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Introduction

The current system of continuous monocropping causes

severe soilborne plant diseases that directly threaten the

intensive cropping system used in China. Ralstonia is a serious

soilborne phytopathogen with a worldwide distribution

and a large host range [2, 15]. Crop rotation was found to

be an effective strategy to control many soilborne diseases,

because most soilborne pathogens can persist for a long

time in the soil with infested plant residues [18]. Chemical

pesticides not only cause bacterial resistance but are also

harmful to the environment and human health [11].

Therefore, biological control by beneficial microorganisms

is considered a potential environmentally friendly pesticide

alternative.

Many Bacillus spp. have been found to efficiently suppress

various soilborne bacterial and fungal plant diseases in

greenhouse and field conditions [24, 32]. It was reported

that many strains of Bacillus could produce different types

of antibiotics, such as surfactin, iturin, and polyketides,
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The application of Bacillus sp. in the biological control of plant soilborne diseases has been

shown to be an environmentally friendly alternative to the use of chemical fungicides. In this

study, the effects of bioorganic fertilizer (BOF) fortified with Bacillus amyloliquefaciens SQY 162

on the suppression of tomato bacterial wilt were investigated in pot experiments. The disease

incidence of tomato wilt after the application of BOF was 65.18% and 41.62% lower at 10 and

20 days after transplantation, respectively, than in the control condition. BOF also promoted

the plant growth. The SQY 162 populations efficiently colonized the tomato rhizosphere,

which directly suppressed the number of Ralstonia solanacearum in the tomato rhizosphere soil.

In the presence of BOF, the activities of defense-related enzymes in tomato were lower than in

the presence of the control treatment, but the expression levels of the defense-related genes of

the plants in the salicylic acid and jasmonic acid pathways were enhanced. It was also found

that strain SQY 162 could secrete antibiotic surfactin, but not volatile organic compounds, to

suppress Ralstonia. The strain could also produce plant growth promotion compounds such as

siderophores and indole-3-acetic acid. Thus, owing to its innate multiple-functional traits and

its broad biocontrol activities, we found that this antagonistic strain isolated from the tobacco

rhizosphere could establish itself successfully in the tomato rhizosphere to control soilborne

diseases.

Keywords: Bacillus amyloliquefaciens, Ralstonia, biocontrol, tomato bacterial wilt, bioorganic
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that act against the soilborne pathogens [7]. Furthermore,

some Bacillus strains were also found to induce the

production of defense enzymes and systemic resistance in

plants, primarily through the mediation of salicylic acid/

jasmonic acid/ethylene (SA/JA/ET) pathway signals [27, 34].

However, large-scale use of bio-control agents in fields is

still limited because of the variability and inconsistency of

the biocontrol activity. In some cases, such variability may

be caused by the sensitivity of biocontrol agents to

environmental influences such as plant types and soil

conditions [10]. Guo et al. [14] found that the suppression

efficacy of antagonist inoculation against bacterial wilt was

inconsistent across field trials and was influenced by

environmental conditions. Successful root colonization by

Bacillus spp. is considered a prerequisite and is directly

related to the efficacy of the bacteria in controlling soilborne

diseases [4, 33]. Zhang et al. [33] also suggested that the

application of Bacillus subtilis N11 with suitable organic

carriers could promote the colonization of strain N11 of the

rhizosphere and the roots of banana to effectively control

banana wilt. The application of biocontrol agents with

organic fertilizer is reportedly more effective in controlling

tobacco bacterial wilt than the sole application of biocontrol

agents [31]. Hence, understanding the antagonistic

mechanisms of the beneficial microorganisms with organic

carriers will help us to improve their effectiveness in the

future.

In the present study, Bacillus amyloliquefaciens SQY 162

was selected to study its antagonistic potential against

tomato bacterial wilt under greenhouse conditions. Strain

SQY 162 was previously found to effectively suppress

tobacco bacterial wilt in the greenhouse and in the field

[31]. Therefore, the objectives of this study were (i) to evaluate

the potential biocontrol abilities of the strain towards tomato

bacterial wilt, and (ii) to investigate its mode of action. 

Materials and Methods

Bacterial Strains

Ralstonia solanacearum ZJ3721 (biovar 3), which can cause

tomato bacterial wilt, was kindly provided for the use in this

study by Prof. Guo Jianhua (Department of Plant Pathology,

Nanjing Agricultural University). The Ralstonia strains were

grown in CPG medium [16]. If necessary, antibiotics were used in

the following concentrations: ampicillin, 100 mg/l; kanamycin,

25 mg/l; tetracycline, 15 mg/l; and gentamicin, 12.5 mg/l. The

antibiotics were purchased from Sigma-Aldrich (USA).

B. amyloliquefaciens SQY 162 (SQY162, CGMCC Accession No.

7500, China General Microbiology Culture Collection Center),

isolated from the rhizosphere soil of healthy tobacco surviving in

a diseased field in Fuquan, Guizhou Province, China, showed

strong antagonistic properties against the tobacco bacterial wilt

pathogen [31]. 

The antagonistic activity of strain SQY 162 against R. solanacearum

was determined on the CPG medium in vitro. The isolates were

spotted on the center of the CPG plate with sterile toothpicks.

After incubation at 30oC for 18 h, the plates were sprayed with

R. solanacearum ZJ3721 and subsequently incubated under the

same conditions for 24 h.

Bioorganic Fertilizer Preparation

The organic fertilizer (OF) and bioorganic fertilizer (BOF) were

prepared by solid fermentation according to the procedure

described by Wu et al. [31]. The OF was composed of cattle

manure compost and amino acid fertilizer (1:1 (w/w)). Cattle

manure compost containing 35% organic matter, 2.51% N, 2.4%

P2O5, 1.13% K2O, and 35.5% water was kindly supplied by

Jiangyin Lianye Organic Fertilizers Ltd., China. Amino acid

fertilizer containing 44.2% organic matter, 12.93% total amino

acids, 4.4% N, 3.5% P2O5, 0.67% K2O, and 28.5% water was

supplied by Jiangsu Xintiandi Amino Acid Fertilizers Ltd., China. 

The BOF was produced as follows: approximately 10% (v/w)

SQY 162 culture (107 CFU/ml) was inoculated into the OF and

fermented at 40-45% moisture for 6 days, and the fertilizer was

turned twice per day. After solid fermentation, it was found

that the antagonistic strain SQY 162 population could reach to

2.5 × 107 CFU/g of fertilizer. The antagonistic agent population

was measured with selective medium consisting of polymyxin B

(35 µg/ml), lincomycin (5 µg/ml), and cycloheximide (50 µg/ml)

[31].

Pot Experiment Design 

To evaluate the suppression efficacy of BOF fortified with the

antagonist against tomato bacterial wilt, pot experiments were

conducted in a greenhouse. Tomato seeds were surface-sterilized

in 70% ethanol for 1 min, washed three times with sterile water,

immersed in 2% NaClO for 2 min, and washed three times in

sterile water. The seeds were then transferred onto steam-

sterilized vermiculite. After 30 days of incubation, the plants were

gently transferred into a pot containing 200 g of sterile paddy soil.

The pot treatments were designed as follows: (1) Control, the

soil was treated with nothing; (2) OF, the soil was treated with 2 g

of organic fertilizer; (3) BOF, the soil was treated with 2 g

of bioorganic fertilizer fortified with SQY 162. Each treatment

was performed with three replicates, and each replicate contained

15 plants. For the tomato pot experiment, a suspension of

R. solanacearum ZJ3721 was inoculated into the soil (107 CFU/g

soil) at plant transplantation.

The disease index (di) of tomato bacterial wilt was recorded on

the 20th day after transplantation according to a method described

elsewhere [25], where 0 indicated no wilting, 1 indicated that 1%
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to 25% of the leaves were wilted, 2 indicated that 26% to 50% of

the leaves were wilted, 3 indicated that 51% to 75% of the leaves

were wilted, and 4 indicated that 76% to 100% of the leaves were

wilted or dead. The DI was calculated as DI = [Σ(number of

diseased plants in this index × di) / (total number of plants

investigated × highest di)] × 100%. After transplantation, the

aboveground fresh weight of the plant was also recorded at each

treatment for 20 days.

Enumeration of Pathogen and Antagonist Populations in the

Tomato Rhizosphere

The populations of SQY 162 and R. solanacearum in the

rhizosphere soil in different pot treatments were counted on the

20th day after transplantation. Rhizosphere soils from three plants

were collected individually from each replicate as described by

Smalla et al. [26]. Briefly, the roots were shaken vigorously to

separate soil that did not adhere tightly to the roots. Then, the soil

still tightly adhering to the roots was harvested as rhizosphere

soil. The population of SQY 162 was counted on selective medium

as described above.

The population of R. solanacearum was counted on semi-

selective medium from South Africa (SMSA) [9]. The SMSA (1 L)

contained casamino acid, 1 g; peptone, 10 g; glycerol, 5 ml; agar,

20 g; crystal violet, 5 mg; polymyxin B sulfate, 100 mg; bacitracin,

25 mg; chloromycetin, 5 mg; penicillin, 0.5 mg; and cycloheximide,

100 mg. The antibiotics were purchased from Sigma-Aldrich.

Defense Enzyme Activity Assay

The plant leaves collected from the pot experiments as described

above were used to determine the activities of the defense

enzymes. The activities of defense enzymes were determined on

the 20th day after the inoculation of the pathogen, as described

above. Plant leaves were weighed and homogenized with liquid

nitrogen in a pre-chilled mortar and pestle. The homogenized

tissue solution was immediately assessed to determine the

activities of peroxidase (POD), superoxide dismutase (SOD), and

catalase (CAT) and the malondialdehyde (MDA) content using

the Enzyme Kit (Nanjing Jiancheng Bioengineering Institute,

China) according to the manufacturer’s procedure. 

Expression of Defense Genes with Quantitative Real-Time PCR

The plants leaves collected from the pot experiments as

described above were used for RNA extraction to determine the

expression of the defense genes. The RNA was harvested from the

tomato leaves on the 3rd and 15th days after the inoculation of the

pathogen using the RNA Kit according to the manufacturer’s

instructions (Takara MiniBest Universal RNA Extraction Kit;

China). The collected RNA samples were then reverse-transcribed

into cDNA in a 20 µl reverse transcription system (TransGen

Biotech, China) according to the manufacturer’s protocol.

The primers for quantitative reverse transcription-PCR (qRT-

PCR) of tomato defense genes were described previously [21].

qRT-PCR was measured with a SYBR Premix Ex Taq (Perfect Real

Time) Kit (Takara). The actin gene was used as the control in the

qRT-PCR of tomato defense genes. qRT-PCR was performed with

an ABI 7500 system under the following conditions: cDNA was

denatured for 10 sec at 95oC, followed by 40 cycles of 5 sec at 95oC

and 34 sec at 60oC. The qRT-PCR data were analyzed according to

the 2ˉΔΔCT method described by Livark and Schmittgen [20].

Antagonistic Effects of Volatile Organic Compounds (VOCs) on

the Survival of R. solanacearum in Soil

The antagonistic effects of VOCs on the survival of

R. solanacearum in soil were determined with a co-culture system.

The system consisted of two connected flasks. One flask was used

to culture the SQY 162 to produce VOCs. The other flask was used

to incubate the R. solanacearum in soil. One milliliter of liquid

culture with SQY 162 was inoculated into 100 ml of sterile LB

broth in the first 250 ml flask. The cultures were incubated at 30oC

with 130 rpm shaking to produce the VOCs. The R. solanacearum

ZJ3721 suspension was inoculated into the sterile paddy soil at a

final concentration of 108 CFU/g soil in the other 250 ml flask. The

two flasks were connected with a rubber stopper and rubber

tubing. The collected paddy soil had the following characteristics:

pH, 7.29; organic carbon, 22.31 g/kg; total N, 2.55 g/kg; total P,

1.02 g/kg; and available K, 272.89 mg/kg. The experiments

consisted of three replicates, and each replicate contained five co-

culture systems. The population densities of R. solanacearum were

determined with the selective medium as described above on the

1st, 3rd, 5th, and 7th days after inoculation. 

Isolation and Identification of Antibiotics Produced by Strain

SQY 162

For the production of antibiotics, cultures inoculated with SQY

162 at a concentration of 1% (v:v) were incubated for 60 h at 30oC

with 170 rpm shaking. Then, the cell-free supernatant was obtained

through centrifugation (10,000 rpm at 4oC). The supernatant was

adjusted to pH 2.0 with HCl. The crude compounds were

harvested by centrifugation (10,000 rpm at 4oC for 10 min). The

crude compounds were dissolved in methanol and passed through

a 0.22 µm filter. 

HPLC analysis of the antibiotics was performed at 30oC using

an XDB-C18 column (4.6 mm × 250 mm; Agilent Technologies,

USA). The mobile phase consisted of 10 mM trifluoroacetic

acid:acetonitrile (30:70, for surfactin (v:v)) buffer solution. Each

sample solution (10 µl) was eluted for 10 min at a flow rate of

0.8 ml/min and detected at 280 nm. Standard surfactin was

purchased from Sigma-Aldrich and chromatographed under the

same conditions.

The antagonistic activity against the pathogen at the peak of the

HPLC profile at 3.5 min was determined on the CPG medium in

vitro. The 10 µl liquid samples collected from the HPLC at 3.5 min

were spotted on 8-mm-diameter sterile papers on the center of the

CPG plate. Then, the plates were sprayed with R. solanacearum
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ZJ3721 and subsequently incubated at 30oC for 24 h. A control

treatment of 10 µl methanol was also spotted on the papers as

described above.

Determination of Plant Growth Promotion Compounds Produced

by SQY 162

Salkowski reagent was used to examine indolic compounds in

this study [13]. SQY 162 was inoculated in 100 ml of LB broth

containing tryptophan at a final concentration of 20 µg/ml. After

60 h incubation at 170 rpm at 28oC, cell-free supernatants were

collected by centrifuging at 5,000 ×g for 15 min at 4oC. Then,

1.5 ml of the supernatant was added into 1.5 ml of Salkowski

reagent (12 g of ferric chloride per liter in 7.9 M sulfuric acid), and

the mixture was left in the dark for 30 min at room temperature

for color variation. If the mixture became pink or red, this

indicated that the strains could produce indolic compounds. For

the control treatment, the same volume of LB broth was added

into Salkowski reagent.

Production of siderophore by SQY 162 was determined according

to the method of Alexander and Zuberer [3]. After incubation at

28oC for 3 days, siderophore production was estimated by a

change in the color from blue to orange.

Extraction of IAA was performed according to the method of

Karadeniz et al. [17] with some modifications. Briefly, the cell-free

supernatants were adjusted to pH 2.5 using 6 M HCl and then

extracted 3 times with an equal volume of ethyl acetate. The upper

phase was collected and the water phase was extracted 3 times

with an equal volume of ethyl acetate. The upper solutions were

dried with a rotary vacuum evaporator and finally eluted with

methanol.

The analysis of IAA was performed by HPLC (Agilent 1200,

USA) with a ZORBAX Eclipse XDB-C18 column (4.6 × 250 mm;

USA) and a 230 nm UV detector. The mobile phase consisted of

60% solvent A (methanol) and 40% solvent B (water with 0.1%

acetic acid) at a flow rate of 0.4 ml/min at 30oC.

Data Analysis 

The data were calculated with Microsoft Excel 2007 and

analyzed using SPSS software (ver. 13.0; SPSS, USA). An analysis

of variance was performed and Duncan’s multiple tests were

used, with a significance level of p < 0.05. 

Results

Control of Tomato Bacterial Wilt by the Bioorganic Fertilizer

The results of the antagonistic assay in vitro showed that

strain SQY 162 could inhibit the growth of R. solanacearum

on the plate, suggesting that the strain had strong

antagonistic activity against the pathogen (Fig. 1A). 

The effects of BOF fortified with the bacterial antagonist

SQY 162 on the control of plant soilborne disease were

evaluated in pot experiments. The biocontrol efficacy on

plant soilborne disease varied by treatment and by plant

growth stage (Fig. 1B). The disease incidences in soil

treatments inoculated with BOF were the lowest of each of

the three treatments during all growth stages. The disease

incidence was 65.18% and 41.62% lower at 10 and 20 days,

respectively, after the application of BOF fortified with

the antagonistic strain SQY 162 than after the control

treatments. Application of OF was also shown to decrease

the disease incidence 10 days after transplantation. However,

there were no significant differences between the control

and OF treatments on the 20th day after transplantation. 

Owing to the successful suppression of tomato bacterial

wilt, the aboveground fresh and dry weights of tomato

both increased more in the presence of BOF than in the

control condition (Fig. 1D). 

Rhizosphere Antagonist and Pathogen Populations

The antagonist population was monitored on the 10th and

20th days after inoculation, as described above. The SQY

162 population in the tomato rhizosphere decreased as

plant growth increased. On the 10th day after inoculation,

the SQY 162 population in the tomato rhizosphere decreased

to 5.76 log CFU/g dry weight soil (log CFU/g dw soil).

After being inoculated for 20 days, the bacterial population

in the tomato rhizosphere remained at 5.33 log CFU/g dw

soil.

The pathogen populations were also counted on a selective

medium on the 10th and 20th days after inoculation, as

described above. The R. solanacearum population in the

tomato rhizosphere differed by treatments (Fig. 1C). The

R. solanacearum populations in the BOF treatments were the

lowest among the three treatments, with 6.16 and 5.74 log

CFU/g dw soil on the 10th and 20th days after inoculation,

respectively. At the beginning of plant growth, the

R. solanacearum population in the tomato rhizosphere was

45.10% lower after the application of OF than after control

treatment. However, the results showed few differences in

R. solanacearum population size between the control and OF

treatments 20 days after transplantation.

Effect of BOF on the Activities of the Defense Enzymes 

Based on the biocontrol efficacy of BOF on tomato

bacterial wilt, the influence of BOF on the activities of

tomato defense enzymes (SOD, CAT, and POD) and on the

tomato MDA content were evaluated. The results showed

that the SOD enzyme activity was 9.32% lower after the

application of BOF than after the control treatments (Table 1).

The CAT activity was the lowest in BOF treatments among

the three treatments, being 34.05% and 29.93% lower than
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the CAT activity observed in the control and OF treatments,

respectively. The results also showed that the POD activity

and MDA content in the BOF treatments were 53.33% and

24.21% lower, respectively, than in the control treatments.

However, the activities of the three enzymes in the OF

treatments were equivalent to or slightly lower than those

in the control treatments. 

Quantification of the Expression of the Defense Genes 

To further study the mechanisms governing the biocontrol

of the tomato bacterial wilt by BOF, the expression levels of

the defense-related genes were determined at different

times after transplantation. Three days after application,

BOF treatment triggered the expression of several genes in

different defense pathways. As shown in Fig. 2A, application

Fig. 1. Effects of SQY 162 on the pathogen in vitro (A), disease incidence (B), population densities of R. solanacearum (C), and

aboveground fresh and dry weight of the tomato plants (D). 

Different letters above the bars indicate significant differences (p < 0.05).

Table 1. Effect of BOF on MDA accumulation and defense-related enzyme activities (SOD, CAT, and POD) in tomato plants. 

MDA (nmol/g) SOD (U/g) CAT (U/g) POD (U/g) 

Control 66.91 ± 8.83a 233.80 ± 12.74a 42.96 ± 2.35a 10.95 ± 2.06a

OF 57.48 ± 7.73ab 229.15 ± 7.32a 40.43 ± 3.47a 7.20 ± 1.93ab

BOF 50.71 ± 4.79b 212.02 ± 6.69b 28.33 ± 3.61b 5.11 ± 2.38b

Plant leaves were collected on the 20th day after the inoculation of the pathogen. The data are the means of three replicates. The means and standard errors are shown.
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of BOF increased the transcription levels of GluA and PR-1a

genes (salicylic acid pathway, SA) 3.41- and 3.99- fold

more, respectively, than the control condition. However,

no significant differences were found between the OF and

control treatment with respect to the transcription levels of

PR-1a. The transcription levels of GluA in the OF treatments

were significantly lower than those in the control treatments.

The results also showed that the application of both OF and

BOF could increase the expression of Pin2, but not LoxA, in

the jasmonic acid pathway (JA); the OF and BOF expressions

levels were 8.47 and 7.84 times higher, respectively, than

in the control treatments. Furthermore, there were few

differences in the expression of LoxA among the three

treatments. The transcription levels of PR-1b (ethylene

pathway, ET) in the OF and BOF treatments were either

equivalent to or slightly lower than those in the control

treatments. 

The effects of different treatments on the expression

levels of defense-related tomato genes at 15 days after

transplantation were also determined. Almost all of the

expression levels of the genes described above in the BOF

treatments decreased significantly, but the expression levels

of PR-1a remained significantly higher (2.11-fold) than those

in the control treatments.

Effects of Strain SQY 162 VOCs on the Survival of

R. solanacearum in Soil

The effects of the VOCs produced by SQY 162 on the

survival of R. solanacearum were determined with a co-culture

flask system. The population density of R. solanacearum

exhibited a decreasing trend with increasing incubation

time. Seven days after incubation, the population density

of the pathogen agent in the control treatment remained at

7.37 log CFU/g dw soil (Fig. 3). Furthermore, the population

Fig. 3. Effect of volatile organic compounds produced by

strain SQY 162 on the population density of R. solanacearum in

the soil. 

The means and standard errors are shown.

Fig. 2. Expressions of tomato defense-related genes in tomato leaves following inoculation with SQY 162 on the 3rd (A) and 15th

days (B) after inoculation. 

GluA and PR-1a are involved in the salicylic acid pathway, Pin2 and LoxA are involved in the jasmonic acid pathway, and PR-1b is involved in the

ethylene pathway. The means and standard errors are shown.
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density of R. solanacearum in SQY 162 treatment was higher

than in the control treatment at all times, indicating that the

VOCs of strain SQY 162 could increase the population

density of the pathogen in soil to a certain extent.

HPLC Analysis of Antibiotic Compounds Produced by

Strain SQY 162

The HPLC results for surfactin analysis of the lipopeptide

are shown in Fig. 4. By comparing the retention times of the

characteristic peaks of the standard surfactin sample, one

homolog of surfactin was identified from the crude

lipopeptide (Fig. 4A). The results of Figs. 4C and 4D also

show that the compound at the retention time of 3.5 min

was capable of inhibiting the growth of R. solanacearum on

the plate. 

Analysis of Plant-Growth-Promoting Compounds Produced

by SQY 162

As shown in Figs. 5A and 5B, strain SQY 162 was able to

produce siderophores and indolic compounds. For further

analysis and quantification of the indolic compounds,

strain SQY 162 was incubated in LB broth containing

L-tryptophan to produce IAA. By comparing the peak of

the standard IAA sample with the retention time of

10.528 min, it was found that strain SQY 162 could produce

as much as 11.4 mg/l IAA.

Discussion

The results showed that SQY 162, isolated as an antagonist

against the tobacco bacterial wilt pathogen, could also

strongly inhibit the growth of the tomato bacterial wilt

pathogen agent in vitro, indicating that SQY 162 has a

broader spectrum in the control of plant soilborne diseases.

In the pot experiment, the disease incidence of tomato

bacterial wilt after the application of BOF fortified with

SQY 162 was significantly lower than after the control or

OF treatments. The tomato biomass also increased in the

presence of BOF. The study further revealed that strain

SQY 162 was capable of producing siderophores and indolic

compounds such as IAA, which could be one of the reasons

for the plant growth promotion in the pot experiments. 

The ability of antagonistic bacteria to efficiently colonize

at the rhizosphere is a key factor in their successful

improvement of plant health and the suppression of plant

pathogens [8, 33]. Our previous study also showed that the

enhanced colonization activity of B. amyloliquefaciens SQR9

could increase biocontrol efficacy against cucumber fusarium

wilt [29]. These organic fertilizers, consisting of cattle

manure compost and amino acid fertilizer, improved the

colonization ability and biocontrol efficacy of antagonists

more than compost alone [32, 33]. Plate counts showed that

SQY 162 was able to survive and persist at a higher level in

Fig. 4. Determination of antibiotics produced by strain SQY 162. 

HPLC chromatogram of the standard surfactin sample (A) and the extraction sample (B). The inhibitory effects of methanol (C) and the peak

collected at 3.5 min (D) on the growth of R. solanacearum in vitro. The peak at letter “a” is one of the homologs of surfactin.
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the tomato rhizosphere, directly suppressing the growth of

R. solanacearum in the tomato rhizosphere during all plant

growth stages. 

Beneficial microorganisms control plant disease by

inducing plant systemic resistance [1]. Kloepper et al. [19]

indicated that Bacillus spp. could induce the systemic

resistance of plants to suppress various diseases in a

diversity of hosts. Salicylic acid and jasmonic acid were

found to be critical components involved in the response of

the plant to pathogen invasion [28]. In the present study,

application of BOF enhanced gene expression levels in the

SA and JA pathways with different patterns, but lowered

the gene expression of LoxA in tomato JA pathways. This

result was in accordance with that of a previous study that

demonstrated that B. cereus AR156 triggered systemic

resistance by simultaneously activating the SA and JA

signaling pathways against Pseudomonas syringae [23]. When

plants experience stress conditions such as injury, pathogen

infection, or extreme temperatures, the activities of the

plants’ defense enzymes generally increase [12]. The results

of this study showed that the activities of enzymes such as

SOD, CAT, and POD decreased in the presence of BOF

significantly more than in the control condition because of

the lower disease incidence. This result agrees with that of

a previous study [5, 27], which suggested that the activities

of defense-related enzymes increased over time as the

disease developed. The plant MDA concentration reveals

the degree of damage to plant cell membranes under stress

conditions [22]. Wu et al. [30] indicated that the MDA

content of leaves treated with BOF was lower than that of

control leaves. In this study, application of BOF significantly

induced the systemic resistance of tomato plants to inhibit

the infection of pathogens, resulting in the lower activities

of the defense enzymes and the lower MDA content in

plants treated with BOF than in plants that received the

control treatment. 

Multiple factors could be involved in the biological

control of plant diseases by the application of beneficial

microorganisms [24, 32]. In addition to systemic resistance

induction and competition for nutrients in the rhizosphere,

the plant-growth-promoting bacterium B. amyloliquefaciens

also acts as an antagonist of recognized root pathogens,

including bacteria, fungi, and nematodes, and has the

ability to synthesize lipopeptide and polyketide antibiotics

[6, 7]. Here, the nonvolatile antibiotic surfactin produced

by SQY 162 was shown to strongly inhibit the growth of

Fig. 5. Plant-growth-promoting associated compounds produced by strain SQY 162. 

Siderophore (A) and indolic compounds (B). The chromatograms of standard samples of IAA (C) and the extraction sample (D). The peak with the

retention time of 10.528 min is IAA.
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R. solanacearum on the plate. However, it was also found

that SQY 162 could not produce volatile organic antibiotic

compounds to suppress the growth of the pathogen. Moreover,

the pathogen was able to use the VOCs produced by SQY

162 as carbon sources to increase its population density to a

certain degree when R. solanacearum was incubated alone

in soil.

In summary, the antagonistic bacterium strain SQY 162

isolated from the tobacco rhizosphere was also able to

effectively suppress tomato bacterial wilt in pot experiments,

demonstrating strong colonization ability in the tomato

rhizosphere and the ability to induce systemic resistance in

tomato plants. The results also indicated that the SA and JA

signaling pathways, but not the ET pathway, were induced

with different patterns after the inoculation of BOF. It

was also found that SQY 162 could not produce VOCs

to suppress the pathogen but could produce surfactin to

inhibit the growth of R. solanacearum. Further studies on

the dominant mechanism involved in the biological control

of R. solanacearum are needed. 
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