

  agronomy-12-01140




agronomy-12-01140







Agronomy 2022, 12(5), 1140; doi:10.3390/agronomy12051140




Article



Inducing Drought Tolerance in Wheat through Exopolysaccharide-Producing Rhizobacteria



Muhammad Latif 1,2, Syed Asad Hussain Bukhari 1,*[image: Orcid], Abdullah A. Alrajhi 3,*[image: Orcid], Fahad S. Alotaibi 3[image: Orcid], Maqshoof Ahmad 4[image: Orcid], Ahmad Naeem Shahzad 1, Ahmed Z. Dewidar 5,6 and Mohamed A. Mattar 5,6,7[image: Orcid]





1



Department of Agronomy, Bahauddin Zakariya University, Multan 60800, Pakistan






2



Department of Agronomy, The Islamia University of Bahawalpur, Bahawalpur 63100, Pakistan






3



King Abdulaziz City for Science and Technology (KACST), King Abdullah Road, Riyadh 11442, Saudi Arabia






4



Department of Soil Science, Faculty of Agriculture and Environment, The Islamia University of Bahawalpur, Bahawalpur 63100, Pakistan






5



Prince Sultan Bin Abdulaziz International Prize for Water Chair, Prince Sultan Institute for Environmental, Water and Desert Research, King Saud University, Riyadh 11451, Saudi Arabia






6



Department of Agricultural Engineering, College of Food and Agriculture Sciences, King Saud University, Riyadh 11451, Saudi Arabia






7



Agricultural Engineering Research Institute (AEnRI), Agricultural Research Centre, Giza 12618, Egypt









*



Correspondence: bukhariasad@yahoo.com (S.A.H.B.); aalrajhi@kacst.edu.sa (A.A.A.)







Academic Editor: José David Flores-Félix



Received: 19 April 2022 / Accepted: 4 May 2022 / Published: 9 May 2022



Abstract

:

Wheat is the main staple food in the world, so it is the backbone of food security. Drought not only affects growth and development but also ultimately has a severe impact on the overall productivity of crop plants. Some bacteria are capable of producing exopolysaccharides (EPS) as a survival mechanism, along with other metabolites, which help them survive in stressful conditions. The present study was conducted with the aim of inducing drought stress tolerance in wheat through EPS-producing plant growth-promoting rhizobacteria (PGPR). In this regard, a series of laboratory bioassays were conducted with the aim to isolating, characterizing, and screening the EPS-producing PGPR capable of improving wheat growth under limited water conditions. Thirty rhizobacterial strains (LEW1–LEW30) were isolated from the rhizosphere of wheat. Ten isolates with EPS-producing ability were quantitatively tested for EPS production and IAA production ability. Four of the most efficient EPS-producing strains (LEW3, LEW9, LEW16, and LEW28) were evaluated for their drought tolerance ability along with quantitative production of EPS and IAA under polyethylene glycol (PEG-6000)-induced drought stress. The jar experiment was conducted under gnotobiotic conditions to examine the drought-tolerant wheat genotypes, and two wheat varieties (Johar-16, and Gold-16) were selected for further experiments. The selected varieties were inoculated with EPS-producing rhizobacterial strains and grown under control conditions at different stress levels (0, 2, 4, and 6% PEG-6000). The strain LEW16 showed better results for improving root morphology and seedling growth in both varieties. The maximum increase in germination, growth parameters, percentage, root diameter, root surface area, and root colonization was recorded in Johar-16 by inoculating LEW16 at 6% PEG-6000. Plant growth-promoting traits were tested on the top-performing strains (LEW3, LEW9, and LEW16). Through 16S rRNA sequencing, these strains were identified as Chryseobacterium sp. (LEW3), Acinetobacter sp. (LEW9), and Klebsiella sp. (LEW16), and they showed positive results for phosphorous and zinc solubilization as well as hydrogen cyanide (HCN) production. The partial sequencing results were submitted to the National Center for Biotechnology Information (NCBI) under the accession numbers MW829776, MW829777, and MW829778. These strains are recommended for their evaluation as potential bioinoculants for inducing drought stress tolerance in wheat.
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1. Introduction


Water scarcity is the major issue under the current climate change scenario. Limited water availability for crop production compels farmers and scientists to find alternative means and management strategies to feed the increasing world population. As the water supply for agriculture is decreasing with every passing day, the food required to fulfill the demand of the rapidly growing population is on the rise; hence, further aggravating the overall deleterious impact of drought [1,2]. Moreover, the problem will gain more importance in the near future due to the expansion of agricultural activities to less fertile soils to meet the food requirements of a burgeoning population [3]. Therefore, improving crop growth and survival under water-limited conditions is emerging as a major challenge for scientists in modern-day agriculture.



Drought not only affects the growth and development but ultimately goes on to severely impact the overall productivity of crop plants [1,4]. Successful crop production is a major challenge in the presence of drought stress [5]. Losses incurred due to drought stress overwhelm losses from all the other causes as both aspects of stress, i.e., duration and severity, are very critical [4]. Researchers have already predicted that the severity and frequency of drought will increase under the current global climate change [6].



Many strategies are being used to improve the drought tolerance of crops. These strategies include traditional methods to select efficient crop varieties that have better a physiological performance under limited water availability and genetic engineering approaches to induce drought-tolerant genes in more productive crop varieties [7]. Water use efficiency and crop survival under drought is a complex phenomenon that is controlled by a number of genes. A large number of genes that respond to plant responses under drought stress have been discovered, but large gaps remain to be explored [8,9]. Selection of suitable crop variety is again a complicated and laborious process that needs to expose plants to a multitude of environmental under-field conditions. The separation of plant physiological responses under different types of stresses can be difficult as the response of one type of stress may overlap certain other stresses [10,11]. Moreover, plants at different growth stages respond differently to drought stress [12].



Under these circumstances, the use of plant growth-promoting rhizobacteria (PGPR) is a relatively simple and cheap alternative strategy for dealing with abiotic stresses [13]. A number of possible mechanisms by which these PGPR induce drought tolerance in crop plants have been reported, although the exact mechanism remains largely speculative. Under stress, the formation of a bacterial biofilm can lead to the development of an extracellular matrix providing a range of macromolecules essential for the growth and development of plants [14,15]. These biofilms are formed by the production of extra-cellular polymeric substances that are critical in plant–microbe interactions under stress environments. These exopolysaccharides have several folds higher water retention capacity than their mass [16].



Bacteria produce exopolysaccharides as a survival mechanism [17], along with other metabolites, which help them survive in stressful conditions [18]. The EPS produced by bacteria are mixtures of higher molecular weight polymers that stick to the surfaces and help in soil aggregation. This adherence with the soil particles retards their degradation as they can be very easily degraded if present in their innate state. Aggregation affects different aspects of soil properties such as infiltration, root penetration, aeration, and control of runoff. As exopolysaccharides are hygroscopic in nature [19], the production of these compounds enables these bacteria to maintain a higher water content in the microenvironment of the colonies and help them survive as the water potential recedes [20]. A wide range of exopolysaccharides are produced by these bacteria [21] depending on bacterial group, substrate, growth state, and cultivation time [19].



Wheat is main staple food of Pakistan, and it is the backbone of food security all over the globe. Although wheat can adapt to a range of moisture conditions with precipitation under different climates [22], its production is very prone to drought stress. Scientists are working on a range of technologies to improve wheat productivity under water-limited conditions. We hypothesized that the EPS production ability of rhizobacterial strains can help bacteria and plants to survive under limited water availability. Thus, the present study was conducted with the aim of isolating, characterizing, and examining drought-tolerant EPS-producing PGPR to induce drought stress tolerance in wheat.




2. Materials and Methods


Drought-tolerant, EPS- and IAA-producing rhizobacterial strains were isolated and characterized in this study. A series of studies were carried out to determine the various plant growth-promoting attributes of drought-tolerant rhizobacterial strains for this purpose. Ten wheat varieties were screened against various levels of PEG-6000 in growth room trial. Following that, selected EPS-producing bacterial strains were tested for their ability to improve wheat variety growth (Johar-16 and Gold-16) under PEG-induced drought-stressed gnotobiotic conditions. The best performing strains were identified using a commercial service for 16S rRNA sequencing.



2.1. Soil Samples Collection and Handling


Rhizosphere soil samples were collected from wheat fields in Bahawalpur, Pakistan (29°25′5.0448″ N, 71°40′14.4660″ E). Drought-tolerant rhizobacterial strains were isolated by transporting samples in sterile polythene bags to the laboratory and storing them in dry freeze conditions (−20 °C).




2.2. Isolation of Drought-Tolerant Rhizobacteria


One gram of soil samples was suspended in sterile distilled water and serially diluted up to 10−8. Then, 1 mL from the last three dilutions was poured into an agar plate containing Luria Bertani (LB) media having the composition: trypton (10 g), NaCl (10 g), yeast extract (5 g), and agar (20 g) adjusted pH 7.4 amended with polyethylene glycol (PEG-6000) at 4 g L−1. The plates were incubated at 32 ± 1 °C in an incubator (Model; LI15 Shel Lab, Sheldon Manufacturing, Inc., Cornelius, OR, USA). After 48 h of incubation, different colonies were selected based on color and morphology and streaked on new agar plates. Selected strains were purified by streaking, coded, and stored at −20 °C in a 50 percent glycerol stock for future experiments [23]. The isolates were grown in LB broth amended with 4% PEG-6000. The flask was cover with aluminum foil, sealed with Para film, and incubated in a rotary shaker (Model; SI9R-2, Shel Lab, Sheldon Manufacturing, Inc., USA) at 32 ± 1 °C. The incubation of the tubes was done under shaking at 30 ± 1 °C for 72 h. A UV-visible spectrophotometer (Carry 60; Agilent, Santa Clara, CA, USA) was used to measure bacterial growth in terms of optical density (OD600). Thirty bacterial isolates with the highest growth in PEG-amended media were chosen, coded (LEW1 to LEW30), and stored for future testing [24].




2.3. Exopolysaccharide Production


Exopolysaccharide production (EPS) bioassay was performed on the rhizobacterial isolates. Selected strains were inoculated on RCV agar plates and incubated for 48 h at 30 ± 1 °C. Mucoid formation around colonies was observed as an indicator of rhizobacterial isolates’ ability to produce EPS. The positive isolates were chosen for further testing [25]. The strains capable of producing EPS were tested for quantitative EPS production in liquid culture [26]. For this purpose, 100 mL of LB broth medium was inoculated with 100 µL of bacterial culture (OD600 0.6) and incubated in shaking incubator at 30 °C at 100 rpm. After 96 h, bacterial culture was centrifuged supernatant was separated in sterilized flask. Exopolysaccharide was precipitated by the addition of pre-chilled acetone in the supernatant (3:1 v/v). Freshly prepared exopolysaccharide was dried through lyophilization, and weight was measured [27]. The phenol-sulfuric acid method was used to quantify exopolysaccharides by comparing the standard curve developed with glucose standards [28]. The whole experiment was replicated three times.




2.4. Indole Acetic Acid (IAA) Production


The EPS-producing strains were then tested for their ability to produce Indole 3 acetic acid (IAA) in the presence and absence of L-tryptophan (L-tryp). The bioassay was carried out in vitro according to the standard protocol described by Bric et al. [29]. Overnight grown bacterial cultures were inoculated in LB liquid media supplemented with 4% PEG and 5% L-tryptophan, and tubes were incubated for 72 h in a rotary shaker (100 rpm) at 32 ± 1 °C. After incubation, tubes were removed from the rotary shaker and centrifuged for 20 min at 4500 rpm. After that, 3 mL of supernatant was combined with 2 mL of Salkowski reagent (2 mL of 0.5 M FeCl3·6H2O and 98 mL of 35 percent H2SO4) and left to develop for 20 min. Color was developed after the IAA standards (0, 10, 20, 30, 40, 50, and 100 mg kg−1) were prepared. A UV-Vis spectrophotometer (Carry 60; Agilent, USA) was used to measure absorbance at 535 nm. The concentration was determined by comparing the absorbance reading with the standard plotted curve. The parallel experiment was run to observe the IAA production by drought-tolerant rhizobacteria without addition of L-tryptophan. The whole experiment was replicated three times. Based on EPS production and IAA production ability, the four most efficient strains, i.e., LEW3, LEW9, LEW16, and LEW28, were selected for further experimentation.




2.5. Growth Potential of EPS-Producing Rhizobacterial Strains under PEG-6000-Induced Drought Stress


The goal of the bioassay was to see how different levels of PEG-6000 (0, 2, 4, 6, and 8%) affected the growth of EPS-producing strains in liquid culture [26]. The broth culture tubes were inoculated with 48 h old culture and incubated in rotary incubator (100 rpm) for 72 h at 28 ± 1 °C. The growth was observed in terms of absorbance in UV-Vis spectrophotometer at 600 nm wavelength.




2.6. The Effect of PEG-Induced Drought Stress on Selected Strains’ Growth, EPS Production, and IAA Production Ability


The effect of PEG-induced drought stress on selected strains’ growth, EPS-production, and IAA production ability was investigated. For this purpose, the selected strains were grown at different drought levels, i.e., 0, 2, 4, 6, and 8% of PEG-6000. The experiment was replicated three times. The broth culture tubes were inoculated with 48-hour-old culture and incubated for 72 h at 28 ± 1 °C in a rotary shaker at 100 rpm. After 24, 48, and 72 h, absorbance was measured using a UV-Vis spectrophotometer at 600 nm wavelength. Under PEG-induced drought stress, the amount of IAA and EPS produced by rhizobacterial strains was measured using a UV-Visible spectrophotometer, as defined by Bric et al. [29] and Dubois et al. [28], respectively.




2.7. Rhizobacterial Strains with Plant Growth-Promoting Properties


The plant growth-promoting characteristics of the selected EPS-producing strains with the ability to perform under drought stress were evaluated. The standard method described by Simons et al. [30] was used to test the root colonization of the selected rhizobacterial strains. For the determination of zinc (Zn) solubilization ability, the method of Fasim et al. [31] was used, whereas for the determination of qualitative phosphate solubilization, the strains were grown on Pikovskaya’s agar plates according to Pikovskaya [32]. The strains were also tested for their ability to produce hydrogen cyanide (HCN) using the standard protocol as described by Lorck [33].




2.8. Screening of Wheat Varieties against Drought Stress


Seeds of different wheat varieties were collected from the local market and research institutes. In the growth room, a jar experiment was carried out to screen wheat varieties for their ability to withstand drought stress. The growth room conditions were adjusted as 12 h dark with 15 ± 2 °C and 12 h light (1000 flux) with 15 ± 2 °C. The humidity was maintained at 70%. The plastic jars were filled with 600 g of river sand, irrigated with distilled water, and autoclaved. A completely randomized design (CRD) with three replications was used to arrange the jars. Twenty wheat varieties (Uqab-2000; Glaxy-13; Anaj-17; Punjab-11; AAS-11; Faisalabad-08; Bhakar-02; Lasani-08; Fareed-06; Johar-16; Gold-16; AS-02; NARC-11; Millat-11; AARI-11; Ujala-16; Shahkar-13; Seher-06; Shafaq-06; and SH-02) were screened under drought stress. PEG-6000 was used to develop different levels of drought (0, 3, 6, 9, and 12% (w/w)). Six seeds were sown in each jar and plant population was maintained at 3 plants jar−1 after germination. To meet the water and nutrient requirements, a half-strength Hoagland solution was used. Germination percentage was recorded, and germination speed was calculated using the formula described by Gairola et al. [34]. After 25 days, seedlings were harvested, and growth parameters recorded.




2.9. In Vitro Jar Trial for Plant Growth Promotion of Wheat Using EPS-Producing Rhizobacterial Strains


Based on previous results, selected EPS-producing, drought-tolerant PGPR strains were tested in a jar trial to improve the growth of wheat seedlings under drought stressed axenic conditions. Wheat seeds (Johar-16 and Gold-16) were disinfected by keeping them in 2% sodium hypochlorite for 10 min. Surface-sterilized wheat seeds were soaked in sterile filter paper before being inoculated with broth from the appropriate bacterial strains (48-hour-old culture). Wheat seeds were dipped in sterile distilled water for 30 min to serve as an uninoculated control. Drought levels were developed by applying PEG-6000 at 0, 2, 4, and 6% (w/w). Eight inoculated seeds were sown in a sterilized jar filled with 600 g river sand. For comparison, uninoculated control seeds were sown. A completely randomized design (CRD) with six replicates was used to arrange the jars. The germination percentage was observed, and germination speed was calculated using the formula described by Gairola et al. [34]. After 8 days of sowing, seedlings were uprooted, and root colonization was determined through serial dilution and pour plate technique as described by Iqbal et al. [35]. Seedlings from the remaining three replicates were harvested after 25 days to determine growth parameters such as root length, shoot length, root and shoot dry weight, and nutrient use efficiency.




2.10. Identification of EPS-Producing Rhizobacterial Strains


The phenotypes of the selected EPS-producing strains with plant growth-promoting properties (LEW9 and LEW16) were studied [36]. The 16S rRNA sequencing of the selected strains was also carried out in order to confirm the phylogeny of PGPR strains [37]. The data obtained through the partial sequencing of 16S rRNA of selected strains were analyzed on NCBI site using Blastn analysis. MEGA7 software was used to align the blast results of the closely related 16 nucleotide sequences by muscle alignment of the codons [38]. The microbial history was evaluated by constructing a neighbor-joining tree using the method described by Saitou and Nei [39], followed by analysis using the method described by Tamura et al. [40].




2.11. Statistical Analysis


Statistical analysis was performed on the data collected from various experiments. The CRD design in the factorial arrangement was used to construct ANOVA for experiments [41]. The data were compared by using LSD and Tukey’s tests, where applicable. To calculate standard error, mean, and draw graphs, Excel (MS Office 2010 and 365) was used.





3. Results


3.1. Isolation of Drought-Tolerant, EPS-Producing Rhizobacteria


Using LB growth media amended with 4% PEG-6000, thirty rhizobacterial colonies were isolated from soil samples collected from the rhizosphere of wheat in different fields in the Bahawalpur district. The Bahawalpur district is located at 29.35° N and 71.69° E, where annual rainfall is less than 150 mm, and more than 80% of rainfall occurs in monsoon season (June and July). These rhizobacterial isolates were coded as LEW1–LEW30.



The isolates’ drought tolerance was confirmed by growing them in liquid culture amended with PEG-6000 at 4% w/v. The bacterial growth was confirmed in terms of optical density (OD600) using UV-Visible Spectrophotometer (Model; Cary60; Agilent, USA). All the isolates showed growth in liquid culture amended with PEG-6000; however, these isolates showed different growth behavior in PEG-6000-amended liquid medium. The isolates LEW3, LEW9, LEW16, and LEW28 showed better growth as compared to other isolates (Table 1).



In agar plates containing RCV medium, these isolates were tested for their ability to produce EPS. Ten isolates (LEW3, LEW4, LEW9, LEW11, LEW16, LEW19, LEW21, LEW23, LEW26, and LEW28) were found to be capable of producing exopolysaccharides, as evidenced by mucoid growth on RCV agar plats (Table 1).




3.2. Quantification of Exopolysaccharides and IAA Production by Rhizobacterial Isolates


These isolates with the ability to show mucoid in PEG-amended RCV media were tested for EPS production in broth culture as well as quantitative IAA production in the presence and absence of L-tryptophan. All the tested strains produced EPS but with variable degrees (Table 2). Results revealed that the maximum EPS production of 86.2 µg mL−1 was recorded for the isolate LEW28 followed by LEW16 (81.3 µg mL−1), LEW3 (72.4 µg mL−1), and LEW9 (63.5 µg mL−1), whereas the minimum EPS production of 10.8 µg mL−1 was observed for the isolate LEW23. The IAA production of EPS-producing rhizobacterial isolates was tested in the presence and absence of L-tryptophan (Table 2).



In the presence and absence of L-tryptophan, the bioassay revealed that the majority of the isolates produced IAA. The isolates LEW4 and LEW21, however, did not produce IAA in both the cases. The isolates produced more IAA in the media amended with L-tryptophan. The isolate LEW28 has the maximum (13.17 µg mL−1) IAA production ability followed by LEW9, LEW3, and LEW16. Based on EPS production and IAA production ability, the four most efficient strains, i.e., LEW3, LEW9, LEW16, and LEW28, were selected for further experimentation.




3.3. Growth Potential of EPS-Producing Rhizobacterial Strains under PEG-6000-Induced Drought Stress


The results of an in vitro bioassay with various drought levels (0, 3, 6, and 9%; PEG-6000) revealed that bacterial growth decreased as the level of PEG-6000 increased (Figure 1). The isolate LEW9 showed the maximum growth in LB media where observed optical density was 1.22 at 600 nm wavelength. At 3% concentration of PEG-6000, the isolates LEW9 and LEW28 showed higher growth (1.00 OD600) followed by LEW16 (0.91 OD600) and LEW3 (0.85 OD600). The isolate LEW9 performed better under higher concentration of PEG-6000 and showed 0.81 and 0.66 OD600 at 6 and 9% concentration of PEG-6000, respectively. At 9% concentration of PEG-6000, the isolates LEW3, LEW16, and LEW28 showed 0.63, 0.60, and 0.61 OD600, respectively.




3.4. Effect of PEG-Induced Drought Stress on Growth, EPS Production, and IAA Production Ability of Selected Strains


The drought-tolerant rhizobacterial strains that produce EPS and IAA were grown at different levels of PEG-induced drought stress, and their growth, IAA production, and EPS production ability were monitored at 24 h intervals up to 72 h. According to the results (Table 3), increasing the level of PEG inhibited the growth of rhizobacterial strains. Furthermore, as the level of PEG increased, the length of the log phase decreased, resulting in an early stationary phase.



The isolates behaved differentially under different levels of drought. At increasing drought stress, only the isolate LEW9 showed significantly better growth at 9% concentration of PEG. The ability of the strains to produce IAA under normal and drought-stressed conditions also differed. The maximum IAA production (53.7 µg mL−1) was observed for isolate LEW9 after 72 h under normal conditions. Moreover, the minimum IAA production (4.40 µg mL−1) was observed for the isolate LEW3 at 9% concentration of PEG.



The tested isolates produced a rapid increase in IAA and EPS up to 48 h, after which the production of IAA and EPS was non-significant at a PEG concentration of 9%. The data revealed that the isolates have significantly different EPS production ability. After 72 h of growth under normal conditions, the strain LEW9 produced the highest quantity of EPS (122.0 µg mL−1).



The isolates LEW9 and LEW28 produced similar amounts of EPS at lower levels of drought (PEG concentration of 3%) when compared to each other, but they were significantly different from LEW3 and LEW16. The isolate LEW9 produced the highest quantity of EPS (60.3 µg mL−1) at a PEG concentration of 9%. Higher levels of PEG resulted in a significant decrease in EPS production when compared to lower levels.




3.5. Plant Growth-Promoting Traits of Selected Rhizobacterial Strains


Selected isolates were then tested for various plant growth-promoting properties (Table 4). All the tested isolates were potentially colonized with wheat roots. However, the isolates LEW3 and LEW9 were more efficient in colonizing wheat roots. These isolates showed 3.52 × 106 and 4.16 × 106 bacterial colonies cm of wheat root, respectively. The tested isolates also performed well in the agar plate assay for P solubilization. LEW3 and LEW9 isolates were more effective at solubilizing the insoluble source of P and had a larger halo zone around colonies. Similarly, the isolates LEW3, LEW9, and LEW16 efficiently grew in insoluble zinc and were able to solubilize Zn, as evidenced by the clearing zone around colonies. Three isolates, i.e., LEW3, LEW9, and LEW28, were positive for HCN production in the agar plate assay, which was evident from the change in filter paper color from yellow to pink.




3.6. Screening of Wheat Varieties against Drought Stress


Under controlled conditions, twenty wheat varieties were screened for drought tolerance at various levels of PEG. The varieties were grown under water-stressed conditions (PEG-6000 at 0, 2, 4, and 6%) and seedling growth was determined. The collected data were analyzed through principal component analyses (PCA) and better performing wheat varieties were selected for further experimentations (Figure 2). The wheat variety Johar-16 performed better for germination percentage, seedling dry biomass, shoot length, and root length at all drought levels. The next variety was Gold-16 which performed better at 6% of PEG-6000 (Figure 2a). Wheat variety AS-02 performed better at lower stressed levels such as 2% (Figure 2b) and 4% (Figure 2c) PEG-6000; however, its performance declined at 6% PEG-6000 (Figure 2d). Furthermore, the principal component analyses (PCA) revealed that wheat variety Aas-11 did not perform effectively at all drought levels. The wheat variety Lasani-08 and SH-02 showed better results under normal conditions; however, their performance was declined under drought stress. The wheat variety Johar-16 and Gold-16 performed better under higher drought level (at 6% PEG-6000) and therefore were selected for further experimentations.




3.7. In Vitro Jar Trial for Plant Growth Promotion of Wheat Using EPS-Producing Rhizobacterial Strains


The selected wheat varieties (Johar-16 and Gold-16) were inoculated with selected rhizobacterial strains (LEW3, LEW9, LEW16, and LEW28) and tested for plant growth promotion under controlled conditions at different drought levels, i.e., 0, 2, 4, and 6%, of PEG-6000. The results regarding seed germination and root morphology are presented in Figure 3. Under different levels of drought stress, the bacterial strains significantly increased the germination of wheat varieties Johar-16 and Gold-16 (Figure 3). Under normal conditions, wheat variety Johar-16 showed a maximum of 98 and 97% germination percentage when inoculated with strains LEW16 and LEW9, respectively. Under different levels of drought, however, inoculation with strain LEW16 produced better seed germination results in both varieties Johar-16 and Gold-16. The inoculation of strain LEW16 in wheat variety Gold-16 showed 87, 75, and 63% germination at 2, 4, and 6% PEG-6000, respectively. The wheat variety Johar-16 showed 83, 68, and 52% germination when inoculated with strain LEW16 at 2, 4, and 6% of PEG-6000, respectively, whereas the control treatment showed only 31% germination for both wheat varieties at 4% PEG-6000.



Wheat root diameter was increased by exopolysaccharide-producing plant growth-promoting rhizobacteria under drought-stressed conditions (Figure 3). Under normal conditions, the maximum root diameter (0.95 mm) was observed in variety Gold-16 by the inoculation of strain LEW16. The uninoculated control treatment had the smallest root diameter at all levels of drought stress, whereas the inoculation of strain LEW16 had the largest root diameter at all levels of PEG. At 6% PEG-6000, the inoculation of LEW16 showed the maximum root diameter, i.e., 0.49, and 0.52 mm in wheat variety Johar-16 and Gold-16, respectively.



The exopolysaccharide-producing, drought-tolerant rhizobacteria increased root surface area of wheat under water scarcity (Figure 3). The inoculation of strain LEW16 performed better under different levels of drought stress. At 6% PEG-6000, the maximum 23 and 16% increase in root surface area was observed in wheat variety Johar-16 and Gold-16, respectively, by the inoculation of strain LEW16. Potential exopolysaccharide-producing, drought-tolerant rhizobacteria improved root colonization in wheat under different levels of drought stress (Figure 3). Under different levels of drought, inoculation of exopolysaccharide-producing, drought-tolerant rhizobacterial strains increased root colonization in both wheat varieties Johar-16 and Gold-16. Under normal conditions, the maximum 8.1 × 105 colony forming units (CFU) per gram root was recorded in wheat variety Gold-16 by the inoculation of LEW3. However, under drought stress, the strain LEW16 and LEW28 performed better for root colonization. The maximum 3.1 × 105 CFU g−1 root was recorded in wheat variety Johar-16 whereas 3.6 × 105 CFU g−1 root was observed in wheat variety Gold-16 by the inoculation of strain LEW16 at 6% PEG-6000.



The capability of rhizobacteria to increase root length under water-stressed conditions by exopolysaccharide-producing rhizobacteria is presented in Figure 4. The inoculation of strain LEW28 showed better results at lower drought levels (2 and 4% of PEG-6000) where 27 and 53% increases were recorded in wheat variety Johar-16. Inoculation of LEW16 resulted in a maximum 92 percent increase in root length when compared to control at 6 percent PEG-6000. Figure 4 shows the results of a study on the ability of drought-tolerant rhizobacterial strains to increase shoot length in water-stressed conditions. Under different drought levels, the shoot length decreased, but this was improved by inoculating EPS-producing, drought-tolerant rhizobacterial strains. At 6% of PEG-6000, the inoculation of LEW16 showed the maximum, i.e., 27 and 28%, increase in root length in wheat varieties Johar-16 and Gold-16, respectively.



The exopolysaccharide-producing, drought-tolerant rhizobacteria improved seedling vigor index under different levels of drought stress. With increasing drought stress the seedling vigor index was decreased (Figure 4). Inoculation with exopolysaccharide-producing rhizobacteria, on the other hand, significantly improved seedling vigor index when compared to the control. Wheat variety Gold-16 showed better results compared with Johar-16. The inoculation of strain LEW16 showed the maximum, i.e., 7.9, 4.7, and 3.1, seedling vigor index in wheat variety Gold-16 at 2, 4, and 6% PEG-6000, respectively.



The results (Figure 4) describe the effectiveness of exopolysaccharide-producing, drought-tolerant rhizobacteria to improve seedling total dry biomass under different levels of drought stress. The minimum (0.1 g seedling−1) total dry biomass was recorded in wheat variety Johar-16 in uninoculated control treatment at 6% of PEG-6000. However, bacterial strain inoculation significantly increased the total dry biomass of both wheat varieties, Johar-16 and Gold-16, under different levels of drought stress when compared to the control. Due to inoculation with EPS-producing rhizobacterial strain LEW16, the maximum, i.e., 0.25 g, seedling−1 of total dry biomass was recorded in wheat variety Gold-16 at 6% PEG-6000, which is 44 percent more than control. The next best strain was LEW16, which showed a 41% increase in total dry biomass when compared to the control treatment.




3.8. Identification of Selected Rhizobacterial Isolates


Three strains were chosen for identification based on their performance in the pot and in the field. For this purpose, cell pellet was collected from 4 mL of overnight grown bacterial culture having 0.6 OD600. Then, DNA was extracted through the CTAB method. The extracted DNA was sent to Macrogen, Korea, for identification through the 16S rRNA gene sequencing technique. The DNA sequences obtained from Macrogen were blasted on the NCBI server. Using the software MEGA 7.0, a neighbor-joining phylogenetic tree was constructed by closely related taxa (Figure 5). The strains were identified as Chryseobacterium sp. (LEW3), Acinetobacter sp. (LEW9) and Klebsiella sp. (LEW16) and were submitted to NCBI gene bank database with accession numbers MW829776, MW829777, and MW829778, respectively.





4. Discussion


In the majority of countries, water scarcity is a major problem for crop production. Wheat is the staple food of Pakistan and among the major cereal crops over the globe. Irrigation is crucial for wheat productivity at various growth stages, and drought negatively affects its growth and germination. Drought-stressed crops have been shown to grow faster when exposed to EPS-producing PGPR [13,42]. They induce drought tolerance by colonizing the rhizosphere through the production of complex extra-cellular polysaccharides (EPS) along with other mechanisms such as modification in root architecture, production of growth regulators, and phytohormones such as IAA, siderophores, etc., reducing the production of ROS by regulating antioxidant enzyme systems, nutrient solubilization, and many more. These bacteria produce EPS, which is a mixture of higher molecular weight polymers that stick to surfaces and aid in soil aggregation and water potential maintenance.



4.1. Screening of Wheat Varieties under Drought Stress


Twenty wheat varieties were screened for drought tolerance. Under controlled conditions, all tested varieties showed more or less similar results. Drought stress, on the other hand, significantly reduced seed germination and seedling growth. Under PEG-induced drought stress, two wheat varieties, Johar-16 and Gold-16, showed significantly higher seed germination and growth than other varieties. This increase in germination and seedling growth could be due to these varieties’ adaptive responses. The reduction in germination and poor seedlings establishment are the early signs of water scarcity [43]. It has been reported that biochemical changes in seed occur shortly after imbibition and that these changes are influenced by soil water availability and potential [44]. Drought stress has also been linked to a delay in imbibition and, as a result, a lower germination rate. As a result, germination percentage and seedling vigor is negatively affected under drought stress [45].



Seedling growth may be slowed as a result of decreased cell division and elongation. Drought affects the morphological, physiological, and biochemical parameters of plants, thus decreasing the photosynthetic efficiency of crop plants. For example, Smolikova et al. [46] reported that delayed imbibition led the desiccation and hence both the seed viability and seedling vigor. These two traits are related to various biochemical changes predominantly related to the generation of reactive oxygen species (ROS) damaging and altering the genetic structure. Drought stress has a negative impact on germination because it causes desiccation, which affects seed viability and vigor.




4.2. Screening of EPS-Producing Plant Growth-Promoting Rhizobacteria under Drought Stress


Under drought stressed conditions, the EPS-producing, drought-tolerant rhizobacterial strains were evaluated for growth, IAA production, and EPS production. The strains exhibited variable drought stress growth as well as varying ability to produce IAA and EPS under drought-stressed conditions. Exopolysaccharides are complex compounds having water in their hydrated structure. These EPS help bacteria survive in stressful situations, and soil microbiologists use the same trait to induce drought tolerance in crop plants [13]. Under stressful conditions, a number of bacterial strains have been reported to produce EPS [47]. It has been reported that bacteria produce EPS as a survival mechanism [48] under stressful conditions [21], which are mixtures of higher molecular weight polymers including carbohydrates, proteins, and other organic compounds [49]. These EPS stick to the surfaces and help in the binding of soil particles leading to better soil aggregation.



Tested rhizobacterial strains produced significantly increased concentration of EPS under osmotic stress as compared to unstressed conditions, which indicates that these strains responded to stress [50]. The EPS molecule retain large quantity of water, which helps bacteria and plant to survive under drought stress [51]. The higher carbon concentration in the EPS molecule has been shown to improve water retention [52].



Under drought stress, the rhizobacterial strains produced higher concentrations of IAA than under normal conditions, according to the current study. Literature reported that IAA helps plants in cell division, and tissue differentiation [53]. Bacterial strains that can produce these compounds help crop plants cope with stress [54,55]. Furthermore, these bacterial strains have been reported to help plants cope with the negative effects of drought stress by engineering their physiology [13]. Plant growth is aided by the production of IAA in stressed situations [56].



Furthermore, in an agar plate assay, the tested strains showed phosphorous and zinc solubilization. Similarly, Intorne et al. [57] and Mumtaz et al. [58] described that solubilization of phosphorous and zinc by rhizobacteria improves their uptake and promotes plant growth and yield. The tested rhizobacteria possess hydrogen cyanide (HCN) production ability. The tested strains produced HCN that may help in balanced antioxidant activities. The results are similar to those of Agbodjato et al. [59] and Nazli et al. [47], who both reported HCN production under stressful conditions. Bacterial production of HCN acts as a biocontrol agent against a variety of pathogens, reducing disease spread [60].



The strains that were able to produce EPS, IAA, and other plant growth-promoting characters colonized the plant roots heavily in this study. The biochemical and enzymatic activities of bacteria help them in root colonization through modification in the secretion of root exudates [61]. As a result, bacterial strains that produce these compounds confer drought tolerance in plants [55].




4.3. Impact of EPS-Producing PGPR on Wheat Growth under Drought Stress


The selected wheat varieties Johar-16 and Gold-16 were inoculated with selected EPS-producing, drought-tolerant rhizobacterial strains and tested for the ameliorative effects on germination percentage, root development, and seedling growth. Germination percent was decreased under drought stress; however, inoculation of exopolysaccharide-producing rhizobacteria improve germination as compared to control. The EPS-producing bacteria retained water, which created a microenvironment that decreased osmotic stress [62]. The inoculation of rhizobacterial strains improved root colonization, root diameter, root surface area, root/shoot length, and seedling dry biomass in the current study, even under drought-stressed conditions [63]. In addition, inoculation of EPS-producing rhizobacteria has been shown to promote plant growth in drought-stressed conditions by stabilizing soil aggregates and retaining water [64].



The EPS-producing, drought-tolerant strains capable of improving wheat growth under limited water conditions were isolated from the rhizosphere of wheat. These strains showed different responses to PEG-induced drought stress and the maximum growth was shown by the strain LEW9. These strains have also been shown to be effective bioinoculants for reducing the negative effects of drought on wheat. The strain LEW9 provided the greatest improvement in wheat growth, yield, and physiological parameters, followed by LEW16 and LEW3. Based on the results of 16S rRNA sequencing these strains were identified as Acinetobacter sp. (LEW9), Klebsiella sp. (LEW16), and Chryseobacterium sp. (LEW3). These strains were rod-shaped with smooth colonies and Gram-negative in reaction. For Chryseobacterium sp. (LEW3), Acinetobacter sp. (LEW9), and Klebsiella sp. (LEW16), the partial sequences were submitted to GenBank under accession numbers MW829776, MW829777, and MW829778, respectively. Similarly, previous studies reported Chryseobacterium sp., Acinetobacter sp. and Klebsiella sp. as rod-shaped, spore-forming bacteria with Gram-negative in reaction [65,66].



Rhizosphere bacteria from these genera have been shown to help crop plants grow better when they are drought stressed. For example, Sharath et al. [67] reported that Acinetobacter sp. has a strong EPS-producing ability along with other multifarious traits. They regarded these bacteria as potential inoculants for improving the seed germination, seedling vigor, root length, and bolls weight of cotton under drought conditions. Leontidou et al. [68] described Chryseobacterium sp. as having multiple plant growth-promoting traits, including IAA production, ACC deaminase activity, and phosphate solubilization. They discovered that these strains contain a number of genes that may be involved in plant growth promotion and stress regulation, and that they can be used to boost crop yields under abiotic stress. Similarly, Liu et al. [69] discovered a gene in Klebsiella sp. that promotes plant growth by producing siderophore, IAA, phosphate solubilization, and N2 fixation. They claimed that these bacteria can grow in a variety of environments and that they can be used as bioinoculants in drought-stricken areas. The improved crop growth potential of selected strains LEW9, LEW16, and LEW3 in this study can be linked to their ability to solubilize zinc and phosphate, as well as their ability to produce EPS and IAA.





5. Conclusions


Drought stress tolerance in crop plants is induced by bacterial exopolysaccharides. Wheat growth was significantly improved when it was inoculated with EPS-producing rhizobacterial strains. In addition to the ability to produce EPS, these strains have different mechanisms such as nutrient solubilization, phytohormones (IAA), and HCN production. Drought tolerance in wheat plants can be induced by a variety of traits. The bacterial strain Acinetobacter sp. (LEW9) was found to be more effective in improving wheat growth physiology, biochemical parameters, and yield under drought stress, and is recommended for use in the development of a potential biofertilizer after a field experiment under natural conditions for inducing drought stress tolerance in wheat under arid to semi-arid agro-ecological conditions.



Future research should be focused on the characterization of more beneficial bacterial strains having the potential to produce exopolysaccharides along with multifarious growth-promoting traits for inducing drought stress tolerance in specific crop plants. Moreover, research should be focused on soil–plant–microbe interactions with the objective of evaluating EPS-producing bacteria under natural conditions and using these microbes in soils with variable physico-chemical properties and different agro-ecological zones.
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Figure 1. Effect of different levels of PEG-6000 on growth of EPS- and IAA-producing drought-tolerant rhizobacterial isolates in liquid culture after 72 h of incubation. Bars sharing same letter(s) do not differ from one another (p ≤ 0.05). 
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Figure 2. Screening of twenty wheat varieties grown at different drought levels. Germination percentage and seedling growth parameters were measured and plotted in Principal Component Analyses (PCA). (a) 0% PEG-6000; (b) 2% PEG-6000; (c) 4% PEG-6000; and (d) 6% PEG-6000. 
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Figure 3. Efficiency of exopolysaccharide-producing, drought-tolerant rhizobacterial strains to improve seed germination, root development, root diameter; root surface area and root colonization; V1: Johar-16; V2: Gold-16. 
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Figure 4. Efficiency of exopolysaccharide-producing, drought-tolerant rhizobacterial strains to improve root length, shoot length, seedling vigor index and total dry biomass; V1: Johar-16; V2: Gold-16. 
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Figure 5. Neighbor-joining phylogenetic tree of Chryseobacterium sp. (LEW3), Acinetobacter sp. (LEW3), and Klebsiella sp. (LEW16) constructed by closely related taxa. 
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Table 1. Growth in terms of optical density (OD600) and EPS production ability of rhizobacterial isolates in RCV medium.
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	Rhizobacterial Isolate
	Production of EPS
	Growth (OD600)
	Rhizobacterial Isolate
	Production of EPS
	Growth (OD600)





	LEW1
	−
	0.95 ± 0.02
	LEW16 *
	+
	1.72 ± 0.04



	LEW2
	−
	0.89 ± 0.02
	LEW17
	−
	0.89 ± 0.03



	LEW3 *
	+
	1.62 ± 0.02
	LEW18
	−
	0.96 ± 0.03



	LEW4 *
	+
	0.69 ± 0.02
	LEW19 *
	+
	0.81 ± 0.03



	LEW5
	−
	0.76 ± 0.02
	LEW20
	−
	0.76 ± 0.02



	LEW6
	−
	0.83 ± 0.04
	LEW21 *
	+
	0.74 ± 0.02



	LEW7
	−
	0.94 ± 0.04
	LEW22
	−
	0.86 ± 0.04



	LEW8
	−
	0.97 ± 0.03
	LEW23 *
	+
	0.94 ± 0.03



	LEW9 *
	+
	1.36 ± 0.03
	LEW24
	−
	0.87 ± 0.03



	LEW10
	−
	0.78 ± 0.02
	LEW25
	−
	0.77 ± 0.02



	LEW11 *
	+
	0.86 ± 0.04
	LEW26 *
	+
	0.85 ± 0.03



	LEW12
	−
	1.05 ± 0.03
	LEW27
	−
	0.74 ± 0.03



	LEW13
	−
	0.67 ± 0.02
	LEW28 *
	+
	1.27 ± 0.06



	LEW14
	−
	0.75 ± 0.04
	LEW29
	−
	0.89 ± 0.02



	LEW15
	−
	0.93 ± 0.03
	LEW30
	−
	0.73 ± 0.04







* Isolates that have more growth in terms of OD600 and produced more EPS were selected for further experimentation (Results for production of EPS and growth behavior were confirmed by repeating the bioassays in three replications). The sign (+) expresses the occurrence of the tested attributes and the sign (−) denotes the lack of the tested trait.













[image: Table] 





Table 2. Quantitative EPS production and IAA production in the presence and absence of L-tryptophan by rhizobacterial isolates.
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Rhizobacterial Isolate

	
EPS Production

(µg mL−1)

	
IAA Production




	
Without L-Tryp

	
With L-Tryp






	
LEW3 *

	
72.4 ± 0.37

	
3.82 ± 0.115

	
11.57 ± 1.213




	
LEW4

	
45.4 ± 0.48

	
ND

	
ND




	
LEW9 *

	
63.5 ± 0.56

	
2.76 ± 0.095

	
12.71 ± 1.271




	
LEW11

	
57.8 ± 0.38

	
2.71 ± 0.062

	
6.15 ± 0.215




	
LEW16 *

	
81.3 ± 0.84

	
8.36 ± 0.137

	
10.29 ± 1.138




	
LEW19

	
29.8 ± 0.65

	
1.84 ± 0.125

	
4.17 ± 0.218




	
LEW21

	
32.4 ± 0.61

	
ND

	
ND




	
LEW23

	
10.8 ± 0.57

	
1.79 ± 0.136

	
3.56 ± 0.219




	
LEW26

	
42.3 ± 0.73

	
1.52 ± 0.073

	
5.14 ± 0.251




	
LEW28 *

	
86.2 ± 0.98

	
4.74 ± 0.106

	
13.17 ± 1.236








Values are mean of three replications ± SE. ND—production of IAA was not detected. * Isolates produced higher amount of IAA and were selected for further experimentation.
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Table 3. Effect of different levels of PEG-6000 on growth, IAA, and EPS production by the rhizobacterial strains.
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Strains

	

	

	
OD600 for Growth

	

	




	
24 h

	

	
48 h

	

	
72 h




	
0

	
3%

	
6%

	
9%

	
0

	
3%

	
6%

	
9%

	
0

	
3%

	
6%

	
9%






	
LEW3

	
0.66 bc

	
0.55 de

	
0.44 f

	
0.42 f

	
0.88 ab

0.95 a

	
0.73 de

	
0.67 e

	
0.53 g

	
0.98 b–d

	
0.85 e–g

	
0.76 gh

	
0.63 i




	
LEW9

	
0.74 ab

	
0.65 dc

	
0.51 ef

	
0.46 ef

	
0.79 b–d

	
0.72 de

	
0.54 g

	
1.22 a

	
1.03 bc

	
0.81 fg

	
0.66 hi




	
LEW16

	
0.62 cd

	
0.51 ef

	
0.46 ef

	
0.42 f

	
0.84 a–c

	
0.70 de

	
0.66 ef

	
0.56 fg

	
1.07 b

	
0.91 d–f

	
0.76 gh

	
0.60 i




	
LEW28

	
0.78 a

	
0.65 bc

	
0.42 f

	
0.42 f

	
0.93 a

	
0.76 c–e

	
0.67 ef

	
0.55 g

	
0.94 c–e

	
1.00 b–d

	
0.79 g

	
0.61 i




	
HSD

(p ≤ 0.05)

	
0.0951

	

	
0.1056

	

	
0.1067




	

	
EPS Production




	
Strains

	
24 h

	

	
48 h

	

	
72 h




	

	
0

	
3%

	
6%

	
9%

	
0

	
3%

	
6%

	
9%

	
0

	
3%

	
6%

	
9%




	
LEW3

	
68.3 b–d

	
64.3 c–e

	
49.3 gh

	
34.0 j

	
85.7 ab

	
73.0 c–e

	
55.7 gh

	
43.3 i

	
101.7 c

	
81.3 ef

	
65.7 hi

	
50.7 k




	
LEW9

	
77.7 a

	
71.7 a–c

	
54.7 fg

	
44.3 hi

	
94.0 a

	
78.3 b–d

	
64.7 e–g

	
52.3 hi

	
122.0 a

	
107.3 bc

	
79.7 fg

	
60.3 ij




	
LEW16

	
66.0 b–e

	
59.3 ef

	
49.7 gh

	
36.3 j

	
82.0 bc

	
71.7 d–f

	
61.7 g

	
46.0 i

	
99.0 cd

	
90.7 de

	
71.3 gh

	
52.3 jk




	
LEW28

	
72.0 ab

	
61.3 d–f

	
51.3 gh

	
41.3 ij

	
86.7 ab

	
72.3 d–f

	
63.3 fg

	
49.7 hi

	
112.0 b

	
102.7 bc

	
75.3 fg

	
56.3 i–k




	
HSD

(p ≤ 0.05)

	
7.65

	

	
9.15

	

	
9.51




	

	
IAA Production




	
Strains

	
24 h

	

	
48 h

	

	
72 h




	

	
0

	
3%

	
6%

	
9%

	
0

	
3%

	
6%

	
9%

	
0

	
3%

	
6%

	
9%




	
LEW3

	
17.3 c

	
15.7 cd

	
7.67 f

	
1.43 g

	
36.3 bc

	
34.0 cd

	
19.3 fg

	
2.37 h

	
47.7 a–d

	
46.7 b–d

	
24.0 f

	
4.40 g




	
LEW9

	
24.7 a

	
22.3 ab

	
13.3 de

	
2.33 g

	
44.3 a

	
40.3 ab

	
23.3 f

	
3.33 h

	
53.7 a

	
52.7 ab

	
31.3 e

	
6.97 g




	
LEW16

	
19.3 bc

	
18.7 bc

	
10.0 ef

	
1.60 g

	
34.3 cd

	
28.3 e

	
17.7 g

	
2.17 h

	
45.3 cd

	
44.7 d

	
25.3 ef

	
4.23 g




	
LEW28

	
22.0 ab

	
21.3 ab

	
13.3 de

	
1.80 g

	
39.7 ab

	
31.3 de

	
20.3 fg

	
2.87 h

	
51.3 a–c

	
49.3 a–d

	
29.7 ef

	
5.93 g




	
HSD

(p ≤ 0.05)

	
3.73

	

	
4.81

	

	
6.15








Data present as mean of three replicates. Means followed by same letter(s) do not differ from one another (p ≤ 0.05).
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Table 4. Plant growth-promoting attributes and MIC of PEG-6000 for selected rhizobacterial strains.
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	Characteristic
	LEW3
	LEW9
	LEW16
	LEW28





	Root colonization (CFU cm−2)
	3.52 × 106
	4.16 × 106
	2.91 × 106
	2.34 × 106



	Phosphate solubilization
	++
	++
	+
	+



	Zinc solubilization
	++
	++
	++
	+



	Hydrogen cyanide production
	+
	+
	−
	+







The symbols (+) and (++) represent the presence of traits, and the symbol (−) represents the absence of traits.
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