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Isolation of Endophytic Salt-Tolerant Plant Growth-Promoting Rhizobacteria From Oryza sativa and Evaluation of Their Plant Growth-Promoting Traits Under Salinity Stress Condition
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The application of plant growth-promoting rhizobacteria (PGPR) as vital components for plant growth promotion against biotic and abiotic stresses could be a promising strategy to improve crop production in areas vulnerable to increasing salinity. Here, we isolated Seventy-five endophytic bacteria from roots of healthy Oryza sativa grown in a saline environment of the southern coastal region of Bangladesh. The endophytes in a culture of ~108 CFU/ml showed arrays of plant growth-promoting (PGP) activities: phytohormone (Indole acetic acid) production (1.20–60.13 μg/ ml), nutrient (phosphate) solubilization (0.02–1.81 μg/ml) and nitrogen fixation (70.24–198.70 μg/ml). Four genomically diverse groups were identified namely, Enterobacter, Achromobacter, Bacillus, and Stenotrophomonas using amplified ribosomal DNA restriction analysis followed by their respective 16S rDNA sequence analyses with that of the data available in NCBI GenBank. These four specific isolates showed tolerance to NaCl ranging from 1.37 to 2.57 mol/L in the nutrient agar medium. Under a 200 mmol/L salt stress in vitro, the bacteria in a culture of 108 CFU/ml exhibited competitive exopolysaccharide (EPS) production: Stenotrophomonas (65 μg/ml) and Bacillus (28 μg/ml), when compared to the positive control, Pseudomonas spp. (23.65 μg/ml), a phenomenon ably supported by their strong biofilm-producing abilities both in a microtiter plate assay, and in soil condition; and demonstrated by images of the scanning electron microscope (SEM). Overall, the isolated endophytic microorganisms revealed potential PGP activities that could be supported by their biofilm-forming ability under salinity stress, thereby building up a sustainable solution for ensuring food security in coastal agriculture under changing climate conditions.
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INTRODUCTION

Soil salinity, one of the most vicious abiotic stresses of global magnitude is predominantly generated as a result of sea-level rise owing to climate change, and accountable for the loss of agricultural production and sustainability (Shahid et al., 2018). Constant salt deposition from intruding saltwater in agricultural fields interferes with soil physicochemical properties that led to permanent depletion in plant water absorption followed by dehydration and osmotic stress in plants (Kaushal and Wani, 2016). The accumulation of ions (Na+ and Cl−) beyond threshold limits badly affects plant metabolic machinery, transpiration system, photosynthesis, and most importantly, ionic balance and nutrient (N, Ca, K, P, Fe, Zn) uptake; thereby retarding overall growth, seed germination, reproductive development, and yield of crops (Gupta and Huang, 2014; Islam et al., 2015; Hashem et al., 2016; Egamberdieva et al., 2019; Albdaiwi et al., 2020). Scientific communities across the world are earnestly involved in finding novel solutions of plant stress tolerance strategies without compromising proper growth to fulfill food demands under limited resource availability. One such environment-friendly scheme includes the strengthening of plants' defense systems by employing beneficial microbes (Glick, 2014; Kasim et al., 2016; Sharma et al., 2016).

The plant kingdom is inhabited by a diverse group of endophytic bacteria which grow symptomless within plants as an integral part of host metabolism and function, bearing commensalism or mutualism relationship with plants (Haidar et al., 2018; Vinayarani and Prakash, 2018). These endophytic bacteria employ different mechanisms to stimulate plant growth, ensure nutrient availability of mineral assets such as phosphorus, iron; produce phytohormones, various secondary metabolites, volatile compounds, siderophores, lytic enzymes, and antibiotics to counter phytopathogens; and enhance stress tolerance in plants (Boddey and Dobereiner, 1988; Hallmann et al., 1997; Lazarovits and Nowak, 1997; Wakelin et al., 2004; Waqas et al., 2012). Some endophytes are well-reported to produce exopolysaccharide (EPS) outside of cell surfaces under inhospitable conditions which secure water holding capacity along with nutrient uptake around the plant roots, mitigating the effects of salinity and desiccation under salinity stress (Balsanelli et al., 2014; Ilangumaran and Smith, 2017; Ansari and Ahmad, 2018; Etesami and Beattie, 2018).

In the present study, an attempt was made to isolate endophytic plant growth-promoting rhizobacteria (PGPR) associated with Oryza sativa grown in saline soils in the southern coastal region of Bangladesh. The isolates were tested in vitro for their plant growth-promoting (PGP) abilities and exopolysaccharide production under different levels of salinity. In line with coastal agricultural development prioritizing the crop cultivation, this study can be considered as a climate-smart solution that harnessed an eco-friendly sustainable approach to enhance crop productivity as well as soil fertility with an insight of possible stress tolerance mechanism of endophytic PGPR providing to plants (Rima et al., 2018; Egamberdieva et al., 2019).



MATERIALS AND METHODS


Sample Collection

During May 2017, roots of Oryza sativa samples were collected from six cultivated fields of three sub-districts of Patuakhali district namely Dumky (22°26′N, 90°22′E), Bauphal (22°25.8′N, 90°30.8′E), and Kalapara (21°59.2′N, 90°14.5′E) (Figure 1). Earlier, electrical conductivity (EC) of the soil samples from these regions were recorded as 7.88 ± 0.53 dS/m (Sultana et al., 2020), hence, the regions were considered saline since yields of many crops are restricted beyond the salinity threshold limit, 4.1–8.0 dS/m (Munns, 2005; Soil Resource Development Institute., 2010). Root samples were carried in a portable ice-box and transported back to the Fermentation and Enzyme Biotechnology laboratory, Department of Microbiology, University of Dhaka, Bangladesh and were stored at −20°C until further processing.
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FIGURE 1. Sampling sites of Patuakhali district, Bangladesh.




Isolation of Endophytic Bacteria

The roots of the collected samples were washed under running tap water for 5 min to remove adhering soil particles followed by washing serially in 75% ethanol, 99% ethanol, and finally, 10% H2O2 (5 min in each) to remove any kind of adhering microbes or epiphytes that were present on the root surfaces. Thereafter, surface-sterilized root tissues, resuspended at 10% in physiological saline (0.85% NaCl) were macerated with a sterilized mortar and pestle. The homogenized root samples were then used to screen endophytic PGPR through the spread plate technique. The processed root samples were not diluted to ensure not to lose a single root endophytic bacterium. Samples were spread plated onto two nitrogen-free media namely Jensen's agar media (10 g sucrose, 10 g glucose, 0.20 g MgSO4.7H2O, 0.15 g K2HPO4, 0.10 g CaSO4.2H2O, 0.05 g KH2PO4, 0.02 g CaCl2, 2 mg Na2MoO4, 1 mg FeCl3, 1 mg Na2Mo.2H2O, 15 g agar, pH 7.2 ± 0.2, in a 1 lit volume at 25°C) and Ashby's agar media (5 g sucrose, 5 g CaCO3, 0.2 g MgSO4.2H2O, 0.2 g NaCl, 0.2 g KH2PO4, 5 g benzoate, 10 mg FeSO4, 15 g agar, pH 7.2 ± 0.2, in a 1 lit volume at 25°C) working in the Class II Biosafety cabinet (ESCO, Singapore). Plates were incubated for 5–7 days at 30°C incubator (ESCO, Singapore) until the colonies were detected. Colonies with distinct morphological characteristics were selected and purified by sub-culturing two times on respective media before they were stored in a 20% glycerol solution at −80°C. Since the bacteria were collected exclusively from the root origin, the letter “R” was used as the source of collection, followed by either “J” or “A” representing “Jensen” and “Ashby” agar, respectively, while naming the isolates. For example, R2J6 would represent a bacterium recovered after homogenization of the second root sample, and isolated as the sixth isolate after growth in Jensen agar.



In vitro Assessment of Plant Growth Promoting (PGP) Traits


Indole Acetic Acid Production Assay

The amount of IAA produced by the isolated endophytes was determined by following the method described by Gordan and Weber (1950). Initially, the bacterial isolates were cultured in nutrient broth (NB) and 100 μl of bacterial inoculum (~108 CFU/ml) from each culture was taken afterward to continue the assay as described by Sultana et al. (2020).



Phosphate Solubilization Assay


Qualitative Assay

The inorganic phosphate solubilization ability of endophytes was observed by spot inoculation of bacterial isolates on Pikovskaya agar and National Botanical Research Institute's Phosphate (NBRIP) growth medium (Pikovskaya, 1948; Nautiyal, 1999). The formation of transparent halo zones around the bacterial colonies after 5–7 days of incubation at 30°C was considered as an indication of phosphate solubilizing activity.



Quantitative Assay

Phosphate solubilization by 100 μl of endophytic bacteria (~108 CFU/ml) was quantitated by the Molybdenum blue method in NBRIP broth, as described earlier (Sultana et al., 2020).




Nitrogen Fixation Assay

To determine the nitrogen-fixing capability of isolates, 100 μl of bacterial inoculum (~108 CFU/ml) for each selected isolates was inoculated into a test tube containing 5 ml nitrogen-free Jensen's broth and incubated for 5 days at 30°C at 120 r/min on a shaker. The amount of fixed atmospheric nitrogen was determined by the Kjeldahl method (Kjeldahl, 1883).




Genetic Diversity of Endophytic PGPR


Extraction of Total Genomic DNA

Genomic DNA of the endophytes was isolated by boiling method (Queipo-Ortuño et al., 2008). Isolated colonies were grown overnight in 5 ml nutrient broth in an orbital incubator (NEW BRUNSWICK™ 94 EXCELLA® E25/E25R, Germany) at 30°C. After 16 h incubation, 1 ml culture broth from each respective culture was transferred into an eppendorf tube and centrifuged at 15,000 × g for 5 min. The supernatant was eliminated and the pellet was resuspended in 200 μl nuclease-free water, subjected to boiling at 100°C in a water bath for 10 min, cooled on ice, and centrifuged at 15,000 × g for 10 min. The supernatant was taken into another fresh eppendorf tube and stored at −20°C. The DNA concentration was measured using a NanoDrop™ 8000 spectrophotometer (THERMO SCIENTIFIC, CALIFORNIA, USA).



ARDRA Analysis of 16S rDNA

In order to phylogenetically characterize the bacterial isolates prior to sequencing, Amplified Ribosomal DNA Restriction Analysis (ARDRA) was used to segregate them into clusters using 16S rDNA from the respective bacterial genome as a template. For the amplification of the 16S rDNA region, PCR was performed by 16S rDNA bacterial universal primers: forward (5′-AGAGTTTGATCMTGGCTCAG-3′) and reverse (5′- GGTTACCTTGTTACGACTT-3′) (Stevens and Van Elsas, 2010). PCR was carried out by using a thermal cycler (MODEL AERIS™, 96 WELLS, ESCO MICRO PTE. LTD., SINGAPORE) with the following amplification conditions: 94°C for 5 min for initial DNA denaturation, 35 cycles at 94°C for 1.5 min (denaturation), 56°C for 1 min (annealing) and 72°C for 1.5 min (extension), and a final elongation step at 72°C for 10 min. The amplified products were analyzed by gel electrophoresis in a 1.5% agarose gel (SIGMA, USA) with a 100 bp DNA ladder (PROMEGA, USA) and visualized by using a gel documentation system (ALPHALMAGER, USA).

In order to find the ARDRA patterns, the purified 16S rDNAs from bacterial isolates were subjected to restriction digestion with BsuRI (HaeIII) (THERMO SCIENTIFIC) restriction enzyme following the manufacturer's instructions. Ten units of restriction enzyme were added to 10 μl of the amplified DNA and incubated for 4 h at 37°C in a total volume of 30 μl. The digests were resolved by gel electrophoresis on a 1.5% (w/v) agarose gel (SIGMA, USA) and compared to a 100 bp DNA ladder (PROMEGA, USA) for size estimation. Using data from a freely available open-source website (http://insilico.ehu.es), a dendrogram was constructed by evaluating the restriction pattern of 16S rDNAs using Dice and UPGMA (Unweighted Pair Group Method with Arithmetic mean) analysis. The data were analyzed as discrete binary variables by “1” to represent the presence of bands and “0” for the absence.




16S rDNA Sequencing and Phylogenetic Analysis

16S rDNA PCR products were purified by FavorPrep™ GEL/PCR Purification Kit (FAVORGEN, TAIWAN) following the manufacturer's instructions. Based on PGP activities (in vitro) along with ARDRA analysis, four bacterial isolates were sent for automated DNA sequencing (1st Base, Malaysia). The sequences were further analyzed by using BLAST tools on the National Center of Biotechnology Information (NCBI) website. The 16S rDNA gene along with their closest homology sequences were aligned using multiple sequence alignment program CLUSAL W implemented in MEGA X software by using default parameters (Kumar et al., 2018). The phylogenetic tree was constructed by the neighbor-joining (NJ) method using MEGA X software and evolutionary distances were computed with the help of Kimura's 2 parameter models (Kimura, 1980; Saitou and Nei, 1987). The 16S rDNA gene sequences obtained in the present study were submitted to the GenBank nucleotide sequence database.



Halotolerance Assay

Followed by identification, the four selected endophytic isolates were then screened for salt-tolerance properties using nutrient agar (NA) media supplemented with various levels of NaCl (w/v) such as, 0.63% (107 mM), 1.25% (213 mM), 2.50% (427 mM), 5% (854 mM), 7.50% (1.30 M), 10% (1.71 M), and 15% (2.60 M). Control plate was maintained with 0.05% (8.54 mM) NaCl (w/v). The plates were inoculated with fresh culture following the streak plate method and incubated for 48 h at 30°C and the growth on the NaCl-supplemented plates was compared with the control plate (Albdaiwi et al., 2020).



Biofilm Detection Assay

Biofilm formation under varying salt concentration by selected bacterial isolates was determined using microtiter plate assay (Auger and Gohar, 2006; Qurashi and Sabri, 2012b). Bacterial cultures were inoculated into LB broth with varying salt concentrations (0, 100, and 200 mM NaCl) in a culture flask and incubated for 24 h at 30°C. After incubation, 200 μl cultures (~108 CFU/ml) were transferred to each of the 96 wells polyvinylchloride microtiter plate (Greiner BIO-ONE, Germany) for further incubation at 30°C for 48 h. Plates were washed twice with distilled water, left at room temperature for 30 min. Surface-bound cells were stained with 0.01% (w/v) crystal violet solution at room temperature for 20 min. The wells were then washed with phosphate-buffered saline three times and the dye was solubilized with 200 μl ethanol. The absorbance at 570 nm of the solubilized dye was subsequently determined.



Biofilm Detection in Soil

To evaluate the biofilm-forming ability of the isolates at different NaCl concentrations in soil, the method described in Qurashi and Sabri (2012b) was followed with some modifications. Briefly, garden soil was autoclaved at 121°C for 40 min and the sterile plastic pots were filled with sterile soil where a sterilized glass slide was placed into each pot. In control pots, neither salt nor an inoculum was used while in test pots; salt concentrations of 0, 100, and 200 mM NaCl in 20 ml solution with an initial bacterial inoculum of ~108 CFU/ml in 120 g soil were applied in each pot. In the control pot, the inoculum and salt volume were replaced with sterile distilled water. The pot was sealed and kept in the incubator (ESCO, Singapore) at 37°C for 15 days. After the incubation, the glass slide was removed from the pot and washed carefully with phosphate buffer saline (PBS) to remove the soil particles. The glass slide was put in a flask containing PBS placed on a shaker at 150 rpm for 30 min at 37°C. The bacterial count was estimated in CFU/ml by culturing them in nutrient agar plates through the drop plate method after serial dilution which revealed the biofilm-forming capability of the isolates in soil condition.



Quantitative Analysis of EPS Production

Production of EPS by the selected bacterial isolates was determined during the growth of a batch culture in particular salt concentrations (0, 100, and 200 mM NaCl) (Qurashi and Sabri, 2012b). Briefly, 250 ml flasks containing 100 ml of a medium (Verhoef et al., 2003) was inoculated with freshly grown bacterial culture (~108 CFU/ml) and incubated on a shaker at 160 rpm at 30°C for 48 h. Following centrifugation, the supernatant was collected and added with three volumes of pre-chilled absolute ethanol and placed at 4°C for 24 h to precipitate the EPS fraction. Following centrifugation at 15,000 rpm for 20 min, the pellet containing bacterial EPS was separated and dried at 58°C for 24 h. The dry weight of the collected EPS was measured afterward. All the experiments were performed in triplicate.



Glucose Quantification in the Produced EPS

Total carbohydrate content was further determined according to the phenol sulfuric acid method from the dried EPS as described earlier (Dubois et al., 1956).



Biofilm Qualitative Analysis by Scanning Electron Microscope (SEM)

Biofilm formation by bacterial isolates was observed by SEM as described earlier (Sultana et al., 2020). Briefly, isolates were grown in nutrient agar with 0, 100, and 200 mmol/L NaCl overnight, and a single colony was taken and dispersed in absolute ethanol (99.5%) dropped into a glass slide, and dried out under a UV lamp. The sample was observed after platinum coating at different magnification and resolution and the images were captured for the SEM study.




RESULTS


Isolation of Endophytic Bacteria

Plating the homogenate of collected root samples of Oryza sativa on nitrogen-free media, Jensen's and Ashby's agar gave a selective advantage of isolating nitrogen-fixing bacteria from non-fixers. Seventy-five endophytic bacteria were isolated and were ID'd based on their origin and respective isolation media.



In vitro Assessment of Plant Growth Promoting (PGP) Traits


Indole Acetic Acid Production Assay

The bacterial isolates in their respective culture of ~108 CFU/ml were screened for their ability to produce IAA. The IAA production ranged from 1.20 to 60.13 μg/ml with R4A3 producing the maximum (60.13 μg/ml) (Supplementary Table 1).



Phosphate Solubilization Assay

The isolates were tested for their ability to solubilize inorganic phosphate from the media. In Pikovskaya's medium, satisfactory halo zones were not observed (data not shown) but in the NBRIP medium, 57 out of 75 (76%) isolates were able to solubilize phosphate and formed clear zones. Estimated solubilization was recorded as 0.02–1.81 μg/ml (Supplementary Table 1).



Nitrogen Fixation Assay

The isolated endophytes were supposed to fix atmospheric N2 as they could grow in nitrogen-free Jensen's and Ashby's medium. The amount of nitrogen fixation varied from 70.24 to 198.70 μg/ml. R4A6 was found as the most efficient one fixing atmospheric nitrogen (198.70 μg/ml) (Supplementary Table 1).

Thirty isolates out of 75 were short-listed for further study (Supplementary Table 1), thanks to their superior in vitro plant growth-promoting assays, their respective quantitative values are illustrated (Figure 2).


[image: Figure 2]
FIGURE 2. A representative illustration of in vitro plant growth-promoting traits of 30 endophytic PGPR isolates shortlisted from seventy-five, that showed an elevated level of productivity [Nitrogen fixation (108–198.7 μg/ml), Phosphate solubilization (0.2–1.8 μg/ml), and IAA production (5.4–60.1 μg/ml)]. Error bars represent the mean ± SD (n = 3).





ARDRA Analysis and Identification of the Isolates

For the restriction analysis of the amplified rDNA procedures, the 16S rDNAs were isolated from the short-listed thirty isolates by PCR using the universal primers that produced ~1,465 bp amplification products (Figure 3A) following the method described earlier (Sultana et al., 2020). Upon digestion by restriction enzyme, the 16S rDNAs amplicon of these isolates produced a pattern (Figure 3B) that could be grouped in four clusters, named A, B, C and D in the resulting dendrogram that included 5 (16.67%), 16 (53.33%), 4 (13.33%), and 5 (16.67%) isolates, respectively (Figure 3C). Based on overall PGP attributes (IAA production, Nitrogen fixation and Phosphate solubilization), one finest isolate from each cluster, named R5A4, R4A6, R6J4, and R6A1 representing clusters A, B, C, and D were chosen, respectively, with a view to sequencing their respective 16S rDNA genes after PCR amplification. The raw tracer files found from the sequencing were manually corrected and assembled by SeqMan for a homology search using the BLAST tool of NCBI and a phylogenetic tree was constructed (Figure 3D) where the percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1,000 replicates) are shown next to the branches (Felsenstein, 1985). Sequence analysis of the 16S rDNA gene revealed that isolates R4A6, R5A4, R6A1, and R6J4 were identified as Enterobacter cloacae GRF2, Stenotrophomonas pavanii BRF2, Achromobacter xylosoxidans DRF2, and Bacillus aryabhattai DRF1, respectively. These sequences were then submitted to GenBank [https://www.ncbi.nlm.nih.gov/nuccore/?term=MT768046:MT768049accn] that assigned the isolates R4A6, R5A4, R6A1, and R6J4 with accession numbers (Table 1) after necessary verification.
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FIGURE 3. A representative illustration of 16S rDNA products amplified from the respective bacterial genome by PCR and electrophoresed on a 1.5% agarose gel (A) and ARDRA analysis of the 16S rDNA amplicon digested with the BsuRI (HaeIII) enzyme in a 1.5% (w/v) agarose gel; M: 100 bp ladder (B), and the resulting restriction pattern was used to produce a Dendrogram (C). The phylogenetic tree shows evolutionary distance among isolates based on 16S rDNA gene sequence using MEGA X. Bootstrap values are represented by numbers at the nodes based on 1,000 replications. The scale is the evolutionary distance value (D).



Table 1. Identity profile of 16S rDNA gene partial sequence of four isolates according to BLAST identification.
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Halotolerance Assay

The four identified endophytes were tested for their salt tolerance abilities. All of them showed a great level of tolerance. The tolerance ranged from 1.37 mol/L, exhibited by A. xylosoxidans DRF2, to 2.05 mol/L by E. cloacae GRF2 and S. pavanii BRF2, up to 2.57 mol/L NaCl concentration, demonstrated by B. aryabhattai DRF1.



Biofilm Formation Assay

The biofilm formation of the isolates at different salt stress (0, 100, and 200 mM NaCl) was estimated in microtiter plates along with a positive control for biofilm formation, Pseudomonas spp, collected from the departmental repository. The test isolates exhibited a different pattern of biofilm formation with increasing salt concentrations. At non-saline conditions, although E. cloacae GRF2 showed the highest potential, S. pavanii BRF2 outcompeted the rest at 200 mM salt stress (P < 0.001). The other strains produced comparable biofilm formation as efficiently as the positive control under saline conditions (P = 0.11) (Figure 4A). Under soil condition, which is happened to be a natural medium, the efficacy of biofilm formation was evaluated by measuring changes of growth of the isolates (in CFU/ml) at different salt concentrations (Figure 4B). Isolate S. pavanii BRF2 was observed to produce prolific biofilm as compared to others (p < 0.001) under different stress conditions. It produced the highest amount of biofilm at 200 mM NaCl concentration which is 33.93% greater than in 100 mM NaCl concentration. The estimate was also found increased for B. aryabhattai DRF1 measured 26.32 and 57.89% in CFU/ml at 100 and 200 mM NaCl concentrations, respectively, compared to that of no added salt condition.
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FIGURE 4. Biofilm formation of the identified isolates was studied in microtiter plates (A) and under soil condition (B), followed by the estimation of respective EPS materials in dry weight (C) and their corresponding Glucose content (D) at varying salt concentrations (0, 100, and 200 mM NaCl). Error bars represent the mean ± SD (n = 3).


The biofilms are mainly composed of EPS, a high molecular weight carbohydrate compound. We attempted to quantitate its amount in the biofilm materials of the isolates by taking the dry weight of EPS and measuring the glucose content of the EPS. As expected, S. pavanii BRF2 produced the highest amount (65 μg/ml) followed by B. aryabhattai DRF1 (28 μg/ml) at 200 mM NaCl concentration, and this production was found significant when compared to the positive isolate (p < 0.05). The other strains produced a comparable amount of EPS with the positive control (Figure 4C). The total carbohydrates in EPS showed an increase of 73.17% (71.06 mg 100 ml−1 culture) and 64.6% (59.77 mg 100 ml−1 culture) for S. pavanii BRF2 and B.aryabhattai DRF1, respectively, at 200 mM NaCl concentration compared to that of non-saline condition (p < 0.05 for both). On the contrary, the isolate E. cloacae GRF2 had a 52.9% (20.90 mg 100 ml−1 culture) decrease of EPS accumulation (Figure 4D).



Biofilm Qualitative Analysis by Scanning Electron Microscope (SEM)

An SEM for observation of bacterial biofilm formation revealed a clear capsule-like layer outside the cell surface, which was more evident when the salt concentration was gradually increased from 0 to 200 mM indicating the formation of biofilm was stress-driven. Here, the SEM of S. pavanii BRF2 is shown as a representative salt-tolerant isolate (Figure 5).


[image: Figure 5]
FIGURE 5. Biofilm formation by S. pavanii BRF2 at 0 (A), 100 (B), and 200 mM (C) NaCl concentrations under a scanning electron microscope.





DISCUSSION

Today's agriculture sector is being stroked by drastic climate changing conditions and the consequent salt intrusion has shrunk coastal agricultural lands ending up creating food insecurity and unsustainability for the ever-increasing population worldwide (Nabti et al., 2015; Shrivastava and Kumar, 2015; Szabo et al., 2016; Ansari et al., 2019). Current approaches of different irrigation methods, traditional breeding, and genetic engineering of salt-tolerant transgenic plants are highly technical and labor -intensive, and thus difficult to implement in practice (Singh et al., 2015; Niu et al., 2018). In order to counter salinity stress with a view to improving crop yields in salinity-prone coastal agricultural lands, the application of PGPR in the form of bioinoculants/ biofertilizer has emerged as a part of climate -smart agricultural practice under the changing climate conditions (Nabti et al., 2015; Sharma et al., 2016; Ansari and Ahmad, 2018).

Many endophytes have been reported to be endowed with the inherent capability to cope with salt stress and stimulate stress resilience in plant growth under saline conditions when inoculated with plants (Egamberdieva et al., 2019; Kearl et al., 2019). With a view to creating such bio-bank, here we isolated 75 salt-tolerant endophytes associated with roots of Oryza sativa from the low-lying southern coastal region (pH > 7, EC > 7dS/m) of Bangladesh close to the Bay of Bengal, where periodic flushing from seawater has been reported to increase soil salinity. To mention, soil samples having EC > 4 dS/m can be referred to as saline soil (Bhat et al., 2020). One of the significant findings of this study is the screening of IAA producing, phosphate solubilizing, and nitrogen-fixing potential endophytes (analyzed in vitro) with an anticipation that they can stimulate the plant growth in the fields under saline condition if provided in the form of biofertilizer; a similar was experienced in our earlier study (Sultana et al., 2020).

IAA is the major auxin in plants, that maintains the growth and developmental stages of plants such as tissue elongation and cell division, responses to light, gravity, and pathogens, and so on (Glick, 2012). Experiments showed that elevated salt stress affects the concentration of IAA in both xylem and phloem in plants (Junghans et al., 2006). Furthermore, IAA plays a major role in plant-microbe interactions which could be destabilized during different abiotic stresses (e.g., salt stress) (Spaepen and Vanderleyden, 2011). Therefore, the higher IAA producing salt-tolerant endophytes could help the growth-cornered plants by providing additional IAA under salinity conditions as well as furnishing the rhizosphere. In our study, 11 isolates out of 75 were able to produce IAA in a range of 20–55 μg/ml (Supplementary Table 1), which is similar or even higher than other reported PGPR that promoted growth of many crops (Sharma et al., 2016). On the other hand, the poor level of phosphorus in saline-prone cultivable lands leaves no other option for the farmers but to use excess conventional phosphorus-containing fertilizers to improve agricultural productivity, which otherwise causes potential surface water pollution, eutrophication, and fertility depletion in soil. The Phosphate Solubilizing Microorganisms (PSM) can improve the growth and yield of crops by mineralizing insoluble soil phosphate to release soluble phosphorus and making it available to plants. Thus, inoculating crops with PSM which can play the same role under saline conditions is a promising strategy to improve world food production without causing any environmental hazard (Alori et al., 2017). In our study, 57 isolates out of 75 were able to solubilize insoluble phosphate in NBRIP media indicating their potentiality to promote the growth of plants under phosphate limited conditions. In quantitative analysis, 12 isolates could solubilize phosphate in a range of 1–2 μg/ml which is lower than the previously reported study on epiphytes (Albdaiwi et al., 2020; Sultana et al., 2020). Concurrently, intervention between salinity and nitrogen availability in soil is a very complex network disturbing almost all processes in plant metabolism and development. Many reports demonstrate that salt-tolerant bacteria associated with the rhizosphere have been found to show better survival, nodulation, nitrogen fixation, and profound nitrogen metabolism under saline conditions (Bala et al., 1990). Salinity adversely affects root nodulation and induces premature senescence of already formed nodules (Swaraj and Bishnoi, 1999). Thus, salt-tolerant endophytes with nitrogen-fixing ability are considered a potential resource for saline soil-based agriculture (Etesami and Beattie, 2018). Thirty-nine isolates found in our study were able to fix a significant amount of nitrogen (108–198.7 μg/ml), hence can be considered as a potential weapon for biological nitrogen fixation if supplied during cultivation.

Biofilm development by different bacterial species is an elicited adaptation mechanism of survival in a harsh environment. The role of biofilm developed by endophytic PGPR is now considered as an important trait for effectively surviving in soil and root surface through colonization which is even more significant under salt stress (Santoyo et al., 2016). It was previously reported that biofilm protected bacterial cells at elevated salt stress by forming exopolysaccharide (EPS), a high molecular weight carbohydrate compound attached to the outer surface of bacteria allowing them to attach with each other and to surfaces of plant roots and soil particles (Qurashi and Sabri, 2012a). Bacterial EPS were reported to form a water-absorbing sheath around the roots to support the root system in excessive Na+ contained soils (Ashraf and Harris, 2004; Rolli et al., 2015). Moreover, EPS synthesized by endophytic bacteria might bind cations including Na+, decreasing Na+ availability for plant uptake and consequently improving the salinity tolerance of the plant (Ashraf and Harris, 2004; Siddikee et al., 2011). Inoculation of EPS producing PGPR showed ameliorative effects on the uptake of K+, Na+ and Ca2+ in plants which resulted in stabilization of soil aggregates and regulation of nutrients and water flow across plant roots through biofilm formation (Grover et al., 2011; Kasim et al., 2016; Ilangumaran and Smith, 2017; Abbas et al., 2019; Egamberdieva et al., 2019). In this study, we report that the intrinsic ability of screened isolates to form biofilm in vitro and ‘in soil' condition was enhanced with increasing NaCl concentrations which is in accordance with previous reports (Qurashi and Sabri, 2012a,b; Kasim et al., 2016). The isolate, S. pavanii BRF2 demonstrated strong biofilm formation under saline conditions (Figure 4), and this was well-supported in SEM (Figure 5) images. Both the isolates S. pavanii BRF2 and B. aryabhattai DRF1 outcompeted others in forming biofilm and EPS under the additional saline concentrations (200 mM NaCl). Since the isolates were not challenged beyond 200 mM NaCl, the peak for the S. pavanii BRF2 and B. aryabhattai DRF1 could not be measured, however, it was well-understood for A. xylosoxidans DRF2 (100 mM NaCl).

Our previous study provided a documentary regarding salt-tolerant epiphytes and their demonstrated proven role to support the yield and overall growth of crops under saline conditions (Sultana et al., 2020). In addition to the reported IAA producing, phosphate solubilizing, and nitrogen fixing potentials, the PGPR isolate, B. aryabhattai MS9 was shown in another study to reveal its siderophore producing ability in an iron-poor condition under salinity stress (Sultana et al., 2021), making it a suitable candidate for composing biofertilizer. It is also notable that B. aryabhattai has been found as a common PGPR member (both epi- and endophytes) with profound PGP activities (Park et al., 2017; Shen et al., 2019). Here, we isolated some potential endophytes, collected from the roots of rice plants grown in saline soil with significant PGP attributes: IAA production, phosphate solubilization, and N2 fixation (Figure 2). Being the endophytes, these were already acclimatized in the plants' system biology, and that too under the stress condition, where they established a symbiotic relationship with plants, a phenomenon well-supported by other reports (Nautiyal et al., 2013; Khalifa et al., 2016; Abdel-Rahman et al., 2017; Singh and Jha, 2017). Furthermore, their salt-tolerance properties associated with the significant amount of EPS production suggest the mechanism behind their survivability under stress conditions. As endophytic microorganisms from plants of different ecosystems do not involve host specificity (Nair and Padmavathy, 2014), this report supports the notion of other reports about endophytes being a substantial alternative strategy to plants for alleviating abiotic stresses arising from changeful environmental conditions (Khalifa et al., 2016; Haidar et al., 2018; Niu et al., 2018). Overall, the findings from this report support the development of sustainable biotechnological approaches toward the application of endophytes in the improvement of crop yield under stressful conditions.



CONCLUSION

The present study demonstrated that biofilm-forming salt-tolerant endophytes with multifarious PGP attributes could be utilized as promising bioinoculants for salinity stress management. The positive effects exhibited by the four isolates need to be evaluated in vivo experiments under saline conditions for further practical exploitation in crop production. Utilization of this green biotechnology will have multi-faceted positive impacts and could be a savior for saline-prone areas. In the future, these salt-tolerant endophytic PGPR could improve crop production in an economically sustainable manner that would add value to the preparedness strategy for climate change.
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Rihs MT_768047 1,411 Enterobacter cloacae (NR_044978) 90.72
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