

[image: image1]
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In this study, a total of 50 halophilic bacterial isolates were screened for 1-aminocyclopropane-1-carboxylate (ACC) deaminase activity, of these six with the highest ACC deaminase activity were selected for an increase in chickpea yield under salinity. The ACC deaminase activity among the isolates was ranged between 0.12 and 3.56 mM α-KB mg−1 min−1. These six isolates and one reference strain from the Agricultural College, Raichur, were used in the microcosm experiment during the rabi season of 2018. After 60 days of sowing, decreased rhizosphere pH and electrical conductivity (EC) from 8.4 to 7.6 and 4.3 to 3.4 dS m−1, respectively, were reported in chickpea. Among the treatments, Bacillus safensis (B. safensis)-inoculated plants showed a higher number of flowers (71 flowers/plant), pods (49.3 pods/plant), branches (33.3 branches/plant), and enhanced fresh weight (17.2 g/plant) and dry weight (8.1 g/plant). They were corroborated by improved nitrogen and phosphorus absorption of 71.5 and 43.5%, respectively, in B. safensis-treated plants. Based on the microcosm experimental findings, three cultures improving biometric and yield attributes were chosen for the field investigation. The field study was carried out at the Agricultural Research Station, Ganagavathi, during Kharif 2019. The chickpea plants treated with the consortium [B. safensis, Pseudomonas stutzeri, and Staphylococcus xylosus] increased the superoxide dismutase and catalase activity of plants by 258 and 196%, respectively. In addition, an increase in ascorbate peroxidase activity (0.41 μmol of ascorbate oxidized s−1 g−1 fresh weight) in the leaves and proline content was also recorded. The consortium (B. safensis, P. stutzeri, and S. xylosus) significantly increased nutrient uptake (N and P), the number of flowers, number of pods, and yield by 63.26, 39.03, 110, 59.96, and 17.56%, respectively, in chickpeas. Finally, inoculation with a mixture of three isolates is an effective method for increasing chickpea production under osmotic stress.
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INTRODUCTION

Salinity affects more than 6% of the land area globally exacerbated by the high temperatures and low rainfall (Etesami and Maheshwari, 2018). In India, statewide estimates showed an extensive area distribution across the Gangetic Plain of Uttar Pradesh, arid and semiarid regions of Gujarat, and peninsular plains of Maharashtra. There is also 3.1 M ha of land in the coastal zone encompassing seven states of India (Mandal et al., 2009). Salt-affected regions are one of the crucial degraded regions wherein soil productivity was decreased because of salinization [electrical conductivity (EC) > 4 dS m−1], sodicity [exchangeable sodium percentage (ESP) > 15%], or both. Soil salinity poses a massive challenge for the cultivation of crops and substantially impacts growth and yields. Salt influences plant growth mainly through the poisonousness brought about by the unnecessary take-up of salts, particularly sodium chloride (NaCl) (FAO, 2005). Soil salinity minimizes the process of plant photosynthesis because of the mind-boggling complex negative impacts of osmotic, ionic, and nutritional interactions (Shirokova et al., 2000). Most flora is vulnerable to salinity pressure (glycophytes); yet, a few plants endure and develop within sight of salts (halophytes). Aggregates of environmental adaptations and intrinsic hereditary characteristics modulate salinity resilience systems in glycophytes and halophytes (Munns, 2002). Glycophytes will, in general, exclude the salts from the roots, postponing the salinity stress (Zhu, 2007). Conversely, halophytes amass salts, carrying them through the xylem stream, and precipitating them into the leaves. A few halophyte groups have advanced with specialized cells called salt glands in shoots to discharge salt to its surface and then expelled by water or wind (Flowers and Colmer, 2015).

Legumes are essential due to their one of a kind dinitrogen fixation potential, high protein content, mineral nutrients, and occupy 12–15% of arable lands in the world (Flexas et al., 2004). In any case, cultivated legumes are moderate to profoundly sensitive to salinity and just a couple of agronomical legumes can grow in the salt-affected soils (Ashraf and McNeilly, 2004; Singh et al., 2018). For instance, two annual pasture legumes, messina (Melilotus siculus) and burr medic (Medicago polymorpha), can grow in soils with an EC up to 36 dS m−1 (Rogers et al., 2005). Chickpea is commonly grown for animal feed and human food in semiarid regions globally and yield losses are 8–10% per annum globally due to salinity (Flowers et al., 2010). Chickpea is grown in many environments; however, being highly susceptible to salinity results in reduced productivity per hectare (Atieno et al., 2017). Negative impacts of salinity can be observed during the reproductive stage of crop (Turner et al., 2013). Reduction in the external osmotic potential meddles with water take-up of plants, promoting diminished plant biomass (Boursiac et al., 2005). Photosynthesis hampered by the prolonged exposure to Na+ and Cl− ions and plants keep up the net Na+ take-up by excluding through transpiration stream in young leaves. Several plants can endure the salinity stress by accumulating compatible solutes and osmotic adjustments (Munns and Tester, 2008). Plant breeding strategies are constrained by the lack of information on critical traits responsible for inferior performance under raised salinity. The presence of a tremendous number of germplasms with the slightest genetic variation hinders success and pulls a lot of investment and labor. Microbial-based technologies are financially savvy, eco-friendly, practical, and sustainable (Etesami and Glick, 2020).

Plant growth-promoting rhizobacteria (PGPR) from saline soils improves glycophytic growth of plants that result in high salinity levels (Barassi et al., 2006). These bacteria endure a wide range of salinity stresses and empower plants to withstand by improving hydraulic conductivity, osmolyte accumulation, toxic ions (Na+) removal, and keeping up photosynthetic activity (Dodd and Alfocea, 2012). Further, amassing compatible solutes in the cytoplasm and/or inorganic ions, such as sodium, potassium, and chloride, stabilizes the biological structures (Mandal et al., 2009). Rise of ethylene levels because of the excess accumulation of Na+ and Cl− ions in plants causes leaf senescence and necrosis (Campbell et al., 2015). Ethylene altogether represses shoot and root prolongation and minimizes plant height and growth in general development (Klassen and Bugbee, 2002). PGPR from stressed environments generally exhibits 1-aminocyclopropane-1-carboxylate (ACC) deaminase activity, which decreases the degree of ACC and endogenous ethylene (Ansari et al., 2019). Halophilic bacteria with ACC deaminase activity mitigate the pernicious effects of salt stress on plant growth. The plants immunized with ACC deaminase-positive PGPR are more tolerant to salt stress (Nishimura et al., 2007; Tiwari et al., 2016). Microbial reduction of rhizosphere pH was well studied, although utilizing facultative anaerobe never endeavored. The more significant part of the studies focused on the solubilization of minerals by the organic and inorganic acids. This study made endeavors to assess the plant growth-promoting halophilic facultative anaerobes in soil acidification and salt stress alleviation in chickpea plants.



MATERIALS AND METHODS


In vitro Screening for ACC Deaminase Production

A total of 50 halophilic bacteria were isolated from the saline soils of Raichur and Ganagavathi. All the bacterial isolates (50) were grown separately in 5 ml of Tryptic Soy Broth (TSB) and incubated for 24 h at 28°C at 120 rpm and then cells were harvested as cell pellets centrifugation at 3,000 rpm for 5 min. Cell pellets were subsequently washed twice with sterile 0.1 M Tris-HCl (pH 7.5) and resuspended in 1 ml of 0.1 M Tris-HCl (pH 7.5) and eventually spot inoculated on modified Dworkin and Foster (DF) minimal medium (Dworkin and Foster, 1958). The DF minimal medium without ACC served as negative control and positive control with ammonium sulfate [(NH4)2SO4] (0.2 % w/v). The plates were incubated for 72 h at 28°C, the growth of isolates on ACC supplemented plates was compared with the negative and positive controls, and the samples were chosen based on bacterial content. The amount of α-ketoglutarate produced was determined by using a standard curve and the absorbance was recorded at 540 nm (Ali et al., 2014).

Of these, seven isolates with the highest ACC deaminase activity and plant growth-promoting attributes such as solubilization of Zn and P, the release of K, and indole-3-acetic acid (IAA) production at 10% NaCl were selected based on the previous studies of Nagaraju et al. (2020). The treatments were imposed for microcosm study by inoculating the individual cultures of Bacillus albus (MN098871.1, HB-4), Bacillus safensis (B. safensis) (MN121550.1, HB-5), Pseudomonas stutzeri (P. stutzeri) strain 1 (MN098847.1, HB-13), Lysinibacillus sphaericus (MZ413352, HB-15), Staphylococcus xylosus (S. xylosus) (MZ413353, HB-18), P. stutzeri strain 2 (MZ413354, HB-41), and Pseudomonas spp. (GP-21) (52). The treatments were compared with the uninoculated controls treated with 100% recommended dose of fertilizer (RDF) and 75% RDF under saline conditions.



Soil Acidification Test

A method was developed to identify the soil acidification by halophilic bacteria; for this test, sterilized saline soil (pH ≥ 8 and EC = 4.2 ± 0.2 dS m−1) was used (collected from the Agricultural Research Station, Gangavathi Farm). A composite soil sample (pH ≥ 8 and EC 4.2 ± 0.2 dS m−1) was collected and a small fraction weighing approximately 30 g was shared into 250 ml of sterile Erlenmeyer flasks under the aseptic conditions. Subsequently, 60 ml of double-distilled sterile water, 1–2% glucose, and 0.04 g of bromothymol blue were administered. Finally, each flask was inoculated with a single acid-producing PGPR-halophilic bacterial isolate; a total of eight treatments were imposed with three replications and control remained untreated. Flasks were sealed with a nonabsorbent cotton plug and incubated at 37 ± 2°C at 120 rpm in a rotary shaker. Observations such as pH and EC were recorded at the 5, 10, and 15 days after inoculation (DAI) and subsequent color changes were reported from blue to green (alkaline) or yellow (acidic).



Microcosm Experiment

From the Gangavathi area, the experimental soil was collected and used for the microcosm study from November 2017 to March 2018. Pots were filled with about 5 kg of soil (clay loamy) with an initial pH and EC around 8.4 and 4.0 dS m−1, respectively. The experiment was conducted at the Glasshouse, Agricultural college, University for Agricultural Sciences (UAS), Raichur. The experiment was laid out in a completely randomized design (CRD) with eight treatments including one control consisting of 24 total experimental units (pots). High-yielding chickpea (TAU-1) seeds were collected from the Seed Unit, College of Agriculture, Raichur, India and sterilized for 30 s using 1% sodium hypochlorite preceded by sterile distilled water rinsing and cleaning (Han and Lee, 2005). Treatments were imposed on each by inoculating one efficient strain. Seven halophilic bacterial isolates were grown separately in nutrient broth (250 ml supplemented with 3% NaCl) at 37°C for 4 days at 120 rpm. Later, individual cultures were mixed with lignite powder @ 1:3 and allowed to be cured overnight. Finally, chickpea seeds were treated with inoculum, leaving the control untreated. Seeds were planted at a rate of eight seeds per pot and a 4–5 cm depth. Normal pH and EC testing were carried out at intervals of 15 days. After 5 days of seedling emergence, chickpea seedlings were irrigated daily with an equal amount of 4 dS/m (40 mM NaCl to maintain salinity stress) solution. As per the standard protocols, soil samples were tested for physiochemical properties such as pH, EC, phosphorus, organic carbon, nitrogen, and potassium at regular intervals (Subbiah and Asija, 1956; Piper, 1966; Jackson, 1973). The experimental data obtained from this experiment were subjected to statistical analysis by using a completely randomized block design (CRD) and grouping was carried out by using the Tukey's method.



Field Experiment

The chickpea field experiment was performed from November 2018 to February 2019 at the Agricultural Research Station, Gangavathi, Koppal, India (15°27′N, 76°31′E). The soil of experimental site is a deep, well-drained clay loamy with an initial pH and EC of 8.2 ± 0.2 and 4.2 ± 0.2 dS m–1, respectively. No fertilizer amendments were followed before planting. The same TAU-1 variety grown in the microcosm study was planted in the field study. Seeds were sown at a rate of 43 seeds m–2 and a depth of 3–5 cm. The plots were arranged in a randomized complete block design with four replications. The plot size was 5 m–2 × 3 m–2 with a row spacing of 30 cm seeds were treated with the three isolates which increased plant height, root length, nodulation, and the yield of chickpea in microcosm studies such as B. safensis (HB-5), P. stutzeri strain 1 (HB-13), and S. xylosus (HB-18). For both the pot culture and field experiments, biometric observations such as plant height, root length, number of branches plant–1, fresh weight of shoot and root, dry weight of shoot and root after drying at 65°C for 4 days, number of flowers, number of pods, nitrogen (nitrogen uptake was calculated by multiplying the concentration of N by the amount of dry matter produced), phosphorus, and number of root nodules were made at regular intervals (30, 60 days, and at harvest) (Piper, 1966). Grain yield was analyzed at 14% moisture content before statistical analysis. Furthermore, rhizosphere soil samples were collected intermittently at 30, 60 days, and at harvest stages and soil pH was analyzed by using the standard protocols (Piper, 1966). The experimental data obtained from a field experiment (in vivo) was analyzed by using a randomized block design (RBD). All the values are grouped based on the Tukey's pairwise and 95% CI method.



Antioxidant Enzyme Activities

A total of 1 g of each leaf and root samples were frozen and then grounded in 4 ml of 50 mM phosphate buffer solution (pH 7.0) and 1% polyvinylpyrrolidone (PVP) (w/v). At 15,000 × g for 30 min at 4°C, the homogenate was centrifuged and the supernatant was collected for enzymatic assays. Superoxide dismutase (SOD) activity in plates has been determined according to Giannopolities and Ries (1977) method. One unit of enzyme activity was determined by monitoring the absorbance at 560 nm as the amount of enzyme to achieve a 50% Nitroblue tetrazolium (NBT) reduction rate. Catalase activity (CAT) was calculated by monitoring a decrease in absorbance at 240 nm for 1 min (extinction coefficient of 0.036 mM −1 cm −1) (Change and Maehly, 1955). The enzyme required to break down 1 μmol hydrogen peroxide (H2O2) per min at 25°C was specified as one unit of activity. For ascorbate peroxidase activity, plant tissue was homogenized in 100 mM NaCl, 5 mM Ethylenediamine tetraacetic acid (EDTA), 5 mM Dithiotreitol (DTT), 2% (w/v) PVP, and 5 mM ascorbate mixed in 1 ml of 50 mM phosphate buffer (pH 7.8). Further, the homogenized material was centrifuged at 15,000 × g for 15 min at 4°C (absorbance coefficient 2.8 mM−1 cm−1). At 290 nm absorbance, the reaction rate was measured (Aono et al., 1995). The sum required to decompose 1 μmol of ascorbate per min at 25°C was described as one enzyme unit. Ascorbic acid was measured by using the procedure outlined by Mukherjee and Choudhuri (1983); in brief, tissues were extracted with 6% trichloroacetic acid (10 ml), which was mixed with 2% dinitrophenylhydrazine (2 ml) and one drop of 10% thiourea in 70% ethanol. The mixture was boiled for 5 min in a water bath after which the mixture was allowed to cool at room temperature. At 0°C, 5 ml of 80 % (v/v) sulfuric acid (H2SO4) was added to the mixture and absorbance at 530 nm was reported. The ascorbic acid concentration was determined from a standard curve plotted with the known concentration of ascorbic acid. This experimental data was analyzed by using a CRD.



Estimation of Proline Content

From microcosm and field-grown chickpea plants, approximately 0.5 g of fully opened leaf samples were obtained. The samples were homogenized in 10 ml of 3% aqueous sulfosalicylic acid and the homogenate was extracted through the filter paper. A total of 2 ml of filtrate was reacted with 2 ml of acid ninhydrin and 2 ml of glacial acetic acid for 1 h at 100°C and the reaction was terminated by using an ice bath. The chromophore was extracted by using 4 ml of toluene and its absorbance was measured at 520 nm by using a spectrophotometer (toluene used as a blank). The proline concentration was estimated from a standard curve and measured on a fresh weight basis by using the formulae (Bates et al., 1973):
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RESULTS


Soil Acidification by Halophilic Bacteria

The soil pH and EC changes were measured with a 1-week interval and the results were promising. Halophilic bacterial inoculation substantially decreased saline soil pH and EC. The decrease in soil pH and EC was significant with the treatment of B. safensis (supplemented with 2% glucose), reduced pH maximum of 12.31%, and EC up to 17.96% after 5 days of inoculation. The pH decrease was peak after 5 days of inoculation and, subsequently, there was a slight increase in pH. In P. stutzeri-inoculated treatments, an increase in pH and EC was recorded after 15 days (Table 1).


Table 1. Influence of facultative anaerobic halophilic bacteria on pH and electrical conductivity (EC) of saline soil.
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Qualitative and Quantitative Assay for ACC Deaminase

A total of 50 halophilic bacterial isolates were isolated on enrichment media from saline soils of Gangavathi, of which 39 isolates were able to grow on DF minimal salt medium supplemented with 3 mM ACC as a source of nitrogen, based on which it was postulated that these isolates were positive for the activity of ACC deaminase. The amount of α-ketoglutarate produced by the isolates ranged from 0.12 to 3.56 mM αKB mg−1 min−1. The maximum ACC deaminase production was observed in B. safensis with 3.56 mM αKB mg−1 min−1.



Effect of Plant Growth-Promoting Halophilic Bacteria (PGPHB) on Chickpea Under Microcosm Conditions

This experiment was performed at the Glasshouse, Agricultural college, UAS, Raichur during the rabi season of 2017–2018. Uninoculated pots with 40 mM NaCl (v/v) served as control. The pH of rhizosphere and EC were continuously recorded at an interval of 15 days over the entire crop duration. A significant decrease in pH was recorded after 60 days of sowing, an active crop growth stage (Figure 1), whereas reduction in EC was observed from 30 to 60 days (Figure 2). The maximum intake of nitrogen (N) was reported when B. safensis (89.29 kg ha−1) was inoculated, followed by P. stutzeri (85.29 kg ha−1) and S. xylosus (85.03 kg ha−1), and the lowest was observed in control (52.04 kg ha−1). Maximum phosphorus uptake was achieved by treatment with B. safensis (20.05 kg ha−1), followed by P. stutzeri (18.29 kg ha−1), S. xylosus (17.52 kg ha−1), Lysinibacillus sphaericus (15.92 kg ha−1), and the lowest was observed in T2 (13.63 kg ha−1).


[image: Figure 1]
FIGURE 1. Influence of plant growth promoting halophilic bacteria (PGPHB) on chickpea rhizosphere pH: the reduction in pH of the chickpea rhizosphere commenced after 15 days after planting and reached a maximum after 60 days. The inoculation of PGPHB resulted in an overall decrease in soil pH in all treatments. The treatments having means greater or less than the average mean are denoted by an asterisk (*).



[image: Figure 2]
FIGURE 2. Influence of plant growth promoting halophilic bacteria (PGPHB) on chickpea rhizosphere EC: up to 30 days after planting, there was a continuous reduction in EC, which then stabilised after 60 days. All of the treatments showed a small decrease at harvest. The treatments having means greater or less than the average mean are denoted by an asterisk (*).


In the microcosm experiment, seed bacterization with ACC deaminase-positive PGPHB isolates significantly influenced the growth and yield of chickpea. With the inoculation of B. safensis (39.4 and 26.2 cm) and S. xylosus (39.2 and 23.27 cm), maximum plant height and root length were recorded (Table 2). Branch numbers (including primary and secondary) were higher than uninoculated control in the inoculated treatments; B. safensis (33.3 branches/plant) had the most significant number of branches followed by Pseudomonas spp. (30 branches/plant) (Table 2). More fresh weight (including pods) was reported in B. safensis (17.1 g/plant) followed by treated plants with S. xylosus (16.7 g/plant). After inoculation, the highest development of dry matter was obtained by B. safensis (8.1 g/plant) followed by S. xylosus (7.4 g/plant). B. safensis- and S. xylosus-inoculated plants displayed a more significant number of flowers, 71 and 64.3 per plant, respectively. In contrast to the number of flowers, the number of pods per plant was considerably low. The treatment of B. safensis (49.3), followed by S. xylosus (45.6), revealed many pods in uninoculated control; a lower number of pods was reported (33.3). Salinity impeded the nodulation entirely in all the treatments. With the treatment of B. safensis (13 q/ha), P. stutzeri (11.67 q/ha), and S. xylosus (11.67 q/ha), significant increases in grain yield were reported under salinity stress and the lowest yield was observed in the control treatment (8 q/ha).


Table 2. Influence of halophilic bacteria on plant height, root length, and number of branches of chickpea in the microcosm experiment.
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Influence of PGPHB on Chickpea Under Field Conditions

Based on the microcosm experimental results, the three best isolates, viz., B. safensis (HB-5), P. stutzeri strain 1 (HB-13), and S. xylosus (HB-18) were selected for the field study. This investigation was carried out during the rabi season of 2018–2019 at the Agricultural Research Station, Gangavathi, India. At the beginning of the experiment, pH and EC were recorded as ~ 8.38 and ~ 4.2 dS m−1, respectively. Significant reduction of pH and EC was observed after 15 days with the treatment of S. xylosus and B. safensis up to 0.53 and 0.96 dS m−1, respectively. Nitrogen (N) uptake has a positive correlation with the growth and yield of the crop. Consortium of B. safensis + P. stutzeri + S. xylosus showed maximum N uptake of 71.84 kg ha−1 followed by B. safensis + P. stutzeri (70.89 kg ha−1). Similarly, phosphorus uptake was maximum in the B. safensis + P. stutzeri + S. xylosus (20.02 kg ha−1) and the data are shown in Table 3. The shoot length was significantly improved by B. safensis + P. stutzeri + S. xylosus inoculation at 30, 60, and 90 days; shoot length was recorded as 10.95, 34, and 48.6 cm, respectively, and the lowest was recorded in the stress-induced control treatment. However, no significant difference was found among the individual inoculated plants. The consortium treatment (B. safensis + P. stutzeri + S. xylosus) improved the root length at 30, 60 days, and harvest; individual inoculation (B. safensis) showed significant enhancement in root length at 60 days. The number of branches was recorded maximum with the treatment of B. safensis + P. stutzeri + S. xylosus at 30, 60, and 90 days with 19, 28, and 33.3 branches/plant, respectively. Similar improvements were achieved in fresh weight by B. safensis + P. stutzeri + S. xylosus inoculation (19.75 g/plant) followed by P. stutzeri + S. xylosus (15.9 g/plant) inoculation. The lowest fresh weight was observed in the stress-induced control (10 g/plant). Dry matter accumulation had been orchestrated similarly to fresh weight accumulation (Table 3). Blooming started after 30 days and a significant number of flowers was recorded with the inoculation of B. safensis + P. stutzeri (11.6 flowers/plant), which was on par with the monoculture treatments, S. xylosus (11.3) and B. safensis (11.3). A significant number of flowers (75 flowers/plant) and pods (91.6 pods/plant) was observed with the treatment of B. safensis + P. stutzeri + S. xylosus. Nodulation was noticed in the field experiment; B. safensis + P. stutzeri treatment showed 10 nodules/plant followed by B. safensis + P. stutzeri + S. xylosus (9.6 nodules/plant) and the data are shown in Table 4. Nutrient uptake and biomass yield enhancement by consortium treatment reflected the achievement of maximum grain yield of 11.22 q/ha followed by B. safensis and P. stutzeri treatment (10.89 q/ha) (Table 4). The results suggest that a consortium of B. safensis + P. stutzeri + S. xylosus can mitigate the adverse effects of salinity on the growth and yield of chickpea.


Table 3. Influence of halophilic bacteria on plant growth parameters of chickpea under field conditions.
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Table 4. Influence of halophilic bacteria on nutrient uptake and yield parameters of chickpea under field conditions.
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Antioxidant Enzymes Activity and Proline Content

Under salinity stress, SOD, CAT, and ascorbate peroxidase activity were increased with the treatment of halophilic bacteria. The consortium of halophilic bacterial isolates improved the SOD, CAT, and ascorbate peroxidase activities by treated plants over the control. The SOD activity was more in leaves, which was 258% higher in consortium-treated plants than in the control treatment (Figure 3). Similarly, CAT was reported highest in leaves of the consortium, which was 196% higher than the control treatment (Figure 4). Ascorbate peroxidase activity was maximum in leaves; consortium treatment showed 0.41 μmol of ascorbate oxidized s−1 g−1 fresh weight (Figure 5). The proline content was increased in the salt stress-induced plants and maximum proline content was recorded in consortium treatment (14.84 μ mol g−1 of fresh weight).


[image: Figure 3]
FIGURE 3. Superoxide dismutase activity in the roots and leaves of chickpea: the roots of chickpeas have more superoxide dismutase activity than the leaves. The plants inoculated by the consortium had the highest superoxide dismutase activity.
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FIGURE 4. Catalase (CAT) activity in roots and leaves: leaves had more pronounced CAT activity than roots, and consortium treatment had the greatest catalase activity.
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FIGURE 5. Ascorbic peroxidase activity in chickpea: Ascorbic peroxidase activity was greater in the leaves than in the roots. The consortium treatment (B. safensis + P. stutzeri + S. xylosus) was shown to have enhanced ascorbic acid peroxidase activity.





DISCUSSION

1-aminocyclopropane-1-carboxylate deaminase activity is one of the critical growth-stimulating traits required under the stress in plants (Ahmad et al., 2011). ACC deaminase is a pyridoxal phosphate-dependent and inducible enzyme that breaks the ACC, an intermediate precursor for ethylene production in plants, into ammonia and α-ketoglutarate by opening the cyclopropane ring (Honma and Shimomura, 1978). The enzyme was first purified from the Pseudomonas spp. strain ACP (Klee et al., 1991) and size varies from 110 to 112 kDa; it is a trimetric enzyme with an approximate subunit mass of 36,500 Da. This enzyme activity can be observed in the pH range of 8.0–8.5 (Zhao et al., 2003). In this study, seven halophilic bacteria with high ACC deaminase activity (0.12–3.56 mM αKB mg−1 min−1) were used to assess the growth and yield promotion of chickpea under saline conditions. They were also reported to change the pH and EC of the rhizosphere, i.e., reduction of pH and EC were recorded as 12.31 and 17.96%, respectively, with the inoculation of B. safensis. The decrease in pH and EC of rhizosphere was maximum at 60 days in the microcosm experiment. Changes in pH and EC of rhizosphere were attributed to rhizodeposition, microbial, and plant acid production near the root zone (Guihua et al., 2018). Rhizosphere pH alteration under severe nutrient stress by dissolved organic acids from plant root exudates was well documented (Etesami et al., 2014). After 75 days of seeding, all of the treatments showed a modest and consistent increase in pH and EC. Facultative anaerobes produce several organic acids in soil, viz., fumaric, maleic, lactic, butyric, propionic, and citric acids [low-molecular-weight organic acids (LMWOAs)] and most of them are byproducts or products of the tricarboxylic acid (TCA) cycle (Takeno et al., 2007). These LMWOAs are more soluble in water and differ in their interaction of oxygen, carbon, and hydrogen elements. In this study, a change in color from green to yellow of soil solution with bromothymol blue was recorded, i.e., indicating a decrease in pH. Organic acids in soil solution typically range between 0 and 50 μM for di-/TCAs and from 0 to 1 μm for monocarboxylic acids (Strobel, 2001). There is an unimaginable thrust in the root zone for nutrients under saline conditions, since many soluble salts create a nutrient deficiency. N and P uptake of a plant depends on the physical and genetic factors; higher yielding genotypes uptake more amounts of N and P (Rao et al., 2002).

However, sufficient nutrient uptake (N and P) was observed in B. safensis-treated plants. Similarly, increased N and P uptake with the inoculation of Bacillus pumilus was noticed in wheat at 60 and 90 days when compared with control plants (Upadhyay and Singh, 2014). The phosphate solubilizers and Rhizobium application enhanced the nitrogen and phosphorus uptake of chickpea (Gangwar and Dubey, 2012). PGPR solubilizes and mobilizes the nutrients by producing organic acids and improving the water use efficiency and physiological and biochemical changes in plants (Mukherjee et al., 2019). oxalic acid (OA) solubilizes and mobilizes Fe, K, P, and Mg-containing minerals by forming a strong bond with mineral ions, transferring electrons, or breaking the oxygen links of the complex minerals (Uroz et al., 2009; Kang et al., 2014). They also play a crucial role in the carbon cycle and detoxification of heavy metals in the rhizosphere (Adeleke et al., 2017). PGPHB enhanced nutrient availability reflected in growth of chickpea, yield, individual inoculations of B. safensis and S. xylosus, increased plant height, root length, number of branches, number of flowers, number of pods, and grain yield when compared to control. B. safensis is positive for ACC deaminase, acid production, and a potential potassium releaser. S. xylosus also have zinc solubilization capacity at 10% NaCl concentration. Similarly, inoculation with B. safensis enhanced soybean and wheat growth. Salt stress significantly reduced the plant height in chickpea at higher salinity (Seyoum and Diriba, 2017). The decrease in shoot length was observed in the uninoculated control ascribed to the poor availability of water or increased NaCl concentration (Munns and James, 2003). Inoculation with Rhizobium enhanced the growth of chickpea up to 19% at 3.3–7.4 dS m−1 salinity. Root length was enhanced with the individual inoculations of B. safensis, S. xylosus, and P. stutzeri in the decreasing order. Inoculation of PGPR enhances the plant growth attributed to the biosynthesis and secretion of IAA near the root zone (Patten and Glick, 1996; Qin et al., 2016). Production of IAA by several PGPR bacteria enhances the root length and proliferation (Spaepen et al., 2007). However, the IAA concentration plays a key role, i.e., it can promote growth at low concentrations, whereas high concentration inhibits the development. Increased root length was attributed to the micronutrient availability (Subramaniam et al., 2016). Application of phosphorus increases the plant height, root nodules, number of branches, and dry matter accumulation. Significant yield enhancement was reported with the treatment of S. xylosus in chickpea. Exopolysaccharides production by S. xylosus enhanced soil aggregate formation in the presence of salts (Qurashi and Sabri, 2013). In turn, polysaccharides production enhances biofilm formation, enhancing the survivability of microorganisms in the salinity stress. Increased exopolysaccharide production and biofilm formation with an increase in salinity were evidenced in the isolates such as Halomonas variabilis and Planococcus rifietoensis. Accumulation of osmolytes, viz., proline, glycine, betaine, and choline in moderately halophilic bacteria B. subtilis and S. haemolyticus and their inoculation to chickpea enhance the growth under salinity stress (Qurashi and Sabri, 2013). Based on the microcosm study and previous findings, three (B. safensis, P. stutzeri, and S. xylosus) ACC deaminase positive were selected for the field study.

In this field study, consortium performed better than the individual inoculation and shoot length was significant with the coinoculation of B. safensis, P. stutzeri, and S. xylosus at 30, 60 days, and harvest. Root length was maximum at harvest with the earlier treatment. Seed inoculation with Bacillus spp. increased the shoot and root growth of chickpea by excluding the considerable amounts of Na+ ions out of the cell (Munns and Tester, 2008). The decrease in root length was observed in control; nonavailability of nutrients and carbon for growth might hamper the growth (Cheesman, 1988). In saline soils, the preponderance of nonessential elements makes the essential elements unavailable (Fageria et al., 2011). The nitrogen uptake can be enhanced by dressing fertilization in chickpea (Ahmet et al., 2018). Inoculation with Bacillus spp. enhanced the plant growth by increased P uptake. Nutrient uptake (N and P) was observed maximum with the coinoculation of B. safensis, P. stutzeri, and S. xylosus; the release of fixed minerals by microbial and plant-produced organic acids might enhance nutrient uptake under salinity stress (Toro et al., 1997). Halophilic bacteria deploy the siderophores, which will scavenge the iron and few other micronutrients (Zn, Ca, Cu, Mn, and Mg) required for the growth of plant (Sathya et al., 2017), which improves the plant growth considerably. Fresh weight and dry weight were significantly enhanced under salinity with the coinoculation of B. safensis, P. stutzeri, S. xylosus, and monoinoculation of B. safensis. Solubilization of insoluble phosphorus and IAA production by B. safensis might enhance the fresh and dry weight of chickpea.

In addition, increased water availability and nutrient content under salinity conditions promoted the fresh weight of chickpea (Subramaniam et al., 2016). An increase in the fresh weight of wheat and soybean was also observed. Reduction of dry weight was inconspicuous under low salt stress, whereas it was observed at higher salinity; negative results were also reported at 200 mM NaCl concentration (Sathya et al., 2017).

Control (4 dS m−1) showed a significantly smaller number of flowers. Salinity severely reduces the number of flowers; Na+ ions adverse effects were observed (Yousef et al., 2008). Similarly, progressive reduction in the number of flowers with increased salinity in desi chickpea due to the suppression of growth at higher salinity during early developmental stages. This study noticed the flowering delay, which may occur differently with increased salinity in different cultivars. The number of flowers was maximum in coinoculated treatment. However, increased numbers can also be found in resistant cultivars than susceptible cultivars of chickpea (Dhingra and Varghese, 1993). The number of flowers and the number of pods were coherently affiliated with each other. Salinity stress decreased the number of pods in desi cultivars that was more pronounced than kabuli type (Neera and Ranju, 2006).

In contrast to the microcosm experiment, nodulation was observed under field conditions and native Rhizobium spp. induced nodulation. Under nonsaline conditions, three times, a more significant number of nodules was found over saline soils (Rao et al., 2002). In contrast, nodulation does not affect chickpea by salinity. The selection of efficient nodulating plants showed more nodules per plant (Rao et al., 2002). Sterilized soil was utilized to fill in the pots; moreover, no Rhizobium inoculation was made throughout the investigation, attributed to a lack of nodulation.

Conversely, nodulation was observed in the field study, which may be attributed to promoting native Rhizobium spp. by the consortium. Increased nodulation was marked with the inoculation of PGP bacteria in chickpea (Subramaniam et al., 2016). The dry weight of nodules was enhanced by the coinoculation of Azospirillum spp., Azotobacter chroococum, Mesorhizobium ciceri, and Pseudomonas fluorescens (Asad and Vafa, 2011). Seed bacterization using Bacillus spp. enhances the plant growth and yield in different crops, viz., canola (Bertrand et al., 2001), soybean (Halverson and Handelsman, 1991), and pigeon pea (Podile, 1995). This study suggests that ACC deaminase-positive fermentative halophilic bacterial consortium application enhances plant growth and yield under saline conditions. However, further study is necessary to understand the critical genes involved in regulating plant stress and metabolism.
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