Journal of Applied and Natural Science
17(1), 105 - 116 (2025)

ISSN : 0974-9411 (Print), 2231-5209 (Online)
journals.ansfoundation.org

ANSF

APPLIEDAND NATURAL
SCIENCEFOUNDATION

Research Article

Isolation and identification of phosphate-solubilizing Bacillus sonorensis
GG2 from a mangrove ecosystem in Sundarban and its stimulating
effect on green chili plant (Capsicum frutescens L.) growth

Palash Ghorai

Microbial Engineering and Algal Biotechnology Laboratory, Department of Biosciences,
JIS University, Kolkata- 700109 ( West Bengal), India

Dipankar Ghosh*

Microbial Engineering and Algal Biotechnology Laboratory, Department of Biosciences,
JIS University, Kolkata- 700109 ( West Bengal), India

Article Info

https://doi.org/10.31018/
jans.v17i1.5851

Received: June 10, 2024
Revised: January 29, 2025
Accepted: February 05, 2025

*Corresponding author. E-mail: dghosh.jisuniversity@gmail.com

How to Cite

Ghorai, P. and Ghosh, D. (2025). Isolation and identification of phosphate-solubilizing Bacillus sonorensis GG2 from a mangrove
ecosystem in Sundarban and its stimulating effect on green chili plant (Capsicum frutescens L.) growth. Journal of Applied and
Natural Science, 17(1), 105 - 116. https://doi.org/10.31018/jans.v17i1.5851

Abstract

Phosphate-solubilizing bacteria (PSB) play a crucial role in enhancing soil fertility and plant growth by converting insoluble
phosphates into forms accessible to plants. This study focused on isolating and identifying a phosphate-solubilizing bacterium,
Bacillus sonorensis GG2, from the mangrove ecosystems of Sundarban. Through a series of microbiological and molecular
techniques, B. sonorensis GG2 was identified and characterized for its phosphate solubilization potential. The isolate exhibited
significant phosphate solubilization activity, which was quantified through in vitro assays. The bacterium was applied to green
chili plants (Capsicum frutescens L.) under controlled conditions to evaluate its practical applicability. The results revealed a
marked improvement in plant growth parameters, including root and shoot length, biomass, and overall plant health. In this
study, two months of treatment of the green chilli plants with B. sonorensis GG2 positively affected the growth of the roots and
shoot lengths compared with the control by 9.8% and 10.9%, respectively. This study highlights the potential of B. sonorensis

GG2 as a biofertilizer, particularly in phosphate-deficient soils, and its role in sustainable agricultural practices.
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INTRODUCTION

Phosphorus (P) is a significant ingredient for seed ger-
mination and plant growth. It is approximately 0.2% of a
plant's dry weight (Alori et al., 2017). Phosphorus is
essential for various biological functions, including
membrane structure maintenance, biomolecule synthe-
sis, and the production of high-energy molecules. It
also aids cell division, enzyme activation and inactiva-
tion, and glucose metabolism (Malhotra et al., 2018).
Phosphorus is a component of several energy-rich
chemicals, including adenosine triphosphate (ATP),
cytidine triphosphate (CTP), guanosine triphosphate
(GTP), uridine triphosphate (UTP), phosphoenolpy-
ruvate, and other phosphorylated intermediate com-
pounds (Deng and Walther, 2020). Consequently, it
provides energy to power numerous cellular endergonic
activities. It is required for reproduction and protein syn-

thesis since it is an element of nucleic acids (DNA and
RNA) (Malhotra et al., 2018).

Inorganic agrochemicals and soil microorganisms are
two traditional modes of making phosphorus available
to plants. The long-term use of large amounts of inor-
ganic agrochemicals has a detrimental impact on soil
fertility and plant production. It also contributes to envi-
ronmental contamination and harms human health.
Furthermore, deteriorating soil quality and the high ex-
pense of inorganic agrochemicals have increased daily
agricultural production costs (Aryal et al., 2021; Dog-
batse et al., 2021). In this current situation, phosphate-
solubilizing bacteria are more sustainable for agricultur-
al application as a fertilizer (Mussarat et al., 2021). Soil
holds maximum insoluble inorganic and organic phos-
phate in the precepted form. Plants only access soluble
phosphate forms (i.e., orthophosphate) as a nutrient in
the presence of water. Generally, only 0.1% of soil
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phosphorus is accessible for plant use (Alori et al.,
2017; Ghosh et al., 2022). However, P-solubilizing bac-
teria are widely used to promote plant growth by con-
verting insoluble phosphate into orthophosphate (i.e.,
H,PO, and HPO,* ions), which is easily absorbed and
utilized by roots (Krouk and Kiba, 2020). Many bacteria,
including Bacillus megaterium, Klebsiella sp., Entero-
bacter sp., Pseudomonas fluorescens, Pseudomonas
putida, Priestia megaterium, Rhizobium meliloti, Aci-
netobacter sp., Alcaligenes aquatilis, Azospirillum bra-
silense, Burkholderia cepacia, Paenibacillus macerans,
Cytobacillus firmus, and Bacillus licheniformis, are able
to solubilize phosphate (Ghorai and Ghosh, 20223;
Suleman et al., 2018). These precepted insoluble phos-
phates are recycled to soluble phosphate by phospha-
tase enzyme (i.e., acid phosphatase, alkaline phospha-
tase, phytase) synthesis and the generation of several
forms of organic acids (i.e., citric acid, acetic acid, lactic
acid, aspartic acid, maleic acid, succinic acid, gluconic
acid) (Ghorai and Ghosh, 2022a; Tian et al., 2021). The
excretion of these organic acids causes a reduction in
pH. As a result, the surrounding environment becomes
acidic. As a consequence, P ions are liberated by ex-
changing H*. It chelates the cations bound to phos-
phate, making it accessible to plants (Alori et al., 2017,
Li et al., 2015).

The employment of biofertilizers in sustainable agricul-
tural techniques necessitates a low concentration and
high quality of bacterial inoculants in the soil, which
substantially impact plant development. In the present
situation, finding P-solubilizing bacteria that might be
utilized as crop inoculants has limited success
(Berninger et al., 2018; Aloo et al., 2022). According to
this scenario, this study aims to identify and isolate the
most potential P-solubilizing bacteria from a diverse
ecosystem, such as the Sundarban mangrove ecosys-

tem in West Bengal (Das and De, 2018). Sundarban
mangrove soil contains stress elements such as SiOy,
K, and NaCl. The stress-tolerant bacterial community
can flourish there due to the convergence of land and
water (rivers and sea). This soil's present high phos-
phate concentration is directly governed by soil phos-
phatase activity (Biswas et al., 2021). This study aimed
to investigate the effectiveness of B. sonorensis GG2
as a P-solubilizing bacterium by evaluating its patho-
genicity, stress resistance (halo-tolerance), and carrier
viability. Additionally, this study compared -culture-
dependent and culture-independent methods to assess
the growth of green chili plants (Capsicum frutescens
L.) using this newly isolated phosphate-solubilizing bac-
terium B. sonorensis GG2.

MATERIALS AND METHODS

Sample collection

The Sundarbans mangrove forest is a diverse man-
grove region in West Bengal. Three separate locations
on the Sundarban River beach (a water-floating re-
gion): Dobanki (Bidyadhari River beach: 21.988228°N,
88.753554°E), Pakhiralay (Datta River beach:
22.140086°N, 88.843076°E) and Mathurakhanda
(Junction of Bidyadhari River & Datta River beach:
22.058277°N, 88.738887°E) were used to collect soil
samples (Fig. 1). The adhered soil samples were trans-
ported within 24 hours to the MEAB laboratory of JIS
University, Kolkata, India, in ice conditions (4°C).

Screening and isolation of phosphate-solubilizing
bacteria

Collected soil samples were mixed thoroughly in phos-
phate buffer with a pH of 7.2. After that, the P-
solubilizing bacteria were isolated by the spread plate
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Fig. 1. Map and geographical location of collected soil samples from Sundarban mangrove ecosystem.
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Table 1. Green chili plant growth under phosphate biofertilizer (Bacillus sonorensis GG2) treatment at 2 months (n=3).

Study sample  Shoot heigh Shoot diame- Root length No of branch No. of Leaf height Leaf width
character (cm) ter (cm) (cm) root leaf (cm) (cm)
Control 10.4 0.4 12.6 16 7 4.9 1.8
P-biofertilizer 11.5 0.6 13.8 34 10 6.2 26

technique using selective Pvk (Pikovskaya) media
(composition: glucose 10 gm, CaHPO, 5 gm, NaCl 0.2
gm, MgS0,4.7H,0 0.1 gm, KCI-0.2 gm, (NH;).SO,4 0.5
gm, MnSO,4. H,O 0.002 gm, FeS0O,.7H,O 0.002 gm,
yeast extract 0.5 gm, agar powder 16 gm in 1 liter of
distilled water (D.W.)) (Ghorai and Ghosh, 2022b). Af-
ter three days of incubation at 37°C, growing bacterial
samples exhibited holo-zone formation. Six different P-
solubilizing bacterial single-cell colonies were isolated
and grown in different conical plates in Pvk broth media
for future use. Six isolates were named, i.e., P1, P2,
P3, P4, P5, and P6.

Six P-solubilizing bacterial isolates were analyzed in
the exponential growth phase in Pvk selective media
with inoculation in 1% (v/v) culture at 37°C in a BOD
shaking incubator at 120 rpm. During a 50-hour growth
investigation, a spectrophotometer (Shimadzu, Model:
UV-1800) was used to assess optical density at 600
nm. After that, the exponential phase was identified to
accelerate the qualitative potentiality check on Pvk agar
plates using the Well diffusion agar plate method (Chen
and Liu, 2019; Liu et al., 2015). The action-equal bio-
mass of the exponential growth phase culture of the
phosphate-solubilizing bacterial sample was transferred
aseptically to Pvk agar medium. After 72 h of incuba-
tion at 37°C, the holo-zone was observed in a Pvk me-
dium plate.

Determination of the isolated
solubilizing bacterial cellular response
The phosphate-solubilizing bacterial Pvk broth culture
(in the exponential growth phase) was centrifuged at
10,000 rpm for 10 minutes. Afterwards, the remaining
supernatant was removed. The next intracellular reac-
tion was studied using a crude extract of P-solubilizing
bacterial cell pellet (sonicated in Phosphate-buffered
saline (PBS)) transferred to Pvk agar plate medium.
The extracellular response was studied by transferring
a P-solubilized bacterial cell pellet (without sonication)
to Pvk agar medium with PBS buffer. The Pvk agar
plate exhibited a holo-zone after 72 hours of incubation
at 37°C (Ghorai and Ghosh, 2023).

phosphate-

Estimation of orthophosphate productivity by the
modified ascorbic method

Phosphate-solubilizing bacteria solubilize insoluble
phosphate to generate orthophosphate. Five days of
treatment of isolated PSB samples (inoculated 1% (w/
v) exponential phase PSB biomass (mg) in Pvk broth

(ml)) producing orthophosphate was estimated using a
modified ascorbic acid technique by Ghorai and Ghosh
(2022b).

Determination of phosphatase enzymatic activity
using biochemical process

The pNP (para nitrophenol) measurement technique
was used to calculate the phosphatase enzymatic ac-
tivity. Phosphatase enzymes produce para-nitrophenol
(pNP) by breaking para-nitrophenol phosphate (pNPP).
After that, para-nitrophenol (pNP) reaction with alkaline
solution (i.e., NaOH) forms a yellow color (i.e., p-
nitrophenolate) (Kumar et al., 2016).

For standard curve estimation, different para-
nitrophenol concentrations were freshly prepared with
the following working stock concentrations, i.e., 5 ppm,
10 ppm, 20 ppm, 40 ppm, 60 ppm, 80 ppm, and 100
ppm, by 4-nitrophenol (chemical name of pNP). A
quantitative estimate was carried out by mixing 1 ml of
4-nitrophenol stock solution in 1 ml of 1 M NaOH and
allowing the reaction to form yellow. Finally, absorb-
ance was measured at 430 nm.

To carry out the estimation of bacterial culture solu-
tions, first, 10 ml of Pvk broth media (without phos-
phate source) was inoculated with 1% (w/v) exponen-
tial phase PSB biomass (mg) in Pvk broth (ml). Then, 1
ml of 10 mM para-nitrophenol phosphate (pNPP) was
added as a substrate. The experiment was then incu-
bated at 37°C for 5 days in a BOD shaking incubator at
120 rpm. After that, the para-nitrophenol concentration
(phosphatase activity) was estimated, and the culture
mixture was centrifuged for 5 minutes at 10000 rpm.
Then, 1 ml of supernatant was collected in an Eppen-
dorf tube and mixed with 1 ml of 1 M NaOH solution.
Finally, the mixed solution developed a yellow color.
Then, the absorbance was measured at 430 nm by a
spectrophotometer (Kumar et al., 2016).

Determination of phosphatase enzymatic activity
by the Well diffusion method

The phosphatase enzymatic activity cross-checks of
the best isolate (P5) were made using the Well diffu-
sion Pvk agar plate method. Organic phosphate was
solubilized by phosphatase enzymes (Ghorai and
Ghosh, 2022a). This study used Pvk agar media
(composition as glucose 10 gm, lecithin 5 gm, NaCl 0.2
gm, MgS0,4.7H,0O 0.1 gm, KCI-0.2 gm, (NH,4),SO, 0.5
gm, MnSO,4. H,O 0.002 gm, FeSO,.7H,O 0.002 gm,
yeast extract 0.5 gm, agar powder 16 gm in 1 liter of
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distilled water), insoluble phosphate should be used as
an organic source as lecithin (Teng et al., 2019). How-
ever, P-solubilizing bacterial samples (P5) were trans-
ferred aseptically into wells on Pvk agar medium (use
lecithin). After three days of incubation at 37°C, grow-
ing bacterial samples exhibited holo-zone formation.

Molecular characterization of potential P-
solubilizing bacterium P5 (Bacillus sonorensis
GG2)

The P5 bacterial isolate (pure culture) was harvested
via centrifugation (10,000 rpm for 5 min), and the ge-
nomic DNA of the P5 bacterial isolate was extracted
using a bacterial DNA isolation kit. Following that,
gDNA was purified, and RNaseA treatment was per-
formed using a bacterial genomic DNA purification kit
(Cat. No. MB505-50PR). A Denovix DS-11 spectropho-
tometer was used to evaluate the purity and concentra-
tions. Polymerase chain reaction (PCR) was used to
amplify 16S rRNA gene clusters, using the universal
forward primer  from ("10F) 5-  AGTTT-
GATCATGGCTCAGATTG-3' and the universal reverse
primer from ('800R') 5'- TACCAGGGTATCTAATCC -3’
(Hirai et al., 2016; Sandstrom et al., 2001). These pri-
mer sets were utilized to clone and amplify ~800 bp
fragments containing virtually all 16S rRNA sequences.
For 50 ul of PCR, one microliter (= 500 ng template) of
whole DNA was used, along with 25 pl of EmeraldAmp
GT PCR Master Mix (2X Premix) and 2.5 pl of primers
(concentration of 0.2 uyM) (using the Bacterial 16S
rDNA PCR Kit Fast (800), Cat. No. # RR310A). To
achieve a final volume of 50 pl, the necessary quantity
of PCR dH,0O was added. The PCR conditions were as
follows: 98°C for 10 s, 60°C for 30 s, and 72°C for 1
min for 30 reaction cycles in a thermal cycler (Lablife)
(Franco-Duarte et al., 2019; Weisburg et al., 1991).
Following the completion of the PCR, the reaction mix-
ture was electrophoresed on a 2% agarose gel (Fig.
S1). The sample DNA solution and the positive control
(E. coli) both produced amplification products
of approximately 800 bp. Electrophoresis was used to
determine the amplification products, which were then
purified for sequencing analysis. A GeneJET Extraction
Kit (Cat. No. #K0691) was used to purify the leftover
reaction mixture after PCR produced a single ~800 bp
band. After purification, the amount of purified PCR
products was evaluated by measuring their absorbance
ratio (Azs0:A280). Then, sequencing was performed with
an ABI 3730 Genetic Analyzer using the original PCR
primers (Ghorai and Ghosh, 2023).

Bacillus sonorensis GG2 pathogenicity test by he-
molysis assay

A pathogenicity test for B. sonorensis GG2 was per-
formed via a hemolysis assay. B. sonorensis GG2
(exponential phase culture) was inoculated in blood

agar-based selective media (containing 5% v/v defib-
rinated sheep blood) under a sterile microenvironment
to conduct the pathogenicity evaluation step following
Ghorai and Ghosh (2023).

Bacillus sonorensis GG2 bacterial salinity tolerance
efficiency study

Bacillus sonorensis GG2 was inoculated in 1% (v/v)
culture on YP culture medium (2 g/l yeast extract, 5 g/l
peptone) with different concentrations (i.e., 0, 25, 50,
75, and 100 g/l) of NaCl. Cells were cultivated for 5
days at 37°C and 120 rpm orbital agitation. ODggo Was
measured using a UV-visible spectrophotometer to
track growth (Remonsellez et al., 2018).

Bacillus sonorensis GG2 viability study in carriers
Lignite and cow dunk compost (CDC) were obtained as
carrier materials from the MSV Laboratories Pvt. Ltd. in
West Bengal (a biofertilizer company). This can occur
while maintaining the physicochemical parameters of
the two carriers, such as pH and moisture. Carrier ma-
terial pH 7 was maintained by adding CaCOj. Similarly,
drying with hot air keeps the moisture at approximately
20-30% (Bello et al., 2019; Gade et al., 2014). The car-
rier material was then sterilized by autoclaving at 121°C
for 1 hour at 15 pounds per square inch pressure. After
that, four inoculated bags were prepared as follows: (i)
CDC-control (without mixing any isolates in the CDC);
(i) CDC-GG2 (B. sonorensis GG2 had been inoculated
in the CDC carrier); (iii) lignite-control (without mixing
any isolates in lignite); and (iv) lignite-GG2 (inoculated
with B. sonorensis GG2 in lignite in the carrier). The
inoculation concentration of B. sonorensis GG2 was 5
ml of exponential phase culture (1x 10" cfu/ml) per kg
of the carrier on laminar airflow (Abd El-Fattah et al.,
2013). After inoculation, B. sonorensis GG2 in carriers
was stored at room temperature ¢ 25-30°C) for 180
days.

The spread plate approach was used to test the ability
of live phosphate-solubilizing B. sonorensis GG2 bacte-
ria in the carrier (CDC & lignite) at 30-day intervals for
up to six months on days 0, 30, 60, 90, 120, 150, and
180. For the spread plate viability test, 1 g of the treated
carrier was combined with 10 mL of sterile distilled wa-
ter and serially diluted to 10° in a laminar manner.
Then, 50 uL of diluted culture was placed on a nutrient
agar plate. After one day of incubation at 37°C in a
BOD incubator, the bacterial colonies expanded. The
colonies were then enumerated manually, and the find-
ings were represented as colony-forming units per gram
(cfu/gm), using Equation (1) (Gade et al., 2014).

(No.of colony—No.of control colony) xdilution

c.fu./gm =

Volume(in ml)

... (Eq. 1)
Plant growth study
For the study on plant growth, soil samples were taken
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from the Pataspur area (21.984060°N, 87.462378°E). It
is one of the most significant agricultural areas in West
Bengal's Purba Medinipur district. Clayey soils domi-
nate nature in this area (Sahu, 2014).

In this study, B. sonorensis GG2 phosphate-solubilizing
bacteria were used for rooftop gardening to harvest
green chili plants (Capsicum frutescens L.), and their
above- and belowground growth characteristics were
examined during the spring season (temperature 28 (+
2) °C) (Raza et al., 2021; Bhutia et al., 2018). Two
times, the B. sonorensis GG2 strain was used as a soil
inoculum. First, 2 ml of B. sonorensis GG2 was mixed
with 10 g of green chili seed 30 minutes before seed
germination. After ten days of seeding, 1 gm of dry bio-
mass was inoculated into soil with a mix of water. After
two months of plant growth, parameters such as plant
shoot and root morphology, number of secondary roots,
number of leaves and leaf morphology were measured.

Statistical analysis

Statistical analysis was executed using IBM SPSS soft-
ware (version 26.0). Two correlation coefficient tests
(Pearson Correlation) were performed to confirm the
significant correlation at 0.05 significance levels (2-
tailed) among the (a) day, biomass concentration, or-
thophosphate concentration, and (b) day, biomass con-
centration, para-nitrophenol concentration
(phosphatase activity) of B. sonorensis GG2 in Pvk
sterile medium for small-scale experiments (Debnath
and Ghosh, 2023).

RESULTS AND DISCUSSION

In the present study, after 72 hours of incubation, white
—grey single-cell colony formation on Pvk agar medium
and slight holo-zone formation were observed. The
study obtained essential entities and six effective P-
solubilizing bacterial single-cell colony isolates

(nomenclatures such as P1, P2, P3, P4, P5, and P6)
(Fig. 2a and b). This study is one of the few explora-
tions of PSB from mangrove ecosystem. Mangroves
are dynamic and stress-prone environments, offering a

Fig. 2. Screening and isolation of P-solubilizing bacteria
(a) Soil sample spread in Pvk media (one best plate
shows), (b) Restreak of a single cell colony in Pvk media
(one best plate shows).

unique niche for microbial diversity.

Optimization of the qualitative potentiality study by
the Well diffusion method

Six P-solubilizing bacterial exponential phases were
examined in Pvk selective medium as inoculums for
comparative investigation. The exponential phase was
observed in Pvk selective medium at 25 hours for the
P1 isolate, 30 hours for the P2 isolate, 30 hours for the
P3 isolate, 35 hours for the P4 isolate, 35 hours for the
P5 isolate, and 30 hours for the P6 isolate (Fig. S2).
Then, inoculating the same number of P-solubilizing
bacteria in exponential conditions showed excellent P-
solubilizing ability in Pvk selective agar medium by
clear holo-zone formation. The three isolates with the
greatest outcomes in this investigation were P1, P3,
and P5 (Fig. 3 & Fig. S3).

Determination of the isolated
solubilizing bacterial cellular response
All bacterial isolates showed extracellular activity for
phosphate solubilization by holo-zone creation in Pvk
agar media (Fig. S4). The extracellular response was
quite effective for soil application because the extracel-
lular response exposed the maximum reaction shown
outside the cell.

phosphate-

Comparative study of orthophosphate production
Compared to the control (colorless), the modified
ascorbic approach used to isolate samples shows a
significant amount of orthophosphate generation ca-
pacity in Pvk liquid media by blue color development
(Fig. 4b and 3c). Experiment P5 isolates performed
better in phosphate solubilization than the other five
isolates (Fig. 4a). However, the P5 isolate specifically
showed higher orthophosphate productivity at 0.0021
mg. ml™". day™ with 2.114 mg. mI”". day™” biomass de-
veloped. During the five-day experiment, a pH drop
(i.e., pH 7.2 to =pH 4) was recorded in six P-solubilizing
culture inoculates (Fig. 4d). This primarily ensures that
P-solubilizing bacterial isolates synthesize organic
acids.

Determination of phosphatase activity

The standard curve in the para-nitrophenol method
produced a very accurate result when the R? value was
0.997 (Fig. 5a). Inoculation of the P-solubilizing bacte-
ria resulted in significant phosphatase activity by para-
nitrophenol phosphate (pNPP) to para-nitrophenol
(PNP) production with yellow color formation. This ob-
servation demonstrates that the best results shown in
this experiment are P2 and PS5 isolates (Fig. 5b-d).
However, the P5 isolate specifically showed that para-
nitrophenol productivity (i.e., phosphatase activity) was
0.00192 mg. ml™'. day™ with 1.667 mg. ml". day™ bio-
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Fig. 3. Qualitative study of P-solubilizing isolates (a) Comparison of P-solubilizing ability by holo-zone diameter (n=3), (b)
one best plate shows in a qualitative study (C: control; S: pure culture).

mass developed. Additionally, the P2 isolate specifical-
ly showed that para-nitrophenol  productivity
(phosphatase activity) was 0.00193 mg.mi”.day™ with
1.801 mg.ml™.day™ biomass developed. These studies
showed that P2 isolates use higher biomass to give the
same phosphatase activity. Phosphatase activity profile
studies showed that the P5 isolate gives comparatively
higher productivity than the P2 isolate. Additionally, the
best isolate P5 results show insoluble lecithin (organic
phosphate) degradation activity by holo-zone creation
in the Pvk agar plate. It ensured phosphatase activity
on the P5 bacterial isolate (Fig. 5e).

Despite the Bacillus sonorensis GG2 strain's impres-
sive phosphatase and orthophosphate-producing activi-
ties, its overall phosphate-solubilizing activity was
found to be significantly low. This limitation affects its
potential effectiveness as a biofertilizer compared to
other phosphate-solubilizing bacterial (PSB) isolates.

This study confirmed the phosphate solubilization abil-
ity of the bacterial isolate P5 through holo-based tech-
niqgues and biochemical estimations. Additionally, the
P5 strain exhibited low capability in its potential effec-
tiveness as a biofertilizer compared with other phos-
phate-solubilizing bacterial isolates (Table ST1). This
comparison should highlight the unique contributions
and advantages of the current study.

Bacillus sonorensis GG2 bacterial phylogenetic
analysis

The genetic analyzer identified the consensus se-
quence of the 16S rRNA-encoding gene cluster of the
P5 isolate generated by BLAST analysis to compare
with the sequences in the NCBI GenBank database.
The P5 isolate was highly similar (96.74%) to B. son-
orensis (Fig. S5). The new isolate was named and ab-
breviated as B. sonorensis GG2. Furthermore, the 16S

Bl
15

i3 O

"

days treatment (ppm)
|

Orthophosphate concentration after 5

41 Pt P2 P3 P4 P5 PE

(4]

m Day-0 mDay-5

PI P2 P3 P4 P5 PG

Fig. 4. Quantitative study of P-solubilizing isolates (a) Comparative study of orthophosphate production after 5 days of
treatment in Pvk broth, (b) Control sample color of the orthophosphate quantification test using the modified ascorbic
acid method (no color change), (c) Blue color shows the best orthophosphate-producing isolate (P5 isolate) using the
ascorbic acid method, and (d) Measurement of pH change by Pvk media treatment at 5 days.
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y =0.0221x
R? = 0.997

Concentration of para-nitrophenol (ppm) E|

50 100

Para-nitrophenol concentration (ppm)

150

P1 P2 P3 P4 P5 P6

Fig. 5. Quantitative analysis of phosphatase enzymatic activity (a) standard curve of para-nitrophenol, (b) comparative
analysis of para-nitrophenol for determining phosphatase enzymatic activity after 5 days of treatment in Pvk media, (c)
control of the phosphatase activity test (no color change), (d) yellow color shows the best isolate (P5 isolate) of the phos-
phatase activity test, and (e) organic phosphate solubilizing ability check by the well diffusion method (C: control; S: pure

culture).

rRNA nucleotide sequences from B. sonorensis GG2
were compared with other popular P-solubilizing bacte-
rial sequences in the databases using multiple se-
quence alignment (Datafile SD1 & SD2) to infer an inte-
grated phylogenetic relationship. A phylogenetic tree
representing fourteen major groups of P-solubilizing
16S rRNA sequences was generated and is shown in
Fig. 6. Bacillus sonorensis GG2 has a very close mo-
lecular character to the other prudential P-solubilizing
bacterial strains, likely Bacillus licheniformis SQR2 and
Cytobacillus firmus NPBR2.

Bacillus sonorensis GG2 pathogenicity test
Hemolysis assays are commonly used to assess the
ability of bacteria to lyse red blood cells, which is an
indicator of pathogenic potential. Compared to the posi-
tive control, none of the selected B. sonorensis GG2
strains developed blood lysis or holo-zones on blood
agar medium (Fig. 7a). On the other hand, in the broth,
B. sonorensis GG2 hemolysin activity was very low
(less than 10%) (Fig. 7b-e). The hemolysis assay con-
firmed that B. sonorensis GG2 is non-toxic to humans,
ensuring its safety for use in agricultural practices.

Salinity tolerance of Bacillus sonorensis GG2
bacteria

The growth curve of the B. sonorensis GG2 strain
demonstrates its capacity to reproduce in the face of
significant salt concentrations. This strain displays its
greatest growth behavior after five days of treatment at
25 g/l NaCl. It also grew slightly slowly in the 50 and 75
g/l NaCl concentrations. Finally, B. sonorensis GG2
very low survive and reproduce at 100 g/l in extremely

high NaCl conditions (Fig. 8). B. sonorensis GG2 exhib-
ited high salt tolerance, up to 75 g/l NaCl, which is no-
tably higher than many other PSB strains (Table ST1).
This makes it particularly useful for application in saline
soils, where other strains might fail.

Viability study in the CDC and lignite carrier
Commercializing the best B. sonorensis GG2 bacteria
isolate for researching six-month viability in a specified
carrier such as lignite and CDC. This study showed that
after 180 days of storage treatment, carrier CDC and
lignite held at room temperature had the maximum via-
ble cell number of P-solubilizing bacteria (Fig. 9a; Fig.
S6). The B. sonorensis GG2 strain had the maximum
number of live bacterial cells in the lignite carrier on day
30. The study demonstrated that B. sonorensis GG2
maintained high viability in CDC (16.5%) and lignite
(32.7%) carriers for up to six months. This long-term
viability in carriers is crucial for the practical application
of PSB as bioinoculants, ensuring their effectiveness
over extended periods (Fig. 9b).

Effects of Bacillus sonorensis GG2 on green chili
plant shoot height and diameter

In the present study, phosphate affected the morpholo-
gy of the chili plant, including shoot development (Fig.
10a and b). The shoot height of the green chili plant
treated with B. sonorensis GG2 was measured 60 days
following seedling emergence and is depicted in Table
1. After being treated with B. sonorensis GG2, the chili
plant produced shoots that grew 11.5 cm tall and 0.6
cm in diameter. The control group (no biofertilizer us-
age) had the lowest shoot height and diameter meas-
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Bacillus sonorensis GG2
Bacillus licheniformis SOR2
Cytobacillus firmus NPBR2
Priestia megaterium LsRS
Paenibacillus macerans TLLY7
—ospirillim brasilense AzCast

Rhizobitom meliloti M35241

— Alcaligenes aquatilis RD03
— Burkholderia cepacia AF175314

— Klebsiella sp. BRSPKCOS

100 L Enterobacter sp. LYX-2

Acinetobacter sp. PSK. NI

49 Pseudomonas fluorescens MRPF-2

100 L Pseudomonas putida R43

Fig. 6. Multiple sequence alignments for molecular phylo-
genetic analysis were generated using SnapGene and
optimized using MEGA11. Nearest-Neighbor-Interchange
(NNI) method, Tamura-Nei model and Maximum Likeli-
hood (ML) statistical models were used to infer the phylo-
genetic relationship among strains of closely associated P-
solubilizing bacteria based on 16S rRNA gene sequences.
A substitution model for phylogenetics of each nucleotide
sequence data set was selected using the Tamura-Nei
model with model selection in MEGA11. Representative
phylogenetic trees were drawn using the NNI and ML
methods (Saitou and Nei, 1987; Felsenstein, 1995).

urements, measuring 10.4 cm and 0.4 cm, respectively.
On the basis of actual P solubilization findings from B.
sonorensis GG2 on chili plants, a significant increase in
shoot diameter (58.3% increase) and height (10.9%
increase) was observed compared with those of the
control.

Effect of Bacillus sonorensis GG2 on chili root
length and number of branches

Bacillus sonorensis GG2 treatments with phosphate-
solubilizing biofertilizer substantially impacted the
shape of green chili roots (Fig. 10b). In the B. sonoren-
sis GG2 treatment, the length of the chili root was sig-
nificantly increased by 13.8 cm from the nonfertilized
condition of 12.6 cm. The B. sonorensis GG2-treated
plant had 34 root branches (secondary root), whereas
the untreated plant had 16 root branches. It is abun-
dantly obvious from these data that B. sonorensis GG2
significantly affected the shape of plant roots. The ef-

fective results of B. sonorensis GG2 as a phosphate
biofertilizer on chili plants showed considerable in-
creases in root length (9.8% increase) and the number
of secondary roots (114.58% increase) compared to
control growth, as shown in Table 1.

Effects of Bacillus sonorensis GG2 on leaf number
and morphology

Phosphate-solubilizing B. sonorensis GG2 treatments
significantly influenced the green chili plant leaf number
(Fig. 10a). Treatment with B. sonorensis GG2 resulted
in more than three leaves compared with the treatment
without fertilization (Table 1). This study's findings
demonstrated that using B. sonorensis GG2 as a phos-
phate biofertilizer substantially impacted green chili
plant development.

Treatments with B. sonorensis GG2 substantially im-
pacted the leaf width and length (Fig. 10c). Bacillus
sonorensis GG2 treatment resulted in chili plant leaves
that were 6.2 cm in length and 2.6 cm in width. The
lowest chili plant leaf growth was recorded in the con-
trol (without biofertilizer) at 4.9 cm (length) and 1.8 cm
(width), as shown in Table 1. The treatment B. son-
orensis GG2 as a P-biofertilization showed significant
growth regarding leaf length (25.85% rise) and leaf
width (49.05% rise) compared to the untreated plant.
Furthermore, the effect of phosphate biofertilizer on B.
sonorensis GG2 leaves was not substantially influ-
enced by the color of the leaves. There were no greater
differences across the treatments.

The results demonstrate the potential of B. sonorensis
GG2 as a biofertilizer, particularly in phosphate-
deficient soils. This aligns with the global push towards
sustainable agricultural practices and reducing depend-
ence on chemical fertilizers. The significant improve-
ment in green chili plant growth observed in this re-
search suggests that B. sonorensis GG2 might possess
significance phosphate solubilization abilities or addi-
tional plant growth-promoting traits, warranting further
investigation.

Statistical analysis of Bacillus sonorensis GG2 P-
solubilizing profile with biomass growth

P-solubilizing profile studies have shown that B. son-
orensis GG2 gives comparatively higher productivity
(orthophosphate 0.0021 mg. ml". day' & para-
nitrophenol 0.0019 mg. ml™. day™") compared to the
other five isolates on five days of cultivation (Fig. 4a
and 5b). Biomass, orthophosphate and pNP production
profiles using B. sonorensis GG2 from mangrove eco-
systems increased daily. Moreover, the experimental
results showed that orthophosphate and pNP produc-
tion is proportional to the biomass production of the B.
sonorensis GG2 strain (Fig. S7). However, statistical
analysis of the correlation coefficient test was per-
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Fig. 7. Bacillus sonorensis GG2 bacterial hemolysis assay (a) hemolysis assay in sheep blood agar plates with Hb: ACK
lysis buffer as a positive control (different concentrations of 10X & 50X), C: Bacillus sonorensis GG2 pure culture, (b)
comparative study of hemolysin activity in sheep blood broth media (n=3), (c) hemolysin activity of ACK lysis buffer, (d)
hemolysin activity of B. sonorensis GG2 pure culture, (e) hemolysin activity of B. sonorensis GG2 crude culture.

formed to confirm a significant correlation among the
(a) day, biomass concentration and orthophosphate
concentration (Table ST2) and (b) day, biomass con-
centration and concentration of pNP (phosphatase ac-
tivity) (Table ST3) using IBM SPSS 26 statistical soft-
ware at the 0.05 significance level. The results showed
significant relations among all three parameters in B.
sonorensis GG2 strain assemblages.

Based on the present study, the eminent researchers
have done different research that shows significant
results. A detailed discussion has been done in the
following section and in Table ST3. Kulkova et al.
(2024) conducted a study where Serratia sp. strains
exhibit plant growth-promoting traits, enhancing plant
growth and tolerance to abiotic stresses like salinity
and drought. These strains can alleviate salinity stress
through  1-Aminocyclopropane-1-Carboxylate (ACC)
deaminase production, EPS (exopolysaccharide) pro-
duction, osmolyte accumulation, and modulation of
stress-related gene expression. Additionally, Serratia
sp. can mitigate drought stress by producing ACC de-
aminase and EPS and inducing osmolyte and antioxi-
dant accumulation. However, the study calls for further
elucidation of the molecular mechanisms by which Ser-
ratia sp. promotes plant growth and the need to evalu-
ate its effects on indigenous soil and plant microbiota,
particularly in the rhizosphere. Before field trials, re-
searchers must rule out the possibility of some Serratia
sp. strains being phytopathogenic. More studies are
needed to assess the impact of Serratia spp. on native
rhizosphere microbiota across diverse plants, soils, and
climate conditions.

Alvarez-Sastre et al. (2022) investigated desert-derived
actinobacterial strains, which can tolerate extremely
high salinity levels of up to 18% NaCl. These desert

actinobacterial strains can also improve plant tolerance
to salinity stress, similar to other types of bacteria like
Halomonas and Bacillus. The study found that several
desert-derived actinobacterial strains can tolerate salin-
ity and improve plant tolerance to salinity stress. Mi-
cromonospora isolates did not have the highest salt
tolerance compared to other genera like Micrococcus,
even though they were still able to improve plant
growth and resilience to salt stress. The diversity of
microorganisms in desert environments is still not well
understood, suggesting a need for further research in
this area. This study is a first step in exploring the use
of desert-adapted microorganisms to improve plant
resilience to climate change. However, more research
is needed to realize this potential fully. According to
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Fig. 8. Growth of Bacillus sonorensis GG2 in the presence
of NaCl. Bacillus sonorensis GG2 cells were grown in their
respective growth media (YP media) in the absence of
NaCl or supplemented with 25, 50, 75, and 100 g/| NaCl.
ODgo readings were recorded for 5 days at 24-hour inter-
vals (n = 3).
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Fig. 9. Viability study of Bacillus sonorensis GG2 in carrier (n=3) (a) 180 days viability study in lignite and CDC carrier
using best P-solubilizing bacterial isolate B. sonorensis GG2, (b) comparative study percentage (%) of viability after 180
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Fig. 10. Showing a single green chili plant growth of phosphate biofertilizer (B. sonorensis GG2) treatment at 2 months

(a) P: Bacillus sonorensis GG2 treated plant growth after 2 months, C: Untreated plant growth after 2 months, (b) P: Ba-
cillus sonorensis GG2 treated plant root and shoot growth after 2 months, C: Untreated plant root and shoot growth after
2 months, (c) P: Bacillus sonorensis GG2 treated plant leaf growth (consider best leaf) after 2 months, C: Untreated leaf

growth (consider best leaf) after 2 months.

Nozari et al. (2021), all Streptomyces sp. produced
indolic compounds (IC) and siderophores. Some Strep-
tomyces isolates (6 out of 10) could produce ACC de-
aminase, while only two isolates produced phenazines.
Two Streptomyces isolates, CLV97 and CLV179, signif-
icantly promoted maize plants' growth and alleviated
salinity's negative effects on plant growth. The study
only examined root colonization by Streptomyces sp.
over a 20-day period and did not look at longer-term
effects. Furthermore, the study focused on the effects
of only two Streptomyces isolates (CLV97 and
CLV179) and did not examine the effects of the other
isolates in detail. It also did not fully characterize the
production of other plant growth-promoting compounds
beyond indolic compounds and siderophores.

In contrast to the above research studies, the present
study found that the microbial system isolated from the
Sundarban mangrove eco-system, that is, P5 isolate,
Bacillus sonorensis GG2 produced 10 mg L™ of a spe-

cific compound after five days, equating to a production
rate of 0.0021 mg mL™ day™ and a biomass production
rate of 2.11 mg mL™ day™ . This clearly indicates the
stress tolerance capability of the isolated strain with a
salinity tolerance level of 7.5-10%, along with accepta-
ble phosphate solubilizing activity. The strain also
shows phosphatase enzyme activity and organic
acid productivity with a highly significant industrial
application.

Conclusion

The isolation and characterization of Bacillus sonoren-
sis GG2 from the Sundarban mangrove ecosystem and
its demonstrated efficacy in promoting green chili plant
growth contribute novel insights into the field of agricul-
tural microbiology. By exploring a unique and underex-
plored environment, this study not only expands the
known diversity of PSB but also highlights the practical
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benefits of using such strains in sustainable agricul-
ture. These promising results suggest that B. sonoren-
sis GG2 could be a valuable addition to the arsenal of
biofertilizers, offering a sustainable solution for en-
hancing crop productivity in phosphate-deficient soils.
Therefore, in future studies, multiprocess parameter
optimization of various independent variables and ge-
netic modification must be carried out to increase the
maximum phosphate solubilization efficacy and field
potentiality. This can encourage environmentally
friendly farming to help meet sustainable agricultural
demands.
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