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The primary goal of this experiment is to examine the effectiveness of Pseudomonas aeruginosa strain PAR as a rhizobacterium that promotes plant growth in mitigating the negative effects of fluoride-induced stress in tomato (Lycopersicon esculentum Mill.) plants. A total of 16 rhizobacterial strains were tested for plant growth-promoting (PGP) attributes, with isolates S1, S2, and S3 exhibiting different characteristics. Furthermore, growth kinetics studies revealed that these isolates were resilient to fluoride stress (10, 20, 40, and 80 ppm), with isolate S2 exhibiting notable resilience compared to the other two strains. Phylogenetic analysis revealed isolate S2 as P. aeruginosa strain PAR. Physiological analyses demonstrated that P. aeruginosa strain PAR had a beneficial impact on plant properties under fluoride stress, comprising seed germination, root length, shoot height, relative water content, and leaf area, the strain also impacted the buildup of glycine betaine, soluble sugar, and proline, demonstrating its significance in enhancing plant stress tolerance. In P. aeruginosa strain PAR-treated plants, chlorophyll content increased while malondialdehyde (MDA) levels decreased, indicating enhanced photosynthetic efficiency and less oxidative stress. The strain modified antioxidant enzyme action (catalase, ascorbate, glutathione reductase, peroxidase, and superoxide dismutase), which contributed to improved stress resilience. Mineral analysis revealed a decrease in sodium and fluoride concentrations while increasing magnesium, potassium, phosphorus, and iron levels, emphasizing the strain’s significance in nutrient management. Correlation and principal component analysis revealed extensive correlations between physiological and biochemical parameters, underscoring P. aeruginosa strain PAR’s multifaceted impact on plant growth and stress response. This study offers valuable information on effectively utilizing PGPR, particularly P. aeruginosa strain PAR, in fluoride-contaminated soils for sustainable agriculture. It presents a promising biological strategy to enhance crop resilience and productivity.
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1 Introduction

A multitude of microorganisms inhabit the rhizosphere and provide beneficial effects to plants by restraining the infiltration of harmful pathogens and aiding in the absorption of nutrients from the soil (Leach et al., 2017; Patani et al., 2023a). Based on several experiments conducted, it can be asserted that the host plant plays a crucial role in determining the composition of its rhizosphere microorganisms. The plant rhizosphere supports a diverse variety of microbes, including archaea, bacteria, nematodes, fungi, viruses, and protists (Ling et al., 2022; Qin et al., 2022; Sun et al., 2022). Plant rhizospheres usually have a wide variety of soil microorganisms. It is indeed a fact that a certain group of PGPRs have the ability to significantly aid plant growth promotion. These PGPRs are typically recognized as plant growth-promoting rhizobacteria that are supposed to hold immense potential as an eco-friendly substitute to chemical/inorganic fertilizers (Mahanty et al., 2016; Bhattacharyya et al., 2020; Li et al., 2022). The PGPR predominantly includes members from genera such as Beijerinckia, Arthrobacter, Burkholderia, Ochrobactrum, Derxia, Herbaspirillum, Klebsiella, Pantoae, Acinetobacter, Enterobacter, Rhodococcus, Gluconacetobacter, Bacillus, Alcaligenes, Acetobacter, Arthrobacter, Azospirillum, Pseudomonas, Lactobacillus, Azotobacter, Stenotrophomonas, Zoogloea, Paenobacillus, Azoarcus, and Serratia (Vega-Celedón et al., 2021; Li et al., 2023).

PGPR either directly or indirectly helps the general well-being of the related plants. Plant growth can be enhanced through the process facilitated by PGPR, which includes nitrogen fixation, solubilization of zinc, potassium, and phosphate in the soil, provision of iron to the host plant through siderophore synthesis, and generation of phytohormones (Mahanty et al., 2016; Patani et al., 2020; Orozco-Mosqueda, et al., 2023; Patani et al., 2023b, Patel et al., 2023a,b).

Choudhary et al. (2007) demonstrated that PGPR uses various indirect mechanisms to protect plants from stressors, including the synthesis of hydrolytic enzymes and exo-polysaccharides and promoting induced systemic resistance (ISR). It also aids in heavy metal bioremediation. PGPR effectively enhances plant cell responses to external stimuli. As a result, it induces systemic resistance and activates the plant immune response, leading to a more robust and resilient plant. This mechanism works by priming the plant to respond more effectively to potential threats, such as pests or pathogens. By optimizing the plant’s response to external stimuli, PGPR helps to improve plant health and productivity while reducing the need for harmful chemicals and pesticides. PGPR has frequently been discovered to boost the synthesis process of chemicals related to defense in the host plants (Kumar and Verma, 2018; Singh et al., 2023).

Zhang et al. (2019) discovered a connection between fluoride levels and bacterial community composition in shallow groundwater in northern China’s Qiji region. In groundwater, the volume of total organic carbon (TOC) and fluoride have a considerable effect on bacterial growth. When examining fluoride-rich groundwater systems and the associated environmental conditions, it is important to take into account the various biogeochemical processes at play, particularly those related to groundwater and the concentration of fluoride. By doing so, it is possible to more accurately assess the microbial response and the overall impact of these conditions and defensive systems can be developed by PGPR in response to fluoride toxicity. Mukherjee et al. (2017) discovered Providencia vermicola KX926492, a fluoride-resistant bacterium from severely contaminated rural water, and demonstrated a maximum fluoride remediation of 82%. These microbes can endure and sustain higher fluoride concentrations, offering an effective way to reduce the toxicity of fluoride. By altering the fluoride antiporter’s promoter, rhizobacteria can become resistant to fluoride stress (Liao et al., 2016).

Pelc et al. (2020) revealed that winter wheat cultivars exhibited a decrease in their ability to germinate and a suppression of their root growth. Additionally, catalase activity inhibition was observed in both the roots and embryos of these cultivars. They also identified that fluoride levels have increased and that the concentration of sodium fluoride (NaF) has a bigger impact on the activity of antioxidant enzymes than the cultivar of winter wheat; therefore, fluoride contamination diminishes plant yield, which eventually affects human food sources. These findings highlight the importance of rhizobacteria in sustainable agriculture and their potential as biofertilizers.

Fluoride contamination in agricultural soils is a major threat to crop yield, necessitating novel and long-term stress reduction strategies. There are several companies that develop chemicals for controlling pests and provide alternative sources of essential nutrients, such as macro and micronutrients. These sectors also exert a significant impact on the proliferation of hazardous compounds in the environment and food products. Fluoride is one of the pollutants that are harmful to both plants and humans (Zuo et al., 2018). Multiple harmful substances are causing a decline in the well-being of soil, plants, and animals. One such substance is fluoride, which occurs naturally in soil and is commonly found in groundwater worldwide. In India, the highly fluoride-affected states are Rajasthan, Gujarat, and Andhra Pradesh, where the fluoride concentration is higher than >1.5 ppm, and these areas are known as fluoride endemic areas (Choubisa et al., 2022). The problem of elevated fluoride levels is crucial due to toxicological and geo-environmental issues. There is an urgent need to develop robust rhizobacterial species to mitigate the harmful consequences of fluoride accumulation in plants (Aggarwal and Bhushan, 2019; Chatterjee et al., 2020). Tomato is the most commonly utilized vegetable crop among horticultural products, and it ranks first among canned vegetables. In 2018, tomatoes made a significant contribution of approximately 218 billion Indian rupees (INR) to the Indian economy, specifically in India (Mohan et al., 2023). Tomato plants possess exceptional nutritional value because of their well-proportioned composition of minerals, like calcium, zinc, iron, phosphorus, and potassium; vitamins such as B2, B1, B6, A, C, K, E, folic acid, biotin, pantothenic acid, nicotinic acid; and antioxidants including polyphenolic compounds and carotenoids (Sharma et al., 2009; He et al., 2023).

To address the above-mentioned problem, the present study of plant growth-promoting rhizobacteria (PGPR) appears to be a viable route for improving plant resistance in fluoride-stressed conditions. This work investigates the potential of Pseudomonas aeruginosa strain PAR as an influential PGPR specifically adapted to handle fluoride-induced stress in tomato (Lycopersicon esculentum Mill.) plants. Finally, this investigation adds to our understanding of P. aeruginosa strain PAR’s potential as a bio-solution for sustainable agriculture in fluoride-contaminated soils. The findings provide important insights into using PGPR to improve crop resilience and productivity in fluoride-stressed areas.



2 Materials and methods


2.1 Sample collection and isolation of rhizobacteria

Tomato plant rhizosphere soil was collected from Lakshmangarh (27°48′22.0″N, 75°02′34.4″E), Sikar (Rajasthan), and isolated on YEMA (yeast extract mannitol agar) media purchased from Himedia. The ingredients for the YEMA media are yeast extract (1.0 g L−1), dipotassium phosphate (0.5 g L−1), mannitol (10.0 g L−1), sodium chloride (0.1 g L−1), magnesium sulfate (0.2 g L−1), Congo red (0.025 g L−1), agar (20.0 g L−1), and sodium fluoride (5 ppm). It was then incubated at 37°C for 24 h (h), and the recurrent streaking method was used to develop pure cultures. Isolated strains were preserved in 25% glycerol stock solution at −80°C for further use. The isolates that could grow at this concentration of NaF were chosen for the PGP activity assay.



2.2 Characterization and identification of PGP activities of rhizobacterial isolates

To assess the colony morphology, isolates were cultured with individual bacterial strains at 37°C for 24 h and examined for margin, color, elevation, and surface morphology under a microscope, and gram staining was done using the standard method. For the selected bacterial strains, slight modifications were made to the following methods to qualitatively estimate their PGP activities.


2.2.1 Catalase estimation

The catalase enzyme formation efficacy of isolated bacteria was checked. Catalase hydrolyzes H2O2 into H2O and O2 in bacterial strains. Firstly, smears of isolates were prepared on separate glass slides, and then a few drops of H2O2 were added to the slide. The production of gas bubbles and effervescence showed a positive test (Kumari et al., 2018).



2.2.2 Estimation of HCN

The determination of HCN production was conducted according to the methodology outlined by Lorck (1948). The isolates were streaked on a nutrient agar plate that had been modified and supplemented with glycine at a concentration of 4.4 grams per liter. Subsequently, Whatman filter paper was immersed in a solution containing sodium carbonate (2%) and picric acid (0.5%) and then placed on the upper surface of the Petri plates. Subsequently, the plates were hermetically sealed with parafilm and placed in an incubator for 4 days at a temperature of 28°C. The presence of hydrogen cyanide (HCN) is indicated by the development of color ranging from orange to red.



2.2.3 Ammonia production

Freshly cultured bacterial strains were separately inoculated in 10 mL of peptone water in test tubes, then they were put in an incubator for 48 h at 28°C. Post incubation, Nessler’s reagent (0.5 mL) was added to each test tube. The appearance of a brown to yellow color indicated the production of ammonia (Dinesh et al., 2015).



2.2.4 Solubilization of phosphate

The isolates were subjected to qualitative measurement of phosphate solubilization using Pikovskaya’s agar. The isolated strains were spread on Pikovskaya’s medium plates and then placed in an incubator at a temperature of 28°C for 5 days. The presence of a halo zone encircling the colony indicates the isolates’ ability to solubilize phosphate (Bhattacharyya et al., 2017).



2.2.5 Indole acetic acid estimation

Indole acetic acid (IAA) production by isolates was checked using the protocol mentioned by Brick et al. (1991). Bacterial cultures were inoculated in a nutrient broth medium supplemented with 1 g L−1 of tryptophan. Flasks were incubated under shaking conditions at 80 rpm at 30°C for 4 days. Isolates were then harvested by centrifugation at 4000 rpm for 5 min. Two drops of 10 m-orthophosphoric acid and Salkowski reagent (4.0 mL) were mixed with supernatant (2.0 mL). The mixture was kept at room temperature for incubation. The formation of pink color indicated IAA production.



2.2.6 Siderophore production

The production of siderophores was assessed using a procedure proposed by Alexander and Zuberer (1991). Bacteria were inoculated on chrome Azurol S (CAS) agar plates and incubated at 30°C for 24 h. Post incubation, siderophore formation was confirmed by the change in the color of the media from blue to orange.



2.2.7 Nitrogenase estimation

The use of Jensen’s agar medium facilitated the identification of free aerobic nitrogen fixers in the absence of nitrogen. The Petri plates were sterilized and then filled with medium. The isolates were subjected to centrifugation in physiological saline to remove any residual nitrogen from the preceding media. Each isolate was inoculated, followed by incubation at a temperature of 28 ± 20°C for 2 days. The isolates that showed growth were subsequently streaked on Jensen’s agar media to verify their ability to perform nitrogen fixation (Vishwakarma et al., 2017).




2.3 16S rRNA sequence examination and phylogenetic tree generation of bacterial isolates

The chosen isolates were identified using 16S rRNA sequence analysis (Sharma et al., 2023) with minor changes. The genomic DNA was isolated using the phenol-chloroform-isoamyl alcohol (PCI) technique with slight modifications. A nano spectrophotometer (Eppendorf Biospectrometer) was used to assess the quantity and quality of the isolated DNA. The 16S rRNA gene was amplified under standard conditions in a thermal cycler (Applied Biosystems Microamp Optical 96-Well Reaction plate). The PCR products were sequenced bidirectionally using the forward primer GGATGAGCCCGGCCTA and the reverse primer CGGTGTGTACAAGGCCCGG.

In order to examine the evolutionary history of the taxa investigated, the Jukes–Cantor model and maximum likelihood approach were utilized to evaluate the evolutionary history of the studied species. To denote evolutionary history, the bootstrap consensus tree was estimated from 1,000 replicates. For the heuristic search, initial trees were created by implementing the Neighbor–Join and BioNJ algorithms to a matrix of pairwise distances calculated using the Jukes–Cantor model and selecting the topology with the highest log likelihood value. Altogether, there were 1,402 locations in MEGA11, and evolutionary analyses were performed (Jukes and Cantor, 1969).



2.4 Effect of NaF on the growth kinetics of selected bacteria

Among all the identified 16 isolates, three potential isolates with PGP activities were selected for the growth kinetic study. The experiment is carried out by a BioTek Eon High-Performance Microplate Spectrophotometer (Rogers et al., 2022). Freshly grown cultures of all three selected isolates were inoculated in nutrient broth amended with 10, 20, 40, and 80 cultures ppm NaF concentrations and incubated at 37°C for 70 h, along with their respective controls.



2.5 Growth rate

Jacques Monod’s Monod model was presented in 1942 as an intriguing subject. This model highlights the connection between the substrate utilization rate and the specific growth rate in a bioreactor. It is remarkable how different factors can affect the growth and production of organisms in a controlled environment (Monod, 1949). Managing the growth rate of microorganisms is a crucial aspect of working with fermentation. This helps to maintain a suitable environment and substrate levels that fall within the desired range. As we gain a better understanding of the microbial processes involved, we realize how vital it is to manage the system carefully (Winkelhorst et al., 2023). To estimate a specific growth rate, a model based on cell growth kinetics can be used. In the log phase, the specific growth rate of all three isolates is calculated using the Monod kinetics method.

Monod kinetics (Monod, 1949): μ = d(x)/X0dt; where, μ = specific growth rate, d(x) = biomass of cell produced, X0= original biomass of cells, and dt = time.

[image: image]

where, μ = specific growth rate, (x) = biomass, and dt = time.



2.6 Seed biopriming with Pseudomonas aeruginosa strain PAR

P. aeruginosa strain PAR is better suited for fluoride-contaminated areas than the other two Bacillus strains studied in the present study as it has an adaptive ability toward fluoride toxicity. Therefore, we selected P. aeruginosa strain PAR for further study.

For greenhouse studies, seeds of tomato S-22 (L. esculentum Mill.) were purchased and disinfected using 70% ethanol and 0.5% sodium hypochlorite.

To make the P. aeruginosa strain PAR inoculum, 24 h grown bacterial culture was added to yeast extract mannitol broth and kept in an incubator for 24 h at 28°C in a shaking condition at 120 rpm. After incubation, the bacterial suspension was subjected to centrifuge to extract bacterial biomass and then suspended in distilled water. The absorbance was recorded at 600 nm and corrected to 0.1, corresponding to 107 CFU mL−1. L. esculentum Mill. seeds were dipped in bacterial suspension for 30 min. Tomato seeds were submerged in sterile distilled water as a control.

The potting soil was initially dehydrated in the atmosphere to eliminate any moisture. Subsequently, it underwent filtration using a meticulous 2 mm sieve to eliminate contaminants and achieve a uniform texture. Ultimately, the soil that had been filtered was subjected to sterilization in an autoclave to eliminate any potentially detrimental bacteria or organisms that would impede the growth of plants. A plastic bag measuring 25 cm in width and 10 cm in height was filled with 5 kg of soil. Each pot was planted with 10 tomato seeds. The plants were provided with sterile and deionized water on a regular basis to ensure optimal seed germination. The entirety of the cannabis research was conducted in an unregulated greenhouse, with only natural lighting and an ambient temperature.



2.7 Pot experiments

The pot study was performed using a completely randomized block design to evaluate the capability of the multi-beneficial NaF-tolerant P. aeruginosa strain PAR to lessen the harmful effects of fluoride stress on tomato plants. The pot soil was acquired from the agriculture field of Mody University. The physicochemical properties of experimental soil were examined. Experimental soil with different NaF concentrations, i.e., 10 ppm, 20 ppm, 40 ppm, and 80 ppm, were prepared for fluoride stress conditions. The details of growing conditions and seed treatment are mentioned in Table 1.



TABLE 1 Information on growing conditions and seed treatments for pot trials.
[image: Table1]



2.8 Seedling growth

The pot experiment was meticulously structured to achieve the optimal growing conditions for the 20 plants cultivated for each treatment. In order to do this, two well-established seedlings were introduced into each pot, while the remaining seedlings were eliminated as they developed. During the 60 days period of the experiment, the morphological characteristics of each seedling were carefully observed to collect valuable information. The percentage of seed germination was recorded up to 1 month following seeding. The shoot height was determined using a scale, from the plant’s tip to the stem’s end. The length of the root was measured from the collar region to the end of the root using a scale. The fresh weight of the roots and shoots was measured after harvest. After 5 days of drying at 40°C in a hot air oven, when a constant weight was achieved, the root and shoot dry weight was recorded using a weighing machine. The leaf area was marked out on graph paper. The relative water content was estimated by following the procedure mentioned by Teulat et al. (2003) and the relative water content RWC (%) was calculated using the following equation:

[image: image]



2.9 Biochemical parameters

The phenol-sulfuric acid method was utilized to measure total soluble sugar content (Krishnaveni et al., 1984). The proline and glycine betaine were estimated using the procedure mentioned by Grattan (1999) and Patel et al. (2014), respectively. The content of total chlorophyll was measured using the method proposed by Arnon (1949). The content of malondialdehyde (MDA) was estimated to determine lipid peroxidation (Heath and Packer, 1968). Antioxidant enzymes like catalase (CAT), superoxide dismutase (SOD), glutathione reductase (GR), and ascorbate peroxidase (APX) were measured following the protocol proposed by Nakano and Asada (1981), Aebi (1984), Beyer and Fridovich (1987), and Smith et al. (1988), respectively. The study performed a mineral analysis of tomato plant leaves, with a specific emphasis on Calcium, Iron, Potassium, Magnesium, and Sodium. The analysis employed approaches derived from the methodology outlined by Piper (1944), Johnson and Ulrich (1959), and Kacar and Inal (2008). The F− concentration in soil and plants was measured using an ion selective analyzer (Mishra et al., 2014).



2.10 Statistical analysis

The principal component analysis (PCA) was done to estimate noteworthy associations between the measured parameters. Pearson’s correlation coefficient analysis was done to determine the associations among various physicochemical parameters. To discover important variations between comparison means, similarity groups of all measured parameters were performed using a one-way ANOVA Tukey’s Multiple range test.




3 Results


3.1 Isolation and PGP activities of isolated rhizobacteria

Pure cultures of PGPRs were developed from the samples collected, and 16 isolates were screened for their properties as per Table 2. The results demonstrated that isolates 1–13 have a maximum and 14–16 numbered isolates demonstrated only three different types of PGP activities. Furthermore, isolates number 7, 11, and 12 demonstrated six out of seven major and intense analyzed activities. Isolates 11 and 12 have not given HCN production activity, and isolate 7 showed negative results for PO4 solubilization capacity. Therefore, these three (7, 11, and 12) isolates were subjected to further studies.



TABLE 2 Displays the data about the primary and secondary screening of the isolates.
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3.2 The effect of NaF on bacterial growth

The growth kinetics study was carried out using a BioTek Eon High-Performance Microplate Spectrophotometer. Approximately 2 μL freshly grown culture of all three [(S1) 7, (S2) 11, and (S3) 12] selected isolates were inoculated in 198 μL nutrient broth amended with 10 ppm, 20 ppm, 40 ppm, and 80 ppm of NaF concentrations for 72 h. The results of all three strains are demonstrated as per the respective graphs 1–3. The demonstrated observations show that both Bacillus species (S1 and S3) showed reduced growth in the presence of fluoride, especially at higher (40 and 80) ppm (Figures 1, 2). At 10 ppm fluoride toxicity, the reduction in growth was low compared to higher concentrations in all three isolates (Figures 1–3). Interestingly, S1 demonstrates almost similar growth in the case of 10, 20, and 40 ppm exposure during the initial hours of incubation. The S2 isolate showed adaptation against fluoride toxicity at 20 ppm and, therefore, growth was even better than in the control (Figure 3). Even at higher concentrations, the S2 isolates demonstrated adaptation after 16 h of incubation and thereafter exhibited improved growth in comparison to the other two isolates. The S3 isolate was only suitable for the 10 ppm fluoride toxicity level; when exposed to higher (20, 40, 80) ppm, growth reduced significantly (Figure 2).

[image: Figure 1]

FIGURE 1
 Growth graph of isolate S1 (7) in the existence of 10, 20, 40, and 80 ppm NaF conc. and 0 as a positive control.


[image: Figure 2]

FIGURE 2
 Growth graph of isolate S3 (12) in the existence of 10, 20, 40, and 80 ppm NaF conc. and 0 as a positive control.


[image: Figure 3]

FIGURE 3
 Growth graph of isolate S2 (11) in the existence of 10, 20, 40, and 80 ppm NaF conc. and 0 as a positive control.




3.3 Specific growth rate

The presented data shows that the growth rate of S1 isolate is 0.081 h−1 without NaF. Interestingly, the growth rate slightly increased to 0.085 h−1 with the presence of 10 ppm NaF. However, it decreased with 20 ppm concentration. The growth rate of the S2 isolate was 0.059 h−1 without NaF. It increased to 0.062 h−1 with the presence of 10 ppm NaF. Significantly, it increased to 0.073 h−1 with 20 ppm NaF. Meanwhile, the S3 isolate had a growth rate of 0.035 h−1 without fluoride. In the presence of 10 ppm NaF, the rate increased to 0.040 h−1. Nevertheless, the rate started to decrease at 20 ppm concentration. With an increase in the NaF concentration from 10 ppm to 20 ppm, it was noticed that S2 showed the maximum specific growth rate. However, the growth rates of S1 and S3 isolates were comparatively slower than that of S2 (Table 3).



TABLE 3 Specific growth rate of three isolates of rhizobacterial species.
[image: Table3]



3.4 Molecular identification and phylogenetic analysis of the isolates

The 16S rRNA analysis of isolate numbers S1 (7), S2 (11), and S3 (12) results in the identification of the strains as per Table 4. The genomic sequence of all three rhizobacterial isolates has been deposited to the NCBI GenBank, and their accession numbers are listed in Table 4.



TABLE 4 Results of 16S rRNA sequencing and species identification of isolates.
[image: Table4]

The study’s findings revealed that isolate S1 (7) is closely related (100%) to the Bacillus Marseille P306 strain and belongs to the Bacillus genus. It was identified as Bacillus sp. (MA) (Figure 4). Isolate S2 (11) was found to have a high similarity (99%) to P. aeruginosa strain 610D6 and belongs to the Pseudomonas genus. It was named P. aeruginosa strain PAR (Figure 5). Lastly, isolate S3 (12) was discovered to be closely related (100%) to the Bacillus cereus BQ35 strain; it belongs to the genus Bacillus and was named B. cereus strain S8 (Figure 6).

[image: Figure 4]

FIGURE 4
 Phylogenetic tree of isolate no. (S1) 7 Bacillus sp. Marseille P3606.


[image: Figure 5]

FIGURE 5
 Phylogenetic tree of isolate no. (S2) 11 Pseudomonas aeruginosa PAR.


[image: Figure 6]

FIGURE 6
 Phylogenetic tree of isolate no. (S3) 12 Bacillus cereus S8.




3.5 Physiological determination of plant growth parameters

The impact of various concentrations of sodium fluoride (NaF) on the percentage of seed germination, relative water content, root length, shoot height, leaf area, and shoot-root dry and fresh weight were measured in sodium fluoride (NaF) conditions and in non-sodium fluoride (NaF) conditions as a control. The seed germination results revealed that bio-inoculation of P. aeruginosa strain PAR expressively enhanced the germination (%) of tomato plants compared to NaF + non-inoculated (non-bacterized seeds) plants. The germination rate of non-NaF seedlings without inoculation was 82% under NaF stress conditions. This rate decreased to 56% under 10ppm NaF stress, 47% under 20ppm NaF stress, 39% under 40ppm NaF stress, and 21% under 80ppm NaF stress. The seedlings treated with P. aeruginosa strain PAR showed a germination rate of 79% under 10 ppm NaF stress, 66% under 20 ppm NaF stress, 51% under 40 ppm NaF stress, and 34% under 80 ppm NaF stress (Table 5).



TABLE 5 Effects of tomato seed bio-priming with Pseudomonas aeruginosa strain PAR on the plant growth parameters under sodium fluoride stressed conditions.
[image: Table5]

Under 10 ppm NaF, 20 ppm NaF, 40 ppm NaF, and 80 ppm NaF stress conditions, P. aeruginosa strain PAR considerably enhanced the root length, shoot height, leaf area, shoot–root dry and fresh weight, and relative water content compared to non-inoculated tomato plants. In the non-inoculated 10 ppm NaF, 20 ppm NaF, 40 ppm NaF, and 80 ppm NaF stress conditions, there was a noteworthy fall in root length, shoot height, leaf area, shoot–root dry and fresh weight, and relative water content of tomato plants (Table 6).



TABLE 6 The effect of Pseudomonas aeruginosa strain PAR seed biopriming on the fresh weight of the root and shoot, dry weight of the shoot and root, and relative water content of tomato plants is examined under varying concentrations of sodium fluoride.
[image: Table6]



3.6 Soluble sugar, glycine betaine, and proline

The P. aeruginosa strain accumulated the most soluble sugar content in 10 ppm (22.87 mg g−1 FW), 20 ppm (18.32 mg g−1 FW), 40 ppm (12.4 mg g−1 FW), and 80 ppm (7.74 mg g−1 FW) NaF stress conditions. Under 10 ppm NaF, 20 ppm NaF, 40 ppm NaF, and 80 ppm NaF stress conditions, uninoculated plants showed 7.17 mg g−1 FW, 6.78 mg g−1 FW, 4.99 mg g−1 FW, and 3.21 mg g−1 FW soluble sugar, respectively. The non-NaF plant accumulated 12.78 mg g−1 FW of soluble sugars (Figure 7A).

[image: Figure 7]

FIGURE 7
 Effects of Pseudomonas aeruginosa strain PAR seed biopriming on the (A) soluble sugar (B) proline (C) glycine betaine leaf extracts of tomato plants under different concentrations of NaF. Data were investigated using a one-way ANOVA Tukey’s multiple concentrations range test (p < 0.05). Diverse small letters have substantial differences.


Proline accumulation was greatest in P. aeruginosa strain PAR at 10 ppm (27.73 μg g−1 FW), 20 ppm (21.9 μg g−1 FW), 40 ppm (13.7 μg g−1 FW), and 80 ppm (10.5 μg g−1 FW) NaF stress conditions. Under 10 ppm NaF, 20 ppm NaF, 40 ppm NaF, and 80 ppm NaF stress conditions, uninoculated plants showed 6.89 μg g−1 FW, 6.12 μg g−1 FW, 4.43 μg g−1 FW, and 2.78 μg g−1 FW proline content, respectively. Proline accumulation was found to be 11.75 μg g−1 FW in non-NaF plants (Figure 7B).

The highest buildup of glycine betaine (GB) was found in P. aeruginosa strain PAR at 10 ppm (39.3 μg g−1 DW), 20 ppm (32.1 μg g−1 DW), 40 ppm (22.9 μg g−1 DW), and 80 ppm (17.2 μg g−1 DW) NaF stress conditions. Under 10 ppm NaF, 20 ppm NaF, 40 ppm NaF, and 80 ppm NaF stress conditions, uninoculated plants showed 23.2 μg g−1 DW, 19.4 μg g−1 DW, 14.5 μg g−1 DW, and 8.12 μg g−1 DW GB, respectively. The buildup of osmolyte GB in the non-NaF plant was 29.5 μg g−1 DW (Figure 7C).



3.7 Chlorophyll, MDA, and antioxidant

The chlorophyll content decreased in all four uninoculated NaF circumstances (10 ppm, 20 ppm, 40 ppm, and 80 ppm) in comparison to both NaF-treated and non-NaF plants. Nevertheless, plants treated with P. aeruginosa strain PAR exhibited a noteworthy augmentation in the overall amount of chlorophyll. Under NaF stress conditions, the chlorophyll concentration was 0.98 mg g−1 FW at 10 ppm, 0.81 mg g−1 FW at 20 ppm, 0.65 mg g−1 FW at 40 ppm, and 0.43 mg g−1 FW at 80 ppm. Conversely, the plant without NaF had a total chlorophyll content of 0.76 mg g−1 FW (Figure 8A).
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FIGURE 8
 Effects of Pseudomonas aeruginosa strain PAR seed biopriming on the (A) chlorophyll, (B) MDA, (C) superoxide dismutase, (SOD) activity, (D) catalase activity, (E) ascorbate peroxidase (APX) activity, and (F) glutathione reductase (GR) activity of leaf extracts of tomato plants under different concentration of sodium fluoride. Data were investigated using a one-way ANOVA Tukey’s multiple range test (p < 0.05). Diverse small letters have substantial differences.


Under 10 ppm NaF, 20 ppm NaF, 40 ppm NaF, and 80 ppm NaF stress conditions, MDA was significantly decreased in comparison with non-inoculated plants. Non-inoculated tomato plants had the maximum MDA in 10 ppm (85.23 μM g−1 FW), 20 ppm (91.6 μM g−1 FW), 40 ppm (112.5 μM g−1 FW), and 80 ppm (129.8 μM g−1 FW) NaF stress conditions. The MDA of the non-NaF plant was 38.15 μM g−1 FW (Figure 8B).

Under 10 ppm NaF, 20 ppm NaF, 40 ppm NaF, and 80 ppm NaF stress conditions, antioxidative enzymes like catalase (CAT), ascorbate peroxidase (APX), superoxide dismutase (SOD), and glutathione reductase (GR) exhibited a noteworthy decline in activity in comparison to non-inoculated tomato plants. Non-inoculated tomato plants showed the maximum activity of SOD in 10 ppm (25.74 UA mg−1 protein), 20 ppm (29.23 UA mg−1 protein), 40 ppm (37.43 UA mg−1 protein), and 80 ppm (48.95 UA mg−1 protein) NaF stress conditions. Superoxide dismutase activity in the non-NaF plant was observed to be 17.56 UA mg−1 protein (Figure 8C).

The maximum catalase enzyme activity was found in uninoculated 10 ppm (7.85 UA mg−1 protein), 20 ppm (9.12 UA mg−1 protein), 40 ppm (12.58 UA mg−1 protein), and 80 ppm (19.40 UA mg−1 protein) NaF stress conditions. The non-NaF plant showed 4.75 UA mg−1 protein catalase activity (Figure 8D).

The maximum ascorbate peroxidase enzyme activity was found in uninoculated 10 ppm (9.15 UA mg−1 protein), 20 ppm (11.22 UA mg−1 protein), 40 ppm (15.52 UA mg−1 protein), and 80 ppm (21.23 UA mg−1 protein) NaF stress conditions. The APX activity of the non-NaF plant was 6.37 UA mg−1 protein (Figure 8E).

Uninoculated 10 ppm (66.8 UA mg−1 protein), 20 ppm (69.94 UA mg−1 protein), 40 ppm (78.45 UA mg−1 protein), and 80 ppm (89.34 UA mg−1 protein) NaF-stressed plants exhibited the maximum activity of GR enzyme. The glutathione reductase activity of the non-NaF tomato plant was 54.4 UA mg−1 protein (Figure 8F).



3.8 Mineral analysis

A noteworthy fall in the NaF content of tomato plants was observed when inoculated with P. aeruginosa strain at different NaF concentrations (10 ppm, 20 ppm, 40 ppm, and 80 ppm). There was a substantial upsurge in the Mg, K, P, and Fe content of tomato plants when treated with P. aeruginosa strain at different NaF concentrations. There was no significant impact on the Ca quantity of tomato leaves when treated with P. aeruginosa strain at different NaF concentrations (Figure 9).
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FIGURE 9
 Effects of Pseudomonas aeruginosa strain PAR seed biopriming on the (A) Na, (B) F−, (C) Mg, (D) Ca, (E) K, (F) P, and (G) Fe in tomato leaf extracts under different concentrations of sodium fluoride. Data were investigated using a one-way ANOVA Tukey’s multiple range test (p < 0.05). Diverse small letters have substantial differences.




3.9 Statistical investigation of plant physicochemical and growth parameters

The diverse oxidative stress indicator metrics are negatively connected with biomass, growth, and biomass parameters of tomato plants (El Moukhtari et al., 2020). There was a positive association of relative water content and percentage of seed germination proportion with Fe and K amount but an adverse association of seed germination (%) proportion with MDA and F-amount, which indicates that K and Fe enhanced the seed germination (%) of tomato plants under stress conditions, while MDA and F− constrained the seed germination (%) of tomato plants under stress conditions. There was an adverse connection between K and Fe content and MDA, Na, and F− amount, which indicates that they reduce the influence of these oxidative parameters in inoculated tomato plants. There was an adverse connection between root length, leaf area, and shoot height and the fluoride amount, which hindered the tomato plant growth under stress conditions. However, there was a positive relationship between shoot height, leaf area, and root length and P, Mg, K, Ca, Fe, and PE content and chlorophyll, which indicated that there was outstanding growth in inoculated tomato plants due to the upsurge in these (P, Mg, K, Ca, Fe, and P content and chlorophyll) physicochemical properties (Figure 10 and Supplementary Tables S1, S2). Therefore, tomato plant biomass and growth parameters are disturbed by NaF stress.
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FIGURE 10
 Correlation matrix among the distinctive parameters of tomato plants affected by NaF stress conditions and Pseudomonas aeruginosa strain PAR inoculation. MDA, malondialdehyde; GR, glutathione reductase; SOD, superoxide dismutase; APX, ascorbate peroxidase; K, potassium; F−, fluoride; Na, sodium; Mg, magnesium; Ca, calcium; P, phosphorus; Fe, iron; RL, root length; SH, shoot height; LA, leaf area; SDW, shoot dry weight; SFW, shoot fresh weight; Ger (%), germination (%); RDW, root dry weight; RFW, root fresh weight; RFA, relative water content.


The principal component analysis successfully captured all the fluctuations in the data, as demonstrated by the complete coverage of eigenvalues reaching 100%. The analysis categorized the results into eight categories based on significant differences in physicochemical and growth factors. Group 1 consisted of control tomato plants that differed from inoculated plants by 91.13%, whereas the inoculated tomato plants varied within a range of 4.97% to 0.04% (Supplementary Table S3).




4 Discussion

The current study’s findings give useful insights into the impacts of sodium fluoride (NaF) on numerous parameters associated with the growth and development of tomato plants and the potential ameliorative role of P. aeruginosa strain PAR in reducing NaF-induced stress. In order to survive in harsh environments, microorganisms possess the ability to endure various pollutants. One such global concern, particularly in India, is fluoride contamination. Industrial activities and synthetic fertilizers are the primary causes of fluoride compound contamination in the environment (Muthu et al., 2023). This environmental risk may endanger plants and other organisms. It is a protoplasmic toxin that can affect the metabolic processes of a variety of microorganisms (Pal et al., 2022). Three bacterial strains were identified in an area with up to 15.0 ppm fluoride concentration (Karanjac, 1993; Choubisa, 2018). These rhizobacterial strains may be capable of actively absorbing fluoride in a liquid medium and can tolerate high NaF fluoride concentrations. In general, PGPRs have many types of mechanisms to deal with harmful substances. With regard to fluoride, PGPRs have a unique class of channel proteins known as putative F-transporters, which they use to reduce the toxicity of fluoride on bacterial cells. These genes are actually riboswitches, a unique class of metabolite-binding RNA structure that is activated by high F concentrations (Chellaiah et al., 2021). It was discovered in this investigation that these isolated PGPR strains could survive high fluoride concentrations.

It seems that there are various mechanisms that enable bacterial strains to tolerate fluoride, such as efflux pumps, intracellular sequestration, enzyme changes, and detoxifying enzymes. In addition, there are increased DNA repair mechanisms, expression of fluoride riboswitches, ion antiporters or transporters, and genetic mutations that contribute to fluoride tolerance. These findings are intriguing and deliver esteemed visions into the mechanisms behind bacterial fluoride tolerance (Brussock and Kral, 1987; Liao et al., 2015; Mukherjee et al., 2015; Haritha and Naphade-Mahajan, 2016; Liao et al., 2017; Mukherjee et al., 2018; Johnston and Strobel, 2019; Katiyar et al., 2020; Chellaiah et al., 2021).

Recent research suggests that certain microbes have evolved a unique mechanism to effectively transport fluoride, which enables them to thrive in fluoride-rich environments. Moreover, these microbes seem to possess the ability to identify specific targets for fluoride, which could have significant implications for comprehending their survival strategies in such harsh conditions.

The present study has compared growth kinetics and specific growth rates to identify potential fluoride-tolerant rhizobacterial isolates. It has been revealed that the particular growth rate is critical to control throughout fermentation because it characterizes the dynamic behavior of microbes. Using a certain growth rate as a control parameter, it could be presumed that the substrate exists in adequate quantities, which may indirectly help control the extracellular environment (Winkelhorst et al., 2023).

There have been various studies conducted to develop fluoride-tolerant microorganisms. According to Mukherjee et al. (2015), an examination of a fluoride-resistant bacteria Acinetobacter sp. Rh5 displays defluoridation capabilities; it exhibits a major bioremediation function by concentrating the fluoride anions so that they are less accessible. In light of this, these fluoride-resistant bacteria could be a useful strain for the defluoridation of water in fluoride-contaminated sites. Chellaiah et al. (2021) found Aeromonas caviae bacteria 31, 32, and 34 to be fluoride-resistant isolates, along with Enterobacter cloacae strain 3, E. hormaechei strain 14, Enterobacter sp. bacteria 21, and E. coli bacteria S2-9, and E. hormaechei bacteria 22. Using gene-specific primers, the Fluoride-resistant isolates’ ‘crcB’ gene was greatly amplified.

According to the findings of this study, it appears that exposure to 20 ppm of P. aeruginosa strain PAR may trigger a type of protective mechanism, resulting in better growth than its control. This is certainly an interesting development that could have implications for further research in this area.

Additional research is required to identify microorganisms that have the ability to withstand the effects of fluoride. Gaining insight into the fundamental mechanisms that enable these microorganisms to tolerate fluoride could potentially provide us with a valuable resource for addressing fluoride contamination in various environments.

The observed decrease in germination rates under NaF stress is consistent with earlier research demonstrating fluoride’s inhibitory effects on seed germination. It has been observed that the germination percentages of tomato seeds decrease with increasing NaF concentrations, proving that they are sensitive to fluoride stress in a dose-dependent manner. The considerable improvement in germination rates in P. aeruginosa strain PAR-treated seedlings under NaF stress is notable. This shows that inoculating with P. aeruginosa strain PAR helps to lessen the negative impacts of NaF on seed germination, presumably through mechanisms like increased nutrition availability or stress tolerance induction. Chahine et al. (2023) reported that Jesca (African-Tanzania bean variety) seed germination considerably declined with higher levels of fluorides (3% NaF and 10% KF). Pelc et al. (2020) found that an upsurge in the fluoride concentration decreased seed germination, both in the roots and embryos of all tested cultivars of winter wheat.

The measurements of shoot height, leaf area, and root length provide a full assessment of the tomato plants’ overall growth and development. The decrease in these parameters under NaF stress demonstrates the deleterious influence of fluoride on plant morphology. However, under NaF stress, P. aeruginosa strain PAR-treated seedlings had higher shoot height, root length, and leaf area than uninoculated plants. This improvement could be related to the favorable effects of P. aeruginosa strain PAR on nutrient uptake, hormone production, or other growth-promoting mechanisms. Pant et al. (2008) evaluated the influences of 0.001, 0.01, and 0.02 M NaF on the seedling growth of Bengal gram (Cicer arietinum L.), wheat (Triticum aestivum), tomato (Lycopersicon esculentum), and mustard (Brassica juncea). As the treatment duration increased to 7 days, the growth of roots and shoots decreased along with the increasing concentration of fluorides. The analysis of root-shoot dry and fresh weight adds to the evidence that P. aeruginosa strain PAR has a favorable effect on plant biomass under NaF stress. The increase in dry and fresh weights in P. aeruginosa strain PAR-treated plants suggests that this PGPR can play a crucial role in easing the adverse impacts of NaF on plant productivity. This finding is critical to comprehend the practical implications of adopting P. aeruginosa strain PAR as a bioinoculant in fluoride-contaminated areas for sustainable agriculture. According to Chahine et al. (2023), high fluoride concentration reduced the growth and root-shoot biomass (95% and 50% with NaF and KF, respectively) of Jesca. Zulfiqar et al. (2023) reported that fluoride toxicity was reduced using fluoride-resistant bacterial strains (SS-10a and SS-5a) in the soil. Wheat plants were treated at varying sodium fluoride (NaF) concentrations, 0 (control), 150, 250, and 350 ppm, in a randomized full-block design. At 7 days after transplantation (DAT), fluoride-resistant bacteria were inoculated into the soil of two types of wheat, Ujala-15 and Faisalabad 2008. Fluoride stress had a significant negative impact on growth, biomass, and yield. However, the presence of fluoride-resistant bacteria helped the plants to cope with the stress and reduce the overall loss of productivity. The relative water content measurements provided information about the plants’ water status under NaF stress. Seedlings treated with P. aeruginosa strain PAR have exhibited an ability to maintain a higher relative water content compared to untreated plants. This suggests that the treatment has a positive impact on water uptake and retention, which could be beneficial for plant growth and development. This could be due to increased water efficiency or a decrease in transpiration rate, both of which contribute to the overall stress tolerance imparted by bacterial inoculation. P. aeruginosa strain has a notable capacity to build up soluble sugars, glycine betaine, and proline under NaF stress. The accumulation of glycine betaine within cells is known to provide protection to microorganisms under various abiotic stresses, either through osmoprotection or osmoregulation (Giri, 2011).

Our findings suggest a potential positive impact of P. aeruginosa strain PAR on mitigating the negative effects of NaF-induced stress on chlorophyll levels in tomato plants. According to Islam et al. (2014), bio inoculation of P. aeruginosa improved leaf chlorophyll content in wheat plants. According to Singh and Roychoudhury (2020), chlorophyll content decreased when seedlings were treated with two different NaF levels, 25 and 50 mg L−1.

The research indicates that while the presence of NaF in plants can lead to increased oxidative stress, there is a way to mitigate this negative impact. Inoculating with P. aeruginosa strain PAR can serve as a constructive measure to reduce the negative impact on MDA levels. Singh and Roychoudhury (2020) found that the seedlings faced oxidative damage when exposed to two different NaF amounts, i.e., 25 and 50 mg L−1, which resulted in increased F accumulation, inhibition in growth, and decreases in the content of lipid peroxidation (MDA content and activity of lipoxygenase). When plants are subjected to NaF stress, a by-product of this stress is the accumulation of high levels of reactive oxygen species (ROS). These ROS can be harmful to the plant and its growth. However, the plant has a natural defense mechanism in the form of antioxidative enzymes that work to detoxify the ROS and protect the plant from damage. Under 10 ppm, 20 ppm, 40 ppm, and 80 ppm NaF stress, we noticed a drastic fall in the activity of defensive antioxidant enzymes like GR, CAT, SOD, and APX in treated plants in comparison to non-inoculated plants.

Constantia and Ferniah (2020) found that several advantageous compounds like potassium, phosphates, zinc, silicon, and PGPR stimulate plant growth by fixing nitrogen, chelating iron, and other micronutrients. Plants inoculated with the P. aeruginosa strain PAR had increased Mg, K, P, and Fe content and decreased Na and F content compared to uninoculated plants. The present findings are consistent with the study of Islam et al. (2014), who revealed that P. aeruginosa treatment enhances the absorption of P and N in wheat plants. According to Sakthi Thesai et al. (2018), the Bacillus flexus (PN4) strain has the ability to produce drinking water that is free of fluoride and may also be used to create a new approach for bioremediation.



5 Conclusion

In conclusion, our findings highlight the significant potential of P. aeruginosa strain PAR as a bio-solution for alleviating fluoride-induced stress in tomato crop plants. Strain PAR’s robust features, as indicated by its considerable impact on a variety of physiological and biochemical parameters, highlight its efficacy as a PGPR. Strain PAR appears as a diverse ally in augmenting plant stress resilience, from promoting germination to altering antioxidant activities and nutrient levels. These findings not only add to our understanding of PGPR uses but also provide practical insights for sustainable agriculture in fluoride-contaminated soils. P. aeruginosa strain PAR stands out as a viable tool for farmers, providing a bio-solution to enhance crop resilience and productivity under fluoride-induced challenges.



Data availability statement

The data presented in the study are deposited in the NCBI repository under accession numbers OR427951, OR427950 and OR427949.



Author contributions

AS: Formal analysis, Investigation, Methodology, Validation, Writing – original draft, Writing – review & editing. AnP: Data curation, Investigation, Methodology, Writing – original draft, Writing – review & editing. MP: Investigation, Methodology, Writing – original draft, Writing – review & editing. SV: Project administration, Resources, Software, Validation, Writing – review & editing. RV: Project administration, Supervision, Validation, Visualization, Writing – review & editing. AA: Funding acquisition, Resources, Software, Validation, Writing – review & editing. HO: Formal analysis, Resources, Software, Validation, Writing – review & editing. LR: Data curation, Formal analysis, Methodology, Validation, Writing – review & editing. NE: Data curation, Formal analysis, Resources, Software, Writing – review & editing. VY: Visualization, Writing – review & editing, Investigation, Methodology, Supervision. DS: Data curation, Funding acquisition, Project administration, Supervision, Writing – review & editing. RC: Data curation, Project administration, Resources, Visualization, Writing – review & editing. AsP: Conceptualization, Supervision, Visualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was funded by the Deanship of Scientific Research at King Khalid University under Grant number RGP.2/34/44.



Acknowledgments

The authors extend their appreciation to the Deanship of Scientific Research at King Khalid University for funding this work through the Large Groups Project under grant number RGP.2/34/44. AS would like to acknowledge the UGC for providing financial support under SJSGC and Mody University of Science and Technology. The authors would also like to express their sincere gratitude to the Department of Life Sciences, Hem North Gujarat University, Patan, Gujarat, India for their invaluable assistance in providing the necessary funding and infrastructure for our project.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



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.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1330071/full#supplementary-material



References

 Aebi, H. (1984). “Catalase in vitro,” in Methods in enzymology, Academic Press 121–126. doi: 10.1016/s0076-6879(84)05016-3

 Aggarwal, A., and Bhushan, P. (2019). Fluoride toxicity: a review article on adverse effects of fluoride. Santosh Univ. J. Health Sci. 5, 3–4. doi: 10.18231/j.sujhs.2019.002

 Alexander, D. B., and Zuberer, D. A. (1991). Use of chrome azurol S reagents to evaluate siderophore production by rhizosphere bacteria. Biol. Fertil. Soils 12, 39–45. doi: 10.1007/bf00369386

 Arnon, D. I. (1949). Copper enzymes in isolated chloroplasts. polyphenoloxidase in Beta vulgaris. Plant Physiol. 24, 1–15. doi: 10.1104/pp.24.1.1 

 Beyer, W. F. Jr., and Fridovich, I. (1987). Assaying for superoxide dismutase activity: some large consequences of minor changes in conditions. Anal. Biochem. 161, 559–566. doi: 10.1016/0003-2697(87)90489-1 

 Bhattacharyya, C., Bakshi, U., Mallick, I., Mukherji, S., Bera, B., and Ghosh, A. (2017). Genome-guided insights into the plant growth promotion capabilities of the physiologically versatile Bacillus aryabhattai strain AB211. Front. Microbiol. 8:411. doi: 10.3389/fmicb.2017.00411 

 Bhattacharyya, C., Roy, R., Tribedi, P., Ghosh, A., and Ghosh, A. (2020). “Biofertilizers as substitute to commercial agrochemicals” in Agrochemicals detection, treatment and remediation. ed. M. N. V. Prasad. 1st ed (Oxford, United Kingdom: Butterworth-Heinemann), 263–290.

 Brick, J. M., Bostock, R. M., and Silverstone, S. E. (1991). Rapid in situ assay for indoleacetic acid production by bacteria immobilized on a nitrocellulose membrane. Appl. Environ. Microbiol. 57, 535–538. doi: 10.1128/aem.57.2.535-538.1991 

 Brussock, S. M., and Kral, T. A. (1987). Effects of pH on expression of sodium fluoride resistance in Streptococcus mutans. J. Dent. Res. 66, 1594–1596. doi: 10.1177/00220345870660101701 

 Chahine, S., Melito, S., Giannini, V., Seddai, G., and Roggero, P. P. (2023). Fluoride stress affects seed germination and seedling growth by altering the morpho-physiology of an African local bean variety. Plant Growth Regul., 1–12. doi: 10.1007/s10725-023-01064-3

 Chatterjee, N., Sahu, G., Bag, A. G., Plal, B., and Hazra, G. C. (2020). Role of fluoride on soil, plant and human health: a review on its sources, toxicity and mitigation strategies. Int. J. Environ. Clim. Chang., 77–90. doi: 10.9734/ijecc/2020/v10i830220

 Chellaiah, E. R., Ravi, P., and Uthandakalaipandian, R. (2021). Isolation and identification of high fluoride resistant bacteria from water samples of Dindigul district, Tamil Nadu, South India. Curr. Res. Microb. Sci. 2:100038. doi: 10.1016/j.crmicr.2021.100038 

 Choubisa, S. L. (2018). Fluoride distribution in drinking groundwater in Rajasthan, India. Curr. Sci. 114:1851. doi: 10.18520/cs/v114/i09/1851-1857

 Choubisa, S. L., Choubisa, D., and Choubisa, A. (2022). Fluoride contamination of groundwater and its threat to health of villagers and their domestic animals and agriculture crops in rural Rajasthan, India. Environ. Geochem. Health 45, 607–628. doi: 10.1007/s10653-022-01267-z 

 Choudhary, D. K., Prakash, A., and Johri, B. N. (2007). Induced systemic resistance (ISR) in plants: mechanism of action. Indian J. Microbiol. 47, 289–297. doi: 10.1007/s12088-007-0054-2 

 Constantia, J., and Ferniah, R. (2020). Vegetative growth of rainbow chili (Capsicum annuum L.) in the treatment of PGPR (plant growth promoting rhizobacteria), PGPR-NPK fertilizer, and PGPR-compost combination. Agric 32, 95–104. doi: 10.24246/agric.2020.v32.i2.p95-104

 Dinesh, R., Anandaraj, M., Kumar, A., Bini, Y. K., Subila, K. P., and Aravind, R. (2015). Isolation, characterization, and evaluation of multi-trait plant growth promoting rhizobacteria for their growth promoting and disease suppressing effects on ginger. Microbiol. Res. 173, 34–43. doi: 10.1016/j.micres.2015.01.014

 El Moukhtari, A., Cabassa-Hourton, C., Farissi, M., and Savouré, A. (2020). How does proline treatment promote salt stress tolerance during crop plant development? Front. Plant Sci. 11:1127. doi: 10.3389/fpls.2020.01127

 Giri, J. (2011). Glycinebetaine and abiotic stress tolerance in plants. Plant Signal. Behav. 6, 1746–1751. doi: 10.4161/psb.6.11.17801 

 Grattan, S. R. (1999). “Mineral nutrient acquisition and response by plants grown in saline environments” in Handbook of plant and crop stress. ed. M. Pessarakli. 2nd ed (New York: Marcel Dekker Inc.), 203–229.

 Haritha, D., and Naphade-Mahajan, S. (2016). Isolation, identification and molecular characterization of fluoride tolerating bacteria. Int. J. Appl. Res. 2, 288–292.

 He, M., Ren, T., Jin, Z. D., Deng, L., Liu, H., Cheng, Y. Y., et al. (2023). Precise analysis of potassium isotopic composition in plant materials by multi-collector inductively coupled plasma mass spectrometry. Spectrochim. Acta B 209:106781. doi: 10.1016/j.sab.2023.106781

 Heath, R. L., and Packer, L. (1968). Photoperoxidation in isolated chloroplasts: I. Kinetics and stoichiometry of fatty acid peroxidation. Arch. Biochem. Biophys. 125, 189–198. doi: 10.1016/0003-9861(68)90654-1 

 Islam, F., Yasmeen, T., Ali, Q., Ali, S., Arif, M. S., Hussain, S., et al. (2014). Influence of Pseudomonas aeruginosa as PGPR on oxidative stress tolerance in wheat under Zn stress. Ecotoxicol. Environ. Saf. 104, 285–293. doi: 10.1016/j.ecoenv.2014.03.008 

 Johnson, C. M., and Ulrich, A. (1959). “Analytical methods for use in plant analysis” in Bulletin—California Agricultural Experiment Station (Berkeley: California Agricultural Experiment Station)

 Johnston, N. R., and Strobel, S. A. (2019). Nitrate and phosphate transporters rescue fluoride toxicity in yeast. Chem. Res. Toxicol. 32, 2305–2319. doi: 10.1021/acs.chemrestox.9b00315

 Jukes, T. H., and Cantor, C. R. (1969). “Evolution of protein molecules” in Mammalian protein metabolism. ed. H. N. Munro (New York: Academic Press), 21–132.

 Kacar, B., and Inal, A. (2008). Plant analysis (Ankara: Nobel publication Distribution).

 Karanjac, J. (1993). United Nations ground water software. Groundwater 31, 311–315. doi: 10.1111/j.1745-6584.1993.tb01823.x

 Katiyar, P., Pandey, N., and Sahu, K. K. (2020). Biological approaches of fluoride remediation: potential for environmental clean-up. Environ. Sci. Pollut. Res. 27, 13044–13055. doi: 10.1007/s11356-020-08224-2 

 Krishnaveni, S., Theymoli, S., and Sadasivam, S. (1984). Estimation of total soluble sugars. Food Chem. 15, 229–232. doi: 10.1016/0308-8146(84)90007-4

 Kumar, A., and Verma, J. P. (2018). Does plant—microbe interaction confer stress tolerance in plants: a review? Microbiol. Res. 207, 41–52. doi: 10.1016/j.micres.2017.11.004 

 Kumari, N. N., Nagaraju, B., and Mallikarjuna, K. (2018). Biochemical characterization and protein profile by sodium dodecyl sulphate-polyacrylamide gel electrophoresis of French bean (Phaseolus vulgaris L.) associated rhizobia. Innovare J. Agric. Sci. 6, 9–13.

 Leach, J. E., Triplett, L. R., Argueso, C. T., and Trivedi, P. (2017). Communication in the phytobiome. Cells 169, 587–596. doi: 10.1016/j.cell.2017.04.025 

 Li, Y., Mo, X., Xiong, J., Huang, K., Zheng, M., Jiang, Q., et al. (2023). Deciphering the probiotic properties and safety assessment of a novel multi-stress-tolerant aromatic yeast Pichia kudriavzevii HJ2 from marine mangroves. Food Biosci. 56:103248. doi: 10.1016/j.fbio.2023.103248

 Li, M., Xia, Q., Lv, S., Tong, J., Wang, Z., Nie, Q., et al. (2022). Enhanced CO2 capture for photosynthetic lycopene production in engineered Rhodopseudomonas palustris, a purple nonsulfur bacterium. Green Chem. 24, 7500–7518. doi: 10.1039/d2gc02467e

 Liao, Y., Brandt, B., Li, J., Crielaard, W., Van Loveren, C., and Deng, D. (2017). Fluoride resistance in Streptococcus mutans: a mini review. J. Oral Microbiol. 9:1344509. doi: 10.1080/20002297.2017.1344509

 Liao, Y., Brandt, B. W., Zhang, M., Li, J., Crielaard, W., van Loveren, C., et al. (2016). A single nucleotide change in the promoter mutp enhances fluoride resistance of Streptococcus mutans. Antimicrob. Agents Chemother. 60, 7509–7512. doi: 10.1128/aac.01366-16 

 Liao, Y., Chen, J., Brandt, B. W., Zhu, Y., Li, J., van Loveren, C., et al. (2015). Identification and functional analysis of genome mutations in a fluoride-resistant Streptococcus mutans strain. PLoS One 10:e0122630. doi: 10.1371/journal.pone.0122630 

 Ling, N., Wang, T., and Kuzyakov, Y. (2022). Rhizosphere bacteria structure and functions. Nat. Commun. 13:836. doi: 10.1038/s41467-022-28448-9 

 Lorck, H. (1948). Production of hydrocyanic acid by bacteria. Plant Physiol. 1, 142–146. doi: 10.1111/j.1399-3054.1948.tb07118.x

 Mahanty, T., Bhattacharjee, S., Goswami, M., Bhattacharyya, P., Das, B., Ghosh, A., et al. (2016). Biofertilizers: a potential approach for sustainable agriculture development. Environ. Sci. Pollut. Res. 24, 3315–3335. doi: 10.1007/s11356-016-8104-0

 Mishra, P. C., Sahu, S. K., Bhoi, A. K., and Mohapatra, S. C. (2014). Fluoride uptake and net primary productivity of selected crops. Open J. Soil Sci. 4, 388–398. doi: 10.4236/ojss.2014.411039

 Mohan, A., Krishnan, R., Arshinder, K., Vandore, J., and Ramanathan, U. (2023). Management of postharvest losses and wastages in the Indian tomato supply chain—a temperature-controlled storage perspective. Sustainability 15, 15:1331. doi: 10.3390/su15021331

 Monod, J. (1949). The growth of bacterial cultures. Annu. Rev. Microbiol. 3, 371–394. doi: 10.1146/annurev.mi.03.100149.002103

 Mukherjee, S., Sahu, P., and Halder, G. (2017). Microbial remediation of fluoride-contaminated water via a novel bacterium Providencia vermicola (KX926492). J. Environ. Manag. 204, 413–423. doi: 10.1016/j.jenvman.2017.08.051 

 Mukherjee, S., Sahu, P., and Halder, G. (2018). Comparative assessment of the fluoride removal capability of immobilized and dead cells of Staphylococcus lentus (kx941098) isolated from contaminated groundwater. Environ. Prog. Sustain. Energy 37, 1573–1586. doi: 10.1002/ep.12853

 Mukherjee, S., Yadav, V., Mondal, M., Banerjee, S., and Halder, G. (2015). Characterization of a fluoride-resistant bacterium Acinetobacter sp. rh5 towards assessment of its water defluoridation capability. Appl Water Sci 7, 1923–1930. doi: 10.1007/s13201-015-0370-3

 Muthu, P. S., Yusuf, M., Ahn, Y., Park, H. B., Choi, J., Amin, M. A., et al. (2023). Fluoride occurrence in environment, regulations, and remediation methods for soil: a comprehensive review. Chemosphere 324:138334. doi: 10.1016/j.chemosphere.2023.138334 

 Nakano, Y., and Asada, K. (1981). Hydrogen peroxide is scavenged by ascorbate specific peroxidase in spinach chloroplasts. Plant Cell Physiol. 22, 867–880. doi: 10.1093/oxfordjournals.pcp.a076232

 Orozco-Mosqueda, M. D. C., Santoyo, G., and Glick, B. R. (2023). Recent advances in the bacterial phytohormone modulation of plant growth. Plan. Theory 12:606. doi: 10.3390/plants12030606 

 Pal, K. C., Mukhopadhyay, P., Chatterjee, S., and Mondal, N. K. (2022). A study on fluoride bioremediation via a novel bacterium Bacillus megaterium (JF273850) isolated from agricultural soil. J. Earth Syst. Sci. 131:183. doi: 10.1007/s12040-022-01931-z

 Pant, S., Pant, P., and Bhiravamurthy, P. V. (2008). Effects of fluoride on early root and shoot growth of typical crop plants of India. Fluoride 41:57.

 Patani, A. V., Patel, R. R., Prajapati, D. H., Patel, M. S., and Patel, A. D. (2020). Evaluation of plant growth promoting rhizobacteria to improve tomato (Lycopersicon esculentum Mill.) productivity and resilience under salinity stress. J. Cardiovasc. Transl. Res. 20, 6953–6964.

 Patani, A., Prajapati, D., Ali, D., Kalasariya, H., Yadav, V. K., Tank, J., et al. (2023a). Evaluation of the growth-inducing efficacy of various bacillus species on the salt-stressed tomato (Lycopersicones culentum mill.). Front. Plant Sci. 14:1168155. doi: 10.3389/fpls.2023.1168155 

 Patani, A., Prajapati, D., Singh, S., Enakiev, Y., Bozhkov, S., Jabborova, D., et al. (2023b). Beneficial effects of biochar application on mitigating the drought and salinity stress implications on plants. Plant Sci. Today 10, 188–193. doi: 10.14719/pst.2591

 Patel, M., Islam, S., Husain, F. M., Yadav, V. K., Park, H.-K., Yadav, K. K., et al. (2023a). Bacillus subtilis ER-08, a multifunctional plant growth-promoting rhizobacterium, promotes the growth of fenugreek (Trigonella foenum Graecum L.) plants under salt and drought stress. Front. Microbiol. 14:1208743. doi: 10.3389/fmicb.2023.1208743 

 Patel, A. D., Lalcheta, K., Gill, S. S., and Tuteja, N. (2014). “Salinity tolerance of Avicennia officinalis L. (Acanthaceae) from Gujarat coasts of India” in Climate change and plant abiotic stress tolerance. eds. N. Tuteja and S. S. Gill. 1st ed (Germany: Wiley), 189–208.

 Patel, M., Vurukonda, S. S. K. P., and Patel, A. (2023b). Multi-trait halotolerant plant growth-promoting bacteria mitigate induced salt stress and enhance growth of Amaranthus viridis. J. Soil Sci. Plant Nutr. 23, 1860–1883. doi: 10.1007/s42729-023-01143-4

 Pelc, J., Śnioszek, M., Wróbel, J., and Telesiński, A. (2020). Effect of fluoride on germination, early growth and antioxidant enzymes activity of three winter wheat (Triticum aestivum L.) cultivars. Appl. Sci. 10:6971. doi: 10.3390/app10196971

 Piper, C. S. (1944). Soil and plant analysis (New York: Interscience).

 Qin, X., Kaiduan, Z., Fan, Y., Fang, H., Yong, N., and Wu, X. (2022). The bacterial MtrAB two-component system regulates the cell wall homeostasis responding to environmental alkaline stress. Microbiol. Spectr. 10:e0231122. doi: 10.1128/spectrum.02311-22 

 Rogers, A., Bullard, K., Dod, A., and Wang, Y. (2022). Bacterial growth curve measurements with a multimode microplate reader. Bio Protoc. 12:e4410. doi: 10.21769/bioprotoc.4410 

 Sakthi Thesai, A., Rajakumar, S., and Ayyasamy, P. M. (2018). Removal of fluoride in aqueous medium under the optimum conditions through intracellular accumulation in Bacillus flexus (PN4). Environ. Technol. 41, 1185–1198. doi: 10.1080/09593330.2018.1523951 

 Sharma, P. K., Rain, C., Rana, M. K., and Angrish, R. (2009). The nutritive all rounder tomato. Sci. Rep. 46, 19–22.

 Sharma, R., Sharad, S., Minhas, G., Sharma, D. R., Bhatia, K., and Sharma, N. K. (2023). “DNA, RNA isolation, primer designing, sequence submission, and phylogenetic analysis” in Basic biotechniques for bioprocess and bioentrepreneurship. eds. A. K. Bhatt, R. K. Bhatia, and T. C. Bhalla (Academic Press), 197–206.

 Singh, A., and Roychoudhury, A. (2020). Silicon-regulated antioxidant and osmolyte defense and methylglyoxal detoxification functions co-ordinately in attenuating fluoride toxicity and conferring protection to Rice seedlings. Plant Physiol. Biochem. 154, 758–769. doi: 10.1016/j.plaphy.2020.06.023 

 Singh, A., Yadav, V. K., Chundawat, R. S., Soltane, R., Awwad, N. S., Ibrahim, H. A., et al. (2023). Enhancing plant growth promoting rhizobacterial activities through consortium exposure: a review. Front. Bioeng. Biotechnol. 11:1099999. doi: 10.3389/fbioe.2023.1099999

 Smith, I. K., Vierheller, T. L., and Thorne, C. A. (1988). Assay of glutathione reductase in crude tissue homogenates using 5, 5′-dithiobis (2-nitrobenzoic acid). Ann. Biochem. 175, 408–413. doi: 10.1016/0003-2697(88)90564-7 

 Sun, S. J., Deng, P., Peng, C. E., Ji, H. Y., Mao, L. F., and Peng, L. Z. (2022). Extraction, structure and Immunoregulatory activity of low molecular weight polysaccharide from Dendrobium officinale. Polymers 14:2899. doi: 10.3390/polym14142899 

 Teulat, B., Zoumarou-Wallis, N., Rotter, B., Salem, M. B., Bahri, H., and This, D. (2003). QTL for relative water content in field-grown barley and their stability across Mediterranean environments. Theor. Appl. Genet. 108, 181–188. doi: 10.1007/s00122-003-1417-7

 Vega-Celedón, P., Bravo, G., Velásquez, A., Cid, F. P., Valenzuela, M., Ramírez, I., et al. (2021). Microbial diversity of psychrotolerant bacteria isolated from wild Flora of Andes Mountains and Patagonia of Chile towards the selection of plant growth-promoting bacterial consortia to alleviate cold stress in plants. Microorganisms 9:538. doi: 10.3390/microorganisms9030538 

 Vishwakarma, D., Thakur, J. K., and Gupta, S. C. (2017). A study on nitrogen fixing ability of soil isolates and quantitative estimation of K solubilization by soil and plant isolates. Int. J. Curr. Microbiol. Appl. Sci. 6, 2641–2647. doi: 10.20546/ijcmas.2017.612.305

 Winkelhorst, M., Cabau-Peinado, O., Straathof, A. J. J., and Jourdin, L. (2023). Biomass-specific rates as key performance indicators: a nitrogen balancing method for biofilm-based electrochemical conversion. Front. Bioeng. Biotechnol. 11:1096086. doi: 10.3389/fbioe.2023.1096086 

 Zhang, X., Gao, X., Li, C., Luo, X., and Wang, Y. (2019). Fluoride contributes to the shaping of microbial community in high fluoride groundwater in Qiji County, Yuncheng City, China. Sci. Rep. 9:14488. doi: 10.1038/s41598-019-50914-6 

 Zulfiqar, A., Fatima, R., Ahmed, S., Saleem, A., Sardar, R., Ahmad, M. N., et al. (2023). Mechanistic insights into the interaction of fluoride resistant bacteria with wheat roots toward enhancing plant productivity by alleviating fluoride stress. Fluoride 56

 Zuo, H., Chen, L., Kong, M., Qiu, L., Lü, P., Wu, P., et al. (2018). Toxic effects of fluoride on organisms. Life Sci. 198, 18–24. doi: 10.1016/j.lfs.2018.02.001



OPS/images/fmicb-14-1330071-t001.jpg
Growing conditions ~ Seed treatments

Non-NaF (0ppm) Non-bacterized seeds (postive control)
NaF 10 ppm Non-bacterized seeds (negative control)

‘Pseudomonas aeruginosa strain PAR bacterized
seeds

NaF 20 ppm Non-bacterized seeds (negative control)

Pseudomonas aeruginosa strain PAR bacterized
seeds

NaF 40ppm Non-bacterized seeds (negative control)

Pseudomonas aeruginosa strain PAR bacterized
seeds

NaF 80ppm Non-bacterized seeds (negative control)

‘Pseudomonas aeruginosa strain PAR bacterized
seeds





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Tomato seed bio-priming with Pseudomonas aeruginosa strain PAR: a study on plant growth parameters under sodium fluoride stress



		1 Introduction



		2 Materials and methods



		2.1 Sample collection and isolation of rhizobacteria



		2.2 Characterization and identification of PGP activities of rhizobacterial isolates



		2.2.1 Catalase estimation



		2.2.2 Estimation of HCN



		2.2.3 Ammonia production



		2.2.4 Solubilization of phosphate



		2.2.5 Indole acetic acid estimation



		2.2.6 Siderophore production



		2.2.7 Nitrogenase estimation









		2.3 16S rRNA sequence examination and phylogenetic tree generation of bacterial isolates



		2.4 Effect of NaF on the growth kinetics of selected bacteria



		2.5 Growth rate



		2.6 Seed biopriming with Pseudomonas aeruginosa strain PAR



		2.7 Pot experiments



		2.8 Seedling growth



		2.9 Biochemical parameters



		2.10 Statistical analysis









		3 Results



		3.1 Isolation and PGP activities of isolated rhizobacteria



		3.2 The effect of NaF on bacterial growth



		3.3 Specific growth rate



		3.4 Molecular identification and phylogenetic analysis of the isolates



		3.5 Physiological determination of plant growth parameters



		3.6 Soluble sugar, glycine betaine, and proline



		3.7 Chlorophyll, MDA, and antioxidant



		3.8 Mineral analysis



		3.9 Statistical investigation of plant physicochemical and growth parameters









		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/fmicb-14-1330071-g010.jpg
0.6 10.80.076 076 10.80-0.85 069

081 0.7 ‘068 ‘067 0.75 077 059

[091-0.93.090-00-091-095 06| :

091095093094 092096 090 0 o[os o
-091-081-0.95.081-092 051082 083-090-0.94-090 093 0.93-081
057.0.91-0.96.0.91-0.93-0.89 -0.91-0.88-0.94 0.93.0.93-0.96 093091

Catalase [ECRUCERENRES % 8|0 134062 0.92-0.93 -0.91 -0.91-0.89 -0.91 087 -0.93 -0.89 -0.92 -0.93 0.90 -0.91

PN20.76 067 -0.90 -0.94[X3 SRR IR X 0.7 -0.97 -0.92 -0.95 0.93-0.95 0.96 -0.91 -0.95 0.92-0.92 -0.94 091 -0.95
el 080075 091 -092| 90096 LB 088085 -0.95-086 -0.91 083084 -0.85-091-0.92 092093 -0.91-0.86
[YY-0.85-0.77 -0.95 0.9 0.85-0.93-0.97 -0.93-0.97 0.9 -0.94 -0.94 0.98 -0.98 -0.97 -0.97 -0.97 -0.93
[ 059059 -0.85 -0.90] 10.71-0.96 0.8 -0.95 0,89 0.9¢ -0.95 -0.91-0.93 -0.67 0.92 -0.91-0.87 -0.95

0.91-0.87-0.82-0.78 0.8 -0.85 0.71 9
0.81-091-0.92 097085 0.93-0.96)
-0.95 -0.96 -0.93 -0.92 0.95 -0.97 -0.88|
-0.81-091-091-095-086-0.93-095)
B 0.92 093 0.91 093 091 -0.97 089
081089 0,69 0.95083 0.9 094,
0.62-0.91-091-0.96 084 094 0.95
-0.83-0.88 -0.67 0.91-085 -0.04 091
090 -0.04 093 -0.95 0.91 -0.98 -0.93|
-0.94-093-0.89-092-0.92-0.98-0.87|
0.90-0.93-0920.92 092 0.97 0.92
0.93-096-0.93-0.94-093-0.97 091
0.93-0.93-0.90 0.91-091-0.97 087
-0.81-091-0.91-0.95-086 0.93-0.95)

Chlorophyl
MDA
SOD!

Glycine betaine:





OPS/images/fmicb-14-1330071-t003.jpg
Isolate Code NaF conc Specific

(ppm) growth rate

at log phase
(2h)
S1 T o 0.081h™"
10 0.085h™"
20 0.069h™"
s2 11 o 0.059h™"
10 0.062h™"
20 0.073h7
$3 12 0 0035h™
10 0.040h7"

20 0.036h"





OPS/images/fmicb-14-1330071-t002.jpg
Primary screening Secondary screening

Gram  Colony HCN Sidero- IAA PO, Catalase Nitrogenase
+/- morphology phore

Convex shape, flat,

+ - - - ++ + + +
off-white
3 Oval shape, flat,
+ ++ ++ - ++ + + +
pinkish color
3. Circular shape, flat,
+ + ++ = ++ + + +
white color
4 Oval shape, flat,
+ + = * = + + +
pinkish color
B Flat, irregular edges,
+ + ++ - - + +
‘white color
6. Opaque, rough, white
+ + = = + + + +
color
7 Smooth, circular,flat,
+ - ++ - 4+ - + ++

and off-white

Flat, irregular edges,

+ + ++ - + - + +
white color
9 Rough, opaque, white
+ + + - - + + +
color
10. Rough, opaque, white
+ = = ++ ++ + + +
color
1. Small, smooth, flat
- + - + ++ ++ + ++
edges.
1. Oval shape, flat,
+ w - »+ + + + +
pinkish color
13 Circular, flat, gray
+ ++ - - - - + +
color
14, Oval, irregular edges,
- -+ - - - - + +
off-white color
5. Round, flat, pinkish
+ ++ - - - + +
color
16. Round, convex,
+ - - + - - + +

pinkish color

Gram staining, analysis of colony shape, and qualitative assessment of PGP (plant growth promoting) activites were conducted on all 16 strains that were isolated from the high fluoride region
of Rajasthan (27° 4822.0"N, 75° 02 34.4”E). ‘Moderate level of PGP activity; **High level of PGP activity.






OPS/images/fmicb-14-1330071-g009.jpg
© &«
(,.6%6w) 4

2 g & & o
8 8 ©

(ma .6 6w)
€

(Mma .6 6w)
d

g B e B S W o
8 &§ 8 2 ¢

(ma 6 6w)
eN

S
8

3

(ma ;.6 6w)
6w

(ma .6 6w)
b

(ma .6 br)
od





OPS/images/fmicb-14-1330071-g008.jpg
8 &8 @ 8 8
(M4, 6 wrl) (uajoid | 6w vn) (ujoid | Bw vn)
VYan ese[eled ¥9
o [=] w

os sososo
8 ¢ 88 ee
P Y
% &4 ¢ 8 (ueroid B vn) (uojoud | 6ur vn)
(M4, 6 6w) fydosolyd doe v

< o w





OPS/images/cover.jpg
, frontiers | Frontiers in Microbiology

Tomato seed bio-priming with
Pseudomonas aeruginosa strain
PAR: a study on plant growth
parameters under sodium
flfl oride stress












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology






OPS/images/fmicb-14-1330071-g003.jpg
Optical Density
s o o
- =) o

e
1

0.0
0 10 20 30 40 50 60 70

——0 ppm

Time (minutes)





OPS/images/fmicb-14-1330071-g004.jpg
51 KU983812 Bacillus timonensis strain FJAT-28705 China

i{E MHS69453 Bacterium strain GIm38 China
MK824432 Bacterium strain BS1244 China

MK456447 Bacillus sp. (in: Bacteria) strain 158.2 Mexico
FJ215797 Bacillus sp. 3461BRRJ Brazil: Rio de Janeiro
FJ215796 Bacillus sp. 3458BRRJBrazil
JF327780 Bacillus sp. 3467BRRJBrazil
@ OR427951 Bacillus sp.( MA)india
LT722675 Bacillus sp.strain Marseille-P3606Saudi Arabia
KF021779 Bacillus sp. H-97India
KY655467 Bacills sp. (in: Bacteria) strain EA366Saudi Arabia
MT126536 Bacillus sp. (in: Bacteria) strain Cc.BL.R 2 France
KU983808 Bacillus humi strain FJAT-28682 China
‘OP750295 Bacillus sp. (in: Bacteria) strain LMR1063 Morocco
JX402437 Bacillus sp. SG22 India
MG008656 Bacillus timonensis strain LNHL50China
KT380670 Bacillus humi strain RHM 120 16Sindia
‘0Q121134 Bacillus sp. (in: Bacteria) strain TET143 Mexico
[~ MT903019 Bacillus timonensis strain OD3-8 China
100 L— MT903019 Bacillus timonensis strain OD3-8 China(2)






OPS/images/fmicb-14-1330071-g001.jpg
v

—Sem

=
°

Ll
o »

tical Density

S04

0.2

0 10 20 30 40 50 60 70
Time (minutes)





OPS/images/fmicb-14-1330071-g002.jpg
Optical density
=
S

—oppm
o ppm
——20 ppm
—— 0 ppm
30 ppm

0 10 20 30 40 50 60 70
Time (minutes)





OPS/images/fmicb-14-1330071-g007.jpg
8

B o B & w o
& & ¢ 2

(M4 ,.6 6w)
1eBns a(gniog.

(ma .6 6ri)
aurejaq auikl





OPS/images/fmicb-14-1330071-g005.jpg
_-: ® OR427949 Pseudomonas aeruginosa strain PAR India
MH378332 Pseudomonas aeruginosa strain 61006 China

L — FJ972535 Pseudomonas aeruginosa C-1 South-Korea

[ MF872727 Pseudomonas aeruginosa strain Y801 China

L — MT598026 Pseudomonas aeruginosa strain AB18 Indonesia
4

KIM894176 Pseudomonas aeruginosa strain E136a Algeria
_5(: MT109313 Pseudomonas aeruginosa strain BD0G03 China
MF967440 Pseudomonas aeruginosa strain LYT-4 China

L — 1IN889026 Pseudomonas sp. strain 16S DB45Brazil
4 0Q918303 Pseudomonas sp. strain hami6China

_5{: MN889008 Pseudomonas aeruginosa strain 16S DB3 Brazil
1G396976 Pseudomonas aeruginosa strain GHJ15 China

L — KR349493 Pseudomonas aeruginosa strain S7TPS5 Algeria
+ MF957304 Pseudomonas aeruginosa strain WZ029 China

MNG36767 Pseudomonas aeruginosa strain AT5China
4 —

MN830119 Pseudomonas sp. strain MqGu42-8 Mexico
_s: KR911837 Pseudomonas aeruginosa strain HBUZL-6 China
MK205174 Pseudomonas aeruginosa strain 4-36 China

L — MN889009 Pseudomonas aeruginosa strain 16S DB6 Brazil
3 MN830401 Pseudomonas aeruginosa strain CLN1 Poland





OPS/images/fmicb-14-1330071-g006.jpg
4 @ OR427949 Bacillus cereus strain S8 India
OM534584 Bacillus cereus strain BQ35 China

| o g o o]
B

Q953984 Bacillus thuringiensis strain NBAIR Bt131 India

I OR268351 Bacillus cereus strain B Pakistan
4 Q97069 Bacillus thuringiensis strain NBAIR Bt222 India

Lo OBetoans b Mgt sk o ik s
112469300 Bacillus sp. strain Bi-FIN2 3

{ MZ379522 Bacillus cereus strain sample2 Nigeria

4 0Q566823 Bacillus albus strain SAB1 United Arab Emirates

{ 0Q975969 Bacillus thuringiensis strain NBAIR Bt230 India
0Q955251 Bacillus thuringiensis strain NBAIR Bt217 India

L — Q955481 Bacillus thuringiensis sirain NBAIR Bt218 India
4 Q9355247 Bacillus thuringiensis sirain NBAIR Bt216 India

B e s L
MZ351198 Bacillus cereus strain PCI113india

{ 'OK036744 Bacillus cereus strain HWSJ-C2 South Korea
4 MZ452375 Bacillus cereus strain LXYZ83 Finland
[~ OK083719 Bacillus cereus strain PCA29 India

s L— MZ950640 Bacillus cereus strain 102021772 Iraq





OPS/images/fmicb-14-1330071-e001.jpg
u=d(x)/Xodt





OPS/images/fmicb-14-1330071-e002.jpg
Fresh weight - Dry weight

RWC(%) = — WO~ Y WAIEH
(%)= Fully turgid weight - Dry weight

100





OPS/images/fmicb-14-1330071-t005.jpg
NaF concentration

(ppm)

Treatment

hoot height

(cm)

Root length

(cm)

Leaf area (cm?)

Germination (%)

Oppm

10ppm

20ppm

40ppm

80ppm

Positive control

NaF + non-bacterized

seeds
NaF+ bacterized seeds

NaF+ non-bacterized

seeds
NaF + bacterized seeds

NaF + non-bacterized

seeds
NaF+ bacterized seeds

NaF + non-bacterized

seeds

NaF+ bacterized seeds

48.76+2.5d

399+25d

591241

3276+ 19¢

43124324

2421 L1b

3356+ 23c

1124409

1312£12

14.44 % 1.8ef

1268+ 1.3¢

1689+ 1.3

1014 £0.7d

13124 038¢

734+ 05¢

1032:£0.8d

4184022

511£03b

29+23f

194+ 1.7de

273425

16+ 1.5d

2136+ 15¢

11209

1399£07d

74062

874:£04b

82+7.1d

564 5.1c

79+57d

47439¢

66+ 5.1dc

39+29b

51£32¢

2 Lla

34122b





OPS/images/fmicb-14-1330071-t004.jpg
Isolate number

Accession No.

Species
Identified

sn7

(s2)11

(s3)12

OR427951

OR427950

OR427949

Bacillus sp. Marseille
P3606

Pseudomonas aeruginosa
PAR

Bacillus cereus $8





OPS/images/fmicb-14-1330071-t006.jpg
NaF concentration

(ppm)
Oppm

10ppm

20ppm

40ppm

80ppm

Treatment

Positive control

NaF + non-bacterized

seeds
NaF + bacterized seeds

NaF + non-bacterized

seeds
NaF + bacterized seeds

NaF + non-bacterized

seeds
NaF + bacterized seeds

NaF + non-bacterized

seeds

NaF + bacterized seeds

Shoot fresh
weight (gm)

1058+ 1L1f
6.74:£0.62d

1035:+0.8¢f

4.7420.4¢

889407

32140426

674£0.6d

24502

412£03¢

Shoot dry
weight (gm)

44440394

3,050, 24c

4422054d

2784023

3.124027¢

212:£0.19

29740.22¢

1230122

2174023b

Root fresh
weight (gm)

0.67+0.06ef

0550.04d

0.79£0.06f

042£0.03¢

0.65£0.05¢

031:£0.02b

05240.03d

0.19£001a

036+0.03bc

Root dry

weight (gm!

02740024

021£001c

031£002d

0.17£001b

0.27£0.002d
0.15£0.01b

021£002¢

0.11£0022

0.16:£0.01b

RWC (%)

81.2452¢

73.3449de

847£6.1e

59.143.4¢

68.9+4.2d

473£3.0b

55.943.0¢

331s21a

421£27b





