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Abstract

:

White rot, caused by Stromatinia cepivora (Anamorph: Sclerotium cepivorum Berk), is a serious soil-borne disease of the onion that restricts its cultivation and production worldwide. Herein, we isolated and characterized a plant growth-promoting rhizobacterium Stenotrophomonas maltophilia from healthy onion roots and an endophytic bacterium Serratia liquefaciens from healthy bean leaves. Both isolates showed strong fungistatic activity against S. cepivora using the dual culture and culture filtrate methods. This effect might be due to the presence of several volatile compounds, especially menthol in both culture filtrates as shown with a GC-MS analysis. Additionally, the root drench application of cell-free culture filtrates of S. maltophilia and S. liquefaciens significantly reduced the incidence and severity of white rot disease on treated onion plants, which was associated with the activation of both enzymatic (POX and PPO) and non-enzymatic (phenolics and flavonoids) antioxidant defense machineries of S. cepivora-infected onion plants. Moreover, the culture filtrates of both bacterial bioagents remarkably enhanced the growth (as expressed by root length, plant height, and number of leaves) and yield parameters (as indicated by bulb circumference, fresh weight of the bulb, and bulb yield per plot) of treated onion plants under field conditions during two successive seasons (2020/2021 and 2021/2022). This might be because of a reduced disease severity and/or the accumulation of the main auxin, indole-3-acetic acid (IAA), and its precursor, the amino acid tryptophan. Our findings suggest that both bioagents might be utilized as eco-friendly alternative control measures to reduce the utilization of chemical fungicides entirely or partially for the safer production of onion in S. cepivora-infested soils.
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1. Introduction


An onion (Allium cepa L.) is one of the oldest vegetable crops known to humans, as its cultivation dates back more than 5000 years [1], and, nowadays, it is one of the most cultivated vegetables all over the world. It is an important crop grown in Egypt and worldwide, whether for local consumption or exportation. Onions are rich in chemical compounds that have medical importance, such as flavonoids [2]. The global production of onions reached 106.59 million tons and the harvested area was 5.78 million hectares in 2021 [3]. Additionally, Egypt cultivated 94,457 hectares of onions, yielding 35.0684 tons per hectare, with a total production of 3.31 million tons [3]. An onion is attacked by several phytopathogens such as viruses, bacteria, fungi, and nematodes, which cause serious diseases and economic losses [4]. However, white rot disease caused by Sclerotium cepivorum Berk (teleomorph: Stromatinia cepivora) is the most serious disease and a limiting factor for onion production worldwide [5]. S. cepivora is a soil-borne fungus that can attack onion roots from seedlings to the harvest stage, resulting in plant death during a season [6].



The ascomycetous S. cepivora is a necrotrophic fungus that can infect numerous susceptible Allium species, particularly onions, leeks, and garlic, causing white rot disease. Although S. cepivora does not produce any known asexual spores, it survives and overwinters as sclerotia (the survival stage) [7]. Sclerotia are small, black, globular, solid structures that are produced by the pathogen at the end of its life cycle and can resist unfavorable environmental conditions and remain dormant in the soil for years even without a host [7]. It was reported previously that an unpredictable quantity of sclerotia produced naturally on infected hosts might decay shortly after the formation for unknown reasons; however, sclerotia that survive beyond the decay period are probable to persist viably for 20 years in the soil under field conditions in the absence of host plants [8]. Although sclerotia can spread from field to field through unsuccessful sanitation practices such as soil movement and/or contaminated water, only Allium root exudates stimulate sclerotia germination, which remains as the host range limited to Allium species [9].



Management of onion white rot is incredibly challenging and requires multi-pronged strategies due to the above-listed characteristics of sclerotia. These strategies include but are not limited to cultural controls such as crop rotation with nonhost plants, sanitation such as soil solarization [10], biological control using sclerotia germination stimulants, composted onion waste [11], or fungal and bacterial bioagents [12,13]. Although an individual control method does not give the desired level of disease management, chemical fungicides are considered the most effective means used to control this disease [14]. Despite the effectiveness of synthetic fungicides, the extensive and repeated use of these fungicides results in several environmental problems and has undesirable effects on humans, animals, and non-targeted microorganisms. Moreover, fungicides might disrupt natural biological systems via the development of fungicide-resistant fungal strains [15,16]. Consequently, it is necessary to prompt an intensive search for cheap eco-friendly alternatives that are safer for humans, animals, and the environment.



Biological control of soil-borne phytopathogens is a potential alternative to reduce the use of hazardous chemical fungicides entirely or partially. Biological control is one of the most sustainable alternative methods in controlling plant diseases due to its low cost and environmental friendliness [17,18]. Direct mechanisms/mode-of-actions of biological control against soil-borne phytopathogenic fungi involve, but are not limited to, antibiosis, cross-protection, hyperparasitism, predation, soil amendments, induced systemic resistance (ISR), as well as competition for a site and nutrient [17,18]. Moreover, plant growth-promoting rhizobacteria (PGPR) are considered one of the most important biological control agents for plant diseases that colonize the roots of many plants [19]. Stenotrophomonas maltophilia is a widespread PGPR that is isolated from the rhizosphere of many plants [20] such as cruciferous, corn, and beets [21]. Additionally, Garbeva et al. found that S. maltophilia colonizes and persists inside the tissues of potato plants [22]. S. maltophilia was effective in inhibiting the mycelial growth of Rhizoctonia solani, Verticillium dahliae [23], Sclerotium rolfsii [24], and Pyricularia oryzae (sexual morph Magnaporthe oryzae) [25]. Moreover, it had an antagonistic effect against Ralstonia solanacearum in vitro and on potato plants under greenhouse conditions [20].



On the other hand, endophytic bacteria could be isolated from different parts of a plant including roots, stems, leaves, flowers, fruits, and seeds, and be used in biological control for plant diseases [26]. Endophytic bacteria colonize the internal tissues of plants without causing any negative effects or disease symptoms [27]. In addition, they were identified as effective biological control agents for a variety of plant diseases [26]. Serratia liquefaciens is an endophytic bacterium isolated from Pinellia ternata for the first time by Liu et al. [28]. Additionally, S. liquefaciens and S. proteamaculans were investigated for their antifungal activity against several phytopathogenic fungi including Sclerotinia sclerotiorum Fusarium oxysporum, Rhizoctonia solani, Botrytis cinerea, and Alternaria alternata by Michail et al. [29].



In the current study, we isolated and characterized S. maltophilia and S. liquefaciens, and investigated their potential antifungal activity against S. cepivora, the causal agent of onion white rot disease, in vitro and in vivo under field conditions. We hypothesized that both bioagents may affect the growth and yield components of S. cepivora-infected onion plants. Moreover, we suggest that the plant growth-promoting properties of both bioagents are correlated with the activation of enzymatic and non-enzymatic antioxidant defense machinery and the accumulation of phytohormones such as auxins. Gas chromatography–mass spectrometry (GC-MS) was used to identify the chemical composition of culture filtrates of S. maltophilia and S. liquefaciens to better understand the function of these bacterial secretions, as well as their involvement in suppressing the growth of S. cepivora and reducing the disease severity of onion white rot.




2. Materials and Methods


2.1. Isolation of the Causal Agent of Onion White Rot Disease


The causal agent S. cepivora was isolated from onion bulbs and roots that exhibited typical symptoms of white rot disease. Samples were collected from different sites at EL-Gharbia governorate Egypt. Isolates of S. cepivora were obtained by scraping the mycelium or sclerotia from onion bulbs and roots then placed on a Potato Dextrose Agar (PDA) medium and incubated at 20 ± 2 °C for 7 days. Isolates were initially identified based on their cultural, morphological, and macroscopic characteristics and then tested for their pathogenicity.



2.1.1. Pathogenicity Test


The pathogenicity of seven isolates of S. cepivora was tested on 50-day-old healthy onion seedlings of the susceptible cultivar Giza 20. To prepare the fungal inoculum, 500 mL glass bottles containing 100 g of barley grains and 50 mL of water were autoclaved; five discs of each isolate were inoculated into the barley medium and incubated at 20 ± 2 °C for 30 days. Plastic pots (30 cm) were filled with sterilized sand–clay soil 1:1 (v/v) and infected with fungal inoculum 14 days before transplanting at a rate of 15 g·kg−1. Plants were watered as needed and other agricultural practices were conducted as recommended. Onions were uprooted at 150 days post transplanting (dpt) to evaluate the disease incidence and severity. The disease incidence was assessed by counting onion plants that had a visible white rot mycelium and/or sclerotia on the roots and scored as white rot-infected. The disease incidence (%) was calculated using Equation (1):


  Disease   incidence   ( % ) =   N u m b e r   o f   i n f e c t e d   p l a n t s   N u m b e r   o f   t o t a l   p l a n t s   × 100  



(1)







Whereas the severity of onion white rot disease was evaluated according to a 5-degree symptom scale according to Tian and Bertolini [30] with slight modifications as follows: 0: Healthy; 1: Bulb covered with mycelium but not rotted; 2: Bulb covered with mycelium, and 1–25% of the bulb rotted; 3: Bulb covered with mycelium, 25–50% of the bulb rotted; 4: Bulb covered with mycelium, 50–75% of the bulb rotted; and 5: Bulb covered with mycelium, 75–100% of the bulb rotted.



Disease severity scores were converted into percentages according to Equation (2) as described by Zewide et al. [31] as follows:


  Disease   severity   ( % ) =   T o t a l   o f   a l l   r a t i n g s     T o t a l   n u m b e r   o f   p l a n t s × m a x i m u m   s c o r e   × 100  



(2)







Based on the pathogenicity test, isolate #4 was the most aggressive isolate and showed the highest pathogenicity among the tested isolates, so it was selected for molecular identification based on the sequence of its internal transcribed spacer (ITS) region. Moreover, it was selected for all subsequent experiments.




2.1.2. Molecular Identification of S. cepivora


The most aggressive isolate of S. cepivora (isolate #4) was subjected to molecular identification [32,33]. Briefly, this isolate was grown on a sterilized potato dextrose broth (PDB) and incubated at 20 ± 2 °C for 10 days. Subsequently, the mycelium and sclerotia were collected and filtered using cheesecloth, washed twice with sterilized deionized water, and dried using filter paper. Approximately 0.1 g of the mycelium and sclerotia were ground to a fine powder using liquid nitrogen. The total DNA of the pathogenic fungus was extracted using a Quick-DNA™ Fungal/Bacterial Miniprep Kit according to the manufacturer’s instructions and then purified, and the targeted sequences of the ITS region (ITS-5.8S rDNA) were amplified using PCR. The purified PCR products were sent for sequencing (Aoke Dingsheng Biotechnology Co., Beijing, China). Sanger sequencing was used to perform the two-directional sequencing of the ITS-5.8S rDNA sequences. DNABASER software (Heracle BioSoft S.R.L., Arges, Romania) was used to process and assemble consensus sequences. Subsequently, a Nucleotide-Nucleotide Basic Local Alignment Search Tool (BLASTn) was used to compare the assembled sequence with the most recent available data in GenBank and the national center for biotechnology information website (NCBI, http://www.ncbi.nlm.nih.gov/gene/; accessed on 7 February 2023).




2.1.3. Phylogenetic Analysis


An evolutionary analysis and phylogenetic trees were constructed using the assembled sequence of the ITS-5.8S rDNA based on the Maximum Likelihood method and Tamura-Nei model [34] using Molecular Evolutionary Genetics Analysis–Version 11 (MEGA 11) software using 500 bootstrap replications [35]. In addition to the query sequence, about 20 reference strains/isolates (Tables S1–S3 in Supplementary Material) were selected and used for multiple sequence alignment using ClustalW multiple sequence alignment algorithms.





2.2. Isolation of Plant Growth-Promoting Rhizobacterium and Endophytic Bacterium


A plant growth-promoting rhizobacterium (PGPR) was isolated from the rhizosphere soil of healthy onion plants growing next to diseased plants using the plate of soil dilution method as described by [36]. The soil attached to healthy plants’ roots was removed, collected, air dried, and mixed well. In total, 10 g of homogenized soil was placed in conical flasks, 100 mL of sterilized distilled water (SDW) was added—well shaken for 10 min (150 rpm at 30 °C)—and serial dilutions were prepared. Subsequently, 100 μL of the last dilution was spread on surfaces of Petri dishes containing a nutrient agar (NA) medium with a sterilized Drigalski glass triangle; the dishes were incubated at 28 ± 2 °C for 48 h. Growth in incubated dishes was examined and purified using a single colony.



Furthermore, an endophytic bacterium was isolated from fresh healthy leaves of common bean plants. Firstly, leaves were washed with tap water, air dried, and surface sterilized in 70% ethanol for 3 min, then in 2% sodium hypochlorite for 2 min, and finally rinsed with SDW 3 times. The samples were crushed in a sterilized mortar with 5 mL of an aqueous saline solution of 0.9% NaCl. In total, 100 µL of a suspension was spread on the surface of the Petri dishes containing the nutrient agar (NA) medium according to [37]; the dishes were incubated at 30 °C for 48 h.



Molecular Identification of S. maltophilia and S. liqufaciens


The tested isolates of bacteria were subjected to molecular identification through 16S rRNA sequencing. Total genomic DNA was extracted from a 2-day-old culture, using a Quick-DNA™ Fungal/Bacterial Miniprep Kit according to the manufacturer’s instructions. The PCR amplification and sequencing of the DNA extracts were performed. The PCR products were examined using agarose gel electrophoresis, and products that had shape bands were sent to a sequencing company (Aoke Dingsheng Biotechnology Co., Beijing, China) for sequencing. BLASTn was used to compare the raw fast sequence data with the NCBI nucleotide sequence database after being processed as described above.





2.3. In Vitro Antifungal Activity of S. maltophilia and S. liqufaciens


2.3.1. Dual Culture Assay


The dual culture assay was used to investigate the in vitro antifungal activity of S. maltophilia and S. liqufaciens isolates against S. cepivora. Briefly, bacterial isolates were separately streaked at 1 cm on one side of the outer edge of the Petri dishes containing a PDA medium and incubated at 28 ± 2 °C for 48 h. Then, a 6 mm mycelial disc of S. cepivora obtained from a freshly growing culture was placed on the other side of the plates. Plates inoculated with S. cepivora discs from one side and streaked with a line of sterile deionized water on the other side were used as a negative control. Likewise, Folicure 25% EC (Tebuconazole 25%), a triazole fungicide, was used as a positive control by dipping a 0.4 × 3.5 cm bar of filter papers in a solution of the recommended dose (25 mL per liter) and placed on the surface of the PDA on one side and a 6 mm mycelial disc of S. cepivora on the other side. All inoculated plates were incubated at 20 ± 2 °C for 10 days until the mycelial growth of the pathogenic fungus covered the entire control plates. The inhibition zone was calculated according to [38] as the distance between the bioagent bacteria and the edge of the pathogenic fungal mycelium.




2.3.2. Culture Filtrate Assay


A cell-free cultural filtrate of S. maltophilia or S. liqufaciens isolates was prepared in 250 mL flasks containing 100 mL of a sterilized nutrient broth medium (agar-free nutrient medium); flasks were inoculated with a loop of each bacteria, which was taken from a 2-day-old culture. Inoculated flasks were incubated on a rotary shaker at 200 rpm for 5 days at 28 ± 2 °C. The culture filtrates of bacteria were obtained through centrifugation for 10 min at 10,000 rpm, then the supernatant was collected and filtrated with a 0.45 µm pore-size syringe filter. Subsequently, the effect of the culture filtrate of S. maltophilia and S. liqufaciens on the radial growth of S. cepivora was tested using PDA plates amended with culture filtrates of the test bacteria. An appropriate volume of the S. maltophilia and S. liqufaciens culture filtrate was mixed with PDA before pouring into 9 cm-diameter Petri dishes to obtain concentrations of 0, 20, 40, 60, and 80% (v/v). The plates without culture filtrates were used as a negative control, whereas plates with 0, 20, 40, 60, and 80% (v/v) of the recommended dose (25 mL per liter) of the Folicure fungicide were used as a positive control. After solidification, 0.6 cm mycelial discs from active cultures of the pathogenic fungus were placed into the center PDA plates. The plates were incubated at 20 ± 2 °C for 10 days. Each concentration was repeated with six replicate plates. The percentage of a decrease in fungal growth was calculated using Equation (3) as follows:


  Mycelial   inhibition   ( % ) =   M y c e l i a l   g r o w t h   i n   c o n t r o l − M y c e l i a l   g r o w t h   i n   t r e a t m e n t   M y c e l i a l   g r o w t h   i n   c o n t r o l   × 100  



(3)









2.4. Field Experiments


Field experiments were conducted in an open field naturally infected with S. cepivora during two successive seasons, 2020/2021 and 2021/2022, respectively. The experiments were carried out in a randomized complete design with 12 biological replicates for each treatment or control (negative (mock) and positive (fungicide)). The area of each plot was 4.5 m2 and consisted of 3 rows; each row was 2 m in length and 75 cm in width. Onion seedlings were transplanted after being dipped in the cell-free cultural filtrates of S. maltophilia, S. liqufaciens, the nutrient broth (mock), or fungicide treatment. An additional dose of bacterial filtrates (20 mL per plant), as well as controls, were added through a root drench application 14 days post transplanting (dpt). Irrigation, fertilization, and other agricultural practices were conducted as recommended for onion production. Folicure 25% EC (Tebuconazole 25%), a triazole fungicide, was used in the current study as a recommended fungicide (positive control) by dipping onion seedlings for 5 min in 25 mL of fungicide per liter of water just before transplanting. Additionally, according to [39], the grown plants were sprayed with 187.5 mL/100 L of water after 6 and 12 weeks after transplanting.



2.4.1. Disease Assessment


Plants were uprooted after 150 dpt to evaluate the disease incidence and severity according to the 5-degree scale as mentioned above.




2.4.2. Vegetative and Yield Parameters


Plants from each plot were uprooted 150 dpt to calculate the plant height (cm), root length (cm), and number of leaves, as well as the bulb circumference (cm), bulb fresh weight (g), and bulb yield (kg·plot−1).




2.4.3. Total Soluble Phenolic and Flavonoid Compounds


According to [40] and using a Folin–Ciocalteu reagent (FCR), the total soluble phenolic compounds were evaluated. Briefly, phenolic compounds were extracted from 100 mg of fresh onion leaves with 20 mL of 80% methanol for 24 h. After extraction, 1 mL of 10% FCR was added to 0.2 mL of a methanolic extract and then vortexed for 30 s. After 3 min, 0.8 mL of 7.5% sodium carbonates (w/v) were added to the mixture. Subsequently, the mixture was incubated at room temperature for 30 min, and the absorption was measured at 765 nm. The total soluble phenolic content is expressed as mg of gallic acid equivalents per gram of fresh weight (mg GAE g−1 FW). Moreover, according to the methods described by [41], the total soluble flavonoids were evaluated. Briefly, 1 mL of a methanolic extract of onion leaves was mixed with 1 mL of aluminum chloride, ALCL3 (2% in methanol). The mixture was strongly shaken and incubated for 15 min at room temperature, then the absorption was measured at 430 nm. The flavonoid concentration was expressed as mg of Rutin equivalents per gram of fresh weight (mg RE g−1 FW).




2.4.4. Enzymatic Activity


Approximately 0.5 g of fresh onion leaves was collected at 1, 2, 3, 4, and 5 days post treatment with culture filtrates of S. maltophilia and S. liqufaciens. Onion leaves were homogenized in 5 mL of a 50 mM Tris buffer (pH 7.8) containing 1 mM of EDTA-Na2 and 7.5% polyvinylpyrrolidone PVP in a cold mortar and pestle for guaiacol-dependent peroxidases (POX) and polyphenol oxidase (PPO). The leaves’ extract was centrifuged at 15,000× g for 20 min at 4 °C. Then, the supernatants were used for the enzyme assays.



The POX activity was assessed by measuring the formation of the guaiacol-bound product at 436 nm according to [42]. The reaction mixture contained 2.2 mL of a 100 mM sodium phosphate buffer (pH 6.0), 100 μL of guaiacol, 100 μL of 12 mM H2O2, and 10 μL of a crude enzyme extract. The increase in the absorption at 436 nm (A436) was measured as the conjugate was formed using an extinction coefficient of 26.6 mM−1 cm−1 for the conjugate. Additionally, the PPO activity was determined according to the method described in [43]. The reaction mixture contained 3 mL of a buffered catechol solution (0.01 M), freshly prepared in a 0.1 M phosphate buffer (pH 6.0). The reaction was started by adding 100 μL of a crude enzyme extract. Changes in the absorbance at 495 nm (A495) were recorded every 30 s for 3 min.





2.5. Gas Chromatography–Mass Spectrophotometry (GC-MS) Analysis


2.5.1. Chemical Composition of Bacterial Culture Filtrates


To investigate the chemical composition and to identify active components of culture filtrates, a 48-h-old bacterial culture was centrifugated and the supernatant was collected. The supernatant was concentrated using evaporation at 50 °C in a rotary evaporator. The residue that contained the secondary metabolites and chemical compounds was analyzed using GC–MS after solving in n-hexane [44]. The GC–MS analysis was performed using a Clarus 580/560 S PerkinElmer instrument (PerkinElmer, Inc., Waltham, MA, USA) equipped with a capillary column (30 m × 0.25 mm ID, film thickness of 0.25 μm). Helium was used as the carrier gas at a flow rate of 1 mL.min−1 with a solvent delay of 6 min. The initial temperature was 80 °C for 7 min, then it was increased to 140 °C at the rate of 10 °C per minute and held for 1 min, then to 200 °C at the same rate and held for 2 min, and finally increased to 260 °C at the rate of 5 °C per minute and held for 2 min. The source and injector temperatures were 200 °C and 280 °C, respectively. For the analysis, 1 μL was injected with a spilt ratio of 1:20. Detected compounds were tentatively identified by comparing their retention times and mass spectrum with library entries in the NIST 2011 mass spectral database (National Institute of Standards and Technology, Gaithersburg, MA, USA) and the Golm Metabolome database.




2.5.2. Quantification of Indole-3-Acetic Acid (IAA) and Tryptophan Using GC-MS


To better understand the stimulant effect of both bacterial culture filtrates on onion growth, the endogenous levels of tryptophan (the precursor of auxins) and the main auxin, IAA, were investigated. Briefly, both compounds were extracted from 100 mg of ground plant tissues using acidic 80% methanol as described in our previous studies [45,46,47], then derivatized with methyl chloroformate [48,49] and analyzed using GC-MS running in the selective ion monitoring (SIM) mode [45,47]. Targeted metabolites were analyzed using the same instrument described above with our previously described thermos-program [45,46,47]. Collected chromatograms were analyzed using TurboMass software (Perkin Elmer, Waltham, MA, USA). Tryptophan and IAA were initially identified by comparing their mass spectra with library entries of the same libraries listed above, then their identification was confirmed by comparing their retention times (RT) and mass spectra to authentic standards.





2.6. Statistical Analysis


All experiments were carried out using a completely randomized design with 12 replicates for each treatment. The analysis of variance (ANOVA) statistical model followed by post hoc pairwise comparisons using the Tukey honestly significant difference test were used to compare variances between means of different treatments (HSD; p ≤ 0.05). Moreover, a simple linear regression (SLR) analysis was carried out to better understand the relationship between the mycelial growth inhibition percentage and the concentrations of culture filtrates of S. maltophilia and S. liquefaciens.





3. Results


3.1. Isolation and Identification of S. cepivora


Seven isolates were isolated from diseased onion plants showing typical symptoms of white rot disease. Although the seven isolates were pathogenic and produced typical white rot on onion plants under greenhouse conditions (Figure 1A), isolate #4 was the most aggressive one and resulted in the highest disease severity (90.69 ± 4.16%) on onion plants. Isolate #4 showed typical morphological characteristics and colony texture with Sclerotium sp. when grown on a PDA medium (Figure 1B,C). Briefly, isolate #4 formed white cultures with fluffy to compact mycelia (Figure 1B) that were covered by small round or irregular-shaped dark brown sclerotia (Figure 1C) similar to those observed on naturally infected onion plants. However, sexual structures were absent and were not observed. Collectively, the pathological and morphological characteristics proposed that the isolated fungus was S. cepivorum, the causal agent of onion white rot disease. To further confirm the identification, the most aggressive isolate (isolate #4) was selected for a further genetic identification based on the sequence of the internal transcribed spacer (ITS) region (Figure 1C). Briefly, the query sequence showed a high similarity with the large subunit ribosomal RNA gene of S. cepivora—strain CBS 321.65 (GenBank Accession No. MH870230.1) (Figure 1D). The new sequence was deposited in the NCBI database and named “S. cepivora—Isolate 2023” (GenBank Accession No. OQ392600).




3.2. Isolation and Identification of Bacterial Bioagent


Two bacterial bioagents were isolated and characterized in this study. The first bacterium was from healthy onion roots. It formed small (approximately 3 mm in diameter), circular, smooth, convex colonies with a ligh–yellow tint on the nutrient agar medium after 24 h post incubation at 37 °C (Figure 1E) and usually produced a yellowish soluble pigment that could be observed from the bottom side of the plate (Figure 1F). A microscopic examination of the isolated bioagent showed that the bacterium is a straight, motile, Gram-negative rod. Moreover, the identification of the isolated bioagent was confirmed based on the sequence of the 16S ribosomal RNA gene. The evolutionary analysis showed that the query sequence showed a high similarity with S. maltophilia—strain CL119b and strain CL251b (GenBank Accession No. MN512161.1 and MN512172.1, respectively) (Figure 1G). The new sequence was deposited in the NCBI database and named “S. maltophilia—Isolate YN-2023” (GenBank Accession No. OQ975839).



Another bacterial bioagent was endophytic and isolated from healthy bean leaves. It formed circular, smooth, white raised colonies with entire margins when it was grown on a nutrient agar medium (Figure 1H,I). A microscopic examination showed that the bacterium is a straight, motile, Gram-negative rod. Moreover, the evolutionary analysis based on the sequence of the 16S ribosomal RNA gene showed that the query sequence showed as highly similar to S. liquefaciens—strain PW71 (GenBank Accession No. MW857269.1) and Serratia sp.—CH-N28 (GenBank Accession No. KP325101.1) (Figure 1J). The new sequence was deposited in the NCBI database and named “S. liquefaciens—Isolate AE-2023” (GenBank Accession No. OQ975841).




3.3. S. maltophilia and S. Liquefaciens Inhibited the Mycelial Growth of S. cepivora


The antifungal activities of both bioagents (S. maltophilia and S. liquefaciens) against S. cepivora were tested in vitro using dual culture and culture filtrate techniques. In the dual culture plates, both bioagents showed strong fungistatic activity against S. cepivora (Figure 2A) and significantly reduced its radial mycelial growth on PDA (Figure 2B). Although the Folicure fungicide (Tebuconazole 25%) had the lowest radial mycelia growth of S. cepivora (2.85 ± 0.50 cm), both S. maltophilia and S. liquefaciens significantly reduced the radial mycelia growth of S. cepivora (3.71 ± 0.16 and 4.95 ± 0.32 cm, respectively) compared with the mock control (Figure 2B). In other words, both S. maltophilia and S. liquefaciens notably inhibited the mycelia growth of S. cepivora by 58.74 ± 1.75% and 44.95 ± 3.51%, respectively, compared with the mock control (Figure 2C).



Moreover, the utilization of bioagent culture filtrates demonstrated strong dose-dependent antifungal activity against S. cepivora (Figure 2D). Briefly, increasing the percentage of the culture filtrate in PDA media from 20 to 80% significantly increased the inhibition of mycelial growth of S. cepivora (Figure 2E). It is worth mentioning that the mycelial growth inhibition (%) due to the utilization of the highest concentration (80%) of the culture filtrate of S. maltophilia was similar to the positive control (Folicure fungicide) and significantly inhibited the mycelial growth of S. cepivora (99.00 ± 1.73%; Figure 2E). Furthermore, the simple linear regression (SLR) showed that the mycelial growth inhibition percentage was positively correlated with the concentrations of culture filtrates of S. maltophilia (y = 0.92x + 31.79; R2 = 0.9103), S. liquefaciens (y = 1.08x − 12.04; R2 = 0.9606), and the Folicure fungicide (y = 0.40x + 67.56; R2 = 0.9576) (Figure 2F).




3.4. Culture filtrates of S. maltophilia and S. liquefaciens Reduced the Development of White Rot Disease


In general, the utilization of the culture filtrates of both bioagents (S. maltophilia and S. liquefaciens) significantly decreased the development of white rot disease on treated onion plants compared with the mock-treated infected plants (control) as expressed by the disease incidence (%) and disease severity (%) during two successive seasons, 2020/2021 and 2021/2022, respectively (Figure 3). Briefly, the white rot disease incidence dropped from 85.58 ± 1.26% in the control plants to 19.08 ± 1.31 and 49.74 ± 2.47% when plants were treated with the culture filtrates of S. maltophilia or S. liquefaciens, respectively, during the 2020/2021 season (Figure 3A). Likewise, the disease severity declined from 77.89 ± 2.18% to 29.39 ± 2.16 and 43.92 ± 1.57% when onions were treated with the culture filtrates of S. maltophilia or S. liquefaciens, respectively, during the same season (Figure 3B). The same trend was observed in the second season, 2021/2022 (Figure 3C,D).




3.5. Cell-Free Culture Filtrates of S. maltophilia and S. liquefaciens Stimulated the Growth of S. cepivora-Infected Onion Plants


During two successive seasons, 2020/2021 and 2021/2022, culture filtrates of S. maltophilia and S. liquefaciens notably increased the number of leaves per plant, plant height, and fresh weight of the shoot system with no significant differences between both bacterial agents but significantly higher differences compared to the mock- and fungicide-treated controls (Figure 4). However, the application of the culture filtrate of S. liquefaciens recorded the longest root length (12.11 ± 0.51 and 12.27 ± 0.96 cm) followed by the culture filtrate of S. maltophilia (7.99 ± 0.85 and 7.70 ± 0.74 cm), which were significantly higher than the mock-treated control (2.02 ± 0.60 and 2.22 ± 0.83 cm) during 2020/2021 and 2021/2022, respectively (Figure 4C,D). Collectively, these findings suggest that the root drench application of both bacterial culture filtrates has no phytotoxicity on the treated onion plants, but they even stimulate their growth.




3.6. Culture Filtrates of S. maltophilia and S. liquefaciens Enhanced the Yield Components of S. cepivora-Infected Onion Plants


Generally, the root drench application of culture filtrates of both bacterial bioagents remarkably enhanced all yield attributes of S. cepivora-infected onion plants including the bulb diameter (Figure 5A,B), bulb fresh weight (Figure 5C,D), and bulb yield per plot (Figure 5E,F) compared with the mock-treated control during two successive seasons, 2020/2021 and 2021/2022, respectively. Although there were no significant differences between the bulb circumference of S. maltophilia- and S. liquefaciens-treated onions (29.92 ± 1.62 and 30.34 ± 1.28 cm, respectively), the culture filtrate of S. maltophilia had the highest bulb fresh weight (171.27 ± 9.58 g) and bulb yield per plot (15.66 ± 1.17 kg·plot−1), which was comparable to the positive control (Folicure fungicide) during the first season. However, there were no significant differences between S. maltophilia- and S. liquefaciens-treated onion plants in the second season in terms of the bulb fresh weight and bulb yield per plot.




3.7. Cell-Free Culture Filtrates of S. maltophilia and S. liquefaciens Stimulate the Antioxidant Defense Machinery of S. cepivora-Infected Onion Plants


Both enzymatic (peroxidase (POX) and polyphenol oxidase (PPO) activity) and non-enzymatic (total soluble phenolics and flavonoids) antioxidant defense machineries were further investigated to better understand the physiological and biochemical mechanisms of S. maltophilia and S. liquefaciens (Figure 6). Briefly, the root drench application of culture filtrates of both bacterial bioagents gradually enhanced the enzymatic activity of POX (Figure 6A) and PPO (Figure 6B) until they reached their highest peak at 48 or 72 h post treatment (hpt), then they dropped slowly. Onion plants that were treated with the culture filtrate of S. maltophilia recorded their highest peak of POX (3.42 ± 0.29 × 10−2 μM of tetraguaiacol g−1 FW min−1) at 48 hpt but had the highest peak of PPO (1.43 ± 0.16 × 10−2 arbitrary units) at 72 hpt. On the contrary, onion plants that were treated with the culture filtrate of S. liquefaciens had their highest peak of POX (7.05 ± 0.57 × 10−2 μM of tetraguaiacol g−1 FW min−1) at 72 hpt but were the second highest for PPO (0.94 ± 0.1 × 10−2 arbitrary units) at the same time point, 72 hpt (Figure 6A,B).



Likewise, the non-enzymatic antioxidant defense machinery as expressed by total soluble phenolics (Figure 6C) and flavonoids (Figure 6D) was progressively enhanced due to the root drench application of culture filtrates of both bacterial bioagents until they reached their highest peak then steadily decreased. Briefly, onion plants treated with the culture filtrate of S. maltophilia had the highest peak of total soluble phenolics (9.96 ± 0.42 mg GAE g−1 FW; Figure 6C) and total soluble flavonoids (1.31 ± 0.14 mg RE g−1 FW; Figure 6D) at 48 and 72 hpt, respectively. However, S. liquefaciens-treated plants recorded their highest peak of total soluble phenolics (7.82 ± 0.52 mg GAE g−1 FW; Figure 6C) later at 96 hpt but reached their highest peak of total soluble flavonoids (1.05 ± 0.06 mg RE g−1 FW; Figure 6D) at 72 hpt.




3.8. Culture Filtrates of S. maltophilia and S. liquefaciens and the Endogenous Auxin Content of S. cepivora-Infected Onion Plants


To better understand the physiological and biochemical mechanisms of how culture filtrates of both S. maltophilia and S. liquefaciens stimulate the growth of S. cepivora-infected onion plants, their effect on the endogenous levels of the main auxin, IAA, and its precursor, the amino acid tryptophan, in onion leaves was further investigated. Although the application of the Folicure fungicide did not change the endogenous tryptophan level (600.75 ± 114.52 ng.g−1 FW; Figure 7A) and even reduced the IAA content (182.83 ± 11.45 ng.g−1 FW; Figure 7B) compared with the non-treated control (669.83 ± 159.15 and 214.42 ± 19.39 ng.g−1 FW, respectively), the root drench application of culture filtrates of both bacterial bioagents significantly enhanced the accumulation of IAA and its precursor tryptophan. Onion plants treated with the culture filtrate of S. maltophilia had the highest tryptophan (1086.92 ± 90.46 ng.g−1 FW) and IAA (420.42 ± 36.86 ng.g−1 FW) levels, followed by S. liquefaciens-treated plants (904.33 ± 75.84 and 321.42 ± 32.54 ng.g−1 FW, respectively).




3.9. Chemical Composition of Culture Filtrates of S. maltophilia and S. liquefaciens


In general, 53 compounds were detected and tentatively identified in the culture filtrates of S. maltophilia and S. liquefaciens (Figure 8). Out of these 53 compounds, 18 compounds were detected only in the culture filtrate of S. maltophilia, and 21 compounds were detected specifically in the culture filtrates of S. liquefaciens. However, only 14 compounds were detected in both culture filtrates including cyclohexanone, 5-methyl-2-(1-methylethyl), naphthalene, 1,1’-biphenyl, 4-methyl, phenol, 2,4-bis(1,1-dimethylethyl), undecanoic acid, tridecane, benzyl benzoate, hexadecane, palmitic acid, nonadecane, benzoic acid, 3,5-bis(1,1-dimethylethyl)-4-hydroxy, menthol, dodecane, and tetradecane (Figure 8).





4. Discussion


White rot is a serious disease that restricts the commercial production of Allium species and causes substantial yield losses worldwide. Although the ascomycetous causal agent, S. cepivora, does not produce any asexual spores, it forms a large proportion of infective sclerotia that survive and remain viable in the soil for up to 20 years in the absence of a susceptible host plant [8]. Unfortunately, there has been no effective control mainly for white rot disease until now; however, chemical control using various agrichemicals, particularly fungicides, is the most commonly used strategy to combat this disease. Nevertheless, the extensive use of chemical fungicides has several health and environmental hazards to humans, animals, and non-target organisms. Moreover, pathogens might develop resistance against the repeatedly used fungicides. Due to the efficiency breakdown of chemical fungicides, the search for safer eco-friendly alternative control measures has become a necessity [50]. Biological control might be a promising control strategy against white rot disease, particularly if it is incorporated into integrated pest management programs [13,50,51].



In the current study, S. maltophilia and S. liquefaciens suppressed the growth of S. cepivora and inhibited the development of white rot disease under field conditions. Several studies have previously reported the antagonistic activity of S. maltophilia against different soil-borne phytopathogens including bacteria such as Ralstonia solanacearum, the causal agent of potato brown rot [20], oomycetes such as Pythium ultimum [52,53], fungi such as Rhizoctonia solani [23,54,55], Fusarium sp. [54,56], Verticillium dahliae [23], and the sclerotia-producing fungus Sclerotium rolfsii [24]. Likewise, numerous S. liquefaciens strains exhibited a strong biocontrol efficacy against soil-borne pathogens including bacteria such as R. solanacearum [57] and fungi such as R. solani [29], F. oxysporum [29,58], and the sclerotia-producing fungus Sclerotinia sclerotiorum [29]. However, to the best of our knowledge, this is the first report about the potential application of S. maltophilia and S. liquefaciens as effective biocontrol agents against S. cepivora, the causal agent of onion white rot disease.



Several hypotheses were proposed to explain the antifungal activity of both bioagents. These hypotheses include the production of several extracellular metabolites such as antibiotics, siderophores, quorum-sensing molecules, N-acyl homoserine lactones (AHLs), and cell wall-degrading enzymes [59]. It is worth mentioning that our GC-MS analysis of the culture filtrates of both bacteria showed that both filtrates contain several bioactive compounds with antimicrobial activity such as menthol [60]; benzyl benzoate [61]; oleic, myristic, and palmitic fatty acids [62,63,64]; tridecane, tetradecane, and hexadecane compounds [65,66]; and phenol,2,4-bis(1,1-diethylethyl) [67]. Taken together, our findings suggest that the antifungal activity of S. maltophilia and S. liquefaciens might be due to the presence of these compounds in their culture filtrate. However, further studies are required to better understand how the internal mechanisms of menthol operate within a fungal cell.



Another hypothesis that could explain the antifungal activity of S. maltophilia and S. liquefaciens is due to their ability to produce cell wall-degrading enzymes [59]. It was previously reported that the fungistatic activity of S. maltophilia W81 against Pythium ultimum is mediated by extracellular proteolytic activity [52] including an inducible extracellular serine protease [53]. Furthermore, the antagonistic activity of S. maltophilia against fungal phytopathogens such as Fusarium sp., Rhizoctonia sp., Alternaria sp., and Bipolaris sorokiniana is associated with its ability to produce chitinase [54,68].



Additionally, our field experiments showed that both bacterial culture filtrates significantly reduced the disease incidence and disease severity of white rot on treated onion plants compared with the non-treated plants. It is worth noting that none of the bacterial culture filtrates caused any phytotoxicity in treated plants as indicated by a stimulated growth performance (number of leaves per plant, root length, plant height, and fresh weight of the shoot system). However, the biochemical and physiological mechanisms behind these roles are poorly understood. This might be due to the enhancement of enzymatic antioxidants and non-enzymatic antioxidant defense machinery [69]. Peroxidase (POX) and polyphenol oxidase (PPO) are two main components in the enzymatic antioxidant system. POX maintains redox homeostasis via the regulation of H2O2 levels [70], whereas PPO is involved in the oxidation of phenolics into highly reactive quinones. Interestingly, our findings proved that the root application of culture filtrates of S. maltophilia and S. liquefaciens considerably boosted the enzymatic activities of both POX and PPO.



Moreover, the non-enzymatic antioxidant defense machinery relies on phenolics, flavonoids, and lipophilic antioxidants such as carotenoids [71]. Our findings showed that the application of culture filtrates of S. maltophilia and S. liquefaciens notably enriched the endogenous levels of total soluble phenolics and flavonoids in treated onion leaves. These findings propose that the application of culture filtrates of S. maltophilia and S. liquefaciens induces multilayered antioxidant defense machinery in S. cepivora-infected onion plants to alleviate the risky consequences of reactive oxygen species (ROS) and preserve their homeostasis. Additionally, Serratia sp. was previously reported to trigger a plant’s defensive mechanisms against miscellaneous phytopathogens via the activation of induced systemic resistance (ISR) after a proper stimulation [59].



Furthermore, culture filtrates of S. maltophilia and S. liquefaciens might reduce the disease incidence and severity of white rot on treated onion plants by prolonging the sclerotial differentiation period. It was previously reported that menthol delays sclerotial differentiation by up to 145 h [60]. As we mentioned above, the GC-MS analysis showed that both culture filtrates were rich in menthol, which might have prolonged the sclerotial differentiation period and resulted in a reduced disease incidence and severity. Moreover, the culture filtrate of S. maltophilia was rich in fatty acids such as oleic and myristic acids. Oleic acid was previously reported to inhibit the growth of numerous phytopathogenic fungi such as R. solani, P. ultimum, Pyrenophora avenae, and Crinipellis perniciosa [62]. Likewise, myristic acid negatively affected mycelial growth and spore germination of four phytopathogenic fungi including A. solani, Colletotrichum lagenarium, F. oxysporum f. sp. Cucumerinum, and F. oxysporum f. sp. lycopersici [63]. Although some oxylipins (fatty acid derivatives) such as (±)-cis-12,13-Epoxy-9(Z)-octadecenoic acid, (±)-threo-12,13-Dihydroxy-9(Z)-octadecenoic acid, and (±)-threo-9,10-Dihydroxy-12(Z)-octadecenoic acid showed potent antifungal activity against S. sclerotiorum [72], the antifungal activity of fatty acids and their derivatives are poorly studied. Collectively, these findings suggest that extracellular metabolites in culture filtrates of S. maltophilia and S. liquefaciens inhibit the growth of S. cepivora or delay the sclerotial differentiation of its sclerotia, resulting in a reduced disease incidence and disease severity. However, further studies are required to better understand the potential role(s) of extracellular metabolites of S. maltophilia and S. liquefaciens.



In addition to their protective role against white rot disease, culture filtrates of S. maltophilia and S. liquefaciens showed strong bio-stimulant properties. Our field experiments showed that both culture filtrates stimulated the growth of S. cepivora-infected onion plants compared with the mock-treated control as expressed by more leaves per plant, longer roots, a higher plant height, and a heavier fresh weight of the shoot system. Moreover, both culture filtrates enhanced the yield components of S. cepivora-infected onion plants as expressed by a bigger bulb diameter, higher bulb fresh weight, and bulb yield per plot during two successive seasons, 2020/2021 and 2021/2022, respectively. Bio-stimulant and growth promotion properties of S. maltophilia and S. liquefaciens might be due to their ability to induce the accumulation of auxins and their precursor tryptophan within treated onion plants. Both S. maltophilia and S. liquefaciens embrace several mechanisms to facilitate plant growth promotion such as enhancing nutrient uptake, producing siderophores, and synthesizing stimulatory phytohormones like IAA [59,73,74,75,76,77,78,79]. Both bacteria have complete metabolic pathways linked to their plant growth promotion properties, including the IAA biosynthesis pathway [73,74,75,76,77,78,79]. Production of IAA by different strains of S. Maltophilia [74,75,76], as well as S. liquefaciens [77,78,79], was previously reported. These characteristics highlight the enrichment of the culture filtrates of both bacteria with growth-promoting phytohormone IAA. Moreover, our findings showed that the root drench application of culture filtrates of both bacterial bioagents significantly enhanced the accumulation of IAA and its precursor tryptophan and stimulated the growth of S. cepivora-infected onion plants.




5. Conclusions


In conclusion, our findings highlight the potential importance of S. maltophilia and S. liquefaciens as plant growth-promoting bacteria with potent bio-control properties against S. cepivora, the causal agent of onion white rot disease (Figure 9). Our findings showed that these two bacteria and their cell-free culture filtrates notably inhibited the mycelial growth of S. cepivora, which might be due to the enriched chemical composition of these filtrates, particularly the high levels of menthol, oleic acid, myristic acid, and other volatile organic compounds. Moreover, culture filtrates of S. maltophilia and S. liquefaciens significantly reduced the development of white rot disease, which might be due to their antifungal activities and/or due to the activation of both enzymatic (POX and PPO) and non-enzymatic (phenolics and flavonoids) antioxidant defense machineries of S. cepivora-infected onion plants. Last but not least, culture filtrates of S. maltophilia and S. liquefaciens promoted the growth of S. cepivora-infected onion plants and enhanced their yield components, which might be a result of a reduced disease severity and/or the induced IAA accumulation. Although further studies are required to better understand the molecular, biochemical, and physiological mechanisms involved in the fungistatic activity of S. maltophilia and S. liquefaciens or their cell-free culture filtrates against S. cepivora, our findings suggest that both bioagents might be eco-friendly alternative control measures to reduce the utilization of chemical fungicides entirely or partially for the safer production of onions in S. cepivora-infested soils.
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Figure 1. The pathogenicity, morphological characterization, and molecular identification of the isolates of the phytopathogenic fungus S. cepivora and the bacterial bioagents S. maltophilia and S. liquefaciens. (A) The disease severity (%) of various isolates of S. cepivora on onion plants (cultivar Giza 20) under greenhouse conditions. Bars denote the means ± standard deviations (means ± SD). Different letters signify statistically significant differences among isolates using the Tukey HSD test (p < 0.05). (B) The growth and morphological characteristics of the phytopathogenic fungus S. cepivora on potato dextrose agar (PDA) media after 7 days of incubation at 20 ± 2 °C. (C) Sclerotia of S. cepivora formed on PDA. (D) The evolutionary analysis with the Maximum Likelihood method and Tamura-Nei model using the ITS-5.8S rDNA sequence of S. cepivora—Isolate 2023 (GenBank Accession No. OQ392600) in comparison with 20 reference strains/isolates retrieved from the recent available data in National Center for Biotechnology Information (NCBI) GenBank (https://www.ncbi.nlm.nih.gov/; accessed on 7 February 2023). (E,F) The growth and morphological characteristics of the biocontrol agent S. maltophilia on the nutrient agar medium from the top and the bottom of the Petri dish, respectively, after 7 days of incubation at 28 ± 2 °C. (G) The evolutionary analysis with the Maximum Likelihood method and Tamura-Nei model using the 16S rRNA sequence of S. maltophilia—Isolate YN-2023 (GenBank Accession No. OQ975839) in comparison with 20 reference strains/isolates retrieved from the recently available data in NCBI GenBank. (H,I) The growth and morphological characteristics of the biocontrol agent S. liquefaciens on the nutrient agar medium from the top and the bottom of the Petri dish, respectively, after 7 days of incubation at 28 ± 2 °C. (J) The evolutionary analysis with the Maximum Likelihood method and Tamura-Nei model using the 16S rRNA sequence of S. liquefaciens—Isolate AE-2023 (GenBank Accession No. OQ975841) in comparison with 20 reference strains/isolates retrieved from the recently available data in NCBI GenBank. In panels D, G, and J, the query sequence is bolded, and its closest reference strains/isolates are highlighted in light blue. 
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Figure 2. In vitro antifungal activity of the bacterial bioagents S. maltophilia and S. liquefaciens or their cell-free culture filtrates against the phytopathogenic fungus S. cepivora. (A) Antifungal activity of S. maltophilia and S. liquefaciens against S. cepivora using the double culture assay. (B,C) The radial mycelia growth (cm) and mycelial growth inhibition (%) of S. cepivora after treatment with S. maltophilia and S. liquefaciens using the double culture assay. Bars denote the means ± standard deviations (means ± SD). Different letters signify statistically significant differences among isolates using the Tukey HSD test (p < 0.05). (D) Antifungal activity of different concentrations of cell-free culture filtrates of S. maltophilia and S. liquefaciens against S. cepivora. (E) The mycelial growth inhibition (%) of S. cepivora after treatment with different concentrations (20, 40, 60, 80% (v/v)) of cell-free culture filtrates of S. maltophilia and S. liquefaciens or the positive control (Folicure fungicide). Dots denote the means ± standard deviations (means ± SD). Different letters signify statistically significant differences among isolates using the Tukey HSD test (p < 0.05). (F) The simple linear regression (SLR) analysis of the relationship between the mycelial growth inhibition (%) and different concentrations of culture filtrates of S. maltophilia, S. liquefaciens, and the Folicure fungicide. 
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Figure 3. The effect of cell-free culture filtrates of S. maltophilia and S. liquefaciens on onion white rot disease, caused by S. cepivora under field conditions during two successive seasons (2020/2021 and 2021/2022). (A,B) The disease incidence (%) and severity (%) of onion white rot disease, respectively, during the 2020/2021 season. (C,D) The disease incidence (%) and severity (%) of onion white rot disease, respectively, during the 2021/2022 season. Bars denote the means ± standard deviations (means ± SD). Different letters signify statistically significant differences among isolates using the Tukey HSD test (p < 0.05). 
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Figure 4. The effect of cell-free culture filtrates of S. maltophilia and S. liquefaciens on the growth parameters of S. cepivora-infested onion plants under field conditions during two successive seasons (2020/2021 and 2021/2022). (A,B) The number of leaves per plant, (C,D) root length (cm), (E,F) plant height (cm), and (G,H) fresh weight of the shoot system (g) of S. cepivora-infested onion plants during 2020/2021 and 2021/2022 seasons, respectively. Bars denote the means ± standard deviations (means ± SD). Different letters signify statistically significant differences among isolates using the Tukey HSD test (p < 0.05). 
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Figure 5. The effect of cell-free culture filtrates of S. maltophilia and S. liquefaciens on the yield components of S. cepivora-infested onion plants under field conditions during two successive seasons (2020/2021 and 2021/2022). (A,B) The bulb circumference (cm), (C,D) bulb fresh weight (g), and (E,F) bulb yield (kg·plot−1) of S. cepivora-infested onion plants during 2020/2021 and 2021/2022 seasons, respectively. Bars denote the means ± standard deviations (means ± SD). Different letters signify statistically significant differences among isolates using the Tukey HSD test (p < 0.05). 
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Figure 6. The effect of cell-free culture filtrates of S. maltophilia and S. liquefaciens on the enzymatic and non-enzymatic antioxidant defense system of S. cepivora-infested onion plants under field conditions. (A) The peroxidase activity (μM of tetraguaiacol g−1 FW min−1), (B) polyphenol oxidase activity (arbitrary units), (C) total soluble phenolics (mg GAE g−1 FW), and (D) total soluble flavonoids (mg RE g−1 FW). Dots denote the means ± standard deviations (means ± SD). Different letters signify statistically significant differences among isolates using the Tukey HSD test (p < 0.05). 
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Figure 7. The effect of cell-free culture filtrates of S. maltophilia and S. liquefaciens on the endogenous levels of the main auxin, IAA, and its precursor, the amino acid tryptophan, in S. cepivora-infested onion leaves under field conditions. (A) Tryptophan content (ng.g−1 FW) and (B) IAA content (ng.g−1 FW). Bars denote the means ± standard deviations (means ± SD). Different letters signify statistically significant differences among isolates using the Tukey HSD test (p < 0.05). 
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Figure 8. The chemical composition of cell-free culture filtrates of S. maltophilia and S. liquefaciens. Metabolites were analyzed using GC–MS after solving in n-hexane. Bars represent the peak area of each compound. 
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Figure 9. A schematic representation of the potential importance of S. maltophilia and S. liquefaciens as plant growth-promoting bacteria with potent bio-control properties against S. cepivora, the causal agent of onion white rot disease. Briefly, S. maltophilia and S. liquefaciens and their cell-free culture filtrates have antifungal activities and can inhibit the mycelial growth of S. cepivora due to their enriched chemical composition of menthol, oleic acid, myristic acid, and other volatile organic compounds (VOC). As a result, cell-free culture filtrates of both bioagents might reduce the development of white rot disease due to the activation of both enzymatic (POX and PPO) and non-enzymatic (phenolics and flavonoids) antioxidant defense machineries of S. cepivora-infected onion plants. Finally, culture filtrates of S. maltophilia and S. liquefaciens might promote the growth of S. cepivora-infected onion plants and enhance their yield components because of a reduced disease severity and/or the induced IAA accumulation. The up-arrow indicates increased levels, whereas down-arrow indicates decreased levels. Solid lines with arrows indicate positive reactions, while dashed lines with whiskers signify negative reactions. For more details, see the main text. 
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