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Abstract

Rice blast, caused by the fungus Magnaporthe oryzae, is one of the three major diseases

affecting rice production and quality; it reduces rice grain yield by nearly 30%. In the early

stage of this study, a strain of Bacillus velezensis with strong inhibition of M. oryzae was iso-

lated and named ZW10. In vitro assays indicated prolonged germination time of conidia of

M. oryzae treated with the antifungal substances of ZW10, 78% of the conidia could not

form appressorium, and the conidial tubes expanded to form vacuolar structure and then

shrank. The results of FDA-PI composite dyes showed that the antifungal substances of

ZW10 inhibited the normal activity of M. oryzae hyphae that were rarely able to infect the epi-

dermal cells of rice leaf sheath in vivo tests. In addition, rice treated with the antifungal sub-

stances of ZW10 showed a variety of defense responses, including activation of defense-

related enzymes, increased expression of the salicylic acid pathway genes, and accumula-

tion of hydrogen peroxide (H2O2), which might function directly or indirectly in resistance to

pathogen attack. The field experiment with rice blast infection in different periods showed

that the antifungal substances of ZW10 had the same control effect as carbendazim. The

significant biological control activity of ZW10 and its capacity to stimulate host defenses sug-

gest that this B. velezensis strain has the potential to be developed into a biopesticide for

the biocontrol of rice blast.

Introduction

Rice (Oryza sativa L.) is one of the most important food crops in the world, being the staple

food of about half of the world population [1]. However, rice blast, a devastating fungal disease

caused by Magnaporthe oryzae, causes large losses in rice production and quality worldwide.

When the rice blast is prevalent, the rice yield is reduced by 10–30%, and even 40–50% when

the disease is severe [2–4]. M. oryzae, similarly to many other plant pathogens, is infecting not

only rice, but also other crops, such as barley, wheat, sorghum, corn, and millet [5]. Rice blast
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affects different tissues of rice at different growth stages, with leaf blast and neck blast being

the most common and most harmful [6, 7].

Synthetic fungicides play an important role in the control of rice blast. However, the over-

use of synthetic fungicides has led to increasingly serious environmental pollution and poten-

tial health problems in humans and livestock, as well as pathogens developing resistance to the

fungicides [8]. Hence, identification and use of bio-control agents to manage rice blast disease

is gaining importance, with a growing interest in (i) the discovery and development of new

and improved fungicides based on natural products that are environmentally friendly as well

as (ii) the introduction of alternative measures such as biological control agents to manage

plant diseases [9]. So far, a large number of microorganisms have been reported to have an

antagonistic effect on rice blast. Gao et al. [10] isolated Streptomyces albidoflavus OsiLf-2 from

rice that was antagonistic to M. oryzae. The fermentation filtrate of Bacillus laterosporus BPM3

controlled rice blast [11]. Bacillus cereus REN3 and REN4 isolated from rice rhizosphere and

roots promoted rice growth and inhibited some rice pathogenic fungi [12].

B. velezensis, a relatively new species of Bacillus, was discovered in 2005 [13]. In recent

years, the research on B. velezensis mainly focused on promoting the growth of animals and

plants, induction of systemic resistance, production of antimicrobial substances, antagonism

against pathogens, and the underlying mechanisms [14, 15]. B. velezensis FZB42 not only

inhibited Rhizoctonia solani directly, but also mediated the defense response in lettuce [16].

Difficidin was purified and identified from the secondary metabolites of B. velezensis AP193,

which has the effect of controlling tomato bacterial spot disease [17–19]. Zhang et al. [20]

investigated the antifungal effects of non-volatile lipopetides and volatile organic compounds

released by B. velezensis C16 on the Alternaria solani. The surfactant A, which was isolated

from B. velezensis by Jin et al. [21], had a strong inhibitory effect on Xanthomonas oryzae pv.

oryzae.
Up to now, there are only a few reports on the control of rice blast by B. velezensis. Previous

studies characterized the physical and chemical properties of B. velezensis ZW10 and eluci-

dated its antagonistic activity against M. oryzae [22]. In this paper, we aimed to explore the

inhibitory mechanism of B. velezensis ZW10 and the host defense response against M. oryzae,
and to evaluate the potential of ZW10 as a biological pesticide.

Materials and methods

Determination of the concentration of antifungal substances

B. velezensis ZW10 was inoculated to 10 L of Landy medium (LM: 20 g glucose, 5 g L-gluta-

mate, 10 g peptone, 1 g KH2PO4, 0.5 g KCl, 0.15 mg FeSO4, 5 mg MnSO4, 0.16 mg CuSO4 in 1

L distilled water) and incubated at 35˚C, 180 rpm on a rotary shaker for 72 h. The culture fil-

trate was extracted successively with 30 L of N-hexane, dichloromethane, ethyl acetate, and N-

butanol. Each organic solvent was used for extraction three times. Each organic extract was

concentrated to 50 mL using a rotary vacuum evaporator under reduced pressure of 42 mbar

at 45˚C to detect the antifungal activity. The organic extract with the strongest antifungal activ-

ity was chosen for purification using silica gel column chromatography. The mobile phase was

CH2Cl2/MeOH at ratios of 100:0, 80:20, 60:40, 40:60, 20:80, and 0:100. The organic extract

absorbed on the column was eluted by four column volumes of the mobile phase, then concen-

trated to 10 mL. The disc containing 9-day-old M. oryzae was placed in the center of PDA

(Potato Dextrose Agar) plate, and then 20 μL fractions of crude-extract of fermentation broth

(CFB) were added to determine the fraction with an antagonistic effect [23]. The active com-

ponents were diluted with distilled water, and the half-inhibitory concentration (IC50) of CFB

was determined by the plate confrontation method.
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Germination test of M. oryzae conidia and formation of appressorium

The GFP-tagged M. oryzae isolate (Guy11-Egfp) was kindly provided by State Key Laboratory

of Crop Gene Exploration and Utilization in Southwest China. The conidia were scraped from

9-day-old Guy11-Egfp grown on complete medium (CM: 50 mL 20x nitrate salts, 1 mL trace

elements, 10 g D-glucose, 2 g peptone, 1 g yeast extract, 1 g casamino acids, 1 mL vitamin solu-

tion, 15 g agar in 1 L distilled water) using the CFB at IC50 and distilled water; the spore con-

centration was adjusted to approximately 1×105 conidia/mL [24]. Then, 50 μL of spore

suspension was dropped on the hydrophobic slide and kept at room temperature. After 2, 8,

12, 24, and 48 h, the germination rate of conidia and the formation of appressorium were

observed under a ZEISS fluorescence microscope, with 100 conidia randomly selected for

observation. The experiment was repeated three times.

The equation to calculate the germination rate was:

Germination rate (%) = (A1 / A2) × 100%where A1 = the number of germinated conidia,

and A2 = the total number of conidia.

The appressorium formation rate was calculated as follows:

Formation rate of appressorium (%) = (B1 / B2) × 100%where B1 = the number of conidia

that formed appressorium and B2 = the total number of conidia [25].

Determination of M. oryzae mycelial activity

About 1 cm2 agar disk containing mycelium of M. oryzae was put into 100 mL of CM, and cul-

tured at 28˚C and 180 rpm for 3 days. The CFB at IC50 was added, and the other group was

supplied with the equal amount of sterile water as control. After shaking for 24 h, the mycelia

were stripped off M. oryzae cake, stained with FDA-PI composite dye, and treated in darkness

at room temperature for 10 minutes [26]. After that, the stained hyphae were washed twice

with PBS, sliced and observed under a ZEISS microscope. The antagonistic effect of B. velezen-
sis on the morphological structure of M. oryzae mycelia was observed by scanning electron

microscopy (SEM).

Infection of rice leaf sheaths by M. oryzae
After 4 weeks of cultivation in greenhouse, we stripped the sheaths of the second leaf of the

seedlings of susceptible rice variety Lijiangxintuanheigu (LTH). The spore suspension was pre-

pared as described above. Then, 200 μL of spore suspension was slowly injected into rice leaf

sheath [27]. At 2, 12, 24, and 36 h post-inoculation (hpi), the capacity of conidia to infect leaf

sheath was observed under a ZEISS fluorescence microscope.

Defense-related gene expression

The LTH plants were grown in a growth chamber (18 hours of light at 28˚C and 6 hours of

darkness at 22˚C) to the three leaf–stage. First, plants were sprayed with the CFB at IC50 or

distilled water with 0.1% Tween 20. After 24 h, plants were inoculated by spraying the conidia

suspension (concentration of 1 × 105 conidia / mL) [10]. Rice leaves were collected at 0, 24, 48,

and 72 hpi. Total RNA was extracted by the Trizol method, and the quality and quantity of

RNA were determined by a Thermofisher Nano DROP. Amplification of cDNA was carried

out using a Primescript RT reagent kit (Takara) by following the manufacturer’s instructions.

The qRT-PCRs were carried out using a BIO-RAD connect and normalized using OsActin
expression levels as the internal reference. The primer sequences of the relevant defense genes

and the internal reference gene are shown in Table 1. Real-time PCR was performed with
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SYBR Premix Ex TaqTM (TransGen Biotech, Beijing, China). All reactions were performed in

triplicate.

H2O2 accumulation

The LTH rice plants were treated as described above. For H2O2 accumulation, LTH rice leaves

were collected at 0, 24, 48, and 72 hpi and stained with diaminobenzidine (DAB, 1 mg/mL) at

pH = 3.8 in the dark for 12 h. The dyed leaves were destained with 95% ethanol until transpar-

ent, followed by rinsing in distilled water. The accumulation of H2O2 in leaves was observed

under a ZEISS stereomicroscope.

Field trial with the antifungal substances of ZW10 against leaf blast

The control ability of ZW10 against rice blast was studied in Wenjiang District, Chengdu City,

Sichuan Province, China (30˚680 N, 103˚850 E). The field was divided into four blocks, each

with an area of 1 m2. To avoid the influence of different treatments a thin film was used to sep-

arate each plot. Each plot was evenly seeded with 100 seeds of Jiangnanxiangnuo (JNX) rice,

and then cultivated for 30 days. The plots were sprayed with 150 mL of water, Landy medium,

carbendazim or the CFB at IC50. All the above solutions contained 0.1% Tween 20. After 1

day, each plot was sprayed with 150 mL of the M. oryzae conidia suspension (concentration of

1 × 105 conidia / mL). Seven days after inoculation, 50 rice plants were collected using the five-

point sampling method for disease index evaluation. The experiment had three replicates per

treatment and was arranged in a randomized complete block design. The disease index was

evaluated according to the Standard Evaluation System (SES) for rice [28].

Disease index (%) = ∑ (number of diseased plants in all disease categories × the value of the

relevant level) / (total number of investigated plants × highest disease category) × 100.

Field trial with the antifungal substances of ZW10 against neck blast

Field trial design and early rice seedling cultivation were the same as in the leaf blast experi-

ment. When JNX seedlings were in the heading stage, the plots were sprayed with 150 mL

water, Landy medium, carbendazim or the CFB at IC50. All the above solutions contained

0.1% Tween 20. After 1 day, each plot was sprayed with 150 mL of the M. oryzae conidia sus-

pension (concentration of 1 × 105 conidia / mL). Thirty days after inoculation, 50 rice panicles

were collected using the five-point sampling method for disease index evaluation. The experi-

ment had three replicates per treatment and was arranged in a randomized complete block

design. The disease index was evaluated according to the Standard Evaluation System (SES)

for rice [28], as specified above.

Table 1. The primer sequences of defense-related genes and internal reference gene.

Gene Forward primer (5’-3’) Reverse primer (5’-3’)

OsPR1a GCTACGTGTTTATGCATGTATGG TCGGATTTATTCTCACCAGCA

OsPR5 GGTACAACGTCGCCATGAGCT TGGGCAGAAGACGACTCGGTAG

OsPR10a AATGAGAGCCGCAGAAATGT GGCACATAAACACAACCACAA

OsWRKY45 GCAGCAATCGTCCGGGAATT GCCTTTGGGTGCTTGGAGTTT

OsLYP6 TGCCCAGGACCACATCAGT CCAGGGAAGCCCGGAATAT

OsPAL1 CGAGTTCAACGCCGACAC CCGGTAGAGCGGATACGAC

OsPOD GGCCTTGGCAAATACCGACC TCGTGTGTGCTCCTGAGAGA

OsActin GAGTATGATGAGTCGGGTCCAG ACACCAACAATCCCAAACAGAG

https://doi.org/10.1371/journal.pone.0256807.t001
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Statistical analysis

Statistical analysis of the data was evaluated with SPSS 20.0 software. The significant differ-

ences among treatment were assessed by one-way analysis of variance (ANOVA), followed by

Duncan’s multiple range tests (DMRT) when one-way ANOVA revealed significant differ-

ences. The P-Values < 0.05(�) and P-value< 0.01 (��) were considered to indicate statistical

significance. All data was expressed as mean standard deviation.

Results

Purifying the fermentation broth of ZW10 and determining its IC50

The fermentation broth was extracted by organic solvents ranging in polarity from weak to

strong. The dichloromethane, ethyl acetate and n-butanol extracts had antifungal activity, with

ethyl acetate extract being the most active (Fig 1A). The ethyl acetate extract was separated and

purified using a silica gel gradient; the activity of 60% MeOH extraction was the strongest (Fig

1B). Therefore, the IC50 of the 60% methanol fraction was determined by gradient dilution.

As shown in Fig 1C, the inhibitory activity of the 60% methanol extract was decreasing due to

gradient dilution. Finally, the concentration of 1% CFB was IC50.

Effects of the antifungal substances of ZW10 on M. oryzae conidia

germination and appressorium formation

The M. oryzae conidia were treated with distilled water or 1% CFB. As shown in Fig 2A, in the

control group, the conidia began to produce germ tubes after 2 h. After 8 h, the germ tube

elongated and appressorium formed at the other end of the tube. After treatment with 1%

CFB, conidia germinated and formed germ tube, but longer time was needed compared with

the control group. After 24 h, the hyphae were deformed and the middle part expanded to

Fig 1. Isolation and IC50 of active components in the ZW10 cell-free culture filtrate extracted by different organic

solvents (a, 1–4: N-hexane extract, dichloromethane extract, ethyl acetate extract, and N-butanol extraction), and the

activity of various fractions of ethyl acetate extract in the CH2Cl2/MeOH system (b, 5–10 fractions were: 0% MeOH,

20% MeOH, 40% MeOH, 60% MeOH, 80% MeOH, and 100% MeOH). (c), IC50 of the 60% MeOH extraction against

M. oryzae. Data are presented as means of three replicates ± SD. Scale bar, 10 mm.

https://doi.org/10.1371/journal.pone.0256807.g001
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form vacuoles, followed by increasing the pressure in the vacuole. In the control group, the

germination rate of conidia was 88.71 ± 2.01% at 2 h, and levelled off at 97.96 ± 0.42% after 8 h

(Fig 2B). Appressorium began to form after 8 h, and the formation rate was 85.42 ± 1.15%,

leavlling off at 92.07 ± 0.53% after 12 h. In the treatment group, the germination rate of conidia

was only 3.87 ± 1.33% after 2 h, and higher than 90% after 8 h. However, only about 18% of

conidia formed a normal appressorium structure (Fig 2C).

Effects of the antifungal substances of ZW10 on M. oryzae membrane

permeability and morphology

FDA dye can penetrate cell membrane and accumulate in living cells as green fluorescein,

while dead cells are dyed red by PI [26]. The hyphae treated with distilled water showed obvi-

ous green fluorescence (Fig 3A). In contrast, the mycelia of M. oryzae treated with 1% CFB

were stained with PI, and the red fluorescence was obvious, especially around the vacuoles.

The results of SEM (Fig 3B) showed that the hyphae treated with distilled water had smooth

surface. After treatment with 1% CFB, mycelia of M. oryzae showed numerous cavitation

structures, with some of them appearing broken; moreover, some hyphae were ruptured.

Effect of the antifungal substances of ZW10 on M. oryzae conidial infection

in vivo
In order to analyze the infection of rice by M. oryzae, the leaf sheath of LTH, a susceptible rice

variety, was inoculated with M. oryzae, and fluorescence was assessed. During the formation of

the specific appressoria structure of M. oryzae, glycerin accumulated in the inner part of the

appressoria, resulting in huge swelling in the inner part until the formation of infection points,

which allowed M. oryzae to colonize the rice epidermis [29–31]. As shown in Fig 4, at 12 hpi,

the appressoria in control group differentiated to form melanin, and the appressoria’s infec-

tion points pierced the rice epidermal cells. However, after treatment with 1% CFB, the spores

formed germ tubes, but did not form appressoria. At 24 hpi, several secondary hyphae were

derived from the inoculated hyphae in the control group and began to infect the adjacent epi-

dermal cells, whereas in the experimental group, vacuoles were formed at the opposite end of

Fig 2. Effects of the antifungal substances of ZW10 on M. oryzae conidia germination and appressorium

formation. Morphological changes in conidia of M. oryzae in different periods after 1% CFB of ZW10 treatment (a);

germination rate (b) and appressorium formation rate (c) of M. oryzae conidia after ZW10 treatment. Data are

presented as means of three replicates ± SD. ��, the treatment difference was significant at P<0.01. Scale bar, 10 μm.

https://doi.org/10.1371/journal.pone.0256807.g002

PLOS ONE Biological control mechanism of Bacillus velezensis

PLOS ONE | https://doi.org/10.1371/journal.pone.0256807 August 27, 2021 6 / 14

https://doi.org/10.1371/journal.pone.0256807.g002
https://doi.org/10.1371/journal.pone.0256807


the conidia germ tube. At 36 hpi, the vacuoles in the experimental group began to collapse,

and the deformed hyphae and shriveled vacuoles were observed in the leaf sheath epidermis.

The antifungal substances of ZW10 enhanced rice resistance to M. oryzae
In most pathogen-plant interactions, systemic acquired resistance (SAR) becomes activated,

which confers plants broad-spectrum resistance to persistent pathogen infection [32]. Thus,

pathogenesis related proteins (PRs) genes (OsPR1a, OsPR5, OsPR10a), lysin motif-containing

protein (LYP) gene (OsLYP6), phenylalanine ammonia-lyase (PAL) gene (OsPAL1), transcrip-

tion regulation factor (TF) genes (OsWRKY45) and OsPOD gene were tested. OsPR1, OsPR5,

OsPR10a, OsPAL1, OsLYP6, and OsWRKY45 are known to be involved in the salicylic acid

Fig 4. The antifungal substances of ZW10 were antagonistic to M. oryzae in vivo. After the treatment with 1% CFB of ZW10 treatment, the capacity of M.

oryzae mycospores to infect epidermal cells of leaf sheath was altered. Scale bar, 20 μm.

https://doi.org/10.1371/journal.pone.0256807.g004

Fig 3. The effect of the antifungal substances of ZW10 on M. oryzae membrane permeability and mycelium

morphology. After the treatment with 1% CFB of ZW10, the permeability of cell membrane was observed by FDA-PI

staining (a), and the morphological structure of mycelium was observed by scanning electron microscopy (b). Scale bar

in (a): 10 μm, and (b): 5 μm.

https://doi.org/10.1371/journal.pone.0256807.g003
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(SA) signaling pathway [33]. As shown in Fig 5A, the defense genes of rice were activated to

varying degrees from 24 hpi to 72 hpi. The expression of defense genes in rice treated with 1%

CFB was significantly increased. The peak expression of defense genes occurred at 24 hpi or 48

hpi. The highest expression of SA pathway-related genes was observed at 48 hpi, except for

OsPR5, which reached the peak after 24 h. The OsPOD gene reached maximum expression at

48 hpi.

H2O2 is a relatively stable ROS. When a host is infected by a pathogen, the accumulated

H2O2 mediates the programmed cell death (PCD) of infected and surrounding cells [34]. The

DAB staining method was used in this experiment, and the results are shown in Fig 5B. The

rice leaves treated with fermentation broth gradually accumulated H2O2, reaching maximum

at 48 hpi.

Biocontrol efficacy of the antifungal substances of ZW10

Field experiments were conducted to further evaluate the control effect of B. velezensis on rice

blast. The results are shown in Fig 6A. In the treatment with 1% CFB, the leaf blast disease

index was 17.70 ± 1.89%, which was significantly lower than that of the water (80.30 ± 6.1%)

and the Landy culture (79.18±5.8%) treatments. The control efficiency of 1% CFB was similar

to that of the carbendazim treatment (17.72 ± 2.38%), a fungicide (Fig 6B).

Rice neck blast is one of the most important diseases reducing rice yield. As shown in Fig

6C, when JNX rice was treated with 1% CFB or carbendazim at the heading stage, the neck dis-

ease indices were 32.57 ± 2.45% and 33.37 ± 3.45%, respectively. These values were lower com-

pared with the water (69.06 ±3.70%) and the Landy medium (69.03 ± 9.19%) treatments. The

thousand-seed weight of the 1% CFB treatment was 32.77 ± 2.45g, similar to that of the carben-

dazim treatment (32.89 ± 2.45 g); in contrast, the thousand-seed weight of the water treatment

was 1.88-fold lower (17.43 ±2.92 g).

Discussion

At present, the control of rice blast mainly depends on host resistance and application of pesti-

cides. Due to the variation in M. oryzae strains, the host resistance is non-sustainable [35, 36].

Fig 5. The antifungal substances of ZW10 induced rice capacity to resist M. oryzae. The expression of relevant

defense genes in rice leaves after inoculation with 1% CFB of ZW10 (a), and differential content of H2O2 as indicated

by diaminobenzidine (DAB) staining (b). Data are presented as means of three replicates ± SD. Means with different

letters have significant differences (P< 0.05). Scale bar, 50 μm.

https://doi.org/10.1371/journal.pone.0256807.g005
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Although chemical control is the dominant strategy, the abuse of pesticides leads to resistance

of pathogenic microorganisms and environmental pollution [37]. Therefore, it is an important

challenge to seek a sustainable and environmentally friendly control alternatives [38]. Bacillus
is potentially the ideal strain for biological control because it is environmentally friendly, easy

to obtain, and can produce a variety of polypeptide and lipopeptide antifungal metabolites

[39–41]. However, B. velezensis is a new strain discovered in the recent years, and there are few

reports on its biological control of M. oryzae.
We isolated and identified a strain of B. velezensis from the Sichuan basin neutral purplish

soil and named it ZW10; it has antagonistic activity against M. oryzae fungi. Based on silica

column chromatography, the 60% methanol fraction was the most active, and the IC50 was

1% CFB.

The reason M. oryzae can infect plant epidermis is that conidia germinate and produce

germ tubes, which grow and expand, and then differentiate into appressorium [2, 42]. After

1% CFB treatment, the conidia germinated and formed germ tubes, but the germination time

was relatively prolonged. At 24 h, only 18.98% of conidia treated by 1% CFB germinated to

form appressorium, whereas 95.48% of control conidia formed appressorium. These results

indicated that B. velezensis could delay the germination of conidia and inhibit the formation of

appressorium. FDA-PI complex dye was used to detect the activity of M. oryzae. It was found

that the mycelia treated with 1% CFB showed obvious red fluorescence, especially the

deformed mycelia and vacuolar area. In the previous experiment, we found that ZW10 could

produce protease, cellulase and chitinase [22]. Therefore, the loss of mycelial permeability

caused by 1% CFB treatment of M. oryzae may be related to this. Rong et al. [43] reported a

similar phenomenon after treatment with the secondary metabolite (Iturin A) of B. safensis
R2. SEM was used to observe that the mycelium of M. oryzae after treatment expanded and

that part of the expanded mycelium was broken. At the same time, vacuoles were formed in

the middle of the mycelium, and the internal pressure was too high, which led to the rupture

of vacuoles and the leakage of cell contents, such as glycerol and trehalose [2]. The blast fungus

mechanically breaches the outer plant surface using an appressorium, that generates enormous

turgor pressure [3, 44]. And then the appressorium produces a specialized hypha, a penetra-

tion peg, which pierces the plant surface [45]. In the experiment with rice sheaths infected by

Fig 6. In the field conditions, the antifungal substances of ZW10 were evaluated regarding control of rice blast.

The outbreak of leaf blast was different in different treatments (a), resulting in significant treatment differences in

disease index (b). The treatment effects on the neck blast disease index and its thousand-seed weight (c). Data are

presented as means of three replicates ± SD.

https://doi.org/10.1371/journal.pone.0256807.g006
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M. oryzae, although 1% CFB treated conidia germinated, they could not form appressoria due

to deformations, fractures and formation of vacuoles in germ tubes; hence, they lost the ability

to infect rice sheaths. Therefore, we can infer that B. velezensis ZW10 affects the permeability

of cell membrane of M. oryzae, leading to cell disruption and death; in addition, it affects the

normal growth of mycelium and spore germination, leading to pathological changes and

deformities.

H2O2 is one of the main biological redox metabolites, whose high concentration induces

oxidative damage to biomolecules [46]. Plants can eliminate H2O2 through enzymatic antioxi-

dants such as peroxidases (POXs), catalases (CATs) and superoxide dismutases (SODs), to

avoid oxidative damage to cell structures [47]. In this study, 1% CFB significantly promoted

the accumulation of H2O2 in the LTH leaf cells, which was consistent with the expression of

OsPOD. H2O2 and SA are important signaling molecules in the plant defense system; these

two molecules can interact with each other. For example, increasing SA can up- regulate the

level of hydrogen peroxide in plant tissues [48]. The systemic acquired resistance (SAR) of rice

was induced by 1% CFB spraying. The results showed that the expression of OsPAL1, OsLYP6
and OsPRs was up-regulated. The transcription factor WRKY45 was induced by benzothiadia-

zole and SA in rice, which helped enhance the host resistance to pathogens [49, 50]. The results

showed that the expression trend of OsWRKY45 was similar to that of the genes involved in

the SA pathway.

By producing antibiotics against plant pathogenic microorganisms and activating rice PTI

(PAMP-triggered immunity) response, B. velezensis directly or indirectly protects against rice

blast. The rice variety JNX is susceptible to M. oryzae, especially the neck blast. In the field eval-

uation experiment, leaf blast and neck blast decreased by, respectively, 62.60% and 36.50%, in

the 1% CFB treatment, and the thousand-seed weight increased by 188.01%. Hence, using B.

velezensis is an effective strategy to prevent and control rice blast and reduce the need to apply-

ing fungicides.

Conclusion

In this study, the cell-free culture filtrate of B. velezensis ZW10 was purified. The 1% CFB had

a significant antagonistic effect against M. oryzae. The inhibitory mechanism may involve

secretion of active metabolites to directly impair the pathogen or indirectly promote the induc-

tion of plant innate immunity. In the field experiment, the antifungal substances of ZW10 sig-

nificantly reduced the incidence of rice blast, and ultimately increased the yield. In conclusion,

ZW10 has a potential to be a biological control agent against rice blast. The future research will

focus on the isolation and identification of the active metabolites from ZW10 and the system-

atic evaluation of them as biological control agents that may be used widely in agriculture. In

short, B. velezensis ZW10 and its bioactive compounds can be developed as a biopesticide for

the biocontrol of rice blast.
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13. Ruiz-Garcia C, Béjar V, Martı́nez-Checa F, Llamas I, Quesada E. Bacillus velezensis sp. nov., a surfac-

tant-producing bacterium isolated from the river Velez in Malaga, southern Spain. Int J Syst Evol Micro-

biol.2005; 55(1):191–195. https://doi.org/10.1099/ijs.0.63310-0.

14. Gao XY, Liu Y, Miao LL, Li EW, Sun GX, Liu Y, et al. Characterization and mechanism of anti-Aeromo-

nas salmonicida activity of a marine probiotic strain, Bacillus velezensis V4. Applied Microbiology and

Biotechnology. 2017; 101(9): 3759–3768. https://doi.org/10.1007/s00253-017-8095-x PMID: 28074223

15. Chen L, Heng JY, Qin SY, Bian K, Seon-Woo L. A comprehensive understanding of the biocontrol

potential of Bacillus velezensis LM2303 against Fusarium head blight. PLoS One. 2018; 13(6):

e0198560. https://doi.org/10.1371/journal.pone.0198560 PMID: 29856856

16. Schmitt-Kopplin Philippe, Pittroff Sabrina, Alqueres Sylvia, et al. Cyclic Lipopeptides of Bacillus amyloli-

quefaciens subsp plantarum Colonizing the Lettuce Rhizosphere Enhance Plant Defense Responses

Toward the Bottom Rot Pathogen Rhizoctonia solani. Molecular Plant Microbe Interactions. 2015;

28:984–995. https://doi.org/10.1094/MPMI-03-15-0066-R PMID: 26011557

17. Hossain M, Ran C, Liu K, Ryu C, Rasmussen-Ivey C, Williams M, et al. Deciphering the conserved

genetic loci implicated in plant disease control through comparative genomics of Bacillus amyloliquefa-

ciens subsp. Frontiers in Plant Science. 2015; 6:631. https://doi.org/10.3389/fpls.2015.00631 PMID:

26347755

18. Thurlow CM, Williams MA, Carrias A, Ran C, Newman M, Tweedie J, et al. Bacillus velezensis AP193

exerts probiotic effects in channel catfish (Ictalurus punctatus) and reduces aquaculture pond eutrophi-

cation. Aquaculture. 2019; 503:347–356. https://doi.org/10.1016/j.aquaculture.2018.11.051.

19. Dhouib H, Zouari I, Ben Abdallah D, Belbahri L, Taktak W, Triki MA, et al. Potential of a novel endophytic

Bacillus velezensis in tomato growth promotion and protection against Verticillium wilt disease. Biologi-

cal Control. 2019; 139:104092. https://doi.org/10.1016/j.biocontrol.2019.104092.

20. Zhang D, Yu S, Zhao D, Zhang J, Pan Y, Yang Y, et al. Inhibitory effects of non-volatiles lipopeptides

and volatiles ketones metabolites secreted by Bacillus velezensis C16 against Alternaria solani. Biologi-

cal Control. 2021; 152:104421. https://doi.org/10.1016/j.biocontrol.2020.104421.

21. Jin P, Wang Y, Tan Z, Liu W, Miao W. Antibacterial activity and rice-induced resistance, mediated by

C15surfactin A, in controlling rice disease caused by Xanthomonas oryzae pv. oryzae. Pesticide Bio-

chemistry and Physiology. 2020; 169:104669. https://doi.org/10.1016/j.pestbp.2020.104669 PMID:

32828375

22. Chen Z, Zhao L, Chen WQ, Dong YL, Yang C, Li CL, et al. Isolation and evaluation of Bacillus velezen-

sis ZW-10 as a potential biological control agent against magnaporthe oryzae. Biotechnology & Biotech-

nological Equipment. 2020; 34(1):714–724. https://doi.org/10.1080/13102818.2020.1803766.

23. Xu T, Li Y, Zeng X, Yang X, Yang Y, Yuan S, et al. Isolation and evaluation of endophytic Streptomyces

endus OsiSh-2 with potential application for biocontrol of rice blast disease. Journal of the Science of

Food & Agriculture. 2017; 97:1149–1157. https://doi.org/10.1002/jsfa.7841 PMID: 27293085

PLOS ONE Biological control mechanism of Bacillus velezensis

PLOS ONE | https://doi.org/10.1371/journal.pone.0256807 August 27, 2021 12 / 14

https://doi.org/10.1016/j.jcs.2006.08.010
https://doi.org/10.1111/j.1439-0523.2007.01409.x
https://doi.org/10.1111/j.1439-0523.2007.01409.x
https://doi.org/10.1038/nature02880
http://www.ncbi.nlm.nih.gov/pubmed/15457264
https://doi.org/10.1094/PHYTO.1998.88.11.1158
https://doi.org/10.1094/PHYTO.1998.88.11.1158
http://www.ncbi.nlm.nih.gov/pubmed/18944848
https://doi.org/10.1016/j.cropro.2012.10.012
https://doi.org/10.1016/j.cropro.2012.10.012
https://doi.org/10.1111/ppa.13118
https://doi.org/10.1016/j.micres.2010.03.002
http://www.ncbi.nlm.nih.gov/pubmed/20630733
https://doi.org/10.1007/s10658-016-0981-z
https://doi.org/10.1099/ijs.0.63310-0
https://doi.org/10.1007/s00253-017-8095-x
http://www.ncbi.nlm.nih.gov/pubmed/28074223
https://doi.org/10.1371/journal.pone.0198560
http://www.ncbi.nlm.nih.gov/pubmed/29856856
https://doi.org/10.1094/MPMI-03-15-0066-R
http://www.ncbi.nlm.nih.gov/pubmed/26011557
https://doi.org/10.3389/fpls.2015.00631
http://www.ncbi.nlm.nih.gov/pubmed/26347755
https://doi.org/10.1016/j.aquaculture.2018.11.051
https://doi.org/10.1016/j.biocontrol.2019.104092
https://doi.org/10.1016/j.biocontrol.2020.104421
https://doi.org/10.1016/j.pestbp.2020.104669
http://www.ncbi.nlm.nih.gov/pubmed/32828375
https://doi.org/10.1080/13102818.2020.1803766
https://doi.org/10.1002/jsfa.7841
http://www.ncbi.nlm.nih.gov/pubmed/27293085
https://doi.org/10.1371/journal.pone.0256807


24. Li W, Zhu Z, Chern M, Yin J, Yang C, Ran L, et al. A Natural Allele of a Transcription Factor in Rice Con-

fers Broad-Spectrum Blast Resistance. Cell. 2017; 170(1):114–126. https://doi.org/10.1016/j.cell.2017.

06.008 PMID: 28666113

25. Chen W, Zhao L, Li H, Dong Y, Xu Z. The isolation of the antagonistic strain Bacillus australimaris

CQ07 and the exploration of the pathogenic inhibition mechanism of Magnaporthe oryzae. PLoS ONE.

2019; 14(8):e0220410. https://doi.org/10.1371/journal.pone.0220410 PMID: 31404061

26. Xiao X, Han ZY, Chen YX, Liang XQ, Li H, Qian YC. Optimization of FDA–PI method using flow cytome-

try to measure metabolic activity of the cyanobacteria, Microcystis aeruginosa. Physics and Chemistry

of the Earth Parts A/B/C. 2011; 36(9–11):424–429. https://doi.org/10.1016/j.pce.2010.03.028.

27. Li W, Liu Y, Wang J, He M, Zhou X, Yang C, et al. The durably resistant rice cultivar Digu activates

defence gene expression before the full maturation of Magnaporthe oryzae appressorium. Molecular

Plant Pathology. 2016; 17(3):354–368. https://doi.org/10.1111/mpp.12286 PMID: 26095454

28. Institute IR. Standard evaluation system for rice, 4th edn. International Rice Research Institute. 1996.

29. Dagdas YF, Yoshino K, Dagdas G, Ryder LS, Bielska E, Steinberg G, et al. Septin-mediated plant cell

invasion by the rice blast fungus, Magnaporthe oryzae. Science. 2012; 336(6088):1590–1595. https://

doi.org/10.1126/science.1222934 PMID: 22723425

30. Wilson RA, Talbot NJ. Under pressure: investigating the biology of plant infection by. Nature Reviews

Microbiology. 2009; 7:185–195. https://doi.org/10.1038/nrmicro2032 PMID: 19219052

31. Fernandez J, Wilson RA. Why no feeding frenzy? Mechanisms of nutrient acquisition and utilization dur-

ing infection by the rice blast fungus Magnaporthe oryzae. Mol Plant Microbe Interact. 2012; 25

(10):1286–1293. https://doi.org/10.1094/MPMI-12-11-0326 PMID: 22947213

32. Saga Y, Hashimoto H, Yachiku S, Iwata T, Tokumitsu M. Reversal of acquired cisplatin resistance by

modulation of metallothionein in transplanted murine tumors. International Journal of Urology: Official

Journal of the Japanese Urological Association. 2004; 11(6):407–415. https://doi.org/10.1111/j.1442-

2042.2004.00803.x.

33. Park C, Chen S, Shirsekar G, Zhou B, Khang C, Songkumarn P, et al. The Magnaporthe oryzae effector

AvrPiz-t targets the RING E3 ubiquitin ligase APIP6 to suppress pathogen-associated molecular pat-

tern-triggered immunity in rice. The Plant Cell. 2012; 24(11):4748–4762. https://doi.org/10.1105/tpc.

112.105429 PMID: 23204406

34. Birch PRJ, Avrova AO, Dellagi A, Lacomme C, Cruz SS, Lyon GD. Programmed Cell Death in Plants in

Response to Pathogen Attack. American Cancer Society. 2018; 184–208. https://doi.org/10.1002/

9781119312994.apr0031.

35. Ou SH. Pathogen Variability and Host Resistance in Rice Blast Disease. Annrevphytopathol. 1980; 18

(1):167–187. https://doi.org/10.1146/annurev.py.18.090180.001123.

36. Ashajyothi M, Kumar A, Sheoran N, Ganesan P, Gogoi R, Subbaiyan GK, et al. Black pepper (Piper

nigrum L.) associated endophytic Pseudomonas putida BP25 alters root phenotype and induces

defense in rice (Oryza sativa L.) against blast disease incited by Magnaporthe oryzae. Biological Con-

trol. 2020; 143:104181. https://doi.org/10.1016/j.biocontrol.2019.104181.

37. Raaijmakers JM, VlamiJorge M, Souza JTD. Antibiotic production by bacterial biocontrol agents. Anto-

nie van Leeuwenhoek. 2002; 81:537–547. https://doi.org/10.1023/a:1020501420831 PMID: 12448749

38. Oliveira MIdS Chaibub AA, Sousa TP Cortes MVCB, Souza ACAd Conceição ECd, et al. Formulations

of Pseudomonas fluorescens and Burkholderia pyrrocinia control rice blast of upland rice cultivated

under no-tillage system. Biological Control. 2020; 144:104153. https://doi.org/10.1016/j.biocontrol.

2019.104153.

39. Sellem I, Triki MA, Elleuch L, Cheffi M, Mellouli L. The use of newly isolated Streptomyces strain TN258

as potential biocontrol agent of potato tubers leak caused by Pythium ultimum. Journal of Basic Microbi-

ology. 2017; 57(5):393–401. https://doi.org/10.1002/jobm.201600604 PMID: 28217886

40. Han T, You C, Zhang L, Feng C, Zhang C, Wang J, et al. Biocontrol potential of antagonist Bacillus sub-

tilis Tpb55 against tobacco black shank. BioControl. 2016. https://doi.org/10.1007/s10526-016-9747-y

PMID: 27909392

41. Calvo H, Marco P, Blanco D, Oria R, Venturini ME. Potential of a new strain of Bacillus amyloliquefa-

ciens BUZ-14 as a biocontrol agent of postharvest fruit diseases. Food Microbiology. 2017; 63:101–

110. https://doi.org/10.1016/j.fm.2016.11.004 PMID: 28040156

42. Ebbole, Daniel J. Magnaporthe as a Model for Understanding Host-Pathogen Interactions. Annual

Review of Phytopathology. 2007; 45(1):437–456. https://doi.org/10.1146/annurev.phyto.45.062806.

094346 PMID: 17489691

43. Rong S, Xu H, Li L, Chen R, Gao X, Xu Z. Antifungal activity of endophytic Bacillus safensis B21 and its

potential application as a biopesticide to control rice blast. Pesticide Biochemistry and Physiology.

2020; 162:69–77. https://doi.org/10.1016/j.pestbp.2019.09.003 PMID: 31836057

PLOS ONE Biological control mechanism of Bacillus velezensis

PLOS ONE | https://doi.org/10.1371/journal.pone.0256807 August 27, 2021 13 / 14

https://doi.org/10.1016/j.cell.2017.06.008
https://doi.org/10.1016/j.cell.2017.06.008
http://www.ncbi.nlm.nih.gov/pubmed/28666113
https://doi.org/10.1371/journal.pone.0220410
http://www.ncbi.nlm.nih.gov/pubmed/31404061
https://doi.org/10.1016/j.pce.2010.03.028
https://doi.org/10.1111/mpp.12286
http://www.ncbi.nlm.nih.gov/pubmed/26095454
https://doi.org/10.1126/science.1222934
https://doi.org/10.1126/science.1222934
http://www.ncbi.nlm.nih.gov/pubmed/22723425
https://doi.org/10.1038/nrmicro2032
http://www.ncbi.nlm.nih.gov/pubmed/19219052
https://doi.org/10.1094/MPMI-12-11-0326
http://www.ncbi.nlm.nih.gov/pubmed/22947213
https://doi.org/10.1111/j.1442-2042.2004.00803.x
https://doi.org/10.1111/j.1442-2042.2004.00803.x
https://doi.org/10.1105/tpc.112.105429
https://doi.org/10.1105/tpc.112.105429
http://www.ncbi.nlm.nih.gov/pubmed/23204406
https://doi.org/10.1002/9781119312994.apr0031
https://doi.org/10.1002/9781119312994.apr0031
https://doi.org/10.1146/annurev.py.18.090180.001123
https://doi.org/10.1016/j.biocontrol.2019.104181
https://doi.org/10.1023/a%3A1020501420831
http://www.ncbi.nlm.nih.gov/pubmed/12448749
https://doi.org/10.1016/j.biocontrol.2019.104153
https://doi.org/10.1016/j.biocontrol.2019.104153
https://doi.org/10.1002/jobm.201600604
http://www.ncbi.nlm.nih.gov/pubmed/28217886
https://doi.org/10.1007/s10526-016-9747-y
http://www.ncbi.nlm.nih.gov/pubmed/27909392
https://doi.org/10.1016/j.fm.2016.11.004
http://www.ncbi.nlm.nih.gov/pubmed/28040156
https://doi.org/10.1146/annurev.phyto.45.062806.094346
https://doi.org/10.1146/annurev.phyto.45.062806.094346
http://www.ncbi.nlm.nih.gov/pubmed/17489691
https://doi.org/10.1016/j.pestbp.2019.09.003
http://www.ncbi.nlm.nih.gov/pubmed/31836057
https://doi.org/10.1371/journal.pone.0256807


44. Howard R. Breaking and entering: host penetration by the fungal rice blast pathogen magnaporthe gri-

sea. Annual Review of Microbiology. 1996; 50(50):491–512. https://doi.org/10.1146/annurev.micro.50.

1.491 PMID: 8905089

45. Prasanna K, Kirk C, Barbara V. Roles for rice membrane dynamics and plasmodesmata during bio-

trophic invasion by the blast fungus. Plant Cell. 2007; 19(2):706–724. https://doi.org/10.1105/tpc.106.

046300 PMID: 17322409
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