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nutrition

Pushpa Gehlot, Jyoti Yadav and Tripta Jain*

Department of Botany, Mohanlal Sukhadia University, Udaipur, Rajasthan

Phosphorus (P) is a critical macronutrient governing plant productivity, however

its bioavailability in agricultural soils remains severely constrained due to fixation

in insoluble mineral complexes, particularly calcium-bound phosphates in

alkaline systems. The low use efficiency of chemical fertilizers, coupled with

escalating environmental concerns, necessitates biologically driven strategies

for sustainable phosphorus management. In this study, rhizospheric bacteria

associated with chili (Capsicum annuum L.) were systematically investigated to

elucidate the phosphate-solubilizing potential of Lysinibacillus macroides, an

underexplored spore-forming plant growth-promoting rhizobacterium (PGPR).

A total of 23 isolates were characterized using integrated qualitative and

quantitative assays. All isolates exhibited halo formation on Pikovskaya’s agar

(1.26–4.70 mm), while NBRIP broth analysis revealed substantial tricalcium

phosphate solubilization, reaching up to 30.03 µg mL−1. This activity was

consistently associated with pronounced acidification, with pH declining from

7.0 to 3.2–4.1, indicating an acidification-driven solubilization mechanism.

A strong inverse correlation between soluble phosphate and pH (r = −0.91,

p < 0.01), supported by multivariate analysis, suggests that phosphate

mobilization is governed bymetabolically regulated acidification dynamics, likely

mediated through organic acid production and proton extrusion. Among the

isolates, 2.B (L. macroides) and 4.1 (L. fusiformis) exhibited superior solubilization

efficiency and were distinctly separated through clustering analysis. Functional

validation through seed biopriming demonstrated significant enhancement

in germination (96.66%) and Seedling Vigor Index (766.88), establishing a

direct linkage between microbial phosphorus mobilization and early plant

development. Lysinibacillus macroides maintained significant growth across a

broad range of pH (4–10), temperature (15–45◦C), and salinity (0.01–0.1% NaCl),

demonstrating its inherent tolerance to multiple abiotic stresses and confirming

its potential as a climate-resilient plant growth-promoting bacterium. This study

provides a quantitative and multivariate demonstration of acidification-coupled

phosphate solubilization in Lysinibacillus macroides, integrating biochemical,
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statistical, and plant-based validation to elucidate a consistent mechanism of 

phosphorus mobilization. Collectively, the findings establish L. macroides as 

a resilient biofertilizer candidate for enhancing phosphorus-use efficiency and 

sustainable nutrient management in chili and other crops. 

KEYWORDS 

Lysinibacillus macrolides, phosphate-solubilizing bacteria, rhizosphere microbiome, 
seed biopriming, sustainable phosphorus management 

1 Introduction 

Phosphorus (P) is a fundamental macronutrient governing 
plant growth, productivity, and metabolic regulation. As a 
structural component of nucleic acids, phospholipids, and 
ATP, phosphorus drives photosynthesis, respiration, signal 
transduction, and energy transfer processes that sustain plant 
development (Bechtaoui et al., 2021). Despite its abundance in 
soils, phosphorus remains one of the most limiting nutrients 
in agricultural systems because its bioavailability is tightly 
constrained by geochemical immobilization (Khan et al., 2023). 
Less than 0.1% of total soil phosphorus exists in plant-accessible 
orthophosphate forms (H2PO2 

− and HPO42−), while the 
majority is sequestered in insoluble complexes with calcium 
in alkaline soils and with iron and aluminum oxides in acidic 
soils (Shi et al., 2023). This physicochemical fixation severely 
restricts plant uptake, thereby limiting crop productivity even 
in P-rich soils (Bafiec and Bangady Killur, 2022). To offset 
this limitation, modern agriculture relies heavily on chemical 
phosphate fertilizers derived from finite phosphate rock reserves. 
However, fertilizer use efficiency rarely exceeds 20–25%, as 
applied phosphorus rapidly precipitates or becomes sorbed onto 
soil particles, re-entering non-labile pools (Kataria et al., 2024). 
The over-application of phosphate fertilizers not only increases 
production costs but also contributes to soil nutrient imbalance, 
groundwater contamination, and eutrophication of freshwater 
ecosystems (Alom et al., 2025). With global phosphate rock 
resources declining and fertilizer prices escalating, improving 
phosphorus use efficiency has emerged as a critical priority for 
sustainable agriculture and environmental stewardship (Adnan 
et al., 2025). 

Biological mobilization of soil phosphorus through 
rhizospheric microorganisms represents a promising eco-

friendly alternative to conventional fertilization strategies. Plant 
growth-promoting rhizobacteria (PGPR) enhance plant nutrition 
through multiple mechanisms, including nitrogen fixation, 
phytohormone production, siderophore secretion, and stress 
alleviation (Gehlot et al., 2025; Sun et al., 2024). Within this 
functional group, phosphate-solubilizing microorganisms (PSM) 
play a central role in the cycling of mineral phosphorus. These 
organisms convert insoluble inorganic phosphates into soluble 
forms primarily by secreting low-molecular-weight organic acids, 
extruding protons, and hydrolyzing them enzymatically. Organic 
acids such as gluconic, citric, oxalic, and lactic acids chelate cations 
(Ca2+ , Fe3+ , Al3+) and lower rhizospheric pH, thereby enhancing 
mineral dissolution and orthophosphate release (Luo et al., 2025). 

Consequently, PSMs act as biocatalysts of soil mineral weathering 
and contribute to improved phosphorus bioavailability at the 
root-soil interface (Zhu et al., 2024). 

Extensive research has focused on phosphate solubilization 
by genera such as Bacillus, Pseudomonas, Rhizobium, and 
Trichoderma, which have been widely investigated for 
biofertilizer development (Sharma et al., 2025). Despite 
extensive characterization, many of these well-studied taxa 
exhibit inconsistent field performance due to environmental 
sensitivity, limited persistence under abiotic stress, and variable 
phosphate-solubilization efficiency across soil types. Furthermore, 
a large proportion of studies remain confined to laboratory-
scale screening, with insufficient integration of quantitative 
solubilization dynamics, mechanistic validation, and plant-level 
performance. This creates a critical gap in translating promising 
PSM candidates into reliable biofertilizer formulations. In addition, 
current literature predominantly emphasizes a narrow range of 
model genera, resulting in an underrepresentation of potentially 
robust and stress-resilient taxa capable of functioning under 
challenging agroecological conditions such as semi-arid and 
alkaline soils. In addition, current literature predominantly 
emphasizes a narrow range of model genera, resulting in an 
underrepresentation of potentially robust and stress-resilient 
taxa capable of functioning under challenging agroecological 
conditions such as semi-arid and alkaline soils. In particular, the 
genus Lysinibacillus has received comparatively limited attention 
despite its frequent occurrence in rhizospheric environments 
and its documented resilience under environmental stress (Li 
et al., 2024). Members of this genus are Gram-positive, spore-
forming bacteria characterized by robust survival capacity, 
metabolic versatility, and ecological adaptability. The ability to 
form endospores provides a significant advantage for inoculant 
formulation, long-term storage stability, and persistence under 
fluctuating temperature and moisture conditions (Dolatabad, 
2026). 

Among these species, Lysinibacillus macroides remains 
under-characterized with respect to phosphorus mobilization. 
Existing reports on Lysinibacillus spp. are fragmented and 
largely qualitative, with limited comparative data on strain-level 
variability, phosphate solubilization kinetics, and their relationship 
with environmental parameters such as pH dynamics. Moreover, 
there is a lack of systematic evaluation linking biochemical 
solubilization traits with functional agronomic outcomes, 
particularly under crop-specific rhizospheric conditions. 
Preliminary studies suggest that certain Lysinibacillus strains 
may participate in nutrient cycling; however, systematic and 
quantitative evaluation of their phosphate-solubilizing efficiency, 
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solubilization dynamics, and strain-level variability is lacking 
(Leiva-Mora et al., 2026). Furthermore, mechanistic evidence 
linking phosphate release to medium acidification and metabolic 
activity in this species remains scarce. Expanding the taxonomic 
spectrum of characterized phosfate-solubilizing bacteria is essential 
to diversify the microbial resources available for sustainable 
phosphorus management (Saranraj et al., 2022). 

Chili (Capsicum annuum L.) cultivation, particularly in semi-

arid regions such as Rajasthan, frequently encounters phosphorus-
limited soils characterized by high calcium content and reduced 
P mobility (Almuktar et al., 2021). Chili was specifically 
selected as the model crop in this study due to its high 
phosphorus demand during critical growth stages, particularly 
for root development, flowering, and fruit formation, which 
makes it highly sensitive to phosphorus deficiency. Moreover, 
chili is an economically important horticultural crop widely 
cultivated in semi-arid and arid regions of India, where soil 
phosphorus availability is inherently low due to calcium-mediated 
fixation (Das et al., 2025). Unlike several cereal crops that 
may exhibit relatively higher tolerance to nutrient limitations, 
chili shows pronounced yield reductions under phosphorus-
deficient conditions, thereby serving as a sensitive and reliable 
indicator system for evaluating the efficiency of phosphate-
solubilizing microorganisms. Additionally, the chili rhizosphere 
harbors diverse and dynamic microbial communities, making 
it a suitable ecological niche for isolating functionally efficient 
and stress-adapted phosphate-solubilizing bacteria (Gehlot et al., 
2026). Identifying resilient rhizospheric bacteria capable of 
mobilizing insoluble calcium phosphates could significantly 
enhance nutrient availability and reduce chemical fertilizer 
dependence in such agroecosystems (Etesami and Adl, 2020). 
Therefore, exploring indigenous microbial communities associated 
with chili rhizosphere provides a rational strategy for isolating 
ecologically adapted and agronomically relevant phosphate-

solubilizing strains (Rajguru et al., 2024). Lysinibacillus macroides 
has emerged as a promising climate-resilient plant growth-
promoting bacterium due to its ability to tolerate multiple 
abiotic stresses. In the present study, the isolate sustained growth 
across a broad range of pH (4–10), temperature (15–45◦C), 
and salinity (0.01–0.1% NaCl), with optimal growth observed at 
neutral pH (7) and moderate temperatures (25–35◦C). Notably, 
it maintained appreciable growth under alkaline conditions, 
elevated temperatures, and increasing salinity, indicating strong 
physiological adaptability. Such multi-stress tolerance highlights its 
potential suitability for application in climate-stressed and variable 
agroecosystems. 

A critical gap exists in the integrated evaluation of 
underexplored phosphate-solubilizing bacteria, particularly 
Lysinibacillus macroides, combining quantitative efficiency, 
mechanistic understanding, and plant-level validation. The 
objective of this study was to systematically evaluate the 
phosphate-solubilizing potential of Lysinibacillus macroides 
isolates from chili rhizosphere through an integrated qualitative, 
quantitative, mechanistic, and plant-based approach. Phosphate 
solubilization dynamics and their relationship with pH variation 
were investigated to elucidate strain-dependent variability and 
the underlying mechanism of mineral dissolution. Additionally, 
functional validation was performed through seed biopriming 
assays to assess the agronomic relevance of selected isolates. 

The study postulated that selected L. macroides isolates would 
exhibit efficient acidification-driven phosphate solubilization 
and possess potential applicability as biofertilizer candidates. To 
our knowledge, this study represents one of the first integrated 
investigations highlighting the phosphate-solubilizing potential 
and agronomic relevance of Lysinibacillus macroides from chili 
rhizosphere soils. The study aimed to evaluate strain-dependent 
phosphate mobilization and to explore the relationship between 
phosphate release and acidification-driven mineral dissolution in 
an underexplored spore-forming genus. Unlike previous studies 
primarily focused on conventional phosphate-solubilizing genera 
such as Bacillus and Pseudomonas (Abdelgalil et al., 2022), the 
present work expands the functional and taxonomic diversity of 
recognized phosphate-solubilizing microorganisms and provides 
a foundation for future mechanistic, genomic, and field-level 
validation studies for sustainable phosphorus management in 
agroecosystems. 

2 Materials and methods 

2.1 Sample collection 

Rhizospheric soil samples were collected from chili 
(Capsicum annuum L.) fields in Udaipur district, Rajasthan, India 
(24◦34’50.3”N, 73◦42’07.7”E). The selected plants were healthy, 60– 
70 days old, and free of visible disease symptoms. Approximately 
10–15 g of soil adhering to roots (5–15 cm depth) was collected 
aseptically using sterile spatulas. Samples were aseptically collected 
in sterile polyethene bags and immediately transported to the 
laboratory in insulated ice boxes under controlled temperature 
conditions to preserve their physicochemical and microbiological 
integrity before further processing and analysis (de Andrade et al., 
2023). 

2.2 Isolation of phosphate-solubilizing 
bacteria 

Ten grams of soil sample was suspended in 90 mL of sterile 
water and serially diluted up to 10�6 . One hundred microlitres of 
dilutions (10�3 to 10�6) were spread on nutrient agar (NA) plates 
and incubated at 37 ± 2◦C for 48 h. Distinct colonies were picked, 
streaked repeatedly to obtain pure cultures and maintained on NA 
slants at 4◦C for routine use. Long-term preservation was done by 
storing glycerol stocks (20%) at �4◦C (Aneja et al., 2008). 

2.3 Morphological and biochemical 
characterization 

Colonies were examined for color, margin, elevation and 
consistency. Gram staining was performed to confirm identity as 
Gram-positive and rod-shaped. Cell morphology was studied under 
light microscope Lieca DM 2000 microscope (Lieca Microsystems, 
Germany) at 400X magnification. Standard biochemical assays 
included catalase, nitrate reduction, indole production, MR-

VP test and carbohydrate fermentation using Hi-Carbohydrate 
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kits (KB009, HiMedia Laboratories Pvt. Ltd., Mumbai, India) 
(Aneja, 2007). 

2.4 Molecular confirmation 

All isolates were initially subjected to morphological and 
biochemical characterization. Based on preliminary phosphate-
solubilization performance, selected representative high-efficiency 
isolates were further subjected to molecular identification using 
16S rRNA gene sequencing. Representative high-efficiency isolates 
(2.B and 4.1) were selected for molecular identification through 
16S rRNA gene sequencing. Genomic DNA was extracted using the 
CTAB method. The 16S rRNA gene was amplified with universal 
primers 16S Forward (GGATGAGCCCGCGGCCTA) and 16S 
Reverse (CGGTGTGTACAAGGCCCGG). The 16S rRNA gene was 
amplified using 169 ng of genomic DNA in a 50 µL reaction 
containing 1 µL each of 10 pM forward and reverse primers, 4 µL 
dNTPs (2.5 mM each), 10 µL of 10xTaq buffer, 1 µL Taq DNA 
polymerase (3 U/µL), and nuclease-free water. PCR conditions 
included initial denaturation at 94◦C for 3 min, followed by 30 
cycles of 94◦C for 1 min, 50◦C for 1 min, and 72◦C for 2 min, with 
a final extension at 72◦C for 7 min. Amplicons were stored at 4◦C 
for further analysis (Haro et al., 2021). 

PCR products were purified and sequenced bidirectionally 
(Biokart, India). Sequence identification was carried out using 
the BLASTn algorithm against the NCBI GenBank databases. 
Phylogenetic trees were constructed with MEGA X software 
(neighbor-joining) (Version 10.2.6, Pennsylvania State University, 
United States). Sequences were deposited under accession numbers 
PX482185 and PX482183 for 2.B and 4.1, respectively. 

2.5 Qualitative phosphate solubilization 
assay 

Primary screening of isolates was conducted on Pikovskaya’s 
agar (PVK), prepared with the following composition (per liter): 
glucose, 10 g; Ca3(PO4)2 (TCP), 5 g; (NH4)2SO4, 0.5 g; NaCl, 0.2 g; 
MgSO4·7H2O, 0.1 g; KCl, 0.2 g; yeast extract, 0.5 g; MnSO4·H2O, 
0.01 g; FeSO4·7H2O, 0.01 g; agar, 15 g; distilled water, 1,000 mL; 
final pH 7.0 ± 0.2 (Pikovskaya, 1948). Plates were spot-inoculated 
with overnight bacterial cultures and incubated at 37 ± 2◦C for 
7 days. Formation of a clear halo zone around colonies indicated 
phosphate solubilization. Colony diameter and halo diameter were 
measured in millimeters, and the Solubilization Index (SI) was 
calculated (Edi-Premono et al., 1996). 

PSI 
Colony diameter + halo zone diameter 

Colony diameter 

2.6 Quantitative phosphate solubilization 
and effect of increasing tricalcium 
phosphate concentration 

Quantitative estimation of phosphate solubilization was 
performed using National Botanical Research Institute’s Phosphate 
(NBRIP) broth (per liter: glucose 10 g; Ca3(PO4)2 5 g; MgCl2·6H2O 

5 g; MgSO4·7H2O 0.25 g; KCl 0.2 g; (NH4)2SO4 0.1 g; distilled 
water 1,000 mL; pH 7.0) as per the method of Nautiyal (1999). 
For the standard assay, 50 mL Erlenmeyer flasks containing 20 mL 
of NBRIP broth were inoculated with 1 mL of 24 h old bacterial 
culture (108) CFU mL�1) and incubated at 37 ± 2◦C under shaking 
conditions (120 rpm) for 21 days. Uninoculated broth served as 
the control. To evaluate the effect of substrate concentration on 
phosphate solubilization, NBRIP broth was amended with graded 
concentrations of tricalcium phosphate (TCP) at 0.05, 0.10, 0.20, 
0.30, and 0.40 mg mL�1 . Culture tubes containing 20 mL of the 
respective medium were inoculated with 1 mL of freshly prepared 
bacterial suspension (∼108) CFU mL�1) and incubated at 37 ± 2◦C 
under identical conditions. All treatments were maintained in 
triplicate, and uninoculated controls were included for each TCP 
concentration. 

After incubation, cultures were centrifuged at 8,000 rpm for 
10 min to obtain cell-free supernatants. Soluble phosphate in the 
supernatant was quantified using the molybdenum blue method 
(Crouch and Malmstadt, 1967; Ismail, 2023). Briefly, 1 mL of 
culture supernatant was mixed with 0.5 mL ammonium molybdate 
solution (2.5% prepared in 5N H2SO4) and 0.1 mL stannous 
chloride solution (10%). Following 10 min of color development, 
absorbance was recorded at 800 nm against an appropriate blank. 
A standard calibration curve was constructed using KH2PO4, 
and soluble phosphate concentration was expressed as µg mL�1 

(Sharan et al., 2008). 

2.7 pH measurement 

The pH of culture supernatants was measured at each sampling 
point using a calibrated digital pH meter (Eutech Instruments, 
MRL, Udaipur). Correlation analysis was performed between 
soluble phosphate and pH values. 

2.8 Assessment of abiotic stress 
tolerance for climate resilience in 
Lysinibacillus macroides 

The tolerance of Lysinibacillus macroides to key abiotic stress 
factors was evaluated to determine its climate-resilient potential. 
Freshly grown cultures were inoculated into broth media and 
subjected to varying environmental conditions, including pH (4– 
10), temperature (15, 25, 35, 40, and 45◦C), and salinity (0.01–0.1% 
NaCl, w/v). The pH of the medium was adjusted using 1 N HCl 
or 1 N NaOH before sterilization. All cultures were incubated 
under shaking conditions (200 rpm) at 28 ± 2◦C, except for 
temperature treatments, where incubation was carried out at the 
respective temperatures. After 24–48 h of incubation, bacterial 
growth was quantified by measuring optical density at 600 nm 
(OD600) using a spectrophotometer (ELICO Model: SL159), with 
uninoculated media serving as the control. All experiments were 
performed in triplicate (n = 3), and results were expressed as 
mean ± standard deviation. The ability of the isolate to sustain 
growth across a wide range of pH, temperature, and salinity 
conditions was considered indicative of its adaptability to multiple 
abiotic stresses, supporting its classification as a climate-resilient 
plant growth-promoting bacterium. 
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2.9 Seed biopriming assay 

A total of 23 rhizobacterial isolates, previously recovered from 
the chili rhizosphere and systematically characterized for their 
plant growth-promoting attributes, were selected and utilized for 
the seed biopriming assay. Each isolate was cultured individually 
in sterile Nutrient Broth and incubated at 37 ± 2◦C for 24– 
48 h under shaking conditions (150 rpm) until the logarithmic 
growth phase was reached. The cultures were centrifuged at 
8,000 rpm × 10 min, and the resulting bacterial pellets were 
washed twice with sterile distilled water. The cell density of each 
suspension was adjusted to approximately 108) CFU mL�1 using 
spectrophotometric measurement at 600 nm. 

Certified seeds of chili (Capsicum annuum L.) variety 
Pusa Jwala used in the experiment were purchased from a 
local agricultural seed shop in Udaipur, Rajasthan, India. 
Seeds were surface sterilized by immersion in 0.1% (w/v) 
mercuric chloride (HgCl2) solution for 2–3 min, followed 
by thorough rinsing at least five times with sterile distilled 
water to ensure complete removal of residual sterilant before 
further experimental use. The sterilized seeds were air-

dried under aseptic conditions. For biopriming, seeds were 
immersed in freshly prepared bacterial suspensions (108) 
CFU mL�1) for 6 h at room temperature. After incubation, 
seeds were removed and air-dried in a laminar airflow cabinet 
to restore their original moisture level. Seeds treated with 
sterile distilled water served as the uninoculated control 
(Abdul Mutalib et al., 2025). 

Bioprimed seeds were placed in sterile 90 mm petri plates 
lined with double-layered Whatman No. 1 filter paper moistened 
with sterile distilled water. Each treatment consisted of 10 seeds 
per petri plate with three independent replicates arranged in a 
Completely Randomized Design (CRD). The plates were incubated 
in a growth chamber at 25 ± 2◦C under a 12 h light/12 h dark 
photoperiod, and moisture was maintained by periodic addition 
of sterile distilled water as needed. After 14 days of incubation, 
germination percentage (based on radicle emergence), root length 
(cm) and shoot length (cm) were recorded. The Seedling Vigor 
Index (SVI) was calculated as Abdul-Baki and Anderson (1973). 

Seed vigor index : germination % X seedling length (cm) 

Where Seedling Length = RootLength + Shoot Length. 

2.10 Statistical analysis 

All data were expressed as mean ± standard deviation (SD). 
Statistical differences among treatments were analyzed using one-
way analysis of variance (ANOVA), followed by Tukey’s Honest 
Significant Difference (HSD) test at p ≤ 0.05. Statistical analyses 
were performed using OriginPro 2026 software (Version 10.3, 
OriginLab Corporation, Northampton, MA, United States). 

To determine the relationship between phosphate 
solubilization efficiency and medium acidification, Pearson’s 
correlation analysis was performed using mean values of 
Solubilization Index (SI), quantitatively estimated soluble 

phosphate (µg mL�1), and final culture pH. Correlation 
coefficients (r) were computed using OriginPro 2026 (Version 
10.3, OriginLab Corporation, Northampton, MA, United States). 
Statistical significance was evaluated at p < 0.05 and p < 0.01 levels 
(Yang et al., 2022). Pearson correlation matrix was constructed 
to evaluate the strength and direction of relationships among the 
measured variables. Correlation coefficients (r) were calculated to 
determine the degree of linear association between parameters. 
Positive values indicated direct relationships, whereas negative 
values represented inverse associations. The magnitude of the 
coefficients reflected the strength of the correlation, and statistical 
significance was determined at the appropriate probability level 
(p < 0.05). 

3 Results 

3.1 Morphological and biochemical 
characteristics 

A total of 23 morphologically distinct bacterial isolates were 
obtained from the rhizosphere of Capsicum annuum L. The 
isolates exhibited considerable phenotypic diversity on nutrient 
agar, varying in colony color (cream, off-white, yellow), texture 
(smooth to rough), growth rate (slow to fast), and morphology. 
Gram staining revealed a predominance of Gram-positive rods, 
although Gram-negative rods and cocci were also present, 
indicating taxonomic heterogeneity within the rhizospheric 
bacterial community. 

Biochemical profiling further demonstrated substantial 
functional variability. Catalase activity was observed in 80% of 
isolates, while most strains reduced nitrate. Approximately 60% 
were positive for Methyl Red and Voges-Proskauer tests, and ∼30% 
produced indole. Carbohydrate utilization patterns differentiated 
the isolates, with Lysinibacillus macroides exhibiting a broader 
assimilation spectrum than Lysinibacillus fusiformis, suggesting 
greater metabolic versatility and ecological adaptability (Table 1). 

3.2 Molecular identification 

Representative high-efficiency isolates (2.B and 4.1) 
were subjected to 16S rRNA gene sequencing for molecular 
identification. BLAST analysis revealed > 99% sequence similarity 
of isolate 2.B with Lysinibacillus macroides and isolate 4.1 
with Lysinibacillus fusiformis. The obtained sequences were 
deposited in GenBank under accession numbers PX482185 and 
PX482183, respectively. 

3.3 Qualitative phosphate solubilization 

Phosphate-solubilizing ability of the 23 rhizospheric isolates 
was assessed on Pikovskaya’s agar supplemented with tricalcium 
phosphate (TCP) as the insoluble phosphorus source. Clear halo 
formation surrounding bacterial colonies was considered indicative 
of TCP solubilization, and the Solubilization Index (SI) was 
calculated based on colony and halo diameters. 
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TABLE 1 Detail characterization of Lysinibacillus macroides. 

S. No. Experiment Lysinibacillus 
macroides 

1 Color Cream 

2 Texture Smooth and opaque 

3 Margin Entire 

4 Form Circular 

5 Gram staining Gram-positive rods 

6 Catalase Positive 

7 Methyl-Red (MR) Negative 

8 Voges-Proskauer (VP) Positive 

9 Indole Negative 

10 Nitrate reduction Positive 

11 Carbohydrate utilization Glucose (+), Sucrose (+), 

Mannitol ( ± ), Lactose (-) 

12 Amylase Positive 

13 Lipase Negative 

14 Protease Positive 

15 Urease Positive 

16 Cellulase Variable ( ± ) 

17 Phosphate solubilization + 

18 Nitrogen fixation Positive 

19 Ammonia production Positive 

20 HCN production Negative 

21 IAA production Positive 

22 Siderophore production Positive 

23 Growth condition Aerobic 

24 Growth temperature 20–37◦C 

(+), Presence of trait; (-), Absence of trait. 

Out of the 23 isolates screened, 17 exhibited measurable 
phosphate solubilization, while six isolates (1.1, 2.1, 8.B, 7.1, TPG7 
and TPG8) showed no halo formation, indicating an inability to 
solubilize TCP under the tested conditions (Figure 1). 

Significant variability in solubilization efficiency was observed 
among the positive isolates. The highest SI values were recorded 
for isolates 2.B (4.70 ± 0.06) and 4.1 (4.65 ± 0.34), followed by 
TPG9 (3.60 ± 0.11), 8.D (3.46 ± 0.21), TPG4 (3.33 ± 0.14) and 
6.C (3.14 ± 0.19). Moderate solubilization activity was observed 
in isolates 2.1∗ , 10.2, 6.1.B, 8.C, TPG5 and 1.B. Lower but 
detectable activity was recorded for isolates 2.Y (1.45 ± 0.05), 
6.2.B (1.43 ± 0.12), TPG6 (1.26 ± 0.05) and 1.P (1.79 ± 0.13) 
(Figure 2). 

The marked differences in SI values among isolates indicate 
substantial functional heterogeneity in phosphorus-mobilizing 
capacity within the chili rhizosphere. Notably, isolates 2.B 
and 4.1 demonstrated superior halo formation with minimal 
standard deviation, suggesting stable and efficient TCP 
solubilization potential. These findings highlight the presence 
of highly active phosfate-solubilizing bacteria (PSB) within the 
rhizospheric microbiome, warranting further quantitative and 
in-planta validation. 

3.4 Quantitative phosphate solubilization 
and pH dynamics under increasing TCP 
concentrations 

Quantitative estimation of soluble phosphate in NBRIP broth 
revealed substantial variability among the rhizobacterial isolates, 
with concentrations ranging from negligible levels (0.16–0.36 µg 
mL�1) to a maximum of 30.03 ± 1.48 µg mL�1 . Isolate 2.B 
exhibited the highest phosphate release (30.03 ± 1.48 µg mL�1), 
closely followed by 4.1 (28.92 ± 2.58 µg mL�1). Elevated soluble 
phosphorus levels were also recorded in 1.B (25.97 ± 2.52 µg 
mL�1), 8.C (23.69 ± 2.02 µg mL�1) and 1.P (22.62 ± 2.01 µg 
mL�1). Moderate phosphate mobilization was observed in 6.1.B, 
TPG4, TPG9, 8.D, 10.2 and 6.C, whereas several isolates exhibited 
minimal solubilization ( < 1 µg mL�1) (Figure 3). 

The final pH of the culture filtrates ranged from 3.1 to 4.1, 
indicating pronounced acidification relative to the initial neutral 
pH (7.0). Highly efficient solubilizers such as 2.B (pH 3.2) and 4.1 
(pH 3.3) demonstrated marked medium acidification, supporting 
the involvement of organic acid production in tricalcium phosphate 
(TCP) dissolution. In contrast, weak solubilizers maintained 
comparatively higher pH values (3.9–4.1), reflecting limited 
proton release and reduced mineral phosphate mobilization. To 
further elucidate substrate-dependent pH modulation, isolates were 
evaluated under graded TCP concentrations (0.05–0.40 mg mL�1). 
A general trend of progressive pH reduction with increasing TCP 
concentration was observed in several efficient isolates. Notably, 
2.B exhibited a gradual decline from pH 4.8 (0.05 mg mL�1) 
to 3.2 (0.40 mg mL�1), indicating enhanced acidification under 
elevated phosphate load. Similarly, 1.1 showed a consistent decrease 
from pH 3.6 to 3.2, while 2.1 declined from 3.7 to 3.1 across 
the concentration gradient (Table 2). Isolate 4.1 demonstrated 
moderate but sustained acidification (pH 4.3 at 0.05 mg mL�1 to 
3.3 at 0.40 mg mL�1), suggesting stable metabolic adaptation under 
increasing substrate levels. In contrast, certain isolates such as 2.Y, 
6.2.B, 8.C, and 6.1.B displayed fluctuating pH responses, indicating 
differential regulatory mechanisms or buffering interactions at 
higher TCP concentrations. 

Overall, the data indicate a concentration-responsive 
acidification pattern in efficient phosphate solubilizers, particularly 
2.B and 4.1. The progressive pH decline with increasing TCP 
concentration likely reflects intensified organic acid secretion 
to mobilize higher mineral phosphate levels. These findings 
substantiate the mechanistic link between acid production and 
phosphate solubilization and reinforce the robustness of selected 
isolates for application in phosphorus-deficient agroecosystems 
(Table 3). This integrated approach enabled the quantitative 
assessment of phosphate solubilization capacity under standard 
conditions as well as under increasing TCP concentrations, thereby 
facilitating evaluation of substrate-dependent solubilization 
efficiency. 

3.5 Correlation between phosphate 
solubilization parameters and pH 

Pearson’s correlation analysis demonstrated a strong positive 
relationship between Solubilization Index (SI) and soluble 
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FIGURE 1 

Qualitative phosphate solubilization by rhizobacterial isolates on Pikovskaya’s agar. (A–F) Represent streak inoculation and (G–L) represent spot 
inoculation assays. Clear halo zones surrounding colonies indicate tricalcium phosphate solubilization. Isolate 1.1 (F,L), which showed no halo 
formation and was therefore considered negative. 

FIGURE 2 

Solubilization index (SI) of rhizobacterial isolates on Pikovskaya’s agar. Values represent mean ± SD (n = 3). Different lowercase letters indicate 
significant differences (Tukey’s HSD, p ≤ 0.05). Isolates 2.B and 4.1 showed the highest solubilization, whereas several isolates exhibited negligible 
activity. 

phosphate concentration (r = 0.86, p < 0.01), indicating that halo 

zone formation on solid medium reliably reflects quantitative 

phosphate release in broth culture. A significant negative 

correlation was observed between soluble phosphate and final 

culture pH (r = −0.91, p < 0.01), while SI showed a weak to 

moderate inverse association with pH (r ≈ −0.14) (Figure 4). 

These results indicate that enhanced phosphate mobilization was 

consistently accompanied by medium acidification. The strong 

inverse relationship between soluble phosphate concentration 

and pH supports acidification-driven solubilization, likely 
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FIGURE 3 

Soluble phosphate released by rhizobacterial isolates in NBRIP broth. Values are mean ± SD (n = 3). Different lowercase letters indicate significant 
differences (Tukey’s HSD, p ≤ 0.05), reflecting isolate-dependent variation in phosphate mobilization. The asterisk (*) denotes the isolate name. 

mediated by organic acid production and proton extrusion, 
facilitating tricalcium phosphate dissolution through Ca2+ 

chelation and orthophosphate release. To further resolve the 
multivariate relationships among these parameters, Principal 
Component Analysis (PCA) was performed. The first two 
principal components explained a substantial proportion of total 
variance (PC1 = 63.6% and PC2 = 31.6%; cumulative = 95.2%), 
indicating a robust representation of the dataset (Figure 5). 
PC1 was predominantly associated with soluble phosphate 
and SI, both of which exhibited strong positive loadings, 
confirming their close functional linkage. In contrast, pH was 
negatively associated along this axis, reinforcing its inverse 
relationship with phosphate solubilization efficiency. PC2 
was largely driven by pH variation, reflecting differences 
in acidification dynamics among isolates. The PCA biplot 
distinctly differentiated the isolates according to their functional 
performance. Isolates positioned along the positive PC1 axis, 
particularly 2.B and 4.1, showed a strong association with 
elevated soluble phosphate release and higher solubilization 
index (SI). In contrast, isolates clustered along the negative PC1 
axis demonstrated comparatively lower phosphate-solubilizing 
potential. Furthermore, the opposing orientation of the pH 
vector relative to soluble phosphate and SI vectors substantiates 
acidification as the central mechanism governing phosphate 
mobilization. 

Collectively, both univariate (correlation) and multivariate 
(PCA) analyses converge to demonstrate that phosphate 

solubilization is tightly coupled with pH reduction. The clustering 
of high-performing isolates (2.B and 4.1) along the direction 
of phosphate-related variables further highlights their superior 
functional efficiency, reinforcing their potential as effective 
biofertilizer candidates for sustainable phosphorus management. 

3.6 Abiotic stress tolerance and climate 
resilience of Lysinibacillus macroides 

Lysinibacillus macroides exhibited pronounced climate-

resilient characteristics, as demonstrated by its ability to sustain 
growth across a wide range of abiotic stress conditions, including 
pH (4–10), temperature (15–45◦C), and salinity (0.01–0.1% NaCl), 
with statistically significant variations among treatments (p ≤ 0.05). 
The isolate showed a clear optimum at neutral pH, with maximum 
growth recorded at pH 7 (1.57 ± 0.01), while still maintaining 
measurable growth under both acidic (pH 4: 0.23 ± 0.01; pH 
5: 0.27 ± 0.01) and alkaline conditions (pH 9: 0.96 ± 0.01; pH 
10: 0.71 ± 0.01), indicating broad pH adaptability. Temperature 
response analysis further revealed a mesophilic optimum at 35◦C 
(1.40 ± 0.01), closely followed by 25◦C (1.38 ± 0.01), with sustained 
growth even at elevated temperatures of 40◦C (1.22 ± 0.02) and 
45◦C (1.02 ± 0.01), highlighting its thermotolerant nature. 
Although growth was comparatively lower at 15◦C (0.36 ± 0.02), 
the persistence of viable biomass suggests partial adaptation to 
low-temperature stress. Salinity stress profiling indicated that 
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FIGURE 4 

Pearson correlation matrix among solubilization index (SI), soluble phosphate concentration (µg mL−1), and final culture pH. Ellipse orientation and 
color intensity represent the strength and direction of correlations, with red indicating positive and blue indicating negative associations. Strong 
positive correlation was observed between SI and soluble phosphate, while both parameters showed negative correlation with pH, indicating 
acidification-driven phosphate solubilization. 

FIGURE 5 

Principal component analysis (PCA) biplot showing the distribution of isolates (scores) and associated variables (loadings). PC1 and PC2 explain 63.6 
and 31.6% of the total variance, respectively. Blue points represent individual isolates, while arrows indicate variable loadings (pH, Soluble P, and SI). 
The direction and length of vectors reflect the strength and influence of variables on sample clustering. Positive correlation is indicated by vectors 
pointing in the same direction, while opposite directions indicate negative correlation. 
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TABLE 2 Effect of increasing tricalcium phosphate (TCP) concentrations on culture pH of rhizobacterial isolates in NBRIP broth. 

Isolate 0.05 mg/mL 0.10 mg/mL 0.20 mg/mL 0.30 mg/mL 0.40 mg/mL 

1.1 3.6 3.6 3.5 3.3 3.2 

2.1 3.7 3.5 3.3 3.1 3.1 

2.1* 4.1 3.9 3.9 3.9 3.8 

2.B 4.8 4.5 3.9 3.4 3.2 

2.Y 3.9 3.3 3.9 4.0 3.9 

4.1 4.3 3.3 3.6 3.4 3.3 

10.2 4.2 4.1 4.1 3.9 3.9 

6.2.B 4.1 4.2 4.5 3.9 4.0 

6.1.B 4.4 3.8 4.1 3.6 4.1 

6.C 4.1 4.2 4.2 4.0 3.9 

8.B 4.3 4.1 4.0 3.7 4.0 

8.C 3.8 4.6 3.9 3.7 3.8 

8.D 4.5 4.1 3.9 4.0 4.0 

8.E 4.3 4.4 4.2 4.0 3.9 

7.1 3.9 4.1 3.9 4.0 4.0 

TPG4 4.1 4.2 4.0 4.0 3.8 

TPG5 4.1 3.8 4.1 3.7 3.8 

TPG6 3.8 4.1 3.9 3.8 3.7 

TPG7 4.3 3.9 4.0 3.8 4.0 

TPG8 4.0 4.2 3.9 4.0 3.9 

TPG9 4.4 4.1 3.9 3.8 3.7 

1.B 4.3 4.2 3.8 3.9 3.8 

1.P 3.7 3.9 4.1 4.0 3.8 

Decreased pH indicates acidification-mediated phosphate solubilization. The asterisk (*) denotes the isolate name. 

the isolate performs optimally under low osmotic conditions, 
with maximum growth at 0.01% NaCl (2.34 ± 0.09), followed 
by a gradual decline with increasing salt concentration (0.02%: 
1.66 ± 0.10; 0.03%: 1.57 ± 0.09). Despite this reduction, the 
bacterium retained appreciable growth at moderate salinity levels 
and even exhibited measurable survival at higher concentrations 
(0.05%: 0.49 ± 0.10; 0.1%: 0.76 ± 0.02), suggesting the activation 
of adaptive osmotic regulation mechanisms (Figure 6). 

Lysinibacillus macroides exhibits high physiological plasticity 
by tolerating variations in pH, temperature, and salinity, 
underscoring its climate-resilient potential for application in 
stress-prone agroecosystems. 

3.7 Effect of rhizobacterial seed 
biopriming on germination and early 
seedling growth 

Seed biopriming with rhizobacterial isolates significantly 
influenced germination performance and early seedling 
development of chili (Capsicum annuum L.) compared to the 
uninoculated control. Germination percentage varied markedly 
among treatments, ranging from 53.33 to 96.66%, indicating 
pronounced isolate-dependent variability. Isolate 2.B exhibited the 
highest germination (96.66%), followed by 4.1 (93.33%), whereas 

8.D, TPG4, and 1.B (86.66%) also demonstrated substantial 
improvement relative to the control (50%). In contrast, isolates 
such as TPG6 and 7.1 (56.66%) showed comparatively moderate 
responses. These differences suggest variability in the ability 
of individual isolates to stimulate early physiological processes 
associated with radicle emergence and metabolic activation during 
germination (Figure 7). 

Significant treatment effects were also observed for root 
and shoot elongation (p ≤ 0.05). Mean root length ranged 
from 1.07 cm (TPG6) to 3.33 cm (2.B), while shoot length 
varied from 1.47 to 4.60 cm across treatments. Isolate 2.B 
consistently recorded the greatest enhancement in both root 
(3.33 cm) and shoot length (4.60 cm), followed closely by 
4.1 and 1.B, indicating strong stimulation of early seedling 
growth. Additionally, isolates 8.D, TPG4, and TPG9 exhibited 
notable elongation responses. In comparison, control seedlings 
showed reduced growth (mean root length ∼ 1.27 cm; shoot 
length ∼ 2.30 cm), confirming the positive influence of bacterial 
inoculation on vegetative development (Figure 8). The cumulative 
improvement in germination and seedling growth was reflected 
in significant variation in the Seedling Vigor Index (SVI). SVI 
values ranged from 143.55 to 766.88, with the highest recorded 
in 2.B (766.88), followed by 4.1 (696.88) and 1.B (650.00). Several 
additional isolates, including TPG4 (621.11), 8.D (612.44), and 
TPG9 (580.55), also demonstrated strong vigor enhancement 
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TABLE 3 Amount of phosphate solubilized (µgmL−1) on solid and liquid media and pH change by PSB isolates from chili rhizosphere. 

S. no. Bacterial 
isolates 

Solubilization index (SI) 
(mean ± SD) 

P- Solubilization (µ g mL−1) 
(mean ± SD) 

pH 

1 1.1 0 0.34 ± 0.04 3.2 

2 2.1 0 0.16 ± 0.04 3.1 

3 2.1* 2.75 ± 0.23 5.64 ± 2.19 3.8 

4 2.B 4.70 ± 0.06 30.03 ± 1.48 3.2 

5 2.Y 1.45 ± 0.05 3.74 ± 0.44 3.9 

6 4.1 4.65 ± 0.34 28.92 ± 2.58 3.3 

7 10.2 2.54 ± 0.07 15.07 ± 1.83 3.9 

8 6.2.B 1.43 ± 0.12 5.88 ± 1.67 4.0 

9 6.1.B 2.51 ± 0.06 19.63 ± 2.67 4.1 

10 6.C 3.14 ± 0.19 14.89 ± 2.27 3.9 

11 8.B 0 0.34 ± 0.08 4.0 

12 8.C 2.56 ± 0.14 23.69 ± 2.02 3.8 

13 8.D 3.46 ± 0.21 15.15 ± 2.34 4.0 

14 8.E 2.21 ± 0.01 12.47 ± 0.72 3.9 

15 7.1 0 0.20 ± 0.12 4.0 

16 TPG4 3.33 ± 0.14 16.61 ± 2.99 3.8 

17 TPG5 2.33 ± 0.02 12.05 ± 0.52 3.8 

18 TPG6 1.26 ± 0.05 4.14 ± 1.29 3.7 

19 TPG7 0 0.20 ± 0.04 4.0 

20 TPG8 0 0.36 ± 0.07 3.9 

21 TPG9 3.60 ± 0.11 16.25 ± 0.40 3.7 

22 1.B 2.63 ± 0.08 25.97 ± 2.52 3.8 

23 1.P 1.79 ± 0.13 22.62 ± 2.01 3.8 

The asterisk (*) denotes the isolate name. 

(Figure 9). In contrast, the control exhibited a substantially 
lower SVI (178.33), reinforcing the effectiveness of rhizobacterial 
biopriming (Table 4). One-way ANOVA confirmed significant 
differences among treatments for germination percentage, root 
length, shoot length, and SVI (p ≤ 0.05), and Tukey’s HSD test 
indicated that isolates 2.B and 4.1 formed a statistically superior 
group for most growth parameters. Collectively, these findings 
demonstrate that rhizobacterial biopriming markedly enhances 
early germination and seedling vigor in chili, with isolates 2.B 
and 4.1 emerging as the most promising candidates for further 
functional validation and bioinoculant development. 

4 Discussion 

The present study provides comprehensive evidence 
that phosphate solubilization by chili rhizospheric isolates 
is predominantly governed by acidification-driven mineral 
dissolution, with strong quantitative support from both solid 
and liquid assays. The significant positive correlation between 
Solubilization Index (SI) and soluble phosphate concentration 
(r = 0.86, p < 0.01), coupled with the pronounced negative 
correlation between soluble phosphate and final culture pH 

(r = −0.91, p < 0.01), confirms that halo formation on Pikovskaya’s 
agar is a reliable proxy for phosphate mobilization in liquid 
systems. These findings are consistent with earlier reports in 
classical phosphate-solubilizing genera such as Bacillus and 
Pseudomonas, where organic acid-mediated acidification plays 
a central role in tricalcium phosphate (TCP) dissolution (Khan 
et al., 2023). Recent studies have further substantiated this 
mechanism, demonstrating similar strong correlations between pH 
decline and phosphate release in PSB such as Bacillus subtilis and 
Pseudomonas fluorescens, where soluble phosphate levels exceeding 
25–35 µg mL−1 were associated with culture pH reductions 
below 4.5 (Bakki et al., 2024). Importantly, the present study 
extends the currently established mechanistic understanding of 
phosphate solubilization to the comparatively underexplored genus 
Lysinibacillus, thereby broadening the functional and taxonomic 
diversity of recognized phosphate-solubilizing microorganisms. 
Previous studies have predominantly focused on conventional 
genera such as Bacillus, Pseudomonas, and other Gram-negative 
bacteria, with comparatively limited information available on the 
phosphate-solubilizing mechanisms and agronomic relevance of 
spore-forming Lysinibacillus spp. In this context, the present study 
not only demonstrates efficient phosphate solubilization in a Gram-

positive, spore-forming genus but also integrates mechanistic 
interpretation with plant-based validation, thereby addressing an 
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FIGURE 6 

Growth performance of Lysinibacillus macroides expressed as mean optical density (OD600) ± SD; n = 3) under varying pH (4–10), temperature 
(15–45◦C), and NaCl concentrations (0.01–0.1%). Error bars indicate standard deviation, reflecting variability among replicates. The different letters 
are bar labels indicating statistically significant differences among treatments at p < 0.05. 

important knowledge gap regarding the functional potential and 
ecological relevance of resilient phosphate-solubilizing bacteria for 
biofertilizer development. 

At the mechanistic level, phosphate solubilization in efficient 
isolates (particularly 2.B and 4.1) is most plausibly mediated 
through the secretion of low-molecular-weight organic acids, 
which facilitate mineral dissolution via dual mechanisms of proton 
extrusion and cation chelation. Organic acids such as gluconic, 
citric, and oxalic acids are known to lower rhizospheric pH 
and chelate Ca2+ ions bound to phosphate complexes, thereby 
releasing soluble orthophosphate (H2PO4 

�/HPO4 
2�) (Luo et al., 

2025). In many phosphate-solubilizing bacteria, this process is 
biochemically linked to the direct oxidation pathway of glucose, 
catalyzed by membrane-bound glucose dehydrogenase (GCD) in 
association with the cofactor pyrroloquinoline quinone (PQQ), 
resulting in gluconic acid production (García-Contreras et al., 
2026). Recent molecular studies have confirmed the involvement 
of gcd and pqq gene clusters in high-efficiency PSB strains, 
with enhanced expression correlating with increased gluconic acid 
production and phosphate solubilization efficiency (Chen et al., 
2024). Although gene-level validation was beyond the scope of 
the present study, the strong inverse relationship between pH 
and soluble phosphate strongly supports the involvement of such 
metabolic pathways in Lysinibacillus macroides. Furthermore, the 
observed substrate-dependent acidification under increasing TCP 
concentrations suggests a metabolically regulated response rather 
than passive acid diffusion. The progressive decline in pH in isolate 

2.B (from 4.8 to 3.2) with increasing phosphate load indicates 
inducible metabolic plasticity, likely driven by enhanced carbon 
flux through organic acid biosynthesis pathways. Comparable 
substrate-responsive acidification patterns have been reported in 
recent studies on Bacillus megaterium and Enterobacter cloacae, 
where increased TCP availability stimulated organic acid secretion 
and enhanced phosphate mobilization (Sokolova et al., 2025). Such 
adaptive responses have been associated with improved phosphate 
mobilization efficiency under nutrient-limited conditions and are 
considered critical for functional performance in heterogeneous 
soil environments (Bucio et al., 2025). 

Marked inter-strain variability observed across qualitative 
and quantitative assays underscores the functional heterogeneity 
of the rhizospheric microbiome. While 17 out of 23 isolates 
demonstrated measurable phosphate solubilization, only a subset 
exhibited high efficiency, with isolates 2.B and 4.1 showing SI values 
exceeding 4.6 and soluble phosphate concentrations above 28 µg 
mL�1 . This observation reinforces the concept that phosphate 
solubilization is a strain-specific trait rather than a genus-level 
characteristic, governed by differences in metabolic regulation, 
carbon utilization efficiency, and organic acid production pathways 
(Amri et al., 2023). Recent comparative studies have similarly 
reported substantial intra-genus variability among PSB isolates, 
with only 20–30% of screened strains demonstrating high-

efficiency solubilization, emphasizing the importance of strain-level 
selection (Kaur and Kaur, 2020). Notably, discrepancies between 
solid and liquid assays observed in certain isolates further highlight 
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FIGURE 7 

Seed biopriming assay of selected rhizobacterial isolates. (A) Chili Seed: PUSA JWALA. (B) Surface-sterilized chili seeds. (C) Liquid culture of Bacterial 
isolates. (D) Surface-sterilized chili seeds soaked in bacterial suspension. (E) Germination setup on sterile moist filter paper. (F) Seedling emergence 
after incubation. 

the limitations of relying solely on plate-based screening methods. 

Halo zone formation may overestimate functional capacity due 

to diffusion effects and localized acidification, whereas liquid 

assays provide a more accurate representation of phosphate 

mobilization dynamics. This observation is consistent with recent 

methodological studies recommending the combined use of plate 

and broth assays to improve reliability in PSB screening (Bansal 

et al., 2025). The integration of both approaches in the present study 

therefore strengthens the robustness of strain selection and aligns 

with recent methodological recommendations in PGPR research. 

The functional relevance of phosphate solubilization was 
substantiated through seed biopriming assays, wherein isolates 
2.B and 4.1 significantly enhanced germination percentage and 
Seedling Vigor Index. This concordance between biochemical 
activity and plant growth promotion suggests a direct mechanistic 
linkage between phosphorus mobilization and early plant 
development. Phosphorus is a critical component of ATP, nucleic 
acids, and membrane phospholipids, and its availability during 
germination directly influences energy metabolism, cell division, 
and radicle emergence (Stigter and Plaxton, 2015). Enhanced 
root elongation observed in treated seedlings likely reflects 
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FIGURE 8 

Effect of rhizobacterial seed biopriming on germination and early seedling growth of chili. Bars represent mean ± SD (n = 3) for number of seeds 
germinated, root length (cm), and shoot length (cm). Variability among isolates indicates differential influence on germination efficiency and 
seedling development compared to the uninoculated control. The asterisk (*) denotes the isolate name. 

FIGURE 9 

Effect of rhizobacterial biopriming on germination percentage and Seedling Vigor Index (SVI) of chili seeds. Bars represent mean values of three 
biological replicates (n = 3), and error bars indicate standard deviation (SD). Differences among isolates indicate variable effects on seed germination 
and early seedling growth relative to the uninoculated control. The asterisk (*) denotes the isolate name. 

improved phosphorus acquisition, which in turn facilitates 
nutrient uptake and early biomass accumulation (Cai et al., 2023). 
Comparable improvements in germination and seedling vigor 
following PSB-mediated seed biopriming have been reported 
in crops such as wheat, maize, and chili, further supporting 
the role of phosphate-solubilizing bacteria in enhancing early 
stage plant development (Shil et al., 2025). Beyond phosphorus 
mobilization, the multifunctional plant growth-promoting 
attributes of Lysinibacillus macroides including indole-3-acetic acid 
(IAA) production, siderophore secretion, and nitrogen metabolism 

suggest a synergistic mode of action that extends beyond 

nutrient solubilization. Such multifunctionality is increasingly 

recognized as a critical determinant of biofertilizer efficacy, as 

it enables simultaneous modulation of plant hormonal balance, 

nutrient acquisition, and stress tolerance (Gayithri et al., 2026). 

From an ecological and agronomic perspective, the spore-

forming nature of Lysinibacillus confers significant advantages 

for field application. Endospore formation enhances survival 

under abiotic stress conditions such as desiccation, temperature 
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TABLE 4 Germination percentage and seedling vigor index (SVI) of chili 
seeds following biopriming with rhizobacterial isolates. 

S. no. Bacterial isolates Germination % SVI 

1 1.1 53.33 220.44 

2 2.1 50 236.66 

3 2.1* 76.66 483 

4 2.B 96.66 766.88 

5 2.Y 63.33 297.66 

6 4.1 93.33 696.88 

7 10.2 76.66 444.66 

8 6.2.B 70 406 

9 6.1.B 66.66 262.22 

10 6.C 76.66 472.77 

11 8.B 56.66 177.55 

12 8.C 70 366.33 

13 8.D 86.66 612.44 

14 8.E 66.66 277.77 

15 7.1 56.66 173.77 

16 TPG4 86.66 621.11 

17 TPG5 66.66 275.55 

18 TPG6 56.66 143.55 

19 TPG7 53.33 190.22 

20 TPG8 56.66 211.55 

21 TPG9 83.33 580.55 

22 1.B 86.66 650 

23 1.P 66.66 277.77 

24 Control 50 178.33 

Values represent mean of three replicates; control denotes uninoculated seeds. The asterisk 
(*) denotes the isolate name. 

fluctuations, and nutrient limitation, which are prevalent in semi-

arid agroecosystems (Harishchandra et al., 2025). Recent studies 
have highlighted the superior field persistence and formulation 
stability of spore-forming PSB compared to non-sporulating 
strains, reinforcing their suitability for biofertilizer development 
(Samantaray et al., 2024). The ability of Lysinibacillus macroides 
to sustain substantial growth across a wide pH spectrum, elevated 
temperatures (up to 45◦C), and varying salinity levels confirms 
its robustness under multiple abiotic stresses, a hallmark of 
climate-resilient PGPR. This trait improves formulation stability, 
shelf life, and persistence in soil, thereby addressing key limitations 
associated with non-sporulating PGPR (Soares et al., 2023). 

5 Conclusion 

The present investigation establishes Lysinibacillus macroides 
as a functionally competent and agronomically relevant phosphate-
solubilizing bacterium within the chili rhizosphere. Through an 
integrated evaluation encompassing qualitative halo formation, 
quantitative phosphate release, pH dynamics under graded 

substrate concentrations, correlation analysis, and plant-based 

validation, the study provides strong evidence that mineral 

phosphate mobilization in selected isolates is predominantly 

mediated by acidification-driven dissolution of tricalcium 

phosphate. The observed inverse relationship between soluble 

phosphorus and culture pH supports a metabolically regulated 

mechanism involving proton extrusion and organic acid-mediated 

chelation. Phosphate solubilization was found to be strongly 

strain-dependent, emphasizing the necessity of isolate-level 

screening for effective biofertilizer development. Among the tested 

isolates, 2.B (L. macroides) and 4.1 (L. fusiformis) consistently 

demonstrated superior performance across in vitro assays and seed 

biopriming experiments. Their ability to enhance germination, 

root elongation, and Seedling Vigor Index confirms that phosphate 

mobilization translated into measurable improvements in 

early plant growth. This functional validation highlights the 

importance of phosphorus availability during early developmental 

stages. Beyond phosphorus mobilization, the multifunctional 

plant growth-promoting traits of L. macroides including IAA 

production, siderophore synthesis, and nitrogen metabolism 

along with its spore-forming ability, enhance its ecological 

adaptability, formulation stability, and persistence under 

fluctuating environmental conditions. Lysinibacillus macroides 

demonstrated strong climate resilience by sustaining growth across 

diverse pH, temperature, and salinity conditions, highlighting its 

potential for use in stress-prone agroecosystems. These attributes 

support its practical applicability as a bioinoculant for improving 

nutrient use efficiency in phosphorus-limited soils, particularly in 

semi-arid agroecosystems. 

By expanding the taxonomic diversity of validated phosphate-

solubilizing microorganisms, this study contributes to the 

development of biologically sustainable alternatives to chemical 

fertilizers. The identified strains hold promise for integration 

into biofertilizer formulations aimed at reducing fertilizer 

dependency and improving crop productivity. Future studies 

focusing on field validation, formulation optimization, 

and molecular characterization will be essential to confirm 

large-scale applicability. 

Data availability statement 

The raw data supporting the conclusions of this article will be 

made available by the authors, without undue reservation. 

Author contributions 

PG: Writing – original draft, Formal analysis, Data curation, 

Investigation, Conceptualization, Software, Methodology. JY: 

Writing – review & editing, Visualization. TJ: Writing – review & 

editing, Supervision, Validation. 

Frontiers in Microbiology 15 frontiersin.org 

https://doi.org/10.3389/fmicb.2026.1849362
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


Gehlot et al. 10.3389/fmicb.2026.1849362 

Funding 

The author(s) declared that financial support was not received 
for this work and/or its publication. 

Acknowledgments 

The authors sincerely acknowledge the Department of Botany, 
University College of Science, Mohanlal Sukhadia University, 
Udaipur, for providing academic resources and a supportive 
environment for this work. 

Conflict of interest 

The author(s) declared that this work was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest. 

Generative AI statement 

The author(s) declared that generative AI was not used in the 
creation of this manuscript. 

Any alternative text (alt text) provided alongside figures 
in this article has been generated by Frontiers with the 
support of artificial intelligence and reasonable efforts 
have been made to ensure accuracy, including review by 
the authors wherever possible. If you identify any issues, 
please contact us. 

Publisher’s note 

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher. 

References 
Abdelgalil, S. A., Kaddah, M. M. Y., Duab, M. E. A., and Abo-Zaid, G. A. (2022). A 
sustainable and effective bioprocessing approach for improvement of acid phosphatase 
production and rock phosphate solubilization by Bacillus haynesii strain ACP1. Sci. 
Rep. 12:8926. doi: 10.1038/s41598-022-11448-6 

Abdul Mutalib, F., Othman, H., Hanif Azlan, M., and Kassim, R. (2025). Influence 
of seed priming on the germination and root growth of chilli (Capsicum annuum L.) 
seedlings. Int. J. Agric. 15. 

Abdul-Baki, A. A., and Anderson, J. D. (1973). Vigor determination in soybean 
seed by multiple criteria 1. Crop Sci. 13, 630–633. doi: 10.2135/cropsci1973. 
0011183x001300060013x 

Adnan, M., Fahad, S., Saleem, M. H., and Lal, R. (2025). Sustainable phosphorus 
management in calcareous soils: Problems and prospects. J. Plant Nutrit. 48, 2179– 
2200. doi: 10.1080/01904167.2025.2477269 

Almuktar, S. A. A. A. N., Abed, S. N., Scholz, M., and Uzomah, V. C. (2021). 
Assessment of Capsicum annuum L. grown in controlled and semi-controlled 
environments irrigated with greywater treated by floating wetland systems. Agronomy 
11:1817. doi: 10.3390/agronomy11091817 

Alom, K., Akbar, D., Xu, C. Y., and Dong, T. (2025). Assessing environment 
impacts of chemical fertilizers consumption in australia: State-level evidence. Environ. 
Sustainabil. Indicators 28:101053. doi: 10.1016/j.indic.2025.101053 

Amri, M., Rjeibi, M. R., Gatrouni, M., Mateus, D. M. R., Asses, N., Pinho, 
H. J. O., et al. (2023). Isolation, identification, and characterization of phosphate-
solubilizing bacteria from tunisian soils. Microorganisms 11:783. doi: 10.3390/ 
MICROORGANISMS11030783 

Aneja, K. (2007). Experiments in Microbiology, Plant Pathology and Biotechnology. 
Chennai: New Age International 

Aneja, K. R., Jain, P., and Aneja, R. (2008). A Textbook of Basic and Applied 
Microbiology. Chennai: New Age International. 

Bafiec, T. J., and Bangady Killur, R. R. (2022). Biochar, mineral P and their co-
application affects chemical fractions of P and mung bean growth in two tropical soils. 
Commun. Soil Sci. Plant Anal. 53, 664–674. doi: 10.1080/00103624.2022.2028806 

Bakki, M., Banane, B., Marhane, O., Esmaeel, Q., Hatimi, A., Barka, E. A., et al. (2024). 
Phosphate solubilizing Pseudomonas and Bacillus combined with rock phosphates 
promoting tomato growth and reducing bacterial canker disease. Front. Microbiol. 
15:1289466. doi: 10.3389/FMICB.2024.1289466/FULL 

Bansal, R., Vyas, P., and Sharma, S. (2025). Formulation and field performance of 
liquid phosphate-solubilizing bacterial biofertilizer for improved growth, yield, and 
nutrient content of potato. Front. Microbiol. 16:1734471. doi: 10.3389/FMICB.2025. 
1734471/TEXT 

Bechtaoui, N., Rabiu, M. K., Raklami, A., Oufdou, K., Hafidi, M., and Jemo, M. (2021). 
Phosphate-Dependent regulation of growth and stresses management in plants. Front. 
Plant Sci. 12:679916. doi: 10.3389/fpls.2021.679916 

Bucio, J. S. L., González, J. R., and Bucio, J. L. (2025). Review: adaptation of plants 
to phosphorus scarcity: from nutritional crosstalk to organellar function. Plant Sci. 
359:112685. doi: 10.1016/J.PLANTSCI.2025.112685 

Cai, F., Zhang, Y., Hou, T., Zhang, M., Wang, J., and Chen, B. (2023). Phosphorus 
uptake mechanisms associated with phosphorus application levels in two cotton 
cultivars. Front. Environ. Sci. 11:1127920. doi: 10.3389/FENVS.2023.1127920/TEXT 

Chen, X., Zhao, Y., Huang, S., Peñuelas, J., Sardans, J., Wang, L., et al. (2024). Genome-
based identification of phosphate-solubilizing capacities of soil bacterial isolates. AMB 
Express 14:85. doi: 10.1186/S13568-024-01745-W 

Crouch, S. R., and Malmstadt, H. V. (1967). Mechanistic investigation of molybdenum 
blue method for determination of phosphate. Anal. Chem. 39, 1084–1089. doi: 10. 
1021/ac60254a027 

Das, S., Kar, S., Das, A., Banik, B., Mili, M., Bose, A., et al. (2025). Evaluating 
the palynological features of economically significant Chilli crop through light 
and scanning electron microscopy. Discover Plants 2:127. doi: 10.1007/S44372-025-
00220-5 

de Andrade, L. A., Santos, C. H. B., Frezarin, E. T., Sales, L. R., and Rigobelo, E. C. 
(2023). Plant growth-promoting rhizobacteria for sustainable agricultural production. 
Microorganisms 11:1088. doi: 10.3390/MICROORGANISMS11041088 

Dolatabad, H. K. (2026). Multifactorial formulation for stable encapsulated plant 
growth promoting microorganisms. Sci. Rep. 16:4797. doi: 10.1038/S41598-026-
35331-W 

Edi-Premono, M., Moawad, A. M., and Vleck, P. L. G. (1996). Effect of phosphate 
solubilizing Pseudomonas Putida on the growth of maize and its survival in the 
rhizosphere. Indonesian J. Crop Sci. 11, 13–23. 

Etesami, H., and Adl, S. M. (2020). “Plant Growth-Promoting Rhizobacteria (PGPR) 
and Their Action Mechanisms in Availability of Nutrients to Plants,” in Phyto-
Microbiome in Stress Regulation. Environmental and Microbial Biotechnology, eds M. 
Kumar, V. Kumar, and R. Prasad (Singapore: Springer), doi: 10.1007/978-981-15-
2576-6_9 

García-Contreras, R., Prakash, J., Zhao, L., Sun, X., Tian, X., Jia, M., et al. (2026). 
Phosphate-solubilizing bacteria: a review of diversity, mechanisms, and applications 
in sustainable agriculture. Front. Microbiol. 17:1778470. doi: 10.3389/FMICB.2026. 
1778470 

Gayithri, M., Singh, S., Pradhan, B., Boorla, V., and Chand, S. (2026). Multifunctional 
roles of Bacillus spp. in sustainable agriculture: advances in biocontrol, omics, and 
ecological applications. Microb. Ecol. 89:55. doi: 10.1007/S00248-026-02709-2 

Gehlot, P., Yadav, J., Meena, P., Soni, P., and Jain, T. (2025). Genomic insights into 
plant-microbe interactions. Ecol. Genet. Genom. 37:100421. doi: 10.1016/j.egg.2025. 
100421 

Gehlot, P., Yadav, J., Soni, P., and Jain, T. (2026). Isolation, biochemical 
characterization and enzymatic profiling of plant growth-promoting Rhizobacteria 

Frontiers in Microbiology 16 frontiersin.org 

https://doi.org/10.3389/fmicb.2026.1849362
https://doi.org/10.1038/s41598-022-11448-6
https://doi.org/10.2135/cropsci1973.0011183x001300060013x
https://doi.org/10.2135/cropsci1973.0011183x001300060013x
https://doi.org/10.1080/01904167.2025.2477269
https://doi.org/10.3390/agronomy11091817
https://doi.org/10.1016/j.indic.2025.101053
https://doi.org/10.3390/MICROORGANISMS11030783
https://doi.org/10.3390/MICROORGANISMS11030783
https://doi.org/10.1080/00103624.2022.2028806
https://doi.org/10.3389/FMICB.2024.1289466/FULL
https://doi.org/10.3389/FMICB.2025.1734471/TEXT
https://doi.org/10.3389/FMICB.2025.1734471/TEXT
https://doi.org/10.3389/fpls.2021.679916
https://doi.org/10.1016/J.PLANTSCI.2025.112685
https://doi.org/10.3389/FENVS.2023.1127920/TEXT
https://doi.org/10.1186/S13568-024-01745-W
https://doi.org/10.1021/ac60254a027
https://doi.org/10.1021/ac60254a027
https://doi.org/10.1007/S44372-025-00220-5
https://doi.org/10.1007/S44372-025-00220-5
https://doi.org/10.3390/MICROORGANISMS11041088
https://doi.org/10.1038/S41598-026-35331-W
https://doi.org/10.1038/S41598-026-35331-W
https://doi.org/10.1007/978-981-15-2576-6_9
https://doi.org/10.1007/978-981-15-2576-6_9
https://doi.org/10.3389/FMICB.2026.1778470
https://doi.org/10.3389/FMICB.2026.1778470
https://doi.org/10.1007/S00248-026-02709-2
https://doi.org/10.1016/j.egg.2025.100421
https://doi.org/10.1016/j.egg.2025.100421
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


Gehlot et al. 10.3389/fmicb.2026.1849362 

associated with chilli (Capsicum annuum L.). Biochem. Biophys. Rep. 46:102559. doi: 
10.1016/J.BBREP.2026.102559 

Harishchandra, D. L., Karunarathna, A., Haituk, S., Sittihan, S., Wongwan, 
T., and Cheewangkoon, R. (2025). Improving crop resilience in drought-prone 
agroecosystems: bioinoculants and biocontrol strategies from climate-adaptive 
microorganisms. Agriculture 15. doi: 10.3390/AGRICULTURE15232479 

Haro, C., Anguita-Maeso, M., Metsis, M., Navas-Cortés, J. A., and Landa, B. B. (2021). 
Evaluation of established methods for DNA extraction and primer pairs targeting 16S 
rRNA gene for bacterial microbiota profiling of olive xylem sap. Front. Plant Sci. 
12:640829. doi: 10.3389/fpls.2021.640829 

Ismail, V. S. (2023). The blue molybdenum reaction for the determination of 
phosphate in natural water and detergent samples. J. Univ. Babylon Pure Appl. Sci. 
31, 10–25. doi: 10.29196/JUBPAS.V31I3.4823 

Kataria, P., Singh, J., Singh, G., Mavi, M. S., Sillanpää, M., and Al-Farraj, S. (2024). 
Residual phosphorus availability after soil application of different organic waste in 
varying soil P status soils. Heliyon 10:e25732. doi: 10.1016/J.HELIYON.2024.E25732 

Kaur, R., and Kaur, S. (2020). Variation in the phosphate solubilizing bacteria from 
virgin and the agricultural soils of Punjab. Curr. Microbiol. 77, 2118–2127. doi: 10. 
1007/S00284-020-02080-6 

Khan, A., Zhang, G., Li, T., and He, B. (2023). Fertilization and cultivation 
management promotes soil phosphorus availability by enhancing soil P-cycling 
enzymes and the phosphatase encoding genes in bulk and rhizosphere soil of a maize 
crop in sloping cropland. Ecotoxicol. Environ. Safety 264:115441. doi: 10.1016/j.ecoenv. 
2023.115441 

Leiva-Mora, M., Guzmán, P. E. M., Mera-Andrade, R. I., Haro, A. M. Z., Saa, 
L. R., Loján, P., et al. (2026). Isolation and characterization of phosphate-solubilizing 
rhizobacteria from solanum tuberosum with plant growth-promoting activity. Appl. 
Microbiol. 6:8. doi: 10.3390/applmicrobiol6010008 

Li, T., Li, C. Y., Liang, H. L., Li, X. X., Yang, X. L., Li, H., et al. (2024). Enhancement 
of stress resistance of electroactive biofilms against hypersaline shock via exogenous 
electron mediator addition. Chem. Eng. J. 499:155905. doi: 10.1016/j.cej.2024.155905 

Luo, B., Liu, F., Yang, R., Li, W., Xu, A., Huang, Q., et al. (2025). Decoupling the effects 
of organic acid and EPS in phosphorus activation by phosphate solubilizing bacteria: 
from screening to morphological transformation analysis. Environ. Technol. Innovat. 
40:104389. doi: 10.1016/J.ETI.2025.104389 

Nautiyal, C. S. (1999). An efficient microbiological growth medium for screening 
phosphate solubilizing microorganisms. FEMS Microbiol. Lett. 170, 265–270. doi: 
10.1111/j.1574-6968.1999.tb13383.x 

Pikovskaya, R. I. (1948). Mobilization of phosphorus in soil connection with the vital 
activity of some microbial species. Microbiology 17, 362–370. 

Rajguru, B., Shri, M., and Bhatt, V. D. (2024). Exploring microbial diversity in 
the rhizosphere: a comprehensive review of metagenomic approaches and their 
applications. 3 Biotech 14:224. doi: 10.1007/S13205-024-04065-9 

Samantaray, A., Chattaraj, S., Mitra, D., Ganguly, A., Kumar, R., Gaur, A., et al. 
(2024). Advances in microbial based bio-inoculum for amelioration of soil health and 
sustainable crop production. Curr. Res. Microb. Sci. 7:100251. doi: 10.1016/J.CRMICR. 
2024.100251 

Saranraj, P., Sayyed, R. Z., Kokila, M., Sudha, A., Sivasakthivelan, P., Devi, M. D., 
et al. (2022). “Plant Growth-Promoting and Biocontrol Metabolites Produced by 
Endophytic Pseudomonas fluorescence,” in Secondary Metabolites and Volatiles of 
PGPR in Plant-Growth Promotion, eds R. Z. Sayyed and V. G. Uarrota (Cham: 
Springer), doi: 10.1007/978-3-031-07559-9_18 

Sharan, A., Shikha, and Darmwal, N. S. (2008). Efficient phosphorus solubilization 
by mutant strain of Xanthomonas campestris using different carbon, nitrogen and 
phosphorus sources. World J. Microbiol. Biotechnol. 24, 3087–3090. doi: 10.1007/ 
s11274-008-9807-2 

Sharma, S., Gupta, N., Kaur, S., Kumawat, K. C., and Chakkal, A. S. (2025). Soil 
microbial resources: unlocking sustainable strategies for crop productivity and soil 
health. Curr. Res. Microb. Sci. 9:100468. doi: 10.1016/J.CRMICR.2025.100468 

Shi, J., Gong, J., Li, X., Zhang, Z., Zhang, W., Li, Y., et al. (2023). Phosphorus 
application promoted the sequestration of orthophosphate within soil microorganisms 
and regulated the soil solution P supply in a temperate grassland in northern China: A 
31P NMR study. Soil Tillage Res. 227:105612. doi: 10.1016/j.still.2022.105612 

Shil, S., Bhardwaj, A., Ashwath, M. N., Das, S., Vats, P., Raj, A. K., et al. (2025). Seed 
biopriming: a sustainable solution for enhancing seed vigor and crop productivity. 
Adv. Seed Qual. Eval. Improve. 127–168. doi: 10.1007/978-981-96-5178-8_6 

Soares, M. B., Almada, C. N., Pereira, E. P. R., Ferreira, B. M., Balthazar, 
C. F., Khorshidian, N., et al. (2023). Review - Sporeforming probiotic bacteria: 
characteristics, health benefits, and technological aspects for their applications in foods 
and beverages. Trends Food Sci. Technol. 138, 453–469. doi: 10.1016/J.TIFS.2023.06. 
029 

Sokolova, E. A., Khlistun, I. V., Mishukova, O. V., Tromenschleger, I. N., Chumanova, 
E. V., and Voronina, E. N. (2025). Strain-specific phosphate mobilization in 
enterobacter: organic acid production and genomic architecture of solubilization 
mechanisms. Int. J. Mol. Sci. 27:322. doi: 10.3390/IJMS27010322 

Stigter, K. A., and Plaxton, W. C. (2015). Molecular mechanisms of phosphorus 
metabolism and transport during leaf senescence. Plants 4:773. doi: 10.3390/ 
PLANTS4040773 

Sun, W., Shahrajabian, M. H., and Soleymani, A. (2024). The roles of plant-growth-
promoting rhizobacteria (PGPR)-based biostimulants for agricultural production 
systems. Plants 13:613. doi: 10.3390/plants13050613 

Yang, T., Li, L., Wang, B., Tian, J., Shi, F., Zhang, S., et al. (2022). Isolation, 
mutagenesis, and organic acid secretion of a highly efficient phosphate-solubilizing 
fungus. Front. Microbiol. 13:793122. doi: 10.3389/fmicb.2022.793122 

Zhu, Y., Xing, Y., Li, Y., Jia, J., Ying, Y., and Shi, W. (2024). The role of phosphate-
solubilizing microbial interactions in phosphorus activation and utilization in plant-
soil systems: a review. Plants 13:2686. doi: 10.3390/PLANTS13192686 

Frontiers in Microbiology 17 frontiersin.org 

https://doi.org/10.3389/fmicb.2026.1849362
https://doi.org/10.1016/J.BBREP.2026.102559
https://doi.org/10.1016/J.BBREP.2026.102559
https://doi.org/10.3390/AGRICULTURE15232479
https://doi.org/10.3389/fpls.2021.640829
https://doi.org/10.29196/JUBPAS.V31I3.4823
https://doi.org/10.1016/J.HELIYON.2024.E25732
https://doi.org/10.1007/S00284-020-02080-6
https://doi.org/10.1007/S00284-020-02080-6
https://doi.org/10.1016/j.ecoenv.2023.115441
https://doi.org/10.1016/j.ecoenv.2023.115441
https://doi.org/10.3390/applmicrobiol6010008
https://doi.org/10.1016/j.cej.2024.155905
https://doi.org/10.1016/J.ETI.2025.104389
https://doi.org/10.1111/j.1574-6968.1999.tb13383.x
https://doi.org/10.1111/j.1574-6968.1999.tb13383.x
https://doi.org/10.1007/S13205-024-04065-9
https://doi.org/10.1016/J.CRMICR.2024.100251
https://doi.org/10.1016/J.CRMICR.2024.100251
https://doi.org/10.1007/978-3-031-07559-9_18
https://doi.org/10.1007/s11274-008-9807-2
https://doi.org/10.1007/s11274-008-9807-2
https://doi.org/10.1016/J.CRMICR.2025.100468
https://doi.org/10.1016/j.still.2022.105612
https://doi.org/10.1007/978-981-96-5178-8_6
https://doi.org/10.1016/J.TIFS.2023.06.029
https://doi.org/10.1016/J.TIFS.2023.06.029
https://doi.org/10.3390/IJMS27010322
https://doi.org/10.3390/PLANTS4040773
https://doi.org/10.3390/PLANTS4040773
https://doi.org/10.3390/plants13050613
https://doi.org/10.3389/fmicb.2022.793122
https://doi.org/10.3390/PLANTS13192686
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

	Qualitative and quantitative evaluation of phosphate-solubilizing ability of Lysinibacillus macroides: a climate-resilient biofertilizer candidate for sustainable crop nutrition
	1 Introduction
	2 Materials and methods
	2.1 Sample collection
	2.2 Isolation of phosphate-solubilizing bacteria
	2.3 Morphological and biochemical characterization
	2.4 Molecular confirmation
	2.5 Qualitative phosphate solubilization assay
	2.6 Quantitative phosphate solubilization and effect of increasing tricalcium phosphate concentration
	2.7 pH measurement
	2.8 Assessment of abiotic stress tolerance for climate resilience in Lysinibacillus macroides
	2.9 Seed biopriming assay
	2.10 Statistical analysis

	3 Results
	3.1 Morphological and biochemical characteristics
	3.2 Molecular identification
	3.3 Qualitative phosphate solubilization
	3.4 Quantitative phosphate solubilization and pH dynamics under increasing TCP concentrations
	3.5 Correlation between phosphate solubilization parameters and pH
	3.6 Abiotic stress tolerance and climate resilience of Lysinibacillus macroides
	3.7 Effect of rhizobacterial seed biopriming on germination and early seedling growth

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


