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The rhizosphere is a hot spot and a source of beneficial microorganisms known as plant growth-promoting rhizobacteria (PGPR). From the alfalfa (Medicago sativa) rhizosphere, 115 bacteria were isolated, and from the screening for PGP traits, 26 interesting isolates were selected as PGP rhizobacteria for the next tests. The objective of this study was to use a consortium of PGPR to enhance the growth of faba-bean under phosphate (P) deficiency by taking advantage of their ability to release phosphorus from rock phosphate (RP). Several examined strains were found to have a relatively high activity on P solubilization, auxin, siderophore, ammoniac production, antifungal activity, and the ability to tolerate hypersalinity and water stress. 16S rRNA gene sequencing of the collection revealed six different genera, including Bacillus (46.15%), Siccibacter (23.07%), and Acinetobacter (15.38%) which were identified as the most abundant. Three of the interesting strains (Siccibacter colletis, Enterobacter huaxiensis, and Pantoea sp.) showed high plant growth promotion traits and no antagonism with Rhizobium laguerreae. These three bacteria were retained to establish a rhizobia-including consortium. The inoculation of faba-bean plants with the consortium improved growth parameters as root and shoot dried biomasses and some physiological criteria (chlorophyll content and P uptake under low P availability conditions), and the increase reached 40%. Our study could be the first report of faba-bean growth promotion by a multi-strain PGPR-rhizobia consortium involving S. colletis, E. huaxiensis, and Pantoea sp. Thus, this consortium could be recommended for faba-bean inoculation, particularly under P-limiting conditions.
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1. Introduction

Soil mineral nutrients are essential for crop production. The limitations of soil nutrient availability as well as other abiotic and biotic stresses impact plant growth and its performance (Choudhary et al., 2016). In recent times, to deal with these constraints, sustainable biological strategies were implemented to increase the availability of nutrients and the ability of plants to tolerate stress (Umesha et al., 2018). For this purpose, microbial communities draw more attention and are involved due to their beneficial interactions with plants, such as the rhizobacteria that colonize the rhizosphere and are characterized by plant growth-promoting traits (Marschner et al., 2004; Msimbira and Smith, 2020). The majority of recognized PGPR for the enhancement of crop production were isolated from the rhizosphere (a hotspot of multi-beneficial microorganisms colonization) and have a generally positive impact on plants (Chamkhi et al., 2022). Indeed, the PGPR are a group of bacteria that can be found in the rhizosphere in interaction with the plant root systems and that can improve plant performance by multiple direct mechanisms such as biological nitrogen (N) fixation, phosphorus (P) solubilization, and phytohormone production such as cytokinins (CKs) and indole-3-acetic acid (IAA) (Goswami et al., 2016; Chamkhi et al., 2022). There are also PGPR-stimulating substances such as bacterial volatile compounds like 1-hexanol, pentadecane, and indole that are capable of promoting plant growth and its regulation (Blom et al., 2011; Kanchiswamy et al., 2015). Moreover, PGPR can induce the production of hydrogen cyanide (HCN), ammonia, and bioactive metabolites (biosurfactant, siderophore, and phenazine) (Patil et al., 2017). In addition to their indirect actions related to enzyme production, such as synthesizing stress-alleviating enzymes, such as the 1-aminocyclopropane-1-carboxylate (ACC) deaminase (Chandra et al., 2018), antibiotic production, and induced systematic resistance, the PGPR can modulate plant stress markers under abiotic stress (Goswami et al., 2016). Moreover, they can induce numerous metabolic changes in host plants, including the accumulation of secondary metabolites (Chamkhi et al., 2021).

Low soil P availability has a negative impact on legume performance, mainly when the growth is dependent on biological N fixation, which is a high energy-demanding process (Oukaltouma et al., 2021). Furthermore, under conditions of P deficiency in the soil, P solubilization is one of the most common modes of action implicated in increasing the amount of PGPR available in the soil that could be easily absorbed by the plants. The increase in P solubilization involves some physiological mechanisms, such as the acidification of the rhizosphere and the excretion of phosphatases into the rhizosphere (Vance et al., 2003).

Indeed, rhizospheric bacterial communities contain highly diverse populations of P-solubilizing bacteria such as Bacillus, Pseudomonas, Acinetobacter, Burkholderia, Serratia, Enterobacter, Paenibacillus, Pantoea, Methylobacterium, Azotobacter, Ochrobactrum, Rhizobium, and Acetobacter (Kour et al., 2021).

Similarly, it was shown that PGPR, individually or in combination (consortium), increased the nutrient contents (N, P, K, Fe, Zn, and Mn) and improved the absorption of macronutrients and micronutrients in the host plant (Rana et al., 2012; Behera et al., 2021). Indeed, Kumawat et al. (2021) reported that, in comparison to the uninoculated control treatment, the inoculation of spring mung bean plants with a bacterial dual combination enhanced the shoot contents of N (170.54%), P (79.01%), K (20.98%), Mn (100%), Fe (49.65%), Zn (65.96%), and Cu (89.52%) under salt stress conditions.

While soils of many legume-growing areas are affected by drought, low P availability further reduces the performance of these crops. To alleviate stress effects, inoculation with efficient rhizobia and synergistic PGPR could be a promising approach. Thus, this research aimedto isolate beneficial multi-trait rhizobacteria from legume rhizosphere in order to evaluate their potential effectiveness in promoting growth, and all bacterial isolates were tested for their in vitro putative PGP traits (direct and indirect PGP traits), including P solubilization, biological N-fixation, tolerance to osmotic stress, auxin production, siderophore production, ammonia production, antifungal activity, and phytase activity. Through this original research article, we screened the most promising PGPR that colonize the rhizosphere of Medicago sativa, testing their beneficial biological activities and the molecular identification of these bacteria to determine their species. The promising rhizobacteria were selected for the conception of a consortium to test their ability under stressful conditions. This study highlights the impact of PGPR as a biologically sustainable fertilizer to enhance plants under P deficiency by direct application of phosphate rock (PR) as a source of phosphorus.



2. Material and methods


2.1. Prospected legume areas and rhizobacteria isolation

Soil samples were collected from M. sativa rhizosphere from two different agricultural regions, namely, Daraa-Tafilalet and Chaouia of Morocco. Two zones, Imiter (WT3E5) and Tizagazouine (WT2E4), were sampled from the Daraa-Tafilalet region. From the Chaouia area, two zones, Ouled Said (CH3E5) and Sidi El Aydi (CH2E3), were sampled. Soil samples were conserved at −20°C until they were used.

Rhizospheric soil samples (4 g) were suspended in 16 ml of physiological sterile water, diluted serially, and homogenized for 30 min. Petri dishes containing TY medium [tryptone (5 g), yeast extract (3 g), and CaCl2 H2O (0.8 g)] were spiked with 0.1 ml of each soil dilution and incubated at 28°C for 48 h (Becerra-Castro et al., 2012).



2.2. Screening and characterization of rhizobacteria isolates for their PGP traits
 
2.2.1. Biological nitrogen fixation ability

The isolates were tested for their biological nitrogen fixation ability on a selected medium of biological nitrogen fixation (NFB) (KH2PO4 1.20 g, K2HPO4 0.80 g, glucose 5.0 g, MgSO4·7H2O 0.20 g, NaCl 0.20 g, CaCl2·2H2O 0.02 g, FeSO4·7H2O 0.002 g, distilled water 1 L, and 2.0 ml of metal solution (0.40 g CaCl2·2H2O, 0.30 g H3BO3, 0.04 g CuSO4·5H2O, 0.10 g KI, 0.20 g FeSO4·7H2O, 0.40 g MnSO4·7H2O, 0.20 g NaMoO4·2H2O, and 10.0 ml concentrated HCl in 1.0 L of distilled water). Adjusted fresh culture (DO = 0.1) of the isolates were inoculating plates containing NFb medium with or without the addition of NH4Cl (positive control). Plates were incubated at 28°C for 7 days (Zhou et al., 2013).



2.2.2. Phosphate solubilization ability on solid medium

The obtained isolates were tested for their phosphate solubilization potential in a selective Pikovskaya medium (PVK) [glucose 10 g, Ca3(PO4)2 5 g, (NH4)2SO4 0.5 g, NaCl 0.2 g, MgSO4·7H2O 0.1 g; KCl 0.2 g, yeast extract 0.5 g, MnSO4·H2O 0.002 g, FeSO4·7H2O 0.002 g; and Bromocresol Purple 0.1 g in 1.0 L of distilled water] supplemented with (0.5 g/L) of rock phosphate (RP) (Pikovskaya, 1948). A sample of 10 μl of each bacterial suspension (DO = 0.1) was dispensed into the center of Petri dishes containing the medium and incubated for 7 days at 28°C. The presence of a clearing zone around bacterial colonies (halo zone) is an indicator of positive phosphate solubilization (Xie et al., 2009).



2.2.3. Osmotic potential tolerance

The isolates obtained were screened for their osmotolerance levels by assessing their ability to grow in a medium supplemented with 30% (−1.69 MPa), 40% (−2.25 MPa), and 0% (0 MPa) as the control of polyethylene glycol (PEG) (8000). Appropriate uninoculated controls were maintained. The tubes were inoculated with 200 μl inoculum of each isolate (DO = 0.1) and incubated at 28°C for 2 days on an orbital shaker. Later, the O.D. of the broth was measured at 600 nm (Ilyas et al., 2020). The selected isolates were purified and stored at −80°C in 40% glycerol.




2.3. Assessment of isolated rhizobacteria for PGP traits
 
2.3.1. Quantification of phosphate solubilization

The P solubilization activity was determined according to Murphy and Riley (1962). In 250-ml Erlenmeyer flasks, 100 ml of liquid PVK medium were inoculated with 100 μl of fresh pre-cultures of each isolate (DO = 0.1). The incubation was done for 7 days at 28°C in the Shaker-Incubator at 158 rpm. A volume of 2 ml of the culture was centrifuged, and the pH of the culture rest was determined. Soluble P concentrations were measured spectrophotometrically by using the molybdenum blue method at 665 nm (Murphy and Riley, 1962).



2.3.2. Auxin quantification

The Salkowski colorimetric method was used to determine the auxin production of the isolates. Liquid pre-cultures (DO = 0.1) were inoculated into liquid YEM medium (Vincent, 1970) supplemented with tryptophan (YEM-Try) (5 g Mannitol, 3H2O, 0.12 g KH2PO4, 0.2 g MgSO4·7H2O, 0.1 g NaCl, 1 g yeast extract, 0.46 g KH2PO4, 1 L distilled water, and 0.5 mg tryptophan) and then incubated at 28°C for 7 days. At 12,000 rpm for 10 min, 2 ml of each culture were centrifuged, and the supernatants were used to determine the auxin concentration following the method of Glickmann and Dessaux (1995).



2.3.3. Siderophore production

A sample of 100 μl of 24-h broth culture (DO = 0.1) was inoculated into 20 ml of iron-free succinic acid broth medium. The flask was incubated at 28°C for 7 days. According to Rachid and Ahmed, the concentration was calculated using the absorption maximum (400 nm) and the molar extinction coefficient (ε = 20,000/M/cm) (Rachid and Ahmed, 2005).



2.3.4. Ammoniac production
 
2.3.4.1. Qualitative test

The purified isolates (DO = 0.1) were grown in 10 ml of peptone broth in a test tube and placed on a rotary shaker at 120 rpm for 72 h at 28°C. After this incubation, 0.5 ml of Nessler's reagent was added to the culture test tube. The change in color from yellow to brown indicated that ammonia production was occurring (Mukherjee et al., 2017).



2.3.4.2. Quantitative test

The ammonia concentration was estimated for the best bacteria selected in the qualitative test. The supernatant of the isolates grown on peptone medium was used to quantify the ammonia produced by each bacterium using NH4Cl as standard and measured at 420 nm (Zhao et al., 2019).




2.3.5. Halotolerance test

Bacterial isolates were screened for their salinity tolerance levels using TY media supplemented with NaCl at different concentrations (1%, 5%, 10%, and 15%). The plates were inoculated with 20 μl volumes of inoculum (DO = 0.1), and the cultures were incubated for 7 days at 28°C (Albdaiwi et al., 2019).



2.3.6. Antifungal activity

The isolates were tested against Fusarium oxysporum on potato dextrose agar (PDA) to test their antifungal activity. Hence, fungal disks were placed in the middle of agar plates, which is 2 cm away from the isolated spots. The antagonistic activity was observed after incubation at 28°C for 7 days. The percentage of inhibition was measured using the following formula: I (%) = (C – T/C) × 100, where I is the percentage of growth reduction, C is the diameter of the control hyphal growth (without bacterial spot), and T is the diameter of the treated hyphal growth (with bacterial spot) (Petatán-Sagahón et al., 2011).



2.3.7. Phytase activity

Bacterial isolates were assessed for their phytase activity by plate assay using phytase-specific medium agar in Petri plates after incubation at 28°C for 14 days. Bacterial isolates able to hydrolyze calcium phytate can grow on a specific medium (Singh et al., 2013).




2.4. Diversity analysis of selected PGPR
 
2.4.1. DNA extraction and PCR amplification

The genomic DNA was extracted (Rodríguez et al., 2014), and the quantity of extracted DNA was checked by using a NanoDrop spectrophotometer. PCR amplification of partial nucleotide sequences of the 16S rRNA gene was performed using the universal primers 7f (5′-AGA GTT TGA TYM TGG CTC AG-3′)/1510r (5′-ACG GYT ACC TTG TTA CGA CTT-3′). The PCR procedure used was as follows: initial denaturation for 3 min at 96°C, followed by 35 cycles of denaturation at 98°C for 10 s, annealing at 64°C for 20 s, and extension at 72°C for 45 s. Purified PCR products were then sequenced in both senses by using 1510r and 7 f based on the Sanger sequencing platform.



2.4.2. Phylogenetic analysis

The sequences of sense 1510r were converted into inverse complements by using the bioedit software and then aligned with the sequences of sense 7f by using the MEGA11 software and the ClustalW tool. The almost complete 16S rRNA gene sequence (2,400 bp) was obtained by assembling the sequences that were then compared to the 16S rRNA gene sequences obtained from the GenBank database (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The phylogenetic tree was constructed from the ClustalX results and the maximum likehood test with the Kimura 2-parameter model by using the MEGA11 program. The bootstrap method was used as the phylogeny test. Reference sequences were added to optimize the comparison (Tamura et al., 2011).




2.5. Bacterial inoculation, consortium preparation, and trial assessment
 
2.5.1. Rhizobacteria selection for consortium establishment

The isolates showing highly interesting PGPR traits were selected to establish a rhizobacterial consortium with rhizobia for faba-bean inoculation under P deficiency. The isolates 20WT2E4, 21WT2E4, and 25WT2E4 were selected for their highest PGPR traits and then tested for their eventual antagonism before consortium establishment with rhizobia R. laguerreae from the collection of Cadi Ayyad University, Team of Biotechnology and Symbiosis Agrophysiology, Faculty of Sciences and Techniques, Marrakech, Morocco. Primary screening of three rhizobacterial strains (20WT2E4, 21WT2E4, and 25WT2E4) and R. laguerreae was carried out for the selection for the consortium and evaluated by the Cross-Streak method. Each of the four isolates was streaked on a YEM medium in a straight line and incubated at 28°C for 6 days. The plates were then seeded with four other similar isolates by a single streak at a 90° angle to the previous streaked isolates and incubated at 28°C for 24 h. The absence of antagonistic interactions among the tested isolates was confirmed by the absence of an inhibition (clear) zone around the crosses between streaked lines of colonies (Velho-Pereira and Kamat, 2011).

For secondary screening based on the disk-diffusion method, strain inocula of 0.1 ml (final concentration of 106 CFU ml) was swabbed on the TY agar plates, and the isolates were directly spot inoculated onto sterilized Whatman paper disks of 7 mm diameter, which were deposited on the agar surface, and 15 μl of each strain was added on the top of the disk. The disks were then incubated at 28°C for 24 h. The antagonistic interaction was detected by the presence of the inhibition zone (Tendencia, 2004).



2.5.2. Inoculation of faba-bean plants with a selected rhizobacterial consortium
 
2.5.2.1. Bacterial inoculum production

Each bacterial strain was grown in a liquid YEM medium shaken at 180 rpm for 24 h at 28°C. The bacterial inoculum concentration used was approximately 108 UFC ml for each strain. The mixed consortium inoculum was prepared by mixing equal amounts of the three strain solutions (20WT2E4, 21WT2E4, and 25WT2E4) and R. laguerreae (the consortium) compared with the inoculation only with R. laguerreae.



2.5.2.2. Plantlets growing and inoculation

Seeds of the faba-bean (Vicia faba), Alfia variety, were surface sterilized using acidified 0.2% mercury chloride for 3 min, rinsed five times thoroughly with sterile distilled water, and allowed to germinate on sterile agar plates. After 4 days, seedlings were transferred into plastic pots (10 cm × 12 cm × 12 cm) containing 1 kg of a mixture of sterilized agricultural soil with a low available P level (3 ppm). Rock phosphate was added to the substrate as the only P source at a rate of 1.5 g per 1 kg. Two plantlets per pot were considered, and each one was inoculated with 5 ml of inoculum consisting of rhizobia only (R. laguerreae) or the bacterial consortium [R. laguerreae + rhizobacteria (20WT2E4 + 21WT2E4 + 25WT2E4)]. The pots were designed in triplicate, with two seeds per pot and one inoculated pot without seed as a control for each inoculated treatment. Four treatments were tested: the individual strain [Rhizobia (R. laguerreae) and the consortium of the three rhizobacteria and rhizobia] and the controls with non-inoculated plants [a negative control (T–), pots without Hoagland nutrient solution, and a positive control (T+), pots were watered when required with Hoagland nutrient solution]. The pots were transferred to a growth chamber (phytotron) under controlled conditions (25°C, 70% humidity, 16:8 h photoperiod, and illumination intensity of 240 mmol m−2 s−1). A second reminder inoculation was conducted after 4 days of the first one.




2.6. Assessment of inoculation effect on agrophysiological parameters
 
2.6.1. Pre-harvest studies (late vegetative parameters)

Stomatal conductance was measured (mmol m−2 s) by the SC-1 leaf porometer of treated plants (T+, T–, R. laguerreae, and consortium) to estimate the rate of gas exchange and transpiration through the leaf stomata was determined by the degree of stomatal opening. The Chlorophyll Content Index (CCI) was assessed on the central part of well-extended young leaves in plants 30 days after inoculation using the chlorophylometer CL-01 (Hansatech Instruments Ltd., UK) (Shrestha et al., 2012).




2.6.2. Dry weight determinations

Root and shoot parts of the plants were dried in an oven at 70°C for 48 h to determine their dry weights.



2.6.3. Determination of P and minerals contents in plants
 
2.6.3.1. Dosage of total P in the plant

Samples of 0.5 g of dry matter from different parts of the faba-bean plant were incinerated at 600°C for 6 h. The ashes were recovered and dissolved in 3 ml of HCl (10 N), and after filtration, the filtrate was adjusted to 100 ml with distilled water. A volume of 1 ml of the filtrate was added to 4 ml of distilled water and 5 ml of the ascorbic acid reagent and then incubated in a water bath at 95°C for 10 min. The OD was measured with a spectrophotometer at 825 nm (Wieczorek et al., 2022).



2.6.3.2. Dosage of other minerals in the plant

Mineral elements (K and Ca) in the different parts of the plants were determined on the same filtrates used for the P assay with a spectrophotometer (model AFP100, Biotech Management Engineering Co. Ltd., UK) (Liu et al., 2021).




2.6.4. Roots morphological parameters

After harvesting the plants, the roots were first washed with distilled water, and then, their architecture was immediately analyzed using the LA2400 scanner and WinRHIZO software (Regent Instruments Inc., Canada). Total root length, average root diameter, root volume, and root surface area were measured as the main root parameters (Gaudin et al., 2011).



2.6.5. Soil available P and acid phosphatase activity analysis

Available P content in the rhizosphere soil was measured using the Olsen (1954) method. Available P was determined after its extraction from the soil with 0.5 M NaHCO3, adjusted to pH 8.5. The acid phosphatase (APase) activity of the soils was determined according to Tabatabai and Bremner (1969) using the para-nitrophenolate colorimetric assay method and buffer acetate (pH <6.5). The reaction was stopped by adding 1 ml of NaOH (0.5 N). The APase activity was determined by measuring the formation of para-nitrophenolate at a wavelength of 410 nm.




2.7. Statistical analysis

The experimental data for different assessments were statistically analyzed using an analysis of variance (ANOVA) by the SPSS version 20 software (IBM-SPSS Inc., Chicago, IL). The collected data were analyzed by the HSD Tukey's test with a 5% probability threshold. The graphs were performed using the GraphPad Prism 8 software.




3. Results


3.1. Rhizobacterial isolation and screening of PGP rhizobacteria

In total, 115 bacteria were isolated from the collected legume rhizospheric soils, 34 were obtained from the CH2E3 area of Sidi El Ayedi, 24 from the CH3E5 area of Ouled Said, 26 from the WT3E5 of Imiter, and 31 from the WT2E4 area of Tizagazouine. The isolate that demonstrated a halo around the colonies as an indication of phosphate solubilization depends on the biological N fixation activity, the tolerance level to osmotic stress, and the qualitative phosphate solubilization in Pikovskaya medium (PVK) and NBRIP medium. A collection of 26 isolates were selected and conserved for subsequent tests.


3.1.1. Phosphate solubilization ability on Pikovskaya medium

Halo production is an indication of natural phosphate solubilization, as demonstrated. All selected bacteria can produce phosphate solubilizing halo (Figure 1). The test was done in Pikovskaya medium (PVK) agar supplemented with natural rock phosphate. As a result, 11 isolates showed a high ability for P solubilization. The isolates 20WT2E4, 1CH2E3, and 5CH2E3 revealed a strong ability for P solubilization with the presence of a clear halo around the colonies measuring 30 ± 1.0 mm, 27.7 ± 0.6 mm, and 28.3 ± 1.2 mm, respectively.


[image: Figure 1]
FIGURE 1
 Qualitative test of P solubilization on Pikovskaya (PVK) medium.




3.1.2. Biological nitrogen fixation

The results of the biological N fixation screening showed that 42.30% of the tested collection presented high N fixation potential (+++), 38.46% fixed N moderately (++), and 19.23% had weak potential (+) for N fixation (Table 1).


TABLE 1 Biological atmospheric N fixation potential according to different selected isolates.

[image: Table 1]



3.1.3. Effect of osmotic stress

The effect of different levels of osmotic stress on the growth of the selected isolates was determined (Figure 2). All selected isolates were able to grow at higher osmotic stress induced by 30% (−1.5 MPa) and 40% (−1.99 MPa) of PEG 8000, although growth was drastically reduced. The highest growth of 30% PEG 8000 was obtained by the isolates 25WT2E4, 1CH2E4, 21WT2E4, 17WT2E4, and 16WT2E4, respectively. However, the highest growth of 40% PEG 8000 was recorded in the isolates 25WT2E4, 26WT2E4, 13WT2E4, 17WT2E4, and 1CH2E4, respectively. Moreover, it was also noticed that the isolates 25WT2E4, 17WT2E4, and 1CH2E4 were ranked, respectively, as being tolerant to high osmotic stress. In addition, the highest reduction in growth as compared to control conditions was observed for the isolate 7WT2E4, in which the growth declined remarkably with the increase in PEG concentration.


[image: Figure 2]
FIGURE 2
 Effect of osmotic stress on the growth of the tested isolates. Growth obtained by the isolates on different concentrations of (0%, 30%, and 40%) PEG 8000. Different letters indicate that values are statistically different at a P-value of ≤ 0.0.





3.2. Evaluation of isolates for PGP traits
 
3.2.1. Quantification of released phosphate in the NBRIP medium

All isolated rhizobacteria solubilize the P in the NBRIP medium. The isolates 20WT2E4, 25WT2E4, 18WT2E4, and 1CH2E3 were the most P solubilizing bacteria, with concentrations of released P of 79.15 ± 0.2a mg/L, 61.95 ± 0.3b mg/L, 60.60 ± 0.2bc mg/L, and 60.37 ± 0.2bc mg/L, respectively. The weakest concentration of released P was approximately 26.90 mg/L, corresponding to isolate 17 CH2E3 (Figure 3). However, other isolates presented moderate P solubilization activities.


[image: Figure 3]
FIGURE 3
 Quantification of soluble P content released by different selected isolates. Different letters indicate that values are statistically different at a P-value of ≤0.05.




3.2.2. Auxin production

The quantification of auxin biosynthesis by the rhizobacteria showed that the concentrations varied between the isolates. It was noticed that the isolate 20WT2E4 was more performing in auxin production and revealed the highest concentration of 126.14 ± 4.1a μg/ml followed by the isolate 21WT2E4 with 46.22 ± 5.3b μg/ml and then the isolates 28CH2E3 and 24CH2E3 with auxin concentrations of 25.64 ± 6.1c μg/ml and 25.42 ± 4.4d μg/ml, respectively (Figure 4). In general, the remaining isolates were low producers of auxin, with concentrations that did not exceed 10 μg/ml.


[image: Figure 4]
FIGURE 4
 Auxin production by different selected isolates. Different letters indicate that values are statistically different at a P-value of ≤0.05.




3.2.3. Siderophore production

The results presented in Figure 5 show a significant variation in siderophore production, on a standard succinate medium, between the tested isolates. Indeed, the isolates 5CH2E3 and 11WT2E4 produced the highest siderophore concentrations, with more than 3,500 μM. The isolates obtained with 2WT2E4, 20WT2E4, 20CH2E3, and 13WT3E5 showed relatively high concentrations of siderophore between 1,700 and 2,000 μM. Seven isolates produced very low siderophore concentrations that did not exceed 400 μM (Figure 5).


[image: Figure 5]
FIGURE 5
 Siderophores concentrations (μM) produced by different selected isolates. Different letters indicate that values are statistically different at a P-value of ≤0.05.




3.2.4. Ammoniac production
 
3.2.4.1. Qualitative test

As indicated by the results in Table 2, the ammonia production test showed that 23.07% of the isolates produced was highly (+++) ammoniac as indicated by the intensity of the brown color. Moreover, it was revealed that 42.30% of the isolates produced was moderately (++) ammoniac and 34.61% produced was weakly (+) ammoniac. The results of this qualitative test allowed us to select isolates with higher ammonia revelation for the quantitative test.


TABLE 2 Ammoniac production activity corresponding to different tested isolates.
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3.2.4.2. Quantitative test

From the qualitative test, six isolates (20WT2E4, 4CH2E3, 30CH2E3, 20CH2E3, 23CH2E3, and 24CH2E3) were selected as the most producer of ammonia. As detailed in Figure 6, the quantitative test demonstrated that the isolate 23CH2E3 registered the highest concentration of ammonia (242.72 ± 4.9a μg/L), followed by the isolates 30CH2E3 (221.41 ± 0.3b μg/L), 24CH2E3 (199.17 ± 2.2c μg/L), 4CH2E3 (186.08 ± 1.19d μg/L), 20WT2E4 (181.17 ± 1.8e μg/L), and 20CH2E3 (199.17 ± 2.2f μg/L).


[image: Figure 6]
FIGURE 6
 Ammoniac production by the selected isolates for the quantitative test. Different letters indicate that values are statistically different at a P-value of ≤0.05.





3.2.5. Assessment of isolates for their halotolerant levels

The selected collection demonstrated an interesting halotolerant ability, as detailed in Table 3. All 26 tested isolates were able to tolerate a salinity of up to 5% NaCl. The majority of them, 21 isolates, were able to tolerate salinity levels up to 10% NaCl, and only 6 isolates tolerated the concentration of 15% NaCl (Table 3).


TABLE 3 Results of the halotolerance test corresponding to the selected isolates at four salinity levels (1%, 5%, 10%, and 15% NaCl).

[image: Table 3]



3.2.6. Antifungal activity against Fusarium oxysporum

The bacterial strain 21WT2E4 showed the highest antifungal activity against F. oxysporum, restricting mycelial growth in a dual culture plate assay with an inhibition percentage of up to 70% (Figure 7). The isolates 13WT3E5, 20CH2E3, and 4WT2E4 also presented interesting inhibition percentages of F. oxysporum at 46.42%, 44.04%, and 40.47%, respectively. Nine other isolates tested did not present any antagonistic activity against F. oxysporum.


[image: Figure 7]
FIGURE 7
 Antifungal effect of bacterial isolates against F. oxysporum. Different letters indicate that values are statistically different at a P-value of ≤0.05.




3.2.7. Phytase activity

Out of 26 isolates, only isolate 21WT2E4 grew on phytase-specific medium agar.




3.3. Phylogenetic analysis

The 16S rRNA gene sequences obtained were analyzed using bioinformatic tools (Figure 8). Bacterial isolates belonged to 13 different bacterial species, namely, Siccibacter colletis, Siccibacter turicensis, Enterobacter sp., Enterobacter huaxiensis, Pantoea sp., Pseudomonas punonensis, Acinetobacter dijkshoorniae, Acinetobacter calcoaceticus, Acinetobacter lactucae, Bacillus qingshengii, Bacillus sp., Bacillus huizhouensis, and Brevibacterium frigoritolerans.


[image: Figure 8]
FIGURE 8
 Phylogenetic tree based on the 16S rRNA gene sequences (consensus alignment) corresponding to selected PGPR from alfalfa rhizosphere. The evolutionary history was inferred by using the maximum likelihood method based on the Tamura–Nei model with 1,000 bootstrap replications. The percentage of trees in which the associated taxa clustered together are shown next to the branches. Evolutionary analyses were conducted in MEGA11.


Among the 6 genera identified, Bacillus is the predominant genus with 46.15%, followed by the genus Siccibacter with 23.07%, Acinetobacter with 15.38%, Enterobacter with 7.69%, and then Pantoea and Pseudomonas with the same percentage of 3.84%.



3.4. Effect of inoculation test

Different parameters of the faba-bean plant growth were determined to assess the impact of the inoculation on the individual strains and the consortium.


3.4.1. Effect of inoculation on stomatal conductance and chlorophyll content index as physiological parameters affecting biomass accumulation

The bacterial inoculation impacted positively the stomatal conductance of the plant compared with non-inoculated plants. Notably, the consortium ameliorates the plant stomatal conductance up to 207 mmol/m2 s, followed by the plant inoculated with rhizobia only up to 160 mmol/m2 s compared with the positive control (129 mmol/m2 s) and the negative control (98 mmol/m2 s) (Supplementary Figure S1).

On the contrary, the results of the Chlorophyll Content Index (CCI) estimation showed a positive effect of the inoculation compared to non-inoculated plants. The index of chlorophyll content increased significantly in the faba leaves inoculated with the consortium. As recorded, the index of chlorophyll was about 54.8, followed by the plant inoculated with R. laguerreae (36.15) compared to the non-inoculated plants, the positive control (26.03), and the negative control (20.43) (Supplementary Figure S2).



3.4.2. Determination of minerals in plants

As summarized in Figure 9, inoculation impacts the content of some minerals (K and Ca) and P in the plants. The measurement of P in the faba-bean shows that the consortium enhances the P in the inoculated plants (0.224 ± 0.04 B mg/g) compared to the rhizobia (0.074 ± 0.043 C mg/g) and the negative control (0.074 ± 0.02 C mg/g). In addition, the measurement that the inoculation impacts the content of K and Ca. While the inoculation with bacterial inoculum influences the content of minerals, the plant inoculated with R. laguerreae had k = 60.49 ± 3.5b mg/gDM and Ca = 12.51 ± 0.05b mg/gDM and the plant inoculated with consortium had k = 31.69 ± 2.1b mg/gDM and Ca=5.59 ± 0.2c mg/gDM.


[image: Figure 9]
FIGURE 9
 Minerals (K and Ca) and P content in the faba-bean plant in response to different treatments. For each element, different letters indicate that values are statistically different at a P-value of ≤0.05.




3.4.3. Dry weight determination

The inoculation of the faba-bean plants with rhizobia alone induced a slight increase in root biomass and shoot biomass compared to the non-inoculated negative control (T–) and positive control (T+) (Figure 10A). Meanwhile, an important increase in this parameter was noticed when the plants were inoculated with the consortium compared to the other treatments (R. laguerreae, positive and negative controls). As shown in Figure 10B, the consortium significantly improved shoot biomass, and it induced an increase of 1.83 times more than the positive control and an increase of 1.29 times more than R. laguerreae.


[image: Figure 10]
FIGURE 10
 Root (A) and shoot (B) biomasses of faba-bean in response to different treatments. Each value represents the mean ± of three independent replicates; different letters indicate that values by Tukey's test are statistically different at a P-value of ≤0.05.


In contrast, we noticed a slight increase of root biomass in plants inoculated with the consortium (0.77 g) compared to those inoculated with R. laguerreae (0.64 g) and with the positive control (0.65 g), respectively.



3.4.4. Roots morphology parameters

The observation and analysis of root morphological traits of the faba-bean plants submitted to different treatments were done using WinRHIZO (LA2400 scanner). The data collected showed the difference between the inoculated and the non-inoculated control plants. Based on the root architecture observation, the inoculation of plants improved root growth, especially in the plants inoculated with the consortium. The analysis of morphological traits revealed that the plants' inoculation with consortium shows a significant promoter effect on the total length of roots (Supplementary Figure S3). Similarly, inoculation of plants with these rhizobia including consortium significantly improved the surface area (Supplementary Figure S3A) and the length of the roots (Supplementary Figure S3B), compared to controls “T (+) 440 cm2” and “T (–) 360 cm2” for surface area and “1.33 mm” and “1.45 mm” compared to controls “T (+) 1.05 mm” and “T (–) 0.80 mm” for diameter, respectively.



3.4.5. Available P and acid phosphatase analysis

The inoculation of the faba-bean plants with the consortium or rhizobia induced an increase of released available P in the rhizosphere compared to the non-inoculated negative control (T–) (no nutrient solution added). We noticed that there was no significant difference between the rhizosphere of plants inoculated with rhizobia alone and those of plants inoculated with the consortium.

The analysis of acid phosphatase (APase) activity showed that the rhizospheric soil of plants inoculated with rhizobia alone showed an increase in APase activity compared with non-inoculated plants and exceeded 50 nmol/g/min (Figure 11). The soil of plants inoculated with rhizobia-including consortium showed the highest APase activity that exceeded 85 nmol/g/min, indicating the synergistic effect between PGPRs and rhizobia under low availability of P.
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FIGURE 11
 Available P (A) and acid phosphatase activity (B) and analysis in rhizospheric soil of plants inoculated with rhizobia alone or with the consortium. Each value represents the mean ± of three independent replicates; different letters indicate that the values by Tukey's test are statistically different at a P-value of ≤0.05.






4. Discussion

The use of beneficial plant growth-promoting rhizobacteria for plant inoculation to enhance crop production, even under stress conditions, is an important practice for agriculture sustainability.

In the present study, rhizospheric soils were collected from the alfalfa plant grown on low P fertilized for the isolation of PGP rhizobacteria. In addition, in vitro assays and physiological characterizations were carried out to evaluate PGP traits. Based on the screening tests of PGP traits, including P solubilization, N fixation, and osmotolerance ability it allowed the obtention of a collection of 26 PGPR selected for further studies and molecular identification. The physiological traits were chosen to establish a bacterial consortium based on specific biological activities to create complementarity among its members and act in a synergistic way for promoting plant growth under stress.

The most important biological activity focused on the rhizobacteria, as a PGP trait, is the inorganic P solubilization due to the importance of this nutrient for biological N fixation, plant growth, and productivity (Etesami and Maheshwari, 2018; Elhaissoufi et al., 2021). In this study, all the selected rhizobacteria solubilized the complex rock phosphate (RP) with important levels of released, available P that presented variation between isolates. Different studies identified several bacterial isolates that can promote plant growth, improve rhizosphere area, and solubilize different sources of immobilized P (Chen et al., 2006; Granada et al., 2018). In addition, as a complementary activity of P solubilization, there is auxin production. This phytohormone is responsible for the different stages of plant development (Jahn et al., 2021). In addition to their effect on the architecture and the development of the roots, the auxin also enhances nutrient absorption, especially P (Talboys et al., 2014). Our study demonstrated that the selected rhizobacteria produced the auxin-indole-3-acetic acid (IAA) with varying concentrations between them, and this result was reported for 80% of the tested bacteria by Gilbert et al. (2018). Nutrient availability in the soil is a crucial condition as is the availability of iron. For this objective, the PGPR isolates were tested for their ability to siderophores production. As chelates of insoluble iron, siderophores can have alternative functions such as non-iron metal transport, toxic metal sequestration, protection from oxidative stress, and antibiotic activity (Kramer et al., 2020). In our study, it was noted that the majority of the selected isolates from the alfalfa rhizosphere in arid areas showed siderophores production. This behavior may be related to the adaptation against stressing conditions prevailing in these poor soils and their pedological characteristics. Indeed, Nicolitch et al. (2016) confirmed the hypothesis of a variable selection of specific rhizosphere bacterial communities according to the soil conditions and the plant's nutritional requirements.

In contrast, among the isolated PGPR collection, 23.07% of the isolates produced highly ammoniac. In addition, from the 26 tested isolates, 21 isolates were able to tolerate salinity levels up to 10% NaCl and only 6 isolates tolerated it up to 15%. This can be an interesting PGP trait that impacts the growth of plants under extreme conditions of saline and/or dry areas. For this issue, the PGPR collection was also tested for its ability to resist water deficit, and our isolates grew in a medium containing 40% of PEG 8000. Our PGPR isolates were also tested for their antifungal activity and some of them showed antagonistic activity against F. oxysporum, isolated from field-infected faba-bean plants, and caused high inhibition that reached 70% of the mycelial growth.

Based on the interesting PGP traits and the test of antagonistic activity between the retained isolates and the rhizobia strain, a bacterial consortium was established. The three interesting rhizobacteria were selected as candidates for the PGPR rhizobia consortium and the inoculation test on the faba-bean plants.

The results of molecular studies, based on the 16S rRNA gene, demonstrated a diverse taxonomic structure, while 6 genera were identified, noting that Bacillus was the predominant genus (46.15%), followed by the Siccibacter (23.07%) and Acinetobacter (15.38%) genera. The Siccibacter genus is a new phylum with some well-defined characteristics as described by Stephan et al. (2014). As revealed by our study, one of the retained PGPR members of the consortium (25WT2E4) is Siccibacter colletis, a species characterized by important PGPR traits such as P solubilization, N fixation, and its halotolerant. The first description of Siccibacter colletis sp. as a novel species was reported in 2015 and has been isolated from poppy seeds and tea leaves (Jackson et al., 2015). Up to the present time, the study of Salazar-Ramírez et al. (2021) reported the isolation of Siccibacter colletis from the candelilla rhizosphere (Euphorbia antisyphilitica). This is the first study to isolate Siccibacter colletis from the alfalfa rhizosphere and assess their PGP traits such as siderophores production, P solubilization, indole-3-acetic acid (IAA) production, and tolerance to water and salt stresses, all of which make them useful for enhancing crop production under stress. Thus, this species was included in our established rhizobacterial consortium for inoculation. The second candidate, 20WT2E4, was identified as Pantoea sp. and the third one, 21WT2E4, was identified as Enterobacter huaxiensis. Recently, Ka-Ot and Joshi (Ka-Ot and Joshi, 2022) reported that the strain E. huaxiensis was able to be resistant to acidic conditions as well as Fe, Cd, and Cr and was able to remove 89%, 90%, and 82.45% of Fe, Cd, and Cr, respectively. Therefore, it could be used for the inoculation of plants in heavy metal-contaminated soils. However, the synergistic effect of more than one PGPR strain gathered as a consortium could be very interesting as a biofertilizer compared to as an individual strain. Eventually, the positive interaction between Enterobacter sp. Z1 and Klebsiella sp. Z2 exhibited great capacities for heterotrophic nitrification-aerobic denitrification (HNAD) and intracellular P accumulation. Strikingly, the co-cultured strains enhanced the removal efficiency of total N and P, with removal efficiencies of ammonia, nitrate, nitrite, and soluble P of 99.64%, 99.85%, 96.94%, and 66.7%, respectively (Zhang et al., 2019). In addition, the cooperation of the two strains belonging to the Pantoea and Enterobacter genera showed their potential for improving plant tolerance to stress and promoting maximum plant growth (PGP). It was found that they possess the nifH and acdS genes associated with N-fixation, ethylene production, and nitrogenase activity. The application of these strains to two sugarcane varieties increased several sugarcane physiological parameters, i.e., plant height, shoot weight, root weight, leaf area, chlorophyll content, and photosynthesis, in plants grown under greenhouse conditions (Singh et al., 2021). These findings support our choice to retain the three species, namely, Siccibacter colletis, Pantoea sp., and Enterobacter huaxiensis, for consortium establishment with R. laguerreae for the inoculation of the faba-bean plant under P deficiency. Such an inoculation increased the root parameters (weight, volume, diameter, length, and surface) and the shoot growth and other physiological parameters of the faba-bean inoculated plants under this nutrient constraint. Furthermore, the inoculation with this consortium increased the availability of inorganic P in the rhizosphere of inoculated plants. This P solubilization could be due to the production of organic acids, which are ubiquitous among rhizosphere P-solubilizing rhizobacteria in P-deficient soils (Elhaissoufi et al., 2021). Based on our knowledge, our study is the first report on faba-bean growth promotion by Siccibacter colletis, Pantoea sp., and Enterobacter huaxiensis as synergistic PGPRs with rhizobia in a consortium, highlighting their PGPR traits particularly under the P-limiting conditions. Our results also point to the suggested role that our selected PGPR-rhizobia consortium could play, besides the nutritional effects (N and P), in helping inoculated plants cope with other abiotic stresses such as salt stress and water deficit, which are the most prevailing stresses affecting legume crops in the Mediterranean basin and Africa.



5. Conclusion

The isolation of rhizobacteria from the M. sativa rhizosphere and their characterization allowed us to select a collection of 26 isolates with interesting PGP traits. Based on 16S rRNA gene sequencing, we identified eight different genera. In addition, the molecular characterization revealed for the first time the identification and isolation, from the M. sativa rhizosphere, of the S. colletis species and the identification of its interesting PGPR traits, and thus, it could be used for legume inoculation as a member of the rhizobia-including consortium. The results of the inoculation of faba-bean with the rhizobacterial consortium (S. colletis, E. huaxiensis, Pantoea sp., and R. laguerreae) under P deficiency significantly improved the plant growth compared to non-inoculated controls or plants inoculated only with rhizobia, confirming thus the synergy between the PGPRs strains and the rhizobia for their beneficial effects for faba-bean inoculation under P deficiency conditions.
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