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Abstract

The present study aimed to screen potential plant growth promoting bacterial strain from calcareous
soil, and explore it to improve the early cotton seedlings growth through seed bacterization. A bacterial
strain NAU-RPJ-35 was found with mineral solubilization of phosphate and potash; production of
siderophore, Indole 3-acetic acid (IAA), HCN, cellulase and tolerates 800 mM of salt concentration. The
confrontation assay revealed a mycelium inhibition percentage of 93.76% against Sclerotium rolfsii,
while 57.39% for Fusarium oxysporum f.sp. lycopersici. Microbial and molecular characters identified
the strain as Enterobacter hormaechei. Haemolysis was not observed on blood agar indicates the
non-pathogenicity of the strain. Data from TLC, Arnow’s, and Csaky’s assays indicated that the strain
produced a catechol type of siderophore. Further, an in vitro study on seed bacterization of American
(Gossypium hirsutum G.Cot.10 and G.Cot.44) and Desi (Gossypium herbaceum GN.Cot.25 and GN.Cot.27)
cotton seeds with this strain exhibited enhanced morphological traits viz., germination percentage,
fresh shoot and root weight, as well as dry shoot and root weight; whereas root to shoot ratio was
notably higher in Desi cotton genotypes. Furthermore, the biochemical traits such as chlorophyll
content, protein content, and total sugar content were statistically improved in all bio-primed cotton
seedlings compared to unprimed seedlings; while proline content, SOD, and POD levels remained
unchanged or decreased. The data suggested that Enterobacter hormaechei NAU-RPJ-35 warranting
further comprehensive studies to investigate its potential in agricultural management practices.
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INTRODUCTION

Nature has diverse soil types such as
fertile normal soil, acidic, saline, calcareous, etc.
Among different types of soils, calcareous soil is
known for its richness in micronutrients, but these
micronutrients are in bonded form or not freely
available to the plants. Hence, calcareous soil is not
suitable for the better crop growth and yield.! Each
niche has their own microbial habitat, calcareous
soils also have its microbial communities. The
microbial strains of calcareous soil are potential
in plant growth promoting characters, specifically
mineral solubilization and siderophore production.
The unavailable micronutrient salts can be
made available to the plants by these microbes
through acid or enzyme production,? while
siderophore can convert Fe*® into Fe*? rendering
it soluble and facilitating its transfer to plants.
Moreover, siderophores also acquire ferric
ions that enhance the availability of flavonoid
pigments, sugars, and other compounds which
promote plant growth. Furthermore, siderophores
can form complexes with other metals such as zinc,
molybdenum, manganese, cobalt, and nickel in the
environment, thereby increasing their availability
to both microbial cells and plants. Genera such as
Pseudomonas, Bacillus, Rhizobium, Enterobacter,
and Escherichia have been documented to exhibit
multiple plant growth-promoting activities
including mineral solubilization, production
of phytohormones, hydrolytic enzymes, HCN,
and ammonia.? Consequently, researchers are
currently focusing on the appropriate utilization
of microbes of calcareous soil in agriculture to
promote environment friendly crop improvement
as an alternative to synthetic pesticides and
fertilizers.

The present study collected the soil
samples from brick manufacturing industries,
particularly in the Morbi district of Gujarat, which
is well-known for its ceramic and brick production.
These kinds of industries make the soil calcareous
in nature.®* The microbes surviving under this
stressed environment can be actively synthesize
organic acids like glutamic, malic, citric and other
acids along with production of siderophore and
other essential plant growth promoting traits.

Further, the efficient use of microbes
in agriculture remains an essential area of

the study. Among the different techniques for
introducing plant growth-promoting bacteria to
crops, seed biopriming is particularly notable as
a method for applying live bacteria or microbial
inoculants directly onto the seeds. It is reported
that this approach promotes the adherence
and adaptation of bacteria to seeds under the
prevailing conditions.®> The seed bacterization
leads to improved germination, better stand
establishment, strengthening of plant defenses
from the initial stages of seedling growth, and the
deterrence of pathogenic soil and seed microbes
from invading the seed surface. Deshmukh et
al. reported that seeds treated with PGPR not
only showed enhanced seedling growth but also
improves the overall plant health.® The present
study isolated and screened bacterial strain with
various PGP activities from the soil of industrial
area; identified Enterobacter hormaechei as
promising strain, and conducted bacterization
of American (Gossypium hirsutum) and Desi
(Gossypium herbaceum) cotton seeds to assess
its impact on the morphological and biochemical
traits of cotton seedlings.

MATERIALS AND METHODS

Soil sample collection and isolation of bacteria

The soil sample was collected from bricks
making industrial area, Wankaner, Morbi, Gujarat,
India (22°42'52.0"N; 70°51'45.0"E). The soil was
carefully collected, kept in sterile polythene bags
and stored at 4 °Cin the laboratory.”®The isolation
of bacteria was carried out by standard microbial
method using nutrient agar medium, purified and
were stored on nutrient agar slant at 4 °C.

Screening assays to identify potential bacterial
strain

The plate assay for solubilization of
minerals viz., potash and phosphate were detected
through Alexandrov and Pikovskaya’s medium,
respectively.>?® The dissolved phosphate was
analyzed by vanadate molybdate method';
while potassium were measured using Flame
photometer.

To screen the siderophore producing
bacteria, enrichment was done by inoculating each
purified bacteria into the succinic acid medium and
kept for three days at 120 rpm at 30 °C. Chorme
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Azurol Sulphonate (CAS) agar plate and liquid
assay was adopted to determine the siderophore
production.? For qualitative screening, CAS agar
plates was spotted by each enriched bacterial
culture and kept at 30 £ 2 °C for 72 hrs. After
incubation, zone index as per following formula
was calculated based on yellow to orange halo
zone around the bacterial colonies: Zone Index
(Z1) = Diameter of zone (mm) - Diameter of colony
(mm)/Diameter of colony (mm); while quantitative
assay was performed by mixing of one of culture
supernatant with one ml of CAS blue dye followed
by incubation for 25 min to develop the yellow/
orange color. Reference sample was prepared
using un-inoculated medium with CAS reagent. The
optical density was taken spectrophotometrically
at 630 nm. Percentage Siderophore Unit (PSU)
was calculated according to the formula: PSU
(%) = [(Absorbance of reference - Absorbance of
sample)]/Absorbance of reference x 100.

The phytohormone production Indole-
3-Acetic Acid (IAA) was performed as per method
of Bric et al.”® For that each bacterial colony was
suspended into the nutrient broth supplemented
with 5 mM L-tryptophan at 120 rpm for 72 hrs.
The supernatant (1.0 ml) collected was mixed
with 2.0 ml of Salwaski reagent and kept at
dark for 30 min. Pink color was developed that
quantified spectrophotometrically at 530 nm
with the standard calibration curve of IAA (5.0-
50.0 pg/ml). Production of hydrolytic enzymes,
viz., cellulase and protease were observed on
Carboxy Methyl Cellulose (CMC) agar plate
and skim milk agar plates, respectively.’**> The
zone index was measured as per the standard
protocols. The production of hydrogen cyanide
(HCN) was identified through the cultivation of
the strain on nutrient agar supplemented with
glycine, which was then covered with filter paper
impregnated with alkaline picrate. A transition in
color from yellow to reddish-brown on the filter
paper signified the presence of HCN.' The salt
tolerance ability of the bacteria was carried out
by inoculating each bacterial suspension into
nutrient broth embedded with 100, 200, 400,
600 and 800 mM salts of NaCl, CaCl, and MgCl,
in the ratio of 3:2:1, respectively, and optimal
density was recorded spectrophotometrically at
660 nm. Antifungal activity was performed using
confrontation assay as per method Kotasthane

et al. against soil borne pathogenic fungi, viz.,
Sclerotium rolfsii and Fusarium oxysporum f.sp.
lycopersici.*® Antagonistic activity indicated
through the inhibition of fungal mycelia growth
toward the direction of the bacterial isolates
growth was observed and percentage of a radial
mycelia growth inhibition was calculated by the
following formula:

[Growth of pathogen in control (mm) - Growth
of pathogen in test (mm)/Growth of pathogen in
control (mm)] x 100

Detection of type of siderophore production

The type of siderophore produced by
the bacteria was assayed through Thin Layer
Chromatography (TLC) along with Arnow’s and
Csaky’s assay. During the study, 2, 3-dihydrobenzoic
acid and hydroxylamine hydrochloride used as
positive control for catechol and hydroxamate
type of siderophore, respectively. Thin Layer
Chromatography (TLC) was performed as per
method of Cai.?® Briefly, culture supernatant was
spotted on silica plates (10 x 20 mm, Merck), dried
and run with the solvent system of n-butanol:
acetic acid:distilled water (12:3:5). Spot color
was developed through the spraying of 0.1 M
FeCl, solution. Catechol and Hydroxamate type
of siderophore were detected through grey and
wine-red color development, respectively. Arnow’s
assay was performed by mixing equal volume
of culture supernatant, 0.5 N HCL with Arnow’s
reagent and kept for 5 min followed by addition
of 1 ml of NaOH that kept at room temperature
for the development of orange-red color to detect
catechol siderophore.?® Csaky’s assay was done by
mixing of 1.0 ml of culture supernatant with 1.0 ml
of 6 N H,SO, and autoclaved at 121 °C for 30 min
at 15 psi. Neutralization of samples was carried
out by addition of 1 ml of 1% sulphanilic acid in
30% acetic acid (v/v) and 0.5 ml of 1.3% iodine in
30% acetic acid (v/v) and kept for 4-5 min. The
excess of the iodine was removed by addition of
1.0 ml of 2% (w/v) Na,ASO, solution that followed
by addition of 1.0 ml of a-naphthylamine (0.3% in
30% acetic acid) and color was allowed to develop
for 20-30 min. The presence of hydroxamates in
the sample was confirmed by the presence of deep
pink color.??
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Microbial and molecular characterization of
potential strain

The potent strain was characterized using
microbial and molecular tools for its identification.
Microbial characterization was done through
morphological, cultural and biochemical test of
the bacteria. Biochemical test was performed
using KB0OO3 Hi25 Identification kit and KBOO9 Hi-
carbohydrate kit.??

Molecular characterization was
carried out using 16S rDNA sequencing of the
bacteria. The purified genomic DNA was used
to amplify 16S rDNA with universal primers
357F (CCTACGGGAGGCAGCAG) and 1391R
(GACGGGCGGTGWGTRCA). Contaminants of PCR
amplicon was removed using column purification.
Sequencing reaction of PCR amplicon was carried
using BDT v3.1 Cycle sequencing kit on ABI 3730xI
Genetic Analyzer. The consensus sequence of
16S rDNA obtained using sequence alignment.
BLAST along with NCBI Genbank database was
performed using 16S rDNA sequence. The first
ten best sequences based on maximum identity
was selected and aligned using multiple alignment
software programs and Neighbor-Joining method
used for the evolutionary history followed
by use of Maximum Composite Likelihood
method to compute the evolutionary distances.
The evolutionary analyses were conducted in
programme MEGA 11.2%

Haemolytic activity of the strain

The pathogenicity of Enterobacter
hormaechei was performed as per method of
Russell et al.?® An overnight culture was spotted
on blood agar plate comprising 5% sheep blood
and incubated at 30 °C for 48 hrs. Haemolysis
of red blood cells assessed by the formation of
clear zone (B-haemolysis), or greenish colouration
(a-haemolysis), while no clear zone indicates
y-haemolysis after incubation.

American and Desi cotton seeds bacterization
The potential siderophore producing
bacterial strain was used as American (Gossypium
hirsutum L.) and Desi (Gossypium herbaceum L.)
cotton seed bio-priming agent and studied for
its impact on morphological and biochemical
characters of cotton seedlings. For that, pot
experiment was performed in greenhouse

condition. The de-linted seeds of American
genotypes (G.Cot.10 and G.Cot.44) and Desi
genotypes (GN.Cot.25 and GN.Cot.27) were
surface sterilized and inoculated into bacterial
culture suspension (10° CFU ml?) for 12 hrs.?”%;
while seeds inoculated into sterile distilled water
was acted as control or non-primed seeds. The
bio-primed and non-primed seeds of each cotton
varieties were sown into soil and observed for
the seedling growth characters. The germination
percentage was recorded at seven days; while
other characters of seedlings were studied at
30 days after sowing. Morphological characters
like shoot and root length (cm), fresh and dry
weights of shoot and root (g), and root to shoot
ratio was recorded as per standard practices;
while biochemical parameters like estimation
of chlorophyll content was conducted using an
80% acetone extract with absorbance readings
at 645 nm and 663 nm as per the method
outlined by Aron.? The total soluble protein
content was performed using Lowry technique
with bovine serum albumin (BSA) as standard
and absorbance was measured at 660 nm.*° The
quantification of soluble sugars from leaf extracts
was performed using the anthrone method
with absorbance readings taken at 620 nm. The
estimation of proline content was carried out
as per method?®! that utilized sulphosalicylic acid
and acid ninhydrin. The chromophore formed
was extracted with toluene and quantified at 520
nm. Furthermore, the activities of antioxidant
enzymes, viz., superoxide dismutase (SOD),
peroxidase (POD), and catalase (CAT) were
assessed from leaf tissue homogenates using
conventional spectrophotometric protocols.*

Statistical analysis

The complete randomized design (CRD)
concept was used to study level of significance.
The critical difference (CD) among the variance was
calculated at P < 0.05.%3 Results were expressed as
mean with standard error (mean + SE). The results
were graphically presented using Microsoft Excel.

RESULTS
Isolation and screening potential plant growth

promoting strain
A total of 11 morphologically distinct
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bacterial strains (NAU-RPJ-26 to NAU-RPJ-36) were
isolated from the soil of industrial area of Morbi
district. The plant growth promoting activities
revealed that the strain NAU-RPJ-35 produced
solubilization index for potash (7.25), phosphate
(2.44), cellulase (3.71); produced Indole-3-acetic
acid (26.34 pg ml?), and hydrogen cyanide (orange
color). Quantitative data of phosphate and potash
solubilization showed that the strain was able to
dissolve 60.5 mg/| of phosphate and 71.5 mg/| of
potash. A qualitative and quantitative assay was
conducted to assess the siderophore production
by each bacterial strain. To enrich the siderophore
production succinic acid medium was utilized.
Among the 11 strains, only three demonstrated
siderophore production as determined by the
CAS assay. The bacterial isolate NAU-RPJ-35
exhibited a statistically higher zone index (ZI) of
1.81 compared to NAU-RPJ-29 with a ZI of 0.88
and NAU-RPJ-26 with a ZI of 0.71. Furthermore,
the Percent Siderophore Unit (PSU) production
measured through the CAS liquid assay revealed
that NAU-RPJ-35 produced the highest siderophore
of 81.60%, followed by NAU-RPJ-29 of 60.97%
and NAU-RPJ-26 of 47.83% at 72 hours at room
temperature (30 £ 2 °C).

Further, salt tolerance ability of the strain
was performed by inoculation bacterial culture

I 0.197

I 0.324

(24 hrs old) in nutrient broth that amended with
varied concentration (100, 200, 400, 600 and 800
mM) of NaCl, CaCl, and MgCl, in the ratio of 3:2:1,
respectively.?*

The ideal density progressively diminished
from the standard nutrient broth tubes (control)
to the nutrient broth supplemented with different
concentrations of salt (Figure 1). No complete
decline or stable optical density was noted in any
of the tubes, indicating that our strain NAU-RPJ-35
could tolerate salt concentrations of up to 800 mM.
Additionally, the presence of colonies on nutrient
agar plates containing various salts verified that
the strain NAU-RPJ-35 is capable of surviving in
saline conditions.

The antifungal activity tested against two
prominent soil-borne phytopathogenic fungi, viz.,
Sclerotium rolfsii and Fusarium oxysporum f.sp.
lycopersici, demonstrated that our strain achieved
a 93.76% inhibition of S. rolfsii, while it inhibited
F. oxysporum f.sp. lycopersici by 57.39% (Figure 2).

Haemolysis detection

The absence of zone around the colony
revealed y-haemolysis by the strain on blood
agar that indicated that the strain may not be
pathogenic for humans, and thus safe to use for
further plant assays studies.

0.466

0.534

0.565
0.608

= 800 mM = 600 mM = 400 mM =200 mM = 100 mM = Normal

Figure 1. Spectrophotometric analysis of growth pattern of NAU-RPJ-35 with varied salt concentration

(b)

Figure 2. In vitro antifungal activity against (a) S. rolfsii and (b) F. oxysporum f.sp. lycopersici
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Types of siderophore produced by NAU-RPJ-35
The type of siderophore produced by
NAU-RPJ-35 was assayed through Thin Layer
Chromatography (TLC) along with Arnnow’s
and Csaky’s assay. TLC was conducted utilizing
a solvent system composed of n-butanol, acetic
acid, and distilled water in a ratio of 12:3:5,
followed by the application of a 0.1M FeCl,
solution as the developing agent. The emergence
of grey and pink colors, with Rfvalues close to the
control indicates the presence of catechol and
hydroxamate types of siderophores, respectively.
The TLC results demonstrated the formation
of a grey color with an R, value of 0.51 for the
bacterial siderophore that was in proximity to the
R, value of 0.52 for the control (3-dihydrobenzoic
acid) suggested the existence of the catechol
siderophore group. Additionally, the catechol
group of the siderophore reacts with nitrite
molybdate under acidic conditions resulting in
a pink color in Arnow’s assay; conversely, the
hydroxamate group of the siderophore oxidizes

nitrite, yielding an orange-red color complex
through diazonium coupling in Csaky’s assay. The
assay data indicated the production of a pink
color by the bacterial siderophore that strongly
corroborated the presence of the catechol type
of siderophore. Therefore, based on the findings
from TLC, Arnow’s, and Csaky’s assays, our strain
NAU-RPJ-35 is confirmed to produce catechol type
siderophores.

Microbial and molecular characterization of the
strain

Microbiological characterization indicated
that NAU-RPJ-35 was gram-negative short rods,
and produced medium-sized, round, glistening,
transparent, non-pigmented colonies on Nutrient
agar. It was found to be a lactose fermenter on
MacConkey’s agar medium. Furthermore, the
strain demonstrated the ability to utilize a variety
of sugars, including malonate, esculin, ONPG,
arabinose, xylose, adonitol, rhamnose, cellobiose,
melibiose, sucrose, raffinose, trehalose, fructose,
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Figure 4. Bio-priming effect on cotton seedlings on American cotton (G.Cot.10 and G.Cot.44) and desi cotton
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dextrose, galactose, mannose, glycerol, salicin,
sorbitol, mannitol, and arabitol. Moreover, it
exhibited positive reactions in tests for lysine
utilization, urease activity, nitrate reduction,
Voges-Proskauer, methyl red, oxidase, and
amylase.

The identification of the bacteria at the
molecular level was accomplished through the
use of 16S rDNA, followed by a BLAST analysis
utilizing the NCBI Genbank database. A distance
matrix was created, and a phylogenetic tree
was constructed using MEGA 11. The homology
analysis revealed that the sequence of the 16S
rDNA from NAU-RPJ-35 exhibited a high degree
of sequence similarity to the genus Enterobacter
hormaechei (98.70%). Based on the analysis of
microbial data in accordance with Bergey’s Manual
of Systematic Bacteriology and molecular data, the
strain NAU-RPJ-35 was identified as Enterobacter
hormaechei NAU-RPJ-35 with the NCBI accession
number ON764273.

Seed bacterization effect on American and Desi
cotton seedlings

The Enterobacter hormaechei NAU-RPJ-35
was utilized to bio-prime the seeds of American
(Gossypium hirsutum-G.Cot.10 and G.Cot.44) and
Desi cotton (Gossypium herbaceum - GN.Cot.25
and GN.Cot.27) genotypes. Each of the cotton
seedlings was examined for its morphological
and biochemical responses in comparison to
non-primed seedlings through a pot experiment
conducted under greenhouse conditions.

Seed bio-priming indicated that
Enterobacter hormaechei NAU-RPJ-35 significantly
enhanced the morphological characteristics of
the American cotton varieties, viz., G.Cot.10 and
G.Cot.44 (Figure 3 a-e). The improvements were
noted in several parameters including germination
percentage (22.22% and 29.41%), shoot length
(21.67% and 13.64%), root length (25.00% and
13.33%), fresh shoot weight (38.53% and 37.71%),
dry shoot weight (134.55% and 108.81%), fresh
root weight (65.00%), and dry root weight (83.33%
and 127.78%), respectively, when compared to
non-primed seeds (Figures 3 a-d and Figure 4).

Our findings also revealed a decrease
in the root to shoot ratio for G.Cot.10 (-22.78),
while the results for G.Cot.44 were comparable

to their respective controls. The morphological
characteristics of bio-primed seedlings of desi
cotton GN.Cot.25 and GN.Cot.27 also indicated
that Enterobacter hormaechei NAU-RPJ-35
significantly improved the germination rates
(37.50% and 17.65%), shoot lengths (23.33%
and 15.25%), root lengths (18.92% and 7.69%),
fresh shoot weights (44.12% and 42.41%), dry
shoot weights (45.83% and 85.09%), fresh root
weights (78.38% and 64.10%), and dry root
weights (130.77% and 178.57%), respectively,
when compared to their non-primed counterparts.
Additionally, the highest root-to-shoot ratio was
recorded in the bio-primed seeds of GN.Cot.25
(55.61%) followed by GN.Cot.27 (48.95%) in
comparison to their respective controls (Figure 3
e).

The data on biochemical characteristics
presented in Figure 5 a-d. It showed that the bio-
primed seedlings of American cotton genotypes
viz., G.Cot.10 and G.Cot.44 indicated that the
chlorophyll content (71.05% and 96.77%), protein
content (19.75% and 27.30%), and total sugar
content (63.84% and 34.09%) were enhanced in
comparison to the control; conversely, proline
content (21.85% and 3.14%), SOD (8.11% and
21.68%), POD (7.43% and 26.77%), and CAT
(10.24% and 8.02%), respectively, were either
comparable or reduced relative to the control.
Similarly, the biochemical traits of bio-primed
seedlings of desi cotton genotypes viz., GN.Cot.25
and GN.Cot.27 also demonstrated that our strain
significantly elevated chlorophyll content (50.00%
and 230.01%), protein content (29.30% and
21.42%), and total sugar content (11.82% and
18.61%) as compared to the control. However,
proline content (40.10% and 16.57%), SOD (7.03%
and 2.17%), POD (7.34% and 2.97%), and CAT
(4.82% and 19.23%) were either comparable or
diminished in comparison to the control.

DISCUSSION

Calcareous soils (high pH) create
significant plant stress, primarily causing nutrient
deficiencies. The microbes within this type of soil
may have potential in multifarious plant growth
promoting and protecting traits. Hence, to study
the versatile trait of bacterial strains particularly
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from the calcareous soil was undertaken. The
Morbi district is well-known for its ceramic
industries that result in calcareous soil. Therefore,
soil from the industrial area of the Morbi district
was chosen to isolate the bacteria.

The plant growth-promoting activities,
salt tolerance capacity, and antifungal properties
of the NAU-RPJ-35 strain were investigated. Our
strain demonstrated exceptional capabilities in
solubilizing phosphate (60.5 mg/l) and potash
(71.5 mg/I) within 48 hours; whereas findings of
Roslan et al. reported potash (72.90 ug/ml) and
phosphate solubilization (508.25 pg/ml) within five
days of incubation by Enterobacter hormaechei.*
Additionally, the assessment of salt tolerance
revealed that our strain could endure up to 800
mM salt stress, suggesting that NAU-RPJ-35 is
a salt-tolerant strain, potentially aiding in plant
protection under stress conditions. Similarly,
the production of indole-3-Acetic Acid (IAA) by
our strain indicates its role in supporting plant
growth. The limited availability of iron in this soil
type presents a greater opportunity to discover
potential siderophore producing strains because
microbial siderophore secretion is higher in iron
limiting condition. The highest zone index and
percent siderophore production unit (% SPU) of
1.81 and 81.60%, respectively, was produced by
the isolate NAU-RPJ-35.

Besides, acquiring essential mineral
nutrients microbes also possesses such virulence
factors, providing protection to plants against
pathogens. Therefore, our strain was evaluated for
its production of cellulase, protease, and hydrogen
cyanide (HCN), along with its inhibitory effects
against phytopathogenic fungi such as Sclerotium
rolfsii and Fusarium oxysporum f.sp. lycopersici. The
presence of catechol type of siderophore, cellulase
and HCN are the key indicators that NAU-RPJ-35
have inbuilt capacity to inhibit the phytopathogens
and it was noted that the strain was excellent to
inhibit the phytopathgenic fungi. Our microbial
and molecular analyses identified this promising
bacterial strain as Enterobacter hormaechei
NAU-RPJ-35 (Accession number ON764273), and
the results of antifungal activity align with the
findings of Przemieniecki et al. who reported
that Enterobacter hormaechei acts as a biological
fungicide against Fusarium species.®*® Moreover,
the species of family Enterobacteriaceae may be

pathogenic and thus haemolytic activity of the
strain was carried out. The absence of haemolysis
indicated that our strain can be a non pathogenic
and thus used for further plant assays studies.

Siderophores are key component
produced by microbes and categorized into several
types viz., catecholate, hydroxamate, phenolate,
carboxylate, and mixed types.®” Our research
also sought to identify the type of siderophore
synthesized by Enterobacter hormaechei NAU-
RPJ-35. Consequently, we conducted TLC and
Arnow’s and Csaky’s assays, which revealed that
our strain produced a catechol-type siderophore.
Previous studies by Raymond et al. and Khan
et al. have indicated that among the various
siderophore metabolites, catechol siderophores
are particularly noteworthy due to their strong
affinity for Fe(lll), especially attributed to the
presence of 2,3-dihydroxybenzamide motifs, and
are typically produced by bacterial strains within
the Enterobacteriaceae family.?#*° Our identified
strain also belongs to the Enterobacteriaceae
family suggested that it indeed produced a
catechol group of siderophore.

Numerous documents are available that
illustrate the plant growth-promoting activities
of Enterobacter sp. However, the potential plant
growth-promoting (PGP) activities of this strain
can be validated when it supports and enhances
plant growth. A variety of technologies, such
as soil amendment, foliar spray, drip irrigation,
root dipping, and biofertilizers are available
for applying bacterial strains to plants. Among
these, seed biopriming is a method that transfers
bacteria from the seed surface using live bacterial
inoculum and acclimatizes the seeds with bacteria
under prevailing conditions. The synergistic
interaction between bacteria and plants will
enhance the germination rate and modulate the
morphological and biochemical characteristics
of the plant. Consequently, the current study
utilized Enterobacter hormaechei NAU-RPJ-35 as
a seed biopriming agent for American and Desi
cotton genotypes. Greenhouse studies indicated
that seeds bio-primed with our strain exhibited
improved germination rates. The morphological
characteristics, including shoot and root length, as
well as fresh and dry weights of roots and shoots,
were found to be enhanced in bio-primed cotton
seeds in both American (G.Cot.10 and G.Cot.44)

Journal of Pure and Applied Microbiology

1643

www.microbiologyjournal.org



Parmar et al | J Pure Appl Microbiol. 2026;20(2):1634-1646. https://doi.org/10.22207/JPAM.20.2.51

and Desi (GN.Cot.25 and GN.Cot.27) genotypes.
The reduced root-to-shoot ratio observed in
G.Cot.10 implied that our strain has a greater
influence on promoting shoot elongation compared
to root development, resulting in a more balanced
growth pattern. Conversely, the increased ratio
in GN.Cot.25 suggested that the same strain had
an improved capacity for water and nutrient
absorption, which enhances the plant's resilience
to drought and nutrient deficiency conditions.

A notable enhancement in biochemical
characters, viz., chlorophyll content, protein
levels, and total sugar content was noted in each
of the bio-primed cotton seed genotypes when
compared to their respective controls; conversely,
proline content, SOD, POD, and CAT levels were
either comparable or reduced in relation to the
control. These results means that substantial
solubilization of minerals, the production of 1AA,
and the absorption of iron through siderophores
by our strain Enterobacter hormaechei NAU-
RPJ-35 might be the possible reasons behind
the synergistic effect on both American and
Desi cotton genotypes resulting in improved
morphological and biochemical parameters. This
result was comparable with Roslan et al.?®* They
found that the phosphate and potash solubilizing
strain Enterobacter hormaechei, which possesses
multiple beneficial traits for plants, significantly
enhanced the germination rate and growth of Okra
seedlings via the seed biopriming technique.

CONCLUSION

The strain Enterobacter hormaechei
NAU-RPJ-35 isolated from calcareous soil and has
been identified as significant mineral solubilizers
along with effective producer of catechol-type
siderophores. Additionally, it also produced
phytohormones (IAA), hydrolytic enzyme
(cellulase), bio-molecule (HCN) along with
antifungal activity against phytopathogenic fungi
viz., Sclerotium rolfsii and Fusarium oxysporum
f.sp. lycopersici. Furthermore, seed bio-priming of
cotton genotypes, Gossypium hirsutum (G.Cot.10
and G.Cot.44) and Gossypium herbaceum
(GN.Cot.25 and GN.Cot.27) with Enterobacter
hormaechei NAU-RPJ-35 resulted in synergistic
interaction that not only enhanced the germination

rate but also modulated the morphological and
biochemical characteristics leading to enhanced
seedling growth. Thus, Enterobacter hormaechei
NAU-RPJ-35 can be used as potent biological agent
in cotton.
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