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ABSTRACT

Phosphobacteria are key suppliers of phosphate, a crucial nutritional component for plant growth. After being 
isolated from the rhizosphere of vegetable plants, a total of 20 phosphate-solubilizing bacteria (PSB) were tested 
for their ability to dissolve phosphate in soil and promote plant growth by producing phytohormones. Only two 
of the twenty isolates tested positive by converting to dark pink, and these bacteria were capable of producing 
phytohormones (auxin). Hence, these bacteria were selected for further investigation after testing positive for auxin 
production. Auxin is regarded as a vital regulator, particularly for plant growth. It regulates seed germination and 
elongation of the plant’s roots and shoots. After screening for phosphate-solubilization activity, it was revealed that 
the phosphate-solubilizing index of these isolates was recorded as 3.16 and 3.33. Under in vitro conditions, both 
plant growth-promoting bacteria were further studied for growth up to 72 h in terms of salinity, pH, and temperature. 
In this study, both P7 and P9 isolates showed maximum growth at pH 7.0 and 9.0, temperatures of 30°C and 47°C, 
and salinity of 4% and 10%, respectively. In addition, biochemical tests and 16S rRNA gene sequence analysis were 
done, identifying isolates P7 and P9 as Bacillus stercoris and Enterobacter quasihormaechei, respectively. This study 
emphasizes that B. stercoris and E. quasihormaechei can be advantageous in sustainable agriculture by optimizing 
plant growth and increasing crop output.

1. INTRODUCTION

Phosphorus is an important macronutrient. It is required for 
several biological and physiological processes in plants, such as 
photosynthesis, signal transduction, and energy transfer. Although 
soil contains a significant amount of phosphorus, much of it exists in 
forms that plants are unable to absorb. Chemical fertilizers can meet 
the phosphorus needs of plants during crucial growth stages; however, 
they consistently harm the environment and cause soil damage, 
pollute water, and deplete phosphorus mineral reserves [1]. Africa, 
South America, and Eastern Europe had the greatest rates of soil P 
depletion. The lack of P in agricultural soil will also have an effect on 
food security around the world in the upcoming years [2]. Phosphorus 
makes up 0.05% of the normal soil, but only 10% of this mineral is 
available to plants since it does not dissolve completely and remains 
embedded in the soil [3]. About 98% of India’s soil doesn’t have 
enough accessible phosphorus [4]. A survey of Indian soil found that 
only 2.2% of the 363 districts had high phosphorus levels, 51.5% had 
medium levels, and 46.3% had low levels [5]. Phosphorus is generally 
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taken up by plants as the primary orthophosphate ion, H2PO4. The 
deficiency of phosphorus reduces the size of the plant and develops 
a deep green color. Phosphorus is an essential plant nutrient that is 
added to the soil in the form of soluble inorganic phosphate [6,7]. The 
precipitated inorganic phosphate is solubilized through the action of 
mineral and organic acids produced by bacteria and fungi [8,9]. Plant 
root-associated PSBs are considered a viable alternative to inorganic 
phosphate fertilizers for enhancing plant growth and yield [10,11]. 
Rhizospheric bacteria play an important role in the biogeochemical 
cycling of both macro and micronutrients, for example, nitrogen, 
phosphorus, iron, zinc, manganese, and copper [12]. Several 
studies revealed that Phosphate-solubilizing Pseudomonas and 
Arthrobacter spp. could improve plant health by boosting phosphate 
absorption [13,14]. Potential microbial communities promote plant 
development and disease resistance as well. They are regarded as 
environmentally beneficial farming methods that mitigate the negative 
effects of traditional fertilizers on the environment [15]. Phosphate-
solubilizing bacteria (PSB) have the ability to solubilize phosphorus 
and make it available to the plant for its absorption [16]. Plant 
growth-promoting bacteria (PGPB) can enhance the yield of various 
crops, for example, paddy, soybeans, legumes, maize, canola, palm, 
potato, tomato, wheat, and peppers. Microbes increase crop output, 
by improving plant development and stress resilience [17]. PSB have 
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significant potential for immobilizing metals in the soil, which helps 
to create a non-toxic environment for plants. PSB is the source of lead 
(Pb) immobilization; therefore, it could be exploited to phytostabilize 
Pb-contaminated soils by improving soil structure and plant growth. 
This method not only reduces the bioavailability of lead but also 
facilitates the restoration of ecosystems that have been impacted by 
heavy metal pollution [18]. The aim of this study is to isolate and 
identify PSB from the rhizosphere of different plant species and 
evaluate their plant growth-promoting (PGP) traits, analyze the effect 
of various parameters on their phosphate-solubilizing activity. The 
study offers a sustainable approach in agriculture.

2. MATERIALS AND METHODS

2.1. Sample Collection
Soil samples were collected from the rhizospheric region of 7 
vegetable plant species, that is, mustard, potato, peppermint, spinach, 
lentil, tomato, and chili, from Agriculture University Gwalior, India. 
Residues and stones were removed, and fresh soil samples were stored 
in sealed bags at 4°C [19].

2.2. Isolation and Screening of PSB
Serially diluted soil samples were prepared up to 106 dilutions. About 
100 μL of each dilution were placed on Pikovskaya agar medium 
containing tricalcium phosphate as the sole source of phosphate [21]. 
Each sample was plated in triplicate with suitable soil concentrations. 
After incubation at 28°C for 72  h under aseptic conditions, all the 
isolates containing a clear halo zone around the colony were isolated 
as PSB. Halo zones and colony diameter were measured to calculate 
the value of the phosphate-solubilizing index (PSI) and solubilizing 
efficiency (SE).

PSI Colony diameter Halo diameter
Colony diameter

=
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SE Halo diameter
Colony diameter
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2.3. Morphological and Phenotypic Characterization
The bacterial isolates were cultured using Pikovskaya’s agar media. 
Gram staining, endospore staining, and capsule staining were used to 
study the morphology of isolates according to standard procedures. The 
stained cells were observed using a compound microscope. The staining 
reaction and cell morphology of potential PSB strains were noted. The 
motility of both bacterial strains was assessed. Bacterial isolates that 
showed growth turbidity around the stab line were considered motile. 
Isolates were also tested for carbohydrate fermentation, Methyl Red 
(MR), Voges-Proskauer (VP), urease, gelatinase, indole, citrate, oxidase, 
and catalase tests. The selected bacterial isolates were characterized 
according to Bergey’s manual of determinative bacteriology [20].

2.4. Study of Phytohormone (Indole Acetic Acid [IAA]) 
Production
Gordon and Weber’s method was used to determine the IAA 
production in bacterial culture, it is commonly known as auxin. The 
test tubes containing 0.05 g/L-1 (50 µg/mL) of L-tryptophan and 10 mL 
of nutrient broth, each were used to inoculate the bacterial cultures. 
The tubes were centrifuged for 10 min at 10,000 rpm following a 48-h 
incubation period. As a result, 1 mL of supernatant was combined with 

2 mL of Salkowski reagent and allowed to sit at room temperature for 
25–30 min. The presence of IAA was indicated by the appearance of 
a dark pink color against the control, which showed a light amber or 
light yellow color. All of the samples that came out negative looked 
like the control [22].

2.5. Optimization of PSB Isolates under In Vitro Conditions
Growth of the isolates was monitored by measuring the optical density 
turbidometrically on days 0, 24, 48, and 72 h using a spectrophotometer 
at 600 nm (Model- Shimadzu UV-1800). The experiment was arranged 
in three replicates.
(1)	 pH: The growth of the bacteria was tested in a pH ranging from 

acidic to basic (3, 5, 7, 9, and 11), and neutral (7.0) pH was 
considered to be the control

(2)	 Temperature: The bacterial isolates were characterized for their 
optimum temperature, and the effect of the temperature ranges 
from low to high (20°C, 30°C, 37°C, and 47°C) was studied, and 
room temperature 37°C was considered as a control

(3)	 Salinity: Four different concentrations (0%, 1%, 4%, 7%, and 
10%) of salts were studied against 0% salt (control) for their 
effect on the growth of PSB.

2.6. Molecular Identification of the PSB Strains
PSB isolates were identified through analysis of 16S rRNA sequences. 
Genomic DNA was isolated using the HiPurA Bacterial DNA Purification 
Spin Column Kit (MB505-250PR, HiMedia, India) and analyzed on a 1% 
agarose gel electrophoresis. The bacterial-specific 16S rRNA gene (1500 bp) 
was amplified using primers F27  (5’AGAGTTTGATCMTGGCTCAG 
3’) and 1492R (5’ GGTTACCTTGTT ACGACTT 3’) [23]. Polymerase 
chain reaction (PCR) amplification was carried out using an Applied 
Biosystems Veriti Thermal Cycler as follows: Denaturation at 94°C 
for 5 min, followed by 34 cycles of 94°C for 30 s, 55°C for 30 s, and 
72°C for 1.30  min, and a final cycle at 72°C for 7  min. PCR results 
were sequenced by NCIM CSIR-NCL in Pune. The DNA sequence was 
submitted to GenBank for homology analysis through the BLASTN tool 
[24]. The DNA sequence was uploaded to NCBI through GenBank, and 
multiple sequence alignments were performed with Clustal W [25]. The 
phylogenetic tree was generated using the neighbor-joining method in 
MEGA 11 [26], with a bootstrap of 1000 iterations [27], and evolutionary 
relationships were calculated.

2.7. Statistical Analysis
The Prism version 3 statistical software was used for statistical analysis. 
All comparisons of means were carried out using the one-way analysis 
of variance test. Multiple comparisons were carried out using Tukey’s 
multiple range test. Statistical significance was defined as P < 0.05. 
The probability value of *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001 for selected isolates was compared.

3. RESULTS AND DISCUSSION

3.1. Isolation and PSI Evaluation of PSB
In the present study, PSB were isolated from 7 vegetable rhizospheric 
soils from the agriculture university, Gwalior, India. A  total of 20 
bacterial isolates were obtained from the collected soil sample. These 
isolates were qualitatively evaluated for phosphate-solubilization. 
A total of 16 isolates out of 20 showed a clear halo zone around their 
colonies, and their PSI was calculated [Figure 3]. The phosphate-
solubilization potential of PSB was determined by measuring the PSI. 
The results indicated a varied ability among the isolates to solubilize 
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phosphate. The formation of a halo zone around the bacterial colonies 
shows their ability to solubilize phosphates by releasing organic acids 
[28]. In this study, 16 selected bacterial isolates exhibited a PSI range 
of 1.75 and 3.33. The highest PSI value was detected in the P9 strain, 
followed by P7, which is 3.16, as listed in Table 1 and Figure 2. Similar 
results were achieved by Pande et al. and Nacoon et al., who found 
that the PSI in different bacterial isolates ranged between 2.56 and 
4.50 [29,30].

3.2. Qualitative Assessment of IAA Production
IAA production is another PGP trait in bacteria, reported by several 
researchers [31,32]. Phytohormone (IAA) synthesis was further 
qualitatively assessed in the isolated bacteria. Over 72 h of incubation 
in nutrient broth containing L-tryptophan, it was found that only 
two isolates, P7 and P9, out of the twenty showed positive results 
by changing from light amber to dark pink [Figure  4]. Hereby, the 
samples that did not show any color change exhibited negative results 
and resembled the control. The results were revealed that these two 
isolates were capable of producing a significant amount of IAA. 
Phosphate solubilizers that produce auxin have a noteworthy impact 
on improving plant development based on seed germination [33]. 
As auxin was found to promote cell elongation, particularly in stems 
and young leaves, it resulted in an increase in shoot length. Auxin 
also has a role in the development of adventitious and lateral roots, 
among other aspects of root growth [34,35]. Furthermore, auxin 
induces seed dormancy and regulates seed germination by stimulating 
abscisic acid (ABA) signaling pathways, resulting in ABA deposition 
that subsequently suppresses growth [36]. Moreover, auxin also 
impacts seed developmental parameters, such as seed weight and 
seed size, resulting in enhanced crop production [37]. In a relevant 
study by Thakur and Parikh, auxin-producing rhizobacterial species 
Burkholderia kururiensis, Burkholderia cenocepacia, Enterobacter 
cloacae, and Bacillus subtilis demonstrated a significant enhancement 
in shoot height and plant dry weight, thereby affirming that auxin-
producing bacteria serve effectively as biofertilizer inoculants to 
promote plant growth [38]. Similarly, Pseudomonas and Acinetobacter 
spp. were also identified as auxin-producing, PGP bacterial strains [39].

3.3. Growth Optimization of Selected Strains under Abiotic Stress
In a further study of abiotic stress, PSB could tolerate temperatures as 
high as 45°C, large concentrations of NaCl (up to 5%), and a broad 
starting pH range of 5.0–10 [40]. Plant species may withstand all types of 
stress with the help of rhizobacterial IAA [41]. PSB isolates (P9 and P7) 
were chosen and tested for their best growth [Table 2] on the basis of 
their auxin-producing ability under different conditions, including salt 
levels (0%, 1%, 4%, 7%, and 10%), pH levels (3, 5, 7, 9, and 11), and 
temperatures (20°C, 30°C, 37°C, and 47°C). The in vitro conditions 
can have a significant impact on the growth of plant growth-promoting 
bacteria (PGPB). It controls factors, such as nutrient availability, pH, 
temperature, and the presence of other microbes; hence, it influences 
their ability to promote plant growth [42]. The study examined the 
growth of selected bacterial strains under abiotic stress. The strains 
were grown at different pH, temperature, and salt levels for 72  h to 
assess their long-term effects on growth and survival. The P9 strain 
grew mostly at neutral pH  7.0, while P7 was at alkaline pH  9.0 
[Figure 5]. The optimal temperature for growth was 30°C; however, 
the P7 exhibited the highest growth at 47°C [Figure 6]. For the majority 
of species, a temperature of 47°C is considered stressful. Under such 
conditions, heat-shock proteins, membrane composition, and enzyme 
activity are adaptations that facilitate bacterial survival [43,44]. High 

salinity negatively impacts plant growth; the P7 strain showed the 
highest growth at 10% NaCl concentration, while P9 was at 1% salt 
and showed tolerance up to 4% NaCl [Figure 7]. Salinity tolerance 
is beneficial for plant growth in salt-affected soils [45]. A  study by 
Gupta et al. found comparable outcomes for various bacterial strains 

Table 1: Phosphate‑solubilization index (PSI), solubilization efficiency in 
% (SE), and phytohormone (indole acetic acid) production ability of the 
selected isolates with their harvesting plant.

S. 
No.

Crop plant Isolate PSI 
index

SE (%) Phytohormone

1 Lentil P1 2.3 133 Negative

P2 2.5 150 Negative

P3 2.6 166 Negative

2 Tomato P4 2.71 171 Negative

P5 2.75 175 Negative

3 Chili P6 1.75 133 Negative

P7 3.16 216 Positive

P8 2.2 120 Negative

P9 3.33 233 Positive

4 Mustard D1 Negative Negative Negative

5 Potato D2 Negative Negative Negative

D3 2.5 150 Negative

6 Peppermint D4 2.4 140 Negative

D5a Negative Negative Negative

D5b 2.2 128 Negative

D5c 2.8 180 Negative

7 Spinach D6a 2.4 140 Negative

D6b 3 200 Negative

D6c Negative Negative Negative

D6d 2.5 150 Negative

Table 2: Effect of pH, temperature, and salt on the growth of selected 
bacterial isolates.

pH P7 P9

3 0.053±0 1.093±0.006

5 0.08±0.005 1.061±0.005

7 0.185±0.094 1.105±0.001

9 0.395±0.002 1.098±0.012

11 0.294±0.016 0.617±0.015

Temperature P7 P9

20°C 0.234±0.024 1.093±0.006

30°C 0.187±0.038 1.061±0.005

37°C 0.164±0.018 1.105±0.001

47°C 0.356±0.12 1.098±0.012

Salt Conc. P7 P9

0% 0.082±0.01 1.138±0.066

1% 0.119±0.024 1.259±0.067

4% 0.15±0.019 1.194±0.024

7% 0.17±0.003 0.53±0.007

10% 0.837±0.064 0.136±0.001
Data are presented in Mean±SE, n=3.
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grown under nearly identical environmental conditions: Optimal 
bacterial growth occurs at a pH range of 6.8–8.8, a temperature range 
of 28°C–37°C, and salt concentrations between 1% and 2% [46]. Our 
results were also supported by Shruti et al. and Arindam et al., who 
similarly found that diverse bacterial strains exhibited optimal growth 
at alkaline pH [47,48].

3.4. Characterization of Selected Strains
Both selected strains were then identified using biochemical tests 
for probable identification up to the genus level. Several tests were 
performed for biochemical analysis of the selected isolates, namely, 

amylase, indole, oxidase, nitrate, citrate, urease, bile esculine, catalase, 
MR, and VP tests. Results for some of the common tests are listed in 
Table 3. As shown in the table, isolate P9 is gram-negative, motile, and 
isolate P7 is gram-positive, short rod-shaped, and non-motile. Isolate 
P9, is negative for amylase, indole, and oxidase tests, and positive for 
the nitrate, citrate, urease, bile esculine, catalase, and MR VP tests. 
However, isolate P7 shows negative for the indole, oxidase, citrate, 
and MR tests and positive for other tests [Table 4]. In the carbohydrate 
fermentation test, both isolates, P7 and P9, produce negative results for 
lactose only but positive results for dextrose, sucrose, maltose, xylulose, 
and rhamnose sugars. In rhamnose fermentation, the P9 isolate produces 
gas, whereas the P7 isolate does not show any change [Table 4]. Reiner 
revealed that an organism fermenting a specific carbohydrate produces 
organic acids and gas [49]. However, an organism that is unable to 
ferment the provided glucose shows negative results.

3.5. Molecular Sequencing of Selected Bacterial Strains
The 16S rRNA gene sequence of both strains showed 99% similarity 
with Bacillus stercoris and Enterobacter quasihormaechei from the 

Figure 3: Graphical representation of total rhizospheric phosphate-
solubilizing bacteria isolates that include indole acetic acid production, halo 

zone formation, and no halo zone.

Figure 4: Qualitative estimation of indole acetic acid production 
(pink color developed) in comparison to control, (+VE) is a positive test, 

and (-VE) is a negative test.

Figure 1: Phosphate-solubilizing bacteria showing a clear halo zone on 
Pikovskaya agar medium containing tricalcium phosphate (Ca3(po4)2).

Figure 2: Graph represents phosphate-solubilizing index of all 
phosphate-solubilizing bacteria isolates.

Figure 5: Growth of selected phosphate-solubilizing bacteria isolates at 72 h 
and different pH levels (3, 5, 7, 9, and 11). Significant difference between the 

growth of both bacterial isolates was evaluated (at P < 0.05).
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GenBank database. The 16S rRNA gene sequence is a component 
of the bacterial ribosome that comprises highly conserved variable 
regions utilized for bacterial characterization, identification, and 
phylogenetic analysis at both the genus and species levels [50]. 
The result revealed that isolate P7 (accession no. PQ394968) was 
closely related to B. stercoris and P9 (accession no. PQ394969) to 
E. quasihormaechei [Figures 8 and 9]. Both isolates, B. stercoris P7 
and E. quasihormaechei P9, have the potential to produce IAA and 
phosphate-solubilization. Pengproh and Khianngam reported that 
the same species have also shown phosphate-solubilization and plant 
growth-promoting activity [51,52]. However, findings reveal that both 
species perform well as effective biofertilizers by regulating seed 
germination and enhancing the growth of roots and shoots.

The study was concluded that E. quasihormaechei P9 and B. stercoris 
P7 strains showed maximum PSI of 3.33 and 3.16, respectively 
[Figure 1]. Among all isolated strains, only P9 and P7 exhibit auxin 
production property. The isolated strain B. stercoris P7 performs well 
at extreme conditions, showing maximum growth at pH 9.0, a 10% 
NaCl concentration, and high temperature at 47°C. On the other hand, 
E. quasihormaechei P9 showed best growth at pH 7.0, 30°C temperature, 
and can also tolerate up to 4% NaCl concentration. Moreover, Chen 
et al., identified PSB Enterobacter hormaechei, Pseudomonas 
grimontii, Pantoea roadsii, and allowed them to increase plant height 

Table 3: Morphological and molecular identification of selected phosphate‑solubilizing bacteria isolates.

Selected 
isolates

Gram staining Endospore staining Capsule staining Motility Colony morphology Genus and Species Accession 
No.

P7 G+ve, Purple, short rod Negative Negative Non‑motile Lobate, large, white, 
mucoid

Bacillus stercoris PQ394968

P9 G ‑ve, Pink, short rod Negative Negative Motile Entire, large, white, 
smooth

Enterobacter 
quasihormaechei

PQ394969

Where, G+ve=Gram‑positive, G‑ve=Gram‑negative.

Table 4: Characterization of selected bacterial isolates.

Biochemical Tests P7 P9

Amylase + −

Catalase + +

Citrate − +

Esculin hydrolysis + +

Gelatinase + +

Nitrate reductase + +

Oxidase − −

Growth at 6.5% NaCl + +

Indole − −

Methyl red − +

Urease + +

Voges‑Proskauer + +

Sugar fermentation test

Dextrose + +

Sucrose + +

Lactose − −

Maltose + +

Xylulose + +

Rhamnose + +
Where (+) indicates positive test and (−) indicates negative test.

Figure 6: Growth of selected phosphate-solubilizing bacteria isolates at 
72 h and different temperatures (20°C, 30°C, 37°C, and 47°C). Significant 
difference between the growth of both bacterial isolates was evaluated (at 

P < 0.05).

Figure 7: Growth of selected phosphate-solubilizing bacteria isolates at 72 h 
and different salt concentrations (0, 1, 4, 7, and 10). Significant difference 
between the growth of both bacterial isolates was evaluated (at P < 0.05).
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Figure 8: Phylogenetic analysis of the 16S rRNA gene sequence of strain PQ394969 Enterobacter quasihormaechei P9ST constructed by the neighbor-joining 
method with 1000 bootstraps.

Figure 9: Phylogenetic analysis of the 16S rRNA gene sequence of strain PQ394968 Bacillus stercoris P7ST constructed by the neighbor-joining method with 
1000 bootstraps.

and biomass production [53]. In another study, Xess et al., identified 
B. subtilis, Bacillus circulans, Pantoea dispersa, and Pseudomonas 
syringae as potential PSBs that increase total phosphate concentration 
in plant tissues [54]. As a result, this study additionally improves our 
understanding of the potential for phosphate-solubilization and auxin 
production in isolates that may be beneficial in the formation of roots 
and seeds, as well as shoot elongation. Furthermore, it might be used 
in sustainable agriculture as an eco-friendly fertilizer. However, more 
information on several PGP characteristics, such as nitrogen fixation, 
HCN gas production, siderophore synthesis, metal remediation, and 
antibacterial activity, is required to utilize these PSBs as significant 
and efficient elements in sustainable agriculture. Further investigation 

is the purpose of future research that would ensure an integrated 
approach to the development of biofertilizer.

4. CONCLUSION

In the present investigation, PSB were isolated from the rhizospheric 
region of vegetable plants. Two isolates out of 20 were found as 
potential PSB based on clear zones formed by the bacterial colonies. 
These isolates were found positive for the auxin test and have shown 
satisfactory results in the different parameters of abiotic stress. PSB 
can promote plant growth by increasing root growth, phosphate 
availability, auxin production, and nutrient uptake. As a result, both 
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bacteria species could be employed as biofertilizers to increase plant 
height and aid in root and seed development. Both isolates were further 
selected for biochemical investigation and 16S rRNA molecular 
sequencing, identified as B. stercoris and E. quasihormaechei. 
Both of the strains are known as PSB and are considered efficient 
biofertilizers for better quality and quantity of crops. Moreover, this 
is a cost-effective, non-toxic, and eco-friendly alternative to chemical 
fertilizer, which produces detrimental effects on human health and 
the ecosystem. These PSBs are therefore believed to be promising in 
sustainable farming and have the potential to improve soil health and 
nutrient availability in addition to increasing crop yield.
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