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ABSTRACT

The rhizosphere represents a dynamic ecological niche enriched with
beneficial microorganisms capable of enhancing plant growth and
suppressing soil-borne pathogens. The present study aimed to isolate,
characterize, and evaluate plant growth—promoting and antagonistic
rhizobacteria associated with tomato (Solanum lycopersicum L.) cultivated in
the Shirala region of Maharashtra, India. Physicochemical analysis of
rhizosphere soils revealed near-neutral pH (6.92 + 0.13), moderate moisture
content (21.70 £ 1.02%), and sufficient organic carbon (0.83 + 0.06%),
creating favourable conditions for microbial activity. High Dbacterial
populations ranging from 1.23 x 107 t0 9.7 x 10" CFU g soil were recorded,
indicating a biologically active rhizosphere. Eight morphologically distinct
bacterial isolates were screened for plant growth—promoting traits, including
phosphate solubilization, indole-3-acetic acid (IAA) production, siderophore
secretion, ammonia production, and hydrogen cyanide (HCN) production.
Among them, isolate ASN exhibited the highest qualitative and quantitative
phosphate solubilization (186.4 pg mL™), maximum [AA production (42.8
pg mL™), strong siderophore activity, and robust ammonia and HCN
production. Dual culture assays demonstrated significant antagonistic
activity of isolate ASN against major tomato phytopathogens (Fusarium
oxysporum, Rhizoctonia solani, Pythium aphanidermatum, and Alternaria
solani), with inhibition exceeding 68% across all pathogens. One-way
ANOVA confirmed statistically significant differences among isolates (p <
0.001). Morphological, biochemical, and 16S rRNA gene sequencing
analysis identified isolate ASN as Stenotrophomonas maltophilia with an
accession number LC920483. Overall, the study highlights
Stenotrophomonas maltophilia as a multifunctional plant growth—promoting
rhizobacterium with strong biocontrol potential, suggesting its promising
application as a sustainable bioinoculant for enhancing tomato productivity
and disease management.
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Introduction

Tomato (Solanum lycopersicum L.)
is one of the most economically important
vegetable crops cultivated across India,
including the agriculturally active region
of Shirala in Maharashtra. The crop plays a
significant role in farmer income and
nutritional security due to its high content
of vitamins, antioxidants, and essential
minerals (FAO, 2022). However, tomato
production in this region is increasingly
affected by soil-borne pathogens, declining
soil fertility, and intensive chemical input
practices. Diseases such as wilt, root rot,
damping-off, and leaf spot frequently
occur in local fields, leading to reduced
yield and compromised fruit quality
(Agrios, 2005; Singh et 2018).
Continuous reliance on synthetic fertilizers
and pesticides has further contributed to
environmental  degradation, microbial
imbalance in soils, and the emergence of
resistant plant pathogens (Glick, 2012).

In  recent sustainable

al.,

years,
agricultural  practices have  gained
importance as eco-friendly alternatives to
conventional farming systems. Among
these approaches, plant growth—promoting
rhizobacteria (PGPR) have emerged as
effective biological tools for improving
crop productivity and soil health. These
beneficial microorganisms enhance plant
growth through multiple mechanisms
including phosphate solubilization,

production of phytohormones such as
indole-3-acetic acid (IAA), improved
nutrient uptake, and stimulation of root

development (Kloepper et al, 2004;
Vessey, 2003). In addition to growth
promotion, many PGPR  possess
antagonistic properties against

phytopathogens through the production of
antimicrobial metabolites, siderophores,
and hydrolytic enzymes, as well as
competition for nutrients and ecological
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niches in the rhizosphere (Compant et al.,
2005).

Stenotrophomonas maltophilia is a
rhizosphere-associated bacterium that has
attracted  attention its
multifunctional agricultural potential. It is
widely distributed in soil and plant root
environments and exhibits remarkable
metabolic adaptability (Ryan et al., 2009).
Several studies have reported its ability to
promote plant growth by solubilizing
essential  nutrients and  producing
phytohormones (Berg et al., 2005; Alavi et
al., 2013). Furthermore, the bacterium
demonstrates strong antagonistic activity
against a range of fungal and bacterial

recently for

plant  pathogens through antibiotic
production, siderophore-mediated iron
competition, and secretion of lytic

enzymes such as chitinases and proteases
(Kai et al., 2010).

Despite these promising attributes,
limited research has been conducted on the
plant growth—promoting and antagonistic
properties of
maltophilia under

Stenotrophomonas
the specific agro-
climatic conditions of the Shirala region.
Local soil characteristics, cropping
practices, and microbial diversity can
significantly influence the effectiveness of
beneficial bacteria. Therefore, region-
specific characterization is essential for
developing  efficient and  reliable
bioinoculant formulations for sustainable
tomato cultivation.

The present study
characterize the plant growth—promoting
traits and antagonistic potential of
Stenotrophomonas  maltophilia isolated
from tomato rhizosphere soils of the
Shirala region of Maharashtra. The
research focuses on evaluating key plant
growth—promoting attributes along with its
inhibitory activity against selected tomato
pathogens, with the objective of exploring

aims to
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its suitability as an eco-friendly alternative

for enhancing crop productivity and

disease management.

Materials and Methods

Study area and soil sampling
Rhizosphere soil samples

collected from  tomato

were
(Solanum
lycopersicum L.) fields in Shirala, Sangli
district, Maharashtra, India (semi-arid
zone). The region experiences a monsoon-
influenced climate with mean annual
temperatures of 22-35°C and rainfall of
600-750 mm. Sampling was performed
during the vegetative stage (45-60 days
after transplantation). Five fields with
uniform agronomic practices and no recent
microbial application were
selected. From each field, rhizosphere soil
firmly adhering to the roots of five
randomly selected healthy plants was
aseptically collected following a zigzag
sampling pattern and pooled to form
composite samples (Anderson & Ingram,
1993). Samples were transported and

inoculant

processed within 24 h. Air-dried and
sieved (2 mm) soil samples were analyzed
for pH using a 1:2.5 soil-water suspension
method (Jackson, 1973), moisture content
by the gravimetric method (Gardner,
1986), and organic carbon by the Walkley—
Black wet oxidation method (Walkley &
Black, 1934).
Isolation of rhizosphere bacteria
Rhizosphere bacteria were isolated
using the serial dilution and spread plate
technique under aseptic conditions. One
gram of homogenized soil was suspended
in 9 mL sterile physiological saline (0.85%
NaCl) and vortexed for 5 min to obtain a
uniform microbial suspension (Cappuccino
& Sherman, 2014). The suspension was
serially diluted up to 10°% and 100 pL
aliquots from appropriate dilutions were
spread onto nutrient agar plates (Holt et
al., 1994). Plates were incubated at 30 + 2

21(1) S (1) 535-554,2026

537

www.thebioscan.com

°C for 2448 h in triplicate. Colonies were
counted from plates containing 30-300
colonies, and total viable counts were
expressed as CFU g™ of dry soil using the
standard plate count method (Tortora ef al.,
2019). Morphologically distinct colonies
were purified by repeated streaking
(Madigan et al., 2018) and preserved on
nutrient agar slants at 4 °C. Representative
isolates were selected for further screening

of  plant growth—promoting and

antagonistic activities.

Phosphate solubilization assay

Qualitative phosphate solubilization
Qualitative phosphate

solubilization was assessed on

Pikovskaya’s agar medium supplemented
with tricalcium phosphate as an insoluble
phosphorus source (Pikovskaya, 1948).
Fresh Dbacterial isolates spot-
inoculated onto agar plates and incubated
at 30 = 2 °C for 5-7 days. The appearance
of a clear halo zone surrounding colonies
indicated phosphate solubilization. Colony

were

diameter and halo zone diameter were
measured using a digital caliper. The
phosphate solubilization index (PSI) was
calculated following Edi-Premono et al.
(1996). All observations were performed in
triplicate, and mean values were recorded.
Quantitative phosphate solubilization
Quantitative estimation of soluble
phosphate was conducted in Pikovskaya’s
broth supplemented with tricalcium
phosphate as described by Pikovskaya’s
(1948). Each bacterial isolate was
inoculated into 50 mL of broth and
incubated at 30°C for 7 days under shaking
conditions (120 rpm). After incubation,
cultures were centrifuged at 10,000 rpm
for 10 min to remove bacterial cells and
insoluble residues. The supernatant was
collected, and soluble phosphate content
was determined using the molybdenum
blue colorimetric method (Murphy &
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Riley, 1962). Briefly, 1 mL of culture
supernatant was mixed with ammonium
molybdate reagent followed by ascorbic
acid reducer to develop a blue-coloured
complex, and absorbance was measured at
820 using a  UV-visible
spectrophotometer. The concentration of

nm

soluble phosphate was calculated from a
standard curve prepared using potassium
dihydrogen phosphate (KH>POs) and
expressed as pg mL™'. All assays were
conducted in triplicate, and results were
expressed as mean + standard deviation.
Indole-3-Acetic acid (IAA) production
assay

Indole-3-acetic acid (IAA)
production was quantified using the
Salkowski colorimetric method (Gordon &
Weber, 1951; Patten & Glick, 2002).
Bacterial isolates were inoculated (1% v/v)
into Luria—Bertani broth supplemented
with 0.1% L-tryptophan and incubated at
30 £ 2 °C for 48 h under shaking (120
rpm). Cultures were centrifuged at 10,000
rpm for 10 min, and the supernatant was
used for analysis. For color development,
1 mL of supernatant was mixed with 2 mL
Salkowski’s reagent (35% perchloric acid
with 0.5 M FeCl3) and incubated in the
dark for 30 min. The pink coloration
formed was measured at 530 nm using a
UV-visible  spectrophotometer.  [AA
concentration was determined from a
standard curve (10-100 pg mL™') and
expressed as mean + standard deviation of

triplicates.
Siderophore production assay
Siderophore  production  was

qualitatively evaluated using the Chrome
Azurol S (CAS) agar assay (Schwyn &
Neilands, 1987). CAS medium, containing
the iron—dye complex (CAS-Fe*'—
HDTMA), exhibits a characteristic blue
color. Fresh bacterial cultures (5 puL) were
spot-inoculated onto CAS agar plates and
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incubated at 30 £ 2 °C for 48-72 h.
Siderophore production was indicated by a
visible change from blue to
orange/yellow around colonies due to iron
chelation by secreted siderophores. The
halo diameter was measured using a digital
caliper to estimate production intensity. All

color

assays were performed in triplicate with
uninoculated plates as controls. Isolates
producing  prominent
considered strong siderophore producers
and selected for further characterization.
Ammonia Production Assay
Ammonia production
evaluated in peptone water broth following

halos were

was

Cappuccino and Sherman (2014). Bacterial
isolates (1% v/v) were inoculated into 10
mL sterile peptone water and incubated at
30 = 2 °C for 48 h under static conditions.
Uninoculated broth served as the control.
After incubation, 0.5 mL Nessler’s reagent
was added to each tube. Development of a
yellow to brown coloration indicated
ammonia production due to degradation of
nitrogenous compounds. The intensity was
recorded semi-quantitatively as weak (+),
moderate (++), or strong (+++). All assays
were performed in triplicate.
Hydrogen cyanide (HCN) production
assay

Hydrogen cyanide (HCN)
production was assessed on nutrient agar
supplemented with 4.4 g L' glycine
following Bakker and Schippers (1987).
Bacterial isolates were streaked onto the
agar surface. A sterile Whatman No. 1
filter paper strip soaked in picric acid
solution (0.5% picric acid in 2% sodium
carbonate) was placed in the lid without
touching the medium. Plates were sealed
and incubated at 30 £ 2 °C for 48-72 h.
HCN production was indicated by a color
change of the filter paper from yellow to
brown or reddish-brown, reflecting
cyanide release. Uninoculated plates
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served as controls. All assays
performed in triplicate and results were
recorded qualitatively based on color

WEre

intensity.

Primary screening

rhizosphere bacteria
Primary screening of rhizosphere

of antagonistic

bacterial isolates for antagonistic activity
against Fusarium oxysporum, Rhizoctonia
solani, Pythium aphanidermatum,
Alternaria solani was performed using
cross-streak and dual culture assays
(Dennis & Webster, 1971; Skidmore &
Dickinson, 1976). In the cross-streak
method, bacterial isolates were streaked

and

centrally on PDA plates and incubated at
30 + 2 °C for 24 h. Fungal pathogens were
then streaked perpendicular to the bacterial
line and incubated at 28 + 2 °C for 3-5
days. Visible suppression of fungal growth
indicated antagonistic activity. Promising
isolates were further evaluated by dual
culture assay. A 5 mm fungal mycelial disc
was placed at the center of PDA plates,
and bacterial isolates were streaked ~2.5
cm away. Control plates contained only the
fungus. After incubation at 28 + 2 °C for
5-7 days, radial fungal growth was
measured and percentage inhibition was
calculated. = Each  experiment
conducted in triplicate. Bacterial isolates
exhibiting  >50%  inhibition
considered strongly antagonistic
selected for further characterization.
Selection of efficient isolate for morphol
ogical and biochemical characterization
Following  primary
bacterial isolates were ranked based on
cumulative performance in plant growth—
promoting traits and antifungal activity.

was

were
and

screening,

Isolates  showing  high  phosphate
solubilization, significant IAA production,
siderophore secretion, ammonia

production, and strong pathogen inhibition
were considered potential PGPR and

21(1) S (1) 535-554,2026

539

www.thebioscan.com

selected using a quantitative
system. Selected isolates
characterized for colony morphology on
nutrient agar (24—48 h at 30 £+ 2 °C), Gram
reaction, and cell morphology.
Biochemical tests including catalase,
oxidase, citrate utilization, indole, methyl

scoring
were

red,  Voges—Proskauer,  carbohydrate
fermentation, and nitrate reduction were
performed for preliminary phenotypic
identification prior to molecular analysis.
Molecular identification by 16S rRNA
gene sequencing

The potential bacterial isolates
were identified at a molecular level by 16S
rRNA gene sequencing. Genomic DNA
was 1isolated from selected bacterial
isolates and purified through column-based
purification steps. The 16S rRNA gene
was amplified by polymerase chain
reaction (PCR). Successfully amplified
products were purified and subjected to
Sanger sequencing. Obtained nucleotide
sequences were edited using BioEdit
software and compared with reference
sequences available in the NCBI GenBank
database using the BLASTn algorithm for
taxonomic identification (Altschul ef al.,
1990).  Sequences >97%
similarity were considered reliable species-
level matches. Phylogenetic analysis was
performed using MEGA X software
(Kumar et al., 2018). Multiple sequence
alignment was conducted using the
ClustalW algorithm, and a phylogenetic
tree was constructed using the neighbour-
joining method with 1,000 bootstrap
replications to  assess  evolutionary
relationships (Saitou & Nei, 1987).
Statistical analysis

showing

All experiments were conducted in
triplicate, and data were expressed as mean
+ standard deviation. Statistical
significance  among  treatments  was

evaluated using one-way analysis of
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(ANOVA) to  determine
differences among bacterial isolates for
various plant growth—promoting
antagonistic traits. Statistical significance
was considered at p < 0.05, following
standard biostatistical procedures (Gomez
& Gomez, 1984; Montgomery, 2017).
Results and discussion:

The physicochemical
characteristics of tomato rhizosphere soils
from five fields are summarized in Table
1. Soil pH ranged from 6.8 to 7.1 (6.92 +
0.13), indicating near-neutral conditions
favorable for nutrient availability and
microbial activity. Moisture content varied
between 20.5% and 23.1% (21.70 +
1.02%), reflecting the high water-holding
capacity of Vertisols and supporting active
microbial metabolism. Organic carbon
ranged from 0.74% to 0.89% (0.83 =+
0.06%), suggesting moderate organic
matter availability essential for sustaining
rhizosphere microbial populations.

Overall, the near-neutral pH,
adequate moisture, and moderate organic
carbon content provided conducive
conditions for microbial colonization and
functional activity, which may have
supported the observed plant growth—
promoting and biocontrol potential of the
isolated bacteria, as soil physicochemical
properties strongly influence rhizosphere

variance

and

microbial composition and nutrient
dynamics (Maciel-Rodriguez ef al., 2025).

The  population  density of
cultivable rhizosphere bacteria from
tomato fields in the Shirala region is
shown in Table 2. Bacterial counts ranged
from 1.23 x 107 to 9.7 x 107 CFU g! soil,
indicating a highly active rhizosphere
microbial community. Fields 3 and 5
recorded comparatively higher populations
and were categorized as very high
abundance, whereas Fields 1, 2, and 4
showed high but relatively lower densities.
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The overall mean population was 4.44 x
107 £ 3.73 x 10”7 CFU g'. High bacterial
abundance reflects a nutrient-enriched
rhizosphere influenced by root exudates
that stimulate microbial colonization and
activity. Such dense microbial populations
contribute to nutrient cycling, pathogen
suppression, and beneficial plant-microbe
interactions. Variations among fields likely
reflect differences in soil physicochemical
characteristics and local agronomic
conditions (Rout & Southworth, 2023).
The colony morphology of the
bacterial isolates is summarized in Table
3. Considerable variation was observed in
colony colour, shape, margin, elevation,
surface texture, and size. Most isolates
(ASN, ASN2, ASNS5, ASN7) produced
circular,
margins and were grouped under Group I
(1.6-2.5 mm). Group II isolates (ASNI,
ASN4, ASN6) exhibited irregular to
circular colonies with undulate margins
and rough or mucoid textures (2.9-3.5
mm).  ASN3 (Group 1)  was
morphologically distinct, forming
filamentous, lobate, dry colonies with the
largest diameter (4.0 mm). Overall, the

smooth colonies with entire

morphological diversity indicates
phenotypic  heterogeneity among the
isolates, supporting their selection for

further growth—promoting and
antagonistic evaluation (Glick, 2020;
Santoyo et al., 2021).

The phosphate solubilization assay
demonstrated  considerable  variation
among rhizosphere bacterial isolates, with
PSI values ranging from 1.63 to 4.72
(Table 4). Isolate ASN exhibited the
highest solubilization efficiency (PSI
4.72), followed by ASNS5, ASN2, and
ASN7, which were categorized as strong
solubilizers. =~ Moderate  activity — was
observed in isolates ASN1, ASN4, and
ASNG6, while isolate ASN3 showed weak

plant
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solubilization potential. The superior
performance of isolate ASN indicates
efficient secretion of organic acids capable
of  converting insoluble tricalcium
phosphate into plant-available forms, a key
mechanism  of  phosphate-solubilizing
bacteria (Alori et al., 2017; Sharma et al.,
2022).  Such  variability  highlights
functional diversity within the tomato
rhizosphere microbiome, contributing to
enhanced phosphorus availability and
nutrient cycling (Backer et al., 2018;
Santoyo et al., 2021).

Quantitative estimation of soluble
phosphate in Pikovskaya’s broth showed
marked variation among isolates (Table 5;
Figure 1), with phosphate release ranging
from 64.5 to 186.4 ng mL™". Isolate ASN
recorded the highest solubilization (186.4
+ 6.8 ug mL™), followed by ASNS5, ASN7,
and ASN2, which demonstrated high
efficiency. The isolates ASN1, ASN4, and
ASNG6 showed moderate activity, whereas
isolate ASN3 exhibited the lowest
phosphate release (64.5 £ 4.0 pg mL™).
The superior performance of isolate ASN
likely reflects enhanced organic acid
production and proton-mediated
solubilization mechanisms that facilitate
dissolution of insoluble phosphate. The
strong agreement between qualitative PSI
values and quantitative broth results
confirms the reliability of the screening
approach. Overall, the findings highlight
ASN as a promising phosphate-
solubilizing bacterium with potential
application  in  sustainable  tomato
cultivation, as efficient PGPR improve
phosphorus  availability and reduce
dependence on chemical fertilizers (Alori
et al., 2017; Backer et al., 2018; Santoyo
et al., 2021; Delgado-Baquerizo et al.,
2020).

Quantitative estimation of ITAA
production revealed substantial variation
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among isolates (Table 6), with
concentrations ranging from 12.5 to 42.8
ug mL™'. The isolate ASN produced the
highest IAA level (42.8 + 2.1 ug mL™),
followed by ASNS5, ASN2, and ASN7, all
categorized as high producers. The isolates
ASN1, ASN4, and ASN6 showed
moderate production, whereas isolate
ASN3 exhibited low IAA synthesis. High
IAA  production suggests efficient
tryptophan-dependent auxin biosynthesis
pathways, which can enhance root
elongation, lateral root formation, and
nutrient uptake. The presence of multiple
high IAA-producing isolates indicates a
functionally active tomato rhizosphere
capable of influencing plant growth and
development. The
reflects metabolic diversity among isolates
and supports the selection of high-
producing strains for potential
bioinoculant development (Glick, 2014;
Spaepen & Vanderleyden, 2011; Backer et
al., 2018).

The CAS agar assay showed clear
variation in siderophore production among
isolates (Table 7), with SPI values ranging
from 1.53 to 3.88. The isolates ASN,
ASN2, ASNS, and ASN7 exhibited strong
siderophore activity (SPI > 3.5), while
1solates ASN1, ASN4, and ASN6 showed
moderate production. The isolate ASN3

observed variation

displayed weak iron-chelating ability.

High SPI values indicate efficient iron
acquisition under limited conditions,
providing a competitive advantage in the
rhizosphere. Siderophore-producing
bacteria enhance iron availability to plants
and restrict pathogen access to
contributing to plant growth promotion

iron,

and biocontrol. The concurrence of strong
siderophore  production  with  high
phosphate  solubilization and TAA
production in several isolates highlights
their multifunctional plant growth—
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promoting potential. Overall, the observed
variability reflects functional diversity
within the tomato rhizosphere and supports
the selection of efficient strains for
sustainable crop improvement (Kramer et
al., 2020; Backer et al., 2018; Santoyo et
al.,2021).

The ammonia production assay
revealed nitrogenous
metabolite release among isolates (Table
8). The isolates ASN, ASN2, ASNS5, and
ASN7 showed strong ammonia production
(+++), isolates ASN1, ASN4, and ASN6
exhibited moderate activity (++), while
isolate ASN3 displayed weak production

variation in

(+). Strong ammonia-producing isolates
may contribute to nitrogen mineralization,
thereby enhancing nitrogen availability in
the rhizosphere and supporting plant
growth (Glick, 2012; Hayat et al., 2010).
The high activity observed in isolate ASN
further confirms its multifunctional plant
growth—promoting potential alongside
phosphate solubilization, IAA production,
and siderophore secretion, traits commonly
associated with effective rhizobacteria
(Ahmad et al.,, 2008; Vessey, 2003).
Overall, the wvariability in ammonia
production reflects functional diversity
within the tomato rhizosphere microbial
community and indicates potential for
improved nitrogen cycling and plant
nutrition (Richardson et al., 2009).

The qualitative HCN assay showed
clear differences among isolates based on
picric acid filter paper color changes
(Table 9). The isolates ASN, ASN2,
ASNS, and ASN7 exhibited strong HCN
production (+++), indicated by dark to
reddish-brown coloration. The isolates
ASN1, ASN4, and ASN6 showed
moderate production (++), while isolate
ASN3 did not show HCN production.
Hydrogen cyanide is a volatile metabolite
that suppresses soil-borne pathogens by
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inhibiting respiratory enzymes. The
presence of several strong HCN-producing
isolates highlights the biocontrol potential
of the tomato rhizosphere in the Shirala
region. The absence of HCN activity in
isolate ASN3  further = emphasizes
functional diversity within the microbial
community. When combined with traits
such as  phosphate  solubilization,
siderophore ~ production, and IAA
synthesis, HCN production enhances the
overall antagonistic and plant growth—
promoting capacity of selected isolates
(Bakker & Schippers, 1987; Rijavec &
Lapanje, 2016; Backer et al., 2018;
Santoyo et al., 2021). The antagonistic
activity of rhizosphere bacterial isolates
against major tomato phytopathogens was
evaluated using the dual culture assay
(Table 10; Figure 2).

The superior performance of isolate
ASN aligns with its strong plant growth—
promoting traits (phosphate solubilization,
IAA production, siderophore secretion,
ammonia, and HCN  production),
suggesting a synergistic mechanism
involving nutrient competition, antibiosis,
and enzymatic inhibition of pathogens.
Overall, the results highlight the tomato
rhizosphere of Shirala region as a rich

source of multifunctional PGPR with
promising  biocontrol  potential and
suitability for sustainable bioinoculant

development (Backer ef al., 2018; Santoyo
et al, 2021; Compant et al., 2020;
Keswani et al., 2019).

One-way ANOVA revealed highly
significant differences (p < 0.001) in
antagonistic activity among rhizosphere
bacterial isolates against all tested tomato
phytopathogens (Table 11). The high F-
values  for

Fusarium  oxysporum,

Rhizoctonia solani, Pythium
aphanidermatum, and Alternaria solani

indicate strong isolate-dependent variation
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in fungal growth inhibition. These results
confirm that antagonistic performance
varied significantly among isolates.
Isolates ASN,  ASN2, ASNS5, and
ASN7 demonstrated statistically superior
inhibition, while isolates ASN1, ASN4,
and ASNG6 showed moderate inhibition,
and ASN3 exhibited weak inhibition. The
significant
validates the reliability of the dual culture
assay and supports the selection of high-
performing strains. Overall, the statistical
analysis strengthens the conclusion that
isolate  ASN possesses robust and
consistent biocontrol potential,

between-isolate variation

highlighting its suitability as a promising
PGPR candidate for sustainable tomato
disease management (Backer et al., 2018;
Compant et al., 2020; Santoyo et al.,
2021).

The morphological and
biochemical characteristics of isolate ASN
are presented in Table 12. The isolate ASN
was Gram-negative, motile, rod-shaped
bacterium occurring predominantly as
single cells with active flagellar
movement, typical of many rhizosphere-
associated plant growth—promoting
bacteria. The biochemical profile showed
positive reactions for catalase activity,
citrate utilization, Voges—Proskauer test,
glucose and sucrose fermentation and
nitrate reduction, while oxidase, indole,
methyl red, and lactose fermentation tests
were  negative  (Table 12).  This
combination of morphological and
biochemical characteristics is consistent
with  typical features reported for
Stenotrophomonas  maltophilia. The
oxidase-negative and catalase-positive
reactions, along with citrate utilization and
motility, are key diagnostic traits
supporting its preliminary identification.
Overall, the biochemical profile suggests
that the isolate ASN might be
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Stenotrophomonas maltophilia, a
metabolically versatile bacterium well
recognized for its adaptability in soil
environments and strong biocontrol
potential against a broad range of
phytopathogens (Ryan et al., 2009; Berg &
Martinez, 2015; Santoyo et al., 2021).
Further
carried out by 16S rRNA gene sequencing
for precise taxonomic confirmation. The
neighbour-joining phylogenetic tree based
on 16S rRNA gene sequences (Figure 3)
showed that isolate ASN clustered closely
with reference strains of
Stenotrophomonas Other
Stenotrophomonas species formed adjacent
but distinct clades, clearly separating
isolate ASN from closely related taxa and
confirming its species-level identity. The
obtained 16S rRNA gene sequence of
isolates ASN was submitted to the DNA
Data Bank of Japan as Stenotrophomonas
maltophilia ASN with an accession
number LC920483.

The  molecular  identification
corroborates earlier morphological and
biochemical characteristics of isolate ASN
(Gram-negative, catalase-positive,
oxidase-negative), consistent with reported
profiles of S. maltophilia (Ryan et al.,
2009; Berg & Martinez, 2015). Members
of this species are well documented for
their  plant
biocontrol

molecular identification was

maltophilia.

growth—promoting  and
capabilities, including
siderophore production, phytohormone
synthesis, and antagonistic metabolite
secretion (Santoyo et al., 2021). Overall,
the combined phenotypic and genotypic
evidence confirms isolate ASN as
Stenotrophomonas maltophilia and
highlights its strong potential as a
multifunctional PGPR for sustainable
tomato cultivation.
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Table 1: Physicochemical properties of tomato rhizosphere soils from Shirala region

Parameter Field 1 Field 2 Field 3 Field 4 Field 5 Mean = SD

Soil pH 7.0 6.8 7.1 6.9 6.8 6.92+0.13
Moisture content (%)  20.5 22.2 21.8 20.9 23.1  21.70+£1.02
Organic carbon (%) 0.74 0.84 0.89 0.81 0.87 0.83 £0.06

Table 2: Population density of rhizosphere bacteria isolated from tomato fields of Shirala

region

Bacterial Population

Field Site Microbial Abundance Level
(CFU g soil)

Field 1 1.51 x 10’ High
Field 2 1.23 x 10’ High
Field 3 9.7 x 10’ Very high
Field 4 1.45 x 10’ High
Field 5 8.4 x 107 Very high
Mean + SD 4.44 x 107 £3.73 x 107 —

Table 3: Colony morphology of representative rhizosphere bacterial isolates selected for

screening
Isolate  Colony Surface Size  Preliminary
Code Colour Shape  Margin Elevation Texture (mm) Group
ASN Cream Circular  Entire  Convex Smooth 2.5 Group |
ASNI1 White Irregular Undulate  Flat Rough 3.1 Group I
ASN2 Yellow Circular  Entire  Raised Smooth 1.8 Group |
ASN3  Pale cream Filamentous Lobate Flat Dry 4.0 Group III
ASN4  Off-white Circular  Entire Convex  Mucoid 2.9 Group II
ASN5 Light yellow  Circular  Entire  Raised Smooth 2.1 Group I
ASN6 Cream Irregular Undulate Convex Rough 3.5 Group I
ASN7 White Circular  Entire Flat Smooth 1.6 Group |
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Table 4: Qualitative phosphate solubilization activity of rhizosphere bacterial isolates

Bolate Code 0 e ter () PSTVA G uniinton Abiliy
ASN 2.5 93 4.72 Strong
ASNI1 3.1 5.4 2.74 Moderate
ASN2 1.8 4.9 3.72 Strong
ASN3 4.0 2.5 1.63 Weak
ASN4 2.9 5.2 2.79 Moderate
ASNS 2.1 6.0 3.86 Strong
ASNG6 3.5 43 2.23 Moderate
ASN7 1.6 3.74 3.34 Strong

Table 5: Quantitative phosphate solubilization by rhizosphere bacterial isolates in
Pikovskaya’s broth

Soluble Phosphate Released

Isolate Code (ng mL" £ SD) Solubilization Efficiency
ASN 186.4 +6.8 Very high
ASNI1 1123+5.2 Moderate
ASN2 158.7+6.1 High
ASN3 64.5+4.0 Low
ASN4 1189+5.5 Moderate
ASNS5S 172.6 £6.3 High
ASN6 104.8+5.0 Moderate
ASN7 1652 £6.0 High

175

150

125

100 A

73 A

Soluble Phosphate (pg mLY)

50 +

25 4

& & & & ?(5\&"‘ ?5“‘) &—é’ {7—\9

Bacterial Isclates

Figure 1: Quantitative phosphate solubilization by rhizosphere bacterial isolates
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Table 6: Indole-3-acetic acid (IAA) production by rhizosphere bacterial isolates in LB broth

supplemented with L-tryptophan
Code Isolate IAA Produced (ng mL™ + SD) IAA Production Level
ASN 428 +2.1 High
ASN1 264+1.8 Moderate
ASN2 38.6+2.0 High
ASN3 125+1.2 Low
ASN4 29.8+ 1.6 Moderate
ASNS5 40.2+2.3 High
ASN6 241+ 1.7 Moderate
ASN7 369+ 1.9 High

Table 7: Siderophore production by rhizosphere bacterial isolates on CAS agar

Isolate  Colony Diameter Orange Halo Diameter SPI Value Siderophore
Code (mm) (mm) Production Ability
ASN 2.5 7.2 3.88 Strong
ASNI1 3.1 4.6 2.48 Moderate
ASN2 1.8 4.50 3.50 Strong

ASN3 4.0 2.1 1.53 Weak

ASN4 2.9 4.9 2.69 Moderate

ASNS5 2.5 6.8 3.72 Strong

ASNG6 3.5 4.2 2.20 Moderate

ASN7 1.6 4.50 3.81 Strong

Table 8: Ammonia production by rhizosphere bacterial isolates in peptone water

Isolate Color Intensity After Nessler’s Ammonia Production Ammonia Production

Code Reagent Score Ability
ASN Deep brown +++ Strong
ASNI1 Yellow-brown ++ Moderate

ASN2 Brown +++ Strong
ASN3 Pale yellow + Weak
ASN4 Yellow-brown ++ Moderate
ASNS Brown -+ Strong
ASNG6 Yellow-brown ++ Moderate
ASN7 Brown -+ Strong
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Table 9: Hydrogen cyanide (HCN) production by rhizosphere bacterial isolates on glycine-

supplemented nutrient agar.

Isolate Filter Paper Color HCN Production HCN Production
Code Change Score Ability
ASN Reddish-brown +++ Strong

ASNI1 Light brown ++ Moderate

ASN2 Dark brown +++ Strong

ASN3 No change (yellow) — Negative

ASN4 Light brown ++ Moderate

ASN5S Dark brown +++ Strong

ASN6 Light brown ++ Moderate

ASN7 Dark brown +++ Strong

B Fusarium oxysporum
[ Rhizoctonia solani

I Pythium aphanidermatum
I Alternaria solani

-~
(=]
L

(=)
(=]
L

501

Growth Inhibition (%%}
=y
(=]

2 s & B

Bacterial Isolates

Figure 2: Bar graph showing antagonistic activity of all isolates against the four tomato
phytopathogens
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Table 10: Antagonistic activity of rhizosphere bacterial isolates against major tomato

phytopathogens (dual culture assay)

% Inhibition % Inhibition % Inhibition of % Inhibition

Isolate Antagonistic
of Fusarium of Rhizoctonia Pythium of Alternaria

Code Strength
oxysporum solani aphanidermatum solani

ASN 72.4+2.1 68.7+1.9 752+2.4 70.6 £2.0 Strong

ASNI1 543+1.8 49.6 £2.0 52.8+1.7 502+1.9 Moderate

ASN2  65.8+2.0 62.4+1.8 67.1+2.2 645+ 1.9 Strong

ASN3  28.6=x1.5 254+1.3 30.1+1.6 279+14 Weak

ASN4  56.7+19 532+1.7 58.4+20 55.1+1.8 Moderate

ASNS  693+2.2 66.1 £2.0 71.5+23 68.2+2.1 Strong

ASN6  51.4+1.6 48.8 £ 1.5 53.7+ 1.8 499+1.6 Moderate

ASN7  679+2.1 645+1.9 69.8+2.0 66.4+ 1.8 Strong

Table 11: One-way ANOVA summary for antagonistic activity of rhizosphere bacterial

isolates against tomato phytopathogens

Mean
Source of Sum of Degrees of
Pathogen Square F-value p-value
Variation Squares (SS) Freedom (df)
(MS)
Between 1solates 2594.36 7 370.62 142.85 <0.001
Fusarium
Within isolates 72.66 16 4.54 — —
oxysporum
Total 2667.02 23 — — —
Between isolates 2411.18 7 34445 135.27 <0.001
Rhizoctonia
Within isolates 75.48 16 4.72 — —
solani
Total 2486.66 23 — — —
Between 1solates 2783.90 7 397.70 151.92 <0.001
Pythium
Within isolates 83.75 16 5.23 — —
aphanidermatum
Total 2867.65 23 — — —
Between isolates 2526.44 7 360.92 139.64 <0.001
Alternaria solani Within isolates 79.16 16 4.95 — —
Total 2605.60 23 — — —
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Table 12: Morphological and biochemical characteristics of rhizosphere bacterial isolate

ASN
Test / Character Result
Gram nature Gram-negative
Motility Motile
Catalase test Positive
Oxidase test Negative
Citrate utilization Positive
Indole production Negative
Methyl red (MR) test Negative
Voges—Proskauer (VP) test Positive
Glucose fermentation Positive
Lactose fermentation Negative
Sucrose fermentation Positive
Nitrate reduction Positive

T # 1IN177239.1_Stenotrophomonas_maltophilia

¥ Stenotrophomonas_maltophilia_ASN

0.003

— ¥ MN493907.1_Stenotrophomanas_sp.

0.002

T # IK612128.1_Stenotrophomonas_sp.

T # MN177234.1_Stenotrophomonas_maktophilia

——# MK825201.1_Bacterium_strain

1002

— ¥ MN177240.1_Stenotrophomanas_maltophilia

Figure 3: Phylogenetic analysis of isolate ASN
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CONCLUSION

The present study demonstrated that
tomato rhizosphere soils of the Shirala
region harbor a diverse and functionally
active  bacterial community  under
favorable physicochemical conditions.
Among the isolates, ASN consistently
exhibited superior plant growth—promoting
and biocontrol traits, including high
phosphate solubilization, significant IAA
production, strong siderophore secretion,
ammonia and HCN production, and broad-
spectrum antagonistic activity against
major tomato phytopathogens. Statistical
analysis confirmed significant variation in
antagonistic performance, with isolate
ASN emerging as the most effective strain.
Morphological, biochemical, and 16S
rRNA  gene  sequencing  analysis
conclusively identified the isolate ASN as
Stenotrophomonas maltophilia. Overall,
the multifunctional characteristics and
strong antagonistic potential of the isolate
Stenotrophomonas maltophilia highlight
its promise as a sustainable bioinoculant
candidate for enhancing tomato growth
and managing soil-borne diseases under
eco-friendly agricultural systems.
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