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Abstract
This study described the effectiveness of Bacillus cereus on potato bacterial wilt caused by Ralstonia solanacearum under 
greenhouse and field conditions, as well as the correlation between the disease-suppression impact of B. cereus and resist-
ance-related enzymes produced in potatoes during infection. Based on the outcomes of the in vitro screening, the bacterial 
isolate exhibited inhibitory effects against the pathogen R. solanacearum. This manifested as an inhibition zone measur-
ing 16 mm. The bacterial identity was subsequently confirmed through molecular analysis using 16S rRNA gene partial 
sequencing, which positively identified the isolate as Bacillus cereus. The findings of greenhouse trials demonstrated that 
the potato plants cv. Berema treated with Bacillus cereus exhibited a significant reduction in the disease severity of bacte-
rial wilt by 80.99% compared to that in the pathogen-inoculated and untreated control. In addition, a significant decrease in 
disease severity was recorded under field conditions (41.67 and 25.67% in the two seasons). B. cereus treatment significantly 
increased tuber yield by 70% and 203% in both seasons. Application of Bacillus cereus increased the total phenolic and sali-
cylic acid contents of potato leaves. In addition, the treatment enhanced the activities of defense-related enzymes, including 
peroxidase, polyphenol oxidase, phenylalanine ammonia-layse, and lipoxygenase, and decreased the catalase activity. The 
results showed that the disease-suppressive effect of B. cereus on bacterial wilt was significantly positively correlated with 
the activities of peroxidase, polyphenoloxidase, phenylalanine ammonialayse and lipoxygenase, whereas it was negatively 
correlated with catalase. These findings suggest that Bacillus cereus has potential for use as a biological control agent against 
R. solanacearum in potato plants.

Keywords  Bacillus cereus · Potato bacterial wilt · Ralstonia solanacearum · Biocontrol agent · Resistance-related 
enzymes · Correlation

 *	 Kamal A. M. Abo‑Elyousr 
	 Ka@kau.edu.sa

	 Mohamed A. A. Seleim 
	 mohamedseleim@azhar.edu.eg

	 Mohamed F. F. Bereika 
	 shandweely2005@yahoo.com

	 Omer H. M. Ibrahim 
	 oabrahem@kau.edu.sa

	 Ahmed I. Alqubaie 
	 aqubaie@kau.edu.sa

1	 Agricultural Botany, Faculty of Agriculture, Al-Azhar 
University (Assiut Branch), Asyût 71524, Egypt

2	 Ministry of Agriculture and Land Reclamation, Central 
Administration of Plant Quarantine, DP World, Sokhna, 
Egypt

3	 Department Agriculture, Faculty of Environmental Science, 
King Abdulaziz University, 80208 Jeddah, Saudi Arabia

http://orcid.org/0000-0002-8425-4790
http://crossmark.crossref.org/dialog/?doi=10.1007/s41348-023-00810-z&domain=pdf


66	 Journal of Plant Diseases and Protection (2024) 131:65–75

1 3

Introduction

Potato wilt caused by Ralstonia solanacearum (Yabuuchi 
et al. 1995), also known as bacterial wilt or brown rot, is 
a significant challenge in Africa (Charkowski et al. 2020). 
R. solanacearum is a soil-borne bacterium that can infect 
potato (Solanum tuberosum) plants through wounds in 
the roots, leading to wilt and eventually plant death. It 
is highly contagious and can spread easily through con-
taminated soil, water, tools, and plant material, making it 
difficult to control (Bereika et al. 2022).

In Egypt, potato production is an important agricul-
tural activity, and the prevalence of R. solanacearum has 
become a major concern for potato growers. The bacte-
rium can survive in the soil for long periods of time, mak-
ing it difficult to eradicate once it becomes established 
in a field. Infected plants may show symptoms such as 
wilting, yellowing, and eventual death, which can result 
in significant yield losses and economic losses for potato 
farmers (Sallam et al. 2021).

Integrated pest management (IPM) strategies are typi-
cally employed to manage potato wilt caused by R. solan-
acearum. These strategies include crop rotation, planting 
resistant potato varieties, using certified disease-free seed 
potatoes, managing irrigation practices to avoid overwater-
ing, and practicing good sanitation measures to prevent the 
spread of the bacterium (Altaf et al. 2023). In some cases, 
chemical treatments may also be used, although their 
usage has decreased due to concerns about environmen-
tal impact and resistance development (Okonya and Kro-
schel 2015). IPM for disease management also involves a 
combination of approaches, including the use of resistant 
varieties, clean seeds, and cultural practices such as crop 
rotation (Abd El-Wahed et al. 2023). These strategies aim 
to minimize the impact of potato wilt and reduce reliance 
on chemical pesticides (Barea and Jeffries 1995).

Endophytic microorganisms are important constituents 
of the plant microbiota and play a vital role in promoting 
plant growth. These microbes are not pathogenic to plants 
and live within their tissues for part of their life cycle (Ek-
Ramos et al. 2019). Endophytic bacteria such as Bacillus 
cereus have been reported to promote plant growth through 
mechanisms such as siderophores, salicylic acid, indole-
3-acetic acid, and hydrogen cyanide production (Rahman 
et al. 2023). Moreover, they can indirectly control plant 
diseases by acting as antagonists (Compant et al. 2005). 
Bacillus endophytes are among the most promising micro-
organisms used in the biological control of plant diseases, 
including potato wilt (Compant et al. 2010).

In this study, an evaluation was conducted on endo-
phytic bacteria derived from potato plants cultivated in 
Assiut governorate, Egypt, with the aim of managing 

potato wilt disease. The evaluation was conducted in vitro, 
in a greenhouse, and under field conditions. We also 
investigated the production of siderophores, salicylic 
acid, indole-acetic acid, and hydrogen cyanide in plants 
as biochemical responses to defense enzymes that induce 
resistance against the causal pathogen of potato bacterial 
wilt. This study offers insight into the potential use of 
endophytic bacteria as a biological control agent for potato 
wilt disease in an integrated disease management strategy.

Materials and methods

Bacterial pathogen and growth conditions

Ralstonia solanacearum isolate PHYRS3 was obtained from 
a previous study (Bereika 2008). The bacterial pathogen 
isolate was grown on 2,3,5-triphenyl tetrazolium chloride 
(TZC) and stored at 4 °C (Abd-Alla and Bashandy 2007).

Isolation of the endophytic bacteria

Endophytic bacterial isolates were obtained from healthy 
potato plants growing in Assiut governorate, Egypt, during 
the winter of 2021. The surface of the potato stem segments 
(2 cm) was sterilized in 2 percent sodium hypochlorite for 
3 min and then in 70% ethanol for 30 s. The segments were 
then washed three times with sterile distilled water before 
being homogenized in 10 ml of acetate buffer (pH 5.2). A 
loop was used to collect the homogenized plant tissue and 
streak it on the surface of Petri plates with nutritional agar 
media (NA) (Mohamed et al. 2020). The plates were then 
incubated for 48 h at 28 °C. Pure cultures were maintained 
on NA slants and stored at 4 °C until future use.

Assessment of antagonistic capability 
of the endophytic bacteria against R. solanacearum

Antagonists and pathogenic bacteria were grown separately 
in 250 ml Erlenmeyer flasks containing 100 ml of sucrose 
nutrient broth and incubated at 28 °C for 48 h at 150 rpm. 
After incubation, the bacterial growth was centrifuged at 
10,000×g in sterile microcentrifuge tubes. The supernatant 
was discarded, and the bacterial cells were harvested. The 
bacterial cell density was adjusted to 108 CFU/ml using a 
spectrophotometer (at 600 nm). The antagonistic activity of 
ten endophytic bacterial isolates against R. solanacearum 
PHYRS3 was studied using the dual culture method based on 
a modified method described by Abo-Elyousr et al. (2012). 
Briefly, 100 μl of R. solanacearum PHYRS3 (108 CFU) was 
applied to the agar surface. After drying, 100 μl of each 
antagonist isolate (108 CFU) was individually pipetted into 
a 5 mm punch line from the same agar inoculated with the 
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pathogen. Streptomycin was used as the positive control. 
After two days of incubation at 28 °C, the antibacterial effect 
of the strain was monitored by measuring the diameter of the 
inhibition zone (mm).

Identification of the potent antagonistic endophytic 
bacteria

The most effective antagonistic bacterial isolate was chosen 
for identification by 16 s rRNA sequencing, based on a pre-
vious in vitro screening test.

DNA isolation

Genomic DNA was extracted from the endophytic bacterial 
isolates using a genomic DNA Prep kit (SolGent, Daejeon, 
Korea) according to the manufacturer’s instructions (Weis-
burg et al. 1991). The isolated DNA served as a template 
for the PCR amplification of the 16S rRNA gene. Universal 
bacterial primers 27F (5′-GTT TGA TCC TGG CTC AG-3) 
and 1492R (5′-TAC CTT GTT ACG ACT T-3) were used to 
amplify the complete 16S rRNA gene (Lane 1991).

PCR amplification

PCR amplification was conducted in a reaction volume of 
25 μl with 0.4 μM of each primer, 0.75 U of EF-Taq DNA 
polymerase from SolGent in Daejeon, Korea, 0.2 mM of 
each dNTP, 10–50 ng of the template DNA, and 1 × EF-
Taq reaction buffer. The thermocycling conditions were 
as follows: initial denaturation at 95 °C for 15 min, fol-
lowed by 30 cycles of 95 °C for 20 s, 50 °C for 40 s, and 
72 °C for 1.5 min, with a final extension step at 72 °C for 
5 min. The PCR product was then separated by 1.5% aga-
rose gel electrophoresis containing ethidium bromide with 
0.5 × Tris–acetate-EDTA (TAE) buffer and visualized using 
a UV illuminator (Saiki et al. 1988).

DNA sequencing

The PCR product was purified using a SolGent PCR puri-
fication kit (SolGent, Daejeon, Korea), according to the 
method of Sanger et al. (1977). The amplified 16S rRNA 
gene was sequenced using an ABI BigDye Terminator v3.1 
cycle sequencing kit (Applied Biosystems, Foster City, Cal., 
USA) and an ABI 3730XL DNA analyzer (Applied Biosys-
tems, Foster City, Cal., USA). A BLAST search (NCBI) was 
used to compare the incomplete 16S rRNA gene sequence 
with the full sequences available in the GenBank database 
to identify the bacterial strain. The sequences collected from 
the GenBank database, as well as the sequencing data, were 
deposited in GenBank under accession numbers. The phylo-
genetic analysis of the antagonistic bacterial endophyte was 

performed using the neighbor-joining method in BLAST 
pairwise alignments (Ulrich et al. 2005).

Effect of Bacillus cereus on diseases severity 
under greenhouse conditions

During the 2022 growing season, greenhouse trials were 
conducted in an open-air Experimental Greenhouse of 
Plant Pathology Department, Faculty of Agriculture, Assiut 
University, Assiut, Egypt. Potato seed tubers cv. Berema 
were surface-sterilized by soaking for 3 min in 2% sodium 
hypochlorite, rinsed completely with sterilized distilled 
water, and planted immediately in sterilized experimental 
pots (25 cm diameter) filled with 5 kg sterilized sandy-clay 
soil (3:1 w/w). Every 15 days, the plants were fertilized 
with 2 g of urea per pot and watered as needed. Four repli-
cates were set up for each treatment. After 45 days of plant-
ing, sterilized knives were used to cut the roots of potato 
plants along two sides (4–5 cm deep), and 20 ml of R. sola-
nacearum PHYRS3 suspension (108 CFU/ml) was added 
around the bases of each plant (Abd El-Wahed et al. 2023). 
Plants were inoculated with 20 ml sterile distilled water as 
a control. All potato plants were kept in a moist chamber at 
25 °C for 2 days after inoculation. Two days after inocula-
tion with the pathogen, 20 ml of B. cereus (108 CFU/ml) 
was added to the bases of the plants. Symptom development 
of bacterial wilt was observed after six weeks, and disease 
severity was recorded.

Disease assessment

Disease severity was recorded using the scale of Kempe 
and Siqueira (1983) follows: 0 = no symptoms, 1 = 1–25% 
of leaves wilted, 2 = 26–50% of leaves wilted, 3 = 51–75% of 
leaves wilted, 4 = more than 75%, less than 100% of leaves 
wilted, and 5 = all leaves wilted and died. The following 
equation was used to compute the percentage of disease 
severity, the disease severity percentage (DS%) was cal-
culated according to the formula described by Kempe and 
Siqueira (1983).

where ds is the disease rating for each plant, dsmax is the 
maximum disease rating possible, and n is the total number 
of plants observed in each replicate.

The disease‑suppression impact of Bacillus cereus 
under field conditions

The experiments were conducted at the experimental farm 
of the Faculty of Agriculture, Assiut University, Egypt. The 
treatment included four replicates, and the experiment was 

Disease severity(%) = [Sds∕dsmax × n)] × 100
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distributed in a completely randomized block design. The 
experimental plot area was 25 m2, consisting of five rows, 
each row was 4.5 m in length and separated by 0.5 m. Potato 
seed tubers cv. Berema were sowed 0.4 m apart in the center 
of the ridge. Thirty days after planting, 20 ml of B. cereus 
was drenched individually around each plant 48 h before 
inoculation with R. solanacearum PHYRS3 (108 cell/ml), 
as described in the greenhouse experiment. The plants were 
treated with 20 ml of distilled water as the infected con-
trol; in the healthy control, plants were not infected with the 
pathogen (Abo-Elyousr et al. 2017). Six weeks after inocula-
tion, the disease severity was determined according to Kura-
bachew and Wydra (2013). At harvest time (approximately 
110 days after planting), ten plants from each replicate were 
randomly selected to measure the total tuber yield (kg) per 
plant.

Biochemical analyses

The impact of B. cereus treatment on biochemical changes in 
potato plants infected with R. solanacearum PHYRS3 was 
examined. Total phenol content, salicylic acid, and enzyme 
activities were determined in potato plant leaves samples 
obtained at zero time, 2, 4, 6, and 8 days after inoculation.

Enzymes activities

To determine the activity of peroxidase (PO), polyphenol 
oxidase (PPO), phenylalanine ammonia-lyase (PAL), cata-
lase (CAT), lipoxygenase (LO), One-gram fresh weight of 
potato plant leaves were treated with liquid nitrogen and 
homogenized with 10 ml of 0.1 M Na-acetate buffer (pH 
5.2). The mixture was centrifuged at 1000×g for 30 min at 
4 °C, and enzyme activities were determined in the super-
natants (Rapp and Ziegler 1973). Four replicates were used 
for each treatment.

Peroxidase activity (PO)  The activity of peroxidase was 
measured spectrophotometrically according to Putter 
(1974), using guaiacol as a substrate. The reaction mixture 
consisted of 0.2 ml supernatant, 1 ml of 0.1 M Na-acetate-
buffer (pH 5.2), 0.2 ml of 1% guaiacol and 0.2 ml of 1% 
H2O2 after that incubated at 25 °C for 5 min, and then the 
absorbance was measured at 436 nm. The extraction buffer 
was used as blank. The change in absorbance was used to 
quantify enzyme activity, which was represented as enzyme 
per 1 mg protein.

Polyphenol oxidase (PPO) activity  Polyphenol oxidase was 
measured as proposed by Batra and Kuhn (1975) in a spec-
trophotometer (model 6405UV/VIS), recording changes 
in absorbance (410  nm) using 100  mM 4-methylcatechol 

as substrate and 0.2 M phosphate buffer pH 6.5 and repre-
sented as enzyme per 1 mg protein.

Phenylalanine ammonia‑lyase (PAL) activity  Phenylalanine 
ammonia-lyase activity was determined by mixing 0.5 ml of 
the supernatant, 2 ml of 50 mM Na-borate/HCl buffer (pH 
8.8), Mercapto ethanol, and 1 ml of 60 mM phenylalanine, 
followed by incubation at 37 °C for 2 h. The absorbance was 
measured spectrophotometrically at 290 nm using cinnamic 
acid as the standard (Silva et al. 2004).

Catalase activity  The catalase activity was determined 
according to the method described by Aebi (1984). The 
reaction mixture of 3 ml consisted of 0.05 ml extract, 1.5 ml 
phosphate buffer (100  mM buffer, pH 7.0), 0.5  ml H2O2, 
and 0.95 ml distilled water. Catalase activity was measured 
spectrophotometrically at 240 nm and expressed as μmol of 
H2O2 oxidized per minute per gram of FW.

Lipoxygenase activity  Lipoxygenase activity was deter-
mined by spectrophotometric measurement of the formation 
of conjugated dienes at 234 nm produced from linoleic acid 
(10 mM sodium linoleate; pH = 9) according to the method 
described by Axelrod et al. (1981). The LOX assay mixture 
consisted of 1 ml of 50 mM sodium phosphate buffer (pH 
6), 20 µL substrate, and 10 µL plant extract. Absorbance of 
the reaction mixture was recorded every 30 s for 3 min. A 
mixture containing the substrate and buffer was used as the 
blank for each sample. The activity was calculated using an 
extinction coefficient of 25 mM−1 cm−1.

Investigation of total phenol and salicylic acid contents

Preparation of  samples  One gram of potato leaves was 
mashed in liquid nitrogen and mixed with 10  ml of 80% 
methanol. The samples were centrifuged for 30 min at 4 °C 
and 1000×g. After the addition of ascorbic acid (0.1 g/5 ml), 
the pellet was discarded. The mixture was evaporated in a 
rotary evaporator for 5 min at 65 °C, and the procedure was 
repeated thrice. The residues were dissolved in 5 ml 80% 
methanol (Rapp and Zeigler 1973).

Total phenols content  Phenol content was measured using 
the Folin-Ciocalteu reagent, as described by Rapp and Zie-
gler (1973). The reaction mixture made of 0.02 ml methanol 
extract, 0.5 ml Folin reagent, 0.75 ml of 20% Na2CO3 solu-
tion and 8 ml water then incubated for one hour at 37 °C in 
water bath. The absorbance of the solution was measured 
spectrophotometrically at 767  nm, and the results were 
expressed as mg/g plant fresh weight using gallic acid as 
the standard. A blank sample containing methanol and the 
reagents was used as the negative control.
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Salicylic acid content  Salicylic acid content was measured 
using a spectrophotometer at 254 nm and expressed as µg 
salicylic acid/g plant material, according to the modified 
method described by Scott and Yamamoto (1994). A 500 µl 
homogenate sample was mixed with 250  µl of 10  N HCl 
and 1000 µl methanol, and then incubated in a water bath 
at 80 °C for 2 h. Next, the sample was neutralized with 4–5 
drops of 1 M NaHCO3 and 1000 µL methanol was added to 
the mixture.

Statistical analysis

All statistical analyses were carried out using the statistical 
package SPSS software version 27 (SPSS Inc., Chicago, IL, 
USA) and subjected to mean separation by the least signifi-
cant difference (LSD) test (P ≤ 0.05). Correlations between 
the disease-suppression effect of Bacillus cereus on bacte-
rial wilt and biochemical changes in potato plants were per-
formed using bivariate Pearson’s test at P ≤ 0.05 (Gomez 
and Gomez 1984).

Results

Antibacterial activity of some entophytic bacteria 
against the pathogen

Ten unknown isolates of bacterial endophytes were evalu-
ated against R. solanacearum PHYRS3 using the dual cul-
ture method, and the results showed that only one isolate had 
an inhibitory effect against the pathogen, causing an inhibi-
tion zone of 16 mm compared with streptomycin (1.0 mg/
ml), which caused an inhibition zone of 20 mm (Table 1).

Identification of the potent bacterial endophyte

According to the in vitro screening, the effective isolate was 
molecularly identified using 16S rRNA gene partial sequenc-
ing. The obtained sequence was submitted to GenBank under 
accession number OR484917. A phylogenetic analysis was 
performed using the maximum likelihood method in BLAST 
pairwise alignments. The isolate was identified as Bacillus 
cereus with 100% identity and 99% query coverage (Fig. 1).

Disease suppression capacity of Bacillus cereus 
on Ralstonia solanacearum‑inoculated potato plants

Greenhouse trial results showed that potato bacterial wilt 
severity, recorded 42 days post-inoculation, varied signifi-
cantly depending on treatment with Bacillus cereus. As 
shown in Fig. 2, a significant decrease in disease severity 
by 80.99% over pathogen-inoculated and untreated con-
trols was observed in potato plants cv. Berema infected 

with R. solanacearum and treated with B. cereus. In 
addition, a significant decrease in disease severity was 
observed in potato plants treated with B. cereus under field 
conditions. Decreases in bacterial wilt severity, of 41.67 
and 25.67% were noted in potato plants treated with B. 
cereus in the 2020/2021 and 2021/2022 seasons, respec-
tively (Fig. 3).

Effect of Bacillus cereus treatment on tuber yield 
of potato under field conditions

As presented in Fig.  4, treatment with Bacillus cereus 
resulted in a significant increase in tuber yield by 70% 
and 203% in both seasons, respectively (40.75 and 
18.58 ton ha−1, respectively), in pathogen-inoculated and 
untreated controls.

The influence of Bacillus cereus on production 
of activate defense‑related metabolites in potato 
plant

Salicylic acid

Figure 5 shows a significant increase in the salicylic acid 
content of potato plants compared with uninoculated and 
untreated controls, and Ralstonia solanacearum-inocu-
lated and untreated controls. SA accumulation increased 
2 days after inoculation of plants with the bioagents until 
the 8th day, and SA content in plants (4.033, 3.7, 3.74 and 
3.682 µg/g, respectively).

Table 1   In vitro inhibition of some entophytic bacteria against Ral-
stonia solanacearum PHYRS3 on nutrient agar

Values in the column followed by the same letter within a column are 
not significantly different as determined by the LSD test (P = 0.05)

Bacterial isolate Inhibition zone 
diameter (mm)

Unknown bacteria 1 0.33c

Unknown bacteria 2 0c

Unknown bacteria 3 0.33c

Unknown bacteria 4 16b

Unknown bacteria 5 0c

Unknown bacteria 6 0.33c

Unknown bacteria 7 0.67c

Unknown bacteria 8 0c

Unknown bacteria 9 0.33c

Unknown bacteria 10 0c

Streptomycin (1.0 mg/ml) 20a

Control 0c

LSD (P = 0.05) 1.39
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Total phenol content

Figure 6 displays that the total phenol content of potato 
plants treated with the endophytic bacteria was higher than 
that of uninoculated and untreated control and Ralstonia 
solanacearum-inoculated and untreated control plants after 
two days (4.2, 4.61, 5.1 and 5.01 mg/g, respectively).

Enzymatic activities

Application of Bacillus cereus led to a significant increase 
(P ≤ 0.05) in peroxidase, polyphenol oxidase, phenylalanine 
ammonia-layer, and lipoxygenase in potato plant leaves com-
pared with the control treatments (Table 2). The leaves of 
potato plants treated with B. cereus had peroxidase 2.65 and 
3.95 (unit/mg protein) 2 and 4 days after application, respec-
tively. Also, the level of polyphenol oxidase was 0.67 (unit/
mg protein) after 2 and 4 days from application. In addition, 
the levels of phenylalanine ammonia-layse were 122.6 and 

85 (unit/mg protein) 2 and 4 days after application, respec-
tively. Moreover, the leaves of the same treatment group had 
lipoxygenase 3.1, 3.2, 1.5 and 1.9 (unit/ mg protein) after 2, 
4, 6, and 8 days. In addition, the same treatment resulted in 
a significant decrease (P ≤ 0.05) in catalase by 2.585 (unit/
mg protein) after 4 days of application.

Correlation between the disease‑suppression 
impact of Bacillus cereus and resistance‑related 
enzymes in potato

The correlation coefficient between the disease-suppressive 
effect of B. cereus on bacterial wilt and resistance-related 
enzymes in potato plants was analyzed (Table 3). The results 
indicated that the disease-suppressive effect of B. cereus on 
bacterial wilt was significantly positively correlated with the 
activities of peroxidase, polyphenoloxidase, phenylalanine 
ammonia-lyse, and lipoxygenase (P ≤ 0.01), whereas it was 
negatively correlated with catalase (P ≤ 0.01).

Fig. 1   Phylogenetic analysis 
of the antagonistic bacterial 
endophyte identified as Bacillus 
cereus BR (accession number 
OR484917) according to the 
16S rRNA gene sequence 
database was performed using 
the neighbor-joining method in 
BLAST pairwise alignments
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Discussion

This study aimed to identify a bacterial endophyte that 
can control Ralstonia solanacearum in potato plants. Ten 
bacterial endophytes were isolated and evaluated using 
the dual culture method, and only one isolate showed an 

inhibitory effect against R. solanacearum. The isolate was 
identified as Bacillus cereus by partial sequencing of its 
16S rRNA gene (Clarridge 2004). The inhibitory ability 
of B. subtilis was demonstrated to be significantly higher 
than that of other bacteria (Basha et al. 2017). Previous 
studies have shown that B. cereus produces antimicrobial 
compounds, such as antibiotics and antifungal metabo-
lites, which inhibit the growth and development of R. 
solanacearum (Köberl et al. 2013). The srfA gene of B. 
subtilis was found to be related to the inhibition of R. sola-
nacearum, with significant changes in its transcription (Li 
et al. 2022). Previous studies have suggested that B. subti-
lis can be used as a biocontrol agent to effectively inhibit 

Fig. 2   Effect of Bacillus cereus on potato bacterial wilt after 87 days 
post-sowing in Ralstonia solanacearum-inoculated potato cv. Berema 
compared with untreated controls under open-air greenhouse condi-
tions. UC: Uninoculated and untreated controls; IC: Ralstonia solan-
acearum-inoculated and untreated controls. Results are presented as 
mean ± SE (n = 10, P ≤ 0.05). Bars sharing the same letter are not sig-
nificantly different according to the least significant difference (LSD) 
test (P ≤ 0.05)

Fig. 3   Effect of Bacillus cereus on potato bacterial wilt after 87 days 
post-sowing in Ralstonia solanacearum-inoculated potato cv. Ber-
ema, compared to untreated controls under field conditions. UC: 
Uninoculated and untreated control; IC: Ralstonia solanacearum 
inoculated and untreated control. Results are presented as mean ± SE 
(n = 10, P ≤ 0.05). Bars sharing the same letter are not significantly 
different according to least significant difference (LSD) test (at 
P ≤ 0.05)

Fig. 4   Effect of Bacillus cereus on tube yield of potato cv. Berema, 
under field conditions. UC: Uninoculated and untreated control; IC: 
Ralstonia solanacearum-inoculated and untreated control. Results 
are presented as mean ± SE (P ≤ 0.05). Bars sharing the same letter 
are not significantly different according to least significant difference 
(LSD) test (at P ≤ 0.05)

Fig. 5   Effect of Bacillus cereus application on salicylic acid con-
tent in potato plants after inoculation with Ralstonia solanacearum 
PHYRS3. UC: Uninoculated and untreated control; IC: Ralstonia 
solanacearum-inoculated and untreated control. Results are presented 
as mean ± SE (P ≤ 0.05). Columns with the same letter are not signifi-
cantly different (P ≤ 0.05)
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the growth of R. solanacearum through a bacteriostatic 
mechanism (Prihatiningsih et al. 2015, 2020). Addition-
ally, B. subtilis has been suggested to provide long-last-
ing protection against R. solanacearum in crops (Huang 
et al. 2016). The formulation of B. subtilis as a biocontrol 
agent should be considered in future field studies to sup-
press R. solanacearum wilt disease (Chandrasekaran et al. 
2016). The results of this study are essential because R. 

solanacearum is a pathogen responsible for bacterial wilt 
in potato plants, which causes significant losses in yield 
and quality. Our greenhouse and field trials demonstrated 
that B. cereus significantly reduces the severity of bacte-
rial wilt in potato plants infected with R. solanacearum. 
Additionally, the application of B. cereus led to a signifi-
cant increase in tuber yield in both the seasons, with a 
203% increase in the second season. These findings dem-
onstrated that B. cereus has a remarkable ability to control 
bacterial wilt caused by R. solanacearum in potato plants. 
Previous studies have indicated that B. subtilis B315 can 
be used for biocontrol of bacterial wilt and promotion 
of potato growth (Prihatiningsih et al. 2015). The use of 
B. cereus as a biological control agent in agriculture has 
several advantages. First, it is environmentally friendly 
and does not involve the use of harmful chemicals. Bacil-
lus cereus is a naturally occurring bacterium that is safe 

Fig. 6   Effect of Bacillus cereus application on total phenol contents 
(TPC) in potato plants after inoculation with Ralstonia solanacearum 
PHYRS3. UC: Uninoculated and untreated control; IC: Ralstonia 
solanacearum-inoculated and untreated control. Results are presented 
as means ± SE (P ≤ 0.05). Columns with the same letter are not sig-
nificantly different (P ≤ 0.05)

Table 2   Effect of Bacillus cereus treatment on enzyme activities of potato plants infected with Ralstonia solanacearum PHYRS3

Data with the same letter in the same column are not significantly different at P = 0.05

Treatment Day Peroxidase 
(unit/mg 
protein)

Polyphenoloxidase 
(unit/mg protein)

Phenylalanine 
ammonia-layse (unit/mg 
protein)

Catalase (unit/
mg protein /
min)

Lipoxygenase 
(unit/mg protein)

Bacillus cereus 0 1.37fg 0.11f 27g 2.993de 0.53h

2 2.65b 0.67ab 122.6b 3.105cd 3.1b

4 3.9a 0.67ab 85d 2.585g 3.9a

6 2.24c 0.42c 86.7d 2.074h 1.5d

8 1.71ef 0.44c 99c 2.921ef 1.9c

Mean 2.374 0.462 84.06 2.7356 2.186
Ralstonia solanacearum-inoculated 

and untreated
0 1.37fg 0.11f 27g 2.993de 0.53h

2 1.14g 0.09f 37f 2.86f 0.6gh

4 2.42bc 0.32d 82.4d 3.553b 0.8fg

6 2.5bc 0.62b 121.3b 3.152c 1.4d

8 2.77b 0.71a 143.4a 3.11cd 1.8c

Mean 2.04 0.37 82.22 3.1336 1.026
Uninoculated and untreated control 0 1.37fg 0.11f 27g 2.993de 0.53h

2 1.14g 0.09f 37f 2.86f 0.6gh

4 1.78de 0.20e 70e 3.862a 0.66fgh

6 2.23c 0.26de 71.8e 3.89a 0.9ef

8 2.14cd 0.24e 74.7e 3.989a 1.1e

Mean 1.732 0.18 56.1 3.5188 0.758
LSD (P = 0:05) 0.37 0.06 5.357 0.131 0.246

Table 3   Pearson correlation analysis between the disease-suppression 
impact of Bacillus cereus on bacterial wilt caused by Ralstonia solan-
acearum PHYRS3 and resistance-related enzymes in potato

Peroxidase Polyphe-
noloxidase

Phenylala-
nine ammo-
nialayse

Catalase Lipoxy-
genase

r 1.000** 1.000** 1.000** − 1.000** 1.000**
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for human consumption, making it an attractive alterna-
tive to chemical pesticides. Lastly, B. cereus is known to 
have beneficial effects on plant growth and development, 
making it a suitable candidate for use in sustainable agri-
culture. Previous investigations reported that B. subtilis 
has been shown to be an effective biocontrol agent against 
R. solanacearum in crops, and further studies are needed 
to optimize its mode of application and formulation for 
agricultural use (Basha et al. 2017; Puspita Saridewi et al. 
2020; Prihatiningsih et al. 2015; Prihatiningsih et al. 2020 
and Prihatiningsih et al. 2021). This study also investi-
gated the effect of B. cereus on the production of acti-
vated defense-related metabolites in potato plants. Lin 
et al. (2020) reported that Bacillus cereus enhances the 
production of defense-related reactive oxygen species 
and callose deposition in potato plants. Bacillus strains 
have also been shown to control plant diseases by pro-
ducing secondary metabolites (Hassan et al. 2009 and 
Ramarathnam et al. 2007). The results of the current study 
showed that the application of B. cereus increased salicylic 
acid and total phenol contents in potato plants. Moreover, 
it led to a significant increase in the activities of peroxi-
dase and polyphenol oxidase. Prior studies have suggested 
that B. cereus can regulate salicylic acid (SA) signaling 
pathways in plants, which could play a role in controlling 
bacterial wilt disease (Yang et al. 2023). The results of 
this study also indicate that the application of B. cereus 
to potato plants can enhance the production of activated 
defense-related metabolites, such as salicylic acid and total 
phenol, which are known to be involved in plant defense 
mechanisms. Furthermore, the significant increase in the 
activities of peroxidase and polyphenol oxidase observed 
in this study suggests that B. cereus can activate the plant’s 
defense system against R. solanacearum. This is in line 
with the findings of Dutta et al. (2013), who demonstrated 
that B. cereus strains have been shown to produce bio-
active metabolites that enhance defense-related enzymes 
and metabolites in plants, thereby potentially controlling 
diseases. This is in agreement with previous studies on the 
role of small RNAs in plant immune responses (Niu et al. 
2016). In conclusion, the findings of this study provide a 
promising strategy for controlling bacterial wilt caused by 
R. solanacearum in potato. The use of B. cereus as a bio-
logical control agent offers many advantages, and can lead 
to the development of sustainable agricultural practices. 
Further studies are needed to investigate the effectiveness 
of B. cereus in controlling other plant pathogens, and to 
determine its potential for commercial use in agriculture.
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