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There is a renewed interest in sustainable agriculture wherein novel plant growth-promoting rhizobacteria (PGPR) are being explored for developing efficient biostimulants. The key requirement of a microbe to qualify as a good candidate for developing a biostimulant is its intrinsic plant growth-promoting (PGP) characteristics. Though numerous studies have been conducted to assess the beneficial effects of PGPRs on plant growth under normal and stressed conditions but not much information is available on the characterization of intrinsic traits of PGPR under stress. Here, we focused on understanding how temperature stress impacts the functionality of key stress tolerant and PGP genes of Bacillus sp. IHBT-705 isolated from the rhizosphere of saffron (Crocus sativus). To undertake the study, Bacillus sp. IHBT-705 was grown under varied temperature regimes, their PGP traits were assessed from very low to very high-temperature range and the expression trend of targeted stress tolerant and PGP genes were analyzed. The results illustrated that Bacillus sp. IHBT-705 is a stress-tolerant PGPR as it survived and multiplied in temperatures ranging from 4°C-50°C, tolerated a wide pH range (5-11), withstood high salinity (8%) and osmolarity (10% PEG). The PGP traits varied under different temperature regimes indicating that temperature influences the functionality of PGP genes. This was further ascertained through whole genome sequencing followed by gene expression analyses wherein certain genes like cspB, cspD, hslO, grpE, rimM, trpA, trpC, trpE, fhuC, fhuD, acrB5 were found to be temperature sensitive while, cold tolerant (nhaX and cspC), heat tolerant (htpX) phosphate solubilization (pstB1), siderophore production (fhuB and fhuG), and root colonization (xerC1 and xerC2) were found to be highly versatile as they could express well both under low and high temperatures. Further, the biostimulant potential was checked through a pot study on rice (Oryza sativa), wherein the application of Bacillus sp. IHBT-705 improved the length of shoots, roots, and number of roots over control. Based on the genetic makeup, stress tolerance potential, retention of PGP traits under stress, and growth-promoting potential, Bacillus sp. IHBT-705 could be considered a good candidate for developing biostimulants.
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Introduction

PGPRs are now widely recognized for promoting sustainable agriculture (Gouda et al., 2018) for their ability to enhance plant productivity in multiple ways (Raza et al., 2016). PGPRs enable higher nutrient acquisition through the solubilization of phosphate (Ahemad and Khan, 2012), the production of siderophore for better uptake of iron (Beneduzi et al., 2012), the synthesis of plant growth regulators like indole acetic acid, the release of volatile organic compounds, the production of antifungal enzymes like chitinase, glucanase, and ACC-deaminase (1-Aminocyclopropane-1-carboxylate) and inducing resistance against pathogens (Choudhary et al., 2011; García-Fraile et al., 2015). Numerous studies have illustrated the beneficial application of PGPR under stress (Sapre et al., 2018; Ali and Khan, 2021). PGPRs improved yield, and tolerance against salinity stress in wheat (Lastochkina et al., 2017; Ansari et al., 2019), enhanced tolerance to drought in chickpeas (Vurukonda et al., 2016; Khan et al., 2019), and enhanced the growth of the tomato under cold stress (Subramanian et al., 2016). Under heat stress, thermotolerant PGPRs stimulated heat-responsive genes (GmHSP, GmLAX3, and GmAKT2) in soybean (Khan et al., 2020). Despite the multitude of positive traits, the commercial application of PGPR as a biostimulant experiences certain limitations, the most common being the variability of performance under field conditions (Timmusk et al., 2017; Glick, 2018). This is primarily due to the mode of selection process wherein PGP traits of microbes are assessed at a laboratory scale under highly controlled conditions, while field conditions are markedly different (Vasseur-Coronado et al., 2021). In fields, multiple factors interact, hence the PGP potentials of microbes are often lost or masked leading to underperformance (Backer et al., 2018; Mellidou and Karamanoli, 2022). Hence, the selection of the right microbe which does not lose its PGP traits under field conditions and various stresses is crucial (Amaya-Gómez et al., 2020). Unraveling the genetic makeup of PGPR can help in understanding its stress tolerance potential and predict its functionality as a biostimulant. The expression trend of genes will have a direct effect on their PGP potential and field performance (Bruto et al., 2014). Hence in this study, we analyzed the PGP traits of Bacillus sp. IHBT-705 under stressed conditions and carried out gene expression studies of key PGP genes over a wide range of temperatures to understand how temperature impacts their functionality.

Bacillus sp. IHBT-705 was isolated from the rhizosphere of saffron (Crocus sativus) cultivated in Patti village, Kangra District, Himachal Pradesh India since 2018. Among several PGPRs isolated from the region, Bacillus sp. IHBT-705 was found to highly stress tolerant and interestingly its key PGP traits like phosphate and potassium solubilizing potential, siderophore IAA and ACC deaminase, were evident over varied temperature regimes. Hence, the present study focused on assessing the stress tolerance capacity and analyzing the PGP trait of the bacteria, Bacillus sp. IHBT-705. We also wanted to understand the underlining functioning of key PGP genes in response to different temperature regimes i.e., very low (4°C) to very high (50°C). To elucidate the functional characteristics of PGP and stress-related genes, whole genome sequencing of Bacillus sp. IHBT-705 was carried out using a long-read sequencing system, PacBio RS II (Pacific Bioscience, USA). Genome sequencing followed by data mining lead to the identification of several key genes associated with stress tolerance and PGP traits. Further, the expression analyses of key PGP genes were studied in detail under varied temperature regimes. This study provided new insight into understanding the functionality of PGP-related genes of Bacillus sp. IHBT- 705 over a wide range of temperatures. For the first time, the study illustrated that certain PGP genes are highly sensitive to temperature while some genes are versatile and can function well over wide temperature regimes.



Materials and methods


Sampling and physiochemical properties of soil

Soil samples were collected from the rhizosphere of saffron (Crocus sativus) grown at Patti village, Palampur (HP), India (32.0708° North & 76.5415° East) (Supplementary Figure S1) from a depth of 8- 15cm. Five independent soil samples were collected from five different places in the field, wherein each sample consisted of four subsamples pooled together from the four sides of the saffron (Crocus sativus) rhizosphere from the same site. Physiochemical properties of soil i.e pH, electrical conductivity (EC), Distribution of Nitrogen (N), Phosphorus (P), Organic carbon (OC), Potassium (K), Iron (Fe), Manganese (Mn), Zinc (Zn), Calcium (Ca) and Copper (Cu) were analyzed. The pH of the soil and electrical conductivity were measured by immersing the electrodes into the soil: water-1:2.5 (w:v) extraction by using a calibrated pH meter (Thermo Scientific Eutech PC450, USA) and conductivity meter (Thermo Scientific Eutech Cyber Scan CON45, USA). Total N in the soil was determined by the micro-Kjeldahl method after digestion in concentrated sulfuric acid. The total P was determined by Bray’s method (Bray and Kurtz, 1945), whereas the OC was estimated as per the standard dichromate oxidation method (Nelson and Sommers, 1983). Available K, Fe, Mn, Zn, Ca, and Cu was determined by using a flame photometer (model BWB XP, BWB Technologies UK Ltd., UK) after Mehlich -3 extraction (Mehlich, 1984).



Isolation of PGP bacteria

Soil samples were serially diluted (10-8), spread on Tryptone Soya Agar (TSA) media plates (Himedia, India) incubated in an incubator shaker (Innova 12444, New Brunswick Scientific, USA) at 28 ± 0.1°C for 48 hrs for the isolation of PGP bacteria. The morphology of isolated colonies was observed for shape, texture, color, margin, opacity, and elevation. Gram’s reaction was performed as per the method optimized by Vincent (Vincent, 1970). Pure colonies were preserved in glycerol stock (−80°C) till further use.



Stress tolerance potential of Bacillus sp. IHBT-705

To check the temperature tolerance, Bacillus sp. IHBT-705 was grown in Tryptone Soya Broth (TSB) media (Himedia, India) at 180 rpm for 48 hrs in an incubator shaker at ambient temperature (28°C). After 48 hrs, the optical density of bacterial suspension was observed at 600nm and found to be 1 (OD-1) and 100 µl of this bacterial suspension was inoculated in 100 ml of TSB media and incubated at targeted temperatures i.e very low (4°C and15°C), low (20°C), optimum (28°C), high (42°C) and very high (50°C) in an incubator shaker. For pH tolerance, pH (4, 5, 6, 7, 8, 9, 10, 11, and 12) was adjusted in TSB media by 1N NaOH and 1M HCl. Thereafter 100 µl of 48 hrs old Bacillus sp. IHBT-705 suspension (OD-1) was inoculated in 100 ml of selected pH media and incubated at targeted temperatures in an incubator shaker (Getahun et al., 2020). For salinity tolerance, concentrations of sodium chloride (0%, 2%, 4%, 6%, 8%, 10%, 12%, and 15%) were varied in TSB media and 100 µl of 48 hrs old Bacillus sp. IHBT-705 suspension (OD-1) was inoculated in 100 ml of selected NaCl TSB media and incubated at targeted temperatures in an incubator shaker (Ramadoss et al., 2013). For osmotic tolerance, concentrations of polyethylene glycol (PEG-10,000MW) (0%, 5%, 10%, 15%, 20%, 25%, and 30%) were varied in TSB media. Thereafter, 100 µl of 48 hrs old Bacillus sp. IHBT-705 suspension (OD-1) was inoculated in 100 ml of selected PEG TSB media and incubated at targeted temperatures in an incubator shaker (Niu et al., 2018). The optical density of bacterial growth was measured with a microplate reader (Synergy™ LX Multi-Mode BioTek) and incubated in an incubator shaker (Innova 12444, New Brunswick Scientific, USA) at 180 for 48 hrs for all the abiotic stresses mentioned above at targeted all temperatures.



PGP potential of Bacillus sp. IHBT-705

The initial screening and qualitative estimation of inorganic phosphate (P) solubilization of Bacillus sp. IHBT-705 was done on Pikovskaya’s (PVK) agar plates (Nautiyal, 1999). Qualitative estimation of potassium (K) solubilization assay was done on Aleksandrow agar media (Dhaked et al., 2017). The siderophore production was checked by Chrome Azurol S assay (CAS) (Schwyn and Neilands, 1987). The IAA production ability was evaluated by a colorimetric detection test (Loper, 1986). ACC deaminase assay was done according to the method proposed by Dworkin and Foster (Dworkin and Foster, 1958). All PGPR attributes were done at all targeted temperatures. The qualitative estimation of P, K solubilization and siderophore production was calculated by solubilization index (SI) =colony diameter + halo zone diameter/colony diameter (Paul and Sinha, 2013).



Molecular identification based on 16S rRNA gene sequencing

For molecular identification, the genomic DNA of Bacillus sp. IHBT-705 was extracted by using the GenElute bacterial genomic DNA isolation kit (Sigma-Aldrich, USA) and the quality and quantity of genomic DNA were determined by gel electrophoresis (Bio-Rad, USA) and NanoDrop 2000 (Thermo Scientific, USA) and Qubit version 2.0 fluorometer (Invitrogen, USA) respectively. The 16S rRNA amplification was performed by polymerase chain reaction (PCR) using a genomic DNA template and universal primers 27F (5’AGA-GTT-TGA-TCC-TGG-CTC-AG3’) and 1492R (5’TAC-GGT-TAC-CTT-GTT-ACG-ACT3’) were used to a near-full length, approximately 1500 bp PCR product (Weisburg et al., 1991). For PCR amplification, 25µl standard reaction mixture containing: GoTaq Green Master Mix 1x, primer (forward and reverse primer,1µM each), and DNA template was prepared and cycled at 94°C for 2min for initial denaturation, followed by 35 cycles consisting of denaturation at 94°C for 30sec, annealing at 55°C for 30sec, and elongation at 72°C for 2min; a final 7min elongation step at 72°C. The amplified product was visualized on a 1% agarose gel under UV light for a positive amplification signal, and the PCR product was purified Exosap-IT solution (Applied Biosystem, USA) according to the manufacturer’s instructions. DNA ladder (1Kb, Qiagen, Netherlands) was used for size identification. Big Dye Terminator cycle sequencing kit v3.1 (Applied Biosystems, USA) was used according to the manufacturer’s instructions and its PCR product was purified by Montage sequencing reaction kit (Millipore USA). The purified PCR product was injected into a Genetic analyzer (Applied Biosystems, USA) for Sanger sequencing technology. Sequences obtained were submitted as a query to the BLASTn (https://www.ncbi.nlm.nih.gov/) search algorithm. Strain identification was done at the species level using EzTaxon (https://www.ezbiocloud.net/) and sequences of homologous strains were aligned using CLUSTALW (Larkin et al., 2007), and a phylogenetic tree was constructed with the MEGA version 11 (Tamura et al., 2021) (https://www.megasoftware.net/) using the neighbor-joining method with 1,000 bootstrap replicates (Saitou and Nei, 1987).




Pot experiment


Inoculation of Bacillus sp. IHBT-705 on rice (Oryza sativa)

To carry out the germination assay, seeds of Rice (HPR 2880 B/S) procured from CSKHPKV university Palampur Himachal Pradesh India, were surface sterilized (Nezarat and Gholami, 2009) and the experiment was set up in five replicates with two treatments i.e., treated (Bacillus sp. IHBT-705) and control (without Bacillus sp. IHBT-705). For the treated set, Bacillus sp. IHBT-705 was grown in TSB (Himedia, India) and incubated in an incubator shaker (Innova 12444, New Brunswick Scientific, USA) at 180 rpm for 24 hrs at 28°C, thereafter, centrifuged at 8000 rpm for 10 min. The centrifuged pellet was resuspended in autoclaved water for making OD-1 and used for further experiments. The effect of Bacillus sp. IHBT-705 on the growth of rice was studied by soaking rice seeds in the Bacillus sp. IHBT-705 suspension (OD-1) for 30 min. The seeds of control set were soaked in sterile distilled water. Each pot was filled with 2 kg autoclaved soil and fifty soaked seeds were planted, thereafter10 ml of Bacillus sp. IHBT-705 suspension was added in treated set. Seeds treated with sterile distilled water without bacterial suspension were taken as control. The treatments were arranged in a completely randomized design (CRD) with five replicates and placed in a glass house. After 60 days of sowing, ten plants were randomly uprooted and washed under running water, and root/shoot lengths and numbers of roots were measured.



Complete genome sequencing and annotation of Bacillus sp. IHBT-705

Complete genome sequencing was carried out to understand the genomic complexity of Bacillus sp. IHBT-705. The genomic DNA of Bacillus sp. IHBT-705 was isolated as mentioned above and ~10µg of high-quality intact genomic DNA was used for long reads library preparation using a PacBio SMRTbell template preparation kit with 20Kb insert size (Pacific Biosciences, USA) version 1.0 as per manufacturer’s instructions. Briefly, intact gDNA was fragmented using g-tubes (Covaris, Inc. USA) and the quality of the sheared DNA was checked using gel electrophoresis (Supplementary Figure S2A). Followed by end-repairing, adaptor ligation, and purification of library molecules using Bluepippin size-selection system (Sage Science, USA) called SMRTbell template (Supplementary Figure S2B). The QC of the library was checked with Bioanalyzer DNA 12000 chip (Agilent Technologies, USA) and Qubit Fluorometer v3.0 (Invitrogen, USA) as shown in (Supplementary Figure S2C). Further, genome sequencing of Bacillus sp. IHBT-705 was performed on the PacBio RS II system with polymerase P6-C4 sequencing chemistry. The annotation was performed using Rapid Annotation Using Subsystems Technology (RAST) (Aziz et al., 2008). Denovo assembly of sequenced sub-reads was carried out using HGAP (Hierarchical Genome Assembly Process) (Supplementary Figure S3) protocol version 3.0 in SMRT analysis version 2.2.0 (Pacific Biosciences, USA) and produced a complete circular genome sequence with high coverage.



Whole-genome alignment with closest strain

For comparative genome analysis reference genome sequence of Bacillus altitudinis ASM97268 (Top hit in 16S rRNA Sequencing) was downloaded from the NCBI (Accession number NZ_CP011150.1), and imported into the CLCBio genomics workbench (Qiagen, Netherlands). The complete genome sequence of Bacillus sp. IHBT-705 (CP074101) was used against Bacillus altitudinis (ASM97268) for whole-genome alignment. The alignment was performed using CLC Genomics Workbench (v21.0.3) whole-genome alignment tool with default parameters (minimum initial seed length 15bp and minimum alignment block length (100bp). This tool primarily works by identifying seeds i.e., short stretches of nucleotide sequence that are shared between multiple genomes but not present multiple times in the same genome. These seeds are extended using the HOXD scoring matrix (Chiaromonte et al., 2002) until the local alignment score drops below a fixed threshold.



Genome-based average nucleotide identification with closest strain

The genomic similarity between the Bacillus sp. IHBT-705 and the closest strain B. altitudinis ASM97268 from the NCBI database were calculated using the Orthologous Average Nucleotide Identity algorithm (OrthoANIu) (https://www.ezbiocloud.net).



Expression analysis of stress-tolerant and PGP genes

Genes responsible for stress (cold and heat), pH tolerance, and PGP attributes such as Phosphate solubilization, IAA production, siderophore production, ACC deaminase activity, and root colonization were selected based on the available literature (Table 1) and screened from the whole genome annotation of selected PGP and stress-tolerant bacteria by BLAST to GO (Conesa et al., 2005) for expression studies. Primers for stress-tolerant and PGP genes were designed by using the Primer Express software version 3 (Applied Biosystem USA) as shown in (Supplementary Table S1).


Table 1 | List of stress-tolerant and PGP genes selected from the whole genome of Bacillus sp. IHBT-705 for expression studies.





RNA extraction, cDNA synthesis, and qRT-PCR analyses

Bacillus sp. IHBT-705 was grown in TSB media (Himedia India) at all targeted temperatures at 180 rpm for 24 hrs in an incubator shaker and after 24 hrs total RNA was isolated separately from Bacillus sp. IHBT-705 suspension (OD-1) by using RNeasy Mini Kit (Qiagen, Netherlands). The quality of RNA was checked by using RNA nanochip on a bioanalyzer (Agilent Technologies, USA). Further, the RNA quality and quantity were verified by agarose gel electrophoresis (Bio-Rad, USA) followed by ND-1000 NanoDrop (Thermo Scientific, USA) respectively. Total RNA was reverse transcribed into cDNA using a verso cDNA synthesis kit (Thermo Fisher Scientific, USA) according to the manufacturer’s instructions. Briefly, the reaction was prepared in 20µl volume with random hexamer primer conducted at 42˚C for 60min and 95˚C for 2min for heat denaturation of enzymes. Prepared cDNA was confirmed by PCR amplification using 16S primer pair followed by agarose gel electrophoresis (Bio-Rad, USA) (Cárdenas Espinosa et al., 2021). Real-time qRT-PCR was performed with Syber Green PCR Master Mix (Thermo Fisher Scientific, USA) and conducted on Step One Plus 2.0 Real-Time PCR System (Applied Biosystems, USA). The reaction mixture included 2μl of diluted cDNA (1:10), 0.5μl each primer, and SYBR green 5μl. The final reaction volume of 10μl was adjusted with nuclease-free water. The following PCR condition was used: 95˚C for 7min, 40 cycles of 95˚C for 15sec, and 60˚C for 30sec. The melting temperature-determining dissociation step was run at 95˚C for 15sec and 60˚C for 1min and 95˚C for 15sec at the end of the amplification. All the reactions were carried out in triplicate for each cDNA sample (Jian et al., 2020).




Statistical analysis

Relative gene expression calculations of stress-tolerant and PGP genes were calculated according to the comparative critical threshold (2ΔΔCT) method (Livak and Schmittgen, 2001). The expression of two housekeeping genes (16S, secA) was analyzed for stress-tolerant and PGP gene primers. At all targeted temperatures, the expression of the 16S gene was highly stable, and similar results were obtained by using it as a normalization gene at 28˚C (optimum temperature for gene expression) and comparison of Ct-values further revealed that expression of 16S reference gene was stably expressed with constant Ct values (Supplementary Figure S4A, B). Reference gene secA was not stably expressed in the targeted temperatures. Hence, only the 16S reference gene was considered as the internal reference. All experiments were performed in triplicates for gene expression and in five replicates for pot experiments. All data (Significance in fold-change and Pot experiment) was analyzed by using one-way ANOVA followed by Duncan multiple range test (DMRT) (p-value = 0.05) (https://ccari.icar.gov.in/wasp/index.php).



Results


Physicochemical properties of soil

We wanted to understand the nature of soil being the habitat of Bacillus sp. IHBT-705, hence the soil characteristics (pH, EC, available N2, P, OC, K, Fe Mn, Zn, Ca, and Cu) were analyzed (Table 2).


Table 2 | Physiochemical properties of rhizosphere soil. Values represented are mean ± standard error of three replicates.





Morphological characterization of Bacillus sp. IHBT-705

Colonies of Bacillus sp. IHBT-705 were off-white, translucent, elevated, and round with a regular margin. Gram staining illustrated it to be rod-shaped gram-positive bacteria.



Stress tolerance potential of Bacillus sp. IHBT-705

Bacillus sp. IHBT-705 exhibited growth on temperatures ranging from 4°C- 50°C on TSA as well as in TSB medium. However, 28°C was found to be the optimum temperature for growth and multiplication (Figure 1A). We wanted to understand the nature of Bacillus sp. IHBT-705 particularly under a stressed environment, so we subjected it to different stresses like temperature, pH, salinity, and osmoticum. Bacillus sp. IHBT-705 exhibited thermotolerance on temperatures ranging from 4°C- 50°C (Figure 1A) and could multiply at pH ranging from 5 to 11 at all the targeted temperatures indicating that it can tolerate and propagate both in acidic as well as the alkaline environment (Figure 1B). The salinity (NaCl) tolerance level of Bacillus sp. IHBT-705 was up to 6% at all the targeted temperatures and increased up to 8% at 28°C and 42°C (Figure 1C). Bacillus sp. IHBT-705 exhibited relatively slow growth in medium supplemented with PEG-10,000MW (10% onwards) from 15°C-42°C and almost no growth at 50°C (Figure 1D). All these stress assessment results indicate Bacillus sp. IHBT-705 to be a stress-tolerant PGP.




Figure 1 | Stress tolerance potential of Bacillus sp. IHBT-705. (A) Thermotolerance potential. (B) pH tolerance. (C) Salt (NaCl) tolerance. (D) Osmotic (PEG 10,000MW) tolerance. All the experiments were done on targeted temperatures and Error bars represent the standard error of three replicates.





PGP potential of Bacillus sp. IHBT-705

Though Bacillus sp. IHBT-705 was found to be a stress-tolerant PGPR, but it was essential to check if it retained its growth-promoting attributes under stress or not so that it can serve as an effective biostimulant. Hence, we checked the key PGP traits under all the targeted temperatures. The P solubilization and siderophore production of Bacillus sp. IHBT-705 was confirmed by a clear zone around the colonies on PKV and blue CAS agar media at all targeted temperatures however, the potential varied. K solubilization by Bacillus sp. IHBT-705 was confirmed by a clear zone around the colonies on Aleksandrow medium at all targeted temperatures except 4°C, IAA production by the pink color formation in the salkowaski reagent at all targeted temperatures except 4°C and ACC deaminase activity was confirmed by the growth of Bacillus sp. IHBT-705 on DF salt minimal medium at all targeted temperatures except 4°C (Table 3).


Table 3 | PGP Potential of Bacillus sp. IHBT-705. Values represented are the mean of three replicates.





Molecular identification based on 16S rRNA gene sequencing

Phylogenetic analysis of Bacillus sp. IHBT-705 based on 16S rRNA sequence showed a close evolutionary relationship of 99.46% similarity with Bacillus altitudinis (ASJC01000029) as per the closest neighbor-joining method (Figure 2). The16S rRNA nucleotide sequence of Bacillus sp. IHBT-705 has been submitted to the NCBI gen bank under accession number MW959130 and its pure culture was deposited under the accession number MTCC25416 at the Microbial Culture Collection (MCC) at IMTECH, Chandigarh, India.




Figure 2 | Phylogenetic relationships of 16S sequence of Bacillus sp. IHBT-705 and its homologs to the other species within the genus Bacillus and Clostridium butyricum as an outgroup.





Effect of Bacillus sp. IHBT-705 on rice

Through in vitro assay the Bacillus sp. IHBT-705 was found to exhibit promising plant growth potential this was further investigated through a pot study. Bacillus sp. IHBT-705 inoculation positively affected the growth of rice seedlings (Figure 3A). The treatment of rice with Bacillus sp. IHBT-705 significantly increased the length of shoots (42 cm ±0.1) as compared to the control treatment (28 cm ±0.3). Similarly, the length of roots was higher in Bacillus sp. IHBT-705 treated plants (13.08cm ±0.20) as compared to the control treatment of (8.48 ± 0.40; Figure 3B). Importantly, the numbers of total roots were higher in treated plants (85.58 ± 0.91) as compared to the control treatment (65.2 ± 1.78).




Figure 3 | Effect of Bacillus sp. IHBT-705 on Rice (A) growth of rice seedlings under-treated and control conditions (B) shoot and root length. Different letters indicate significant differences among the treated and control treatments at p = 0.05. Data (mean ± SE) are averages of five replicates (n=5).





Complete genome sequencing of Bacillus sp. IHBT-705

The complete genome and plasmid sequences of Bacillus sp. IHBT-705 genome sequences were deposited at DDBJ/EMBL/NCBI GenBank under the accession numbers CP074101 under BioProject PRJNA725988 and BioSample SAMN18917214. Obtained a total of 312,490,430 bases and 39,800 reads (N50 Read length 10,827 bases and mean read length 7,851 bases). Out of which 36,038 reads (91%) were mapped and generated a complete assembly of 3,773,439 bases with 67.91X coverage and 41.3% GC content. Rapid Annotations using the Subsystems Technology (RAST) server predicted 4,015 genes for protein-coding (CDSs), 106 genes for RNAs, and 327 RAST subsystem categories were functionally assigned through the predicted genes as shown (Figure 4A). Out of 1682 features, 319 were found in amino acids and derivatives, 238 in carbohydrates and 206 in protein metabolism. The comparison of the Bacillus sp. IHBT-705 genome sequence with Bacillus altitudinis showed a close alignment using the whole-genome alignment tool as CLCBio Genomics Workbench (v21.0.3) with default parameters (minimum initial seed length 15bp and minimum alignment block length 100bp). The alignment was found to be matched at 5403 blocks (Figure 4B).




Figure 4 | Genome annotation of Bacillus sp. IHBT-705. (A) Genome annotation of Bacillus sp. IHBT-705 using RAST (Rapid Annotations using Subsystems Technology). (B) Whole genome alignment of Bacillus sp. IHBT-705 (CP074101.1) with closest species reference genome B. altitudinis (NZ_CP011150.1).





Genome-based average nucleotide identification of Bacillus sp. IHBT-705 with closest strain B. altitudinis ASM97268

The draft genome length of B. altitudinis ASM 97268 was ~3.74 Mbp, while the genome size of Bacillus sp. IHBT-705 was ~3.77 Mbp. Close to 98.57% of total orthologous clusters were shared among two genomes.



Expression analysis of stress-tolerant and PGP genes of Bacillus sp. IHBT-705 under selected temperatures

Having observed that Bacillus sp. IHBT-705 retains its major PGP traits under temperature stress, we wanted to understand the functionality of genes responsible for these traits. Not much information is available on the response of key PGP genes under varying temperature regimes, hence we carried out expression analysis of targeted genes to observe their modulation with the rise and fall of temperature. The observation of the study can pave the way to predict the efficiency of Bacillus sp. IHBT-705 as a biostimulant for plants growing in areas exposed to low and high temperatures. A total of twenty-four genes, governing stress (cold and heat), pH tolerance, and PGP attributes (IAA production, siderophore production, ACC deaminase activity, phosphate solubilization, and root colonization) were targeted based on the information available through literature (Table 1) for expression analysis studies.

Four genes nhaX, cspB, cspC, and cspD were targeted to unravel the cold tolerance capability of Bacillus sp. IHBT-705. Out of four cold tolerant genes, cspC was found to be versatile as it upregulated at 15°C, 20°C, and 42°C. Gene nhaX gene upregulated at 20°C and 42°C. Gene cspB and cspD both upregulated only at 20°C. Gene cspB downregulated at 4°C,15°C, and 42°C while gene cspD downregulated at 4°C and 42°C. All these four cold tolerant genes downregulated at 50°C (Figure 5A). Out of the five heat-tolerant genes (dnaJ, dnaK, hslO, htpX, and grpE), gene dnaJ did not upregulat at any targeted temperature while it stably expressed at 20°C and downregulated at all the other targeted temperatures. Both genes dnaK, and hslO upregulated at 20°C, stably expressed at 42°C and downregulated at 4°C, 15°C, and 50°C. While gene htpX upregulated at 15°C, 20°C, and 42°C, stably expressed at 4°C, and 50°C. Gene grpE upregulated only at 20°C and downregulated at all the other temperatures (Figure 5B). Out of five IAA synthesis genes trpA, trpB, trpD, trpC, and trpE, gene trpA upregulated at 42°C, stably expressed at 15°C and 20°C and downregulated at 4°C, and 50°C. Gene trpB stably expressed at 4°C, 15°C, and 42°C and downregulated at 20°C and 50°C. Gene trpD stably expressed at 20°C and 42°C and downregulated at 4°C, 15°C, and 50°C. Gene trpC, and trpE both upregulated at 20°C. Gene trpC expressed stably at 4°C, 15°C, 42°C and downregulated at 50°C. Gene trpE downregulated at all the targeted temperature except 20°C (Figure 5C). Genes fhuB, fhuC, fhuD, fhuG, and acrB5 targeted for the siderophore production potential and out of these five genes, Genes fhuC and fhuD upregulated at 42°C, fhuC expressed stably at 20°C and fhuD at 4°C, both these genes downregulated on remaining other targeted temperatures. Gene fhuB upregulated at 4°C, 20°C 42°C and 50°C and downregulated at 15°C, while fhuG upregulated at 20°C and 42°C and stably expressed at 4°C and 15°C and downregulated at 50°C. Gene acrB5 upregulated at 20°C and stably expressed at 4°C, 15°C, 42°C, and 50°C indicating retention of siderophore-producing activity at different temperature ranges (Figure 5D). Gene nhaK was targeted for pH tolerance and it stably expressed only at 20°C and downregulated at all the other targeted temperatures. Gene rimM gene targeted for ACC deaminase activity and it upregulated at only 20°C, stably expressed at 42°C and downregulated at all the other targeted temperatures. Gene pstB1 targeted for the phosphate solubilizing potential and it upregulated at 15°C, 20°C, and 42°C and downregulated at 4°C and 50°C. Both the genes for root colonizations xerC1 and xerC2 upregulated at 20°C and 42°C, xerC1 expressed stably and xerC2 were downregulated at 4°C, 15°C and 50°C (Figure 5E).




Figure 5 | The relative expression of stress-related and PGP genes (A) Cold tolerant genes (B) Heat tolerant genes (C) Genes involved in IAA biosynthesis (D) Genes related to Siderophore-production (E) pH tolerant gene, ACC deaminase gene, phosphate solubilization and genes for root colonization. The results were represented as the mean of three replicates (n=3). Different letters indicate significant differences in gene expression among all targeted temperatures (P = 0.05).






Discussion

Several species of Bacillus are well known for their plant growth-promoting attributes and during the present study plant growth-promoting potentials of Bacillus sp. IHBT-705 was unraveled through in vitro analyses, pot study, and gene expression studies. The bacteria exhibited thermo-tolerance, could multiply in the acidic and alkaline range and could tolerate salt and high PEG concentration indicating that it is a good stress-tolerant PGPR.

Upon whole genome analysis, several key genes like cspB, cspC, cspD, nhaX, and htpX were identified. These genes are known to confer cold stress tolerance in microbes (Kishor PB, 2019; Lalaouna et al., 2019; Suarez et al., 2019), hence it is likely that these genes could have conferred stress tolerance capability to Bacillus sp. IHBT-705. This gene expression study revealed that nhaX upregulated at low as well as high temperatures indicating that it could be responsible for imparting heat and cold tolerance and makes the bacterial strain tolerant to both cold and heat stress. Cold shock proteins (csp) family are known for their stress tolerance potential and found to be constitutively expressed during stress conditions in bacteria and even transgenic plants overexpressing bacterial csp exhibited tolerance to cold, salt, and drought stresses (Gupta et al., 2014; Kishor PB, 2019). In our study gene cspC overexpressed at high as well as low temperature suggesting that it may also impart heat and cold tolerance. Hence, presence of cspC gene makes Bacillus sp. IHBT-705 a valuable microbe from stress tolerance perspective. However, cspB and cspD exhibited a narrow range of functionality as both these genes upregulated only at low temperature.

Literature suggests that genes dnaJ, dnaK, HslO, htpX, and grpE are responsible for heat tolerance (Gupta et al., 2014; Suarez et al., 2019). However, we observed that genes dnaK grpE, hslO upregulated only at low temperature but not at high temperature, hence these genes were found to exhibit a narrow range of functionality. The gene htpX upregulated at low as well as high temperatures indicating its broad range of functionality and could have imparted stress tolerance ability, hence this gene appears to be crucial in conferring thermo-tolerance to Bacillus sp. IHBT-705. As the bacteria could tolerate up to 50°C, but none of the targeted gene upregulated at very high temperature further investigations by targeting other heat-tolerant genes are required to understand its extreme temperature tolerance capability.

The colorimetric tests illustrated that Bacillus sp. IHBT-705 efficiently produces IAA both at low as well as at high temperatures. Earlier studies indicate that trp genes (trpA, trpB, trpD, trpC, trpE) are involved in multiple biological processes including IAA biosynthesis (Gupta et al., 2014; Dahmani et al., 2020; Zaid et al., 2022). Interestingly, the present gene expression study revealed that specific temperature triggers the upregulation of specific sets of IAA-producing genes. Gene trpA was upregulated at high while trpC and trpE were upregulated at low temperature. The expression of trpB largely remained unaltered at both low and high temperatures, hence it could be considered a versatile gene with the ability to function over a broad temperature range with optimum efficacy. The role of microbial IAA in shaping root architecture ultimately benefitting plant productivity has been experimentally proven (Kazan, 2013; Sukumar et al., 2013; Grover et al., 2021), hence IAA is considered an important plant growth-promoting attribute, and in this respect, the complementary functioning of IAA-producing genes at both low and high temperature possibly enable retention of IAA producing capability of Bacillus sp. IHBT-705 under temperature stress which is a beneficial attribute.

Siderophore-mediated iron uptake in plants is a major benefit imparted by PGPRs (Braud et al., 2006; Mandal and Kotasthane, 2014). Siderophores are grouped into three principal categories based on their functional groups which are hydroxamates, catecholate, and carboxylates (Suarez et al., 2019; Kramer et al., 2020). Earlier studies revealed that the iron (III)-hydroxamate ABC transporter cluster fhuCDB and the ferric hydroxamate uptake gene fhuA are responsible for the transport of ferrichrome and other Fe3+ hydroxamate compounds (Gupta et al., 2014; Paul and Lade, 2014), hence in our study fhuCDBG and acrB5 genes associated with the production of siderophore were targeted for expression analysis studies. Among these targeted genes, fhuB was found to be highly versatile as it upregulated from very low to very high temperatures. Similarly, fhuG upregulated from low to high temperature while acrB5 upregulated at very low temperature, hence functionality of gene fhuB is a positive attribute of Bacillus sp. IHBT-705. Compared to IAA-producing genes, siderophore-related genes exhibited better expression at both low and high temperatures. The colorimetric study also illustrated that siderophore producing potential of Bacillus sp. IHBT-705 was active from very low to high temperature which is highly desirable trait from a biostimulant perspective.

The gene nhaK is known for imparting tolerance to pH (Noori et al., 2021), in this study gene nhaK was downregulated at all targeted temperatures thereby indicating a narrow range of functionality with respect to temperature. PGPRs produce extracellular polymeric substances and synthesize 1-aminocyclo-propane-1-carboxylate (ACC) deaminase enzyme or its homologue D-cysteine desulfhydrase, these enzymes lower ethylene accumulation in stressed plants (Sashidhar and Podile, 2010; Wagh et al., 2014) and enable plants to become stress tolerant (Paul and Lade, 2014). Gene rimM responsible for ACC deaminase activity (Gupta et al., 2014), Bacillus sp. IHBT-705 is an ACC- deaminase-producing strain consisting gene rimM and thus can act as a stress buster also. The expression analysis of rimM exhibited upregulation at low as well as a high temperature suggesting that Bacillus sp. IHBT-705 can function efficiently under temperature stress.

Qualitative assay phosphate solubilization potential of Bacillus sp. IHBT-705 was observed from very low to very high temperature which were further illustrated through gene expression study. The literature (Hudek et al., 2016; Suarez et al., 2019) suggests that pstB1 plays a functional role in phosphate uptake. In our study gene pstB1 upregulated from very low to high temperature, indicating that this gene is versatile and remains active both under low and high temperatures. This attribute is significant from a biostimulant perspective.

The ability to colonize the rhizosphere is an important attribute of PGPRs and genes xerC1 and xerC2 have been found to code site-specific recombinase which facilitates efficient colonization (Shen et al., 2013; Eida et al., 2020), hence these two genes were targeted. The expression analysis revealed overexpression of xerC1 and xerC2 at low and high temperature indicating that Bacillus sp. IHBT-705 could be a good colonizer both low and high temperatures. Apart from 28°C which is the optimum temperature for the growth of Bacillus sp. IHBT-705, among the targeted genes, the maximum number of genes were upregulated at 20°C and 42°C indicating its PGP potential at both low and high-temperature (Figure 6). Our study suggests that owing to its high-stress tolerance capability, Bacillus sp. IHBT-705 could be used as a potential biostimulant for crops growing in cooler mountainous regions as well as in warmer plains.




Figure 6 | Heat map of twenty-four stress tolerant and PGP genes expression on targeted temperatures.





Conclusion

Recent years have witnessed an upsurge in microbial-based biostimulant. Several studies on PGP traits illustrate that the intrinsic characteristics of microbes are critical to their biostimulant potential. In this regard, physiological, molecular, and gene expression study of Bacillus sp. IHBT-705 revealed that it could survive both under very low to very high temperatures, low and high pH, and withstand salinity and osmolarity, suggesting that it is a highly stress-tolerant PGPR. Whole genome sequencing revealed the presence of several genes responsible for imparting stress tolerance and multiple genes for a single PGP trait. Furthermore, expression analysis of key PGP genes revealed that temperature is a critical factor governing the upregulation/downregulation of specific PGP genes hence temperature strongly regulates the functionality of PGP traits. As a PGPR, Bacillus sp. IHBT-705 has unique genetic makeup with multiple genes for a specific PGP trait wherein the downregulation of one gene is compensated by the upregulation of complementary genes, making Bacillus sp. IHBT-705 a good candidate for developing biostimulant(s) for agriculture in hilly terrain, warmer plains, and land affected by sodic soils. The genes nhaX, cspC, htpX, fhuB, fhuG, pstB1, xerC1, and xerC2 were found to be versatile genes owing to their expression both under low and high temperatures while cspB, cspD, hslO, grpE, rimM, trpA, trpC, trpE, fhuC, fhuD, acrB5 were found to be temperature sensitive. The presence of stress-tolerant genes may serve as marker genes for selecting other PGPRs as stress tolerant PGPRs for developing biostimulants (s) suitable for agriculture in different terrains.
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