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Abstract

:

Because of significant yield losses caused by fungal pathogens, new efficient and environmentally safe methods of pest control are needed, and amphiphilic compounds (biosurfactants) produced by many microbes are considered a good alternative. In the present study, biosurfactants produced by the rhizosphere isolate Bacillus mojavensis P1709 were assessed for their ability to protect postharvest cherry tomatoes from decay and mycotoxin contamination caused by Fusarium oxysporum f. sp. lycopersici. It was demonstrated that the genome of B. mojavensis P1709 contained the fenD and srfAA genes, which are responsible for the synthesis of compounds of the fengycin and surfactin families. APF (acid-precipitated fraction) of B. mojavensis P1709 culture medium at a concentration of 20 g L−1 inhibited pathogen radial growth on agar plates by 93%, and T-2 and HT-2 mycotoxin production by 98%, after 5 days of cultivation. APF also suppressed fungal growth in the in vivo test on cherry tomato fruits by 93% and 25% on the 2nd and 7th days of incubation, respectively. The results obtained demonstrate that biosurfactants produced by B. mojavensis P1709 are an efficient tool for protecting postharvest cherry tomatoes from fungal mold decay and mycotoxin contamination.
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1. Introduction


Between 10% and 40% of the yield before and after harvesting is estimated to be lost because of plant pathogens, especially those of fungal origin [1,2]. To inhibit their growth and active development, synthetic fungicides are widely used [3]. These have many negative consequences, such as soil and food contamination and a decrease in soil biodiversity. In addition, fungal pathogens develop mechanisms to protect themselves from fungicides, and therefore, higher amounts of currently used fungicides or the production of new fungicides are required [3,4].



Many studies have been dedicated to alternative methods of controlling plant pests, and biological control methods are considered promising. Biological control agents include biopesticides, in particular fungicides, bactericides and other compounds, produced by microorganisms or the microorganisms themselves [5]. They are reported to be efficient but also safe for future consumers; unlike chemical fungicides, biofungicides do not degrade to toxins and persistent compounds in food or the environment [6]. Moreover, biosurfactant molecules are now widely used in the pharmaceutical industry as antioxidants, antimicrobial and anticancer agents, etc. [7]. Therefore, interest in biocontrol agents is especially high for crop treatment at the end of the vegetation season and for food and feed treatment after harvesting [8]. In addition, biocontrol agents allow the quality of harvested fruits and vegetables to be maintained since they prevent the formation of toxic fungal metabolites during storage [9].



Biosurfactants are amphiphilic compounds produced by many microbes, bacteria, yeast, and fungi. In agriculture, biosurfactants may be used to control plant diseases and to promote plant growth. Biosurfactants include compounds of various chemical structures and lengths, and the most well studied are classes of rhamnolipids and lipopeptides produced by bacteria of the Pseudomonas and Bacillus genera, respectively [10,11,12]. Typically, microbes produce a complex mixture of different biosurfactants, and the individual structural variances of those surfactants cause different surface-active and bioactive characteristics of the whole mixture [13]. Thus, lipopeptides produced by Bacillus spp. include the surfactin, fengycin, and iturin families and other compounds in lesser amounts and frequency. Bacteria produce those compounds for various purposes that have not yet been fully described. Surfactins stimulate biofilm formation of rhizosphere bacteria and thereby enhance beneficial microbial colonization of plant roots; in addition, they promote plant growth and elicit the production of plant defense proteins. Furthermore, surfactins possess direct antibacterial toxicity. Fengycins and iturins are produced by Bacilli to directly suppress their predators and competitors, and they are highly toxic toward both fungi and bacteria. They also play a role in plant–microbial interactions, including plant defense induction [14,15,16,17,18]. Recently, lipopeptides have been of great practical interest because they are efficient and can be produced in large-scale bioreactors in amounts of 1 to 10–12 g L−1 [19].



Tomato is considered one of the most important crops worldwide; it can be consumed fresh and in various prepared meals [20,21]. A significant ratio of tomato yields is lost due to fungal pathogens, both in the process of harvesting and in the process of postharvest fruit storage. Botrytis cinerea, Alternaria alternata, and Fusarium oxysporum are reported to be the main pathogens causing postharvest losses of cherry tomatoes [20,21,22]. In addition to tomato fruit wilting and decay from mold, pathogenic fungi cause contamination of the fruit with their toxic secondary metabolites, mycotoxins, making the final product dangerous for consumer health [22,23]. Fusarium species are reported to produce the three most important classes of mycotoxins, namely, trichothecenes, zearalenone, and fumonisins [24]. Trichothecenes are a large class that includes important and highly dangerous compounds such as deoxynivalenol, and T-2 and HT-2 toxins. Trichothecenes inhibit protein synthesis and cause oxidative damage to cells, followed by the disruption of nucleic acid synthesis and ensuing apoptosis. They cause growth retardation, neuroendocrine changes, immunotoxicity, anorexia and other severe diseases [25]. Previously, T-2 toxin, its metabolite HT-2 toxin, and neosolaniol, belonging to the trichothecenes class, were revealed on decaying tomato fruit infected with Fusarium sp. [26]. Zearalenone is predominantly produced by Fusarium graminearum and, to a lesser extent, by other species of Fusarium. Zearalenone is able to bioaccumulate in animal and human bodies by binding to the estrogen receptors. Zearalenone causes hormonal imbalances and disorders of the reproductive system. Fumonisins are typical mycotoxins produced by Fusarium moniliforme and Fusarium proliferatum. The mechanisms of their toxicity in humans and animals have not been revealed; however, it was demonstrated that these compounds interfere with sphingolipid metabolism [25].



When attacked by a phytopathogen, plants, including harvested fruits, overcome several physiological and biochemical changes that activate the multicomponent complicated system of the plant immune defense system [27]. Among other components, this system includes the synthesis of defense-related enzymes such as chitinase, catalase, peroxidase, phenylalanine ammonialyase, and polyphenoloxidase. The defense enzymes are involved in the production and polymerization of phenolics, and in lignification, which prevent disease spread, the degradation of pathogen cell walls, and various other processes that inhibit pathogen growth or activity [28,29]. It was reported that the levels of defense-related enzymes play a crucial role in host resistance [30]. The enhancement of corresponding gene expression occurs due to signaling compounds such as salicylic acid, xylanase, ethylene, and polypeptide systems [31]. These compounds may be endogenic and exogenic, e.g., produced by plant symbiotic bacteria. The treatment of plants and harvested crops, fruits, and vegetables by these compounds or compound-producing microbes may be an efficient strategy for pathogen biocontrol. Such a treatment was demonstrated to be successful for tomato plants and harvested fruits attacked by fungal pathogens. Thus, Asanka Indunil Kumari and Vengadaramana (2017) reported that salicylic, ascorbic, and jasmonic acids, and H2O2 and ethanol, induce chitinase, peroxidase, phenylalanine ammonialyase, and polyphenol oxidase production in tomato plant leaf tissues [28], whereas Raynaldo and coauthors (2021) revealed the induction of polyphenol oxidase, peroxidase, catalase, and phenylalanine ammonialyase in postharvest cherry tomatoes with gray mold decay caused by Botrytis cinerea when the fruits were treated with Wickerhamomyces anomalus [21]. In their review, Crouzet and coauthors (2020) described several studies demonstrating that biosurfactants of lipopeptide and rhamnolipid classes are able to stimulate the plant immune system. However, the mechanisms of such stimulation are unclear. Most likely, biosurfactants activate defense enzyme synthesis not directly but rather through plant plasma membrane disturbances by initiating a cascade of molecular events leading to that outcome [4]. It is important to emphasize that the ability of the biosurfactant to induce the plant immune response strongly depends on its specific chemical structure, including carbon chain length and number of rings. Therefore, this ability should be individually assessed for each specific biosurfactant and each biosurfactant producer [32,33].



To solve the problem of postharvest tomato losses and mycotoxin contamination, different chemical and physical treatments in the process of storage are used. Treatment of tomatoes with biosurfactants is a good alternative since they can not only efficiently suppress phytopathogens or activate the plant immune system, but are also safe for consumption. However, the information concerning biosurfactant usage for postharvest tomatoes is still poor in the scientific literature. The objective of the present study was to obtain and characterize the biosurfactants produced by the B. mojavensis P1709 strain previously isolated from the plant rhizosphere, to check the antifungal activity of biosurfactants produced by this strain, and to assess defense-related enzyme production in cherry tomatoes after treatment with biosurfactants.




2. Materials and Methods


2.1. Biosurfactant Producing Bacteria


Biosurfactant-producing strain Bacillus mojavensis P1709 was obtained from the collection of the Institute of Environmental Sciences of Kazan Federal University (Russia). The strain was previously isolated from the rhizosphere soil of Lactuca sativa.




2.2. Emulsification Index Assessment


The emulsification index (E24) of the isolate was estimated according to methods previously outlined [34]. Briefly, the isolate was cultivated on Bushnell Hass (BH) medium with 1% glucose for 72 h at 30 °C and 180 rpm. The BH medium contained (g L−1): KH2PO4 (1.0), K2HPO4 (1.0), NH4NO3 (1.0), MgSO4·7H2O (0.2), FeCl3 (0.05), and CaCl2 (0.02). After cultivation, the culture was centrifuged at 8000 rpm for 20 min to obtain cell-free supernatant. Cell-free supernatant was mixed with crude oil (1:1 v/v) in a 15 mL experimental tube by vortexing, and the height of the emulsified layer was evaluated in relation to the total height of the liquid column in the tube.




2.3. Identification of Genes Responsible for Lipopeptide Synthesis


The ability of the bacterial strain to synthesize fengycin, iturin and surfactin was analyzed using specific primers for the fenD, ituC, and srfAA genes (Table 1).



DNA was extracted from the pellet of the overnight culture after centrifugation using a FastDNA™ SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA, USA) according to the manufacturer’s instructions. PCR was carried out in a total volume of 20 μL that contained 1× PCR buffer, 0.2 mM dNTPs, 1 μM of each primer, 2 mM MgCl2, 1.25 U Taq DNA polymerase, and 1 μM of DNA. The amplification was carried out in a thermal MyCycler (Bio-Rad Laboratories, Inc., Hercules, CA, USA) using the following program: denaturation at 94 °C for 2 min; 35 cycles of 94 °C for 30 s 58 °C for 1 min, and extension at 72 °C for 1.5 min; and a final extension at 72 °C for 7 min [15,36,37]. The presence and approximate length of the amplicons were estimated using agarose gel electrophoresis with a 1000 bp ladder.




2.4. Biosurfactant Production, Extraction and Purification


For increased biosurfactant production, strain P1709 was cultivated in glycerol nitrate medium at 35 °C and 180 rpm for 6 days. The concentration of crude glycerol in the medium was 40 g L−1. The medium except crude glycerol contained (g L−1): NaNO3 (4.0), K2HPO4·3H2O (4.0), KH2PO4 (3.0), MgSO4·7H2O (0.5), KCl (0.5), NaCl (0.5), CaCl2·2H2O (0.2). Then, the mixture of crude biosurfactants produced by the strain was extracted using acid precipitation and purified as described below. As a result, the acid precipitated fraction (APF) was obtained and used for further analyses.



The APF was obtained according to the literature [38,39,40]. Briefly, after cultivation, the culture was centrifuged at 8000 rpm for 20 min. The cell free supernatant was adjusted to pH 2 using 2N HCl, incubated overnight at 4 °C, and centrifuged at 10,000 rpm and 4 °C for 20 min. The precipitate was purified by dissolving in a CHCl3:CH3OH (2:1, v/v) mixture followed by rotary evaporating under vacuum. The resulting yield of the APF was 5.3 g from 1 L of cell-free supernatant.




2.5. Chemical Characterization of the APF


2.5.1. Thin Layer Chromatography (TLC) with Following Staining


To assess the composition of the biosurfactants obtained, the APF was dissolved in CHCl3:CH3OH (1:1 v/v) and spotted on a silica gel plate (G60, Merck, Darmstadt, Germany). Thin layer chromatography (TLC) was conducted on the CAMAG system (Switzerland). A mixture of chloroform:methanol:water (65:25:4, v/v/v) was used as the mobile phase. After separation in the silica gel, the spots on the TLC plate were revealed under UV light, and the Rf values of the spots were calculated. Detection of the main components was achieved by exposure to iodine vapor, p-anisaldehyde, and 1% ninhydrin solution, for staining of lipids, sugars, and free amino groups, respectively. The reagents were sprayed followed by heating at 110 °C until the detection of the definite spots [21,41]. Pure surfactin (≥98%), fengycin (≥90%), and iturin A (≥95%) (Sigma Aldrich, Burlington, MA, USA) were used as standards on the TLC plate.




2.5.2. Fourier Transform Infrared Spectroscopy (FTIR)


To determine the type and structure of APF, FTIR was performed using a Lumos I instrument (Bruker, Billerica, MA, USA). The spectra were collected from wavenumbers 600 to 4000 (cm−1).





2.6. Effects of Biosurfactants on Radial Fungal Growth and Mycotoxin Production In Vitro


Fusarium oxysporum f. sp. lycopersici obtained from the collection of the Department of Biochemistry and Biotechnology of Kazan Federal University (Russia) was used as a test fungal pathogen in this study. To collect the spores, the fungus was cultivated on potato dextrose agar (0.4% w/v potato extract, 2% w/v glucose, 1.5% w/v agar) for 120 h at 28 ± 2 °C [42]. After incubation, the plates were washed with sterile water, and the last was thereafter filtered through four layers of cheesecloth. Spore concentration was measured using a Scepter Handheld Automated Cell Counter (Millipore, Burlington, MA, USA). For further experiments, a spore concentration was adjusted to 1 × 106 mL−1.



The antifungal activity was estimated as described by Caulier, et al. (2019) [11]. Briefly, malt extract agar (2% w/v malt extract, 0.1% w/v peptone, 2% w/v glucose) was pooled into Petri dishes (90 mm) and supplemented with APF to adjust the concentrations of 0.5, 2, 5, 10, and 20 g L−1 [43]. Ten microliters of spore suspension (1 × 106 spores mL−1) were added to the center of the agar plates. The plates were incubated for 5 days at 25 °C. The diameter of the growth zone was measured and compared with that of the control Petri dishes (with no addition of biosurfactants).



To assess the presence and concentration of T-2 and HT-2 mycotoxins, the content of each Petri dish covered by the fungus was visually estimated and cut with a medical scalpel. The resulting substance containing the fungus and the agar medium was homogenized using a mixer mill MM 400 (Retsch, Haan, Germany) for 2 min at maximum speed. The homogenous substance obtained was analyzed using the enzyme immunoassay kit manufactured by RIDASCREEN® (R-Biopharm, Darmstadt, Germany) according to the provided instruction. The immunoassay results were estimated using a Multiskan FC microplate photometer (Thermo Fisher Scientific, Waltham, MA, USA). The total concentration of the two mycotoxins was expressed in µg per gram of homogenized substance. Further, the inhibition of the mycotoxins’ production was calculated comparing the concentration of the toxins in the Petri dishes treated with APF with that in the control dishes (without APF).




2.7. Effects of Biosurfactants on Fungal Growth on Cherry Tomatoes In Vivo


Fusarium oxysporum f. sp. lycopersici spores were obtained as described above. Cherry tomatoes (Solanum lycopersicum var. cerasiforme) that were 2–3 cm long and 1.0–1.5 cm in diameter, grown in the greenhouse of Kazan Federal University with no apparent diseases or visible wounds, were picked for the experiment. Fruits were surface-sterilized with 75% ethanol for 30 s, rinsed three times with sterile distilled water for 60 s, and then air-dried under sterile conditions [20]. Uniform wounds (3 mm diameter and 2 mm depth) were inflicted on each cherry tomato fruit with a sterile metal tube. Ten microliters of APF at different concentrations (0.5, 2, 5, 10, 20 g L−1) was added to each wound under sterile conditions. After 2 h, 10 µL of spore suspension of F. oxysporum (106 spores mL−1) (experimental variants) or 10 µL of sterile water (positive control variants) was added to each wound. For the negative control variants, 10 µL of sterile water was added to each wound twice. Six tomatoes were used for each variant (different APF concentrations, negative and positive controls). Six tomatoes of each variant were stored together in a closed paper box at 28 °C in the dark for 2 and 7 days. After incubation, the disease incidence was estimated as described by Khaliq et al. (2015) with slight modifications [44]. In particular, the fungal growth on each fruit was assessed visually using a scale from 0 to 5, where 0 = no signs of decay, 1 = small colonies of the pathogen are visible, 2 = the pathogen colonies occupy 30–50% of the wound, 3 = the pathogen colonies occupy 50–100% of the wound, 4 = decay diameter slightly exceeds the wound diameter (10–50%), 5 = decay diameter significantly exceeds the wound diameter (>50%). To calculate the disease incidence for each treatment variant, the following formula was used:


   Disease   incidence     ( % )  =     ∑  1 5   (   DI   level   )     ×   Number   of   tomato   fruit   at   the   DI   level       Total   number   of   tomato   fruit   in   the   treatment   ×   The   highest   score     ( 5 )    × 100  












2.8. Effects of Biosurfactants on Defense-Related Enzymes of Cherry Tomatoes


Cherry tomatoes were wounded and spiked with fungal spores as described above. Ten microliters of APF (20 g L−1) or sterile water (for control) was added to each wound under sterile conditions. The fruits were incubated at 20 ± 2 °C under sterile conditions. Each six tomato fruits used for each enzyme assay and for each day of measurement (all together 144 fruits) were incubated separately. Defense-related enzymes polyphenoloxidase and peroxidase were assessed according to previously outlined methods [21].



Briefly, 1 g of fruit tissue was collected around each fruit wound at 2 h (initial level) and at 2–6 days after the beginning of the experiment. The plant tissue obtained was mixed with 10 mL of phosphate buffer (50 mmol L−1, pH 7.8, precooled at 4 ± 2 °C) containing 1.33 mmol L−1 ethylenediaminetetraacetic acid and 1% polyvinyl pyrrolidone, ground and centrifuged at 12,000 rpm at 4 ± 2 °C for 10 min. The supernatant was used for further investigations.



For polyphenoloxidase activity estimation, 0.2 mL of supernatant was mixed with 2.8 mL of catechol preheated for 10 min at 30 ± 2 °C. The absorbance was measured every 3 min at 398 nm. For peroxidase activity estimation, 0.2 mL of supernatant was mixed with 2.2 mL of 0.3% guaiacol (50 mmol L−1, pH 6.4) and incubated for 10 min at 30 ± 2 °C. Then, 0.6 mL of 0.3% H2O2 (50 mmol L−1, pH 6.4) was added, and the mixture was incubated for 10 min at 30 ± 2 °C. The absorbance was measured every 3 min at 470 nm. For both enzymes, 1 unit (U per gram fresh weight) was defined as the increase in absorbance of 0.01 per minute.



The activities of polyphenoloxidase and peroxidase were expressed in U g−1 fresh weight for each day of measurement for both control and APF treated variants. Then, the percentage of the two enzyme activities from the corresponding initial levels was calculated.




2.9. Statistical Analysis


In vivo and in vitro experiments with F. oxysporum were conducted in six replicates. The E24 index, TLC profile, and FTIR spectra were measured in triplicate. Error bars in the figures represent the standard error of means from the replicates. The Wilcoxon signed rank test was used to determine statistically significant differences (p < 0.05). Statistical analysis was performed in Statistica 10.0 software (StatSoft Inc., Tulsa, OK, USA). Graphs were prepared using Microsoft Excel 2016 MSO (Microsoft, Redmond, WA, USA).





3. Results and Discussion


3.1. Emulsifying Ability of B. mojavensis P1709


To confirm that the culture medium of the B. mojavensis P1709 isolate contained biosurfactants, the emulsifying index E24 was measured. This index reflects the process of contact enhancement between oil (or other nonpolar liquids) and water caused by biosurfactants [45]. It was revealed that the E24 index was equal to 61 ± 5%, which is relatively high compared with results presented in the literature [46,47,48].



According to the published studies, bacteria belonging to Bacillus genera typically produce biosurfactants of the lipopeptide class such as surfactin, iturin, or fengycin [6]. Therefore, we assumed that high emulsifying activity revealed before was due to the presence of one or several of those compounds in the cultural medium of the B. mojavensis P1709. To check the assumption, the isolate genome was investigated to reveal the presence of genes responsible for lipopeptide synthesis, and the composition of crude biosurfactants produced by the isolate was analyzed using TLC and FTIR methods.




3.2. Antimicrobial Peptide Synthesis Genes


The ability of B. mojavensis P1709 to synthesize fengycins, iturins, and surfactins was analyzed using PCR with the specific primers for the corresponding genes. According to the gel electrophoresis results (Figure 1), only two of three genes were present in the genome of the strain investigated—fenD and srfAA. It should be added that the approximate lengths of the amplicons corresponded to the expected ones (600–700 bp and 200–300 bp for fenD and srfAA genes, respectively) [6]. It can be assumed that the cultural medium of B. mojavensis P1709 contained two types of biosurfactants—fengycins and surfactins. Cawoy et al. (2019) demonstrated that Bacillus species isolated from the phyllosphere, when able to produce lipopeptides, produced either a three-component mixture of all three types of compounds or a two-component mixture consisting of fengycin and surfactin but not iturin. Of the two lipopeptides produced, fengycin possessed a significantly higher antifungal activity [49].




3.3. TLC and FTIR Analysis


TLC and FTIR analyses were used to partly reveal the chemical structure of the biosurfactants produced by B. mojavensis P1709. As presented in Figure 2a, exposure of the TLC plate to UV revealed five main spots with retention factors (Rf) of 0.02, 0.13, 0.51, 0.81, and 0.94. The TLC plate was treated with iodine vapor, ninhydrin, and anisaldehyde to reveal the basic chemical nature of the biosurfactants. Two of the spots with Rf values of 0.13 and 0.51 were colored both yellow and red, indicating the presence of lipids and peptides in the compounds. None of the two spots were colored by ninhydrin (Figure 2b,c).



By comparison with the Rf of the pure substances, these spots could be related to fengycin and surfactin. In the FTIR spectrum obtained for APF, peaks that are characteristic of peptides (wavelengths 3298–3285 and 3066–3050 for NH groups, 1651–1645 for CO groups, and 1548–1529 for CN groups) and of aliphatic chains (wavelength 2961–2829) can be observed (Figure 3). The FTIR spectrum is typical for biosurfactants of a lipopeptide nature described in other investigations, and coincides with the spectrum of the surfactin standard [50,51]. It can be concluded that the results of the chemical analysis confirmed those of the PCR analysis, which show that APF produced by B. mojavensis P1709 contained compounds of the two families of lipopeptides—fengycins and surfactins.




3.4. Effects of Biosurfactants on Radial Fungal Growth and Mycotoxin Production In Vitro


The APF of lipopeptides produced by B. mojavensis P1709 at concentrations of 0.5–20 g L−1 was assessed for its ability to inhibit F. oxysporum radial growth and mycotoxin production (Figure 4). It was revealed that fungal growth was inhibited even at relatively low concentrations of APF (28 ± 3% at 0.5 g L−1). The radial growth of F. oxysporum was inversely correlated with APF concentration in the agar medium; thus, the radial growth of the pathogen in the medium containing 20 g L−1 was inhibited by 93 ± 11% as compared with that in control medium. Previously, secondary metabolites of Bacilli were demonstrated to be efficient against F. oxysporum f. lycopersici specific for tomato plants and fruits [52]. On the control plates without the addition of lipopeptides, T-2 and HT-2 toxins were revealed at a concentration of 76 µg g−1. It should be noted that the acute toxic effect of T-2 toxin was registered for mammals that received orally a single dose above 2 mg per kg body weight, whereas chronic toxic effects were observed at a T-2 toxin dose of 25 µg per kg body weight consumed for 32–40 days [53]. Interestingly, the agar zones with a fungal presence even at low APF concentrations contained significantly lower amounts of mycotoxins than the control. This result suggests that fungal metabolism was affected even though mycelial growth was possible.




3.5. Effects of APF on Fungal Growth on Cherry Tomatoes In Vivo


To assess the influence of biosurfactants produced by B. mojavensis P1709 in vivo, cherry tomatoes were wounded, treated with APF at different concentrations, and thereafter infected by the pathogen. The results reflecting fusariosis disease incidence of tomato fruits after 2, 3, 4, 5, 6, and 7 days of incubation are presented in Figure 5.



The results showed that APF suppressed F. oxysporum growth at all concentrations used (from 0.5 to 20 g L−1) and that the effect was more pronounced at higher concentrations. Thus, after two days of incubation, the disease incidence was estimated to be 48% in the control variant, and 27% and 7% in the variants treated with 0.5 g L−1 at 20 g L−1 APF, respectively. The disease incidence increased over time at all concentrations; this parameter reached 100% on the 5th day after inoculation in the control variant and on the 6th, 7th, and 7th days in the variants treated with 0.5, 2, and 5 g L−1 biosurfactants, respectively, but did not reach 100% in the variants treated with 10 and 20 g-l biosurfactants over the duration of the experiment. The antagonistic activity of B. mojavensis P1709-produced biosurfactants revealed in this study is comparable with that of the B. subtilis strain, which was used to suppress another fungal plant pathogen. Kumar and coauthors (2021) [6] demonstrated that 20 g L−l lipopeptide biosurfactant caused a 44% disease incidence reduction in chili fruits infected by Colletotrichum capsisi after 5 days of incubation. Interestingly, these authors demonstrated an even higher efficacy of the biosurfactants when the fruits were treated with them after a certain time interval after infection. Yan and coauthors (2014) reported that the use of biosurfactants of another class—rhamnolipids—at a concentration of 0.5 g L−1 caused an approximately 20% reduction in disease incidence 3 days after the infection of cherry tomatoes with Alternaria alternata [54].




3.6. Effects of Biosurfactants on Defense-Related Enzymes of Cherry Tomatoes


Defense-related enzymes are produced in plants when they are attacked by pathogens. The chemical elicitors that are produced in plants as a response to stress induce the expression of genes encoding those enzymes directly or through a cascade of reactions. The latter, in turn, are involved in pathogen toxic metabolite deactivation, pathogen membrane disturbances, and many other processes preventing disease spread [27]. There are reports that biosurfactants may also play a role in inducing plant resistance systems [4,5,15,46]. In our study, we assessed the ability of APF obtained from B. mojavensis P1709 culture medium to increase the production of two defense-related enzymes—polyphenoloxidase and peroxidase—in cherry tomato fruits infected with F. oxysporum. Several potential mechanisms have been suggested to explain the antipathogenic activity of polyphenoloxidase, including the direct toxicity of quinones that are generated upon this enzyme involvement, the reduced availability of cellular proteins for the pathogen due to their alkylation, the formation of the physical barrier for the pathogen in the cell wall due to the interaction of quinones with proteins, and the generation of hydrogen peroxide or other reactive oxygen species [55]. Peroxidases are reported to be involved in the formation of lignin and therefore cell wall reinforcement and in the production of reactive oxygen species [56].



The initial level of the enzyme activities in the cherry tomato tissue was estimated to be 27.1 and 4.2 U g−1 fresh weight, respectively. Comparable levels of polyphenoloxidase and peroxidase activity in cherry tomatoes were observed by other authors [21]. In the control cherry tomatoes that were artificially infected by the pathogen but were not treated with APF, the level of polyphenoloxidase activity did not change significantly during the 6 days of incubation (Figure 6). The level of peroxidase activity increased by 23%, most likely indicating the naturally occurring response processes of tomato fruit upon pathogen invasion. The level of enzyme activity increased dramatically by 254% and 161% for peroxidase and polyphenoloxidase, respectively, when the cherry tomato fruits were treated with the APF of B. mojavensis P1707. It can be concluded that lipopeptides produced by B. mojavensis P1709 were capable of inducing an immune systematic response in cherry tomato fruits after harvesting.





4. Conclusions


In the present study, B. mojavensis P1709 isolated from the L. sativa rhizosphere was demonstrated to produce biosurfactants that emulsified crude oil. Summarizing the results of the RT–PCR analysis for the genes responsible for lipopeptide synthesis and the results of the TLC and FTIR analyses, the acid-precipitated fraction of the supernatant obtained after cultivation of B. mojavensis P1709 in glycerol-nitrate medium was shown to contain two groups of compounds from the lipopeptide class of biosurfactants—fengycins and surfactins. It was revealed that the mixture of these compounds suppressed the radial growth of F. oxysporum on agar plates and its development on cherry tomato fruits in vivo. Moreover, the inhibition of T-2 and HT-2 mycotoxin production by the fungi under the influence of the lipopeptide mixture was observed. The acid-precipitated fraction of the B. mojavensis P1709 culture medium induced the synthesis of two enzymes—peroxidase and polyphenoloxidase—that are defense-related proteins of the plant immune system. The results obtained demonstrate that biosurfactants produced by B. mojavensis P1709 may be effectively used for postharvest treatment of cherry tomatoes to maintain the quality and quantity of the fruits.
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Figure 1. Revealing of the presence of fenD, ituC, and srfAA genes in the genome of B. mojavensis P1709 using PCR with specific primers followed by agarose gel electrophoresis. 
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Figure 2. TLC analysis of the lipopeptides produced by the B. mojavensis P1709 strain (spots revealed: (a) by UV light; (b) after iodine vapor staining; (c) after ninhydrin staining). 
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Figure 3. FTIR spectra of the APF produced by B. mojavensis P1709 (blue) and of the surfactin standard (red) (Sigma Aldrich, Darmstadt, Germany). 
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Figure 4. Inhibition of radial growth and mycotoxin production of F. oxysporum in the presence of APF produced by B. mojavensis P1709 in agar medium at different concentrations. The Wilcoxon signed rank test was used to determine statistically significant differences (p < 0.05); the results of determination are presented in Supplementary Material. 
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Figure 5. Disease incidence of cherry tomato fruits treated with F. oxysporum (positive control) and lipopeptides produced by B. mojavensis P1709 at different concentrations, revealed 2–7 days after inoculation. The Wilcoxon signed rank test was used to determine statistically significant differences (p < 0.05); the results of determination are presented in Supplementary Material. 
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Figure 6. Peroxidase and polyphenoloxidase activity in the tissue of cherry tomatoes infected with F. oxysporum and treated with APF of B. mojavensis P1709. 
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Table 1. PCR primers used for amplification of lipopeptide genes [35].
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Target Gene

	
Primer Sequence, 5′-3′

	
Amplicon Length (bp)






	
fenD

	
F: GGCCCGTTCTCTAAATCCAT

	
670




	
R: GTCATGCTGACGAGAGCAAA




	
ituC

	
F: GGCTGCTGCAGATGCTTTAT

	
423




	
R: TCGCAGATAATCGCAGTGAG




	
srfAA

	
F: TCGGGACAGGAAGACATCAT

	
201




	
R: CCACTCAAACGGATAATCCTGA
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