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Abstract

:

Halophyte Limoniastrum monopetalum, an evergreen shrub inhabiting the Mediterranean region, has well-documented phytoremediation potential for metal removal from polluted sites. It is also considered to be a medicinal halophyte with potent activity against plant pathogens. Therefore, L. monopetalum may be a suitable candidate for isolating endophytic microbiota members that provide plant growth promotion (PGP) and resistance to abiotic stresses. Selected for biocontrol abilities, these endophytes may represent multifaceted and versatile biocontrol agents, combining pathogen biocontrol in addition to PGP and plant protection against abiotic stresses. In this study 117 root culturable bacterial endophytes, including Gram-positive (Bacillus and Brevibacillus), Gram-negative (Proteus, Providencia, Serratia, Pantoea, Klebsiella, Enterobacter and Pectobacterium) and actinomycete Nocardiopsis genera have been recovered from L. monopetalum. The collection exhibited high levels of biocontrol abilities against bacterial (Agrobacterium tumefaciens MAT2 and Pectobacterium carotovorum MAT3) and fungal (Alternaria alternata XSZJY-1, Rhizoctonia bataticola MAT1 and Fusarium oxysporum f. sp. radicis lycopersici FORL) pathogens. Several bacteria also showed PGP capacity and resistance to antibiotics and metals. A highly promising candidate Bacillus licheniformis LMRE 36 with high PGP, biocontrol, metal and antibiotic, resistance was subsequently tested in planta (potato and olive trees) for biocontrol of a collection of 14 highly damaging Fusarium species. LMRE 36 proved very effective against the collection in both species and against an emerging Fusarium sp. threatening olive trees culture in nurseries. These findings provide a demonstration of our pyramiding strategy. Our strategy was effective in combining desirable traits in biocontrol agents towards broad-spectrum resistance against pathogens and protection of crops from abiotic stresses. Stacking multiple desirable traits into a single biocontrol agent is achieved by first, careful selection of a host for endophytic microbiota recovery; second, stringent in vitro selection of candidates from the collection; and third, application of the selected biocontrol agents in planta experiments. That pyramiding strategy could be successfully used to mitigate effects of diverse biotic and abiotic stresses on plant growth and productivity. It is anticipated that the strategy will provide a new generation of biocontrol agents by targeting the microbiota of plants in hostile environments.
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1. Introduction


Plant pathogens can have devastating effects on plant productivity and yield [1,2,3,4,5]. Chemical treatments of pests and pathogens using pesticides in agriculture is still the norm for coping with those threats [6,7,8,9]. Fortunately, growing concern over pesticide impacts on human health, environmental side effects and the spread of pesticide resistance in pathogen populations resulted in stricter legislation over the use of those damaging pesticides [9,10,11,12,13]. This prompted the development of more sustainable approaches mainly based on biocontrol using the plant microbiota [14,15,16,17].



The plant microbiota refers to plant associated microflora, including microbes associated to plant surfaces (phyllosphere and rhizosphere) and endophytes thriving inside plant tissues [15,16,18,19,20,21,22]. Endophytic microbiota are being acknowledged for their direct or indirect plant growth and product yield promotion abilities [19,23,24], protection of host plants against phytopathogens [10,11,12,13,25] and improvement of plants’ abilities to withstand environmental biotic and abiotic stresses [19,26].



Recently numerous studies documented that plant metabolites might actually be partially or totally produced by their associated endophytes [13]. In parallel, plant tolerance to biotic and abiotic stresses (e.g., metal stress) has also been attributed partially or totally to their associated microbiota [13]. Therefore, endophytes are believed to produce invaluable potential bioactive secondary metabolites that could be used for the development of new drugs and/or pesticides [16]. They can also be used to promote plant resistance to biotic and abiotic stresses [19]. As a consequence, numerous studies targeted endophytic microbiota characterization form valuable plants, such as medicinal plants and abiotic stress resistant plants [16,18,27,28,29,30,31].



Recent trends in the field of endophyte research implies innovative approaches for their selection. Endophytes are more and more often being screened for multi desirable traits from plants growing under extreme environments [13,15,19,32]. The subsequent use of the endophyte in the field can then equip target plants with new and highly valuable traits, including phytoremediation, biotic and abiotic stresses tolerance and herbicide resistance, among others [33].



The halophyte Limoniastrum monopetalum, an evergreen shrub that inhabits marshes, and sandy and rocky soils of coastal environments of the Mediterranean region, have a well-documented phytoremediation potential for the removal of Cd, Zn, Ni and Pb from polluted sites [34,35,36]. It is also considered as a medicinal halophyte, with its leaf and gall infusions used in traditional medicine against human pathogens [37]. Therefore, L. monopetalum represents a suitable plant for isolating culturable endophytes that allow not only the biocontrol of pathogens but also may promote plant growth and protect plants against abiotic stresses, such as metal pollution and xenobiotic stress. In this study 117 endophytes have been recovered from L. monopetalum and characterized for their plant growth promoting (PGP) abilities, biocontrol of bacterial and fungal pathogens and their resistance to antibiotics and metals. Multifaceted bacterial endophytes have then been selected for efficient PGP, biocontrol and abiotic stress resistance abilities, and shown to be active against a collection of Fusarium strains infecting potato and olive trees, as well as an emerging Fusarium sp. threatening olive tree production and culture in nurseries.




2. Materials and Methods


All chemicals used in this study, unless otherwise indicated, have been provided by Sigma-Aldrich (Buchs, Switzerland).



2.1. Sampling


Samples of the L. monopetalum plant were collected according to their natural occurrence in a coastal area located at (34°38’21’’N, 10°39’09’’E), Sfax, Tunisia. Ten apparently healthy L. monopetalum plants were randomly collected and placed in sterile bags at 4 °C and immediately transported to the laboratory where they were processed immediately.




2.2. Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) Analysis of Soil Samples


Soil samples of the rhizosphere and in the vicinity of the L. monopetalum plants were collected and submitted to ICO-OES analysis. Briefly, the soil samples were dried at 60 °C and ground in fine powder. Elements were than extracted in refluxing with 65% HNO3 (Suprapur®, Merck KGaA, Germany) for 48 h. After dilution of samples (100 times) by weighing, samples were submitted for ICP-OES analysis. The ICP-OES used for the analyses was an OPTIMA 2100 DV from Perkin Elmer, with an AS-93 plus autosampler. The gases used were argon 5.0, nitrogen 5.0 and compressed air, with the following flow rates: For the plasma 15 mL/min, for auxiliary 0.2 mL/min, for nebulizer 0.65 mL/min.




2.3. Isolation of Culturable Endophytic Bacterial Microbiota from L. monopetalum Collected in Tunisia


Roots containing rhizosphere soil were washed with running tap water, disinfected superficially by 70% ethanol for 1 min, rinsed and disinfected superficially with 3% sodium hypochlorite for 20 min. To remove the disinfectant, roots were rinsed three times with sterile double distilled water; samples were then dried with sterile filter paper. To ensure sterilization success, the last washing water was plated on petri plates and the results used as a sterilization control (no colonies were able to grow on the plate after few days). Root tissues were cut into small sections with an average size of 5 mm and were carefully spread on three distinct media and incubated at 28 °C for 5 to 7 days. Morphologically distinct strains of emerging spots or layers from the root pieces were picked for further successive purification. Pure individual colonies were stored in 30% glycerol solution at −20 °C. A total of 117 endophytic bacteria were isolated from the roots of the halophytic L. monopetalum plant.




2.4. Measurement of PGP Activities of L. monopetalum Bacterial Endophytes


2.4.1. Direct Plant Growth Promoting Rhizobacteria (PGPR) Activities


Five biological repetitions at least have been performed for all direct PGP activities targeted in this study.



Growth on Nitrogen Free Medium


Appearance of bacterial growth on nitrogen-free medium containing (g/L): KH2PO4 (1), MgSO4.7H2O (0.01), NaCl (0.2), FeSO4 (0.005), Mannitol (20), Agar (15), was taken as positive test for the nitrogen fixation experiment [19].




Phosphate Solubilization


Phosphate solubilization activity was determined qualitatively by the formation of a clear zone around bacterial growth on Pikovskaya’s agar medium (PVK), containing tricalcium phosphate (Ca3HPO4) as sole source of phosphate [19].




Siderophores Production


Siderophore secretion by the strains was detected using blue agar plates containing the dye Chrome azurol S (Sigma-Aldrich, Buchs, Switzerland). Orange to yellow halos around the bacterial colonies indicated siderophore production [19].




Indole Acetic Acid (IAA) Production


For detection of IAA production, isolated colonies were inoculated into Jensen’s agar medium [19] containing (g/L): L-tryptophan (1), Sucrose (20), K2HPO4 (1), MgSO4.7H2O (0.5), NaCl (0.5), FeSO4 (0.1), Na2MoO4 (0.005), CaCO3 (2) and Agar (15), by the agar well diffusion method. Each well contained 100 µl of overnight bacterial culture. After 48 h of incubation at 28 °C, IAA production was estimated by mixing 20 µL of Salkowsky reagent (2% FeCl3 (0.5 M), 35% HClO4) with the bacterial culture. Development of a pink color indicated IAA production (the intensity of the color is proportional to the quantitative production of IAA).





2.4.2. Indirect PGP Activities


Indirect PGP activities presented in this study are the average of five biological assays.



Screening of Isolates for Extracellular Enzyme Production


Screening of bacterial extracellular enzyme activity was assessed by point inoculation with a bacterial colony on the center of each indicative media plate with a specific substrate. After 24 h of incubation at 28 °C, the halo diameter was estimated by subtracting the colony diameter of the total diameter of clear zones around colonies.




Protease Production


Protease activity was checked by measuring resulting clear zone after inoculation of bacterial strains on skimmed milk agar media containing (g/L): Yeast extract (3), casein peptone (5), agar (15) and supplemented after autoclaving with 250 mL of sterile skimmed milk [15].




Gelatinase Production


Gelatinase activity was tested according to a slightly modified protocol of Balan et al. [38]. Briefly, bacteria were grown for 24 h at 28 °C on gelatin agar plate containing (g/L): Peptone (4), yeast extract (1), gelatin (15) and agar (15). Gelatin degrading strains develop clear zones around their colonies.




Chitinase Production


Chitin agar medium containing (g/L): Colloidal chitin (10), (NH4)2SO4 (2), KH2PO4 (0.7), MgSO4.7H2O (0.5), FeSO4.7H2O (0.01) and agar (15) was used for chitinase screening [19]. Colloidal chitin was prepared following the protocol described by Slama et al. [19]. The clear zone formation around the growing colony was considered an indicator of a positive chitinase activity.




Cellulase Production


Isolates were grown on LB medium supplemented with 1% carboxy-methylcellulose (CMC); the revealing of any bacterial activity was done by flooding the plates with Congo red dye 1% and distaining with 1 M NaCl according to the method described in Slama et al. [19]. Cellulase activity was checked by the presence of clear zones surrounding individual isolated colonies.




Amylase Production


Amylase producing bacteria were characterized using glucose yeast extract peptone agar (GYP) medium containing (g/L): Glucose (1), yeast extract (0.5), peptone (0.5), agar (15), supplemented with 1% soluble starch. After incubation for 24 h at 28 °C, the plates were flooded with an iodine solution (1% iodine in 2% potassium iodide). The appearance of clear zone around bacterial growth was measured to determine the amylolytic activity [19].




Pectinase Production


Pectinolytic activity was determined by growing bacteria in 0.5% pectin Agar medium containing (g/L): pectin (5), yeast extract (1), KH2PO4 (4), Na2HPO4 (6) and agar (15). After incubation for 24 h at 28°C, plates were flooded with 1% aqueous solution of Cetyl Trimethyl Ammonium Bromide (CTAB) used as an indicator of pectinolytic activity [19].




Glucanase Production


Bacteria were grown on LB medium supplemented with 10 g of barley flour for 24 h at 28 °C. The revealing of any bacterial activity was done by flooding the plates with Congo red dye 1% and distaining with 1M NaCl. The clear zone formed around the bacterial colony indicated a positive glucanase activity.




Hydrogen Cyanide (HCN) Production


HCN production by bacterial strains was estimated according to Slama et al. [19] on LB medium supplemented with 4.4 g/L of glycine. The underside of the plate lid includes impregnated Whatman paper with an alkaline picrate solution (2% Na2CO3, 5% picric acid). After incubation for 48 h at 28°C, production of HCN was indicated by the development of orange to brown color on the Whatman paper.






2.5. In Vitro Antibacterial and Antifungal Assays


The antibacterial activity of endophytic strains was tested against two phytopathogenic Gram-negative bacteria: Agrobacterium tumefaciens MAT2 and Pectobacterium carotovorum MAT3, while antifungal activity was examined using three fungal pathogens: Alternaria alternata isolate XSZJY-1 (HQ873733), isolated from pistachios (Pistacia vera L.); and Rhizoctonia bataticola MAT1 and Fusarium oxysporum f. sp. radicis lycopersici FORL, isolated from greenhouse tomato roots. One selected strain, Bacillus licheniformis, with high antibacterial and antifungal potential, was tested for its antifungal activity against 14 Fusarium spp. (isolates Fso10, Fso9, Fso12, Fso11, FCR1, Fso1, Fso5, Fso6, Fso2, Fso3, Fac, Fso13, Fso7 and Fso8) provided by the Olive Tree Institute of Tunisia [39].




2.6. Antibacterial Assays


Antibacterial activity was checked by the plate diffusion method [19]. Before incubation, all petri plates were kept at 4 °C for 2 h to enable agar pre-diffusion of produced bacterial metabolites. The plates were then incubated at 28 °C for 24 h and the resultant inhibition growth zone was measured. Controls involved sterile distilled water inoculation.




2.7. Antifungal Assays


Bacterial isolates were screened for their in vitro growth inhibition of phytopathogenic fungi by dual culture technique [40]. A pure bacterial colony was streaked 2 cm away from the left side of a 9 cm diameter petri dish containing potato dextrose agar (PDA), and then a 6 mm disc of fungal mycelia was placed on the right side of the petri dish. Plates were incubated at 25 °C until the control (containing only fungal mycelia) reached the plate edge. Mycelial growth inhibition was calculated using the formula: PI = [(C − T)/C] × 100, where C and T represent the colony diameters of fungi on the control and dual culture plates, respectively.




2.8. Metal Stress Resistance of L. monopetalum Bacterial Endophytes


The 117 bacterial strains were tested for their ability to grow under different concentrations of five sodium sulfate salt (SO4) metals (Cd, Cu, Ni, Zn and Al), at different concentrations: 500, 1000 and 2500 ppm. Bacterial suspension (100 µL) was inoculated on LB broth supplemented with studied metal and incubated at 28 °C for 24 h in a rotatory shaker (120 rpm). Bacterial growth was monitored by measuring the OD at 600 nm using spectrophotometer (Auxilab Zuzi 4251/50, Tunisia) [19].




2.9. Antibiotic Resistance of L. monopetalum Bacterial Endophytes


Isolated colonies were checked for their antibiotic resistance against 10 different antibiotics (30 µg/mL): Rifampicin, Tetracycline, Kanamycin, Streptomycin, Cefotaxime, Erythromycin, Amoxicillin, Ampicillin, Penicillin and Ciprofloxacin. Antibiotics were filter sterilized and added aseptically to the LB medium after autoclaving. 5 µL of bacterial suspension was spotted at the surface of the medium and the plate incubated for 24 h at 28 °C. The appearance of bacterial growth indicates resistant bacteria [19].




2.10. Bacterial DNA Extraction, 16S-rDNA Amplification, Sequencing and Phylogenetic Analysis


Bacterial genomic DNA extraction and 16S-rDNA amplification have been thoroughly described in Alenezi et al. [10,11]. After purification of amplicons with the Minelute PCR purification kit (Qiagen, Basel, Switzerland) according to the manufacturer’s specifications, purified amplicons were sequenced in both directions using facilities available at the iGE3 (Institute of Genetics and Genomics in Geneva, University of Geneva Medical Center (CMU), Switzerland). Phylogenetic analysis was conducted using procedures described in Mefteh et al. [15].




2.11. Isolation of the Emerging PSC1 Olive Tree Fungal Pathogen


Infected olive trees were collected from several nurseries in Tunisia and subjected to pathogen isolation according to Trabelsi et al. [39]. The resulting fungal strain was morphologically identified as Fusarium sp.




2.12. In Planta Pathogenicity Assays


Pathogenicity tests were conducted using a collection of 15 isolates of Fusarium species (Table S1) and Fusarium sp. strain PSC1 able to generate the dieback symptoms on potato tubers and olive twigs. To ascertain Fusarium spp. infection, Koch’s postulate was fulfilled in each assay: All pathogens were re-isolated from diseased twigs and tubers, and re-identified morphologically.




2.13. Pathogenicity Test on Potato Tubers


Healthy potato tubers cv. Spunta obtained commercially were used for pathogenicity tests. Potato tubers were washed with running tap water, surface disinfected in 3% solution of commercial bleach for 15 min, rinsed with sterile distilled water (SDW) and air dried under filter-sterilized air flow.



A 5 mm deep plug of external potato tissue was removed from each tuber using a sterilized cork borer. Then, 5 mm diameter mycelial plugs obtained from each of the 15 Fusarium spp. were transferred into wounds. Potato tubers with PDA plugs without mycelia, were used as controls. They were placed in sterile plastic bags containing a piece of cotton stuffed with SDW to ensure the maintenance of high humidity, and incubated at 25 °C in darkness for 21 days. The experiment was conducted three times [41].



Penetration diameter was calculated following the formula of Yangui et al. [42]:


P = [W/2 + (D − P)]/2








where: W: Width of the rot (mm); D: Depth of the rot (mm); P: Depth of the well (mm).




2.14. Pathogenicity Assays on Olive Twigs


All pathogenicity tests were conducted on olive twigs of 10 cm length collected from healthy olive trees, Olea europea cv. Chamlali, growing in a farmland belonging to the olive institute of Sfax (Experimental Unit “Taous”, Olive Institute of Sfax). Olive twigs were washed under running tap water, surface sterilized in 3% solution of commercial bleach for 15 min, rinsed several times with SDW and air dried under filter-sterilized air flow.



Disks (6 mm in diam.) from 2-week-old cultures of Fusarium spp. were grown in PDA containing test tubes, then sterile olive twigs were placed in direct contact with them. Disease assessments were made every 10 days, with at least three olive twigs per replicate, by measuring the rot length extension, until reaching complete twig infection. Therefore, evaluations stopped after 35 days. Test tubes with PDA discs without mycelia were used as controls [43].




2.15. Effects of LMRE 36 Treatment on Fusarium solani (Fso7) Disease Severity on Potato Tubers


Before inoculation, two holes were made to a depth of 5 mm in each surface sterilized tuber. Inoculation was performed by adding a 5 mm bacterial plug 24 h before or after fungal infection in preventive and curative treatments respectively, while in the concomitant treatment, the antagonistic bacteria and the phytopathogenic fungus were added simultaneously. Non-inoculated tubers were used as controls, tubers infected but not treated were used as negative controls, and treated tubers were used as positive controls. This experiment was conducted 4 times. Penetration diameter was calculated as described previously [42].




2.16. Effects of LMRE 36 Treatments on Fusarium solani (Fso6, and Fso7) and Fusarium sp. PSC1 Disease Severity on Olive Twigs


For preventive treatment, surface sterilized olive twigs previously elicited during 24 h in test tubes containing LB media with the antagonistic bacteria Bacillus licheniformis LMRE 36 were replaced into test tubes containing PDA (supplemented with antibiotics) inoculated with each Fusarium fresh culture.



In the curative treatment, the phytopathogenic fungus Fusarium was inoculated in PDA test tube 24 h prior to inoculation with the antagonistic bacteria LMRE 36. The concomitant treatment received the antagonistic bacteria and the phytopathogenic fungus simultaneously. Three controls were applied, water control twigs, infected twigs (Fusarium inoculation) and inoculated twigs (LMRE 36 inoculation).



The results were expressed in percentage of inhibition of rot extension; they were calculated according to the present formula:


Inhibition of the extension (%) = [(C − T)/C] × 100








with: C (mm): Inoculated and non-treated twig; T (mm): Infected and treated twig




2.17. Statistical Analysis


The statistical analysis of the data was performed using analysis of variance (ANOVA) and, when significant effects were detected, the groups were compared using a post-hoc Tukey’s HSD test. The level of significance used for all statistical tests is 5% (p < 0.05). The statistical program used was IBM SPSS Statistics v. 22 (Geneva, Switzerland).





3. Results


3.1. ICP-OES Analysis of Rhizosphere and Soil Samples Surrounding L. monopetalum


ICP-OES analysis of the rhizosphere and soil samples surrounding L. monopetalum proved that soil surrounding L. monopetalum was highly rich in sodium, whereas rhizosphere soil has more than six times the reduction of sodium concentration (Table S2). Results also clearly argued the prevalence of deleterious metals, such as Pb, As, Cu and Ni (Table S2).




3.2. Isolation of L. monopetalum Bacterial Endophytic Microbiota


A total of 117 culturable bacterial isolates have been recovered in the time course of this study (Figure 1). Around 65% of them were Gram-positive and belonged to the genera Bacillus, Brevibacillus and actinomycete genus Nocardiopsis. Species diversity within genera was high and reached up to minimum of eight species within the genus Bacillus. The remaining 35% of the Gram-negative isolates belonged to the genera Proteus, Providencia, Serratia, Pantoea, Klebsiella, Enterobacter and Pectobacterium (Figure 1).




3.3. PGP Potential of L. monopetalum Bacterial Endophytes


3.3.1. Direct PGP Activities


Direct PGP activities have been performed by screening for growth on nitrogen free medium, phosphate solubilization, siderophores and IAA production. While about half of the total bacteria (49.58%) were able to grow on nitrogen free medium, phosphate solubilization was observed in 52% of the bacterial collection (Figure 2 and Figure 3). Enterobacter sp. (LMRE 62) had the maximum phosphate solubilization potential (Figure 3). Siderophore production was prevalent among the microbiome members and only 5% of them lacked siderophore production. Highest siderophore production ability was observed for Bacillus sp. isolates LMRE 83 and LMRE 97 with 6.8 mm and 6.4 mm clear zone diameters, respectively. For IAA production seventeen of the 117 isolates (14.52%) had high indole acetic acid activity, 9 (7.69%) had moderate activity and 19 (16.23%) were low IAA producers.




3.3.2. Indirect PGP Activities


Indirect PGP activities have been checked by screening of microbiome isolates for extracellular enzyme production (protease, gelatinase, chitinase, cellulase, amylase, pectinase and glucanase) and for HCN production. Extracellular protease production was positive for 107 endophytic bacteria and maximum protease activity was recorded in LMRE 30 with halo diameter of 38.12 mm. Gelatinase production was observed in 100 bacterial isolates that were able to degrade gelatin. Bacillus sp. LMRE 77 exhibited the highest activity (57.71 mm of halo diameter). Chitinase production was produced by 83 bacterial strains giving chitinolytic zones in plate clearing assay. Among them, strain Serratia rubidacea LMRE 106, Proteus sp. LMRE22 and 6 Bacillus strains (LMRE 9, LMRE 36, LMRE 86, LMRE 82, LMRE 108 and LMRE 110) produced maximum enzymatic activity reaching 40 mm halo diameters. Among the 78 CMC-ase-positive bacteria, 46 were able to produce a clear zone of degradation between 5 and 10 mm of halo diameter. Most of them were identified as Bacillus sp. For Amylase production and among the 87 positive strains, peak amylase activity was exhibited by bacterial strain Serratia rubidacea LMRE 115 that had a 13.35 mm halo diameter. Twenty isolates out of the collection exhibited pectinase production; among them 17 bacteria gave clear zones of more than 10 mm of halo diameter. Glucanase production was observed in 75% of bacteria tested, with LMRE 77 and LMRE 97 having the highest glucanase activity, with 17.96 mm and 16.82 mm halo diameters, respectively. Hydrogen cyanide production was observed in 49.58% of the bacterial collection (Figure 4A,B and Figure 5A,B).





3.4. Biocontrol Ability of L. monopetalum Bacterial Endophytes Towards Relevant Bacterial and Fungal Plant Pathogens


Results presented in Figure 6 and Figure 7 for Gram-positive and Gram-negative bacterial isolates clearly attest to high levels of biocontrol abilities of the collection against bacterial and fungal pathogens tested. 78 bacterial isolates proved effective in inhibiting both types of phytopathogenic bacteria. Endophytic strain Bacillus subtilis LMRE 60 for instance, had the highest antibacterial activity against both of the phytopathogenic bacteria Agrobacterium tumefaciens MAT2 and Pectobacterium carotovorum MAT3, with 11 and 10-mm inhibitory diameters, respectively (Figure 6A,B and Figure 7A,B). Against the three distinct fungal pathogens tested; Alternaria alternata isolate XSZJY-1, Rhizoctonia bataticola MAT1 and Fusarium oxysporum f. sp. radicis lycopersici (FORL); L. monopetalum bacterial endophytes exhibited high levels of biocontrol abilities. In fact, the 117 bacterial isolates were able to inhibit A. alternata isolate XSZJY-1 fungal growth with different percentages, with the maximum percentage of inhibition being 67.15% registered for Brevibacillus sp. LMRE 79 had minimal inhibition of 13% for Proteus vulgaris LMRE 72. Bacillus sp. LMRE 11 and LMRE 34 had the ability to inhibit both fungal isolates A. alternata and R. bataticola with up to 40% inhibition. Bacillus subtilis LMRE 68 caused maximum growth inhibition of the highly damaging plant pathogen F. oxysporum f. sp. radicis lycopersici, FORL (52.17%).




3.5. Resistance of L. monopetalum Bacterial Endophytic Communities to Antibiotics and Metals


Analysis of antibiotic resistance profiles of the L. monopetalum bacterial endophytic microbiota showed high levels of resistance to numerous antibiotics tested (Figure 8A–C). While high levels of resistance were observed towards penicillin, ampicillin, amoxicillin and erythromycin, few resistant bacteria had resistance to rifampicin, tetracycline, kanamycin and streptomycin. Up to 22 and 17 bacteria out of the root endophyte community were resistant to the five antibiotics (kanamycin, penicillin, rifampicin, streptomycin and tetracycline) and (amoxicillin, ampicillin, cefotaxime, ciprofloxacin and erythromycin), respectively (Figure 8B,C).



Qualitative assay of bacterial resistance to metal stress showed that the bacteria were able to survive in the presence of several increasing concentrations of heavy metals. The first studied heavy metal concentration was 500 ppm, in which, 33 bacterial strains were able to resist all five heavy metals. The highest number of metal tolerant bacteria (115) has been commonly recorded for Aluminum (Al2(SO4)3) followed by Zinc (ZnSO4), Nickel (NiSO4) and Cadmium (CdSO4) with 110, 106 and 95 resistant bacteria respectively (Figure 9). Copper (CuSO4) was the most damaging metal, against whom we found only 46 resistant bacteria. Increasing the concentration of all metals up to 1000 ppm resulted in only two Bacillus sp. (LMRE 2 and LMRE 27) that were able to resist all metals. As the heavy metal concentrations increased (2500 ppm) the number of resistant bacterial isolates decreased, falling to zero resistant bacteria in Copper (CuSO4) containing media (Figure 9).




3.6. Biocontrol Ability of L. monopetalum Bacterial Endophyte LMRE 36 Towards Fusarium spp. Plant Pathogens


Bacillus licheniformis LMRE 36 strain was able to inhibit a collection of 14 phytopathogenic Fusarium spp. with up to 35% percentage of inhibition (Figure 10).



3.6.1. Effects of LMRE 36 Treatments on F. solani Fso7 Disease Severity on Potato Tubers


A collection of 14 Fusarium strains collected from infected olive trees orchards where numerous vegetables are also being planted has been tested for their pathogenicity towards potato tubers. After 3 weeks of incubation all Fusarium species proved effective in developing rot around the inoculation site (Figure 11A,B). While, inoculated tubers with Fusarium solani Fso7 reached the highest penetration average (17.13 mm), Fusarium spp. FCR1, Fso8, Fso3, Fso9, Fso11 and Fso12 had average penetration rates of 14.15 mm, 12.88 mm, 11.52 mm, 11.17 mm, 10.53 mm and 10.11 mm respectively. All remaining fungi had less than a 10 mm penetration average. The use of antagonistic bacterium LMRE 36 in controlling the Fusarium solani infection proved effective in controlling disease severity. Thus, significant reductions in decay severity were obtained with the three types of tested biological treatments, with close percentages: 70%, 67% and 66% for preventive, curative and concomitant treatments, respectively, in comparison with the negative control inoculated only by F. solani Fso7 (Figure 11C,D).




3.6.2. Effects of LMRE 36 Treatments on F. solani Fso7 Disease Severity on Olive Twigs


Using the 14 Fusarium strains, collection for inoculation of olive twigs proved that Fusarium disease symptoms on olive twigs appeared from the first 10 days with varying disease severity, when compared to control olive twigs. In fact, after 10 days, only Fusarium solani isolates (Fso7, Fso6, Fso1 and Fso13) exceeded 10 cm of tissue browning, indicating infection progression. While after one month, Fusarium solani isolates in addition to other isolates of F. oxysporum and F. acuminatum induced total rot of olive twigs (Fso7, Fso6, Fso1, Fso13, Fso2, Fso12, Fso10, Fac, Fso13 and Fso5, Figure 12).



Using Bacillus licheniformis LMRE 36 in preventive, curative and concomitant biocontrol assays on olive twigs inoculated with Fusarium solani (Fso6, and Fso7) showed clear protection against disease progression (Figure 13 and Figure 14, respectively). Indeed, when the negative control (inoculated with Fusarium spp. and not treated with LMRE 36) was completely rotten (10 cm) all bacterial treatments inhibited the Fusarium spp. progression up to 75% compared to the control.





3.7. Isolation of the Emerging PSC1 Olive Tree Fungal Pathogen


PSC1 was isolated from diseased olive trees produced in nurseries. Morphological analysis suggested the fungal pathogen to belong to Fusarium genus. Koch’s postulates confirmed that PSC1 was responsible for the observed mortality of olive trees in nurseries (Figure S1).




3.8. Biocontrol Ability and Effects on PSC1 Disease Severity on Olive Twigs of L. monopetalum Bacterial Endophyte LMRE 36 Towards PSC1


Bacillus licheniformis LMRE 36 proved very effective in inhibiting PSC1 growth in vitro with inhibition rates of more than 50% (Figure S1). Using LMRE 36 in preventive, curative and concomitant biocontrol assays on olive twigs inoculated with Fusarium sp. PSC1 showed clear protection against disease progression (Figure 15). Indeed, when the negative control (inoculated with Fusarium sp. and not treated with LMRE 36) was completely rotten (10 cm) all bacterium treatments inhibited the Fusarium spp. progression up to 75% compared to the control.





4. Discussion


Coastal salt marshes are considered special environments, and are one of the most biologically productive habitats on Earth [44]. This ecosystem is inhabited by a variety of halophytic plants that constitute a source of various stress resistances. Halophytic plant L. monopetalum (L.) Boiss., which is an ever-green dwarf shrub Plumbaginaceae, is very common in marshes of coastal environments and saltworks of the Mediterranean region and south Portugal [28,29]. The plant has a well-documented phytoremediation potential, such as the removal of Cd, Zn, Ni and Pb from polluted sites [28,29,30]. It also contains various chemical compounds of medicinal use. Generally, halophytes with traditional health benefits in folk medicine are a source of attraction for modern comprehensive microbial and chemical investigations [38]. All these conditions make unusual extremophilic associated microbiotas, having unique mechanisms of coping with extreme environments, capable of producing unusual metabolites [19,45,46,47]. Plant growth promoting endophytic bacteria represent a widely studied group; they use different mechanisms to penetrate into the plant tissues, particularly in roots which represent the most common mode of entry of endophytic bacteria into their host plant [48].



Consequently, intimate and non-harmful associations can be formed between bacteria and their host plants [49]. This is the biggest difference between endophytes and plant growth promoting rhizobacteria (PGPR) [13]. Like rhizobacteria, there are several mechanisms by which endophytic bacteria offer several benefits to their host plants, particularly by growth promotion, and protection from, and under biotic and abiotic stresses [50]. The variation of endophytic communities between various plants depend on many variables, such as plant tissue analyzed, plant growth stage, plant health, nutritional state, biotic and abiotic stresses [15,21,51]. ICP-OES analysis of the rhizosphere and soil surrounding L. monopetalum proved that that sodium concentrations were strongly reduced in the rhizosphere compared to surrounding soil reflecting; therefore, the importance of L. monopetalum cannot be understated in terms of coping with harmful salt and other stresses. Based on those facts, we aimed for the first time to isolate, screen, characterize and identify endophytic bacteria from L. monopetalum plant roots. 16S–rDNA phylogenetic analysis was used to characterize our endophytic bacterial collection. The results demonstrated that they belong to 10 different genera; the most abundant was Bacillus genus (61%), followed by Proteus (11%), Serratia (9%), Providencia (6%), Enterobacter (4%), Brevibacillus (3%) and Pantoea (2%). The last 3 genera: Klebsiella, Pectobacterium and Nocardiopsis had equal percentages: 1% for each one. Our findings were in agreement with Passari et al. [52] who also found Bacillus as the dominant endophytic genus in roots of Clerodendrum colebrookianum Walp. and Coriandrum sativum respectively [52]. Several other reports documented our reported genera from various crops: As an example, endophytes Bacillus licheniformis, Klebsiella sp., Pantoea sp., Bacillus sp. and Bacillus cereus isolated from maize roots [51], Bacillus sp., and Enterobacter sp., isolated from corn roots [53] and Serratia plymuthica strain G3 isolated from wheat stems [54].



The culturable collection was then evaluated for its PGP potential by the analysis of direct and indirect PGP capacities. Direct PGP activities have been performed by screening for growth on nitrogen free medium, phosphate solubilization, siderophores and IAA production. Half of the isolated bacteria were able to express nitrogenase. The most productive genera were Bacillus, Proteus and Serratia. Similar results have been reported in Ji et al. [55] where Bacillus species have been identified as diazotrophic bacteria. Rice seeds treated with these bacteria showed improved growth, increases in height and dry weight, and antagonistic effects against pathogenic fungi [55]. Similarly, Hongrittipun et al. [56] recovered numerous nitrogen-fixing bacteria from roots and leaves of rice.



As phosphorus mostly occurs in the soil in an insoluble form [13], the intervention of phosphate solubilizing endophytic bacteria becomes important for plants. In our study, Enterobacter sp. was the best phosphate producer in comparison to other bacteria. Similarly, Delgado et al. [57] proved the ability of endophytic Enterobacter sp. to solubilize phosphate on a large scale [57]. Iron is also an essential component for plant growth, given that most of it exists in highly insoluble ferric (Fe3+) form in soils (unavailable for plant uptake). Under iron-limiting conditions PGP bacteria produce low-molecular-weight compounds called siderophores to competitively acquire ferric ions [13]. In our study, 108 endophytic bacterial isolates were able to produce siderophores with Bacillus sp. strains being the best producers. Our results are in agreement with those of Wani and Khan [58] where Bacillus sp. PSB10 was identified as a siderophore producer [58]. Additionally, halotolerant Bacillus bacteria isolated from host plant Arthrocnemum macrostachyum [59] and from Psoralea corylifolia L. [60] possessed multiple growth promoting abilities, including siderophore production.



Microorganisms have the ability to synthesize indole acetic acid (IAA), a vital plant growth regulator hormone, through various pathways utilizing tryptophan as main precursor [13]. In this study, we found that IAA production was carried out by 45 bacterial strains from different genera like Bacillus sp., Proteus sp., Serratia sp., Providencia sp., Enterobacter sp., Klebsiella sp., Pontoea sp., Pectobacterium carotovorum and Nocardiopsis sp. It is well documented that a vast majority of endophytic bacteria synthesized IAA [13].



Indirect PGP activities have been checked by screening isolates for extracellular enzyme production (protease, gelatinase, chitinase, cellulase, amylase, pectinase and glucanase) and for HCN production. Microorganisms with extracellular enzyme activities are not only helpful in organic matter decomposition and PGP, but also play an important role in the disease suppression by inhibiting soil borne pathogens [61,62]. Our findings revealed that 12 endophytic bacteria were able to produce all seven tested enzymes (Protease, Gelatinase, Chitinase, Cellulase, Amylase, Pectinase and Glucanase).



Among those culturable isolates, we found 10 Bacillus strains, including sic Bacillus subtilis, two Bacillus spp. and two Bacillus ceureus, together with two Serratia rubidaea isolates. Those results are comparable to those of El-Deeb et al. [63] who demonstrated that Bacillus sp., Bacillus pumilus, Bacillus licheniformis and Bacillus megaterium have multiple enzyme production capacities. Moreover, Petersen and Tisa [64] proved that secretion of potent lytic enzymes, especially chitinases, is characteristic of most Serratia species. In a recent study [65] it was reported that extracellular lytic enzyme activities, including cellulase, pectinase and protease were displayed by numerous cucurbit seed-associated bacterial endophytes. Generally, hydrolytic enzymes of endophytes may help intracellular colonization and development of endophytism [13].



Another important attribute of PGP bacterial microbiota was the production of HCN which plays an important role in disease suppression of crop plants. In the current study about half of the microbiota bacterial isolates (49.58%) were effective HCN producers, most of them (62%) belong to the genus Bacillus, similar to results reported by Belbahri et al. [13].



Endophytic bacteria recovered in this study were all tested for their antagonistic activity against two bacterial and three fungal phytopathogens. Results clearly showed that a collection of 78 bacterial isolates were able to inhibit both phytopathogenic bacteria Agrobacterium tumefaciens MAT2 and Pectobacterium carotovorum MAT3. Those findings are in agreement with several studies showing the potential of bacterial endophytes as biocontrol agents [53,66,67]. The highest antagonistic inhibitory potential against all bacterial and fungal phytopathogens was recorded in Bacillus genera with maximum growth inhibition of 52% against Fusarium oxysporum, and up to 40% against Alternaria alternata XSZJY-1 and Rhizoctonia bataticola MAT1. Among them, B. licheniformis LMRE 36 was able to inhibit 14 phytopathogenic Fusarium spp. for up to 35%. Multiple reports demonstrated the capacities of Bacillus strains to control Fusarium-induced plant diseases [68]. The antagonistic capacities of endophytic bacteria are explained by their plant growth promoting abilities, both directly and indirectly during normal and stress conditions [13].



The Limoniastrum monopetalum endophytic community displayed also high levels of multi-resistance to diverse antibiotics with up to 39 bacteria resistant to five antibiotics. That suggests high a capacity of the endophytic bacteria to cope with xenobiotics that could interfere with plant growth and development. Heavy metals negatively influence endophytic bacterial diversity and composition in plants [69,70]. The hyper-accumulator plants constitute a complex and specialized endophytic bacterial flora with high levels of resistance to heavy metals [69,70]. That may be due to the adaptation strategies of endophytic bacteria to heavy metal containing environment [13].



Those findings are in agreement with this study where our isolates were able to resist all five metals tested in the following order: CuSO4 > NiSO4 > CdSO4 > ZnSO4 > Al2(SO4)3. At 500 ppm heavy metal concentration, more than 100 bacteria were able to resist to Aluminum, Zinc and Nickel. At 1000 ppm only 2 Bacillus spp. were able to resist all metals. Those findings are in agreement with Shin et al. [69] who reported that endophytic bacterial strain Bacillus sp. MN3-4 isolated from the roots of the metal hyperaccumulator plant Alnus firma had evolved a better-defined metal-resistant mechanism. Ma et al. [70], demonstrated that Bacillus thuringiensis GDB-1 and Bacillus pumilus E2S2 isolated from Alnus firma and Sedum respectively, were able to resist at least three heavy metals (Cd, Cu and Zn) [70]. Lastly, we found that copper (CuSO4) was the most damaging metal where none of the isolated bacteria were able to resist to 2500 ppm.



Plant fungal pathogens could be responsible for massive destruction of crop yield [1]. Particularly, pathogenic soil borne Fusarium species represents one of the most threatening diseases affecting multiple plant crops, such as olive trees (Olea europaea L.) and potato plants (Solanum tuberosum L.) [39]. In our study, using a collection of 15 Fusarium spp. isolated from diseased olive trees intercropped with solanaceous crops (potato, pepper, tomato, etc.), we were able to confirm their pathogenicity on olive twigs. Fusarium solani isolates, including Fso7, Fso6, Fso1, Fso13, Fso12, Fso10 and Fso5, Fusarium oxysporum Fso2, and Fusarium acuminatum Fac were able to induce brown wilt symptoms on the longitudinal sections of olive twigs (Olea europaea L. cv. ‘Chemlali’), until reaching total rot of the twigs. That Fusarium spp. pathogenic collection was also tested on potato tubers (Solanum tuberosum L. cv; ‘Spunta’). The results showed that Fusarium solani Fso7 caused the highest dieback symptoms.



Using Bacillus licheniformis LMRE 36 in Fusarium in planta biocontrol experiments proved that preventive, curative and concomitant treatment results on both olive twigs and potato tubers were very efficient in coping with the development of the infection by the most infectious Fusarium solani isolates Fso7 and Fso6. Percentage of decay severity reduction reached at least 66%, suggesting high efficiency of biocontrol ability of LMRE 36 bacterial species. Multiple other reports confirmed the Bacillus strains’ capabilities to overcome Fusarium spp. diseases [19,71,72,73]. The basis for the observed activity of Bacillus spp. against Fusarium pathogenic species has been linked to secondary metabolites that strongly interfere with fungal pathogens [74,75]. To test the validity of our strategy against emerging pathogens, we isolated Fusarium sp. PSC1 an emerging pathogen of olive tree production and growth in nurseries. LMRE 36 bacterial endophyte proved active against PSC1 in in vitro confrontation testing and in planta preventive, curative and concomitant treatments.




5. Conclusions


Our strategy proved effective in pyramiding desirable traits in biocontrol agents, for achieving broad-spectrum resistance against several pathogens and demonstrating crop protection from common abiotic stresses. Stacking multiple desirable traits into single biocontrol agent could, therefore, be generalized and can be achieved by first, careful selection of host for endophyte recovery; second, stringent in vitro selection of putative candidates from the collection; and third, application of the selected biocontrol agents in in planta experiments. This pyramiding strategy could be successfully used in future studies to mitigate the effects of diverse biotic and abiotic stresses on plant growth and productivity. It is anticipated that this strategy will provide a new generation biocontrol agents in future studies targeting highly biotic and abiotic stress resistant plants thriving in hostile environments.
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Figure 1. Neighbor-joining phylogenetic tree of Gram-positive and Gram-negative bacteria. The tree was constructed using sequences of 16S-rDNA and rooted to Streptomyces lincolnensis strain NRRL2936. Scale bar, number of expected changes per site. 
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Figure 2. Enzyme activity (IAA production, siderophore production, phosphate solubilization, nitrogen fixation and HCN production) of Gram-positive bacterial isolates. 
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Figure 3. Enzyme activity (IAA production, Siderophore production, Phosphate solubilization, Nitrogen fixation and HCN production) of Gram-negative bacterial isolates. 
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Figure 4. (A) Heat-map and (B) in vitro extracellular enzyme (amylase, protease, gelatinase, cellulase, pectinase, glucanase and chitinase) activity of Gram-positive bacterial isolates. 
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Figure 5. (A) Heat-map and (B) in vitro extracellular enzyme (amylase, protease, gelatinase, cellulase, pectinase, glucanase and chitinase) activity of Gram-negative bacterial isolates. Numbers indicate degradation halo (mm). 
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Figure 6. (A) Bar-chart of confrontation assay of Gram-positive bacterial isolates against fungal strains and bacterial isolates. (B) Confrontation test of Alternaria alternata against bacteria. 
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Figure 7. (A) Bar-chart of confrontation assay of Gram-negative bacterial isolates against fungal strains and bacterial isolates. (B) Confrontation test of Rhizoctonia bataticola against bacteria. 
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Figure 8. (A) Shape-plot and (B,C) Venn diagram of antibiotic resistance of Gram-positive and Gram-negative bacterial isolates. 
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Figure 9. Multi-value bar-charts of heavy metal (Cd, Cu, Ni, Zn and Al) resistance of Gram-positive and Gram-negative bacterial isolates. (Dilutions of heavy metals: 500 ppm, 1000 ppm and 2500 ppm). 
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Figure 10. (A) Antifungal activity of bacterial strain LMRE 36 against Fusarium isolates. Data presents mean ± standard error. Bars labelled with the same letters were not significantly different among the treatments at p < 0.05 using Tukey’s HSD test. (B) Microscopical confrontation assay of LMRE36 against different Fusarium strains. 
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Figure 11. (A,B) Pathogenicity assay of Fusarium spp. strains against potato tubers. (C) Effects of LMRE 36 bacterial isolate on Fusarium solani strain Fso7 on potato tubers rot severity as compared to controls. (D) Effect of preventive, concomitant and curative biocontrol treatment on potato tubers at 10, 22 and 35-days post-inoculation with Fusarium solani strain Fso7. Data presents mean ± standard error. Bars labelled with different letters are significantly different among the treatments at p < 0.05 using Tukey’s HSD test. 
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Figure 12. (A,B) Rot length of olive tree shoots (mm) caused by Fusarium spp. strains at 10, 22 and 35-days post-inoculation. Data presents mean ± standard error. Bars labelled with different letters are significantly different among the treatments at p < 0.05 using Tukey’s HSD test. 
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Figure 13. (A) Effects of LMRE 36 bacterial isolates on Fusarium solani strain Fso6 on olive tree shoots rot severity as compared to controls. (B) Effect of preventive, concomitant, and curative biocontrol treatment on olive tree shoots at 10, 22 and 35-days post-inoculation with Fusarium solani strain Fso6. Data presents mean ± standard error. Bars labelled with different letters are significantly different among the treatments at p < 0.05 using Tukey’s HSD test. 






Figure 13. (A) Effects of LMRE 36 bacterial isolates on Fusarium solani strain Fso6 on olive tree shoots rot severity as compared to controls. (B) Effect of preventive, concomitant, and curative biocontrol treatment on olive tree shoots at 10, 22 and 35-days post-inoculation with Fusarium solani strain Fso6. Data presents mean ± standard error. Bars labelled with different letters are significantly different among the treatments at p < 0.05 using Tukey’s HSD test.
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Figure 14. (A) Effects of LMRE 36 bacterial isolates on Fusarium solani strain Fso7 on olive tree shoots rot severity as compared to controls. (B) Effect of preventive, concomitant, and curative biocontrol treatment on olive tree shoots at 10, 22 and 35-days post-inoculation with Fusarium solani strain Fso7. Data presents mean ± standard error. Bars labelled with different letters are significantly different among the treatments at p < 0.05 using Tukey’s HSD test. 
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Figure 15. (A) Effects of LMRE 36 bacterial isolate on Fusarium solani strain PSC1 on olive tree shoots rot severity as compared to controls. (B) Effect of preventive, concomitant, and curative biocontrol treatment on olive tree shoots at 10, 22 and 35-days post-inoculation with Fusarium solani strain PSC1. Data presents mean ± standard error. Bars labelled with different letters are significantly different among the treatments at p < 0.05 using Tukey’s HSD test. 
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