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Abstract

:

One hundred twenty-five yeast strains isolated from table grapes and apples were evaluated for the control Botrytis cinerea of in vitro and in vivo. Ten strains were selected for their ability to inhibit mycelial growth of B. cinerea in vitro. In the in vivo assays, these yeasts were tested at 20 °C on ‘Thompson Seedless’ berries for 7 days; only three were selected (m11, me99 and ca80) because they significantly reduced the incidence of gray mold. These three yeast strains were then evaluated at different concentrations (1 × 107, 1 × 108 and 1 × 109 cells mL−1) on ‘Thompson Seedless’ grape berries at 20 °C. The strains m11, me99 and ca80 reduced the incidence of B. cinerea to 11.9, 26.1 and 32.1%, respectively, when the berries were submerged in a yeast suspension at a concentration of 1 × 109 cells mL−1 24 h before inoculation with B. cinerea. The most favorable pH for antifungal activity was 4.6 in the three isolates. The three yeast strains secreted the hydrolytic enzymes chitinase and β-1-glucanase, and two strains (me99 and ca80) produced siderophores. The three yeast strains exhibited low oxidative stress tolerance and only strain m11 had the ability to produce biofilms. The strains were identified using 5.8S-ITS rDNA PCR-RFLP and correspond to the Meyerozyma guilliermondii (m11) and Aureobasidium pullulans (me99 and ca80) species.
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1. Introduction


Botrytis cinerea, the causal agent of gray mold, is the main phytosanitary problem for table grapes in Chile because it limits table grape production and export [1]. This species hibernates as a saprophyte in necrotic tissues or as sclerotia or mycelium on tissues [2]. From these fungal structures, B. cinerea easily releases its conidia when the climate is humid [3]. Conidia can infect the vine during different developmental stages, being most vulnerable between veraison and harvest, due to the particular vulnerability of the berries [4].



Control of this pathogen is mainly exercised by applying fungicides and sanitary measures at the most critical periods for infection in order to maintain a low rate of damage and extend the postharvest life of the fruit [5]. However, growing public concern about fungicidal residues in food, the environmental risk associated with their use in the orchard, and the development of resistant strains of pathogens to these fungicides in Chile [6,7,8,9,10] has generated interest in the development of alternative non-chemical control methods, with biological control as one of the most promising and explored alternatives [11].



The use of antagonistic microorganisms has been recognized as one promising alternatives to applying fungicides [12]. Among these microorganisms, antagonistic yeasts isolated from the surfaces of fruits have been evidenced to effectively control postharvest diseases [13,14,15,16] since they have some useful properties, such as the ability to colonize the surface of fruits for long periods of time under drought conditions, production of extracellular polysaccharides that enhance their ability to survive, rapid use of available nutrients, and being minimally affected by pesticides [17].



A good biocontrol agent requires multiple modes of action to antagonize a pathogen [18]. Among the reported modes of action in yeasts are competition for nutrients and space, parasitism, secretion of hydrolytic enzymes, siderophore production, production of volatile organic compounds, ability to produce biofilm, and the induction of resistance [15,19,20,21,22,23,24,25].



Yeast biocontrol agents include A. pullulans, which reduced gray mold on kiwifruit [26]; Candida oleophila, which reduced gray mold and black rot on kiwifruit [27]; Geotrichum candidum, which reduced blue mold on grapes [28]; Kloeckera apiculata, which reduced blue mold on apples [29]; Metschnikowia pulcherrima, which reduced gray mold on apples [30]; Pichia membranefaciens, which reduced Rhizopus rot on peaches [15]; Sporidiobolus pararoseus, which reduced gray mold on strawberries [31]; and Wickerhamomyces anomalus, which reduced brown rot on peaches and plums [32]. As a result of these studies, some commercial formulations based on yeast have been developed, such as Blossom Protect, Botector (A. pullulans), Nexy (C. oleophila), Noli, Shemer (Metschnikowia fructicola) and Remeo (Saccharomyces cerevisiae) [33].



In this research, we selected and characterized indigenous epiphytic yeasts for the biocontrol of B. cinerea in table grape berries, and we determined the mode(s) of action for the yeast strains with the most auspicious biocontrol activities against the pathogen.




2. Materials and Methods


2.1. Fruit


Table grape berries (Vitis vinifera) “Thompson Seedless” from a commercial orchard located in San Francisco de Mostazal (Cachapoal Province, Chile) were used in this study. The berries were superficially disinfected with 0.5% sodium hypochlorite for 3 min, rinsed three times with distilled water, and dried in a laminar flow chamber.




2.2. Pathogen


A Botrytis cinerea isolate was isolated for Vargas et al. [34], available from the microorganism collection at the Phytopathology Laboratory of the Faculty of Agronomy at the Universidad de Concepción, and maintained on potato dextrose agar (PDA) at 4 °C.




2.3. Antagonists


Yeasts were isolated from the surfaces of berries from different grape cultivars (‘Dawn’, ‘Cabernet Sauvignon’, ‘Merlot’, ‘Moscatel de Alejandría’, ‘País’, and ‘Thompson Seedless’) and healthy apples (‘Royal Gala’) from commercial orchards in Chile. The fruit was washed by dipping in sterile saline solution (0.9% NaCl), then the obtained suspension was diluted (1:10) and 100 μL was spread on Yeast Peptone Dextrose Agar (YPD) at pH 4.6, followed by the addition of 0.05 g L−1 of streptomycin (Sigma-Aldrich, St. Louis, MO, USA) and chloramphenicol (Sigma-Aldrich, St. Louis, MO, USA). The petri dishes were incubated at 25 °C to observe the development of colonies [35]. The single-cell yeast colonies were re-cultured in YPD and stored at −20 °C in cell suspension with 30% v/v of glycerol and 70% YPD broth.




2.4. Selecting Yeasts with Antagonistic Activity against Botrytis cinerea


2.4.1. Inhibition of Mycelial Growth of Botrytis cinerea


Every yeast isolate was co-cultured with the pathogen in Petri dishes containing Malt Extract Agar (MEA). A 5 mm mycelial disc, obtained from the edges of a 5-day-old culture of the fungus, was placed in the center of the dish. Four isolates per plate were streaked, one in each quadrant, and the plates were incubated at 25 °C for 7 days. The level of mycelial growth inhibition was determined by the Swadling and Jeffries [36] scale: 0 = without any visible signs of B. cinerea inhibition, mycelium surpasses antagonist colony; 1 = both organisms stop growing on contact; 2 = inhibition zone between pathogen and antagonist is <2 mm; 3 = inhibition zone is between 2 and 4 mm; and 4 = inhibition zone is >4 mm. Yeast strains that attained a value between 2 and 4 in this scale were selected for the next bioassay.




2.4.2. Inhibition of Gray Mold Rot on Table Grape Berries


The isolates that inhibited the mycelial growth of B. cinerea were evaluated for biocontrol activity. Berries were wounded along the equatorial axis and submerged in a yeast suspension at a concentration of 1 × 108 cells mL−1. After 2 or 24 h, the fruit were sprayed with a suspension of pathogen conidia at a concentration of 1 × 104 spores mL−1. Each selected yeast strain was considered a treatment, and these treatments were established in a completely randomized design with three replicates, with each replicate made up of 28 berries. Rot incidence was recorded after 7 days of storage at 20 °C, according to Vero et al. [37].





2.5. Identifying Yeasts with Biocontrol Potential against Botrytis cinerea


The identification of yeast strains, selected for their ability to biocontrol grey mold, was performed using 5.8S-ITS rDNA PCR-RFLP. The DNA was extracted from pure cultures with a DNeasy Plant mini Kit (Qiagen) according to manufacturer instructions. PCR was carried out using a ITS1 primer (5′ TCCGTAGGTGAACCTGCGG 3′) and a ITS4 reverse primer (5′ TCCTCCGCTTATTGATATGC 3′). The amplification reaction was performed under the following conditions: 7 min at 95 °C; 35 cycles at 94 °C for 1 min, 30 s at 55.5 °C, and 1 min at 72 °C followed by a final step of 10 min at 72 °C. The PCR products were digested with restriction endonucleases HhaI, HaeIII and HinfI (New England Biolabs Inc., Beverly, MS, USA) according to manufacturer instructions [38]. The PCR products and the restriction fragments were analyzed with electrophoresis in 3% agarose gel. Strain identification was confirmed by sequencing of the 5.8S-ITS region of the ribosomal RNA by Macrogen Inc. (Seoul, Republic of Korea). The sequences were compared with those published in the GenBank database with the BLAST program.



Phylogenetic analyses of the D1-D2 sequences of the selected strains were conducted using MEGA version 5 [39]. The DNA sequences were aligned with the sequences of homologous regions of closely related species retrieved from GenBank. Evolutionary distances were computed using the Jukes–Cantor method [40] and phylogenetic trees were obtained via neighbor joining [41]. All positions containing alignment gaps and missing data were eliminated in pairwise sequence comparisons (pairwise deletion option). The stability of clades was assessed with 1000 bootstrap replications [42]. The trees are drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Jukes–Cantor method [40] and are in the units of the number of base substitutions per site. All positions containing gaps and missing data were eliminated. Evolutionary analyses were conducted using MEGA5 [39].




2.6. Effect of Yeast on Botrytis cinerea Spore Germination


The effect of yeast strains selected for their ability to biocontrol grey mold with regard to spore germination were tested in Malt Extract Broth (MEB). Microcentrifuge tubes (1.5 mL) containing 800 μL of MEB were inoculated with 100 μL of a B. cinerea conidial suspension (1 × 104 conidia mL−1) and 100 μL of yeast suspensions at different concentrations (1 × 105, 1 × 106, 1 × 107, 1 × 108 and 1 × 109 cells mL−1). The yeast suspension in the control treatment was substituted with distilled sterile water [43]. Three replicates per treatment were performed. After 24 h at 20 °C, suspensions from each tube were observed microscopically to determine the number of germinated conidia out of a total of 100 conidia. A conidium was considered germinated when the length of the germination tube was more than twice the greatest conidium diameter.



The conidial germination index was calculated from the results according to the formula:


  Conidial   germination   index =    number   of   germinated   conidia     total   number   of   conidia   counted    ×   100  



(1)








2.7. Effect of Yeast Concentration on Biocontrol Efficacy of Botrytis cinerea In Vivo


To evaluate the effect of the concentration of the yeast strains selected for their ability to biocontrol grey mold, wounded berries were submerged in a yeast suspension at concentrations of 1 × 107, 1 × 108 or 1 × 109 cells mL−1 in accordance with each treatment. Twenty-four hours later, they were sprayed with a conidial suspension of the pathogen at a concentration of 1 × 104 spores mL−1.



After 7 days at 20 °C, rot incidence was recorded according to Vero et al. [37]. Three replicates were established for each treatment in a completely randomized design in which each replicate was made up of 28 berries and the entire experiment was repeated twice.




2.8. Population Dynamics of Yeasts in the Wounds


The yeast population of yeast strains selected for their ability to biocontrol grey mold was monitored. Disinfected berries was wounded along the equatorial axis, inoculated with 10 μL of yeast suspension at 1 × 109 cells mL−1 and stored at 20 °C for 7 days. Tissue samples were taken at different times (0, 1, 2, 3, 4, 5, 6 and 7 days) after treatment; for this, wounded tissue was removed with a crock borer, homogenized in 10 mL of sterile 0.05 mM phosphate buffer (pH 6.5), vortexed, serially diluted and plated in triplicate on YPD. The plates were incubated at 25 °C for 48 h. Colonies were then counted and the results are expressed as the mean number of CFUs per wound [44]. Three replicates were performed for each sampling period, and each replicate was a wound.




2.9. Evaluating Oxidative Stress Tolerance


Overnight yeast cultures were washed with sterile distilled water as described above. Ten mL of yeast cell suspension (1 × 107 cell mL−1) was exposed to a final concentration of 5 mM H2O2 at 25 °C on a rotary shaker (100 rpm) for 20, 40 or 60 min. Subsequently, the yeasts were collected, washed and adjusted to a concentration at 1 × 103 cell mL−1, of which 100 μL was spread on YPD medium [45]. The plates were incubated at 25 °C for 48 h. Colonies were then counted and the results are expressed as the mean number of CFUs per mL. Three replicates were performed, and the experiment was repeated twice.




2.10. Determination of Different Modes of Action for Selected Yeast Strains


2.10.1. Antifungal Activity


Molten sterile YMA medium (0.3% yeast extract, 0.5% malt extract, 0.5% peptone, 1% dextrose, 30 mg L−1 methylene blue and 2% agar) adjusted to the pH values of 4.2, 4.6, 5.0 and 5.4 with a citrate–phosphate buffer was inoculated with a conidial suspension of the pathogen to reach a final concentration of 6 × 103 conidia mL−1. Fifteen mL of the inoculated medium was dispensed in sterile Petri dishes (9 cm diameter). A yeast aliquot (10 μL) was disposed on the gelled culture medium. The diameter of the inhibition halos of the fungal mycelial growth around the yeast colony was determined after 3–4 days of incubation at 25 °C [46]. Three replicates were performed, and the experiment was repeated three times.




2.10.2. Secretion of β-1,3-Glucanase and Chitinase Activity


The cell wall preparations (CPWs) of B. cinerea were obtained with the methodology described by Saligkarias et al. [47]. In minimal YNB medium (0.67% Yeast Nitrogen Base) supplemented with 1 mg mL−1 of the fungus wall, the yeast was cultured on a rotary shaker (100 rpm) at 25 °C [46]. Aliquots were taken from the culture 0, 1, 2, 3, 4, 6, 8, 10, 12 and 14 days post-inoculation. These aliquots were centrifuged for 10 min at 3000× g and the β-1,3-glucanase and chitinase contents were determined from the supernatant. Production of β-1,3-glucanase was determined by adding 250 μL of supernatant in 250 μL of potassium acetate buffer containing 1% of laminarin. The enzyme–substrate mixture was incubated for 2 h at 40 °C. Then, 0.5 mL of dinitrosalisilic acid reagent was added, followed by boiling at 100 °C for 5 min. After cooling, it was diluted with 5 mL of distilled water and absorbance was measured with a spectrophotometer (Optizen POP BIO, Mecasys Co., Ltd., Daejeon, Republic of Korea) at 595 nm. The protein content of the enzymatic solution was determined in accordance with the method described by Bradford [48] using bovine serum albumin (Sigma A-7906, Sigma-Aldrich, St. Louis, MO, USA) as a standard. Enzymatic activity was expressed as μmol of reducing sugar per milligram protein per hour. Three replicates were performed, and the experiment was repeated twice.



Chitinase production was evaluated by adding 200 μL of supernatant in 1800 μL of p-nitrophenyl N-acetylglucosaminide (Sigma N9376-1G, Sigma-Aldrich, St. Louis, MO, USA). The enzyme–substrate mixture was incubated for 2 h at 40 °C. The reaction was then stopped with 200 μL of NaOH and the absorbance was measured with a spectrophotometer (Optizen POP BIO, Mecasys Co., Ltd., Daejeon, Republic of Korea) at 405 nm. The protein levels were determined with the abovementioned method, and enzymatic activity was expressed as μmol of p-nitrophenol per milligram protein per hour [46]. Three replicates were performed, and the experiment was repeated twice.




2.10.3. Siderophore Production


Siderophore production was determined with CAS agar medium, which was prepared as follows: 30.2 mg of CAS was dissolved in 5 mL of iron (III) solution (1 mM FeCl3 in 10 mM HCl). Under stirring, this solution was slowly mixed with hexadecyltrimethyl-ammonium bromide (HDTMA) (36.5 mg of HDTMA dissolved in 20 mL water). The resultant solution was autoclaved and mixed with sterile basal medium (15 g agar, 7.5 g Pipes, 6.7 YNB and 5 g of glucose per L). The yeasts were streaked, and after 48 h of incubation at 25 °C, the detection of siderophores was evidenced by the formation of orange halos around colonies [49]. Three replicates were performed, and the experiment was repeated twice.




2.10.4. Production of Biofilm


Polysterene tissue culture multidishes (Nunclon) with 1800 μL of sterile grape juice were inoculated with a yeast suspension (1 × 109 cells mL−1). The yeast suspension in the control treatment was substituted with distilled sterile water. The cells were emptied and washed after 2 days of incubation at 25 °C. The biofilm layer on the wall of the wells was fixed by air-drying and stained with 2 mL of 1% crystal violet for 20 min; the cells were washed and dried again, after which 2 mL of ethanol was added. Absorbance of the eluate was determined at 620 nm with a spectrophotometer (Optizen POP BIO, Mecasys Co., Ltd., Daejeon, Republic of Korea). Biofilm formation was considered to be positive when absorbance was equal to that of the control plus three times the standard deviation [50]. Four replicates were performed, and the experiment was repeated twice.





2.11. Data Analysis


The conidial germination index and rot incidence were subjected to an analysis of variance (ANOVA) using the statistical software InfoStat 2016e (FCA-UNC, Córdoba, Argentina); significance was assessed at the 5% significance level (p ≤ 0.05) and a Tukey or Student’s t-test was used to separate means.





3. Results


3.1. Obtaining Antagonistic Yeasts


A total of 74 epiphytic yeast strains were isolated from the surface of grapes and 51 from apples; they were maintained in cell suspension with 30% v/v of glycerol and 70% YPD broth at −20 °C and placed in the microorganism collection of the Faculty of Agronomy at the Universidad de Concepción.




3.2. Selecting Yeasts with Antagonistic Activity against Botrytis cinerea


3.2.1. Inhibiting Mycelial Growth of Botrytis cinerea


Of the total strains (n = 125), 36 exhibited some degree of antagonistic activity against B. cinerea under in vitro conditions, and 10 strains were selected to be tested in vivo since they exhibited inhibition ratings of 2, 3 and 4 on the Swalding and Jeffries [36] scale (Figure 1).




3.2.2. Inhibition of Gray Mold Rot on Table Grapes


Of the 10 yeast strains, 4 exhibited biocontrol activity against B. cinerea in grape berries at 20 °C (Figure 2), and the 3 strains m11 (isolated from apple), me99, and ca80 (isolated from grape) reduced gray mold incidence in berries to 16.7, 33.3 and 50.0%, respectively, when the berries were submerged in a yeast suspension at a concentration of 1 × 108 cells mL−1 24 h before applying suspensions of B. cinerea. These strains were selected for the next assays.





3.3. Identifying Yeasts with Biocontrol Potential against Botrytis cinerea


Comparing restriction fragments obtained from the three yeast strains, two of them exhibited the same pattern (me99 and ca80); when compared with the patterns referenced in previous work [38,51], and the sequences available from the GenBank database, it was determined that strain m11corresponded to Meyerozyma guilliermondii (99% similarity with the published sequences for Pichia guillermondi Accession No. EF222224.1) and strains me99 and ca80 belonged to the Aureobasidium pullulans species (99% similarity with the published sequences for A. pullulans Accession No. HM849619.1) (Table 1).



Phylogenetic analysis was performed of the sequences corresponding to the D1/D2 domains of the 26Ss from me99 and ca80 against a dataset of sequences from different A. pullulans varieties, placing these strains in the A. pullulans var. pullulans clade (Figure 3A). D1/D2 sequences from both selected strains showed a 100% homology with the same sequences from A. pullulans var. pullulans CBS 584.75 and CBS 109,810, as well as differing by 1% of substitutions with the sequence corresponding to A. pullulans var. melanogenum CBS 105.22, the most closely related variety. In the case of m11, the phylogenetic tree placed it in the same clade as the M. guilliermondii CBS 2030 type strain, very closely related to the Meyerozyma caribbica (Vaughan-Mart., Kurtzman, S.A. Mey. & E.B. O’Neill) Kurtzman & M. Suzuki type strain (Figure 3B).




3.4. Effect of Yeast on Botrytis cinerea Spore Germination


The three yeast strains (m11, me99 and ca80) completely inhibited spore germination of B. cinerea at a concentration of 1 × 109 cells mL−1 in an MEB medium after 24 h of incubation at 20 °C (Table 2). As yeast concentration increased, conidial germination was inhibited; there was practically no inhibition of germination in all treatments when yeasts were at a concentration of 1 × 105 cells mL−1, but the inhibition was significant when the concentration reached 1 × 107 cells mL−1.




3.5. Effect of Yeast Concentration on Biocontrol Efficacy of Botrytis cinerea in Fruit


When yeast concentration increased, rot incidence of B. cinerea in table grape berries at 20 °C significantly decreased in the three evaluated strains (Table 3). At a concentration of 1 × 109 cells mL−1, the lowest incidence was exhibited by strain m11 (11.9%) (Figure 4).




3.6. Population Dynamics of Yeasts in the Wounds


The wound population of yeast during the first day post-inoculation decreased between 0.7 and 1.3 units log UFC for strains m11 and ca80, respectively. On the second day, the strain m11 population increased to 1.8 units log UFC compared to the previous day, while strains me99 and ca80 increased their population to 1 and 1.2 units log UFC, respectively, and afterwards remained practically constant (Figure 5).




3.7. Evaluating Oxidative Stress Tolerance


The cell viability of the different yeast strains (m11, me99 and ca80) decreased as exposure time to H2O2 increased (Figure 6). A concentration of 5 mM for 20 min affected all the yeast strains, with a decrease of 0.70, 1.04, and 1.06 units log UFC for strains m11, me99, and ca80, respectively. After 60 min of exposure to H2O2, strain m11 was the most affected because its population decreased by 1.05 units log UFC compared to the population after 20 min, while strains me99 and ca80 also decreased by 0.16 and 0.13 units log UFC, respectively.




3.8. Determination of Yeast Modes of Action


3.8.1. Antifungal Activity


The three strains exhibited antifungal activity against B. cinerea at pH 4.6, but only two strains exhibited antifungal activity at pH 4.2 (me99 and ca80) and 5.0 (m11 and ca80), while none of the strains exhibited antifungal activity at pH 5.4 (Table 4).




3.8.2. Secretion of β-1,3-Glucanase and Chitinase Activity


Enzymatic activity produced against CPWs of the B. cinerea fungus, as the only source of carbon, was detected in all three yeast strains. β-1,3-glucanase activity was observed on the first day of incubation, reaching its maximum level on day 3 for strain ca80 and day 8 for strain me99 and strain m11; after this, activity declined in the three yeast strains (Figure 7A). Chitinase activity was observed on the first day of yeast incubation, reaching its maximum level between the first (m11 and ca80) and third (me99) days of incubation, and then decreasing after 48 h of incubation (Figure 7B).




3.8.3. Siderophore Production


In the evaluation of siderophore production using CAS media (Table 4), the formation of orange halos around the colonies of strains me99 and ca80 was observed, but not m11; this indicates that only the first two have the ability to produce siderophores (Figure 8).




3.8.4. Production of Biofilm


The ability to produce biofilm in tissue culture multidishes was evaluated as positive for one (m11) of the three evaluated yeast strains, as it exhibited higher absorbance (A620) than the cutoff criterion (0.064) (Table 5).






4. Discussion


This study demonstrated that three indigenous Chilean epiphytic yeast strains (m11, me99 and ca80) isolated from the surface of apples and grapes from commercial orchards and identified as Meyerozyma guilliermondii (m11) and Aureobasidium pullulans (me99 and ca80) can control gray mold on table grapes.



The use of biocontrol agents to decrease postharvest damage in fruits has been explored as an alternative to synthetic fungicides [12], and the best source of antagonists is the fruit surface [52]. The adopted isolation and selection strategy is crucial in detecting agents with biocontrol potential [53]. An adequate and rapid in vitro preselection strategy is fundamental [36] for evaluating a large number of strains with biocontrol potential [54] against the damage caused by regional strains of the fungal pathogens [55]. In this study, 125 yeast isolates were obtained from the surfaces of table grapes and apples, of which 10 exhibited inhibition ratings of 2, 3 and 4 on the Swalding and Jeffries [35] scale against B. cinerea under in vitro conditions. Parafati et al. [53] previously demonstrated that A. pullulans was able to inhibit mycelial growth of B. cinerea in PDA medium, whereas inhibition was observed in MEA medium in the present study. The pathogen inhibition zones produced in the dual cultures in different solid substrates suggest that the antagonistic yeasts could produce some toxic metabolites for the pathogens under in vitro conditions [14]. However, the production of these toxic metabolites in the culture medium would not necessarily imply its production on the fruit surface [54].



When the 10 yeast isolates selected in vitro were tested on fruit, three isolates (M. guilliermondii strain m11 and A. pullulans strains me99 and ca80) reduced the incidence of gray mold in grapes when the yeasts were applied 24 h before the pathogen. Previously, Vargas et al. [34] demonstrated that inoculation of biocontrol yeast 24 h before the pathogen significantly reduced the incidence of B. cinerea in grapes compared to grapes inoculated with the yeast 1 h before the pathogen. This difference in the reduction of incidence could be explained by the fact that by inoculating the yeast 24 h before the pathogen, the yeast can grow and develop rapidly in the fruit, becoming the dominant microorganism, and the pathogen loses the ability to claim space, so it gradually dies because there is no space [19].



M. guilliermondii strain m11 and A. pullulans strains me99 and ca80 inhibited conidial germination of B cinerea at 20 °C in MEB medium. In fact, at the concentration of 1 × 109 cells mL−1, the germination of conidia of B. cinerea was completely inhibited by the three strains. The results of this study agree with those obtained by Zhang et al. [56], who reported that at a concentration of 1 × 109 cells mL−1 of M. guilliermondii, the germination of conidia of B. cinerea was completely inhibited and that the germination of conidia increased when the concentration of yeast cells in the medium decreased. Similar results were reported by Zhang et al. [57] with A. pullulans, but they reported that at a concentration of 1 × 108 cells mL−1, the germination of conidia was only 1.7%.



This antagonistic activity displayed by yeast against the germination of B. cinerea conidia could be attributed to competition for nutrients [28], as it has been reported that germination is dependent on the amount of amino acids present in the environment [58]. In this sense, Di Francesco et al. [59] postulated that this inhibition of germination was due to the impediment of nutrient intake of the pathogen caused by the yeast.



In this research, A. pullulans strains me99 and ca80 at a concentration of 1 × 109 cells mL−1 reduced the incidence of gray mold on table grapes to 26.1 and 32.1%, respectively, and M. guilliermondii strain m11 reduced it to 11.9% (Table 3). The control of gray mold by A. pullulans and M. guilliermondii has been reported by Lima et al. [60], Ippolito et al. [61], Schena et al. [62], Vero et al. [63]), Zhang et al. [56], Mari et al. [14], Parafati et al. [53], Wang et al. [64], Sun et al. [65] and Agarbati et al. [66], but very few studies have been developed on table grapes. Different results have been obtained depending on the strain and the host used.



In this study, when yeast concentration increases, the rot incidence of B. cinerea in table grapes decreases significantly; relationships between the concentration of the antagonist and biocontrol efficacy have been described [16,31,54,67,68,69,70,71,72,73,74] because the biocontrol activity of the antagonist is mainly based on the rapid colonization of wounds on the fruit [75].



By comparing the growth of the three yeast strains in the fruit wounds, it could be observed that the population of yeast strains in wounds during the first day post-inoculation decreased (Figure 5). However, M. guilliermondii strain m11 rapidly increased in population on the second day, with a higher population compared to those of A. pullulans strains me99 and ca80. This ability of M. guilliermondii to survive and multiply in wounds has been described by Lahlali et al. [76]. The highest population and rapid colonization in the wounds of M. guilliermondii strain m11 could explain the greater control observed against B. cinerea since rapid growth and a relatively high population density of microbial antagonists in fruit surface wounds is an advantage in competing with pathogens for nutrients and space and is therefore considered a major mode of action in many postharvest biocontrol systems [77].



To explain the observed decrease in the population of yeast in the first day post-inoculation, the resistance to oxidative stress of yeast strains was studied (Figure 6). Oxidative stress affected the viability of the three yeast strains when exposure time to H2O2 was increased; however, these yeast strains were able to overcome this stress and finally exceed the initially inoculated population size (Figure 5).



Liu et al. [45] reported a viability of 93% in Cystofilobasidium infirmominiatum when it was subjected to a concentration of 5 mM H2O2 for 20 min, while Hu et al. [73] reported a viability of 80% in Cryptococcus laurentii when it was subjected to a concentration of 10 mM H2O2 for 40 min; these values are higher those for the strains m11, me99, and ca80, which reached survival rates of 17.0, 9.9 and 16.5%, respectively. Antagonists with the ability to produce resistance to this type of stress have an advantage in the control of wound pathogens [78], since the accumulation of reactive oxygen species (ROS) is one of the first signals of a defense reaction to the attack of a pathogen [79]. Therefore, when the yeasts are applied, the ROS generated produce oxidative stress that can affect their viability and behavior [80]. Moreover, necrotrophic pathogens induce oxidative stress or excrete toxins in the host tissue to trigger the cell death process [81]. Necrotic pathogens can take advantage of the initial levels of hydrogen peroxide on the wound to colonize and overcome the plant defense, reducing or even eliminating peroxide levels generated by the fruit [82].



The three strains exhibited antifungal activity against B. cinerea at pH 4.6, although not at pH 5.4. Similar results were also obtained by Parafati et al. [53] and Grzegorczyk et al. [32] where acidic conditions emphasized this antagonism, which could be related to the production of killer toxins whose action and production depend on pH [46]; these toxins are inactive at a pH over 5 [83].



The enzymatic activities of the chitinase and β-1,3-glucanase types produced by M. guilliermondii against the CPW of B. cinerea fungus have been reported in previous studies [18,56,57], but in the case of strain m11, the maximum-level chitinase activity was attained after 24 h of incubation, while maximum activity was attained after 48 h for the strain reported by Zhang et al. [56]. This difference was also seen in the activity of β-1,3-glucanase because strain m11 exhibited its maximum level on day 8, while this was reached after 96 h of incubation in the strain described by Zhang et al. [56]. Vero et al. [63] reported that A. pullulans at 5 °C have β-1,3-glucanase activity starting after 7 days of incubation with CPWs of Penicillium expansum as the sole carbon source, exhibiting the maximum level of activity on day 25, while the maximum level chitinase activity was after 30 days.



The production of β-1,3- glucanase and chitinase during the early stages of yeast growth suggests that these enzymes play a role in breaking down complex polysaccharide polymers, which can then be consumed as a carbon source by the yeast cells [84]. β-1,3-glucanase acts on the β-1,3-glucan sites in the polysaccharide chain of the pathogen hyphal walls, distorting the hyphae and leaking their cytoplasmic components [85], thereby causes cell lysis and subsequent death.



Siderophore production was only detected in A. pullulans strains me99 and ca80, a feature that has been demonstrated in marine strains of A. pullulans [86]. This yeast species has been described as producing hydroxamate-type molecules that can act as siderophores when they grow in a medium containing a low concentration of iron [87]. Grape berries contain few iron ions [88], so the evaluated yeast strains should be able to produce siderophores in the wound, leaving the iron unavailable; this element is essential to the conidial germination of B. cinerea [89].



One of the three yeast strains (m11) exhibited the ability to produce biofilms; this ability has been suggested as a mode of action used by Cryptococcus victoriae, Debaryomyces nepalensis, M. pulcherrima, Pichia membranaefaciens and W. anomalus [21,23,25,43,53].



In fact, biofilm production favors the attachment, colonization and growth of antagonists on the surface of fruits, enhancing the ability of colonizing microorganisms to obtain nutrients [23]. This feature depends on the ability of the cells to adhere to different surfaces; this adhesion is caused by specialized proteins called adhesines that unite with amino acids and sugar residues from the surfaces of other cells or abiotic surfaces [90], creating a mechanical barrier that stands between the wound and the pathogen [80].



These results suggest that M. guilliermondii strain m11 and A. pullulans strains me99 and ca80 have potential as biocontrol agents of B. cinerea in ‘Thompson seedless’ table grapes. In addition, they suggest the possibility that chitinase and β-1,3-glucanase activity, siderophore production, or the ability to produce biofilms might be involved in the biocontrol efficacy of antagonistic yeasts.
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Figure 1. Biocontrol activity of yeasts isolated from grapes [image: Jof 09 00557 i001] and apples [image: Jof 09 00557 i002] against Botrytis cinerea in dual culture on MEA plates at 25 °C. The inhibition of mycelium growth was evaluated in accordance with the scale: 0 = no visible signs of Botrytis cinerea inhibition and mycelium surpassed the yeast colony; 1 = both organisms stopped growing on contact; 2 = inhibition zone between pathogen and antagonist was <2 mm; 3 = inhibition zone was between 2 and 4 mm; 4 = inhibition zone was >4 mm. 
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Figure 2. Rot incidence for Botrytis cinerea in grapes ‘Thompson seedless’ treated with indigenous yeasts. Fruits were wounded, treated by dipping for 30 s in a yeast strain cell suspension (1 × 108 cells mL−1), treated after 2 or 24 h with a spore suspension of fungal pathogen (1 × 104 spores mL−1) and stored at 20 °C for 7 days. Different letters indicate significant differences according to the Tukey test (p ≤ 0.05). *: indicates that the values differ significantly for the same yeast according to Student’s t-test (p ≤ 0.05). 
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Figure 3. Phylogenetic trees showing placement of selected biocontrol agents m11 and ca80 (A) and me99 (B) among related species as represented by the optimal trees derived from neighbor joining analysis of 26S rDNA domain D1/D2. Lodderonyces elongisporus was used as outgroup species in the first case (A) and Kabatiella microsticta and Kabatiella caulivora were used as outgroup species in the second case (B). The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches [42]. 
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Figure 4. Rot incidence of Botrytis cinerea in ‘Thompson Seedless’ grape berries. Fruits were wounded, treated by dipping for 30 s in a cell suspension of yeast strain (m11, me99 and ca80), treated after 24 h with a spore suspension of pathogen (1 × 104 spores mL−1) and stored at 20 °C for 7 days. 
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Figure 5. Population dynamics of yeast strains (m11, me99 and ca80) in ‘Thompson Seedless’ grape berry wounds at 20 °C for 7 days. Wounds were treated with 20 μL of cell suspension (1 × 109 cells mL−1). Bars represent standard error. 
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Figure 6. Viability of yeast strains (m11, me99, and ca80) under oxidative stress (5 mM H2O2) at different exposure times. Bars represent standard error. 
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Figure 7. Enzyme activity of yeast strains (m11, me99, and ca80) cultured in a YNB medium supplemented with 1% CWP as sole carbon source at 25 °C. (A) β-1,3-glucanase activity and (B) chitinase activity. Bars represent standard error. 
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Figure 8. Siderophore production of yeast strains ((A) m11, (B) me99 and (C) ca80) after 48 h of incubation at 25 °C on CAS agar medium. 
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Table 1. Size in base pairs (bp) of 5.8S-ITS PCR products and ribosomal DNA restriction patterns for yeast strains after digestion with the restriction endonucleases HaeIII, HinfI and HhaI.
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Yeast Strains

	
PCR Product

ITS1-ITS4

	
Restriction Fragments

	
Species




	
HaeIII

	
HinfI

	
HhaI






	
m11

	
600

	
400 + 115 + 90

	
320 + 300

	
300 + 265 + 60

	
Meyerozyma guilliermondii 1




	
me99

	
590

	
460 + 150

	
290 + 180 + 130

	
190 + 180 + 100

	
Aureobasidium pullulans 2




	
ca80

	
590

	
460 + 150

	
290 + 180 + 130

	
190 + 180 + 100

	
Aureobasidium pullulans 2








1: according to Esteve-Zarzoso et al. [38]; 2: according to Sabate et al. [51]. The percentage identity of 5.8S-ITS ribosomal DNA was calculated with BLAST program and the sequences were compared with those from NCBI database (www.ncbi.nlm.nih.gov, accessed on 1 January 2020).
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Table 2. Effect of yeast strains m11, me99 and ca80 on spore germination of Botrytis cinerea by co-culturing in MEB at 20 °C for 24 h.
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Concentration of Yeast (Cells mL−1)

	
Conidial Germination Index (%) *




	
m11

	
me99

	
ca80






	
Control

	
100.00 ± 0.00 a

	
100.00 ± 0.00 a

	
100.00 ± 0.00 a




	
1 × 105

	
99.67 ± 0.33 a

	
100.00 ± 0.00 a

	
97.67 ± 0.67 a




	
1 × 106

	
92.67± 3.28 a

	
90.00 ± 2.65 b

	
96.33 ± 0.67 a




	
1 × 107

	
18.00± 3.00 b

	
23.33 ± 3.48 c

	
19.67 ± 2.33 b




	
1 × 108

	
3.67 ± 1.33 c

	
6.67 ± 0.88 d

	
0.33 ± 0.33 c




	
1 × 109

	
0.00 ± 0.00 c

	
0.00 ± 0.00 d

	
0.00 ± 0.00 c








Data expressed as mean ± standard error. *: conidial germination index = (number of germinated conidia/total number of conidia counted) × 100. Control treatment means the yeast suspension was substituted with distilled sterile water. Different letters in the same column indicate differences among concentrations according to the Tukey test (p ≤ 0.05).
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Table 3. Effect of different concentrations of yeast strains m11, me99 and ca80 on biocontrol efficacy of Botrytis cinerea in ‘Thompson Seedless’ grape berries. Fruits were wounded, treated by dipping for 30 s in a cell suspension of yeast strain, treated after 24 h with a spore suspension of pathogen (1 × 104 spores mL−1) and stored at 20 °C for 7 days.
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Concentration of Yeast (Cells mL−1)

	
Rot Incidence (%)




	
m11

	
me99

	
ca80






	
Control

	
78.81 ± 4.76 c

	
84.52 ± 6.63 b

	
94.05 ± 1.19 c




	
1 × 107

	
34.52 ± 7.81 b

	
64.29 ± 5.46 b

	
60.71 ± 7.14 b




	
1 × 108

	
20.24 ± 4.76 ab

	
35.71 ± 2.06 a

	
33.33 ± 5.19 a




	
1 × 109

	
11.90 ± 6.30 a

	
26.19 ± 7.81 a

	
32.14 ± 2.06 a








Data expressed as mean ± standard error. Control means the treatment of pathogen only. Different letters in the same column indicate differences among concentrations according to the Tukey test (p ≤ 0.05).
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Table 4. Antifungal activity of yeast strains (m11, me99 and ca80) against Botrytis cinerea on YMA plates at different pH.
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Yeast Strain

	
pH




	
4.2

	
4.6

	
5.0

	
5.4






	
Control *

	
−

	
−

	
−

	
−




	
m11

	
−

	
+

	
+

	
−




	
me99

	
+

	
+

	
−

	
−




	
ca80

	
+

	
+

	
+

	
−








*: control consisted of Botrytis cinerea incorporated into the medium without yeast. +: presence of inhibition halo. −: absence of inhibition halo.
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Table 5. Siderophore production in CAS medium and biofilm formation in tissue culture multidishes by yeasts at 25 °C.
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Yeast Strain

	
Siderophore Production

	
Biofilm Formation




	
Absorbance (A620)

	






	
m11

	
−

	
0.076 ± 0.006

	
+




	
me99

	
+

	
0.008 ± 0.002

	
−




	
ca80

	
+

	
0.010 ± 0.001

	
−








+: presence of siderophores or biofilm. −: absence of siderophores or biofilm. Cutoff value of biofilm formation = 0.064. Biofilm formation data are expressed as mean ± standard error.
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