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HISTORY ABSTRACT

A critical bioremediation effort is required to restore the phosphorus balance and improve water
quality in polluted river sediments. Inorganic phosphate-solubilizing bacteria IPSB) play a vital
role by releasing phosphate from organic matter, which helps reduce sediment accumulation and
harmful algal blooms. This study aimed to isolate and identify indigenous strains of
Curtobacteria and Bacillus isolated from Langat River sediments to assess their potential for
phosphate solubilization and removal. Thirty (30) sediment samples collected between
November 2022 and December 2023 at 10 different sampling stations (S1-S10) across the river
were screened for phosphate solubilisation, extracellular phosphatase activities, and 16S rDNA
gene sequencing. Fifty-eight (58) of the 83 isolated from the initial screening on nutrient agar
medium exhibited a significant phosphate solubilization index (PSI), of which 31 isolates were
able to decrease acid to release soluble reactive phosphorus (mg/L). S81B and S92G isolates
demonstrated significant phosphate removal efficiencies of 64% and 62%, respectively. S81B
exhibited higher acid phosphatase activity, while S92G showed more significant alkaline
phosphatase activity, suggesting their adaptability to different pH conditions. Phylogenetic
analyses revealed that S81B is closely related to Curtobacteria species, known for phosphorus
mobilization in nutrient-limited environments, while S92G was similar to Bacillus, often
associated with phosphorus cycling in soil and river ecosystems. These findings highlight the
potential of these native strains for bioremediation applications to address phosphorus scarcity
and mitigate eutrophication in the Langat River system.
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INTRODUCTION and natural background inputs, contribute to phosphorus loading

[4, 5]. This pollution significantly threatens drinking water

In aquatic ecosystems, phosphorus often acts as a limiting
nutrient, controlling primary productivity and the abundance of
aquatic organisms [1]. While phosphorus is essential for life, its
excessive input into water bodies can have detrimental ecological
consequences [2]. Numerous studies have documented
significant phosphorus loads entering rivers, leading to
eutrophication, algal blooms, and oxygen depletion, which can
ultimately result in the degradation of aquatic ecosystems [3].
Malaysian rivers, including the Langat River, are susceptible to
phosphorus pollution from various sources. Point sources such as
industrial discharges, domestic sewage, and construction
activities, as well as non-point sources like agricultural runoff

quality, potentially leading to treatment plant shutdowns and
compromised water supply. Additionally, excessive phosphorus
can accelerate eutrophication, resulting in algal blooms and
oxygen depletion, harming aquatic organisms and disrupting
ecosystem balance [6]. Managing phosphorus concentrations in
river systems is essential for maintaining ecological balance and
preventing them from degradation [7]. In many river systems, the
increasing phosphorus inputs from both point sources, such as
wastewater treatment plants and non-point sources, like
agricultural runoff, highlight the need for effective mitigation
strategies [8]. While effective, traditional methods, such as
chemical and physical precipitation, often bring significant costs
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and generate substantial amounts of sludge, posing disposal
challenges [9].

The use of inorganic phosphate-solubilizing bacteria (IPSB)
offers an effective bioremediation approach for managing
phosphorus pollution in river systems [10]. IPSB species like
Bacillus and Pseudomonas enhance phosphorus availability by
effectively solubilizing insoluble phosphate [11]. IPSB facilitates
the phosphorus cycling by converting insoluble phosphates into
bioavailable forms through organic acid secretion and lowering
of environmental pH [12]. This process restores phosphorus
balance and promotes phosphate removal in polluted rivers.
Making IPSB a valuable tool for sustainable bioremediation
techniques [13, 14].

The Langat River, heavily polluted by industrial and
agricultural runoffs, presents a prime target for phosphate
bioremediation [6]. The river has been identified as the critical
source of drinking water for a substantial population in Selangor,
indicating the urgent need for ecological restoration [15].
Introducing IPSB offers a promising solution to mitigate
phosphate pollution by converting insoluble phosphate into
bioavailable forms. However, as noted by [16], implementing
bioremediation using IPSB in rivers faces several challenges. The
Langat River's contamination with heavy metals like cadmium
and lead poses a serious threat to the survival and efficacy of the
bacterial strains [4]. Higher metal contaminations can inhibit
bacterial growth and activity, diminishing the overall
effectiveness of bioremediation [17].

Furthermore, the presence of competing microorganisms
and complex ecological interactions within the river can hinder
the establishment of IPSB population [5]. In addition, the
variability in environmental factors like pH and organic matter
content can impact the bio-phosphate removal capabilities of
these bacteria, making it essential to select strains not only
effective in Phosphate removal but also resilient to the specific
conditions of the Langat River [18, 19]. While the potential of
using IPSB for bioremediation in the Langat River is promising,
a careful assessment of the local environmental context and
potential ecological interactions is crucial for successful
implementation.

Phosphorus pollution in rivers is commonly addressed
through chemical and physical methods; these approaches can be
costly and environmentally unsustainable, introducing secondary
pollutants [20, 21], especially for dynamic river ecosystems like
the Langat River. Consequently, there is an increasing interest in
exploring biological approaches like IPSB to assess their

feasibility, efficiency, and scalability for real-world applications.
Therefore, the study aimed to isolate and identify the potential
indigenous IPSB strains capable of removing phosphorus in the
Langat River's sediments.

MATERIALS AND METHODS

Study Location

The Langat River is an important water source in Selangor,
Malaysia (Fig. 1). It originates from the Titiwangsa granite
mountain range at Gunung Nuang and flows through several
districts, including Hulu Langat, Putrajaya, Sepang, Kuala
Langat, and parts of Seremban, before emptying into the Strait of
Malacca. The river lies on latitudes 2°40'152" N to 3°16'15" N
and longitudes 101°1920" E to 102°1'10" E., covering a
catchment area of approximately 2,360 square kilometers and
stretching over 176 kilometers in length. As one of the longest
rivers in Selangor, it is essential for about 1.2 million people
living in the area and plays a crucial role in the region's water

supply [22].

Fig. 1. Map of Peninsular Malaysia showing Selangor and the
Langat River

Collection of Sediment

Sediment samples were collected between November 2022 and
December 2023 from the Langat River at a depth of
approximately 10 centimetres using an Ekman grab sampler. All
sediments were handled following the protocol outlined by [23].
Ten sampling stations, labelled S1 to S10, were established along
the river (Table 1).

Table 1. Description of the sampling locations along the Langat River.

SS  Coordinates Location

Activity

S1 101.864402° E and 3.2109° N
S2 101.843163° E and 3.15408° N
S3  101.826058° E and 3.125352° N
S4 101.800816° E and 3.095793° N
S5 101.770172° E and 3.014326° N Sungai Balak

S6 101.759683° E and 2.916852° N Bangi

S7 101.681607° E and 2.855404° N Denkil

S8 101.642351° E and 2.813239° N Bukit Changgang
S9 101.632666° E and 2.812698° N Banting

S10 101.408189° E and 2.853165° N Pulau Carey (Jugra)

Pangsun recreational area

Dusun Tua
Long quarry road

Sungai Congkak recreational forest

Forestry and tourism

Government buildings and recreational activities

Residential, agricultural and recreational activities
Mining-related, industrial and commercial activities

Industrial, residential and agricultural activities

Industries, commerce and urbanization

Residential, industrial and palm oil and rubber plantations.
Residential, livestock farming and small-scale industries,
Small-scale industries and crop farming.

Rubber and palm oil plantations and historical tourism activities.

Keys: SS; Sampling station
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Isolation of Bacterial Isolates

Sediment samples underwent a series of dilutions, and 0.1 mL of
an aliquot was then spread-plated onto a sterile Nutrient Agar
plate. Inoculated plates with diluted samples were incubated at
28 + 02°C for 24 h. After incubation, individual colonies were
serially sub-cultured to obtain pure cultures through their
physiological morphology as described in the Bergey's Manual
of Determinative Bacteriology [24]. These pure cultures of the
isolates were then stored in a 40% glycerol stock culture for
further analysis.

Screening of Inorganic Phosphate-Solubilizing Bacteria
Qualitative phosphate solubilisation test

The purified bacterial isolates in the glycerol stock cultures were
screened for their ability to solubilize inorganic phosphate. A
loopful of each bacterial culture was inoculated onto Pikovskaya
(PVK) agar plate containing, per litre: 10 g of glucose, 5 g of
tricalcium phosphate (TCP), 0.2 g of sodium chloride, 0.2 g of
potassium chloride, 0.5 g of ammonium sulfate, 0.1 g of
magnesium sulfate, 0.5 g of yeast extract, and trace amounts of
ferrous sulfate and manganese sulfate. The inoculated plates were
incubated at 28 + 02°C for 120 h as per the method outlined by
Mehata and Nautiyal [25]. Bacterial colonies displaying clear
halo zones were identified as potential IPSB capable of
solubilizing tricalcium phosphate. The phosphorus solubilization
index (PSI) of these isolates was then calculated using the
equation (i) described by [26].

__ Colony diameter +Halo diameter

PSI

Colony diameter (Eqn 1)
Quantitative phosphate solubilization test
The bacterial isolates that exhibited qualitative phosphate
solubilization potential were grown in Luria Broth (LB) for 24 h,
and further evaluated for quantitative phosphate solubilization
(mg/L). Subsequently, 50 uL of each culture was transferred into
an Erlenmeyer flask containing 20 mL of Pikovskaya broth and
incubated for 28 + 02 °C with shaking at 140 rpm for 5 days.
Every 24 h, 1 mL of each cultured isolate was centrifuged at
40,000 rpm for 20 min to obtain the supernatant. The supernatant
was analysed to determine the concentration of soluble reactive
phosphorus (SRP) and pH to track the phosphorus release
dynamics. The phosphate content of the supernatant was
measured using the ascorbic acid method [27] and read at an
absorbance of 88nm.

Extracellular Phosphatase Activity of the selected Isolates
Phosphorus acceptability test

To assess the phosphate-reducing abilities of the isolates that
exhibited quantitative phosphate solubilisation activity, a series
of experiments was conducted. Bacterial cultures were grown in
nutrient broth at 28 + 2° C, for 24 h. After harvesting and
resuspending in saline solution, the bacterial concentration was
adjusted to an optical density of 0.1. This standard inoculum was
then added to PVK broth supplemented with 5% tricalcium
phosphate (TCP). Initial measurement of bacterial cell density,
pH and SRP content was recorded. The inoculated isolates were
then incubated at 28 + 2 °C for 72 h, with regular measurement
of bacterial cell growth, pH, and soluble reactive phosphate level
at 24 h intervals. The phosphorus uptake efficiency (PUE) of
each isolate was calculated using equation (ii) described by [28].

__Initial concentration—Final concentration
Initial concentration

PUE

% 100 (Eqn. ii)

Phosphatase (acid and alkaline) activity test

The isolates that displayed significant phosphorus uptake
exceeding 60%, were cultivated in PVK broth supplemented with
5 g/L of calcium phosphate as the sole phosphorus source.
Following a 72-h incubation period, the cultures were
centrifuged, and the resulting supernatants were used to prepare
a reaction mixture. This mixture comprised 1 mL buffer pH 5.0
citric acid/sodium-citrate buffer (for acid phosphatase) and 1 mL
pH 9.0 Tris-HCI buffer (for alkaline phosphatase), 100 pL p-
nitrophenyl phosphate solution, and 3 mL bacterial supernatant.
This was incubated at 37 °C for 20 min. The enzymatic reaction
was then terminated by adding 1 mL of 3M NaOH, and the
released p-nitrophenol was quantified spectrophotometrically at
405 nm, adhering to the procedures outlined by Pantujit and
Pongsilp [29]. The amount of enzyme required to liberate 1pumole
of p-nitrophenol per minute indicates one unit of enzyme activity,
with enzyme activity measured as the micromoles of p-
nitrophenol released per minute and specific enzyme activity
expressed as micromoles per minute per milligram of enzyme, as
described by [30].

Bacteria DNA Barcoding of the Selected Isolate

Genomic DNA (gDNA) of the selected bacterial isolate (S81B)
was extracted from the cell cultures using an optimized protocol
to ensure high purity and integrity. The extraction process
involved cell lysis, protein removal, and DNA precipitation using
Bacterial Lysis Buffer from the Bacterial DNA Barcoding Kit
(1st BASE, KIT-1100-50). The extracted gDNA was quantified
and quality-checked using spectrophotometry (e.g., NanoDrop)
and agarose gel electrophoresis, confirming the presence of high-
molecular-weight DNA suitable for further analysis.

The full-length 16S rRNA gene (~1500 bp) was amplified using
universal primers (5’-AGAGTTTGATCMTGGCTCAG-3') and
1492R (5’-TACGGYTACCTTGTTACGACTT-3") in a 25 pL
PCR reaction [31]. The amplified PCR products were purified
using a standard PCR clean-up procedure to remove
unincorporated primers, ANTPs, and other reaction components.
The purified PCR products were sequenced bidirectionally using
the universal internal primers with the BigDye® Terminator v3.1
Cycle Sequencing Kit. The resulting sequences were analysed,
aligned, and assembled to generate full-length sequences. These
sequences were then compared to reference databases (GenBank)
for bacterial strain identification.

Statistical Analysis

All experiments were performed in triplicate, and the resulting
data were statistically expressed as means + standard error at 95%
Cl. The analyses were performed using Microsoft Excel.

RESULTS AND DISCUSSIONS

Isolation of Bacterial Isolates

The isolation of 83 distinct bacterial isolates from the 10
sampling stations of the Langat River sediment samples
highlights the significant microbial diversity present in this
aquatic ecosystem [32]. The variations in colony morphologies,
such as small to medium-sized, circular, creamy-yellow colonies
with smooth or slightly wrinkled surfaces, suggest that these
bacteria may possess specialized metabolic functions. Such
morphological diversity often indicates adaptations to specific
ecological niches, allowing these isolates to exploit various
resources and survive in fluctuating river environmental
conditions [33].
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This adaptability is crucial for maintaining ecological balance
and nutrient cycling within the Langat River ecosystem. The
distinction between Gram-positive and Gram-negative bacteria
among the isolates further indicates their ecological roles and
interactions within the sediment environment [34]. The
consistent staining patterns observed indicate fundamental
differences in the cell wall structure, which is critical for
understanding their functional capabilities [35]. Gram-positive
bacteria, characterized by a thick peptidoglycan layer, are
generally more resilient to environmental stressors such as
osmotic pressure changes due to their robust cell walls [36]. In
contrast, Gram-negative bacteria possess an outer membrane that
provides additional protection, facilitates nutrient uptake, and
resists certain antibiotics [37]. These structural differences can
significantly influence how these bacteria respond to
environmental  challenges and interact with  other
microorganisms in their habitat [38].

The colonial morphology among the isolates suggests a
complex interplay of ecological strategies [39]. For instance,
Gram-positive and Gram-negative bacteria may reflect a
dynamic community capable of utilizing a wide array of
substrates and adapting to varying conditions within the sediment
[40]. This functional diversity of the isolates from different
stations of Langat River is essential for ecosystem resilience, as
different bacterial groups can perform distinct roles in nutrient
cycling, organic matter decomposition, and overall ecosystem
health [41, 42]. These interactions and the specific functions of
different bacterial groups can provide valuable insights into the
ecological dynamics of the Langat River and similar
environments [43].

Qualitative phosphate solubilization
Fig. 2 shows the variability in colony and halo zone formations
across the 58 out of 83 bacterial isolates from different sampling
stations. The mean Phosphate Solubilization Index (PSI) values,
along with 95% confidence intervals, provide insights into the
precision of the measurements at each station. Stations S1 (8
isolates), S2 (4 isolates), and S3 (4 isolates) exhibit relatively
consistent colony and halo zone sizes, with mean values between
2.5 and 3.0 cm. However, stations S4 (5 isolates) and S5 (6
isolates) show larger mean values of approximately 4.0 cm, with
wider confidence intervals reflecting more significant variability.
There is a gradual decline in both colony and halo zone sizes from
stations S6 (6 isolates) through S7 (5 isolates), S8 (6 isolates), S9
(7 isolates), to S10 (7 isolates), where the lowest mean values,
below 3.0 cm, were recorded. However, the error margins remain
relatively consistent across the stations.
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Fig. 2. Phosphate solubilization index (PSI) across different sampling
stations with error bars representing the 95% confidence intervals.

As indicated by the colony and halo zones formation, the
moderate PSI values observed across the isolates, primarily 2.5
to 3.0 cm, indicate that these isolates can effectively convert
insoluble phosphates into bioavailable forms essential for aquatic
plant growth [44]. Notably, stations S4 and S5 displayed higher
PSI values of approximately 4.0 cm, implying that favourable
environmental conditions such as optimal pH or nutrient
availability may enhance microbial solubilization potential at
these sites [45]. Furthermore, the gradual decrease in PSI from
stations S6 through S10 suggests a correlation with nutrient
scarcity or other less favourable conditions, as proposed by [46].
This variability in PSI capabilities suggests that environmental
conditions significantly influence microbial activity in the Langat
River [47].

The absence of specific bacterial isolates from sediment
screening on nutrient agar during qualitative phosphate
solubilization tests can be attributed to several factors. Genetic
and metabolic diversity among bacteria can influence their ability
to utilize phosphates effectively [48]. If bacterial isolates are not
optimally adapted to the conditions provided during the
qualitative analysis, their growth and phosphate solubilization
capabilities could be severely impaired [49]. Some strains may
lack the necessary enzymes or metabolic pathways for phosphate
solubilization, which would prevent them from forming halo
zones on PVK agar plates [50].

Environmental conditions, such as pH and temperature, can
significantly impact bacterial metabolic activity to solubilize
inorganic phosphate compounds in river sediments [51]. [52]
investigated the influence of redox conditions in sediments on the
mobility and availability of nutrients, particularly phosphorus,
and examined solubilization of phosphorus by bacterial isolates
in river sediment, suggesting that variations in redox potential
across different stations of the Langat River. Additionally, the
physical state of the Pikovskaya agar, including nutrient levels
and competition with other bacteria, can affect the visibility of
halo zones. Clumping behavior among bacterial cells can also
lead to uneven distribution on agar plates, hindering the
assessment of their phosphate solubilization potential [53]. These
factors collectively contribute to the potential absence of
bacterial isolates during the qualitative phosphate analysis.

Like many other river ecosystems, the Langat River is
susceptible to the detrimental effects of anthropogenic activities
[54], which can significantly impact the activity of IPSB and their
PSI activities. Agricultural runoff, a common source of pollution
in the region, can stimulate IPSB activity and increase PSI due to
the influx of nutrients [55]. However, excessive nutrient loading
can lead to eutrophication, algal blooms, and shifts in microbial
communities, ultimately compromising long-term phosphorus
solubilisation efficiency [56]. Industrial activities, particularly
those associated with mining and manufacturing, can introduce
heavy metals, toxic chemicals, and acidic effluents into the river,
further disrupting the ecosystem's delicate balance. These
pollutants can directly inhibit IPSB activity, reduce their
diversity, and impair their ability to solubilise phosphorus [57].

Urbanisation, with its associated land-use changes and
increased impervious surfaces, can exacerbate the problem by
increasing runoff and sedimentation. These factors can alter the
river's physical and chemical properties, such as water flow,
temperature, and nutrient levels, thereby affecting the habitat
suitability for IPSB [58].
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Climate change, extreme weather events, and altered
precipitation patterns can further complicate the situation.
Fluctuating temperatures, prolonged droughts, and intense
rainfall can stress IPSB populations, reduce their metabolic
activity, and limit their ability to maintain a stable PSI [59]. The
PSI provides valuable insights into the diversity and abundance
of IPSB at different sites [60]. Higher PSI values, along with a
greater number of isolates, suggest a more diverse and
metabolically active bacterial community capable of effectively
solubilizing phosphorus [44]. In rivers like Langat, this diversity
plays a critical role in maintaining phosphorus cycling and
ecosystem health, as varied IPSB populations offer broader
metabolic capacities to sustain phosphorus availability under
fluctuating conditions [61, 62]. Thus, PSI acts as an indicator of
both nutrient availability and bacterial diversity in river
ecosystems [63].

The correlation between PSI and bacterial diversity has been
demonstrated by [48], who found that higher diversity enhances
nutrient solubilization efficiency. A diverse IPSB community can
improve PSI in phosphorus-rich environments, improving the
overall health and productivity of aquatic systems [64].
Additionally, the metabolic flexibility of diverse IPSB
populations allows adaptation to changing environmental
conditions, which is crucial for sustaining phosphorus
availability. For instance, in phosphorus-rich settings, different
IPSB species may employ distinct pathways for solubilization
and mineralization, increasing phosphorus cycling efficiency
[65]. This adaptability optimizes nutrient availability and
enhances ecosystem resilience in dynamic river systems affected
by seasonal changes or anthropogenic activities [66].

The Langat River ecosystem has suffered significantly from
human activities, disrupting its nutrient management and
ecological balance [67]. Phosphorus cycling has been heavily
impacted by agricultural runoff, industrial discharges, and
urbanization [68]. These activities often lead to nutrient overload
and deteriorating water quality, posing significant challenges to
sustainable river management and ecosystem health in the region
[69]. The degradation of nutrient dynamics in such environments
calls for innovative, sustainable solutions to restore balance and
prevent long-term ecological damage [70].

Isolates from S4, S5, and S6, with their significantly higher
Phosphorus Solubilization Index (PSI) values, present a
promising, environmentally friendly alternative for mitigating
phosphorus pollution [71]. These isolates can convert insoluble
phosphorus into bioavailable forms, thereby improving
phosphorus availability in river systems like the Langat River.
Harnessing the solubilization index capabilities of these isolates
could provide an effective strategy for reducing phosphorus
pollution in water bodies like the Langat River [72]. As Rubin
and Gorres [73] emphasized, understanding the environmental
factors that optimize IPSB growth and their PSI activities is
crucial for designing targeted bioremediation interventions that
support sustainable phosphorus management and restore
ecosystem health.

Quantitative phosphate solubilisation

The analysis of phosphate solubilization of 58 isolates across 10
stations indicated that 31 isolates across 8 stations exhibited
distinct trends in the release and reduction of SRP concentration
(Fig. 3) over a 120-h incubation period, measured at 24-h
intervals.

Notably, isolates from Station 1 consistently reduced SRP levels
throughout the incubation period. Specifically, isolates S12G,
SIMW, and SIMGI reduced SRP from 5.09-7.28 mg/L to 2.76-
3.48 mg/L. Additionally, isolates S12B, S12W, and S1IMG2
reduced SRP to approximately 4.49, 4.78, and 4.53 mg/L,
respectively. Station 2 isolates demonstrated varying degrees of
phosphate reduction. S21G exhibited the most significant
reduction, decreasing SRP levels from 4.29 -1.12 mg/L. S22W
steadily declined, reducing SRP from 6.50 mg/L to 3.08 mg/L.
S22C initially decreased sharply, then stabilized, with SRP levels
decreasing from 7.55-4.28 mg/L.

Station 5 isolates exhibited varying SRP trends. S51P and
S52P fluctuated, with initial levels around 11.98-12.72 mg/L at
24 h, with an increase to 14.00 mg/L at 96 h and final levels
around 7.94-11.97 mg/L. S51C consistently increased from 11.09
-13.95 mg/L. S52B initially fluctuated, then stabilized, with
levels ranging from 10.24 to 11.78 mg/L. Station 6 isolates, such
as S61Y, S62Y, and S61P, exhibited similar trends, with initial
SRP levels around 10.84-12.34 at 48 h, then decreased at final
levels to 10.59, 10.08 and 10.95 mg/L, respectively.

S71W, isolated from station 7, showed a significant
reduction in SRP, starting from 8.45 mg/L, then increasing to
10.13 at 96 h, and finally decreasing to 1.48 mg/L. S72C
exhibited a relatively stable trend, with SRP levels showing
inconsistent SRP, with initial levels of 11.88 mg/L at 48 h, then
decreasing to 10.79, and at 120 h, increased to 11.25 mg/L.
Meanwhile, S72Y demonstrated rapid solubilization followed by
a notable decrease, with SRP levels fluctuating between 1.35 and
12.16 mg/L. The isolates S81Y, S81W, and S81B displayed
moderate fluctuations in SRP levels. The initial concentrations
were around 4.95-6.57 mg/L, then increased from 6.88 to 8.59
mg/L, while the final concentrations fell to approximately 5.73-
5.38 mg/L. In contrast, S82P showed a significant reduction in
SRP at 24 h from 7.97 mg/L, then increased from 7-9.07 at 72 h,
and finally decreased to 4.05 mg/L.

Isolates S91G, S91A, and S92G from station 9 exhibited
varying phosphate solubilization activity. The initial SRP levels
ranged from 5.24-6.33 mg/L, then increased from 5.24-7.96 at 96
h, while the final concentration ranged from 4.33 to 5.57 mg/L.
At station 10, isolates S102B and S102W demonstrated moderate
fluctuations and reductions in SRP levels, with initial
concentrations between 5.75 and 7.22 mg/L, increasing at 96 h to
6.92 mg/L, and final concentrations between 4.43 and 4.77 mg/L.
Isolate S101G consistently decreased SRP from 8.52-5.70 mg/L.
In contrast, SIOMG showed a limited reduction in SRP,
fluctuating between 7.06 mg/L at 24 h, then decreasing at 48 h
and 120 h, and increasing to 6.69 mg/L.

However, the pH utilized for the phosphate solubilization by
the isolates (Fig. 4) indicates that most isolates exhibited
moderate ability to decrease pH levels, ranging from 3.0 to 5.0,
within the first 24 h. However, specific isolates displayed
relatively higher initial pH decreases, such as S12A, S52B, S61P,
S91G, and S101G. As incubation progressed to 48 and 74 h, a
general decline in pH was observed across most isolates. During
this period, many isolates began to diverge, showing gradual
increases in pH. In the later stages, particularly at 96 and 120 h,
a recovery in pH was noted for most isolates. By 120 h, isolates
like S12A, S91G, and S102W reached pH levels approaching 6.0.
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The gradual decline in SRP levels by Station 1 isolates
suggests a limited capacity for phosphate solubilization. This
may indicate that the microbial isolates from this station are
either less efficient at utilizing available phosphorus or are facing
nutrient limitations that hinder their metabolic processes [74].
Research shows that microbial phosphate solubilization can be
influenced by various factors, including nutrient availability and
the composition of microbial communities, which may help
explain the observed patterns [75, 76]. In contrast, the initial
reduction in SRP at Station 2, followed by stabilization, may
reflect shifts in microbial growth phases or changes in nutrient
dynamics. Microbial communities often adapt their metabolic
strategies in response to fluctuating environmental conditions,
and such adaptive responses are critical for maintaining
ecological balance and nutrient cycling within aquatic systems
[77].

However, the inability of the isolates from stations 3 and 4
to release SRP, despite being subjected to the same experimental
conditions as other stations, may be attributed to various
ecological and biochemical factors [78, 79]. Microbial
community composition at these stations could differ
significantly, affecting the phosphate solubilisation of the
isolates [80]. IPSB often requires specific environmental
conditions like pH, temperature, and nutrient availability to
solubilize phosphate [81] effectively. If the isolates from stations

14

3 and 4 of the Langat River were less adapted to experimental
conditions or inherently less efficient phosphate solubilizers,
they might not have been able to release SPR during the
incubation period [82] significantly.

Similarly, competition among microbial populations for
available phosphorus may have hindered SRP reduction at these
stations [83]. In environments like the Langat River, where
diverse microbial communities coexist, competition for limited
resources can restrict the ability of individual strains to solubilize
phosphates [84]. If isolates from Stations 2 and 3 encountered
intense competition or were outcompeted by more efficient
phosphate solubilizers, their phosphate solubilization activity
could be diminished. Finally, variations in sediment chemistry
and organic matter content across different stations can influence
microbial activity and phosphate availability [85]. These factors
could have contributed to the observed differences in SRP
reduction among the stations.

On the other hand, Stations 5 and 9 maintained higher SRP
concentrations, indicating robust solubilization capacity [86].
This enhanced ability may result from favourable metabolic traits
among the bacterial isolates or supportive environmental
conditions, such as optimal pH and temperature ranges that
promote microbial activity [87]. According to [88], various
environmental factors, including pH, temperature, nutrient
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content, and sediment composition, significantly impact
phosphate solubility in river systems. [89] emphasize the crucial
role of pH in regulating phosphate dissolution and precipitation.
Acidic conditions promote the solubilization of mineral
phosphates, while alkaline conditions lead to the precipitation of
insoluble phosphate forms, affecting their availability in rivers
[90]. Temperature also influences phosphate dynamics by
affecting bacterial enzymatic activity. [91] note that optimal
temperature ranges enhance the production of organic acids by
IPSB, which is essential for mobilizing phosphates from
sediments, especially in nutrient-rich environments. The
sediment matrix plays a dual role in phosphate dynamics, acting
as a sink and a source. High organic matter content in sediments
can stimulate IRB activity by providing carbon sources, while
minerals like iron and aluminium oxides can bind phosphates
tightly, requiring bacterial mediation for their release and
bioavailability [92].

The diversity of bacterial taxa in river ecosystems is shaped
by factors such as nutrient availability, redox conditions, and
external disturbances [93]. Nutrient-rich River systems, often
resulting from agricultural runoff, can stimulate microbial
activity but may also lead to shifts in community composition
towards taxa associated with eutrophication [94, 95]. Redox
conditions, determined by dissolved oxygen levels, influence the
dominance of aerobic or anaerobic bacteria, which directly
impacts phosphorus cycling [96]. Under anaerobic conditions,
reducing iron-phosphate complexes can release bound
phosphates, creating favourable conditions for facultative
anaerobes to utilize these nutrients [97]. Human-induced
pressures, such as chemical pollution and sediment disruption,
can significantly alter microbial diversity, as the pressures often
favour pollutant-tolerant bacteria, potentially reducing overall
ecological complexity and resilience in river ecosystems [98].

The variability in SRP reduction observed among the
different isolates and stations in the river can be attributed to
several factors. Primarily, the diverse bacterial community
inhabiting the river, with varying metabolic capabilities,
influences phosphate solubilization efficiency [99]. However,
environmental conditions coupled with the activities at each
sampling station (Table 1), such as nutrient levels, pH, and redox
potential, also significantly impact bacterial activity and
phosphate dynamics [100]. Stations with higher nutrient loads
may support increased bacterial growth and activity, leading to
more significant phosphate reduction [101]. Additionally,
specific minerals or organic matter in the sediment can influence
the availability and accessibility of phosphate for bacterial
utilization [102].

However, the pH profiles of the isolates across the
incubation period (5 days) provide further insights into their
phosphate-solubilizing mechanisms. As observed by [103], the
initial decrease in pH in most isolates is likely due to the
production of organic acids, a common bacterial strategy for
solubilizing insoluble phosphate minerals [104]. However, the
subsequent increase in pH suggests that the isolates may have
depleted their acid-producing capacity or that other metabolic
processes, such as alkali production, have become dominant
[105]. The variability in pH profiles among the isolates can be
attributed to their genetic diversity, which influences their acid-
producing capabilities and ability to regulate intracellular pH
[106]. Billah et a. [107] reported that bacterial isolates that
efficiently utilize available nutrients like phosphorus and
maintain optimal growth conditions may exhibit sustained acid
production and lower pH levels. Additionally, the type of
phosphate mineral present in the medium can influence the

effectiveness of acid-mediated solubilization, as some minerals
may be more resistant to acid dissolution than others, leading to
variations in the extent of pH decrease and phosphate release
[108, 109].

Phosphorus acceptability

The 31 isolates with variable phosphate solubilization (mg/L),
exposed to the phosphorus acceptability test, resulted in SI8B
and S92G as the most significant isolates due to their higher
phosphorus uptake capacity. Initially, the phosphate levels in the
medium with S18B and S92G were recorded at 4.781 + 0.043
mU/mL and 5.665 + 0.033 mU/mL, respectively. By the end of
the experiment (3 days), S18B had substantially reduced
phosphate levels by 64.00%, resulting in a final phosphate
concentration of 1.740 + 0.022 mU/mL. Similarly, S92G showed
a significant phosphate uptake, reducing levels by 62.00%, with
a final concentration of 2.129 + 0.102 mU/mL.

The substantial phosphorus uptake efficiency demonstrated
by S18B and S92G isolates from Stations 8 and 9 indicates a
significant nutrient influx in the lower reaches of the Langat
River. This finding aligns with [110], who reported comparable
phosphorus uptake capabilities among bacterial species in
nutrient-deficient conditions. These bacterial isolates present a
promising biological strategy for mitigating inorganic nutrient
accumulation, particularly in regions susceptible to nutrient
overload [111]. Bacterial isolates, specifically those that can
solubilise inorganic phosphate compounds, could have the
potential to function as natural bioremediating agents by
assimilating and removing excess phosphorus [112], thereby
restoring nutrient balance and enhancing overall ecosystem
health in river systems [113]. The ability of IPSB to facilitate
phosphorus removal in aquatic environments is well-documented
[100]. While their phosphorus solubilization capacity may be less
pronounced in nutrient-poor systems [114], their remarkable
adaptability is evident in the Langat River, a system frequently
subjected to nutrient pollution (54).

The uptake of the SRP by S18B and S92G isolates suggests
their versatile metabolic strategies, enabling them to thrive in
diverse ecological conditions and contribute to phosphorus
removal and river ecosystem stability. Their potential
applications in bioremediation are promising, particularly in
eutrophic water bodies. However, their capacity to solubilize and
utilise phosphorus can help mitigate nutrient imbalances [115].
Leveraging these microbial capabilities offers a sustainable
approach to reducing environmental impacts, improving water
quality, and enhancing the resilience of ecosystems like the
Langat River against nutrient-related disturbances [72].

Phosphatase (acid and alkaline) activity

The S18B and S92G showed higher phosphorus uptake activity
and significant acid phosphatase activity, with values of 8.49 +
0.164 mg/L and 7.67 + 0.228 mg/L, respectively. In contrast,
S92G exhibited a higher alkaline phosphatase activity, measured
at 9.83 = 0.679 mg/L, whereas S18B displayed an activity level
of 9.17 + 0.212 mg/L. The observed variability in acid and
alkaline phosphatase activities in S81B and S92G isolates
provides insights into their extracellular phosphate metabolism
under varying pH conditions [116]. The higher acid phosphatase
activity demonstrated by S18B compared to S92G suggests its
enhanced ability to remove phosphorus in acidic sediments.
Conversely, S92G exhibits higher alkaline activity than S81B,
reflecting their adaptation to alkaline pH niches within sediment
ecosystems [117]. These species-specific enzymatic differences
highlight their metabolic versatility and ability to function
effectively across the Langat River and diverse environmental
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conditions related to water [118]. However, the phosphatase
activity levels in S81B and S92G isolates are consistent with
observations in other nutrient-rich environments, where
phosphatase activities are typically elevated due to extracellular
bacterial activities [119]. This suggests that Langat River isolates
are well-adapted to utilize enzymatic phosphate removal within
their ecological niche, making them potential candidates for
phosphorus management strategies in riverine systems [120].
Furthermore, the enzymatic activity of these isolates to diverse
pH conditions denotes their potential to enhance phosphorus
removal and mitigate ecological impacts, thereby contributing to
the long-term sustainability of freshwater ecosystems like the
Langat River [121].

Phylogenetic Analysis

Fig. 5 shows the phylogenetic analysis of the 16S rDNA gene
sequence of S81B and S92G isolates. S81B demonstrates a close
relationship with various Curtobacteria species, particularly
Curtobacterium albidum and Curtobacterium citreum. The
S81B, with a sequence length of 1453 bp, forms a cohesive
branch within the Curtobacteria genus, exhibiting high similarity
and minimal branch lengths to these species. Further down the
phylogenetic tree, the S81B isolates is more distantly related to
other  Curtobacteria species, including Curtobacterium
flaccumfaciens and Curtobacterium oceanosedimentum, which
form separate sub-clusters. In contrast, S92G reveals close
relationship with several Bacillus species, in contrast, S92G
reveals close association with several Bacillus species, including
Bacillus tropicus, Bacillus albus, and Bacillus cereus. The S92G
isolate, with a sequence length of 1480 bp, shares a proximal
branch with Bacillus tropicus, while being more distantly related
to other Bacillus species like Bacillus proteolyticus and Bacillus
sangunis, which form separate clusters in the tree.

a ‘Curtobacterium albidum stiain DSM 20312 168 ribosomal RNA. partial sequence
Curtobacterium albidum strain IFO 15078 168 ribosomal RNA., partial sequence
[*] ‘Curtobacterium albidum strain DSM 20512 168 ribosomal RNA. partial sequence
9SEIB_14530p

‘Curtobacterium citreum strain DSM 20528 168 ribosomal RNA, partial sequence
9 ‘Curtobacterium oceanosedimentm strain ATCC 31317 168 nibosomal RNA. partial seq...
‘Curtobacterium oceanosedimentum strain ATCC 31317 168 nbosomal RNA. partial seq.
‘Curtobacterium luteum strain DSM 20542 168 ribosomal RNA, partial sequence
Curtobacterim pusillum strain DSM 20527 168 ribosomal RNA, partial sequence
Curtobacterinm flaccumfaciens strain BCOM/LMG 3645 165 ribosomal RNA, partial s
‘Curfobacrerium citreum strain DSM 20528 165 ribosomal RNA. partial sequence
b Bacillus proteolyticus strain MCCC 1A00365 168 ribosomal RNA. partial sequence
Bacillus sangninis sirain BML-BC004 168 ribosomal RNA, partial sequence
Bacillus cereus steain IAM 12605 16S ribosomal RNA. partial sequence
@ Bacillus cereus strain CCM 2010 165 ribosomal RNA, partial sequence
9 Bacillus cereus ATCC 14579 168 ribosomal RNA (1A}, partiol sequence
] Bacillus albus strain MCCC 1A02146 165 ribosomal RNA, partial sequence
9 Bacillus luti strain MCCC 1A00359 168 ribosomal RNA. partial sequence
Bacillus tropicus strain MCCC 1A01406 16S ribosomal RNA. partial sequence
Bacillus mitratireducens strain MCCC 1A00732 168 ribosomal RNA. partial seque.
Bacillus paramycoides strain MCCC 1A04098 165 ribosomal RNA, partial sequence
592G _1480bp

Fig. 5. Phylogenetic trees of (a) S81B and (b) S92G isolates based on
amplified 16S rDNA gene sequence with the GenBank nucleotide
accession numbers.

The close genetic relationship of S81B isolate with
Curtobacteria  species suggests possession of similar
biochemical capabilities, including phosphate solubilization,
essential for nutrient removal, especially in phosphorus-limited
aquatic environments [122]. However, the clustering of S81B
with Curtobacteria albidum and Curtobacteria citreum with high
bootstrap support indicates a shared evolutionary lineage [123].
This shared lineage implies that S81B may utilize organic acids
to acidify the environment, enhancing phosphorus solubility, as
observed in other Curtobacteria species [124].

The potential of IPSB to improve phosphorus availability in
various ecosystems, including freshwater environments, has been
well-documented [125, 107]. The genetic characterization of
these bacteria, including identifying genes responsible for
phosphate solubilization, aligns with findings in the
Curtobacteria lineage [126]. The findings suggest that
Curtobacteria species could be broadly applied as a biological
tool in river ecosystems to regulate phosphorus levels. This could
reduce eutrophication in rivers like Langat and enhance water
quality and ecosystem stability.

However, the genetic relationship observed in S92G isolate
with various Bacillus species suggests possession of similar
functional traits, such as phosphate solubilization, which is
essential for phosphorus removal in river ecosystems [127]. [128]
proposed the potential application of Bacillus strains in
bioremediation strategies for river systems. These bacteria could
help mitigate phosphorus scarcity and control eutrophication
[129].

Bazinet [130] reported the potential utility of Bacillus
strains in ecological applications, particularly in river systems.
Similarly, [131] have demonstrated the effectiveness of these
bacteria in biocontrol and phosphorus management, highlighting
their role in sustainable river sediment systems. Therefore,
application of the identified Bacillus species in river systems
could help manage phosphorus levels, thereby addressing
eutrophication. This approach aligns with [132], who have
emphasized the importance of microbial interventions for
sustainable river ecosystems.

The ecological significance of Curtobacteria and Bacillus
species as phosphate solubilizers is well-established, particularly
in nutrient-polluted sediment [133]. These bacteria play a crucial
role in phosphorus mobilization, a process vital for the health and
productivity of river ecosystems [134]. Their ability to enhance
phosphorus availability supports the notion that they contribute
significantly to nutrient cycling and overall ecosystem function.
Furthermore, the phylogenetic clustering of these strains within
their respective genera suggests they possess adaptive traits that
allow them to thrive in nutrient-polluted river systems [135].
These traits may include efficient phosphorus assimilation and
removal mechanisms, which benefit their growth and support the
development of surrounding microbial communities by
increasing phosphorus availability [136].

CONCLUSION

This study showcases the potential of indigenous Curtobacteria
and Bacillus strains, isolated from Langat River sediment, as
effective bioremediation agents, due to their significant inorganic
phosphate solubilization and removal efficiency, which is crucial
for reducing phosphorus accumulation in the Langat River and
similar rivers' sediments. However, the strains' adaptability to
varying pH conditions, as indicated by their differential
phosphate solubilization activities, broadens their potential for
diverse degradation and removal of inorganic phosphate
compounds. In addition, their high phosphorus uptake efficiency
and tolerance to nutrient fluctuations further support their
suitability for phosphate removal in river systems like the Langat
River. Future research should focus on field-scale trials to
evaluate their efficacy in real-world settings and establish them
as a sustainable solution for improving water quality in similar
river systems.

- 16 -

This work is licensed under the terms of the Creative Commons Attribution (CC BY) (http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.54987/.1i2.851
https://doi.org/10.54987/.1i2.851

JOBIMB, 2025, Vol 13, No 1, 8-20
https://doi.org/10.54987/jobimb.v13i1.1070

AKNOWLEDGEMTMENTS

This work was supported by the Ministry of Higher Education,
Malaysia, through the Fundamental Research Grant Scheme
(FRGS); (Grant No: FRGS/1/2020/STG03/UPM/02/8). The
authors express their sincere gratitude for the unwavering support
of Universiti Putra Malaysia, all research assistants and
laboratory science officers of the Department of Biology, Faculty
of Science, Universiti Putra Malaysia, for providing all the
necessary assistance required.

CONFLICT OF INTEREST

No conflict of interest

REFERENCES

10.

11.

12.

13.

14.

15.

LiY, Yu X, Zheng J, Gong Z, Xu W. Diversity and phosphate
solubilizing characteristics of cultivable organophosphorus-
mineralizing bacteria in the sediments of sancha lake. Int J Environ
Res Public Health. 2022;19(4):2320.

Beusen AH, Doelman JC, Van Beek LP, Van Puijenbroek PJ,
Mogollon JM, Van Grinsven HJ, Stehfest E, Van Vuuren DP,
Bouwman AF. Exploring river nitrogen and phosphorus loading
and export to global coastal waters in the Shared Socio-economic
pathways. Glob Environ Change. 2022; (72):102426.

Giri S. Water quality prospective in Twenty First Century: Status
of water quality in major river basins, contemporary strategies and
impediments: A review. Environ Pollut. 2021; (271):116332.
Juahir H, Zain SM, Yusoff MK, Hanidza TT, Armi AM, Toriman
ME, Mokhtar M. Spatial water quality assessment of Langat River
Basin (Malaysia) using environmetric techniques. Environ Monit
and Assess. 2011; (173):625-641.

Basheer AO, Hanafiah MM, Abdulhasan MJ. A study on water
quality from Langat River, Selangor. Acta Scien Malaysia (ASM).
2017;1(2):1-4.

Ahmed MF, Mokhtar MB, Lim CK, Majid NA. Identification of
water pollution sources for better Langat River basin management
in Malaysia. Water. 2022; 14(12):1904.

Zahoor I, Mushtaq A. Water pollution from agricultural activities:
A critical global review. Int J Chem Biochem Sci. 2023; 23(1):164-
76.

Xia 'Y, Zhang M, Tsang DC, Geng N, Lu D, Zhu L, et al. Recent
advances in control technologies for non-point source pollution
with nitrogen and phosphorus from agricultural runoff: current
practices and prospects. Appl Biol Chem. 2020; (63):1-13.

Abdoli S, Asgari Lajayer B, Dehghanian Z, Bagheri N, Vafaei AH,
Chamani M, Rani S, Lin Z, Shu W, Price GW. A Review of the
Efficiency of Phosphorus Removal and Recovery from Wastewater
by Physicochemical and Biological Processes: Challenges and
Opportunities. Water. 2024;16(17):2507.

Akinsemolu AA, Onyeaka H, Arijeniwa FV. Harnessing green
microbiology for sustainable water management, agriculture, and
energy generation: Current advances and prospects. World Wat.
Polic. 2024;10(3):649-97.

Rawat P, Das S, Shankhdhar D, Shankhdhar SC. Phosphate-
solubilizing microorganisms: mechanism and their role in
phosphate solubilization and uptake. J Soil Sci Plant Nutr. 2021;
21(1):49-68.

LiY, Zhang J, Zhang J, Xu W, Mou Z. Characteristics of inorganic
phosphate-solubilizing bacteria from the sediments of a eutrophic
lake. Int J Environ Res Public Health. 2019; 16(12):2141.

Alori ET, Glick BR, Babalola OO. Microbial phosphorus
solubilization and its potential for use in sustainable agriculture.
Front in microbiol. 2017; (8):971.

Jing Z, Ming L, Qin L, Zhiming Z, Changbing Y. Addition of
chitosan improves the efficiency of total phosphorus removal from
wastewater using the D-A20 reactor and metagenomic analysis.
Water Policy. 2021; 23(6):1530-41.

Ahmed MF, Mokhtar MB, Alam L, Mohamed CAR, Ta GC.
Investigating the status of cadmium, chromium and lead in the
drinking water supply chain to ensure drinking water quality in
Malaysia. Water. 2020; 12(10):2653.

16.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

-17 -

Eida AA, Hirt H, Saad MM. Challenges faced in field application
of phosphate-solubilizing bacteria. In: Mehnaz S, editor.
Rhizotrophs: plant growth promotion to bioremediation.
Microorganisms for sustainability, vol. 2. Singapore: Springer;
2017. p. 125-43. doi:10.1007/978-981-10-4862-3_6.

Yin K, Wang Q, Lv M, Chen L. Microorganism remediation
strategies towards heavy metals. Chem Eng J. 2019; (360):1553-63.
Abou-El-Hassan S, Gad EI-Moula MM. Response of Sweet Pepper
Grown on Rice Straw Substrate to Application of Rock Phosphate
and Phosphate Solubilizing Bacteria. Menoufia J Plant Prod. 2015;
40(3):623-30.

He D, Wan W. Distribution of culturable phosphate-solubilizing
bacteria in soil aggregates and their potential for phosphorus
acquisition. Microbiol Spectrum. 2022; 10(3): €00290-22.
Sharpley AN, Bergstrom L, Aronsson H, Bechmann M, Bolster CH,
Borling K, et al. Future agriculture with minimized phosphorus
losses to waters: Research needs and direction. Ambio. 2015;
(44):163-79.

Bunce JT, Ndam E, Ofiteru ID, Moore A, Graham DW. A review
of phosphorus removal technologies and their applicability to
small-scale domestic wastewater treatment systems. Front Environ
Sci. 2018. (6): 8.

LUAS. Sungai Langat, State of the River Report (2015). Lembaga
Urus Air Selangor (LUAS): Shah Alam, Malaysia; 2015. ISBN
2180-2793.

Chuang CW, Huang WS, Liu YY, Hsieh CY, Chen TC.
Fluorescence Properties of the Air- and Freeze-Drying Treatment
on Size-Fractioned Sediment Organic Matter. Appl Sci. 2021;
(11):8220.

Holt JG, Krieg NR, Sneath PHA, Stanley JT, Williams ST. Bergey's
Manual of Determinative Bacteriology. 9th ed. Baltimore: Williams
& Wilkins; 1994.

Mehata S, Nautiyal CS. An efficient method for qualitative
screening of phosphate solubilizing bacteria. Curr Microbiol. 2001;
(43):51-56.

Krishnaswamy U, Muthuchamy M, Perumalsamy L. Biological
removal of phosphate from synthetic wastewater using bacterial
consortium. 2011: 37-49.

Murphy J, Riley JP. A modified single solution method for the
determination of phosphate in natural waters. Anal Chim Acta.
1962; 27:31-6.

Krishnaswamy U, Muthusamy M, Perumalsamy L. Studies on the
efficiency of the removal of phosphate using bacterial consortium
for the biotreatment of phosphate wastewater. Eur J Appl Sci.
2009;1(1):6-15.

Pantujit S, Pongsilp N. Phosphatase activity and effects of
phosphate-solubilizing bacteria on yield and uptake of phosphorus
in corn. World Appl Sci J. 2010;8(4):429-35.

Tso SC, Chen YR. Isolation and characterization of a group III
isozyme of acid phosphatase from rice plants. Bot Bull Acad Sin.
1997; 38:245-50.

Weisburg WG, Barns SM, Pelletier DA. 16S ribosomal DNA
amplification for phylogenetic studies. J Bacteriol. 1991; 173:697—
703.

Crump BC, Bowen JL. The microbial ecology of estuarine
ecosystems. Annu Rev Mar Sci. 2024;16(1):335-60.

Ren M, Hu A, Zhao Z, Yao X, Kimirei IA, Zhang L, Wang J.
Microbial strategies of environmental adaptation revealed by trait-
environmental relationships. bioRxiv. 2024:2024-09.
Bhuvaneshwari M, Bairoliya S, Parashar A, Chandrasekaran N,
Mukherjee A. Differential toxicity of AI203 particles on Gram-
positive and Gram-negative sediment bacterial isolates from
freshwater. Environ Sci Pollut Res. 2016; 23:12095-12106.

Pepi M, Focardi S. Antibiotic-resistant bacteria in aquaculture and
climate change: A challenge for health in the Mediterranean area.
Int J Environ Res Public Health. 2021;18(11):5723.

Walter A, Mayer C. Peptidoglycan structure, biosynthesis, and
dynamics during bacterial growth. Extracellular Sugar-Based
Biopolymers Matrices. 2019;237-99.

Masi M, Réfregiers M, Pos KM. Mechanisms of envelope
permeability and antibiotic influx and efflux in Gram-negative
bacteria. Nat Microbiol. 2017;2(3):1-7.

Silhavy TJ, Kahne D, Walker S. The bacterial cell envelope. Cold
Spring Harb Perspect Biol. 2010;2(5): a000414.

This work is licensed under the terms of the Creative Commons Attribution (CC BY) (http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.54987/.1i2.851
https://doi.org/10.54987/.1i2.851

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

JOBIMB, 2025, Vol 13, No 1, 8-20
https://doi.org/10.54987/jobimb.v13i1.1070

Sousa AM, Machado I, Nicolau A, Pereira MO. Improvements on
colony morphology identification towards bacterial profiling. J
Microbiol Methods. 2013;95(3):327-35.

Mallet C, Basset M, Fonty G, Desvilettes C, Bourdier G, Debroas
D. Microbial population dynamics in the sediments of a eutrophic
lake (Aydat, France) and characterization of some heterotrophic
bacterial isolates. Microb Ecol. 2004; 48:66-77.

Cazzolla Gatti R. Freshwater biodiversity: A review of local and
global threats. Int J Environ Stud. 2016;73(6):887-904.

Palit K, Rath S, Chatterjee S, Das S. Microbial diversity and
ecological interactions of microorganisms in the mangrove
ecosystem: Threats, vulnerability, and adaptations. Environ Sci
Pollut Res. 2022;29(22):32467-512.

Sigee DC. Freshwater microbiology: Biodiversity and dynamic
interactions of microorganisms in the aquatic environment. John,
Wiley & Sons; 2005.

Janati W, Bouabid R, Mikou K, Ghadraoui LE, Errachidi F.
Phosphate solubilizing bacteria from soils with varying
environmental conditions: Occurrence and function. PLoS One.
2023;18(12): €0289127.

Ahmad A, Moin SF, Liaqat I, Saleem S, Muhammad F, Mujahid T,
et al. Isolation, solubilization of inorganic phosphate, and
production of organic acids by individual and co-inoculated
microorganisms. Geomicrobiol J. 2023;40(1):111-21.

Hsieh HH, Chuang MH, Shih YY, Weerakkody WS, Huang WJ,
Hung CC, et al. Eutrophication and hypoxia in tropical Negombo
lagoon, Sri Lanka. Front Mar Sci. 2021; 8:678832.

Kirui CK, Njeru EM, Runo S. Diversity and phosphate
solubilization efficiency of phosphate solubilizing bacteria isolated
from semi-arid agroecosystems of eastern Kenya. Microbiol
Insights. 2022; 15:11786361221088991.

Ducousso-Détrez A, Lahrach Z, Fontaine J, Lounés-Hadj Sahraoui
A, Hijri M. Cultural techniques capture diverse phosphate-
solubilizing bacteria in rock phosphate-enriched habitats. Front
Microbiol. 2024; 15:1280848.

Kouas S, Djedidi S, Debez IB, Sbissi I, Alyami NM, Hirsch AM.
Halotolerant phosphate solubilizing bacteria isolated from arid area
in Tunisia improve P status and photosynthetic activity of cultivated
barley under P shortage. Heliyon. 2024;10(19).

Painkra H. Characterization and Evaluation of Better Performing
Native Isolates of Phosphorus Solubilizing Bacteria and
Azotobacter (Doctoral dissertation, Indira Gandhi Krishi
Vishwavidyalaya, Raipur); 2019.

Musarrat J, Khan MS. Factors affecting phosphate-solubilizing
activity of microbes: Current Status. Phosphate Solubilizing
Microorganisms: Princip and Applicat of Microphos Technol.
2014: 63-85.

Miao S, DeLaune RD, Jugsujinda A. Influence of sediment redox
conditions on release/solubility of metals and nutrients in a
Louisiana Mississippi River deltaic plain freshwater lake. Science
of the total environment. 2006; 371(1-3):334-343.

Smakman F, Hall AR. Exposure to lysed bacteria can promote or
inhibit growth of neighboring live bacteria depending on local
abiotic conditions. FEMS Microbiol Ecol. 2022;98(2): fiac011.
Loi JX, Chua ASM, Rabuni MF, Tan CK, Lai SH, Takemura Y, et
al. Water quality assessment and pollution threat to safe water
supply for three river basins in Malaysia. Sci Total Environ. 2022;
832:155067.

Etesami H. Enhanced phosphorus fertilizer use efficiency with
microorganisms. Nutrient Dynamics for Sustainable Crop
Production. 2020;215-45.

Elser J, Haygarth P. Phosphorus: Past and future. Oxford University
Press; 2020.

Jagaba AH, Kutty SRM, Isa MH, Ghaleb AAS, Lawal IM, Usman
AK, et al. Toxic effects of xenobiotic compounds on the microbial
community of activated sludge. ChemBioEng Rev. 2022;9(5):497-
535.

Chakraborty SK, Chakraborty SK. River pollution and
perturbation: Perspectives and processes. Riverine Ecology
Volume 2: Biodiversity Conservation, Conflicts and Resolution.
2021;443-530.

Medhi K, Bhardwaj R, Laxmi R. Climate change with its impacts
on soil and soil microbiome regulating biogeochemical nutrient
transformations. Climate Change and the Microbiome: Sustenance
of the Ecosphere. 2021;95-138.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

- 18-

Zheng BX, Zhang DP, Wang Y, Hao XL, Wadaan MA, Hozzein
WN, et al. Responses to soil pH gradients of inorganic phosphate
solubilizing bacteria community. Sci Rep. 2019;9(1):25.

Chandra R, Kumar V. Mechanism of wetland plant rhizosphere
bacteria for bioremediation of pollutants in an aquatic ecosystem.
Adv Biodegrad Bioremed Ind Waste. 2015;329.

Teng Z, Chen Z, Zhang Q, Yao Y, Song M, Li M. Isolation and
characterization of phosphate solubilizing bacteria from
rhizosphere soils of the Yeyahu Wetland in Beijing, China. Environ
Sci Pollut Res. 2019; 26:33976-87.

Faroog M, Liu S, Tan L, Cai Q, Chiu MC, Resh VH.
Multidimensional aspects of riverine biodiversity can vary in
response to nutrient pollution and environmental dynamics across
climatic watersheds. Environ Pollut. 2024; 361:124775.

Yao W, Yang CX, Lu Y, Lu YY, Wang SX, Huang BC, et al.
Enhancing phosphorus release from sewage sludge via anaerobic
treatment: State-of-art progress and future challenges. Chem Eng J.
2024;149346.

WeiY, Zhao Y, Lu Q, Cao Z, Wei Z. Organophosphorus-degrading
bacterial community during composting from different sources and
their roles in phosphorus transformation. Bioresour Technol. 2018;
264:277-84.

Toor MD, Ur Rehman M, Abid J, Nath D, Ullah I, Basit A, et al.
Microbial Ecosystems as Guardians of Food Security and Water
Resources in the Era of Climate Change. Water Air Soil Pollut.
2024;235(11):741.

Ng JX, Abdullah R, Syed Ismail SN, ELTurk M. Ecological and
human health risk assessment of sediments near to industrialized
areas along Langat River, Selangor, Malaysia. Soil Sediment
Contam Int J. 2021;30(4):449-76.

Yusuf MA, Nordin M, Abdullah P. River water quality assessment
and ecosystem health: Langat River Basin, Selangor, Malaysia. In:
Managing for Healthy Ecosystems. CRC Press; 2002. p. 1395-419.
Ahmed M, Mokhtar M, Majid N. Household water filtration
technology to ensure safe drinking water supply in the Langat River
Basin, Malaysia. Water. 2021;13(8):1032.

Fulazzaky MA, Syafiuddin A, Muda K, Martin AY, Yusop Z,
Ghani NHA. A review of the management of water resources in
Malaysia facing climate change. Environ Sci Pollut Res.
2023;30(58):121865-80.

Bashir Z, Hamid B, Yatoo AM, Nisa M, Sultan Z, Popescu SM.
Phosphorus ~ Solubilizing Microorganisms: An Eco-Friendly
Approach for Sustainable Plant Health and Bioremediation. J Soil
Sci Plant Nutr. 2024;1-17.

Tiwari P, Bose SK, Park KI, Dufossé L, Fouillaud M. Plant-microbe
interactions under the extreme habitats and their potential
applications. Microorganisms. 2024;12(3):448.

Rubin JA, Gorres JH. Potential for mycorrhizae-assisted
phytoremediation of phosphorus for improved water quality. Int J
Environ Res Public Health. 2021;18(1):7.

Mahmud K, Missaoui A, Lee K, Ghimire B, Presley HW, Makaju
S. Rhizosphere microbiome manipulation for sustainable crop
production. Curr Plant Biol. 2021; 27:100210.

Mine AH, Coleman ML, Colman AS. Phosphorus release and
regeneration following laboratory lysis of bacterial cells. Front
Microbiol. 2021; 12:641700.

Jentzsch L, Grossart HP, Plewe S, Schulze-Makuch D,
Goldhammer T. Response of cyanobacterial mats to ambient
phosphate fluctuations: phosphorus cycling, polyphosphate
accumulation and stoichiometric flexibility. ISME Commun.
2023;3(1):6.

Rode M, Tittel J, Reinstorf F, Schubert M, Knéller K, Gilfedder B,
et al. Seasonal variation and release of soluble reactive phosphorus
in an agricultural upland headwater in central Germany. Hydrol
Earth Syst Sci. 2023;27(6):1261-77.

Bostrom B, Andersen JM, Fleischer S, Jansson M. Exchange of
phosphorus across the sediment-water interface. In: Phosphorus in
Freshwater Ecosystems: Proceedings of a Symposium held in
Uppsala, Sweden, 25-28 September 1985. Springer Netherlands;
1988. p. 229-44.

Liu Y, Cao X, Li H, Zhou Z, Wang S, Wang Z, et al. Distribution
of phosphorus-solubilizing bacteria in relation to fractionation and
sorption behaviors of phosphorus in sediment of the Three Gorges
Reservoir. Environ Sci Pollut Res. 2017; 24:17679-87.

This work is licensed under the terms of the Creative Commons Attribution (CC BY) (http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.54987/.1i2.851
https://doi.org/10.54987/.1i2.851

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

JOBIMB, 2025, Vol 13, No 1, 8-20
https://doi.org/10.54987/jobimb.v13i1.1070

Aliyat FZ, Maldani M, Guilli ME, Nassiri L, Ibijbijen J. Phosphate-
solubilizing bacteria isolated from phosphate solid sludge and their
ability to solubilize three inorganic phosphate forms: calcium, iron,
and aluminum phosphates. Microorganisms. 2022;10(5):980.
Kishore N, Pindi PK, Reddy SR. Phosphate-solubilizing
microorganisms: a critical review. In: Plant Biology and
Biotechnology: Volume I: Plant Diversity, Organization, Function
and Improvement. 2015. p. 307-33.

Rfaki A, Zennouhi O, Aliyat FZ, Nassiri L, Ibijbijen J. Isolation,
selection and characterization of root-associated rock phosphate
solubilizing bacteria in Moroccan wheat (Triticum aestivum L.).
Geomicrobiol J. 2020;37(3):230-41.

Fallahi A, Rezvani F, Asgharnejad H, Nazloo EK, Hajinajaf N,
Higgins B. Interactions of microalgae-bacteria consortia for
nutrient removal from wastewater: A review. Chemosphere. 2021;
272:129878.

Tekebayeva Z, Temirbekova A, Bazarkhankyzy A, Bissenova G,
Abzhalelov A, Tynybayeva I, et al. Selection of active
microorganism strains isolated from a naturally salty lake for the
investigation of different microbial potentials. Sustainability.
2022;15(1):51.

Stevens CJ, Tullos DD. Effects of temperature and site
characteristics on phosphorus dynamics in four restored wetlands:
implications for wetland hydrologic management and restoration.
Ecol Restor. 2011;29(3):279-94.

Silva UC, Cuadros-Orellana S, Silva DR, Freitas-Junior LF,
Fernandes AC, Leite LR, et al. Genomic and phenotypic insights
into the potential of rock phosphate solubilizing bacteria to promote
millet growth in vivo. Front Microbiol. 2021; 11:574550.

Li S, Arnscheidt J, Cassidy R, Douglas RW, McGrogan HJ, Jordan
P. The spatial and temporal dynamics of sediment phosphorus
attenuation and release in impacted stream catchments. Water Res.
2023;245:120663.

Peng C, Huang Y, Yan X, Jiang L, Wu X, Zhang W, et al. Effect of
overlying water pH, temperature, and hydraulic disturbance on
heavy metal and nutrient release from drinking water reservoir
sediments. Water Environ Res. 2021;93(10):2135-48.

Wang Y, Kuntke P, Saakes M, van der Weijden RD, Buisman CJ,
Lei Y. Electrochemically mediated precipitation of phosphate
minerals for phosphorus removal and recovery: Progress and
perspective. Water Res. 2022; 209:117891.

Cai M, Zhang C, Ndungu CN, Liu G, Liu W, Zhang Q. Linking
ecosystem multifunctionality to microbial community features in
rivers along a latitudinal gradient. mSystems. 2024;9(4).

Han M, Dsouza M, Zhou C, Li H, Zhang J, Chen C, et al.
Agricultural risk factors influence microbial ecology in Honghu
Lake. Genomics Proteomics Bioinformatics. 2019;17(1):76-90.
LiK, HuJ, Li T, Feng L, Tao J, Liu J, et al. Microbial abundance
and diversity investigations along rivers: current knowledge and
future directions. Wiley Interdiscip Rev Water. 2021;8(5).

Zhang L, Zhao F, Li X, Lu W. Contribution of influent rivers
affected by different types of pollution to the changes of benthic
microbial community structure in a large lake. Ecotoxicol Environ
Saf. 2020; 198:110657.

Ansari AA, Gill SS, Khan FA. Eutrophication: threat to aquatic
ecosystems. In: Eutrophication: causes, consequences and control.
2011. p. 143-70.

Jordaan K, Comeau A, Khasa DP, Bezuidenhout CC. An integrated
insight into the response of bacterial communities to anthropogenic
contaminants in a river: a case study of the Wonderfonteinspruit
catchment area, South Africa. PLoS One. 2019;14(5): €0216758.
Parsons CT, Rezanezhad F, O'Connell DW, Van Cappellen P.
Sediment phosphorus speciation and mobility under dynamic redox
conditions. Biogeosciences. 2017;14(14):3585-602.

Tyler HL, Khalid S, Jackson CR, Moore MT. Determining potential
for microbial atrazine degradation in agricultural drainage ditches.
J Environ Qual. 2013;42(3):828-34.

Ogidi OI, Akpan UM. Aquatic biodiversity loss: impacts of
pollution and anthropogenic activities and strategies for
conservation. In: Biodiversity in Africa: potentials, threats and
conservation. Singapore: Springer Nature Singapore; 2022. p. 421-
48.

Fang J, Yang R, Cao Q, Dong J, Li C, Quan Q, et al. Differences of
the microbial community structures and predicted metabolic

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

-19-

potentials in the lake, river, and wetland sediments in Dongping
Lake Basin. Environ Sci Pollut Res. 2020; 27:19661-77.

Maitra N, Manna SK, Samanta S, Sarkar K, Debnath D,
Bandopadhyay C, et al. Ecological significance and phosphorus
release potential of phosphate solubilizing bacteria in freshwater
ecosystems. Hydrobiologia. 2015; 745:69-83.

Shen Y, Gao J, Li L. Municipal wastewater treatment via co-
immobilized microalgal-bacterial symbiosis: Microorganism
growth and nutrients removal. Bioresour Technol. 2017; 243:905-
13.

Zhu'Y, Wu F, He Z, Giesy JP, Feng W, Mu Y, et al. Influence of
natural organic matter on the bioavailability and preservation of
organic phosphorus in lake sediments. Chem Geol. 2015; 397:51-
60.

Santos-Torres M, Romero-Perdomo F, Mendoza-Labrador J,
Gutiérrez AY, Vargas C, Castro-Rincon E, et al. Genomic and
phenotypic analysis of rock phosphate-solubilizing rhizobacteria.
Rhizosphere. 2021; 17:100290.

Timofeeva A, Galyamova M, Sedykh S. Prospects for using
phosphate-solubilizing microorganisms as natural fertilizers in
agriculture. Plants. 2022;11(16):2119.

Emami-Karvani Z, Chitsaz-Esfahani Z. Phosphorus solubilization:
mechanisms, recent advancement and future challenge. In: Soil
Microbiomes for Sustainable Agriculture: Functional Annotation.
2021;85-131.

Shrivastava M, Srivastava PC, D'Souza SF. Phosphate-solubilizing
microbes: diversity and phosphate solubilization mechanism. In:
Role of Rhizospheric Microbes in Soil: Volume 2: Nutrient
Management and Crop Improvement. 2018;137-65.

Billah M, Khan M, Bano A, Hassan TU, Munir A, Gurmani AR.
Phosphorus and phosphate solubilizing bacteria: Keys for
sustainable agriculture. Geomicrobiol J. 2019;36(10):904-16.
Corbett MK, Eksteen JJ, Niu XZ, Croue JP, Watkin EL. Interactions
of phosphate solubilising microorganisms with natural rare-earth
phosphate minerals: a study utilizing Western Australian monazite.
Bioprocess Biosyst Eng. 2017; 40:929-42.

Tian J, Ge F, Zhang D, Deng S, Liu X. Roles of phosphate
solubilizing microorganisms from managing soil phosphorus
deficiency to mediating biogeochemical P cycle. Biology.
2021;10(2):158.

Saranya K, Sundaramanickam A, Manupoori S, Kanth SV.
Screening of multi-faceted phosphate-solubilising bacterium from
seagrass meadow and their plant growth promotion under saline
stress condition. Microbiol Res. 2022; 261:127080.

Naveed M, Aziz MZ, Yaseen M. Perspectives of using endophytic
microbes for legume improvement. In: Microbes for Legume
Improvement. 2017;277-99.

Roy ED. Phosphorus recovery and recycling with ecological
engineering: A review. Ecol Eng. 2017; 98:213-27.

Kar S, Jaiswal P, Misra S, Chauhan PS. Endospheric Microbiome-
Assisted Alteration in the Metabolomic Profiling of Host towards
Abiotic Stress Mitigation. Omics Sci Rhizosphere Biol. 2021;263-
79.

Lacava PT, Bogas AC, Cruz FDPN. Plant growth promotion and
biocontrol by endophytic and rhizospheric microorganisms from
the tropics: a review and perspectives. Front Sustain Food Syst.
2022; 6:796113.

Sharma P, Pandey AK, Kim SH, Singh SP, Chaturvedi P, Varjani
S. Critical review on microbial community during in-situ
bioremediation of heavy metals from industrial wastewater.
Environ Technol Innov. 2021; 24:101826.

Adebayo AA. Isolation of phosphate-solubilizing bacteria from
rumen content and characterization of gene responsible for
phosphate solubilization [dissertation]. Nigerian Defence Academy
(NDA), Kaduna, Nigeria; 2019.

Enebe MC. Metagenomic analysis of agricultural soils under
organic and inorganic fertilization [dissertation]. North-West
University (South Africa); 2021.

Rizzo C, Lo Giudice A. The variety and inscrutability of polar
environments as a resource of Dbiotechnologically relevant
molecules. Microorganisms. 2020;8(9):1422.

Grafe M, Goers M, von Tucher S, Baum C, Zimmer D, Leinweber
P, et al. Bacterial potentials for uptake, solubilization and
mineralization of extracellular phosphorus in agricultural soils are

This work is licensed under the terms of the Creative Commons Attribution (CC BY) (http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.54987/.1i2.851
https://doi.org/10.54987/.1i2.851

JOBIMB, 2025, Vol 13, No 1, 8-20
https://doi.org/10.54987/jobimb.v13i1.1070

highly stable under different fertilization regimes. Environ
Microbiol Rep. 2018;10(3):320-27.

120. Yang Y, Shi X, Ballent W, Mayer BK. Biological phosphorus
recovery: Review of current progress and future needs. Water
Environ Res. 2017;89(12):2122-35.

121. Cheng Y, Narayanan M, Shi X, Chen X, Li Z, Ma Y. Phosphate-
solubilizing bacteria: Their agroecological function and optimistic
application for enhancing agro-productivity. Sci Total Environ.
2023;166468.

122. Vimal SR, Patel VK, Singh JS. Plant growth promoting
Curtobacterium albidum strain SRV4: an agriculturally important
microbe to alleviate salinity stress in paddy plants. Ecol Indic. 2019;
105:553-62.

123. Osdaghi, E., Taghavi, S. M., Calamai, S., Biancalani, C.,
Cerboneschi, M., Tegli, S., & Harveson, R. M. (2018). Phenotypic
and molecular-phylogenetic analysis provide novel insights into the
diversity of Curtobacterium
flaccumfaciens. Phytopathology, 108(10), 1154-1164.

124. Ogun E. Determination of Inorganic Phosphate Solubilizing
Bacteria in Sediment Samples Collected from Lake Van, Turkey.
Feb Fresenius Environ Bull. 2020;3446.

125. Zheng BX, Ibrahim M, Zhang DP, Bi QF, Li HZ, Zhou GW, et al.
Identification and characterization of inorganic-phosphate-
solubilizing bacteria from agricultural fields with a rapid isolation
method. AMB Express. 2018; 8:1-12.

126. Suleman M, Yasmin S, Rasul M, Yahya M, Atta BM, Mirza MS.
Phosphate solubilizing bacteria with glucose dehydrogenase gene
for phosphorus uptake and beneficial effects on wheat. PLoS One.
2018;13(9): €0204408.

127. Zhao J, Jiang Y, Gong L, Chen X, Xie Q, Jin Y, et al. Mechanism
of B-cypermethrin metabolism by Bacillus cereus GW-01. Chem
EngJ. 2022; 430:132961.

128. Maumela P, Magida S, Serepa-Dlamini MH. Bioremediation of Pb
contaminated water using a novel Bacillus sp. strain MHSD 36
isolated from Solanum nigrum. PLoS One. 2024;19(4): €0302460.

129. Lan J, Liu P, Hu X, Zhu S. Harmful Algal Blooms in Eutrophic
Marine Environments: Causes, Monitoring, and Treatment. Water.
2024;16(17):2525.

130. Bazinet AL. Pan-genome and phylogeny of Bacillus cereus sensu
lato. BMC Evol Biol. 2017; 17:1-16.

131. Soltani M, Ghosh K, Hoseinifar SH, Kumar V, Lymbery AJ, Roy
S, et al. Genus Bacillus, promising probiotics in aquaculture:
aquatic animal origin, bio-active components, bioremediation and
efficacy in fish and shellfish. Rev Fish Sci Aquac. 2019;27(3):331-
79.

132. Patil MP, Jeong I, Woo HE, Oh SJ, Kim HC, Kim K, et al. Effect
of Bacillus subtilis zeolite used for sediment remediation on sulfide,
phosphate, and nitrogen control in a microcosm. Int J Environ Res
Public Health. 2022;19(7):4163.

133. Manna SK, Das BK, Mohanty BP, Bandopadhyay C, Das N, Baitha
R, et al. Exploration of heterotrophic bacterial diversity in
sediments of the mud volcano in the Andaman and Nicobar Islands,
India. Environ Nanotechnol Monit Manag. 2021; 16:100465.

134. Zhou X, Yang Q, Long K, Tang X, Luo L, Wu Z, et al. Effect of
Bacillus cereus mutant strain S458-M on active phosphorus and
crucian carp in culture systems. Aquaculture. 2023; 573:739627.

135. Chase AB, Arevalo P, Polz MF, Berlemont R, Martiny JB.
Evidence for ecological flexibility in the cosmopolitan genus
Curtobacterium. Front Microbiol. 2016; 7:1874.

136. Behera BC, Singdevsachan SK, Mishra RR, Dutta SK, Thatoi HN.
Diversity, mechanism and biotechnology of phosphate solubilising
microorganism in mangrove: A review. Biocatal Agric Biotechnol.
2014;3(2):97-110.

-20 -

This work is licensed under the terms of the Creative Commons Attribution (CC BY) (http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.54987/.1i2.851
https://doi.org/10.54987/.1i2.851

	INTRODUCTION

