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Abstract

Plant treatments with biocontrol agents to deal with biotic stress are widely reported, but the information regarding detailed
action mechanisms of biocontrol and host response is rarely reported. This study investigated a biocontrol bacterial agent,
Bacillus cereus, to manage tomato bacterial wilt (BW) disease. The in vitro antibacterial potential of B. cereus was
assessed, followed by the ability of B. cereus to colonize tomato roots and induce host resistance. Additionally, we
tested the application of B. cereus for managing tomato BW disease. In vitro investigations revealed the volatile mediated
antibacterial activity of B. cereus, indicating that B. cereus produces antibacterial volatiles against R. solanacearum. The
effectiveness of B. cereus in colonizing tomato roots was evaluated through its transgenic GFP-tagged strains and confirmed
through qPCR analysis. It was found that the biocontrol bacterium successfully colonized the host root. The B. cereus
concentration reached 9.37 x 107 at 48 h. The tomato plants under bacterial wilt stress, when treated with B. cereus, showed
upregulation of genes linked to the plant defense system. The application of B. cereus to soil infested with R. solanacearum
and planted with tomato plants reduced the pathogen population in the soil, resulting in a reduction in disease severity and

improved plant growth. This study suggests the biocontrol potential of B. cereus to manage bacterial wilt disease.
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Introduction

Among horticultural crops, tomato is one of the most
consumed and widely cultivated crops, with 38.7 million
tonnes of global production in 2021 (WPTC 2021). Toma-
toes contain various minerals and micronutrients, making
them a good choice for nutrient supplementation. It is
a low-cost source of vitamins, niacin, and calcium. Tomato
intake in daily nutrition can lower the risk of developing
osteoporosis and heart disease (Salehi et al. 2019). Year-
round high yield, low input cost, and short growing sea-
sons attract farmers to cultivate tomatoes, especially in
countries with warmer climates (Silva et al. 2017). China
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leads the world in tomato production, with an annual yield
of 64.27 million tonnes (Costa and Heuvelink 2018). The
cultivation of tomatoes is subject to various biotic and
abiotic challenges. Concerning biotic challenges, tomatoes
are vulnerable to different pathogens, including fungi, bac-
teria, and viruses, which seriously limit tomato quality and
production.

Among bacterial pathogens, R. solanacearum causes
bacterial wilt (BW) disease in solanaceous plants, a serious
threat to the quality and quantity of tomatoes. Yield losses
in tomatoes caused by R. solanacearum vary from 0-100%
depending on the cultivar and strain of the pathogen, cli-
mate, and soil type (Nion and Toyota 2015). It has been
reported that the bacterial wilt disease is responsible for
a loss of 25% of the fresh fruit production of hybrid toma-
toes, and with high disease incidence, yield losses might
reach up to 93.51% (Wu et al. 2023). There are five bio-
vars and five races of the pathogen (Alghuthaymi et al.
2016). The disease has caused a reduction in crop yield
in seventy countries globally, which resulted in more than
US $ 0.9 billion in annual losses (Yuliar and Toyota 2015).
Bacteria initiate diseases through host roots, followed by
blocking and colonization of xylem vessels, resulting in
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disease symptoms such as wilting, stunting, and yellowing
that eventually lead to plant death (Iraboneye et al. 2021).
Because it causes considerable losses to economically im-
portant crops, bacterial wilt disease has been extensively
investigated, and several management practices have been
utilized to manage the pathogen. Several biocontrol agents
were assessed to manage BW disease in tomato plants
(Bing et al. 2024; Li et al. 2024). However, the desired
control level of the disease is still awaited. High genetic
variability of the pathogen, persistency in soil, and the
ability to infect many hosts make it difficult to effec-
tively control the disease (Nguyen and Ranamukhaarachchi
2010). Researchers in different countries are trying to de-
velop proper management methods using chemical-free and
eco-friendly alternatives to control BW disease effectively.
Among several management practices, biocontrol is one
of the environment-friendly, sustainable, and cost-effective
methods of managing plant diseases (Collange et al. 2011).

Bacteria are one of the most prevalent soil-inhibiting mi-
croorganism groups in soil ecology, and some of them act as
biological agents against plant diseases (Abo-Elyousr and
Hassan 2021; Saputra et al. 2020). Several Bacillus spp.
are reported as biocontrol bacteria that offer different ef-
fective strategies such as direct parasitism, production of
antimicrobial secondary metabolites, and induction of plant
resistance against pathogens (Tahir et al. 2017). Other spe-
cies of Bacillus have been investigated against various plant
diseases, but the effectiveness of this bacterium as a biocon-
trol agent against tomato BW has received little attention.
In this study, we investigated the biocontrol potential of
B. cereus against R. solanacearum. We assessed the ability
of B. cereus to colonize tomato roots and induce host re-
sistance at the molecular level. Additionally, we tested the
application of B. cereus for managing tomato BW disease.

Materials and Methods
Bacterial Culturing

The pre-identified bio-control bacterium B. cereus 32i-B
and pathogenic bacterium R. solanacearum (Race 1, Bio-
var-III) were routinely cultured on LB medium at 28 °C for
48h. Based on experimental requirements, the desired con-
centration of the bacteria was obtained through dilution by
sterilized LB medium.

In Vitro Antibacterial Test
The biocontrol bacterium B. cereus was tested for its an-
tibacterial potential against R. solanacearum by disc dif-

fusion method (Umar et al. 2024). The R. solanacearum
suspension SmL was added to 150mL of CPG medium
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(Casamino acid 1g, Peptone 10g, Glucose 5g) and incu-
bated at 28 °C in a shaking incubator (200 rpm) for 24 h. Af-
ter 24 h, the suspension was poured into dishes and cooled.
Four filter papers, each Smm in size, were positioned on
the surface of the medium at four corners at equal distances
from each other, and one filter paper was placed at the cen-
ter. A fresh culture of Bacillus was dropped on two cornered
filter paper at 10ul each. The remaining two cornered filter
papers were treated with 10ul water as a negative control.
The filter paper at the center was treated with 10ul of stan-
dard antibiotic (streptomycin) as positive control after incu-
bating the plates for 48 h at 28 °C. The antibacterial activity
was calculated by calculating the diameter of the growth
inhibition zone around the Bacillus-treated filter paper.

Volatile-Mediated Antibacterial Activity

The volatile-mediated antibacterial activity of Bacillus
against Ralstonia was evaluated through a 1-plate system.
The 1-plate system consisted of an 85x 15mm petri dish
centrally partitioned into two compartments with no physi-
cal contact between the two microbes (Bacillus and Ralsto-
nia) grown on either compartment. The R. solanacearum
suspension 10ul was poured into one compartment filled
with CPG agar medium and incubated for 24 h, followed by
pouring of Bacillus culture in another compartment of the
same plate filled with minimal salt medium (MS) and incu-
bated again for five days. For control, the R. solanacearum
was incubated alone. The diameter of the pathogen colony
was measured, and a 10-fold serial dilution method was
used to count the viable cells of the pathogen. The test was
conducted three times with three replicates.

Host Root Colonization

The GFP protein was used to evaluate the capacity of Bacil-
lus to colonize host roots. To make GFP-tagged strains,
the electroporation of pGFP4412 plasmid into B. cereus
was performed at 1.7kV. Using GFP-specific primers, the
transgenic bacteria were identified and observed through
a fluorescence microscope. The pattern of colonizing roots
by biocontrol bacterium was evaluated through tomato
plant seedlings treated with GFP-tagged strains or un-
treated seedlings used for control. With absorbent paper,
the seedlings were dried and investigated with CLSM (Chi
et al. 2005). To evaluate the bacterial quantity in plant
roots, DNA was extracted from B. cereus labeled with GFP
through the TIANamp Bacteria DNA Kit. The recombi-
nant strain was verified by amplifying the GFP gene. The
amplifying primers of the GFP gene are given in Table S1.
RT-PCR SYBR Green I was used in a 20 ul reaction system
(Table S2). At every 0.5°C, the fluorescence signals were
recorded between 70 and 90°C generated after developing
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a standard curve by plotting the Ct number and bacterial
log concentration on the Y and X axes, respectively. In
B. cereus suspension, seedling roots were dipped for 0, 1,
2,4, 6, 12, 24 or 48h. The roots were sampled at the given
time points, paper dried, and mixed after crushing. At each
time, DNA was extracted using 3 samples of 0.2 g each and
amplified through RT-PCR following the above procedure.
With the help of a regression equation and Ct value, the
bacterium was quantified using roots.

B. cereus’s Influence on R. solanacearum Infection to
Tomato Roots

For treatment, the seedling roots were dipped in B. cereus
suspension (1 x 107) for six hours while roots dipped in wa-
ter were used as control. The treated and control seedling
roots were then inoculated with pathogenic suspension and
kept at 25°C for 24h. After 24h, the pathogenic bacte-
ria (R. solanacearum) were isolated from roots, and their
quantity per gram of roots was calculated through a 10-
fold serial dilution technique on R. solanacearum-specific
nutrient media NATZC.

Evaluation of Induce Host Resistance
Split-Root Evaluation

Induction of host resistance by biocontrol bacterium against
R. solanacearum was done by a split-root system. This sys-
tem comprised a pot with two compartments, each filled
with a culture medium (Martinez-Medina et al. 2017). The
seedling roots were distributed so that each compartment
received half of the tomato roots. The pots were divided
into two treatment groups (T1 and T2). One compartment
of all pots (in both groups) was infected with Sml of
the R. solanacearum suspension. The other compartment
in T1 was poured with S5ml of the biocontrol bacterium
suspension (1x107) and in T2 with sterilized water as
control. After twenty-five days, the pathogenic bacteria
(R. solanacearum) were isolated from the treated roots, and
their quantity per gram of roots was measured as described
above. Data were also recorded on plant growth parameters
(root length, plant length, and plant fresh biomass) and the
severity of the disease.

Expression Evaluation of Host Defense Genes

The tomato plants (20 days old) in pots were observed
to evaluate host defense genes under four treatments. T1:
Biocontrol bacterium (B. cereus)+ pathogenic bacterium
(R. solanacearum); T2: Only biocontrol bacterium; T3:
Only pathogen; T4: Control. Twenty-day-old tomato plants
were irrigated for the first treatment with a SmL cultural

suspension of B. cereus for 24h. Then, a SmL cultural sus-
pension of R. solanacearum was applied. The plants under
the second treatment received only SmL cultural suspen-
sion of B. cereus, and for the third treatment, plants were
irrigated with 5mL cultural suspension of R. solanacearum
only. The control plants in the fourth group were treated
with water. Total RNA was extracted from plants after
25 days using the RNeasy Plant Mini Kit (QIAGEN, Ger-
many). Using the first strand cDNA synthesis kit and 2 ug
of RNA, the cDNA was developed. For the PCR template,
reverse-transcribed RNA was used with the primers of
specific genes (PPO, PAL, LOX, and POX) (Table S3).
In gene expression, the tomato 18S rRNA gene primer
served as constitutive control (Chandrashekar and Umesha
2014). Each qPCR was performed in 20 ul reaction volume
using a StepOnePlus™ Real-Time PCR machine (Applied
Biosystems, USA). The composition of the reaction mix-
ture and the details about the steps of qPCR are presented
in Table S4. The transcripts in the control and treatment
groups were normalized to 18S rRNA, and the difference
in the 18S rRNA normalized cycle threshold value (CT)
was used to calculate the fold change in gene expression in
plants (Livak and Schmittgen 2001). Each experiment was
performed in three replicates.

Pot Experiment

In the greenhouse, tomato seedlings (20 days old) were
transplanted into plastic pots (one plant per pot) filled with
1 kg of soil. Plants were divided into four groups according
to treatment. After two days of transplantation, each plant in
the first, second, and third groups was irrigated with 15 mL
water containing 3mL, 6mL, and 9mL (108cfu/ml) sus-
pension of biocontrol bacterium, respectively. The plants in
the fourth group received 15mL of sterilized distilled wa-
ter as a control. All the plants were infected with 9mL of
pathogen suspension (10°cfu/ml) after 24 h of treatment ap-
plications. The trial was conducted twice using CRD (com-
pletely randomized design) with ten replicates per treat-
ment in each experiment. The experiment was terminated
after 40 days, and data were taken on plant growth param-
eters (root length, shoot length, plant fresh biomass) and
bacterial wilt disease severity. The soil bacterial population
per gram of soil was also calculated using the serial di-
lution method and converted to log;o value. The bacterial
population was counted twice, after 24 h of inoculation and
at the end of the experiment. The difference between the
two readings was calculated and expressed as a decrease in
bacterial population.
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Statistical Analysis

Data were analyzed using CRD design and one-way analy-
sis of variance (ANOVA). Duncan’s multiple range test (P <
0.01) was conducted to compare the significance of treat-
ment means. Statistical software SPSS (ver. 21.0) was used
for analysis.

Results

Antibacterial Evaluation of B. cereus Against
R. solanacearum

Results showed that B. cereus significantly inhibited the
in vitro growth of R. solanacearum. Interestingly, B. cereus
produced an inhibition zone of 21.8+1.3mm, which is
statistically similar to the inhibition zone of 22.4+ 1.1 mm
made by standard antibiotic streptomycin (Fig. la). No
inhibition zone was recorded around the filter paper treated
with water (negative control). The volatile mediated an-
tibacterial evaluation test indicated that VCs emitted by
biocontrol bacterium negatively affected the growth of
R. solanacearum. Volatiles produced by B. cereus re-
stricted the colony diameter of R. solanacearum to 0.97
0.1cm in diameter as compared to the control, where the
colony of R. solanacearum grew to 1.82+0.2cm in di-
ameter after 72h of incubation (Fig. 1b). Volatiles also
affected the viability of R. solanacearum cells. The number
of viable cells was significantly lower, 7.3+ 1.1 CFU/ml,
under the influence of volatiles compared to the control,
49.2+2.6 CFU/ml (Fig. 1c).

Host Root Colonization by Bacillus

The treated plant roots with unlabeled normal B. cereus
and the B. cereus labeled with GFP were investigated un-
der confocal laser scanning microscopy. It was observed
that plant roots were colonized rapidly by B. cereus. The
B. cereus labeled with GFP is evident as a sharp green.
However, green fluorescence was absent in samples where
B. cereus without GFP was applied (Fig. 2a). To investigate
the concentration effect, the B. cereus DNA labeled with
GFP was diluted in a 10-fold serial, and real-time PCR
standards were developed by keeping DNA as a template
from different dilutions. The results showed a linear asso-
ciation between the bacterial concentration (y =-3.2489x +
28.878; R2=0.9799) and the Ct value (Fig. 2b). A standard
curve was made, and the regression equation was calculated
using the Ct value (101 to 108 cfu/mL). The quantity of re-
combinant bacteria attached to the plant roots was measured
through qPCR. The increase in time showed a reduction in
Ct value, which indicates that the population B. cereus in-
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creased with time on tomato roots. Ct value greater than 30
at Oh, suggesting that the GFP gene was barely detectable.
The B. cereus concentration reached 6.82x 10°, 4.83 x 10°,
7.83x 109, 2.42%x 107, 6.42x 107, and 9.37x 107 at 6, 9, 12,
24, and 48 h, respectively (Fig. 2).

Effect of B. cereus on Root Invasion by Pathogen and
Inducing Host Resistance

The root population of R. solanacearum was quantified
after treatment with control (water) and biocontrol agent
B. cereus and infected with R. solanacearum. The treated
roots with B. cereus showed a significantly lower num-
ber of R. solanacearum, 0.587 cfu/g of the root, compared
to the control, 3.482cfu/g of the root (Fig. 3a). Results
showed that B. cereus significantly influenced the access
of R. solanacearum to tomato roots. The host resistance in-
duction by B. cereus against R. solanacearum was analyzed
using a roots split test and expression evaluation of genes
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Fig. 1 Antibacterial activity of B. cereus against R. solanacearum.
a Growth inhibition effect; b Volatile mediated effect; ¢ Cell viabil-
ity effect. Each value is a mean+SE. Means with same letters are
significantly different according to tukey’s multiple range test (P<
0.05)
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Fig.2 Root colonizing ability of B. cereus. a Tomato roots with (a) GFP-tagged bacterium and (b) control. b Quantification of B. cereus in tomato

roots. b standard curve of qPCR. ¢ Ct value

linked to host resistance. In this test, roots were divided
into two parts; one was treated with pathogenic bacterium
R. solanacearum, while the other was treated with water
(control) or biocontrol bacteria B. cereus. The plants treated
with biocontrol bacteria exhibited more vigor growth (shoot
length, fresh biomass, root length), lower root population
of R. solanacearum, and less disease severity than control
plants (Fig. 3b—f).
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Analysis of Host Defense Genes

Results regarding qRT-PCR analysis of resistance genes
showed that plants treated with only B. cereus exhibited 10-
fold upregulation of PAL gene expression, while pathogen-
inoculated plants showed upregulation of PAL to 8-fold and
increased to 18-fold when B. cereus suspension was applied
and inoculated with pathogen (Fig. 4). A similar upregula-
tion effect was noted for POX, PPO, and LOX genes whose
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Fig.4 Relative expression of resistance genes in tomato plants under
different treatments. a PAL, b POX, ¢ PPO, and d LOX. T1: B. cereus +
R. solanacearum; T2: B. cereus; T3: R. solanacearum; T4: Control

expression was upregulated by 3, 4, and 6-fold, respectively,
as compared to control, and the expression of these genes
was increased significantly to 11, 16, and 14 fold, respec-
tively, in B. cereus treated plants inoculated with pathogen.

Pot Experiment
Plant Growth

The biocontrol efficacy of controlling BW diseases was
tested using the greenhouse test. The lowest concentration
of biocontrol bacteria was not active; however, applying
the highest two concentrations significantly improved plant
growth (Table 1). Among all treatments, the maximum
biomass of the plant (51.7+3.5g), root, and plant length
(32.8+3.2cm, 48.3+2.8cm, respectively) were achieved
when the highest concentration of B. cereus (9mL) was
applied. The untreated control plants and the application
lowest concentration of B. cereus (3 mL) showed minimum

biomass of the plant (23.6+4.2¢g), root, and plant length
(14.7+1.3cm, 26.4+ 1.8 cm, respectively).

Effect of B. cereus on Diseases Severity and
R. solanacearum Population in Soil

Compared with the untreated control treatment, the higher
two concentrations of B. cereus (6 and 9ml) significantly
suppressed the R. solanacearum population in soil and re-
duced the severity of the disease (Table 2; Fig. 5). The
lowest concentration, however, was not very active and
gave similar results as noted for control. At 45 days after
pathogen inoculation, the lowest disease severity (16.4%)
and maximum decrease in the R. solanacearum population
(66.00%) was shown by a 9mL concentration of B. cereus
followed by 6 mL. The maximum disease severity (60.7%)
and minimum decrease in the R. solanacearum population
(6.6%) was recorded in the control treatment, followed by
3mL of B. cereus concentration (8.3%) with no significant
difference.

Discussion

Attention to biocontrol of plant diseases and pests has
increased significantly in recent years, urged by the re-
quirement for alternatives to synthetic chemicals that have
frequently lost their effectiveness because of pathogen re-
sistance. In this regard, biocontrol bacterial agents offer an
environment-friendly and appropriate alternative for pro-
tecting plants from plant diseases. In this study, B. cereus
was investigated for its potential to control one of the most
devastating tomato diseases caused by R. solanacearum
(Fig. 6). Results showed strong antibacterial action of
B. cereus that considerably affected in vitro growth inhi-
bition of R. solanacearum. The volatile-mediated antibac-
terial evaluation test indicated that volatile compounds
produced by B. cereus inhibited the R. solanacearum
growth and reduced cell viability. B. cereus was also
found to colonize the host roots actively. The antibac-
terial action of B. cereus could be due to its ability to
produce antibacterial volatile compounds. B. cereus was
previously reported to produce antifungal and nematicidal

Table 1 Effect of different

. . Treatments Biomass (g) Root length (cm) Plant length (cm)
concentrations of biocontrol B. cereus (mL)
bacterium on growth of plants : Exp. 1 Exp. I Exp. 1 Exp. II Exp. 1 Exp. I
inoculated with bacterial wilt Ck 243+23¢c 233x1.6¢c 123+1.5¢ 143+x1.7c¢ 233x2.1c 224+1.6¢c
pathogen 3 23.6£42c 257x26c 147+13c 132x11c 264=x18c 23.3x23c¢
6 422+2.6b 46.3+3.1b 253+1.8b 26.4+23Db 40.8+3.5b 41.7+2.8b
9 51.7+35a 58.6t4.7a 32.8+3.2a 35.6x2.6a 483+2.8a 52.3+4.7a

Each value is a mean+ SE. Means with same letters in a column are significantly different according to
Duncan’s multiple range test (P<0.01). Exp. I and II are the two repeated experiments with no modifications
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Table 2 Effect of different concentrations of biocontrol bacterium on artificially infested soil bacterial population of R. solanacearum

Treatments Exp. 1 Exp. I
cfu/g of soil % Decrease cfu/g of soil % Decrease

Ck Pi 13.50 6.60+1.3c 11.30 11.50£24 ¢
Pf 12.60 10.00

3 Pi 14.40 830+1.8¢c 11.80 13.50+ 1.8 ¢
Pf 13.20 10.20

6 Pi 13.80 32.60+3.4b 12.50 33.60+2.7b
Pf 9.30 8.30

9 Pi 15.60 66.00+3.5a 11.10 69.30+4.1a
Pf 5.30 3.40

Each value is a mean + SE. Means with same letters in a column are significantly different according to tukey’s multiple range test (P<0.05). Exp. 1

and II are the two repeated experiments with no modifications
Pi Initial population, Pf Final population, Ck Control

@ Treatment (T) @Ck
a b c
— 100 100
x| 120
}_; 100 80 #
;:a 80 60 60
@ | 60
o 40 40
w
40
g 55 20 20
a
0 0 0
15 30 45
Time (Days)

Fig.5 Bacterial wilt disease severity on tomato plants inoculated with R. solanacearum under the influence of different concentrations of B. cereus

application (a 3mL, b 6mL and ¢ 9mL)

volatile compounds (Weisskopf 2013; Caulier et al. 2019).
An antibiotic, surfactin, from Bacillus amyloliquefaciens,
is essential for biocontrol activity against Xanthomonas
axonopodis (Preecha et al. 2010). In another study, this
bacterium was reported to produce cyclic lipopeptides that
have antifungal properties (Romano et al. 2013). Several
other antagonistic bacteria were also reported to produce
antibacterial volatiles against R. solanacearum. Recently,
VOC produced by Pseudomonas fluorescens and B. amy-
loliquefaciens were shown to have a strong antibacterial
potential against R. solanacearum (Raza et al. 2016; Chan-
drasekaran et al. 2016). Colonizing plant roots by biocontrol
microbes is one mechanism that reduces pathogen infection
in roots. It enhances the efficacy of the biocontrol agent
and stabilizes its interaction with plants (Weng et al. 2013).

By directly influencing root secretions and metabolites,
B. cereus root colonization reduces pathogen attack by en-
hancing the plant defense mechanism (Hashem and Abo-
Elyousr 2011). After successfully colonizing host roots,

some biocontrol agents also make biofilm on the root’s sur-
face (Davey and O’toole 2000). The root colonizing ability
of B. cereus was evaluated at the molecular level through
the development of GFP-tag B. cereus, and it was found that
tomato plant roots were successfully colonized by B. cereus.
Biocontrol microbes have received more attention during
the past two decades for their eco-friendly and advanta-
geous roles in agricultural production, such as induction of
plant resistance against pest and diseases (Lee et al. 2012;
Gu et al. 2007), plant growth enhancement (Song and Ryu
2013; Park et al. 2015) and biocontrol effectiveness against
phytopathogenic fungi and parasitic nematodes (Guo et al.
2014; Weisskopf 2013).

The split root test confirmed the effectiveness of B. cereus
in inducing host resistance against R. solanacearum and
reducing root invasion by the pathogen. The regulation of
host genes linked to the defense system was also assessed
to explore further the process by which this biocontrol
agent induces host resistance. The three key factors, phe-
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nolics, phytoalexins, and lignin, are mainly responsible for
plant disease resistance, and their biosynthesis is signif-
icantly driven by PAL and POX genes (Boulanger et al.
2000). Plant resistance to infections can be characterized
by the early and increased expression of several host de-
fense genes. Tomato plants infected with F. oxysporum
showed enhanced expression of PAL and POX (Ramamoor-
thy et al. 2002). The involvement of defense-related genes
during the B. cereus-mediated induction of tomato resis-
tance against BW disease was examined for the first time
in this work. Results revealed that B. cereus-treated plants
exhibited higher expression of resistance genes than the
control. According to previous reports, biocontrol bacteria
may boost the activity of resistance-related enzymes and
biomolecules in plants (Vos et al. 2013), Results obtained in
this study indicated the host resistance ability of B. cereus
against R. solanacearum. Results obtained in this study
are also supported by Vanitha et al. (2009), who reported
that tomato seedlings treated with a biocontrol strain of
P. fluorescens and inoculated with BW pathogen exhibited
high and quick induction of POX and PAL.

Soil application of B. cereus significantly reduced the
severity of the disease on infected tomato plants, decreased
pathogen count in infested soil, and improved the growth of
tomato plants in pot experiments. In several studies, bacte-
rial biocontrol agents have been reported to enhance plant
growth and prevent microbial attack. Some Bacillus strains
were also explored for their plant growth-promoting ef-

@ Springer

fect, ability to reduce disease severity, and host resistance
induction ability against pathogens in several crops. Kloep-
per et al. (2004) reported that B. velezensis, B. mycoides,
B. pasteurii, and B. subtilis can induce disease resistance in
different host plants, reducing disease incidence and sever-
ity. Another study discovered that B. firmus causes host
resistance against Heterodera glycines in a greenhouse and
split root experiment. The reduction in disease severity in
tomato plants and pathogen population in soil caused by
the application of B. cereus is because of its direct antibac-
terial activity or indirect induction of host defense, which
is evident in lab investigations. The findings of this study
show the biocontrol potential of B. cereus against bacterial
wilt disease in tomato crops.

Conclusion

The biocontrol bacterium B. cereus was assessed for an-
tibacterial activity against R. solanacearum, and its appli-
cation for controlling BW disease in tomatoes was explored.
B. cereus showed a potent growth inhibition effect against
R. solanacearum and affected cell viability by producing
antibacterial volatiles. Applying B. cereus reduced bacte-
rial wilt disease in tomato plants and the population of
R. solanacearum in soil. The possible action mechanisms
of B. cereus for managing BW disease in tomatoes con-
firmed in this study were host root colonization, inducing
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host defense, and volatile mediated antibacterial activity
against R. solanacearum.
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