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Abstract

Bacillus spp. being rhizospheric bacteria has the potential to provide protection from biotic stresses and also to enhance plant
growth. The present study was carried out on bacterial isolate, Bacillus subtilis strain BS87 which has the potential to inhibit
several phytopathogens (Bipolaris sorokiniana, Fusarium oxysporum, Fusarium spp., Aspergillus niger, Aspergillus sp.,
Penicillium sp. and, Rhizoctonia solani) in vitro and is also able to secrete cell-wall-degrading enzymes including protease
and chitinase. Isolate BS87, also exhibited several plant growth-promoting traits, such as nutrient solubilization, siderophore,
indole-3-acetic acid (IAA), and hydrogen cyanide (HCN) production. Hence, a pot experiment was carried out to evaluate the
efficacy of bacterial isolate on plant growth and spot blotch disease in wheat. Results demonstrated that BS87 significantly
(p <0.05) enhanced plant growth and yield in wheat. Chlorophyll content was significantly (p <0.05) improved when treated
with BS87. The spot blotch disease was significantly (p <0.05) inhibited in wheat by isolate BSS7. Lower levels of antioxidant
enzymes, including superoxide dismutase, peroxidase, polyphenol oxidase, and phenylalanine ammonia-lyase in the plants
infected with spot blotch were observed in bacterial-treated plants. BS87 also significantly reduces malondialdehyde and
proline contents in diseased plants. BS87 could successfully colonize and persist in the wheat rhizosphere, providing an
advantage to the host plant. Therefore, the study suggested that Bacillus subtilis strain BS87 may be used as an effective
bioinoculant, enhancing plant growth and controlling spot blotch disease in wheat caused by Bipolaris sorokiniana.
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Introduction

Wheat (Triticum aestivum L.) is one of the important
staple cereal crops of the world, which provides nearly
55% of the carbohydrates and daily proteins for 85% of the
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population worldwide (FAO 2021) and directly relates to
food security and the economy of the globe. This crop is one
of India’s primary staple foods; currently, wheat production
is around 107.18 million tons, increasing yearly (Singh
et al. 2020). Further, due to the exponential growth of the
population, there is a need to increase its production through
sustainable, eco-friendly strategies. However, some plant
diseases in several areas pose a major constraint in wheat
production. Predominantly in warmer areas and wheat-
rice cropping systems, spot blotch, caused by Bipolaris
sorokiniana (Sacc.), is a widespread disease and one of
this crop’s most important biotic stresses. In the past 2
decades, spot blotch has lost grain yield from 6.3 to 50%
(Juliana et al. 2022). Spot blotch affects the seed quality
and thus leads to a loss in its economic value. Chemical
control using a triazole group is commonly practiced (Gupta
et al. 2018). However, exploring eco-friendly options are
required to maintain soil health and compensate for the
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toxic nature of these chemicals. The biological control of
phytopathogens through beneficial plant growth-promoting
rhizobacteria (PGPR) is one of the environmentally
sustainable options for enhancing soil fertility and crop
productivity. The plant—microbial interactions in soil are
vital ecological processes (Chandra et al. 2022), and the
dynamics of these interactions depend on several factors,
e.g., release of microbial metabolites, which may lead to
changes in the physiological characteristics of plants. Such
plant-associated microbes play an essential role in plant
growth and also improve plant nutritional status. PGPRs
are soil microbes that colonize the rhizosphere of plants
and improve nutrient availability through the solubilization
of unavailable phosphorus and zinc. They stimulate
plant growth through several mechanisms, including the
production of plant hormones (Indole-3-acetic acid (IAA)
and several metabolites (Olanrewaju et al. 2017). PGPR can
also biocontrol and alleviate/prevent the detrimental effects
of phytopathogens. These beneficial microbes also release
biocontrol substances including hydrogen cyanide (HCN),
siderophores, and cell-wall degrading enzymes (Rosier et al.
2018). Siderophores are ferric iron-chelating compounds
and under iron-limited conditions, make them unavailable
to the phytopathogens (Sah et al. 2017). Cell-wall-degrading
enzymes can suppress diseases by inhibiting pathogens
through disintegration of cell walls (Jiao et al. 2021).

Pathogen attack may alter the activity of metabolic
enzymes and the contents of non-enzymatic compounds
associated with antioxidant metabolism. Thus, the enzymes,
including superoxide dismutase (SOD), catalase (CAT),
and peroxidase (POD), may be good biochemical markers
of oxidative damage. Further, enzymes like polyphenol
oxidase (PPO), POD, and phenylalanine ammonia-lyase
(PAL) are involved in the phenylpropanoid pathway and play
a significant role in plant resistance to stress. Thus, the level
and activity of these enzymes could be a sign of resistance
or stress (Rosier et al. 2018).

Bacillus spp. is one of the most common rhizospheric
dwelling bacteria which have the potential to induce systemic
resistance, enhancing the biotic stress tolerance of plants.
Bacillus spp. has shown the ability to stimulate various
defense reactions in the host plants (Cantoro et al. 2021;
Palazzini et al. 2022), specifically under stress conditions
including response to pathogen infection. Elevated levels
of the activity of antioxidant defense enzymes help the
host plants to mitigate the adverse effect of several reactive
oxidative species (ROS). Treatment with Bacillus spp. has
enhanced the antioxidant defense activities in fungal-infected
sugarcane and rice plants, thus alleviating pathogen-induced
oxidative damage. The elevated production of different anti-
oxidative enzymes and proline content may induce systemic
resistance against pathogenic infections in the crops (Rais
et al. 2017). Besides the antioxidant defense system, Bacillus
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treatment may suppress the disease symptoms and enhance
plant growth (Miljakovi¢ et al. 2020).

Bacillus spp. has significant potential to suppress various
diseases and has also been considered a promising biocon-
trol agent (BCA) (Andri¢ et al. 2020). Several isolates of
Bacillus spp. such as Bacillus subtilis, B. amyloliquefaciens
B. licheniformis, B. megaterium, B. velezensis, B. cereus,
and B. thuringiensis had successfully colonized the roots of
crops and significantly suppressed several pathogens, includ-
ing Phytophthora capsici, Fusarium oxysporum, Penicillium
sp., and Rhizopus stolonifer (Alvindia and Natsuaki 2009;
Rao et al. 2017; Miljakovic¢ et al. 2020; Macha et al. 2021).
The potential of Bacillus spp. to colonize the plant roots
and enhance their growth has also been well documented
along with their biocontrol properties (Sukkasem et al. 2018;
Hashem et al. 2019). Hence, we hypothesize that inocula-
tion of Bacillus subtilis strain BS87 in wheat may develop
induced systemic resistance against spot blotch disease and
improve plant growth, as well as it can persist after in the
wheat rhizosphere.

Materials and methods
Biocontrol agents and their characterization

Bacillus subtilis strain BS87 has been used as a biocontrol
agent in the present study. Based on the earlier study, the
culture was isolated from the rhizospheric soil of fields
where sugarcane has been grown for > 50 years (ICAR-
Indian Institute of Sugarcane Research, Lucknow, India, 26°
56'N, 80° 52’ E and 111 m above sea level), and was further
characterized and identified as B. subtilis (Chandra et al.
2018). Soils of these fields were largely sandy loam (13.3%
clay, 24.5% silt, and 62.2% sand) of Indo-Gangetic alluvial
origin and are classified as non-calcareous mixed with
hyperthermic udic ustochrept. The 16sRNA was submitted
to NCBI Genbank, and the Accession No. (KY604948.1)
was obtained. Keeping the importance of the isolate in terms
of its plant growth-promoting potential in view, the culture
was deposited to the repository (National Agriculturally
Important Microbial Culture Collection, ICAR-National
Bureau of Agriculturally Important Microorganisms),
and Accession No. (NAIMCC-B-02187) was obtained. A
whole genome sequence of Bacillus subtilis strain BS87
has been reported, which showed that this isolate could
be a preferable candidate as a biofertilizer (Chandra et al.
2021a). The genome sequence database of isolate BS87 has
been deposited in the NCBI SRA module and is accessible
through Accession No. SRR11870891 (PRINA634628)
(Chandra et al. 2021a). The BS87 culture was maintained
by regular subculturing on nutrient agar medium (NAM)
(peptone 5.0; yeast extract 2.0; sodium chloride 5.0;
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agar 15.0) at 30 °C for 24 h and stored at 4 °C. Growth
and morphological attributes of the biocontrol agent were
recorded. The BS87 culture was characterized by various
biochemical tests like citrate and D-glucose utilization,
urease, oxidase, catalase, and Gram staining (Chandra and
Chandra 2017).

In vitro biocontrol potential

In vitro biocontrol potential was evaluated against fungal
pathogens, namely Bipolaris sorokiniana (BP), Fusarium
oxysporum (FO), Fusarium spp. (FS), Aspergillus niger
(AN), Aspergillus sp. (AS), Penicillium sp. (PS), and
Rhizoctonia solani (RS). In vitro screening for antagonistic
BS87 culture activity was performed by dual culture
technique on potato dextrose agar (PDA) (potatoes 200.0;
dextrose 20.0; agar 15.0) plates. PDA medium was prepared
and poured (20 ml) into sterile Petri dishes. A 5-mm agar
disc of actively growing pathogens was placed in the center
of each plate, and BS87 culture was streaked 3 cm away
from the agar disc toward the edge of the Petri dish. In the
control plate, no bacterial isolate was inoculated. Plates were
covered with parafilm and incubated at 27 +2 °C for 5 days
until the fungal mycelia reached the edge in the control
plates. Mycelial growth inhibition indicates antagonistic
activity. The percentage (%) of radial mycelial growth
inhibition was calculated.

In vitro PGPR properties

The BS87 was screened for phosphate solubilization on
Pikovskaya’s agar medium. It was also checked for their Zn
solubilizing ability based on halo formation on solid basal
medium supplemented with ZnO (Kamran et al. 2017). The
results were represented as the diameter of the solubilized
area (mm) and then the solubilization index for zinc and
phosphate was calculated using the following formula.
Solubilization index (SI)=(colony diameter +halo zone
diameter)/ colony diameter.

The indole-3-acetic acid (IAA) content was estimated
using Salkowski reagent (Gang et al. 2019). Siderophore
production was assayed using tertiary complex Chrome
Azurol S (CAS)/ Fe hexadecyl trimethyl ammonium
bromide. The development of a yellow—orange halo
around the growth was considered positive for siderophore
production (Gang et al. 2019). The diameter of the resultant
zone was measured and the siderophore production index
was calculated with the following formula.

Siderophore production index (SI)
= (colony diameter + Halo zone diameter)/

colony diameter.

The BS87 was also tested for the production of ammonia
in peptone water as reported by Chandra and Chandra 2016.
The development of faint yellow to dark brown color was
considered a positive test for ammonia production. Hydrogen
cyanide (HCN) production was tested on nutrient agar
supplemented with glycine by Kamran et al. (2017). Briefly,
qualitative phosphorus-solubilizing potential was also analyzed
by measuring soluble P concentration colorimetrically using
the molybdenum blue method. Titrable acidity (g tartaric acid
L™!) and change in pH of the medium were also measured
(Panda et al. 2016).

Estimation of cell-wall-degrading enzymes

Protease production by BS87 was determined using 1%
skimmed milk agar. The protease activity was indicated by
forming clear zones around the inoculated site on the agar
plates (Chandra and Vij 2018). Similarly, the chitinase
production was assayed on chitin agar plates (using powdered
chitin as the sole carbon source). A clear halo zone around the
colonies developed after 48—72 h of incubation demonstrated
chitinase production.

In vitro germination test

For the in vitro germination test, the seeds of wheat varieties
Raj 3765 and DBW 90 were surface sterilized with 0.1%
mercuric chloride (HgCl,), washed with distilled water
properly, and then treated with BS87 culture (10° cells/ml)
for 30 min and then dried aseptically. Seeds treated with an
uninoculated medium were considered as a control. The dried
seeds were incubated on sterilized wet blotting paper in pre-
sterilized petri dishes. The germination percentage and growth
parameters were recorded at 2—7 days. Based on the growth
parameters, the vigor index was calculated.

Vigor index = (mean rootlength 4+ mean shoot length)

X germination (%).

Wheat cultivars

Two wheat (Triticum aestivum L.) varieties, Raj 3765 and
DBW 90, have been used in the study. The seeds were obtained
from the ICAR-Indian Institute of Wheat and Barley Research,
Karnal, India. These two varieties were selected as they are
suitable for different pedoclimatic areas in India and are late-
sown varieties in both areas. The wheat variety DBW 90 is
more suitable for the irrigated conditions of the North Western
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Plains Zone, while Raj 3765 is highly suitable for the North
West and North Eastern Plain Zone.

Preparation of bacterial inoculum

For the preparation of bacterial inoculum, BS87 culture
inoculum was grown in nutrient broth and incubated at 28 °C
for 48 h by shaking at 150 rpm. The bacterial cells were
centrifuged for 10 min at 12,000 rpm. The pellet formed was
resuspended in 10% sterilized glycerol with a 108 CFU/ml
concentration. The bacterial inoculum’s colony-forming unit
(CFU) was calculated using the serial dilution method. The
CFU count of the bacterial inoculum was 4.0 x 108 mL ™",

Seed biopriming

The prepared bacterial inoculum was mixed in 1 kg sterilized
talc powder for seed biopriming. The pH was adjusted to
7 by adding calcium carbonate. The talc-based bacterial
inoculum was stored at 4 °C after maintaining 35% moisture
content. The talc-based bacterial inoculum was serially
diluted and plated on NAM at 28 °C for 24 h to test viable
bacterial colonies. Five-gram seeds of Raj 3765 and DBW 90
genotypes were surface sterilized by 95% ethanol following
0.2% HgCl, solution for 3 min. Then seeds were thoroughly
washed with sterile distilled water and air dried aseptically.
Biopriming of the surface-sterilized wheat seeds was carried
out by coating with 0.2% (w/v) sterilized carboxymethyl
cellulose (CMC) and talc-based bacterial inoculum prepared
earlier. The seeds were left for 6 h and dried aseptically. The
seeds treated with only CMC suspension in distilled water
served as control (Chandra et al. 2021b).

Experimental set-up

Bioprimed five seeds of both the wheat varieties were
sown in each pot. The capacity of the pots was 12 kg, and
was filled with sterilized soil collected from the fields of
ICAR-Indian Institute of Wheat and Barley Research,
Karnal, Haryana, India, situated in the Indo-Gangetic
plains (29°43' N, 76°58' E, 245 m above mean sea level).
The physiochemical properties of soils collected were as
follows—texture: sandy loam; sand: 61.2%; silt: 25.1%; clay:
10.2%; pH (1:2): 7.2; electrical conductivity (1:2 soil: water)
(dS_l): 0.48 dS m~!; soil organic carbon: 0.41%; available
nitrogen: 198.8 kg ha™'; available phosphorus: 16.2 kg ha™";
available potassium: 242 kg ha™!. The experiments were
laid out during October—March with 60-75% relative
humidity under an 11/13 h light/dark photoperiod. Moisture
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Table 1 Details of the treatments used in the pot study to evaluate the
efficacy of Bacillus subtilis strain BS87 in improving plant growth
and biocontrolling spot blotch disease in wheat

Treatments

T1 Non-inoculated control of wheat variety DBW 90

T2 Non-inoculated control of wheat variety Raj 3765

T3 Wheat variety DBW 90 treated with BS87

T4 Wheat variety Raj 3765 treated with BS87

T5* Wheat variety DBW 90 infected with BP

T6* Wheat variety Raj 3765 infected with BP

T7* Wheat variety DBW 90 infected with BP and treatment of BS87°

T8* Wheat variety Raj 3765 infected with BP and treatment of
BS87°

BP Bipolaris sorokiniana, BSS87 microbial inoculum of Bacillus
subtilis strain BS87

*The conidia suspension of Bipolaris sorokiniana was sprayed at the
tillering stage along with irrigation to maintain appropriate humidity
and artificial epiphytotic conditions

bAdditional foliar spray of microbial inoculum of Bacillus subtilis
strain BS87 was done after infecting with Bipolaris sorokiniana

content (at field capacity, 60%) in the pots was maintained
by sprinkling sterilized water on every alternate day. The
experiment was designed in a completely randomized
design (CRD) with three replications and eight treatments,
as described in Table 1.

Pathogenic inoculum preparation

Conidia of BP were used as inoculum to initiate spot
blotch disease in wheat plants. The conidia of BP were
produced by inoculating the pathogen in potato dextrose
broth. After 7 days of incubation at 25 °C at 120 RPM, the
grown culture was filtered through sterile gauze to obtain
a conidial suspension. The conidia concentration was
adjusted to 1 x 10° conidia ml~! with sterile distilled water
plus Tween 80 (0.05%) using a Neubauer chamber for
inoculations in plants. The conidial suspension prepared
was artificially inoculated during the stem extension stage
of wheat. The growing stems of wheat were infected by
injecting the conidial suspension with help of a sterile
syringe. After 2 days of inoculation, the disease symptoms
were visible.

Biocontrol foliar spray

After 24 h of pathogen inoculation, biocontrol foliar
spray consisting BS87 culture inoculum was applied on
plants. Briefly, foliar spray was prepared from the bacterial
inoculum described earlier. The bacterial inoculum was
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diluted by adding sterile water with 0.05% v/v Tween 80
and maintained upto 1.0 x 1028 CFU mL~!. The diluted
bacterial inoculum was applied as a foliar application at
the rate of 5 mL per plant during evening hours (16:00 h)
to avoid the direct effect of sunlight.

Plant growth and nutrient status

Chlorophyll content was recorded at the seedling stage
using SPAD 502. Plant height (cm) and spike length (cm)
were recorded at the physiological maturity of the plants.
After harvesting, the total grain weight was recorded by
the electronic weighing balance. The number of grains was
measured manually, while 1000 grain weight was recorded
by the seed counter (CONTADOR). The Kjeldahl method
was used to estimate the nitrogen (Michatowski et al.
2013), while phosphorus was determined colorimetrically
using the ascorbic acid reductant method (Jackson 1967). A
flame photometer was used to estimate the potash. Fe, Zn,
Mn, and Cu in grains and straw were digested by di-acid
(HNO;-HCIO,) and estimated by atomic absorption
spectrophotometer (Analytika Jena, ZEEnit 700p; Germany).
The uptake of nutrients was computed by multiplying the
concentrations with the dry weight of the respective plant
parts.

Antioxidant defense enzymes

The antioxidant defense-related enzymes viz. superoxide
dismutase (SOD), peroxidase (PO), polyphenol oxidase
(PPO), and phenylalanine ammonia-lyase (PAL) were
estimated in all the treatments after the emergence of spot
blotch in infected plants. Two grams of the sample were
crushed and mixed with 4 mL of phosphate buffer (0.1 M,
pH 7) in a pre-chilled mortar and pestle. This mixture
was centrifuged at 10,000 rpm, 4 °C for 15 min, and the
supernatant was used as crude enzyme extract, according
to Chandra et al. (2018). For PO, PPO, and PAL, the
absorbance was recorded using a spectrophotometer at
280 nm, 450 nm, and 460 nm, respectively. The enzyme
activity was expressed as a change in absorbance min/g
(FW). The activity of superoxide dismutase was measured
at 560 nm, and the activity was presented as the enzyme unit,
defined as the amount of enzyme needed to inhibit a 50%
reduction of NBT. This was presented in unit min~' mg~".
Total proline content and estimation of the level of lipid
peroxidation in terms of malondialdehyde were carried out
as described earlier (Chandra et al. 2018).

Microbial enzymes and colonization analysis

The plate count technique estimated bacterial colonization
in the rhizosphere and expressed it as the number of

colony-forming units (CFU) per g of dry soil (Chandra
et al. 2020). The microbial enzymes estimated in the soil
were dehydrogenase (Casida et al. 1964), and alkaline
and acidic phosphatase (Tabatabai and Bremner 1969).
Alkaline and acidic phosphatase activity was expressed
as mg p-nitrophenol released g~! soil h™!. Dehydrogenase
activity was expressed as mg of triphenyl formazan (TPF)
g ! soil d7!.

Statistical analysis

Samples in three replications consisted of three independent
plants to generate all experimental data. To test the
significance of treatments, data were analyzed by one-way
analysis of variance (ANOVA), and treatment means were
compared using DUNCAN’s multiple range test at a 5%
level (p <0.05). Statistical analysis of experimental data was
performed online on Indian NARS Statistical Computing
Portal (http://stat.iasri.res.in/sscnarsportal) using General
Linear Model (GLM) procedure in SAS (SAS Institute Inc.).

Results

Biochemical characterization and plant
growth-promoting properties

The biochemical characterization revealed that BS87
culture is an oxidase negative, can hydrolyze starch, and
utilizes citrate and D-glucose as carbon sources (Table 2).
Optical density showed that culture could grow up to 45
°C, while the optimal growth temperature was 30 °C. The
isolate could tolerate salt (NaCl) concentrations up to 7%,
while the optimum growth was observed at a 4% NaCl level.
Similarly, pH tolerance was up to pH 11 (Table 2). BS87
produced chitinase, protease, and cellulase enzymes, which
was confirmed by the halo-zone around the culture growth
on the medium supplemented by chitin, skim milk, and
carboxymethyl cellulose (Table 2). BS87 produced indole-
3-acetic acid, which was confirmed by the conversion to
the pink-colored medium supplemented with tryptophan.
The appearance of an orange-halo zone (22 mm) on the
CAS-agar plate confirmed the siderophore production.
BS87 isolate was also found positive for ammonia and
HCN production. The formation of a clear zone around the
bacterial colonies on media supplemented with an insoluble
form of phosphorus (tricalcium phosphate) and zinc (zinc
oxide) indicated phosphorus- and zinc-solubilizing activity
(Table 2). BS87 solubilized 61.7 mg L™! phosphorus in
5 days, increasing to 81.3 mg L™! in 15 days. In support
of phosphorus- and zinc-solubilizing activity, organic acid
secretion by BS87 was also observed, which decreased pH
to 4.1 (Table 3).
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Table 2 Characterization and plant growth-promoting attributes of
Bacillus subtilis strain BS87

Table 4 Inhibition percentage demonstrated by Bacillus subtilis strain
BS87 against different fungal pathogens

Morphological characteristics

i Gram reaction Positive

ii Cell morphology Rod shaped

iii Colony morphology Flat, irregular,

lobate
margins

iv Colony color Cream
Growth characteristics

i Temperature tolerance (°C) 20-45

ii pH tolerance 5-9

iii NaCl tolerance (%) 0-7

iv Incubation time 12-24h
Biochemical characteristics

i Citrate utilization +

ii Starch hydrolysis +

iii D-Glucose +

iv Oxidase -

v Catalase +
Hydrolytic enzymes

i Chitinase +

ii Protease ++

iii Cellulase ++
Plant growth-promoting properties

i Phosphorus solubilization index 4.5

ii Zinc solubilization index 34

iii Siderophore production 22 mm

iv IAA production ++

v Ammonia production +

vi HCN production ++

Table 3 Phosphate-solubilizing activity, pH, and organic acid
production of Bacillus subtilis strain BS87 at different days of
incubation

Day 5 Day 10 Day 15
P solubilized (mg/l)
Control 1229+1.25 10.85+1.00 11.0+0.56
BS87 61.7+4.95 71.7+4.06 81.3+2.21
Pr> 11l <0.0001 <0.0001 <0.0001
pH
Control 7.1+0.17 7.23+0.05 7.13+0.15
BS87 52+0.2 427+0.2 3.43+0.25
Pr>1zl 0.0002 <0.0001 <0.0001
Organic acid (meq/L)
Control 6.5+1.0 6.4+1.0 7.0+£0.06
BSS87 149+3.5 14.7+34 14.13+3.36
Pr>1il 0.01 0.0028 0.0219

BS87 Bacillus subtilis; + standard deviation
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Fungal pathogens Inhibition
percentage

Bipolaris sorokiniana 39.77°
Fusarium oxysporum 47.96°
Fusarium sp. 51.05%
Rhizoctonia solani 29.93¢
Aspergillus niger 43.65°
Penicillium sp. 31.85°
Aspergillus sp. 36.02°
SE(d) 1.066
LSD at 5% 2.2607

Means with different capital letters within same column are
significantly different (p <0.05) using DUNCAN’s multiple range test

Biocontrol potential

The biocontrol potential of BS87 culture was significantly
highest against FS (51.05%) and FO (47.96%) (Table 4)
(Fig. 1a, b) following AN (43.65%) and BP (39.77%).
However, it was significantly the least in the case of AS
(36.02%), PS (31.85%), and RS (29.93%) (Table 4). After
wheat inoculation of BP alone, lesions were successfully
formed, as shown in Fig. 2a and after the application of
BS87, the spot blotch disease in wheat was impeded. The
number of lesions/cm? formed in each pot in the different
treatments was noted and presented in the heat map
(Fig. 2b). In BS87-treated pots, lesions due to the infection
of BP were significantly lower in comparison to the non-
treated plants. Non-treated varieties Raj 3765 (T5) and DBW
90 (T6) showed 8.33 and 8 lesions/cm?, which were reduced
to 4.67 and 5.33 lesions/cm?, respectively, when plants were
treated with BS87 (Fig. 2c, d) (supplementary Table 1).

Plant growth and nutrient status

In vitro experiment demonstrated significant improvement
in seedling vigor of wheat when treated with BS87. The
germination percentage in both varieties significantly
increased from 83-86 to 91-92% after treatment. The vigor
index of the non-treated seed variety Raj 3765 was 317.89,
while after treatment with BS87, it significantly increased
to 604.4. However, the vigor index for variety DBW 90
was 260.58, which increased to 504 after treatment with
BS87 (Fig. 3, supplementary Table 2). Similarly, in pot
experiments, the growth and yield of the wheat plants were
enhanced by treating the seeds with BS87 culture compared
to the non-treated control. Chlorophyll content was also
significantly higher in wheat varieties treated with BS87.
Significantly higher grain yield was observed in DBW 90
(7.28 g/pot), which was followed by wheat variety Raj 3765
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Fig. 1 Growth inhibition
demonstrated by biocontrol
agent, Bacillus subtilis strain
BS87: a. Bipolaris sorokiniana,
b. Fusarium oxysporum

(5.36 g/pot). In BP-infected plants, the yield was similar to
non-infected crops when treated with BS87 culture (Table 5).
A similar pattern of results was found for straw yield also.
Inoculation of BS87 significantly boosted nutrient uptake in
wheat varieties, further increasing the concentration of both
macronutrient and micronutrients (Table 6). The nitrogen
content in both straw and grain was significantly higher than
in control. A similar pattern was observed for phosphorus
and potassium content. The micronutrient content in grain
and straw was also found to be significantly higher in the
BS87-treated plants (Table 6).

Antioxidant enzymes

An increased level of superoxide dismutase in T6
(7.87 min~! mg~!) followed closely by T5 (6.8 min~! mg~!)
was observed in BP-infected plants. Bacterial treatment
significantly reduced the SOD activity in infected plants
(Fig. 41) (Supplementary Table 3). Following the pattern of
SOD, BP-infected plants (T6 and T5) showed a significant
increase in MDA (15.8 uM~' g) and proline content
(30.13 ug~! ). Bacterial treatment significantly reduced
these contents, while MDA and proline content were much
PO was maximum in the plants infected with BP and
treated by BS87 (T7 and T8) (supplementary Table 3). Non-
inoculated control wheat variety Raj 3765 (T2) and wheat
variety DBW 90 treated with BS87 (T3) did not show the
presence of PO (Fig. 4iv). Similarly, the plants infected with
BP and treated with BS87 (T7 and T8) showed significantly
higher PAL levels, while control and BS87-treated varieties
did not exhibit PAL in a detectable range (Fig. 4v). PPO was
also highest in T7 and T8, while it was lower in BS87-treated
plants (T3 and T4). T1 did not show any presence of PPO
(Fig. 4vi) (supplementary Table 3).

Bacterial colonization and soil microbial enzymes

The bacterial colonization was significantly high in T7
(1463.67 x 10* CFU) and T4 (1254 x 10° CFU) (Table 7).
BS87 treatment significantly enhanced the soil microbial
enzymatic activity. Dehydrogenase activity was significantly
high in T4 (799 pg TPF g—1 soil d-1) followed by T8
(664.67 ug TPF g~ 'so0il d™') and T7 (599.67 pg TPF g~! soil
d™!). Alkaline phosphatase activity significantly increased
in soils inoculated with BS87. However, acidic phosphatase
activity was high in T7 (172.33 pgp NPP g~! soil h™!) in T8
and T3 (Table 7).

Discussion

The microbial community that resides in the rhizosphere
has been reported to promote plant growth and suppress
the disease through several biochemical and molecular
mechanisms (Chandra et al. 2021c). In the present study,
plant growth-promoting properties of BS87 exerted a
positive influence on wheat growth and productivity.
Improvement in seed germination and seedling vigor
in vitro is likely attributable to IAA produced by BS87.
TIAA promotes plant growth and development of roots
contributing to their rapid establishment, facilitating their
elongation, and the proliferation of lateral and adventitious
roots (Olanrewaju et al. 2017). BS87 was able to enhance the
growth and yield of wheat and also to increase the ability of
seedlings to establish in soil, in turn helping them to extract
water and nutrients more efficiently. PGPR has also been
reported to modulate plant’s root architecture, enhancing
nutrient uptake and increasing crop yield (Vacheron et al.
2013; Ambreetha et al. 2018; Grover et al. 2021). Present
results are in consonance with earlier studies wherein
an increase in length and weight of the root and stem of
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Fig.2 a. Arrow showing lesions of spot blotch on the leaves. b. Heat
map expressing number of lesions/cm? in each Bipolaris sorokiniana
inoculates pots of different treatments ((i) pot 1 (ii) pot 2 (iii) pot 3).
¢. Graph representing number of lesions/cm? in different treatments.
d. Leaves showing symptoms (necrosis and chlorosis) due to spot
blotch in control and BS87 applied treatments (T5: wheat variety

Dioscorea rotundata L was reported when they were treated
with IAA-producing B. subtilis (Swain et al. 2007).

The ability to synthesize IAA is widely associated with
PGPR strains, which can be used as bioinoculants for plant
crops to enhance root and shoot biomass. IAA production
may result in overall root development, including root
growth, and increase root surface area and metabolism
(Gang et al. 2019). For example, inoculating rapeseed
seeds with Pseudomonas putida increased primary root
elongation. Therefore, the enhanced plant growth in the
presence of PGPR inoculants is likely primarily attributed
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(i)

(ii) (iii)

.
Number of
lesion/cm?

’ CONTROL BS87-treated

d.

DBW 90 infected with BP; T6: wheat variety Raj 3765 infected with
BP; T7: wheat variety DBW 90 infected with BP and treatment of
BS87; T8: wheat variety Raj 3765 infected with BP and treatment of
BS87.) Means with different capital letters within same column are
significantly different (p <0.05) using DUNCAN’s multiple range test

to the secretion of auxin (Souza et al. 2015). A few other
significant features of the BS87 culture are the ability to
solubilize phosphorus and produce siderophore, ammonia,
and HCN. The increased biomass and overall growth in the
case of seeds treated with BS87 culture may be attributed
to the collective effect of phosphate solubilization and the
production of plant growth regulators. Bacillus species
have been tested on various crops and reported to increase
growth, biomass, and yield (Aloo et al. 2019). Phosphorus
solubilizing potential is the ability of microbes to produce
metabolites such as organic acids. Their hydroxyl and
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bacterial treatment); C2: wheat variety Raj 3765 (without bacterial
treatment); B1: seed of wheat variety DBW 90 treated with BS87; B2:
wheat variety Raj 3765 treated with BS87

Treatments Plant height SPAD Spike length Grain wt (g/pot) No. of grains 1000 grain wt.(g) Straw
weight (g/
pot)

T1 38.23B¢P 18.80° 6.53¢P 2.67°P 115.33E 29.338¢ 2.70PE

T2 40.578¢ 20.67¢P 6.33°P 2.17° 127.67°F 31.00°B 2.13PE

T3 51.674 30.604B 8.974 7.284 264.674 31.334B 5.30%

T4 42378 38.414 8.30"B 5.36° 216.008 35.004 4.80AB

T5 32.33P 26.80B¢P 6.27°P 3.40¢ 117.33F 31.334B 3.13¢P

T6 34.77¢P 28.54BC 5.70° 2.67°P 137.00P 26.33¢ 1.80F

T7 42.008 26.108¢P 8.60A8 6.474 227.008 32.67°B 4,638

T8 38.33B¢D 24.778¢P 7.478€ 4.928 168.00¢ 31.004B 3.778¢

T1: non-inoculated control of wheat variety DBW 90, T2: non-inoculated control of wheat variety Raj 3765, T3: wheat variety DBW 90 treated
with BS87, T4: wheat variety Raj 3765 treated with BS87, T5: wheat variety DBW 90 infected with BP, T6: wheat variety Raj 3765 infected with
BP, T7: wheat variety DBW 90 infected with BP and treatment of BS87, T8: wheat variety Raj 3765 infected with BP and treatment of BS87

Means with different capital letters within same column are significantly different (p <0.05) using DUNCAN’s multiple range test
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Table 6 Effect of Bacillus subtilis strain BS87 on nutrient status of the wheat varieties

Treatments SN SP SK GN GP GK SF SZ SC SM GF GZ GC GM
(%) (mgkg™)

T1 031" 0.04° 0.38% 1.27P 0.63° 0.32%€ 165.77°  8.13PF 473°P 2207 38.73F 31.57% 3.23P 23.50F
T2 0.37°° 0.04° 0.39% 1.30° 0.62° 028" 164.43°  867° 4.10°F 20.93°P 3833FF  3473¢ 337° 2507°
T3 047  0.06* 056 1615 093 034 23340°® 11.13% 530%C 26.73* 43.87C 36.50° 4308 26.875C
T4 0.62% 0.06* 057% 1.75% 085" 038% 250.00 10.60°B 6.27% 26.00°® 48.17* 38.23% 4.80% 29.10%
T5 031°  0.03° 038 123°® 057¢ 029°° 154.67° 770 437 2073 37.30° 30.85% 2.80F 22.37F
T6 031°  0.03° 039% 1.17° 056° 024 15543°  833PE 367°  20.13° 37.40° 33.10° 253 24.70°
T7 0.43%€ 0.058 056 1538 086 0.33%  202.67¢ 10.20%C 547° 25408 40.33P 33.17° 4.00¢ 26.33€
TS 0.56*  0.058 0574 154 0778 03548 215.005¢ 9.77¢ 557 24.87® 46.03" 34.80¢ 3.80¢ 27.23B

T1: non-inoculated control of wheat variety DBW90, T2: non-inoculated control of wheat variety Raj 3765, T3: wheat variety DBW 90 treated
with BS87, T4: wheat variety Raj 3765 treated with BS87, T5: wheat variety DBW 90 infected with BP, T6: wheat variety Raj 3765 infected with
BP, T7: wheat variety DBW 90 infected with BP and treatment of BS87, T8: wheat variety Raj 3765 infected with BP and treatment of BS87

SN straw nitrogen, SP straw phosphorus, SK straw potassium, GN grain nitrogen, GP grain phosphorus, GK grain potassium, SF straw iron, SZ
straw zinc, SC straw copper, SM straw manganese, GF grain iron, GZ grain zinc, GC grain copper, GM grain manganese

Means with different capital letters within same column are significantly different (p <0.05) using DUNCAN’s multiple range test
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Fig.4 (i) Superoxide dismutase (SOD) activity, (ii) malondialdehyde
(MDA) content, (iii) proline content, (iv) peroxidase (PO), (v) poly-
phenol oxidase (PPO), and (vi) phenylalanine ammonia-lyase (PAL)
activity in the leaves of Bacillus subtilis strain BS87-treated and non-
treated wheat varieties. T1: non-inoculated control of wheat variety
DBW 90; T2: non-inoculated control of wheat variety Raj 3765; T3:
wheat variety DBW 90 treated with BS87; T4: wheat variety Raj 3765

carboxyl groups chelate the phosphate ion and convert
them to soluble forms (Alori et al. 2017; Rai et al. 2021).
The BS87 strain has effectively converted the insoluble
inorganic phosphate into a soluble form in the present
study. The results align with the earlier reports in which
solubilization of phosphorus in a liquid medium has been

@ Springer
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treated with BS87; T5: wheat variety DBW 90 infected with BP; T6:
wheat variety Raj 3765 infected with BP; T7: wheat variety DBW 90
infected with BP and treatment of BSS87; T8: wheat variety Raj 3765
infected with BP and treatment of BS87. Means with different capital
letters within same column are significantly different (p <0.05) using
DUNCAN’s multiple range test

demonstrated by PGPR (Gupta et al. 2012; Panda et al.
2016).

Similarly, a decrease in the pH of the culture medium
was also observed in the present study, possibly due to
the culture’s secretion of organic acids. Organic acids
produced by microbes are reported to be responsible for their
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Table 7 Microbial colonization

q i RO Treatments MP (CFU x 10°) DHA (ug TPF ALP (ng pNPPg™! AP (ng
aq .enzyma 1C ana. ySIS 1n So11s g_ISOil d—l) SOil h—l) pNPPg—l SOﬂ
of different treatments h—l)

Tl 473.67¢ 463.67°F 237.008 139.00°
T2 321.67¢ 483.67° 223.008 149.00P
T3 1089.678 585.67¢ 365.674 163.004B
T4 1254.0048 799.004 367.334 155.33BC
T5 343.67¢ 400.33F 234.67° 139.00°
T6 296.67¢ 407.00F 199.678 149.00P
T7 1463.674 599.67B¢ 402.674 172.334
T8 1361.00%8 664.67° 389.004 164.67AB

MP microbial population, CFU microbial population density in terms of colony-forming unit, DHA
dehydrogenase enzymes, ALP alkaline phosphatases enzymes, AP acidic phosphatases enzymes

T1: non-inoculated control of wheat variety DBW 90, T2: non-inoculated control of wheat variety Raj
3765, T3: wheat variety DBW 90 treated with BS87, T4: wheat variety Raj 3765 treated with BS87, T5:

wheat variety DBW 90 infected with

BP, T6: wheat variety Raj 3765 infected with BP, T7: wheat variety

DBW 90 infected with BP and treatment of BS87, T8: wheat variety Raj 3765 infected with BP and

treatment of BS87

Means with different capital letter:
DUNCAN’s multiple range test

P-solubilization efficiency (Panda et al. 2016). BSS87 not only
improved the growth of seedlings but also felicitated the
nutrient uptake due to a better nutrient solubilization ability
which also led to a more root-shoot ratio. A combination
of PGPR strains (Azotobacter vinelandii, Pantoea
agglomerans, Pseudomonas putida) showed enhancement of
nutrient uptake in Onobrychis sativa (Delshadi et al. 2017).
Bacillus and Pseudomonas possessing zinc-solubilizing
capacity were also found to enhance the uptake of nutrients
in maize (Goteti et al. 2013). Similarly, an increase in the
Fe and Mg content in the Pseudomonas- and Bacillus-
treated strawberries was reported (Esitken et al. 2010).
Improved chlorophyll content was also observed which can
be attributed to the better growth of BS87-treated plants.
Beneficial microbes in the rhizosphere produce various
hydrolytic enzymes responsible for the degradation of
various cell components of fungal pathogens. These enzymes
usually break glycosidic linkages in the polysaccharides
of the cell wall of pathogens leading to cell death, hence
playing an important role in plant disease management
(Singh and Gaur 2017). BS87 culture successfully control
the spread of spot blotch disease in wheat, possibly as a
consequence of hydrolytic enzymes production that would
impair the adhesion of the conidial spores on the surface
of leaves or the formation of germ tube, its penetration
and growth. (Gupta et al. 2018). Moreover, BS87 is fast
growing (Table 2), can swiftly colonize the phyllosphere
of the wheat, and is tolerant to variable circumstances
(temperature, pH, salt). It can easily control the adhesion
of the conidial spores of BP on the phyllosphere, thus
reducing the infection. It has been reported that the B.
subtilis group can produce various metabolites that possess

s within same column are significantly different (p<0.05) using

various biological control activities such as antibiotics,
biosurfactants, lytic enzymes, and siderophores (Singh and
Gaur 2017). Similarly, inhibition of BP in Triticum turgidum
L. subsp. durum by native rhizospheric B. subtilis strain was
also reported (Villa-Rodriguez et al. 2019). The inhibition
of pathogenic fungal growth by BS87 may also be attributed
to metabolites such as siderophore, ammonia, and hydrogen
cyanide secreted by it. Microbial strains such as B. cereus,
B. subtilis, and B. thuringiensis have been reported to inhibit
several phytopathogens through hydrolytic enzyme secretion
(Miljakovi€ et al. 2020). BS87 also secretes organic acid that
leads to the lowering of pH of the surrounding environment,
which is also found responsible for the growth inhibition of
phytopathogens (Table 2).

In the present study, BSS87 significantly enhanced the
activity of antioxidant enzymes, possibly contributing to
spot blotch control. As also previously observed, Bacillus
sp was found to control the rice blast caused by Pyricularia
oryzae (Rais et al. 2017). Streptomyces spp. improves the
activity of antioxidant enzymes by secreting a siderophore
and decreases the incidence and progression of Sclerotium
rolfsii in chickpea (Singh and Gaur 2017).

The ability to colonize the root system is crucial for
rhizobacteria to be an effective plant growth promoter
(Weisskopf et al. 2011). The biochemical characteristics
like starch hydrolytic property and utilization of citrate as
the carbon source of BS87 culture (Table 2) showed that they
could sustain around plant roots and survive competitive
root colonization. The total CFU counts obtained from the
analysis, carried out from the rhizosphere of the treated
plants, were high compared to the control, demonstrating
that BS87 culture successfully colonized the rhizosphere
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of wheat plants. However, the colonization differs with
the wheat variety as the population of the same bacteria
varies in both of the wheat varieties used in the present
study. These results demonstrated specific interactions
between wheat varieties and the BS87 culture. Microbial
enzymes reflect their microbiological activity. Indeed, the
microbial enzymatic activity, namely dehydrogenase, and
phosphatases, was higher in the rhizospheric soil of the BS87
culture-inoculated plants. The results of microbial enzymes
and the total CFU count were found to be well correlated,
which indicated that the BS87 strain has persisted and well
colonized the rhizosphere of both the wheat varieties.

Conclusion

The present results suggested that the biocontrol agent B.
subtilis strain BS87 possesses growth-promoting attributes
along with the potential to control several fungal pathogens.
Inoculation of B. subtilis strain BS87 led to improved
wheat plant growth, grain yield, and nutrient status. It
also controlled the spot blotch disease in wheat varieties
of different regions and could colonize and persist in their
rhizosphere. Further investigation aimed to test the efficiency
of this strain in the field under different climatic conditions
would undoubtedly improve its applicability, along with its
bulk production and exploration/ knowledge of associated
metabolites.
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s11738-024-03657-5.
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