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Abstract

:

Under changing climate, soil salinity and sodicity is a limiting factor to crop production and are considered a threat to sustainability in agriculture. A number of attempts are being made to develop microbe-based technologies for alleviation of toxic effects of salts. However, the mechanisms of salt tolerance in agriculturally important crops are not fully understood and still require in-depth study in the backdrop of emerging concepts in biological systems. The present investigation was aimed to decipher the microbe-mediated mechanisms of salt tolerance in maize. Endophytic Pseudomonas geniculate MF-84 was isolated from maize rhizosphere and tagged with green fluorescent protein for localization in the plant system. Confocal microphotographs clearly indicate that MF-84 was localized in the epidermal cells, cortical tissues, endodermis and vascular bundles including proto-xylem, meta-xylem, phloem and bundle sheath. The role of P. geniculate MF-84 in induction and bioaccumulation of soluble sugar, proline and natural antioxidants enzymes in maize plant was investigated which lead not only to growth promotion but also provide protection from salt stress in maize. Results suggested that application of P. geniculate MF-84 reduces the uptake of Na+ and increases uptake of K+ and Ca2+ in maize roots indicative of the role of MF-84 in maintaining ionic balance/homeostasis in the plant roots under higher salt conditions. It not only helps in alleviation of toxic effects of salt but also increases plant growth along with reduction in crop losses due to salinity and sodicity.
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1. Introduction


Soil salinization, environmental pollution, water scarcity and growing world population are considered greater threats to global food production and supply in the 21st century. As the global population keeps on increasing day by day, the simultaneous reduction in the available land for crop cultivation is worsening the situation and doubling the challenges for researchers and policy makers [1,2,3]. Various environmental stresses such as soil salinity; extreme temperatures, drought and flood have affected the crop cultivation and agricultural production. Among these, increased salt concentration in soil (salinity and sodicity) is one of the most important environmental stresses [3]. It causes substantial reduction in cultivable land area ultimately leading to reduced crop production [3,4]. It has been estimated that worldwide 20% of total cultivated and 33% of irrigated agricultural lands are afflicted by high salinity. Furthermore, the salinized areas are increasing at a rate of 10% annually owing to various factors, including low precipitation, high surface evaporation, weathering of native rocks, irrigation with saline water and poor cultural practices. It has been estimated that more than 50% of the arable land would be salinized by the year 2050 [3]. Salt stress affects plant growth and yield in many crop species including cereals (wheat, rice and maize), forages (clover), pulse crops (pea, chickpea, pigeonpea, etc.) and horticultural crops (potato and tomato) [3]. However, maize is relatively more susceptible to excessive salt concentration [1,2].



Globally, maize is the third most important crop after rice and wheat. Over last six decades, in India, maize production has increased from 1.73 million metric tonnes (mt) during 1950–1951 to as high as 26.88 mt during 2016–2017 which demonstrates the strides made in maize research. Under changing climate, both biotic and abiotic stresses cause significant losses in maize production. Among abiotic stresses, soil salinization is the major cause of low productivity in maize [1,2]. It is one of the most important environmental factors limiting the crop productivity as maize plants are moderately sensitive to salinity. Ions that contribute to sodicity/salinity in the soil include Cl−, SO42−, HCO3−, Na+, Ca2+, Mg2+, and rarely, NO3− or K+ [1,2,3]. Increasing human population and reduction in arable land are two major threats to the agricultural sustainability [4]. The rate of reduction in arable land has increased in the recent decades which is attributed not only to the corresponding increase in urbanization but also increase in the rate of salinization of arable land. In the saline sodic soil, high osmotic stress, nutritional imbalance and toxicities, poor soil physical and biochemical conditions importing poor crop establishment lead to reduced crop productivity [5]. High salt concentrations in soil interfere with the uptake of some essential elements leading to nutritional imbalance in the plants grown in such soils [6]. Excessive accumulation of Na+ in cell walls causes rapid osmotic burst and programmed cell death [7]. Further, significantly higher accumulation of some elements, viz. Na, Cl and B in the cytosol has specific toxic effects on plants [3,5,7].



Several strategies have been developed and adopted in order to alleviate the toxic effects caused by salt stress in plants including rhizosphere engineering and plant genetic engineering [8,9]. It is being attempted through broadening the genetic base of breeding material, improved agronomic practices and reclamation of salt affected soils although these methods are costly and time consuming [9,10,11]. Use of salt-tolerant cultivars (hybrid and non-hybrid) is an important approach conferring sustainability to the crop production but the availability of salt-tolerant gene(s)/effective donor parent has largely remained unattainable and it seems to be the major limitation of this approach [9,10,11]. It has obligated researchers to explore alternate strategies to reduce the negative effects of salt stress in economically important crop plants [9]. Salt-tolerant rhizospheric and endophytic microorganisms have emerged as a promising supplement in the approaches to crop protection [1,12,13,14,15].



In plant-microbe interactions, the beneficial microorganisms colonize and proliferate in the rhizosphere/endorhizosphere of crop plants and elicit plant growth through various direct and indirect mechanisms [1,16,17]. Recent studies suggest that application of plant growth promoting rhizobacteria (PGPR) and endophytes have become a proven alternative to alleviate stress caused by higher salt concentrations [1,18,19]. However, exploration of the role of endophytes in the management of biotic and abiotic stresses is gaining importance. Systemic (true) and non-systemic (transient) endophytes establish a close relationship with plants often being engaged in mutualism with the latter. However, endophyte-plant relationships have not yet been well understood [3,13,20,21]. Endophytes appear to enhance the growth of their plant symbionts by increasing the uptake of land limited nutrients from the soil such as phosphorus, zinc, copper, boron and making other nutrients available to plants such as rock phosphate and atmospheric nitrogen which are normally trapped informs inaccessible to plants [3,13,22]. Recent studies have shown that endophytic microorganisms elicit induced systemic tolerance (IST) by induction of physiological and biochemical changes in the plants which lead to enhanced tolerance to salt stress [23,24,25]. The endophytic bacteria facilitate plant growth indirectly by reducing negative impact of salt stress by production and regulation of the phytohormones (e.g., cytokinin, auxin, and gibberellins), antioxidant enzymes, lowering of plant ethylene levels and/or by uptake and translocation of Na+ in the plants [26,27,28]. Interactions among microorganisms, roots, soil and water in the rhizosphere are complex and dynamic and may induce changes in physico-chemical and structural properties of the soil [5,29]. Moreover, polysaccharides produced by bacteria bind soil particles to form macro- and micro-aggregates. After some time, pores formed between micro-aggregates are used by fine roots and fungal hyphae stabilizing macro-aggregates. Plants treated with the exo-polysaccharides (EPS) and/or EPS producing bacteria showed tolerance to salt stress due to improved soil structure [5,19,29]. Further, EPS can also bind to cations including Na+ and thus, making it unavailable to plants under salt stress conditions [1,29]. Considering the importance of the subject, this study was specifically designed to study the impact of seed bio-priming with salt-tolerant endophytic Pseudomonas geniculata which modulates the biochemical responses and provides ecological fitness to the maize (Zea mays L.) grown in saline sodic soil.




2. Materials and Methods


2.1. Characterization and Identification of Microbial Strains


During the course of our investigation, maize rhizosphere soil and root samples were collected from different parts of India. A total of 450 morphotypes of bacteria were isolated on HiChrome Bacillus Agar medium (HiMedia, Mumbai, India). These morphotypes were further screened and characterized for salt tolerance [9]. The antimicrobial activities was evaluated following the methods of Singh et al. [30], Briefly, test strains were placed at the edge of PDA plate, and mycelial plug (5 mm) of phytopathogenic fungi Rhizoctoniasolani was inoculated at the centre of the same PDA plate. Thereafter, plates were sealed with Parafilm (Tarson, Kolkata, India) strips and incubated for 5 days at 26 ± 2 °C. For each test strain, there were five replicate (plates) and the experiment was repeated twice. Finally, percent inhibition of mycelial growth was calculated. The plant growth promoting traits, such as solubilization of phosphate, potash and zinc, IAA production, siderophore production of the test strains were evaluated under in vitro conditions as per the methods described by Singh et al. [30]. Briefly, phosphate solubilization ability was evaluated on NBRI-P medium. However, Potash solubilization efficiency of the bacterial strains was tested on Alekzendrov medium containing mica and feldspar as the source of mineral potash. The selected bacterial strains were screened for their zinc solubilizing ability. For this, five insoluble zinc compounds viz. zinc sulfate (ZnSO4), zinc oxide (ZnO), zinc chloride (ZnCl2), zinc phosphate Zn3 (PO4)2 and zinc carbonate (ZnCO3) were taken. The selected bacterial strains were spotted aseptically on the respective zinc medium plates and incubated for 7 days at 28 °C. Zinc solubilizing strains produced clear zones around colonies on the plates. The potential isolates having salt tolerance and plant growth promoting traits were separated from the group. From the group, the most potential isolates MF-30 and MF-84 were identified using 16S rRNA gene sequence similarity. For this, bacterial DNA was isolated using Wizard® Genomic DNA Purification Kit (Promega, Madison, WI, USA). Further, 16S rRNA gene amplification was done using universal primers set viz. forward primer: AGAGTTTGATCCTGGCTCAG; reverse primer: AAGGAGGTGATCCAGCCGCA [31]. The amplified product was sequenced by Eurofin Pvt. Ltd. (Bengaluru, India) and finally sequences were blast on EzBioCloud Database to identify them up to the species level. The phylogenetic tree was constructed using MEGA 5.0 software (Mega Limited, Auckland, New Zealand).




2.2. Root Colonization Assay


The maize seeds were bio-primed with MF-84 and sown in pots containing sterile soil mixture (sand:soil:vermiculite in 1:1:1 ratio). After 15 days of sowing, plants were uprooted gently, washed in running tap water and microscopy was done to see the colonization under Scanning Electron Microscope (S-3400N, Hitachi, Lawa, USA) as described by Singh et al. [32]. Briefly, root samples were fixed in osmiumtetraoxide solution (HiMedia) and 2.5% glutaraldehyde (HiMedia); dehydrated using gradient of ethyl alcohol (5%, 10%, 20%,50%, 70%, 90%, 100%) and dried under vacuum. Further, gold coating (20 nm) was done before visualization. Confocal microscopy was done at 488 and 543 nm laser lines using propidium iodide stain under Confocal Scanning Laser Microscope (Eclipse Confocal A1, Nikon, Kumagaya, Japan) as described by Singh et al. [32]. Confocal microscopic images indicated the endophytic nature of MF-84 and to confirm it Green Fluorescent Protein (GFP)-tagging was done.




2.3. Green Fluorescent Protein (GFP)-Tagging of the Pseudomonas Geniculata


The selected strain P. geniculata MF-84 used in the present study was tagged with Green fluorescent protein (GFP) and visualized under a confocal scanning laser microscope (Nikon). The mini-Tn5 gusA::gfp cassette was inserted into Pseudomonas spp. (recipient) by tri-parental mating with Tn5 gusA::gfp cassette (pFAJ1820) containing E. coli strain (donor) and pRK2013 plasmid harbouring E. coli HB101 (helper). The trans-conjugants were selected on a half-strength LB agar medium supplemented with kanamycin and nalidixic acid. The trans-conjugant colonies showing fluorescence under confocal microscope were picked up. The presence of GFP in the selected trans-conjugants was also confirmed by PCR amplification using the primers, viz. YL065 (F) 5′ GCGATGTTAATGGGCAAAAA-3′ and YL066 (R) 5′-TCCATGCCATGTGTAATCCT-3′. The PCR program for the amplification of desired 650-bp amplicon consisted of initial denaturation at 94 °C for 3 min, followed by 35 cycles at 94 °C for 30 s, annealing at 56 °C for 1 min, and extension at 72 °C for 1 min with the final extension at 72 °C for 10 min. The amplification was confirmed by agarose gel electrophoresis. The selected GFP-tagged trans-conjugants exhibiting morphological and growth rate characteristics similar to the wild type were used for further experiments.




2.4. In Planta Assay


2.4.1. Soil Preparation and Analysis


Saline sodic soil was collected from Indian Institute of Seed Sciences agricultural farm, Kushmaur, Maunath Bhanjan, India. However, non-saline soil was collected from a farmer’s field, Mardah, Uttar Pradesh, India. Collected soil was sieved (2 mm pore size), air-dried and mixed with farm yard manure (3:1 w/w) and recommended doses of chemical fertilizers. Thereafter, soil was sterilized by autoclaving (121 °C for 30 min) twice at an interval of 24 h. The sterilized soil was kept static for five days at ambient room temperature. The soil properties were analyzed using standard protocols and procedures in triplicates and presented in Table 1.




2.4.2. Experimental Set up


Maize seeds (cv. Sachin 777) were procured from an open market (Maunath Bhanjan, Uttar Pradesh, India). Seeds were surface sterilized with sodium hypochlorite (1% NaOCl) followed by three successive washings with sterile distilled water under aseptic conditions. Further, talc-based formulation of P. geniculate MF-84 was developed as per the methods given by Singh et al. [30] and colony forming unit of the end product was 2.57 × 108. Maize seeds were bio-primed with talc-based formulation of P. geniculate MF-84 as per methods described by Singh et al. [9]. Seeds treated with sterile talc powder served as control. The experimental design comprised of six different treatments in three replications as given in Table 2. The experiments were set up as per treatments in a randomized block design under nethouse conditions. Each pot containing 5 kg of experimental soil was planted with 3 seeds under nethouse conditions. The experiments were carried out during July to October with relative humidity range between 80% and 90% under11/–13 h light/dark photoperiod. To maintain moisture content at field capacity (60%), pots were sprinkled with sterilized water every alternate day.





2.5. Sampling and Analysis


Maize leaves were sampled at 30 days after sowing (DAS) under nethouse experiments. Leaf samples were brought to the laboratory and total chlorophyll and total carotenoids content were measured following the methods as described by Sadasivam and Manickam [33]. However, total soluble sugar and proline content in the plant leaves were analyzed using the estimation protocols described by Thimmaiah [34]. Further, the effect of seed bio-priming was evaluated in terms of changes in the accumulation and activity of antioxidant enzymes in the plant roots after 30 DAS. The catalase activity [34]; peroxidase activity [33], and superoxide dismutase activity was measured using standard methods [35] with slight modifications [34]. Five plants were sampled randomly from each treatment to observe shoot and root length, fresh and dry weight of shoot and root at 30 DAS. The changes in the uptake of Na+, K+ and Ca2+ ions in maize roots were measured using a flame photometer at 30 DAS.




2.6. Statistical Analyses


The controlled laboratory experiments were carried out in completely randomized design (CRD) with five replications. However, nethouse experiments were laid out in randomized block design (RBD) with five replications. Data were subjected to analysis of variance and least significant difference (LSD) at p < 0.05 using statistical package for Social Sciences Version 16.0 program (SPSS Inc., Chicago, IL, USA, 2007). Data were compared with Duncan’s multiple range test at p < 0.05. Graphs were prepared using Microsoft Office Excel (2010).





3. Results


3.1. Characterization and Identification of Microbial Strains


Based on the 16S rRNA gene sequence similarity, strain MF-30 was identified as Pseudomonas aeruginosa (NCBI GenBank accession no. MH177243), while, MF-84 was identified as Pseudomonas geniculata (NCBI GenBank accession no. MK120890) (Figure 1). Results showed that P. aeruginosa MF-30 could tolerate and grow at 4.25% salt (NaCl) concentration. However, P. geniculata MF-84 could tolerate and grow at 5.5% salt (NaCl) concentration and hence selected for further in planta assay. It was observed that gradual increment in salt concentration reduces growth of the particular strain on the nutrient agar media in a proportional manner. Further, both the strains were found positive for phosphate, potash and zinc solubilization and IAA production under in vitro assay. P. aeruginosa MF-30 was found to produce siderophores, while P. geniculata MF-84 could not produce siderophores on chrome azurol S(CAS) medium.




3.2. Root Colonization Assay


To investigate whether P. geniculata MF-84 was having ability to colonize maize root or not, an experiment was conducted under nethouse conditions. Scanning electron microphotographs clearly showed that 70% of the roots were colonized by P. geniculata MF-84 (Figure 2).



However, initial confocal microphotographs indicated that P. geniculata MF-84 colonize the internal root tissues as endophytes. To investigate the endophytic nature of P. geniculata MF-84, GFP tagging was done. A number of GFP-tagged trans-conjugants were selected and plated separately on LB media. These trans-conjugants flourished under UV light (Figure 3a). Further, treated roots indicated that GFP tagged P. geniculata MF-84 enters inside the roots (Figure 3b).



Bacterial colonization was visualized in the epidermis, cortical tissues, endodermis and vascular bundles including proto-xylem, meta-xylem, phloem and bundle sheath (Figure 4). Confocal microscopic examination clearly showed that entire root was showing bacterial signal as green colour at 15 DAS.




3.3. Effects of Seed-Biopriming on Biochemical Properties of Maize


Application of P. geniculata MF-84 modulated physiological and biochemical properties of maize grown in salt stressed soil. The activation and accumulation of total chlorophyll, carotenoids, total soluble sugar and proline were studied in the P. geniculata MF-84 bio-primed maize grown under salt stress conditions. Maximum chlorophyll content was recorded in the maize plants grown in non-saline soil and bio-primed with P. geniculata MF-84 (7.45 mg g−1 fresh wt.) followed by those in non−saline soil (6.95 mg g−1 fresh wt.) and non-saline soil with salt (NaCl 150 mM) and bio-primed with strain MF-84 (6.25 mg g−1 fresh wt.) at 30 DAS in nethouse experiments (Figure 5a). However, amount of chlorophyll was recorded least in the plants grown in non-saline soil with NaCl 150 mM (4.25 mg g−1 fresh wt.) and saline sodic soil (4.97 mg g−1 fresh wt.). The enhanced chlorophyll content was also discernible from increased plant growth parameters such as shoot and root length, fresh and dry biomass in the in the plants with and without the test strain MF-84 compared to untreated plants under salt stressed and non-stressed conditions (Figure 5a).



Plants bio-primed with MF-84 promoted accumulation of total carotenoids in the leaves significantly (p < 0.05) under salt stressed and non-stressed conditions (Figure 5b). Similar to chlorophyll content, maximum carotenoids content was also recorded in the plant grown in non-saline soil and treated with bacterial strain MF-84 (0.54 mg g−1 fresh wt.) followed by non-saline soil (0.50 mg g−1 fresh wt.). Other treatments showed more or less similar trends as recorded for chlorophyll content (Figure 5b).



Plants subjected to salt stress tend to over produce total soluble sugar and prolinein plant tissues. Quantitative profile of total soluble sugar and prolinein maize plants varied significantly between the plants bio-primed with P. geniculata MF-84 under salt stressed and non-stressed conditions. The highest content of soluble sugar and proline (30.36 and 3.25 mg g−1 dry wt., respectively) was recorded in plants bio-primed with P. geniculata strain MF-84 and sown in pots containing non-saline soil with salt (NaCl 150 mM) followed by those grown in saline sodic soil and bio-primed with strain MF-84. However, least amount of soluble sugar and proline was recorded in the plants sown in non-saline soil along with salt (T-2) and non-saline soil (T-3), respectively, compared to other treatments (Figure 5c,d).




3.4. Effects of Seed Bio-Priming on Antioxidant Enzymes in Maize


In general, plants tend to overproduce antioxidant enzymes under salt stress conditions. In the present study, effect of seed bio-priming on catalase (CAT), peroxidase (POx) and superoxide dismutase (SOD) activity was studied in the maize plants grown in salt stressed and non-stressed soil. Surprisingly, these enzymes were expressed in a similar way across the treatments. The activity of CAT, POx and SOD increased significantly in the plant roots bio-primed with strain MF-84 and sown in non-saline soil containing salt (NaCl 150 mM) (T-5) followed by those bio-primed with strain MF-84 and grown in saline sodic soil (T-4) (Figure 6a–c, respectively). However, plant grown in non-saline soil without bacterial treatment expressed low enzymatic activities in their roots compared to other treatments (Figure 6).




3.5. Effects of Seed Bio-Priming on Plant Growth


Maize plants were harvested at 30 DAS and plant growth parameters were measured and compared with positive control (T-3) as seen in Table 3. The data indicate that the positive impact of P. geniculata strain MF-84 on the plant growth and growth attributes under salt stress and non-stress conditions was obvious. The highest shoot length (28.35 cm), root length (24.78 cm), fresh wt. of shoot (8.05 g), fresh wt. of root (5.25 g) and dry wt. of shoot (2.25 g) and root (1.67 g) were recorded in the plants bio-primed with P. geniculata strain MF-84 grown in non-saline sodic soil (T-6) at 30 DAS. A closer look on the plant root and shoot system reveals that the root and shoot biomass was significantly higher in positive control (T-3). However, enhanced root and shoot biomass was recorded in plants treated with P. geniculata strain MF-84 grown in non-saline sodic soil at 30 DAS (T-6), indicative of the establishment of symbiotic mutual relationships between the P. geniculata strain MF-84 and the plant roots under salt stressed and non-stressed conditions. In fact; without bio-inoculant, all plants exhibited reduction in plant growth and biomass accumulation under salt stressed and non-stressed conditions (Table 3).




3.6. Effects of Seed Bio-Priming on Uptake of Na+, K+ and Ca2+


For better understanding of impact of P. geniculata strain MF-84 on uptake of Na+, K+ and Ca2+, the content of Na+, K+ and Ca2+ was measured in plant roots at 30 DAS. Significantly higher amount of Na+ was recorded in the roots of plants grown in non-saline soil with salt (20.47 mg g−1 dry wt.) followed by that of plants grown in saline sodic soil (18.33 mg g−1 dry wt.). However, contrary to Na+ in the same treatments, least amounts of K+ and Ca2+ were recorded (Figure 7a–c).



Application of P. geniculate MF-84 significantly reduces the uptake of Na+ (Figure 7a) and increase uptake of K+ (Figure 7b) and Ca2+ (Figure 7c) across the treatments and conditions. The least Na+ uptake was recorded in the plants grown in non-saline soil (5.10 mg g−1 dry wt.) followed by plants bio-primed with strain MF-84 and grown in non-saline soil (5.25 mg g−1 dry wt.). However, maximum K+ (32.46 mg g−1 dry wt.) and Ca2+ (20.97 mg g−1 dry wt.) was recorded in the plants bio-primed with strain MF-84 and grown in non-saline soil followed by those grown in non-saline soil (Figure 7b,c).





4. Discussion


The present study demonstrates the impact of seed bio-priming with salt-tolerant endophytic P. Geniculata which modulates the biochemical responses and provides ecological fitness to the maize (Zea mays L.) plants grown in saline sodic soil. P. geniculate MF-84 isolated from maize rhizosphere exhibited better salt tolerance and has plant growth promoting attributes as indicated by results of the present study. This is in agreement with the Gopalakrishnan et al. who demonstrated that P. geniculata IC-76 isolate produces indole acetic acid, siderophore, hydrocyanic acid, cellulase, protease, and β-1,3-glucanase [36]. Confocal microscopic study revealed that GFP tagged P. geniculate MF-84 colonized maize root vigorously and reached up to vascular bundles in roots. GFP tagging has been commonly used to determine spatial and temporal movement of an organism in the host system and is being exploited to detect the localization of many plant-associated bacteria [37]. GFP-tagging provides a most useful tool to localized individual cells or clusters of bacterial cell during colonization over a period of time in living tissues and even after cell death [38]. The role of microorganisms in the management of biotic and abiotic stresses is gaining importance and PGPR elicited tolerance to abiotic stresses has been studied and reviewed by various workers [1,39,40]. Salt tolerant PGP microbes enhance host plant growth by exploiting different mechanisms under salt stressed conditions. In general, plant growth promoting rhizobacteria and plant growth promoting endophytic bacteria produce IAA which is known to stimulate seed germination, initiate lateral root formation and thereby increasing root surface area facilitating greater access to water and soil nutrients by the host plant [9,13,41,42]. In the present study, P. geniculate MF-84 was found to produce IAA in the media and to increase root biomass directly and/or indirectly under salt stress.



Further, the microorganisms isolated from salt stressed habitats possess stress tolerance ability along with the PGP traits. Salt-tolerant microbes can impart high degree of salt tolerance to the plants grown in salt affected soils [1,43,44,45]. Application of salt tolerant microorganisms alleviates negative effects of salt stress in wide range of crop plants and thus opening a new and emerging area where microorganisms can be exploited [3,15,46]. Microorganisms elicit a number of pathways/cascades upon interaction with their host plants over a period of time. Some of them are directly involved in the alleviation of salt stress, while others play indirect role in keeping plant more robust and healthy even under stress [22,26,47,48,49]. A number of bacteria produce exo-polysaccharides and plants treated with EPS producing bacteria exhibited higher tolerance to salinity stress as they improve soil structure by re-structuring soil aggregates [1,29]. Furthermore, EPS bind to cations including Na+ on their surface and thereby making them unavailable to the plants under saline/salt stress [1,29]. Higher concentrations of Na+ in root cells cause osmotic burst leading to electrolyte leakage [1,50]. Present study revealed that plants treated with P. geniculate MF-84 enhanced synthesis and accumulation of proline and soluble sugars in the plant system. These biomolecules play an important role in membrane stability and regulate osmotic burst in root cells of plants under salt stress [1,50]. Similarly, Chen et al. reported the role of proline and organic solutes accumulation in the drought and salt tolerance in plants [43]. Bano and Fatima reported that increased level of proline decreases electrolyte leakage, maintains relative water content and increases uptake of K+ and Ca2+ ions providing high salt tolerance in maize plants inoculated with Pseudomonas spp. [23]. It was also shown that plants treated with P. geniculata MF-84 over produce antioxidant enzymes like CAT, Pox and SOD in maize root. Paul and Lade reported that activities of antioxidant enzymes generally increase when plants are subjected to biotic or abiotic stress [24]. Superoxide dismutase and peroxidase are generally involved in eliminating reactive oxygen species [25,44,50], reducing lipid peroxidation [44] and in increasing membrane thermostability [24]. Excess sodium and more importantly, chloride in plant cells has the potential to affect plant enzymes and cause cell swelling resulting in reduced energy production and other physiological changes [1,49]. Moreover, P. geniculate MF-84 restricts uptake of Na+ and increases uptake of K+ and Ca2+ across the treatments of salt stress. Na+-K+ exchange pump on the plasma membrane or vacuole plays a key role in regulatory mechanisms in maintaining ion homeostasis in the cell [1,51,52,53,54]. Endophytic/rhizospheric microbes elicit cellular signaling which up-regulates biochemical pathways related to salt stress and protect plants from negative effects of salt [55,56,57,58,59]. An increase in the uptake of Na+ or decrease in the uptake of Ca2+ and K+ in the roots 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 [46,48,60,61]. Results indicated that plants bio-primed with P. geniculata MF-84 showed better shoot and root length, and plant biomass under salt stress. Endophytic and rhizospheric microorganisms mineralize nutrients in the soil and make them available to plants. Further, many microbes have been found which directly synthesize growth hormones or elicit plant system to produce and regulate essential growth regulators in an indirect way finally resulting in better plant growth [62,63,64]. However, further evidences are needed to verify the exact role of bioinoculant along with other putative mechanisms participating in microbe-mediated salinity tolerance in maize crop [65,66,67,68].




5. Conclusions


The salt tolerant endophytic P. geniculata MF-84 is a well-established microorganism having good plant growth promoting traits. SEM and confocal microscopy studies clearly indicated that the test strain has root colonization potential and can colonize more than 70% of roots within a short period of 15 days. Application of P. geniculata MF-84 increased chlorophyll and carotenoids content significantly even under salt stress condition and gave better support to maize plants for their establishment. Further, it was found to increase proline content and soluble sugar which maintain turgor pressure in root cell in the plants. A significant increase in antioxidant enzymes was recorded in the plant treated with P. geniculata MF-84 protecting plant cells from toxic effects of reactive oxygen species. P. geniculata MF-84 modulated the uptake of Na+, K+, and Ca2+ leading to better plant growth under salt stress. Thus, results of the present study are sufficient to prove P. geniculata MF-84 an excellent plant growth promoting agent under saline and non-saline conditions.







Author Contributions


S.S., U.B.S., M.T. and A.K.S. conceived and designed the experiments. S.S., U.B.S., and P.K.S. performed the experiments. S.P. did the GFP tagging and expression study and P.K.S. did confocal scanning laser microscopy, U.B.S., P.K.S. and D.P. analyzed the data. U.B.S., S.P. and D.P. wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Indian Council of Agricultural Research, Ministry of Agriculture and Farmers welfare, Government of India.




Acknowledgments


Authors gratefully acknowledge the Indian Council of Agricultural Research, Ministry of Agriculture and Farmers welfare, Government of India for providing laboratory and instrumental support for the study. Authors sincerely thank to Jai P. Rai, Department of Mycology and Plant Pathology, Institute of Agricultural Sciences, BHU, Varanasi and Deepti Malviya, ICAR-NBAIM, Kushmaur for technical assistance in the planning of the experiments and manuscript preparation. Authors also acknowledge the Amity University, Lucknow for providing necessary support to complete the research work.




Conflicts of Interest


The authors declare no competing interests.




References


	



Anonymous. Annual Report (AICRP on Maize): Kharif Maize; Indian Institute of Maize Research: Ludhiyana, India, 2016; p. 318.

	



Anonymous. Annual Report (AICRP on Maize): Rabi Maize; Indian Institute of Maize Research: Ludhiyana, India, 2017–2018; p. 992.

	



Shrivastava, P.; Kumar, R. Soil salinity: A serious environmental issueand plant growth promoting bacteria as one of the tools for its alleviation. Saudi J. Biol. Sci. 2015, 22, 123–131. [Google Scholar] [CrossRef]

	



Shahbaz, M.; Ashraf, M. Improving salinity tolerance in cereals. Crit. Rev. Plant Sci. 2013, 32, 237–249. [Google Scholar] [CrossRef]

	



Das, D.K. Introductory Soil Science; Kalyani Publishers: New Delhi, India, 2009; pp. 194–214. [Google Scholar]

	



Blaylock, A.D. Soil Salinity, Salt Tolerance and Growth Potentialof Horticultural and Landscape Plants; Co-operative Extension Service, University of Wyoming, Department ofPlant, Soil and Insect Sciences, College of Agriculture: Laramie, WY, USA, 1994. [Google Scholar]

	



Munns, R. Comparative physiology of salt and water stress. Plant Cell Environ. 2002, 25, 239–250. [Google Scholar] [CrossRef]

	



Wang, W.; Vinocur, B.; Altman, A. Plant responses to drought, salinity and extreme temperatures: Towards genetic engineering for stress tolerance. Planta 2003, 218, 1–14. [Google Scholar] [CrossRef]

	



Singh, U.B.; Malviya, D.; Singh, S.; Imran, M.; Pathak, N.; Alam, M.; Rai, J.P.; Singh, R.K.; Sarma, B.K.; Sharma, P.K.; et al. Compatible salt-tolerant rhizosphere microbe-mediated induction of phenylpropanoid cascade and induced systemic responses against Bipolaris sorokiniana (Sacc.) Shoemaker causing spot blotch disease in wheat (Triticum aestivum L.). Appl. Soil Ecol. 2016, 108, 300–306. [Google Scholar] [CrossRef]

	



Yamaguchi, T.; Blumwald, E. Developing salt-tolerant cropplants: Challenges and Opportunities. Trends Plant Sci. 2005, 10, 615–620. [Google Scholar] [CrossRef] [PubMed]

	



Flowers, T.J.; Garcia, A.; Koyama, M.; Yeo, A.R. Breeding of salt tolerance in crop plants-the role of molecular biology. Acta Physiol. Plant. 1997, 19, 427–433. [Google Scholar] [CrossRef]

	



Dimkpa, C.; Weinand, T.; Ash, F. Plant-rhizobacteria interactions alleviate abiotic stress conditions. Plant Cell Environ. 2009, 32, 1682–1694. [Google Scholar] [CrossRef] [PubMed]

	



Sarma, B.K.; Yadav, S.K.; Singh, S.; Singh, H.B. Microbial consortium mediated plant defense against phytopathogens: Readdressing for enhancing efficacy. Soil Biol. Biochem. 2015, 87, 25–33. [Google Scholar] [CrossRef]

	



Wang, Y.; Gu, W.; Meng, Y.; Xie, T.; Li, L.; Li, J.; Wei, S. γ-Aminobutyric acid imparts partial protection from salt stress injury to maize seedlings by improving photosynthesis and upregulating osmoprotectants and antioxidants. Sci. Rep. 2017, 7, 43609. [Google Scholar] [CrossRef]

	



Jiang, C.; Zu, C.; Lu, D.; Zheng, Q.; Shen, J.; Wang, H.; Li, D. Effect of exogenous selenium supply on photosynthesis, Na+ accumulation and antioxidative capacity of maize (Zea mays L.) under salinity stress. Sci. Rep. 2017, 7, 42039. [Google Scholar] [CrossRef]

	



Nia, S.H.; Zarea, M.J.; Rejali, F.; Varma, A. Yield and yield components of wheat as affected by salinity and inoculation with Azospirillum strains from saline or non-saline soil. J. Saudi Soc. Agric. Sci. 2012, 11, 113–121. [Google Scholar] [CrossRef]

	



Ramadoss, D.; Lakkineni, V.K.; Bose, P.; Ali, S.; Annapurna, K. Mitigation of salt stress in wheat seedlings by halo tolerant bacteria isolated from saline habitats. Springer Plus 2013, 2, 1–7. [Google Scholar] [CrossRef]

	



Yao, L.; Wu, Z.; Zheng, Y.; Kaleem, I.; Li, C. Growth promotion and protection against salt stress by Pseudomonas putida Rs-198 on cotton. Eur. J. Soil Biol. 2010, 46, 49–54. [Google Scholar] [CrossRef]

	



Sandhya, V.; Ali, S.K.Z.; Grover, M.; Reddy, G.; Venkateswarlu, B. Alleviation of drought stress effects in sunflower seedlings by exo-polysaccharides producing Pseudomonas putida strain P45. Biol. Fertil. Soil 2009, 46, 17–26. [Google Scholar] [CrossRef]

	



Bona, E.; Scarafoni, A.; Marsano, F.; Boatti, L.; Copetta, A.; Massa, N.; Gamalero, E.; D’Agostino, G.; Cesaro, P.; Cavaletto, M.; et al. Arbuscular mycorrhizal symbiosis affects the grain proteome of Zea mays: A field study. Sci. Rep. 2016, 6, 26439. [Google Scholar] [CrossRef]

	



Arora, N.K.; Khare, E.; Mishra, J. Multifacete interactins between endophytes and plants: Devlopment and prospects. Front. Microbiol. 2018, 6, 26439. [Google Scholar]

	



Liu, S.; Hao, H.; Lu, X.; Zhao, X.; Wang, Y.; Zhang, Y.; Xie, Z.; Wang, R. Transcriptome profiling of genes involved in induced systemic salt tolerance conferred by Bacillus amyloliquefaciens FZB42 in Arabidopsis thaliana. Sci. Rep. 2017, 7, 10795. [Google Scholar] [CrossRef]

	



Bano, A.; Fatima, M. Salt tolerance in Zea mays (L.) following inoculation with Rhizobium and Pseudomonas. Biol. Fertil. Soils 2009, 45, 405–413. [Google Scholar] [CrossRef]

	



Paul, D.; Lade, H. Plant-growth-promoting rhizobacteria to improve crop growth in saline soils: A review. Agron. Sustain. Dev. 2014, 34, 737–752. [Google Scholar] [CrossRef]

	



Meena, K.K.; Sorty, A.M.; Bitla, U.M.; Choudhary, K.; Gupta, P.; Pareek, A.; Singh, D.P.; Prabha, R.; Sahu, P.K.; Gupta, V.K.; et al. Abiotic stress responses and microbe-mediated mitigation in plants: The omics strategies. Front. Plant Sci. 2017, 8, 172. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Kim, M.S.; Sun, Y.; Dowd, S.E.; Shi, H.; Pare, P.W. Soil bacteria confer plant salt tolerance by tissue-specific regulation of the sodium transporter HKT1. Mol. Plant Microbe Interact. 2008, 21, 737–744. [Google Scholar] [CrossRef] [PubMed]

	



Abhinandan, K.; Skori, L.; Stanic, M.; Hickerson, N.M.N.; Jamshed, M.; Samuel, M.A. Abiotic stress signaling in wheat—An inclusive overview of hormonal interactions during abiotic stress responses in wheat. Front. Plant Sci. 2018, 9, 734. [Google Scholar] [CrossRef] [PubMed]

	



Horie, T.; Sugawara, M.; Okunou, K.; Nakayama, H.; Schroeder, J.I.; Shinmyo, A.; Yoshida, K. Functions of HKT transporters in sodium transport in roots and in protecting leaves from salinity stress. Plant Biotech. 2009, 25, 233–239. [Google Scholar] [CrossRef]

	



Haynes, R.J.; Swift, R.S. Stability of soil aggregates in relation to organic constituents and soil water content. J. Soil Sci. 1990, 41, 73–83. [Google Scholar] [CrossRef]

	



Singh, U.B.; Malviya, D.; Singh, S.; Pradhan, J.K.; Singh, B.P.; Roy, M.; Imram, M.; Pathak, N.; Baisyal, B.M.; Rai, J.P.; et al. Bio-protective microbial agents from rhizosphere eco-systems trigger plant defense responses provide protection against sheath blight disease inrice (Oryza sativa L.). Microbiol. Res. 2016, 192, 300–312. [Google Scholar] [CrossRef]

	



Edwards, U.; Rogall Till Blockerl, H.; Emde, M.; Bottger, E.C. Isolation anddirect complete nucleotide determination of entire genes: Characterization of agene coding for 16S ribosomal RNA. Nucleic Acids Res. 1989, 17, 7843–7853. [Google Scholar] [CrossRef]

	



Singh, U.B.; Malviya, D.; Singh, S.; Kumar, M.; Sahu, P.K.; Singh, H.V.; Kumar, S.; Roy, M.; Imran, M.; Rai, J.P.; et al. Trichoderma harzianum- and methyl jasmonate-induced resistance to Bipolaris sorokiniana through enhanced phenylpropanoid activities in bread wheat (Triticum aestivum L.). Front. Microbiol. 2019, 10, 1697. [Google Scholar] [CrossRef]

	



Sadasivam, S.; Manickam, A. Biochemical Methods; New Age International (P) Ltd.: New Delhi, India, 1996; p. 256. [Google Scholar]

	



Thimmaiah, S.R. Standard Methods of Biochemical Analysis; Kalyani Publishers: New Delhi, India, 2012; pp. 421–426. [Google Scholar]

	



Lee, E.H.; Bennet, J.H. Superoxide Dismutase. Plant Physiol. 1982, 69, 1444–1449. [Google Scholar] [CrossRef]

	



Gopalakrishnan, S.; Srinivas, V.; Prakash, B.; Sathya, A.; Vijayabharathi, R. Plant growth-promoting traits of Pseudomonas geniculata isolated from chickpea nodules. 3 Biotech 2015, 5, 653–661. [Google Scholar] [CrossRef]

	



Danhorn, T.; Fuqua, C. Biofilm formation by plant-associated bacteria. Annu. Rev. Microbiol. 2007, 61, 401–422. [Google Scholar] [CrossRef] [PubMed]

	



Kohlmeier, S.; Mancuso, M.; Tecon, R.; Harms, H.; van der Meer, J.R.; Wells, M. Bioreporters: Gfpversus lux revisited and single-cell response. Biosens. Bioelectron. 2007, 22, 1578–1585. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Kloepper, J.W.; Ryu, C.M. Rhizosphere bacteria helpplants tolerate abiotic stress. Trends Plant Sci. 2009, 14, 1–4. [Google Scholar] [CrossRef] [PubMed]

	



Ahmad, M.; Zahir, A.; Naeem, A.H.; Asghar, M. Inducing salt tolerance in mung bean through coinoculation with rhizobia and plant-growth-promoting rhizobacteria containing 1-aminocyclopropane-1-carboxylate deaminase. Can. J. Microbiol. 2011, 57, 578–589. [Google Scholar] [CrossRef] [PubMed]

	



Ahmad, M.; Zahir, Z.A.; Asghar, H.N.; Arshad, M. The combined application of rhizobial strains and plant growth promoting rhizobacteria improves growth and productivity of mung bean (Vigna radiata L.) under salt-stressed conditions. Ann. Microbiol. 2012, 62, 1321–1330. [Google Scholar] [CrossRef]

	



Ahmad, M.; Zahir, Z.A.; Nazli, F.; Akram, F.; Arshad, M.; Khalid, M. Effectiveness of halotolerant, auxin producing Pseudomonas and Rhizobium strains to improve osmotic stress tolerance in mung bean (Vigna radiata L.). Braz. J. Microbiol. 2013, 44, 1341–1348. [Google Scholar] [CrossRef]

	



Chen, M.; Wei, H.; Cao, J.; Liu, R.; Wang, Y.; Zheng, C. Expression of Bacillus subtilis proAB genes and reduction of feedback inhibition of proline synthesis increases proline production and confers osmo-tolerance in transgenic Arabdopsis. J. Biochem. Mol. Biol. 2007, 40, 396–403. [Google Scholar]

	



Bharti, N.; Pandey, S.S.; Barnawal, D.; Patel, V.K.; Kalra, A. Plant growth promoting rhizobacteria Dietzia natronolimnaea modulates the expression of stress responsive genes providing protection of wheat from salinity stress. Sci. Rep. 2016, 6, 34768. [Google Scholar] [CrossRef]

	



Larcher, W. Physiological Plant Ecology: Ecophysiology and Stress Physiology of Functional Groups, 2nd ed.; Springer: Berlin, Germany, 1980. [Google Scholar]

	



Dodd, I.C.; Perez-Alfocea, F. Microbial amelioration of crop salinity stress. J. Exp. Bot. 2012, 63, 3415–3428. [Google Scholar] [CrossRef]

	



Boiero, L.; Perrig, D.; Masciarelli, O.; Penna, C.; Cassan, F.; Luna, V. Phytohormone production by three strains of Bradyrhizobium japonicum and possible physiological and technological implications. Appl. Microbiol. Biotechnol. 2007, 74, 874–880. [Google Scholar] [CrossRef]

	



Xu, Z.H.; Saffigna, P.G.; Farquhar, G.D.; Simpson, J.A.; Haines, R.J.; Walker, S. Carbon isotope discrimination and oxygen isotope composition in clones of the F(1) hybrid between slash pine and Caribbean pine in relation to tree growth, water-use efficiency and foliar nutrient concentration. Tree Physiol. 2000, 20, 1209–1217. [Google Scholar] [CrossRef] [PubMed]

	



Singh, Y.P.; Mishra, V.K.; Singh, S.; Sharma, D.K.; Singh, D.; Singh, U.S.; Singh, R.K.; Haefele, S.M.; Ismail, A.M. Productivity of sodic soils can be enhanced through the use of salt-tolerant rice varieties and proper agronomic practices. Field Crops Res. 2016, 190, 82–90. [Google Scholar] [CrossRef] [PubMed]

	



Singh, R.P.; Jha, P.; Jha, P.N. The plant-growth-promoting bacterium Klebsiella sp. SBP-8 confers induced systemic tolerance in wheat (Triticum aestivum) under salt stress. J. Plant Physiol. 2015, 184, 57–67. [Google Scholar] [CrossRef] [PubMed]

	



Wu, L.; Hu, X.; Wang, S.; Tian, L.; Pang, Y.; Han, Z.; Wu, L.; Chen, Y. Quantitative analysis of changes in the phosphoproteome of maize induced by the plant hormone salicylic acid. Sci. Rep. 2015, 5, 18155. [Google Scholar] [CrossRef]

	



Hu, X.; Li, N.; Wu, L.; Li, C.; Li, C.; Zhang, L.; Liu, T.; Wang, W. Quantitative iTRAQ-based proteomic analysis of phosphoproteins and ABA-regulated phosphoproteins in maize leaves under osmotic stress. Sci. Rep. 2015, 5, 15626. [Google Scholar] [CrossRef]

	



Zhang, H.; Murzello, C.; Sun, Y.; Kim, M.S.; Xie, X.; Jeter, R.M.; Zak, J.C.; Dowd, S.E.; Paré, P.W. Cholineand osmotic-stress tolerance induced in Arabidopsis by the soil microbe Bacillus subtilis (GB03). Mol. Plant Microbe Interact. 2010, 23, 1097–1104. [Google Scholar] [CrossRef]

	



Zhang, S.; Gan, Y.; Xu, B. Application of Plant-Growth- Promoting Fungi Trichoderma longibrachiatum T6 enhances tolerance of wheat to salt stress through improvement of antioxidative defense system and gene expression. Front. Plant Sci. 2016, 7, 1405. [Google Scholar] [CrossRef]

	



Hasegawa, P.M.; Bressan, R.A.; Zhu, J.K.; Bohnert, H.J. Plant cellular and molecular responses to high salinity. Annu. Rev. Plant Physiol. Plant Mol. Biol. 2000, 51, 463–499. [Google Scholar] [CrossRef]

	



Hichem, H.; Naceur, E.A.; Mounir, D. Effects of salt stress on photosynthesis, PS II photochemistry and thermal energy dissipation in leaves of two corn (Zea mays L.) varieties. Photosynthetica 2009, 47, 517–526. [Google Scholar] [CrossRef]

	



Egamberdieva, D.; Davranov, K.; Wirth, S.; Hashem, A.; Allah, E.F.A. Impact of soil salinity on the plant-growth-promoting and biological control abilities of root associated bacteria. Saudi J. Biol. Sci. 2017, 24, 1601–1608. [Google Scholar] [CrossRef]

	



Ebel, C.; BenFeki, A.; Hanin, M.; Solano, R.; Chini, A. Characterization of wheat (Triticum aestivum) TIFY family and role of Triticum Durum TdTIFY11a in salt stress tolerance. PLoS ONE 2018, 13, e0200566. [Google Scholar] [CrossRef] [PubMed]

	



Deinlein, U.; Stephan, A.B.; Horie, T.; Luo, W.; Xu, G.; Schroeder, J.I. Plant salt-tolerance mechanisms. Trends Plant Sci. 2014, 19, 371–379. [Google Scholar] [CrossRef] [PubMed]

	



White, P.J.; Broadley, M.R. Chloride in soils and its uptake and movement within the plant: A review. Ann. Bot. 2001, 88, 967–988. [Google Scholar] [CrossRef]

	



Tester, M.; Davenport, R. Na+ tolerance and Na+ transport in higher plants. Ann. Bot. 2003, 91, 503–527. [Google Scholar] [CrossRef] [PubMed]

	



Santoyoa, G.; Moreno-Hagelsieb, G.; Orozco-Mosqueda, M.C.; Glick, B.R. Plant growth-promoting bacterial endophytes. Microbiol. Res. 2016, 183, 92–99. [Google Scholar] [CrossRef] [PubMed]

	



Parida, A.K.; Das, A.B. Salt tolerance and salinity effects on plants: A review. Ecotoxicol. Environ. Saf. 2005, 60, 324–349. [Google Scholar] [CrossRef]

	



Liu, S.H.; Kang, Y.H. Changes of soil microbial characteristics in saline-sodic soils under drip irrigation. J. Soil Sci. Plant Nutr. 2014, 14, 139–150. [Google Scholar] [CrossRef]

	



Kumar, K.; Manigundan, K.; Natarajan, A. Influence of salt-tolerant Trichoderma spp. on growth of maize (Zea mays) under different salinity conditions. J. Basic Microbiol. 2016, 56, 1–10. [Google Scholar]

	



Kasim, W.A.; Gaafar, R.M.; Abou-Ali, R.M.; Omar, M.N.; Hewait, H.M. Effect of biofilm forming plant growth promoting rhizobacteria on salinity tolerance in barley. Ann. Agric. Sci. 2016, 61, 217–227. [Google Scholar] [CrossRef]

	



Ilangumaran, G.; Smith, D.L. Plant growth promoting rhizobacteria in amelioration of salinity stress: A systems biology perspective. Front. Plant Sci. 2017, 8, 1768. [Google Scholar] [CrossRef]

	



Wong, V.N.L.; Greene, R.S.B.; Dalal, R.C.; Murphy, B.W. Soil carbon dynamics in saline and sodic soils: A review. Soil Use Manag. 2010, 26, 2–11. [Google Scholar] [CrossRef]








[image: Ijerph 17 00253 g001 550] 





Figure 1. Neighbour joining tree derived by CLUSTAL W and MEGA 5.0 using analysis of 16S rRNA sequences of Pseudomonas aeruginosa MF-30 and Pseudomonas geniculata MF-84. The numbers at nodes indicate bootstrap support values, as calculated by MEGA 5.0. 
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Figure 2. Scanning electron microphotographs showing root colonization of maize by Pseudomonas geniculata MF-84. 
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Figure 3. (a)GFP tagging of Pseudomonas geniculata MF-84; (b)Visualization of GFP tagged Pseudomonas geniculata MF-84 in the maize roots through Confocal Scanning Laser Microscope (10×). 
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Figure 4. Localization of GFP-tagged Pseudomonas geniculata MF-84 in maize root tissues (endophyticnature) under a confocal scanning laser microscope (10×). 
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Figure 5. Effects of seed bio-primingon (a) total chlorophyll content, (b) total carotenoids content, (c) total soluble sugar, and (d) proline content in maize at 30 days after sowing. Treatments were: T1-Saline sodic soil (Negative control), T2-Non-saline sodic soil + Salt (NaCl 150 mM), T3-Non-saline sodic soil (Positive control), T4-Saline sodic soil + Pseudomonas geniculata MF-84, T5-Non-saline sodic soil + Salt (NaCl 150 mM) + Pseudomonas geniculata MF-84 and T6-Non-saline sodic soil + Pseudomonas geniculata MF-84. Data are mean ± SEM (n = 5). 
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Figure 6. Effects of seed bio-primingon activity of antioxidant enzymes (a) catalase activity, (b) peroxidase activity, and (c) superoxide dismutase activity in maize at 30 days after sowing. Treatments were: T1-Saline sodic soil (Negative control), T2-Non-saline sodic soil + Salt (NaCl 150 mM), T3-Non-saline sodic soil (Positive control), T4-Saline sodic soil + Pseudomonas geniculata MF-84, T5-Non-saline sodic soil + Salt (NaCl 150 mM) + Pseudomonas geniculata MF-84 and T6-Non-saline sodic soil + Pseudomonas geniculata MF-84. Data are mean ± SEM (n = 5). 
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Figure 7. Effects of seed bio-priming on uptake of cations (a) Na+ content in roots, (b) K+ content in roots, and (c) Ca2+ content in roots at 30 days after sowing. Treatments were: T1-Saline sodic soil (Negative control), T2-Non-saline sodic soil + Salt (NaCl 150 mM), T3-Non-saline sodic soil (Positive control), T4-Saline sodic soil + Pseudomonas geniculata MF-84, T5-Non-saline sodic soil + Salt (NaCl 150 mM) + Pseudomonas geniculata MF-84 and T6-Non-saline sodic soil + Pseudomonas geniculata MF-84. Data are mean ± SEM (n = 5). 
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Table 1. Initial physico-biochemical properties of experimental soil.
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Sample No.

	
Soil Properties

	
Saline Sodic Soil

	
Non-Saline Sodic Soil






	
1.

	
Soil type

	
Silty clay loam

	
Silty clay loam




	
2.

	
pH

	
8.5

	
7.2




	
3.

	
EC (dS m−1)

	
2.58

	
0.45




	
4.

	
OC (g kg−1)

	
3.50

	
5.50




	
5.

	
OM (g kg−1)

	
7.25

	
9.46




	
6.

	
Available macronutrients (kg ha−1)




	
I.

	
Nitrogen

	
175.33

	
205.66




	
II.

	
Phosphorous

	
32.45

	
42.36




	
III.

	
Potassium

	
142.50

	
162.75




	
IV.

	
Sulphur

	
6.45

	
8.26




	
V.

	

	

	




	
7.

	
Available micronutrients (mg kg−1)




	
I.

	
Fe

	
4.26

	
11.50




	
II.

	
Cu

	
0.52

	
0.91




	
III.

	
Zn

	
0.75

	
0.82




	
IV.

	
B

	
0.09

	
0.12
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Table 2. Treatments code and details.
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	Treatments Code
	Treatment Details





	T1
	Saline sodic soil (Negative control)



	T2
	Non-saline sodic soil + Salt (NaCl 150 mM)



	T3
	Non-saline sodic soil (Positive control)



	T4
	Saline sodic soil + Pseudomonas geniculata MF-84



	T5
	Non-saline sodic soil + Salt (NaCl 150 mM) + Pseudomonas geniculata MF-84



	T6
	Non-saline sodic soil + Pseudomonas geniculata MF-84
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Table 3. Effect of seed biopriming with Pseudomonas geniculata MF-84 on plant growth attributes in maize at 30 days of sowing under nethouse conditions.
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	Treatments
	Shoot Length (cm)
	Root Length (cm)
	Fresh wt. of Shoot (g)
	Fresh wt. of Root (g)
	Dry wt. of Shoot (g)
	Dry wt. of Root (g)





	T1
	15.25 ± 0.75 d
	12.50 ± 0.66 c
	4.97 ± 0.22 d
	2.15 ± 0.16 e
	1.05 ± 0.05 d
	0.66 ± 0.01 c



	T2
	14.37 ± 1.05 d
	10.47 ± 0.54 d
	3.42 ± 0.35 e
	2.05 ± 0.25 e
	0.97 ± 0.12 d
	0.75 ± 0.03 c



	T3
	22.75 ± 1.33 c
	18.36 ± 0.85 b
	6.50 ± 0.25 b
	3.97 ± 0.31 b
	1.66 ± 0.09 b
	1.02 ± 0.04 b



	T4
	21.92 ± 0.95 c
	17.89 ± 1.25 b
	5.90 ± 0.15 c
	3.15 ± 0.17 d
	1.35 ± 0.04 c
	1.15 ± 0.04 b



	T5
	23.46 ± 1.15 b
	20.50 ± 1.01 b
	4.87 ± 0.25 d
	3.36 ± 0.21 c
	1.42 ± 0.05 c
	1.25 ± 0.05 b



	T6
	28.35 ± 1.26 a
	24.78 ± 0.96 a
	8.05 ± 0.33 a
	5.25 ± 0.28 a
	2.25 ± 0.11 a
	1.76 ± 0.02 a







T1-Saline sodic soil (Negative control), T2-Non-saline sodic soil + Salt (NaCl 150 mM), T3-Non-saline sodic soil (Positive control), T4-Saline sodic soil + Pseudomonas geniculata MF-84, T5-Non-saline sodic soil + Salt (NaCl 150 mM) + Pseudomonas geniculata MF-84 andT6-Non-saline sodic soil + Pseudomonas geniculata MF-84. Data are mean ± SEM (n = 5), data with different letters show significant difference in column data in randomized block design test at p < 0.05 under Duncan’s multiple range test.
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