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ABSTRACT

The present study was carried out during 2020–2021 at ICAR-National Bureau of Agriculturally Important 
Microorganisms, Mau, Uttar Pradesh to assess the plant growth-promoting potential of a bacterial isolate obtained 
from the hot water spring at Tattapani, Chhattisgarh. The hot spring exhibited a temperature of 80°C and a pH of 7.5. 
Molecular characterization identified the isolate as Pseudomonas extremorientalis strain RPB22. This strain showed 
tolerance to salinity up to 3% NaCl and temperature of 50°C. Strain RPB22 efficiently solubilized inorganic tri-
calcium phosphate (333 ± 9 µg/mL) and potassium (10.5 mg/L). High-Performance Liquid Chromatography (HPLC) 
analysis revealed the production of several organic acids, predominantly malic acid, followed by oxalic acid. Seed 
treatment of chickpea with strain RPB22 led to a 2.75-fold and 2.17-fold increase in fresh root and shoot dry weight, 
respectively, while root volume increased 1.8-fold compared to the untreated control. These findings highlight the 
potential of P. extremorientalis RPB22 as a thermo-tolerant, multifaceted plant growth-promoting bacterium suitable 
for biofertilizer development in arid and semi-arid environments exposed to high temperatures.
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Over the past few decades, microbial communities 
adapted to extreme environmental conditions have attracted 
considerable attention due to their unique physiological 
and biochemical traits. Extremophilic microorganisms 
exhibit remarkable resilience across a spectrum of harsh 
conditions, including extremes of temperature, salinity, 
pH levels, and radiation exposure (Mirete et al. 2016). 
Among these environments, thermal springs have captured 
significant attention from researchers globally. The microbial 
communities inhabiting these locales serve as invaluable 
reservoirs for diverse biotechnological applications, yielding 
antibiotics, novel compounds, and even new species 
(Sayeh et al. 2010, Zhang et al. 2010). Typically, the 
water temperature in hot springs varies between 40–60°C, 
constituting ideal niches for microbial diversity (Badhai 

et al. 2015, Saxena et al. 2017). The composition of 
microorganisms is profoundly influenced by environmental 
factors such as temperature, pH, dissolved hydrogen sulfide 
concentrations, and the physical and chemical properties of 
water and sediments. Generally, the pH in most hot springs 
falls within the range of 7–7.5 (Purcell et al. 2007, Soy et 
al. 2019). These hot springs represent biodiversity hotspots 
for microbes, offering promising avenues for the discovery 
of novel genes, molecules, and hydrolytic enzymes essential 
for industrial, medical, and agricultural applications (Saxena 
et al. 2017). Despite the abundance of thermal springs in 
India, there has been limited exploration of hot springs of 
India. The Tattpani hot spring in Balrampur, Chhattisgarh, 
India, remains relatively unexplored. 

Certain bacteria isolated from extreme environments 
possess plant growth-promoting (PGP) traits, including 
ammonia production, nitrogen fixation, phosphate 
solubilization, organic acid production, iron chelation 
through siderophore production, and indole-3-acetic acid 
(IAA) production for root development (Ahemed et al. 
2014). While plants have inherent mechanisms to cope 
with extreme conditions, PGP bacteria from hot springs can 
enhance plant growth under unfavourable environmental 
conditions. However, only limited studies have reported plant 
growth-promoting (PGP) bacteria isolated from hot springs 
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exhibiting multiple beneficial traits such as phosphate, 
zinc, and potassium solubilization, along with IAA and 
siderophore production (Verma et al. 2018, Mukherjee et al. 
2020). The exploration of such thermotolerant PGP bacteria 
is particularly relevant, as chickpea is highly sensitive to 
elevated temperatures, which adversely affect flowering, pod 
set, and overall yield (Jha et al. 2025). Therefore, isolation 
and characterisation of heat-tolerant Pseudomonas strains 
with multifaceted PGP attributes could provide an effective 
biological strategy to mitigate heat-induced yield losses in 
chickpea cultivation.

MATERIALS AND METHODS
The present study was carried out during 2020–2021 

at ICAR-National Bureau of Agriculturally Important 
Microorganisms, Mau, Uttar Pradesh. Soil sample was 
collected in a sterile thermoflask from hot spring of 
Tattapani (23º 40’48.69” N, 83° 39’11.06” E), Balrampur, 
Chhattisgarh, in February 2020 (Fig. 1). Physicochemical 
parameters like pH and electrical conductivity were 
recorded following standard procedure (Jackson 1958) 
at ICAR-National Bureau of Agriculturally Important 
Microorganisms, Mau, Uttar Pradesh. The sample collected 
from hot spring was processed on nutrient agar media for 
the isolation of bacterial isolate using standard spread plate 
technique. One gram of soil was serially diluted in 9 mL 
of 0.85% NaCl, and 0.1 mL of the 10⁻⁶ dilution was spread 
onto nutrient agar plates. The plates were then incubated 
for 24–48 h at 30°C and at 60°C in Biological Oxygen 
Demand (BOD) incubator. After incubation, growth was 
observed on petri-plates. Pure colonies of the bacteria 
were picked and streaked again on the respective media. 
The pure cultures of bacteria were then transferred to 20% 
sterile glycerol stock and preserved at -20°C for further 
use. Colony morphology of bacterial cultures was observed. 
Isolates with distinct colony morphology based on shape, 
colour, texture, pigmentation and Gram stain reaction 
were recorded. Strain RPB 22 was selected on the basis of 
multifarious plant growth promoting attributes for further 

study. Genomic DNA was extracted using the Nucleo-pore 
gDNA Mini Kit (Genetix Biotech). The 16S rRNA gene 
was amplified with universal primers 27F and 1492R in a 
25 µL PCR reaction (Taq buffer, dNTPs, Taq polymerase, 
primers, template). PCR products (~1,500 bp) were resolved 
on 1.2% agarose gel, purified using the QIAquick kit 
(Qiagen), and sequenced at ICAR-NBAIM (ABI 3130xl 
Genetic Analyzer). The sequences were quality-checked 
and compared with NCBI and EzTaxon databases (Yoon 
et al. 2017), identifying species with ≥98.6% similarity. 
All 16S rRNA gene sequences were deposited in NCBI. 
Bacterial isolate obtained were screened for growth at 
different temperature (40ºC, 50ºC, 70ºC and 80ºC) in water 
bath, pH (4-11) and salt concentrations (0-10% NaCl w/v), 
respectively. Qualitative phosphate solubilization was 
assessed on Pikovskaya’s agar containing 0.5% tri-calcium 
phosphate (Pikovskaya 1948). Potassium solubilisation was 
evaluated on Aleksandrov agar (pH 7.2 ± 0.2) supplemented 
with 0.2% potassium aluminium silicate (Rajawat et al. 
2016). Zinc solubilisation was tested on mineral salt medium 
enriched with 0.1% each of zinc oxide and zinc phosphate 
(Gontia-Mishra et al. 2017). All the plates were incubated 
at 30ºC for 4–5 days and observed for halo zone formation 
and solubilisation index was calculated using formula as 
follows: 

Solubilzation index = (Zone around the colony + Colony 
diameter)/(Colony diameter)

Overnight grown culture of bacterial isolate was 
centrifuged at 10000 rpm for 10 min at 4°C, supernatant 
was collected and filter sterilized with 0.45 µm (Axiva) 
filter. 2 mL supernatant was mixed with 4 mL Salkowski’s 
reagent [2 mL 0.5M FeCl3, 49 mL water and 70% Perchloric 
acid (HClO4)]. The mixture was incubated in dark at room 
temperature for 30 min and the intensity of pink colour was 
measured at 530 nm with UV/Visible Spectrophotometer 
(Scan Drop Analytek Jena), using standard curve (Brick et 
al. 1991). Overnight grown culture of the bacterial isolate 
was inoculated onto CAS agar plate. Siderophore production 

Fig. 1	 Tattapani hot spring with a bore hole from geothermal area and hot water flowing stream.
	 Arrow indicates sample collected site.
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was indicated by yellow halos around the colonies after 
the incubation at 30 ± 2°C for 2–3 days (Schwyn and 
Neilands 1987). Different inorganic source of phosphorous 
such as tri-calcium phosphate, Mussoorie rock phosphate 
and aluminium phosphate was amended in the National 
Botanical Research Institute Phosphate (NBRIP) broth at 
a concentration of 0.5% each separately and incubated for 
5 days at 30 ± 2°C. Phosphorus in the culture supernatant 
was measured by method described by Fiske and Subbarow 
(1925). Quantitative estimation of K solubilisation provided 
with 0.5% potassium aluminium silicate was done with 
protocol given by Rajawat et al. (2016). 

Culture supernatant of RPB22 was analysed by High 
Performance Liquid Chromatography (HPLC) for organic 
acid produced during different sources of inorganic P 
solubilisation. Waters C18 column was used with a mobile 
phase consisting of methanol (20%) and Millipore water 
(80%). Flow rate was adjusted to 0.8 mL/min, column 
temperature of 40°C, injection volume 20 µL and UV 
detector 210 nm as the conditions reported by (Oteino et 
al. 2015). Supernatant were filtered through 0.22 µm filter 
(Axiva) before analysis. Standard organic acid, viz. oxalic 
acid, gluconic acid, mallic acid, citric acid and succinic acid 
was procured from Sigma Aldrich and all the standards were 
prepared in a mobile phase with a final concentration of 1 
mg/mL. To evaluate plant growth assay chickpea cultivar 
(Pusa 362) seeds were obtained from ICAR-Indian Institute 
of Seed Research, Mau, Uttra Pradesh to assess the growth 
promoting ability of RPB22. Seeds were surface sterilised 
with 2% sodium hypochlorite for 5 min and washed five 
times with sterilised water. Thirty surface sterilised seeds 
were soaked with and without RPB22 culture in NB for 
40 min (108 CFU/mL) broth water (Gopalakrishnan et al. 
2016). The chickpea seeds (Five each) were inoculated in 
the pot of size 30 cm × 30 cm filled with 2 kg sterile field 
soil in triplicates in a nethouse. After 30 days, measurement 
of root parameters was taken by Hewlett Packard scanner 
and analyzed using WIN RHIZO programme V. 2002 C 
software (Regent Instruments Inc. Ltd. Quebec, Canada). 
Experiment was conducted in completely randomized 
design with three replications each. Data were analysed by 
Microsoft Office Excel to calculate standard deviation and 
standard error of mean. 

RESULTS AND DISCUSSION
Analysis of sample: Sample collected from hot 

spring soil had slightly alkaline pH (7.5). Temperature 
of the thermal spring was recorded as 85°C. Electrical 
conductivity of the sample was recorded as 1.45 mS/cm.  
The conductivity of soil depends on temperature and 
the concentration of dissolved ions or total chemical 
components in the water. Thermal springs, distributed 
worldwide, harbour extreme environments that maintain 
their unique properties consistently over time. Previous 
studies have documented the surface water temperature of 
the Manikaran hot spring as 95°C (Sharma et al. 2016), 
while the Tattapani hot spring registered a temperature of 

90°C and a pH of 7.8 (Kumar et al. 2014). In our study, 
we noted slight variations in temperature and pH, likely 
attributable to seasonal fluctuations and increased human 
activities surrounding the hot spring.

Isolation, identification and characterization of 
bacterial isolate: The diverse colony morphology observed 
underscores the rich microbial diversity within the hot spring. 
Researchers have previously examined colony morphology 
in thermophilic bacterial isolates, noting variations in size, 
colour, and shape (Nshimiyimana et al. 2018). Munoz-Torres 
et al. (2023) recorded Pseudomonas, Bacillus, Pantoea 
from Jurasi hot springs of Atacama Desert, Chile. Similarly, 
Banerjee et al. (2024) isolated exopolysaccharide producing 
Staphylococcus spp. BSP3 from Chilean hot spring. Ghati 
et al. (2013) documented the successful isolation of three 
thermophilic bacteria from the Bakreshwar hot spring in 
West Bengal, India, identifying them as Acinetobacter 
lwofii strain 412, Bacillus cereus AGP-03, and Geobacillus 
stearothermophilus strain G1017-C12. Saxena et al. (2017) 
expanded on this research, reporting the presence of several 
genera in the Manikaran hot spring of India, including 
Bacillus, Geobacillus, Anoxybacillus, Brevundimonas, 
and Pseudomonas. Notably, our study marks the first 
report of cultivable diversity in the Tattapani hot spring of 
Chhattisgarh, where temperatures exceed 80°C. In the present 
study, RPB22 isolate has been sequenced and BLAST search 
results of 16S rRNA gene showed 99.86% similarity with 
Pseudomonas extremoreintalis from NCBI and EZtaxon. 
The 16s rDNA sequence of the isolate deposited to NCBI 
database and accession number was obtained (MT560341). 
The identified strain has been deposited under the accession 
number (NAIMCC-B-02402) in the culture collection 
of National Agriculturally Important Microbial culture 
collection (NAIMCC), Mau, Uttar Pradesh. 

Screening of bacterial isolates for temperature and 
salinity tolerance: Bacterial isolate was screened for 
temperature, pH and salinity tolerance. RPB22 could 
tolerate up to 50°C temperature and tolerance to 3% NaCl 
concentration. In a separate study, Mukherjee et al. (2020) 
identified Klebsiella spp. strain PMnew from the Paniphala 
hot spring in West Bengal, which displayed tolerance to 
temperatures ranging from 18–65°C and NaCl concentrations 
up to 20%. Similarly, Pandey et al. (2015) conducted an 
investigation into the Soldhar and Ringigad hot springs in 
Uttarakhand, revealing that the isolates exhibited robust 
growth across temperatures ranging from 20–80°C and 
displayed resilience to NaCl concentrations of up to 12%. 
Thermophilic Pseudomonas aeruginosa Ch39 was isolated 
from Chignahuapan hot springs in Mexico was reported to 
grow at 45°C temperature (Castelan-Sanchez et al. 2025). 
Several Pseudomonas spp. have been reported to thrive at 
temperature optima of 40–60°C in the Indian Himalayan 
regions (Verma et al. 2022). These findings align closely with 
earlier reports, indicating the consistent adaptability of these 
extremophilic bacteria to harsh environmental conditions.

Indole acetic acid (IAA) and siderophore production: 
The diverse properties exhibited by bacteria thriving in 
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extreme environments hold significance not only for plant 
health but also for various biotechnological applications. For 
instance, they can be directly utilized for biological control 
of plant pathogens and for promoting plant growth. Plant 
growth promoting bacteria are known to predominantly 
produce auxins, particularly IAA, which play a pivotal role 
in enhancing the development of host plant root systems 
and thereby fostering overall plant growth (Tanimoto 2005). 
Strain RPB22 produced 13 µg/mL of IAA without tryptophan, 
which increased to 16.4 µg/mL when supplemented with 
300 µg/mL tryptophan. Munoz-Torres et al. (2023) reported 
bacteria exhibiting various plant growth promoting traits 
isolated from hot spring. Many of the isolates exhibited 
indole acetic acid (IAA) production both with and without 
tryptophan supplementation. However, RPB26 demonstrated 
a more pronounced increase in IAA production with higher 
concentrations of tryptophan. Similarly, Mukherjee et al. 
(2020) isolated Klebsiella spp. strain PMnew from the 
Paniphala hot spring in West Bengal, which produced 
125.01 ± 0.01 µg/mL of indole acetic acid when treated 
with 5 mM tryptophan. B. licheniformis BHUJP-H3, isolated 
from a hot spring in the Leh and Ladakh region of India, 
exhibited IAA production of 34.76 ± 1.12 µg/mL at 300 
μg/mL after 72 h (Verma et al. 2018). Various studies have 
investigated siderophore production by different bacterial 
species, including Pseudomonas putida IPL/IH/R-6 and 
Pseudomonas plecoglossicida IPL/IH/D-1, Bacillus subtilis, 
Bacillus spp., Bacillus amyloliquefaciens (4RH), Kliseibella 
spp., and strains BAN 87 and BAN 86 (Amaresan et al. 
2014, Verma et al. 2018, Mukherjee et al. 2020, Sood et 
al. 2024). Ahmad et al. (2005) reported that Azotobacter 
and Pseudomonas exhibited increased IAA production with 
higher concentrations of tryptophan, as the amino acid 
serves as a key precursor in IAA biosynthesis under broth 
culture conditions. However, it's important to recognize 
that IAA concentration may vary among different strains 
and can be influenced by factors such as growth conditions, 
media composition, and nutrient availability (Sridevi et al. 
2007). Siderophores serve as essential iron chelators crucial 
for promoting plant growth (Verma et al. 2018). Although 
significant siderophore production was observed in this 
study, it was notably absent at high temperatures. 

Qualitative estimation of P, K and Zn from bacterial 
isolates: Bacterial isolate has been screened for phosphate, 
potassium and zinc solubilisation and showed phosphate, 
potassium and zinc solubilising activity by forming a clear 
halo zone. RPB22 exhibited the capability to solubilize 
all three inorganic sources of phosphate, potassium, and 
zinc in broth culture. However, it was unable to solubilise 
phosphorus in media containing MRP (Mussoorie Rock 
Phosphate) and AP (Aluminum Phosphate) amendments. 
This observation aligns with previous findings indicating 
that isolates proficient in solubilizing phosphorus in broth 
culture may not necessarily produce clear halo zones on agar-
containing media (Perez et al. 2007). In this study Phosphate 
Solubilising Index (PSI) of 2.4 and Potash Solubilising Index 
(KSI) of 2.0 was recorded for P. extremorientalis RPB22. 

Sood et al. (2024) reported that Pseudomonas putida IPL/IH/
R-6 and Pseudomonas plecoglossicida IPL/IH/D-1 exhibited 
maximum potassium solubilization with a KSI value of 
2.0, while strain IPL/IH/R-6 also demonstrated phosphate 
solubilization with a PSI value of 3.0. Amaresan et al. 
(2014) reported that 34 isolates from Andaman Barren Island 
demonstrated the ability to solubilize inorganic phosphate, 
while Verma et al. (2018) noted that the thermophilic B. 
licheniformis BHUJP-H3 displayed significantly enhanced 
phosphate solubilization (33.01 μg/mL) compared to other 
Bacillus species studied from hot springs in the Leh and 
Ladakh region. In their investigation, Mukherjee et al. 
(2020) explored the phosphate solubilization activity of 
Klebsiella spp. strain PMnew and revealed its capacity to 
produce organic acids (550.16 ± 0.04 µg/mL) for phosphate 
solubilisation. Pseudomonas koreensis SH-29 exhibited 
phosphorous solubilisation (140.8 µg/L) at 45°C (Ahmad 
et al. 2023). Alonazi et al. (2025) reported that a native 
isolate, Pseudomonas thivervalensis K26, obtained from 
the rhizosphere of Acacia spp., exhibited heat tolerance up 
to 50°C and demonstrated multiple plant growth-promoting 
traits. Such thermotolerant Pseudomonas strains can serve 
as valuable bioinoculant candidates for chickpea cultivation 
in heat-prone regions, where they may enhance nutrient 
uptake, root development, and overall plant resilience under 
high-temperature stress conditions.

Quantitative estimation of P and K and organic acid 
production: On the basis of multifarious plant growth 
promoting traits, RPB22 was selected for quantitative 
estimation of P and K. Isolate RPB22 could solubilise 
333 µg/mL of TCP, 164 µg/mL MRP and 123 µg/mL AP. 
Potassium solubilisation was recorded as 7.5 mg/L. It 
has also recorded that apart from TCP, RPB22 failed to 
produce halo zone in PVK agar media when supplemented 
with MRP and AP however, in liquid culture solubilisation 
was recorded. The HPLC profile of isolate RPB22 (Fig.  2) 
unveiled the presence of multiple organic acids, with a 
total concentration of 25 g/L, predominantly malic acid 
followed by succinic acid. The highest production was 
observed when the growth media were amended with AP, 
mallic acid was recorded as highest (10.81 g/L) when culture 
broth was amended with aluminium phosphate followed by 
7.19 g/L when TCP (Tri-Calcium Phosphate) was supplied 
in the growth media. Interestingly, succinic acid was only 
secreted in the presence of TCP and AP while, oxalic acid 
was secreted in the MRP and AP amended media but absent 
in the TCP amended media (Table 1). However, gluconic 
acid and citric acid was not detected. Apart from these 
organic acids in the culture broth, peaks of unknown. In 
a study conducted by Yadav et al. (2015), thermotolerant 
strains were shown to produce various organic acids, 
including oxalic, malic, succinic, and formic acid, with 
strain BISR-HY66 being the sole producer of succinic 
acid. The quantity and profile of organic acids produced by 
Pseudomonas strains vary depending on both the type of 
substrate provided and the inherent metabolic characteristics 
of the strain. This variability highlights the importance of 
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Fig. 2	 HPLC profile of phosphate solubilizing Pseudomonas extremorentalis RPB22 with (a) Tri-Calcium Phosphate (TCP); (b) Rock 
Phosphate (RP); (c) Aluminium phosphate (AP).

	 MA, Malic acid; SA, Succinic acid; OA, Oxalic acid.

and root parameters in chickpea plants. These findings 
aligned with previous studies on bioinoculants isolated 
from hot springs, as reported by Patel et al. (2017) and 
Verma et al. (2018). Thakur and Yadav (2023) reported that 
Streptomyces spp. AB-11, isolated from the rhizosphere of 
Ajuga parviflora, exhibited tolerance up to 45°C. Inoculation 

selecting appropriate bacterial isolates and substrates to 
optimize nutrient solubilization and plant growth-promoting 
efficiency (Vyas and Gulati 2009). The growth of plants is 
significantly influenced by soil nutrients and the microbiota 
present in the rhizosphere. In the present study, Pseudomonas 
extremorientalis RPB22 exhibited variation in organic 
acid production, consistent with 
observations from previous reports. The 
strain also demonstrated diverse plant 
growth-promoting traits, including the 
solubilization of inorganic phosphate, 
potassium, and zinc, as well as the 
production of siderophores and indole-
3-acetic acid (IAA), highlighting its 
multifaceted potential to enhance 
nutrient availability and promote plant 
growth.

Plant growth assay: On the basis of 
multifarious PGP traits Pseudomonas 
extremorientalis RPB22 was used for 
seed treatment in chickpea cultivar 
(Pusa 362). The treatment showed 
enhanced root and shoot parameters 
of chickpea plant (Fig. 3). Increased 
root length (29.5 cm) and fresh 
weight (3 g) was observed in RPB22 
treated chickpea plant as compared 
to uninoculated plant. Root volume 
was increased by 1.8-fold in RPB22 
treated plant as compared to control 
plant. Root parameters like surface 
area, projected area of root, diameter 
and volume of root was also increased. 
Number of links in treated plant was 
recorded as (1364 ± 112) which was 
higher than the control (1049 ± 472) 
plant (Table 2). Treatment with RPB22 
resulted in increased values of shoot 

PGP POTENTIAL OF PSEUDOMONAS EXTREMORIENTALIS IN CHICKPEA

Fig. 3	 Plant growth promotion assay of chickpea after 30 days of growth and effect of 
Pseudomonas extremorientalis RPB22 inoculation on plant growth parameters of 
chickpea (Pusa 362) after 30 days of growth.

	 Bars represent mean ± SD (n = 3).
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Table 2  Plant growth parameters of chickpea (Pusa 362) after 30 days of growth 

Treatment Root 
length 
(cm)

Shoot 
length 
(cm)

Root 
fresh wt. 

(g)

Shoot 
fresh wt. 

(g)

Root dry 
wt. (g)

Shoot 
dry wt. 

(g)

Projected 
area 

(cm2)

Surface 
area 

(cm3)

Average 
diameter 

(cm)

Root 
volume 
(cm3)

links

Control 18.9 ± 
4.64

12.3 ± 
1.0

0.8 ± 1.1 0.41 ± 
0.5

0.05 ± 
0.0

0.1 ± 
0.02

16.3 ± 
6.1

51.1 ± 
19

0.8 ± 
0.15

1.1 ± 0.5 1049 ± 
472

Pseudomonas 
extremorientalis 
RPB22

29.5 ± 
5.9

18.5 ± 
5.7 

3 ± 0.9 1.3 ± 0.2 0.2 ± 0.1 0.3 ± 0.1 34 ± 5.3 106 ± 17 1.2 ± 
0.04

3.1 ± 0.4 1364 ± 
112

Values are mean of three replicates ± SD (Standard deviation).

BAGUL ET AL.

Table 1  Organic acid profile for phosphate solubilising strains RPB22

*Isolate/source of P P solubilisation 
(µg/mL)

Organic acids (g/L) Total known 
acids (g/L)*Pseudomonas extremorientalis RPB22 Gluconic Oxalic Mallic Citric Succinic

TCP 333 ± 0.9 ND ND 7.19 ND 1.53 8.72

MRP 164 ± 1.2 ND 0.33 2.39 ND ND 2.72

AP 124 ± 1.2 ND 0.22 10.81 ND 3.21 14.24

  Total 25.68

Values presented are mean of three replicates ± SD (Standard deviation). TCP, Tri-calcium phosphate; MRP, Mussoorie rock 
phosphate; AP, Aluminum phosphate; ND, Not detected. 

approach not only improves phosphorus availability and 
plant growth under heat stress but also reduces reliance 
on chemical fertilizers, thereby contributing to sustainable 
crop production and soil health maintenance under climate 
change scenarios.
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