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Abstract

:

A wide range of root-associated mutualistic microorganisms have been successfully applied and documented in the past for growth promotion, biofertilization, biofortification and biotic and abiotic stress amelioration in major crops. These microorganisms include nitrogen fixers, nutrient mobilizers, bio-remediators and bio-control agents. The present study aimed to demonstrate the impact of salt-tolerant compatible microbial inoculants on plant growth; Zn biofortification and yield of wheat (Triticum aestivum L.) crops grown in saline-sodic soil and insight of the mechanisms involved therein are being shared through this paper. Field experiments were conducted to evaluate the effects of Trichoderma harzianum UBSTH-501 and Bacillus amyloliquefaciens B-16 on wheat grown in saline-sodic soil at Research Farm, ICAR-Indian Institute of Seed Sciences, Kushmaur, India. The population of rhizosphere-associated microorganisms changed dramatically upon inoculation of the test microbes in the wheat rhizosphere. The co-inoculation induced a significant accumulation of proline and total soluble sugar in wheat at 30, 60, 90 and 120 days after sowing as compared to the uninoculated control. Upon quantitative estimation of organic solutes and antioxidant enzymes, these were found to have increased significantly in co-inoculated plants under salt-stressed conditions. The application of microbial inoculants enhanced the salt tolerance level significantly in wheat plants grown in saline-sodic soil. A significant increase in the uptake and translocation of potassium (K+) and calcium (Ca2+) was observed in wheat co-inoculated with the microbial inoculants, while a significant reduction in sodium (Na+) content was recorded in plants treated with both the bio-agents when compared with the respective uninoculated control plants. Results clearly indicated that significantly higher expression of TaHKT-1 and TaNHX1 in the roots enhances salt tolerance effectively by maintaining the Na+/K+ balance in the plant tissue. It was also observed that co-inoculation of the test inoculants increased the expression of ZIP transporters (2–3.5-folds) which ultimately led to increased biofortification of Zn in wheat grown in saline-sodic soil. Results suggested that co-inoculation of T. harzianum UBSTH-501 and B. amyloliquefaciens B-16 not only increased plant growth but also improved total grain yield along with a reduction in seedling mortality in the early stages of crop growth. In general, the present investigation demonstrated the feasibility of using salt-tolerant rhizosphere microbes for plant growth promotion and provides insights into plant-microbe interactions to ameliorate salt stress and increase Zn bio-fortification in wheat.
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1. Introduction


Seven percent of the world’s total arable land (955 million ha) is affected by salt [1,2]. It has been estimated that about 7 million ha of land in India is salt-affected, including saline and alkali soils [3]. The Indo-Gangetic region alone has approximately 2.7 million ha of the area affected by salt [4] which is unfit for crop production due to high pH, low organic matter, and high concentrations of soluble salts such as Na2CO3 and NaHCO3, together with sufficient exchangeable sodium that causes poor physical soil characteristics. Salinity, being one of the major causes of loss in agricultural production in itself, has also led to considerable reduction in the area of arable land thus magnifying the degree of reduction in agricultural production to a greater extent [5]. Moreover, these soils are more prone to water-logging due to poor texture and permeability which affects crop establishment. Salt affected soils are inherently poor in microbial activities which, in turn, influences mineralization processes, uptake and translocation of essential nutrients in the plant system [6,7]. Excessive salt in the soil solution affects the absorption of water and nutrients and therefore, causes seedling mortality by pulling water from the root system (exo-osmosis). Further, the presence of excess sodium in saline and saline-sodic soil may induce deficiency of other cations like calcium, magnesium, potassium, zinc and iron. However, the high pH in sodic soils decreases the availability of many plant nutrients like N, P, Ca, Mg, Fe, Cu, Zn, etc. and thus adversely affects plant growth and development [8,9,10]. Among various micronutrients, availability of Zn is highly influenced under saline-sodic conditions. Zn is one of the key nutrients participating in major metabolic processes including synthesis of chlorophyll, indole-3-acetic acid (IAA) [11], carbohydrate, amino acids, protein and nucleic acid synthesis [12] and thereby influencing overall plant growth and development [13]. Several research indicated that Zn deficiency is recognized as a critical problem in plants, especially those grown in saline-sodic conditions with high pH. The Zn concentration decreased with elevated soil salinity/sodicity in many crops such as rice, wheat, and pepper plants [14,15,16]. The high salt concentration in the soil colloids reduces the uptake and translocation of Zn due to stronger competition by Na+ ions at the root surface [17]. Genc et al. [18] reported that Zn deficiency could be more important than sodium (Na+) and chloride (Cl−) toxicity causes poor plant growth and their establishment. The increased availability of Zn reduces the accumulation of Na+ ions in the plants system and thereby protects plants from salt injury and reactive oxygen species (ROS) through improved antioxidants system [19,20].



Wheat (Triticum aestivum L.) is the second most important staple food crop grown throughout the world after rice. Wheat forms a critical ‘stuff of life’ being the food for 2.5 billion people across 89 countries of the world and ranks first in terms of source of calories and second in terms of source of proteins in low- and middle-income countries like India, Nepal, Pakistan, Bangladesh, etc. [21,22,23]. However, wheat is exceptionally sensitive to salinity and sodicity in its early seedling stages [24,25] and high losses have been observed in yield because of higher rates of seedling mortality and poor crop establishment. Furthermore, modern high yielding varieties of wheat are considerably more sensitive to higher salt concentrations. The use of salt-tolerant cultivars is one of the sensible approaches to meet this problem and some cultivars with moderate salt tolerance have also been developed for this purpose. However, none of the cultivars having a high degree of salt-tolerance are commercially available so far. Therefore, we are still in need of donor parents with quantitative trait loci (QTLs) or gene(s) of salt tolerance to prevent losses caused by these stresses to our wheat production [26,27,28]. To date, the process and practice of desalinization have been largely dependent on the integration of pyrite, gypsum and modified agronomic practices. Adaptation of pyrite and gypsum requires considerable investment to re-claim these soils to obtain reasonable yields and this investment seems beyond the capacity of the resource-poor farmers living in the salt-affected areas. Increasing and sustaining crop production in these areas will require a well-proven system that integrates salt-tolerant varieties with effective and affordable crop and nutrient management practices [27,29,30].



In the recent past, attention has been given to identify and utilize the consortia of compatible salt-tolerant rhizospheric microorganisms (STRM) that can mediate induced systemic tolerance (IST) to sustain and improve plant growth under such stressful conditions [31,32,33]. STRM can improve plant growth through one or more mechanisms, either directly through providing essential nutrients, production of phytohormones and maintaining equilibrium between cations and anions, or indirectly through IST, which enables plants to tolerate or attenuate deleterious effects of higher salt concentrations [29,30]. Experimental evidence suggested that STRM promotes plant growth through regulation of osmotic balance, altering root size and morphology, enhancing nutrient uptake and translocation favourably [28,31]. In addition, certain plant growth-promoting rhizobacteria (PGPR) ameliorate ion-induced damage and improve plant growth through HKT1 (high-affinity K+ transporter) gene expression in several crop plants under high salt conditions [29,34,35,36,37,38]. Few reports indicate that PGPR triggers localized and systemic cellular mechanisms/cascades in plants to protect them from high salt [38]. However, the regulatory mechanisms remain unexplained [34,39]. Further, it was also observed that limited reports are available on the microbe-mediated biofortification of Zn in wheat grown under salt-stressed condition. Among them, most of the studies were conducted under controlled laboratory or glasshouse conditions. The need of the hour is to evaluate the prospective salt-tolerant microbial inoculants under field conditions which will give a real picture of their potential through research. Therefore, understanding the microbe-mediated mechanisms of salt tolerance and the use of microbial inoculants is essential for solving the problem in enhancing crop productivity and Zn biofortification under high salt conditions. Keeping in view above said problems, the objective of the present investigation was determined to evaluate the salt-tolerant Trichoderma harzianum UBSTH-501 and Bacillus amyloliquefaciens B-16 with an attempt to decipher the mechanisms of induced systemic tolerance and their impact on plant growth, Zn-biofortification and yield of wheat crop grown in saline-sodic soil of warm humid Gangetic plains of India. The present investigations revealed the significance of microbial inoculants in improving the nutritional status of wheat crops even grown under salt-stressed conditions. These strains could be used as bio-inoculants for the biofortification of wheat to combat hidden hunger in developing countries. Biofortification of wheat crops by utilizing these potential microbial strains can be done to reduce malnutrition in the world. The current research works toward a comprehensive assessment of these strains for sustainable production of quality wheat across the globe.




2. Materials and Methods


2.1. Media, Chemical Reagents and Planting Materials


Dehydrated culture media and talc powder were procured from HiMedia, India, while analytical grade chemical reagents and standards were purchased from E. Merck, India.



Wheat seeds (cv. HUW 234) were obtained from ICAR-Indian Institute of Seed Science (ICAR-IISS), Kushmaur, Mau, India and evaluated under nethouse and field conditions.




2.2. Salt-Tolerant Microbial Strains


Trichoderma harzianum UBSTH-501 and Bacillus amyloliquefaciens B-16 were obtained from Plant-Microbe Interaction and Rhizosphere Biology Lab, ICAR-National Bureau of Agriculturally Important Microorganisms (ICAR-NBAIM), Kushmaur, Maunath Bhanjan, Uttar Pradesh, India. The fungal and bacterial strains were maintained on potato dextrose agar (PDA) and nutrient agar (NA) medium, respectively, at 27 °C by sub-culturing at 10 days intervals. The bacterium is being maintained in glycerol stock (−80 °C) and the fungal strain in mineral oil for long-term storage.




2.3. In Vitro Screening for Salt Tolerance and Plant Growth-Promoting Traits


The salt tolerance capability of T. harzianum UBSTH-501 and B. amyloliquefaciens B-16 was screened on PDA and NA media, respectively, supplemented with different concentrations of NaCl (0.5–10%) as per the methods described by Singh et al. [25]. The promising bioagents were further screened for their plant growth-promoting (PGP) traits, namely the production of IAA [40], siderophore [41], ammonia [42], and phosphate-solubilisation [43] using standard methods. The process of colorimetric estimation of protease was carried out as per the methods described by Boller and Mauch [44]. The production of HCN, H2O2, urease, catalase and starch hydrolysis test was performed as per the methods described in Bergey’s Manual of Systematic Bacteriology [45].




2.4. Mass Multiplication and Development of Bioformulations


Talc-based bioformulations of T. harzianum UBSTH-501 and B. amyloliquefaciens B-16 were prepared as per the methods described by Singh et al. [46]. The vermicompost-based formulation of T. harzianum UBSTH-501 was prepared as per the methods described by Singh et al. [47] with slight modifications. Briefly, T. harzianum UBSTH-501 was grown on sorghum grain and incubated for 20 days (until complete grains were covered with mycelium and spore mass of the test fungus). In the meantime, vermicompost was collected from the production site, air-dried, sieved (2 mm pore size) and moistened by sprinkling water (60%). Thereafter, the compost was treated with carbofuran (10g kg−1), covered with a black polythene sheet and incubated for 72 h under sunlight. Afterwards, such treated compost heap was opened and turned to release the remaining amount of carbofuran into the air. The next day, compost was treated with a grain-based formulation of T. harzianum UBSTH-501 (20 g kg−1), covered with autoclaved, moistened gunny bags and incubated for 10 days. On the 11th day, such bio-fortified compost was turned and mixed properly, again covered with moistened gunny bags and incubated for the next 10 days at ambient temperature (25 ± 2 °C) under shade. After 20 days, bio-fortified compost became colonized by T. harzianum and was ready for its field application. The colony-forming unit (CFU) of talc-based bioformulation of B. amyloliquefaciens B-16, T. harzianum UBSTH-501 and vermicompost-based formulation of T. harzianum UBSTH-501 were 1.85 × 108, 2.10 × 106 and 0.66 × 106 g−1, respectively.




2.5. Evaluation of Microbial Inoculants


Effect of Seed Bio-Priming on Seed Germination and Vigour Indices under Nethouse Conditions


Effect of microbial inoculants on seed germination (%), vigour index I and vigour index II were assayed as per the methods suggested by International Seed Testing Association [48] with slight modifications [49]. In brief, seeds were surface-sterilized using sodium hypochlorite (NaOCl) according to Singh et al. [38]. The surface sterilized wheat seeds (cv. HUW 234) were bio-primed with the talc-based formulation of B. amyloliquefaciens B-16 (10g kg−1 seeds) and T. harzianum UBSTH-501 (10g kg−1 seeds) and sown in pots (25 × 25 cm) containing potting mixture (soil and vermi-compost in 2:1 ratio). Each pot contained 5 kg of sterilized potting mixture and moisture was maintained by sprinkling sterilized water at 5 days intervals. The growing conditions were average temperature 22–25 °C with relative humidity of 70–75% and photoperiod being 11/13 h. To assess vigour, the length and dry weight of the root and shoot of an individual seedling was measured 30 days after sowing (DAS) under nethouse conditions. The vigour index I and vigour index II were calculated using the formulae as described by Abdul-Baki and Anderson [50] and Kharbet al. [51], respectively with slight modification [46]. To ensure the consistency of data through statistical validity, the entire experiment was repeated three times in ten replicates of 100 seeds each and the average was taken for statistical analysis.





2.6. Evaluation of Microbial Inoculants under Field Conditions


2.6.1. Experimental Set-Up


The experiments consisted of two different treatments: (i) plants inoculated with bioagents T. harzianum UBSTH-501 and B. amyloliquefaciens B-16; (ii) control. Experiments were repeated twice, and each treatment consisted of five replications under field conditions in a Randomized Block Design.



The rice-wheat cropping system is the predominant crop rotation in the experimental field. The coordinates of the two fields were 25°53′59.18″ N 83°29′17.29″ E and 25°53′58.26″ N 83°29′15.61″ E, respectively, with an elevation of 72 m above mean sea level. The experiments were repeated twice with three replications from November 2014 to April 2015 in two different neighbouring plots and pool analysis was done. The size of the individual plot was 15 × 10 m with a border space of 1 m. The chemical fertilizers were applied to supplement nitrogen, phosphorus and potassium in a proportion of 120:60:40 (N:P:K) kg ha−1. Along with NPK, 20 Kg of zinc sulphate was also applied as basal dressing during soil preparation. The physico-chemical properties of the initial soil are presented in Supplementary Table S1. Minimum tillage (reduced tillage) practice was adopted in which only two ploughings—one with a cultivator and the other with a rotavator—were done. For moisture management, first irrigation was given with the help of a sprinkler, whereas following irrigations were done by flooding to saturate the soil at 20-day intervals. The growing conditions included an average temperature of 22–25 °C and relative humidity of 70–75% with a photoperiod of 11/13 h.



Seeds were bio-primed with the talc-based formulation of B. amyloliquefaciens B-16 at 10 g kg−1 of seed, covered with a black plastic sheet and incubated for 24 h at ambient temperature (27 ± 2 °C). However, T. harzianum UBSTH-501 bio-fortified vermicompost was applied as a basal dressing (4 tonnes ha−1) 24 h before sowing. The bio-primed seeds were sown in the field with the help of a tractor-operated seed drill in the evening hours with a spacing of 10 × 15 cm in plots of dimensions 15 × 10 m. Field amended with untreated compost was taken as the control for T. harzianum UBSTH-501 and seeds treated only with plain talc were taken as the control for B. amyloliquefaciens B-16. The control plots thus had untreated compost in the soil and talc-treated seeds were sown into this plot to nullify the effect of vermicompost and talc powder, if any.




2.6.2. Estimation of Log CFU Count


The soil samples from the wheat rhizosphere were collected at different time intervals (30, 60, 90 and 120 days after sowing). To collect the rhizosphere soil, twenty-five plants were uprooted and shaken gently. The soil adhered to the roots system was collected (10g) in a separate plastic bag. Soil samples, thus collected, were brought to the laboratory, air-dried in shade to remove the excess moisture up to the field capacity. The samples were sieved (2mm pore size) to remove the debris and fine soil particles were stored in a cold room at 8 °C. The cultivable fungal population was assayed by plating serial decimal dilution on corn meal agar, glucose agar, soil extract agar, Czapek-Dox agar and PDA; whereas cultivable rhizospheric bacterial population was enumerated on nutrient agar, bacillus agar, yeast glucose agar, King’s Medium B and soil extract agar. The inoculated plates were incubated at 27 ± 2 °C. However, the actinomycetes population was counted on starch casein agar, actinomycetes isolation agar, ISP-2, ISP-3, and ISP-4 with an amendment of calcium carbonate. For enumeration of actinomycetes, the inoculated plates were incubated at 28 °C. The log CFU was calculated on a dry weight basis (soil moisture of 60%).




2.6.3. Estimation of IAA in Rhizosphere Soil


Indole-3-Acetic Acid (IAA) in the rhizosphere soil of wheat was estimated as per the methods described by Thimmaiah [52] at 30, 60, 90, and 120 DAS. Briefly, 1.0g rhizospheric soil was collected, dried under vacuum and suspended in methanol:water (1:1, v/v, 5.0 mL) thrice. The supernatants were pooled, and the solvent was evaporated. The dried extracts were re-dissolved in methanol and were subjected to filtration (cellulose nitrate filter, 0.2 µm) prior to analysis. IAA quantification in the rhizospheric soil extracts was done by the colorimetric method using UV Vis Spectrophotometer (Shimadzu Corporation, Japan).




2.6.4. Effect of Bioagents on Membrane Thermostability, Chlorophyll Content and Accumulation of Biomolecules and Organic Solutes


To explore whether microbial inoculants elicit changes in the accumulation of total chlorophyll, total soluble sugar, total protein, starch content, and proline content in wheat grown in saline-sodic soil, time-course experiments were conducted in two contrast treatments, i.e., plants treated with microbial inoculants and untreated control. The changes in the accumulation of biomolecules were measured spectrophotometrically, as per the methods described by Sadasivam and Manickam [53], whereas membrane thermostability (%) was determined in the first fully expanded leaves as per methods described by Fokaret al. [54] at 30, 60, 90 and 120 DAS.




2.6.5. Effect of Bioagents on Lipid Peroxidation and Antioxidant Enzymes Activity


The amount of lipid peroxidation (malondialdehyde, MDA) was measured following the methods described by Heath and Packer [55]. The changes in the accumulation and activity of catalase and superoxide dismutase in plant leaves were measured following the methods described by Thimmaiah [52], whereas the activity of peroxidase was estimated following the protocols described by Sadasivam and Manickam [53] at 30, 60, 90 and 120 DAS. For estimation of SOD, ground 1 g of fresh clean plant tissue in 10 mL ice-cold 50mM potassium phosphate buffer (pH 7.8) in a pre-chilled pestle and mortar. Centrifuged the homogenate at 10,000 rpm for 10 min at 4 °C in a refrigerated centrifuge. The supernatant is used as an enzyme source within 12 h of extraction. Mixed a 3mL reaction cocktail containing (50mM potassium phosphate buffer, pH 7.8, 13mM methionine, 2µM riboflavin, o.1 mM EDTA, 75 µM NBT and 50µL of crude enzyme extract, in duplicate. Make the volume equal by adding double distilled water. Further, set a blank without enzyme and NBT was taken to calibrate the spectrophotometer, while set another control having NBT but no enzyme as reference control. Finally, read the absorbance at 560 nm immediately. The enzyme activity is expressed as units/mg of protein. While quantitative estimation of peroxidase was done according to Sadasivam and Manickam [53] at 30, 60, 90 and 120 DAS. Briefly, 1 g of fresh plant tissue was ground in 3 mL of 0.1 M phosphate buffer (pH 7) by using a pre-cooled mortar and pestle. Centrifuged the homogenate at 18,000 (5 °C) for 15 min. The supernatant was used as an enzyme source. Further, pipetted out 3 mL buffer solution, 0.05 mL guaiacol solution, 0.1 mL enzyme extract and 0.03 mL hydrogen peroxide solution in a cuvette. It was mixed well, and observance was recorded using spectrophotometer at 436 nm. In a similar way, catalase was assayed following the steps suggested by Thimmaiah [52].




2.6.6. Gene Expression Analyses


To see the effect of microbial inoculation on expression profile Zn transporter (TaZIP) genes in wheat grown in saline-sodic soil, total RNA was extracted from root, stem, leaf and panicles using a Total RNA Isolation Kit (Agilent, New Delhi, USA) following the manufacturer’s protocols at 90 DAS. cDNA was synthesized using iScript™ cDNA Synthesis Kit (Bio-Rad Laboratories, Haryana, India) according to the manufacturer’s protocols. The cDNA was quantify before qPCR by using NanoDrop™ 2000/2000c Spectrophotometer (Thermo Scientific, Waltham, MA, USA). Gene specific qPCR primers were designed (Table 1) and validated in silico (https://www.ncbi.nlm.nih.gov/tools/primer-blast/, accessed on 11 August 2021) prior to qPCR experiments. Actin and SuccDH genes were taken as internal control (reference) to normalize the expressions of the genes studied. The data of real-time qPCR were analysed using the 2−ΔΔCT method [56]. Expression analyses was carried out using MJ MiniOpticon Real-Time PCR System (Bio-Rad, Hercules, CA, USA) according to Singh et al. (2021). However, expression profile of High-Affinity K+ Transporter (TaHKT-1) and Sodium/Hydrogen exchanger 1 (TaNHX-1) genes was analysed in wheat grown in saline-sodic soil at 30, 60, 90, and 120 DAS.




2.6.7. Estimation of Zn Bio-Accumulation in Wheat


The total Zn in the root and shoot was estimated using Atomic Absorption Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) following the standard protocols at 90 DAS [57]. However, Zn content in grains was estimated after harvest. Further, Bioaccumulation factor (the ratio of Zn concentration in plant biomass to Zn in soil), Translocation Factor (translocation of Zn from root to shoot), and Transformation Factor (translocation of Zn from shoot to grain) were calculated using the formulae given below:



Ma et al. [58]


  Bioaccumulation   factor   ( BAF ) =    Zn   concentration   in   plant   biomass     above   ground       Zn   concentration   in   soil     











Baker and Brooks [59]


  Translocation   factor   ( TF ) =    Zn   concentration   in   plant   shoot     Zn   concentration   in   plant   root     











Present study


  Transformation   factor   ( TrF ) =    Zn   concentration   in   grain     Zn   concentration   in   shoot     












2.6.8. Plant Growth Promotion and Yield


The effects of microbial inoculants on plant growth, yield and yield attributing characteristics were measured in the wheat crop grown in saline-sodic soil. Ten plants from each treatment were sampled to measure the average plant height, number of effective tillers per plant and plant biomass (dry weight) at 30, 60, 90 and 120 DAS. The crop growth rate (g cm−2 day−1) was measured and calculated as per the methods described by Watson [60]. Data on yield and yield attributes were collected after harvest. Ten plants from each treatment were sampled to calculate the spike length (cm), spike weight (g), spikelet spike−1, number of seeds spike−1 and seed weight (g) spike−1. To record grain yield (qha−1), straw yield (qha−1) and total biological yield (qha−1), sampling was done from five random places in each treatment using a quartet of 1 m2 and finally, yield was calculated on ha−1 basis. The random sampling was done to calculate the weight (g) of 1000 seeds (denoted as test weight) for each treatment according to ISTA guidelines [48].




2.6.9. Effect of Bioagents on Na+, K+ and Ca++ Uptake in Plant


To see the effect of microbial inoculation on uptake of Na+, K+ and Ca++, 10 plants were sampled randomly from each treatment at 30, 60, 90 and 120 DAS, dried at 60 °C and digested using standard protocols. The content of Na+, K+ and Ca++ was estimated as per the methods described by Singh et al. [25].





2.7. Statistical Analyses


Nethouse and field experiments were laid out in randomized block design (RBD) in three replications. The analysis of the data collected from different experiments was done using the statistical package, StatisticalAnalysis System version 9.2 (SAS 9.2, North Carolina State University, Raleigh, NC, USA).





3. Results


3.1. In Vitro Screening for Salt Tolerance and Plant Growth-Promoting Traits


The selected strains were screened for their salt tolerance ability. The results showed that B. amyloliquefaciens B-16 grew in a medium containing 5%NaCl, whereas T. harzianum UBSTH-501 grew at a salt concentration of 4.5% only (Supplementary Table S2). Further, B. amyloliquefaciens B-16 was found to be positive for all the traits tested and T. harzianum UBSTH-501 was positive for HCN, IAA, siderophore, starch hydrolysis, protease production and P, K and Zn solubilization under in vitro assay (Supplementary Table S2).




3.2. Effect of Seed Bio-Priming on Seed Germination and Vigour Indices


The effect of selected bioinoculants on seed germination (%), vigour index I and II were studied under nethouse conditions at 30 DAS. They were found to increase seed germination (%) and vigour indices significantly as compared to the untreated control. Seeds treated with T. harzianum UBSTH-501 showed maximum germination (87.23%) as well as vigour indices I and II (3413.22 and 1.95, respectively) followed by B. amyloliquefaciens B-16 after 30 DAS. However, minimum seed germination (80.92%) and vigour indices (vigour index I: 3112.25 and vigour index II: 1.75) were recorded in the untreated control (Table 2).




3.3. Estimation of Log CFU Count


The effect of microbial inoculation on microbial population in the rhizosphere was studied at different growth stages of wheat crop (30, 60, 90 and 120 DAS) grown in saline-sodic soil. A continuous increase in the log CFU count was recorded up to 90 DAS and the maximum counts of bacterial, fungal and actinomycetes were recorded at the dough stage (90 DAS) in rhizosphere of the plants co-inoculated with T. harzianum UBSTH-501 and B. amyloliquefaciens B-16 (Table 3). After 90 DAS, the microbial count decreased at a faster rate. The minimum CFU count, however, was recorded at 30 DAS. A more or less similar trend was recorded in the rhizosphere of control plants. Results also indicated that CFU count of fungi and actinomycetes did not differ significantly from those in control at 30 and 60 DAS (Table 3).




3.4. Estimation of IAA


A significant change in the IAA content was recorded in the rhizosphere of uninoculated control as well as in bioagents-inoculated plants under saline-sodic conditions at different time intervals and crop growth stages. Maximum IAA content was observed in the plants co-inoculated with T. harzianum UBSTH-501 and B. amyloliquefaciens B-16 at 90 DAS followed by 60 DAS. However, the least IAA content was recorded in uninoculated control at 120 DAS (Figure 1).




3.5. Effect of Microbial Inoculants on Plant Growth Promotion


A significant increase in plant height, number of tillers and total biomass accumulation (dry weight) was observed in plants co-inoculated with both the bioagents as compared to control at 30, 60, 90 and 120 DAS (Table 4). Total plant biomass varied considerably between the treatments, and it was highest (10.50 g) in plants co-inoculated with both the bioagents compared to control (6.88g) at 120 DAS. Similarly, plant height (cm) and the number of tillers plant per plant had the same pattern of differences as plant biomass (Table 4).




3.6. Effect of Microbial Inoculation on Membrane Thermostability, Chlorophyll Content, Accumulation of Biomolecules and Organic Solutes


The effect of microbial inoculation on membrane thermostability, chlorophyll content, accumulation of biomolecules and organic solutes was studied in the wheat crop grown in saline-sodic soils. Results showed that membrane thermostability was significantly higher in leaves of plants co-inoculated with both the bioagents as compared to the leaves of untreated control plants grown under salt-stressed conditions across the time interval (Figure 2a). Manifold increase in the total chlorophyll content was recorded in the co-inoculated plant leaves as compared to those of untreated control plants grown in saline-sodic soil at 30, 60, 90 and 120 DAS (Figure 2b).



The activation and accumulation of biomolecules related to salt tolerance were studied in the B. amyloliquefaciens B-16 and T. harzianum UBSTH-501 treated wheat crop grown in saline-sodic soil. Total starch, protein, soluble sugar and proline content in the leaves of wheat plants differed significantly in the treatments. The results showed that the plants treated with B. amyloliquefaciens B-16 and T. harzianum UBSTH-501 accumulated significantly higher amounts of total starch content (11.46 mg g−1) compared to the control plants (8.50 mg g−1) at 90 days of sowing, while being lowest at 30 days of sowing (Figure 2c). However, accumulation of total protein (Figure 2d), total soluble sugar (Figure 2e) and proline (Figure 2f) had the same pattern of differences as total starch content as compared to the untreated control plants at 30, 60, 90 and 120 DAS (Figure 2d–f).




3.7. Effect of Microbial Inoculation on Lipid Peroxidation and Antioxidant Enzymes


In the presence of microbial inoculants, lipid peroxidation differed significantly. A significant reduction in malondialdehyde (MDA) was observed in plants subjected to salt stress irrespective of the microbial treatment (Figure 3a). Maximum reduction in the MDA was recorded in plants co-inoculated with B. amyloliquefaciens B-16 and T. harzianum UBSTH-501 at 60 DAS in comparison to the control plants grown under saline-sodic conditions. However, a significant increase in the said compound was observed in the untreated control plants (Figure 3a).



In comparison to the uninoculated control plants, a significant increase in terms of enzymatic activity was observed in the plants treated with both the bioagents at all the stages of crop growth (30, 60, 90 and 120 days of sowing). The highest SOD activity was recorded in plants treated with both the bioagents compared to the control (untreated) plants (Figure 3b). Moreover, the same treatment resulted in higher peroxidase (Figure 3c) and catalase (Figure 3d) activity in the plants co-inoculated with B. amyloliquefaciens B-16 and T. harzianum UBSTH-501 as compared to the untreated control (Figure 3c,d).



A direct correlation was recorded among the salt tolerance related biomolecules accumulation (Figure 2a–f), lipid peroxidation (Figure 3a), the activity of antioxidant enzymes (Figure 3b–d), seedling germination and vigour indices (Table 2), and growth attributes and biomass accumulation (Table 4) in plants co-inoculated with B. amyloliquefaciens B-16 and T. harzianum UBSTH-501 and grown under salt-stressed conditions at 30, 60, 90 and 120 days of sowing (Data not shown).




3.8. Expression Analyses of Zn Transporters and Biofortification of Wheat


In general, microbial inoculation significantly up-regulates the TaZIPs in different parts of the plants such as root, stem, leaf and panicles as compared to untreated control plants at 90 DAS (grain filling stage). In the present investigation, eight key TaZIP transporter genes viz. TaZIP-1, TaZIP-3, TaZIP-5, TaZIP-6, TaZIP-7, TaZIP-10, TaZIP-13, and TaZIP-15 were taken into consideration and observed differential expression across the plant parts (Figure 4). It was observed that the maximum expression of all the TaZIP transporter genes tested was recorded in the roots of microbial inoculated plants (2.76–4.96 folds) except for TaZIP-15 as compared to untreated control plants (0.50–1.66 folds) grown under saline-sodic soil. Among the TaZIP transporter genes, the least expression was recorded in the TaZIP-5 followed by TaZIP-6 as compared to other TaZIP transporter genes. However, TaZIP-1, TaZIP-3, TaZIP-7, and TaZIP-10 were highly expressed genes in the wheat grown under saline-sodic soil. It was also observed that a significant expression of all these transporters were recorded in the panicles of plants co-inoculated with microbial inoculants at 90 DAS as compared to untreated control plants (Figure 4).



The Zn content was also estimated in the roots, shoots and grains of wheat co-inoculated with both the bioagents. Results revealed that significantly higher Zn was observed in the root (54.20 µg g−1), shoot (50.36 µg g−1) and grain (60.33 µg g−1) of the microbial inoculated plants as compared to untreated control (root: 37.10 µg g−1, shoot: 30.33 µg g−1 and grain: 36.39 µg g−1) (Figure 5a). Similarly, BAF (17.59), TF (0.925), and TrF (1.114) were also higher in the plants treated with both the bioagents as compared to untreated control (Figure 5b). These results corroborated the findings of expression analyses data.




3.9. Effect of Microbial Inoculation on Expression of TaHKT-1 and TaNHX-1 and Uptake of Na+, K+ and Ca2+


The expression profile of TaHKT-1 and TaNHX-1 was studied in the wheat roots grown in saline-sodic soil at 30, 60, 90, and 120 DAS. The maximum expression of TaHKT-1 was recorded in the plants co-inoculated with both the bioagents at 90 DAS (5.29-folds) followed by 60 DAS (4.95-folds) when compared to untreated control plants (1.50–2.59 folds) grown in saline-sodic soil (Figure 6a). However, maximum expression of TaNHX-1 was observed in the plants treated with both the bioagents at 60 DAS (7.25-folds) followed by 120 DAS (6.35-folds) and 90 DAS (5.65-folds) when compared to untreated control plants (1.96–3.50 folds) grown in saline-sodic soil (Figure 6b).



High salt concentration in soil colloid significantly increased Na+ ion concentration and decreased K+ and Ca2+ concentration in plants roots and shoots of control plants. Results showed that co-inoculation with B. amyloliquefaciens B-16 and T. harzianum UBSTH-501 resulted in a decrease in Na+ uptake and an increase in K+ and Ca2+ uptake in plants. There was a substantial decrease in Na+ uptake in the plants treated with bioagents as compared to the respective untreated controls at different time intervals. However, the maximum increase in K+ and Ca2+ uptake was recorded in wheat plants co-inoculated with both the bioagents (13.09 and 11.44 kg ha−1, respectively) as compared to the untreated control plants (6.50 and 7.00 kg ha−1, respectively) at 120 DAS (Table 5).




3.10. Effect of Microbial Inoculation on Yield and Yield Attributing Traits


Data on crop growth rate (g cm−2 day−1) indicated that treatment with both the bioagents enhanced shoot length and biomass accumulation significantly (p < 0.05) as compared to control plants at 60, 90 and 120 DAS. In contrast, crop growth rate did not differ significantly between bioagents treated and control plants at 30 days of sowing (Figure 7).



Results of the present investigation indicate that treatment with bioagents significantly (p < 0.05) increased the yield and yield attributing traits of wheat crops grown in saline-sodic soil. A considerable increase in yield attributing traits was observed in plants co-inoculated with the bioagents as compared to the control plants (Table 6). Bioagents inoculation improved the spike length and number of seeds per spike by 23.07% and 13.16%, respectively in comparison to the untreated control. A similar trend was also observed in other yield attributing traits. The highest increase in total grain yield was recorded in plants treated with both the bioagents (27.20 q ha−1) compared to their control (22.80 q ha−1) under salt stress conditions (Table 6).





4. Discussion


Soil salinity and sodicity have become important factors that reduce the availability of cultivable land affecting agricultural production worldwide and together, are predicted to become a larger part of the problem in the times to come [3,38]. Globally, soil salinization reduces the available arable land in terms of the gross cropped area by 1–2% annually in the arid and semi-arid regions [61]. Salt stress affects plant growth and yield in many crop species including cereals (wheat, rice and maize), forages (clover), pulse crops (pea, chickpea, pigeonpea) and horticultural crops (potato and tomato) [62,63,64]. They are relatively more susceptible to excessive salt concentration. The present study demonstrates the effects of salt-tolerant T. harzianum UBSTH-501 and B. amyloliquefaciens B-16 and attempts have been made to decipher the mechanisms of salt tolerance in the wheat plants and their impact on growth, yield and physiological traits of wheat crops grown in saline-sodic soil. The selected strains were screened for salt tolerance and PGP traits. The selected strains were able to tolerate salt concentration (NaCl) up to 5% and were found positive for different PGP traits including solubilisation of Zn. The findings of the present study established that, under salt stress conditions, germination percent and vigour indices of wheat increased following the treatment with bioagents as compared to the untreated control. Extensive research has been conducted to demonstrate the beneficial effects of salt-tolerant plant growth promoting microorganisms (PGPMs) on plant growth [29,37,38,65,66,67,68]. Plants challenged with high salt stress tend to overproduce and accumulate biomolecules/organic solutes and other high molecular weight compounds (osmolytes and compatible organic solutes) in their tissues to combat stress [28,69,70]. Plants treated with bioagents under salt stress conditions reprogrammed the catabolic and metabolic cascade/network related to salt tolerance and signalling at the cellular level. Indole acetic acid (IAA) is a phytohormone, involved in root initiation, cell enlargement and cell division; therefore, the IAA production by salt-tolerant PGPMs is crucial for plant growth. The results of this investigation corroborate the fact that a significant amount of IAA is synthesized and found in the rhizospheric soil of bioagents-treated plants grown in saline-sodic soil as compared to the control (Figure 1). A significant increase in plant growth and total plant biomass was recorded in the plants treated with bioagents. These results are in agreement with the findings of Wang et al. [71], who demonstrated that application of B. amyloliquefaciens promotes plant growth by synthesizing plant growth hormones, such as indole-3-acetic acid (IAA), cytokinin and gibberellins; reduction in the volatile plant hormone, ethylene by the production of 1-amino cyclopropane-1-carboxylate (ACC) deaminase and through increased uptake of nutrients from the soil [24,37,38,72,73,74].



IAA in the rhizosphere significantly increases root growth which constitutes a greater root surface area that enables the plant to obtain more nutrients from the soil [75,76]. High salt concentration adversely affects the microbial activity in the rhizosphere [77]. The findings of the present investigation establish a direct correlation between salt concentration and microbial population in the rhizosphere. Maximum microbial population was encountered in the rhizosphere of wheat plants treated with bioagents after 60 and 90 DAS. Even a small quantity of organic matter applied with the T. harzianum as a carrier material attracted microbes towards the rhizosphere. Results also demonstrated that the application of bioagents modulated the root secretion system and pH of the rhizosphere environment which got reduced up to some extent (Data not shown). It was hypothesized that these microbes may balance the equilibrium of certain cations in the rhizosphere and modulate the uptake and translocation system in the plants. Similar observations were also reported by Paul and Lade [35], who demonstrated that microbes could alter the uptake of toxic ions and nutrients by altering host physiology or by directly reducing uptake and accumulation of Na+ and Cl−, while increasing the uptake and translocation of other cations, including zinc, which is evidenced from Zn concentration in the root, shoot and grains. However, the exact mechanisms are still unknown [25,76]. The ZIP (Zn-regulated, iron-regulated transporter-like protein) transporter is one of the widely studied key gene families regulating the uptake, and transport of Zn and Fe across the plant kingdom [78,79,80,81]. The ZIP transporters have been widely and perhaps systematically studied in Arabidopsis and several other plant species. However, the role of ZIP transporters in wheat upon inoculation of T. harzianum and B. amyloliquefaciens and grown under saline-sodic conditions is not well understood at present and needs in-depth investigation. In the present investigation, eight key TaZIP transporter genes viz. TaZIP-1, TaZIP-3, TaZIP-5, TaZIP-6, TaZIP-7, TaZIP-10, TaZIP-13, and TaZIP-15 were taken into consideration. Differential expression of these genes was observed across the plant parts (Figure 4). Significantly higher expression of all the TaZIP transporter genes were recorded in the roots of microbial inoculated plants (2.76–4.96 folds) except for TaZIP-15 as compared to untreated control plants. Gene expression results clearly indicated that microbial inoculants modulated the expression profile of TaZIP transporter directly and/or indirectly. Enhanced uptake and translocation of Zn in roots and shoots of the plants inoculated with T. harzianum and B. amyloliquefaciens as against absolute control plants is in line with the previous reports [14,82,83]. Ramesh et al. [14] reported that Bacillus aryabhattai solubilized the insoluble Zn present in the soil and made it available to the wheat and soybean plants. It was also reported that the application of PGPMs enhanced the translocation of Zn towards wheat grains through induction of physiological processes, mineralization and solubilization of Zn in the rhizosphere [84,85,86,87].



As the salt level increases in the soil, Na+ exerts ionic competence diminishing the ability of ion uptake by plants. The high level of Na+ in the plants affects major metabolic processes such as photosynthesis, protein synthesis and energy and lipid metabolism [9,10,88,89]. Photosynthetic capacity is also reduced under high salt stress due to the osmotic stress and cause partial closure of stomata [89,90]. Plants can also suffer from membrane destabilisation and in general nutrient imbalance [89,91]. Our results also established that plants accumulate high molecular weight osmolytes such as proline and other organic solutes in stress conditions [29,92]. The accumulation of osmolytes and organic solutes significantly increased in the co-inoculated plants as compared to the control (Figure 3a–f). Qurashi and Sabri [65] stated that endogenous osmolytes such as proline, glycine betaine, sugars and choline are accumulated in moderately halophilic bacterial strains, S. haemolyticus and B. subtilis isolated from chickpea rhizosphere. These osmolytes improve the growth of bacteria as well as plants by alleviating salt stress. The formation of ROS upon salt shock in plants may cause damage to lipids, protein and nucleic acids. Generally, ROS production is favoured due to the over-reduction of the photosynthetic electron chain by limiting the rate of photosynthesis under high salt stress [93,94,95,96,97,98]. PGPMs-mediated induction of stress tolerance in plants is well-acknowledged. Results of the present investigation revealed that the application of bioagents in wheat induced the cascades/pathways responsible for the synthesis of antioxidant enzymes and lipid peroxidation. In the present study, the enzymatic activities increased significantly after bioagents inoculation in comparison to the control plants. Paul and Lade [35] reported that activities of antioxidant enzymes generally increase when plants are subjected to biotic or abiotic stress. Antioxidant enzymes (superoxide dismutase and peroxidase) are generally involved in eliminating reactive oxygen species [98,99,100,101,102], reducing lipid peroxidation [102] and increasing membrane thermostability [35]. Excess sodium and, more importantly, chloride in the plant cell has the potential to affect plant metabolism and cause cell swelling and physiological changes resulting in reduced energy production [101,103].



In the present study, bioagents inoculation showed a significant increase in the expression of TaHKT-1 and TaNHX-1. uptake and translocation of K+ and Ca2+ in wheat as compared to the control across the growth stages resulting in increased ion equilibrium at the cellular level. Likewise, a manifold increase in the growth attributes of plants treated with bioagents under salt stress conditions was recorded. This equilibrium might directly or indirectly help in plant growth and development under salt stress conditions. Under high salt stress, excessive Na+ and Cl− concentration in the rhizosphere soil induce competitive interactions with other nutrients/ions including K+, NO3− and H2PO4− [38,101]. It impaired the structure and function of binding sites and transport proteins in root epidermal cells which affect the downward signalling and thereafter affect the translocation, deposition and partitioning of essential nutrients including Zn in the plant tissues [98,101,104,105]. An increase in the uptake of Na+ or a decrease in the uptake of Ca2+ and K+ in leaves leads to nutritional imbalances. Accumulation of excessive Na+ may cause metabolic disturbances in processes where low Na+ and high K+ or Ca2+ are required for optimum function [106,107]. Once the capacity of cells to store salts is exhausted, salts start building up in the intercellular spaces leading to exo-osmosis, cell dehydration and death [25,108].



Salt stress in plants is a cumulative effect of osmotic and ionic stresses which negatively affects plant growth and yield. Researchers have shown that multiple genes are involved in the salt tolerance mechanism in several plant species [70,109,110]. They have been reported to be involved in signal transduction, ion transporters, transcription regulation and metabolic pathways [37,38,111,112]. Among them, some are constitutive, and others are inducible. PGPMs colonise the rhizosphere of plants and promote plant growth through various means (Figure 8). Zhang et al. [34] reported that inoculation with B. subtilis GB03 regulated the potassium transporter HKT1 gene in Arabidopsis thaliana and thereby increased the level of salt tolerance in plants [113,114,115]. The investigation revealed that certain volatiles emitted by PGPMs down-regulate HKT1 expression in roots but up-regulate it in shoots, leading to lower Na+ levels and recirculation of Na+ in the whole plant under salt-stressed conditions [34]. These results sustained the idea that bacteria can mediate the expression of high-affinity K+ transporter in Arabidopsis (AtHKT1) under saline conditions [116].



Salinity and sodicity play a vital role in the availability of Zn in soil and its translocation to the plants [17,117]. The results of the present investigation indicated that microbial inoculants gave good results in controlling seedling mortality and improved Zn uptake and translocation in wheat under field experiment. Further, microbial inoculants significantly affect the expression profile of Zn transporter (TaZIP) genes in the wheat grown in saline-sodic soil. These transporters play a crucial role in uptake of Zn from soil and translocate to other parts of the plants. It was observed that microbial inoculants successfully up regulated the ZIP transporter genes thereby increasing uptake and translocation of Zn in wheat even under salt stressed conditions. These results are in agreement with the several other researchers [13,118,119,120,121]. However, further pieces of evidence are needed to verify the exact role of these bioagents along with other putative mechanisms participating in microbe-mediated salinity tolerance in wheat crop.




5. Conclusions


In this study, we have shown that compatible salt-tolerant T. harzianum UBSTH-501 and B. amyloliquefaciens B-16 with multiple PGP traits can enhance plant growth, Zn-biofortification and yield under salt-stressed conditions. The results confirmed that co-inoculation of these two bioagents increases the microbial population in the rhizosphere soil that might contribute to greater ionic balance under higher salt concentrations. Our findings focus on microbe-mediated induction and accumulation of osmolytes and organic solutes, synthesis of phytohormones, antioxidant enzymes to induce membrane thermostability and metabolic function at cellular levels. Along with salt tolerance, these microbial inoculants enhanced the expression of ZIP transporter genes and thereby increased the uptake and translocation of Zn. This Zn pool is further translocated into the grains and improves the nutritional quality of biofortified wheat. Hence, the use of these multi-traits linked salt-tolerant bioagents as bioinoculant holds great potential to combat salt stress in wheat crops cultivated in saline-sodic of soils of eastern Uttar Pradesh of India.
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Figure 1. Effect of T. harzianum UBSTH-501 and B. amyloliquefaciens B-16 inoculation on IAA production in the wheat rhizosphere at 30, 60, 90, 120 DAS. Data are means and vertical bar lines represent standard deviation. Double asterisk (**) represents significant difference, while single asterisk (*) represents non-significant difference with their respective control. 
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Figure 2. Effect of microbial inoculation on membrane thermostability, chlorophyll content, accumulation of biomolecules and organic solutes in wheat grown in saline sodic soil under field condition (a) membrane thermostability, (b) total chlorophyll content, (c) starch content, (d) total protein, (e) total soluble sugar, and (f) proline in wheat plants after 30, 60, 90, 120 days of sowing. Data are means and vertical bar lines represent standard deviation. Double asterisk (**) represents significant difference, while single asterisk (*) represents non-significant difference with their respective control. 
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Figure 3. Effect of microbial inoculation on lipid peroxidation and antioxidant enzymes induced in wheat plants grown in saline sodic soil under field condition (a) lipid peroxidation (MDA), (b) superoxide dismutase, (c) peroxidase, and (d) catalase activity in wheat plants at 30, 60, 90, 120 DAS. Data are means and vertical bar lines represent standard deviation. Double asterisk (**) represents significant difference, while single asterisk (*) represents non-significant difference with their respective control. 
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Figure 4. Effects of microbial inoculation on expression profile of ZIP transporter genes (fold change) in the wheat grown in saline sodic soil at 90 DAS, (a) TaZIP-1, (b) TaZIP-3, (c) TaZIP-5, (d) TaZIP-6, (e) TaZIP-7, (f) TaZIP-10, (g) TaZIP-13, and (h) TaZIP-15. Data are means and vertical bar represents standard deviation. 
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Figure 5. Effects of microbial inoculation on (a) Zn content in different parts of the wheat plants, and (b) Bioaccumulation factor, Translocation factor, and Transformation factor of the Zn in the wheat grown in saline sodic soil. Data are means and vertical bar represents standard deviation. 
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Figure 6. Effects of microbial inoculation on expression profile of (a) TaHKT-1 and (b) TaNHX-1 in the wheat grown in saline sodic soil at 90 DAS. Data are means and vertical bar represents standard deviation. 
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Figure 7. Effect of microbial inoculation on crop growth rate (CGR) in wheat grown in saline sodic soil under field condition at 30, 60, 90, 120 DAS. Data are means and vertical bar lines represent standard deviation. Double asterisk (**) represents significant difference, while single asterisk (*) represents non-significant difference with their respective control. 
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Figure 8. Schematic diagram representing holistic overview of microbial inoculation, T. harzianum and B. amyloliquefaciens on rhizosphere microbes, plants and rhizosphere soil at different crop growth stages. 
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Table 1. Oligonucleotide primer sequences used for SYBR Green real time qPCR expression analysis.
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S.No.

	
Gene Symbol

	
Forward Primer

	
Reverse Primer






	
(A) Zn transporter (TaZIP) genes




	
1.

	
TaZIP1

	
GTCCCCCTACTTCTACCGCT

	
TGGTTGACCCTCTGCCTGTT




	
2.

	
TaZIP3

	
GGGAAATGGAGAACYCCTGGATG

	
GGCATAGAGATCTTGAAAGCAATTGC




	
3.

	
TaZIP5

	
AGGTTTCGCCTCAAGTCTGTCTTG

	
GGCTATTCTCGTCGTAAGCAGAG




	
4.

	
TaZIP6

	
GTCATCATCTCTGAAACTGAAGAAGG

	
CCCTCTATACATTTCACTATGRCC




	
5.

	
TaZIP7

	
ACAGGCAGTATGTTSGGACGTAG

	
CAGCAAGTGATGGCCTATGTCG




	
6.

	
TaZIP10

	
GTGGATCTCATTGCTGCTGA

	
AGCCCAAATAGCCAGTGATG




	
7.

	
TaZIP13

	
CGCAAGCSTACAACATGAAACAGT

	
CTTYAGACACGCTACTGGGTTGG




	
8.

	
TaZIP13

	
CGCGAGCCTACAACTTGAAACAG

	
CTTYAGACACGCTACTGGGTTGG




	
9.

	
TaZIP15

	
CTCTCTGCGCTGGTTGCTTT

	
TGGGAGGACTCCGGCAACAG




	
(B) Salinity stress related genes




	
10.

	
TaHKT-1

	
CAAAGGTGAAGGAGCTGAGG

	
GAGCTGAGCCCATCAAAGAC




	
11.

	
TaNHX-1

	
GAATGCCACTCAGATCCAGC

	
GCTGCTGGGTGGCTTAGTGC




	
(C) Housekeeping genes




	
12.

	
TaActin3

	
GACGCACAACAGGTATCGTGTTG

	
CAGCGAGGTCAAGACGAAGGATG




	
13.

	
TaSuccDH

	
TTTGCTCTCCGTGGTGCCTTTGG

	
GAAGATGTGTAGCTCCTTGCTTGC
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Table 2. Effect of bioagents on germination and vigour of wheat grown under salt stress conditions 30 days after sowing.






Table 2. Effect of bioagents on germination and vigour of wheat grown under salt stress conditions 30 days after sowing.





	Treatments
	Germination (%)
	VigourIndex I
	VigourIndex II





	T. harzianum UBSTH-501
	87.23 ± 2.25 a
	3413.22 ± 10.21 a
	1.95 ± 0.45 a



	B. amyloliquefaciens B-16
	85.26 ± 2.50 b
	3324.16 ± 9.26 b
	1.87 ±0.25 a



	Control (untreated)
	80.92 ± 3.52 c
	3112.25± 8.20 c
	1.75 ± 0.25 b







Data are means ± SEM, values in column followed by the different letter are significantly different at p < 0.05.
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Table 3. Effect of bioagent treatment and agronomic practices of log CFU count of bacteria, fungi and actinomycetes in wheat rhizosphere under salt stress conditions.






Table 3. Effect of bioagent treatment and agronomic practices of log CFU count of bacteria, fungi and actinomycetes in wheat rhizosphere under salt stress conditions.





	
Treatments

	
Fungi

	
Bacteria

	
Actinomycetes




	
30 DAS †

	
60 DAS

	
90 DAS

	
120 DAS

	
30 DAS

	
60 DAS

	
90 DAS

	
120 DAS

	
30 DAS

	
60 DAS

	
90 DAS

	
120 DAS






	
Control

(untreated)

	
2.02 ± 0.25 b

	
3.01 ± 0.15 a

	
2.92 ± 0.50 b

	
2.62 ± 0.57 b

	
2.15 ± 0.50 b

	
3.46 ± 0.16 b

	
3.92 ± 0.15 b

	
3.67 ± 0.25 b

	
1.61 ± 0.10 a

	
1.92 ± 0.15 b

	
2.01 ± 0.33 b

	
1.72 ± 0.11 b




	
Bioagents treated

	
2.85 ± 0.33 a

	
3.01 ± 0.36 a

	
3.96 ± 0.33 a

	
3.30 ± 0.66 a

	
3.56 ± 0.20 a

	
6.96 ± 0.66 a

	
7.12 ± 1.15 a

	
4.92 ± 0.50 a

	
1.88 ± 0.33 a

	
2.67 ± 0.20 a

	
2.46 ± 0.45 a

	
2.42 ± 0.25 a








† DAS represent days after sowing, data are means ± SEM, values within a column followed by the same letter are not significantly different at p < 0.05.
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Table 4. Effect of bioagents on different growth parameters of wheat plants grown under salt stress conditions.






Table 4. Effect of bioagents on different growth parameters of wheat plants grown under salt stress conditions.





	
Treatments

	
Plant Height (cm)

	
Number of Tillers Plant−1

	
Plant Biomass on Dry wt. Basis (g)




	
30 DAS †

	
60 DAS

	
90 DAS

	
120 DAS

	
30 DAS

	
60 DAS

	
90 DAS

	
120 DAS

	
30 DAS

	
60 DAS

	
90 DAS

	
120 DAS






	
Control (untreated)

	
17.50 ± 1.02 b

	
38.60 ± 2.25 b

	
70.30 ± 2.50 b

	
75.05 ± 1.57 b

	
2.05 ± 0.55 b

	
4.30 ± 0.36 b

	
4.90 ± 0.25 b

	
4.96 ± 0.45 b

	
1.89 ± 0.22 b

	
4.80 ± 0.50 b

	
5.21 ± 0.33 b

	
6.88 ± 0.21 b




	
Bioagents treated

	
24.70 ± 2.01 a

	
61.90 ± 2.36 a

	
95.40 ± 3.50 a

	
100.30 ± 2.65 a

	
3.25 ± 0.22 a

	
8.40 ± 1.02 a

	
8.90 ± 0.66 a

	
8.90 ± 0.40 a

	
2.35 ± 0.11 a

	
6.54 ± 0.25 a

	
8.20 ± 0.25 a

	
10.50 ± 0.75 a








† DAS represent days after sowing, data are means ± SD, values within a column followed by the same letter are not significantly different at p < 0.05.
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Table 5. Effect of bioagents on Na+, K+ and Ca2+ uptake in plants (kg ha−1) grown under salt stress conditions.






Table 5. Effect of bioagents on Na+, K+ and Ca2+ uptake in plants (kg ha−1) grown under salt stress conditions.





	
Treatments

	
Na+ Uptake

	
K+ Uptake

	
Ca2+ Uptake




	
30 DAS †

	
60 DAS

	
90 DAS

	
120 DAS

	
30 DAS

	
60 DAS

	
90 DAS

	
120 DAS

	
30 DAS

	
60 DAS

	
90 DAS

	
120 DAS






	
Control (untreated)

	
0.44 ± 0.01 a

	
3.06 ± 0.25 a

	
5.93 ± 0.55 a

	
8.68 ± 1.02 a

	
0.58 ± 0.01 b

	
2.36 ± 0.20 b

	
3.90 ± 0.66 b

	
6.50 ± 0.80 b

	
0.45 ± 0.01 a

	
2.20 ± 0.19 b

	
3.77 ± 0.45 b

	
7.00 ± 0.95 b




	
Bioagents treated

	
0.54 ± 0.05 a

	
2.82 ± 0.33 b

	
5.71 ± 0.82 b

	
7.10 ± 0.66 b

	
1.06 ± 0.15 a

	
5.54 ± 0.55 a

	
9.36 ± 1.33 a

	
13.09 ± 1.66 a

	
0.75 ± 0.01 a

	
4.25 ± 0.25 a

	
7.86 ± 0.75 a

	
11.44 ± 4.25 a








† DAS represent days after sowing, data are means ± SD, values within a column followed by the same letter are not significantly different at p < 0.05.
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Table 6. Effect of bioagents on yield and yield attributes of wheat grown under salt stress conditions at harvest.






Table 6. Effect of bioagents on yield and yield attributes of wheat grown under salt stress conditions at harvest.





	Parameters
	Control (Untreated)
	Bioagents Treated





	Spike length (cm)
	9.10 ± 1.02 b
	11.20 ± 1.15 a



	Spike weight (g)
	1.66 ± 0.20 b
	2.10 ± 0.21 a



	Spikelet spike −1
	17.05 ± 1.25 b
	19.50 ± 1.45 a



	Number of seeds spike −1
	44.80 ± 2.01 b
	50.70 ± 3.02 a



	Seed weight (g) spike −1
	1.50 ± 0.11 b
	1.70 ± 0.33 a



	Test weight (g)
	37.30 ± 1.33 b
	39.20 ± 1.36 a



	Seed yield (q ha −1)
	22.80 ± 1.03 b
	27.20 ± 1.25 a



	Straw yield (q ha −1)
	33.20 ± 1.25 b
	41.70 ± 1.54 a



	Biological yield (q ha −1)
	56.00 ± 2.25 b
	68.90 ± 2.66 a







Data are means ± SD, values within a row followed by the same letter are not significantly different at p < 0.05.
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