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Phosphorous (P) is a limiting macronutrient for crop growth. Its deficiency prevents plant development leading to an extensive use of phosphatic fertilizers globally. Bio-organic phosphate (BOP) fertilizer provides a sustainable approach to optimize nutrient availability, enhance crop yield, and mitigate the negative impacts of chemical fertilizers on the environment. Therefore, the present study integrates the application of heat-tolerant phosphate-solubilizing bacteria, rock phosphate, and organic materials for the development of BOP. For this purpose, potential heat-tolerant phosphate-solubilizing bacteria (PSB) were isolated from major wheat-growing areas of southern Punjab. Five isolates were the efficient phosphate solubilizers based on in vitro phosphate-solubilizing activity (291–454 μg ml−1 and 278–421 μg ml−1) with a concomitant decrease in pH (up to 4.5) at 45°C and 50°C, respectively. These PSB were used for the development of potential consortia that are compatible and showed high P solubilization. In planta evaluation of these PSB consortia in a pot experiment under net house conditions showed that consortium-2 had a favorable impact on growth parameter with enhanced grain yield (9.63 g plant−1) and soil available P (10 μg g−1) as compared with 80% uninoculated control. The microcosm study was conducted to evaluate PSB consortium-2 integrated with carrier material (plant material and filter mud) and rock phosphate as BOP increased total phosphorous (14%) as compared with uninoculated controls. Plant-based BOP showed higher viable count (3.5 × 108\u00B0CFU) as compared with filter mud-based BOP. Furthermore, the effect of BOP on wheat growth parameters revealed that BOP showed a promising influence on grain yield (4.5 g plant−1) and soil available P (10.7 μg g−1) as compared with uninoculated 80 and 100% controls. Principle component analysis (PCA) further validates a positive correlation between BOP with grain weight and plant height and soil available P as compared with both 80 and 100% controls. For the first time, this study reports the combined application of bio-organic phosphate fertilizer and heat-tolerant PSB, which offers an eco-friendly option to harvest better wheat yield with low fertilizer input.
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Introduction

Phosphorous (P) is the second most essential macronutrient after nitrogen due to its direct and indispensable role in fostering plant growth and enhancing crop yield (Lynch, 2007; Lambers et al., 2011; Shen et al., 2011). It constitutes approximately 0.2 to 0.8% of plant dry weight (Sharma et al., 2013; Elhaissoufi et al., 2022) and is actively involved in essential plant physiological processes (Siedliska et al., 2021) and vital biological processes such as cell division, nucleic acid formation, and tissue growth (Vance et al., 2003). Soil available P exists in various organic and inorganic forms, but the available P was poor in the majority of the soils for plant uptake. Despite the fact that soil typically contains 0.05% of (w/w) P, merely 0.1% of this fraction is available for plant uptake (Zhu et al., 2011). Reduced P availability is primarily attributed to lower organic matter levels, high pH (high calcium content), and suboptimal fertilizer use efficiency (Tabbasum et al., 2021). In Pakistan, arid climatic conditions, minimal organic matter content, and alkaline calcareous nature of soils are crucial factors contributing to diminished nutrient availability and reduced yield. Therefore, limited P availability in agricultural soil is a significant obstacle in sustainable agricultural management.

Globally, more than 40% of soils are deficient in P. To address this issue, phosphorous is externally applied through chemical phosphate fertilizers (Aimen et al., 2022). However, only 20% of applied chemical P fertilizers is beneficial to plants (Plaxton and Tran, 2011; Ibrahim et al., 2022), while the rest of applied chemical P fertilizers either accumulates in soil as insoluble mineral complexes or is separated from the soil (Wakelin et al., 2004; Bouizgarne et al., 2023). The increased awareness about the negative impacts of chemical fertilizers on both human health and the environment has led to a growing interest in more sustainable eco-friendly agricultural practices. Hence, it is imperative to use approaches that have the potential to elevate the availability of P for uptake by plants from agricultural soils.

Rock phosphate (RP) is the primary source of P fertilizers (Kari et al., 2019). Consequently, it is noteworthy and beneficial to explore environment-friendly strategies that involve the direct application of rock phosphate (Azaroual et al., 2020; Bouizgarne, 2022). While rock phosphate is permissible for use in crop production, its effectiveness as a source of P is constrained. Reduced RP efficiency is attributed to elevated pH levels and low organic matter content (Richardson et al., 2011; Cicek et al., 2020). Therefore, in the fertilizer production process, RP is treated with strong acids, mainly sulfuric acid, to solubilize P (United, S, and Tennessee Valley, 1964; de Oliveira Mendes et al., 2020), whereas this process is expensive and causes environmental pollution (Xiao et al., 2019).

Phosphate-solubilizing bacteria (PSB) are a promising alternative to solubilize RP (Goldstein et al., 1993; Vassilev et al., 2014; De Oliveira Mendes et al., 2020). These bacteria convert insoluble phosphates into plant-available forms by producing organic acid, engaging in cation chelation or participating in exchange reactions (Chung et al., 2005; Gulati et al., 2010; Tian et al., 2021). Most PSB exhibit other characteristics of plant growth-promoting bacteria such as nitrogen fixation, zinc solubilization, indole acetic acid (IAA) or phytohormone production, and aminocyclopropane-1-carboxylic acid (ACC) deaminase activity (Wei et al., 2018; Timofeeva et al., 2022). Furthermore, the addition of organic material modifies soil porosity, soil pH, water holding capacity, and microbial activities, and this phenomenon increases P availability in plants (Wang et al., 2016). Enhanced mobility of phosphorus in soils amended with organic matter and PSB is attributed to stimulated microbial activity, release of organic acids, and mineralization of organic matter.

RP combined with PSB can serve as a P source. However, the bacterial P solubilization efficiency can be enhanced by supplementing with organic manure or organic compost (Ditta et al., 2018). Additionally, the organic matter improves soil physicochemical properties, increases nutrient levels, and improves soil quality. Therefore, the integrated application of RP, PSB, and organic material is recommended as a promising approach for sustainable plant growth and production. Bio-organic fertilizer derives from organic materials and contains living microorganisms, such as bacteria, fungi, and other beneficial organisms that enhance soil fertility and promote plant growth. Gao et al. (2020) reported a significant increase in growth, yield, and nutrient uptake of maize (Zea mays L.) crop as a result of the application of bio-organic fertilizer comprised of Azotobacter chrocoocum, arbuscular mycorrhizal fungi (AMF), and Bacillus circulans along with organic materials, such as biogas slurry and humic acid. Previous studies demonstrated that the combined application of compost, biogas, RP, and Bacillus strain led to enhanced yield of bread wheat with low fertilizer input under arid climatic conditions (Tahir et al., 2018). Another study reported that wheat growth parameters can be enhanced with increased grain P content by using compost enriched with RP and Bacillus thuringiensis (Khakwani et al., 2017). However, to the best of our knowledge, limited information is available about the effect of the combined application of RP, organic materials, and consortium of thermotolerant PSB on soil fertility and the growth and productivity of contrasting wheat cultivars grown at different fertilizer levels.

Therefore, the current study focuses on integrating the application of heat-tolerant phosphate-solubilizing bacteria, RP, and organic materials for the development of bio-organic phosphate (BOP) fertilizer under natural conditions. We hypothesized that (H1) co-composting of plant material with RP and PSB enhances nutrient (P) availability. We assumed (H2) that BOP increases grain yield in wheat and enhances available P in soil with reduced application of chemical fertilizer.



Materials and methods


Sample collection

Rhizosphere soil samples of field-grown wheat were collected from different districts of southern Punjab, i.e., Bahawalnagar (29.348194639076453, 72.9951854271594), Multan (30.268453, 71.415518), Muzaffargarh (30.282401, 71.391901), Sialkot (32.42979952823552, 74.60978258215574), Jhang (31.320934290652488, 72.59942827525828), and Hyderabad (31.346443525303936, 71.6827859886904). For the isolation of PSB, soil samples were transported to the laboratory and stored at 4°C until further processing.



Isolation of heat-tolerant phosphate-solubilizing bacteria

For the isolation of heat-tolerant PSB, soil samples were enriched in National Botanical Research Institute’s Phosphate broth medium [NBRIP; glucose 10 g, magnesium chloride 5 g, tri-calcium phosphate (TCP) 5 g, potassium chloride 0.20 g, (NH4)2SO4 0.10 g, magnesium sulfate (MgSO4.7H2O) 0.25 g, agar 15 g, and distilled water 1 L, and the pH was maintained to 7.0 ± 0.2] at different temperatures (45° C to 60° C). These suspensions were then vortexed and serially diluted from 10−2 to 10−4. Aliquots of each dilution were spread on LB agar plates. These plates were kept in an incubator at 30 ± 2°C for 24–48 h. To get pure colonies or isolates, morphologically distinct colonies were selected and sub-cultured after incubation. For the calculation of colony forming unit (CFU), the formula described by Somasegaran and Hoben (2012) was used. Cell and colony morphology, gram staining, and motility of bacterial isolates were analyzed using stereo microscopy and light microscopy (Vos et al., 2011).

Blood agar medium was used for the biosafety assessment of selected PSB. The formation of clear zone around the bacterial cultures indicates the hemolytic activity of the isolates (Russell et al., 2006). Blood agar plates with 5% v/v sheep blood (commercially available) were used for this purpose. Blood agar plates were streaked with PSB fresh cultures and stored in an incubator at 37 ± 2°C for 48 h. The absence of zone formation around bacterial colonies indicates the non-hemolytic activity of isolates and they are safer to use.



Screening of inorganic phosphate solubilization

To evaluate the phosphate solubilizing ability of isolates, pure isolated bacterial cultures were grown in LB broth medium (10 μL; 10 g tryptone, 5 g NaCl, 5 g yeast extract, 20 g agar, 1 L distilled water, and pH maintained to 7 ± 0.2) for 24 h and spotted on NBRIP agar medium (Senthilkumar et al., 2021) comprising of tricalcium phosphate (TCP) as inorganic phosphate source. A loopful of these pure bacterial colonies was picked from the LB agar plates and spotted on the NBRIP agar plates. These plates were incubated at 30 ± 2°C in an incubator for 6 to 7 days, and the development of halo zone surrounding the spotted bacterial colonies was observed. The solubilization index was calculated by using the following formula described by Paul and Sinha (2017).



Quantitative estimation of phosphate solubilizing activity

For the quantification of phosphate solubilizing activity of bacteria, the molybdate blue method was used (Suleman et al., 2018; Yahya et al., 2021). Bacterial cultures were cultivated in NBRIP broth medium at 45° C and 50°C and placed on a shaker at 150 rpm for 7 days. The cell-free supernatant was obtained by centrifuging cultures at 4°C for 10 min at 4,000 rpm. The optical density (OD) was recorded using a spectrophotometer (Camspec M-350 double beam UV visible spectrophotometer, United Kingdom) at 882 nm. Phosphate solubilization was determined using a KH2PO4 standard curve with standards of 2, 4, 6, 8, 10, 15, 20, 50, and 100 ppm. To quantify phosphate solubilization, the optical density (OD) was plotted on a graph against the standard solution concentration (μg ml – 1; Soltanpour and Workman, 1979; Vos et al., 2011). A pH meter (Pvhs-3c, Rex, China) was used to assess the pH of the cell-free supernatant.



Molecular identification of isolates based on 16S rRNA gene

PSB were identified by amplification and sequencing of 16S rRNA gene. Selected PSB strains were streaked on LB agar plates and placed in an incubator at 30 ± 2°C. The LB broth was inoculated with single pure bacterial colony and placed on a shaker overnight (140 rpm) at 30 ± 2°C. After incubation, pellet was collected by centrifuging 1 mL of bacterial culture for 10 min at 13,000 rpm. The CTAB method was used to isolate DNA from the pellet (William et al., 2012). 16S rRNA gene of isolates was amplified using PCR with a reaction mixture containing 5 μL of Green PCR Master Mix (Thermo Scientific), 2 μL of template DNA, 2 μL of PCR water, 0.5 μL of reverse primer rD1 (5’ AAGGAGGTGATCCAGCC 3′), and 0.5 μL of forward primer fD1 (5’ AGACTTTGATCCTGCTCAG 3′). The PCR profile was optimized as follows: initial denaturation for 5 min at 95°C followed by 30 cycles of denaturation for 60 s at 95°C, annealing for 1 min at 53°C, extension for 60 s at 72°C, and then final extension for 10 min at 72°C. The amplified PCR product was then run on 1% agarose gel in 1X TAE buffer containing 20 mg ml − 1 of ethidium bromide. The gel was run on an electrophoresis apparatus at 80 V for 30 min. A ladder of 1 kilo base pairs (1Kb) was used as a size marker. Then, a gel documentation system (Vilbour Lourmat CN 1000 26 MX) was used for gel visualization. The PCR product was purified using QIAquick kit (QIAGEN Sciences, Maryland 20874, United States). The purified PCR product was then sequenced commercially in Punjab Institute of Nuclear Medicine (PINUM), Faisalabad, Pakistan. The acquired sequences were compared with type strains using the Basic Local Alignment Search Tool (BLAST). The results of percentage identity, homology, and E-values were recorded. Following that, the sequences were submitted to the National Center for Biotechnology Information (NCBI), GenBank,1 and the accession numbers were obtained.



Bioassay for the detection of plant growth-promoting activities of bacterial isolates

Aminocyclopropane-1-carboxylic acid (ACC) deaminase activity of PSB strains was assessed in Dworkin and Foster (DF) salt minimal medium (Penrose and Glick, 2003) containing 30 μL of 0.5 M ACC as a sole nitrogen source. Minimal salt solution comprising of zinc salt (ZnO) was used for assessing the ability of PSB to solubilize zinc. The formation of halo zone around PSB colonies indicated zinc solubilization by the bacterial isolates. The solubilization index was calculated using the formula described by Paul and Sinha (2017).

The colorimetric method was used for detecting the IAA production by isolates (Lasudee et al., 2018). For this purpose, bacterial colonies were cultivated overnight in an LB broth supplemented with tryptophan (0.01%). The broth was then placed in an orbital shaker at 110 rpm for 7 days. IAA was produced using Salkowski’s reagent. The development of pink color indicates the production of IAA by the isolates (Gordon and Weber, 1951). The nitrogen fixing ability of the bacterial isolates was determined by observing the growth on a semi-solid N-free medium (Hardy et al., 1968).

To determine the production of exopolysaccharide (EPS), the selected isolates inoculated in the De Man–Rogosa–Sharpe (MRS) medium supplemented with sucrose (20% w/v) were kept in a shaking incubator at 37 ± 2°C for 48 h. A small amount of culture was run on a thin layer chromatography (TLC) plate (Silica gel 60 F254; Merck, Darmstadt, Germany) for 6 h, after which it was air dried, and the sugar spots were visualized by adding a solution containing 5% sulfuric acid in methanol (Roset et al., 2006).



Development of PSB consortia

For the development of consortia, initially all the selected strains along with well-characterized strains were tested for the in vitro compatibility test (Irabor and Mmbaga, 2017). The bacterial inoculum was spotted on an LB agar plate and spread with the tested strain. The plates were incubated at 28°C ± 2°C for 72 h. No inhibition zone was observed around bacterial colonies, which indicate that strains are compatible to each other.

Three different consortia were prepared using some efficient strains from NIBGE Biotech Resource Center (NBRC) such as Streptomyces sp. R1 (Ashraf et al., 2022), BR123 (Ashraf et al., 2020) (GenBank accession numbers OL744553 and MT799988), Brucella sp. CH4 (GenBank accession number OR936580), Bacillus sp. A2, and Ochrobactrum sp. SSR (Rasul et al., 2021) (GenBank accession number MK422612). Consortium-1 comprised of Pantoea cypripedii ZR1, Lysinibacillus fusiformis ZR2, Bacillus sp. A2, and Streptomyces sp. R1 and BR123. Consortium-2 comprised of Pantoea sp. ZR1, L. fusiformis ZR2, Enterobacter sp. ZR3, Klebsiella sp. ZR4, and B. haematophilia CH4. Consortium-3 comprised of P. cypripedii ZR1, Enterobacter quasihormaechei ZR3, Ochrobactrum sp. SSR, Bacillus sp. A2, and Streptomyces sp. R1. Single colony of each bacterium was grown separately in an LB medium at 28 ± 2°C for 24 h. Equal volume of each bacterium grown in LB medium was mixed to develop the consortium (1 × 109 CFU ml − 1).



In planta evaluation of PSB consortia for P uptake and wheat growth

The effect of PSB in consortium-1, consortium-2, and consortium-3 on the recommended wheat variety, Gandum-7, was assessed in a pot experiment under net house conditions at NIBGE, Faisalabad (31°25′0″N 73°5′28″E), in the wheat growing season from November 2021 to April 2022.

Seeds were surface-sterilized and rinsed thrice with autoclaved dH2O. Sterilized seeds were soaked in consortium-1, consortium-2, and consortium-3 suspensions separately with 1 × 109\u00B0CFU ml − 1 for 30 min. Uninoculated seeds soaked in a sterilized LB broth were used as a control.

Before seeding, all of the pots were watered to ensure the proper germination of seeds. Seeds were sown in pots (30 cm in diameter with 6 seeds per pot). The experiment was arranged in a completely random design (CRD) and consisted of three treatments, each with three replicates. The recommended doses of fertilizers comprising of nitrogen (150 kg ha−1) in the form of urea and P (100 kg ha−1) in the form of DAP were applied to the soil. Overall, 80% of the recommended DAP dose (20% reduced than the recommended dose) was added to treatments that included bacterial inoculation. As a control, pots with no inoculation were treated with 100% DAP and 80% DAP. Every treatment received 100% urea as a supplement. Plants were uprooted 65 days after planting and evaluated for growth parameters. The plants were harvested in April 2023 to examine growth, yield, and plant P content. The soil used for in planta evaluation was collected and homogenized properly for measuring organic matter, pH, P content, exchangeable potassium, and electrical conductivity (Ramanaiah et al., 2021). The total phosphorous content was determined by the method described by Andersen (1976).



Microcosm studies for solubilization of RP in BOP formulations

For the development of different formulations of BOP, the efficient PSB consortium (consortium-2) was selected from in vivo studies, and a microcosm study was conducted. Different sources of organic matter, i.e., filter mud and plant material and RP as a substrate in 60:40 ratio were used to prepare two different types of BOP formulations. For the formulation of BOP, 46.8 g of plant material or filter mud and 31.2 g of RP were added to reagent bottles. Consortium-2 (22 mL) in 7:3 (w/v) ratio was inoculated in these reagent bottles. LB broth (22 mL) was added to bottles as a control. To maintain the moisture content, 30 mL and 60 mL distilled water were added to bottles containing filter mud and plant material, respectively. Two levels of moisture contents were maintained in both BOP formulations after 60 days of inoculation. There were eight treatments with three replicates (Supplementary Figure 3). The experiment was arranged in CRD. The bottles were then placed in an incubator at 37 ± 2°C. The viable count was conducted on 0, 7, 14, 30, and 60 days post inoculation (DPI), to ensure the survival of inoculated strains.



Analysis of total P content of BOP formulation

For the analysis of total P (P2O5) in BOP formulations, 0.5 g of BOP fertilizer (BOP) sample was added to a volumetric flask (100 mL). Concentrated nitric acid (5 mL) and distilled water (50 mL) were added to the flask and set on a hot plate. Initially, the temperature of the hot plate was raised to 65°C for 30 min and then placed on a shaker for 60 min. After shaking, distilled water was added to get the required volume. The solution was filtered, and 10 mL of the filtrate was transferred to a conical flask; 5 mL of concentrated nitric acid and 15 mL (50%) of ammonium nitrate solution (50%) were added slowly while heating the contents on a hot plate at 65°C. Then, 50 mL of ammonium molybdate solution (3%) was added gradually while shaking vigorously overnight at room temperature. The precipitates were then filtered through a filter paper and rinsed with distilled water (ice cold). Washing was performed until the filtrate did not turn into blue litmus red (indicating that precipitates were not acidic). The precipitates were then thoroughly dissolved by adding 0.1 N NaOH (10 mL). Then, 2–3 drops of indicator (phenolphthalein) were added, resulting in the development of pink color. The mixture was titrated against 0.1 N H2SO4 with continuous shaking until a colorless mixture was obtained (Pakistan Standards and Quality Control Authority, 2021).



Development of BOP under natural environmental conditions

Most efficient BOP formulation was further developed and evaluated under natural environmental conditions in microplots at NIBGE, Faisalabad (31°25′0″N 73°5′28″E; Figure 1). Selected bacterial strains were inoculated in LB broth medium and placed oversight on a shaker at 180 rpm. Streptomyces spp. R1 and BR123 were cultivated in a starch casein broth at 30°C and shaken at 180 rpm for 7 days.
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FIGURE 1
 Illustration of the workflow of isolation and characterization of phosphate-solubilizing bacteria, compatibility test, pot experiment, and microcosm study (A) and development of BOP under natural environmental conditions (B).


Initially, 30 kg of plant material was the first layer followed by a second layer of 20 kg RP in the microplot. Glucose (100 g), casein (30 g), and starch (50 g) were added onto the layers. After the addition of 6.5 L inoculum and 33 L water (to maintain 20% moisture content), the BOP was mixed thoroughly. The BOP was mixed every 7th day, and the samples were collected on 0, 7, 14, 30, and 60 DPI to study the shelf-life. Total nitrogen, phosphorous, potassium, pH, moisture content, and EC of BOP formulation were recorded at 60 DPI.



Evaluation of BOP for wheat yield parameters

BOP formulation was further evaluated on the recommended wheat variety, AKBAR-2019, in a pot experiment under net house conditions at NIBGE, Faisalabad (31°25′0″N 73°5′28″E) in the wheat-cultivating season from November 2022 to April 2023. Seeds were surface-sterilized and then rinsed thrice with autoclaved dH2O. The plant-based BOP was applied to the topsoil of pots for soil amendment.

Before seeding, all the plants of the pots were watered to ensure the proper germination of seed. Seeds were sown in pots (30 cm in diameter; soil: sandy loam; pH 7.5). Each pot consisted of six plants. The CRD experiment consisted of three treatments, each with three replicates. The recommended doses of fertilizers were applied (N: P, 150: 100 kg ha−1). Overall, 80% of the recommended DAP dose was added to treatments that included BOP. As a control, pots with no amendment were treated with both 80 and 100% DAP. Every treatment received a dosage of 100% urea. The plants were harvested on April 2023, to examine growth, yield, and P uptake by the plants.



Detection of inoculated bacteria in soil

The inoculated bacterial population of rhizosphere wheat soil was observed using the viable count (Somasegaran and Hoben, 2012) and BOX-PCR (Basheer et al., 2016). The strains were identified using their distinct morphological characteristics and light microscopy. Re-isolated PSB were identified by comparing the morphological characteristic of inoculated bacteria with other plant growth-promoting attributes such as P solubilization, IAA production, and zinc solubilization (Yasmin et al., 2016). Strain-specific finger prints of re-isolated PSB were compared with that of pure colonies using BOX-A1R primer 5′ CTACGGCAAGGCGACGCTGACG 3′ (Basheer et al., 2016).



Statistical analysis

Analysis of variance (ANOVA) was used to statistically analyze data from laboratory scale and pot experiments using STATIX software 10.0 (Tallahassee, FL, United States). The least significant difference (LSD) test was used to evaluate the differences between various treatments from laboratory scale and pot experiments at confidence levels of 1 and 5%, respectively. Principal component analysis (PCA) was used on various plant parameters using PAST software version 3.26.




Results


Isolation and screening of heat-tolerant PSB

Rhizosphere soils of wheat were collected from several regions of South Punjab for the isolation of heat-tolerant PSB. These soil samples were tested for physiochemical properties (Supplementary Table S1). The bacterial population was determined by calculating the viable count from each soil sample. Seventy-nine morphologically different colonies were isolated, and out of these, 21 colonies showed phosphate-solubilizing activity on NBRIP agar medium. The maximum population of PSB (12) was isolated by second NBRIP enrichment at 45°C, and no PSB was found in wheat rhizosphere soils from second NBRIP enrichment at 60° C. The screening of selected bacteria for P solubilization was performed using NBRIP agar medium. The formation of halo zone around bacterial colonies varied from 1.6 mm to 3.7 mm. Six isolates, i.e., ZR1, ZR2, ZR3, ZR4, ZR5, and ZR6 showed significant phosphate solubilization activity. The maximum phosphate-solubilizing activity was observed by isolates ZR4 and ZR5 (SI: 3.75 mm), followed by ZR3 (SI: 3.2 mm) and ZR2 (SI: 3.00). The least P solubilizing activity was observed in ZR1 (SI: 2.00 mm) and ZR6 (SI: 1.6; Supplementary Figure S1).



Quantification of P solubilizing activity

In the quantification test, the maximum P solubilization activity (454 μg ml − 1) was conducted by isolate ZR4 followed by ZR5 (430 μg ml − 1) and ZR3 (400 μg ml − 1). The least amount of P (291 μg ml − 1) was observed in ZR1 (Figure 1). A decrease in pH of the medium was observed with the inoculation of different PSB. The maximum reduction in pH was observed in a filtrate of ZR4 (initial pH at 7 to 4.51) followed by ZR5 (initial pH at 7 to 4.54). A minimum decrease in pH was observed in ZR1 (initial pH at 7 to 5.25) at 45°C (Figure 2).
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FIGURE 2
 Phosphate solubilization (A) and pH changes (B) at 7 DPI by wheat rhizospheric bacteria in NBRIP broth added with heat-tolerant TCP at 45° C and 50° C.




Morphological and molecular characterization of PSB

All selected PSB (ZR1, ZR2, ZR3, ZR4, ZR5, and ZR6) were grown on Luria–Bertani (LB) agar medium. Some of the isolates, i.e., ZR1 formed circular colonies with a smooth surface. On the other hand, ZR3 colonies were off-white irregularly shaped with a flat surface. ZR2 formed a shiny white circular with convex elevation. ZR4 formed creamy white circular colonies with a raised surface. Pigmentation was not observed for all the tested strains. ZR1 was slow moving rod. ZR2, ZR4, and ZR5 were rod-shaped and non-motile. Cells of bacterial strain ZR3 were rod-shaped and showed fast movement with a slight whip-like movement under a microscope. Gram staining and light microscopy showed that all the tested strains (ZR1, ZR2, ZR3, ZR4, and ZR5) were gram-negative (Supplementary Table S2). Strains were identified as Pantoea sp., Lysinibacillus sp., Klebsiella sp., and Enterobacter sp. 16S rRNA gene sequences of Pantoea sp. ZR1, Lysinibacillus sp. ZR2, Enterobacter sp. ZR3, and Klebsiella sp. ZR4 and ZR5 were allocated with NCBI accession numbers of OR272290, OR272301, OR272303, OR272305, and OR272306, respectively (Supplementary Table S2). These PSB strains were submitted to NIBGE NBRC, Pakistan.



Bioassays for the detection of PGP activities of bacterial isolates

PSB strains of P. cypripedii ZR1, L. fusiformis ZR2, E. quasihormaechei ZR3, and Klebsiella sp. ZR4 and ZR5 produced IAA as indicated by pink coloration in the reaction with Salkowski’s reagent (Supplementary Figure S1C). The qualitative spot test was carried out on ZR1 and ZR5 to produce light pink color. ZR2, ZR3, and ZR4 produced dark pink color (Table 1).



TABLE 1 PSB characterization for plant growth-promoting traits.
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Zinc-solubilizing activity was shown by P. cypripedii ZR1, L. fusiformis ZR2, E. quasihormaechei ZR3, K. pneumoniae ZR4, and K. quasivariicola ZR5 as indicated by the formation of halo zone around bacterial colonies on Tris minimal salt medium (Supplementary Figure S1E). The solubilization index (SI) ranged from 2.8 to 8.75 (Table 1). The maximum SI (8.75) was shown by ZR3 and the minimum SI (2.8) was observed for ZR1.

The nitrogenase activity was determined by changing the color of nitrogen-free medium (NFM) from green to blue in glass vials inoculated with P. cypripedii ZR1, L. fusiformis ZR2, and Klebsiella sp. ZR4 and ZR5 (Supplementary Figure S1D). P. cypripedii ZR1, L. fusiformis ZR2, E. quasihormaechei ZR3, and Klebsiella sp. ZR4 showed ACC deaminase activity, as indicated by the growth of strains in vials supplemented with 0.5 M ACC (Supplementary Figure S1A). Thin layer chromatographic analysis revealed that the isolate P. cypripedii ZR1 produced EPS using sucrose as a substrate (Figure 1).



Biosafety study for the selection of PSB

A blood agar test was used to evaluate microorganisms for biosafety. When compared with the control, no blood lysis or formation of halo zone was detected in any of the selected PSB strains, showing that the bacteria are not harmful to humans and thus safe for further research (Supplementary Figure S2).


In planta evaluation of PSB consortia for P uptake and wheat growth

The evaluation of PSB in pot experiment at NIBGE in Faisalabad revealed that the PSB consortium-2 increased wheat plant fresh weight, shoot length, and root length (Table 2). Maximum yield was observed in pots inoculated with the consortium-2, i.e., Pantoea sp. ZR1, L. fusiformis ZR2, Enterobacter sp. ZR3, K. pneumoniae sp. ZR4, and B. haematophilia sp. CH4. These PSB increased grain yield (9.63 g plant−1) in comparison to the uninoculated 80% control. Soil available P of the consortium-2-inoculated treatment was significantly higher (10 μg g−1) as compared with uninoculated 80% control during harvesting (Table 3). The consortium-2-inoculated treatment significantly improved plant height and number of tillers as compared with both 80 and 100% uninoculated controls (Table 2).



TABLE 2 Effect of bacterial inoculation on plant growth parameters at different growth stages and wheat yield in the pot experiment under net house conditions.
[image: Table2]



TABLE 3 Effect of bacterial inoculation on soil and plant P at different growth stages in the pot experiment under net house conditions.
[image: Table3]




Microcosm studies for solubilization of RP in BOP formulations

Plant material-based BOP formulation increased P (14%) content at 40% moisture level as compared with the uninoculated control (Table 4). Plant material-based BOP also had more viable count (3.5 × 109 CFU) as compared with filter mud-based BOP (Figure 3A).



TABLE 4 Total P content in BOP at different time intervals.
[image: Table4]
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FIGURE 3
 The shelf life of bioformulations to assess the survival of inoculated PSB in different treatments (A). Each point represents decimal logarithmic of viable cells g−1 carrier material and it is the mean value of three replicas. The ANOVA has been performed within each sampling date, within each column in data table, and the values followed by the same letter, within each column, are not significantly different at p-value of <0.05 in the LSD test. The shelf life of bioformulations to assess the survival of inoculated PSB in BOP (B). Each point represents decimal logarithmic of viable cells g−1 BOP, and it is the mean value of three replicas. The ANOVA has been performed within each sampling date, within each column in data table.




Development of BOP under natural environmental conditions

Based on microcosm results, plant-based BOP was formulated under natural environmental conditions. The survival of heat-tolerant PSB inoculated in BOP was evaluated at 0 h on 7 DPI, 14 DPI, and 30 DPI by the viable count method (Figure 3B). All inoculated strains were observed during these intervals. The single isolated colonies of ZR2 and CH4 were observed on 14 DPI, while ZR1, ZR3, and ZR4 were observed on 30 DPI.

Nitrogen (N), potassium (K), electrical conductivity, moisture content, and pH of both the inoculated and uninoculated treatments of BOP were analyzed using a nutrient analyzer (Ramanaiah et al., 2021; Table 5). The nutrient content of both the inoculated and uninoculated treatments of BOP were analyzed using a nutrient analyzer, where the results showed that nitrogen (39%) and potassium (45%) contents were significantly high in inoculated BOP sample as compared with the uninoculated control. Meanwhile, the P content was significantly higher (8%) in inoculated BOP as compared with the control (Table 5).



TABLE 5 Physicochemical and nutritional parameters of BOP.
[image: Table5]



Evaluation of BOP for wheat yield parameters

In planta evaluation of BOP on wheat growth parameters was performed in a pot experiment under net house conditions at NIBGE, Faisalabad. Plants were uprooted at different growth stages, and different plant growth characteristics such as root length, shoot length, and plant biomass (fresh weight and dry weight) were assessed (Table 6). The results revealed that the BOP had a promising influence on many plant growth parameters. Physiochemical properties of the soil collected from pots at 35 days after sowing (DAS) were also evaluated using a nutrient analyzer (Table 7). Chlorophyll content was also evaluated at 35 DAS using a SPAD meter (Table 6).



TABLE 6 Effect of BOP on plant growth parameters, yield, and chlorophyll content at different growth stages in the pot experiment under net house conditions.
[image: Table6]



TABLE 7 Effect of BOP on physiochemical parameters of soil in the pot experiment under net house conditions.
[image: Table7]

At 35 DAS, 65 DAS, and harvesting stage, soil available P was evaluated for inoculated pots and control. At 35 DAS and harvesting stage, plant P was also evaluated (Table 8). The results revealed that soil amended with plant material-based BOP (comprised of plant material, RP, and consortium-2) had a promising influence on many plant growth parameters. Soil physicochemical parameters were determined, such as available P content at 10.72 ppm at 65 DAS of the BOP-amended soil. In the BOP-inoculated treatment, maximum yield was observed in pots increased grain yield (9.7 g plant−1) in comparison to both uninoculated 80% (5 g plant−1) and 100% control (8.4 g plant−1). Principle component analysis (PCA) indicates a positive correlation between BOP and grain weight, height, and soil available P as compared with both 100 and 80% controls. The two principal components contributed up to 99% toward variance on the x-axis (PC 1 = 71%) and y-axis (PC 2 = 25%). No parameter was found to have a negative effect on the application of BOP. Regression analysis further indicated a positive correlation between yield and plant P in pots with BOP (Figure 4).



TABLE 8 Effect of BOP on soil, plant, and grain P in the pot experiment under net house conditions.
[image: Table8]
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FIGURE 4
 Effect of BOP on vegetative growth of wheat (A), Effect of BOP on wheat plant growth and yield (B), Principal component analysis (C), Regression analysis (D). Control 100%: Recommended dose of DAP without inoculation; Control 80%: 20% less DAP than the recommended dose without inoculation; BOP: Plant material +Rock phosphate+ Consortium-2 + 80% DAP.


The viable count method ensured the survival of inoculated PSB. Morphological characteristics of the inoculated PSB facilitated in the detection of inoculated rhizospheric bacteria, demonstrating their rhizosphere competence. BOX-PCR confirmed the inoculated phosphate-solubilizing bacteria. BOX-PCR of re-isolated colonies was found identical to that of pure cultures (Figure 5).

[image: Figure 5]

FIGURE 5
 Re-isolation of inoculated PSB colonies. Photograph of gel indicates BOX-PCR patterns of pure culture of PSB from wheat rhizosphere, 1: 1Kb DNA ladder; 2: ZR1, 3: ZR2, 4: ZR3, 5: ZR4, 6: CH4 (A). Photograph of gel indicates re-isolated colonies of PSB that are morphologically similar to the inoculated consortium-2 PSB, 1: 1Kb DNA ladder, 2–5: Non-specific colony, 6: Re-isolated ZR1 colony, 7: Re-isolated ZR2 colony, 8: Re-isolated ZR3 colony, 9: Re-isolated ZR4 colony, 10: Re-isolated CH4 colony, 11: Non-specific colony (B). Plate showing re-isolated colonies of ZR1, ZR2, ZR3, ZR4, and CH4 (C). NBRIP Plate showing solubilization zones formed by re-isolated colonies of ZR1, ZR2, ZR3, ZR4, and CH4 (D). Plant growth-promoting attributes of re-isolated PSB strains for the confirmation of inoculated PSB: P solubilization was detected quantitatively by the molybdenum blue method, IAA production indicated by pink coloration upon reaction with Salkowski’s reagent, and Zinc solubilization was confirmed by the formation of halo zone on an agar plate added with ZnO. Values are an average of three biological replicates (E).





Discussion

Phosphorous is the second most essential and limiting macronutrient for plant growth, which is naturally found in the soil in insoluble forms (Bamagoos et al., 2021). Plant roots absorb P in the forms of H2PO4− and HPO42− depending on soil pH. As a result, a small proportion of soil P (0.1%) is readily accessible to plants. Phosphorus deficiency prevents normal plant growth if it is not supplied in enough quantities by the soil or fertilizers. Thus, P deficiency can cause up to 15% reduction in crop yield (Shenoy and Kalagudi, 2005). Phosphatic fertilizers are commonly used to address P deficiency in the soil. Modern agricultural practices have emphasized the massive use of chemicals, resulting in enhanced grain yield in various countries over the last decades. However, continual and excessive use of chemical fertilizers led to a decline in soil fertility and environmental pollution. Consequently, the discovery of an efficient method for the formulation of an eco-friendly, low cost, and competent organic fertilizer is an essential task for the world’s future agricultural development (Elhaissoufi et al., 2022). Therefore, keeping in view the importance of an integrated nutrient management approach, in the present study, heat-tolerant P-solubilizing bacteria were integrated with RP along with organic amendments, to form BOP for sustainable production of wheat.

Phosphate-solubilizing bacteria were isolated from rhizospheric soils of wheat collected from several regions of South Punjab, Pakistan. For the isolation of heat-tolerant PSB, soil samples were enriched in NBRIP broth medium at different temperatures (45° C to 60° C). Out of 79 isolates, 21 colonies showed phosphate-solubilizing activity. A higher number of P solubilizers were obtained from Mankera soils at 45° C in second NBRIP enrichment, while no PSB was found at 60° C.

These PSB can solubilize TCP in the range of 291 μg ml − 1 to 454 μg ml − 1 with a decrease in pH from 7 to 4.5 at 45° C and 278 μg ml − 1 to 421 μg ml − 1 at 50° C with a decrease in pH from 7 to 4.6. The PSB strain ZR4 showed maximum phosphate solubilization activity (454 μg ml − 1) with the highest solubilizing index (SI: 3.75), followed by ZR3 (SI: 3.2) and ZR2 (SI: 3.00), whereas the least amount of P was solubilized by ZR1 (291 μg ml − 1). A decrease in pH of the medium was observed with the inoculation of different PSB at 45° C and 50° C (Figure 2). The production of organic acid is the principal mechanism used by PSB for inorganic phosphate solubilization. The production of these organic acids by the phosphate-solubilization process result in a reduction in pH of the medium (Gyaneshwar et al., 1999; Puente et al., 2004; Khan et al., 2014).

Light microscopy and gram staining showed that all PSB (ZR1, ZR2, ZR3, ZR4, and ZR5) were gram-negative. All the studied PSB were rod shaped. Only ZR1 and ZR3 were motile. The 16S rRNA gene sequencing of PSB identified some bacteria, such as P. cypripedii, L. fusiformis, E. quasihormaechei, K. pneumoniae, and K. quasivariicola. The identified bacterial genera have been reported as plant growth-promoting bacteria (Kumar et al., 2014; Chauhan et al., 2015; Lamizadeh et al., 2016; Gontia-Mishra et al., 2017a; Kusale et al., 2021; Passera et al., 2021; Belaouni et al., 2022).

The selected PSB were further evaluated for different plant growth-promoting attributes. PSB (ZR2, ZR3, and ZR4) were involved in the production of indole acetic acid. The production of IAA enhances root growth parameters such as root length surface area and, consequently, improves the nutrient concentration in soil and its efficacy (Etesami et al., 2015). Some of the bacteria showed nitrogen-fixing ability (PSB: ZR1, ZR2, ZR4, and ZR5) as detected by bacterial growth and change in color of Nitrogen Free Malate (NFM) medium from green to blue in glass vials. Bacterial nitrogen fixation may help to enhance wheat N content. Previous studies also reported the application of N fixers in the wheat, enhancing plant growth and crop yield (Majeed et al., 2015). Zinc-solubilizing activity was shown by ZR1, ZR2, ZR3, ZR4, and ZR5. The solubilization index ranged from 2.8 to 8.75 in a plate assay. ZR3 showed the highest solubilizing index (8.75). Zinc is another important nutrient which is required in small amount for proper plant growth and regulation of essential metabolic reactions. It also forms insoluble complexes that are inaccessible to plants. This fixed zinc can be solubilized with the help of phosphate-solubilizing microorganisms by the production of protons and chelated compounds. The most abundant zinc solubilizers reported are Bacillus sp. (Gandhi and Muralidharan, 2016; Sunithakumari et al., 2016; Gontia-Mishra et al., 2017b). PSB, i.e., Enterobacter sp. ZR3 and Klebsiella sp. ZR5 with zinc-solubilizing activity may be able to solubilize many nutrients in stressed or nutrient-deficient soils. PSB (Lysinibacillus sp. ZR2 and Klebsiella sp. ZR4) showed the production of ACC deaminase that helps to mitigate harmful effects on plant growth and reduce various stresses. Studies have reported that using ACC deaminase-producing bacteria may help lower the severity of stress (Glick, 2014).

In addition to having multiple plant growth-promoting traits, these bacteria were capable to produce EPS that has a high potential to ameliorate stresses in plants. Thin layer chromatographic analysis showed that the isolate P. cypripedii ZR1 produced EPS using sucrose as a substrate. P. cypripedii 4A has also been reported to be a potential producer of extracellular polysaccharides (Sazonova et al., 2021). Microbial EPS has numerous significant physiological functions and commercial uses derived from their roles in nature. These high-molecular weight polymers play a key role in various cellular functions such as cell protection from antimicrobial agents, freezing and dehydration, adherence to surfaces, other organisms and biofilm production, biofilm inhibition, and storage of reserve carbon sources (Silvi et al., 2013).

For the evaluation of thermo-tolerant PSB on wheat crop, three potential consortia were developed. In the pot experiment, these three potential consortia were evaluated on wheat variety AKBAR-2019 under net house conditions. The results showed that the consortium-2 had a favorable impact on every growth parameter. Maximum yield was observed in pots inoculated with the consortium-2 including Pantoea sp. ZR1, L. fusiformis ZR2, Enterobacter sp. ZR3, K. pneumoniae sp. ZR4, and B. haematophilia sp. CH4. These PSB enhanced grain yield (9.63 g plant−1) as compared with 80% uninoculated control. Soil available P of the consortium-2 treatment was significantly higher (10 μg g−1) as compared with uninoculated 80% control during harvesting. The inoculation of PSB in wheat-grown soil has been reported to increase the amount of available P as compared with the uninoculated control (Yahya et al., 2021). Previous studies indicated an increased amount of available P and enhanced wheat plant development in soils inoculated with phosphate-solubilizing consortia (Boubekri et al., 2021).

Furthermore, a microcosm study was conducted to evaluate the effect of consortium-2 on the formulation of BOP. For this purpose, consortium-2 was inoculated in reagent bottles containing RP and different sources of organic matter, i.e., filter mud and plant material as a substrate. Plant material-based BOP formulation increased P (14%) at 40% moisture level as compared with the uninoculated control. Plant material-based BOP had more viable count (3.5 × 109 CFU) as compared with filter-mud based BOP. BOP is reported to enhance nutrient availability by providing an appropriate habitat for beneficial rhizospheric bacteria, and it also enriches soil organic matter. The bacteria are directly involved in making nutrients available in soil for plant uptake (Singh and Reddy, 2011; Anand et al., 2016).

In the present study, BOP was further developed and evaluated under natural environmental conditions in microplots. The survival of heat-tolerant PSB inoculated in BOP sample was evaluated up to 60 DPI by the viable count method. The nutrient contents of both inoculated and uninoculated treatments of BOP were analyzed by a nutrient analyzer, where the results showed significant increase in nitrogen (39%) and potassium (45%) contents of inoculated BOP sample as compared with the uninoculated control, whereas the P content was significantly higher (8%) in inoculated BOP as compared with the control. Studies showed the application of bio-organic fertilizer to improve soil N, P, K, and S concentrations compared with the non-treated control (Naher et al., 2021). These improved soil nutrient contents lead to improved soil organic matter and soil fertility, resulting in increased crop yield.

The effect of BOP on wheat growth parameters and phosphorous uptake was further evaluated on wheat variety AKBAR-2019 in a pot experiment under net house conditions. The results revealed that soil amended with plant-based BOP comprised of plant material, RP, and consortium-2 had a promising influence on many plant growth parameters; soil physicochemical parameters were enhanced, including available P content of 10.72 ppm at 65 DAS. Maximum yield was observed in pots with this treatment increased grain yield (9.7 g plant−1) as compared with both uninoculated 80% (5 g plant−1) and 100% control (8 g plant−1). The viable count method ensured the survival of inoculated PSB. Morphological characteristics of the inoculated PSB facilitated the detection of inoculated rhizospheric bacteria, demonstrating their rhizosphere competence. BOX-PCR revealed that these were rhizosphere-competent PSB. Moreover, plant growth-promoting traits of re-isolated bacteria in comparison with those of the pure culture of inoculated strain indicated the persistence of inoculated PSB (Figure 5).

Thus, the best remedy for soil nutrient management is a combination of both biofertilizers and organic fertilizers with the reduced application of chemical fertilizers, which ensures continuous supply of nutrients to plants, while organic amendments improve soil structure and soil buffering capacity. This has laid a solid foundation for further judicious combination of fertilizers to optimize nutrient availability, enhance crop yield, and maintain soil health in the long term. The study can further be evaluated for better cropping on a larger scale.



Conclusion

Heat-tolerant multi-functional phosphate-solubilizing microbes positively improved wheat growth parameters. The inoculation of these microbes into plant material accelerates its decomposition during the preparation of biofertilizers with enhanced phosphorus content. The formulation and application of BOP comprised of plant material, RP, and heat-tolerant PSB can substantially improve wheat yield and P nutrition as compared with the control under net house conditions. Hence, the application of BOP with reduced application dose of DAP is recommended for obtaining optimum and quality production of wheat in calcareous soils. However, these findings need to be further verified under diverse agro-climatic conditions in long-term field trials before formulating countrywide recommendations.
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experiment in Faisalabad. Values represented are an average of three replicates. + indicates standard deviation (SD). Means with significant differences (p <0.05) among treatments are
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material +Rock Phosphate+ Consortium-2 + 80% DAP.
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Detection of total Phosphorous in microcosmic study of BOP experiment at 30- and 60-days post inoculation. Values represented are an average of three replicates. + indicats standard
deviation (SD). Means with significant differences (p<0.03) among treatments are represented by different leters. FM; Filter muds PM: Plant Material; RP: Rock Phosphate; 40%: 40 percent
moisture content and 20%: 20 percent moisture content
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differences (p<0.03) among treatments are represented by different leters. Con-1: Lysinibacillus siformis ZR2, Brucella hacmatophilia sp. CH4, Bacillus sp. A2, Pantoea cypripedii ZR, Streptomyces sp. strain R1, Streptomyces sp.strain BR123, and Ochrobactrum sp.
SR+ 80% DA Con-2: Lysinibacillus fusiformis ZR2, Streptomyces sp. BR123, Streptomyces sp.strain R1, Brucella haematophilia sp. CH4, Bacillus sp. A2, Ochrobactrum sp. SSR. + 80% DAP. Con-3: Ochrobactrum sp. SSR, Bacillus p. A2, Pantoea cypripedii ZR1,
Enterobacter quasihormaechei ZR3, Streptomyces sp. strain R1+80% DAP.






OPS/images/fmicb-15-1361574-t003.jpg
Soil available P (ppm) Plant P (%)

Treatments At 35 DAS At 65 DAS At harvest stage At 35 DAS At 65 DAS
Control 100% 1218+0.12B 924067 B 864006 B 3.83£0.16B 320£0.10A
Control 80% 9.73£024 D 693029 D 6.01£0.04 295040 D 231£018D
Con-1 10.49£0.41 C 7434042 CD 682037C 3.17£0.10CD 2754008 C
Con-2 13.8840.36 A 1100£0.65 A 10.05£0.19 A 429£023A 3.00£0.08 AB
Con-3 10.28+0.52CD 8.04£071C 645£0.12D 3.3940.08\u00B0C 299008 B

Effect of bacterial inoculation on soil available P collected at 35 DAS and 65 DAS and during harvesting stage, plant P at 35 DAS and 65 DAS in a wheat pot experiment at Faisalabad. Values

represented are an average of three replicates. + indicates standard deviation (SD). Means with significant differences (p<0.05) among treatments are represented by different ltters. Control
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