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ABSTRACT

Seventy plant growth-promoting rhizobacteria that were isolated from the soils of rhizosphere and rhizoplane of various
crops in Uttarakhand's plains were assessed for their antagonistic potential. Antagonistic activity was assessed against four
fungal pathogens, namely Bipolaris sorokiniana, Colletotrichum gloeosporioides f. sp. mangiferae, Fusarium oxysporum
f. sp. lycopersici, and Rhizoctonia solani, using the dual culture plate technique. Among the seventy isolates, thirty showed
inhibition of all four pathogens' radial growth of mycelium in vitro. Considerable diversity in antagonistic behavior was
observed among the isolates. Isolates Pfa-50 and Pfa-22 showed more than 50% inhibition against all test pathogens,
except Fusarium oxysporum, where inhibition was limited to 39.1% and 46.9%, respectively. 16S rRNA gene
amplification confirmed the identity of majority of Gram-negative isolates to be Pseudomonas spp. whereas all the Gram-
positive isolates were Bacillus spp. The underlying mechanisms employed by the thirty selected isolates to control these
four pathogens in vitro were investigated by evaluating their ability to synthesize hydrogen cyanide (HCN), chitinase and
other antimicrobial secondary metabolites. Out of the thirty antagonistic isolates, twenty-two showed positive responses
for both HCN production and chitinase activity. Isolates lacking both chitinase and HCN production were further examined
for their ability to synthesize antimicrobial secondary metabolites. Thin-layer chromatography (TLC) analysis of extracted
metabolites revealed that all fluorescent Pseudomonas isolates produced pyoluteorin (PLT), 2,4-diacetylphloroglucinol
(DAPG), and phenazines. Isolates Pfa-50, Pfa-2, and Pfa-65 produced pyrrolnitrin (PRN), while isolates Pfa-50, Pfa-2,
Pfa-11, and Pfa-24 also produced indole-3-acetic acid (IAA). Secondary metabolites produced by Bacillus spp. included
macrolactins, amicoumacins, surfactins, phenazines, IAA, salicylic acid (SA), and other bioactive compounds, all of which
possess well-established antimicrobial properties. The screened rhizobacterial isolates demonstrate significant potential
as biological control agents and warrant further evaluation under field conditions. These isolates may be effectively
incorporated into integrated pest management strategies and have promising applications in organic farming systems.
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INTRODUCTION

Agricultural productivity and global food security are significantly undermined by pathogens and pests, with plant diseases
alone accounting for an estimated 21-30% yield loss in major global crops (Savary et al., 2019). The historically
indiscriminate application of synthetic chemicals, has led to emergence of long-term resistance in pathogens to these
chemical control methods (Lucas, 2011). Because synthetic fungicides and pesticides have historically been applied
indiscriminately, pathogens have developed long-term resistance to these chemical control methods. Due to this, the
recurrence and prevalence of some threatening plant diseases have increased. The reliance on chemical pesticides has
consequently become a major challenge to environmental sustainability and human health and they often pose a serious
threat to microbial diversity, soil fertility and sustainable agricultural output. To address this environmental issue, it is
crucial to adopt agricultural practices that not only manage diseases and boost productivity but also protect environmental
quality by mitigating pesticide toxicity and restoring soil fertility.

To come for the rescue, microbial biological control agents (MBCAs) have emerged as an effective eco-friendly strategy
for managing diseases in plants, improving plant growth, increasing yield and solving many ecological and sustainability
issues associated with chemicals. Among the MBCAs, some plant growth-promoting rhizobacteria acting as MBCA stand
out as a significant alternative (El-Saadony et al, 2022; Qiao et al., 2017; Alwahshi et al., 2022). PGPR colonizes the
rhizosphere as well rhizoplane of the plants and stimulate their growth via many direct and indirect mechanisms (Antoun
and Klbpper, 2001). The synthesis of plant hormones, the solubilization of phosphates and insoluble potassium and
biological nitrogen fixation are examples of direct mechanisms of plant growth. They can also improve the growth
indirectly by nutritional competition with pathogens, thus protecting the plants from various diseases. PGPR effectively
outcompete deleterious microorganisms and pathogens through rapid root colonization and efficient nutrient sequestration.
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By dominating the ecological niche and depleting available resources, these beneficial bacteria create an environment that
suppresses the growth of competing organisms (Salomon et al., 2017; Abd El-Mageed et al., 2020). Depriving the
pathogens of iron from their environment by secretion of siderophores which have iron chelating properties, PGPR control
various plant diseases (Deb and Tatung, 2024; Srivastava et al,2022; Srivastava et al,2020; Radzki et al., 2013;). Other
strategies of biological control adopted by PGPR include synthesis of antibiotics, antifungal metabolites (Wang et al,2024;
Raaijmakers et al., 2002), bacteriocins(Nazari et al,2020; Srivastava et al 2020; Srivastava et al 2022; Subramanian and
Smith, 2015; Abriouel et al., 2011), HCN(Shehrawat et al, 2022; Abd El-Rahman et al, 2019), volatile organic compounds
(Wei et al, 2025), parasitism, production of lytic enzymes (cellulases, chitinases etc.) (Zahoor et al,2022), inhibiting the
synthesis of toxin by pathogens and induction of induced systemic resistance in plants (Danish et al,2024). Owing to their
significant role in growth promotion and stress tolerance in plants apart from biological control, PGPR have attracted
considerable research interest. The present study focuses on the antagonistic potential of two groups of rhizobacteria,
namely fluorescent Pseudominads and Bacillus spp. The research was undertaken to isolate and screen effective
antagonistic rhizobacteria against four major phytopathogenic fungi: Bipolaris sorokiniana, Rhizoctonia solani,
Colletotrichum gloeosporioides f. sp. mangiferae, and Fusarium oxysporum f. sp. lycopersici. Furthermore, the study
investigated the underlying antagonistic mechanisms by evaluating the ability of the selected PGPR to produce hydrogen
cyanide (HCN), chitinase, and antimicrobial secondary metabolites.

MATERIALS AND METHODS

Isolation of PGPR Isolates

Soil from rhizosphere along with some root parts were collected from various crops (wheat, tomato, onion, marigold and
coriander) in the plains of Uttarakhand. Soil and root samples were processed differently to isolate PGPR. For soil, samples
were dried in air for 4 hours and then serially diluted in sterile distilled water up to a 1077 dilution (Krassilnikov,1950).
Roots were first washed, blotted dry, and then shaken in sterile water in a rotary shaker for 20 minutes to dislodge bacteria,
followed by serial dilution to a 1077 dilution. King's B media (King et al., 1954) was used to selectively isolate fluorescent
pseudomonads. After spreading one millilitre of the soil or root suspension on King's B agar plates, the plates were
incubated for 24 hours at 28+1°C. Observation for appearance of fluorescent colonies under UV ray torch was recorded
after 24 h. To isolate Bacillus spp., nutrient agar (NA) was used. For ten minutes, soil and root suspensions were heated
to 80°C in a water bath to bias the selection for spore-forming bacteria (Walker et al., 1998). One ml of the suspension
was spread on NA plates which were than incubated at 30°C for 24-36 hours. Individual colonies were then picked and
maintained as pure cultures.

Cultural and Morphological Characterization

Selected PGPR strains were characterized based on morphology of the colony, color of pigments produced and
fluorescence under ultraviolet (UV) light to assess their phenotypic profiles. Gram staining and a 3% KOH test were also
performed to determine cell wall type (Anon,1957 and Barthalomew and Mittewer,1950).

Screening for Antagonistic Potential

The antagonistic activity of seventy rhizobacterial isolates against the fungal pathogens Bipolaris sorokiniana, Rhizoctonia
solani, Colletotrichum gloeosporiodes f.sp. mangiferae, and Fusarium oxysporum f.sp. lycopersici was examined using
the dual culture method. The study was performed in three replicates. Following formula was used to calculate percent
inhibition of mycelial growth (I):

I=[(C-T)/C] x100

Where C is radial growth of pathogen in the control plate and T is radial growth of pathogen in the dual culture plate.

Elucidation of Biocontrol Mechanisms

Chitinase Activity

The antagonistic rhizobacteria were tested for their chitinase producing ability on chitin agar media (Murthy and Bleakley,
2012). The method given by Roberts et al., (1988) with some modifications was used to prepare colloidal chitin. For this
100g of chitin powder was dissolved in 600ml of concentrated HCI for approximately 3 hours. This solution was poured
in double deionized water, rapid stirring was done while pouring. After centrifuging the entire mixture at 7000 g for 10
minutes at 4°C, the precipitate was gathered. To prepare the low-salt colloidal chitin, the precipitate was first washed with
200 mL of sterile distilled water until a pH of 2.0-3.0 was achieved. The suspension was then neutralized using 1M NaOH.
Finally, the product was isolated via several cycles of centrifugation (7,000 x g for 10 min) and distilled water washes to
remove residual salts. Acid-treated chitin was stored as a pellet at 4°C. A 2% (w/v) colloidal chitin suspension was
prepared and incorporated into chitin agar. To screen for chitinolytic activity, overnight grown rhizobacterial cultures were
streaked onto the chitin agar plates. The plates were than incubated for 24 hours at 37 + 2°C and production of chitinase
enzyme was confirmed by the presence of clear zones of hydrolysis surrounging the colonies (Murthy and Bleakley, 2012

HCN Production

HCN production was assessed on Tryptic Soy Agar (TSA) (Himedia, Mumbai) with 4.4 g/L of glycine added (Wei et
al,1991). A solution of picric acid (2.5 g) and sodium carbonate (12.5g) in 1L of sterile distilled water was prepared and
2mL of this solution was used to soak Whatman No. 1 filter papers. These were placed on the lid of the plates (Miller and
Higgins, 1970) containing TSA amended with glycine. The plates were then tightly sealed with parafilm and incubated at
28+2°C for one week. Changing color of the filter paper was observed and scored. No color change indicated no HCN
production, brownish appearance on filter paper depicted mild production of HCN, brownish to orange appearance
indicated moderate production of HCN and orange to reddish brown indicated strong HCN production.
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Production of Secondary metabolites

Extraction of Bacterial Secondary Metabolites

Rhizobacteria were cultured in 50 mL conical flasks containing Winogradsky mineral solution, a standard medium for
secondary metabolite production. Cultures were maintained at 25°C without shaking for 15 days. After 15 days they were
centrifuged at 10,000 rpm for 10 minutes at 4°C. Subsequently, 25 mL of clear supernatants were carefully transferred in
clean conical flasks containing 25 mL of ethyl acetate. These mixtures were than agitated on a shaker-incubator at 180
rpm and 25°C for 24 hours to facilitate extraction. After agitation, two phases were separated, the organic phase with ethyl
acetate and aqueous phase. The ethyl acetate phase, containing the extracted metabolites, was collected and subjected to
freeze evaporation to remove the solvent. The resulting crude extract, a thick semi-liquid, was retained for further analysis.

Separation of Secondary Metabolites Using Thin Layer Chromatography (TLC)

99% acetone @ 10ul/ pl crude extract was used for dissolving the crude metabolites. Silica gel-coated TLC plates
were used as the stationary phase. Each plate was lightly marked with a pencil, and 10 pL of the acetone-dissolved extract
was carefully spotted onto the marked line. The TLC plates were developed using a solvent mixture made of chloroform,
methanol and benzene in a ratio of 8:1:1 (v/v/v). After migration of the solvent front to an appropriate height, the plates
were removed and air-dried. Developed plates were observed under UV light to detect fluorescent spots indicative of
separated secondary metabolites. Each visible spot was marked, and Rf values (Retention factors) were calculated by
using the formula:

Rf value= Distance moved by the separated compound/Distance moved by the solvent system.

Some common secondary metabolites like phenazine, pyoluteorin (PLT), pyrollnitrin (PRN), 24-
Diacetylphloroglucinol (DAPG), Indole Acetic Acid (IAA) and Salicylic Acid (SA) were also run on TLC plates
under similar conditions. The Rf value of bacterial metabolites obtained were compared with Rf value of standard
metabolites and result was interpreted.

Molecular Characterization

Promising antagonistic PGPR isolates were characterized by amplification of 16S rRNA gene through polymerase chain
reaction (PCR). Specific primer pairs were used for different genera: BCF1 (CGGGAGGCAGCAGTAGGGAAT)/BCR2
(CTCCCCAGGCGGAGTGCTTAAT) for Bacillus spp. (yielding a 546 bp amplicon) (Cano et al., 1994; Rajendran et
al., 2008) and PA-GS-F(GACGGGTGAGTAATGCCTA) /PA-GS-R (CACTGGTGTTCCTTCCTATA) for
Pseudomonas spp. giving amplification of 618 bp (Spilker et al, 2004).

DNA Isolation

DNA of PGPR isolates were isolated by following the method described by Auesbel et al., (1998). Bacterial cells
that were cultured overnight at 28°C in an incubator shaker with NB media were centrifuged at 12, 000 rpm for 10 min to
collect the cells. Supernatant was discarded and to the cell pellets remaining in tube, 2 ml of TE buffer was added and
than vortexed. Subsequently, 50 pl proteinase K (10 mg/ml) and 250 ul of 10% SDS were added to this suspension. In a
water bath, the tubes were gently shaken at 37°C for 1 h. After that, 0. 4 ml of CTAB solution (10% CTAB in 0. 7M
NaCl) was added followed by incubation at 65°C for 20 min. The mixtures were then added with an equal
volume of chloroform: isoamyl alcohol (24:1) and the whole was vigorously shaken for 30 min. After
shaking the mixtures were subjected to centrifugation at 15, 000 rpm for 30 min at room temperature which resulted in the
separation of phases. The upper aqueous phase was taken to a new tube and equal volume of cold isopropanol was added
to precipitate the DNA. The isolated DNA formed a stringy, white DNA pellet, which was washed with 1 ml of 70%
ethanol. After air drying, 200-400 ul TE buffer was added to dissolve the pellet. Isolated DNA was treated with 100pug/ml
RNAse by incubating it at 37°C for 1h to separate RNA contamination. DNA concentration and purity were determined
spectrophotometrically, and the samples were than diluted to 50 ng/ul in TE buffer and stored at -20°C for PCR.

PCR Amplification

For PCR amplification, the template DNA (50 ng) was mixed with 1x PCR reaction buffer, MgCl,, dNTP mix,
forward and reverse primers, triple distilled water and Taq polymerase on DNA thermocycler (Eppendorf Master
Cycler) to get the desired amplicon. The total reaction size was 20 ul, which contained 1l of template DNA, 2ul of
reaction buffer, 1ul of forward and 1pl of reverse primer, 0.6 pul of MgCl, 1 pl of ANTP mix and 0.3ul of Taq added
in 13.1 pl of triple distilled water. Reaction mixture without template DNA was maintained simultaneously as a
negative control to check for possible contamination.

PCR For amplification of 16S rRNA gene of Bacillus spp, the following protocol was performed in PCR: Initial
denaturation at 94°C for 4 min, 40 cycles of denaturation at 94°C for 1min, 40 cycles of annealing at 58°C for 1min, 40
cycles of extension at 72°C for 1 min and final extension for 10 min at 72°C. Same thermal profile was used for
amplification of 16S rRNA gene of Pseudomonas spp with a slight change in annealing temperature which was kept
at 54°C. The final products of DNA amplification were soaked at 4°C. Amplified DNA was examined by horizontal
electrophoresis in 1% agarose and were viewed in BIORAD gel documentation system for further analysis.

RESULTS

Screening of PGPR for antagonistic potential and their morphological characterization

One hundred and twenty eight isolates of rhizobacteria were isolated from soils of rhizosphere and rhizoplane of different
crops. Among these 80 isolates were of fluorescent Pseudomonads and remaining 48 belonged to Bacillus spp. Seventy
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isolates were randomly selected and screened for antagonistic effect on four fungal pathogens Bipolaris sorokiniana,
Rhizoctonia solani, Colletotrichum gloeosporioides f.sp. mangiferae and Fusarium oxysporum f.sp. lycopersici
following the dual culture method (Nielsen et al., 1998). Among these, 30 isolates successfully controlled the growth of
the mycelium of four pathogens in vitro demonstrating their antagonistic activity (Table 1, Fig. 1, 2 & 3). The screened
potential antagonistic isolates varied in their morphological characters like pigment formation, fluorescence under UV,
Grams test and 3% KOH test (Table: 2).

The study identified several highly effective isolates with a significant diversity in their antagonistic behavior. Pfa-50 was
the most effective isolate overall, showing strong inhibition against three of the four pathogens. It demonstrated the highest
inhibition against B. sorokiniana (91.46%) and C. gloeosporioides f.sp. mangiferae (68.77%), and good inhibition against
R. solani (57.08%). Its inhibitory effect on Fusarium oxysporum was 39.1%. Pfa-22 was also highly effective, inhibiting
all four pathogens: Bipolaris (73.12%), Fusarium (46.9%), Colletotrichum (55.42%), and Rhizoctonia (53.54%). Other
notable isolates included: Pfa-24 (79.58%) and Pfa-23 (75.21%) for their strong inhibition of Bipolaris sorokiniana, Pfa-
40 (64.96%) and Pfa-27 (63.91%) for their effectiveness against Colletotrichum gloeosporioides, B-36 (50.09%), B-1
(49.86%), and B-20 (49.35%) as the top performers against Fusarium oxysporum, B-24 (56.04%) and Pfa-46 (54.16%)
for their good inhibition of Rhizoctonia solani. Overall, the fluorescent pseudomonad isolates, Pfa-2,Pfa-22, Pfa-23, Pfa-
24, Pfa-27, Pfa-37, Pfa-40, Pfa-46, Pfa-50, Pfa-68 and Pfa-77, and certain Bacillus isolates,B-1, B-18, B-20, B-24, B-
36,B-38 and B-46, proved to be the most promising biocontrol agents.

Table 1: Inhibition pattern of Bipolaris sorokiniana, Colletotrichum gloeosporiodes f.sp. mangiferae,
Fusarium oxysporum f.sp. lycopersici and Rhizoctonia solani by different rhizobacterial isolates obtained by
in vitro dual culture assay

Name of isolate Percent inhibition

Bipolaris* Colletotrichum* Fusarium* Rhizoctonia*
Pfa-2 58.33 22.94 43.52 50.42
Pfa-11 23.54 2.12 39.36 31.66
Pfa-22 73.12 55.42 46.93 53.54
Pfa-23 75.21 52.01 41.32 47.08
Pfa-24 79.58 46.49 42.30 43.33
Pfa-26 45.42 28.44 50.34 48.33
Pfa-27 24.58 63.91 44.73 48.33
Pfa-31 58.75 3991 44.01 51.87
Pfa-35 52.92 3545 32.48 36.04
Pfa-37 66.46 24.81 44.24 52.92
Pfa-40 52.29 64.96 22.47 50.83
Pfa-41 24.58 37.56 27.63 33.12
Pfa-46 73.96 58.36 38.13 54.16
Pfa-47 27.5 2.32 37.39 36.04
Pfa-50 91.46 68.77 39.12 57.08
Pfa-53 25.21 5.94 37.40 42.71
Pfa-65 27.5 53.69 43.50 27.29
Pfa-68 325 63.48 41.04 31.87
Pfa-77 56.66 32.67 37.63 43.12
B-1 70.21 43.09 49.86 41.25
B-2 28.12 41.41 44.76 45.62
B-3 26.25 46.27 38.37 39.58
B-18 72.71 61.57 41.78 4333
B-19 20.62 42.26 39.85 51.25
B-20 26.45 29.28 49.35 40.21
B-24 49.58 30.15 37.88 56.04
B-36 45.21 41.16 50.09 38.54
B-38 54.58 39.27 41.30 46.66
B-46 26.04 32.26 34.43 53.54
B-48 45.21 41.59 39.37 49.79
Cont 0 0 0 0
S.EM 1.65 1.40 1.29 1.28
CD at 5% 4.66 3.96 3.65 3.62

Table 2: Cultural and morphological characters of screened antagonistic rhizobacteria

Name of isolate Colony color on KB | Fluorescence under | Gram reaction 3% Koh test
media UV Light
Pfa-2 Light Green + -ve +
Pfa-11 Creamy + -ve +
Pfa-22 Light Green - -ve +
Pfa-23 Dark Green - -ve +
Pfa-24 Light Green + -ve +
Pfa-26 Yellow + -ve +
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Pfa-27 Yellow - -ve +
Pfa-31 Yellow - -ve +
Pfa-35 Yellow -ve +
Pfa-37 Yellow - -ve +
Pfa-40 Creamy - -ve +
Pfa-41 Yellow - -ve +
Pfa-46 Light Green + -ve +
Pfa-47 Yellow + -ve +
Pfa-50 Brown - -ve +
Pfa-53 Light Brown - -ve +
Pfa-65 Yellow + -ve +
Pfa-68 Yellow + -ve +
Pfa-77 Light Green + -ve +
B-1 Grey - +ve -
B-2 Grey - +ve -
B-3 Light Pink - +ve -
B-18 Black - +ve -
B-19 Grey - +ve -
B-20 White - +ve -
B-24 Light Pink - +ve -
B-36 Grey - +ve -
B-38 Pinkish red - +ve -
B-46 Pinkish red - +ve -
B-48 Grey - +ve -

Fig 1: Inhibition pattern of (a) Rhizoctonia, (b) Colletotrichum, (c) Fusarium and (d) Bipolaris by rhizobacterial isolates

in dual culture test.

Fig 2: Growth of (a) Rhizoctonia, (b) Colletotrichum, (¢)Fusarium and (d) Bipolaris in control plates
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Fig 3: Inhibition percentage of Bipolaris, Colletotrichum, Fusarium and Rhizoctonia by different rhizobacterial isolates
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Elucidation of mechanism of antagonism by PGPR isolates

Production of HCN and Chitinase Enzymes

Among the 30 screened antagonists only 22 isolates showed positive response for chitinase and HCN production
(Table: 3). Among the 22 isolates, 16 had chitinolytic activity which was seen as clear halo zone around the bacterial
colony on chitin agar media (Fig.4(a)). These isolates differed in the level of chitinase production, which was measured
by the diameter of halo zone around the colony. Maximum chitinolytic activity was seen in rhizobacterial isolates Pfa-22,
Pfa-35, Pfa-77 and B-24. Only 6 rhizobacterial isolates showed the ability to produce HCN which was visualized by color
change of picric acid dipped filter paper (Table: 3, Fig.4(b)). Darker was the color change, more was the HCN production.
Among these 6 isolates, B-38 had maximum HCN producing activity followed by Pfa-37, Pfa-31, Pfa-68 and B-48.

Table. 3: Chitinolytic activity and HCN production ability of potential antagonistic isolates

SIL No. Treatment Chitinase activity | HCN production activity
1 Pfa-2 - -

2 Pfa-11 - -

3 Pfa-22 ++++ -

4 Pfa-23 +++ -

5 Pfa-24 - -

6 Pfa-26 - +
7 Pfa-27 +++ -

8 Pfa-31 - ++
9 Pfa-35 ++++ -
10 Pfa-37 - ++
11 Pfa-40 + -
12 Pfa-41 + -
13 Pfa-46 + -
14 Pfa-47 + -
15 Pfa-50 - -
16 Pfa-53 +++ -
17 Pfa-65 - -
18 Pfa-68 - +
19 Pfa-77 ++++ -
20 B-1 + -
21 B-2 +++

22 B-3 ++ -
23 B-18 - -
24 B-19 - -
25 B-20 - -
26 B-24 ++++

27 B-36 + -
28 B-38 - ++++
29 B-46 ++ -
30 B-48 - +

- =no chitinase/ HCN production
+ =very low level of chitinase/ HCN production
++ = moderate level of chitinase/ HCN production
+++ = high level of chitinase/ HCN production
++++ = very high level of chitinase/ HCN production

L :
E-SS Pfa-37 Pfa-31 Pfa-68 B-48 Control

Fig. 4 (a): Clear halo zone around bacterial colonies grown over chitin agar due to chitinolytic activity of potential
antagonistic PGPR isolates
Fig 4 (b): Color changes (Brownish to reddish brown) observed in picric acid soaked filter paper due to HCN producing
ability of potential antagonistic PGPR isolates
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Production of Secondary Metabolite

TLC analysis revealed that ethyl acetate extract of fluorescent pseudomonas isolates separated into different compounds
with Rf values of 0.26, 0.35, 0.41, 0.57, 0.66, 0.75, and 0.80. Some isolates like Pfa-50 and Pfa-2 each separated into six
distinct compounds with Rf values of 0.26, 0.35, 0.41, 0.57, 0.66 and 0.80 (Fig 5(a)). Extracts of isolate Pfa-24 showed
three compounds at Rf 0.26, 0.35, and 0.57 (Fig.5(b)), while of Pfa-11 exhibited the same three bands along with an
additional compound at Rf 0.66 (Fig 5(b)). The extracts from Pfa-65 separated into 4 compounds at Rf 0.26, 0.35, 0.57
and 0.80 (Fig 5(d)). The separation of compounds like PLT, DAPG, phenazine, IAA, and PRN on TLC under similar
conditions showed separation at 0.26, 0.35, 0.57, 0.66 and 0.80 Rf values. These Rf values are similar to those observed
in metabolites separated by Pfa-50 and Pfa-2 confirming their production by these isolates. Isolate Pfa-24 was found to
produce PLT, DAPG, and phenazine while Pfa-11 additionally produced IAA. The isolate Pfa-65 produced PLT, DAPG,
Phenazines and PRN.

The bacillus isolates B-20 and B-18 showed separation into different compounds with Rf values of 0.34, 0.48, 0.50, 0.55,
0.57, 0.66, 0.75, 0.875 and 0.91 (Fig. 5(c)). Compounds at Rf 0.34 and 0.48 are indicative of macrolactins and
amicoumacins, 0.50-0.55 corresponds to surfactins. The Rf value 0.57 is similar to standard phenazine, 0.66 to IAA, and
0.75 to SA.

o L= <« <4
Fig 5 (a): Separation of metabolites of Pfa-50 and Pfa-2 on TLC plates at different Rf values 0.26 (1), 0.35(2),0.41 (3)
0.57(4), 0.66(5) and 0.8(6)
Fig 5(b) Separation of metabolites of Pfa-11 and Pfa-24 on TLC plates at different Rf values0.26 (1), 0.35(2), 0.57(3)
and 0.66(4)

Fig 5 (c): Separation of metabolites of B-18 and B-20 at Rf values of 0.34 (1), 0.48(2), 0.50(3), 0.55(4), 0.57(5),
0.66(6), 0.74(7), 0.875(8) and 0.91(9)
Fig 5 (d): Separation of metabolites of Pfa-65 on TLC plates at Rf values of 0.26 (1), 0.35(2), 0.57(3) and 0.8(4)

Molecular identification of PGPR

Screened antagonistic PGPR isolates were subjected to molecular identification using gene specific primers. PCR
amplification with 16S rRNA gene specific primers BCF1 and BCR2 of all gram positive isolates gave amplification
at 546 bp (Fig.7). This amplification is specific for Bacillus spp., thus confirming that all the PGPR isolates which
were gram positive belong to Bacillus spp. Similarly, PCR amplification with 16STRNA gene specific primers for
Pseudomonas spp. PA-GS-F and PA-GS-R gave an amplicon at 618 bp. Among 28 fluorescent pseudomonad isolates
subjected to PCR amplification, DNA of 17 isolates showed amplification at 618bp confirming their identity as
Pseudomonas spp. Other isolates whose DNA did not show amplification may belong to other groups (Fig.6 a & b)

.:-- Ll

0 11 12 12 14 15 16 17 18

-

Fig 6 (a). 16s rRNA gene amplification of Pseudomonas sp. with gene specific primers PA-GS-F and PA- GS-R. Isolates
from 1-10: Pfa-12, Pfa-28, Pfa-37, Pfa-40, Pfa-41, Pfa-46, Pfa-47, Pfa-68, Pfa-77, Pfa-27
Fig 6 (b). 16s rRNA gene amplification of Pseudomonas sp. with gene specific primers PA-GS-F and PA- GS-R.
Isolates from 1-18: Pfa-1, Pfa-5, Pfa-2, Pfa-3, Pfa-10, Pfa-11, Pfa-22, Pfa-23, Pfa-24, Pfa-26, Pfa-81,Pfa-78, Pfa-31
Pfa-35, Pfa-36, Pfa-50,Pfa-53,Pfa-65.
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Fig 7. 16s rRNA gene amplification of Bacillus sp. with gene specific primers BCF1 and BCR2 using PCR. Isolates
from 1-14: B-1, B-2, B-3, B-4, B-18. B-19, B-20, B-21, B-24, B-36, B-38, B-39, B-46, B-48

DISCUSSION

Microbial biocontrol agents (MBAs) are beneficial microorganisms used to control plant diseases and pests to limit the
reliance on chemical pesticides. MBAs usually target specific pathogens or pests so that beneficial organisms are less
damaged. The risk of developing resistance against chemical pesticides is also reduced. These are a promising tool for
integrated pest management (IPM) strategies necessary for sustainable and eco-friendly agricultural practices. Integrating
them with other disease management strategies reduce chemical pesticide use, leading to lower environmental
contamination.

The present research work was focused on biocontrol traits of two groups of microbial biocontrol agents: the fluorescent
pseudomonads and the Bacillus spp. Under field conditions, Bacillus spp. and fluorescent Pseudomonas spp. have shown
significant potential for disease control (Miljakovi¢ et al., 2020; Panpatte et al., 2016). The current investigation focused
on antimicrobial traits in these two groups of microbes. As a preliminary step for bioagent development, fluorescent
Pseudomonas and Bacillus strains were isolated from diverse habitats and subsequently characterized. Antagonistic trait
of seventy rhizobacterial isolates was checked following dual culture technique against four fungal pathogens Bipolaris
sorokiniana, Rhizoctonia solani, Colletotrichum gloeosporioides f.sp. mangiferae and Fusarium oxysporum f.sp.
lycopersici. The interaction of thirty biocontrol agents with all tested pathogens was recorded negative or antagonistic.
16S rRNA gene amplification confirmed that majority of Gram-negative isolates belonged to the genus Pseudomonas,
whereas Gram-positive isolates belonged to the genus Bacillus.

A great diversity was seen in the antagonistic behavior of these screened isolates. Maximum inhibition of Bipolaris
sorokiniana was noted by Pfa-50 (91.46%) followed by Pfa-24 (79.58%) and Pfa-23 (75.21%). Earlier Yi et al, (2021)
reported mycelial growth inhibition of Bipolaris sorokiniana by 53.52% by Bacillus amyloliquefaciens (XZ34-1). Bae et
al, (2013) reported mycelial inhibition of Bipolaris cactivora by B. amyloliquefaciens (GA4-4) and Bacillus subtilis
(GA1-23) by 67.9% and 66.6% respectively. Behdani et al. (2012) found five isolates of P. fluorescens to have
antagonistic potential against Bipolaris spicifera, the causal agent of wheat root rot. Volatile compounds and antibiotic
production were associated with inhibition. Soleimani et al. (2005) screened nine isolates of Pseudomonas and
Bacillus spp as potential antagonist of Bipolaris autraliensis and Bipolaris sacchari. On testing for antifungal
substances, volatiles, siderophores and lytic enzymes it was found that the effect of antifungal substance was more
effective than volatiles.

On screening the isolates against Colletotrichum gloeosporioides f.sp. mangiferae, Pfa-50(68.77%) followed by Pfa-40
(64.96%) and Pfa-27 (63.91%) were found to be best. Gowtham et al (2018) studied 59 PGPR isolates and found fourteen
of them to inhibit the mycelial growth of the pathogen Colletotrichum truncatum. Parthiban and Kavitha, 2014 screened
five Pseudomonas fluorescens isolates and four Bacillus subtilis isolates against C. lindemuthianum and an inhibition of
33.33% of mycelial growth was reported. Similarly, Akinbode and Ikotun (2008) also reported significant inhibition of
mycelial growth of Collectotrichum destructivum by Pseudomonas fluorescens.

Many rhizobacteria species having antagonistic potential against Rhizoctonia solani and also against Fusarium
oxysporum f.sp. lycopersici have been reported. These species include Fluorescent pseudomonads, Bacillus sp.,
Burkholderia (Pseudomonas) cepacia, Streptomyces sp., Pseudomonas fluorescens and Erwinia sp. (Donmez et al.,
2015; Huang et al., 2012; Tariq et al., 2010).In vitro and in-vivo antagonistic potential of six isolates of Pseudomonas
and six isolates of Bacillus genera, isolated from chickpea rhizosphere, was observed against Fusarium oxysporum f.
sp. ciceris (Karimi et al., 2012). Under greenhouse conditions, isolates of B. amyloliquefaciens CS—1 and PC{S
significantly inhibited Fusarium wilt disease by 31% and 28% respectively (Gowtham et al., 2016). Huang, et al (2012)
observed the inhibitory effect of Bacillus pumilus on mycelial growth of Rhizoctonia solani. Observations included hyphal
deformation, swelling of cytoplasmic vacuoles, and leakage of cytoplasmic contents. An inhibition of 83% and 48% of
Rhizoctonia solani and also 40 % and 41% of Fusarium oxysporum by P. fluorescens and B. subtilis respectively was
reported by Singh et al, (2021). In the present study, the isolates B-36(50.09%) followed by B-1 (49.86%) and B-20
(49.35) were most effective in mycelial growth inhibition of Fusarium oxysporum f.sp. lycopersici. All the isolates
showed inhibition of mycelial growth of Rhizoctonia solani in vitro with maximum inhibition observed in Pfa-50
(57.08%) followed by B-24 (56.04%) and Pfa-46 (54.16%) confirming their biocontrol potential against this pathogen.
Elucidation of the mechanism of biocontrol by the screened 30 isolates was done by their ability to produce HCN,
chitinases and other secondary metabolites. HCN is an antimicrobial secondary metabolite formed through the oxidation
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of glycine to HCN and carbon dioxide in the presence of electron acceptors. It exerts its antimicrobial effect by binding
to essential metal ions such as Cu?", Fe?, and Mn?*, thereby inhibiting cytochrome oxidase and other metalloenzymes
critical for the electron transport chain (Nandi et al., 2017). Energy supply to the cells are thus blocked and the bacteria
dies (Shehrawat et al, 2022).

A diverse group of soil-dwelling bacteria, including Gram-positive and Gram-negative species from genera like
Pseudomonas, Bacillus, Streptomyces, Chromobacterium, and Rhizobium, produce cyanogenic compounds as secondary
metabolite (Anderson & Kim, 2018; Anwar et al., 2016).Among these Pseudomonas sp. and Bacillus sp. have great
potential to produce hydrogen cyanide HCN (Ahmad and Kibret, 2014). The HCN produced by these two group of
rhizobacteria play an important role in inhibiting a wide range of plant pathogens (Mishra et al, 2018; Prasad et al, 2023:
Shehrawat et al, 2022). In agriculture, this HCN production is one of the key mechanism for biocontrol, helping to
suppression of a number of fungal diseases like root rot, collar rot, stem rot, charcoal rot, damping off, wilt and seedling
blight (Sehrawat et al, 2022; Sendi et al, 2020; Reetha et al., 2014; Defago et al., 1990). Two HCN producing strains of
Pseudomonas, P. putida R32 and P. chlororaphis R47, were able to suppress growth of Phytophthora infestans mycelium
in vitro (Anand et al, 2020). The rhizobacterial strain Pseudomonas frederiksbergensis PVB9 and Pseudomonas lini
PVB19 showed good inhibition of root rot pathogens, Alternaria sp. PVFland Macrophomina sp. PVF32, in common
bean. These two isolates were found to be good producers of HCN (Sendi et al, 2020). Reduction in growth of
pathogen Macrophomina phaseolina by cyanide-producing Pseudomonas spp. was earlier also reported (Reetha et al,
2014). Suppression of crown gall pathogen Agrobacterium tumefaciens and the root-knot nematodes (Meloidogyne
incognita) by HCN produced by rhizobacteria was reported by Abd El-Rahman et al., 2019. The Pseudomonas fluorescens
strain CHAO produces HCN that is not inhibited by fusaric acid, making it effective in suppressing Fusarium wilt of
tomatoes (Duffy et al., 2003). P. koreensis WA15 which is an HCN producing strain of Pseudomonas has the ability to
supress many phytopathogens like Fusarium oxysporum, Rhizoctonia solani and Botrytis cinerea and (Yoo et al,2018).
Chitinases are a type of PR-protein (pathogenesis-related protein) that break down chitin, a key component of fungal cell
walls (Akocak et al,2015). When present in high concentrations, chitinolytic enzymes compromise the fungal cell wall
resulting in its degradation. This action can also inhibit the germination of fungal spores by disrupting the synthesis
essential cell wall components such as chitin and B-1,3-glucans (Liu et al., 2010) This makes chitinases an effective
defense against pathogenic fungi.

Chitinase-excreting microorganisms are considered efficient biocontrol agents because of their ability to degrade chitin, a
major structural component of fungal cell walls. Many bacterial species like Pseudomonas fluorescrence, B. subtilis, B.
cereus, B. thuringiensis, S. marcescens, Serratia plymuthica, Paenibacillus sp., Achromobacter mucicolens have been
reported to produce chitin (Vijay Karuppiah et al, 2025; Panicker and Sayyed, 2022; Wang et al, 2021; Toua et al, 2013).
Maiden et al, 2017 reported the biocontrol potential of nine chitinolytic isolates of rhizobacteria and reported them to
belong to Pseudomonas, Burkholderia and Streptomyces. Dukare et al, 2020 identified Pseudomonas spp. NS-1
and Bacillus spp. NS-22 as potential chitinolytic rhizobacteria which were effective in reducing disease severity of pigeon
pea wilt caused by Fusarium udum. The chitinolytic activity was confirmed both qualitatively in colloidal chitin agar
plates and quantitatively. The mycolytic action of the two strains was observed in scanning electron microscope. Rathod
et al, 2023 reported control of Fusarium wilt of chickpea by a marine Bacillus spp. Gowtham et al., 2016 reported
involvement of chitinase along with cellulases, ACC deaminases and antifungal metabolites in inhibition of Fusarium
oxysporum growth by Bacillus amyloliquifaciens. Among 13 screened antagonistic and chitinase producing CRB isolates,
Bacillus subtilis isolate CRB20 led to efficient root colonization in tomato plants and contributed to a reduction in
Fusarium wilt incidence statistically lower level when its application was combined with crude fungal cell wall (CFCW)
(Hariprasad et al, 2011). B. subtillis TD11 was found to control some phytopathogens like Aspergillus,
Fusarium, Rhizoctonia and Colletotrichum and this biocontrol activity was corelated to production of chitinase by this
bacillus strain (Prasad et al, 2023). The presence of chitin in the soil signals B. subtilis to ramp up its production of
chitinase and other fungal cell wall-degrading enzymes. These enzymes directly attack and degrade the cell wall of the
pathogenic Fusarium oxysporum fungus, inhibiting its growth and reducing disease severity.

Viswanathan & Samiyappan (2001), reported antifungal activity of two fluorescent Pseudomonads strains ARR1 and
KKM1 against Colletotrichum falcatum of sugarcane. The two isolates produced higher content of chitinase in liquid
cultures than other strains. Role of microbial chitinase against Colletotrichum falcatum has been well demonstrated
under in vitro and in vivo conditions. In vitro studies have confirmed the antibiosis activity and chitinase production of
antagonistic Pseudomonas strains (Malathi & Viswanathan, 2013). Nielson et al. (1998) demonstrated that fluorescent
pseudomonads suppress Rhizoctonia solani in the sugar beet rhizosphere through endochitinase production. The
suppression of growth of many plant pathogenic fungi like Rhizoctonia solani, Sclerotinia sclerotiorum, Fusarium
oxysporum, F. solani, Colletotricum sp. and Macrophomina phaseolina, in vitro. by Bacillus sp. BPR7 was reported by
Kumar et al, 2012. The antagonism reported in-vitro was found to be due to production by these rhizobacteria chitinase
and B-1,4-glucanase besides production of other compounds like siderophores. Inhibition of pathogens like Aspergillus,
Fusarium, Rhizoctonia and Colletotrichum which have chitin in their cell wall by chitinase producing Bacillus
subtillis TD11 has also been reported (Malik et al, 2023). Akocak et al, 2015 studied the effect of chitinase producing
strains Pseudomonas fluorescens PB27, Bacillus cereus B1, and Bacillus thuringiensis K1 on aflatoxin producing
Aspergillus flavus which was significantly controlled by the three isolates. SEM of enzyme sprayed fungus showed
ultrastructural changes in spores and mycelium of the fungus. The complete genome sequence of S. plymuthica, S.
marcescens, S. nematodiphila and P. aeruginosa have shown the presence of chitinase and protease genes (Adam et al.,
2016; Basharat et al., 2018; Folders et al., 2001; Su et al., 2017). ChiC gene is responsible for chitinase secretion in
Pseudomonas aeruginosa and Serratia marcescens and ChiD is chitinase expressing gene in Bacillus circulans (Folders
et al., 2001).
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Bacillus and Pseudomonas spp showing good biocontrol potential are also known to produce a wide array of antimicrobial
compounds such as lipopeptides, phenazines, polyketides and ribosomally synthesized peptides.
Fluorescent Pseudomonas spp. are known to produce phenazines (PHZ), 2,4-diacetylphloroglucinol (DAPG), and
pyrrolnitrin (PRN) pyoluteorin (PLT). Bacillus species predominantly produce cyclic lipopeptides (CLPs), ribosomally
synthesized peptides (bacteriocins) and polyketides. These compounds work through various mechanisms, including
direct inhibition of microbial growth and induction of a plant's systemic resistance. Members of the genera Pseudomonas,
Bacillus, Paenibacillus, Brevibacillus and Streptomyces are well known for their lipopeptide producing ability (Manhas
and Kaur, 2016; Grady et al., 2016). Lipopeptides and glycopeptides, classified as antimicrobial peptides (AMPs), are
extensively investigated for their antibacterial and antifungal potential (Lei et al., 2021).

Phenazines are naturally occurring nitrogenous molecules with redox activity and notable environmental stability (Dar et
al., 2020; Huasong et al., 2020; Biessy and Filion, 2018; Mavrodi et al., 2013). Phenazines and their derivatives are an
important group of antimicrobial metabolites produced by different bacterial genera like fluorescent pseudomonads,
Bacillus, Burkholderia, Streptomyces, Lactococcus, Nocardiopsis, Alcaligenes, Rahnell and Rhizobium showing effective
biocontrol potential against fungi and oomycetes (Wang et al, 2021; Mishra and Arora, 2018; Anderson and Kim, 2018;
Guttenberger et al., 2017; Zhao et al., 2016). In their study, Karmegham et al. (2020) verified the presence of phenazine
derivatives in fluorescent Pseudomonas isolates through thin-layer chromatography, as the observed spots corresponded
with authentic phenazine and shared an identical Rf value of 0.57. Many antimicrobial rhizobacteria especially
Pseudomonas fluorescens are known to produce DAPG which is a natural, broad-spectrum antibiotic. DAPG has been
reported to impair mitochondrial functions and calcium homeostasis in filamentous fungi, thereby being toxic to them
(Troppens et al., 2013). DAPG producing Pseudomonas fluorescens has been used for biological control in agriculture to
suppress plant diseases by inhibiting various fungi, oomycetes and bacteria like Gacumannomyces tritici (Cook, 2003),
Thielaviopsis basicola (Almario et al, 2014), Pythium ultimum (Fenton et al, 1992), Erwinia carotovora subsp.atroseptica
(Cronin, D. et al.1997). Separation of metabolites at Rf value 0.57 & 0.35 in TLC experiment corresponding to phenazine
and 2,4-Diacetylphloroglucinol (DAPG) confirmed the production of these metabolites by the isolates Pfa-50, Pfa-2, Pfa-
24, pfa-11 and Pfa-65.

Another antibiotic Pyoluteorin (PLT)which is produced by some antagonistic Pseudomonas sp. is chlorinated polyketide
antibiotic characterized by a dichlorinated pyrrole moiety and a resorcinol ring. Pyoluteorin is synthesized via
a polyketide synthase (PKS)-non-ribosomal peptide synthetase (NRPS) hybrid pathway and this biosynthesis is directed
by the plt gene cluster (Balthazar et al, 2022). A retardation factor (Rf) value 0.26 was reported for PLT (Abd El-Azeem
and Ramadan, 2015) produced by rhizobacterial isolates which was confirmed by comigration of standards. Compounds
at Rf 0.26 produced by Pfa-50 and Pfa-65 can be due to production of PLT. PLT has been found to be of antimicrobial
component responsible for the control of Pantoea ananatis on Maize by Pseudomonas protegens Pf-5 (Gu et al, 2022).
Pseudomonas strain Pf-5 produces the antibiotics DAPG and PLT, both of which exhibit significant antifungal activity
against Botrytis cinerea (Balthazar et al., 2022). Their critical roles in disease suppression by beneficial Pseudomonas
strains have been clearly established through studies using mutants impaired in DAPG and PLT biosynthesis (Zhang et
al., 2020). An Rf value 0.8 has been reported for Pyrollnitrin (PRN) produced by fluorescent pseudomonad’s metabolites
extracted in ethyl acetate by Abd El-Azeem and Ramadan (2015). The production of PRN was confirmed by comigration
of standard PRN at Rf value 0.8. The metabolic extract of fluorescent pseudomonads isolates Pfa-2, Pfa-50 and Pfa-65
showed a compound at Rf 0.8 which is similar to PRN. Pyrollnitrin is reported to have antifungal effect on a wide range
of significant plant pathogens, including Rhizoctonia solani (which causes damping-off and root rot in cotton and
cucumber), Fusarium oxysporum, Botrytis cinerea, and Gaeumannomyces graminis, Alternaria sp., Pythium
aphanidermatum, F. graminearum, Penicillium expansum, Sclerotium rolfsii, and others (Ligon et al, 2000; Pawar et al,
2019)

Arbsuwan et al, 2017 identified macrolactins and amicoumacins as the antimicrobial compounds against Salmonella typhi
ATCC 5784 produced by Bacillus spp. These compounds were separated at Rf value of 0.35 and 0.48 on TLC plates. In
their experiments Rf value of 0.5 to 0.55 corresponded to surfactins which are a group of powerful cyclic lipopeptide
biosurfactants primarily produced by various species of the Gram-positive bacterium Bacillus, most notably Bacillus
subtilis. The metabolic extracts of rhizobacterial isolate B-20 and B-18 showed separation at 0.35, 048, 0.5 and 0.55
similar to macrolactins, amicoumacins and surfactins. Some lipopeptides secreted by Bacillus spp. like surfactins, iturins,
and fengycins are well known for their damaging action on the cell wall of phytopathogens. While B. subtilis is the "gold
standard" producer of surfactins, several other species in the genus produce surfactin or its structural variants like Bacillus
licheniformis, Bacillus amyloliquefaciens, Bacillus pumilus, Bacillus mojavensis. Surfactins are important antimicrobial
compounds as they insert into the lipid bilayer of cell membranes, causing "leaks" (pore formation) or complete membrane
disintegration of the pathogens. Hazarika et al., 2019, reported the antagonistic effect of B.subtils SCB1 on Alternaria,
Fusarium and Cochliobolus was due to production of antifungal metabolites like surfactins and other volatiles.
Macrolactins and amicoumacins (often referred to as amicoumerins) are non-ribosomal polyketides produced by Bacillus
spp. Macrolactins are mostly produced by marine derived strains like Bacillus amyloliquefaciens, and Bacillus
licheniformis. The antimicrobial properties of these compounds are due to their ability to inhibit protein synthesis or fatty
acid synthesis. They also have the ability to inhibit replication in viruses. Macrolactin isolated from B. amyloliquefaciens
have shown to exhibit significant antagonistic effects against Fusarium oxysporum and Ralstonia solanacearum (Yuan et
al, 2012). In nature, Bacillus species often produce surfactins, macrolactins, and amicoumacins simultaneously. This
"chemical cocktail" provides a multi-pronged attack as surfactin softens or permeabilizes the competitor's cell membrane,
macrolactins and amicoumacins then enter the cell more easily to shut down internal machinery (DNA/Protein synthesis).
The metabolites of bacillus strain B. licheniformis MML2501 showed blue bands at Rf value of 0.66 corresponding to
authentic Indole Acetic Acid (IAA) bands (Prashanth and Mathivanan, 2010). This reveals the production of IAA by all
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test isolates as they too gave compounds with Rf value 0.66. Earlier IAA production by these isolates was confirmed by
Salkowski’s reagent test calorimetrically (Arzoo et al 2024). The metabolites of two rhizobacterial isolates studied by
Pravin et al, 2015 showed blue bands at Rf value 0.74 corresponding to that of authentic salicylic acid (SA). As all the
Bacillus isolates showed a compound at Rf value 0.74 the production of SA by these isolates can be inferred. IAA are well
known for their effect on plant growth promotion. SA provides the plant stress tolerance and plays active role in activating
plant’s defense mechanism besides improving various physiological traits and modulation of phytohormones.

The experiments on in vitro antagonistic potential of isolated rhizobacteria and elucidation of the mechanism involved in
growth inhibition of the pathogen revealed that the isolates in this study, particularly Pfa-50 exhibit a high level of
antagonism. Out of the 30 screened antagonistic isolates only 22 isolates showed positive response for HCN and chitinase
production tests. Six of them had the ability to produce HCN and sixteen had chitinolytic activity. The antagonistic effect
of other eight isolates which were neither HCN nor chitinase producer was expected to be due to synthesis of antimicrobial
secondary metabolites. Extraction of secondary metabolites and their separation on TLC plates confirmed production of
many antimicrobial secondary metabolites and also growth promoting metabolites. These in vitro tests provide strong
evidence of isolated rhizobacterium's potential as a biocontrol agent. This initial screening helps select the most effective
strains for further development into a viable and sustainable alternative to chemical fungicides.
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