all of which are required for M. oryzae

growth, appressorium development, and host infection. We further show that

the SUP reduces the activity of the cyclin-dependent kinase Cdc2 by

enhancing the phosphorylation of Cdc2 Tyr 15, thereby impairing mitosis in

M. oryzae cells. SUP induces the cell wall sensor MoWsc1 to activate the cell

wall integrity pathway and Mps1 and Pmk1 mitogen-activated protein kinases.

Taken together, our findings reveal that KC81 is an effective fungicide that

suppresses M. oryzae growth, appressorium formation, and host infection by

abnormally activating the cell wall integrity pathway, disrupting the

cytoskeleton, mitosis, and autophagy.

KEYWORDS

magnaporthe oryzae, appressorium, plant infection, cell wall integrity, autophagy,
cell cycle, biocontrol, bacillus subtilis
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Introduction

Magnaporthe oryzae, the causative pathogen of rice blast,

causes extensive losses in rice cultivation worldwide (Dagdas

et al., 2012). No cure has been found for this condition, and

indiscriminate use of chemical control agents may result in

pathogen resistance and other environmental and health issues

(Karthikeyan and Gnanamanickam, 2008; Spence et al., 2014).

To produce food in a sustainable and environmentally friendly

way, the biological control of crop diseases is currently

receiving greater attention because of its high specific activity

against target pathogens, good adaptability to the environment,

synergy with crops, and multifunctional working mechanisms.

Microbial resources with antifungal properties have been

investigated as potential biocontrol agents in a variety of

agricultural systems. Among the microbial candidates for

biocontrol, Bacillus spp. are considered one of the most

valuable because they produce potent bioactive compounds

with diverse biological properties, and their sporulating

properties allow them to survive in harsh environments.

Bacillus spp. can produce many metabolites and destroy

the cells of plant pathogenic fungi. Bacillus cereus HS24

prevents extracellular calcium from entering M. oryzae

conidia and significantly reduces the concentration of free

intracellular Ca2+, thereby inhibiting conidial germination

(Huang et al., 2020). Bacillus licheniformis BL06-SP reduces

chitin content, inhibits appressorium formation, and

attenuates the pathogenicity of M. oryzae (Liu et al., 2021).

Bacillus safensis B21 inhibits the hyphal growth ofM. oryzae by

producing iturin, which can change hyphal membrane

permeability (Rong et al., 2020). Bacillus sp. CS30 can

substantially inhibit M. oryzae growth, and its metabolite

surfactin can induce the accumulation of ROS and M. oryzae

cell death, thereby reducing M. oryzae pathogenicity in plants

(Wu et al., 2019). The marine bacterium Bacillus subtilis BS155

can inhibit M. oryzae growth by producing the antifungal

compound fengycin BS155, which can induce membrane

damage, the dysfunction of organelles, mitochondrial

membrane destruction, oxidative stress, and chromatin

condensation, leading to the death of M. oryzae mycelial cells

(Zhang and Sun, 2018). In all these reports, however, the

observations do not clearly reveal Bacillus spp.’s mode of

action or its pleiotropic effects on cell viability. Therefore,

this study aims at a more comprehensive investigation of

how Bacillus spp. affect fungal viability to determine its

efficacy as a novel fungicide. The poisoning process of M.

oryzae by Bacillus spp.’s secondary metabolites and its response

to this poisoning also require further study.

The response of fungi to external stress is regulated by a

variety of signaling pathways and biological processes, such as

the cell wall integrity signaling pathway (CWI pathway), cell

cycle, autophagy, and cytoskeleton assembly. The fungal cell

wall is a complex structure that serves as a protective barrier
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against environmental stress (Latge, 2007). Cell wall damage is

detected by cell wall stress sensors located on the plasma

membrane, and especially by the cell wall stress response

component Wsc1 involved in downstream signaling

pathways (Bermejo et al., 2010; Kock et al., 2016). The CWI

pathway responds and adapts to diverse environmental

conditions in the budding yeast Saccharomyces cerevisiae and

pathogenic fungi, such as M. oryzae (Levin, 2011; Yin et al.,

2016). In M. oryzae, the CWI pathway mainly consists of a

conserved mitogen-activated protein (MAP) kinase pathway.

MAP kinase pathways play an essential role in mycelial

morphogenes is , response to extrace l lular s tresses ,

appressorium formation, and virulence (Xu et al., 1998; Jeon

et al., 2008; Yin et al., 2016). The disruption of MAP pathway

components leads to cell lysis (Xu et al., 1998; Levin, 2011; Yin

et al., 2016). In response to internal cues and environmental

challenges, MAPKMoMps1 and MAPKMoPmk1 are activated

via protein phosphorylation. Consequently, MoMps1 and

MoPmk1 phosphorylate transcription factors to regulate the

nuclear expression of genes involved in cell wall biosynthesis,

cell cycle progression, autophagy, appressorium formation,

appressorium penetration, and invasive growth (Xu et al.,

1998; Jeon et al., 2008; Yin et al., 2016; Yin et al., 2020; Feng

et al., 2021; Oses-Ruiz et al., 2021).

Reasonable regulation of the cell cycle in fungi is an effective

way to deal with damage and environmental stress (Shiozaki and

Russell, 1995; Petersen and Hagan, 2005; George et al., 2007;

Cansado et al., 2022). Cell cycle control is a crucial biological

process underlying growth, development, and survival (Kagami

and Yoshida, 2016). Cell cycle entry is controlled by cyclin-

dependent kinase (CDK) Cdc2/Cdc28 activity (Mendenhall and

Hodge, 1998; Petersen and Hagan, 2005). Inhibitory

phosphorylation of the well-conserved Tyr15 of Cdc2 is

known to affect CDK activation (Wang et al., 2004; Sgarlata

and Perez-Martin, 2005; Liu et al., 2015). In addition to binding

to cyclins, full activation of Cdc28 requires phosphorylation by

Cak1 kinase at conserved T residues in the T loop (Liu and

Kipreos, 2000; Liu et al., 2015).

Autophagy, a stress response, plays a key role in the survival

of eukaryotes (Kroemer et al., 2010; Mizushima and Komatsu,

2011). Autophagy is a degradation process in which cells break

down their components, recycle macromolecules, and provide

energy essential for cell survival under various stressors (Yin

et al., 2020; Wang et al., 2021). In addition, the cell cycle is

necessary for infection-associated autophagy (Veneault-Fourrey

et al., 2006). The cytoskeleton is a dynamic network critical for

various cellular processes, including the cell cycle, vesicle

trafficking, pathogenicity, and cell signaling in response to

biotic and abiotic stimuli in M. oryzae (Saunders et al., 2010;

Dagdas et al., 2012; Li et al., 2017).

These signaling pathways and cellular processes are

involved in the response to extracellular stress and

pathogenicity of M. oryzae, but whether they are involved in
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the interaction with antifungal biocontrol bacteria has not been

systematically studied. In other words, the effects of B. subtilis

on these processes that are closely related to the growth,

development, and pathogenicity of M. oryzae remain unclear.

In this study, we explored the effect of the supernatant (SUP) of

B. subtilis KC81 on the growth and infection-related

development of M. oryzae. KC81 SUP showed a strong

antimicrobial effect on M. oryzae. We were interested in

understanding how it acts on cellular processes necessary for

plant infection. We provide evidence that the SUP acts as a

fungicide on M. oryzae. It disturbs cell wall integrity, cell cycle

progression, cytoskeleton, and autophagy and prevents

appressorium-mediated plant infection. Importantly, we

show that the cell wall integrity pathway, autophagy, and cell

cycle activity are essential components for M. oryzae to mount

a concerted stress response to KC81 SUP. This study not only

provides valuable information on how B. subtilis suppressesM.

oryzae but also sheds light on how pathogenic fungi mount a

concerted stress response to external biocontrol agents. This is

conducive to the further application of biocontrol bacteria to

undermine pathogenic fungi’s adaptability and survival.
Materials and methods

Strains and culture conditions

M. oryzae strain Guy11 (Li et al., 2017) was used as the wild

type. KC81 (Li et al., 2018) was used as the biocontrol bacterium.

KC81 was inoculated on Luria-Bertani (LB) agar plates at 37°C.

Liquid LB medium was used to prepare the SUP liquid. M.

oryzae Guy11 strains were maintained in complete medium

(CM) plates at 28°C. For conidiation, mycelial blocks were

maintained on SDC (100 g of straw, 40 g of corn powder, 15 g

of agar in 1 L of distilled water) media at 28°C for 7 days in the

dark, followed by 3 days of continuous illumination under

fluorescent light (Zhang et al., 2011).
Co-culture assays of B. subtilis and
M. oryzae Guy11

The dual culture method was used to evaluate the antifungal

activity of KC81. Cultures were grown in LB broth and shaken at

200 rpm for 12 h in a 37°C incubator. A culture or LB broth

(control) was placed in a straight line on one side of the CM

plate, and 2 mmM. oryzae hyphal agar plugs were placed on the

other side of the CM plate 2 cm away from the line. After 7 days

at 28°C, the growth of M. oryzae Guy11 was observed.

KC81 SUP was obtained by centrifugation and filtration

through a 0.22 µm biofilter when the OD600 values reached 1.0–

1.2. The cell-free SUP or LB medium (control) was mixed with
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CMmedium at a ratio of 1:6 to prepare cm plates. TheM. oryzae

strain Guy11 was inoculated into the middle of the plate and

cultured at 28°C for 7 days.
Exposure of M. oryzae to B. subtilis
SUP during plant infection

Four treatments of two-week-old rice seedlings (Oryza sativa

cv. CO39) were sprayed with 5 mL of conidial suspension (5 ×

104 spores/mL) and kept in a growth chamber at 28°C with 90%

humidity. They were kept in the dark for the first 24 h, followed

by a 12 h light/12 h dark cycle. The treatments included: (1) rice

seedlings spray-incubated with strain Guy11; (2) 5 mL SUP

sprayed onto rice seedlings 1 day after the strain Guy11 spray

treatment (SUP, 1 day later); (3) rice seedlings spray-incubated

with strain Guy11 1 day after spray treatment with 5 mL SUP

(SUP, 1 day before); (4) rice seedlings sprayed with strain Guy11

mixed with 5 mL SUP (SUPM). The leaf lesions were

photographed after 7 days.
Infection process observation

To study the effect of KC81 on infection, the SUP of crude

lysate was used. Approximately 1 g of wet cells were suspended

in 10 mL of 10 mM phosphate-buffered saline (PBS) pH7.2.

After sonication on ice for 0.5 h, the crude lysate was centrifuged

at 12000 rpm for 10 min to remove cellular debris, and SUP was

stored at −80°C until used for analysis. The spore suspension

and SUP were mixed in a 1:1 ratio to make the concentration of

the conidial suspension 5 × 105 spores/mL. Ten mL of the

mixture of M. oryzae conidial suspension and the supernatant

of crude enzyme solution (v\v=1:1) was dropped on the surface

of the rice leaves growing for approximately 10 d, and cultured at

28°C in the dark for 24 h. The formation of the appressorium

was observed under a microscope and photographed. A mixture

ofM. oryzae conidial suspension and the SUP of crude lysate at a

concentration of 5 × 104 spores/mL was dropped on the lower

epidermis of barley leaves and then incubated in a humid and

dark room at 28°C. Microscopic observations were performed 24

h after the inoculation.
Fluorescence observation

Either the mycelia blocks of Guy11 or Guy11 with different

fluorescent markers were inoculated into a conical flask of 75 mL

CM medium and oscillated (160 rpm) at 28°C for 24 h. Then, 25

mL of the cell-free supernatant, with a concentration of cultures

with OD600 values of 1.0–1.2, was added to the treatment group.

Mycelial growth was observed at different times under

a microscope.
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For the fluorescence observation of appressorium

development, 20 mL of the mixture of the crude lysate SUP

and conidia suspension (v\v=1:1) was dropped onto the surface

of the hydrophobic glass coverslips and incubated at 28°C to

induce appressorium formation. The germination tubes and

appressoria were intermittently observed under a fluorescence

microscope (Olympus DM5000B) after 2, 4, 6, 8, and 24 h

of incubation.

Calcofluor white (CFW) staining was performed using

fluorescent brightener 28 (10 mg/mL; Sigma-Aldrich) for

hyphal microscopy.
Western blot analysis

The mycelia block of Guy11-GFP-Atg8 was inoculated into a

conical flask of 75 mL CM medium and oscillated (160 rpm) at

28°C for 24 h. Then, a third volume of the cell-free supernatant

with a concentration of cultures OD600 = 1 was added as the

treatment group. Approximately 150–200 mg of mycelia were

ground into powder in liquid nitrogen and resuspended in 1 mL

of extraction buffer (10 mM Tris-HCl [pH 7.5], 150 mM NaCl,

0.5 mM EDTA, 0.5% NP40), to which 1mM PMSF was freshly

added. The total protein was separated on a 12% SDS-PAGE gel

and transferred to a polyvinylidene fluoride (PVDF) membrane.

The membrane was analyzed by western blotting, using anti-

GFP antibodies.
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For the detection of Cdc2 phosphorylation, the Guy11

protein with the supernatant treatment was extracted, as

previously described, by resuspending in 1 mL of extraction

buffer and 1 mM PMSF, 10 mL of protease inhibitor cocktail, and
10 mL of phosphatase inhibitor cocktail were freshly added. A

Cdc2 antibody (Cell Signaling Technology, #77055, USA) was

used to detect endogenous Cdc2 expression. Phospho-Cdc2

(Tyr15) and phospho-cdc2 (Thr161) antibodies (Cell Signaling

Technology, #9111 and 9114, respectively, USA) were used to

detect phosphorylated Cdc2.
Assays for appressorium formation and
statistical analysis

The SUP of the crude lysate was used to form the

appressorium. The spore suspension and SUP were mixed 1:1

to make the concentration of conidial suspension 5 × 105 spores/

mL, and 20 µL of the mixed conidial suspension was dropped

onto a hydrophobic glass coverslip and incubated at 28°C with

moisture. A conidial suspension of rice blast fungus without SUP

was used as a control. Conidial germination and appressorium

formation were observed at 2, 4, 6, and 24 h. One hundred

conidia were assessed for each treatment, and each treatment

consisted of three replicates. This experiment was repeated

three times.

All experiments were repeated three times. Error bars

represent standard deviation (SD), and values with asterisks
A

B

C

FIGURE 1

Biocontrol of M. oryzae using B subtilis KC81. (A) Cultured strains Guy11 on CM plates with B subtilis KC81. (B) Cultured strains Guy11 on CM
plates with KC81 SUP. (C) Leaves showing blast symptoms in the presence of KC81 SUP. All rice seedlings were treated with strain Guy11. Guy11:
M. oryzae; SUP: cell-free culture supernatants of strain KC81; SUP (1 day later) and SUP (1 day before): SUP sprayed onto rice seedlings 1 day
after or 1 day before the strain Guy11 spray treatments, respectively; SUPM: rice seedlings sprayed with strain Guy11 mixed with SUP.
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represent significant differences (p < 0.01). Representative data

were analyzed using SPSS software (version 20.0; IBM

Corporation) using a one-way analysis of variance (ANOVA).
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Results

KC81 SUP reduces the ability of
M. oryzae to cause rice blast disease

The ability of KC81 to inhibit M. oryzae Guy11 growth was

evaluated using an antagonistic experiment. KC81 and its SUP

were shown to exhibit strong activity against M. oryzae Guy11

(Figures 1A, B). Since B. subtilis can produce many secondary

metabolites against pathogenic fungi, KC81 SUP was tested to

determine its potential to control rice blast disease. SUP exhibited

prominent biocontrol efficacy in rice seedling infection assays.

Seven days after inoculation, a significant reduction in the number

of lesions, varying in spot size, was observed. We also found that

SUP showed protective and curative effects on rice against strain

Guy11, and when a SUP was sprayed in combination with the

Guy11 conidia (SUPM), the highest biological control efficiency

and healthy plant growth were observed (Figure 1C).
KC81 SUP impairs appressorium
development and function in M. oryzae

KC81 SUP reduced the frequency of appressorium

differentiation when applied to ungerminated M. oryzae conidia

(Figure 2). The differences in conidial germination rate between the

SUP-treated and control treatments diminished after 4 h, but after

24 h of treatment with SUP, only 4% conidia formed appressoria.

The appressorium formation rate of the treated group was

significantly lower than that of the control group (97%)

(Figures 2A, B). The conidia of the treated group developed long

germ tubes with branches and abnormally swollen cells, rather

than the appressorium (Figure 2A). Similar results were observed

on rice leaves; conidia exposed to SUP only developed very small

numbers of appressoria (Figure 2C). Infection assays on barley

epidermal cells also showed that only few conidia exposed to SUP

successfully invaded host cells compared with the control

(Figure 2D). These results indicate that KC81 SUP inhibits

appressorium formation and invasion development in M. oryzae.
KC81 SUP weakens cell walls of
M. oryzae

The fungal cell wall is an important cellular border that

regulates several transport mechanisms, cellular metabolism,

and connections with the extracellular environment. Its

mechanical strength allows cells to tolerate turgor pressure,

resulting in inhibition of cell lysis (Reinoso-Martin et al., 2003).

After treatment with KC81 SUP, many swollenM. oryzaemycelia

and germ tubes were observed. CFW staining was performed on

mycelia treated with KC81 SUP. Fluorescence aggregated in the
A

B

D

C

FIGURE 2

KC81 SUP impairs appressorium development and function of M.
oryzae. (A) Appressorium formation assay on hydrophobic
surfaces. Conidia were incubated on hydrophobic surfaces and
the samples were observed. (B) Statistical analysis of spore
germination rates and appressorium formation rates at different
time points. The percentage at a given time was recorded by
observing at least 100 conidia for each strain and the experiment
was repeated thrice. Error bars represent SD and two asterisks
represent significant differences (p < 0.01). (C) Appressorium
formation assay on rice leaves. Conidia were incubated on rice
leaves and the samples were observed after 24 (h) (D)
Microscopic observation of infectious growth on barley. Excised
barley leaves from 7-day-old barley seedlings were inoculated
with conidial suspension (5 × 104 spores/mL). Infectious growth
was observed at 24 h and 48 h post-inoculation. Bar = 20 mm.
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swollen M. oryzae mycelia (Figure 3), demonstrating that

treatment with KC81 SUP perturbed the cell wall of M.

oryzae Guy11.
KC81 SUP disrupts actin cytoskeleton in
M. oryzae

The actin cytoskeleton plays an important role in the growth,

development, and pathogenicity of M. oryzae (Dagdas et al., 2012;

Li et al., 2017). To test whether KC81 SUP affects the actin

cytoskeleton, we observed the actin cytoskeleton of Guy11 cells

expressing the actin reporter, actin-binding protein MoAbp1-GFP.

In the control, the GFP signal was observed in the apical membrane

of hyphae and germ tubes and formed apical cortical patches. With

appressorium development, the GFP signal moved along the cortex,

away from the germ tube tip, and the GFP signal finally appeared in

the center and cortical region of the appressoria and formed a ring

in the center of the appressoria. In strains exposed to KC81 SUP, the

GFP signal decreased sharply and only appeared in the cortex and

cytoplasm of a few cells. The GFP signal could not move along the

cortex away from the germ tube tip. It finally assembled in the

cortex of swollen cells, and could not form a ring (Figure 4). These

results suggest that KC81 SUP disrupts the actin cytoskeleton in

M. oryzae.
KC81 SUP impairs microtubule
organization and mitosis in M. oryzae

To cause rice blast disease, M. oryzae must properly

organize microtubules and posi t ion nucle i during
Frontiers in Cellular and Infection Microbiology 06
appressorium development (Saunders et al., 2010). To

investigate the effects of KC81 SUP on nuclear division,

migration, and microtubules during mycelial growth and

appressorium formation, we observed SUP-treated M. oryzae

expressing a histone H1-red fluorescent protein (H1-RFP) and

b-tubulin-green fluorescent protein (MoTub2-GFP), as shown

in Figures 5, 6. Filamentous cross-linked green fluorescence

was observed in untreated M. oryzae mycelia. Green

fluorescence was observed only in a small number of

mycelial cells and weakened or even disappeared in the

treated strain (Figure 5A). Following spore germination, a

polarized germ tube was formed and microtubules were

aligned parallel to its longitudinal axis. When the conidia

had germinated for 4 h, fluorescence aggregated to the sub-

tip of the germ tube and formed a crossed network. With the

development and maturation of the appressorium, the green

fluorescence in conidia and germ tubes gradually moved into

the appressorium, forming a cage-like arrangement around the

nuclei. However, when treated with SUP, the green

fluorescence signal did not accumulate in the sub-tips to

form a crossed network. Finally, the green fluorescence of

MoTub2-GFP was distributed in the conidia, long germ

tubes, and cytoplasm of the swollen cells (Figure 5B).

In the control, a dot-like red fluorescent signal and a

relatively weak elliptical red fluorescence signal, indicating that

the nucleus is active, were observed in mature and tip cells of the

mycelium, respectively. In the SUP-treated strain, the red

fluorescence signal was strong and relatively round in both

mature and tip cells of the hypha (Figure 6A). During spore

germination of the control strain, one daughter nucleus migrated

to the initial appressorium in the tube tip, whereas the other

returned to the original conidial cell (8h). The germ tube tip
FIGURE 3

KC81 SUP destroys cell wall integrity of M. oryzae. KC81 SUP altered the distribution of chitin in the cell wall of M. oryzae. Hyphae were stained
with 10 mg/mL calcofluor white (CFW) for 5 min without light before being photographed. Bar = 50 mm.
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swelled before mitosis and continued to develop, increasing in

diameter upon receipt of the daughter nuclei. The three nuclei

that remained in the spore were then broken down, with a single

nucleus remaining in the appressorium. However, after SUP

treatment, the germ tube tip did not form an initial

appressorium over time to receive a new nucleus. SUP-treated

conidia reta ined three nuclei and instead formed

undifferentiated germlings with swollen cells (Figure 6B).

These results indicate that KC81 SUP disturbs microtubule

arrangement and mitosis in M. oryzae.
Frontiers in Cellular and Infection Microbiology 07
KC81 SUP impairs autophagy in
M. oryzae

Autophagy, a stress response, plays a key role in the survival

of eukaryotes (Kroemer et al., 2010; Mizushima and Komatsu,

2011). To study the effects of KC81 SUP on the autophagy

process of M. oryzae, we observed the degradation of GFP-Atg8

in strain Guy11 following SUP treatment. The green

fluorescence signal was observed mainly in the cytoplasm and

rarely in vacuoles. The green fluorescence signal was present in
A

B

FIGURE 4

KC81 SUP impairs actin cytoskeleton organization of M. oryzae. (A) Live cell imaging experiment to show MoAbp1-GFP (green fluorescent
protein) localization in M. oryzae mycelium in the presence or absence of KC81 SUP. (B) Live cell imaging experiment to show MoAbp1-GFP
localization during M. oryzae appressorium development in the presence or absence of KC81 SUP. Bar = 10 mm.
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vacuoles at 12h after SUP treatment. After SUP treatment for 24

h, the green fluorescence became very weak (Figure 7A).

Furthermore, the level of autophagy was monitored by

assessing GFP-Atg8 levels using western blotting. The

degradation of GFP-ATG8 was significantly intensified by SUP

treatment. GFP-ATG8 was almost completely degraded to GFP.

However, the GFP band at 24 h after SUP treatment was very

weak (Figure 7B), indicating that SUP might destroy M. oryzae

cells and cause intracellular cytoplasmic outflow. Therefore,

autophagy in M. oryzae is accelerated by SUP treatment.
KC81 SUP impairs the localization of cell
wall integrity and stress response
component MoWsc1 in M. oryzae

The cell wall integrity (CWI) and stress response protein

Wsc1p acts as a dedicated sensor to initiate protective responses

through an activated rescue pathway for de novo cell wall

synthesis against external cell wall damage (Reinoso-Martin

et al., 2003). In the control strain, Wsc1-GFP displayed a

mostly polarized cell surface distribution along with some

intracellular localization in mycelial cells with vigorous growth

and changed its distribution to accumulate in the vacuole in

mature cells. In the SUP-treated strains, Wsc1-GFP mainly

accumulated in the vacuoles and plasma membranes of a few

cells (Figure 8A). During the development of the appressorium,

Wsc1-GFP was localized on the plasma membrane at the tip of

the germ tube and transferred to the sub-tip plasma membrane

along with some intracellular localization during the initial

appressorium formation. With the development and

maturation of the appressorium, internalized Wsc1-GFP
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increased and finally localized in the vacuoles of the

appressorium. In the SUP-treated strain, Wsc1-GFP was

localized on the plasma membrane at the tip of the germ tube

and was continuously internalized but did not move to the sub-

tip. Finally, even though much of the Wsc1-GFP was

internalized into the vacuoles of swollen cells, a large number

of GFP signals were still distributed on the plasma membrane

(Figure 8B). These results suggest that M. oryzae may require

Wsc1 to continuously sense stress caused by SUP.
KC81 SUP activates phosphorylation of
Mps1- and Pmk1- MAPK and MoCdc2

The CWI pathway is one of the most critical signaling

mechanisms in response to adaptat ion to diverse

environmental conditions in M. oryzae (Yin et al., 2016; Yin

et al., 2020). Moreover, Wsc1 was continuously localized in the

plasma membrane of the treated strains. Therefore, we

determined the activity of the MAPK signaling pathways by

detecting the phosphorylation of Mps1 and Pmk1. We found

that phosphorylation of Mps1 and Pmk1 decreased after SUP

treatment, but increased significantly after 8 and 12 h

(Figure 9A). These results suggest that the CWI signaling

pathway in M. oryzae is activated during the later stages of

SUP treatment.

Mitosis in eukaryotic cells is regulated by Cdc2 kinase

activation, including phosphorylation of Cdc2 at the Thr 161

site and dephosphorylation of Cdc2 at the Tyr 15 site. To further

study the reasons for the mitotic changes in M. oryzae after

SUP treatment, we detected the phosphorylation of Cdc2.

After SUP treatment, there was no significant change in the
A B

FIGURE 5

KC81 SUP impairs microtubule cytoskeleton organization of M. oryzae. (A) Live cell imaging experiment to show MoTub2-GFP localization in M.
oryzae mycelium in the presence or absence of KC81 SUP. (B) Live cell imaging experiment to show MoTub2-GFP localization during M. oryzae
appressorium development in the presence or absence of KC81 SUP. Bar = 10 mm.
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phosphorylation of Cdc2 at Thr 161, but phosphorylation was

significantly enhanced at Cdc2 Tyr 15 (Figure 9B). These results

indicate that SUP inhibits mitosis in M. oryzae.
Discussion

M. oryzae is one of the most destructive crop pathogens

worldwide, causing huge losses in rice harvest every year (Dean
Frontiers in Cellular and Infection Microbiology 09
et al., 2012; Wilson, 2021). Therefore, successful control of rice

blast disease caused by this fungus is necessary. Bacillus spp. are

a potential biocontrol agent explored in many crop systems as it

is a potent producer of bioactive compounds with multiple

biological properties against plant pathogenic fungi (Singh,

2018; Saxena et al., 2020). Biocontrol microbes can interact

with plant pathogens through a variety of mechanisms,

including the production of antibiotics and lytic enzymes,

competition for nutrients and ecological niches, detoxification
A

B

FIGURE 6

KC81 SUP impairs mitosis of M. oryzae. (A) Live cell imaging experiment to show MoH1-RFP (red fluorescent protein) localization in M. oryzae
mycelium in the presence or absence of KC81 SUP. (B) Live cell imaging experiment to show MoH1-RFP localization during M. oryzae
appressorium development in the presence or absence of KC81 SUP. Bar = 10 mm.
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of toxins, and degradation of virulence factors (Schulz et al.,

2006). Bacillus spp. produce many metabolites and destroy the

cells of plant pathogenic fungi (Fira et al., 2018).

Previous intensive study of the infection mechanism of M.

oryzae makes it an excellent model for understanding how the

KC81 SUP might interact with phytopathogenic fungi in the

context of interference with plant infection. First, we

demonstrated that B. subtilis and SUP can inhibit the growth

of M. oryzae and its ability to cause rice blast disease. We also

showed that the SUP of B. subtilis KC81 not only inhibits

functional appressorium formation and penetrant activity but

also affects invasive fungal growth. Appressorium formation of

M. oryzae exposed to SUP decreased significantly on both

hydrophobic slides and rice leaf surfaces. In barley bioassays,

SUP inhibited penetration peg formation and invasive hyphal

development. Some of our findings are consistent with the

results of previous studies. Bacillus methylotrophicus strain

BC79 culture filtrate caused malformations and showed very

high biocontrol efficiency for M. oryzae (Shan et al., 2013).

Sterilized culture filtrate of Bacillus australimaris CQ07 can

delay and even inhibit the germination of conidia and prevent

functional appressorium development in vitro and in vivo (Chen

et al., 2019). The culture filtrates of Bacillus subtilis strain BJ-1

significantly inhibited the mycelial growth of M. oryzae P131

and resulted in the disintegration of mycelium and the induction

of abnormally swollen germ tubes (He et al., 2019).
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The fungal cell wall is an essential cellular boundary that

regulates many transport processes, cellular metabolism, and

communication with the external environment. Owing to its

mechanical strength, it allows cells to withstand turgor pressure

and, consequently, prevent cell lysis (Cid et al., 1995; Klis et al.,

2002). In this study, many swollen M. oryzae mycelia and germ

tubes were observed after treatment with KC81 SUP as it

perturbed the cell wall of M. oryzae Guy11. The correct

remodeling of the cell wall is essential for the growth and

formation of functional appressoria in M. oryzae. In the

process of appressorium formation, the cell wall is essential for

maintaining turgor, transforming turgor to directional force, and

facilitating penetration of the penetration peg into host cells,

which are necessary for the appressorium to successfully invade

host cells (Talbot, 2019). A similar phenomenon occurs in the

interaction between Aspergillus and Bacillus spp. Culture filtrates

of B. subtilis and Bacillus amyloliquefaciens can inhibit the

growth of Aspergillus parasiticus and aflatoxin production by

inducing changes in fungal cell wall chitin and glucan contents

(Siahmoshteh et al., 2018).

Based on the previously observed changes in growth,

pathogenicity, functional appressorium formation, and the cell

wall, it is interesting to know what changes have taken place in the

conserved structure and biological processes of rice blast fungus

cells to deal with the poisoning caused by external biocontrol

agents. In treated M. oryzae, the actin cytoskeleton cannot move
A

B

FIGURE 7

KC81 SUP promotes cell autophagy of M. oryzae. (A) Live cell imaging experiment to show GFP-Atg8 localization in M. oryzae mycelium in the
presence or absence of KC81 SUP. (B) Immunoblotting was performed with anti-GFP antibodies. The extent of autophagy was estimated by
calculating the amount of free GFP compared with the total amount of intact GFP-Atg8 and free GFP. Bar = 10 mm.
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to the sub-tips of hyphae and germ tubes, which is necessary for

the polar growth ofM. oryzae. The actin cytoskeleton also cannot

assemble into rings in time during the development and

maturation of the appressorium, which is necessary for the

formation of a functional appressorium (Dagdas et al., 2012; Li

et al., 2017). After SUP treatment, tubulin did not accumulate in

the sub-tips to form a cross-network in the germ tube tip, which is

necessary for nuclear migration during appressorium formation.

To infect the plant host, M. oryzae must properly assemble the

cytoskeleton and position the nucleus during appressorium

formation (Saunders et al., 2010).

The process, from the development of the appressorium to the

formation of an appressorium with invasive ability, is

accompanied by a timely cell cycle and autophagy (Veneault-
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Fourrey et al., 2006; Saunders et al., 2010). The three nuclei that

remained in the spore were then broken down, with a single

nucleus remaining in the appressorium. However, after SUP

treatment, the germ tube tip did not form an initial

appressorium in time to receive a new nucleus. SUP-treated

conidia reta ined three nucle i and instead formed

undifferentiated germlings with swollen cells. The cell cycle in

eukaryotic cells is regulated by Cdc2 kinase activation, including

phosphorylation of Cdc2 at Thr 161 site and dephosphorylation of

Cdc2 at the Tyr 15 site (Wang et al., 2004; Sgarlata and Perez-

Martin, 2005; Liu et al., 2015). The phosphorylation of Cdc2 at

Thr 161 did not change much after SUP treatment, whereas it was

dramatically increased at Cdc2 Tyr 15. SUP suppressesM. oryzae

mitosis. Cells face various stresses during growth and
A

B

FIGURE 8

Cell wall integrity signaling pathway response proteins MoWsc1 respond to KC81 SUP. (A) Live cell imaging experiment to show MoWsc1-GFP
localization in M. oryzae mycelium in the presence or absence of KC81 SUP. (B) Live cell imaging experiment to show MoWsc1-GFP localization
during M. oryzae appressorium development in the presence or absence of KC81 SUP. Bar = 10 mm.
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development. Autophagy is a degradation process in which cells

decompose their components under stressful conditions to

circulate macromolecules and provide energy (Kroemer et al.,

2010; Mizushima and Komatsu, 2011; Yin et al., 2020). By

monitoring vacuolar transport and subsequent degradation of

GFP-Atg8, autophagic flux can be observed. The GFP-Atg8

present inside the autophagosome is cleaved, and the contents

are exposed to vacuolar hydrolases after the autophagosome

membrane is lysed. The intact GFP portion cut from GFP-Atg8

is relatively resistant to vacuolar protein hydrolysis and

accumulates in the vacuoles (Cheong and Klionsky, 2008; Nair

et al., 2011; Yin et al., 2020). In this study, the degradation of GFP-

Atg8 was significantly intensified by SUP treatment, and GFP-

Atg8 was almost completely degraded to GFP, indicating that the

autophagy process in M. oryzae was accelerated to recycle

macromolecules and provide energy under SUP stress.

However, the GFP band at 24 h after SUP treatment was very

weak, indicating that SUPmight destroyM. oryzae cells and cause

intracellular cytoplasmic outflow.

The CWI pathway is one of the most critical signaling

mechanisms for the response and adaptation of M. oryzae to

different environmental conditions (Yin et al., 2016; Yin et al.,

2020). Cell wall damage is sensed to a large extent by Wsc1, which

is a key sensor of the cell wall integrity pathway. The cell wall

integrity and stress response protein Wsc1p, as a specific sensor,

can initiate a protective response through the activated salvage

pathway for nascent cell wall synthesis to withstand external cell

wall destruction (Reinoso-Martin et al., 2003). In yeast, Wsc1

localizes to the periphery of cells, accumulates at synthesis sites of

the cell wall, and is involved in the maintenance of CWI (Verna

et al., 1997; Piao et al., 2007; Straede and Heinisch, 2007). Yeast

Wsc1 also regulates the osmotic stress response by reorganizing

the actin cytoskeleton and regulating the alkaline stress response

by activating the MAPK cascade to mediate the expression of

several pH-regulating genes (Raboy et al., 1999; Gualtieri et al.,
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2004; Serrano et al., 2006; Bermejo et al., 2010; Heinisch et al.,

2010). As a dedicated sensor, Wsc1p senses cell wall damage

caused by the antifungal drug caspofungin and initiates a

protective response through activated salvage pathways to

resynthesize the cell wall (Reinoso-Martin et al., 2003). In this

study,Wsc1 was increased on lipid membranes in SUP-treatedM.

oryzae, especially at the tips of the active hyphae and germ tubes.

Furthermore, we evaluated the activation of the MAPK signaling

pathways by analyzing the phosphorylation of Mps1 and Pmk1.

We discovered that the phosphorylation of Mps1 and Pmk1 was

reduced following SUP treatment, but increased considerably after

8 and 12 h. The integrity of the cell wall might have been

destroyed at 8 h, and M. oryzae needed to start the

corresponding response. M. oryzae may require Wsc1 to

continuously sense the destructive stress from SUP and activate

the CWI pathway, further triggering a series of intracellular

responses. We tried to explore the point at which KC81

destroys M. oryzae cells and the point at which M. oryzae cells

respond significantly to this destruction. However, we have found

this to be difficult because the state of a single hypha differed from

that of another even in the same flask, and the action of SUP is a

relatively slow integrated process.

Multiple signaling pathways and cell biological processes

intersect in fungal cells in response to external stresses and

induced signals. In particular, the importance of the CWI

pathway in mediating the response of M. oryzae to SUP led us

to examine the cellular biological process of cross-talking with

the CWI signaling pathway. This is a well-known mediator in

response to cell wall stress and is associated with osmotic stress

adaptation and drug treatments (Reinoso-Martin et al., 2003).

We found that SUP may exert its toxicity towards M. oryzae

through multiple signaling pathways and cellular processes. The

CWI signaling pathway and cell cycle progression cross-talk

govern and coordinate cellular growth, development, and

pathogenicity in response to cell stress in fungi (Shiozaki and
A B

FIGURE 9

KC81 SUP activates phosphorylation of Mps1-, Pmk1- MAPK, and MoCdc2. (A) Western blot assays for phosphorylation of Mps1 and Pmk1.
(B) Western blot assays for phosphorylation of Cdc2.
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Russell, 1995; Feng et al., 2021). The CWI signaling pathway also

interacts with autophagy in yeast and M. oryzae in response to

stress (Yin et al., 2020; Oses-Ruiz et al., 2021). The process of cell

cycle regulation in the formation of functional appressorium is

closely followed by autophagy, cell wall remodeling, and

cytoskeleton remodeling. The autophagy process ensures that

spores are degraded and recycled into the appressorium to form

turgor (Veneault-Fourrey et al., 2006; Kershaw and Talbot, 2009;

Oses-Ruiz et al., 2017; Eseola et al., 2021). An intact cell wall and

remodeled cytoskeleton are essential for maintaining turgor and

converting turgor pressure into directed mechanical forces to

penetrate host cells (Dagdas et al., 2012). At the same time, when

the MAPK signaling pathway is disrupted, the cytoskeleton

assembly in M. oryzae is also abnormal and M. oryzae cannot

effectively infect the host (Dagdas et al., 2012; Sakulkoo et al.,

2018; Oses-Ruiz et al., 2021). The disruption of these cell

signaling pathways and cell biological processes by SUP will

inevitably interfere with the growth, development, and

pathogenicity of M. oryzae. The activation of the CWI

signaling pathway, the acceleration of cytoplasmic autophagy,

and the slowing of the cell cycle in M. oryzae are manifestations

of resistance to external adverse environments.

Bacillus spp. is potentially very effective for controlling rice

blast because it prevents leaf infection at a very early stage, before

cuticle penetration. Furthermore, since Bacillus spp. may act on

multiple cross-linked signaling pathways and cellular processes

that regulate the growth and pathogenicity of M. oryzae, the

chances of selection for specific resistant M. oryzae mutants are

likely to be low. In conclusion, the intracellular response changes

of M. oryzae during intoxication by B. subtilis are the molecular

ecological basis for understanding the interaction between

biocontrol bacteria and fungi, and Bacillus may constitute a

possible natural biocontrol for rice blast.
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