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ABSTRACT

This study was aimed to elucidate the mitigation mechanism of an endophytic bacterium, Bacillus
subtilis (BERA 71) against Macrophomina phaseolina (Tassi) Goid disease in mung bean.
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M. phaseolina reduced the plant growth by inducing disease, hydrogen peroxide (H,O,) and lipid

peroxidation. The inoculation of B. subtilis to diseased plants increased chlorophyll, ascorbic acids,
and superoxide dismutase, catalase, peroxidase, ascorbate peroxidase and glutathione reductase
activities, and while inhibited H,O, and lipid peroxidation for enhancing plant growth. In addition,
B. subtilis association in plants mitigated the M. phaseolina infection due to increase of indole acetic
acids and indole butyric acid, and also a decrease of abscisic acid. However, the nutrients (N, K, Ca,
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Mg, Zn, Cu, Mn and Fe) were increased, except Na in M. phaseolina diseased plants treated with
B. subtilis. The result of this study suggests that B. subtilis interaction with plants can modulate the
metabolism of pigments, hormones, antioxidants and nutrients against M. phaseolina to induce

disease resistance in mung bean.

Introduction

Mung bean (Vigna radiata L.Wilczek) is an important food
legume crop, and serves as a source of protein diet to
human and animal population (Taylor et al. 2005; Yaqub
et al. 2010). Macrophomina phaseolina (Tassi) Goid is one
of the virulents and destructive pathogens (Sandhu and
Singh 1998) and causes charcoal root-rot disease and has
been reported as the most devastating disease of mung bean
cultivation. The pathogen attacks on all parts of the plant,
including roots, stems, branches, petioles, leaves, pods and
seeds. Moreover, the infection of M. phaseolina on seeds
(2.2-15.7%) causes the reduction of 10.8% in grain yield
and 12.3% in protein content of mung bean (Kaushik et al.
1987). Soil- and seed-borne nature of the disease-causing
pathogens pose a major problem for an effective disease
management.

Pathogen-induced biotic stress affects the plant growth by
their negative influence on the developmental patterns of
roots show a reduction of root growth and uptake of water
and mineral (Lee et al. 2016). Different tolerance mechanisms
are involved in averting the negative effects of these stresses,
including up and down-regulation of physiologically and bio-
chemically important traits such as osmotic regulation, anti-
oxidants and ion exclusion (Oliva et al. 2009). Pathogens
attack plants and generates toxic reactive oxygen species
(ROS), leading to a significant damage to cells by initiating
the chain of damaging reactions (Vellosillo et al. 2010).
Though, ROS plays an important role in plant growth regu-
lation, their increased synthesis hampers the normal growth
(Mittler 2002). Certain indigenous mechanisms are employed

to detoxify free radicals for protecting cellular machinery and
maintaining the plant growth (Egamberdieva et al. 2014).
Antioxidant enzymes - including superoxide dismutase
(SOD), ascorbate peroxidase (APX), catalase (CAT) and glu-
tathione reductase (GR) - and non-enzymatic components
composed of glutathione and ascorbic acid (AsA) are found
to involve in scavenging of the ROS. The potential recovery
of plants from oxidative damage is dependent on the detoxi-
fication of ROS for protecting vital cellular functions (Dong
et al. 2012).

Although the application of agrochemicals controls the
growth of pathogen and diseases in plants, their accumulation
in soil and water causes detrimental effects on plants and
other living organisms, and also risk for sustainable agricul-
ture (Correa et al. 2009). An alternative, environmental-
friendly bio-control method is needed for disease control.
Microbes in soil or plants help prevent the disease damages
in plants. Specifically, plant-growth-promoting rhizobacteria
(PGPR) are the important group of microbes able to colonize
plant roots (Lugtenberg and Kamilova 2009). Among PGPR,
Bacillus subtilis is a nonpathogenic bacterium that lives in
soil, often in association with roots of higher plants. B. subtilis
are capable of forming dormant spores that are resistant to
extreme conditions and thus can be easily formulated and
stored (Piggot and Hilbert 2004). It also produces a variety
of biologically active compounds for improving plant growth
and a broad spectrum of antimicrobial compounds against
phytopathogens to induce host systemic resistance (Nagorska
et al. 2007; Ongena and Jacques 2008). Several strains of
B. subtilis have been reported to be capable of forming
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multicellular structures or biofilms in rhizosphere and roots
to enhance the plant growth (Bais et al. 2004). The commer-
cial B. subtilis fertilizers (Kodiak, Quantum-400 and Seren-
ade) are successfully employed in the agricultural field to
enhance the crop yield (Brannen and Kenney 1997; Ngugi
et al. 2005; Cawoy et al. 2011). The bio-control aspects of
B. subtilis are studied against few plant pathogens, but there
is a lack of understanding the mitigation strategy of B. subtilis
in crop plants infected with M. phaseolina. Therefore, this
study was aimed to elucidate the impact of B. subtilis on
growth and biochemical regulation of mung bean infected
with M. phaseolina. Moreover, the mitigation mechanism of
B. subtilis against M. phaseolina was determined by analysis
of pigments, hormones, antioxidants and nutrients in mung
bean.

Material and methods
Experimental seeds and soil

The seeds of mung bean (V. radiata L. Wilczek) cultivar
Kawmy-1 were procured from the Legume Research Depart-
ment, Field Crop Institute, Agricultural Research Center,
Giza, Egypt. The soil used in the experiment was clay soil
(silt, 34.2%; clay, 55%; pH 7.5; organic matter, 2.3%; calcium
carbonate, 2.01%; EC, 1.3 mmhos/cm?; nitrogen, 42.07 ppm;
potassium, 227 ppm; phosphorus, 20.11 ppm). The soil
mixed with acid washed pure sand as 2:1 (w/w) and auto-
claved at 137.9 kPa for 20 min.

Endophytic bacterium and its formulation

B. subtilis, BERA 71 was isolated from roots of Talh trees
(Acacia gerrardii) as described in our previous study
(Hashem et al. 2016). The 16S rDNA sequence of B. subtilis
BERA 71 was submitted to the Gen Bank nucleotide sequence
database and the accession number was given as KX090253.
The formulation of B. subtilis was done by following the
method of Hashem et al. (2013). The Erlenmeyer flasks
(250 mL) containing 100 mL of MCF (magnesium sulfate
[0.25 g], dipotassium hydrogen phosphate [2.5 g], yeast
extract [13.8 g], sodium chloride [2.5 g], manganese sulfate
[0.1 g], anhydrous potassium phosphate monobasic [1 g]
and sucrose [6.5 g]) liquid medium (Freitas et al. 2015)
were inoculated with 10° CFU (colony forming unit)/mL
(1.0 mL/flask) and incubated at 25 + 1°C for 48 h under con-
tinuous shaking at 150 rpm. After incubation, the bacterial
samples were lyophilized under vacuum and the lyophilized
powder was mixed with talc powder and 1.0% carboxy methyl
cellulose (w/w) as an adhesive agent to give a final concen-
tration of 3.6 x 10° CFU of B. subtilis/g of formulated material
(Hashem et al. 2013).

Isolation and identification of phytopathogen strain

M. phaseolina (Tassi) Goid was isolated from diseased root
samples of mung bean from Hehia, Zagazig, Sharkia gover-
norate, Egypt. The root samples were washed thrice in steri-
lized double distilled water to remove adhering soil particles.
The collected roots were cut into small pieces (0.5 cm) and
surface sterilized with 2% sodium hypochlorite (v/v) for
2 min. After surface sterilization, root pieces were rinsed in
sterilized distilled water, dried on sterilized filter paper and
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plated aseptically on potato dextrose agar (PDA) media
(Difco Laboratories, Sparks, MD) for seven days at 27 + 1°
C. The mycelium growth was observed in and around the
root segments and was purified using the method of Zhang
et al. (2009). The fungus was identified as M. phaseolina
using microscopic morphological characteristics (Dhingra
and Sinclair 1978; Barnett and Hunter 1987) and confirmed
by the sequence of Internal Transcribed Spacer (ITS), accord-
ing to the methods of White et al. (1990) and Linhai et al.
(2011).

Preparation of fungal inoculum

The inoculum of M. phaseolina was prepared by Mihail
(1992). The seeds of sorghum (Sorghum bicolor) were soaked
overnight in distilled water in Erlenmeyer flasks (500 mL
capacity) at room temperature (25 + 1°C) and autoclaved at
103.4 kPa for 20 min. The autoclaved flasks were inoculated
with myecelial disc of M. phaseolina. The flasks were incubated
for 15 days at 27 £+ 1°C until completely colonized with the
masses of micro-sclerotia within the sorghum seed substrate.
The culture was dried and blended to a coarse powder. The
powdered inoculum was mixed into the experimental soil
to obtain a final inoculum density of 200 micro-sclerotia
per gram dry weight of soil (Mihail 1992).

Pathogenicity test

Randomized complete block design experiment with five
replicates was carried out in growth chamber to examine
the pathogenicity of M. phaseolina by artificial inoculation.
The seeds of mung bean were surface sterilized using 2%
sodium hypochlorite (v/v) for 2 min, rinsed in sterilized dis-
tilled water. Five seeds were sown in each plastic pot (30 cm
in diameter with 10 kg of soil mixture) inoculated with M.
phaseolina and pots without M. phaseolina serve as control.
Pots were incubated in a growth chamber at 27 + 2°C with
relative humidity of 65%, photocycle of 16h light
(700 umol/m?*/s) and 8 h dark. The percentage of pre-emer-
gence damping-off symptom was recorded at 15 days after
sowing. In addition, the post-emergence damping-off symp-
tom and survival rate were recorded at 45 days after sowing.
The charcoal rot index was determined by scoring the severity
of disease on visual observations of disease symptoms and
rated on a 1-4 scale (Bhattacharya et al. 1985).

Determination of disease index

The disease index of this study was calculated by the modifi-
cation of Cralley’s system of disease measurement according
to Bhattacharya et al. (1985). The extent of M. phaseolina
infection was indicated due to the presence of dark brown
lesion and micro-sclerotia of the fungus on root-systems.
The healthy and infected seedlings were divided into four
groups as follows:

(1) Healthy seedlings (0 = No charcoal root-rot symptom)

(2) Slightly infected (1 =Slight charcoal root-rot symptom
seedlings)

(3) Heavily infected (3 = Heavy charcoal root-rot symptom
seedlings)

(4) Dead seedlings (4 = Dead seedlings).
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Disease index was calculated as follows:

DI — O(H") + 1(S") + 2(H") + (D")
""" Total number of seedling examined’

where H" is the number of healthy seedlings, S" is the number
of slightly infected seedlings, H" is the number of heavily
infected seedlings and D" is the number of dead seedlings.

In vitro antifungal activity of B. subtilis and their
metabolites

B. subtilis, BERA 71was grown in Brain Heart Infusion liquid
medium (Oxoid CM 225, Basingstoke, Hampshire, England)
at 27 +1°C for 60 h (Chitarra et al. 2002). The culture was
centrifuged (13,000 rpm for 10 min) to harvest the bacterial
cells, and the clear supernatant was acidified to pH 2.0 with
concentrated HCI and kept in refrigerator at 5.0 + 1°C for
overnight (Chitarra et al. 2002). The precipitate was extracted
twice with methanol and concentrated by vacuum evapor-
ation, and re-dissolved in known volume of methanol and
stored at —20°C. The methanolic extracts were analyzed by
thin layer chromatography (TLC) on silica gel 60 F,s4
plates with layer thickness of 250 pm (Merck, Darmstadt,
Germany) as described by Malfanova et al. (2011). Plates
were developed in chloroform/methanol/water 65:25:4 (v/
v/v) for 1.5 h at room temperature. After drying, the pattern
of compounds on the developed plate was visualized using
UV,5, and stained in an iodine chamber for 5 min at
room temperature followed by dipping in 1% aqueous
starch. The putative antifungals were preliminarily charac-
terized by their Rf values. Pure iturin A from B. subtilis
(Sigma-Aldrich, Steinheim, Germany) was used as a stan-
dard. The antifungal impact of iturin A from B. subtilis
against M. phaseolina was assayed by disc diffusion method
for antimicrobial activity (Bauer et al. 1966), PDA (Difco
Laboratories, Sparks, MD) medium used as substrate for
M. phaseolina culture.

B. subtilis treatment on M.-phaseolina-infected
plants

The pots’ experiment was conducted in a completely random-
ized design with five replications. The seeds of surface-steri-
lized mung bean were divided into four groups: (1) Control
(without any bacterial and fungal inoculation); (2) Bs (seeds
treated with B. subtilis); (3) Mp (seeds sown in soil infested
with M. phaseolina); (4) Bs + Mp (seeds treated with B. subti-
lis and sown in soil infested with M. phaseolina). The soil was
inoculated by M. phaseolina (200 micro-sclerotia per gram
dry soil) as described above in pathogenicity test according
to Mihail (1992). B. subtilis was introduced as seed treatment
of formulated product described above @ 1.0 g B. subtilis/
100 g seeds and 1.0 g of B. subtilis BERA 71 contain 3.6 x
10° CFU. The pots were incubated for eight weeks in growth
chamber at 27 + 2°C with relative humidity of 65%, photo-
cycle of 16 h light (700 umol/m?/s) and 8 h dark. The disease
index was recorded as described above in detail. The plants
were removed from the pots, and morphological characters
(shoot length and root length) were measured. Samples of
fresh leaves were taken from each treatment for estimation
of photosynthetic pigments (Lichtenthaler and Wellburn
1983), enzymatic and non-enzymatic antioxidants, growth

regulators, hydrogen peroxide (H,O,) and malonaldehyde
(MDA) contents. The dry weight of shoot and root was
measured after drying them in an electric oven at 110°C for
48 h. The dried leaf samples of each treatment were used
for estimation of soluble sugars, proline, total free amino
acids and elements.

H,0, and lipid peroxidation assay

H,0, levels were determined by homogenizing leaf tissue
(0.5 g) in 0.1% trichloroacetic acid (TCA) (w/v) followed by
centrifugation at 12,000 rpm forl5 min. The supernatant
(0.5 mL) was added to 0.5 mL potassium phosphate buffer
(10 mM, pH 7.0) and 1 mL potassium iodide (1 M). The
absorbance of supernatant was measured at 390 nm and
H,O, concentration was determined from standard curve
(Sergiev et al. 1997). The obtained results were expressed as
nmol/g FW. However, the lipid peroxidation in leaves was
determined by estimating the formation of thiobarbituric
acid (TBA) reactive substance, MDA using the method of
Hodges et al. (1999). Absorbance was read at 532 and
600 nm and lipid peroxidation was expressed as nM MDA
formed using an extinction coefficient of 155 mM ™" cm™".

Proline and phenol assay

For proline estimation, 0.5 g of leaf sample was homogenized
in sulphosalicylic acid (3%, w/v) and was centrifuged at
10,000 rpm for 10 min. Thereafter, the supernatant was
mixed with acid ninhydrin and glacial acetic acid, and later
it was incubated at 100°C for 1h in water bath. Samples
were removed and reaction was stopped by keeping samples
on ice bath. Proline was extracted with toluene and the absor-
bance was read at 520 nm (Bates et al. 1973). Proline concen-
tration was determined using calibration curve and expressed
as umol proline/g FW. Total phenolics were extracted in
ethanol (80%, v/v) and were estimated using Folin and Cio-
calteau’s phenol reagent, and optical density of the mixture
was read at 750 nm (Slinkard and Singleton 1977). Compu-
tation was done from the standard curve of pyrogallol.

Antioxidant enzymes assay

Frozen leaf tissue (0.4 g) was homogenized in 4 mL ice-cold
buffer (50 mM potassium phosphate, pH 7.0, 4% polyvinyl
pyrrolidone) using pre-chilled mortar and pestle and the hom-
ogenate was centrifuged at 14,000 rpm at 4°C for 30 min. The
supernatant was used as enzyme source for various enzymes.
Activity of SOD (ECI1.15.1.1) was assayed by measuring its
ability to inhibit the photochemical reduction of nitrobluete-
trazolium (NBT). Reaction mixture (1 mL) contained
50 mM phosphate buffer (pH 7.4), 13 mM methionine,
75uM NBT, 0.1 mM ethylenediamine tetraacetic acid
(EDTA), 2 uM riboflavin and 100 pL enzyme extract. Samples
were incubated for 15 min under fluorescent tubes and reac-
tion was terminated by switching off the light. Absorbance
of the reaction mixture was read at 560 nm and amount of
protein causing 50% inhibition of photochemical reduction
of NBT was considered as one unit of SOD activity and was
expressed as U/mg protein (Beauchamp and Fridovich
1971). CAT (ECI1.11.1.6) activity was assayed from enzyme
source by monitoring the decomposition of H,0, at 240 nm.
Reaction mixture was 100 mM phosphate buffer (pH 7.0),



0.1 mM EDTA, 0.1% H,O, and 100 pL enzyme extract in a
final volume of 1 mL. Molar extinction coefficient (&=
39.4mM ' cm™") was used for calculation of CAT activity
and was expressed as U/mg protein (Aebi 1984). APX
(EC1.11.1.1) activity was assayed by observing the change in
absorbance at 290 nm. The reaction mixture (2 mL) contained
50 mM phosphate buffer (pH 7.8), 0.1 mM EDTA, 0.3 mM
ascorbate and 100 puL enzyme extract and the reaction was
initiated by addition of H,O, (Nakano and Asada 1981).
APX activity was calculated by using molar extinction coeffi-
cient for AsA (e=2.8 mM ' cm™"). Activity was expressed
as U/mg protein. Peroxidase (POD, EC 1.11.1.7) activity was
estimated according to Chance and Maehly (1955). In this
method, 1 mL reaction mixture contained 750 pL 50 mM
phosphate buffer (pH 5.0), 100 pL guaiacol, 100 pL H,O,
and 100 pL enzyme extract. Increase of absorbance at
470 nm was recorded for 3 min at interval of every 20 sec.
The enzyme activity was expressed as EU/mg GR
(EC1.6.4.2) activity was determined by following Smith et al.
(1988). The reaction mixture consisted of 0.1 M sodium
phosphate buffer (pH 7.5), 1 mM EDTA, 0.75mM 5,5-
dithiobis nitro benzoic acid, 0.1 mM nicotinamide adenine
dinucleotide phosphate and 1 mM oxidized glutathione
(GSSG). The reaction was started by adding the enzyme source
and the absorbance was observed at 412 nm (Smith et al.
1988).

Determination of non-enzymatic antioxidants

For estimation of AsA, the leaf samples were powdered in
liquid nitrogen and extracted in 6% TCA (w/v). The homogen-
ate was mixed with 2% (w/v) dinitrophenyl-hydrazine (dis-
solved in 50% H,SO,) and 10% (w/v) thiourea (dissolved in
70% ethanol) and mixture was boiled in a water bath for
15 min. Thereafter it was cooled at room temperature and cen-
trifuged at 1000 rpm for 10 min at4°C. The resulting pellet was
dissolved with 80% H,SO, and its absorbance was read at
530 nm (Mukherjee and Choudhuri 1983). A calibration
curve of AsA was taken as standard for calculations. The
results were expressed as pmol/g FW. The method of Yu
et al. (2003) was used for estimation of the glutathione and
standard curves with known concentrations of reduced gluta-
thione (GSH) and GSSG were used for measuring GSH and
GSSG content in plants.

Extraction and quantification of plant growth
regulators

The leaves were ground and extracted in 80% aqueous
acetone (4:1, v/v) containing butylated hydroxytoluene
(10 mg/L) and were purified using ethyl acetate and
NaHCO; (Kusaba et al. 1998) for quantifying the endogenous
levels of plant growth regulators. Abscisic acid (ABA) was
extracted as per the method of Qi et al. (1998) as described
by Kamboj et al. (1999) and computations were done using
standard ABA as reference. Kelen et al. (2004) method
was used for quantification of indole acetic acid (IAA) and
indole butyric acid (IBA).The purified extract residue was
subjected to High Performance Liquid Chromatography on
a column of PEGASIL ODS (6 mm i.d. x 150 mm, Senshu
Kagaku, Tokyo, Japan), and the concentrations of IAA and
IBA were calculated from the standard curves of those
hormones.
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Nutrients analysis

Leaf samples were dried and powdered to analysis of
elements. The samples were digested in concentrated sulfuric
acid and nitric acid (1:5, v/v) at 60°C. The concentrations of
nutrient extracts of leaf samples were measured according to
the method described by Novozamsky et al. (1983). The con-
centrations of Na®, K*, Mg>" and Ca®" were estimated
according to the method of Wolf (1982) using a flame photo-
meter (Jenway Flame Photometer, Bibby Scientific Ltd, Stone,
Staffordshire, St15 OSA, UK). To the digested samples, 1 M
hydrochloric acid was added, and the dried leaf powder and
their elemental (Mn, Fe, Cu and Zn) concentrations were
determined by atomic absorption 436 spectrophotometry
(AAS) (Z-5000, Hitachi, Japan). Standard curve of each
element is used as reference. The element concentration
was expressed as mg/g DW (Na*, K*, Mg®" and Ca**) and
pg/g DW (Mn, Fe, Cu and Zn).

Element concentration =

Reading of AAS x Dilution factor x Slop

DW of leaves sample

Statistical analysis

All experiments were repeated three times and obtained
results were statistically analyzed. Least significant differences
(LSD), the analysis of variance and Pearson correlation analy-
sis between patterns of systemic acquired resistance were car-
ried out according to SAS v9.1 software.

Results
In vitro bio-control efficacy of B. subtilis

In vitro dual culture of B. subtilis (Bera 71) and M. phaseo-
lina was performed so as to know the potential of cyclic

Figure 1. In vitro antifungal assays on inhibition of M. phaseolina (Mp) growth
by antifungal metabolites of B. subtilis. R, — growth of Mp; R, - fungal growth
exposed to bacterial metabolites of B. subtilis.
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Table 1. Effect of B. subtilis (Bs) on disease status of mung bean infected by M. phaseolina (Mp).

Treatment Pre-emergence (%) Post-emergence (%) Infected plants (%) Healthy plants (%) Disease severity index
Mp 33.33 + 0.88° 20.33 + 1.20% 33.00 + 1.00% 13.33 + 0.88° 3.88 + 0.03%

Mp + Bs 1133 £133° 5.66 + 0.66° 8.33 + 0.88" 74.66 + 2.02° 1.13 £ 0.09°

LSD at 0.05 44385 3.8159 3.7019 6.139 0.2753

Notes: Data presented are mean values of five replicates. Values within column followed by different alphabets are significant at P =.05 using Duncan’s multiple

range test (DMRT).

antifungal lipopeptide (3.0 mM iturin A) produced by
B. subtilis Bera 71. The severe inhibition of M. phaseolina
growth was observed by iturin A produced by B. subtilis
Bera 71 (Figure 1).

Bio-control effect of B. subtilis against M.-phaseolina-
infected plants

M. phaseolina caused charcoal rot disease and severely
damaged mung bean. Pre-mergence, post-emergence, sur-
vival of M.-phaseolina-infected seedlings and disease
severity was recorded as 33.33%, 20.33%, 33.00% and
3.88%, respectively (Table 1). Application of B. subtilis
showed a significant inhibition on disease incidence
caused by M. phaseolina. However, the survival rate of
healthy plants was significantly increased as 82.14% due
to the effect of B. subtilis when compared M.-phaseolina-
affected plants.

Effect of B. subtilis on plant growth of diseased plants

Plant growth of mung bean is altered during the infection of
M. phaseolina and treatment of B. subtilis. The detrimental
effect of M. phaseolina on plants showed the phenotypic
changes (Table 2). However, plants inoculated with B. subti-
lis exhibited an increase of plant growth and biomass. M.-
phaseolina-infected plants showed a reduction of 68.15%
and 69.34% in length of shoot and root and a reduction
of 50.80% and 54.54% in dry weight of shoot and root
over control. The interaction of B. subtilis to
M.-phaseolina-infected plants mitigated the adverse effect
by increasing dry weight of shoot (31.90%) and root
(45.34%).

Table 2. Effect of B. subtilis (Bs) on plant growth of M.-phaseolina (Mp)-infected
mung bean.

Shoot length Shoot dry Root length Root dry
Treatment (cm) weight (g) (cm) weight (g)
Control 3266 £ 031° 551 +0.15° 1326+023° 297 +0.07°
Bs 413 +341° 692 + 0.04° 183+ 020 499 + 0.07°
Mp 104 +037¢9  271+007  783+017¢ 135+ 004
Bs+Mp  27.83+034° 398+ 007 10.8 + 032° 247 + 0.06°
LSD at 56592 0.3188 0.7858 0.2109
0.05

Notes: Data presented are mean + SE. Values within column followed by differ-
ent alphabets are significant at P =.05 using DMRT.

Table 3. Effect of B. subtilis (Bs) on chlorophyll content of mung bean infected
by M. phaseolina (Mp).

Treatment Chlorophyll a Chlorophyll b Total chlorophylls
Control 0.953 + 0.011° 0.4753 + 0.005° 1.428 + 0.008°
Bs 1.550 + 0.034° 0.5996 + 0.009° 2.151 + 0.040°
Mp 0.591 + 0.010¢ 0.3046 + 0.004° 0.891 + 0.014°
Bs + Mp 0.841 + 0.008° 0.4283 + 0.004° 1.269 + 0.005>
LSD at 0.05 0.0627 0.0197 0.0713

Notes: Data presented are mean = SE. Values within column followed by differ-
ent alphabets are significant at P =.05 using DMRT.

Influence of B. subtilis on chlorophyll pigments of
diseased plants

The synthesis of chlorophyll in mung bean was modulated at
an association of B. subtilis and M.-phaseolina-induced char-
coal rot disease (Table 3). The application of B. subtilis
induced the synthesis of chlorophyll pigments. The photo-
synthetic pigments such as chlorophyll a, chlorophyll b and
total chlorophyll were reduced as 37.98%, 35.91% and
60.26%, respectively than their controls. However, these
adverse effects on pigments synthesis were significantly miti-
gated during the inoculation of B. subtilis by stimulating an
increase of total chlorophyll (33.61%) content.

Correlation between plant growth and photosynthetic
pigments

B. subtilis induced a positive effect on M. phaseolina diseased
plants, which was revealed by the Pearson correlation
between chlorophyll a, chlorophyll b, total chlorophyll,
shoot and root length, and shoot and root dry weight
(Table 4). Chlorophyll a showed a strong positive correlation
with root dry weight (0.99064), root length (0.98000), shoot
dry weight (0.94243), shoot height (0.88070), total chloro-
phyll (0.99812) and chlorophyll b (0.96454), whereas Pearson
correlation coefficients (r) were <0.0001 in all above attributes
except shoot height (0.0002). Chlorophyll b was recorded as a
strong positive correlation with total chlorophyll, shoot
length, shoot dry weight, root length and root dry weight.
Total chlorophyll also showed a strong positive correlation
with shoot height, shoot dry weight, root length and root
dry weight. However, the result of shoot height expressed a
strong positive correlation with shoot dry weight, root length,
root dry weight. In addition, shoot dry weight of plants
showed a positive correlation effect with root length and
root dry weight.

Effect of B. subtilis on H,0, and lipid peroxidation in
infected plants

The positive interaction of B. subtilis in plants was detected by
reduction of H,0, and membrane lipid peroxidation than con-
trol plants (Figure 2). Charcoal rot induced by M. phaseolina
resulted in a higher production of H,0, (20.64%) and lipid
peroxidation (38.34%) over control plants. However, the
inoculation of B. subtilis to M.-phaseolina-infected plants alle-
viated the oxidative stress due to a reduction of H,O, and
MDA content as 15.05% and 31.60%, respectively.

Changes of non-enzymatic antioxidants in diseased
plants by B. subtilis interaction

The effect of B. subtilis and M. phaseolina on total phenols
(TPs), AsA, GSH and GSSG, in plants is presented in Figure 3.
Mung bean infected with M. phaseolina showed an increase of
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Table 4. Pearson correlation coefficients (r) between chlorophyll a (Chla), chlorophyll b (Chlb), total chlorophyll (Tot Chl), shoot height (SH), shoot dry weight (Sdwt),

root length (RL), root dry weight (Rdwt).

Chla Chib Tot Chl SH Sdwt RL Rdwt
Chla 1.00000 0.96454 0.99812 0.88070 0.94243 0.98000 0.99064
<0.0001 <0.0001 0.0002 <0.0001 <0.0001 <0.0001
Chlb 1.00000 0.97890 0.96573 0.97928 0.98217 0.98033
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Tot Chl 1.00000 0.90604 0.95697 0.98673 0.99454
<0.0001 <0.0001 <0.0001 <0.0001
SH 1.00000 0.93425 0.90955 0.90058
<0.0001 <0.0001 <0.0001
Sdwt 1.00000 0.98014 0.96445
<0.0001 <0.0001
RL 1.00000 0.99127
<0.0001
Rdwt 1.00000
70 ¢ Effect of B. subtilis on plant hormones in infected
o LSD at 0.05: 2.954 a
z plants
60 | I
Sl The results of the present study revealed that plant growth
é b hormones IAA and IBA, and also the stress-responsible hor-
s c : I mone ABA were affected by the infection of M. phaseolina
FP| : : and treatment of B. subtilis in mung bean (Table 6). The
2 inoculation of B. subtilis was found to enhance the pro-
g20 duction of auxins (including TAA and IBA), with a consider-
=10 | able reduction in ABA biosynthesis. M.-phaseolina-infected
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0 Control Bs ' Mp Mp+Bs showed a positive correlation with chlorophyll b, total

Figure 2. (A)—(B): Effect of B. subtilis (Bs) on lipid peroxidation and H,0, in mung
bean infected by M. phaseolina (Mp). Data presented are mean + SE.

TP (44.47%), GSH (51.45%) and GSSG (64.72%). However, as
synthesis was decreased when compared to their control.
B. subtilis colonization with M.-phaseolina-infected plants
significantly enhanced the content of AsA and reduced TP,
GSH, GSSG content and, while no changes in GSH/GSSG
ratio.

B. subtilis adjusted the osmolytes synthesis in infected
plants

The osmolytes such as soluble sugars, proline and total free
amino acids concentration was changed by the effect of
pathogen and bio-control agents in plants (Table 5). The
application of B. subtilis accelerated a synthesis of 7.17%
and 8.45% in soluble sugars and proline content, respectively.
M.-phaseolina-infected plants showed 8.3%, 28.1% and
20.64% of increase in soluble sugars, proline and total free
amino acids, while those osmolytes and amino acids pro-
duction were significantly declined due to the effect of B. sub-
tilis association.

chlorophyll, TAA and IBA, while adverse negative effect
was recorded on ABA. Similarly, chlorophyll b content
positively correlated with the synthesis of total chlorophyll,
IAA and IBA, and on the other hand, a negative relation
was observed in ABA accumulation. The growth hormones
had the positive effect as an increased synthesis of IAA and
IBA. The results obtained from IAA analysis showed a
strong positive correlation with IBA, and while it expressed
a negative effect with ABA. In addition, IBA production
had a significant negative relation with ABA in this
experiment.

Role of B. subtilis on antioxidant enzymes in infected
plants

The biotic interaction of B. subtilis and M. phaseolina in
mung bean significantly increased the antioxidant enzyme
activities (Figure 4). Activity of SOD, CAT, POD, APX and
GR was significantly increased to 36.87%, 35.05%, 42.85%,
24.63% and 16.15%, respectively in M.-phaseolina-infected
plants than their control, while further stimulation of SOD
(34.01%), CAT (21.37%), POD (19.48%), APX (16.89%)
and GR (39.66%) was observed due to B. subtilis inoculation
to mitigate the stress effects.
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Figure 3. Effect of B. subtilis (Bs) on TP, AsA, GSH, GSSG and GSH/GSSG ratio in mung bean infected by M. phaseolina(Mp). Data presented are mean =+ SE.

Correlation between growth regulators and
antioxidant enzymes activity

The interaction of plant hormones (IAA, IBA and ABA) and
efficacy of antioxidant enzymes (SOD, CAT, POD, APX and
GR) were correlated to estimate the bio-control effects of B.
subtilis in M.-phaseolina-infected mung bean (Table 8). The
production of SOD showed a positive correlation with
CAT, POD, PPX and GR, and while it had negative relation
with TAA and IBA with a positive effect with ABA. The results
of CAT assay expressed as a significant positive interaction
with POD, APX and GR, also showed a negative relation

Table 5. Effect of B. subtilis (Bs) on soluble sugar, proline and total free amino
acids in mung bean infected by M. phaseolina (Mp).

with IAA and IBA along with a positive correlation in ABA syn-
thesis. POD activity positively correlated with APX and GR, and
while negatively correlated with IAA and IBA production. How-
ever, APX showed a significantly positive relation with GR,
while a positive and non-significant correlation with ABA.
The activity of GR had negative and non-significant correlation
with TAA and IBA, while it showed a positive and significant
correlation with ABA. The IAA concentration expressed a sig-
nificant positive correlation with IBA and negative relation
with the concentration of ABA. IBA synthesis showed a negative
and significant correlation in ABA production.

Table 6. Effect of B. subtilis (Bs) on IAA, IBA and ABA in mung bean infected by
M. phaseolina (Mp).

Soluble sugars Proline Total free amino
Treatment (mg/g DW) (mg/g FW) acids (mg/g DW)  Treatment IAA (mM/g frwt) IBA (mM/g frwt) ABA (mM/g frwt)
Control 28.48 + 0.43° 130 + 0.01° 246 + 0.05° Control 2353 +0.12° 94.46 + 1.52° 0.956 + 0.05°
Bs 30,68 + 0.31%° 142 £ 0.02% 2.05 + 0.04° Bs 4453 +0.14° 154.80 + 0.99° 0.540 + 0.01¢
Mp 31.06 + 0.22° 1.81 £ 0.02° 3.10 + 0.07° Mp 0.826 + 0.02° 56.86 + 1.01¢ 4.986 + 0.06°
Bs + Mp 2848 + 0.22° 1.30 + 0.03° 246 + 0.10° Bs + Mp 1.953 + 0.04" 76.71 + 0.72° 2.536 + 0.05°
LSD at 0.05 1.0233 0.0765 0.242 LSD at 0.05 0.3183 3.595 0.171

Notes: Data presented are mean + SE. Values within column followed by differ-
ent alphabets are significant at P =.05 using DMRT.

Notes: Data presented are mean + SE. Values within column followed by differ-
ent alphabets are significant at P=.05 using DMRT.



Table 7. Pearson correlation coefficients (r) between chlorophyll a (Chla),
chlorophyll b (Chlb), total chlorophyll (Tot Chl), IAA, IBA and ABA.

Chla Chlb Tot Chl 1AA IBA ABA

Chla 1.00000 0.96454 0.99812 098506  0.99343  —0.82852
<0.0001  <0.0001  <0.0001 <.0001 0.0009

Chlb 1.00000 0.97890  0.96785  0.95656  —0.93737
<0.0001  <0.0001  <0.0001 <0.0001

Tot Chl 1.00000 0.98732  0.99118  —0.85905
<0.0001  <0.0001 0.0003

1AA 1.00000 0.98732  —0.85528
<0.0001 0.0004

IBA 1.00000  —0.82548
0.0009

ABA 1.00000

B. subtilis induced changes of macro and micro
nutrients in diseased plants

The nutrients uptake in leaves of mung bean was significantly
influenced by the interaction of B. subtilis and the infection of
M. phaseolina (Tables 9 and 10). B. subtilis association pro-
moted the macro and micro nutrients (N, Na, K, Ca, Mg, Zn,
Cu, Mn and Fe) uptake by mung bean roots. On the other
hand, M. phaseolina decreased the uptake of those nutrients,
except sodium. The accumulation of N, K, Ca, Mg, Zn, Cu,
Mn and Fe was found to decline as 48.9%, 50.4%, 67.3%,
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48.2%, 26.3%, 62.0%, 38.2% and 33.33%, respectively in char-
coal-rot-diseased plants. However, B. subtilis significantly ame-
liorated the detrimental effect of M. phaseolina infection by
enhancing N (23.2%), K (21.34%), Ca (32.3%), Mg (35.1%),
Zn (12.8%), Cu (17.6%), Mn (12.7%) and Fe (12.0%) uptake.

Discussion

M. phaseolina caused charcoal rot disease in a wide range of
host plant species, including corn, sunflower and some weeds
(El-Hai et al. 2009).The endophytic bacteria produce antifun-
gal metabolites to prevent the growth of pathogens. We found
that B. subtilis produced the iturin A, which is involved in
controlling M. phaseolina mycelial growth. Iturin A, similarly
to antifungal peptide, destructs the pathogenic fungal cell wall
and cause severe mortality of pathogen population in rhizo-
sphere (Yamamoto et al. 2015). Current study results showed
that M. phaseolina induce the disease and reduce the growth
of mung bean. The infected plants inoculated with B. subtilis
displayed less damaging effects of M. phaseolina. The plant
growth promotion activity of B. subtilis was significant due
to enhancement in the accumulation of sugars, proline and
free amino acids, which are considered as the key osmolytes
for maintaining the cellular water content to protect the
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Figure 4. Effect of B. subtilis (Bs) on the activity of SOD, CAT, POD, APX and GR in mung bean infected by M. phaseolina (Mp). Data presented are mean + SE.
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Table 8. Pearson correlation coefficients (r) between SOD, CAT, POD, APX, GR, IAA, IBA and ABA.

SOD CAT POD APX GR IAA IBA ABA

SOD 1.00000 0.94991 0.95790 0.97831 0.95410 —0.33108 —0.41249 0.40329
<0.0001 <0.0001 <0.0001 <0.0001 0.2932 0.1827 0.1936

CAT 1.00000 0.97297 0.98513 0.99404 —0.56897 —0.63449 0.60635
<0.0001 <0.0001 <0.0001 0.0535 0.0267 0.0366

POD 1.00000 0.98083 0.98656 —0.49798 —0.54612 0.61091
<0.0001 <0.0001 0.0994 0.0662 0.0348

APX 1.00000 0.98653 —0.45774 —0.52895 0.54875
<0.0001 0.1346 0.0770 0.0647

GR 1.00000 —0.56515 —0.62553 0.63506
0.0555 0.0296 0.0265

IAA 1.00000 0.98732 —0.85528
<0.0001 0.0004

IBA 1.00000 —0.82548
0.0009

ABA 1.00000

structures and functions of cellular organelles (Ahanger and
Agarwal 2017). In a previous report, it is suggested that the
association of B. megaterium increased the plant growth by
stimulating the synthesis of sucrose, glucose, fructose and sev-
eral amino acids (Kang et al. 2014). The sugars, proline and
amino acids accumulation involve as antioxidants for neutra-
lizing the toxic ROS under stress conditions, which is leading
to maintain the structure of proteins and membranes (Hayat
et al. 2012). The osmotic constituents of cells reduce the need
of water to active metabolism and extend plant survival
(Zhifang and Loescher 2003). The accumulation of proline,
sugars and amino acids in plants inoculated with B. subtilis
provide the resistance against charcoal rot disease (Upadhyay
et al. 2012). In addition, amino acids act as rich sources of
organic nitrogen to stimulate plant metabolism and precursor
for alkaloid biosynthesis (Meloni et al. 2001).

Inoculation of B. subtilis to M.-phaseolina-infected mung
bean significantly increased the synthesis of auxins, including
IAA and IBA, resulting in protection of the mung bean
against charcoal rot disease. A stimulation of growth hor-
mones, including auxins in host plants, efficiently induces
the root growth (Patten and Glick 2002). Auxin plays a
vital role in cell division, elongation, apical dominance and
root initiation and growth (Teale et al. 2006). The activation
of higher synthesis of auxins in infected plants during the
interaction of B. subtilis might be the reason for increasing
the length and biomass of roots in mung bean.

Another plant hormone (ABA) is considered as a stress-
responsible signaling molecule, which involves in the regu-
lation of stomatal functions and in adaptation of plants against
adverse environmental conditions, and while their role in
plant defense is not well defined (Mauch-Mani and Mauch
2005). In the present study, charcoal rot disease caused a con-
siderable restriction in the endogenous production of auxins
while accelerated the synthesis of ABA. B. subtilis mitigated
the pathogenic stress effects by inhibiting the synthesis of
ABA in M.-phaseolina-affected mung bean. Our results were
correlated with a previous study showing that Rhizoctonia-
solani-induced accumulation of ABA was declined in plants

during the inoculation of B. amyloliquefaciens (Kang et al.
2015). Porcel et al. (2014) has demonstrated that the optimal
endogenous concentration of ABA is important for growth
promotion through the regulation of photosynthetic attributes
and. ABA signaling is interconnected with ROS production,
Ca®" signaling and activity of mitogen-activated protein kinase
in cells and regulates the plasmodesmata to prevent the patho-
gen infection (Rezzonico et al. 1998).

M. phaseolina triggered the excess production of ROS such
as H,0O, in mung bean plants, resulting in the peroxidation of
membrane lipids, which was ameliorated by the effect of
B. subtilis. The pathogenic-stress-induced lipid peroxidation
affects the fluidity, proteins, receptors, enzymes and ion chan-
nels of membrane (Gill and Tuteja 2010). The bio-control
agents can prevent the pathogen-generated oxidative burst
in diseased plants by inhibiting lipid peroxidation (Radhak-
rishnan et al. 2013). The upregulation of antioxidant enzymes
due to B. subtilis inoculation protected the M.-phaseolina-
infected plants’ metabolism by imparting fast removal of
ROS. The activity of SOD eliminates superoxide radicals,
leading to protect the photosynthetic apparatus (Khan et al.
2015).The formation of H,0, is scavenged by CAT, POD
and APX in ascorbate-glutathione cycle due to the assistance
of GR, AsA and glutathione (Ahanger and Agarwal 2017).
Optimal production of AsA and GSH in B.-subtilis-inoculated
plants resulted in improvement of the activity of APX and
GR, leading to regulation of the ascorbate-glutathione path-
way for the elimination of H,O,. Hence, the efficiency of
B. subtilis was depicted an enhanced resistance potential of
mung bean against charcoal rot disease. B. subtilis induced
an increase in activity of SOD, APX and CAT, modulated
the production of superoxide and H,0,, and therefore pre-
vented the initiation of the Haber-Weiss reaction, hydroxyl
(OH") radical generation and dis-functioning of membrane.
The enhanced activities of antioxidant enzymes in B.-subti-
lis-inoculated plants can mediate the plant growth by elimi-
nating the free radicals and maintaining photosynthetic
rate, cellular redox potential and membrane integrity
(Abd_Allah et al. 2015; Ahanger et al. 2015). The activity of

Table 9. Effect of B. subtilis (Bs) on macro nutrients in M.-phaseolina (Mp)-infected mung bean.

Treatment N (mg/g DW) Na (mg/g DW) K (mg/g DW) Na/K ratio Ca (mg/g DW) K/Ca ratio Mg (mg/g DW)
Control 39.33 + 1.16° 4463 + 0.17 13.93 + 0.09° 0.320 + 0.01° 296 + 0.11° 4.70 + 0.16° 6.18 + 0.14°
Bs 51.23 + 0.74° 5.10 + 0.08° 17.71 + 0.24° 0.288 + 0.00¢ 426 + 0.05° 416 + 0.07° 9.46 + 0.24°
Mp 20.06 + 0.62¢ 8.78 + 0.27° 6.90 + 0.07¢ 127 + 0.02° 0.966 + 0.05¢ 7.19 + 0.48° 3.20 + 0.10¢
Bs + Mp 29.60 + 0.34° 545 +0.14° 10.66 + 0.21° 0.511 + 0.01° 1.66 + 0.12¢ 6.49 + 0.58%° 496 + 0.05°
LSD at 0.05 6.2835 0.2207 2.1381 0.1138 0.8921 0.3411 0.8943

Notes: Data presented are mean + SE. Values within column followed by different alphabets are significant at P =.05 using DMRT.



Table 10. Effect of B. subtilis (Bs) on micro nutrients in mung bean infected by
M. phaseolina (Mp).

Treatment  Zn (ug/g DW)  Cu (9/g DW)  Mn (g/g DW)  Fe (ug/g DW)
Control 101.7 +1.70° 3359+ 0.82° 895+ 101° 6102 + 1.05°
Bs 1167 £ 047° 4078 £ 0.78%  102.6 + 0.54° 694.1 + 3.74°
Mp 749 £197% 1274+017% 553 +039¢ 4067 + 4.83¢
Bs + Mp 89.0 + 1.18° 2652 +033° 706+ 0.72° 537.4 + 1.50°
LSD at 0.05 8.2312 5.0183 9.2254 479316

Notes: Data presented are mean + SE. Values within column followed by differ-
ent alphabets are significant at P =.05 using DMRT.

SOD was enhanced in B.-subtilis-inoculated plants, which
showed that the strengthened antioxidant system for removal
of ROS and hence amelioration of negative effects of M. pha-
seolina. The bio-control agents triggered the antioxidants’
activities to reduce the toxic effect of ROS and induce the dis-
ease resistance in infected plants (Radhakrishnan et al. 2013;
Kang et al. 2015).

Pathogen infection declines the uptake of nutrients by
plant roots. In the present study, M. phaseolina caused an
inhibition of macronutrients and micronutrients (N, K, Ca,
Mg, Zn, Cu, Mn and Fe), but enhanced the accumulation of
Na". Plant pathogenic fungi attack root system and limit the
absorption, assimilation and translocation of nutrients in
roots and other parts of diseased plant (Marschner 1995;
Huber and Graham 1999; Dordas 2008). Moreover, patho-
gens utilize nutrients for their growth and survival, which
results in deficiency of nutrients’ availability to plant, thereby
increasing disease susceptibility (Spann and Schumann
2009).The secondary metabolites of plant pathogens such as
mycotoxins enhance the opening of stomata via activating
an H™-pump in the plasma membrane through stimulation
of H*-ATPase, which creates an electrochemical gradient to
drive elements as K" influx into guard cells (Zeng et al.
2010; Dong et al. 2012; Dehgahi et al. 2015).

PGPR strains are actively colonizing the plant roots and
exert valuable effects on development of plants either by
using their own metabolites such as phosphate solubilization,
phytohormone production and nitrogen fixation or may
impart direct positive affects in plant metabolism by increasing
the uptake of water and minerals and enzyme activity in their
host plants (Perez-Montano et al. 2014). B.-subtilis-inoculated
mung bean seedlings maintained the Na/K ratio in disease-
infected and non-infected plants; thereby it is strongly
suggested that the use of B. subtilis can promote the plant
growth of mung bean during biotic stress conditions. The
low K'-induced transcriptional up-regulation of the genes
encoding HAKS5-like transporters occurs through a signal cas-
cade that includes changes in the membrane potential of root
cells and increases in ethylene and ROS (Nieves-Cordones
et al. 2016). The higher concentration of minerals in plants
inoculated with B. subtilis might increase the production of
metabolites, proteins and also the expression of defense
genes against charcoal rot disease (Nadeem et al. 2014).

B. subtilis enhanced the uptake of N, K, Ca, Mg, Zn, Cu,
Mn and Fe, which resulted to enhance the plant growth at dis-
ease condition might be the regulation of various metabolic
pathways such as antioxidant system and chlorophyll syn-
thesis. The optimal concentration of zinc helped upregulate
antioxidant system and synthesize protective metabolites
due to the activity of phenylalanine ammonia lyase and tyro-
sine ammonia lyase (Wadhwa et al. 2014). The results of the
present study were correlated with a previous report
suggesting that B. methylotrophicus enhances the uptake of
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several nutrients (N, K, P, Mg, Fe and Zn), and the synthesis
of amino acids and chlorophylls (Radhakrishnan and Lee
2016). The present study revealed that an increase of Mg con-
centration might help synthesize the chlorophyll content in
B.-subtilis-associated plants and accelerate the photosynthesis
in pathogen-infected plants.

Conclusion

The endophytic bacterium, B. subtilis proved its ability to
promote plant growth and disease resistance while stimulat-
ing mung bean plant growth under normal and M.-phaseo-
lina-infected conditions. Mung bean plants treated with
B. subtilis exhibited an ability to inhibit oxidative damage
to membranes, which can be ascribed to up-regulation of
antioxidant system and accumulation of osmolytes. This
work suggested that B. subtilis can be exploited to protect
mung bean from charcoal rot and to sustainably improve
the growth and yield.
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