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Abstract

:

Plants are often exposed to multiple stresses, including heavy metals (HM) and drought, which limit the plant growth and productivity. Though biochar or plant growth-promoting rhizobacteria (PGPR) have been widely used for alleviating HM or drought stress in plants, the study of the effects of combined treatment with biochar and PGPR under simultaneous HM and drought stress is limited. This study investigated individual and combined effects of groundnut shell biochar (GS-BC) and PGPR Bacillus pseudomycoides strain ARN7 on Zea mays growth, physiology, and HM accumulation, along with their impact on soil enzymes under HM (Ni and Zn), drought, or HM+drought stress. It was observed that even under HM+drought stress, Z. mays growth, total chlorophyll, proteins, phenolics, and relative water contents were increased in response to combined GS-BC and ARN7 treatment. Furthermore, the combined treatment positively influenced plant superoxide dismutase, ascorbate peroxidase, and catalase activities, while reducing electrolyte leakage and phenolics, malondialdehyde, and proline under HM, drought, or HM+drought stress. Interestingly, the combined GS-BC and ARN7 treatment decreased HM accumulation and the bioaccumulation factor in Z. mays, highlighting that the combined treatment is suitable for improving HM phytostabilization. Additionally, GS-BC increased soil enzymatic activities and ARN7 colonization irrespective of HM and drought stress. As far as we know, this study is the first to illustrate that combined biochar and PGPR treatment could lessen the adverse effects of both HM and drought, suggesting that such treatment can be used in water-deficient HM-contaminated areas to improve plant growth and reduce HM accumulation in plants.
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1. Introduction


Heavy metal (HM) pollution is one of the major environmental stresses that adversely affects plant growth and physiological process by altering protein structure, redox balance, membrane structure, intracellular enzymes, hormonal balance, etc., which in turn reduces crop productivity [1,2]. In addition to HM toxicity, the other environmental stresses, particularly drought, in HM-contaminated soils not only affect plant growth, including important physiological and biochemical processes such as water potential, stomatal closure, nutrient metabolism, respiration, translocation, and photosynthesis [3], but also aggravates HM stress by increasing HM bioavailability in soils and thus its uptake by plants [4], making the plants more susceptible to HM stress.



The amendment of soil with biochar improves the fertility, quality, and enzyme activity of soil which play a pivotal role in improving the tolerance of plants to various abiotic stresses including HMs [5]. The oxygenated functional groups of biochar induce HM immobilization through adsorption, precipitation, ion exchange, electrostatic interaction, etc., which potentially protects the plants and microbes from the toxic effects of HM [6]. Under HM stress, the application of biochar derived from various agriculture biomass, including banana pith, cotton straw, rice straw, etc., improves plant growth, nutrient uptake, physiology, and HM stress tolerance by improving antioxidant enzyme activities such as superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT), etc. [7,8,9]. An increment in the activity of extracellular enzymes including β-glucosidase, which is involved in soil nutrient cycling, has also been reported with the addition of biochar in HM-contaminated soils [10,11]. Similarly, recent studies have also found that biochar amendment is an effective drought mitigation strategy as it improves soil’s water holding capacity and water retention and thus plant water-use efficiency by holding water in the pores and slowly releasing it under drought condition [12,13]. An increase in plant growth, chlorophyll contents, nutrient uptake, stomatal conductance, transpiration rate, photosynthesis, etc., was also reported under drought stress as the results of biochar amendment [12,13]. In addition, biochar, with volatile organic compounds, free radicals, large surface area, developed porous structure and various nutrients, including C, N, etc., can potentially increase microbial growth and activity in marginal soils by providing a protective habitat and a source of nutrients [14,15].



Recently, bioaugmentation with plant growth-promoting rhizobacteria (PGPR) has also gained great attention as an effective strategy to mitigate various abiotic stresses in plants and improve crop productivity [16,17,18]. PGPR with the potential to tolerate abiotic stresses including HM, drought, etc., can colonize the plant rhizosphere and exhibit beneficial effects on plants by synthesizing various plant growth-promoting (PGP) substances such as 1-aminocyclopropane-1-carboxylate deaminase, siderophores, indole-3-acetic acid (IAA), exopolysaccharides, antimicrobial metabolites, N fixation, and solubilizing P, K, Zn, etc. [7,18]. Moreover, such microbes can effectively increase HM and drought stress tolerance in plants by triggering the metabolic pathways of the plant, stimulating antioxidant production, modulating the expression of specific stress-responsive genes, etc. [19,20]. In a recent study, Vishnupradeep et al. [17] inoculated HM- and drought-tolerant Providencia sp. and Proteus mirabilis in the roots of Zea mays plants and witnessed both bacteria-accelerated plant growth under HM and drought stress by increasing photosynthetic efficiency, phenolics, and relative water content, and reducing proline content, the malondialdehyde (MDA) level, and SOD activity.



Considering the significance of biochar in improving physicochemical and biological properties of soils [5] and plant growth and physiological attributes under various abiotic stresses [8,12] and the beneficial effects of PGPR on plant growth under HM and/or drought stresses [17,18], the combined application of biochar and PGPR were examined in this study. It was hypothesized that the biochar amendment and (thus) improved survival and activity of inoculated PGPR may protect the plants from HM and drought stresses by modulating plant physiology and HM uptake. The objectives of the current study were as follows: (1) to prepare and characterize groundnut shell biochar (GS-BC), (2) to isolate and characterize a HM- and drought-tolerant PGPR, and (3) to investigate the individual and combined effects of GS-BC and PGPR on Z. mays growth, physiology and HM accumulation, along with their impact on soil enzymes under HM (Ni and Zn), drought, or HM+drought stress conditions.




2. Results and Discussion


2.1. Characterization of the Groundnut Shell Biochar (GS-BC)


In order to characterize the GS-BC, physical, chemical and elemental analyses were carried out (Table S1). The prepared GS-BC had a slight alkaline pH (7.7) and a high cation exchange capacity (CEC) of 7.9 cmol kg−1. High pH and CEC are an important characteristic feature of biochar, which can bind and retain the nutrients from leaching by reducing the acidification and thus enhance nutrient phytoavailability [21]. Further, the elemental and nutrient analysis revealed that the GS-BC had a high amount of carbon (60%), phosphorous, and potassium. The SEM analyses of the GS-BC revealed that it had a relatively smooth surface with few channels and pores (Figure 1a). Notably, the surface area of the GS-BC was found to be relatively large (3.5 m2 g−1), demonstrating that GC-BS has the potential to decrease the mobility and phytoavailability of HM through adsorption [22,23]. Furthermore, the functional groups of the GS-BC were identified through FTIR spectra (Figure 1b), and the vibrations were assigned as C-Br (halo compound; ~673.035 cm−1), C=C (alkene; ~876.488 cm−1), CO-O-CO (anhydride; ~1051.98 cm−1), C-N (amine; ~1247.72 cm−1), O-H (carboxylic acid; ~1399.1 cm−1), C=C (cyclic alkene; ~1574.59 cm−1), P-H (phosphine; ~2360.44 cm−1), N-H (amine salt; ~2904.27 cm−1), O-H (carboxylic acid; ~2982.37 cm−1), N-H (aliphatic primary amine; ~3387.35 cm−1), and O-H (alcohol; ~3670.84 cm−1) [24]. The presence of these functional groups also suggests that the GS-BC has great potential for the removal of various pollutants including HMs [6,25], since these functional groups serve as chelating agents, stabilizers, and/or ligands, which are involved in HM complexation, solubilization, stabilization, extraction, sequestration, immobilization, and ion exchange reactions [25].




2.2. Characterization of Strain ARN7


The HM tolerance and PGP features of the strain ARN7 under HM+drought condition were assessed (Table S2). The strain ARN7 exhibits tolerance to several HMs (Ni, Cu, Zn, Cd, and Cr); produces IAA, siderophores (hydroxamate), and exopolysaccharides; and solubilizes phosphorus in HM-infused medium under PEG-induced drought condition. These PGP features play an important role in plant–microbe interactions and can be harnessed to improve plant productivity and resilience to stress through various mechanisms including iron acquisition, nutrient absorption, enhancing soil structure, water retention, and nutrient uptake [17,26]. The plant growth-promotion ability of ARN7 was further confirmed with in vitro studies, where ARN7 increased the root length, shoot length, and fresh weight of the plant. The strain ARN7 was identified at the species level as Bacillus pseudomycoides via the 16SrRNA gene sequence and evolutionary relatedness of ARN7 with other bacterial strains, as constructed with the neighbor joining method and represented in a phylogenetic tree (Figure S1). The obtained sequence has been deposited in the NCBI GenBank under accession number MT509851.1. Further, the effect of GS-BC on ARN7 growth was assessed via infusion of 2.5 and 5% GS-BC in tryptone soy broth. When compared with the control, GS-BC infusion had a significant positive effect on ARN7 growth. However, 5% GS-BC treatment showed a maximum increase in the growth of ARN7 (Figure S2) demonstrating that GC-BS creates conditions favorable for ARN7 growth through its labile C, alkaline pH, porous structures, etc. [14,15].




2.3. Effect of ARN7 and GS-BC on Z. mays under HM and Drought Stress Condition


2.3.1. Effect on Growth Parameters


The effect of ARN7 and GS-BC (sole and combined) on the growth of Z. mays was evaluated under different stress conditions including no stress, HM stress, drought stress, and combined (HM+drought) stress (Table 1).



Comparing the results with the different treatments, it becomes evident that the ARN7 treatment consistently led to improvement in shoot length, root length, fresh weight, and dry weight as compared to the control plants. Similarly, GS-BC treatment also exhibited positive effects on the growth parameters, although these effects were slightly less pronounced compared to the ARN7 treatment. Notably, the combined application of GS-BC and ARN7 resulted in further enhancement in growth parameters compared to the individual treatments, indicating a synergistic effect. Among the stress treatments, the combined stress (HM+drought) had notably more adverse effects on control plants which was consistent with findings of earlier works [17,20]. However, treatment with ARN7 and GS-BC had a significant positive effect on Z. mays, leading to an increase in shoot length, root length, fresh weight, and dry weight even under combined HM+drought stress conditions. For example, under the combined stress condition, ARN7 inoculation led to a 31% increase in shoot length and a remarkable increase (61%) in root length. Similarly, the combined GS-BC and ARN7 treatment showed maximum beneficial effects on plant growth under HM+drought stress, which increased shoot length, root length, fresh weight, and dry weight by 48, 98, 53, and 45%, respectively, as compared with control. The improvement in plant growth parameters as the consequence of ARN7 treatment align with prior findings [18,20,27], indicating that the PGP metabolites of ARN7, including siderophores, IAA, exopolysaccharides, and phosphate solubilization, contribute to the enhancement of Z. mays growth under HM and drought stress. On the other hand, biochar has also been extensively investigated as a soil amendment to boost plant growth and enhance soil properties [10,13]. It has been shown to enhance nutrient availability, water retention capacity, and soil structure, all of which positively influence plant growth and stress resilience [28]. The maximum plant beneficial effect observed in ARN7 + GS-BC treatment can be attributed to the synergistic effects of biochar and PGPR. In general, biochar provides a stable environment for microbial growth and survival, thereby improving their colonization and subsequent PGP activity [29,30].




2.3.2. Effect on Physiological Parameters


Physiological parameters, including total chlorophyll, total soluble proteins, relative water content (RWC), electrolyte leakage (EL), and phenolics, were assessed in Z. mays leaves to evaluate the impact of ARN7 and GS-BC treatments under HM and drought stress conditions. The chlorophyll content, soluble protein levels, and RWC exhibited significant changes, displaying a notable decrease in untreated plants subjected to HM, drought, or HM+drought stress conditions. However, application of ARN7 and GS-BC had a significant positive effect on Z. mays, leading to an increase in the aforementioned content, even under HM, drought, and combined HM+drought stress conditions (Figure 2a–c). In general, the abiotic stresses, including HM and drought, can induce a decline in chlorophyll, protein, and RWC within plants by affecting critical factors such as chloroplast structure, chlorophyll synthesis, protein synthesis, turgor pressure, root growth, nutrient uptake, water availability, water uptake, and transport mechanisms [17,31,32]. On the other hand, several recent studies demonstrated that the application of PGPR and/or biochar in HM-contaminated or drought soils enhanced plant photosynthetic efficiency, protein synthesis, and RWC by altering osmotic potential, the accumulation of osmolytes, and nutrient absorption and attributed these beneficial effects to the inherent PGP traits of PGPR (IAA, siderophore production, phosphate solubilization, etc.,) and the properties of biochar (water holding capacity, surface area, etc.) [20,31,33]. Recently, Vishnupradeep et al. [17] and Saikia et al. [34] have found that inoculation with PGPR increased chlorophyll and cellular water contents by enhancing gaseous exchange, fluorescence parameters, protein structural stability, osmolyte production, and nutrient absorption under drought and HM stress. Similarly, Naveed et al. [33] and Danish and Zafar-ul-Hye [35] have documented the beneficial effect of biochar on plant chlorophyll, protein, and RWC through an improved water holding ability of the soil and nutrient absorption of plants under HM and drought stress conditions. Upon comparing the effects of ARN7 and GS-BC treatments in this study, ARN7 treatment had a more pronounced effect in enhancing leaf chlorophyll, soluble protein, and RWC content. However, the maximum increase in leaf chlorophyll, soluble protein, and RWC content was found as the result of combined application (ARN7 + GS-BC) under all stress conditions. For example, the combined application (ARN7 + GS-BC) resulted in an increase in leaf chlorophyll content by 64%, soluble protein by 65%, and RWC by 26% in comparison to control plants under HM+drought stress. A similar observation was documented by Naveed et al. [33], where the combined application of Burkholderia phytofirmans PsJN and biochar improved the aforementioned parameters to a greater extent than the sole application, suggesting the cumulative impact of biochar and PGPR on improving soil properties, stress tolerance, and nutrient supply to the plants. In contrast, a divergent trend was observed in the EL and phenolic content of Z. mays leaves. While the control plants showed an increase in EL and phenolic content under HM (67 and 14%, respectively), drought (103 and 10%, respectively) and combined (160 and 40%, respectively) stress conditions, the application of ARN7 and GS-BC led to a reduction in EL and phenolic content regardless of the stress conditions (Figure 2d,e) suggesting that ARN7 and GS-BC could lessen the HM and drought stress effect and improve membrane integrity.




2.3.3. Effect on Stress-Related Metabolites and Antioxidant Activity


To elucidate the role of ARN7 and GS-BC in enhancing plant resilience against HM and drought stress, we conducted a comprehensive analysis focusing on stress-related metabolites and antioxidant activities, including MDA, proline, SOD, APX, and CAT. The outcomes reveal that HM and drought stress triggered severe oxidative stress in control plants as HM, drought, and combined stress conditions increased the stress biomarker MDA by 141, 133, and 175%, respectively (Figure 3a). Conversely, treatment with ARN7 and GS-BC led to a substantial reduction in MDA content. Specifically, under the combined stress condition, ARN7, GS-BC, and ARN7 + GS-BC treatments decreased MDA content by 58, 67, and 67%, respectively. Remarkably, the sole application of GS-BC exhibited the most pronounced decrease compared to the ARN7 treatment (Figure 3a). This suggests that GS-BC application mitigates the harmful effects (oxidative damage) of HM and drought stress through the reduction in HM phytoavailability and the enhancement of soil biological properties, water holding capacity, etc. [36,37].



Plants adopt a multitude of defense strategies to cope with various stresses in their environment. The accumulation of proline is believed to play a very intriguing role in HM chelation, antioxidative defense, intracellular redox homeostasis, water potential, osmotic adjustment, etc., thereby conferring HM and drought stress tolerance [19]. Our findings also demonstrate that, irrespective of ARN7 and GS-BC treatment, the concentration of proline in Z. mays leaves increased under all stress conditions compared to nonstress control plants. However, the accumulation of proline under HM, drought, and HM+drought stress conditions was significantly lower in ARN7- and GS-BC-treated plants compared to their respective control counterparts (Figure 3b). Similar observations were previously documented by Anbuganesan et al. [7] and Tripti et al. [16] where they noted reduced proline content upon the application of biochar and PGP bacteria under HM and drought stress conditions and suggested that treatment with biochar and PGP bacteria cumulatively reduced the stress effects caused by HM and drought.



Furthermore, the results of antioxidant activity analysis revealed that HM, drought, and combined stress conditions increased SOD, APX, and CAT activities in Z. mays irrespective of biochar and ARN7 treatment. Interestingly, the sole application of ARN7 further increased the SOD, APX, and CAT activity in all stress condition. For instance, under the HM+drought condition, ARN7 inoculation increased the activities of SOD, APX, and CAT by 23, 28, and 61%, respectively, as compared to corresponding control plants. In contrast, the application of GS-BC alone or in combination decreased the activities of these antioxidants under all stress conditions (Figure 3c–e). Our findings suggest that ARN7 inoculation induces an antioxidant-mediated tolerance mechanism in plants to counteract stress effects. PGPR have the capability to upregulate antioxidant genes (SOD, APX, and CAT) during stress conditions, thereby enhancing antioxidant activity and reducing ROS-mediated oxidative damage [20]. On the other hand, biochar application may alleviate toxic effects by modifying soil physicochemical properties and HM availability which provide a conducive habitat for plants [38], leading to reduced oxidative damage, decreased proline accumulation, and lowered antioxidant activity [19]. The findings from the MDA analysis (Figure 3a) corroborate this explanation, displaying a decrease in MDA content upon GS-BC and ARN7+GS-BC treatments, indicating minimized stress exposure in plants.




2.3.4. Effect on HM Accumulation


The results indicate that ARN7 treatment led to an increase in Ni and Zn accumulation in both the shoot and root tissues of Z. mays grown in HM-contaminated soils irrespective of drought stress. However, the application of GS-BC, either alone or in combination with ARN7, suppressed the uptake of Ni and Zn. Notably, the highest reduction was observed with the sole application of GS-BC. For instance, under the HM+drought condition, GS-BC application reduced Ni and Zn contents in shoots by 58 and 13% and roots by 50 and 23%, respectively (Figure 4a,b). Moreover, the combined application of ARN7 and GS-BC demonstrated a synergistic effect, leading to lower HM accumulation as compared to sole ARN7 inoculation. A similar trend was observed for the BAF of Ni and Zn, where combined application of ARN7 and GS-BC reduced the BAF irrespective of drought stress condition (Figure 4c,d). This might be as a result of the involvement of functional groups in the biochar in HM immobilization, chelation, or complex formation, resulting in decreased HM bioavailability and its uptake by plants [39,40]. Our results are in agreement with the findings of Naveed et al. [33], who demonstrated that biochar amendment reduced Pb content in roots and shoots of Vigna radiata. Conversely, the increased HM uptake upon sole ARN7 treatment implies that PGPR play a role in enhancing HM solubilization and mobilization, subsequently elevating HM concentrations in plant tissues [18,41]. However, the potential toxic effects resulting from increased HM uptake due to ARN7 inoculation was counteracted by the excessive induction of plant antioxidants as evidenced by the significant increase in MDA level, SOD, APX, and CAT activities (Figure 3).





2.4. Effect of ARN7 and GS-BC on Rhizospheric Soil under HM and Drought Condition


Effect on Soil Enzymes


Soil enzymatic activity is considered to be one of the potential indicators of soil quality, which plays an inevitable role in maintaining soil fertility and nutrient cycling. To elucidate the impact of PGPR and biochar on soil enzymes, we analyzed the activity of soil dehydrogenase, alkaline phosphatase, urease, and β-glucosidase under conditions of HM, drought, and simultaneous stress. According to previous reports [42,43], HM and drought could inhibit soil enzyme activity either directly or indirectly by changing soil pH, moisture, and microbial colonization and their activity. Our study also confirmed this statement where we found that the activity of soil dehydrogenase, alkaline phosphatase, urease, and β-glucosidase were reduced under HM, drought, and combined stress conditions (Figure 5a–d). In particular, under the HM+drought stress condition, the aforementioned enzyme activities were decreased by 87, 61, 18, and 52%, respectively, in the rhizosphere soil of control plants. Therefore, our study postulated that the presence of HM and drought inhibit soil enzyme activity, probably due to the severe stress affecting the rhizosphere’s microbial population density, survival, and colonization potential.



The application of ARN7 and GS-BC improved the activity of dehydrogenase, alkaline phosphatase, urease, and β-glucosidase irrespective of stress condition. Compared to sole application, the combined application had a significant effect on these enzyme activities. For instance, under pristine condition, the activity of soil dehydrogenase, alkaline phosphatase, urease, and β-glucosidase were generally higher in ARN7 + GS-BC treatment, where it improved the activity by 328, 52, 178, and 251%, respectively, as compared to the control treatment (Figure 5a–d). Further, in the combined stress condition, the ARN7 + GS-BC treatment improved these enzyme activities by several fold, suggesting that the combined application significantly improved the microbial activity in the rhizosphere soil by improving soil physical, chemical, and biological properties. Similar results have been reported by Haroun et al. [10], Ma et al. [37], and Jabborova et al. [44], where the application of PGPR and biochar improved the activity of soil enzymes under HM and drought stress conditions. Several mechanisms have been explained [14,45,46] which correlate the application of BC and/or PGPR with their effect on soil enzymes under adverse environmental condition. For instance, Jin et al. [45] found that the application of biochar improved root colonization of the beneficial microbes in Cd-contaminated soil and suggested that the alteration of plant root exudation patterns due to biochar amendment could facilitate microbial colonization by acting as a signaling molecule and a nutrient source. Similarly, Ning et al. [46] also reported a positive correlation between root colonization and biochar + Pseudomonas sp. treatment. In general, the application of BC improves soil nutrient retention potential (P, K, and Carbon), mineralization, and respiration, which favors the colonized microbes increased density and survivability, as well as the activities of indigenous soil microbes [14,15]. Furthermore, biochar also decreases the adverse effect of HM and drought on the microbial population by creating a favorable microhabitat through reducing HM bioavailability and toxicity and improving soil moisture dynamics [45,47]. Therefore, in the present study, the increased soil enzyme activity was probably attributed to the increased density and colonization of ARN7 due to the addition of GS-BC. To support this hypothesis, we analyzed the colonization density of ARN7 in rhizosphere soil with/without GS-BC application under HM and drought stress conditions. The result revealed that the strain ARN7 could efficiently colonize the rhizosphere soil of Z. mays irrespective of HM and/or drought stress conditions (Figure 5e). However, as compared with the nonstressed condition, though a slight decrease in colonization was found in HM, drought, and combined stress conditions, GS-BC application under the aforementioned stress conditions improved the colonization efficacy of ARN7 indicating that GS-BC could protect the ARN7 from HM and drought stress by changing soil properties, providing nutrients, retaining soil moisture, and reducing HM toxicity and availability [7,12,15]. Therefore, the increased plant growth and physiological attributes caused by ARN7 + GS-BC treatment under HM, drought, or HM+drought stress highlights that GS-BS could improve soil quality including enzymatic activity and ARN7 colonization, growth, and PGP activity, thereby mitigating the negative effects of HM and drought stress in plants.






3. Materials and Methods


3.1. Preparation and Characterization of Groundnut Shell Biochar


The biochar was produced from readily available groundnut shell waste. The groundnut shell was collected, cleaned, oven dried (60 °C), crushed, and converted into biochar through pyrolysis at 400 °C for 90 min using a muffle furnace (I-Therm A1-7981) under limited oxygen conditions [48]. The produced groundnut shell biochar (GS-BC) was cooled at room temperature, sieved (2 mm), and characterized for physicochemical parameters. The pH and EC were analyzed in a 1:10 (w/v) ratio of GS-BC to deionized water. Additionally, CEC [49], moisture content [50], organic content [51], volatile matter, ash content [50], and yield percentage [52] were determined. The surface area of GS-BC was determined through the Brunauer–Emmett–Teller (BET) analysis (QuantachromeTouchWin v1.22, Boynton Beach, FL, USA). The elemental composition of GS-BC was determined using a CHNS elemental analyzer (SKALAR, Breda, The Netherlands). The surface morphology of GS-BC was examined with a scanning electron microscope (SEM) (Zeiss EVO MA 18 with Oxford EDS, Jena, Germany), and functional groups were examined with a Fourier transform infrared (FTIR) spectrometer (Shimadzu Prestige 20 FT-IR Spectrometer, Europe). The concentrations of K and Na were determined using a flame photometer (Accumax AIO-671, New Delhi, India). The other elements, including Mg, Al, Cu, Fe, Mn, Zn, Cd, Cr, Ni, and As, were analyzed with inductively coupled plasma mass spectrometry (ICP-MS) (Thermo Fisher Scientific®, Waltham, MA, USA).




3.2. Isolation, Characterization, and Identification of PGPR


The bacterial strain ARN7 was isolated from the rhizosphere soil of Azadirachta indica, Magnesite Mines, Salem, India. The concentrations of HM in the rhizospheric soil, including Ni, Cu, Zn, Cr, and Cd, were 175, 41, 64, 115, and 5.5 mg kg−1, respectively. To assess the maximum HM tolerance of ARN7, the strain was inoculated on LB agar media supplemented with increasing concentrations of Ni, Cu, Zn, Cr, and Cd (0–500 mg L−1) [53]. Furthermore, the drought tolerance of ARN7 was evaluated by subjecting it to tryptone yeast-extract and glucose (TYEG) agar medium containing 15% (low) and 30% (moderately high) polyethylene glycol (PEG 6000), following the method described by Vishnupradeep et al. [17]. An in vitro phytagar assay was carried out to assess the plant growth-promoting potential of ARN7 on Z. mays as per the protocol described by Ma et al. [54]. For in vitro studies, healthy seeds procured from the local market were surface sterilized, inoculated with ARN7, and allowed to grow for 20 d as described previously [7,20].



To characterize the PGP attributes of ARN7 under various stress conditions, including HM (Ni-150 mg L−1 [NiSO4.6H2O] + Zi—300 mg L−1 [ZnSO4.7H2O]), drought (15 and 30% of PEG 6000), and their combinations, quantitative analyses, including the production of IAA [55], siderophore [56], hydroxymate type siderophores [57], catechol type siderophores [58], phosphate solubilization [59], and exopolysaccharides (EPS) production [60], were performed. In addition, the effect of GS-BC on the growth rate of ARN7 was investigated by inoculating the strain in tryptone soya broth amended with 0, 2.5, and 5% GS-BC, and the colony-forming units (CFU) were determined at various time intervals. The strain was further identified as Bacillus pseudomycoides through 16S rRNA gene sequencing using the primers 27F (5′ AGAGTTTGATCTGGCTCAG 3′) and 1492R (5′ TACGGTACCTTGTTACGACTT 3′) [18] and the identification was confirmed through the BLASTn algorithm.




3.3. Pot Experiment


A controlled pot culture experiment was carried out in the laboratory at the Department of Environmental Sciences, Bharathiar University, Coimbatore, India. Garden soil (0–10 cm depth) from the department was utilized to perform the pot experiments and its physicochemical characteristic features were analyzed and reported [7]. The soil was sterilized to eliminate the existing bacterium and other microbes as detailed by Bruno et al. [20]. The experiments were carried out under the following conditions: (i) Nonstress, (ii) HM, (iii) drought, (iv) and HM + drought, as well as each with four treatments (control, ARN7, GS-BC, and ARN7+GS-BC). To prepare HM polluted soils, Ni (150 mg kg−1) and Zn (300 mg kg−1) were artificially spiked in the sterilized garden soil by mixing the aqueous solution of NiSO4.6H2O and ZnSO4.7H2O and left (4 weeks) aseptically for drying and HM stabilization. In the case of GS-BC treatment, 5% of GS-BC was applied to the soil, mixed properly and placed in the pot before sowing the seeds. As for the ARN7 treatment, surface sterilized seeds were soaked in a suspension of ARN7 (108 CFU in sterile distilled water) for 2 h, while control seeds were soaked in sterile water. Prior to priming of the strain with seeds, ARN7 was marked with ampicillin (110 mg L−1) to analyze the density and colonization in the rhizosphere as described by Ma et al. [54]. Then, six seeds (ARN7 treated or untreated) were sown in pots containing 500 g of unpolluted, HM polluted, and/or GS-BC applied soil and were allowed to germinate under a natural day–night regime of 16:8 h at 36/24 ± 1 °C (day/night). Initially, for the first 15 d, the soil moisture content was maintained using a soil moisture meter at 100% of field capacity as detailed by Vishnupradeep et al. [17]. After 15 d from emergence, the plants were thinned to three per pots and water limitation was imposed for the respective drought stress by maintaining the soil moisture content at 50% of field capacity for another 45 d. Each treatment was conducted in triplicates.




3.4. Analyses of Z. mays Growth Parameters


After completion of the experiment, the plants were uprooted, washed several times with distilled water to eliminate the adhered soil debris, and air dried. Then, the plant growth parameters, including shoot length, root length, fresh weight, and dry weight, were analyzed.




3.5. Analyses of Z. mays Physiological Parameters


The chlorophyll content in Z. mays leaves was assessed by extracting pigments in 5 mL of acetone (80%) following the methodology outlined by Ni et al. [61]. Protein content was estimated using the Bradford method [62]. The relative water content (RWC) was determined as per the procedure described by Barrs and Weatherley [63]. Electrolyte leakage (EL) from leaves was quantified as detailed by Campos et al. [64]. The total phenol content (TPC) was analyzed following the methodology outlined by Singleton et al. [65].




3.6. Effect on Stress-Related Metabolites and Antioxidant Activity


The changes in lipid peroxidation level were determined by analyzing the malondialdehyde (MDA) content of Z. mays leaves under different stress conditions according to the standard method described by Heath and Packer [66]. Free proline content was quantified through a ninhydrin reaction as per the procedure described by Bates et al. [67]. For antioxidant enzyme activity analysis, fresh leaf samples of about 0.5 g were homogenized with 10 mL of 0.1 M ice-cold phosphate buffer (pH 7.0) and centrifuged (10,000 rpm, 1 min, 4 °C), and the supernatant collected was used for the assay of SOD [68], APX [69], and CAT activity [70].




3.7. Analysis of Zn and Ni Accumulation


For determination of Zn and Ni content in the shoot and root tissues of Z. mays, the samples were rinsed thoroughly with distilled water, oven dried, ground, and digested using aqua regia (HNO3: HCl in 4:1 ratio) [54]. The concentrations of Zn and Ni were measured with ICP-MS. Further, the BAF of Zn and Ni was calculated by dividing the concentration of a specific HM in plant tissues with the concentration of the respective HM in the soil [71].




3.8. Soil Enzymatic Activity and ARN7 Colonization


The rhizospheric soil of Z. mays was collected after the pot experiment to analyze the activities of soil enzymes and to examine colonization and density of the introduced strain ARN7. The dehydrogenase activity of the soil was assayed by analyzing the quantity of triphenylformazan (TPF) formation according to the standard method [72]. Alkaline phosphatase activity was evaluated via estimation of p-nitrophenol (pNP) release from p-nitrophenyl phosphate [73]. Urease activity was determined spectrophotometrically at 578 nm by measuring the NH4-N colored complex using a urea solution (10%) as the substrate [74]. β-glucosidase activity was evaluated using ρ-nitrophenyl- β-D-glucoside as a substrate [75]. Further, the colonization potential of the introduced ARN7 was evaluated as described previously [7]. Briefly, 1 g of soil was mixed with 50 mL of sterile, distilled water and plated on an LB medium amended with 110 mg L−1 ampicillin. After 5 d of incubation at 35 °C, the strains were reisolated, and HM-resistant strains were identified for colony characteristics and HM-resistance (Ni and Zn) against the parent strains.




3.9. Statistical Analyzes


The values are reported as mean ± standard deviation based on three replicates. The results were analyzed by using one way analysis of variance. Comparisons between treatment means were assessed with Tukey’s HSD test at p < 0.05.





4. Conclusions


Multiple abiotic stressors including HM and drought exhibit a devastating impact on plant growth and crop productivity as compared with individual stress. In the present study, HM, drought, or HM+drought stress reduced Z. mays growth, physiological parameters (total chlorophyll, proteins, phenolics, and RWC), antioxidant levels (SOD, APX, and CAT), and increased EL, phenolics, MDA, proline, and HM accumulation and bioaccumulation factor. However, treatment with PGPR Bacillus pseudomycoides strain ARN7 and groundnut shell biochar improved plant growth under HM and drought stress. Particularly, the combined application of ARN7 and GS-BC was found to be most effective for improving plant growth, physiological parameters (total chlorophyll, proteins, phenolics, and RWC), antioxidant levels (SOD, APX, and CAT), and reducing EL, phenolics, MDA, proline, and HM accumulation and bioaccumulation factor even under HM+drought stress. Additionally, the potential of GS-BC to improve ARN7 colonization and soil enzymatic activities, including dehydrogenase, urease, alkaline phosphatase, and β-glucosidase, may also have contributed to the improvement of soil quality, plant growth, and tolerance to HM and drought stress. Our findings demonstrated that the combined utilization of PGPR and biochar have substantial potential to improve plant growth, HM and drought stress tolerance, and phytostabilization potential. However, further studies including the analysis of the long-term effects of PGPR and biochar on plant growth and physiological response, molecular interactions between PGPR, biochar, and plants, etc., are required in order to utilize such a combined treatment in water-deficient HM-contaminated field soils.
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Figure 1. Surface morphology and functional groups of GS-BC. (a) SEM image and (b) FT-IR spectra of GS-BC. 
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Figure 2. Effect of ARN7 and groundnut shell biochar on (a) total chlorophyll, (b) total soluble proteins, (c) relative water content (RWC), (d) electrolyte leakage (EL), and (e) phenolics of Z. mays grown under HM, drought, or HM+drought stress condition. Bars indexed with different alphabets are significantly different among the treatments tested according to HSD Tukey test at p < 0.05. fw = fresh weight. 
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Figure 3. Effect of ARN7 and GS-BC on (a) malondialdehyde (MDA) content, (b) proline, (c) superoxide dismutase (SOD), (d) ascorbate peroxidase (APX), and (e) catalase (CAT) activity in Z. mays grown under HM, drought, or HM+drought stress conditions. Bars indexed with different alphabets are significantly different among the treatments tested according to HSD Tukey test at p < 0.05. fw = fresh weight. 
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Figure 4. Effect of ARN7 and GS-BC on (a) Ni accumulation, (b) Zn accumulation, (c) Ni bioaccumulation factor, and (d) Zn bioaccumulation factor in Z. mays grown under HM or HM+drought stress conditions. Bars indexed with different alphabets are significantly different among the treatments tested according to HSD Tukey test at p < 0.05. dw = dry weight. 
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Figure 5. Effect of ARN7 and GS-BC on (a) dehydrogenase, (b) alkaline phosphatase, (c) urease, (d) β-glucosidase, and (e) colonization density of ARN7 in rhizosphere soil under HM, drought, or HM+drough stress conditions. Bars indexed with different alphabets are significantly different among the treatments tested according to HSD Tukey test at p < 0.05. 
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Table 1. Effect of ARN7 and GS-BC on the growth attributes of Z. mays under HM and drought stress.
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Treatment Abbreviation

	
Shoot Length

(cm)

	
Root Length

(cm)

	
Fresh Weight

(g/plant)

	
Dry Weight

(g/plant)






	
No Stress

	
Control

	
18.2 ± 0.96 cdef

	
26.0 ± 1.46 fg

	
3.25 ± 0.19 bcd

	
0.48 ± 0.08 de




	
ARN7

	
23.5 ± 2.13 ab

	
43.1 ± 1.25 b

	
4.16 ± 0.41 a

	
0.82 ± 0.05 ab




	
GS-BC

	
19.5 ± 0.31 abcd

	
39.0 ± 2.16 bc

	
3.44 ± 0.17 abc

	
0.79 ± 0.02 ab




	
ARN7 + GS-BC

	
21.9 ± 2.05 abc

	
55.9 ± 2.05 a

	
4.20 ± 0.22 a

	
0.89 ± 0.08 a




	
HM

	
Control

	
14.6 ± 1.08 ef

	
20.9 ± 0.66 gh

	
2.25 ± 0.40 f

	
0.47 ± 0.05 de




	
ARN7

	
21.2 ± 2.71 abc

	
38.8 ± 2.59 bc

	
3.53 ± 0.38 abc

	
0.79 ± 0.06 ab




	
GS-BC

	
20.7 ± 0.87 abcd

	
34.1 ± 2.01 cd

	
2.95 ± 0.07 cdef

	
0.71 ± 0.05 bc




	
ARN7 + GS-BC

	
24.0 ± 2.80 a

	
40.4 ± 2.35 b

	
3.95 ± 0.18 ab

	
0.79 ± 0.05 ab




	
Drought

	
Control

	
16.2 ± 1.03 def

	
20.5 ± 0.72 gh

	
2.51 ± 0.07 def

	
0.41 ± 0.04 de




	
ARN7

	
20.5 ± 1.86 abcd

	
32.5 ± 2.08 de

	
3.80 ± 0.38 ab

	
0.77 ± 0.09 ab




	
GS-BC

	
19.0 ± 1.15 bcde

	
27.4 ± 3.59 ef

	
3.2 ± 0.05 bcde

	
0.66 ± 0.02 bc




	
ARN7 + GS-BC

	
21.2 ± 1.20 abc

	
39.5 ± 1.31 bc

	
3.46 ± 0.23 abc

	
0.72 ± 0.05 abc




	
HM+

Drought

	
Control

	
13.8 ± 1.11 f

	
19.5 ± 0.55 h

	
2.45 ± 0.04 ef

	
0.40 ± 0.06 e




	
ARN7

	
18.1 ± 0.82 cdef

	
31.3 ± 1.53 def

	
3.54 ± 0.21 abc

	
0.49 ± 0.08 de




	
GS-BC

	
17.4 ± 0.67 cdef

	
27.3 ± 1.80 ef

	
2.63 ± 0.38 def

	
0.35 ± 0.02 e




	
ARN7 + GS-BC

	
20.4 ± 0.79 abcd

	
38.7 ± 0.91 bc

