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Abstract: Bacterial wilt disease of tomato (Solanum lycopersicum L.), incited by Ralstonia solanacearum
(Smith), is a serious agricultural problem in India. In this investigation, chemical mutagenic agents
(NTG and HNO2 treatment) and ultraviolet (UV) irradiation have been used to enhance the antagonis-
tic property of Bacillus amyloliquefaciens DSBA-11 against R. solanacearum UTT-25 towards an effective
management of tomato wilt disease. The investigation established the fact that maximum inhibition
to R. solanacearum UTT-25 was exerted by the derivative strain MHNO2-20 treated with nitrous acid
(HNO2) and then by the derivative strain MNTG-21 treated with NTG. The exertion was signifi-
cantly higher than that of the parent B. amyloliquefaciens DSBA-11. These two potential derivatives
viz. MNTG-21, MHNO2-20 along with MUV-19, and a wild derivative strain of B. amyloliquefaciens
i.e.,DSBA-11 were selected for GC/MS analysis. Through this analysis 18 major compounds were
detected. Among the compounds thus detected, the compound 3-isobutyl hexahydropyrrolo (1,2),
pyrazine-1,4-dione (4.67%) was at maximum proportion in the variant MHNO2-20 at higher retention
time (RT) of 43.19 s. Bio-efficacy assessment observed a record of minimum intensity (9.28%) in
wilt disease and the highest bio-control (88.75%) in derivative strain MHNO2-20-treated plants after
30 days of inoculation. The derivative strain MHNO2-20, developed by treating B. amyloliquefaciens
with nitrous acid (HNO2), was therefore found to have a higher bio-efficacy to control bacterial wilt
disease of tomato under glasshouse conditions than a wild-type strain.

Keywords: bacterial wilt; biological control; mutagens; nitrous acid; Ralstonia solanacearum; tomato

1. Introduction

Tomato (Solanum lycopersicon L.) is one of the most important solanaceous crops
which is prone to bacterial wilt disease caused by Ralstonia solanacearum (Smith),a soil
borne pathogen, under favorable conditions, Yabuuchi et al. [1]. The pathogen has over
450 hosts distributed among 54 botanical families and has inflicted heavy yield losses
upon various crops worldwide [2].The rate of occurrence of this disease is from 2–60% [3],
and the percentage of loss in the yield is 10–92% in tomato plants in India [4,5]. Several
management strategies, such as crop sanitation and crop rotation, applying agrochemicals;
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and using disease-free seeds are generally often observed to get rid of this deadly soil-
borne bacterial disease. Moreover 450 hosts distributed among 54 botanical families, and
the infusion of chemicals to manage soil-borne disease, may give way to health-related
problems among human beings and may spoil the health of the environment as well due to
their hazardous nature [6]. As an effective measure towards controlling this wilt disease,
an alternative strategy such as using microbes of the Bacillus species which belong to the
family Bacillaceae and consist of rod-shaped, aerobic or facultative anaerobic endospores.
Bacillus amyloliquefaciens, an abundant soil inhabitant, is one such microbe and is found in
plant root tissues as an endophyte. Endospores, being committed to protect the plants from
desiccation, have long shelf life even under adverse conditions. Hence, it is desirable for an
effective biocontrol agent [7–9].

Although B. amyloliquefaciens is a potential bioagent to control several plant diseases,
it always has a scope to improve its bio-efficacy against the pathogen towards the man-
agement of plant diseases. Physical and chemical mutagens are very useful in improving
the efficacy of the bacterial bio-agent strain. In this context, several methods such as
ultraviolet irradiation [10], microwave radiation [11], combined physical and chemical
methods [12] or site-directed mutagenesis [13] have been used earlier to improve the de-
sired traits of bacteria to achieve better results in comparison to the parent strain. Physical
mutagens including ultraviolet (UV) light exert a mutagenic effect by exciting electrons in
molecules. Meenu et al., [14] reported that ultraviolet light was the best mutagenic agent.
The UV-derivative strains of Bacillus have reportedly showed better ability to produce
alpha-amylase [15]. However, chemical mutagens are strong mutagenic agents, which
compel permanent changes in DNA sequences. Further, they bring about transitions from
G:C→A:T [16] and have a preferential effect on the DNA replication [17,18]. Conversion of
the amino groups to keto groups changes the hydrogen-bonding potential of the bases. At
the same time, nitrous acid has been reported to be a suitable mutagen for the improve-
ment of α-amylase production in Bacillus spp. [13,19]. These techniques are often used in
Bacillus spp. such as B. subtilis and B. amyloliquefaciens, which are the most commonly, used
organisms of choice for amylase and antimicrobial metabolite production [20].

Processes such as survey, rhizospheric soil sample collection, isolation screening of
biocontrol activity and plant growth promoting traits are time consuming and cumbersome
in characterizing a microbe into a potential biocontrol agent. Under such conditions, the
best alternative to this is to develop a derivative strain of a well-established bio-control
agent using mutagens. In the present study, physical(UV irradiation) and chemical (NTG
(N-methyl-N-nitro-N-nitroso guanidine) and nitrous acid) mutagens have been used to
develop potential derivative strains to improve bio-efficacy of B. amyloliquefaciens strain
DABS-11 against bacterial wilt pathogen R. solanacearum and its effect on the production of
secondary metabolites by the derivative strains.

2. Material and Methods
2.1. Bacillus amyloliquefaciens Strain

The Bacillus amyloliquefaciens DSBA-11 (NAIMCC-B-1836; antagonistic strain NCBI,
accession no: KF850150) and R. solanacearum UTT-25 ((NAIMCC-B-1836; pathogenic strain,
NCBI accession no: JM113816) were obtained from Plant Bacteriology Laboratory, Di-
vision of Plant Pathology, ICAR—Indian Agricultural Research Institute, New Delhi.
These cultures were maintained on casein peptone glucose agar (CPG) medium for R.
solanacearumUTT-25 and TSA medium for B. amyloliquefaciens for further studies [7].

2.2. Development of Derivative Strains of B. amyloliquefaciens
2.2.1. UV Irradiation Treatment

The mutagenesis of B. amyloliquefaciens DSBA- 11 was performed using UV irradiation
as described by Radha Krishnan et al. [10]. The bacterial culture was grown in the Luria
Bertani (LB) broth medium for 48 h, centrifuged at 5000 rpm for 15 min and washed with
0.9% saline solution (108 cfu/mL). The ultraviolet irradiation was performed using a UV
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tube (15 W, 2537 A) at 320 nm and the bacterial cell suspension was distributed in 9 cm
autoclaved Petri plates (5 mL in each plate), kept at the distance of 30 cm from the UV
source and then exposed to UV radiation for a period of 10, 20 and 30 min intermittently.
After exposure, 100 µL of exposed sample was taken from each treatment and inoculated
on to the LB-medium containing Petri plates and incubated at 37 ◦C for 72 h. Individual
colonies of variant strain were selected for the screening of an inhibition zone against
R. solanacearum.

2.2.2. Chemical Treatment

Forty-eight-hour-old culture containing 108 cfu/mL of B. amyloliquefaciens DSBA-11
was used to develop chemical-based mutagenesis as described by Radha Krishnan et al. [10].
Chemical mutagens i.e., NTG (N-methyl-N-nitro-N-nitroso guanidine) and nitrous acid
(HNO2) at 50, 100, 150, 200, 250 and 500 µg/mL concentrations were added separately
into 5.0 mL of liquid culture of B. amyloliquefaciens DSBA-11 and incubated at 37 ◦C for
30 min on a rotary shaker at 150 rpm in an Orbital shaker incubator (Model-LOM-560,
Make-MRC Laboratory Instruments, Jena, Germany). The incubated bacterial mixtures
were centrifuged at 5000 rpm for 15 min; we then discarded the supernatant, and washed
twice with the phosphate buffer (pH 6.0).The pellet was then suspended into 10.0 mL of
sterile distilled water, re-centrifuged thrice on the same conditions, washed carefully and
added with 10.0 mL of saline water (0.85% of NaCl). A 100 µL sample of treated bacterial
suspension of each treatment was spread on Luria Bertani (LB) agar medium containing
Petri plates in triplicate and incubated at 37 ◦C for 72 h in the Orbital shaker incubator.
The death rate of physical as well as chemical mutagenesis was calculated by the formula
I% = [1 − (Wt/W0)] ∗ 100% where, I represents death rate, Wt represents the number of
colonies in the UV irradiation group and W0 represents the number of colonies in the
blank group [10].

2.3. Antagonistic Ability of Developed Derivative Strains of B. amyloliquefaciens against
R. solanacearum

To test antagonistic ability of the developed derivative strains of B. amyloliquefaciens
DSBA-11 against R. solanacearum under in vitro conditions as described by Singh et al. [9],
the dual culture method was used. The selected derivative strain colonies were grown in
Luria broth medium for 4 h at 37 ◦C and maintained the population of bacteria (0.1 OD
at 600 nm). A 100 µL of 48 h old liquid culture (6.2 × 108 cfu/mL) of R. solanacearum
UTT-25 was spread onto the Petri plates containing the casein peptone glucose agar (CPG)
medium separately. Three wells of the diameter 0.5 cm in each Petri plate was made
by sterilized cork borer. About 30 µL of derivative strains and wild strain DSBA-11of
B. amyloliquefaciens were poured in each well separately with three replications. The Petri
plates were incubated at 37 ◦C for 48 h and inhibition zone was recorded. The value of the
inhibition zone was converted into an area of inhibition zone using the formula: Area of
inhibition zone = πr2 [9].

2.4. GC/MS Analysis

The three potential antagonistic derivative strains i.e., MUV-19, MNTG-21, MHNO2-20
of B. amyloliquefaciens along with wild strain B. amyloliquefaciens DSBA-11 were selected
for GC/MS analysis. One liter of 48 h old culture of these strains grown in Luria broth
medium was fractioned with the ethyl acetate (500 mL × 3) separately. The ethyl acetate
layer was dried over the anhydrous sodium sulphate and under reduced pressure at 45 ◦C
it was collected and dried. Metabolite profiles of the ethyl acetate extract were determined
by using gas chromatography and mass spectrometry (Focus-DSQ, Thermo Scientifc, New
Delhi, India) equipped with a DB-5 capillary column of the size of 30 m × 0.25 mm and
thefilm of thickness of 0.25 µm. Conditions observed while using gas chromatography were:
1. helium was used as the carrier gas with the flow rate of 1 mL/min (split mode, 1:20);
injection with the volume 1.0 µL (10 mg extract/3 mL acetone); and column temperature
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maintained at 60 ◦C and then programmed at 3 ◦C/min to 280 ◦C for 5 min. The injector
ion source and mass spectrometric transfer line temperatures were kept at 250, 230 and
280 ◦C. The column was coupled directly to a quadruple mass spectrometer (EI mode, at
70 eV) with the mass range 28–500 a.m.u at 1 scan/s. The compounds were individually
identified by comparing their mass spectrum with the spectrum of the compound available
in the NIST Mass Spectral Library and literature [21].

2.5. Motility of Derivative and Wild Strains of B. amyloliquefaciens

Luria Bertoni agar (LA) and nutrient agar (NA) media containing 1.0 and 1.5 %
concentration of agar powder, respectively, with three replications were used to study the
motility rate in terms of colony growth of derivative strains MUV-19, MNTG-21, MHNO2-
20 and wild strain DSBA-11 at 24 h intervals up to 96 h. The fresh colonies of these
strains were then placed at the center of the Petri plate and incubated at 30 ◦C for 96 h.
The diameter (in centimeters) of the bacterial colony, thus established, was measured at
24 h intervals.

2.6. Bacterial Wilt Disease Control of Tomato by Using Derivative and Wild Strains of
B. amyloliquefaciens

The three best potential derivative strains viz., MUV-19, MNTG-21, MHNO2-20 and
the wild strain DSBA-11 of B. amyloliquefaciens were used to study the bio-efficacy against
bacterial wilt and plant-growth-promoting activities in tomato cv. Pusa Ruby under con-
trolled conditions provided by the National Phytotron Facility, IARI, New Delhi, India.
Twenty-one-day-old seedlings of tomato cv. Pusa Ruby were transplanted in the pots of
15.0 cm diameter which contained an autoclaved soil mixture of peat moss, vermiculite
and sand in the ratio 2:1:1 at 25–30 ◦C, as well as 48 h old colonies of R. solanacearum
and derivative strains along with wild strain DSBA- 11 of B. amyloliquefaciens containing
bacterial population of 0.1 OD at 600 nm measured by spectrophotometer. After five days
of transplanting five seedlings into each pot with three replications, 5.0 mL of liquid culture
of R. solanacearum UTT-25 was inoculated at the root zone of the plants. Subsequently, the
same amount of derivative strains and wild strain DSBA-11were inoculated at the root
zone of the plants separately. The plants treated with R. solanacearum only, and sterilized
distilled water-inoculated plants were also maintained to serve as a positive and negative
control with three replications, respectively. The observations were recorded at sevendays
of intervals up to 28 days after inoculation. The percentage (1–100%) for wilt disease
intensity was recorded at the initial stage and final stage (the whole plant wilted). Disease
rating was also recorded by using a1–5 scale and wilt intensity was measured as described
by Schaad et al. [22]. The biological control efficacy (BCE) of antagonistic bacteria was
determined as described by Guo et al. [23].The whole plants with roots were uprooted from
each treatment with three replicates. The root and shoot of each plant were cut from the
crown region for length (cm) measurement, and fresh weight and dry weight (60 ◦C for
3 days) were taken. The growth promotion efficacy (GPE) of B. amyloliquefaciens based on
plant dry weight was calculated as described by Singh et al. [9].

2.7. Statistical Analysis

The analysis of the variance for the biocontrol efficiency and yield of tomato was
completed by the SAS general linear model (GLM) procedure (SAS Institute, Version 6,
Cary, NC, USA). The mean comparison was conducted by the least significant difference
(LSD) test (p = 0.05). Standard error and LSD results were recorded.

3. Results
3.1. Development of Variant Strains and Their Antagonistic Activity against R. solanacearum
under In Vitro Conditions

The B. amyloliquefaciens DSBA-11 was exposed to UV irradiation and the observed
lethality of derivative strain was increased by 53.11 to 85.75% with increase in the exposure
time period from 10–30 min. A total of 94 derivative colonies were screened for antagonistic
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ability, though only 20 derivative colonies (21.27%) showed antagonistic potential against
R. solanacearum under in vitro conditions. Moreover, the derivative strain MUV-19 (30 min
exposure) showed the highest inhibition zone (3.42 cm2) against R. solanacearum UTT-
25, which was slightly higher than wild strain DSBA-11 (3.35 cm2), while the remaining
derivative strains obtained from UV irradiation showed a smaller inhibition zone against
R. solanacearum UTT-25 than wild strain DSBA-11 (Table 1).

Table 1. Lethality rate and antagonistic activity of derivative and wild strains of B. amyloliquefaciens
against R. solanacearum developed by ultraviolet irradiation under in vitro conditions.

Duration of
Exposure (Min) Lethality Rate (%) Variant Strain Area of Inhibition

Zone (cm2)

MUV-5 1.13 ij

10 53.11
MUV-8 1.80 g

MUV-9 1.73 g

MUV-10 1.66 g

20 57.4
MUV-11 2.56 de

MUV-15 2.40 ef

MUV-14 2.23 f

30 85.75
MUV-16 3.10 bc

MUV-19 3.42 ab

MUV-20 3.23 ab

- - DSBA-11 * 3.35 a

* Wild strain of B. amyloliquefaciens. The mean comparison was conducted by the least significant difference (LSD)
test (p = 0.05). Different letters point out significant differences in a column. Data present means of the experiment
within 3 replications each.

B. amyloliquefaciens DSBA-11 culture was treated with chemical mutagens i.e., NTG (N-
methyl-N-nitro-N-nitroso guanidine) and HNO2 at concentrations of 50, 100, 150, 200, 250
and 500 µg/mL and lethality rate was found comparatively higher in HNO2-treated bacte-
rial cells (91.4 and 95.7%) than NTG-treated cells (85.88 and 90.32%) at 250 and 500 µg/mL
concentrations respectively (Table 2). It was found that the increase in the concentration of
chemical mutagens increased the lethality rate of B. amyloliquefaciens DSBA-11. Out of 71
survived derivative strain colonies chosen from NGT treatment, only 23 derivative strains
(32.34%) had antagonistic ability against R. solanacearum UTT-25 to form an inhibition zone.
In contrast, five derivative strains viz. MNTG-17, MNTG-18, MNTG-20, MNTG-21 and
MNTG-22, obtained at 250 and 500 µg/mL concentrations, formed an inhibition zone rang-
ing from 3.40 to 3.56 cm2 against R. solanacearum UTT-25. They showed comparatively more
antagonistic ability to form an inhibition zone than wild strain DSBA-11 (3.35 cm2) (Table 2).
In HNO2-treated B. amyloliquefaciens DSBA-11 cells, a total of 52 survived derivative strain
colonies were taken to test their antagonistic activity against R. solanacearum UTT-25, but
only 22.98% derivative strain colonies showed antagonistic ability to form an inhibition
zone against R. solanacearum. However, four derivative strains i.e., MHNO2-16, MHNO2-18,
MHNO2-19 and MHNO2-20, showed comparatively higher antagonistic activity to form
an inhibition zone ranging from 3.70–4.60 cm2 against R. solanacearum UTT-25 than wild
strain DSBA-11 (3.35 cm2) under in vitro conditions (Table 2).
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Table 2. Lethality rate and antagonistic activity of derivative and wild strains of B. amyloliquefaciens
against R. solanacearum developed by using nitroso guanidine (NTG) and nitrous acid (HNO2) under
in vitro conditions.

NTG Treatment HNO2 Treatment

Concentration
of Chemical

Mutagen
(µg/mL)

Lethality
Rate (%) Isolate Code Area of Inhibition

Zone (cm2)
Lethality
Rate (%) Isolate Code Area of Inhibition

Zone (cm2)

50 61.02
MNTG-1 2.70 defg

58.59
MHNO2-2 1.10 ij

MNTG-2 2.10 fghij MHNO2-3 1.06 j

100 69.22
MNTG-6 1.70 hij

66.27
MHNO2-5 1.33 hij

MNTG-7 1.66 ij MHNO2-6 1.40 hi

150 74.74
MNTG-9 2.06 ghij

80.6
MHNO2-7 1.70 fg

MNTG-10 2.46 fghi MHNO2-8 1.56 fgh

MNTG-11 2.73 cdefg MHNO2-9 1.26 hij

200 80.91
MNTG-13 2.83 bcdef

88.15
MHNO2-10 1.83 f

MNTG-14 2.93 bcdef MHNO2-11 1.83 f

MNTG-15 3.30 abcde MHNO2-11 2.84 e

250 85.88
MNTG-16 3.33 abcd

91.40
MHNO2-13 2.46 e

MNTG-17 3.40 abcd MHNO2-14 2.63 e

MNTG-18 3.50 abcd MHNO2-16 3.70 c

500 90.32
MNTG-20 3.43 abcd

95.70
MHNO2-18 4.50 a

MNTG-21 3.56 abc MHNO2-19 4.40 b

MNTG-22 3.46 ab MHNO2-20 4.60 a

- DSBA-11 * 3.35 a - DSBA-11 * 3.35 d

* Parent strain of B. amyloliquefaciens. The mean comparison was conducted by the least significant difference
(LSD) test (p = 0.05). Different letters point out significant differences in a column. Data present means of the
experiment within 3 replications each.

3.2. GC/MS Analysis

In ethyl acetate extract, 18 major compounds were identified from the three derivative
strains MNTG-21, MUV-19, MHNO2-20, and wild DSBA-11. The major compounds thus
found were hexahydropyrrolo (1,2-a)pyrazine-1,4-dione; diethylphthalate; butylisobutyl ph-
thalate; 3-Isobutylhexahydropyrrolo (1,2-a)pyrazine-1,4-dione; 3-bezyl-hexahydro-pyrrolo(1,2-
a) pyrazine-1,4-dione; and diisooctyladipate, besides other compounds in minor amounts
(Table 3). The derivative strainMHNO2-20-treated with HNO2 produced the maximum
amount of compounds such as3- isobutylhexahydropyrrolo (1,2-a)pyrazine-1,4-dione
(4.67%); and 3-bezyl-hexahydro-pyrrolo(1,2-a) pyrazine-1,4-dione(3.73%) at retention times
of 43.19 and 56.34 s, respectively. On the other hand, diethylphthalate (62.82%) was
identified in the NTG-treated strain MNTG-21. The variations in production of different
metabolites by the derivative strains of B. amyloliquefaciens along with the parent strain and
their quantities were recorded (Table 3, Figure 1). The heat map showed major chemical
compounds identified in the ethyl acetate extract of the derivative strain and wild strain
DSBA-11 (Figure 2).



Microorganisms 2023, 11, 1790 7 of 15

Table 3. Chemical compounds identified in the ethyl acetate extract of the derivative and wild strains
of B. amyloliquefaciens DSBA-11.

Compounds DSBA-11 MUV-19 MNTG-21 MHNO2-20 RT

Cyclohexanone 0.58 0.22 0.11 0.79 4.75
1-Methylhexyacetate 3.68 3.05 5.01 4.01 5.23

Benzaldehyde 0.32 0.40 0.22 0.58 6.42
Phenol 0.73 - - - 7.01

4-Hydroxy-5-methyl-2-hexanone 0.89 0.83 1.48 1.33 7.17
Benzyl alcohol 2.35 2.03 3.39 2.66 7.89

2,4-Dimethyl-2-pentanol 2.27 1.54 2.37 2.13 14.95
2,6,8-Trimethyldecane 0.22 0.07 0.07 0.21 15.39

1-Tridecanol 0.96 0.09 0.37 0.54 23.55
2,7,11-Trimethyldodecane 0.43 0.04 0.29 0.28 23.89

2,4-di-tert-Butylphenol 0.47 0.34 0.18 0.18 28.47
Hexadecane 0.9 0.23 0.27 0.27 31.55

Hexahydropyrrolo (1,2,α)
pyrazine-1,4-dione 4.78 4.10 1.27 1.57 39.86

Diethylphthalate 37.55 31.80 62.82 50.0 41.38
Butylisobutyl phthalate 1.31 1.58 2.23 1.82 42.92

3- Isobutyl hexahydropyrrolo
(1,2,α) pyrazine-1,4-dione 4.13 1.26 1.56 4.67 43.19

3-Bezylhexahydropyrrolo
(1,2,α) pyrazine-1,4-dione 2.16 7.26 2.22 3.73 56.34

Diisooctyl adipate 1.95 6.55 1.78 2.57 57.32
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3.3. Motility of Derivative and Wild Strains

Three derivative strains viz., MUV-19, MNTG-21, MHNO2-20 and wild strain DSBA-11
were streaked on nutrient agar and LA-media containing 1.0 and 1.5% agar and allowed
to grow for 96 h. The derivative strains showed faster growth than wild strain DSBA-
11 on both the solid media. Composition of medium and agar powder concentrations
affected the mobility of the bacteria significantly. LA-medium supported better growth of
wild strain DSBA-11 and derivative strains than NA medium. However, LA medium @
1.0% conc. of agar was found to be the best-suited medium for the growth of derivative
strains as well as wild strain DSBA-11 after 96 h of incubation. The maximum colony
diameter was found in MUV-19 (7.15 cm) followed by MHNO2-20 (5.76 cm) and MNTG-21
(5.35 cm), which were significantly higher than for wild strain DSBA-11 (4.92 cm) after 96 h
of incubation (Table 4).The box plot represents the motility of B. amyloliquefaciens DSBA-11
and its derivative strains on different media at different concentrations of agar powder
(Figures 3A,B and 4).

Table 4. Motility of B. amyloliquefaciens DSBA-11 and its derivative strains on the different media and
agar powder concentrations.

Media and
Concentration (%) Duration (h)

Colony Size of Bacteria (Diameter in cm)

DSBA-11 MUV 19 MNTG-21 MHNO2-20

Luria agar (1%)

24 4.24 d 5.75 d 4.74 c 5.36 d

48 4.55 c 6.56 c 5.15 b 5.45 c

72 4.63 b 6.85 b 5.16 b 5.5 b

96 4.92 a 7.15 a 5.35 a 5.76 a

Luria agar (1.5%)

24 0.86 j 1.27 j 1.35 j 1.15 m

48 1.15 i 1.37 ij 1.47 i 1.26 l

72 1.07 i 1.37 ij 1.43 i 1.26 l

96 1.25 h 1.46 i 1.7 h 1.36 k

Nutrient agar (1%)

24 1.86 g 4.2 f 1.8 fg 2.16 h

48 2.13 f 4.3 f 1.85 f 2.26 g

72 2.13 f 4.5 e 2.13 d 2.4 f

96 2.07 f 4.66 e 2.03 e 2.56 e

Nutrient agar (1.5%)

24 2.07 f 2.25 h 1.23 k 1.14 m

48 2.37 e 2.37 h 1.7 h 1.36 k

72 2.37 e 2.4 h 1.75 gh 1.45 j

96 2.45 e 2.5 g 1.76 fgh 1.58 i

The mean comparison was conducted by the least significant difference (LSD) test (p = 0.05). Different letters point
out significant differences in a column. Data present means of the experiment within 3 replications each.
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3.4. Biocontrol Efficacy and Plant Growth-Promoting Activity of Derivative Strains of B.
amyloliquefaciens DSBA-11

The derivative strains of B. amyloliquefaciens DSBA-11, MUV-19, MNTG-21 and MHNO2-
20 reduced the intensity of bacterial wilt disease under controlled conditions at the Phy-
totron facility, IARI, New Delhi. Minimum wilt disease intensity (9.28%) was observed
with the highest biocontrol efficacy (88.75%) in MHNO2-20-treated tomato cv. Pusa Ruby
plants followed by DSBA-11-treated plants (15.40%) after 30 days of the inoculation of the
pathogen, which was significantly lower than for R. solanacearum-treated plants (82.57%).
Other derivative strains such as MUV-19 and MNTG-21 had a biocontrol efficiency of 75.47
and 60.59%, respectively, and showed lower incidence of wilt in tomato plants than solely
R. solanacearum-treated plants. The vigorous growth of tomato cv. Pusa Ruby was recorded
with a maximum root (7.09 cm) and shoots (67.86 cm) length in MHNO2-20-treated plants
followed by DSBA-11 and MNTG-21-treated plants. The biomass of the dry weight of
plants treated by the derivative strains MHNO2-20 were recorded to be highest with GPE
51.79% followed by the parent strain DSBA-11 (27.88%) and MNTG-21 (24.70%). However,
only R. solanacearum-treated plants showed comparatively lesser growth and total biomass
(GPE: −29.88%) than untreated control (Table 5, Figure 5).

Table 5. Reduction of bacterial wilt disease and enhancement of biomass of tomato cv. Pusa Ruby
treated with B. amyloliquefaciens DSBA-11 and its derivative strains.

Treatments
Wilt Disease
Incidence (%)

Biocontrol
Efficacy (%)

Length of Plant (cm) Dry Weight
(gm/Plant) GPE (%)

Root Shoot Root Shoot

Un-inoculated 0 f* - 3.16 e 31.96 e 0.62 e 1.89 e -
DSBA-11 + UTT-25 15.40 d 81.35 6.16 b 56.10 b 0.95 b 2.26 b 27.88

R. solanacearum
UTT-25 82.57 a - 2.92 f 28.36 f 0.49 f 1.27 f −29.88

MHNO2-20 + UTT-25 9.28 e 88.75 7.09 a 67.85 a 1.03 a 2.78 a 51.79
MNTG-21 + UTT-25 20.28 c 75.47 4.33 c 51.40 c 0.98 c 2.15 c 24.70
MUV-19 + UTT-25 32.55 b 60.59 3.66 d 39.70 d 0.91 d 2.06 d 18.81

The mean comparison was conducted by the least significant difference (LSD) test (p = 0.05). * Different letters
point out significant differences in a column. Data present means of the experiment within 3 replications each.
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4. Discussion

Bacterial wilt caused by R. solanacearum is a serious threat to tomato crops in disease-
prone areas across the world due to its soil-borne nature and wide host range [10,24].
Management of bacterial wilt disease with microbes, including antagonistic fungi and
bacteria, is an alternative technique that is safe, environmentally benign, less expensive, and
more sustainable [7,25,26]. In this investigation, we employed B. amyloliquefaciens DSBA-11,
a possible antagonistic bacterium used to manage tomato bacterial wilt disease [7,27] to
improve its antagonistic capacity and growth boosting activity. The UV irradiation (15 W,
2537 A at 320 nm for 10–30 min of exposure duration) and chemical mutagens such as
NTG and HNO2 at concentrations of 50–500 µg/mL were employed to create derivative
strains in mutagenesis bacteria [28]. In Pseudomonas fluorescens [10] and Bacillus sp. utilized
a similar strategy of UV irradiation for the production of derivative strains, whereas
Szafraniec et al. [19] and Karanam et al. [13] in Bacillus sp. used chemical mutagens. In
the present study, the lethality rate of B. amyloliquefaciens was found to be the highest at
500 µg/mL of both the chemical mutagens i.e., NTG (90.32%) and nitrous acid (95.70%) as
compared to UV irradiation (85.75%) at 30 min of exposure. However, the concentration of
chemical mutagens and also the exposure duration in UV irradiation decreased the lethality
rate. The best three derivative strains, MUV-19 (UV-treated), MNTG-21, and MHNO2-20,
demonstrated the strongest antagonistic activity against R. solanacearum in each category
of mutagenic agents. However, the maximum inhibition zone of 4.6 cm2 was formed by
MHNO2-20 (obtained from nitrous acid treatment at 500 µg/mL) followed by, 3.56 cm2

by MNTG-21 (NTG-treated) and 3.42 cm2 by the strain MUV-19 (30 min exposure time),
which was significantly higher than the wild strain DSBA-11 (3.35 cm2). The outcomes
showed that the bioefficacy of the B. amyloliquefaciens developed derivative strains against
R. solanacearum had significantly increased [28], where they used UV light to improve
the antibiosis of P. fluorescens (including phenazine, pyrrolnitrin, and phloroglucinol) and
siderophores production against damping-off pathogens (Fusarium solani, F. oxysporum, and
Rhizoctonia solani). The improvement of actinomycete bacterial strains by using gamma
irradiation for enhancing chitinase production activity by induced derivative strain was
also reported by Rugthaworn et al. [29] and was found to exhibit a higher inhibitory effect
on F. sporotrichioides, R. solani, and Sclerotium rolfsii. Additionally, we employed the wild
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strain DSBA-11 and three of the most promising derivative strains, MUV-19, MNTG-21,
and MHNO2-20, in this study to examine the bioefficacy against the bacterial wilt disease
in tomato cv. Pusa Ruby under controlled conditions. The results showed wilt intensity in
tomato declined significantly (p < 0.05) in MHNO2-20-treated plants (Table 5) with the best
biocontrol efficacy (88.75) among other treatments. The derivative strain MHNO2-20 also
promoted plant growth by showing the best growth efficacy (51.79%) followed by wild
strain DSBA-11 (27.88%).

We also observed that among the three different mutagens used for development
of derivative strains of B. amyloliquefaciens DSBA-11, the derivative MHNO2-20 showed
significantly highest bioefficacy to inhibit the growth of R. solanacearum and similar result
was reported by Haq et al. [30], in which, they found that nitrous acid was found to be the
suitable mutagen for improvement of Bacillus spp. Similarly, Sarikaya [11], Haq [31] and
Varalakshmi et al. [32] reported that the UV irradiation-treated Bacillus spp. was found
most effective in the production of α-amylase. In this study, we observed that the derivative
strains developed at lower concentration (50–100 µg/mL) of NGT and nitrous acid and
short duration of exposure to UV irradiation showed lesser bioefficacy than wild DSBA-11
(Tables 1 and 2). The similar decreasing trend was also reported in the production of α-
amylase in a mutant strain of the B. amyloliquefaciens, UNG-16, when compared to the wild
strain [33]. Moreover, as per the records of our study, the chance of isolating an effective
derivative with the desired trait is lower, in the sense that it was approximately 0.11, 7.0 and
7.4%. Developed derivative strains using UV irradiation, NGT and nitrous acid treatment
showed better bioefficacy than wild strain DSBA-11 to form an inhibition zone against
R. solanacearum under in vitro conditions. However, under in vivo conditions, out of the
three derivative strains used, only the strain MHNO2-20 showed a better performance in
biocontrol efficacy and plant growth efficacy than the wild strain DSBA-11 (Table 5).

Bacillus spp. secretes various secondary metabolites (including antibiotics, antifun-
gals and siderophores) which can affect the microbiota in the rhizosphere providing an
environment antagonistic to pathogens, or trigger host defense responses [34]. In this inves-
tigation, a comparative analysis of secondary metabolites produced by derivative strains
and wild strain DSBA-11 was analyzed by using GC/MS. Although we found variation
in the production of volatile compounds by derivative strains viz., MUV-19, MNTG-21,
MHNO2-20 and DSBA-11 as mentioned in Table 3, the derivative strain MHNO2-20 pro-
duced the highest quantity of 3-isobutyl hexahydropyrrolo (1,2-a) pyrazine-1,4-dione
and 3-bezylhexahydropyrrolo (1,2-a) pyrazine-1,4-dione while derivative strains MNTG-
21 produced diethylphthalate. However, these compounds could not validate against
R. solanacearum, though they open the scope of the metabolomics approach in host pathogen
interaction studies. Bacillus spp. have ability to extensively colonize the surface of semi-
solid media by a flagellum independent mechanism and reported that sliding motility is
responsible for surface migration [35]. Moreover, the surface colonization is also depen-
dent on the secretion of surfactin, but microscopic examination of the edges and interior
cells of sliding surface colonies did not reveal abundant flagella. Fall et al. [36] suggested
that B. subtilis has two distinct modes of surface translocation viz., swarming and sliding,
which are presumably advantageous under different environmental conditions. In the
present study, we observed that motility was comparatively higher in all derivative strains
i.e., MUV-19, MHNO2-20 and MNTG-21, than in the wild strain DSBA-11 after 96 h (Table 4).
The results showed that the spreading behavior of B. amyloliquefaciens was enhanced on the
semi-solid media after bringing it under UV irradiation and then treating with the chemical
mutagens. The essential macro- and micronutrients were needed for the sliding motility
and the colony spreading as reported by Fall et al. [36] and it was confirmatory to our work.
We found that the diameter of the colony of both wild strain and derivative strains was
larger on the LA medium as compared to the NA medium after 96 h of incubation at 30 ◦C
(Figure 5). Further, we found that the level of hardness of the surface of the medium also
affected the spreading nature of the bacteria. A 1.0% conc. of agar powder in NA and LA
media was found better for the growth of variant strain and parent strain DSBA-11 than



Microorganisms 2023, 11, 1790 13 of 15

a 1.5% conc. of agar because it might have supported swarm or twitching motility of the
bacteria on the soft surface of the media in B. subtilis as reported earlier by Fall et al. [36]
and in Pseudomonas aeruginosa as reported by Rashid et al. [37]. Ho et al. [38] used the
B. amyloliquefaciens strain PMB05 for bacterial wilt disease management, and observed the
increase in the signals of Pop W-induced reactive oxygen species generation and callose
deposition and thereby confirmed that the PTI was intensified by PMB05.

5. Conclusions

The following conclusions have been drawn from the results of the study:

â In comparison to variant strains created by NTG and UV irradiation, the variant
strains MHNO2-20 of B. amyloliquefaciens andDSBA-11 were reported to have greater
antagonistic potential against R. pseudosolanacearum.

â It was also observed that, using nitrous acid at 250–500 µg/mL, it was concluded
that a high rate of lethality of bacteria treated with chemical and physical mutagens
developed a better chance to obtain a potential variant strain with desired traits.

â Under in vitro circumstances the nitrous acid-treated variant strains were successful
particularly in controlling bacteria wilt disease.

â Additionally, it was observed that chemical mutagens were more efficient than physical
mutagens in obtaining the necessary variant strain of B. amyloliquefaciens with better
antagonistic ability.
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