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Abstract

:

Plant growth-promoting rhizobacteria are often utilized to improve crop health and productivity. Nevertheless, their positive effects can be hindered if they fail to withstand the environmental and ecological conditions of the regions where they are applied. An alternative approach to circumvent this problem is a tailored selection of bacteria for specific agricultural systems. In this work, we evaluated the plant growth promoting and pathogen inhibition activity of rhizobacteria obtained from the rhizosphere of Mariola (Solanum hindsianum), an endemic shrub from Baja California. Eight strains were capable of inhibiting Fusarium oxysporum in vitro, and thirteen strains were found to possess three or more plant-growth-promotion traits. Molecular identification of these strains, using 16 s rRNA partial sequences, identified them as belonging to the genera Arthrobacter, Bacillus, Paenibacillus, Pseudomonas, and Streptomyces. Finally, the effect of selected plant growth-promoting rhizobacteria (PGPR) strains on the growth and suppression of Fusarium wilt in tomato was evaluated. Results showed that these strains improved tomato plants growth under greenhouse conditions and reduced Fusarium wilt effects, as reflected in several variables such as length and weight of roots and stem. This work highlights the potential of native plants related to regionally important crops as a valuable source of beneficial bacteria.






Keywords:


biological control; biofertilizers; Fusarium oxysporum; PGPR; microbial diversity; Arid Zone












1. Introduction


Microbial communities from the soil are known to influence plant health and productivity and provide other critical ecosystemic services [1,2,3]. Plant growth-promoting rhizobacteria (PGPR) induce plant growth and protect plants against different pathogens through various mechanisms. Direct mechanisms include improving the availability of nutrients in the soil through the solubilization of minerals like phosphorus, potassium, and zinc or the production of phytohormones like indole-acetic acid, gibberellins, and ethylene. Indirect mechanisms involve disease reduction through antibiotic and siderophore production, competition for nutrients or space, and stimulation of resistance mechanisms [4,5,6]. Because of these properties, PGPR are an alternative for use in agriculture as biofertilizers and biological control agents, and their application has been shown to reduce the use of chemicals and minimize soil, air, and water pollution [7]. Soil and plant-associated bacteria belonging to the genera Bacillus, Burkholderia, Paenibacillus, Pseudomonas, and Streptomyces, have often been shown to act as PGPR and are commonly used in commercial formulations in agriculture [8]. However, the inoculation of crops with commercial PGPR often fails, as it does not produce the desired effects in growth promotion or disease control in plants [9]. This observation has been explained by the failure of microorganisms to adapt to the physical and chemical characteristics of the new location or to integrate into the local microbiome, all of which can be very different from the original conditions from which they were initially isolated [10]. Moreover, to establish a functional population on the roots of a new crop, bacteria must be compatible with the host root exudates [11]. These facts highlight the importance of inoculum selection, which ideally should be tailored for each specific soil and crop combination [12]. In this regard, the use of region-specific microbial strains has been shown to achieve higher yields, probably because of their adaptation to local ecological and environmental conditions [13,14].



The State of Baja California, Mexico, has a territorial extension of 71,445.9 km2, with an average temperature of 19 °C and a predominantly dry climate with 200 mm of total annual precipitation [15]. The ground cover consists of around 500 species of xerophilous shrubs, of which 20% are endemic. Until the 1950s, the extreme environmental conditions kept human presence at low levels, preserving the ecosystem. However, in recent decades there has been rapid population growth in the urban centers, and simultaneously some areas along the Pacific coast have been developed for intensive agricultural production. The state devotes 243,210.00 ha of land to agriculture, where up to 78 crops are grown. The main vegetable produced is red tomato (Solanum lycopersicum). Since 2009 this crop accounted for at least 22.4% of the value of total agricultural production in Baja California [15]. Tomato is a vulnerable crop; it requires constant care due to the attack of pests and pathogens, being tomato Fusarium wilt one of the most destructive diseases of this crop. It is caused by Fusarium oxysporum f. sp. lycopersici, a phytopathogenic fungus that penetrates the epidermis of the root, spreading through the vascular tissue, and colonizes the xylem of the plant obstructing it. The symptoms observed in infected individuals include growth reduction, wilting, yellowing of leaves and stems, defoliation, marginal leaf necrosis, and vascular necrosis [16,17]. The treatment of fusarium wilt, and other diseases and pests, requires the intensive application of agrochemicals like fungicides, insecticides, and foliar fertilizers [18]. Adverse effects from exposure to these compounds have already been demonstrated on the health of laborers [19], and in the quality of urban and agricultural water sources, through contamination [20,21]. These environmental and human costs, together with the shift of consumer preferences to sustainable agricultural practices [15], suggest the need for the development of more sustainable crop management alternatives.



Therefore, in recent years growers have adopted more environmentally friendly agricultural production methods such as organic agriculture that use low inputs, including beneficial microorganisms. These production methods require knowledge of the conservation and management of microbial biodiversity and the search for biological strategies for fertilization and crop protection tailored for the physical conditions of the environment where they are produced. In this sense, the feasibility of increasing agricultural ecosystems’ productivity through the use of native beneficial microorganisms has been proposed.



The potential of plants to adapt to different environmental conditions is highly dependent on their association with soil microorganisms [1,3]. This relationship is complementary because the structure of soil microbial communities is influenced by the exudates produced by roots and their composition, and the nutrients present in them [10,22,23]. The traditional approach for the use of PGPR in crop production is to apply one organism, or a mixture of organisms, to different crops growing under different climate and soil conditions. This approach produces mixed results because often microorganisms fail to establish a successful interaction with a new crop or to adapt to the physical and chemical characteristics of the soil, and even if a functional population establishes the growth-promoting ability may be highly specific to plant species, cultivars, and soil [24]. Previously, rhizobacteria associated with native plants from arid zones in Mexico have been isolated and characterized for plant growth-promoting traits. For example, strains identified as Rhizobium, Bacillus, and Streptomyces were isolated from the salinity resistant succulent Salicornia and Cactaceae like Opuntia, Mammillaria, and Stenocereus [25,26]. Moreover, in Tunisia, endophytic bacteria from the exotic Solanaceae S. elaeagnifolium were shown to reduce tomato fusarium wilt [27]. The Solanaceae Solanum hindsianum, commonly known as Mariola or Hinds Nightshade, is a perennial shrub native to the Sonoran Desert region of northern Mexico. It is widely distributed throughout the Baja California peninsula, where it can be found in coastal scrub and dunes near the shore, grows and blooms well in arid conditions, and has significant drought tolerance [28,29]. Given its environmental adaptation and that it belongs to the same taxonomic family of tomato, we considered that S. hindsianum could be a valuable source of PGPR biological control agents to be used in the sustainable production of this crop. We prospected soil associated with Solanum hindsianum plants growing at different locations of the Baja California Peninsula, obtaining a collection of more than 300 isolates. Next, isolates were screened for plant growth promotion-related traits and their ability to inhibit Fusarium oxysporum in vitro. Finally, greenhouse assays demonstrated that selected isolates had a significant positive effect on plant growth and reduced the effect of F. oxysporum on tomato plants.




2. Materials and Methods


2.1. Rhizosphere soil Sampling and Isolation of Solanum Hindsianum Rhizospheric Bacteria


Samples were collected from 12 sites along the Baja California peninsula, encompassing Baja California and Baja California Sur (Figure 1). Five specimens of S. hindsianum were located at each site, avoiding those with other adjacent plant species. One soil and roots sample was collected per plant at a depth of 20–30 cm and then pooled in a composite sample per site. Soil adhering to the roots was recovered. A working sample was prepared for each sampling site by resuspending 200 mg of bulked rhizosphere soil in 500 μL sterile distilled water using a vortex mixer. Subsequently, ten-folded serial dilutions in sterile water were prepared from each working sample, and 100 μL of dilutions 1:100, 1:1000, and 1:10,000 were streaked on culture plates containing LB Agar, YPD Agar, King medium B Agar (ATCC media No.1065, 1245, and 1213, respectively) and PY medium (tryptone 5.0 g, yeast extract. 3.0 g, CaCl2 0.9 g, pH 6.8 [30]. All the media were supplemented with cycloheximide (1 μg/mL) to prevent fungal growth. Streaked plates were incubated at 28 °C and monitored for colony formation for up to one week. The resulting colonies were examined morphologically for their shape, appearance, texture, color, and pigment secretion. Colonies with distinct morphological characteristics were selected and isolated by subculturing three times on PY and subsequently stored in a 35% glycerol solution at −20 °C and −80 °C for short- and long-term storage, respectively.




2.2. In Vitro Antifungal Activity against Fusarium Oxysporum f. sp. Lycopersici


All isolated bacterial strains were tested for antagonistic activity in triplicate. For the qualitative determination of antifungal activity, glycerol stocks were inoculated in PY liquid medium and incubated for 48 h at 30 °C and 110 rpm in a shaker incubator. F. oxysporum f. sp. lycopersici race 1 mycelium was obtained from the collection of Centro de Investigacion Cientifica y de Educacion Superior de Ensenada (CICESE) plant pathology laboratory. The fungus was grown for five days in PDA (ATCCTM medium No. 336), and one plug of 5 mm of diameter was taken from the border of placed on the center of a fresh PDA plate. When the fungus reached 1 cm in diameter, 5 µL of four bacterial cultures were inoculated at the edges, and incubated for seven days at 25 °C



The quantitative determination of antifungal activity was measured in triplicate for all strains that tested positive in the qualitative assay. Briefly, the fungus was placed at the Petri plate’s edge, and only one bacterial strain was inoculated directly opposed to it. The formula: %inhibition = [(R r)/R] × 100 where R is the radius of fungal growth of the control treatment, and r is the radius of fungal growth towards the bacterial treatment [3,31] was used to calculate the percentage of inhibition of mycelial growth. Two variations of inhibition were considered: those in which the strain was motile, covering the surface of the plate while limiting fungal growth, and those in which the strain was static and created an inhibition halo around itself.




2.3. In Vitro Screening of Plant Growth Promoting Traits


Glycerol stocks were inoculated in 96-tube T100 Biotube™ racks (Simport Scientific, Saint-Mathieu-de-Beloeil, QC, Canada) containing 1.5 mL PY liquid medium per tube. The cultures were grown for 48 h at 30 °C and 100 rpm in a shaker incubator. Unless otherwise stated, each colorimetric test was implemented in 96-well microplates. For solid test-media, 300 µL were added per well, and for liquid test-media, 200 µL were added. Inoculum of bacteria was adjusted to a concentration of ~1 × 104 CFU and inoculation was performed using a 48-tip metal replicator.



2.3.1. Phosphate Solubilization Assay


Inorganic phosphate solubilization was evaluated on modified Pikovskaya agar (0.5 g/L yeast extract, 10 g/L glucose, 5 g/L Ca3(PO4)2, 0.5 g/L (NH4)2SO4, 0.2 g/L KCl, 0.1 g/L MgSO4, 0.1 mg/L MnSO4, 0.1 mg/L FeSO4, 10 mg/L of bromocresol purple, 15 g/L agar, pH 7.2). Microplates were incubated in the dark for 72 h at 30 °C. The change in color from purple to yellow indicated a positive result [32,33]




2.3.2. Potassium Solubilization Assay


Inorganic potassium solubilization was determined on modified Pikovskaya agar prepared following the previous recipe [34], but using KNO3 instead of Ca3(PO4)2 and bromocresol green instead of bromocresol purple. Microplates were incubated in the dark for 72 h at 30 °C. The change in color from blue to yellow indicated a positive result.




2.3.3. Zinc Solubilization Assay


Zinc solubilization was assessed using Zinc-supplemented Pikovskaya medium prepared following the previous recipe complemented with 1.2 g/L ZnO instead of Ca3(PO4)2 substituting bromocresol purple with bromothymol blue. Microplates were incubated in the dark for 72 h at 30 °C. The change in color from blue to yellow indicated a positive result [35].




2.3.4. Indole Acetic Acid Production Assay


For the qualitative determination of indole-3-acetic acid (IAA) production, glycerol stocks were re-inoculated in PY liquid medium supplemented with 500 µg/mL tryptophan. Microplates were incubated for 48 h at 30 °C and 110 rpm in a shaker incubator. Afterward, 100 µL of Salkovsky reagent (50 mL, 35% of HClO4, 1 mL 0.5 M FeCl3) [36] were added per well, and cultures were incubated at room temperature for 30 min. The change of color to pink indicated a positive result.



For the quantitative determination of IAA production, three replicates of each strain were inoculated at a concentration of 1 × 106 CFU/mL in 3 mL of PY liquid medium supplemented with 500 μg/mL tryptophan. Cultures were incubated for 48 h at 30 °C and 110 rpm in a shaker incubator. Subsequently, the culture was centrifuged at 10,000 rpm for 3 min, and 200 µL of the supernatant were transferred to 96-well microplates. Next, 100 µL of Salkovsky reagent was added to each well, and the optical density was measured at 540 nm in a Multiskan Sky Microplate Spectrophotometer. Finally, IAA concentrations were calculated against a calibration curve (100, 50, 20, 10, and 5 mg/mL IAA) using the Thermo Scientific Skanlt PC software.




2.3.5. Hydrogen Cyanide Production Assay


After inoculating the bacteria in py, the microplate was covered with filter paper moistened with a solution of 0.5% sodium carbonate in 0.5% picric acid [36]. The plates were subsequently sealed with parafilm and incubated in the dark at 30 °C for 48 h; the development of orange-red color indicated a positive result.




2.3.6. ACC Deaminase Assay


The 1-Aminocyclopropane-1-carboxylate (ACC) deaminase activity was evaluated in DF minimal media (4.0 g/L KH2PO4, 6.0 g/L Na2HPO4, 0.2 g/L MgSO4·7H2O, 2.0 g/L glucose, 2 g/L gluconic acid, 2.0 g/L citric acid, pH 7.2) amended with 1 mL/L of a trace element solution (1 mg/L FeSO4·7H2O, 10 mg/L H3BO3, 11.19 mg/L MnSO4·H2O, 124.6 mg/L ZnSO4·7H2O, 78.22 mg/L CuSO4·5H2O, and 10 mg/L MoO3) and 3.0 mM ACC [37].




2.3.7. Microplate Biofilm Formation Assay


Three replicates of each strain were inoculated at a concentration of 1 × 106 CFU/mL in 300 µL of PY. Then, the microplates were incubated at 30 °C and 50 rpm for 48 h in a shaker incubator. Afterward, 75 μL of 10% crystal violet were added to each well, and plates were left to stand for 15 min at room temperature, followed by three washes with distilled water. The formation of a violet ring indicated the formation of biofilm [38,39].




2.3.8. Siderophores Production Assay


Chrome azurol S agar (CAS) solid medium [40] was prepared as described previously [41]. After inoculation, the plates were incubated in the dark for 96 h at 30 °C. The change in color from blue to yellow indicated a positive result.




2.3.9. Chitinase Production Assay


Basal detection medium (0.3 g/L MgSO4·H2O, 3 g/L NH4 (SO4), 2 g/L KH2PO4), 1 g/L citric acid, 15 g/L agar, 0.2 g/L Tween-80, pH 4.7) was supplemented with 4.5 g/L colloidal chitin and 0.15 g/L bromocresol purple [42]. After inoculation, the plates were incubated in the dark for 48 h at 30 °C. The change in color from yellow to purple indicated a positive result.





2.4. Effect of Rhizobacteria Inoculation on Tomato Growth


Seeds of the Bonny Best cultivar [43] were surface-sterilized by sequential immersions in 70% (v/v) ethanol for 3 min and 2.0% (v/v) NaOCl for 2 min, followed by three rinses with sterile water. Sterile seeds were grown, in a greenhouse, for 35 days on Cosmopeat substrate (Cosmocel SA, San Nicolás de los Garza N.L., Mexico) in 72-cavity germination trays. After the initial growth period, seedlings with an average height of 5.8 cm with the appearance of a true leaf were selected. To prepare the bacterial inoculums, 25 mL of PY were inoculated from overnight pre-cultures of the appropriate strains adjusted to A600 of 0.05 and incubated at 30 °C and 110 rpm in a shaker. When cultures reached mid-log phase (~A600 of 0.02) they were used to inoculate sterile water to a concentration of ~2 × 104 CFU/mL in a final volume of 50 mL.



The seedlings were inoculated through a 10-s immersion of the root ball in 50 mL of inoculum solution (2 × 104 CFU/mL) and transplanted to 6 inches plastic pots filled with Cosmopeat substrate. Each treatment consisted of the individual inoculation of each of the selected strains. Two negative controls were included in the assay; in the first one, the root ball was submerged in sterile water, and in the second in an inoculum solution (2 × 104 CFU/mL) of the commercial product Bacillioss (Bioamin SA, Coah, Mexico), a commercial Bacillus subtillis-based biological product. Eight replicates were prepared for each treatment, and pots were arranged in the greenhouse in a completely randomized design and kept under semi controlled conditions at an average temperature of 24 °C in the day and 20 °C at night. Eight days after the first inoculation, a booster inoculation was administered through 20 mL of inoculum solution (2 × 104 CFU/mL) applied directly to the substrate near the plant stem. Fifty days after sowing, plants were harvested, and stem and root length, diameter, fresh and dry weight, and thickness at the plant stem base were assessed. Comparisons between treatments were performed through a one-way ANOVA and Tukey’s post-hoc test using SPSS version 25 (IBM). Data was tested for compliance with ANOVA assumptions. All results were considered significant at p ≤ 0.05.



Effect of Rhizobacteria Inoculation on Tomato Fusarium Wilt


Experimental design, seed germination, and rhizobacteria inoculation were performed as described for the in-vivo plant growth promotion assays. The evaluated treatments consisted of a single bacterial strain applied in plants inoculated, or not, with F. oxysporum f. sp. lycopersici race 1, as control the commercial Bacillus subtillis-based biological product Bacillioss (Bioamin SA, Mexico) was used, for the negative control sterile distilled water was used. The first application of bacteria was done 35 days after sowing with a second inoculation after eight days. F. oxysporum f. sp. lycopersici race 1 was inoculated a concentration of ~1 × 106 CFU when plants were 43 days. The fungal inoculum was obtained by adding five mycelium discs to a moistened substrate composed of sorghum seeds (20.0 g) with vermiculite (5.0 g) and incubated for 10 days at 30 °C. Inoculum was placed through three holes in the substrate near the plant stem. After inoculation plants were kept under greenhouse with semi controlled conditions at an average temperature of 24 °C in the day and 20 °C at night.



Sixty days after sowing, plants were harvested, and stem and root length, diameter, fresh and dry weight, and thickness at the plant stem base as well as the presence or absence of symptoms such as root necrosis, leaf chlorosis, and crown necrosis were assessed. For the re-isolation of F. oxysporum from tomato plants, fragments of roots and the crown were flame-sterilized and inoculated in PDA. Comparisons between treatments were performed through a one-way ANOVA using SPSS version 25 (IBM). Data was tested for compliance with ANOVA assumptions. All results were considered significant at p ≤ 0.05.





2.5. Molecular Identification of Bacterial Strains


Strains with a minimum Fusarium inhibition in vitro percentage of 50% for motile and 15% for static, or that showed a positive result for at least four of the evaluated Plant growth promoting (PGP) traits, were identified through the sequencing of the 16S rRNA gene as follows. Genomic DNA was purified using the Gentra Puregen kit (Qiagen, Cary, NC, USA), following the manufacturer’s instructions. The 16S rRNA gene was PCR-amplified using the 27F (5-AGAGTTTGA TCMTGGCTCAG-3′) and 1492R (5′TACGGYTACCTTGTTACGACTT-3′) primers [44]. Each PCR reaction was carried out in a total volume of 25 µL, containing 1 µL of genomic DNA (50 µg/µL), 2.5 µL of Taq Buffer10×, 0.5 µL of dNTP mix (10 mM), 0.5 µL of each primer (10 µM ), 0.2 µL of Taq DNA polymerase (1U/μL) (Thermo Fisher, Waltham, MA, USA) and 19.8 μL of distilled water. Amplification was carried out in a Bio-Rad T-100 thermocycler, under the following conditions: an initial denaturation step of 95 °C for 3 min, followed by 30 cycles of 95 °C 30 s, 48 °C 30 s, 72 °C 1 min, and a final step of 72 °C 10 min. PCR products were verified by electrophoresis on a 1% agarose gel. Those that showed the expected size and quality were purified using the GenElute™ PCR Clean-Up Kit (Sigma-Aldrich, St. Louis, MI, USA) and sent to Eton Biocience Inc. for sequencing with primers 27F and 1492R. The resulting sequences were manually checked in GeneStudio™ Pro v2.2 (GeneStudio Inc., Suwanee, GA, USA). Preliminary taxonomic assignations were obtained using the Ribosomal Database Project Classifier [45]. To increase quality and coverage, the 16s rRNA gene of strains selected for in planta assays was sequenced twice. Next, the edited sequences were blasted against the GenBank 16S Ribosomal RNA sequences database, and the closest matches were used to construct the alignment using MEGA X [46] and the multiple alignment program MUSCLE. A Maximum-Likelihood tree was constructed using Kimura’s two-parameter model with Gamma distribution and Bootstrap values based on 1000 replicates. Sequences were deposited in GenBank (accession numbers MW391472 to MW391481).





3. Results


3.1. Antagonistic Effect of Mariola Rhizobacteria against F. oxysporum In Vitro


In total, 343 bacterial strains with distinct characteristics were obtained from the soil samples. The most significant proportion came from the M-10 sample (20.40%), which was collected in El Vizcaíno Biosphere Reserve in Baja California Sur. In comparison, the lowest number of strains were obtained from samples M-2 (3.79%) located near the Picacho Prieto hill in Baja California (Figure 1 and Table S1). All strains were able to grow in solid and liquid PY media regardless of the solid media they were initially isolated in.



First, the 343 strains were screened in vitro for antagonistic activity against F. oxysporum. We evaluated inhibition considering two variations: those in which the strain was motile, covering the surface of the plate while limiting fungal growth, and those in which the strain was static and created an inhibition halo around itself, probably by the action of a diffusible antifungal compound (Figure S1). A total of 44 strains were found to inhibit F. oxysporum in the qualitative tests (Table S1) and were selected for quantitative evaluation. We established an arbitrary minimum cut-off for the inhibition percentage of 50% for motile strains and 15% for static strains. Eight strains met the minimum values and were selected for molecular identification, six were motile, and two were static (Table 1). The initial taxonomic assignment indicated that the first belonged to the genera Bacillus, while the latter were identified as Glutamicibacter and Streptomyces (Table 1 and Figure 2).




3.2. In Vitro Identification of Mariola Associated Rhizobacteria with Plant Growth-Promoting Traits


The 96-well microplate format provided a fast and reliable way to screen the 343 strains simultaneously for plant growth promotion traits (Figure S2). First, we evaluated potassium and phosphate solubilization and indoleacetic acid, chitinases, siderophores, and hydrogen cyanide production. Although several strains showed a positive result in at least one test (Table S1), only 19 showed a positive result for at least four of the evaluated traits and were selected for molecular identification (Table 1).



The taxonomic assignment indicated that these belong to seven genera of bacteria: Chryseobacterium, Bacillus, Lysinibacillus, Microbacterium, Paenibacillus, Pseudomonas, and Staphylococcus (Table 1 and Figure 2), that are commonly associated with plant growth promotion. Remarkably, strain rbES182, belonging to the genera Bacillus, was selected in both the PGPR and the antifungal activity screenings. This motile strain, which tested positive for IAA and siderophore production and potassium and phosphate solubilization, showed an inhibition percentage of 50% against F. oxysporum. The strain was isolated from the Town of Santa Agueda in Baja California Sur.



To further characterize the fungal antagonistic and the putative plant growth-promoting strains, IAA production was quantified, and additional plant growth promotion traits like zinc solubilization, biofilm formation, and ACC deaminase activity were evaluated. Only strain rbES182 tested positive for all the assays, although it produced the third-lowest level of IAA under our experimental conditions. Strains Pseudomonas sp. rbES090 and Bacillus sp. rbES015 produced the highest and lowest levels of IAA, respectively (Table 1).




3.3. Inoculation of Tomato with Mariola Associated Rhizobacteria Increases Plant Root and Aerial Biomass


Altogether, the results from the in vitro evaluations suggested that our strains could act as PGPR but did not allow us to pinpoint those strains with higher potential to promote plant growth. Therefore, we performed a greenhouse in vivo assay using Bacillus sp. strains rbES015 and rbES182, Pseudomonas sp. strains rbES061, rbES087and rbES090, and Paenibacillus sp. rbES075. Our results showed that all seven strains elicited a strong positive effect on S. lycopersicum growth (Figure S3). For the aerial section, inoculated plants showed an increase, when compared with the control, of up to160%, 290%, 380%, and 420% in fresh weight, dry weight, stem length, and thickness (Figure 3A–D). Interestingly, although root length was unaffected (Figure 3E), we observed up to a 620% and 450% increase in root fresh and dry weight for all treatments when compared to the negative controls (Figure 3F,G). These results are consistent with an increase in root biomass, which can be explained by an increase in secondary root growth. For all the treatments, the bacterial strains were successfully re-isolated (data not shown).




3.4. Mariola Associated Rhizobacteria Decrease the Effects of Fusarium on Tomato Growth


Finally, we tested in vivo the effect of antagonist strains on Fusarium of the two mobile strains with the higher Fusarium inhibition in vitro percentage (rbES245 and rbES262), the only two static strains with a Fusarium inhibition in vitro percentage higher than 15% (rbES158 and rbES331), and the only strain that was selected on both, the plant growth promotion and the pathogen inhibition screenings (rbES182). Our results revealed significant variation in plant growth, depending on the tested strains. Untreated plants and plants treated with Bacillus sp. rbES182 showed a consistent and significant decrease in all evaluated plant traits when inoculated with F. oxysporum f. sp. lycopersici (Figure 4F). Plants treated with Bacillus sp. strains rbES182 and rbES245, and the commercial product Bacillioss showed inconsistent results regarding root traits (Figure 4E–G) but exhibited a significant decrease in stem fresh and dry weight when inoculated with F. oxysporum (Figure 4B,C), previously it has been shown that these two parameters correlate negatively to Fusarium wilt severity [27]. On the other hand, plants treated with Bacillus sp. rbES262 were not significantly different for all the measured traits, whether or not inoculated with the pathogen (Figs. 4 and S4). Moreover, when the plants inoculated with F. oxysporum were assessed for Fusarium wilt symptoms, only those treated with isolate rbES262 were asymptomatic (Table 2). Altogether, these results suggest that the treatment with strain rbES262 effectively decreased the effects of Fusarium wilt on plant growth in inoculated plants.



Interestingly, plants treated with Streptomyces sp. rbES158 and Glutamicibacter sp. rbES331 showed a high mortality rate as 33% and 66%, respectively, died during the experiment (Table 2). The mortality rate for plants treated with other strains was 0%; this suggested that these strains affected the plant’s health directly and were dropped from the assay. For all the treatments, the bacterial strains and F. oxysporum were successfully re-isolated.





4. Discussion


In this work, we have shown that S. hindsianum is a potential source of bacteria with plant-growth promoting and pathogen inhibition features that could be used as a tailored alternative for the production of this legume in semi-arid regions.



The molecular identification indicated a close relationship to previously identified PGPR in different crops, mainly Pseudomonas and Bacillus [47,48,49,50,51]. Overall, these are congruent with a recent work that characterized the bacterial community’s structure from the rhizosphere of tomato plants growing in arid regions at the south of the Baja California peninsula. It was found that the most abundant families were the Pseudomonadaceae, Enterobacteriaceae, and Bacillaceae and that the most represented genera were Pseudomonas and Bacillus [52]. Historically, these genera were among the first bacterial isolates to show promising plant growth promotion and biocontrol characteristics. Both genera promote plant growth through the synthesis and release of phytostimulants such as IAA, ABA, and cytokinins [24]. Pseudomonads produce diverse compounds with antimicrobial activity, such as phenazine-1-carboxylic acid, 2,4-diacetylphloroglucinol (DAPG), pyrrolnitrin, and pyoluteorin [53]. Moreover, they often play critical roles in several characterized suppressive soils. For example, DAPG producing fluorescent Pseudomonas sp. play a prominent role in the development of Take-all decline [54]. Also, several strains of Bacillus synthesize lipopeptide-type compounds, like fengycin, surfactin, and iturin, that not only effectively suppress the growth of soil-borne pathogens but also stimulate induced systemic resistance [55]. For example, B. subtilis RB14 controls damping-off of tomato caused by Rhizoctonia solani through the secretion of iturin A [56].



We successfully identified several strains that possess traits associated with plant growth promotion. Moreover, the six strains tested in the greenhouse assays increased plant stem length, weight, and diameter significantly. The observed increase in secondary root growth is one of the known effects that indole-3-acetic acid (IAA) producing plant growth-promoting rhizobacteria elicit on plants [57,58]. Interestingly, strains rbES087 and rbES090, identified as Pseudomonas, showed 100% identity in their 16s rRNA gene, but they tested positive for different plant growth-promoting traits (Table 1). Both strains came from El Vizcaíno Biosphere Reserve, close to the city of Guerrero Negro. Although each strain was isolated from different media (PY and King B, respectively), they shared similar colony morphology when grown in the same media.



Although the screening process successfully identified PGPR, there was no clear correlation between plant growth promotion in vivo and the results of either the colorimetric or the germination assays. For example, Bacillus sp. rbES015 had the lowest quantified IAA levels, but there were no significant differences with other strains in most of the measured plant variables. Moreover, this strain induced a significant 30% increase in stem diameter when compared with other strains and 300% when compared with the inoculated control. Previous works have shown that growth promotion-associated traits assessed in vitro are not necessarily a robust indicator of the potential effects of bacteria on plant growth [58]. For example, several environmental factors like pH, osmotic stress, and carbon limitation may influence IAA biosynthesis in bacteria. Additionally, the optimal concentration of this auxin required for plant growth promotion may be precise for different plant phenotypes [57]. The same observation was true for the antagonistic activity against F. oxysporum. Although the three tested Bacillus sp. strains suppressed the pathogen in vitro, only strain rbES262 effectively reduced the effects of Fusarium on plant growth in vivo while the rest of the treatments produced inconsistent results, even the commercial product. This strain tested negative in the in vitro tests for the production of siderophores and chitinases, traits commonly associated with antagonistic activity. Interestingly we re-isolated F. oxysporum from inoculated plants treated with strain Bacillus sp. rbES262 even though no adverse effects on plant growth were observed, indicating that the pathogen was not completely suppressed but reduced.



There are several examples of the successful utilization of native Bacillus and Pseudomonas strains associated with wild plants of non-temperate regions for plant growth promotion and pathogen suppression. For example, cold-adapted Bacillus and Pseudomonas strains isolated from the rhizosphere of native potatoes from the Andean Highlands of Peru and Bolivia have been shown to promote plant growth and protect a commercial potato cultivar against Rhizoctonia solani [59]. Bacillus strains isolated from three halophyte species native to desetic regions in Utah (Salicornia rubra, Sarcocornia utahensis, and Allenrolfea occidentalis) were used to stimulate growth of alfalfa in salty soils [60] and strains of Bacillus, Pseudomonas, and Cellulomonas, isolated from the rhizosphere of different wild plants of arid regions in Turkey, were found to elicit a positive effect on plant height, dry matter, and protein content on wheat [61]. Moreover, a recent screening of endophytic bacteria from the wild Solanaceae Solanum sodomaeum and Solanum lead to the isolation of a Bacillus, a Serratia, and several Stenotrophomonas strains capable of stimulating growth and controlling Fusarium wilt in tomato [62]. Stenotrophomonas and Serratia are known opportunistic human pathogens, so their use as PGPR is questionable. In this work, we isolated six strains (rbES001, rbES005, rbES050, rbES053, and rbES057) that were identified as Staphylococcus sciuri. Although this species has been characterized previously as a PGPR, it has also been reported as an opportunistic human pathogen, and several environmental and clinical strains have been shown to carry antibiotic resistance determinants. Therefore, they were dropped from this study [63]. Nevertheless, our extensive geographical sampling, and the fact that we screened rhizospheric communities, produced a more diverse collection of PGPR isolates.



Finally, of particular interest was the lethal effect on plants elicited by Streptomyces sp. rbES158 and Glutamicibacter sp. rbES331 (Table 2) that also showed antifungal activity through diffusible compounds. Actinobacteria produce diverse secondary metabolites that inhibit different biological pathways in microorganisms and plants [64]. For example, the non-proteinogenic amino acid 4-Chlorothreonine, isolated from Streptomyces sp. OH-5093 inhibits the growth of radish and sorghum by inhibiting amino acid metabolism [65]; Bialaphos is a peptide produced by Streptomyces hygroscopicus and Streptomyces viridochromogenes that releases the glutamic acid analog glufosinate when metabolized by the plant resulting in the accumulation of ammonium and the consequent disruption of primary metabolism [66]. Moreover, often the same molecule with antimicrobial activity can act as an herbicide, for example, the macrolide Phthoramycin produced by Streptomyces sp. WK-1875 and identified by its activity against the Phytophthora parasitica through cellulose biosynthesis inhibition, was also found to inhibit radish and rice [67]. More work is needed to identify the secondary metabolites produced by these bacteria, their mechanism of action, and determine if the same compound is responsible for the antifungal and herbicidal activities. Even though these strains may not be useful as inoculants, they can be valuable sources of metabolites with a potential application in agriculture or other fields. On the other hand, the observed inconsistencies between the results of in vitro and in vivo assays raise the question of the missed potential of strains discarded by arbitrary cut-off values during our screening process and stress the importance of performing in vivo assays to exploit the potential of our extensive strain collection completely.



In conclusion, by prospecting soil associated with Solanum hindsianum plants growing at different locations of the Baja California Peninsula, we obtained a collection of more than 300 bacterial strains, some with growth promotion-related traits and others with the ability to inhibit Fusarium oxysporum in vitro. Moreover, we demonstrated that tomato plants’ inoculation with selected strains has a significant positive effect on plant growth and ameliorated tomato Fusarium wilt, confirming that plants of the arid region of Baja California are an important source of microbes for agriculture.
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Figure 1. Localization of sampling sites. 
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Figure 2. Maximum-Likelihood tree of partially sequenced 16S rRNA gene. Arrows indicate strains described in this work. Values above nodes are bootstrap values obtained from 1000 replicates. 
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Figure 3. Effect of rhizobacteria inoculation on S. lycopersicum growth. (A–G) Effect of treatment of tomato plants with rhizobacteria strains on different plant growth indicators. Bars represent the mean of 8 plants ± SD per treatment. Different letters over bars indicate significant differences (p < 0.05). (H) Fold change of evaluated variables of plants inoculated with different strains when compared to the negative control. Stem length (SL), stem fresh weight (SFW), stem dry weight (SDW), stem diameter (SD), root length (RL), root fresh weight (RFW), root dry weight (RDW). 
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Figure 4. Effect of rhizobacteria inoculation on Fusarium wilt in tomato. Effect on stem length (A), stem fresh weight (B), stem dry weight (C), stem diameter (D), root length (E), root fres weight (F), and root dry weight (G) in plants treated with different rhizobacterial strains and inoculated (red bars) or not (blue bars) with F.oxysporum.Bars represent the mean of 8 plants ± SD per treatment. An asterisk over a pair of bars indicates significant differences (p < 0.05). 
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Table 1. Plant growth promotion associated traits of selected strains.
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PGP Associated Traits

	

	




	
Activity

	
Strain

	
Sample

	
Genera

	
GeneBank

	
IAA (µg/mL)

	
K sol.

	
P sol.

	
Zn sol.

	
Chit

	
Sid

	
HCN

	
Bio-film

	
ACCd

	
Path. Inhi.

	
Inhi. Type






	
PGPT

	
rbES001

	
M1

	
Staphylococcus

	

	
+

	
+

	
+

	
ND

	
−

	
+

	
−

	
ND

	
ND

	
−

	




	
PGPT

	
rbES005

	
M4

	
Staphylococcus

	

	
+

	
+

	
+

	
ND

	
−

	
−

	
−

	
ND

	
ND

	
−

	
−




	
PGPT

	
rbES015

	
M1

	
Bacillus

	
MW391472

	
3.29

	
+

	
+

	
−

	
−

	
+

	
−

	
+

	
−

	
−

	
−




	
PGPT

	
rbES031

	
M4

	
Microbacterium

	

	
14.54

	
+

	
+

	
−

	
−

	
+

	
−

	
−

	
−

	
−

	
−




	
PGPT

	
rbES041

	
M6

	
Pseudomonas

	

	
52.87

	
+

	
−

	
−

	
−

	
+

	
−

	
−

	
−

	
−

	
−




	
PGPT

	
rbES050

	
M7

	
Staphylococcus

	

	
+

	
+

	
+

	
ND

	
+

	
+

	
−

	
ND

	
ND

	
−

	
−




	
PGPT

	
rbES053

	
M7

	
Staphylococcus

	

	
+

	
+

	
+

	
ND

	
+

	
+

	
−

	
ND

	
ND

	
−

	
−




	
PGPT

	
rbES057

	
M7

	
Staphylococcus

	

	
+

	
+

	
+

	
ND

	
−

	
+

	
−

	
ND

	
ND

	
−

	
−




	
PGPT

	
rbES061

	
M2

	
Pseudomonas

	
MW391473

	
12.09

	
+

	
+

	
+

	
−

	
+

	
−

	
−

	
−

	
−

	
−




	
PGPT

	
rbES062

	
M2

	
Bacillus

	

	
9.57

	
+

	
+

	
−

	
−

	
+

	
−

	
+

	
−

	
−

	
−




	
PGPT

	
rbES075

	
M4

	
Paenibacillus

	
MW391474

	
16.08

	
+

	
+

	
−

	
−

	
+

	
−

	
−

	
−

	
−

	
−




	
PGPT

	
rbES086

	
M5

	
Pseudomonas

	

	
54.66

	
+

	
+

	
−

	
−

	
+

	
−

	
−

	
−

	
−

	
−




	
PGPT

	
rbES087

	
M5

	
Pseudomonas

	
MW391476

	
32.57

	
+

	
+

	
+

	
−

	
+

	
−

	
+

	
−

	
−

	
−




	
PGPT

	
rbES090

	
M5

	
Pseudomonas

	
MW391477

	
56.12

	
+

	
+

	
−

	
+

	
+

	
−

	
−

	
+

	
−

	
−




	
PGPT

	
rbES098

	
M6

	
Pseudomonas

	

	
72.71

	
+

	
+

	
−

	
+

	
−

	
−

	
+

	
−

	
−

	
−




	
PGPT

	
rbES120

	
M7

	
Lysinibacillus

	

	
4.52

	
+

	
+

	
−

	
−

	
−

	
−

	
−

	
−

	
−

	
−




	
PGPT

	
rbES145

	
M10

	
Chryseobacterium

	

	
18.38

	
+

	
+

	
+

	
+

	
−

	
−

	
−

	
−

	
−

	
−




	
AA

	
rbES158

	
M4

	
Streptomyces

	
MW391478

	
−

	
+

	
+

	
−

	
−

	
+

	
−

	
−

	
−

	
24%

	
SS




	
PGPT

	
rbES169

	
M1

	
Staphylococcus

	

	
+

	
+

	
+

	
ND

	
−

	
+

	
−

	
ND

	
ND

	
−

	
−




	
PPGT+AA

	
rbES182

	
M9

	
Bacillus

	
MW391475

	
6.55

	
+

	
+

	
+

	
−

	
+

	
−

	
+

	
+

	
58%

	
MS




	
AA

	
rbES232

	
M4

	
Bacillus

	

	
11.55

	
+

	
−

	
+

	
−

	
−

	
−

	
+

	
+

	
66%

	
MS




	
AA

	
rbES245

	
M11

	
Bacillus

	
MW391479

	
8.81

	
+

	
+

	
−

	
−

	
−

	
−

	
+

	
−

	
69%

	
MS




	
AA

	
rbES254

	
M11

	
Bacillus

	

	
10.37

	
+

	
−

	
−

	
−

	
−

	
−

	
+

	
−

	
57%

	
MS




	
AA

	
rbES256

	
M11

	
Bacillus

	

	
8.24

	
+

	
+

	
−

	
−

	
−

	
−

	
+

	
−

	
55%

	
MS




	
AA

	
rbES262

	
M12

	
Bacillus

	
MW391480

	
11.12

	
−

	
−

	
−

	
−

	
−

	
−

	
+

	
−

	
68%

	
MS




	
AA

	
rbES331

	
M11

	
Glutamicibacter

	
MW391481

	
8.6

	
−

	
−

	
−

	
−

	
−

	
−

	
−

	
−

	
23%

	
SS








Plant growth promoting traits (PGPT), antifungal activity (AA), IAA production (IAA), K solubilization (K sol.), P solubilization (P sol.), Zn solubilization (Zn sol.), chitinase production (Chit.), siderophore production (Sid.), HCN production (HCN), biofilm formation (Biofilm), ACC deaminase activity (ACCd), F. oxysporum growth inhibition (Path. Inhi.), type of inhibition (Inhi Type), static strains (SS) and motile strain (MS), positive result (+), negative result (−), non-determined (ND). Strains in bold indicate those that were tested in planta.
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Table 2. Fusarium wilt symptoms observed in plants from the in vivo pathogen suppression assays.






Table 2. Fusarium wilt symptoms observed in plants from the in vivo pathogen suppression assays.





	
Treatment

	
Symptoms




	
Leaf Clorosis

	
Root Necrosis

	
Crown Necrosis

	
Plant Death






	
−Control

	
−

	
−

	
−

	
−




	
rbES158

	
−

	
−

	
−

	
+




	
rbES182

	
−

	
−

	
−

	
−




	
rbES245

	
−

	
−

	
−

	
−




	
rbES262

	
−

	
−

	
−

	
−




	
rbES331

	
−

	
−

	
−

	
+




	
Bacillioss

	
−

	
−

	
−

	
−




	
−Control + FOL

	
+

	
+

	
+

	
−




	
rbES158 + FOL

	
−

	
+

	
−

	
+




	
rbES182 + FOL

	
−

	
−

	
+

	
−




	
rbES245 + FOL

	
−

	
+

	
−

	
−




	
rbES262 + FOL

	
−

	
−

	
−

	
−




	
rbES331 + FOL

	
−

	
+

	
−

	
+




	
Bacillioss + FOL

	
−

	
+

	
−

	
−








FOL Plant inoculated with F. oxysporum; + observed; − not observed.
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