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ABSTRACT 

Pathogenic stress causes severe cellular damage and leads to plant diseases. Hydrogen cyanide (HCN)-

producing plant growth-promoting rhizobacteria (PGPR) may help to manage disease and significantly improve 

plant growth and physiological attributes in arid and semiarid environments. This study aimed to evaluate PGPRs 

against pathogen Ralstonia solanacearum (the real cause of bacterial wilt disease) as biocontrol agents and their 

role in improving tomato (Solanum lycopersicum) yield during 2023. Twenty PGPR strains were isolated from 

the root rhizosphere and assessed for plant growth-promoting traits i.e. indole-3-acetic acid (IAA), phosphate, 

potassium and zinc solubilization, as well as HCN and siderophore production. Seven PGPR strains were analyzed 

using 16S rRNA gene sequencing. The disc sensitivity technique was used to evaluate PGPRs against R. 

solanacearum under laboratory conditions with three replicates. Completely Randomized Design (CRD) was used 

to evaluate the PGPRs under greenhouse conditions with 3 replicates (5 plants per replicate). Pseudomonas 

aeruginosa was the most effective strain, inhibiting pathogen growth by 56% and reducing disease incidence. 

PGPR-treated tomato seedlings showed improvement in plant growth through increased plant height, root, shoot 

length and fruit production. HCN-producing PGPR (P. aeruginosa and Bacillus megaterium) enhanced plant 

immunity by increasing superoxide dismutase, peroxidase, and catalase enzyme levels. Mineral nutrition 

improved through enhanced solubilization of potassium, phosphorus and zinc under biotic stress. HCN-producing 

PGPRs enhance tomato yield by improving nutrient availability and inducing plant defense mechanisms. These 

findings highlight their potential as biocontrol agents for sustainable tomato production in arid and semiarid 

regions. 

KEYWORDS: Antioxidant enzymes, bacterial wilt, hydrogen cyanide production, mineral solubilization, plant growth-

promoting rhizobacteria, Solanum lycopersicum 

 

INTRODUCTION 

Bacterial wilt caused by Ralstonia solanacearum 

is a widespread, virulent tomato plant disease (Popoola 

et al., 2015). It causes yield losses in the field ranging 

from 10.8 to 90.6% depending on prevailing 

environmental conditions and the growth stage of crop. 

The wilt disease can appear at any growth stage of the 

plant; the symptoms are seen usually on foliar parts. At 

the earlier stages of the disease, wilting of the youngest 

leaves at the top of branches is observed. Before 

wilting, the lower leaves droop. As the disease 

develops, the entire plant wilts quickly. The bacterial 

ooze is seen when the lower stem is cut and squeezed. 

The sudden drooping of leaves without yellowing may 

be found if wet weather prolongs with high temperature 

(Singh, 2001).  

The pathogen (Ralstonia solanacearum) has wide 

ecological fitness and has the ability to infect more than 

200 plant species in over 50 families including a wide 

range of crop plants, ornamentals and weeds around the 

world. The pathogen is both soil-borne (Coutinho, 

2005) and water-borne (Pradhanang & Momol, 2001), 

infested soil and water bodies acts as reservoirs for 

primary inoculum. R. solanacearum  survives from 

months to years depending upon the physico-chemical 

property and microflora of the soil (Yadessa et al., 

2010). Several sustainable multidirectional approaches 

from the last couple of decades were adopted to 

minimize the defilement of the ecosystem and to use 

eco-friendly practices to encounter the food security 

challenge and control disease outbreaks (Gomiero, 

2019; Rehman et al., 2022). Remarkable advancements 
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have been made to decipher the effective capacity of 

different beneficial microorganisms to enhance crop 

production and ensure food security ultimately (Daniel 

et al., 2022). 

Plant growth promoting rhizobacteria (PGPRs) are 

a beneficial group of microorganisms that resides in the 

root rhizosphere and promote plant growth (Podile & 

Kishore, 2006; Saharan & Nehra, 2011; Verma et al., 

2010). Numerous studies have revealed a significant 

positive impact of PGPRs on the growth of vegetables 

(Gupta et al., 2018; Mekonnen & Kibret, 2021). 

PGPRs have shown significant potential in suppressing 

soil-borne pathogens and improving plant growth and 

crop productivity. Integrated disease management 

strategies involving PGPR, plant extracts and 

bactericides have also demonstrated effective pathogen 

suppression and enhanced plant performance under 

both axenic and field conditions (Usman et al., 2025). 

PGPRs are versatile in their actions and significantly 

impact on plant growth through a variety of 

mechanisms, both directly and indirectly (Dinesh et al., 

2015). Direct mechanisms involve root growth 

stimulation, biofertilization, rhizoremediation and 

plant stress control (Lugtenberg & Kamilova, 2009). 

Indirectly, reducing the disease severity and incidence 

through antibiosis (Beneduzi et al., 2012), nutritional 

competition (Saharan & Nehra, 2011), and induction of 

systemic resistance (Pieterse et al., 2003); that is the 

uniqueness of these microbes to enhance crop yield 

without disturbing the environment (Rawat et al., 

2020). The cost-effective, accurate and reliable 

genome sequencing helped greatly to identify these 

microbes (Olusanya, 2020). Mostly, the PGPRs strains 

having ability to inhibit the phytopathogen, are 

identified from Acinetobacter, Alcaligenes, 

Arthrobacter, Azospirillum, Azotobacter, Bacillus, 

Beijerinckia, Burkholderia, Enterobacter, Erwinia, 

Flavobacterium, Rhizobium and Serratia genera 

(Parthasarathy, 2008).  

The advancement in molecular and biochemical 

techniques facilitated our understanding of the 

underlying biological mechanisms adapted by PGPRs 

for disease suppression (Priya et al., 2021; Rai et al., 

2023). Surprisingly, the disease suppression 

mechanisms vary with the specific pathogen-plant 

interaction and even with the particular PGPR. PGPRs 

release antibacterial compounds to combat soil-borne 

pathogenic diseases caused by bacteria (Kenawy et al., 

2019; Xie et al., 2018), thus, having a direct impact on 

inhibiting the bacterial pathogen. The competition for 

nutrient(s) in the presence of PGPRs is challenging for 

the pathogen’s survival in the plant roots rhizosphere 

(Prasad et al., 2015). The siderophores producing 

PGPRs scavenge the iron (Fe) in the environment and 

hence the pathogen fails to continue Fe-dependent 

biological functions in its cell (Sayyed et al., 2012). 

The biofilm formed by Pseudomonas aeruginosa, 

Bacillus subtilis,  Pseudomonas fluorescens and 

Paenibacillus polymyxa and competes for dominancy 

in the rhizosphere arena, produce extra polysaccharides 

(EPS) as a barrier against pathogens diffusion through 

cell wall (Rafique et al., 2015). Furthermore, the 

PGPRs stimulate the growth of mycorrhizal fungi and 

other antagonistic microbes to suppress the pathogens 

population (Prasad et al., 2015; Siddiqui & Sayeed 

Akhtar, 2009). Interestingly, the unique ability to 

induce the jasmonic acid and ethylene hormones in 

plants confers systemic resistance against both soil and 

air-borne pathogens (Beneduzi et al., 2012).  

Since the R. solanacearum is a soil-borne 

pathogen also called “cancer of tomato” is difficult to 

control as it is systemic in its induction and also 

resistance by host plant is limited.  The concept of 

biocontrol of plant disease is through induction of 

systemic resistance in plants by other biological means. 

PGPRs are known to exhibit bio-control of parasite 

pathogens through antagonistic behavior for nutrient 

scavenging and boost plant metabolism through 

increased antioxidant enzymes. Fluorescent producing 

PGPR (P. aeruginosa) has broad spectrum control 

against plant pathogens. Similarly, sporulating gram 

positive bacteria like B. subtilis has also been used 

successfully for control of bacterial wilt disease 

through increased phosphate solubilization, IAA, HCN 

and siderophore production that ultimately enhanced 

induced systemic resistance in host plants (Mekonnen 

et al., 2022; Sun et al., 2023).  

Although P. aeruginosa isolated from plant 

rhizosphere demonstrated strong plant growth-

promoting and antagonistic properties in agriculture, 

exhibit significant genetic and functional differences 

from clinical isolates which is recognized as an 

opportunistic human pathogen (Moradali et al., 2017; 

Klockgether & Tümmler, 2017). Several researches 

have also revealed the plant growth-development and 

biocontrol potential of Pseudomonas species through 

production of antimicrobial metabolites and nutrient 

solubilization (Raaijmakers et al., 2010; Vessey, 

2003). As an endophytic bacterium, P. aeruginosa 

serves as non-pathogenic biocontrol agent that inhibits 

the R. solanacearum by producing phenazines 

(antimicrobial compounds) and enhancing systemic 

resistance through HCN (by targeting electron 

transport chain of pathogen) and siderophore 

production (Suansia & Senapati, 2022) 

Although several studies report PGPR-mediated 

suppression of bacterial wilt, limited information exists 

regarding the combined role of indigenous HCN-

producing rhizobacteria in modulating antioxidant 

defense and mineral uptake in tomato. Keeping in view 

the above facts, the present study lies in the integrated 

evaluation of indigenous PGPR isolates based on 

hydrogen cyanide production and mineral 

solubilization to enhance the potential of tomato plants 

to combat bacterial wilt stress under semi-arid 

environmental conditions through boosting antioxidant 

defense mechanism. This combined functional 

assessment under pathogen stress provides a 

comprehensive understanding of beneficial bacterial-

mediated disease repression leading to tomato growth. 
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MATERIALS AND METHODS 

Soil sampling and analysis: Rhizospheric soils were 

collected from chickpea, lentil, soybean, sorghum, 

wheat, maize and rice crops grown in Faisalabad 

district of Punjab, Pakistan. The collected soils were 

immediately transferred to an icebox and taken to the 

laboratory. Soil samples for glasshouse experiment 

were collected and analyzed for physico- chemical 

properties of soil. Soil pH was measured in 1:5 

suspensions in water and electrical conductivity (EC) 

of soil after extraction through vacuum pump (McLean 

& Page, 1983). Available potassium determined using 

1M NH4OAC extractant solution and analyzed on 

flame photometer (Rowell, 1994). Available P 

measured through Olsen P method after extraction with 

0.5M NaHCO3 with pH 8.5 (Olsen, 1954) and organic 

matter contents using method of Walkley (1947). Both 

the collected rhizospheric soil and experimental soil 

were alkaline in nature, free from salinity and sodicity 

with adequate potassium and phosphorus contents and 

lower in organic matter (Table 1).

 
Table 1. Physico-chemical properties of rhizospheric and experimental soils 

Parameters Unit Rhizospheric soil Experimental soil 

Texture Class Clay loam Clay loam 

pH  8.01 ± 0.24 7.99 ± 0.51 

EC dS m-1 1.72 ± 0.30 1.86 ± 0.04 

Organic matter g kg-1 0.63 ± 0.20 0.58 ± 0.004 

Available P mg kg-1 8.13 ± 0.13 8.25 ± 0.10 

Extractable K mg kg-1 180 ± 15.8 182 ± 14.9 

Values represent mean ± SE (n = 3). Means followed by different letters differ significantly at p ≤ 0.05 according to LSD test.  

Separation of PGPR: Almost 10 g moist soil was 

taken in 90 mL sterilized water to prepare 10-1 dilution 

after shaking for 10 min. Then serial dilutions were 

prepared up-to 10-10, followed by pouring of 10 µL of 

each dilution on petri plates containing King’s B (KB) 

agar medium having glucose, yeast, potassium and 

magnesium sources. The petri plates were transferred 

to the incubator at 28 oC (favorable for PGPRs) for 72 

hours. Diverse growth of rhizobacteria was produced 

on KB.  The single colonies were picked and further 

purified on NA/nutrient agar medium. Approximately 

20 bacterial bodies were selected and given specific 

identity strain codes for further biochemical analysis. 

Pure isolates were also preserved at -80 oC in cryovials 

in an ultra-low temperature freezer having 50% 

glycerol for inoculation purposes. 

Indole acetic acid/IAA and hydrogen cyanide/HCN 

production: The isolates were scanned for IAA 

production ability by the prescribed method of Bric et 

al. (1991). The 10 mL of sterilized peptone broth 

prepared using L-tryptophan (0.204 g), peptone (10 g), 

NaCl (5 g), beef extract (3 g) in deionized water (1 L) 

with pH 7 was injected with 100 µL of cell suspension 

into 25 mL cultural tubes and later kept in incubator for 

72 h at 28 oC. Subsequently 1.5 milli-Liter of this 

inoculated broth was processed through centrifugation 

at 12,000 rpm for 10 min. Later on, 1 mL of Salkowski 

color developing reagent (50 mL of 35% of perchloric 

acid, 1 mL of 0.5 M FeCl3 solution) added to 2 mL 

eppendorf tube having 1mL of the supernatant solution. 

The eppendorf tubes were then placed in dark under 

incubation at 37 oC for 1 hour. Uninoculated broth was 

used as negative control and standard IAA curve was 

prepared for quantification. Development of a pink 

color considered positive for hormone (IAA) 

production, and the bacterial growth density was 

measured through OD 520 nm using a 

spectrophotometer and interpreted from a standard 

graph curve to measure the IAA concentration in mL-1 

basis according to Sarwar and Kremer, 1995. 

The production of HCN by selected strains was 

assessed through modified method of Kloepper et al. 

(2004). Almost 25 µL bacterial cultures were used for 

inoculation of 100 mL KB broth spiked with of glycine 

(4.4 g L-1) in 250 mL of glass jars. Strips of sterilized 

filter paper first soaked in picric acid medium (12.5 g 

Na2CO3 + 2.5 g picric acid in 1 L deionized water) then 

hanged in the half of glass jars and tighten with 

screwcap. Parafilm sealed jars were kept under 

incubation for 72 hours in a mechanical shaker. The 

indication of strip color change from yellow to brown 

red was semi-quantitative positive sign for HCN 

production. For quantitative HCN measurement, the 

color was extracted by placing filter paper in distilled 

water (10mL) and read its absorbance at 625 nm on 

spectrophotometer to check the intensity of color 

(Reetha et al., 2014). 

Solubilization of minerals P, K, Zn: Dissolution test 

for P and K was done by using medium of 

Pikovskaya’s agar containing inorganic calcium 

phosphate (Pikovskaya, 1948) and Alexandrov agar 

medium containing mica (Hu et al., 2006). One drop of 

the 24-hour fresh bacterial culture was picked with 

loop and spotted at four equidistant spaces on the 

respective medium and placed under incubation at 28 
0C for 96 hours. Similarly zinc solubilization was 

measured on zinc solubilizing media amended with 

0.1% ZnO (Venkatakrishnan et al., 2003). The 

solubilization of phosphorus, zinc and potassium 

minerals was calculated by clearance zones around 

colonies. The solubilization index (SI) and 

solubilization efficiency (SE) were calculated using 

formula 
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SI =
Colony diameter (cm)  +  halozone diameter (cm)

Colony diameter
 

SE (%) =
Halozone diameter (cm)

Colony diameter (cm)
 x 100 

   

Quantitative phosphate solubilization was done by 

growing pure cultures of phosphate solubilizing 

microbes in liquid Pikovskaya’s (PVK)medium spiked 

with tricalcium phosphate; 80 mL of each broth was 

transferred to 100 mL conical flask. The broth was 

autoclaved at 121 oC for 20 min after maintaining pH 

7.0, after cooling add 1mL of pure culture to broth and 

incubate for 5 days under 30 oC with continuous 

shaking at 100 rpm. After that centrifuged at 5000 rpm, 

collect supernatant, filter and measure pH. 

Solubilization of phosphorus was measured at 

absorbance 880 nm and compute values by using 

KH2PO4 standards curve (Olsen, 1954). K-feldspar 

powder was added to liquid Alexandrov medium to 

assess the K-releasing ability of isolates. After 

maintaining pH 7.0 of Alexandrov liquid broth, 

autoclaved it at 121 oC for 20 min, inoculated with pure 

isolates and then kept under incubation for 7 days at 28 

± 2oC at 130 rpm shaking. The available K contents 

measured after centrifuged at 5000 rpm at 7th days for 

10 min in the supernatant using flame photometer. 

Calculate values of solubilized K concentrations using 

standards curve graph prepared with KCl salt. Drop in 

pH of broth was also measured on pH meter. Similarly, 

Burnt and Rovira’s 1 L broth spiked with 0.1% ZnO 

prepared for zinc solubilization, after maintaining pH 

7.0, broth was divided in 150 mL conical flasks 

containing 50 mL broth in each. Each flask was 

inoculated separately with each strain. After 10 days of 

incubation cells were removed by centrifugation. The 

collected supernatant was digested with di-acid 

mixture (HNO3 and HClO4) to measure quantity of 

soluble zinc on atomic absorption spectrophotometer.  

Siderophore production: Chrome Azurol S (CAS) 

assay was used for qualitative measurements of 

siderophores (Milagres et al., 1999). For spot 

inoculation for clearing zones around bacterial colonies 

was done at five equidistance places on the CAS-agar 

medium plate under incubation of 48 hours at (28 ± 2 
oC). Quantitative measurement of siderophore 

production was done following the prescribed method 

of the Chaiharn et al. (2009) and Kotasthane et al. 

(2017). For this purpose, about 0.5 mL of aliquots of 

culture (6 x 106 cfu/mL) grown on LB medium was 

added to 2 mL eppendorfs after 7 days of incubation 

and later centrifuged for 10 min at 10,000 rpm to get 

supernatant. After that, 0.5 mL of CAS reagent was 

added for color development in 0.5 mL of suspension 

samples and in blank. Finally, a color change was 

noticed and measured on colorimetry at 600 nm 

wavelength. The quantitative siderophore production 

in percentage (%) was calculated by using calculations 

as given below: 

% Siderophore unit =
Ar −  As

Ar
 x 100 

As= Absorbance of sample; 

Ar= Absorbance of Reference/blank 

Recognition of bacterial isolates: The identity of 

promising strains was checked through PCR analysis, 

later on confirmed through 16S rRNA analysis. For 

genomic DNA analysis of selected PGPR, protocol of 

Sambrook and David (2000) was used. The 16S rRNA 

gene was amplified using universal primer set 785F (5′-

GCATTAGATACCCTGGTA-3′) and 907R (5′-

CCGTCAATTCMTTTRAGTTT-3′) in a 25 µL 

reaction mixture containing 2.5 µL of 10× PCR buffer, 

0.5 µL of 10 mM dNTP mix, 0.5 µL of each primer (10 

µM), 1.5 µL MgCl₂ (25 mM), 0.1 µL Taq DNA 

polymerase (5 U µL⁻¹), 1 µL template DNA (100 ng 

µL⁻¹), and nuclease-free water added to make the final 

volume of 25 µL. The thermocycling conditions 

included an initial denaturation at 95 °C for 3 min, 

followed by 35 cycles of denaturation at 95 °C for 30 

s, annealing at 48 °C for 30 s, extension at 72 °C for 2 

min 10 s, and a final extension at 72 °C for 10 min 

using an Eppendorf Master cycler thermocycler. 

The final PCR product was recovered through 

0.8% agarose gel prepared in TAE/TBE buffer and 

after that purification with the elution kit (Sigma, 

India). The DNA sequencing was done through 

Macrogen Lab, Korea. Bacterial 

recognition/identification was done through 

comparison of the obtained sequences from Macrogen 

Lab. against those already deposited in the following 

public databases: Ribosomal Database Project II 

(RDPII) (https://rdp.cme.msu.edu/) using the Classifier 

program with 95% confidence (Wang et al., 2007) and 

GenBank from the National Center for Biotechnology 

Information (NCBI) (www.ncbi.nlm.nih.gov) by using 

the BLAST tool (Altschul et al., 1997). The 

phylogenetic tree of bacterial isolate showing 

similarity to sequences available in public databases 

was constructed using MEGA (Molecular evolutionary 

genetic analysis) XI software (Figure 1). Although 16S 

rRNA sequencing confirmed genus-level identity, 

additional molecular approaches are required for 

precise species confirmation. 

Isolation of the pathogen (R. solanacearum): A 

small portion of stem from infected plant was cut and 

macerated by pestle and mortar. The pathogen was 

isolated using serial dilution technique on Triphenyl 

Tetrazolium Chloride (TTC) culture media (casein 

hydrolysate 1 g, peptone 10 g, glucose 5 g, agar 15  g, 

and 2, 3, 5-triphenyl tetrazolium chloride -1% 5 mL) 

https://rdp.cme.msu.edu/
http://www.ncbi.nlm.nih.gov/
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(Kelman, 1954). The plates were wrapped with 

parafilm and kept under incubation at 28 oC for one day 

and night. For further purification, single bacterial 

colony was picked and streaked on fresh TTC 

containing petri plates. The isolated purified bacteria 

were later inoculated in test tubes containing LB media 

broth and then preserved in 50% sterilized glycerol in 

2 mL of eppendorfs for further studies. Pathogenicity 

of R. solanacearum was confirmed through re-

inoculation and symptom reproduction on healthy 

plants. 

In-vitro antagonistic potential of PGPRs: In-vitro 

antagonistic potential of PGPRs against R. 

solanacearum was checked through inhibition zone. 

For this purpose, fresh liquid culture of each PGPR and 

the R. solanacearum was prepared in Luria Bertani 

media and was incubated at 25 oC for 48 hours. The 

disc sensitivity technique (Bell, 1975) was used to 

evaluate the antibiotic potential of PGPRs against the 

R. solanacearum. The discs were dipped in PGPRs 

liquid cultures (6 x 106 cfu/mL) and positioned at the 

center of the petri plates containing Nutrient Glucose 

media (peptone salt 5 g, beef extract 3 g, NaCl 5 g, 

glucose 1 g, agar 15 g and water 1 L) medium 

inoculated with R. solanacearum. The plates were 

wrapped and incubated at 28 oC. The experiment was 

executed in Completely Randomized Design (CRD) 

with three replicates. The data was recorded by 

measuring the inhibition zones after 24 hours. 

Later on, the experiment was conducted at 

greenhouse of Plant Pathology Research Institute, 

Faisalabad in 2023 for measuring disease incidence 

percentage. The potting soil was sterilized by treating 

with 5 % formalin (formaldehyde-37%) at the rate 

1L/sq. ft and covered with polythene sheet. After a 

week, polythene sheet was removed and 12″ pots were 

filled with sterilized soil.  Prior to seven days of tomato 

seedling transplantation, 50 mL culture of the PGPR 

(108 CFU mL-1) and R. solanacearum was added in 

pots with measuring cylinder. In control, only sterilized 

broth was applied. The pots’ soil was adequately 

moistened with sterilized water. Healthy tomato 

seedlings of Nadir variety were taken from Vegetable 

Research Institute, Faisalabad and roots were dipped in 

PGPRs liquid culture (6 × 10⁶ CFU mL⁻¹) for half an 

hour before sowing. Each experimental treatment was 

replicated three times with five plants per experimental 

unit. Pots were arranged in CRD and repositioned 

weekly to minimize environmental variation. The pots 

were arranged and all the agronomic cultural practices 

were carried out. The disease data were recorded based 

on disease incidence (%). 

Disease Incidence (%)   =
No.  of infected plants

Total number of plants
 x 100 

Potential of PGPRs on physiological attributes: The 

experiment was executed in a greenhouse of Soil 

Bacteriology Section during 2023 to measure the 

potential of PGPR on physiological attributes of 

tomato. The 5 kg soil was sterilized with formalin (to 

lessen the effect of native microbes, to minimize the 

competition for added resources in soil and to see full 

potential of added inoculum) and added in the 30-40 

cm diameter and depth pots and moistened with 

sterilized water. 50 ml culture of the PGPR (6 x 106 

cfu/mL) was added in pots with measuring cylinder 

prior to seven days of tomato seedling transplantation. 

Sterilized broth was applied in control (uninoculated) 

pots. Healthy tomato seedlings of Nadir variety were 

treated with PGPRs liquid culture (6 x 106 cfu/mL) for 

half an hour before sowing. Experimental units were 

replicated thrice and CRD was adopted to analyze the 

data. The agronomic practices were carried out on all 

24 experimental units accordingly. At maturity of 

tomato plants, shoot height was taken from the collar 

portion to plant tip using a measuring scale. The shoot 

diameter was measured at three different locations of 

the stem using a Vernier caliper. The root fresh weight 

was recorded by cutting the roots from plants and 

weighed on digital weight balance. Fruits per plant 

were recorded by counting the number of fruits on each 

plant in the growing season. 

Biochemical Parameters of Plants: For analysis of 

biochemical parameters, 200 mg plant leaf extract was 

homogenized in 2 mL of 0.2 M potassium phosphate 

buffer (pH 7.8) and centrifuged at 15000 g and 4 oC for 

20 minutes. Then, the tissue extract was kept at -20 oC 

and antioxidant enzyme activities were measured 

within 48 hours of storage. Superoxide dismutase 

(SOD) activity was measured by the modified NBT 

(nitro blue tetrazolium) method (Giannopolitis & Ries, 

1977). The catalase (CAT) and peroxidase (POD) 

activity was measured by the method of (Chance & 

Maehly, 1955). 

Mineral analysis of plant materials: For mineral 

analysis, plant leaves were ground using a pestle and 

mortar. The samples were digested in HNO3, HClO4, 

H2SO4 at 10:4:1 ratio respectively (Wolf, 1982). The K 

and Fe concentrations were measured through an 

atomic absorption spectrophotometer (Soltanpour et 

al., 1976). To measure the P in tomato plant leaves, 

chlorostannous molybdophosphoric blue color 

technique in H2SO4 was used (Chapman & Pratt, 1961). 

Statistical analysis: All experimental values were 

analyzed through analysis of variance (ANOVA) using 

Statistix 8.1 software. Experimental application means 

were contrasted using Least Significant Difference 

(LSD) test at p ≤ 0.05 significance level. Data are 

presented as mean ± standard error (SE) and statistical 

significance levels are indicated in tables and figures.  

RESULTS  

Molecular identification of bacterial strains: The 

seven efficient strains were identified through 16S 

rRNA sequencing. The results revealed that isolate 

coded 2.3 showed 100% sequence similarity with P. 

aeruginosa strain VSS6 (accession # KJ528948.1), 

isolate coded as 3.2 showed 99% sequence similarities 
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with Agrobacterium fabrum strain SLAJ731 (accession 

# KX500242.1), isolate coded as 6.2 showed 100% 

similarities with Pseudomonas putida strain RC5.2 

(accession # PP905304.1), isolate coded as 9.2 showed 

99.79% similarities with B. megaterium strain DSM32 

(accession # KJ476721.1), isolate coded as 10 showed 

100% similarities with Cytobacillus firmus strain 

NBRC (accession # OK083589.1), isolate coded as 11 

showed 99% sequence similarities with Enterobacter 

cloacae (accession # KX242267.1) and isolate coded 

as 12 showed 99% similarities with Delftia 

acidovorans BGW1 (accession # EU195867.1). All 

bacterial sequences were submitted to GenBank on 

NCBI website after downloading FASTA files, which 

are accessible through accession numbers OR741775.1 

(P. aeruginosa), OR553483.1 (A. fabrum), 

OR553480.1 (B. megaterium), PX496465.1 (P. 

putida), OR741774.1 (C. firmus), OR559983.1 

(Enterobacter cloacae) and OR741773.1 (Delftia 

acidovorans) respectively (Table 2). Later on, 

phylogenetic tree was constructed using molecular 

techniques of MEGA XI software (Figure 1).   

Characterization of bacterial isolate for plant 

growth promoting trait: Twenty different gram 

positive and gram-negative bacterial strains were 

isolated from rhizosphere soils adhering to plant roots. 

All the 20 bacterial strains were characterized on the 

basis of plant growth promoting ability and only 7 were 

highly potent PGPR strains based on phytohormones, 

siderophore and hydrogen cyanide production. High 

IAA contents were produced by P. aeruginosa (2.3), 

followed by B. megaterium (9.2) and P. putida (6.2). 

Similarly, high siderophore contents were produced by 

B. megaterium (9.2) followed by P. aeruginosa (2.3) 

and Delftia acidovorans (12). P. aeruginosa (2.3), B. 

megaterium (9.2), C. firmus (10), E. cloacae (11) and 

D. acidovorans (12) showed maximum HCN 

production with OD620nm values of: 0.095, 0.088, 0.066, 

0.079 and 0.089, respectively (Table 2). All strains 

found positive for P solubilization with P. aeruginosa 

maximum solubilizer of insoluble P mineral (Table 3).  

Table 2. Plant growth promoting traits of different microbial isolates 

Isolate IAA (mg L-1) Siderophore SU (%) HCN OD 625 nm GenBank ID # 

P. aeruginosa  2.18 ± 0.07a 38.9 ± 0.88b 0.095 ± 0.0015 a OR741775.1 

A. fabrum  2.01 ± 0.04a 24.4 ± 0.49f 0.015 ± 0.0012d OR553483.1 

P. putida  2.11 ± 0.05a 31.6 ± 0.46d 0.012 ± 0.0009d PX496465.1 

B. megaterium  2.15 ± 0.01a 41.7 ± 0.55a 0.088 ± 0.0035ab OR553480.1 

C. firmus  2.09 ± 0.04a 26.7 ± 0.46e 0.066 ± 0.0026c OR741774.1 

E. cloacae  1.18 ± 0.05b 22.5 ± 0.55g 0.079 ± 0.0059bc OR559983.1 

D. acidovorans  1.08 ± 0.06b 35.0 ± 0.64c 0.089 ± 0.0031ab OR741773.1 

IAA: Indole acetic acid equivalents (mg L-1), SU: siderophore unit percentage, OD: optical density of different coded isolates 

measured at 625nm for Hydrogen Cyanide production, ID: Identity number of GenBank on NCBI website. Values represent 

mean ± SE (n = 3). Means followed by different letters differ significantly at p ≤ 0.05 according to LSD test. 

 

 
Figure 1. Phylogenetic tree constructed using the Neighbor-Joining method based on 16S rRNA gene sequences showing 

evolutionary relationships among different isolates and their reference strains.  

https://www.ncbi.nlm.nih.gov/nucleotide/PP905304.1?report=genbank&log$=nucltop&blast_rank=9&RID=SGKBD0K8014
https://www.ncbi.nlm.nih.gov/nucleotide/OK083589.1?report=genbank&log$=nucltop&blast_rank=1&RID=SGK5YN9C016
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 Data in table 3 showed maximum phosphorus 

solubilization index and efficiency was shown by P. 

aeruginosa and B. megaterium.  Similarly, maximum 

(655 mg L-1) solubilized p was found in P. aeruginosa 

broth due to drop in pH from 7 to 5.4. Potassium 

solubilization index (KSI), potassium efficiency (KE) 

and quantity of solubilized K concentrations are given 

in Table 4. Data revealed that as the pH of broth drop 

from 7 due to microbial activities, the KSI and KSE of 

insoluble K by microbes increases with increase in 

available K contents. P. aeruginosa, B. megaterium 

and C. firmus statistically at par in case of KSI. 

Similarly, maximum K contents (21.6 mg L-1) were 

solubilized by P. aeruginosa followed by C. firmus 

(15.8 mg L-1) as pH drop was same in both cases (Table 

4). Qualitative and quantitative estimation of zinc 

solubilization showed that maximum zinc 

concentration, drop in pH, solubilization index and 

solubilizing efficiency were shown by P. aeruginosa 

(Table 5).

Table 3. Qualitative and quantitative test for insoluble phosphorus solubilization 

Isolate Colony diameter 

(cm) 

Halozone diameter 

(cm) 

PSI PSE 

(%) 

P Conc. 

(mg L-1) 

pH 

P. aeruginosa  0.51 ± 0.03d 2.6 ± 0.05d 6.2 ± 0.11a 5.2 ± 0.10ab 655 ± 50.7a 5.4 ± 0.43b 

A. fabrum  3.80 ± 0.05a 6.8 ± 0.10a 2.8 ± 0.04d 1.8 ± 0.72e 427 ± 15.5c 6.5 ± 0.45a 

P. putida  1.00 ± 0.08c 1.1 ± 0.06g 2.1 ± 0.12e 1.1 ± 0.06f 410 ± 12.7c 6.1 ± 0.97ab 

B. megaterium  0.50 ± 0.03d 2.9 ± 0.04c 6.5 ± 0.47a 5.5 ± 0.13a 559 ± 48.0b 5.8 ± 0.10ab 

C. firmus  0.50 ± 0.03d 2.3 ± 0.08f 5.5 ± 0.11bc 4.5 ± 0.31cd 630 ± 16.6a 5.5 ± 0.13b 

E. cloacae  1.20 ± 0.04b 4.9 ± 0.07ab 5.1 ± 0.11c 4.0 ± 0.21d 510 ± 10.0b 6.5 ± 0.58a 

D. acidovorans  0.50 ± 0.03d 2.4 ± 0.05e 5.8 ± 0.08b 4.9 ± 0.25bc 620 ± 31.2a 5.6 ± 0.51b 

Colony and halozone diameter, PSI: phosphorus solubilizing Index, KSE: potassium solubilizing efficiency, available 

phosphorus concentration (mgL-1), and drop in pH of liquid medium by different isolates. Values represent mean ± SE (n = 

3). Means followed by different letters differ significantly at p ≤ 0.05 according to LSD test.   

Table 4: Qualitative and quantitative test for insoluble potassium solubilization 

Isolate Colony diameter 

(cm) 

Halozone diameter 

(cm) 

KSI KSE 

(%) 

K Conc. 

(mg L-1) 

pH 

P. aeruginosa  0.6 ± 0.03c 0.1 ± 0.38cde 6.8 ± 0.31a 5.7 ± 0.37a 21.6 ± 1.02a 5.4 ± 0.35b 

A. fabrum  0.8 ± 0.09ab 3.6 ± 0.31bc 5.4 ± 0.22b 4.4 ± 0.36bc 9.2 ± 0.57d 6.6 ± 0.49a 

P. putida  0.7 ± 0.12bc 2.5 ± 0.31e 4.7 ± 0.26c 3.7 ± 0.38c 8.5 ± 0.64d 6.2 ± 0.61ab 

B. megaterium  0.8 ± 0.06ab 4.7 ± 0.17a 6.7 ± 0.20a 5.7 ± 0.39a 12.5 ± 1.51c 5.7 ± 0.05ab 

C. firmus  0.5 ± 0.02c 2.9 ± 0.06de 6.6 ± 0.45a 5.6 ± 0.27a 15.8 ± 0.82b 5.4 ± 0.35b 

E. cloacae  0.8 ± 0.12ab 3.4 ± 0.13bcd 5.2 ± 0.08bc 4.2 ± 0.12bc 12.4 ± 0.86c 5.5 ± 0.11b 

D. acidovorans  0.9 ± 0.04a 3.9 ± 0.18b 5.6 ± 0.16b 4.6 ± 0.57b 10.1 ± 1.02d 6.1 ± 0.79ab 

Colony and halozone diameter, KSI: potassium solubilizing Index, KSE: potassium solubilizing efficiency, available potassium 

concentration (mgL-1), and drop in pH of liquid medium by different isolates. Values represent mean ± SE (n = 3). Means 

followed by different letters differ significantly at p ≤ 0.05 according to LSD test.  

Table 5: Qualitative and quantitative test for insoluble zinc solubilization 

Isolate Colony Diameter 

(cm) 

Halozone Diameter 

(cm) 

ZSI ZSE (%) Zn conc. (mg 

L-1) 

pH 

P. aeruginosa  0.53 ± 0.02a 2.3 ± 0.20a 5.6 ± 0.06a 4.6 ± 0.03a 62 ± 1.23a 5.4 ± 0.11d 

A. fabrum  0.46 ± 0.03c 1.2 ± 0.01d 3.2 ± 0.03e 4.4 ± 0.03b 42 ± 1.52d 6.4 ± 0.36ab 

P. putida  0.41 ± 0.01d 0.9 ± 0.03e 3.2 ± 0.03e 4.1 ± 0.03c 37 ± 0.65c 6.9 ± 0.29a 

B. megaterium  0.51 ± 0.03ab 2.2 ± 0.10a 5.4 ± 0.06b 4.1 ± 0.03c 46 ± 1.36c 5.8 ± 0.08cd 

C. firmus  0.46 ± 0.02c 1.9 ± 0.05b 5.1 ± 0.04c 3.8 ± 0.06d 45 ± 1.02cd 5.6 ± 0.12d 

E. cloacae  0.41 ± 0.01d 1.6 ± 0.02c 4.8 ± 0.06d 2.2 ± 0.03e 43 ± 1.59d 6.3 ± 0.46a-c 

D. acidovorans  0.36 ± 0.03e 1.4 ± 0.01c 5.0 ± 0.02c 2.1 ± 0.03e 52 ± 1.04b 5.8 ± 0.49b-d 

Colony and halozone diameter, ZSI: zinc solubilizing Index, ZSE: zinc solubilizing efficiency, available zinc concentration 

(mgL-1), and drop in pH of liquid medium by different isolates. Values represent mean ± SE (n = 3). Means followed by different 

letters differ significantly at p ≤ 0.05 according to LSD test.  

 

Relative efficacy of PGPRs: A significant difference 

in PGPRs efficacy was seen to inhibit the R. 

solanacearum. After 24 hours, P. aeruginosa was the 

most significant to inhibit the pathogen’s growth as 

compared to the others. A. fabrum was the second most 

effective PGPR in inhibiting the pathogen’s growth. 

No significant difference in antibacterial efficacy was 

observed between P. putida and B. megaterium. The 

inhibiting efficacy of these PGPRs (P. putida and B. 

megaterium) against R. solanacearum was less 

compared to P. aeruginosa and A. fabrum however was 

more as compared to the other ones. D. acidovorans 

was found least effective PGPR to inhibit bacterial 

growth of R. solanacearum but was effective as 

compared to the control (Table 6). 

In greenhouse, the efficacy of PGPRs differed 

significantly against bacterial wilt disease caused by R. 

solanacearum. P. aeruginosa was found most effective 

in lowering the disease incidence as compared to the 

other PGPRs and control treatments. A. fabrum was the 
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second one most effective for disease management. C. 

firmus was found less effective as compared to P. 

aeruginosa, A. fabrum, P. putida and B. megaterium. 

No difference in between the efficacy of E. cloacae and 

D. acidovorans was recorded, however, were found 

more effective as compared to the control (Figure 2). 

Table 6. Relative efficacy of different PGPRs against R. solanacearum under lab conditions 

PGPRs Code Inhibition zone (cm) 

P. aeruginosa 2.3 2.4 ± 0.31a 

A. fabrum 3.2 2.1 ± 0.41b 

P. putida 6.2 1.7 ± 0.22c 

B. megaterium 9.2 1.7 ± 0.26c 

C. firmus 10.2 1.5 ± 0.14d 

E. cloacae 11 1.2 ± 0.26e 

D. acidovorans 12 0.7 ± 0.19f 

Control 0 0.0 ± 0.00g 

Inhibition zone produced by PGPR against R. solanacearum after 24 hours of incubation. Values represent mean ± SE (n = 

3). Means followed by different letters differ significantly at p ≤ 0.05 according to LSD test 

Figure 2: Relative potential of different PGPRs to manage bacterial wilt disease in greenhouse conditions with LSD: 1.73 

at α=0.05. 
 

Effect of PGPR on physiological parameters of 

plant: A significant difference in shoot length was 

observed in PGPRs applied tomato plants. Maximum 

shoot length (152.6 cm) was recorded where P. 

aeruginosa was applied. A. fabrum applied tomato 

plants were less in shoot length as compared to P. 

aeruginosa applied plants but were more efficient as 

compared to the other PGPR treated plants in 

increasing shoot length of tomato. No significant 

difference in shoot length (142 cm) was recorded 

between P. putida, and B. megaterium treated plants, 

however, their shoot length was more as compared to 

C. firmus, B. megaterium and E. cloacae applied 

tomato plants. C. firmus applied tomato plants’ shoot 

length was more from E. cloacae and D. acidovorans. 

E. cloacae was found second least effective in 

enhancing the shoot length of the tomato plants. D. 

acidovorans applied plants’ shoot length were found 

least as compared to the others PGPRs applied plants 

but was more as compared to the control (Table 7). P. 

aeruginosa was found the only one to increase the 

shoot diameter of the tomato plants. No difference in 

shoot diameter was recorded in the remaining PGPRs 

applied plants (Table 7). 

Root fresh weight of tomato plants significantly 

increased with the application of PGPRs. P. 

aeruginosa application was found most effective in 

enhancing the root fresh weight (57 g) of the tomato 

plants. A. fabrum was the second most effective PGPR 

to increase the root fresh weight (48.33 g). No 

statistically significant difference in root fresh weight 

of tomato plant was recorded where P. putida, and B. 

megaterium were applied. However, their efficacy in 

enhancing root fresh weight was more as compared to 

D. acidovorans. D. acidovorans applied tomato plant 

roots were found least efficient in increasing fresh 

weight (41.37 g) as compared to the other PGPRs 
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applied tomato plants, however, were more when 

compared to control plants (Table 7). 

A significant difference in fruit production was 

recorded among PGPR-applied plants. The maximum 

number of tomatoes (26) were counted where P. 

aeruginosa was applied. A. fabrum applied plants 

produced a smaller number of fruits (24) as compared 

to P. aeruginosa applied plants, however, were more 

as compared to other PGPRs applied plants. P. putida 

was found third most effective in enhancing fruit 

production (22) in tomato plants. No significant 

difference in number of tomatoes were seen between 

C. firmus and E. cloacae applied plants. D. 

acidovorans applied plants produced the least number 

of fruits as compared to the other PGPRs, however, 

were more in numbers when compared with the control 

(Table 7).  

Table 7: Comparative potential of different PGPRs to enhance the physiological parameters of tomato plants 

Treatments Shoot Length  

(cm) 

Shoot diameter  

(cm) 

Root Fresh Weight  

(g) 

Fruits per plant 

P. aeruginosa 152.7 ± 3.35a 1.64 ± 0.03a 57.0 ± 3.4a 26.0 ± 0.8a 

A. fabrum 148.0 ± 4.65b 1.45 ± 0.03b 48.3 ± 1.9b 24.0 ± 1.2b 

P. putida 142.6 ± 1.25c 1.34 ± 0.04b 43.0 ± 1.4e 22.0 ± 1.2c 

B. megaterium 149.3 ± 2.84c 1.34 ± 0.01b 43.2 ± 2.4e 20.0 ± 1.9d 

C. firmus 139.3 ± 3.84d 1.35 ± 0.02b 43.8 ± 2.7d 18.0 ± 0.9e 

E. cloacae 131.1 ± 1.52e 1.33 ± 0.04b 45.2 ± 1.5c 18.0 ± 1.2e 

D. acidovorans 129.12 ± 1.50f 1.34 ± 0.05b 41.4 ± 1.4f 17.0 ± 1.1f 

Control 112.3 ± 2.18g 1.31 ± 0.03b 37.3 ± 0.9g 15.0 ± 0.8g 

LSD 1.4 0.17 0.73 0.52 

Values represent mean ± SE (n = 3). Means followed by different letters differ significantly at p ≤ 0.05 according to LSD test. 

 

Effect of PGPR on the activity of antioxidant 

enzymes under stress: Superoxide dismutase (SOD), 

Peroxidase (POD) and catalase (CAT) concentrations 

significantly differed in tomato plants’ leaves where 

PGPRs applied. Maximum SOD, POD and CAT 

concentrations were measured in P. aeruginosa applied 

tomato plant leaves as compared to other PGPRs and 

control. A. fabrum applied tomato plant leaves were 

less in SOD, POD and CAT concentrations as 

compared to P. aeruginosa applied tomato plant 

leaves, however, were more in concentrations as 

compared to other PGPRs applied plant leaves. No 

significant difference in SOD, POD and CAT 

concentrations were recorded among P. putida, B. 

megaterium and C. firmus applied plant leaves 

however their concentrations were more as compared 

to E. cloacae and D. acidovorans applied plants’ 

leaves. E. cloacae and D. acidovorans applied plants’ 

leaves were statistically the same in SOD and POD 

concentration, however, E. cloacae   plants’ leaves 

were more CAT concentration compared to D. 

acidovorans applied plants. In control, where no PGPR 

was added, the concentrations of SOD, POD and CAT 

concentrations were the lowest as compared to the 

PGPRs applied plants (Figure 3). 

Effect of PGPR on the mineral analysis of plant 

material under stress: Phosphorus (P) concentration 

in tomato leaves significantly varied where PGPRs 

were applied. The maximum concentration of Fe was 

measured in P. aeruginosa applied tomato plants. A. 

fabrum was the second most effective in enhancing P 

concentration in tomato leaves. P. putida applied 

tomato plant leaves were more in concentration as 

compared to B. megaterium, C. firmus, E. cloacae and 

D. acidovorans treatment plants. No significant 

difference in P was recorded among C. firmus, E. 

cloacae and D. acidovorans applied tomato leaves.   

A significant difference in Iron (Fe) concentration 

was recorded in PGPRs applied to tomato leaves. P. 

aeruginosa applied tomato leaves were highest in Fe 

concentration as compared to other PGPRs applied 

plant leaves. A. fabrum was the second most effective 

PGPR to enhance the Fe contents in tomato leaves. P. 

putida and B. megaterium ranked 3rd and 4th 

respectively among tested PGPRs to increase the iron 

contents in tomato plants. No significant difference in 

Fe concentration was recorded in tomato leaves where 

C. firmus and E. cloacae was applied. D. acidovorans 

was the least effective in enhancing the Fe contents in 

leaves, however, were more to control treatment.   

Potassium (K) contents significantly increased in 

tomato plants where PGPRs were applied. Maximum 

K concentration was found in P. aeruginosa applied 

tomato plant leaves. A. fabrum applied tomato plant 

leaves were less in concentration as compared P. 

aeruginosa applied plant leaves. P. putida was found 

third most effective PGPRs to enhance K concentration 

in tomato leaves as compared to other ones. B. 

megaterium was at 4th rank among tested PGPRs to 

enhance the K contents in tomato leaves. The K 

contents in C. firmus applied tomato leaves were lower 

in concentration as compared to P. aeruginosa, A. 

fabrum, P. putida and B. megaterium applied tomato 

leaves, however, were more with respect to E. cloacae, 

D. acidovorans and control treatments tomato plants. 

E. cloacae were the second least effective and D. 

acidovorans was the least one among evaluated PGPRs 

to enhance K contents in tomato leaves (Figure 4).  
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Figure 3:  Comparative efficacy of different PGPRs to enhance antioxidants; a) Superoxide dismutase (SOD) LSD: 

1.07, b) Catalase (CAT) LSD: 0.88, c) Peroxidase (POD) LSD: 1.42 at α=0.05. 
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Figure 4: Potential of different PGPRs to enhance different element concentration in tomato plants; a) K: Potassium 

contents, b) P: Phosphorus contents, c) Fe: iron contents with 0.32, 0.26 and 10.07 LSD values respectively at α=0.05. 

DISCUSSION 

The ailment of terrestrial and aquatic ecosystems 

by the use of chemicals around the globe has compelled 

us to find eco-friendly approaches to manage plant 

diseases. The HCN production is a novel ability of the 

PGPRs which increases the in biotic and abiotic 

environments (Ahl et al., 1986; Flury et al., 2017; 

Siddiqui et al., 2006). These secondary metabolite 

production initiates at the end of the exponential phase 

and the start of the stationary phase, the synthesis starts 

by the oxidation of the glycine (Laville et al., 1998). 

From the present study, we found that all the PGPRs 

had the potential to inhibit bacterial pathogen in lab 

conditions. The strong bactericidal ability of HCN 

produced by PGPRs against plant pathogens has been 

revealed in the last few decades (Michavila et al., 

2017). All the PGPRs used in this study were found to 

produce the HCN, however, their concentrations 

varied.  P. aeruginosa was found most prominent 

among the other PGPRs to inhibit the pathogen’s 

colony growth and its HCN production was also high. 

A positive correlation was observed between the HCN 

production and the inhibition efficacy from this study. 

For instance, C. firmus was ranked among the highest 

HCN produced PGPRs and was more to P. putida, 

however, the efficacy to inhibit the pathogen’s growth 



J. Micro. Sci. Vol. 5(1), 01-17, 2026,  Ehsan et al., 

www.isciencepress.com 

12 

was less as to P. putida. The speculates that the other 

secondary metabolites despite HCN production may 

contribute to disease suppression along with multiple 

PGPR-mediated mechanisms.  

In greenhouse conditions, in our study, all the 

PGPRs were found effective in lowering the disease 

incidence. R. solanacearum is a soil-borne plant 

pathogens (Wang et al., 2023), the survival time 

directly relates with the physicochemical properties of 

the soil (Messiha et al., 2009).  The PGPRs are versatile 

microbes, a variety of mechanisms have been 

deciphered of these microbes to manage the plant 

pathogens in vivo (Beneduzi et al., 2012). PGPRs are 

ectophytic and endophytic and manage the plant 

diseases directly and indirectly (Koul et al., 2019). 

Pseudomonads are unique, most commonly produce 

compounds which are essential in biocontrol 

mechanisms including pyrrolnitrin, pyoluteorin, and 

phenazine-1-carboxylic acid (PCA), 2, 4-

diacetylphloroglucinol (DAPG), phenazine-1-

carboxamide, lipopeptides,  (Dimkić et al., 2022). 

Furthermore, PGPRs compete for the nutrients i.e. 

siderophore that  deprive the pathogen from the iron, 

thus, the soil inhibiting R. solanacearum fails to get the 

essential element necessary for metabolic function and 

population significantly effects (Sayyed et al., 2012). 

Bacillus form the biofilm in around the roots and 

prevents the pathogen to colonize on plant’s roots (Bais 

et al., 2004). Despite having a direct impact against 

pathogens, these play a pivotal role to trigger and 

enhance systemic acquired resistance against plant 

pathogens (Meena et al., 2020).  

From the present study, all the PGPRs 

significantly enhance the plant growth physiological 

parameters.  Pseudomonas and Bacillus produce 

auxins, particularly Indole Acetic Acid (IAA), which 

directly influences cell elongation and division in plant 

shoots. Higher auxin levels lead to enhanced shoot 

growth and elongation. Patani et al. (2023) applied B. 

firmus (NCT1), B. cereus (LAT3), B. pumilus (NCT4), 

B. licheniformis (LCT4) and B. safensis (LBM4) and 

found significant increase in tomato plant’s 

physiological parameters like seedling growth and 

plant height. Furthermore, it also plays a significant 

role in stimulating root elongation, lateral root 

formation, and root hair development (Wang et al., 

2020), thus ultimately increase the root fresh weight of 

the plants (Zafar et al., 2012). Suansia and Senapati 

(2023) treated tomato seeds with P. aeruginosa strain 

OD13 and found a significant increase in root length, 

shoot length, fresh weight and dry weight of tomato 

plants 

Bacillus spp. produce cytokinin (Sansinenea, 

2019) that promotes cell division and shoot formation 

and delays leaf senescence which contributes to 

prolonged shoot growth and root tissues leading to 

enhanced root fresh weight and biomass (Walia et al., 

2014). Sitlaothaworn et al. (2023) evaluated fifty 

endophytic bacteria and found promising results of P. 

putida LSG1 for significant increased root length. 

Moreover, PGPRs ameliorate the root’s architecture 

which promote lateral root formation and increase root 

hair density, this increase the root fresh weight and root 

surface area (Ehsan et al., 2023; Gamalero et al., 2004; 

Ijaz et al., 2023; Iqbal et al., 2023).  

By the pathogen attack, the oxidative stress in the 

plant increase tremendously due to increase in 

superoxide radicals (Larson, 1995).  A significant 

increase in Superoxide dismutase (SOD), Peroxidase 

(POD) and catalase (CAT) was seen by the PGPRs 

used in this study when compared to the control 

treatment. Superoxide dismutase (SOD) converts 

superoxide to O2 and hydrogen peroxide (H2O2) (Jatoi 

et al., 2016; Jatoi et al., 2019; Khan et al., 2024; R 

Buettner, 2011). This is crucial for mitigating the 

oxidative stress which is caused usually by pathogens 

attack or drought conditions. Hence, the more the SOD 

will produce, the more the plant will healthy. From the 

present study, we found inverse relationship between 

the disease incidence and the SOD production. P. 

aeruginosa applied plant were most prominent in SOD 

production and minimum in disease incidence as 

compared to other PGPRs applied. While, D. 

acidovorans applied plant leaves were less in SOD and 

maximum disease incidence was observed. PGPRs are 

novel in enhancement of Peroxidase (POD) enzyme 

synthesis in plants (Iqbal et al., 2022; Khan et al., 2024; 

Khatri et al., 2024; Naqqash et al., 2020; Naveed et al., 

2022).  

POD detoxifies the plants by catalyzing the H2O2 

and other organic peroxides using electron donors 

driven from phenolic compounds (De Gara, 2004). The 

peroxidase (POD) plays important role in plant defense 

(Almagro et al., 2009; Rahim et al., 2024; Saeed et al., 

2021). Despite the catalyzing the H2O2 and other 

organic oxides, POD contributes in the synthesis of 

lignin which strengthen the cell wall (Quiroga et al., 

2000) and increase the resistance against the 

pathogen’s invasion. Furthermore, it plays a significant 

role in regulation of ROS signaling pathways which are 

essential for plant responses against biotic (Almagro et 

al., 2009) and abiotic stress . So, the more POD will 

produce, more the plant will have the ability of 

resistance against the pathogen. Catalase enzyme 

reduces the H2O2 into water (H2O) and oxygen (O2), 

prevents the cell components from the oxidative 

damage. PGPRs boost the CAT production through the 

stimulation of phytohormones, and inducing the 

systemic resistance. The same happens in our 

experimental results, we recorded minimum disease 

incidence from those tomato leaves where CAT was 

measured maximum.  

 In the present study, all the PGPRs significantly 

enhance the P, K and Fe in tomato plant leaves when 

compared to control. PGPRs vitally increase nutrient 

solubilization and uptakes in plants (Hasan et al., 2024; 

Khatoon et al., 2020). The mineralization process 

involves several biochemical and physiological 

mechanisms to convert the insoluble minerals to 

soluble that a plant can readily absorb (Etesami & Adl, 
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2020). PGPRs produce gluconic acid, oxalic acid, and 

lactic acid. These acids lower the pH of soil 

microenvironment and chelate ions of minerals and 

convert them into soluble form (Olaniyan et al., 2022; 

Sharma et al., 2017). For instance, PGPRs produced 

organic acids convert insoluble tri-calcium phosphate 

to plant-soluble monobasic and dibasic phosphate (El-

Sayed & Hagab, 2020; Kaur et al., 2016). Furthermore, 

The Bacillus and Pseudomonas increase P contents in 

the plant by producing Phosphatases (Kumar et al., 

2012; Ramani, 2014) and phytase enzymes (El-Toukhy 

et al., 2013; Kim et al., 2002). Phosphatases hydrolyze 

the organic phosphate compounds into inorganic and 

make them available to plants (Tazisong et al., 2015). 

The phytase enzymes break down phytate and release 

inorganic phosphate (Hayes et al., 2000).  

The Iron (Fe) solubilization is enhanced by the 

siderophores (Jin et al., 2010), organic acids (Shen et 

al., 2002), and other biochemical mechanisms. PGPRs 

produce siderophores, a high affinity chelating 

compounds bind to Fe+3 ions in soil and form soluble 

siderophore - Fe+3 complexes that a plant can absorb 

(Kloepper et al., 1980). Pseudomonas spp commonly 

produce Pyoverdine and pyochelin siderophores 

(Braud et al., 2010) and bacillibactin is produced by 

Bacillus spp. (Miethke et al., 2006). Moreover, the 

PGPRs secrete oxalic acid, citric acid and gluconic acid 

which acidify the soil microenvironment and increase 

the iron and zinc compounds solubility to plants. 

Bacillus enhance the Fe availability by extruding the 

proton (H+) into the rhizosphere and dissolve iron 

oxides and hydroxides (Singh et al., 2020). The PGPRs 

increase K contents in plants in a variety of ways 

(Singh et al., 2020). The PGPRs like Pseudomonas and 

Bacillus secrete tartaric acid, malic acid and gluconic 

acid which chelate the potassium-associated calcium 

and magnesium and release soluble K+ ions in soil 

(Olaniyan et al., 2022). Furthermore, remarkable 

mechanism of  PGPRs biofilm formation on root 

surface creates a conducive environment to solubilize 

potassium (K) (Gupta et al., 2017). Several enzymes 

have been isolated for PGPRs especially from 

Pseudomonas and Bacillus which break down organic 

matter or mineral structures into plant soluble K ions 

(Etesami & Adl, 2020). By providing the plants with 

the inorganic form of elements PGPR maintains the 

fertility of the soil and is an important aspect of 

sustainable agriculture (Goswami et al., 2016). The 

present study was conducted under controlled 

greenhouse conditions with limited replication, which 

may restrict the direct extrapolation of results to field 

environments. Further multi-location field trials and 

long-term validation studies are required to confirm the 

consistency and practical applicability of the findings. 

The study did not include PGPR-only treatments 

without pathogen inoculation, which could further 

differentiate direct plant growth promotion from 

disease suppression effects. Future studies should 

incorporate such controls for clearer functional 

interpretation. 

CONCLUSIONS 

The study confirmed that indigenous plant growth 

promoting rhizobacteria containing hydrolytic 

enzymes have the potential for the management of 

bacterial wilt diseases in tomato plants and act as 

biocontrol agents. Besides these promising isolates 

possess desirable plant growth promoting traits leading 

to increase in tomato shoot length, shoot diameter, 

fruits per plant under field condition. It is also obvious 

that strain P. aeruginosa (OR741775.1) proved to have 

more promising effect in controlling bacterial wilt 

disease in tomato plant as compared to other strains. 

Due to its high nutrient solubilization it increased P, K 

and Fe contents in plants and boost their antioxidant 

enzymes systems to combat with the disease. The 

overall result of this study proved that “P. aeruginosa” 

can be used for plant growth promotion and as 

promising biocontrol for management of bacterial wilt 

disease of tomato under field conditions. Further 

biosafety evaluation and multi-location field trials are 

required before commercialization of these strains. 
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