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ABSTRACT

Coastal and mangrove ecosystems represent unique ecological niches that support diverse and stress-adapted microbial communities. The
present investigation aimed to isolate and characterize phosphate-solubilizing bacteria (PSB) from coastal and mangrove soils of Diu, India, and
evaluate their adaptability under varying environmental conditions. Soil samples collected from four ecologically distinct coastal sites yielded

media. All

capability on Pikovskaya’s agar and were Gram-positive, indicating their resilience in saline environments. Environmental factors significantly

twenty-one morphologically  diverse bacterial isolates using selective isolates  demonstrated phosphate-solubilizing
influenced phosphate solubilization efficiency. Acidic conditions (pH 5) enhanced solubilization, whereas alkaline conditions reduced activity,
although some isolates exhibited tolerance. Moderate salinity (1—2.5%) supported optimal activity, confirming halotolerance, while higher
salinity reduced efficiency without completely inhibiting bacterial function. Temperature also played a critical role, with maximum solubilization
observed at 37 °C, indicating mesophilic adaptation. Biochemical characterization revealed metabolic versatility, including enzyme production and
oxidative stress tolerance. These findings highlight the ecological importance of PSB in phosphorus cycling and their potential role in improving
nutrient availability in salt-affected soils. The study demonstrates that coastal and mangrove soils serve as valuable reservoirs of agriculturally
beneficial microorganisms, offering promising candidates for eco-friendly biofertilizer development and sustainable crop production in saline
and coastal agro ecosystems.

Keywords: Phosphate-solubilizing bacteria, Coastal soil, Mangrove ecosystem, Halotolerant bacteria, Biofertilizer, Phosphorus solubilization,

Salinity stress, Sustainable agriculture.

INTRODUCTION

Soil salinization is one of the most serious threats to global agriculture,
affecting more than 20% of irrigated land and significantly reducing
crop productivity, particularly in arid, semi-arid, and coastal regions
[1]. In India, approximately 6.7—7.0 million hectares of agricultural
land are affected by salinity, mainly due to climate change, seawater
intrusion, poor irrigation practices, and industrial activities [2].
Salinity disrupts soil structure, reduces microbial diversity, and causes
osmotic and ionic stress, which ultimately impairs plant physiological
processes such as nutrient uptake, photosynthesis, and growth [3, 4].
Among essential nutrients, phosphorus (P) availability is particularly
affected in saline soils due to precipitation, adsorption, and reduced
solubility.

Phosphorus is a vital macronutrient involved in energy transfer,
ATP synthesis, nucleic acid formation, and membrane stability.
Although agricultural soils contain large amounts of total phosphorus,
only about 0.1% is available to plants in soluble forms such as H2PO4~
and HPO4>" [3]. Furthermore, 70-90% of applied phosphate
fertilizers become immobilized through reactions with calcium, iron,

and aluminum, forming insoluble complexes and reducing fertilizer

efficiency [7, 8]. Excessive fertilizer application also contributes to
environmental problems such as eutrophication, soil degradation, and
biodiversity loss [5]. Therefore, improving phosphorus bioavailability
through sustainable and environmentally friendly approaches is
essential for future agriculture.

Phosphate-solubilizing bacteria (PSB) have gained increasing
attention as eco-friendly biofertilizers due to their ability to
mobilize insoluble phosphorus through the production of organic
acids, phosphatases, and chelating compounds [9]. In addition to
phosphorus solubilization, PSB promote plant growth by producing
phytohormones such as indole-3-aceticacid (IA A), siderophores, ACC
deaminase, and exopolysaccharides, which enhance nutrient uptake
and improve plant tolerance to abiotic stresses including salinity
[6-10]. These beneficial traits make PSB promising candidates for
sustainable agricultural applications.

Coastal and mangrove ecosystems represent unique ecological
niches characterized by high salinity, fluctuating environmental
conditions, and nutrient limitations. Microorganisms inhabiting

these environments possess specialized adaptive mechanisms and
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metabolic versatility, enabling them to survive under extreme
stress conditions while actively participating in nutrient cycling
[10, 12]. Salt-tolerant PSB isolated from coastal environments
have demonstrated significant potential in enhancing phosphorus
availability and improving crop growth under saline conditions
[11]. However, the diversity and functional potential of phosphate-
solubilizing bacteria from coastal and mangrove soils of India remain
the
to isolate and characterize salt-tolerant phosphate-solubilizing

insufficiently explored. Therefore, present  study aims
bacteria from coastal and mangrove soils and evaluates their potential
for sustainable biofertilizer development and improved phosphorus

availability in saline agro ecosystems [13].
MATERIALS AND METHODOLOGY

Study Area and Soil Sample Collection

Soil samples were collected from four ecologically distinct salt-affected
coastal and mangrove locations of Diu, India, influenced by tidal
activity and seawater intrusion. The sampling sites included Fudam
Bird Sanctuary center (20.7256° N, 70.9557° E), mangrove intertidal
mudflat zone (20.7200° N, 70.9600° E), Brancavara Creek mangrove
fringe (20.7108° N, 70.8672° E), and coastal mangrove patches near
Diu town (20.7140° N, 70.9822° E). Non-rhizosphere soil samples
were collected aseptically from a depth of 1-20 c¢m using sterile
spatulas and transferred into sterile polyethylene bags.

The samples were transported to the laboratory under
refrigerated conditions and stored at 4 °C until. Further

microbiological analysis [14, 15].

Isolation of Phosphate-Solubilizing Bacteria

Phosphate-solubilizing bacteria (PSB) were isolated using the serial
dilution and spread plate technique on Pikovskaya’s agar medium. The
composition of the medium (g/L) was: yeast extract (0.5), dextrose
(10.0), calcium phosphate (5.0), and ammonium sulfate (0.5),
potassium chloride (0.2), magnesium sulfate (0.1), manganese sulfate
(0.0001), ferrous sulfate (0.0001), and agar (15.0). Soil samples were
serially diluted in sterile distilled water, and appropriate dilutions
were spread on Pikovskaya’s agar plates supplemented with tricalcium
phosphate (TCP) as an insoluble phosphorus source [15, 16]. The plates
were incubated at 30 = 1 °C for 2—3 days. Colonies exhibiting clear
halo zones around them were considered phosphate solubilizers. These
colonies were selected, purified by repeated streaking, and maintained

on nutrient agar slants at 4 °C for further study [16].

Qualitative Screening for Phosphate
Solubilization

Qualitative phosphate solubilization activity was evaluated using the
spot inoculation method on Pikovskaya’s agar plates. Pure bacterial
cultures were spot inoculated at the center of agar plates and incubated
at 30 = 1 °C for 7-10 days [20]. The formation of a clear halo zone
around the colony indicated phosphate solubilization. The diameter of
the colony and solubilization zone was measured at 24-hour intervals
for up to 6 days.

Phosphate solubilization efficiency (SE) was calculated using

the formula:

SE (%) = (Z/C) X 100

Where:
Z = Diameter of solubilization zone (mm) C = Diameter of bacterial
colony (mm)
J
Isolates producing solubilization zones greater than 5 mm were

selected for further analysis.

Quantitative Estimation of Phosphate
Solubilization

Quantitative estimation of phosphate solubilization was carried out in
Pikovskaya’s broth supplemented with tricalcium phosphate (0.3 g/100
mlL). Each flask containing 100 mL sterile broth was inoculated with
1 mL of actively growing bacterial culture and incubated at 37 °C for
5 days on a rotary shaker. Uninoculated broth served as the control
[17]. After incubation, the cultures were centrifuged at 10,000 rpm for
30 minutes to obtain clear supernatant. Soluble phosphorus content
in the supernatant was determined colorimetrically at 410 nm using
KH,POy, as the standard [12].

Optimization of Physiological Parameters

The effect of environmental factors on phosphate solubilization
efficiency was evaluated using Pikovskaya’s agar medium. The
isolates were incubated at different temperatures (20, 37, and
50°C), pH levels (6, 7, and 9), and salt concentrations (19, 2.5%, and
5% NaCl). All plates were incubated at 28—30 °C, and solubilization
zones were measured to determine optimal conditions for phosphate

solubilization.

Morphological and Biochemical Characterization
Selected PSB isolates were characterized based on morphological,
physiological, and biochemical properties according to standard
microbiological methods described in Bergey’s Manual of Systematic
Bacteriology [18] and standard microbiology laboratory manuals. Pure

cultures were maintained on nutrient agar slants and preserved at4°C.

Biochemical Characterization of PSB Isolates

Indole test

Bacterial isolates were inoculated into peptone water and incubated at
37 °C for 24—48 hours. After incubation, Kovac’s reagent was added.

Formation of a cherry-red ring indicated a positive result.

Methyl red test
Isolates were inoculated into MR broth and incubated at 37 °C for
24—48 hours. Addition of methyl red indicator producing red color

indicated positive mixed acid fermentation.

Voges—pr 051{(1 uer test

Isolates were grown in VP broth and incubated at 37 °C for 24—48
hours. After incubation, Barritt’s reagents A and B were added.
Development of pink or red color indicated acetoin production.

Citrate utilization test
Isolates were inoculated on Simmons citrate agar slants and incubated
at 28—30°C for up to 7 days Color change from green to blue indicated

positive citrate utilization.
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Motility test

Motility was determined by the hanging drop method using fresh
bacterial cultures. Directional movement indicated motile bacteria.

Triple sugar iron (TSI) test

Isolates were inoculated on TSI agar slants and incubated at 37 °C
for 24 hours. Sugar fermentation patterns, gas production, and HzS

formation were recorded.

Catalase test

Adrop of 3% hydrogen peroxide was added to fresh bacterial culture.
Immediate bubble formation indicated catalase-positive isolates.

Oxidase test

Oxidase activity was determined using oxidase reagent discs.
Development of dark purple color indicated positive oxidase activity.

Carbohydrate fermentation test

Isolates were inoculated into carbohydrate fermentation broth
containing glucose, lactose, or sucrose and incubated at 37 °C for
24—48 hours. Acid and gas production were recorded based on color
change and gas formation in Durham tubes.

RESULTS AND DISCUSSION

Isolation and Occurrence of Phosphate-
solubilizing Bacteria

Soil samples collected from four ecologically distinct coastal
environments of Diu, including mangrove intertidal mudflat, estuarine
mangrove fringe, coastal mangrove patches, and bird sanctuary soil,
yielded a total of twenty-one morphologically distinct bacterial isolates
capable of phosphate solubilization (Fig 1).

All isolates demonstrated visible growth on Pikovskaya’s agar
medium, confirming their ability to utilize insoluble phosphate
sources. The widespread occurrence of phosphate-solubilizing
bacteria (PSB) across all sampling sites indicates their ecological
significance in phosphorus cycling within coastal and mangrove
ecosystems (Table 1).

The recovery of PSB from diverse ecological niches subjected
to varying degrees of salinity, tidal influence, and organic matter
deposition suggests strong adaptive capability of these microorganisms
under fluctuating environmental conditions. These findings highlight
mangrove-associated soils as important reservoirs of functionally

significant phosphate-mobilizing microbial populations [19].

Morphological and Gram staining characteristics

The isolates exhibited considerable variation in colony morphology,
indicating phenotypic diversity among the PSB population. Most
isolates formed small colonies, while a few isolates such as PDP-4,
CDP-9, and FDP-12 produced larger colonies, suggesting differences
in growth rate and metabolic activity. Colony shape was predominantly
irregular, although some isolates exhibited circular colonies.
Surface texture varied from smooth to rough, reflecting differences
in extracellular polymer production and surface characteristics
[24,25]. Colony elevation was mainly raised, with a few flat
colonies observed. Pigmentation was predominantly white or

off-white, while some isolates produced yellow pigmentation,

3
indicating variability in pigment synthesis and possible ecological
adaptation (Table 2).

Gram staining analysis revealed that all isolates were Gram-
positive, indicating the predominance of Gram-positive phosphate-
solubilizing bacteria in coastal soils of Diu. This group of bacteria is
well known for their stability, stress tolerance, and efficient nutrient
cycling capability in soil ecosystems [21].

Effect of pH on phosphate solubilization

Phosphate solubilization by bacterial isolates was significantly
influenced by environmental pH. Under acidic conditions (pH 5),
several isolates demonstrated enhanced solubilization activity, with
isolates 4, 9, 12 exhibiting the highest solubilization indices by Day 3.

This suggests that acidic conditions favor organic acid production,
which enhances phosphate solubilization.

Under neutral conditions (pH 7), most isolates exhibited
moderate phosphate solubilization activity, although certain isolates
suchas isolate 10 and isolate 4 showed comparatively higher efficiency.
In contrast, alkaline conditions (pH 9) significantly reduced
solubilization efficiency in most isolates, although some isolates
demonstrated limited tolerance and maintained measurable activity.

These findings indicate that acidic to neutral conditions are more
favorable for phosphate solubilization, while alkaline conditions
impose metabolic constraints.(Graph 1)

Effect of Salt Concentration on Phosphate

Solubilization

Allisolates demonstrated phosphate solubilizing ability under varying
salt concentrations (1%, 2.5%, and 5%), confirming their halo tolerant
nature. At 1% salt concentration, isolates exhibited moderate to high

Table 1: Strain Identification Code

Strain No. Identification code
1 FDP - 01
2 CDP - 02
3 MDP - 03
4 PDP — 04
5 CDP - 05
6 CDP - 06
7 FDP — 07
8 MDP - 08
9 CDP - 09
10 FDP — 10
11 CDP-11
12 FDP — 12
13 MDP - 13
14 MDP — 14
15 CDP - 15
16 PDP - 16
17 PDP — 17
18 FDP — 18
19 CDP - 19
20 MDP - 20
21 FDP - 21
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Graph 1: Growth of Isolates at Different pH

solubilization efficiency, with isolate 8 and isolate 21 showing the
highest activity.

At 2.5% salt concentration, isolate 4 demonstrated the highest
solubilization index, followed by isolates 9 and 12.

These results indicate strong salt tolerance and efficient metabolic
functioning under moderate salinity stress.

Under high salt concentration (5%), phosphate solubilization
efficiency declined in most isolates; however, isolate 4 showed
consistently high solubilization activity, indicating strong halotolerance

and adaptive capability (Graph 2 and 3).

Effect of Temperature on Phosphate Solubilization

Temperature significantly influenced phosphate solubilization
efficiency. At 37°C, most isolates exhibited optimal solubilization
activity, with isolates 4 and 12 showing the highest solubilization
index. This temperature appears optimal for metabolic activity and
organic acid production

Atlower temperature (20°C), solubilization activity was present
but reduced, indicating slower metabolic activity. Athigh temperature
(50 °C), all isolates showed low but measurable activity, suggesting
thermo tolerance in some isolates, particularly isolates 4, 9 and 12.

These findings indicate that most isolates are mesophilic, with
some showing tolerance to elevated temperatures.

The present study demonstrates that coastal and mangrove soils
of Diu harbor diverse populations of phosphate-solubilizing bacteria
adapted to saline and environmentally dynamic conditions. The
successful isolation of twenty-one PSB strains confirms that these
ecosystems are important reservoirs of beneficial microorganisms

involved in phosphorus cycling [22, 23].
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Table 2: Colonies characteristics of Isolates

Growth on pikovaskya agar

Colony number Colony shape Shape Elevation Texture Consistency Pigmentation media Gram staining
FDP - 01 Small Round Raised Smooth  Moist White Yes Gram+ve
CDP - 02 Small Round Flat Smooth  Moist White Yes Gram+ve
MDP — 03 Small Round Raised Smooth  Moist Off White Yes Gram+ve
PDP — 04 Small Round Raised Smooth  Moist White Yes Gram+ve
CDP - 05 Small Irregu]ar Flat Smooth  Moist White Yes Gram+ve
CDP - 06 Small Irregular Flat Rough Moist Yellow Yes Gram+ve
FDP — 07 Small Irrcgu]ar Raised Rough Moist Off white Yes Gram+ve
MDP - 08 Small Irregular Raised Rough Moist Yellow Yes Gram+ve
CDP - 09 Small Irregular Flat Smooth  Moist White Yes Gram+ve
FDP — 10 Small Irrcgu]ar Raised Smooth  Moist White Yes Gram+ve
CDP - 11 Small Irregular Flat Smooth ~ Moist White Yes Gram+ve
FDP — 12 Large Irregular Raised Smooth  Moist White Yes Gram+ve
MDP — 13 Large Irregu]ar Raised Rough Moist White Yes Gram+ve
MDP — 14 Small Irregular Raised Rough Moist White Yes Gram+ve
CDP — 15 Small Irregular Flat Smooth ~ Moist Yellow Yes Gram+ve
PDP — 16 Small Irregu]ar Raised Rough Moist Yellow Yes Gram+ve
PDP — 17 Small Irregular Raised Rough Moist White Yes Gram+ve
FDP — 18 Small Irregular Raised Rough Moist Off White Yes Gram+ve
CDP — 19 Large Irregu]ar Raised Rough Moist Off White Yes Gram+ve
MDP — 20 Small Round Flat Rough Moist ‘White Yes Gram-+ve
FDP - 21 Small Irregular Flat Rough Moist Off White Yes Gram+ve
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Graph 2: Growth of Isolates at Different Salt Concentration

Mangrove and coastal ecosystems are characterized by high salinity,
tidal fluctuations, and organic matter accumulation, which promote
microbial diversity and nutrient transformation[26].

The presence of PSB in these environments suggests their
essential role in maintaining phosphorus availability and supporting
plant productivity under nutrient-limited conditions.

The predominance of Gram-positive bacteria observed in this
study is consistent with previous reports indicating that Gram-positive
genera such as Bacillus and Streptomyces dominate in saline and stressed
environments due to their ability to form resistant structures and
tolerate osmotic stress [23]. These bacteria are known to produce
organic acids, phosphatases, and chelating compounds that facilitate
phosphate solubilization

Environmental factors such as pH, salinity, and temperature
significantly influenced phosphate solubilization efficiency [24].

Acidic conditions enhanced solubilization activity, likely due to
increased organic acid production and reduced pH in the surrounding
medium, which promotes dissolution of insoluble phosphate
complexes [18].

Salinity stress reduced phosphate solubilization in most isolates;
however, several isolates demonstrated strong halotolerance,
indicating adaptive mechanisms such as osmotic regulation,
compatible solute accumulation, and efficient enzyme functioning
under saline conditions [25].

Similarly, temperature influenced metabolic activity, with
optimal solubilization observed at 37 °C, which is typical for
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mesophilic bacteria. The ability of certain isolates to maintain
activity at clevated temperature and salinity highlights their ecological
resilience and potential application in extreme environments [28].
Opverall, the diversity and functional capability of PSB isolated
in this study demonstrate their ecological importance and potential

utility in improving phosphorus availability in salt-affected soils.

CONCLUSION

The present study confirms that coastal and mangrove soils of Diu,
India harbor diverse and metabolically versatile phosphate-solubilizing
bacteria capable of functioning under saline and environmentally
stressful conditions.

A total of twenty-one Gram-positive bacterial isolates
demonstrated effective phosphate solubilization, indicating their
important role in phosphorus cycling and nutrient transformation
in salt-affected ecosystems.

Environmental factors such as pH, salinity, and temperature
significantly influenced solubilization efficiency, with optimal activity
observed under acidic pH, moderate salinity, and mesophilic
temperature conditions.

The ability of several isolates to tolerate high salinity and
temperature highlights their ecological adaptability and potential for
application in saline agricultural soils.

These findings suggest that coastal PSB represent promising

candidates for development of eco-friendly Biofertilizer aimed at

improving phosphorus availability, enhancing soil fertility, and
supporting sustainable agriculture in coastal and salt-affected regions.
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