APPLICATION OF EPIPHYTIC YEASTS FOR BIOCONTROL OF POST-HARVEST DISEASES IN GRAPES
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ABSTRACT
Fungal pathogens can reduce fruit and vegetable yields by more than one-third. Sus-tainable control methods, particularly biological control agents (BCAs), have advanced to address this problem. This study aimed to isolate epiphytic yeast strains from the local grape variety Aisulu that exhibit biological control properties against postharvest grape diseases. A two-stage screening process was used. First, in vitro tests assessed the antagonistic and bio-film-forming activities of 34 yeast isolates, of which 23 were discarded for weak activity. In the second stage, 11 selected yeast isolates were tested as BCAs against three of the most damaging fungal pathogens to crops in model postharvest systems, specifically W and B, which involved microenvironments of artificially wounded grape berries and unwounded grape bunches. Two promising antagonists, Metschnikowia pulcherrima A2 and Han-seniaspora uvarum HU15, were identified as effective BCAs against the tested pathogens, demonstrating performance comparable to or better than previous results in the W and B systems. Future research should focus on understanding how these BCAs colonize and sur-vive in postharvest conditions, as well as on enhancing their effectiveness through potential combinations with phytohormones, yeast mixes, or genetic modifications.
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1. INTRODUCTION
More than one-third of harvested fruits and vegetables, known for their numerous benefits (Aune et al. 2017; Wang et al. 2016; Zakrevskii 2018), are lost and never reach consumers, mainly due to postharvest rot. The most common fungal agents responsible for this decay, both before and after harvest, include Botrytis cinerea, Penicillium species, Aspergillus species, Alternaria species, Rhizopus, and Cladosporium species. These agents are the subject of ongoing research (De Simone et al. 2020; Freire et al. 2018; Liu et al. 2024; Lovato et al. 2019; Tziros et al. 2022; Zhang et al. 2020b). Fruit rot can occur from wounds caused during harvesting, packaging, storage, and transportation. Additionally, conditions favorable to fungal pathogens—such as high moisture, nutrient levels, and low pH—can worsen the problem.
Botrytis cinerea is a fungus that causes the common problem known as gray mold. This mold can damage many plants, causing them to appear dull and unhealthy. It infects over 200 major farm crops. This necrotrophic fungus kills plant cells by releasing toxins and reactive oxygen species, triggering an oxidative burst in the plant. Fungi can produce mycotoxins during infection, contaminating the food supply through both fresh and processed fruit products and posing health risks to humans. Botrytis cinerea synthesizes two major phytotoxins: the sesquiterpene known as botrydial and the polyketide called botcinic acid. These compounds are crucial for the fungus's ability to damage host cells and effectively colonize plant tissues (Lovato et al. 2019). B. cinerea produces various cell wall-degrading enzymes and low-molecular-weight compounds such as oxalic acid when infecting plants. New evidence suggests that the pathogen triggers the host to initiate programmed cell death as a defensive strategy. B. cinerea causes significant yield losses in grapevines both before and after harvest. Despite extensive research on this pathogen in different plant species, there is limited information on how grape genotypes resist or are susceptible to B. cinerea infection (De Simone et al. 2020; Tziros et al. 2022).
Aspergillus niger is a harmful fungal pathogen known for producing ochratoxin A (OTA), a powerful mycotoxin primarily found in grapes, wine, and juice. OTA accumulates in various organs and tissues throughout the human body, including the bloodstream, liver, and kidneys, posing significant health risks. It is associated with immunosuppression, teratogenic effects (causing developmental problems in fetuses), neurotoxicity, genotoxicity, mutagenicity (damaging genetic material), and carcinogenicity (ability to cause cancer) (Freire et al. 2018).
Rhizopus stolonifer, commonly known as black bread mold, is a harmful fungus that negatively affects the storage of various horticultural products. Its conidia readily become airborne and thrive in high humidity, leading to rapid growth and fruit decay. This fungus significantly decreases the shelf life and market value of affected items, creating challenges for agricultural storage and handling. To minimize its impact on crops, effective management strategies are essential (Liu et al. 2024; Zhang et al. 2020b).
Chemical fungicides remain the primary tools for managing major pathogens after harvest. Currently, agrochemicals are mainly used before harvest, while sulfur dioxide (SO2) is predominantly employed after harvest to control grape mildew. However, concerns about environmental pollution and health risks associated with synthetic fungicides have driven efforts to develop safer alternatives. Much of the current research focuses on biological control and the use of microorganisms as innovative pest-management strategies. Significant progress has been made in adopting more environmentally friendly control methods, such as biological control agents (BCAs). The criteria for selecting the ideal BCAs are summarized in scientific journals (Wilson and Wisniewski 1989).
Among the antagonistic microorganisms used as BCA against fungal pathogens, specific antagonistic yeasts are the most commonly reported in scientific journals due to their traits (Hernandez-Montiel et al. 2021; Oztekin et al. 2023). They can withstand extreme environmental conditions that occur before and after harvest. They are especially suited to the high sugar levels, osmotic pressure, and low pH of the fruit microenvironment. Yeasts grow on inexpensive substrates and can therefore be produced in large quantities in fermenters. Unlike filamentous fungi, yeasts do not produce allergenic mycotoxins and have simple nutritional requirements, allowing them to colonize dry surfaces for long periods (Di Canito et al. 2021; Reyes-Bravo et al. 2021; Salerno et al. 2024).
Extensive research on antagonistic yeasts has gradually refined the criteria for screening these yeasts as BCAs (Jimenez and Köhl 2020). Ideally, antagonistic yeasts should be genetically stable, have simple nutrient requirements, perform effectively under challenging environmental conditions and at low concentrations, and target multiple fungal pathogens across different fruits (Dukare et al. 2019; Nunes 2012). Using antagonistic yeasts as BCAs offers an innovative and environmentally friendly approach to pest control and provides a valuable alternative to synthetic fungicides. Yeasts show great promise as biocontrol agents for pre- and post-harvest diseases, with significant progress already made in their use (Di Canito et al. 2021; Reyes-Bravo et al. 2021; Salerno et al. 2024; Zhang et al. 2020b).
However, using antagonistic yeasts alone still cannot fully replace synthetic fungicides. In most cases, postharvest biocontrol systems face challenges, including limited understanding of the complex interactions among components such as antagonistic yeast, pathogens, hosts, natural microbiomes, and the environment (Zhang et al. 2020a). Despite decades of research, our knowledge of these interactions remains limited. There is still a need for essential information about how BCA colonizes, survives, and differentiates in postharvest biocontrol systems, including its physiology, genetic traits, and molecular mechanisms. To date, several potential fungistatic mechanisms have been proposed to control postharvest fruit diseases, including biofilm formation and competition for space and nutrients with pathogens, secretion of antifungal antibiotics, direct parasitism of pathogens, and induction of host resistance by microbial antagonists (Dukare et al. 2019; Zhang et al. 2020a). Among these, the induction of host resistance by biological control agents is considered the primary method for enhancing fruit resistance to postharvest diseases (Romanazzi et al. 2016).
Strategies to improve the efficacy of biocontrol have gradually advanced by combining antagonistic yeasts with plant hormones, which help trigger host resistance to disease by microbial antagonists (Cheng et al. 2019; Farahani and Etebarian 2012; Qin et al. 2003; Xu et al. 2008), with chemicals (Gramisci et al. 2018; Shao et al. 2019; Zheng et al. 2019; Zhou et al. 2016), or physical treatments (Zong et al. 2010); using a mix of antagonistic yeasts (Maciag et al. 2023; Öztekin and Karbancioglu-Guler 2023); developing composite microorganisms (Chen et al. 2025); and genetically modifying antagonistic yeasts (Zhao et al. 2020).
The combination of H. uvarum and β-aminobutyric acid (BABA) provided better control of postharvest disease than either treatment alone. H. uvarum growth in kiwifruit wounds was unaffected by BABA. Treating kiwifruit with H. uvarum, BABA, or both increased the gene expression and enzyme activity of chitinase and β-1,3-glucanase in the fruit. BABA's ability to enhance the biological control efficacy of H. uvarum may partly result from triggering a defense response in kiwifruit. Using H. uvarum with BABA offers a promising alternative to synthetic fungicides for managing postharvest diseases in kiwifruit (Cheng et al. 2019).
Microbial control, while promising, faces challenges in practical application. Antifungal activity of microorganisms depends on growth conditions, leading to variability in postharvest biocontrol success. Additionally, biosafety concerns and registration procedures limit large-scale adoption in production settings. From a commercial standpoint, the complex interactions among components of a postharvest biocontrol system make its success more reliant on production, formulation, packaging, application, and storage. Understanding how such a system functions is crucial for developing effective formulations and application methods, as well as securing registration (Zhang et al. 2020a).
The growth of molecular biotechnology and the rise of “omics” technologies provide powerful tools for developing and applying antagonistic yeasts (Blanco-Ulate et al. 2015, 2017; Crandall et al. 2020; Fernandez-San Millan et al. 2023; Sarethy and Saharan 2021). Using yeasts as BCAs offers a vital alternative to synthetic fungicides, and their potential as biocontrol agents for postharvest diseases deserves further investigation using the strategies discussed earlier. In this context, it is important to continue exploring new antagonistic yeasts and to assess their effectiveness in postharvest biocontrol systems.

2. MATERIALS AND METHODS
2.1. Yeast Isolation
We collected berries of the Aisulu table grape variety (Vitis vinifera) from the Talgar district of the Almaty region, specifically from the village of Almalyk. The collection took place at the experimental site of the Talgar branch of the Kazakh Research Institute of Fruit and Vegetable Growing, located within a pomological garden in southeastern Kazakhstan.
Four berries were placed in each of five Erlenmeyer flasks containing 125 mL of sterile water. The samples were incubated in an incubator shaker (New Brunswick Scientific Innova 44, Eppendorf) at 200 rpm for 30 minutes. After shaking, the wash solution was transferred to 50 mL Falcon tubes and centrifuged at 3000 × g for 15 minutes in a refrigerated centrifuge (5810 R, Eppendorf) with a swing-bucket rotor (A-4-62). The pellets were resuspended in a liquid medium composed of yeast extract, peptone, and dextrose (YPD). This suspension was serially diluted in YPD, from 10^-1 to 10^-6. Next, 0.1 mL of each dilution was plated onto nutrient yeast dextrose agar (NYDA) (Sigma-Aldrich, US) using a sterile glass spatula. All plates were incubated at 28 ± 2 °C for 48 hours. After incubation, the plates with higher dilutions were examined under a microscope (OPTIKA B-510LD4) to identify the yeast.
The isolates were recultured on fresh NYDA agar to obtain pure cultures. These pure cultures were then incubated in YPD medium at 28 ± 2 °C for 48 hours. After incubation, the cultures were stored at -80 °C in liquid YPD containing 30% (v/v) glycerol (Sigma-Aldrich, USA). 

2.2. Preparation of Yeasts for Experiments 
One hundred microliters of the stock frozen yeast culture were subcultured twice in 10 mL of YPD medium at 28 ± 2 °C for 48 hours in a test tube. Subsequently, we inoculated 0.5 mL of this culture into 50 mL of nutrient yeast extract dextrose broth (NYDB) in 125 mL Erlenmeyer flasks. This culture was incubated in an Innova 44 Incubator Shaker (Eppendorf) at 150 rpm for an additional 48 hours at 28 ± 2 °C. The yeast cells were then collected by centrifugation at 3000 × g for 15 minutes using a refrigerated Centrifuge 5810 R with a swing-bucket rotor A-4-62 (Eppendorf). After centrifugation, the cells were washed twice with sterile deionized water and resuspended in distilled water to reach an initial concentration of approximately 5 × 10^8 cells/mL. The yeast cell count in the suspension was determined using a hemocytometer.

2.3. Preparation of Fungal Pathogens for Experiments 
In this study, we used several fungal pathogen strains: B. cinerea (F-RKM 1032) from the Republican Collection of Microorganisms LLC, A. niger (ATCC 6275), and R. stolonifer (ATCC 6227b) from the American Type Culture Collection. We grew the pathogen cultures on Potato Dextrose Agar (PDA, Sigma-Aldrich, US), supplemented with streptomycin sulfate at a concentration of 300 mg/L (Sigma-Aldrich, US). These cultures were incubated in the dark at 22°C to 25°C for 7 to 10 days before use. To prepare the spore suspension, we washed the Petri dish surfaces with sterile distilled water containing 0.05% Tween 80. The suspension was then filtered through eight layers of sterile cheesecloth and shaken to ensure uniform mixing. Finally, we diluted the suspension to a final concentration of 1 × 10^5 conidia/mL. The number of conidia in the suspension was determined using a hemocytometer.

2.4. In Vitro Screening of Yeast Isolates for Antagonistic Activity against B. cinerea using the Dual-Culture Method
The experiments used a dual-culture method with slight modifications (Hassan et al. 2021). To assess the effectiveness of yeast isolates against a pathogen, we cultured them together on potato dextrose agar (PDA). We took a 6 mm mycelial plug from a seven-day-old culture of B. cinerea (F-RKM 1032) and placed it at the center of an agar plate. Then we streaked a 2-day-old yeast culture onto the same plate, positioning it 1.0 cm from the edge. We also prepared a separate plate with only the fungus as a control. All plates were incubated at 28 ± 2 °C in a thermostat (BINDER RI 115, Germany) for seven days. Finally, we measured the percent inhibition of radial growth (PIRG) using the formula provided in equation (1).

	PIRG = [(R1 − R2) / 1] × 100
	(1)



R1 indicates the fungus's radial growth in the control group without yeast, while R2 shows the radial growth in samples with yeast.
This study was conducted in triplicate for each treatment.

2.5. In Vitro Screening of Yeast Isolates for Biofilm Formation Activity
We used a standard method with slight modifications (Wang et al. 2023). Yeasts were cultured in 1 mL of YPD medium containing 1% yeast extract, 2% peptone, and 2% glucose. The culture was incubated for 20 hours at 30°C in a BINDER RI 115 incubator (Germany), and the cell concentration was adjusted to a final optical density (OD600) of approximately 1.0 (approximately 3 × 10^7 cells/mL). After incubation, we mixed 20 μL of the yeast cell suspension with 180 μL of YPD medium in the wells of a sterile 96-well plate (Corning, Sigma-Aldrich, US). This mixture was incubated for 72 hours at 28°C. We then removed the medium and washed the wells twice with 200 μL of phosphate-buffered saline (PBS) to remove any free cells. To stain biofilm-forming cells, we added 200 μL of 0.1% crystal violet and incubated for 10 minutes at room temperature. The wells were then rinsed three times with PBS and air-dried. We added 200 μL of 33% acetic acid to each well and incubated for 30 minutes at room temperature with shaking at 150 rpm using an Innova 44 Shaker-incubator (Germany). OD550 readings for the sample and control were obtained with a reader (EZ-Read 400, Biochrom, USA). YPD medium without yeast cells served as a negative control. This study was performed in triplicate for each treatment.

2.6. Identification of Antagonistic Yeasts Using Molecular Taxonomy and Phylogenetic Analysis
We identified yeast isolates with the highest antagonistic activity and strong biofilm- forming abilities at the species level. Following the manufacturer's protocol, DNA was extracted from the yeasts using the Thermo Scientific GeneJET Genomic DNA Purification Kit (Thermo Fisher Scientific, USA). All reagents were from Thermo Fisher Scientific, USA. We amplified the ITS 1 - 5. 8 S - ITS 2 region of nuclear ribosomal DNA (nrDNA) from yeast isolates using the method described by White et al. (1990). Amplification was performed with universal primers, "ITS 1" (5’- TCCGTAGGTGAACCTGCGG- 3’) as the forward primer and "ITS 4" (5’- TCCTCCGCTTAATTGATATGC- 3’) as the reverse primer, in a total reaction volume of 30 μl. The PCR mixture contained 5 μl of DNA (57.5 ng), 1 U of Taq DNA Polymerase, 0.2 mM of each dNTP, 10 × KCl buffer, 2.5 mM MgCl2, and 10 pmol of each primer. The PCR program was as follows: an initial denaturation at 94 °C for 5 minutes, followed by 30 cycles of 95 °C for 30 seconds, 55 °C for 40 seconds, and 72 °C for 50 seconds. We performed a final elongation step at 72 ° C for 7 minutes during PCR using a Proflex amplifier (Applied Biosystems). After amplification, the PCR products were purified following the ExoSAP- IT ™ PCR Product Cleanup protocol. For sequencing, we prepared a 10 μL reaction mixture containing 6 μL of Master Mix, 1 μL of primer, and 3 μL of PCR product. The Master Mix consisted of 2 μL of BigDye Terminator v3.1; 1 μL of BigDye sequencing buffer, and 3 μL of nuclease- free water. The sequencing protocol involved heating the mixture to 94 ° C for 1 minute, followed by 25 cycles of 10 seconds at 96 ° C, 5 seconds at 50 ° C, and 4 minutes at 60 ° C. We purified the PCR products according to the manufacturer' s instructions using the BigDye XTerminator Purification Kit. We then performed sequencing on an Applied Biosystems 3500 Genetic Analyzer. The sequences obtained were aligned and identified with BLAST from the National Center for Biotechnology Information (NCBI). For multiple sequence alignment, ClustalW was used, and we conducted phylogenetic analysis using the Neighbor- Joining method in MEGA 11 software. Bootstrap support values for the phylogenetic tree were calculated from 1000 replicates.

2.7. In Vivo Screening of Antagonistic Yeast Strains for the Percentage of Infected Artificial Wounds in Grape Berries within Postharvest Biocontrol Models: W Systems 
The tritrophic W System is a model postharvest biological control system in which the host component is an artificially wounded grape berry. The host organism was prepared by first depriving a whole, healthy grape berry of its natural epiphytic microbiota by treating it with a sodium hypochlorite solution, then applying an artificial wound. The other two components were yeast and a fungal pathogen. We used the method, with some modifications, as outlined in reference (Schena et al. 2000). We purchased ripe Bull's Eye (Vitis Sensation) table grapes from a local market. Each of the 864 berries was carefully separated from the bunches to prevent mechanical damage or spoilage and to ensure uniformity in size, color, and shape. We then soaked the berries in a 2% sodium hypochlorite solution for two minutes to eliminate natural epiphytic microflora. After thoroughly rinsing the berries with sterile water in a laminar flow cabinet, we dried them. Using a sterile dissecting needle, we punctured the surface of each berry once, creating a two-millimeter-deep wound in the equatorial zone. We then inoculated each wound with 20 μl of an antagonistic yeast cell suspension containing 1.0 × 10^7 cells/ml. After two hours, we added a 20 μl aliquot of a fungal spore suspension containing 5.0 × 10^4 conidia/ml to the same wound. For the control, we used sterile distilled water instead of the yeast suspension.
To prevent contamination, we securely attached nine berries to the bottoms of plastic boxes using adhesive tape. For each yeast isolate, we prepared two boxes, each containing water-soaked paper to maintain high humidity, and then sealed them with lids. We stored the boxes at 20°C and measured the percentage of infected wounds after five days. Our experiments included four replicates, each with eighteen berries placed in two plastic containers with lids. Before conducting the variance analysis, we applied an arcsine transformation to the data.

2.8. Evaluation of Biological Control Efficacy against Pathogens in the W System
We converted the percentage of infected grape berries in the W system into biological control efficacy, BEW(pat), against fungal pathogens using formula (2).

	BEW(pat) = (PIWC – PIWS) / PIWC
	(2)



BEW(pat) indicates the biological control efficacy against the pathogen in the W system.
PIWC indicates the percentage of infected artificial wounds in the bitrophic “host-pathogen” system within the control group.
PIWS indicates the percentage of infected artificial wounds in the tritrophic W system (i.e., the “host-pathogen-antagonist” relationship) within the sample group.

2.9. In Vivo Screening of Antagonistic Yeast Strains for the Percentage of Infected Unwounded Berries in Grape Bunches within Postharvest Biocontrol Models: B Systems
By our definition, a tritrophic System B is a model postharvest biological control system that uses bunches of grapes as the host component, which have been previously stripped of their natural epiphytic microbiota by treatment with sodium hypochlorite. The antagonistic yeast and fungal pathogen are the second and third components of this tritrophic System B. Here, we used, with minor modifications, the method described in the other article (Schena et al. 2000). For the experiment, 324 bunches of 10 healthy table grape berries of the Aisulu variety (Vitis vinifera) were selected and provided by the Kazakh Research Institute of Fruit and Vegetable Growing. 
We selected bunches that were similar in size and weight. We surface-sterilized them by soaking them in a 2% sodium hypochlorite solution for two minutes to eliminate natural epiphytic microflora. After thoroughly rinsing the bunches with sterile water in a laminar flow cabinet, we dried them. We immersed them for two hours in a suspension of antagonistic yeasts at a concentration of 1.0 × 10^7 cells/mL or in sterile distilled water for the control group. 
Two hours later, we inoculated the bunches by spraying them with pathogen spore suspensions of B. cinerea, A. niger, and R. stolonifer at a concentration of 5.0 × 10^4 conidia/mL. We replicated each treatment three times, with each replicate consisting of six bunches placed in a plastic box lined with water-soaked paper to maintain high humidity and covered with a lid. Inside each box, the bunches were arranged to ensure adequate spacing to prevent contact between them. The treated bunches were stored at 20°C, and the percentage of infected berries was assessed after five days. The data were subjected to an arcsine transformation before analysis of variance.

2.10. Evaluation of Biological Control Efficacy against Pathogens in the B Systems 
We converted the percentage of infected grape berries in system B into biological control efficacy (BEB; pat) against fungal pathogens using the standard formula (3).

	BEB(pat) = (PIBC – PIBS)/ PIBC
	(3)



BEB (pat) indicates the biological control efficacy against the pathogen in the B system.
PIBC indicates the percentage of infected berries in the bitrophic “host-pathogen” system within control groups.
PIBS shows the percentage of infected berries in the tritrophic B system, which includes “host-pathogen-antagonist” within the sampled group.

2.11. Evaluation of the B and W Systems’ Selectivity for Protection Against Fungal Pathogens
We evaluated the selectivity for protection against one of the two fungal pathogens (pat) in B and W systems by using a statistical method called the “overlap rule for standard error (SE) columns” (Cumming et al. 2007) (see paragraph 2.12). 

2.12. Data Analysis and Statistical Assessment of Results 
We presented the numerical data as means and standard errors. To normalize the distribution before statistical analysis, we transformed percentage data from yeast screening, both in vitro and in vivo, to arcsine-square root values. We assessed the significance of differences among treatments using one-way ANOVA, followed by Tukey's HSD (Honestly Significant Difference) post hoc test, with a significance level set at P < 0.01 (One-Way ANOVA n.d.) (see the Supplementary Materials).
We assessed the statistical significance of selectivity for protection against fungal pathogens in the B and W systems using the overlap rule for standard error (SE) bars (Cumming et al. 2007). This method was applied using the percentage of infected berries in grape bunches (PIBS) in the B system and the percentage of infected wounds in grape berries (PIWS) in the W system (see Tables 1A and 2A). According to this rule, a “Gap” is the number of arms of the average SE bar that would fit between the bottom of the error bar of the sample with the higher (H) mean value and the top of the error bar of the sample with the lower (L) mean value. A gap of 2 means that the distance between the H and L error bars equals twice the average length of the error bar arms for both samples, and the probability (P) is roughly 0.05. For example, a Gap of 2 indicates that the distance between the SE bars is equal to twice the length of the average SE bar arms for the two samples. When n = 3 or 4 and twice the lengths of the SE bar arms touch (meaning the Gap distance is two average SE bar arms), P is approximately 0.05. Suppose the Gap distance exceeds two, and n equals 3 or 4. In that case, the infection rate of grape berries after treatment with one yeast against two fungal pathogens differs significantly (P < 0.05). 
Tables 4, as well as Tables 5, illustrate the method for calculating the gap distance.

3. RESULTS 
3.1. Objects of Study 
The objects of this study were isolates of epiphytic yeasts collected from the surface of berries of the local Kazakh table grape variety, Aisulu. The yeast cultures formed large, round colonies with a shiny surface, ranging from beige to white, and had a pasty consistency when grown on potato dextrose agar (PDA). In the broth medium, yeast growth formed a significant sediment at the bottom of the test tube. We selected thirty-four yeast isolates based on their cultural and morphological characteristics.

3.2. In Vitro Screening of Yeast Isolates for Antagonistic Activity Against Botrytis cinerea Using the Dual-Culture Method
Fig. 1 shows the antagonistic activity profile of 34 epiphytic yeast isolates collected from the surface of local Kazakh table grape berries. 
Yeast isolates exhibited varying levels of antagonistic activity against the gray mold pathogen (see Fig. 1 and Table S1). Some isolates were highly effective at inhibiting mycelial growth, with the highest fungal radial growth inhibition percentage (PIRG) of 71.76% achieved by isolate #29. Others showed moderate or low inhibition, with the lowest PIRG being 23.76% for isolate #10. 
We classified the yeast isolates into four groups, designated as A, B, C, and D, based on their PIRG values (see Fig. 1). We then examined the differences in PIRG values to determine their statistical significance. From this, we selected 19 isolates with relatively higher antagonistic activity from groups A and B.

3.3. In Vitro Screening of Yeast Isolates for Biofilm Formation Activity
After screening 34 epiphytic yeast isolates from local grape berries for antagonistic activity, we excluded 15 isolates for their lower effectiveness. The next step in identifying BCAs was to test whether the 19 selected antagonistic yeast isolates could form biofilms in vitro. Fig. 2 shows the results of testing these 19 isolates for biofilm formation. After 72 hours of incubation, most yeast isolates adhered well to the wells of the microtiter plate, even after two washes with sterile water. The stained biofilms from 11 isolates had significantly higher optical density than the controls, which had an average OD550 of 0.245. Isolates #1 and #34 showed the highest optical density values (see Fig. 2).

3.4. Identification of Antagonistic Yeasts Using Molecular Taxonomy and Phylogenetic Analysis
Fig. 3 shows a phylogenetic tree that clusters 11 antagonistic yeasts, selected based on their performance in a previous in vitro biofilm formation assay (see Fig. 2). The tree groups these yeasts into proposed clades representing phylogenetically related genera.

3.5. In Vivo Screening of Antagonistic Yeast Strains for the Percentage of Infected Artificial Wounds in Grape Berries within W Systems
Table 1A presents the results of screening 11 selected antagonistic yeast strains in W systems. We divided these yeast strains into four groups: A, B, C, and D, based on their ability to protect wounds from fungal infections in W systems. Strains in groups A and B did not differ from each other (P > 0.01), but differed from strains in groups C and D (P < 0.01). Strains in groups C and D did not differ from each other (P > 0.01).
In experiments with six yeast strains—A. pullulans (AP05, AP04, AP06, AP08, and AP12) and C. lusitaniae (CL01)—wound infection rates, comparable to the control variant, were observed, with the pathogen present in the wound of a grape berry. Infection rates for gray mold ranged from 51.1% to 60.35%, for black mold from 51.13% to 63.38%, and for Rhizopus rot from 66.11% to 74.13% (see Table 1A). These six yeast strains were classified as C and D groups (see Table 1A). The control groups showed wound infection rates of 68.81% to 83.10% and were also classified as group C or D (Table 1A).
In the W systems that used five yeast strains—M. pulcherrima (A2), H. uvarum (HU15), A. pullulans (AP11, AP13), and C. lusitaniae (CL03)—pathogens resulted in low wound infection rates. Specifically, the infection rates for gray mold ranged from 14.75% to 24.04%, for black rot from 18.13% to 35.42%, and for Rhizopus rot from 19.67% to 26.46%, as shown in Table 1A. These yeast strains were classified as group AB, as shown in Table 1A. 

3.6. In Vivo Screening of Antagonistic Yeast Strains for the Percentage of Infected Berries in Grape Bunches within the B Systems
Table 2A presents the results of experiments conducted in the B systems, which mimic the natural microenvironment of the grape berry bunch. In this step, we tested five highly effective antagonistic yeast strains previously identified in the W systems (as shown in Table 1A). In the control variants of the pathogen-host interaction, the percentage of infected berries in the grape bunches due to pathogen contamination ranged from 46.38% to 63.53%.
We observed relatively high levels of grape berry infection in the B models. The incidence of black mold ranged from 23.6% to 35.73%, while Rhizopus rot ranged from 41.30% to 42.96%. These results were associated with the B systems, which included the antagonistic yeast strains A. pullulans (AP11 and AP13) and C. lusitaniae (CL03). We categorized these yeast strains into group B (see Table 2A). 
Regarding gray mold infection, strains AP11 and AP13 were classified as group B. However, strain CL03 was assigned to group A because it had a 20.79% gray mold infection rate (see Table 2A). The infection rates of grapes in bunches with strains AP11 and AP13 were at least twice as high for gray and black mold and significantly higher for Rhizopus rot than those of two promising strains, A2 and HU15, which belong to group A (see Table 2A).

3.7. Evaluation of Biological Control Efficacy of W and B Systems Using Targeted Antagonistic Yeast Strains against B. cinerea F-RKM 1032, A. niger ATCC 6275, and R. stolonifer ATCC 6227b
To standardize data for the postharvest biocontrol system, we calculate the "biological control efficacy" (BE) presented in Tables 1B and 2B.

3.8. Comparing the Biocontrol Efficacies of W and B Systems Using the Same Antagonistic Yeast Strains against Fungal Pathogens
This study conducted a quantitative comparison of the biocontrol efficacies of the W and B systems using the same target antagonistic yeast strains against fungal pathogens (see Table 3). The coefficient R(pat) represents the ratio of the biocontrol efficacies of the W and B systems, calculated as BEW/BEB. We used this coefficient to assess differences in biocontrol efficacy between the W and B systems shown in Table 3. Notably, its value ranges from about 1 for strains A2, HU15, and CL03 to 3.07 for strain AP13 (see Table 3).

3.9. Evaluation of the Selectivity of B and W Systems for Protection against a Fungal Pathogen
3.9.1. Evaluation of the B System's Selectivity for Protection against Fungal Pathogens
We evaluated the B system's selectivity against fungal pathogens by calculating the average percentage of infected grapes per bunch for each pathogen. Table 4 presents the mean values and standard errors. It also includes the Gap values (cin/nig, cin/st, and nig/st), which we calculated using the method described in Tables S9a and S9b in the Supplementary Materials.
3.9.2. Evaluation of the W Systems’ Selectivity in Protecting Against Fungal Pathogens
We evaluated the W systems’ selectivity in defending against fungal pathogens by calculating the average percentage of infected artificial wounds on grape berries for each pathogen. Table 5 displays the mean values and standard errors and includes the Gap values (cin/nig, cin/st, and nig/st).
Table 6 presents selectivity data showing that systems W and B differ in their selectivity for pathogen protection. Systems B with strains A2, HU15, CL03, and AP11 are selective in protecting against B. cinerea and A. niger but not against R. stolonifer.
Systems W with strains CL03 and AP11 are selective in protecting against B. cinerea and R. stolonifera but not against A. niger.

4. DISCUSSION
The study focused on isolates of native epiphytic yeasts associated with grapes. We selected this approach because studies in this area indicate that indigenous or wild yeasts, which naturally occur alongside grapes in the environment, are particularly adapted to the berry ecosystem. These yeasts play a crucial role in preventing the growth of B. cinerea on grapes and blueberries (Kasfi et al. 2018; Li et al. 2024; U.S. Food and Drug Administration 2021). In the introduction, we noted that specific antagonistic yeasts have potential as biological control agents (BCAs) for managing fruit and vegetable diseases, and we discussed enhanced screening criteria for these yeast BCAs. The ability of epiphytic yeasts to adapt to the berry ecosystem demonstrates that they meet established criteria for selecting yeasts as biological disease control agents for grapevines. Therefore, we sought biological disease control agents among epiphytic yeast isolates collected from the surface of berries of the local Kazakh table grape variety, Aisulu. 

4.1. In Vitro Screening of Yeast Isolates for Antagonistic Activity against B. cinerea using the Dual-Culture Method
Identifying effective BCAs against diseases requires appropriate screening methods to assess potential antagonists for the development of biocontrol products. Testing candidate biocontrol organisms on plants in vivo is often necessary. However, large-scale screening studies can be slow and labor-intensive. To address this issue, we conducted traditional antagonist-based screening on 34 epiphytic yeast isolates from a local grape variety using the in vitro dual-culture method (Fig. 1). 
The inhibition of mycelial growth and zone formation in dual cultures, as illustrated in Fig. 1, is likely due to the release of potential diffusible antifungal compounds, as reported in other studies. For instance, one study reported that the growth of Rhizoctonia solani colonies in dual cultures was reduced by 57.3% when using strains L1 and L8 of A. pullulans. The yeast produced several identified non-volatile organic compounds, primarily complex carbohydrates (such as pullulan and other β-glucans), degrading enzymes, cyclic depsipeptides, and siderophores, all of which contributed to inhibiting the pathogen's mycelial growth (Di Francesco et al. 2021).
Our classification (Fig. 1) indicates that the isolates from groups A and B exceed the 50% threshold for the PIRG value. After testing 34 epiphytic yeast isolates from local grape berries for their antagonistic activity, we removed 15 isolates from groups C and D due to their lower activity. This left us with 19 isolates from groups A and B for further analysis.

4.2. In Vitro Screening of Yeast Isolates for Biofilm Formation Activity
Biofilms are dense microbial communities that adhere to fruit surfaces and are encased in a polymeric extracellular matrix (Costa-Orlandi et al. 2017). Biofilm formation by yeasts is considered one of several potential methods for inhibiting fungi and managing postharvest fruit diseases (Dukare et al. 2019; Freimoser et al. 2019; Zhang et al. 2020a). Antagonistic yeasts use this ability to compete for space and nutrients (Freimoser et al. 2019; Klein and Kupper 2018; Rendueles and Ghigo 2015).
Sherm et al. demonstrated a direct link between the formation of S. cerevisiae M25 biofilm and its ability to suppress pathogens. Only S. cerevisiae cells collected during biofilm formation were effective at preventing P. expansum from growing on apples (Scherm et al. 2003). Biofilm formation is a crucial strategy for Metschnikowia citriensis to defend against Penicillium digitatum and Penicillium italicum on citrus fruit (Liu et al. 2019). The results shown in Fig. 2 are consistent with previous research (Parafati et al. 2015). In this study, the researchers found that M. pulcherrima cells formed significant biofilms after 48 hours of incubation, reaching an optical density (OD) at 590 nm of 1.15. After 72 hours, the OD measured 1.12 units. In a separate study, strains L1 and L8 of A. pullulans formed biofilms on polystyrene plates, with ODs ranging from 1.0 to 1.5 after 48 hours under similar incubation conditions. The data presented in Fig. 2 closely align with the results from these cited studies, confirming the validity of our findings. This enabled us to identify 11 of the most active biofilm-forming antagonist yeasts (#1, #5–#7, #9, #12–#14, #17, #19, and #34). After screening 19 epiphytic yeast isolates for in vitro biofilm-forming capacity, we excluded eight isolates with limited biofilm-forming capacity (as shown in Fig. 2).

4.3. Identification of Antagonistic Yeasts Using Molecular Taxonomy and Phylogenetic Analysis
Identifying a specific isolate enhances the understanding of the yeast's ecology and helps optimize its concentration and timing for improved protection (Wilson and Wisniewski 1994). This study built a phylogenetic tree that groups antagonistic yeasts into clades, which we identified as phylogenetically constrained genera (Fig. 3). 
The node support measure for the M. pulcherrima A2 clade was 63%. This low value may be caused by non-homogenized rDNA repeats, ambiguous gap separation between barcodes, and frequent heterozygosity (nucleotide polymorphisms) in the barcode genes of the type strains of M. pulcherrima clade species (Sipiczki 2020). Clearly, due to limited research and a small number of support sequences, the node support measure for the branch of Clavispora (Candida) lusitaniae strains (CL01, CL03) was 56%. The yeast-like fungus A. pullulans studied here includes seven strains: AP04 (isolate #5), AP05 (#6), AP06 (#7), AP08 (#9), AP11 (#12), AP12 (#13), and AP13 (#14) (Fig. 3). The literature highlights the significant variability and genetic instability of yeasts in this genus (Gostinčar et al. 2019). We should consider that this is not a desirable characteristic for a biocontrol agent. Therefore, among the 11 selected antagonistic yeast isolates, we identified isolate No. 1 as M. pulcherrima (A2) and isolate No. 34 as H. uvarum (HU15). Isolates No. 17 and No. 19 correspond to C. lusitaniae, designated as CL01 and CL03, respectively. Additionally, we identified isolates No. 5, No. 6, No. 7, No. 9, No. 12, No. 13, and No. 14 as strains of A. pullulans, labeled as AP04, AP05, AP06, AP08, AP11, AP12, and AP13, respectively.

4.4. In Vivo Screening of Antagonistic Yeast Strains for the Percentage of Infected Artificial Wounds in Grape Berries within W Systems
The tritrophic W system (see paragraph 2.7) — contains a rich supply of nutrients and maintains an acidic pH (Spadaro and Droby 2016). The interactions among the W system's components are complex and not fully understood. Researchers are actively studying these mechanisms, but a comprehensive understanding of how they interact is still developing. 
The goal of the experiment results shown in Table 1A was to assess how well 11 yeast strains prevent grape wound infections caused by especially aggressive pathogens encountered after harvest. These pathogens include B. cinerea F-RKM 1032 (strain 1032), A. niger ATCC 6275 (strain 6275), and R. stolonifer ATCC 6227b (strain 6227b). The study also aimed to find the most effective yeast strains that can act as antagonists against these pathogens within W systems. 
In a survey of 33 W systems with antagonistic yeast strains, only 15 showed relatively low infection rates. The strains responsible for this notable suppression of fungal pathogen growth include M. pulcherrima (A2), H. uvarum (HU15), A. pullulans strains AP11 and AP13, and C. lusitaniae (CL03) (Table 1A). The remaining 18 W systems, including the antagonistic yeast strains A. pullulans (AP05, AP04, AP06, AP08, and AP12) and C. lusitaniae (CL01), failed to protect artificial wounds against fungal infection adequately (Table 1A). Therefore, we chose to exclude these strains from further research. The effective inhibition of fungal pathogen growth in artificial wounds of W systems by the five strains mentioned earlier may result not only from their ability to form biofilms but also from their use of various biocontrol mechanisms, as discussed in the Introduction (Dukare et al. 2019; Romanazzi et al. 2016; Zhang et al. 2020a).
The control groups essentially represented bitrophic systems of pathogen-host interactions, and the percentages of infected wounds in the three control variants with pathogens (Table 1A) in the absence of antagonists could be attributed to innate host resistance to the pathogen (Tian et al. 2016).
To standardize data on post-harvest biocontrol systems and study interactions within a complex system, researchers use the parameter of biological control efficacy against a pathogen. They calculate the parameter BEW (pat) using formula (2) for W systems, which focus on wounds on grape berries as hosts, and formula (3) for B systems, which concentrate on unwounded berries in grape bunches as hosts. Building on previous research, this study evaluated how well M. pulcherrima (A2), H. uvarum (HU15), Clavispora (Candida) (CL03), and two strains of A. pullulans (AP11) and (AP13) meet the criteria for biological control agents.
Data from this study on one of the five promising strains, M. pulcherrima (A2), showed wound infection rates of 15.50% for the gray mold strain 1032 and 21.96% for the Rhizopus rot strain 6227b (Table 1A). These rates are comparable to those reported in another study conducted under similar experimental conditions. The authors measured the incidence of wound infections caused by strains of the same fungal genus as in the current research in W systems using Metschnikowia spp. strains (320), (291), and (LS15) (see Fig. 3 on p. 686 in (Schena et al. 2000)). The percentage of gray mold wound infections ranged from 5% to 55%, while Rhizopus rot infections ranged from 15% to 35%. A notable difference was observed in wound infection rates caused by the black mold pathogen; previous data reported rates of 65% to 80% (Schena et al. 2000), whereas our research with a different black mold pathogen strain, ATCC 6275, found a rate of only 18.3% (see Table 1A). This discrepancy is understandable, as the inhibitory effects of different yeast strains on different fungal pathogens can vary (Reyes-Bravo et al. 2021).
The data for A. pullulans strains A11 and A13 show the following wound infection rates: gray mold strain 1032 (18.28% and 19.51%), black mold strain 6275 (30.09% and 24.24%), and Rhizopus rot strain 6227b (24.20% and 26.03%) (Table 1A). Compared with another study of A. pullulans strains L47, LS250, and LS236, which reported black mold results ranging from 0% to 58%, our data fall within this range. Conversely, the authors reported gray mold (28% to 68%) and Rhizopus rot (45% to 60%) results (see Fig. 2 on p. 194 in (Schena et al. 1999)), which differed significantly from our data. The authors measured the incidence of wound infections caused by strains of the same fungal genus as in the current research in W systems.
Comparison of the data from this study with those from the cited works (Schena et al. 1999, 2000) revealed discrepancies. Individual distinctive properties of each component of tritrophic systems may explain these differences (Lovato et al. 2019; Romanazzi et al. 2016; Rovenich et al. 2014; Spadaro and Droby 2016; Tian et al. 2016; Tziros et al. 2022; Zhang et al. 2020b).

4.5. In Vivo Screening of Antagonistic Yeast Strains for the Percentage of Infected Berries in Grape Bunches within the B Systems
Tritrophic system B (see paragraph 2.9), which represents the microenvironment of unwounded grape berries arranged in bunches, exhibits significant nutrient deficiencies relative to system W. This difference in nutrient availability suggests that microenvironmental conditions in system B are likely more stressful for the organisms involved. These deficiencies may stem from interactions within the ecosystem, such as limited access to vital resources or adverse factors that impede nutrient uptake and utilization. As a result, organisms in this microenvironment may face greater challenges in survival and growth, underscoring the imbalance within this ecological niche.
The selection of local epiphytic yeast strains with biological control properties continued with in vivo screening of five highly effective antagonistic yeast strains selected in the previous step of the work in the W systems (Table 1A). We measured the percentage of infected berries within grape bunches in model tritrophic postharvest B systems (Table 2A).
Among the five strains of antagonistic yeasts studied, three—M. pulcherrima (A2), H. uvarum (HU15), and C. lusitaniae (CL03)—exhibited a significantly strong inhibitory effect on gray mold growth in the B systems (P < 0.01). Additionally, two strains, M. pulcherrima (A2) and H. uvarum (HU15), showed a notably strong inhibitory effect on black mold (P < 0.05) and Rhizopus rot (P < 0.01) in the B systems (Table 2A).
The control variants (Table 2A) illustrate the bitrophic interactions between the host and pathogens, including those causing gray and black mold and Rhizopus rot. The percentages of infected berries in grape bunches highlight these interactions and the host's internal resistance to the pathogens (Tian et al. 2016).
C. lusitaniae (CL03) is a strain that requires careful handling. We aimed to identify safe, natural yeasts suitable for the human food chain. C. lusitaniae has become an opportunistic pathogen, primarily affecting immunocompromised patients with underlying health conditions, with a mortality rate from C. lusitaniae candidemia of less than 5%. However, some isolates have shown resistance to antifungal drugs, including amphotericin B, 5-fluorocytosine, and fluconazole (Mendoza-Reyes et al. 2022). Therefore, we do not consider CL03 a promising yeast antagonist for the biological protection of grape crops.
We examined the role of antagonistic yeast strains—A2, HU15, AP11, and AP13—in the biocontrol efficacy of B systems, comparing our findings with existing studies (Liu et al. 2010; Schena et al. 1999, 2000). In a referenced study, the authors evaluated the biocontrol efficacy of B systems using Metschnikowia spp. strains LS15, 291, and 320 against the same genera of 3 fungal pathogens we studied (Schena et al. 2000). The highest biocontrol efficacy was approximately 58% for BEB (cin) (strain 291), about 58% for BEB (nig) (strain 320), and around 78% for BEB (st) (strain 320) (see Fig. 6 on p. 688 in (Schena et al. 2000)). When comparing these cited B system results with the outcomes from M. pulcherrima strain A2 in this study (as shown in Table 2B), we find that BEB (cin) with strain A2 is 1.35 times higher, and BEB (nig) with strain A2 is 1.11 times higher than the cited data (Schena et al. 2000).
However, the BEB (st) with strain A2 against R. stolonifer strain 6227b was 48.91%, as shown in Table 2B. This value is 1.6 times lower than that of system B, which uses Metschnikowia spp—strain 320, with a BEB (st) of approximately 78% (Schena et al. 2000). One possible reason for this difference is the variability among Rhizopus rot strains, which may exhibit different levels of aggressiveness in the compared studies. We hypothesize that the Rhizopus rot pathogen in the cited work is less aggressive than strain 6227b tested in this study. This assumption is based on the fact that the antagonist strain A2 from this study and strain 320 from the cited work show almost identical effects under the extreme conditions of system B, with similar BEB (nig) values differing by only 1.11 times. Therefore, it is more likely that the antagonists in stress systems B behave similarly, and the R. stolonifer strains in the compared studies differ, explaining the observed 1.6-fold difference in BEB (st) efficacy and indicating that they have different levels of aggressiveness. 
The A. pullulans strains AP11 and AP13 were less effective than the A. pullulans strain L47, reported in another study, at maintaining the biocontrol efficacy of B systems (BEB [pat]) against similar fungal pathogens. The B systems using strain L47 showed biocontrol efficacies of approximately 61.3% for BEB (cin), 70.7% for BEB (nig), and 54.8% for BEB (st) (see Fig. 3 on p. 195 in (Schena et al. 1999)). The B systems with strains A11 and A13 produced the following results: BEB (cin) of 39.74% and 39.93%, BEB (nig) of 34.56% and 22.96%, and BEB (st) of 34.99% and 34.22% (see Table 2B). These results were significantly lower than those reported in (Schena et al. 1999). For example, the BEB (cin) with strain L47 is 1.53 times higher than the BEB (cin) measured with strains A11 and A13. Similarly, the BEB (nig) with strain L47 is 2 and 3.1 times greater than the corresponding BEB (nig) with strains A11 and A13. Additionally, the BEB (st) with strain L47 exceeds by 1.6 times the BEB (st) of 34.99% and 34.22% obtained with strains A11 and A13.
The differences in biocontrol efficacy against fungal pathogens between the cited data and our findings may stem from several factors. One possibility is that pathogen strains vary in aggressiveness. Additionally, differences in yeast strains could affect their specific fungistatic mechanisms. Furthermore, variations in the hosts used in the systems might also contribute to these differences (Dukare et al. 2019; Romanazzi et al. 2016; Zhang et al. 2020a). The variation in biocontrol efficacy against fungal pathogens indicates that strains AP11 and AP13 are less effective not only compared to strains A2 and HU15 but also relative to other A. pullulans yeast species documented in the literature. Among the remaining five promising strains, we tentatively consider AP11 and AP13 as weaker BCA candidates due to their low biocontrol success in the B systems examined here. 
In this study, the measured biocontrol efficacy of the B system using the H. uvarum strain HU15 against the gray mold strain 1032 was 72.83% (Table 2B). This result closely matches the 72.73% biocontrol efficacy observed in a study with a similar B system containing the H. uvarum strain P2 (Liu et al. 2010).
We cannot consider the C. lusitaniae CL03 strain a biological control agent because of its potential health risks. From five promising preliminary strains, we selected the two most effective yeast strains, M. pulcherrima A2 and H. uvarum HU15, as promising BCAs. These strains demonstrated biological control efficacy comparable to or better than that reported in the literature for B systems.

4.6. Comparing the Biocontrol Efficacies of W and B Systems Using the Same Antagonistic Yeast Strains against Fungal Pathogens
We compared the biocontrol efficacies of systems W and B, as shown in Table 3. The differences in biocontrol efficacy between systems W and B—when the same antagonist is used against a specific pathogen—are likely due to differences in the microenvironments of the two systems, provided the same concentrations of yeasts and pathogens are present in both systems. In Sections 4.4, 2.7, and 4.5, 2.9, we described these systems. The complex interactions among components of tritrophic systems in various ecological contexts may influence differences between systems W and B (Dukare et al. 2019; Romanazzi et al. 2016; Spadaro and Droby 2016; Zhang et al. 2020a).
For effective biological control, ideal antagonistic yeasts should meet the stability requirements outlined in the Introduction section and thrive in challenging environmental conditions, effectively combating various fungal pathogens (Di Canito et al. 2021; Dukare et al. 2019; Jimenez and Köhl 2020; Nunes 2012; Reyes-Bravo et al. 2021; Salerno et al. 2024; Zhang et al. 2020a). The lower efficacy of biological control in B systems compared to W systems, especially when using strains AP11 and AP13 against three fungal pathogens (Table 3: R(cin) ≈ 2, R(nig) ≈ 2, R(st) ≈ 2), can be linked to extreme nutritional conditions in the B systems and possibly other ecological differences between the B and W systems. These differences may inactivate one or more fungistatic mechanisms in strains AP11 and AP13. According to the criteria for selecting ideal BCAs, microorganisms proposed as BCAs should remain stable under extreme conditions (Jimenez and Köhl 2020; Wilson and Wisniewski 1989). Therefore, strains AP11 and AP13 do not meet the standards of ideal BCAs because they cannot sustain their biocontrol efficacy in the B systems, which mimic the extreme environmental conditions typically seen before and after harvest (Table 3, R(pat) ≥ 2).
Possibly due to the instability of A. pullulans strains AP11 and AP13, we observed significantly lower biocontrol efficacy in the challenging conditions of the B systems when using these strains than when using A. pullulans strain L47 against similar fungal pathogens (Schena et al. 1999), as discussed in the previous section.
The A. pullulans strains AP11 and AP13 isolated in this study are, first, less effective than A. pullulans strain 47 reported in the literature and, second, unstable under harsh conditions of the microenvironment of unwounded grape berries in bunches (see Table 3). Therefore, strains AP11 and AP13 do not meet the screening criteria for antagonistic yeasts as BCAs (Jimenez and Köhl 2020; Wilson and Wisniewski 1989).
In contrast, the similar biocontrol efficacy in B and W systems, especially when using strains A2 and HU15 against gray and black mold pathogens (Table 3: R(cin) ≈ 1, R(nig) ≈ 1), may indicate the stability and adaptability of these yeast strains to the harsh conditions of the B systems. Therefore, they meet the screening criteria for antagonistic yeasts as biocontrol agents (Jimenez and Köhl 2020; Wilson and Wisniewski 1989). 
A different pattern appears in the biocontrol efficacies of the B systems using antagonists against the R. stolonifer strain 6227b, with R(st) values ranging from 1.45 to 2.11 (see Table 3). The BEB (st) of system B decreases by 1.5 times when using antagonist A2 compared to the BEW (st) of system W. It decreases by 1.45 times in system B with the antagonist HU15 compared to system W. Additionally, BEB (st) is cut in half when strains A11, A13, and CL03 are used in system B compared to system W (see Table 3).
We suggest that the lower BEB (st) observed when using antagonists A2 and HU15 is mainly due to the increased “aggressiveness” of R. stolonifer rather than to the instability of the A2 and HU15 strains. The values of R(cin) approximately equal to 1 and R(nig) roughly equal to 1 (see Table 3) indicate that these yeast strains are stable and adaptable in the B system's challenging environment.
One possible reason for the aggressiveness of strain 6227b compared with the other two fungi in the studied tritrophic and bitrophic control systems is its greater ability to suppress host immune responses (Rovenich et al. 2014). For this “aggressive” strategy to succeed, the fungal pathogen must withstand the harsh conditions in the B systems. Additionally, the aggressiveness of strain 6227b might increase because it can penetrate native fruits under certain circumstances, thanks to its production of extracellular hydrolytic enzymes (Baggio et al. 2016).
Antagonistic yeast strains A2 and HU15, unlike strains AP11 and AP13, demonstrate stability and effectively control the gray and black mold pathogens B. cinerea F-RKM 1032 and A. niger ATCC 6275 under stressful conditions in the B. system. These findings indicate their ability to adapt and survive as BCAs in system B. However, the high aggressiveness of strain 6227b has weakened grape resistance and increased the infection rate, significantly reducing the BEB (st). This reduction is unlikely to be due to the inactivation of strains A2 and H15. Despite the challenges in system B, the stability of strains A2 and HU15 remained unaffected, as they continued to control the other two pathogens (see Table 3). Therefore, strains A2 and HU15 continue to demonstrate stability against Rhizopus rot strain 6227b in system B and meet the screening criteria for antagonistic yeasts as BCAs (Jimenez and Köhl 2020; Wilson and Wisniewski 1989).
The hypotheses regarding the aggressiveness of the Rhizopus rot strain 6227b and the assumption that the A2 and HU15 strains remain stable under extreme conditions in the B systems are supported by the results of the selectivity tests for protection against fungal pathogens in the W and B systems, as shown in the next section.

4.7. Evaluation of the Selectivity of B and W Systems for Protecting Against a Fungal Pathogen
We gathered additional evidence on the aggressiveness of the Rhizopus rot strain 6227b under the extreme conditions of the B system. 
Support for the hypothesis presented in Section 4.6 regarding the aggressiveness of the Rhizopus rot strain 6227b under extreme conditions in System B is demonstrated by the berry damage level caused by strain 6227b, which exceeds that caused by the gray and black rot strains 1032 and 6275, respectively (Tables 2A and 4). These measurements were conducted at equal pathogen concentrations and constant antagonist levels. Furthermore, berry size and bunch weight remained approximately unchanged.
Quantitative support for the hypothesis that strain 6227b is more aggressive and causes Rhizopus rot in system B follows from the assessment of system B's selectivity in defense against fungal pathogens, as shown in Tables 4–6. 
To assess selective protection against different pathogens in systems W and B, we used the “overlap rule for standard errors (SE)” (Cumming et al. 2007). This method involved analyzing the percentage of infected berries in grape bunches (PIBS) for system B (see Table 2A) and the percentage of infected wounds in grape berries (PIWS) for system W (see Table 1A). 
The selectivity of B systems using strains A2, HU15, CL03, and AP11 in protecting against gray and black mold strains, but not against the Rhizopus rot strain 6227b, highlights the latter's invulnerability and aggressiveness in infecting grape cluster berries (see Table 6). 
Our earlier observation (see Table 3) and the suggestion there that the lower BEB(st) values compared to BEW(st) with the A2 and HU15 antagonists were mainly due to the increased “aggressiveness” of the R. stolonifer 6227b strain rather than to the inactivation of the A2 and HU15 strains were confirmed by the data on the selectivity of systems B (see Tables 4 and 6).
Thus, strains A2 and HU15 meet the BCA selection criteria and are promising biocontrol candidates worthy of further investigation.
W systems using strains A2, HU15, CL03, and AP11 showed no selectivity in protection against gray and black mold, compared with protection against Rhizopus rot of strain 6227b (see Tables 5 and 6). This result is likely explained by the free access of nutrients to yeasts and pathogens in the grape wound microenvironment.

5. CONCLUSIONS
We used a two-stage screening process to isolate epiphytic yeast strains with BCA-like properties from the local grape variety Aisulu. First, we conducted in vitro tests to evaluate the antagonistic and biofilm-forming activities of 34 epiphytic yeast isolates. We eliminated 23 isolates for their lower activity.
In the second stage, we evaluated the effectiveness of 11 selected yeast strains as BCAs against the three most destructive fungal pathogens affecting crops in model postharvest systems, specifically W and B. The systems included microenvironments of both artificially wounded and unwounded grape berries in bunches. We eliminated six strains because they were less effective at reducing the percentage of infected wounds caused by fungal pathogens in the W systems. Of the remaining five strains, we dismissed three because of their lower performance in decreasing the percentage of infected unwounded grape berries in bunches within the B systems, as well as the potential health risks associated with strain C. lusitaniae CL03. 
Ultimately, we selected the two most effective yeast strains, M. pulcherrima A2 and H. uvarum HU15, as BCAs. These strains demonstrated biocontrol efficacy in the B systems, comparable to or exceeding that reported in the literature.
Each of the three fungal pathogen strains affects grape berries differently in the W and B systems. In the B systems, the R. stolonifer strain (ATCC 6227b) is more aggressive under harsh conditions of the microenvironment of unwounded grape berries in bunches. 
The effectiveness of strains M. pulcherrima A2 and H. uvarum HU15 as biological control agents offers a promising alternative to synthetic fungicides. Further research should focus on elucidating the mechanisms underlying the colonization and survival of these BCAs in vineyard environments and on enhancing their effectiveness through potential combinations with phytohormones, yeast mixtures, or genetic modifications.
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Table 1A: In vivo screening of antagonistic yeast strains for the percentage of infected artificial wounds in W systems against B. cinerea F-RKM 1032, A. niger ATCC 6275, and R. stolonifer ATCC 6227b
	Fungal pathogens
	Values
	Control / Patho-gens
	Yeast strains ♯

	
	
	
	A2
	AP13
	AP06
	CL03
	AP11
	AP04
	AP08
	AP12
	AP05
	CL01
	HU15

	
	
	Percentage of infected artificial wounds (PIW) on grape berries §

	
	
	PIWC
	PIWS

	B.cinerea
F-RKM 1032
	Meancin §
	68,81
	15,50
	19,51
	58,35
	24,04
	18,28
	60,35
	59,98
	53,80
	59,36
	51,1
	14,75

	
	Groups ¥
	
	A
	B
	D
	B
	B
	D
	D
	C
	C
	C
	A

	A.niger
ATCC 6275
	Meaning §
	82,29
	18,3
	24,24
	63,28
	35,42
	30,09
	60,49
	60,24
	51,13
	59,30
	63,38
	23,58

	
	Groups ¥
	
	A
	B
	D
	B
	B
	C
	C
	C
	C
	D
	A

	R.stolonifer
ATCC 6227b
	Meanst §
	83,10
	21,96
	26,03
	74,13
	26,46
	24,20
	71,8
	70,27
	66,11
	72,67
	68,71
	19,67

	
	Groups ¥
	
	A
	B
	D
	B
	A
	D
	C
	C
	D
	C
	A


§ Values are taken from Tables S3A to S5A in the Supplementary materials. 
¥ Data come from the Main Tables S3B to S5B in the Supplementary materials. 
♯ A2 - M. pulcherrima A2; AP – A. pullulans strains 13, 06, 11, 04, 08, 12, and 05; CL – C. lusitaniae strains 03 and 01; HU15 – H. uvarum strain 15.

Table 2A: In vivo screening of antagonistic yeast strains for the percentage of infected berries in grape bunches challenged by B. cinerea F-RKM 1032, A. niger ATCC 6275, and R. stolonifer ATCC 6227b within the B systems
	Fungal pathogens
	Values
	Control / 
Pathogens
	Yeast strains ♯

	
	
	
	A2
	CL03
	AP 11
	AP 13
	HU 15

	
	
	Percentage of infected berries, PIB in grape bunches §

	
	
	PIBC
	PIBS

	B. cinerea
F-RKM 1032
	Meancin § 
	60,55
	13,31
	20,79
	36,49
	36,37
	16,45

	
	Groups ¥
	C
	A
	A
	B
	B
	A

	niger
ATCC 6275
	Meannig 
	46,38
	16,40
	23,6
	30,35
	35,73
	16,44

	
	Groups ¥
	C
	A
	B
	B
	B
	A

	R. stolonifer
ATCC 6227b
	Meanst 
	63,53
	32,46
	42,96
	41,30
	41,79
	30,18

	
	Groups ¥
	C
	A
	B
	B
	B
	A


♯ A2 - M. pulcherrima strain; AP11 and AP13 – A. pullulans strains; CL03 – C. lusitaniae strain; HU15 – H. uvarum strain 15.
§ Values were sourced from Tables S6A through S8A in the Supplementary materials.
¥ Data we collected from the Main Tables in the Supplementary materials, specifically from Tables S6B through S8B.

Table 1B. Biological control efficacy of W systems with antagonistic yeast strains against B. cinerea F-RKM 1032, A. niger ATCC 6275, and R. stolonifer ATCC 6227b
	Fungal strains
	Groups¥
	Yeast strains ♯

	
	
	A2
	AP13
	AP06
	CL03
	AP11
	AP04
	AP08
	AP12
	AP05
	CL01
	HU15

	
	
	Biocontrol efficacy, BEW(pat), % ♣

	B.cinerea
F-RKM 1032
	
	77,47
	71,65
	15,2
	65,06
	73,43
	12,29
	12,83
	21,81
	13,73
	25,74
	78,56

	
	Groups
	A
	B
	D
	B
	B
	D
	D
	C
	C
	C
	A

	A.niger
ATCC 6275
	
	77,76
	70,54
	23,1
	56,96
	63,43
	25,74
	26,8
	37,87
	27,94
	22,98
	71,35

	
	Groups
	A
	B
	D
	B
	B
	C
	C
	C
	C
	D
	A

	R.stolonifer
ATCC 6227b
	
	73,57
	68,68
	10,8
	68,16
	70,88
	13,6
	15,44
	20,45
	12,55
	17,32
	76,33

	
	Groups
	A
	B
	D
	B
	A
	D
	C
	C
	D
	C
	A


♣ Values were calculated using Formula (2) from Section 2.8 in the Materials and Methods. 
¥ Groups are sourced from Table 1A.
♯ A2 - M. pulcherrima A2; AP – A. pullulans strains 13, 06, 11, 04, 08, 12, and 05; CL – C. lusitaniae strains 03 and 01; HU – H. uvarum strain 15.

Table 2B: Biological control efficacy of B systems with targeted antagonist yeast strains against B. cinerea F-RKM 1032, A. niger ATCC 6275, and R. stolonifer ATCC 6227b
	Fungal 
pathogens
	Yeast strains ♯

	
	A2
	CL03
	AP 11
	AP 13
	HU 15

	
	Biocontrol efficacy, BEB(pat) ♠

	B. cinerea
F-RKM 1032
	78,02
	65,66
	39,74
	39,93
	72,83

	Groups ¥
	A
	A
	B
	B
	A

	A.niger
ATCC 6275
	64,64
	49,12
	34,56
	22,96
	64,55

	Groups ¥
	A
	B
	B
	B
	A

	R. stolonifer
ATCC 6227b.

	48,91
	32,38
	34,99
	34,22
	52,49

	Groups ¥
	A
	B
	B
	B
	A


♯ A2 - M. pulcherrima strain; AP11 and AP13 – A. pullulans strains; CL03 – C. lusitaniae strain; HU15 – H. uvarum strain.
♠ Values were calculated using Formula (3) from Section 2.10 in the Materials and Methods. 
¥ Data are sourced from Table 2A.

Table 3: Comparison of the biological control efficacy against three pathogens between the W and B systems for each of the target strains of antagonistic yeasts
	Postharvest biological control system models

	Fungal pathogens
	Botrytis cinerea
F-RKM 1032
	Aspergillus niger
ATCC 6275
	Rhizopus stolonifer
ATCC 6227b

	Yeast strains ♯
	W
	B
	R(pat) ♠ =
BEW/BEB
	W
	B
	R(pat) ♠ =
BEW/BEB
	W
	B
	R(pat) ♠ =
BEW/BEB

	
	Biocontrol
efficacy, %
	
	Biocontrol efficacy, %
	
	Biocontrol
efficacy,%
	

	
	BEW(cin)
	BEB(cin)
	R(cin)
	BEW(nig)
	BEB(nig)
	R(nig)
	BEW(st)
	BEB(st)
	R(st)

	A2
	77,47
	78,02
	0,99
	77,76
	64,64
	1,20
	73,57
	48,91
	1,50

	HU15
	78,56
	72,83
	1,08
	71,35
	64,55
	1,11
	76,33
	52,49
	1,45

	AP11
	73,43
	39,74
	1,85
	63,43
	34,56
	1,84
	70,88
	34,99
	2,03

	AP13
	71,65
	39,93
	1,79
	70,54
	22,96
	3,07
	68,68
	34,22
	2,01

	CL03
	65,06
	65,66
	0,99
	56,96
	49,12
	1,16
	68,16
	32,38
	2,11


♯ A2 - M. pulcherrima strain; HU15 – H. uvarum strain; AP11 and AP13 – A. pullulans strains; CL03 – C. lusitaniae strain.
♠ The coefficients R (pat) indicate the ratio of the biological control efficacy of system W to that of system B.

Table 4: The necessary data to evaluate the B systems’ selectivity for protection against fungal pathogens, along with the corresponding Gap values (cin/nig, cin/st, and nig/st)
	Fungal pathogens¥
	values§
	Yeast strains ♯

	
	
	A2
	CL03
	AP 11
	AP 13
	HU 15

	
	
	Percentage of infected grape berries (PIBpat), PIBB

	B.cinerea
	Mean(cin)
	13,33
	25,55
	34,57
	36,30
	16,30

	
	SD(cin)
	2,94
	5,56
	2,04
	3,40
	3,90

	
	SE(cin)
	1,70
	3,21
	1,18
	1,96
	2,26

	
	
	Percentage of infected grape berries (PIBpat), PIBA

	A.niger
	Mean(nig)
	16,30
	23,70
	30,00
	35,56
	16,67

	
	SD(nig)
	3,57
	3,40
	2,22
	2,94
	2,23

	
	SE(nig)
	2,07
	1,96
	1,28
	1,70
	1,29

	Gap (cin/nig)
	-0,4265Nd
	-2,7152
	-5,7089
	-2,404
	-1,7911

	Gap (nig/cin)
	-3,5735
	-1,2848
	1,70888
	-1,596
	-2,2089

	
	
	Percentage of infected grape berries,(PIBpat), PIBR

	R.stolonifer
	Mean(st)
	32,22
	42,96
	41,11
	41,85
	30,00

	
	SD(st)
	2,22
	3,40
	1,11
	2,79
	2,22

	
	SE(st)
	1,28
	1,96
	0,64
	1,61
	1,28

	Gap (cin/st)
	10,6583
	4,72939
	5,18676
	1,10467
	5,74299

	Gap (nig/st)
	7,50917
	7,81143
	9,54372
	1,79626
	8,3787


♯ A2 - M. pulcherrima strain; AP11 and AP13 – A. pullulans strains; CL03 – C. lusitaniae strain; HU15 – H. uvarum strain.
¥ B. cinerea (F-RKM 1032) from the Republican Collection of Microorganisms LLC, A. niger (ATCC 6275), and R. stolonifer (ATCC 6227b) from the American Type Culture Collection
§ Values are taken from Tables S6A through S8A in the Supplementary materials. 
Nd - not determined, a value was not determined due to a non-significant difference between means.
Gap(cin/nig) > 2 indicates that the B system is selective for protection against B. cinerea over A. niger.
Gap(cin/st) > 2 suggests that the B system is selective for protection against B. cinerea over R. stolonifer.
Gap(nig/st) > 2 indicates that the B system is selective for protection against A. niger over R. stolonifer.

Table 5: The necessary data to evaluate the W system's selectivity for protection against fungal pathogens, along with the corresponding gap values (cin/nig, cin/st, and st/nig)
	Fungal pathogens
	Values§
	Yeast strains♯

	
	
	A2
	CL03♣
	AP11♣
	AP13
	HU15♣

	
	
	Percentage of infected artificial wounds (PIWpat), PIWB

	B. cinerea
	Meancin
	15,28
	25,00
	18,06
	19,45
	16,67

	
	SDcin
	5,32
	3,21
	2,78
	5,56
	0,00

	
	SEcin
	2,66
	1,61
	1,39
	2,78
	0,00

	
	
	Percentage of infected artificial wounds (PIWpat), PIWA

	A.niger
	Meannig
	16,67
	34,72
	30,56
	23,61
	22,22

	
	SDnig
	4,54
	2,78
	3,20
	2,78
	9,07

	
	SEnig
	2,27
	1,39
	1,60
	1,39
	4,54

	
	Gap (cin/nig)
	-1,4358Nd
	4,49074
	6,36052
	-0,0024
	0,44728

	
	
	Percentage of infected artificial wounds (PIWpat), PIWR

	R. stolonifer
	Meanst
	22,22
	26,39
	23,61
	26,39
	18,06

	
	SDst
	4,54
	2,78
	2,78
	2,78
	2,78

	
	SEst
	2,27
	1,39
	1,39
	1,39
	1,39

	
	Gap (cin/st)
	0,82
	-1,07
	2,00*
	1,33
	0,00

	
	Gap (st /nig)
	-4,4495
	3,99281
	2,64215
	-4
	-0,5945

	
	Gap (nig/st)
	0,45
	-7,99
	-6,64
	0,00
	-3,41


♯ A2 - M. pulcherrima strain; AP11 and AP13 – A. pullulans strains; CL03 – C. lusitaniae strain; HU15 – H. uvarum strain.
¥ B. cinerea (F-RKM 1032) from the Republican Collection of Microorganisms LLC, A. niger (ATCC 6275), and R. stolonifer (ATCC 6227b) from the American Type Culture Collection
§ Values are taken from Tables S3A through S5A in the Supplementary Materials.
Nd - not determined, a value was not determined due to the impossibility of calculation.
♣ In this case, the Gap (st/nig) was calculated based on the fact that Mean(nig) was higher than Mean(st) (see Table 6).
* An asterisk sign indicates that the W system protects equally against both B. cinerea and R. stolonifer with a probability of P=0.95.
Gap (cin/nig) > 2 indicates that the W system is selective for protection against B. cinerea over A. niger with a probability of P > 0.95.
Gap (cin/st) > 2 demonstrates that the W system is selective for protection against B. cinerea over R. stolonifer with a probability of P > 0.95.
Gap (st/nig) > 2 indicates that the W system is selective for protection against R. stolonifer over A. niger with a probability of P > 0.95. 

Table 6: Combined data on the selectivity of W and B systems for fungal pathogens
	Systems
	Gap
	Antagonistic yeasts ♯

	
	
	Group A
	Group B

	
	
	A2
	HU15
	CL03♪
	AP11
	AP13

	B
	Gap (cin/st)
	+§
	+
	+
	+
	

	
	Gap(nig/cin)
	
	
	
	
	

	
	Gap (nig/st)
	+
	+
	+
	+
	

	W
	Gap (cin/st)
	
	
	
	*
	

	
	Gap(cin/nig)
	
	
	+§ 
	+
	

	
	Gap (st /nig)
	
	
	+
	+
	


♯ A2 - M. pulcherrima strain; AP11 and AP13 – A. pullulans strains; CL03 – C. lusitaniae strain; HU15 – H. uvarum strain.
¥ B. cinerea (F-RKM 1032) from the Republican Collection of Microorganisms LLC, A. niger (ATCC 6275), and R. stolonifer (ATCC 6227b) from the American Type Culture Collection
♪ Strain CL03 is classified as Group A based on PIBS measurements after infection with B. cinerea in the B system (see Table 2A).
§A plus sign (+) indicates that the Gap distance exceeds 2. 
*An asterisk sign (*) indicates that the Gap distance equals 2. 
A gap (cin/st) of 2 indicates that the W system protects equally against both B. cinerea and R. stolonifer.
A gap (cin/st) > 2 indicates that the W and B systems are selective for protection against B. cinerea rather than R. stolonifer.
Gap (cin/nig) > 2 indicates that the W system is selective for protection against B. cinerea over A. niger.
Gap (st/nig) > 2 indicates that the W system is selective for protection against R. stolonifer over A. niger.
Gap (nig/st) > 2 indicates that the B system is selective for protection against A. niger over R. stolonifer.
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Fig. 1: Effects of yeast isolates on the radial growth of Botrytis cinerea (F-RKM 1032) in a dual-culture assay after seven days of incubation at 28 ± 2 °C. PIRG indicates the percentage inhibition of fungal radial growth. Vertical bars show the standard errors of the means (n = 3). Columns with different letters indicate significant differences according to one-way ANOVA with post-hoc Tukey Honestly Significant Difference multiple range tests (P < 0.01). 

[image: ]
Fig. 2: In vitro biofilm-forming activity of yeast isolates. Vertical bars represent the standard errors of the means (n = 3). Columns labeled with different letters indicate significant differences, as determined by one-way ANOVA with post hoc Tukey honestly significant difference multiple-range tests (P < 0.01) (Tables S2A, S2B, and Fig. S2 in the Supplementary materials). We categorized the yeast isolates by the OD550 values shown in Figure 2 into five groups: A, B, C, D, and E, and then analyzed these groups for statistical differences in their OD550 values. Finally, we selected 11 yeast isolates with the relatively highest biofilm-forming activity from groups A, B, and C 

[image: ]
Fig. 3: NJ analysis of antagonistic yeast species based on nucleotide sequences from the ITS1-5.8S-ITS2 region. Numbers above the branches show bootstrap support percentages, and the bars indicate 0.1 substitutions per site. Accession numbers for the type strains of each species are provided. Yeast strain designations are listed in bullet points. Symbols AP11, AP12, AP08, AP06, and AP13 at the top of the tree, and symbols AP04 and AP05 at the bottom, represent A. pullulans strains and correspond to isolates No. 12, No. 13, No. 9, No. 7, and No. 14 at the top, and isolates No. 5 and No. 6 at the bottom. Symbols HU15 and A2 refer to the H. uvarum and M. pulcherrima strains, corresponding to isolates #34 and #1, respectively. Symbols CL03 and CL01 refer to C. lusitaniae strains, corresponding to isolates #19 and #17.
35

image1.jpeg
Yeast isolates




image2.tiff
1.5

1.0

0.5

H
H
S
o

#1

#2:

#3

#4

#5

#6:

#7

Yeast isolates

#15

#17

#19

#25

#27

#29

#32

#34




image3.png
=

w—
—

=
=G

-

=

® P11

® P12

AM160630.1:59-685 Aureobasidium pulllans

'EF890466.1:27-607 Auraobasidium pullians

® Apos

OWB87078.1:51-661 Aureobasidium pulians.

HI992505.1:22-632 Aureobasidium pullians

® P08

LC317470.1:5-542 Aursobasidium pullians.

‘OR584262.1:1-261 Aureobasidium pullians.

® P13

'KC254055,1:49-770 Hanseniaspora uvarum

KNM402041.1:14-731 Hanseriaspora uvarum
s

Q0555248.1:2:380 Mtschnkoviapicharima
‘OR852633.1:16-394 Metschnikowia pulcherima
LC412737.1:1-408 Clavispora usitaniae

® clos

KF859833.1:48-454 Clavispora lustanise

® cLo

® AP0
M55639.1:1-1425 Aureobasidium pulllans




