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Abstract

Cauliflower (Brassica oleracea var. botrytis) is a crucial cash crop predominantly consumed as a
vegetable. High-yielding varieties are favored to maximize productivity and income, but they require
substantial nutrients, leading to heavy reliance on chemical fertilizers and pesticides. This practice
poses health risks and causes environmental pollution. Adequate nutrient availability, particularly for
phosphorus (P) and nitrogen (N), is essential for optimal cauliflower growth. Phosphate-solubilizing
bacteria (PSB) enhance P availability by solubilizing insoluble phosphates, whereas nitrogen-fixing
microbes (NFM) convert atmospheric nitrogen into usable forms. These microbial inoculants are eco-
friendly alternatives to chemical fertilizers, which promote nutrient availability and plant growth.
The purpose of this study was to separate, identify, and describe PSB from the soil of the cauliflower
rhizosphere in the Uttar Pradesh district of Lucknow, Unnao, and Kanpur. Selected PSB isolates were
screened, characterized using 16S rRNA, and evaluated for their phosphate solubilization capacity at
different phosphorus concentrations. The results showed increased phosphate solubilization up to 72
h, with tricalcium phosphate (TCP) solubilized most effectively at 500 ppm and rock phosphate (RP) or
bone meal (BM) at 250 ppm. Bacillus pumilus exhibited the highest phosphate solubilization ability.
This research highlights the potential of PSB and NFM as sustainable solutions for reducing chemical
fertilizer dependency, enhancing soil fertility, and promoting cauliflower growth, thereby offering a
promising approach to sustainable agriculture.
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INTRODUCTION

Cauliflower (Brassica oleracea var. botrytis
L.), a significant member of the Brassicaceae
family, is extensively cultivated as a high-value cash
crop consumed primarily as a vegetable. Certain
cultivars have also been used in seed production.
Farmers typically use high-yielding cauliflower
varieties to maximize productivity and income.!
However, these varieties often require substantial
amounts of nutrients and growth promoters,
necessitating the use of various chemical fertilizers
and pesticides. This practice poses significant
health risks and contributes to environmental
pollution.? Cauliflower is particularly valued
for its nutrient-rich inflorescence, which
necessitates adequate nutrient availability,
especially phosphorus and nitrogen, for optimal
growth and yield.? Phosphorus is essential for
several physiological functions in plants but is
often present in soil in insoluble forms, making
it inaccessible to plants. Phosphate-solubilizing
bacteria (PSB) can solubilize insoluble phosphates,
thereby enhancing plant phosphorus uptake.?
Similarly, nitrogen-fixing microorganisms (NFM)
play a crucial role in nitrogen fixation by converting
atmospheric nitrogen (N,) into ammonia (NH,)

and other nitrogenous compounds that plants
can assimilate.* Microbial inoculants containing
PSB and NFM are gaining attention as eco-
friendly alternatives to chemical fertilizers for
improving nutrient availability and promoting
plant growth.® The efficacy of these inoculants
depends on the selection of efficient strains
and their compatibility with the target crop.>®
Bioinoculant of rhizobia can effectively improve
agricultural yield and productivity which indicates
that Rhizobium is an effective Plant growth
promoting microbe.”® Additionally, investigating
the synergistic relationship between PSB and
NFM could enhance their ability to stimulate plant
development and productivity. In this study, PSB
from cauliflower rhizosphere soil was isolated,
identified, and characterized. The synergistic
effects of PSB and nitrogen-fixing microorganisms
on cauliflower development and productivity were
evaluated (Figure 1).

Purpose of the study

The primary goal of this study was to
explore sustainable agricultural practices for
cauliflower farming by reducing dependency
on synthetic fertilizers through the application
of plant growth-promoting rhizobacteria

.«.-.

Figure 1. Functions of bacteria that solubilize phosphate during plant development and growth
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(PGPR). These PGPR strains exhibit diverse
functionalities, including nitrogen fixation,
phosphate solubilization, and the production of
vital compounds like indole acetic acid (1AA).°
Specifically, the study aimed to identify and
characterize effective PGPR strains suitable
for commercial cauliflower cultivation in Uttar
Pradesh. Soil samples were collected from
different agricultural zones, followed by ecological
modeling based on established protocols. The
selected PGPR strains were used to develop
customized biofertilizers with suitable carrier
materials, tailored to specific crops and zones. The
overarching goal is to integrate these biofertilizers
into conventional agricultural practices, thus
promoting sustainable farming by enhancing
soil fertility, improving crop yields, and reducing
environmental degradation. This research is
expected to contribute to the global challenge of
food security by optimizing agricultural systems
through the use of eco-friendly inputs.

Assessment of soil PGPR

The first step in evaluating soil PGPR
involves identifying key beneficial traits, as it is
impractical to test numerous bacterial isolates
directly in plants. Instead, PGPR strains are
selected based on in vitro assays, where pure
bacterial cultures are isolated and their activity

is assessed in different media.'®! Beneficial traits
such as nitrogen fixation, phosphate solubilization,
potassium mobilization, siderophore production,
phytohormone secretion, and pathogen
suppression are evaluated by observing changes in
the growth medium, such as color or transparency
shifts around bacterial colonies.’®** The combined
effects of bacterial consortia can significantly
enhance plant health by promoting nutrient
availability and protecting against pathogens.
These cumulative benefits contribute to improved
soil biological activity and, consequently, better
plant growth and development (Figure 2).

METHODOLOGY

Study Design

Soil and root samples from the
rhizosphere of the cauliflower planting area
were collected from the Uttar Pradesh district of
Unnao, Lucknow, and Kanpur. After excavating
the rhizosphere while maintaining an intact
root system, samples were sealed in plastic bags
and kept cold (4°C) at the SIIC IIT Kanpur Soil
Microbiology Laboratory until further examination.
The analysis consisted of counting CFUs, group
characteristic analysis, and microbe isolation
from the root-soil sample. These samples, rich in
diverse microbial communities, were subjected

[ Consortia of soil PGPB ]

Phosphate solubilizing
PGPB

[ Nitrogen fixing PGPB

Siderophore- secreting
PGPB

PGPB Producing
Phytohormone

PGPB against
Phytopathogens

]

Figure 2. Different soil PGPBs promote plant development and growth in several ways

Journal of Pure and Applied Microbiology

2584 www.microbiologyjournal.org



Singh et al | J Pure Appl Microbiol. 2024;18(4):2582-2591. https://doi.org/10.22207/JPAM.18.4.31

to selective enrichment on specialized media in
the lab to isolate PSB. The isolated strains were
further confirmed using molecular techniques,
ensuring their relevance to local soil ecology and
their potential for enhancing crop productivity. A
16S rRNA gene-based approach was utilized for
the identification and characterization of bacterial
isolates. This involved a series of morphological
and biochemical analyses, followed by DNA
extraction and PCR amplification using universal
primers. Sequencing and phylogenetic analysis of
Bacillus pumilus strains with significant phosphate-
solubilizing capabilities were conducted, with
results compared against the NCBI GenBank
database to confirm strain identity. Additionally,
PSB were screened by staining and characterized
using 16S rRNA. The synergistic effect of PSB
with commercially available biofertilizers was
examined.

Collection of soil samples and isolation of PSB
The collection of soil samples from
Unnao, Kanpur, and Lucknow initiated the
isolation of PSB, which is vital for sustainable
agriculture. These samples capture diverse soil
microbial communities that are essential for
understanding local ecology. In the laboratory,
samples underwent selective enrichment on
specialized media to isolate PSB, as confirmed
through molecular techniques. This regional
approach identified indigenous PSB strains adapted
to local conditions, facilitating tailored biofertilizer
development. This process enhances soil fertility
and crop productivity, which are both crucial
for sustainable agriculture. Isolation involves
meticulous protocols for the selective cultivation
of soil microbial populations. This leverages PSB’s
ability of PSB to solubilize phosphorus, which is
vital for nutrient management. Geographically
specific PSB isolation provides insights into local
microbial ecology and adaptation, aiding tailored
biofertilizer development. Overall, this process is
pivotal for advancing agricultural sustainability
by harnessing microbial nutrient cycling and
enhancing soil health to improve crop yield.

Identification (16S rRNA Method) &
characterization of the bacterial isolates

The process of identification and
characterization of bacterial isolates using the

16S rRNA method involves a comprehensive
analysis aimed at understanding the taxonomic
composition and functional attributes of
microbial populations. Following the isolation of
bacterial colonies, a series of morphological and
biochemical analyses were conducted to elucidate
their characteristics. Initially, colony morphology
served as a visual indicator that provided insights
into the size, shape, texture, and pigmentation
of bacterial colonies. Microscopic examination
revealed the cell morphology, including shape,
size, and arrangement. Gram staining distinguishes
between Gram-positive and Gram-negative
bacteria based on differences in the composition
of their cell walls providing first taxonomic
information.

To identify the isolated bacteria,
morphological traits, such as size, shape, motility,
spore presence or absence, and Gram staining
were used. The bacteria were molecularly
identified after DNA extraction by heat lysis.
Sterile distilled water (200 ul) was used to suspend
colonies from a 24 hour young culture on agar
media in an Eppendorf tube. The suspension
was subsequently centrifuged for 10 minutes at
14000 rpm after being incubated for 10 min at
100°C. Before PCR analysis, the DNA-containing
supernatant was carefully collected and stored at
-20°C.

Sequencing of Bacillus pumilus 16S Ribosomal
RNA gene

To determine the sequence of the
Bacillus pumilus 16S ribosomal RNA gene,
bacterial isolates were first cultured from soil
samples collected from the rhizosphere of
cauliflower plants. Isolates with significant
phosphate-solubilizing activity were selected
for further analysis. DNA was extracted from
the isolates using a standard bacterial genomic
DNA extraction kit. The 16S rRNA gene was then
amplified by polymerase chain reaction (PCR) using
the universal bacterial primers 27F and 1492R.
PCR products were purified using a commercial
purification kit and sent for sequencing. The
obtained sequences were compared against the
NCBI GenBank database using BLAST for the
identification and confirmation of Bacillus pumilus.
Phylogenetic analysis was performed to ascertain
the evolutionary relationships among the isolates
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and known Bacillus pumilus strains. The sequence
data were further analyzed for any unique
genetic marker that could be associated with
enhanced phosphate-solubilizing capabilities. This
methodological approach ensured the accurate
identification and characterization of Bacillus
pumilus strains from the cauliflower rhizosphere.
For this study, we selected 10 strains of Bacillus
pumilus 16S ribosomal RNA gene based on the
E-value obtained after BLAST analysis and analyzed
these sequences for phylogenetic analysis of
Bacillus pumilus using the pairwise alignment tool
CLUSTAL W (Figure 3).

Isolation and screening of PSB

In agricultural microbiology, the process of
isolating and screening PSB is essential to improve
soil fertility and plant nutrition. Soil samples from

Table. Phosphate solubilization analysis

the rhizosphere were suspended in distilled water
to extract microbial communities associated with
plant roots and identify phosphate-solubilizing
bacteria. Decimal dilutions were prepared from
this suspension and aliquots were inoculated
onto Picovskaya’s medium, a specialized growth
medium designed to select bacteria capable of
solubilizing phosphate compounds. Picovskaya’s
medium contains insoluble phosphate as the sole
source of phosphorus, creating an environmentin
which only bacteria with the ability to solubilize
phosphate can thrive.*'® After incubation,
bacterial colonies exhibiting clear zones around
them, indicating phosphate solubilization, were
selected for further analysis. The isolated microbial
colonies were subjected to staining to assess
their characteristics. Staining techniques such as
Gram staining provide insights into the cellular

Phosphorus Source Concen.  Absorbance  Solubilized
(ppm) (nm) Phosphate
(mg/L)

Tricalcium Phosphate (TCP) 250 0.35 35
Tricalcium Phosphate (TCP) 500 0.42 42
Tricalcium Phosphate (TCP) 750 0.50 50
Tricalcium Phosphate (TCP) 1000 0.58 58
Rock Phosphate (RP) 250 0.30 30
Rock Phosphate (RP) 500 0.38 38
Rock Phosphate (RP) 750 0.45 45
Rock Phosphate (RP) 1000 0.52 52
Bone Meal (BM) 250 0.32 32
Bone Meal (BM) 500 0.40 40
Bone Meal (BM) 750 0.48 48
Bone Meal (BM) 1000 0.55 55

10 Sequences 250 460 E\‘JO B‘DO 1 D‘OD 1,2‘00 1,4‘00 '

1 100
(aT&]

0Q2445231  o_. - - ABTGABTACCACBTEEETAACCTECCTETAABACTBEEAT ~
PP069453.1 TATACATGCAAGTCEABCBBACABAABBEABCTTECTCCCREA .ﬂAéC”GC@AC§GGTGAGT1AACACGTGGGWAACCJGCCTGTAAGACTeg AT
PP069393.1 oo CAAGTCGA( CGGACAGAAGGGA%SCTTGCTCCCGGAT TTAGC! GCBGACGBGTGAGTAACACGTGGG\'I'AACCTGCCTGTAAGACTG AT
OR432438.1 ====-------BTCGAGCBEACAGAAGBGAGC TTEC TCCCBBATG TTAGCGECOGACBEE TEAGT AACACGTEEE TAACCTBCCTBTAAGACTBEEAT
OR354388.1 sesESIESiSseesters sen b nan T R TTGCTCCCRBATETTAGCEECEEACCEETCART AACACETEEETAACCTECCTETAAGACTEEEAT
KESDBI45:1 etk ot oomomooooe — ACBTGBETAACCTGCCTBTAAGACTBEEAT
PP069454.1 ---CAABTCBABCBAACABAABBEAGC TG CTCCCRB AT TTABCBEC o8 ACBEE TEABT AACACBTECE TAACCTECCTBTAAGACTEERAT
PP198286.1
EF467045.1
OR295391:1: 0 asesssscsstessssssssssssssssssstessssssses . - == = v

Figure 3. Pairwise alignment of 16S ribosomal RNA gene sequences from Bacillus pumilus isolates using CLUSTAL

W tool
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morphology and structure of bacteria. The positive
staining results suggested the presence of PSB
among the isolated colonies.

To characterize the isolated bacteria, 165
rRNA sequencing was performed. This molecular
technique targets the highly conserved 16S rRNA
gene, allowing the precise taxonomic identification
of bacterial species.'®*8 By comparing the obtained
sequences with reference databases, the identity
of PSB isolates can be determined, providing
valuable information about their phylogenetic
relationships and evolutionary history. The

PP0&2454 .1

PFPO693923.1

KC588245.1

ORZ235591 .1

PPO62453.1

CR432438.1
OR354388.1

PP198286.1

isolation and screening of phosphorus-solubilizing
bacteria involves a systematic approach to identify
microbial populations capable of enhancing soil
phosphorus availability. Through these methods,
researchers can select and characterize bacteria
with the potential to contribute to sustainable
agriculture by improving plant nutrient uptake.

Estimation of phosphate solubilization

To determine the optimum concentration
of phosphorus that can be effectively solubilized
by the selected isolates, different concentrations

oQ244523.1

EF467045.1

OR354388 1

PP069393 1

0Q244523 1

OR432438.1

PP069453 1

KC588945.1

OR295391.1

PP198286.1

PP069454 1

EF467045.1

Figure 4. Phylogenetic trees illustrating the evolutionary relationships among the 16S rRNA sequences followed by
the analysis of various strains of Bacillus pumilus sequences with the dendrogram (left) showing genetic distance-
based clustering and the cladogram (right) detailing branching patterns and shared characteristics
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of tricalcium phosphate (TCP) or bone meal (BM)
were used as phosphorus sources. Concentrations
of 250, 500, 750, and 1000 ppm were separately
added to PVK (Pikovskaya’s) broth. Next, a
spectrophotometric technique was used to
quantify the phosphate-solubilizing activity.

The procedure for estimating phosphate
solubilization began with the preparation of PVK
broth, in which varying concentrations (250, 500,
750, and 1000 ppm) of tricalcium phosphate
(TCP), rock phosphate (RP), and bone meal
(BM) were added as phosphorus sources. This
was followed by inoculation of the broth with
the selected phosphate-solubilizing bacterial
isolates. The inoculated broth was incubated
under suitable conditions for a specified period
of time. After incubation, the samples were
collected from each broth for analysis. The amount
of solubilized phosphate was measured using
a spectrophotometer, which involved reacting
the sample with a molybdate reagent to form
a blue complex that was measured at a specific
wavelength.

0120 Hrs

RESULTS AND DISCUSSION

The 16S ribosomal RNA gene sequences
derived from a range of Bacillus pumilus strains
offer a fascinating glimpse into the intricate
tapestry of the microbial diversity within this
species. With each partial sequence representing
distinct strains like JUBCHO8, DKS1, KA-01, KKP
1402, KKP 3900, KKP 3902, KKP 3898, TNMMS-12,
AAA, and ASOI-02, these genetic fragments paint
a vivid picture of the evolutionary pathways
and phylogenetic nuances present among these
bacterial populations as shown in Figure 3.
Through meticulous analysis of these sequences,
researchers gain invaluable insights into the
underlying genetic variations and adaptive
strategies employed by Bacillus pumilus strains,
which, in turn, illuminate their ecological
niches, potential ecological roles, and even
their applications across various environmental
contexts. Analysis of these sequences provides
valuable insights into the genetic variations and
adaptations of Bacillus pumilus, as shown in
Figure 4, shedding light on its ecological roles and
potential applications in diverse environments.

96 Hrs 072 Hrs 48 Hrs 024 Hrs

P-solubilisation MK9 BM ]
B
P-solubilisation MK9 RP _—
e

P-solubilisation MK9 TCP —

P-solubilisation MK7 BM [ i —
P-solubilisation MK7 RP ;—
P-solubilisation MK7 TCP §=—
P-solubilisation MK5 BM E
P-solubilisation MK5 RP E

P-selubilisation MIC TCT - ———
150

0 50 100

200 250 300
P-solubilisation

350 400 450 500

Figure 5. The graph illustrates that phosphate solubilization by various bacterial isolates with Bacillus pumilus showed
the highest solubilization across different phosphorus sources and incubation durations. Isolate MK7* followed a
consistent trend regardless of the amount of phosphorus source, and demonstrated a negative correlation between

medium pH and solubilized phosphate content over time
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In Figure 3, the alignment compares
10 sequences identified by their accession
numbers (0Q244523.1, PP069453.1, PP069393.1,
OR432438.1, OR354388.1, KC588945.1,
PP069454.1, PP198286.1, EF467045.1, and
OR295391.1). Nucleotide positions are indicated at
the top, with conserved regions highlighted across
sequences. Color coding represents nucleotide
identities where adenine (A) is green, thymine
(T) is red, cytosine (C) is blue, and guanine (G)
is yellow, illustrating the genetic similarity and
variation among the isolates. This alignment aids in
understanding the phylogenetic relationships and
confirming the identity of Bacillus pumilus strains.

The phylogenetic trees illustrated
the evolutionary relationships among various
strains of Bacillus pumilus sequences of the
16S rRNA gene. The dendrogram (left panel)
shows hierarchical clustering based on genetic
similarities, where branch lengths are proportional
to genetic distances, indicating closer evolutionary
relationships among clustered sequences. The
cladogram (right panel) details the branching
patterns of these relationships, emphasizing
the shared-derived characteristics. Each branch
is labeled with a unique specimen identifier
showing notable clusters, such as OR354388.1 and
PP069393.1, which are closely related and more
distantly related sequences, such as PP069454.1
and PP198286.1. These trees offer valuable
insights into the evolutionary history and genetic
diversity of the specimens.

Phosphate solubilization analysis

The solubilization measurement,
indicated by absorbance in Table, refers to the
amount of phosphate released into the solution
by the bacterial isolates, which was quantified
using a spectrophotometer. The solubilized
phosphate combines with a molybdate reagent
to generate a blue complex, which is the basis for
the spectrophotometric technique. Absorbance
at a certain wavelength (usually approximately
880 nm) is a measure of the intensity of the blue
color and indicates the quantity of solubilized
phosphate.

All the selected isolates showed a
consistent increase in phosphate solubilization
with different phosphorus sources at varying
concentrations (i.e., 250.00, 500.00, 750.00, and

1000.00 ppm) up to 72 h of incubation. Figure
5 illustrates the abrupt decrease in phosphate
solubilization that followed this period. The
solubility of the different phosphorus sources
varied after incubation for 72 h; tricalcium
phosphate (TCP) showed the highest solubilization
at 500 ppm, whereas bone meal (BM) and rock
phosphate (RP) were most effectively solubilized
at 250 ppm. The isolate HWR48 was shown to be
the most capable of solubilizing phosphate with
levels as high as 88.42 mg/L from TCP, 33.54 mg/L
from RP, and 4.84 mg/L from BM.

When the amounts of the three
phosphorus sources and different incubation
durations (24, 48, 72, 96, and 120 h) were
examined, Bacillus pumilus showed the greatest
phosphate solubilization. The second step was
to Isolate MK7.** This suggests that regardless
of the amount of phosphorus present, the
trend in phosphate solubilization by various
bacterial isolates was constant. The increased
viable count of Bacillus pumilus under conditions
containing TCP, RP, and BM may be the cause of
its improved phosphate solubilization. A mean
decrease in the final pH of the supernatant was
observed in all instances between 24 and 72 h,
which corresponded with the isolates’ enhanced
solubilization of phosphate. By lowering the pH of
the medium and releasing low molecular weight
organic acids that disassemble the phosphorus
structure and release it into the medium, soil-
isolated bacterial species may dissolve phosphate
in both soil and culture media. With longer
incubation times, a negative correlation was
observed between the pH of the medium and
solubilized phosphate content.

DISCUSSION

This study aimed to isolate, identify, and
characterize phosphate-solubilizing bacteria (PSB)
from the cauliflower rhizosphere. Morphological
and biochemical analyses of the bacterial isolates
were conducted, with molecular identification using
16S rRNA gene sequencing. The genetic diversity
of the Bacillus pumilus strains isolated from the
rhizosphere was significant. Phylogenetic analysis,
supported by pairwise alignment using CLUSTAL
W, revealed distinct evolutionary pathways among
the isolates, providing insights into their ecological
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roles and potential applications in improving soil
fertility and nutrient availability.***

Our results showed that Bacillus pumilus
exhibited the highest phosphate solubilization,
particularly with tricalcium phosphate (TCP)
as the phosphorus source. Solubilization was
most effective at 500 ppm for TCP and 250 ppm
for both rock phosphate (RP) and bone meal
(BM), underscoring Bacillus pumilus’s superior
phosphate-solubilizing ability. The quantification
of phosphate solubilization was performed using
spectrophotometry, with the highest solubilization
observed up to 72 hours of incubation, followed
by a decline. This trend suggests that the bacterial
activity is optimal during this period, indicating
the potential need for periodic re-application
of biofertilizers to ensure sustained nutrient
availability.®104

Although this study did not directly
evaluate the growth or yield of cauliflower, it
highlights the potential synergistic effects of PSB
and nitrogen-fixing microorganisms (NFM) on
nutrient uptake and soil fertility. Previous research
has demonstrated that microbial inoculants
such as PSB and NFM can enhance plant growth
by improving nutrient availability, which may
indirectly suggest similar benefits for cauliflower
cultivation.**>20 For example, co-inoculation with
PSB and NFM has been shown to significantly
increase nutrient absorption and biomass in other
crops such as chickpeas, indicating the potential
for similar results in cauliflower.'* The integration
of PSB and NFM into biofertilizer formulations
can help reduce reliance on chemical fertilizers,
mitigate environmental pollution, and support
sustainable agricultural practices.®'”1% While
this study focused on microbial isolation and
characterization, the findings lay the groundwork
for future research into tailored biofertilizer
applications, potentially improving soil health and
crop productivity in cauliflower farming. This work
advances our understanding of microbial nutrient
cycling and highlights the importance of microbial
diversity in sustainable agriculture, with significant
implications for eco-friendly farming systems and
global food security efforts.

CONCLUSION

This study successfully isolated and
characterized phosphate-solubilizing bacteria
(PSB) from the cauliflower rhizosphere, with
Bacillus pumilus identified as a particularly
effective strain for phosphate solubilization. The
use of 16S rRNA sequencing allowed for precise
identification and taxonomic classification of the
isolates. The results demonstrated that PSB has
significant potential to enhance soil fertility by
improving nutrient availability, which could reduce
the need for chemical fertilizers. This research
lays the foundation for developing tailored
biofertilizers that promote sustainable agricultural
practices. By leveraging indigenous microbial
strains, future applications can focus on improving
soil health and nutrient cycling, contributing to
more eco-friendly farming systems.

ACKNOWLEDGMENTS
The authors would like to thank Adhita
Biosciences Pvt. Ltd., Lucknow, for their support.

CONFLICT OF INTEREST
The authors declare that there is no
conflict of interest

AUTHORS' CONTRIBUTION

All authors listed have made substantial
direct and intellectual contribution to the work
and approved it for publication.

FUNDING
None.

DATA AVAILABILITY
All the datasets generated or analyzed
during this study are included in the manuscript.

ETHICS STATEMENT
Not applicable.

REFERENCES

1. Timofeeva A, Galyamova M, Sedykh S. Prospects
for Using Phosphate-Solubilizing Microorganisms
as Natural Fertilizers in Agriculture. Plants.

Journal of Pure and Applied Microbiology

www.microbiologyjournal.org



Singh et al | J Pure Appl Microbiol. 2024;18(4):2582-2591. https://doi.org/10.22207/JPAM.18.4.31

10.

11.

2022;11(16):2119. doi: 10.3390/plants11162119
Fitriatin BN, Dewi YW, Sofyan ET. Antagonism activity
of phosphate solubilizing microbes and nitrogen
fixing bacteria toward Fusarium sp. Int J Environ Agric
Biotechnol. 2020;5(6):1538-1540. doi: 10.22161/
ijeab.56.17

Hindersah R, Kalay AM, Kesaulya H, Suherman C.
The nutmeg seedlings growth under pot culture with
biofertilizers inoculation. Open Agric. 2021;6(1):1-10.
doi: 10.1515/0pag-2021-0215

Kusbianto DE, Emiyati S, Setiawati TC, Subroto
G, Rosyady MG. Pengaruh Pemberian IAA pada
Pembibitan Setek Vanili (Vanila planifolia) yang
diperkaya Bakteri Pelarut Fosfat dan Bakteri
Pelarut Kalium. Jurnal Agro Industri Perkebunan,
2022;10(2):105-118. doi: 10.25181/jaip.v10i2.2550
Tarigan DM, Barus WA, Munar A, Lestami A. Exploration
and Morphological Characterization of Phosphate-
Solubilizing and Nitrogen-Fixing Bacteria in Saline
Soil. Sabrao J Breed Genet. 2023;55(2):550-563. doi:
10.54910/sabrao2023.55.2.27

Sembiring M, Sabrina T. Diversity of phosphate
solubilizing bacteria and fungi from andisol soil
affected by the eruption of Mount Sinabung, North
Sumatra, Indonesia. Biodiversitas. 2022;23(2):714-
720. doi: 10.13057/biodiv/d230216

Datta A, Singh RK, Tabassum S. Isolation Characterization
and Growth of Rhizobium strains under optimum
conditions for effective Biofertilizer production. Int J
Pharm Sci Rev Res. 2015;32(1):199-208

Datta A, Singh RK, Kumar SKS. An Effective and
Beneficial Plant Growth Promoting Soil Bacterium
"Rhizobium" A Review. Annals Plant Sci. 2015;4(1):
933-942. https://www.annalsofplantsciences.com/
index.php/aps/article/view/161

Wang C, Pan G, Lu X, Qi W. Phosphorus solubilizing
microorganisms: potential promoters of agricultural
and environmental engineering Front. Bioeng
Biotechnol. 2023;11:1181078. doi: 10.3389/
fbioe.2023.1181078

Ascencio-Lino T, Matamoros-Alcivar E, Sandoya-
Sanchez V. Barcos-Arias M, Naranjo-Moran J. An
exploratory study of phosphorus-solubilizing bacteria
in two habitats associated with Cedrela Montana
Moritz ex Turcz. Bionatura. 2021. doi: 10.21931/
RB/2021.06.01.20

Mitra D, Andelkovic S, Panneerselvam P. Phosphate-
Solubilizing Microbes and Biocontrol Agent for
Plant Nutrition and Protection: Current Perspective.
Commun Soil Sci Plant Anal. 2020;51(5):645-657. doi:
10.1080/00103624.2020.1729379

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Utami AD, Wiyono S, Widyastuti R, Cahyono P,
Keanekaragaman Mikrob Fungsional Rizosfer Nanas
dengan Berbagai Tingkat Produktivitas. Jurnal lImu
Pertanian Indonesia, 25(4):584-591. doi: 10.18343/
jipi.25.4.584

Astriani M, Zubaidah S, Abadi AL, Suarsini E.
Isolation and identification of phosphate solubilizing
bacteria from indigenous microorganisms (IMO) of
cow rumen in East Java, Indonesia as eco-friendly
biofertilizer. Malays J Microbiol. 2020;16(4):253-262.
doi: 10.21161/mjm.190536

Nurmayulis N, Sodiq AH, Eris FR, Hastuti D, Denny YR,
Susilowati DN. Molecular Identification of Microbes
from the Soil Rhizosphere of Cocoa as A Potential
Biofertilizer. Agrivita. 2023;45(1):1617-1623. doi:
10.17503/agrivita.v45i1.3840

Dipta B, Kirti S, Bhardwaj S, Gupta S, Kaushal R.
Phosphate solubilizing potential of Bacillus pumilus for
the enhancement of Cauliflower (Brassica oleracea var.
botrytis L.). Ecol Environ Conserv. 2017;23:1541-1548.
Wani PA, Khan MS, Zaidi A. Synergistic effects of
the inoculation with nitrogen fixing and phosphate
solubilizing rhizobacteria on the performance of field
grown chickpea. J Plant Nutr Soil Sci. 2007;170(2):283-
287. doi: 10.1002/jpIn.200620602

Wanga L, Houa D, Caoa Y, Okb YS, Tackc FMG,
Rinklebed J, O'Connora D. Remediation of mercury
contaminated soil, water, and air: A review of emerging
materials and innovative technologies, Environment
International 134 (2020) 105281. doi: 10.1016/j.
envint.2019.105281

Amri M, Rjeibi MR, Gatrouni M, et al. Isolation
Identification and Characterization of Phosphate-
Solubilizing Bacteria from Tunisian Soils.
Microorganisms. 2023;11(3):783. doi: 10.3390/
microorganisms11030783

Damo JLC, RAmirez MDA, Agake SI, et al. Isolation and
Characterization of Phosphate Solubilizing Bacteria
from Paddy Field Soils in Japan. Microbes Environ.
2022;37(2):ME21085. doi: 10.1264/jsme2.ME21085
Wan W, Qin Y, Wu H, et al. Isolation and
Characterization of Phosphorus Solubilizing Bacteria
With Multiple Phosphorus Sources Utilizing Capability
and Their Potential for Lead Immobilization in
Soil. Front Microbiol. 2020;11:752. doi: 10.3389/
fmicb.2020.00752

Bilal S, Hazafa A, Ashraf |, et al. Comparative effect
of inoculation of phosphorus-solubilizing bacteria
and phosphorus as sustainable fertilizer on yield
and quality of mung bean (Vigna radiata L.). Plants.
2021;10(10):2079. doi: 10.3390/plants10102079

Journal of Pure and Applied Microbiology

2591

www.microbiologyjournal.org



